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ABSTRACT
Huntington disease (HD) is a devastating neurodegenerative disorder caused by
a CAG repeat expansion in the huntingtin gene. Early disrupted cortico-striatal
(CS) transmission contributes to neuronal spine and synapse dysfunction
primarily in striatal medium spiny neurons (MSNs), the most vulnerable cell type
in HD, as well as in cortical neurons. Irreversible neurodegeneration of MSNs
occurs with disease progression, leading to motor, cognitive, and psychiatric
symptoms. However, synaptic dysfunction and spine loss are hypothesized to be
therapeutically reversible before neuronal death occurs. One of the earliest
alterations to occur in HD mouse models is enhanced striatal extrasynaptic (ex)
N-methyl-D-aspartate receptor (NMDAR) expression and activity. This activity is
mediated primarily through GluN2B subunit-containing receptors and is linked to
increased activation of cell death pathways, inhibition of survival signaling, and
greater susceptibility to excitotoxicity. Death-associated protein kinase 1
(DAPK1) is a pro-apoptotic kinase highly expressed in neurons during
development. DAPK1 becomes re-activated and recruited to exNMDARs during
ischemia where it phosphorylates GluN2B at S1303, amplifying receptor function.
Approaches to reduce DAPK1 activity have demonstrated benefit in animal
models of stroke, Alzheimer disease, Parkinson disease, and chronic stress,
indicating that DAPK1 may be a novel target for neuroprotection. The overall
hypothesis of this thesis was that aberrant DAPK1 activity contributes to
exGluN2B dysfunction in HD, leading to early CS synaptic instability. An in vitro
CS co-culture model was extensively optimized to allow rapid and robust
detection of HD-like CS synaptic phenotypes, including MSN spine loss. Early
dysregulation of DAPK1 was observed in the YAC128 HD mouse model, which
was associated with elevated exGluN2B pS1303. Inhibition of DAPK1 normalized
exGluN2B phosphorylation and surface expression, and completely prevented
YAC128 MSN spine loss in CS co-culture. DAPK1 silencing restored nuclear
CREB activation and partially rescued age-associated dendritic spine loss in
vivo, thus validating DAPK1 as a target for synaptic protection in HD and
warranting development of DAPK1-targeted therapies for neurodegeneration.
iii

LAY SUMMARY
Huntington disease (HD) is a genetic disorder that causes physical, cognitive,
and psychiatric symptoms. Dysfunctional transmission of the neurotransmitter
glutamate occurs at synapses between cortical and striatal neurons in the brain,
causing altered neuronal morphology and cell death. Specifically, glutamate
receptors become mislocalized outside of synapses (extrasynaptic), and are
linked to cell death signaling pathways. Death-associated protein kinase 1
(DAPK1) catalyzes the chemical addition of a phosphate group to proteins.
DAPK1 phosphorylates extrasynaptic glutamate receptors, amplifying their
function, and has been implicated in Alzheimer disease, Parkinson disease,
stroke, and chronic stress. However, the potential role of DAPK1 in HD has not
been evaluated. Here, a model of HD cortico-striatal synaptic dysfunction was
optimized. DAPK1 was dysregulated early in HD mice, and inhibition of DAPK1
normalized glutamate receptor phosphorylation and localization in HD neurons.
Reducing DAPK1 activity preserved synaptic morphology, indicating that DAPK1
may be a novel therapeutic target for HD.
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1 INTRODUCTION
1.1

HUNTINGTON DISEASE

Huntington disease (HD) is an autosomal dominant neurodegenerative disorder
which causes debilitating motor, cognitive, and psychiatric disturbances [1]. HD is
most common in European and North American populations, affecting an
estimated 1 in 7300 individuals, while the majority of Asian and African
populations exhibit much lower prevalence rates [1, 2]. HD typically manifests in
mid-life and is inherited in an autosomal dominant manner, resulting in intergenerational transmission of the disease within families. Due to the absence of
disease-modifying therapies, supportive care is aimed at symptomatic relief in
order to maximize quality of life and functional capacity. However, future
therapeutic interventions will likely be most effective if administered early in the
disease course.

1.1.1 Genetic basis of Huntington disease
HD is caused by the expansion of a naturally-occurring CAG trinucleotide repeat
in exon 1 of the huntingtin (HTT) gene to 40 repeats or longer [3]. Age of onset is
determined by the length of the mutant HTT CAG tract, with individuals
possessing longer repeats manifesting earlier in life [4, 5]. Clinical diagnosis
generally occurs between the age of 30-50, although a juvenile form exists and is
associated with expansions over 55 repeats [6]. A reduced penetrance range
encompasses repeat lengths between 36-39 [7]. Individuals with a reduced
penetrance allele may or may not develop symptoms of HD, indicating the
presence of other genetic or environmental modifiers of HD penetrance within
this range.
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1.1.2 Clinical presentation and neuropathology
HD is clinically diagnosed primarily based on motor symptom onset assessed by
a neurological examination, although family history is usually incorporated into
the diagnostic process and the result is confirmed with genetic testing [6]. Motor
symptoms consist of chorea (involuntary movements), dystonia (sustained,
involuntary muscle contractions), gait imbalance, and oculomotor disturbances
[8]. Disease progression continues for approximately 15 years until death, and
over this time leads to dementia as well as difficulty walking, speaking, and
swallowing [9]. In late stages, bradykinesia becomes apparent as choreic
symptoms diminish [9].
Despite motor symptoms being the driving factor for official clinical
diagnosis of HD, cognitive and psychiatric symptoms are often the first signs of
illness, and consist of agitation, cognitive impairment, loss of focus, memory
problems, depression, apathy, sleep disturbances, and irritability [9]. In parallel
with these findings, studies have reported altered cortical excitability and synaptic
activity in premanifest HD individuals, indicating that neuronal dysfunction occurs
prior to motor onset [10, 11]. In support of this, the large-scale observational
study TRACK-HD demonstrated structural changes in the brains of HD mutation
carriers as well as subtle cognitive and motor impairments well before expected
disease onset [12, 13]. A prodromal phase usually occurs between the
premanifest and manifest stages of HD, when subtle symptoms are apparent, but
are not severe enough to meet the requirements for motor diagnosis. Once a
patient has been diagnosed with HD, the Unified Huntington Disease Rating
Scale is used to monitor disease progression and assign a disease stage (1-5).
This scale consists of a series of sub-tests which are used to assess motor
score, cognitive and psychiatric function, and Total Functional Capacity, a
measure of the patient’s ability to complete work and daily life tasks [8].
Neuropathologically, HD is characterized by the selective and progressive
cell death of inhibitory striatal gamma-aminobutyric acid (GABA)-ergic medium
spiny neurons (MSNs) [14–16]. Neuropathological studies were used to develop
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the Vonsattel grading system, which assigns a disease severity (Grade 0-4) to a
patient based on the degree of striatal atrophy [17]. Cortical degeneration also
occurs in later grades, and the level of atrophy in various cortical regions (ie.
motor vs. anterior cingulate) correlates with the relative severity of different motor
vs. mood symptoms [18]. Cortico-striatal (CS) circuitry plays a critical role in the
control of motor function. Specifically, MSNs receive significant glutamatergic
input from the cortex and in turn, striatal output occurs through two pathways.
Activity of direct pathway (D1-type) MSNs serves to ultimately enhance excitatory
input to the cortex, promoting movement, while indirect pathway (D2-type) MSNs
reduce excitatory input to the cortex, decreasing movement [19]. In early stages
of HD, impairment of D2 MSNs in the indirect pathway in addition to altered
transmission onto direct pathway D1 MSNs leads to disinhibition of the cortex
and the primary motor symptom of chorea [14, 19, 20]. Later, impaired
transmission occurs along the direct pathway as well, causing reduced
movement and CS disconnect [14, 19, 20]. Much evidence indicates that
impaired synaptic transmission at the glutamatergic CS synapse plays a critical
role in dysfunction of this pathway. This will be discussed in Section 1.2.

1.1.3 Overview of molecular pathogenesis
Expansion of the HTT CAG repeat encodes for an abnormally long polyglutamine
tract in the resulting mutant HTT (mHTT) protein, which undergoes both a partial
loss of wild-type HTT (wtHTT) function, and a gain of toxic function.
wtHTT is ubiquitously expressed throughout the body and plays a major
role in many essential cellular processes through its interactions with hundreds of
identified binding partners [21, 22]. wtHTT is essential for survival and neuronal
function; Deletion of Htt causes embryonic lethality in mice, Htt heterozygous
knockout mice have motor and cognitive impairments, and Htt inactivation in the
forebrain of adult mice leads to neurodegeneration [23–25]. By interacting with
various vesicle-associated proteins, wtHTT controls the transport of organelles
along axons and dendrites [26]. Of particular importance, wtHTT promotes the
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transport and secretion of vesicles containing brain-derived neurotrophic factor
(BDNF) in neurons, a function which is impaired with HTT deficiency or mutation
[27–29]. wtHTT also acts as a scaffold for autophagy proteins [30]. Notably,
mutation of HTT dysregulates autophagy, promoting the formation of empty
autophagosomes and preventing proper degradation of autophagy substrates
[31]. wtHTT partially localizes to the nucleus in cells where it binds to various
transcription factors, impacting gene expression [26]. The BDNF gene is one of
these targets influenced by wtHTT function and is downregulated in HD patients
and mouse models, as are several other genes involved in synaptic dysfunction
and neuronal health [32–36]. In addition to regulation of these genes, wtHTT
itself has pro-survival functions and protects neurons from excitotoxic death [37].
Although loss of wtHTT function occurs in HD, symptoms and
neuropathology are hypothesized to occur principally due to a toxic HTT gain-offunction as a result of the polyglutamine expansion. mHTT dysregulates vesicle
trafficking, mitochondrial function, proteasomal protein degradation, autophagy,
gene expression, and susceptibility to oxidative stress [38]. However, altered
transmission, particularly at the CS synapse, is proposed to be a critical and
highly upstream promoter of many of these processes, as mHTT directly and
indirectly influences the localization and function of key proteins involved in both
presynaptic neurotransmitter release and postsynaptic receptor responses [39,
40].

1.1.4 Mouse models of Huntington disease
Early models of HD were generated by the use of neurotoxic compounds, such
as the mitochondrial toxin 3-nitroproprionic acid, which partially recapitulates the
striatal neurodegeneration observed in HD when injected systemically [41].
Similarly, administration of glutamatergic agonists into rodent brains produces
striatal lesions, suggesting that excitotoxicity (cell death due to over-activation of
glutamate receptors) may play a role in HD pathogenesis [42–47]. After the
discovery of the causative HTT mutation in 1993, genetic animal models largely
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replaced the use of chemical models. These can be categorized into three main
types: fragment, full-length, and knock-in.
Fragment mouse models of HD were engineered to transgenically express
an N-terminal fragment of human mHTT and include the R6/1, R6/2, and N17182Q models. The R6 models express exon 1 of mHTT with approximately 150
CAG repeats, while the N171-82Q expresses a longer N-terminal fragment with
82 repeats [48, 49]. Fragment mice tend to have a severe phenotype with rapid
onset, displaying motor impairment, neuronal structural alterations, dysregulated
gene expression, and neuropathology, although more global atrophy is observed
in comparison to human HD or full-length mouse models which demonstrate
selective striatal and cortical degeneration [48, 50–52]. The presence of
observable phenotypes by 1-2 months of age in fragment models is
advantageous for preclinical study design as results can be obtained quickly.
However, their rapid progression may eliminate subtle or slowly-progressing HDlike features and makes presymptomatic interventions difficult.
Full-length HD mouse models contain the entire human mutant HTT gene
on a yeast or bacterial artificial chromosome (YAC or BAC), including its various
genetic regulatory elements. The most common of these models are the YAC128
(utilized in this thesis) and BACHD, which express mHTT with 128 and 97
glutamines, respectively [50, 53]. Both models progressively develop relevant
motor, cognitive, psychiatric, transcriptional, and neuropathological features of
HD [51]. These phenotypes have been well-established in multiple labs, allowing
for the use of robust readouts in preclinical studies. However, most phenotypes
require 6-12 months of age to become apparent and changes are generally not
as dramatic as those observed in fragment models [54]. Regardless, these
models remain highly relevant for studying HD pathogenesis due to their high
genetic and biological resemblance to the human disease. Two variations of the
full-length models have recently been generated to express both human wtHTT
and mHTT on a murine Htt-null background [55, 56]. These humanized models
thus recapitulate HD genetics more precisely than YAC128 or BACHD mice, and
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will be valuable in the future for evaluation of human HTT silencing-based
therapeutic strategies.
Knock-in HD mice, such as the CAG140 model, were developed by
introducing a region of human DNA containing the CAG expansion into the
mouse Htt locus [57]. Thus, mHTT is expressed under the endogenous mouse
promoter, eliminating the potential confounding factor of transgenic human gene
overexpression. In general, HD phenotypes in knock-in models are mild,
inconsistent, and not observable until late ages, making them less ideal for
preclinical studies than other models [54]. However, recent improvements have
been made by increasing the CAG tract length and enhancing mHTT expression
to create the Q175FDN line, which demonstrates early, robust, and relevant HDlike features [58].

1.1.5 Therapeutic strategies in development for Huntington disease
Current therapies for HD consist solely of those aimed at symptomatic relief. Due
to the clear genetic nature of HD, one of the most promising strategies for
preventing or slowing disease progression is silencing of the mutant HTT gene.
Many efforts in this area of research are ongoing, and one strategy, using a
nonselective antisense oligonucleotide (ASO) directed at pan-HTT (IONISHTTRX) recently demonstrated tolerability in a Phase 1b/2a clinical trial and
successfully reduced mHTT protein levels in HD patient cerebrospinal fluid [59,
60]. A large efficacy trial using this ASO is currently underway.
Aside from HTT-targeted approaches, strategies that have shown promise
in recent clinical trials or are currently in development for HD are generally aimed
at neuroprotection and restoration of synaptic function (ie. pridopidine,
memantine, laquinimod) [61]. It is likely that a combinatorial approach, consisting
of HTT lowering as well as neuroprotective or ‘synaptoprotective’ drugs, will
prove most efficacious for halting disease progression. Ideally, these therapies
will be given to premanifest individuals in order to promote maximum benefit.
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1.2

SYNAPTIC DYSFUNCTION IN HUNTINGTON DISEASE

The striatum is the earliest and most severely affected brain region in HD. This is
partly due to a number of intrinsic striatal MSN properties that cause greater
susceptibility to toxic mHTT expression, including unique transcriptional patterns,
enhanced mitochondrial sensitivity to Ca2+ dysregulation, high expression of
particular N-methyl D-aspartate receptor (NMDAR) subunits, large amounts of
glutamatergic innervation, and somatic instability of the CAG repeat [19, 39, 40].
However, altered cortical function, particularly aberrant excitatory cortical input to
the striatum, is proposed to be a key extrinsic driver of striatal MSN dysfunction
and degeneration in HD [39, 40].

1.2.1 Altered excitatory cortico-striatal synaptic transmission in
Huntington disease
In multiple HD mouse models, a biphasic pattern of CS glutamatergic activity has
been observed. At early ages (within the first few months of life), prior to
behavioral phenotypes or neurodegeneration, glutamate release and
spontaneous CS excitatory activity are increased in HD mice compared to wildtype (WT), reflecting altered presynaptic mechanisms [62–64]. Conversely,
cortical glutamate release and the frequency of synaptic activity become
impaired with disease progression (mid to late life) [62–67]. A similar biphasic
pattern was identified for postsynaptic α-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA) receptor activity in YAC128 mice – at early ages
(1 month), increased numbers of postsynaptic AMPA receptors (AMPARs)
caused elevated evoked currents, while responses at later symptomatic ages
were reduced [62]. However, other studies found decreased or unaltered AMPAR
function in young HD MSNs, which might be explained by different mouse
models or electrophysiological recording conditions used [68, 69].
Synaptic activity promotes neuroprotective cell signaling and gene
expression in neurons; thus, loss of CS connections with disease progression
reduces these pro-survival effects in striatal MSNs, contributing to neuronal
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death [70, 71]. Furthermore, since excitatory CS activity results in delivery of
BDNF to the striatum through its release at active cortical terminals, this synaptic
disconnect likely also leads to inadequate trophic support to striatal MSNs [28,
72]. Thus, increasing MSN trophic support is an important and promising
therapeutic target for HD. The early increases in CS activity prior to emergence
of disease phenotypes may reflect compensatory mechanisms activated to
overcome deficits in normal transmission. In vitro CS co-culture studies tend to
recapitulate phenotypes observed in aged HD mice, such as impaired CS
connectivity, reduced MSN spine numbers, and loss of MSN dendritic complexity
[73–76]. This may be a result of these in vitro studies being performed in the
absence of other modulatory neurotransmitters such as dopamine, which has
been shown to differentially filter CS glutamate activity in young versus aged
YAC128 mice [62].
Further insight into the nature of CS synaptic dysfunction came from
evidence in multiple HD mouse models showing enhanced excitotoxic
susceptibility to NMDAR agonism in the striatum, with excitotoxic resistance
occurring at relatively progressed disease stages [77–79]. Electrophysiological
NMDAR responses are also larger in MSNs from young HD mice compared to
WT, followed by decreased NMDAR currents with disease progression [68, 77],
thus correlating with both loss of CS activity and resistance to excitotoxicity.
Interestingly, the early increase in NMDAR responses is primarily due to elevated
extrasynaptic (ex) NMDAR expression and activity in MSNs both in slices and in
primary co-culture with cortical neurons, while synaptic NMDAR currents are
similar to WT [80, 81]. The hyperactivity of exNMDARs in HD is hypothesized to
play a critical role in disease pathogenesis. This will be discussed in Section
1.3.6.3.

1.2.2 Structural synaptic abnormalities in Huntington disease neurons
CS synaptic dysfunction in HD eventually leads to morphological degeneration of
striatal MSNs as they lose cortical glutamatergic and trophic support with disease
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progression. In late-stage HD patient brains, MSNs contain abnormal dendritic
arbors and fewer spines compared to control MSNs [82, 83]. Similarly, spine
loss, excitatory synapse loss, and dendritic alterations have been observed in
MSNs and cortical neurons from aged HD mice or mature primary neuronal
cultures, as well as a loss of glutamatergic terminals in the striatum [73, 74, 84–
93].
At early time points, protective mechanisms are proposed to compensate
for altered CS transmission. This is supported by observations of proliferative
morphological changes (larger spines, more spines, altered dendritic branching
patterns) in early stage human HD striatal MSNs and increased excitatory CS
activity in presymptomatic HD mice [62–64, 82]. Ideally, a therapeutic
intervention aimed at preserving spines, synapses, and dendritic structure would
be delivered as early as possible in HD patients in order to normalize CS
transmission and prevent morphological changes and eventual neuronal death
from occurring. However, recent work has shown that spine loss in 12-month-old
YAC128 mice can be restored by inhibition of endoplasmic reticulum (ER) storeoperated Ca2+ entry (SOCE) starting at 10.5 months [74]. This likely occurs by
preventing Ca2+-dependent modulation of SOCE effector molecules that cause
spine structure reorganization [74]. This exciting finding suggests that lateintervention approaches to reestablish normal synaptic function and balance
intracellular Ca2+ signaling may be more efficacious than previously thought.

1.3

N-METHYL D-ASPARTATE RECEPTORS

NMDARs are transmembrane ionotropic receptors which are enriched at
neuronal postsynapses and are involved in excitatory glutamatergic signaling and
synaptic plasticity in the brain. In addition to their essential role in
neurotransmission, aberrant activity of NMDARs has been linked to several
major neurological disorders, resulting in the development of tools and therapies
aimed at receptor modulation.
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1.3.1 General structure and function of NMDA receptors
In comparison to the related glutamatergic AMPARs and kainate receptors,
NMDARs possess high Ca2+ permeability, which contributes to long-term Ca2+dependent signaling essential for synaptic potentiation or depression in neurons
[94, 95]. Under resting conditions, the pore of the NMDAR is voltage-dependently
blocked by a Mg2+ ion [96]. Binding of presynaptically-released agonist
(glutamate) as well as a co-agonist (glycine or D-serine) to the extracellular
ligand-binding domain of the receptor, in addition to depolarization of the
postsynaptic membrane results in extrusion of the Mg2+ ion from the channel
pore and a conformational change of the receptor, allowing ion influx [97]. For
this reason, NMDARs have been described as coincidence detectors, only
opening when both presynaptic and postsynaptic neurons are active at the same
time. This coincidence detection serves to strengthen synaptic connections
between synchronously active neuronal pairs during development or learning
[98].
Mature NMDARs exist as tetramers containing four subunits each, which
assemble to yield extracellular N-terminal and agonist binding domains, a
transmembrane pore-forming domain, and an intracellular C-terminal domain [94,
97]. The various subunits are encoded by different genes and include GluN1,
GluN2A-D and GluN3A-B [94, 97]. A mature receptor may form as a diheteromer (two obligatory GluN1 subunits combined with two GluN2 or GluN3
subunits of the same sub-type; ie. GluN1/GluN2A or GluN1/GluN2B) or a triheteromer (ie. GluN1/GluN2A/GluN2B or GluN1/GluN2B/GluN3A, among other
combinations) [94, 97]. The different GluN2 and GluN3 subunits are incorporated
into receptors during various developmental timepoints, activity patterns, or at
specific subcellular membrane locations, and confer distinct properties to the
receptor [94, 97].
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1.3.2 GluN2A versus GluN2B subunits
GluN2A and GluN2B are the most widely-expressed GluN2 subunits
throughout the brain and differ substantially from each other in their activation
properties [94]. GluN2B-containing receptors have a lower maximal open
probability, higher sensitivity to glutamate and glycine, slower deactivation,
longer excitatory postsynaptic current (EPSC) decay, and greater overall Ca2+
influx during low-frequency stimulation compared to GluN2A-containing receptors
[94]. Furthermore, in mature neurons, GluN2B-containing receptors are
hypothesized to be preferentially (though not exclusively) enriched at
extrasynaptic sites, while GluN2A-containing receptors are concentrated within
the postsynaptic density (PSD) [99–101]. Importantly, however, some studies
have disputed this model and it is likely that the methodology and developmental
timepoints used have a great impact on the observed distribution of GluN2
subunits [102–105]. Furthermore, the pharmacological tools used in many of
these studies were only able to primarily evaluate the localization of pure
GluN1/GluN2B populations, and not tri-heteromeric GluN1/GluN2A/GluN2B
receptors, which are now widely accepted to comprise a large proportion of
synaptic NMDARs in the mature brain and possess intermediate activation
kinetics compared to pure di-heteromeric GluN1/GluN2A and GluN1/GluN2B
receptors [106].
In contrast to the high structural and sequence similarity between GluN2A
and GluN2B within the extracellular and transmembrane domains, the
intracellular C-terminal tails differ greatly, resulting in dissimilar networks of
protein binding partners [107, 108]. These interactions influence downstream cell
signaling, with several studies suggesting a pro-survival role for GluN2A and a
pro-death function for GluN2B, although this signaling dichotomy is not fully
discrete and interpretation of results is again limited by the inability to
pharmacologically isolate tri-heteromeric GluN1/GluN2A/GluN2B receptors [100,
105, 109–113].
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During neuronal development, NMDARs play a critical role in
consolidation of synchronously active synaptic partners [95]. Early in
development, high expression of GluN2B subunits allows for greater and longer
ion influx through GluN1/GluN2B receptors, inducing long-term Ca2+-dependent
processes that strengthen newly-developing synapses and dendritic spines [114–
118]. As development progresses, these receptors gradually become replaced in
an activity-dependent manner with GluN2A-containing receptors, which possess
quick kinetics essential for precise control over the timing of synaptic activity
[115–119]. As mentioned above, tri-heteromeric receptors likely constitute a
significant portion of this mature synaptic receptor population with estimates of
this fraction ranging from 10-50% [106]. The C-terminal tail of GluN2B mediates
interactions with proteins involved in synaptic plasticity, such as Ca2+/calmodulindependent protein kinase II (CaMKII). Anchoring of CaMKII to GluN2B during
long-term potentiation (LTP) allows it to phosphorylate nearby AMPARs,
promoting their activity [120, 121]. Thus, in the mature brain, synaptic GluN2B
may function within tri-heteromeric receptors as a structural link between fast
GluN2A-mediated activity and AMPAR-mediated mechanisms of long-term
plasticity [106]. Conversely, extrasynaptic GluN1/GluN2B di-heteromers have
been proposed to localize to immature sites of excitatory activity [101].

1.3.3 Synaptic versus extrasynaptic NMDA receptor signaling
Although NMDARs are highly enriched at synapses, their presence is also found
outside of synapses (extrasynaptic). These receptor populations may be defined
electrophysiologically (activated only during high-frequency activity or glutamate
spillover, but not during low-frequency stimulation), biochemically (soluble in 1%
Triton-X, thus not incorporated into the Triton-insoluble PSD), or microscopically
(>100 nm away from the PSD in electron micrographs) [80, 122, 123].
In addition to subunit composition discussed above, the subcellular
localization of an NMDAR also plays a role in dictating the effect of its activation.
In general, synaptic NMDAR activity promotes cell survival signaling, nuclear
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Ca2+ entry, and expression of genes involved in neuroprotection and
mitochondria resilience, while exNMDARs antagonize these same pathways in a
dominant manner, resulting in cell death signaling, downregulation of survival
genes, and mitochondria toxicity (Fig. 1.1) [124, 125]. Importantly, the acquisition
of cell death-promoting functions by exNMDARs in vitro develops between DIV7
and DIV12, a time period characterized by major synaptogenesis as well as the
shift in GluN2B-GluN2A NMDAR composition [126–128]. Thus, a unified
hypothesis has emerged to explain the ultimate outcome of NMDAR activity in
mature neurons, and considers both the composition and location of the receptor:
synaptic GluN2A-containing receptors promote neuronal survival, while
extrasynaptic GluN2B-containing receptors initiate cell death [129]. During early
development (prior to coupling with cell death pathways), exNMDAR activity may
contribute to the formation of new synapses by enhancing neuronal postsynaptic
responses [102, 130]. With maturation, extrasynaptic GluN2B (exGluN2B)containing receptors become linked to detrimental cellular pathways, possibly as
a mechanism to eliminate imprecise or weak neuronal connections which have
not undergone significant LTP and incorporation of GluN2A-containing NMDARs
[125, 126]. ExGluN2B activity may also promote critical LTD processes [131,
132]. In adult neurons, exNMDARs are activated by physiological glutamate
spillover and contribute to synaptic responses, LTD, or NMDAR spikes [130,
133–135]. Others have provided evidence that exNMDAR activation by
glutamate released from nearby glial cells modulates synaptic function and
neuronal network synchrony [136–138]. A delicate equilibrium between synaptic
and exNMDAR activity is unquestionably critical in the brain, and disruption of
this balance has been implicated in a number of acute and chronic neurological
disorders, including HD (see Section 1.3.6).

1.3.4 Link between NMDA receptors and ER Ca2+ dynamics
Ca2+ influx through NMDARs is critical for receptor function – both for survival
signaling in response to physiological stimulation, and for neuronal death after
13

Figure 1.1: Synaptic and extrasynaptic NMDA receptor signaling. Ca2+ influx
through synaptic NMDARs activates cell signaling pathways that promote neuronal
survival and plasticity. Activation of nuclear CREB by S133 phosphorylation is a key
component of this pathway, leading to transcription of a number of target genes involved
in plasticity, neuronal protection, and spine stability. Extrasynaptic di-heteromeric
GluN1/GluN2B NMDAR activity antagonizes synaptic signaling in a dominant fashion
and promotes the activation of pro-death signaling. Additionally, Ca2+ influx through
NMDARs can be further amplified by IP3R- and RyR-mediated ER Ca2+ release (Ca2+induced Ca2+ release, CICR). CICR may occur at both synaptic (not shown) or
extrasynaptic subcellular compartments.

toxic NMDA treatment [125]. The ER is an important storage organelle for
intracellular Ca2+ and can amplify cytosolic Ca2+ levels in response to receptor
influx through a pathway termed Ca2+-induced Ca2+ release (CICR) (Fig. 1.1)
[139–144]. This occurs through activation of ER inositol triphosphate receptors
(IP3Rs) and ryanodine receptors (RyRs) and while this contributes to
physiological NMDAR function, a pathological increase in this process can lead
to ER-to-mitochondria Ca2+ transfer, mitochondria depolarization, and neuronal
death [144, 145]. Interestingly, IP3R-dependent Ca2+ “waves” through the ER
network have been proposed to be the key component of fast synapse-to14

nucleus Ca2+ signaling in neurons, allowing synaptic activity to influence gene
expression despite being physically localized far away from the nucleus [139]. In
this way, NMDAR activity and ER Ca2+ store dynamics are tightly linked. In
support of this hypothesis, inhibition of IP3R or RyR are protective against NMDA
excitotoxicity in cultured neurons [144, 145]

1.3.5 Regulation of NMDA receptors by phosphorylation
NMDAR subunits undergo phosphorylation at multiple sites within their cytosolic
C-terminal tails, influencing subcellular localization, surface expression, and
activity of the assembled ion channel. Some of the key phosphorylation sites
within GluN1, GluN2A, and GluN2B are depicted in Fig. 1.2 and occur via a
number of protein kinases, most commonly Src-family tyrosine kinases, protein
kinase A (PKA), and protein kinase C (PKC) [146].
Phosphorylation of GluN2B at S1480 by casein kinase 2 (CK2) disrupts its
stabilizing interaction with postsynaptic density protein 95 (PSD95), thus
reducing surface expression and/or allowing diffusion of GluN2B-containing
receptors away from the PSD [147–149]. This process is a key mechanism for
GluN2B removal from synapses during the developmental activity-dependent
GluN2A-GluN2B switch [149]. Phosphorylation at the nearby site Y1472, which
lies within the clathrin adaptor protein 2 (AP2) binding domain, prevents AP2
binding, thus reducing clathrin-mediated endocytosis and promoting surface
expression, particularly at the synapse [149–151]. Interestingly, pS1480
negatively regulates phosphorylation of Y1472, likely by preventing Src-family
tyrosine kinases from associating with the receptor via PSD95 interactions [149,
152, 153]. Conversely, pY1472 is positively regulated by Y1070 phosphorylation,
which enhances binding of the tyrosine kinase Fyn to GluN2B [154]. While Y1472
phosphorylation appears to play a major role in synaptic GluN2B localization,
pY1336 has been linked to enrichment of GluN2B in extrasynaptic membrane
compartments, and regulates cleavage of GluN2B subunits by calpain [155, 156].
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Figure 1.2: Key phosphorylation sites in the C-terminal domains of GluN1,
GluN2A, and GluN2B. Various kinases and phosphatases regulate the phosphorylation
of serine (S) and tyrosine (Y) residues within the C-terminal tails of NMDAR subunits in
response to neuronal activity during development, learning, or pathology.

Potentiation of receptor currents also occurs through PKC-, CaMKII-, or DAPK1mediated phosphorylation of GluN2B S1303 and S1323 [157–159]. Additionally,
GluN2B S1166 phosphorylation enhances NMDAR synaptic currents and
dendritic spine Ca2+ signaling, further fine-tuning receptor function [160].
In GluN2A, Y842 phosphorylation plays a major role in AP2 binding, while
phosphorylation sites have been identified at Y1105, Y1267, Y1292, Y1325, and
Y1387, most of which have been shown to potentiate receptor currents [161–
163]. GluN2A sites S1291 and S1312 are analogous to GluN2B S1303 and
16

S1323, and phosphorylation of these residues also increases receptor currents
[157, 158]. Phosphorylation at other sites, including GluN2A S1048 and GluN2B
S1116 regulate surface expression [164, 165].
Phosphorylated serine residues exist within the GluN1 C-terminus and
play a major role in receptor clustering and trafficking [166]. Specifically,
phosphorylation at these sites masks a nearby ER retention motif, allowing exit
from the ER and consequent trafficking to the cell surface [167].
These above phosphorylation events are modified in response to neuronal
activity or toxic insult, and thus represent additional targets which may be
exploited to develop therapies for neurological disease involving aberrant
NMDAR activity.

1.3.6 Extrasynaptic NMDA receptor involvement in neurological disease
Glutamate excitotoxicity involving NMDARs has been implicated in a range of
acute and chronic neurological disorders including stroke, traumatic brain injury,
Alzheimer disease (AD), Parkinson disease (PD), amyotrophic lateral sclerosis,
multiple sclerosis, and HD. Altered extracellular glutamate concentrations and/or
redistribution of NMDARs in many of these conditions, along with evidence that
synaptic and exNMDARs produce opposing signaling outcomes, suggests that
neuronal death is driven by a shift from pro-survival to pro-death NMDAR
function and that this is a convergent pathological mechanism despite different
primary disease causes [124].

1.3.6.1

Excitotoxicity and ischemic stroke

Ischemic stroke causes neuronal death due to excitotoxicity as a result of a large
increase in extracellular glutamate levels, which occurs due to excess
neurotransmitter release as well as impaired uptake and reversal of glial
glutamate transporters [168–171]. The resulting hyperactivation of exNMDARs
and imbalance in Ca2+ homeostasis leads to the disruption of multiple signaling
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pathways in neuronal culture or in vivo animal models of ischemia [172].
Specifically, excitotoxic or ischemic activation of primarily GluN2B-containing
exNMDARs decreases protective cAMP response element-binding protein
(CREB) and extracellular signal-regulated kinase (ERK) activation, consequently
downregulating BDNF production and survival signaling (Fig. 1.1) [125, 173,
174]. It furthermore induces detrimental p38 mitogen-activated protein kinase
(MAPK) activation downstream of both calpain-mediated striatal-enriched protein
tyrosine phosphatase (STEP) cleavage and GluN2B-PSD95-coupled neuronal
nitric oxide synthase (nNOS) activation [175, 176]. Additionally, ischemia leads to
the pro-death activation of cyclin-dependent kinase 5 (cdk5), c-Jun N-terminal
kinase (JNK), death-associated protein kinase 1 (DAPK1), and the nuclear
translocation of phosphatase and tensin homolog (PTEN) (Fig. 1.1) [176–180].
Small-molecule inhibition of these downstream pro-death proteins or peptidemediated blockade of their interaction with NMDARs protects neurons from
excitotoxic death, indicating that targeting excitotoxicity at a level directly below
the NMDAR itself may prove advantageous in human disease [172]. Despite the
acute nature of ischemia, the knowledge obtained using these animal models of
has encouraged further exploration into the commonality of pathogenic pathways
between stroke and neurodegeneration, including HD.

1.3.6.2

Alzheimer disease

AD is the most prevalent form of dementia and is characterized by the formation
of amyloid-beta (Aβ) plaques and hyperphosphorylated tau-containing
neurofibrillary tangles [181]. However, evidence indicates that soluble Aβ
oligomers and phosphorylated tau protein are the primary drivers of synaptic
dysfunction and neuronal death in AD [181].
Soluble tau binds to Src-family tyrosine kinases, directing them to
postsynaptic NMDARs where they regulate GluN2B surface expression via
phosphorylation at Y1472 [182, 183]. This physiological function is altered by tau
hyperphosphorylation or Aβ-induced tau mislocalization in AD mouse models
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[182, 183]. Additionally, Aβ reduces synaptic NMDAR expression and decreases
synaptic currents in primary neurons, thus shifting the synaptic-extrasynaptic
NMDAR balance and reducing downstream phosphorylation of CREB [184–186].
Aβ also increases extracellular glutamate concentrations, possibly through
reducing glial glutamate uptake, which further promotes the activation of
exNMDARs [187, 188]. Notably, exNMDAR activation itself induces tau
overexpression and Aβ generation in neurons, thus further amplifying synaptic
dysfunction and neurodegeneration [189, 190].
As expected based on the subunit distribution of NMDARs, GluN2Bselective antagonists reverse some of the downstream molecular effects of Aβ in
neurons, indicating a prominent role for receptors containing this subunit [185,
186, 191]. Similarly, selective blockade of exNMDARs protects neurons from Aβinduced spine and synapse loss [188, 192]. Promisingly, memantine, an NMDAR
open-channel blocker with preference for receptors in the extrasynaptic
compartment at low concentrations, has shown benefit in some AD clinical trials,
particularly when administered as part of combination therapy, and is approved
for the treatment of moderate to severe AD [193].

1.3.6.3

Huntington disease

The role of extrasynaptic GluN2B-containing NMDAR excitotoxicity in the
pathogenesis of HD has been particularly well-characterized. Studies in HD
cellular and in vivo animal models have consistently demonstrated enhanced
susceptibility to NMDAR agonists and increased NMDAR-mediated currents
compared to WT [68, 77, 78, 81, 194–201]. Cell death in these experiments was
primarily due to GluN1/GluN2B, but not GluN1/GluN2A receptor activation, as it
was largely blocked by GluN2B-selective antagonism with ifenprodil [81, 196,
197, 200]. These elevated NMDAR currents were associated with increased
intracellular Ca2+ responses in HD MSNs, resulting in mitochondrial membrane
depolarization and caspase activation [68, 197, 199, 200, 202].
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In 2007, Fan et al. observed enhanced forward trafficking of NMDAR
subunits to the surface of HD MSNs, identifying a potential explanation for
elevated receptor currents [203]. This mechanism was further elucidated by a
study showing increased association between GluN2B and its scaffold protein
PSD95 in YAC128 striatal tissue, which would be expected to stabilize GluN2Bcontaining receptors at the cell surface [194]. A GluN2B-PSD95 interference
peptide perturbed this interaction, reduced NMDAR surface levels, and
prevented NMDA-induced apoptosis in YAC128 MSNs [194]. Later work provided
evidence that this protective effect was mediated by blocking p38 MAPK
activation which was dependent on the PSD95-GluN2B interaction [204].
Additionally, small-molecule p38 MAPK inhibition was neuroprotective [204]. This
provided some of the first evidence that reversing surface expression of GluN2Bcontaining receptors and/or inhibiting signaling directly downstream of exNMDAR
activation may provide neuroprotection in HD.
Further support came from work demonstrating that preferential blockade
of exNMDARs with low-dose memantine in YAC128 mice from 2-12 months of
age restored striatal volume and improved motor function, while high-dose
memantine (which would be expected to also inhibit synaptic NMDAR activity)
worsened these phenotypes [205]. In a seminal 2010 study, Milnerwood et al.
clearly demonstrated enhanced extrasynaptic GluN2B-containing NMDAR
activity in YAC128 MSNs in vivo [80]. This was due to an increase in GluN2B
protein levels in the extrasynaptic (non-PSD) membrane compartment [80].
Importantly, these changes were observed at 1 month of age – well before
behavioral phenotypes, neurodegeneration, or MSN structural changes [80].
Remarkably, low-dose memantine treatment from 2-4 months of age restored
YAC128 striatal nuclear CREB activity and motor learning at 4 months [80].
These findings were supported by a later study in which the same treatment
paradigm restored the balance between cell survival (phospho-CREB; pCREB)
and cell death (phospho-p38 MAPK) signaling in the YAC128 striatum, and
normalized exGluN2B protein expression [206]. Furthermore, YAC128 MSNs cocultured with cortical neurons exhibit elevated surface GluN2B expression as well
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as enhanced exNMDAR current which is blocked by ifenprodil [81]. In these
experiments, ifenprodil or memantine prevented NMDA-induced CREB shut-off
and neuronal death, both of which were more severe in control-treated YAC128
MSNs compared to WT [81]. Altered exNMDAR function was later observed in
both direct (D1) and indirect (D2) MSNs of YAC128 mice [207]. Further
supporting a pathological role for GluN2B-containing NMDARs in HD, a mHTT
knock-in mouse model generated to overexpress GluN2B develops exacerbated
striatal neuropathology [208].
mHTT undergoes caspase-mediated cleavage at multiple sites, generating
toxic N-terminal polyglutamine-containing fragments [209]. Mutation of a key
mHTT cleavage site, D586, results in complete amelioration of disease pathology
in YAC128 mice, including reversal of exNMDAR currents and MSN susceptibility
to NMDAR agonism [80, 195, 210]. This indicates that mHTT cleavage at this site
is essential for dysregulation of NMDARs, although the precise mechanism by
which the aa1-586 mHTT fragment leads to enhanced exNMDAR activity
remains unknown.
Altered NMDAR phosphorylation has been reported in HD mouse models.
Downregulation of GluN1 phosphorylation at S897, which would be expected to
reduce NMDAR surface expression [167], occurs in the N171-82Q striatum at all
disease stages assessed [211]. In the R6/2 hippocampus, tyrosine
phosphorylation of GluN2A is decreased [212]. In 2012, Gladding et al. observed
reduced GluN2B pY1472 in YAC128 striatal tissue [213]. This was associated
with greater synaptic activation of the Y1472 phosphatase STEP and reduced
synaptic retention of GluN2B, resulting in receptor movement to extrasynaptic
membranes [213]. Furthermore, elevated GluN2B calpain cleavage, which has
been linked to Y1336 phosphorylation, promotes its localization at the
extrasynaptic surface in the YAC128 striatum, possibly by decreasing
endocytosis [156, 213]. In contrast, an earlier study reported enhanced mHTTinduced GluN2B tyrosine phosphorylation in transfected cells [214]. However,
this study was not able to assess synaptic versus extrasynaptic phosphorylation,
and the antibody used did not distinguish between Y1472 and the nearby
21

phosphorylation sites Y1336 and Y1252. Altogether these findings show that
mHTT dysregulates post-translational modification of NMDARs, impacting their
function and localization at the neuronal surface. Further investigation of
phosphorylation levels at other GluN2B residues in HD mice, in addition to a
deeper understanding of the mechanisms underlying these changes, will provide
novel options for therapeutic regulation of NMDAR excitotoxicity in HD.

1.4

DEATH-ASSOCIATED PROTEIN KINASE 1 STRUCTURE AND
FUNCTION

DAPK1 is a 160-kDa (1430-amino acid) Ca2+/calmodulin (CaM)-dependent
serine/threonine (S/T) kinase which is expressed highly in the brain, regulates
GluN2B phosphorylation, and possesses pro-apoptotic functions. The
orthologous human and mouse genes are located on chromosome 9 and
chromosome 13, respectively, and share 95% amino acid sequence identity.
Evolutionary conservation, particularly within the major functional domains of the
protein, extends as far back as C. elegans, with the highest degree of similarity
present within the N-terminal kinase domain.

1.4.1 Discovery of DAPK1 and characterization of its functional domains
DAPK1 was first discovered in an antisense cDNA expression library screen
designed to identify genes that promote interferon gamma (IFNγ)-induced cell
death in HeLa cells [215]. Sequence homology analysis and in vitro
phosphorylation assays indicated the presence of a CaM binding domain (also
called the autoregulatory domain, ARD) as well as an adjacent N-terminal S/T
catalytic domain [215]. Furthermore, DAPK1 demonstrated autophosphorylation
activity which was dependent on the presence of the adenosine triphosphate
(ATP)-binding lysine residue at position 42, an amino acid which is conserved in
essentially all kinases and important for proper structural conformation of the
active site (Fig. 1.3) [215]. Subsequent work confirmed Ca2+/CaM-dependent in
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vitro kinase activity toward myosin light chain 2 (MLC2), which was abolished in a
K42A catalytically-inactive mutant [216]. When the CaM binding domain was
deleted (ΔCaM), constitutive Ca2+/CaM-independent activity remained, indicating
a negative regulatory role for this region [216]. This inhibitory feature is common
to other CaM-regulated kinases, such as myosin light chain kinase (MLCK) and
CaMKII, which also contain an ARD [217].
Soon after these initial studies, the site of DAPK1 autophosphorylation
was mapped to the evolutionarily-conserved S308 residue within the ARD (Fig.
1.3) [218]. Addition of Ca2+/CaM or introduction of a phosphodeficient mutation
(S308A) reduced autophosphorylation of DAPK1 and enhanced its kinase activity
toward MLC2 in vitro [218]. The S308A mutant also possessed higher binding
affinity for CaM, and transfection of either the S308A or a ΔCaM construct into
HEK293 cells promoted significant cell death compared to WT DAPK1, while
mimicking phosphorylation with an S308D or S308E mutation reduced CaM
binding affinity, decreased kinase activity and conferred protection [218]. Based
on these findings and additional structural data, a model was proposed whereby
phosphorylated S308 stabilizes the ARD within the catalytic ATP-binding pocket,
blocking pro-apoptotic kinase activity. Dephosphorylation of S308 partially opens
this autoinhibitory lock and in combination with high levels of Ca2+, facilitates
CaM binding to the ARD, release of the catalytic domain through a
conformational change, and full activation of the kinase [218]. More recent crystal
structure and biochemical analyses support this model, pointing to a multi-step
DAPK1 activation process that requires both S308 dephosphorylation and
binding of Ca2+-activated CaM [219].
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Figure 1.3: Human DAPK1 functional domains and key amino acid residues.
DAPK1 contains multiple functional domains including a catalytic domain, an
autoregulatory domain (ARD), eight ankyrin repeats, a cytoskeletal binding domain
(CBD), a death domain (DD), and a serine-rich tail. Key motifs and post-translational
modification sites are noted. Amino acid residue numbers are depicted in grey.

Positioned adjacent to the kinase and CaM binding domains are the
ankyrin repeats and the cytoskeletal binding domain (CBD) (Fig. 1.3), both of
which play critical roles in the localization of DAPK1 to the cytoskeletal network
and undergo post-translational modifications which alter the function of the
protein.
Near the C-terminus lies the death domain (DD) (Fig. 1.3), a sequence
which is also found in other proteins involved in apoptosis and mediates
interactions with a number of binding partners, such as ERK, p53, and tau [220].
The biological significance of these interactions, particularly in the context of
excitotoxicity, will be discussed in Section 1.5.2. Deletion of the DD does not
affect DAPK1 autophosphorylation or in vitro catalytic activity toward MLC2, but
still impairs the maximum cell death-inducing function of the kinase, possibly by
impairing critical interactions with other protein partners [216, 221, 222]. This
hypothesis is supported by studies in which expression of a small DD protein
blocked the ability of DAPK1 or other stressors to promote cell death, likely due
to competition with the full-length kinase for its binding partners which normally
interact through this domain [221, 223, 224].
Finally, the final 17 amino acid C-terminal tail of DAPK1 is unusually
serine-rich (Fig. 1.3). A peptide corresponding to this sequence inhibited cell
death induced by ceramide treatment or DAPK1 overexpression, suggesting a
protective role for this region, and deletion of this sequence potentiated DAPK1induced apoptosis in HEK293 cells without affecting its kinase activity [223, 225].
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The authors proposed that the serine-rich tail may modulate DAPK1 activity in cis
by folding over other protein domains, and that the protective effect of the peptide
was due to inhibition in trans of the full DAPK1 protein by altering the folded
structure of the protein and consequently its interaction with various binding
partners.

1.4.2 DAPK1 isoforms and homologs
An alternatively-spliced isoform of DAPK1 (DAPK1β) has been described, and
possesses a 12 amino acid extension of the C-terminus [226]. All structural
domains of DAPK1 (differentiated in this sub-section by the term DAPK1α) are
retained in DAPK1β [226]. As predicted, based on a nearly identical kinase
domain to DAPK1α, DAPK1β shows in vitro Ca2+/CaM-dependent kinase activity
toward MLC2, and this is reliant on the presence of the conserved K42 residue
within the kinase domain [226]. Unexpectedly, ectopic expression of DAPK1β in
HeLa cells protected against tumor necrosis factor (TNF)-induced apoptosis and
consequent caspase activation, and this effect required K42, indicating that
DAPK1β kinase activity was cytoprotective [226]. Importantly, however, DAPK1α
expression also provided a mild protective benefit in this study, which was
discordant with several other reports demonstrating apoptosis in response to
DAPK1α overexpression [216, 218, 221–223], and a later independent study
observed pro-apoptotic function of DAPKβ [227]. Thus, additional work is
required to determine exactly how the function of DAPK1α and DAPK1β differ
from each other, and to assess whether these findings can be supported in an
endogenous scenario. The C-terminal tail negatively regulates the activity of
DAPK1, potentially involving post-translational phosphorylation of its many serine
residues [223, 225]. Thus, it is possible that an extension of this region in
DAPK1β enhances the inhibitory function of the C-terminal domain, leading to
protective effects instead of promoting apoptosis.
A number of DAPK1 paralogs exist within the DAPK family: DAPK2
(DAPK-related protein kinase 1; DRP1), DAPK3 (Zipper-interacting protein
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kinase; ZIPK), DRAK1 (DAPK-related apoptosis-inducing protein kinase 1), and
DRAK2. DAPK2 and DAPK3 possess approximately 80% sequence identity to
DAPK1 within the catalytic domain, while DRAK1 and DRAK2 share 50%
identity. All 5 DAPK family members contain the catalytic domain but differ in the
presence of the other functional domains, which may impact their localization and
function (Fig. 1.4). Similar to DAPK1, kinase activity of DAPK2 and DAPK3 is
reliant on the presence of the conserved ATP-binding lysine residue within the
catalytic site, and both proteins also have roles in apoptosis [228–230]. Of all
DAPK1 paralogs, only DAPK2 contains the Ca2+/CaM-binding ARD with an
autoinhibitory phospho-serine site, and as expected, deletion of this domain
results in a constitutively active kinase [228, 230]. Kinase activity regulation of
the ARD-lacking DAPK3 is hypothesized to instead occur via phosphorylation of
various threonine residues in the catalytic domain [231].
All 5 DAPK family members contain short stretch of positively charged
amino acid residues in the catalytic domain, called the basic loop [232]. This
structure is not necessary for substrate phosphorylation, but instead mediates
DAPK1 or DAPK2 homodimerization, as well as heterodimerization between
DAPK1/DAPK2 and DAPK1/DAPK3 [233–236]. Dimerization may functionally
contribute to DAPK activity regulation by influencing CaM binding and substrate
accessibility to the catalytic site [235, 237, 238]. Furthermore, activation of
DAPK3 through direct phosphorylation by DAPK1 within heterodimers has been
reported [233]
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Figure 1.4: Functional domains of human DAPK family members. DAPK1 contains
multiple functional domains including a catalytic domain, an autoregulatory domain
(ARD), eight ankyrin repeats, a cytoskeletal binding domain (CBD), a death domain
(DD), and a serine-rich tail. All other family members lack the domains C-terminal to the
catalytic domain, with the exception of DAPK2, which possesses an ARD. DAPK3
contains a nuclear localization signal (NLS) and a leucine zipper domain, while the more
distantly-related kinases DRAK1 and DRAK2 only contain an NLS C-terminal to their
kinase domains. The highly-conserved catalytic lysine residue (K42 in DAPK1) and
autoinhibitory phosphorylation site (S308 in DAPK1) are marked.

1.4.3 Tissue and cellular distribution of DAPK1
A small number of comprehensive studies of Dapk1 mRNA tissue distribution in
rodents have been performed to date. In 1999, Yamamoto et al. found that
Dapk1 was predominantly expressed at a comparable level in the brain and lung,
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and to a lesser extent, the kidney and heart of adult rats [239]. Dapk1 expression
peaked in the brain at E20 and tapered quickly in the postnatal period [239]. At
embryonic time points, Dapk1 expression was found in nearly all brain regions,
while expression in the adult rat was largely restricted to the cortex and
hippocampus [239]. Interestingly, expression was observed almost exclusively in
neurons, but not glia [239]. These results were supported by another study which
also observed strong Dapk1 mRNA expression in the brain and lung of adult rats,
with brain expression peaking at approximately E18 [240]. In this study, adult
mRNA expression was observed in neurons within multiple brain regions
including the cortex, olfactory bulb, striatum, and thalamus [240]. Despite multiple
studies reporting high expression in the lung, the primary function of DAPK1 in
this organ is currently not well understood, but may play a role in regulating lung
cell proliferation and inflammation [241, 242].
Together, these region- and time-specific expression patterns, in addition
to evidence for its pro-apoptotic function, led to the hypothesis that DAPK1 plays
a role in physiological neuronal death during mammalian nervous system
development. Since then, others have observed DAPK1 protein expression in the
cortex and hippocampus of adult rodents or in cultured primary embryonic
neurons, but these studies were generally conducted in the context of a disease
state and there still exists a limited understanding of the physiological function of
DAPK1 in the mature brain.
Early studies of DAPK1 subcellular localization found it was associated
with the cytoskeleton. Specifically, DAPK1 colocalizes with actin microfilaments
as assessed by immunostaining and fractionation experiments [216]. Deletion of
various regions of DAPK1 identified amino acids 641-835 (comprising part of
what is now termed the CBD), as critical for this distribution [216].
Overexpression of active DAPK1 induced microfilament alterations similar to
those occurring in response to apoptotic stimuli, indicating a role for cytoskeletal
DAPK1 in promoting morphological changes during cell death [216]. These
effects were later found to be associated with phosphorylation of the actin motor
complex protein MLC2 at S19 by DAPK1, contributing to actin fiber contraction
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and membrane blebbing [243]. In this study, deletion of either the CBD or the
ankryin repeats impaired proper actin localization of DAPK1 [243]. Furthermore,
DAPK1 also promotes membrane blebbing through an alternate pathway, by
interacting with the microtubule-associated protein 1B [244].
In addition to cytoskeletal binding, DAPK1 has also been reported to
interact with transmembrane NMDARs as well as localize to dendritic spines,
mitochondria, and the nucleus, with these interactions being sensitive to the
levels and/or patterns of neuronal activity [177, 245–247].

1.4.4 Regulation of DAPK1 expression and kinase activity
As previously discussed, DAPK1 becomes fully activated through a two-step
mechanism involving S308 dephosphorylation and Ca2+-activated CaM binding.
The relationship between these two events is reciprocal: phosphorylation at S308
reduces CaM binding affinity, while CaM binding reduces S308
autophosphorylation, thus keeping the kinase in a tightly-regulated inactive state
until an appropriate activation signal occurs [218]. Aside from this, a number of
other transcriptional processes and post-translational modifications contribute to
fine-tuning of DAPK1 protein levels and kinase activity.

1.4.4.1

Regulators of DAPK1 phosphorylation

As described above, DAPK1 is kept in an inactive state through S308
autophosphorylation within the CaM binding domain, which likely occurs through
an intramolecular cis-transfer of a phosphate group from ATP bound to K42 in
the catalytic site [248]. Various stimuli result in Ca2+-dependent activation of
DAPK1 by dephosphorylation at this residue, which can occur via calcineurin
(CaN) or protein phosphatase 2A (PP2A) [177, 249–253]. Phosphorylation of the
nearby site, S289, by ribosomal s6 kinase 1/2 (RSK1/2) has been reported by
different groups to either inhibit or enhance DAPK1 activity, indicating that
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various experimental conditions may influence the impact of phosphorylation at
this site [254, 255].
Within the CBD exists a short P-loop sequence (amino acids 695-702)
critical for cytoskeletal localization, which lies within a larger amino acid stretch
with homology to the Ras of complex proteins (ROC) domain of the ROCO
protein kinase family [216]. Binding of guanosine triphosphate (GTP) to the ROC
domain influences kinase activity of these protein family members [256]. Carlessi
et al. showed that DAPK1 homodimerizes via binding of its catalytic domain to
the ROC domain of another DAPK1 molecule, and that GTP binding to the Ploop within the ROC domain inhibits DAPK1 kinase activity by upregulating S308
cis autophosphorylation [248]. Furthermore, DAPK1 was shown to possess
intrinsic GTPase activity, leading the authors to hypothesize that hydrolysis of the
bound GTP promotes activation of the kinase, thus fine-tuning its function [248].
Within the ankyrin repeats are two adjacent tyrosine residues, Y491/492
(Fig. 1.3) which are phosphorylated by Src kinase and dephosphorylated by
leukocyte common antigen-related protein (LAR) [257]. Wang et al. observed that
phosphorylation at Y491/492 results in DAPK1 inactivation, while
dephosphorylation by LAR promotes its activity and pro-apoptotic function [257].
Similar to the ROC-catalytic domain interaction, the mechanism for this
regulation involves binding of the ankyrin repeats to the catalytic domain, which
is enhanced by phosphorylation at Y491/492 [257]. However, the potential
modulatory effect of pY491/492 on pS308 was not investigated.
S735 lies within the fourth ankryin repeat of DAPK1 (Fig. 1.3), and can be
phosphorylated by ERK [222]. This phosphorylation event increases DAPK1
catalytic activity and requires interaction of ERK with the DD of DAPK1 [222].
Again, it was not assessed whether this activation of DAPK1 by pS735 occurs via
reduced pS308, but it is a plausible theory given the evidence that the ankyrin
repeats can interact with the catalytic domain [257].
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1.4.4.2

DAPK1 degradation and cleavage

In addition to phosphorylation, DAPK1 activity levels are also controlled by
modulation of the protein level itself, which can occur via both degradative or
cleavage mechanisms.
The presence of smaller 120-kDa and 60-kDa fragments of DAPK1 have
been reported in multiple studies [226, 252, 258]. The levels of these fragments
increase in response to ischemia or evoked seizures in rodents, indicating that
pathological cleavage of DAPK1 occurs in the brain [252, 258]. Incubation of
DAPK1 with cathepsin B produced a 60kDa fragment, and a cathepsin B inhibitor
prevented oxygen and glucose deprivation (OGD)-induced generation of the 120kDa fragment [252, 258, 259]. The minimal binding site on DAPK1 for cathepsin
B was later mapped to amino acids 836-947 within the CBD, and inhibition of
cathepsin B increased the steady-state levels of full-length DAPK1 in cells [259].
However, the specific location of these cleavage events within DAPK1 and the
impact on its functional activity remain to be determined.
Polyubiquitination of DAPK1 targets it for proteasomal degradation, and is
catalyzed by multiple E3 ligases [260–263]. Conversely, heat shock protein 90
(HSP90) interacts with DAPK1 and E3 ligases within heterocomplexes,
preventing DAPK1 degradation by the ubiquitin proteasome pathway [263]. Thus,
fine-tuning of DAPK1 protein turnover is achieved by modulation of the relative
levels of HSP90 and various E3 ligases within DAPK1 chaperone complexes.
Other degradative pathways also contribute to regulation of DAPK1
protein levels. Interaction with the GTPase-activating protein tuberin promotes
DAPK1 lysosomal degradation, independent of autophagic or proteasomal
activity [264]. Furthermore, an alternative splice variant of DAPK1, termed sDAPK1, has been described [265]. s-DAPK1 does not contain the kinase domain
but consists of a portion of the ankyrin repeat region [265]. This s-DAPK1 protein
is short-lived in cells and promotes degradation of full-length DAPK1 in a
proteasome-independent manner [265]. However, further investigation is
required to understand the mechanism of this regulatory process.
31

1.4.4.3

Transcriptional regulation of DAPK1

A number of regulatory processes influence the mRNA levels of DAPK1.
Methylation of CpG islands in the DAPK1 promoter result in downregulation of its
expression levels [266]. This process has been linked to a number of human
cancers, as will be discussed briefly in Section 1.5.6. DAPK1 was identified as a
target of p53, which binds to intron 1 of both the human and mouse genes in
response to various cell stressors, increasing DAPK1 transcription [267].
Interestingly, DAPK1 phosphorylates and activates p53 during ischemia,
promoting its nuclear translocation and expression of pro-apoptotic target genes,
suggesting a positive feedback loop between DAPK1 and p53 which is activated
in neuronal death [220]. Other transcription factors shown to either positively or
negatively regulate DAPK1 transcription include C/EBP-β, Smad, STAT3, NF-kB,
and HOXC9 [266, 268]. Finally, post-transcriptional regulation of DAPK1 mRNA
occurs through binding of miR-103 and miR-107 to the 3’ UTR, which either
blocks translation or promotes mRNA degradation [269]. miR-26a also regulates
DAPK1 levels [270]. Further study of the transcriptional control of DAPK1 is
warranted, particularly in the context of neurological disease.

1.4.5 DAPK1 substrates and interactors
In recent years, a number of key DAPK1 substrates have been identified and
these phosphorylation events are involved in various physiological and
pathogenic cellular processes. DAPK1 utilizes the same consensus sequence as
all Ca2+/CaM-regulated kinases (RXXS/TX), which has assisted in mapping the
specific phosphorylation sites on some of its substrates [217]. A list of known
DAPK1 substrates and interactors as well as brief summaries of the functional
consequences of each reaction or interaction are shown in Table 1.1. Substrates
of particular interest due to their potential involvement in neurological disease or
neuronal death are discussed in greater detail in the following sub-sections.
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Table 1.1: DAPK1 substrates and interactors

Substrates

Interactors

Protein

Substrate
phospho- site

DAPK1 interaction
domains

Effect of phosphorylation or interaction

α-synuclein
Beclin-1
CaMKK
GluN2B

S129
T119
S511
S1303

Unknown
Catalytic domain
Unknown
Catalytic domain

MLC2
NDRG2

T18/S19
S350

P53

S23

Unknown
Cytoskeletal binding
domain
Death domain

pS129 influences α-synuclein turnover, localization, and protein interactions
Dissociation of beclin-1 from Bcl proteins and induction of autophagy
Attenuation of CaM-stimulated CaMKK autophosphorylation
Increased GluN2B-containing NMDA receptor conductance and surface
expression
Actin fiber contraction and membrane blebbing
Promotion of neuronal death in response to ceramide or Aβ

Pin1

S71

Syntaxin-1A
Tau

S188
S262

APP
DANGER
ERK

N/A
N/A
N/A

Cytoskeletal binding
domain
Unknown
Catalytic domain,
Death domain
Death domain
Unknown
Death domain

LAR

N/A

Unknown

MAP1B
MARK1/2

N/A
N/A

Unknown
Death domain

PKD
Src kinase
UNC5H2

N/A
N/A
N/A

Unknown
Unknown
Death domain

Translocation of p53 to nucleus and mitochondria; enhanced p53 pro-apoptotic
function in both locations
Inhibition of Pin1 nuclear localization and function
Reduction of syntaxin-1A binding to munc18-1
Increased synaptic tau, decreased spine and synapse density
Promotion of APP phosphorylation at T688 by JNK
Inhibition of DAPK1 activity
ERK-mediated phosphorylation of DAPK1 at S735 stimulates DAPK1 activity;
DAPK1-mediated cytosolic sequestration of ERK reduces nuclear ERK activity
LAR-mediated dephosphorylation of DAPK1 at Y491/492 stimulates its catalytic
pro-apoptotic function
Promotion of autophagy and membrane blebbing
Stimulation of MARK1/2 phosphorylation of tau at S262 and inhibition of axon
formation
H2O2-induced activation of JNK via PKD
Src-mediated phosphorylation at Y491/492 promotes DAPK1 inactivation
Recruits DAPK1 to PP2A, promoting DAPK1 S308 dephosphorylation and
activation
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[270, 271]
[272, 273]
[274]
[152, 177]
[226, 243]
[275]
[220]
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[220, 247]
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[279]
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[244]
[280]
[281]
[257]
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1.4.5.1

GluN2B

DAPK1 was identified as a predominant interactor recruited to GluN2Bcontaining NMDARs during ischemic stroke in response to pathological Ca2+
influx [177]. The GluN2B interaction site spans amino acids 1292-1304, and is
phosphorylated by DAPK1 at S1303 within this region [177]. Interestingly,
phosphorylation at S1303 further enhances the DAPK1-GluN2B interaction, as
does introduction of a S308A phosphodeficient mutation in DAPK1, suggesting a
positive amplification of binding between these two proteins once activated [246].
Through the use of phosphomimetic and phosphodeficient mutations, pS1303
was found to enhance GluN2B-containing receptor conductance as well as
promote GluN2B surface expression [152, 177]. Like DAPK1, CaMKII also
interacts with and phosphorylates GluN2B at S1303 [282]. However, instead of
further promoting CaMKII binding, pS1303 may instead inhibit Ca2+-independent
binding of autonomously active CaMKII [283, 284]. This is proposed to comprise
a key mechanism for the function of CaMKII in synaptic activity-induced longterm plasticity, whereby CaMKII interacts with GluN2B during synaptic activity,
phosphorylates the receptor at S1303, and is then maintained in an
autophosphorylated, autonomously active state once Ca2+ levels have dissipated
[284, 285]. Interestingly, the effect of pS1303 on GluN2B surface expression is
mediated through regulation of CaMKII binding. CaMKII anchors CK2 to GluN2B
receptors, allowing it to subsequently phosphorylate GluN2B at S1480 and
reduce NMDAR surface expression [152]. pS1480 disrupts the interaction
between GluN2B and PSD95, an anchor protein responsible for stabilizing
GluN2B at the cell surface [147]. This stabilization likely occurs through the
PSD95-mediated recruitment of Src family kinases such as Fyn, which
phosphorylate the GluN2B internalization motif at Y1472, preventing clathrin
adaptor AP2 binding and subsequent endocytosis [150, 151, 153]. Therefore,
phosphorylation of GluN2B at S1303 by DAPK1 could presumably increase
receptor surface expression by preventing CaMKII binding, thus unlinking CK2
from GluN2B, decreasing pS1480, and enhancing the surface-stabilizing
interaction between GluN2B and PSD95. This hypothesis is illustrated in Fig. 1.5.
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Figure 1.5: Hypothesis figure demonstrating the proposed interaction between
DAPK1, pS1303, and GluN2B surface expression. (A) When S1303 is not
phosphorylated, GluN2B surface expression is reduced through endocytosis. (B)
Phosphorylation of GluN2B at S1303 by DAPK1 may promote surface stabilization by
indirectly enhancing the GluN2B-PSD95 interaction.

In support of this, DAPK1 and CaMKII were recently found to directly compete for
GluN2B binding, with the DAPK1 interaction prevailing under the low Ca2+
conditions present during long-term depression (LTD), and CaMKII binding more
strongly during periods of high neuronal activity and LTP [246]. Thus, a delicate
balance between DAPK1 and CaMKII interactions at the GluN2B receptor
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complex may play a critical role in a neuron’s homeostatic and plastic responses
to activity or cellular stress.

1.4.5.2

ERK1/2

ERK1 and ERK2 are MAPKs involved in an array of signaling processes related
to cell survival, cell cycle progression, and gene expression [286]. Biphosphorylation of ERK results in its activation, allowing it to phosphorylate
cytosolic substrates such as the CREB kinases RSK1-4, as well as translocate to
the nucleus where it phosphorylates various transcription factors, influencing
gene expression [286].
A yeast two-hybrid screen designed to identify interacting partners with the
DAPK1 DD pulled out ERK1 and ERK2, and these interactions were confirmed
by co-immunoprecipitation with full-length DAPK1 in cells [222]. Further
experiments demonstrated that ERK phosphorylates DAPK1 at S735, which
enhances DAPK1 kinase activity in vitro [222]. Interestingly, it was shown that the
interaction between DAPK1 and ERK sequestered ERK in the cytosol, preventing
its nuclear translocation in response to serum stimulation in cells [222]. When
DAPK1 was overexpressed, ERK signaling led to potentiation of cell death
instead of anti-apoptotic effects [222]. The authors hypothesized the presence of
a positive feedback loop between ERK and DAPK1 which acts to promote the
apoptotic function of DAPK1 and alter the functional output of ERK if DAPK1
expression or activity reaches a particular threshold. Additionally, a human
tumor-associated mutation in the death domain of DAPK1 (N1347S) prevents its
interaction with ERK as well as impairs DAPK1/ERK-mediated apoptosis in cells
[287]. Evidence for amplification of this DAPK1/ERK feedback loop in ischemic
neuronal death exists and will be discussed further in Section 1.5.2.
Importantly, both ERK and its indirect downstream target CREB have
been implicated in exNMDAR function and in HD. While synaptic NMDAR activity
induces ERK and CREB phosphorylation, exNMDARs promote both ERK and
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Figure 1.6: Hypothesis figure illustrating the proposed contribution of DAPK1 to
exNMDAR-induced CREB and ERK shut-off in HD. (A) In normal conditions, ERK1/2
promotes nuclear pro-survival gene expression (B) Pathologically elevated and activated
DAPK1 sequesters ERK in the cytosol, which prevents its nuclear translocation and may
reduce its interaction with other cytosolic substrates or upstream ERK activators, leading
to decreased CREB phosphorylation and a reduction in pro-survival gene expression.
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CREB shut-off in a dominant manner [125, 173, 175]. As described earlier,
exNMDAR activity is elevated at early stages in the YAC128 mouse model of
HD, and this corresponds with reduced phosphorylation of striatal ERK and
CREB [80, 206, 288]. It is plausible that activation of DAPK1 by increased
exNMDAR function contributes to decreased phosphorylation of CREB and prosurvival gene expression in HD by sequestering ERK in the cytosol (Fig. 1.6).
However, this hypothesis remains to be investigated.

1.4.5.3

Pin1 and Tau

Tau is a microtubule (MT)-associated protein which binds to and stabilizes the
structure of MTs [289, 290]. Hyperphosphorylation of tau impacts its MTassociated functions and contributes to neuronal death in AD [181].
DAPK1 modulates tau phosphorylation and protein expression via multiple
mechanisms. First, DAPK1 activates microtubule affinity regulating kinases 1/2
(MARK1/2) through a non-catalytic interaction, resulting in MARK1/2-induced
phosphorylation of tau at S262 [280]. This process inhibits the assembly and
stability of MTs, influencing axon formation and retinal degeneration in
Drosophila [280]. Second, DAPK1 phosphorylates the peptidyl-prolyl cis-trans
isomerase Pin1, thereby inactivating its function [276, 291]. Active Pin1
isomerizes the T231 phosphorylation site of tau from the cis to trans
conformation [292, 293], and loss of Pin1 function has been linked to AD [294–
296]. While cis-pT231 is associated with tau accumulation in AD and is unable to
properly stabilize MTs, trans-pT231 can perform normal MT-associated functions
[297]. Inactivation of Pin1 by DAPK1 thus increases cis-pT231 tau protein
stability and phosphorylation, leading to impaired neurite outgrowth and MT
assembly [291]. Finally, DAPK1 phosphorylates tau directly at S262 which, when
phosphorylated, reduces tau affinity for MTs and destabilizes the cytoskeleton
[247, 298]. This catalytic event not only plays a role in neurodegeneration in AD,
but has also been linked to spine damage in ischemia, as will be discussed in
Section 1.5.
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1.4.6 Relationship between DAPK1 and CaMKII in synaptic plasticity
Recently, DAPK1 has been implicated in modulation of LTD and LTP via
regulation of the subcellular localization of the related kinase CaMKII. CaMKII
accumulates at excitatory synapses during LTP where it binds to GluN2B
subunits within NMDAR complexes [121]. This relocalization and binding
promotes phosphorylation of nearby AMPARs by CaMKII, increasing their
conductance [120]. Furthermore, anchoring of CaMKII to GluN2B at synapses
during LTP-inducing stimuli allows the interaction of CaMKII with other important
contributors to synaptic plasticity, including actin cytoskeleton components and
proteasomes [299, 300].
Based on the shared GluN2B substrate phosphorylation site (S1303) for
both CaMKII and DAPK1, Goodell et al. sought to investigate the potential role of
DAPK1 in chemical long-term plasticity in hippocampal slices. The authors found
that DAPK1 and CaMKII compete for GluN2B binding, and that high Ca2+/CaM
levels during LTP conditions cause DAPK1 to be trafficked out of synapses, while
LTD promotes DAPK1 activation and favors DAPK1 spine retention in a CaNdependent manner [246]. Furthermore, the authors showed that overexpression
of DAPK1 inhibits LTP-induced accumulation of CaMKII at synapses, and that
small molecule inhibition of DAPK1 kinase activity blocks LTD [246]. Based on
this work, DAPK1 is now hypothesized to possess a physiological role in
modifying the direction of plasticity by controlling the level of CaMKII-GluN2B
binding at the mature synapse. Thus, altered DAPK1 expression or activity in
neurological disease could potentially contribute to aberrant synaptic plasticity.

1.4.7 Small molecule DAPK1 inhibitors
The first small molecule DAPK1 inhibitor was synthesized in 2003 by screening a
compound library with a previously-developed in vitro DAPK1 enzyme assay
[234, 301]. The only hit, an aminopyradazine, was subsequently modified to
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improve potency (IC50 = 13µM) and selectivity for DAPK1 compared to PKC,
PKA, and CaMKII [301]. Crystal structure analysis determined that the molecule
occupied part of the ATP binding site within the DAPK1 catalytic domain,
proximal to K42 [301]. This compound afforded neuroprotection in animal models
of ischemia [252, 301].
In 2009, a structure-based virtual screening approach was used to
achieve greater potency and selectivity for DAPK1 [302]. 400,000 compounds
were initially screened with a docking algorithm and filtered to select compounds
with appropriate characteristics for ATP site binding [302]. Further screening
steps and in vitro kinase assays yielded a lead compound demonstrating potent
inhibition of DAPK1 (IC50 = 69nM; 91% inhibition at 10 µM), as well as the related
kinase DAPK3 (IC50 = 225 nM) (Fig. 1.7) [302]. Inhibition was ATP-competitive
and highly selective for DAPK1/3 compared to 48 other S/T or tyrosine kinases
[302]. This compound possesses the chemical name (4Z)-2-[(E)-2Phenylethenyl)-4-(3-pyridinylmethylene)-5(4H)-oxazolone and was designated
“TC-DAPK6.” TC-DAPK6 has been widely used to investigate the involvement of
DAPK1 in a number of neurological disease models, and was selected for
experimental use in this thesis.
Recently, a fluorescent, high-throughput enzymatic screening assay for
DAPK1 was used to identify another compound with ATP-competitive inhibitory
activity toward DAPK1 (IC50 = 247 nM) [303]. Detailed crystal structure analysis
found that the compound was held in position within the ATP-binding site through
interactions with several amino acid residues, including K42 [303]. Based on
these findings, it was proposed that potency and selectivity could be further
improved in the future by extending the compound structure to interact more
strongly with known DAPK1 substrate-recognition motifs [303]. This compound
has not been tested in any disease models to date.
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Figure 1.7 Molecular structure of TC-DAPK6. (4Z)-2-[(E)-2-Phenylethenyl)-4-(3pyridinylmethylene)-5(4H)-oxazolone; IC50 for DAPK1 = 69nM.

1.5

ACTIVATION OF DAPK1 IN NEUROLOGICAL DISEASE AND
NEUROPROTECTIVE EFFICACY OF DAPK1-TARGETING STRATEGIES

Over the past 20 years, numerous strategies designed to reduce DAPK1
expression or kinase activity have been designed and tested for their ability to
alleviate cell death. Studies identifying a role for DAPK1 in neuronal death or
neurological disease are summarized in Table 1.2 and the effects of DAPK1targeting approaches are listed in Table 1.3. Many of the earliest studies
demonstrated protective benefits of targeting DAPK1 against various stressors in
cells. Evidence for the involvement of DAPK1 in excitotoxicity and neuronal death
began to emerge soon after, leading to a surge of interest in its potential as a
novel therapeutic target. Consequently, aberrant DAPK1 activity and/or
expression have consistently been linked to an increasing number of acute and
chronic neurological disorders, as described below.
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Table 1.2: Involvement of DAPK1 in neuronal death and neurological disease
Model/Treatment

Tissue/cell type

Effects

Ref.

Ceramide toxicity
Kainic acid-induced seizure

Primary hippocampal neurons
Hippocampus
Cortex & hippocampus
Peritumoral brain tissue
Cerebrum
Cortex
Cortex & hippocampus
Cortex & striatum

Increased DAPK1 protein levels at 1-8h post-treatment
Increased DAPK1 protein levels
Increased number of DAPK1+ cells
Increased DAPK1 protein expression compared to normal and tumoral tissue
Increased DAPK1 activity 7h post-insult
Gradually increased DAPK1 mRNA expression at 1-24h post-ischemia
Increased DAPK1 mRNA
Reduced DAPK1 mRNA in ischemic core and penumbra; increased DAPK1 mRNA in
surrounding striatal tissue
DAPK1 cleavage and dephosphorylation at S308
DAPK1 activation 1-2h post-ischemia, increased DAPK1-GluN2B interaction and
GluN2B pS1303
Increased DAPK1-tau interaction, DAPK1 activity, and tau pS262
Increased DAPK1-GluN2B interaction
Increased DAPK1-ERK interaction
DAPK1 dephosphorylation at S308 and cathepsin B-mediated cleavage
Calcineurin-dependent DAPK1 dephosphorylation at S308 and increased activity
Increased DAPK1 activity
Increased DAPK1 protein level, decreased pS308, increased activity, enhanced DAPK1ERK interaction
DAPK1 dephosphorylation at S308
Calcineurin-dependent DAPK1 dephosphorylation at S308 and increased activity
Reduced total DAPK1 protein levels, dephosphorylation at S308, and enhanced
interaction with GluN2B
DAPK1 dephosphorylation at S308 and increased GluN2B pS1303
Increased DAPK1 levels
Increased DAPK1 levels
Increased DAPK1 activity
Increased DAPK1 protein levels and tau pS262
2 DAPK1 SNPs associated with late-onset AD; rs4878104 increases DAPK1 expression
Increased DAPK1 protein levels and APP pT668
Increased DAPK1 protein levels, GluN2B-DAPK1 interaction, and GluN2B pS1303;
decreased pS308, pCREB and BDNF
Increased DAPK1 expression and α-synuclein pS129

[225]
[258]
[304]
[305]
[306]
[239]
[252]
[252]

Glioma-associated epilepsy
Perinatal hypoxia-ischemia
Transient forebrain ischemia
Global ischemia
Transient focal ischemia
(MCAO)

Cortex
Forebrain

In vitro ischemia (OGD)

NMDA toxicity

Cortex
Cortex
Cortex
Primary cortical neurons
Primary cortical neurons
Cortical neurons
N2a cells
Primary cortical neurons
Primary cortical neurons
Primary cortical neurons

Chronic stress

Primary cortical neurons
Hippocampal slices
Brain lysates
Entorhinal cortex
Hippocampus & cortex
Genomic DNA
Hippocampus
mPFC

PD (MPTP mice)

Substantia nigra

Aβ treatment
AD (Tg2576 mice)
AD (hTau mice)
Human AD

[252]
[177]
[247]
[307]
[308]
[252]
[177]
[307]
[308]
[252]
[177]
[245]
[309]
[275]
[275]
[310]
[311]
[312, 313]
[275, 278, 291]
[314]
[270]
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Table 1.3: DAPK1-targeting strategies in models of neuronal death
Strategy

Disease model

Tissue/cell type

Effects

Ref.

RNAi

Ischemia/Excitotoxicity

Primary cortical neurons

Prevention of NMDA-induced GluN2B S1303 phosphorylation, current, and cell
death
Promotion of ERK nuclear translocation, increased pCREB, less cell death after
ischemic insult
Reduced S262 tau phosphorylation by MARK2 and prevention of MARK2-induced
impairment in axon formation
Antidepressant effects, reversal of stress-induced increase in GluN2B pS1303 and
decrease in pCREB and BDNF
Protection from glutamate toxicity
Prevention of OGD- or NMDA-induced GluN2B S1303 phosphorylation,
extrasynaptic NMDA receptor current and Ca2+ transients, and cell death
Prevention of OGD-induced p53 activation
Fewer degenerating neurons after global ischemia

[309]

Smaller MCAO-induced brain infarction and improved neurological score
Reduced number of apoptotic cells in Tg2576/Dapk1-null compared to Tg2576
mice
Reduced levels of Aβ and less APP T668 phosphorylation in Tg2576/DAPK1-null
compared to Tg2576 mice
Less Aβ -induced neuronal death
Reduced APP T668 phosphorylation
Reduced Aβ secretion
Reduced tau protein half-life

[177]
[275]

Reduced tau protein levels and phosphorylation in aged mice
Smaller infarction area after MCAO, fewer degenerating neurons, less tau pS262,
protection against loss of synaptic protein expression and spines, improved
neurological score
Reversal of impaired evoked EPSC amplitude, restoration of EC-CA1 synapse
numbers and CA1 spines, normalization of action potential firing probability in CA1
cells, improved spatial learning and memory in Tg2576/DAPK1 kinase domain -/compared to Tg2576 mice
Restored behavior phenotypes, prevented degeneration of dopaminergic neurons,
reduced α-synuclein phosphorylation and aggregation in MPTP-injected mice

[291]
[247]

N2a cells
AD/tauopathy
Chronic stress
Dapk1-/-

Ischemia/Excitotoxicity

AD/tauopathy

Primary hippocampal
neurons
Prefrontal cortex
Retinal ganglion cells
Primary cortical neurons

Cortex, striatum,
hippocampus
Cerebrum
Hippocampus
Whole brain

Kinase domain -/-

Ischemia/Excitotoxicity

Hippocampal slices
Whole brain
Primary cortical neurons
Primary cortical neurons,
brain slices
Whole brain
Cortex

AD/tauopathy

Entorhinal cortex (EC)hippocampal CA1
synapses

PD

Substantia nigra

[308]
[280]
[314]
[315]
[177]
[220]
[177]

[278]
[275]
[278]
[278]
[291]

[310]

[270]
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Strategy

Disease model

Tissue/cell type

Effects

Ref.

Small-molecule
inhibition

Ischemia/Excitotoxicity

Whole brain

[301]

AD
Chronic stress

Primary cortical neurons
Cerebrum
SH-SY57 cells
Primary cortical neurons
Prefrontal cortex

Ischemia/Excitotoxicity

Primary cortical neurons

Prevention of hypoxia-ischemia-induced brain hemisphere weight loss and MAP2
protein decrease
Protection against OGD-induced cell death
Reduced brain infarction volume after MCAO
Protection against glutamate-induced cell death
Reduced Aβ secretion
Antidepressant effects, prevention of stress-induced increase in DAPK1 and
GluN2B pS1303, reversal of stress-induced decrease in pCREB and BDNF
(GluN2B) Prevention of OGD- or NMDA-induced GluN2B pS1303, extrasynaptic
NMDA receptor current, Ca2+ transients, and cell death
(P53) Protection against OGD-induced necrosis and apoptosis
(GluN2B) Smaller brain infarction, improved neurological score, and reduced
GluN2B pS1303 after MCAO
(GluN2B) Reduced infarct area and number of degenerating neurons after MCAO
(P53) Reduced brain infarction volume and number of degenerating cells;
improved neurological score after MCAO
(Tau) Smaller infarction volume, improved neurological score, and prevention of
ischemia-induced tau pS262, synaptic protein loss, and altered synaptic
transmission after MCAO
(GluN2B) Antidepressant effects
(α-synuclein) Restored behavior phenotypes, prevented degeneration of
dopaminergic neurons, reduced α-synuclein phosphorylation and aggregation in
MPTP-injected mice
Reduced infarct area and number of degenerating neurons after MCAO
Protection against H2O2 toxicity

Peptide uncoupling

Cerebrum
Cortex and striatum
Cortex and striatum
Cortex

Peptide-mediated
knockdown

Chronic stress
PD

Prefrontal cortex
Substantia nigra

Ischemia/Excitotoxicity
Oxidative stress

Cortex and striatum
Primary cortical neurons

[252]
[252]
[316]
[278]
[314]
[177]
[220]
[177]
[245]
[317]
[247]

[314]
[270]

[245]
[245]
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1.5.1 Early studies of DAPK1 in cell death
Shortly after its initial identification as a positive mediator of TNF-induced
apoptosis in HeLa cells, an additional study found that TNF specifically promotes
rapid dephosphorylation of DAPK1 at S308 and enhanced catalytic activity,
measured with an in vitro kinase assay [262]. Similar effects were observed in
response to ceramide treatment in HeLa and PC12 cells [218, 262, 318], and this
was associated with cell death. In primary hippocampal neurons, ceramide
resulted in increased DAPK1 protein levels at 1-8 hours post-treatment, although
S308 phosphorylation and kinase activity were not assessed [225]. RNA
interference (RNAi) strategies targeting DAPK1 afforded protection against
interferon gamma (IFNγ) and Fas-induced cell death in HeLa cells [221], and
genetic deletion of DAPK1 conferred resistance to ceramide toxicity in primary
neurons [225]. These early findings pointed toward a potentially significant role
for DAPK1 activation in neuronal death.

1.5.2 The critical position of DAPK1 at the crossroads of multiple neuronal
death pathways in ischemia
After the discovery and early characterization of DAPK1, its role in excitotoxicity
and ischemic neuronal death became a major research focus. Although ischemic
stroke is an acute condition, studies of DAPK1 in ischemia models were critical to
understand the role of DAPK1 in neuronal death and have informed extensive
follow-up research in models of neurodegeneration.
In 1999, Yamamoto et al. reported increased cortical Dapk1 mRNA
expression after transient forebrain ischemia in rodents [239]. This finding was
supplemented by additional research in perinatal hypoxia-ischemia (HI) and renal
ischemia models, both demonstrating increased DAPK1 activity in relevant
tissues post-insult [306, 319]. Small molecule inhibition of DAPK1 prevented HIinduced loss of brain hemisphere weight, while genetic deletion of the DAPK1
kinase domain protected against ischemia-induced renal cell apoptosis and
caspase-3 activation [301, 319]. In 2005, Shamloo et al. observed that transient
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focal ischemia (middle cerebral artery occlusion; MCAO) caused Dapk1 mRNA
downregulation in the cortical ischemic core and upregulation in the nearby
surviving striatal tissue [252]. This group also reported S308 dephosphorylation
and proteolytic cleavage of cortical DAPK1 in response to ischemia [252]. These
findings were validated in primary cortical neurons using the in vitro OGD model
of ischemia, which also induced DAPK1 cleavage and S308 dephosphorylation in
an NMDAR- and CaN-dependent manner [252]. Importantly, treatment with a
DAPK1 inhibitor protected against OGD-induced neuronal death in vitro and
reduced brain infarction volume in vivo after MCAO [252]. The beneficial effect of
targeting DAPK1 was further demonstrated by improved survival of glutamatetreated retinal ganglion cells from DAPK1 knockout mice compared to WT [315],
as well as protection against glutamate toxicity in cells treated with the DAPK1
inhibitor TC-DAPK6 [316].
Despite the growing body of evidence implicating DAPK1 in ischemia in
the early 2000s, the mechanism by which DAPK1 contributes to neuronal death
remained elusive. However, in 2010 Tu et al. identified DAPK1 as one of the
major GluN2B interactors recruited to NMDAR complexes under ischemic
conditions [177]. This group showed that MCAO activates DAPK1 in the mouse
forebrain, and that active DAPK1 phosphorylates GluN2B at S1303, which
consequently enhances GluN1/GluN2B channel conductance [177]. Interestingly,
phosphorylation at S1303 may promote enhanced GluN2B surface expression in
neurons, further contributing to receptor activity [152]. Tu et al. also
demonstrated that both OGD and NMDA treatment of primary cortical neurons
resulted in dephosphorylation of DAPK1 at S308 and increased catalytic activity
[177]. However, these effects were blocked in CaN-null neurons, indicating that
CaN is responsible for dephosphorylation of DAPK1 at S308 during ischemic
stimuli [177]. OGD and NMDA treatment in primary neurons induced GluN2B
S1303 phosphorylation, exNMDAR current, Ca2+ transients, and cell death, all of
which were prevented by genetic deletion of the Dapk1 gene [177]. Furthermore,
Dapk1-null mice possessed fewer degenerating neurons in response to global
ischemia compared to WT controls, as well as smaller brain infarction and
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improved neurological score after MCAO [177]. Finally, the authors generated a
DAPK1-GluN2B uncoupling peptide consisting of a short amino acid sequence of
GluN2B in the DAPK1-binding region, and this also afforded beneficial effects on
ischemia in vitro an in vivo [177]. However, it was recently demonstrated that the
neuroprotective properties of this peptide are due to its activity as an openchannel NMDAR blocker, rather than due to blockade of the DAPK1-GluN2B
interaction [320]. This recent study also failed to replicate some of the findings of
Tu et al, indicating that further validation is required and methodological
considerations must be taken into account for future DAPK1 studies [320].
Regardless of this discrepancy, Tu et al. hypothesized based on their findings
that DAPK1 acts as a signal amplifier of extrasynaptic GluN2B-containing
NMDAR excitotoxicity in ischemia, and follow-up studies from independent labs
since then have supported this model and provided validation for DAPK1 as a
novel neuroprotective therapeutic target. [245, 309]. Altogether, these findings
indicate that recruitment and activation of DAPK1 in ischemia promotes the
phosphorylation of exGluN2B, which results in amplification of excitotoxic stimuli.
In addition to this role in augmenting exGluN2B activity, much focus has
centered on which other substrates of DAPK1 may become aberrantly activated
and contribute to neuronal death in ischemia. A yeast two-hybrid screen using
the C-terminal death domain of DAPK1 detected ERK, p53, and tau as
interactors with this region, which is required for the full apoptotic activity of
DAPK1 [220, 221].
As described in Section 1.4.5.2, DAPK1 is capable of sequestering ERK in
the cytosol, preventing its translocation to the nucleus where it normally exerts
pro-survival functions [222, 308]. Recently, Xiong et al. found that ischemia
activated DAPK1 in N2a cells and enhanced the interaction between DAPK1 and
ERK in cells and in vivo [308]. RNAi knockdown of DAPK1 promoted nuclear
translocation of ERK, increased phosphorylation of CREB, and protected against
ischemia-induced apoptosis [308]. Work from another group similarly observed
improved cell survival and prevention of decreased phospho-ERK in response to
OGD in DAPK1 shRNA-expressing cells [321].
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The transcription factor p53 is a tumor suppressor protein with cell deathinducing functions [322]. Phosphorylation of p53 at its S23 activation site by
DAPK1 induces its nuclear and mitochondrial translocation, leading respectively
to downstream pro-apoptotic gene expression and necrotic activation of the
permeability transition pore [220]. While OGD caused phosphorylation of p53 at
S23 in WT primary neurons, this effect was blocked by genetic deletion of Dapk1
[220]. Furthermore, a Tat peptide designed to block the DAPK1-p53 interaction
protected OGD-treated neurons from both apoptosis and necrosis, and provided
neuroprotection in vivo, indicating that DAPK1 converges multiple pathways of
ischemic neuronal death via p53 [220, 317].
As stated previously, the tau protein binds to and stabilizes axonal MTs
[289, 290]. Hyperphosphorylation of tau has been linked to synaptic dysfunction
in both AD and ischemic stroke, possibly through altered interaction with
NMDARs at the synapse [182, 183]. Tau phosphorylation at various sites,
including S262, also reduces the affinity of tau for MTs, thus impacting MT
stabilization [298]. Pei et al. discovered that activated DAPK1 interacts with and
directly phosphorylates tau at S262 during induced ischemic stroke in rodents,
leading to spine loss, reduced expression of synaptic proteins, and impaired
synaptic transmission [247]. Genetic deletion of the DAPK1 catalytic domain or
peptide-mediated uncoupling of the DAPK1-tau interaction prevented ischemiainduced tau S262 phosphorylation, spine loss, synapse dysfunction, neuronal
death, and neurological impairments [247]. As will be described in the following
sub-section, these findings point toward the presence of common pathogenic
mechanisms involving DAPK1 and tau in both ischemic stroke and AD.
Interestingly, exNMDAR activation (a primary feature of ischemia, AD, and HD)
induces tau expression and phosphorylation at S262 in primary cortical neurons,
which leads to ERK shut-off [189]. Thus, DAPK1 may function as an intermediate
link between upstream exNMDAR excitotoxicity and downstream tau-mediated
synaptic dysfunction and altered survival signaling.
Altogether, these recent studies indicate that DAPK1 interacts with
multiple key molecular components of excitotoxicity and synaptic dysfunction in
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ischemia. Many of these interactors are also DAPK1 substrates, influencing a
range of downstream cellular functions. Promisingly, numerous genetic,
pharmacological, and peptide-based therapeutic strategies to prevent DAPK1
activity are neuroprotective, necessitating further development of DAPK1targeted therapies for preclinical and clinical trials, as well as the study of
appropriate intervention time-points and treatment duration for acute versus
chronic disorders of the nervous system.

1.5.3 DAPK1 in Alzheimer disease
Inheritance of certain common genetic variants influences risk for AD [323]. In
2006, Li et al. used genetic loci previously identified by multiple genome-wide
analyses as a starting point to identify a single nucleotide polymorphism (SNP)
(rs4878104) within the DAPK1 gene which was significantly associated with lateonset AD (LOAD) in multiple sample populations [312]. Recently, this SNP was
associated with increased DAPK1 expression [313]. Consistent with these
findings, studies have observed increased DAPK1 protein levels in the
postmortem hippocampus of AD patients [275, 278, 291], although similar
analyses from cortical tissue did not reach statistical significance, likely due to
small sample numbers [324]. Interestingly, one of these studies observed
increased hippocampal DAPK1 protein levels, but no change to mRNA
expression, suggesting enhanced stability of the protein [291].
Two major pathological hallmarks of AD include the deposition of amyloid
plaques containing the Aβ proteolytic product of the amyloid precursor protein
(APP), and the formation of neurofibrillary tangles consisting of
hyperphosphorylated tau [181]. As outlined in Section 1.3.6.2, interactions
between soluble tau, Aβ, and exNMDARs ultimately contribute to spine/synapse
loss and neurodegeneration in AD.
Similar to results from human AD hippocampal tissue, DAPK1 protein
levels and activity are elevated in brains from transgenic AD mouse models [275,
310, 311]. This is associated with increased tau pS262, a site which is
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phosphorylated by DAPK1 and promotes MT destabilization by reducing the
binding affinity of tau [298, 311]. RNAi knockdown in cells or genetic deletion of
Dapk1 in mice reduced tau expression and phosphorylation, while smallmolecule inhibition of DAPK1 enhanced primary cortical neurite maturation in
vitro [280, 291, 311]. Although DAPK1 is not a direct kinase for APP, it indirectly
promotes phosphorylation of APP at T668 by JNK3 [278]. pT668 levels, which
are increased in the human AD hippocampus, promote Aβ generation via betasecretase 1 cleavage [278, 325] Genetic deletion or small molecule inhibition of
DAPK1 in primary cortical neurons reduced secretion of the Aβ peptide, while
genetic Dapk1 deletion normalized in vivo APP pT668 and Aβ levels in the brains
of AD mice [278]. Furthermore, Dapk1 deletion in these mice improved
hippocampal synapse and spine survival, cortico-hippocampal EPSC amplitudes,
and spatial learning and memory [275, 310]. These exciting studies highlight
DAPK1 as an emerging therapeutic target with significant potential for synaptic
and neuronal protection in chronic conditions such as AD, and suggest that these
strategies may be translated to other neurodegenerative disorders including HD.

1.5.4 DAPK1 in chronic stress
Antidepressant effects of NMDAR (and particularly GluN2B) antagonism have
been documented in rodents and humans, and likely occur by indirectly
enhancing protein synthesis, synaptic AMPAR content, and excitatory
transmission [326–329]. In rats, a 28-day chronic unpredictable stress (CUS)
paradigm facilitates extrasynaptic GluN2B-containing NMDAR activation in
response to high-frequency stimulation in medial prefrontal cortex (mPFC) slices
[314]. This was associated with enhanced phosphorylation of GluN2B at S1303,
an increased GluN2B-DAPK1 interaction by co-immunoprecipitation, elevated
DAPK1 protein levels, as well as decreased levels of pS308-DAPK1, phosphoCREB (pCREB), and BDNF [314]. CUS also induced depressive-like behaviour
in rats [314]. Infusion of the DAPK1 inhibitor TC-DAPK6 or a DAPK1-targeting
AAV-short hairpin RNA into the mPFC reversed this depressive phenotype and
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normalized CUS-induced changes in DAPK1, pS1303, pCREB, and BDNF [314].
Similarly, blocking the GluN2B-DAPK1 interaction with an interference peptide
also provided antidepressant effects [314]. However, as described earlier, this
peptide was found to exert therapeutic effects through direct modulation of
NMDAR activity [320]. These findings indicate that DAPK1 may be a novel
therapeutic target for the regulation of NMDAR activity in depression or other
chronic neurological conditions.

1.5.5 DAPK1 in Huntington disease
The potential role of DAPK1 in HD pathogenesis has not yet been characterized.
In 2006, high throughput mRNA microarray profiling on control and HD (grade 02) postmortem brains identified a number of differentially-expressed genes in the
HD caudate [33]. These genes were enriched for biological processes involved
predominantly in synaptic transmission, and tended to be downregulated in HD
brains [33]. A significant decrease in caudate DAPK1 mRNA levels was identified
in the screen, although whether this is reflective of pathogenic or compensatory
changes remains unknown [33]. Recent transcriptional profiling of WT and
YAC128 striatal tissue at 6, 12, and 18 months of age did not pull out Dapk1 as a
differentially-expressed hit [330].
To date, two studies exist to link mHTT expression with DAPK1 activity.
An immortalized mHTT knock-in striatal-like cell line (STHdhQ111/Q111) is more
sensitive to NMDA toxicity compared to control cells (STHdhQ7/Q7), and this is
associated with greater CaN activation and more rapid dephosphorylation of
DAPK1 at S308 [253]. Additionally, co-expression of mHTT with GluN1/GluN2B
in HEK293 cells causes upregulation of DAPK1 protein levels compared to cells
co-expressing wtHTT [331]. However, no follow-up studies have been performed
in relevant HD animal or neuronal culture models.
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1.5.6 Link between DAPK1 and cancer: an important consideration for
therapeutic development
DAPK1 is considered a tumor suppressor due to its known role as a positive
mediator of apoptosis via substrates such as p53 and JNK [220, 281]. In support
of this, hypermethylation of the DAPK1 gene has been linked to a number of
human cancers, while non-malignant tissues exhibit little to no DAPK1 promoter
methylation [266]. Interestingly, hyperphosphorylation of DAPK1 at Y491/492,
which reduces DAPK1 activity, was observed in human colon tumor cell lines,
indicating that in addition to epigenetic silencing of DAPK1, post-translational
“silencing” can also occur in cancer cells [257]. Furthermore, autophagy, which
may function in both tumor promotion and tumor suppression, is promoted by
DAPK1 through phosphorylation of the autophagy-inducing protein beclin-1 [272,
332]. It is unknown whether downregulation of DAPK1 is causative of human
cancers or simply an outcome of other dysregulated cellular pathways.
Nevertheless, potentially serious consequences of reducing DAPK1 activity must
be carefully considered in any future preclinical or clinical studies involving the
administration of DAPK1-targeted therapies for neuroprotection. Of note,
however, is the evidence for reduced cancer incidence in HD and related
disorders [333–335]. Cancer and neurodegeneration have been proposed to
involve similar molecular pathways which are disturbed in opposite directions –
with cancer resulting from reduced cell death and neurodegeneration caused by
increased cell death [333]. Thus, it is possible that a DAPK1-targeted therapy
aimed to restore the balance between survival and death may pose a lower risk
for cancer-related consequences in HD patients compared to the general
population.
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1.6

THESIS OBJECTIVES

Altered cortico-striatal synaptic transmission is a crucial pathogenic process
which occurs early in HD and causes neuronal dysfunction and death. DAPK1
plays a critical role as a promoter of pro-death exNMDAR function and synaptic
destabilization in multiple neurological disorders. However, no compelling
evidence exists to provide rationale for the development of DAPK1-targeting
strategies for synaptic and neuronal protection in HD. The main objectives of this
thesis were as follows:

1. Develop a neuronal culture system for robust and reproducible elucidation
of HD-like synaptic phenotypes in order to perform primary therapeutic
target validation.
2. Assess whether DAPK1 disturbs exGluN2B function and synaptic integrity
in the YAC128 HD mouse model and if so, evaluate potential mechanisms
involved.
3. Determine if modulation of DAPK1 activity reverses YAC128 synaptic
dysfunction and validate DAPK1 as a novel HD therapeutic target in vivo.
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2 ALTERING CORTICAL INPUT UNMASKS SYNAPTIC
PHENOTYPES IN THE CORTICO-STRIATAL COCULTURE MODEL OF HUNTINGTON DISEASE1
2.1

INTRODUCTION

Huntington disease (HD) is a devastating neurodegenerative disorder caused by
a CAG repeat expansion in exon 1 of the huntingtin (HTT) gene [3]. The disease
is characterized neuropathologically by progressive striatal atrophy and cortical
degeneration, leading to impaired cognitive, psychiatric, and motor function [40].
Although overt disease onset occurs during mid-life, human and animal studies
have collectively demonstrated that cortico-striatal (CS) synaptic dysfunction
occurs early in HD and likely contributes to later neuronal loss [40, 336–338].
Medium spiny neurons (MSNs) make up the vast majority of the striatal
neuronal population, and receive a high level of glutamatergic input from the
cortex [339, 340]. MSNs are the earliest and most-affected neuronal population
in HD, undergoing significant loss of dendritic structure and spines with disease
progression in humans and animal models [74, 82, 85, 86, 88, 89]. Dysregulated
glutamate release at CS synapses in addition to intrinsic MSN properties are
hypothesized to ultimately cause selective vulnerability of this cell type [62, 64,
69, 80]. However, due to the plasticity of neural connections, CS synaptic
dysfunction as well as MSN spine and synapse loss may be therapeutically
reversible before neuronal death occurs [337].
The CS neuronal co-culture is a commonly-used in vitro model which
consists of cortical and striatal neurons plated homogenously, generally at either
a 1:1 or 1:3 cortical:striatal ratio [341]. This method partially recapitulates in vivo
circuitry and MSN development, and permits functional CS synapses to be

1

This chapter has been published in BMC Biology 16:58. Schmidt ME, Buren C,
Mackay JP, Cheung D, Dal Cengio L, Raymond LA, Hayden MR (2018). Altering
cortical input unmasks synaptic phenotypes in the cortico-striatal co-culture
model of Huntington disease. All experimental design, imaging, and analysis,
except for electrophysiology, by MES. Electrophysiology by CB and JPM.
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studied in relative isolation from other modulatory neurotransmitters or neuronal
inputs [342, 343].
Previous characterization has been performed in 1:1 embryonic CS cocultures from wild-type (WT) and YAC128 mice expressing full-length transgenic
human mutant HTT (mHTT) [73, 81]. These studies demonstrated altered
extrasynaptic NMDA receptor function in YAC128 co-cultured MSNs,
accompanied by enhanced susceptibility to excitotoxicity as well as reduced CS
excitatory synapse activity by 21 days in vitro (DIV), a phenotype undetectable in
vivo until 6-7 months of age [62, 65]. Morphology was also evaluated by
transfecting MSNs with yellow fluorescent protein (YFP) at the time of plating,
and although this analysis showed stunted dendritic complexity in 1:1 co-cultured
YAC128 MSNs compared to WT, no difference in spine numbers was observed
[73]. This is in stark contrast to studies from another group, in which staining for
dopamine- and cAMP-regulated phosphoprotein 32 (DARPP32), a marker of
mature MSNs, was used for morphological analysis instead of transfected YFP to
show dramatic spine loss in 1:3 CS co-cultured postnatal YAC128 MSNs [74,
75]. The methodological factors underlying the ability to observe this highly
relevant HD phenotype remain unknown. DARPP32+ WT MSNs in 1:3 co-culture
exhibit less dendritic complexity and fewer spines and synapses than in 1:1 coculture, indicating that reducing cortical input impairs WT MSN development in
vitro [341]. However, the impact of altering cortical input in the context of HD has
not been evaluated.
In the present study, we have explored whether spine loss is a
reproducible feature of HD in this model and investigated the potential
methodological factors contributing to the emergence of this phenotype.

2.2

MATERIALS AND METHODS

2.2.1 Neuronal culture
Timed pregnancies were set up by mating wild-type FVB/N female mice with
YAC128 (line 53) males. At E17.5, embryos were removed from anesthetized
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mothers and brains were extracted and stored in a hibernate solution (HibernateE supplemented with L-glutamine and B27; Gibco) overnight while excess
embryonic tissue was genotyped. Cortical and striatal tissues from both male and
female embryos were dissected separately the following day in ice-cold Hank’s
Balanced Salt Solution, gently dissociated with a P1000 pipette, and incubated in
0.05% trypsin-EDTA (Gibco) at 37°C for 8 minutes. Cells were further dissociated
with a short DNase treatment (0.08mg/mL) followed by resuspension in complete
neurobasal medium (NBM supplemented with B27, penicillin-streptomycin, and
L-glutamine; Gibco). Neurons from appropriate genotypes were combined at a
1:1, 1:2, 1:3 or 1:5 cortico:striatal ratio and plated on 12mm glass coverslips
(Marienfeld Superior) in 24-well plates with a final density of 170,000 cells per
well in 1mL complete NBM. Prior to plating, coverslips were treated overnight
with 6N hydrochloric acid, washed thoroughly with sterile water and 70% ethanol,
transferred to culture plates, and coated with sterile-filtered 50µg/mL poly-Dlysine hydrobromide (Sigma; P7886) in water overnight at room temperature.
Coverslips were washed 4 times with sterile water and allowed to air dry before
plating. For electrophysiological experiments, a YFP construct was transfected
into striatal neurons at the time of plating to allow for MSN identification.
Approximately 2 million striatal neurons were suspended in 100µL
electroporation solution (Mirus Bio) prior to the final plating step, mixed with 2µg
of DNA (YFP on a β-actin promoter; a gift from A.M. Craig, University of British
Columbia) and nucleofected (Amaxa Nucleofector, Lonza Bio, program 05). Cells
were diluted and plated in 500µL of 10% fetal bovine serum/DMEM. Media was
replaced with 500µL complete NBM after 4 hours, and topped up to 1mL the
following day. All cultures were supplemented with fresh NBM complete (20%
well volume) every 3-7 days until fixation of coverslips at DIV14, 18 or 21.

2.2.2 Immunocytochemistry
Neurons on coverslips were fixed in 4% paraformaldehyde/PBS for 15 minutes at
room temperature (RT), incubated in ice-cold methanol for 5 minutes at -20°C,
permeabilized in 0.03% Triton-X/PBS for 5 minutes at RT, and blocked for 30
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minutes at RT in 0.2% gelatin/PBS. Coverslips were incubated with primary
antibody against dopamine- and cAMP-regulated phosphoprotein 32 (rat antiDARPP32; R&D Systems Cat# MAB4230; 1:500) and microtubule-associated
protein 2 (mouse anti-MAP2; Invitrogen Cat# MA5-12823; 1:200) in blocking
buffer overnight at 4°C, washed in PBS, stained with secondary antibodies
against rat IgG (Alexa Fluor 568 goat anti-rat IgG; Invitrogen Cat# A-11077;
1:500) or against mouse IgG (Alexa Fluor 488 goat anti-mouse IgG; Invitrogen
Cat# A-11001; 1:500) for 1.5 hours at RT, washed in PBS, and mounted on
slides using Prolong Gold Antifade Reagent with DAPI (Invitrogen). For spine
and dendrite analysis, fluorescence images were acquired using a Leica TCS
SP8 confocal laser scanning microscope at 63X objective magnification.
Samples from different groups were interleaved and the researcher was blinded
to experimental conditions during imaging and analysis. Image stacks of Z-step
size 60μm were converted to 2D in Image J using the maximum intensity Zprojection function. Images were then background subtracted with a rolling ball
radius of 35 pixels and de-speckled. Images were imported into NeuronStudio
(Version 0.9.92) for semi-automated Sholl analysis as well as spine
characterization using a minimum of 3 representative secondary or tertiary
dendritic segments per cell. For analysis of DARPP32 and MAP2 staining
intensity and cell survival counts, random fields of view were imaged at 20X
objective magnification using identical laser intensities across samples. The
number of MAP2+ or DARPP32+ with healthy nuclei in each field of view were
counted, and staining intensity was measured within multiple secondary or
tertiary dendrite regions from each neuron selected for analysis.

2.2.3 DiOlistic labeling
Cortical neurons were labeled in vitro with DiI stain (Invitrogen Cat# D282) as
previously described [344], with minor alterations. Briefly, DIV21 cortical cultures
were fixed in 2% PFA/PBS for 15 minutes at RT. 15-20 DiI crystals were
sprinkled on top of coverslips, and a small volume of PBS was added to prevent
cells from drying out. Coverslips were incubated in the dark for 10 minutes at RT,
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followed by thorough PBS washing to remove crystals and incubation in the dark
for an additional 6 hours in PBS. Coverslips were rinsed again in PBS and
mounted on slides. Imaging and spine analysis were performed as described
above with an excitation wavelength of 549nm.

2.2.4 Golgi-Cox staining
6- or 12-month mice were perfused with 2% paraformaldehyde/2%
glutaraldehyde/PBS, post-fixed in the same solution overnight at 4°C and
processed as previously described [345] with minor alterations. Briefly, brains
were washed in PBS, incubated in Golgi-Cox solution (1% potassium
dichromate, 1% mercuric chloride, 0.8% potassium chromate) for 5 days, and
transferred to 30% sucrose/PBS. 100μm sections were cut on a vibratome and
mounted on slides, which were dried overnight, washed in ddH2O, incubated in
20% ammonium hydroxide for 10 minutes, washed in ddH2O, passed through
ascending grades of alcohol, and placed in xylene for 5 minutes. Coverslips were
mounted on top of sections with Cytoseal mounting medium (Thermo Scientific).
Transmitted light images were acquired with a Leica TCS SP8 confocal laser
scanning microscope and a 63X objective lens. Images were imported into
NeuronStudio and spines on dendritic segments from at least 15-20 neurons
across multiple sections per animal were semi-automatically analysed.

2.2.5 Electrophysiology
Whole-cell patch-clamp electrophysiology was conducted as previously
described [73]. Briefly, an Axon Instrument Axopatch B200B amplifier and
pClamp 10.2 software (Molecular Devices) were used to collect data under
voltage-clamp mode. Culture coverslips were perfused in a recording chamber
with external recording solution containing picrotoxin and tetrodotoxin [73].
Miniature excitatory postsynaptic currents (mEPSCs) were recorded in YFPpositive neurons at a holding membrane potential of -70mV with the recording
pipettes filled with K-gluconate internal solution [73]. Membrane capacitances
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were measured within 2 minutes of patching each cell, and at least 30 synaptic
events were analysed per cell with Clampfit 10.2 or 10.7.

2.2.6 Data analysis
All data is presented as mean ± SEM. Statistical analysis and graph generation
were performed using GraphPad Prism 5, and figures were created in Adobe
Photoshop CS5. n values for all experiments are recorded as the total number of
cells analysed, with the number of independent cultures in parentheses.
Student’s t-test or 1- or 2-way ANOVA statistical tests with Bonferroni post-hoc
analysis were used for all experiments. In some cases, t-tests were performed
between specific groups after an ANOVA test when a planned comparison was
established during the experimental design process. Significance for these tests
is noted with the “#” symbol instead of “*”.

2.3

RESULTS

2.3.1 Reducing cortical input elucidates robust YAC128 MSN spine loss in
CS co-culture….
We first sought to evaluate the effect of altered cortical input on HD-like
phenotypes in vitro by culturing WT and YAC128 MSNs with cortical neurons
side-by-side at both 1:1 and 1:3 CS ratios, using identical total cell densities. We
utilized DARPP32 immunofluorescence staining for MSN morphological analysis
in order to remain consistent with methodology used by Wu et al., 2016, as well
as to avoid the requirement for YFP nucleofection, which we found to reduce the
general health of neuronal cultures. Striatal DARPP32 is decreased in several
models of HD, including YAC128 mice [50, 51, 346–350]. To confirm that
potentially altered YAC128 DARPP32 expression levels would not interfere with
accurate structural analysis, we measured immunofluorescence staining intensity
in each culture condition at DIV21. We co-stained for the dendritic marker
microtubule-associated protein 2 (MAP2) and imaged both channels at identical
laser intensities across samples. We observed no differences in dendritic
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DARPP32 intensity normalized to MAP2 intensity (Fig. 2.1A, B), indicating that
MSN DARPP32 expression does not obviously differ between genotypes and
that this is an appropriate method for dendritic and spine analysis in this model.
Using this approach, we observed a subtle reduction in MSN total spine
density (90% of WT) and a nonsignificant decrease in mature mushroom spine
density (88% of WT) in DIV21 1:1 YAC128 cultures (Fig. 2.1C-E). Remarkably,
limiting excitatory input using a 1:3 ratio dramatically enhanced this phenotype,
such that the number of total and mature mushroom spines in YAC128 MSNs
were reduced to approximately 78% and 63% of WT 1:3 levels, respectively (Fig.
2.1C-E). We did not observe significant differences in the density of immature
(stubby, thin, and filopodia) spine types (Fig. 2.1C, F), suggesting a selective
impairment in the stability of functionally mature spines.
A previous study using injection of Lucifer yellow fluorescent dye into
striatal neurons in brain slices found YAC128 MSN spine loss at 12 months of
age, but not at 6 months [74]. We confirmed this finding using a simple Golgi
stain method and observe that spine density values and the degree of YAC128
total spine loss at 12 months in vivo (71% of WT) are accurately recapitulated in
1:3 CS co-cultures (Fig. 2.1G, H).
To further investigate the relationship between MSN spine density and
cortical input, we compared two additional CS ratios (1:2 and 1:5) side-by-side
with 1:1 and 1:3 conditions. In this set of experiments, there were no significant
genotypic differences in either total or mature mushroom spine densities using a
1:1 ratio. We observed a negative correlation between total and mature
mushroom spine densities versus the proportion of striatal cells at the time of
plating in both genotypes (Fig 2.1I, J). Interestingly, there was a significant
interaction between genotype and CS ratio, with the phenotype becoming more
severe with increasing proportion of striatal cells at plating. This indicates that
YAC128 MSN spine stability is progressively more sensitive than WT to reduced
amounts of cortical input.
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Figure 2.1: YAC128 MSNs co-cultured with cortical neurons at a 1:3 CS ratio
recapitulate in vivo spine loss. WT and YAC128 (Y128) co-cultures were generated at
either a 1:1 or 1:3 CS ratio and processed at DIV21 for DARPP32 and MAP2
immunocytochemistry, imaging, and spine analysis in NeuronStudio. (A) Sample images
of DARPP32- and MAP2-stained dendrites in CS co-culture (scale bar = 5μm). (B)
Quantification of DARPP32 staining intensity normalized to MAP2 intensity reveals no
differences between genotypes or conditions [n=30(3); 2-way ANOVA with Bonferroni
post-hoc analysis]. (C) Sample images of DARPP32-stained spines on secondary or
tertiary dendrites in co-cultured MSNs at higher exposure (scale bar = 5μm). The
differences in numbers of (D) total and (E) mature mushroom, but not (F) immature spines,
are exacerbated in 1:3 co-cultured YAC128 MSNs [n=32(4); 2-way ANOVA with
Bonferroni post-hoc analysis; *p<0.05, ***p<0.001]. (G) Representative Golgi staining of
striatal MSNs in vivo (scale bar = 5μm). (H) Golgi analysis confirms that reduced MSN
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total spine number occurs by 12 months of age in the YAC128 striatum, to a similar degree
as in 1:3 co-cultures [n=4-5 6-month animals and 3 12-month animals per genotype; 2way ANOVA with Bonferroni post-hoc analysis; **p<0.01]. A linear correlation exists
between (I) total and (J) mushroom spines versus the proportion of striatal cells at plating.
A significant interaction occurs between striatal proportion and genotype [n=30(3); 2-way
ANOVA with Bonferroni post-hoc analysis; *p<0.05, **p<0.01, ***p<0.001].

Finally, we evaluated the impact of altering the total cell number per well
(150,000, 170,000 or 230,000 in 24-well plates), keeping the CS ratio consistent
at 1:3. There was no effect of initial plating density on the presence or severity of
the YAC128 MSN spine phenotype at DIV21 (Fig. 2.2A-C).

Figure 2.2: Initial plating density does not impact the presence or severity of
YAC128 MSN spine instability. WT and YAC128 co-cultures were generated at a 1:3
CS ratio and plated at three different total cell numbers per well (150 000, 170 000, or
230 000 in 24-well plates). Coverslips were fixed at DIV21 and processed for DARPP32
immunocytochemistry, imaging, and spine analysis. (A) Sample images of DARPP32stained spines on secondary or tertiary MSN dendrites (scale bar = 5μm). There was no
effect of initial plating density on YAC128 (B) total or (C) mature mushroom spine
density phenotypes [n=20(2); 2-way ANOVA with Bonferroni post-hoc analysis; *p<0.05,
**p<0.01, ***p<0.001].
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2.3.2 YAC128 spine instability is predominantly MSN-intrinsic
Previously, an impaired developmental increase in miniature excitatory postsynaptic current (mEPSC) frequency from DIV14 to DIV21 in 1:1 co-cultured
YAC128 MSNs compared to WT was reported [73]. Chimeric co-cultures (WT
striatal MSNs plated with YAC128 cortical neurons, or vice versa) exhibited an
intermediate phenotype, indicating that altered excitatory functional connectivity
is partially dependent on mHTT expression in both pre- and post-synaptic
compartments [73]. We utilized a similar strategy to determine the relative
contribution of each cell type to MSN spine stability in 1:3 co-cultures. We
discovered that the difference in total spine numbers between WT and YAC128
was entirely dependent on mHTT expression in the MSN (Fig. 2.3A, B). When
we specifically evaluated mature mushroom spines, we found a small
contribution from cortical mHTT expression, with chimeric cultures demonstrating
a trend to a more intermediate mushroom spine density (Fig. 2.3A, C). By t-test,
WT MSNs co-cultured with YAC128 cortical neurons had fewer mushroom
spines and a greater number of immature spines than those co-cultured with WT
cortical neurons, despite similar total spine densities (Fig. 2A-D). Thus, cortical
mHTT expression alters the ratio of mature/immature spines in WT neurons.
These results suggest that mHTT expression primarily, but not exclusively, in the
MSN impairs mechanisms of spine development or stability in response to
reduced cortical input.
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Figure 2.3: YAC128 spine instability is predominantly MSN-intrinsic. WT, YAC128,
and chimeric co-cultures generated at a 1:3 CS ratio were processed at DIV21 for
DARPP32 immunocytochemistry, imaging, and spine analysis. (A) Sample images of
DARPP32-stained spines in pure or chimeric co-cultured MSNs (scale bar = 5μm). (B)
Total spine density values in chimeric cultures are similar to pure cultures of the same
MSN genotype. (C) Mature mushroom and (D) immature spine numbers are affected by
both striatal (STR) and cortical (CTX) mHTT expression [n=32(4); 1-way ANOVA with
Bonferroni post-hoc analysis; **p<0.01, ***p<0.001]. Student’s t-test was used to compare
WT STR/WT CTX and WT STR/Y128 CTX [n=32(4); Student’s t-test; #p<0.05].

2.3.3 Decreasing cortical input masks the YAC128 MSN dendritic
complexity phenotype in CS co-culture
Interestingly, in comparison to MSN spine density, we discovered an opposite
effect of CS ratio on MSN dendritic structure by Sholl analysis. A robust
impairment in total dendritic length and complexity was observed in DIV21 1:1
co-cultured YAC128 MSNs compared to WT (Fig. 2.4A-C), in agreement with
previous results [73]. However, when a 1:3 CS ratio was utilized, WT MSN
dendritic development became impaired, resulting in a much smaller genotypic
difference between WT and YAC128 (Fig. 2.4A-C). Thus, differential elucidation
of YAC128 MSN dendritic or spine phenotypes can be achieved by manipulation
of the CS ratio.
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Figure 2.4: YAC128 MSNs in 1:1 CS co-culture demonstrate reduced dendritic
length and complexity. WT and YAC128 co-cultures were generated at either a 1:1 or
1:3 CS ratio and processed at DIV21 for DARPP32 immunocytochemistry, imaging, and
dendritic analysis. (A) Sample images of MSN dendritic traces generated in NeuronStudio
(scale bar = 15μm). (B) Total length of the dendritic trace and (C) complexity by Sholl
analysis are significantly reduced in 1:1 YAC128 MSNs compared to WT. Post-hoc
statistical significance for Sholl analysis is shown only for WT 1:1 vs YAC128 1:1 (*) or
WT 1:3 vs YAC128 1:3 (#) comparisons [n=32(4); 2-way ANOVA with Bonferroni post-hoc
analysis; *p<0.05, **p<0.01, ***p<0.001].

2.3.4 YAC128 MSN dendritic and spine phenotypes are developmental in
vitro
We next sought to determine at what timepoint the identified structural
phenotypes are present in CS co-culture. When our DIV21 results were plotted
over time along with DIV14 and DIV18 data from the same cultures, we observed
that most of the identified YAC128 spine and dendrite alterations were present by
DIV18 and all could be attributed to impaired development of YAC128 MSNs
after DIV14, at which time there were no discernable phenotypes (Fig. 2.5, 2.6).
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Figure 2.5: Reduced spine density in co-cultured YAC128 MSNs is a developmental
phenotype. WT and YAC128 co-cultures were generated at either a 1:1 or 1:3 CS ratio
and processed at DIV14, 18, or 21 for DARPP32 immunocytochemistry, imaging, and
spine analysis. (A) Sample images of DARPP32-stained spines on secondary or tertiary
MSN dendrites (scale bar = 5μm). A developmental increase in (B) total and (C) mature
mushroom spine numbers is impaired after DIV14 in co-cultured YAC128 MSNs compared
to WT [n=32(4); 2-way ANOVA with Bonferroni post-hoc analysis; *p<0.05, **p<0.01,
***p<0.001].
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Figure 2.6: Reduced dendritic length and complexity in co-cultured YAC128 MSNs
are developmental phenotypes. WT and YAC128 co-cultures were generated at either
a 1:1 or 1:3 CS ratio and processed at DIV14, 18, and 21 for DARPP32
immunocytochemistry, imaging, and dendritic analysis. (A) Sample images of MSN
dendritic traces generated in NeuronStudio (scale bar = 15μm). A developmental increase
in (B-D) dendritic complexity by Sholl analysis and (E) total dendritic length are impaired
after DIV14 in co-cultured YAC128 MSNs compared to WT. Post-hoc statistical
significance for Sholl analysis is shown only for WT 1:1 vs YAC128 1:1 (*) or WT 1:3 vs
YAC128 1:3 (#) comparisons [n=32(4); 2-way ANOVA with Bonferroni post-hoc analysis;
*p<0.05, **p<0.01, ***p<0.001].
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2.3.5 CS plating ratio influences electrophysiological phenotypes in
YAC128 MSNs
To determine the functional impact of altering CS ratio, whole-cell patch-clamp
electrophysiology was used to record mEPSCs and basal membrane
capacitance from MSNs in 1:1 and 1:3 co-cultures at DIV14 and DIV21.
Previously published data showed an increase in mEPSC frequency from DIV14
to DIV21 in 1:1 co-cultures, which was blunted in YAC128 MSNs [21]. We
observed a similar trend in the current study, although there was no significant
genotypic difference between WT and YAC128 at DIV21 (Fig. 2.7A, B).
However, when a 1:3 ratio was utilized, there was only a small increase in
mEPSC frequency from DIV14 to DIV21 for both WT and YAC128 such that
there was no longer a trend to a difference between genotypes at DIV21 (Fig.
2.7A, C). This is consistent with a prior study which found reduced mEPSC
frequency in DIV18 1:3 co-cultured WT MSNs compared to 1:1 [18]. Membrane
capacitance, a measure of overall MSN size, increased with time in all culture
conditions (Fig. 2.7D, E). However, the increase in 1:1 WT MSNs was more
dramatic than in 1:1 YAC128 MSNs, elucidating a significant genotypic difference
at DIV21 which was not observed in 1:3 co-cultures (Fig. 2.7D, E). This
correlates well with our observation of a greater difference in dendritic arbor size
and complexity between genotypes using a 1:1 CS ratio. These findings indicate
that the previously published YAC128 mEPSC frequency and capacitance
phenotypes are also CS ratio-dependent and that overall MSN functional
connectivity correlates more closely with dendritic development than with spine
density.
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Figure 2.7: 1:1 co-cultured YAC128 MSNs exhibit an impaired increase in membrane
capacitance with maturation. (A) Representative recording traces from WT and YAC128
MSNs in 1:1 or 1:3 co-culture at DIV14 and 21. (B, C) mEPSC frequency and (D, E)
membrane capacitance (Cm) tend to increase with maturation, but a significant genotypic
difference was only observed for Cm at DIV21 in 1:1 cultures [n=12-29(3); 2-way ANOVA
with Bonferroni post-hoc analysis; *p<0.05].

2.3.6 Reducing cortical input promotes neuronal death in YAC128 CS coculture
Previously, WT neurons (both cortical and striatal DARPP32+ MSNs) exhibited
reduced basal survival at DIV18 when co-cultured at a 1:3 CS ratio versus 1:1
[341]. We used a similar approach to compare neuronal survival in DIV21 WT
and YAC128 neurons at both CS ratios. We found significantly reduced survival
of all neurons (MAP2+) as well as DARPP32+ MSNs in YAC128 1:3 co-cultures
compared to WT 1:3 (Fig. 2.8A-C), despite being initially plated at identical live
cell density. When we calculated the proportion of surviving MAP2+ neurons that
were also DARPP32+, we found that neuronal loss in YAC128 1:3 co-cultures
was partially selective for this cell population (Fig. 2.8A, D). This reveals an
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additional CS ratio-dependent co-culture phenotype that may be useful for future
studies of mHTT-induced neuronal death.

Figure 2.8: Neuronal survival is compromised in YAC128 1:3 CS co-cultures. WT
and YAC128 co-cultures were fixed at DIV21 and stained for MAP2 and DARPP32 (D32).
(A) Sample fields of view at 20X objective (scale bar = 100μm). The numbers of (B)
MAP2+ and (C) DARPP32+ neurons per field of view were reduced in YAC128 1:3 cocultures. (D) The proportion of DARPP32+ neurons (# DARPP32+ divided by # MAP2+)
surviving at DIV21 was also significantly lower in YAC128 1:3 co-cultures [n=30 fields of
view from 3 independent cultures; 2-way ANOVA with Bonferroni post-hoc analysis;
*p<0.05, ***p<0.001].
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2.3.7 In vitro diOlistic labeling reveals increased thin spines and reduced
mushroom spine head size in mono-cultured YAC128 cortical
neurons
Although striatal MSNs are the most severely-affected cell type in HD, there is
evidence that mHTT causes neuronal and synaptic dysfunction in other brain
regions as well, including the cortex and thalamus [338, 351, 352]. Thus, it may
be desirable to utilize modified culture models for the study of these neuronal
populations. For example, a YAC128 thalamo-striatal (TS) co-culture model was
recently used to demonstrate mHTT-induced TS synaptic dysfunction [351].
We attempted to combine a previously-reported in vitro DiI diOlistic dye
labeling protocol [344] with immunocytochemistry for glutamatergic markers in
order to perform spine analysis on cortical neurons in CS co-culture. However,
permeabilization of DiI-stained cells for internal staining resulted in release of DiI
from cell membranes and poor filling of spines. Instead, we generated WT and
YAC128 pure cortical monocultures for DiI spine analysis at DIV21. We did not
observe any differences in total, mushroom, or stubby spine densities between
genotypes, although there was an increased number of thin spines in YAC128
cortical neurons (Fig. 2.9A-E). Interestingly, we observed a significant 7%
reduction in the diameter of YAC128 mushroom spines (Fig. 2.9F) indicating that
subtle dysfunction in cortical neurons may also exist in vitro, which could
contribute to CS synaptic alterations.
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Figure 2.9: Thin spine density is increased and mushroom spine head diameter is
reduced in DIV21 YAC128 cortical neurons. WT and YAC128 pure cortical cultures
were fixed at DIV21 and subjected to in vitro DiI diOlistic dye labeling for spine analysis.
(A) Sample images of DiI-stained spines on cortical dendrites (scale bar = 5μm). No
significant differences in (B) total, (C) mushroom, or (D) stubby spine densities were
observed in YAC128 cortical neurons. (E) Increased thin spine density and (F) reduced
mushroom spine head diameter were measured in YAC128 cortical neurons compared to
WT [n=30(3); Student’s t-test; *p<0.05].

2.4

DISCUSSION

Optimization of the CS co-culture for elucidation of YAC128 synaptic
phenotypes
The CS co-culture has become an attractive methodological option for the
isolated study of both physiological and pathogenic mechanisms of CS synaptic
function. This model allows direct assessment of neuronal morphology and
synaptic transmission and can be used to quickly answer specific questions that
are difficult to investigate using in vivo animal models. mHTT-expressing
YAC128 CS co-cultures recapitulate many relevant in vivo synaptic phenotypes
by 21 days in vitro [73], highlighting the practicality of this model as a primary tool
for therapeutic target validation.
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Spine instability, hypothesized to contribute to neuronal dysfunction in HD
and other neurodegenerative disorders, has been observed in YAC128 MSNs in
CS co-culture in some studies, but not others [73–75] . Recently, altering CS
plating ratio was found to affect a number of functional and morphological
characteristics of WT MSNs [341], leading us to hypothesize that modifying
cortical input in YAC128 CS co-cultures may elucidate or exacerbate synaptic
phenotypes, thus enhancing the utility of this culture system for HD research. In
the present study we have clearly shown that modifying CS ratio in co-culture
differentially elucidates YAC128 MSN synaptic phenotypes (summarized in
Table 2.1). For future studies of therapeutic strategies to modify neurite growth
or stability in HD, a 1:1 CS ratio is recommended. Conversely, for evaluation of
potential neuroprotective or spine-stabilizing therapies, a 1:3 CS ratio is ideal, as
this accurately recapitulates YAC128 age-associated in vivo MSN spine loss and
neuronal death.

Table 2.1: Optimal CS ratios to elucidate YAC128 MSN phenotypes in co-culture
YAC128 MSN Phenotype

Optimal CS ratio

Spine loss

1:3

Impaired neuronal survival

1:3

Decreased dendritic length/complexity

1:1

Reduced mEPSC frequency

1:1

Reduced membrane capacitance

1:1

Intrinsic versus extrinsic effects of mHTT on MSN spine stability
Our result showing that decreasing the proportion of cortical neurons in CS coculture promotes spine instability in YAC128 MSNs raises the interesting
possibility that spine loss with disease progression in vivo is partially due to
reduced cortical input. Indeed, studies support the hypothesis that progressive
CS disconnect in HD results in loss of cortical excitatory support of MSNs and
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reduced delivery of neurotrophic factors such as BDNF over time, causing striatal
degeneration [336, 353]. However, in seeming contradiction, our experiments
using chimeric cultures demonstrate that YAC128 MSN spine instability is
primarily cell-autonomous (Fig. 2.2). We propose that mHTT expression in MSNs
renders spines intrinsically more sensitive to low levels of cortical support,
causing this phenotype to only emerge in the presence of reduced cortical input.
There is evidence that depletion of endoplasmic reticulum (ER) Ca2+ stores and
consequent enhanced store-operated Ca2+ entry in YAC128 MSNs contributes to
spine loss in CS co-culture [74]. It is possible that reducing glutamatergic input
with a 1:3 CS ratio exacerbates ER store depletion in YAC128 MSNs by limiting
normal activity-induced extracellular Ca2+ influx, which might subsequently
promote more dramatic spine loss.
A recent study investigated the contribution of cortical or striatal mHTT to
synaptic dysfunction by crossing region-specific Cre-expressing mice to the
transgenic full-length mHTT BACHD mouse model [354]. It was discovered that
mHTT expression predominantly in the cortex was required for altered synaptic
protein levels and reduced spontaneous EPSC frequency in the striatum of aged
BACHD mice, while impaired evoked NMDA current was dependent on mHTT
expression in both the striatum and cortex [354]. A follow-up study found
improvement in striatal activity patterns and behavioral phenotypes in response
to mHTT reduction in the cortex of BACHD mice [355]. Although our results in the
present study showed that total spine density was determined entirely by mHTT
expression in striatal neurons, we did observe a small effect of cortical
expression on mushroom spine numbers. In particular, WT MSNs co-cultured
with WT cortical neurons possessed similar total spine density as those cocultured with YAC128 cortical neurons, but we observed fewer mushroom spines
and a greater number of immature spines in MSNs from the chimeric cultures
(Fig. 2.2). Since mature and immature spines would be expected to have
different functional properties, this indicates that cortical mHTT expression may
contribute to altered CS synaptic readouts. In further support of this hypothesis,
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we also report subtle spine morphology alterations in monocultured YAC128
cortical neurons (Fig. 2.9).

Spine and dendritic alterations in HD patients and animal models
Early reports using Golgi staining of postmortem HD patient brain samples
demonstrated both proliferative and degenerative morphological alterations in
striatal MSNs [82, 83]. These included an increase in the number and size of
dendritic spines as well as altered dendritic branching in early stage (grade 2) HD
[82]. In advanced HD brains, smaller dendritic arbors, spine loss, and dendritic
swellings were observed [82]. It is hypothesized that early proliferative changes
could reflect activation of compensatory mechanisms in response to synaptic
dysfunction, which eventually become overwhelmed with disease progression
and age. This is supported by observations of increased glutamate transmission
onto striatal neurons at early time points in the YAC128 and BACHD mouse
models, followed by reduced transmission at later ages [62, 63].
Multiple mouse models of HD recapitulate the structural degeneration
observed in advanced HD brains. Both MSNs and cortical pyramidal neurons in
the R6/1 mHTT fragment mouse model exhibit reduced spine density and spine
length at symptomatic ages, and a later study also reported thinner apical
dendrites in the somatosensory cortex [88, 90]. Similarly, symptomatic R6/2 mice
demonstrate MSN spine loss in addition to thinner dendritic shafts [85, 91].
Studies in full-length mHTT models, including mHTT knock-in and BACHD mice,
have also shown loss of dendritic spines in HD MSNs [92, 93]. Although we and
others observed YAC128 MSN total spine loss at 12 months of age, but not at 6
months [74], a 15% reduction in secondary and tertiary dendrite spine density at
3 months of age has been reported [89], as well as diminished excitatory CS
activity at 6-7 months [62, 65]. Thus, an effect of mHTT expression on spines
and synapses is present in YAC128 mice but may be too subtle at early ages to
be detected reliably by structural analysis in vivo.
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Developmental synaptic phenotypes in YAC128 CS co-culture
We found that all of the identified DIV21 phenotypes were due to impaired
development of YAC128 MSNs after DIV14 (Fig. 2.5, 2.6). In vivo, MSN spines
and dendrites develop normally in WT and YAC128 animals when assessed by
Golgi staining at 1 month of age [80]. Thus, our observation of developmental
phenotypes in CS co-culture suggests that impaired synaptic function occurs
early in vitro, before MSNs have reached a mature state. This is in agreement
with previous work showing an impaired developmental increase in mEPSC
frequency and stunted dendritic development after DIV14 using YFP transfection
in co-cultured YAC128 MSNs [73]. However, our results are discordant with a
recent study from Wu et al. showing degenerative spine loss from DIV14 to
DIV21 in YAC128 CS co-cultured MSNs [74]. Differences in culture methodology
might explain why Wu et al. observed a degenerative phenotype and we did not.
If our culturing conditions were inherently more stressful to the neurons, their
maturation by DIV14 may have been impaired, such that synaptic dysfunction
occurred before spines or dendrites were fully developed. Alternatively, the use
of postnatal cultures in Wu et al. might have promoted earlier maturation of
MSNs by DIV14, either due to the later developmental age used or the presence
of a greater number of supporting glial cells in the postnatal brain [356]. The
existence of YAC128 dendritic and spine phenotypes at DIV18 but not at DIV14
is advantageous as it allows for in vitro testing of both preventative therapies (ie.
from DIV14-21) or strategies aimed at phenotype reversal (ie. from DIV18-21).

Functional impact of altering cortical input in CS co-culture
Our electrophysiological results demonstrate that a 1:1 CS ratio is critical for the
emergence of a YAC128 mEPSC frequency or membrane capacitance
phenotype, which tend to correlate with total dendritic length (summarized in
Table 2.1). Surprisingly, 1:3 co-cultured YAC128 MSNs had similar mEPSC
frequencies to 1:3 WT MSNs, despite exhibiting significantly impaired spine
stability. This finding raises the possibility that YAC128 cortical or striatal neurons
in 1:3 cultures undergo compensatory upregulation of spontaneous CS activity,
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potentially by increasing cortical glutamate release. It is also plausible that some
of the additional spines on WT 1:3 MSNs possess NMDA receptor-containing
silent synapses, which would not be active in our electrophysiological recording
conditions, and thus may not result in an increased mEPSC frequency compared
to YAC128 [357]. Alternatively, YAC128 1:3 MSNs could conceivably contain a
higher number of active shaft synapses which likely constitute a large proportion
of synapses in cultured neurons [127], and may be detected by
electrophysiological recording, but would not be identifiable through spine
analysis. One caveat in our interpretation of these results is that identification of
MSNs for electrophysiological recording in CS co-culture requires a striatal YFP
transfection step at the time of plating [73, 81], which could reduce overall culture
health and thus impact the level of spontaneous activity observed. Furthermore,
it is possible that YFP transfection and DARPP32 staining disproportionately
identify MSN populations of different subtypes or maturity, leading to
inconsistencies when comparing data obtained with each method.

Selective, age-associated loss of DARPP32+ MSNs in the YAC128 mouse
model
Previous analysis of DARPP32+ MSN survival in WT CS co-cultures
demonstrated that despite a 50% higher striatal plating density in 1:3 cultures
versus 1:1, the number of DARPP32+ cells at DIV18 was similar in both
conditions, suggesting selective vulnerability of this cell type [341]. In the present
study, the density and proportion of WT DARPP32+ MSNs in 1:3 conditions at
DIV21 increased by 27% and 21% respectively, compared to 1:1, although this
was still less than the expected 50% increase (Fig. 2.5). It is possible that
DARPP32 expression was higher after longer maturation to DIV21 in our study,
potentially improving the sensitivity of this readout compared to the DIV18 study.
Interestingly, YAC128 DARPP32+ MSNs in 1:3 CS co-culture exhibit reduced
survival compared to WT when assessed at DIV21 (Fig. 2.5). This correlates well
with our previously-established findings of striatal volume loss and reduced
DARPP32+ MSN cell counts in 12-month old YAC128 brains [50, 346–348], as
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well as decreased DARPP32 protein and mRNA levels at 10 months of age [51].
These in vivo alterations are associated with behavioral impairments which are
less severe or not observable at earlier ages [50, 358]. Furthermore, decreased
number and size of DARPP32+ neurons occurs in the human HD striatum, and is
correlated with motor impairment [359]. Thus, we have enhanced our in vitro CS
co-culture model to recapitulate age-associated MSN loss without the use of any
acute stressors, such as glutamate, to induce cell death. This will prospectively
be useful for preclinical testing of neuroprotective therapeutic approaches in a
more representative model of chronic disease.

Conclusions
Altogether, we have optimized the CS co-culture system for broader and more
reliable use in HD research and show that intrinsic MSN spine stability is highly
sensitive to cortical input, thus providing both a clear explanation for inconsistent
results from previous studies and a strategy to generate reproducible and
disease-relevant findings in the future. The ability to observe a consistent spine
phenotype in vitro is likely to be useful for preclinical HD drug development,
because spine loss in YAC128 MSNs is dynamic, such that it can be modulated
over relatively short periods of time [74, 75]. This provides a sensitive
experimental readout for future studies of mHTT-induced synaptic dysfunction.
Furthermore, the techniques we have utilized for morphological analysis are
accessible, easy to establish, and can be used to generate results quickly
compared to in vivo studies. Ultimately, our findings demonstrate that the CS coculture system is amenable to modifications that allow differential elucidation of
HD-like phenotypes in vitro, and provide a useful tool for future studies on
mechanisms of synaptic dysfunction in HD. Ideally, this tool will be combined with
other modeling and computational strategies in the future to more
comprehensively understand the mechanisms underlying HD pathogenesis.
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3 DAPK1 PROMOTES EXTRASYNAPTIC GLUN2B
PHOSPHORYLATION AND STRIATAL SPINE LOSS IN
HUNTINGTON DISEASE2
3.1

INTRODUCTION

Huntington disease (HD) is a debilitating and fatal neurodegenerative disorder
caused by a CAG trinucleotide repeat expansion in huntingtin (HTT) [3]. The
resulting mutant HTT (mHTT) protein disrupts multiple cell signaling pathways
and protein-protein interactions, leading to altered cortico-striatal (CS)
transmission, synaptic loss, and degeneration of GABA-ergic striatal medium
spiny neurons (MSNs) [14–16, 19, 26, 40, 337].
MSNs receive high levels of excitatory glutamatergic input and trophic
support (ie. brain-derived neurotrophic factor, BDNF) from cortical afferents
[340]. mHTT causes both pre- and postsynaptic dysfunction at the CS synapse
which, in addition to intrinsic MSN properties, contributes to their selective
vulnerability in HD [337]. MSNs express N-methyl D-aspartate receptors
(NMDARs) at CS postsynaptic sites. When activated, synaptic NMDARs initiate
pro-survival signaling and upregulation of genes involved in synaptic
maintenance and neuroprotection [124, 125]. Conversely, extrasynaptic GluN2B
(exGluN2B) subunit-containing NMDAR activity promotes cell death processes
and antagonism of synaptic signaling (Fig. 1.1) [124, 125]. Extensive research
using the YAC128 full-length transgenic mouse model of HD has demonstrated
enhanced exGluN2B surface expression, activity, and associated excitotoxic cell
death signaling prior to neurodegeneration or synaptic spine loss in YAC128
MSNs [80, 81, 194, 203, 205, 213, 288]. Preferential blockade of exNMDARs in

2

This chapter is in preparation to be combined with Chapter 4 and submitted for
publication as one manuscript. Schmidt ME, Caron NS, Dal Cengio L, Ko Y,
Lazic N, Anderson L, Raymond LA, Hayden MR. Death-associated protein
kinase 1 promotes extrasynaptic GluN2B phosphorylation and striatal spine loss
in Huntington disease.
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vivo with low-dose memantine rescues motor deficits and neuropathology,
restores striatal survival signaling, and normalizes exGluN2B levels in YAC128
mice [80, 205, 206].
Increased activation of exNMDARs is a common pathological event
across other major neurological disorders, including AD and ischemic stroke
[124]. This enhanced receptor activity causes activation of neuronal death
signaling via p38, c-Jun terminal kinase (JNK), nNOS, caspases, and calpains,
and shut-off of pro-survival ERK and nuclear phosphorylated CREB signaling,
leading to synaptic dysfunction [360]. Despite these compelling data, direct
therapeutic targeting of NMDARs has proven to be largely ineffective in clinical
trials for ischemia, likely due to partial suppression of pro-survival synaptic
NMDAR activity as a result of poor compound selectivity for exclusively
extrasynaptic receptor populations [361]. For this same reason, chronic use of an
NMDAR antagonist for the treatment of HD could produce adverse outcomes.
These disappointing clinical trial results necessitate an alternate strategy to
modulate pathological exGluN2B receptor activity while preserving synaptic
function and survival signaling.
Death-associated protein kinase 1 (DAPK1) is a calcium/calmodulinactivated serine/threonine (S/T) kinase which is highly expressed during late
embryonic development [215, 216, 239]. DAPK1 was initially identified as a
positive mediator of apoptosis and later as a regulator of exGluN2B function
[177, 215, 216]. Specifically, during ischemic excitoxicity in the adult mouse,
DAPK1 becomes activated via S308 dephosphorylation and recruited to
exGluN2B complexes, where it phosphorylates the intracellular GluN2B Cterminal domain at S1303, increasing receptor conductance [177]. S1303
phosphorylation has also been associated with enhanced GluN2B surface
expression in neurons [152], suggesting that DAPK1 may act as a signal
amplifier for exGluN2B under pathological conditions. Accordingly, numerous
genetic and pharmacological DAPK1-targeting approaches have demonstrated
neuroprotective and synapto-protective benefit in animal models of stroke,
excitotoxicity, AD, PD, and chronic stress (Table 1.3).
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In the present study, we have investigated whether DAPK1 contributes to
enhanced exGluN2B function in HD. Furthermore, we assess whether small
molecule DAPK1 inhibition prevents synaptic abnormalities in HD MSNs.

3.2

MATERIALS AND METHODS

3.2.1 Mice
Wild type (WT) and YAC128 mice were maintained on the FVB/N background
and experiments were performed according to protocols approved by the
University of British Columbia Animal Care Committee (Protocol numbers A160130 and A16-0206). Heterozygous line 53 YAC128 mice or line W13 C6R mice
(YAC128 mice bearing a D586A point mutation rendering mHTT resistant to
caspase cleavage at this site) and their WT littermates were used for all
experiments with the exception of neuronal culture transfections. For these
experiments, homozygous line 55 YAC128 and FVB/N mice were used in order
to remain consistent with previously published work [81] as well as to improve
culture health by avoiding an overnight genotyping step. For all cohorts,
approximately equal numbers of male and female mice were used. All animals
were sacrificed using CO2.

3.2.2 Total cell lysis and Western blotting
Cortical or striatal total lysate was prepared by homogenizing snap-frozen tissue
in stringent lysis buffer (20mM HEPES pH 7.4, 150mM NaCl, 40mM βGlycerophosphate, 10mM NaF, 1% Triton-X, 1% SDS, 0.5% sodium
deoxycholate) with protease and phosphatase inhibitors freshly added (1X Roche
Complete Protease Inhibitor, 5µM zVAD, 1μg/mL Pepstatin A, 1mM sodium
orthovanadate). Protein samples were sonicated, centrifuged to remove cellular
debris, and quantified by DC assay. Equal amounts of protein from each sample
were run by SDS-PAGE on 8% or 10% acrylamide gels and transferred to
0.45µm nitrocellulose membranes. Membranes were blocked in 5% skim milk
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powder in TBST (0.1% Tween-20) for 1 hour at room temperature (RT), blotted in
primary antibody in 3% BSA/TBST for 2 hours at RT, washed 4x in TBST,
incubated with fluorescent secondary antibody for 1 hour at RT, washed, and
scanned with a LI-COR imaging system. Band intensities were quantified using
Image Studio Lite.

3.2.3 Subcellular fractionation
Subcellular fractionations from brain tissue were performed as previously
described to isolate synaptic (post-synaptic density, PSD) and extrasynaptic
(non-PSD) membrane fractions [80]. Striatal non-PSD preparations consistently
produced low protein yield and unreliable detection of GluN2B phosphorylation.
Therefore, we chose an alternate method for evaluation of striatal extrasynaptic
pS1303 levels which has previously been utilized [288]. Tissue samples were
homogenized in a gentle lysis buffer (20mM HEPES pH 7.4, 150mM NaCl, 40mM
β-Glycerophosphate, 10mM NaF, 1% Triton-X) containing fresh protease and
phosphatase inhibitors, but no SDS or sodium deoxycholate. This buffer is
unable to lyse Triton-insoluble PSD membranes. Thus, after homogenization and
high-speed centrifugation, the remaining supernatant was assumed to contain
cytosol and “non-synaptic” membranes, including endosomes. Since GluN2B is a
transmembrane protein, any GluN2B in the final protein sample was assumed to
be localized to non-synaptic membranes. Synaptic and extrasynaptic/nonsynaptic protein fractions were quantified and used for Western blotting as
described above. Validation of this fractionation method as well as further
isolation of cytosolic and nuclear compartments is depicted in Fig. 3.1.
Antibodies and conditions used for Western blotting are listed in the following
table:
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Target

Host

Company

Catalogue #

Dilution

Β-actin

Rabbit

Cell Signaling

4967

1:2000

CaMKIIα

Mouse

Cell Signaling

50049

1:2000

CaMKII-pT286

Rabbit

R&D Systems

PPS002

1:2000

DAPK1

Rabbit

Sigma

D1319

1:2000

DAPK1-pS308

Mouse

Sigma

D4941

1:400

GAPDH

Mouse

Millipore

MAB374

1:10,000

GluN2B

Mouse

Invitrogen

MA1-2014

1:1000

GluN2B-pS1303

Rabbit

Millipore

07-398

1:1000

HDAC1

Mouse

Santa Cruz

sc-81598

1:250

PSD95

Mouse

Thermo Fisher

MA1-046

1:2000

Synaptophysin

Mouse

BD Transduction

611880

1:10,000

Figure 3.1: Western blot validation of subcellular fractionation method. (A) A
standard subcellular fractionation protocol leads to enrichment of synaptic proteins
PSD95 and GluN2B in the post-synaptic density (PSD) fraction, P, while the presynaptic
marker synaptophysin (SYP) is enriched in the non-PSD compartment, NP. (B) A
modified “non-synaptic,” NS, lysis protocol using a gentle buffer followed by harsh lysis
of the insoluble synaptic pellet, P, leads to a similar distribution profile for PSD95 and
GluN2B as observed in (A). SYP was not enriched in the NS fraction, potentially due to
the inclusion of cytosolic protein in this lysate which could dilute enrichment of
presynaptic proteins. (C) Further fractionation steps allow clear distribution of the nuclear
marker histone deacetylase 1 (HDAC1) into the nuclear compartment, N, and
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) into the cytosol, C.

3.2.4 Co-immunoprecipitation
Cortical tissue was homogenized in a gentle lysis buffer (50mM Tris, 150mM
NaCl, 1% Igepal) with fresh protease inhibitors and pre-cleared with 10µL of
Protein G Dynabeads (Invitrogen) for 1.5 hours at 4°C. During the pre-clear step,
15µL of Dynabeads per sample were washed once in lysis buffer, blocked with
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3% BSA in lysis buffer, and conjugated to primary rabbit anti-DAPK1 antibody or
control rabbit IgG (2.5µg per sample) in blocking solution for 1 hour at RT. Beads
were washed twice in lysis buffer, added to pre-cleared lysates, and rotated
overnight at 4°C. Beads were washed 3 times for 10 minutes in lysis buffer and
protein was eluted in 1x LDS sample buffer (Invitrogen) with 100mM DTT at 70°C
for 10 minutes. Samples were run by SDS-PAGE alongside previously set-aside
input controls, transferred to nitrocellulose membranes, and blotted for DAPK1
and GluN2B using mouse primary antibodies. Co-immunoprecipitated GluN2B
band intensity was normalized to the amount of immunoprecipitated DAPK1 for
each sample.

3.2.5 In vivo memantine treatments
Male WT and female YAC128 (line 53) mice were set up in mating pairs and
provided either regular drinking water or water containing memantine. The
concentration of memantine was calculated based on the weight of the female
mouse and an estimated average consumption of 5mL per day in order to
administer a dose of 2mg/kg/day. Final memantine concentrations were
approximately 12mg/L. Females were separated from males after 1 week, and
pregnant females remained on either water or memantine treatment until pups
were weaned at approximately P20. At this time, male and female pups were
separated and the average pup weight per cage was used to calculate a 1
mg/kg/day dose, assuming an average consumption of 4mL per day per pup.
Final memantine concentrations for pup treatment were approximately 2.5mg/L.
At 1 month of age, mice were sacrificed and brain tissue was collected for
subcellular fractionation and Western blotting.

3.2.6 Neuronal culture setup and transfections
Autoclaved glass coverslips (Marienfeld Superior) were shaken in 6N HCl
overnight at RT, washed in ddH2O and 70% ethanol, transferred to 24-well
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plates, and allowed to air dry. Coverslips were coated with 100µg/mL high
molecular weight poly-D-lysine (PDL) hydrobromide (Sigma; P6407) at RT
overnight, washed 4 times thoroughly with water, and air dried before use. E17.5
embryos were removed from timed-pregnant female mice, and brains were kept
overnight at 4°C in Hibernate-E supplemented with L-glutamine (0.5mM, Gibco)
and B27 (Gibco) while excess embryonic tissue was used to perform genotyping.
For dendritic spine experiments, cortical and striatal tissues were dissected
separately in ice-cold Hank’s Balanced Salt Solution (HBSS, Gibco). Dissected
tissue was dissociated by gently pipetting once with a P1000 pipette, centrifuged,
and enzymatically digested in 0.05% trypsin-EDTA (Gibco) for 8 minutes at 37°C.
Tryspin was inactivated with 10% FBS in neurobasal medium (NBM, Gibco).
Cells were then triturated gently 3-5 times in complete NBM (supplemented with
L-glutamine, penicillin/streptomycin, and B27) containing DNase 1 (0.08mg/mL)
for further dissociation. Cells were centrifuged, resuspended in complete NBM,
counted, and plated at a 1:3 cortical:striatal ratio with a final density of 160,000
cells per well. For evaluation of exogenous YFP-GluN2B surface expression,
striatal neurons were nucleofected with a YFP-GluN2B construct (2μg; a gift from
Dr. Ann Marie Craig, University of British Columbia) prior to being mixed with
cortical neurons at a 1:1 ratio and plated in 500µL 10% FBS/DMEM. Media was
replaced with 500μL of warm complete NBM after 3-4 hours and topped up to
1mL the following day. For biochemical experiments, cortical and striatal tissue
were kept together during the culture process and seeded in 6-well PDL-coated
plates at a density of 1 million cells per well. All cultures were fed with fresh
complete NBM (20% well volume) every 6-7 days until DIV14 and every 3-4 days
afterwards, unless undergoing drug treatments.

3.2.7 Neuronal culture drug treatments and lysis
For imaging experiments, neurons grown on coverslips were treated every day
from either DIV14 or DIV18 until DIV20 by diluting stock or control solution in
50µL of NBM complete which was added to each well with a final volume of 1mL.
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Ifenprodil and memantine were dissolved in sterile H2O and used at a final
treatment concentration of 3µM. The DAPK1 inhibitor TC-DAPK6 (DKI; Tocris
Bioscience) was dissolved in DMSO and used at a final concentration of 1µM
(0.01% DMSO). Cultures were fixed and immunostained at DIV21.
For biochemistry, culture media was replaced with conditioned media
containing 10µM DKI or DMSO (0.1%) for 1 hour. Cells were collected by
scraping immediately following treatment, centrifuged, and frozen at -20°C for
later processing. Pellets were lysed by pipetting in gentle lysis buffer to solubilize
only non-synaptic proteins. Samples underwent SDS-PAGE and Western blotting
as described above for detection of protein and phosphorylation levels.

3.2.8 Immunocytochemistry, microscopy, and image analysis
For spine experiments, neurons on coverslips were fixed at DIV21 for 15 minutes
at RT in 4% paraformaldehyde/PBS. Coverslips were washed three times in PBS
after fixation and between all subsequent incubation steps. Samples were
incubated at -20°C in methanol for 5 minutes, permeabilized in 0.03% TritonX/PBS at RT for 5 minutes, blocked in 0.2% gelatin/PBS at RT for 30 minutes,
incubated with primary antibody against DARPP32 in blocking solution overnight
at 4°C and fluorescent secondary antibody for 1.5 hours at RT. Coverslips were
mounted on microscope slides using Prolong Gold Antifade Reagent with DAPI
(Invitrogen). Z-stack images of step size 60 μm were acquired using a Leica SP8
confocal microscope with a 63x objective lens. Representative MSNs for imaging
were selected based on a healthy nuclear appearance and high DARPP32
expression level. In Image J, files were converted to 2D images with the
maximum intensity Z-projection option, background subtracted with a rolling ball
radius of 35 pixels, and smoothed using the de-speckle function. De-speckling
was necessary, as it dramatically improved the efficiency of automatic spine
detection in NeuronStudio (Version 0.9.92). Images were imported into
NeuronStudio for semi-automatic spine identification and classification using at
least 3 different secondary or tertiary dendritic segments per neuron.
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Exogenous YFP-GluN2B surface expression was assessed as previously
described [81]. Transfected cultures grown on coverslips were live-stained at
DIV21 by incubating with primary chicken GFP antibody in conditioned media for
10 minutes in a 37°C CO2 incubator. Cells were rinsed once with warm
conditioned media, fixed, and incubated with Alexa Fluor 488-conjugated goat
anti-chicken secondary antibody for 1.5 hours at RT. Samples were subsequently
permeabilized, blocked, and stained as described above for internal YFP and
VGLUT1 using rabbit and guinea pig primary antibodies, respectively. This was
followed by fluorescent secondary antibody staining (Alexa Fluor 568-conjugated
goat anti-rabbit and Alexa Fluor 647-conjugated goat anti-guinea pig). Coverslips
were mounted on slides and transfected cells were imaged at 63x objective
magnification in three channels at constant laser intensity across samples. Three
representative secondary or tertiary dendritic segments were selected and the
mean intensity value from each GFP channel within each selection was
measured and averaged to generate a surface-to-internal ratio value as a
measure of surface expression. The numbers of total YFP-GluN2B punctae and
punctae colocalized with VGLUT1 were counted manually and normalized to
dendritic area to yield GluN2B punctae and synapse densities. For all imaging
experiments, a total of at least 24 neurons from three individual culture batches
were imaged. Primary antibodies and dilutions used for immunocytochemistry
experiments are listed in the table below. Alexa Fluor goat secondary antibodies
directed to the appropriate primary antibodies were used at a 1:500 dilution. All
imaging and analyses were performed with the researcher blind to experiment
conditions.
Target

Host

Company

Catalogue #

Dilution

DARPP32

Rat

R&D Systems

MAB4230

1:500

GFP

Chicken

Abcam

Ab13970

1:1000

GFP

Rabbit

Synaptic Systems

132 002

1:500

VGLUT1

Guinea Pig

Millipore

AB5905

1:4000
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3.2.9 Data analysis
GraphPad Prism 5 was used for all statistical analysis and graph preparation.
Figures were generated in Adobe Photoshop CS5. All data are presented as
mean ± SEM. Student’s t-test or 1- or 2-way ANOVA statistical tests with
Bonferroni post-hoc analysis were used for all experiments. In some cases, ttests were performed between specific groups after an ANOVA test when a
planned comparison was established during the experimental design process.
Significance for these tests is noted with the “#” symbol instead of “*”.

3.3

RESULTS

3.3.1 DAPK1 expression and activation are dysregulated in the HD brain
Despite being predominantly expressed during neurodevelopment, DAPK1
becomes re-activated and expressed to a greater degree as a result of
pathological conditions in the adult brain or in mature neurons [177, 225, 239,
245, 247, 252, 258, 275, 278, 291, 304, 306–311, 314]. Given the established
role of NMDAR excitotoxicity in HD, we sought to evaluate whether DAPK1 is
dysregulated in YAC128 mice. 1-month-old animals were used because this is
the age at which YAC128 mice demonstrate enhanced excitotoxin sensitivity and
elevated striatal exGluN2B, prior to behavioral or neuropathological phenotypes
[77, 80]. We observed significantly increased DAPK1 protein levels in total
lysates from both the cortex and striatum of YAC128 mice, as well as reduced
site-specific phosphorylation at the autoinhibitory S308 residue (normalized to
total protein level), indicating greater kinase activation (Fig. 3.2A, B). These
changes were not observed in the cerebellum, which is largely spared in HD
(Fig. 3.2C), nor in the cortex of human wtHTT-expressing YAC18 mice (Fig. 3.3),
signifying that these changes are not due to transgenic overexpression of human
HTT. When we evaluated Dapk1 mRNA levels, we found no differences between
genotypes (Fig. 3.2D), suggesting altered DAPK1 protein stability or turnover in
YAC128 brains, as opposed to elevated transcription. Interestingly, in 1-monthold WT FVB animals, DAPK1 expression was significantly higher in cortical and
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striatal tissues when compared directly to the cerebellum (Fig. 3.2E).
Furthermore, phosphorylation of DAPK1 at S308 was reduced in the striatum
compared to the cortex and was dramatically increased in the cerebellum (Fig.
3.2E). Thus, in the normal brain, DAPK1 expression and activation are highest in
the regions most affected by HD.

Figure 3.2: Increased DAPK1 protein expression and activation occur in affected
regions of the YAC128 brain and require mHTT cleavage at D586. (A) Cortical
(CTX), (B) striatal (STR), or (C) cerebellar (CB) tissues from 1-month-old WT, YAC128
(Y128; line 53), and C6R (line W13) mice were lysed in a stringent buffer and total lysate
was run by SDS-PAGE followed by Western blotting for DAPK1, pS308, and β-actin.
DAPK1 expression normalized to β-actin levels was increased in cortical and striatal
YAC128 brain regions but not in the cerebellum or in C6R brains. DAPK1
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phosphorylation at S308 normalized to total DAPK1 protein levels was reduced in the
YAC128 cortex and striatum, indicating greater activation. No change to pS308 levels
were observed in the YAC128 cerebellum or C6R brains. Data are normalized to WT
values (n=6-12 biological replicates, 2 technical replicates each; student’s t-test,
*p<0.05, **p<0.01, ***p<0.001). (D) Dapk1 mRNA expression quantified by qPCR is
similar in WT and YAC128 brains at 1 month of age. Data are normalized to WT (n=6
biological replicates; student’s t-test). (E) Tissues from 1-month-old WT FVB mice were
lysed in a stringent buffer and total lysate was run by SDS-PAGE followed by Western
blotting for DAPK1, pS308, and β-actin. DAPK1 expression is similar in the cortex and
striatum, but significantly lower in the cerebellum. DAPK1 S308 phosphorylation is
significantly reduced in the striatum compared to cortex by student’s t-test indicating
greater activation, while phosphorylation is dramatically higher in the cerebellum. Data
are normalized to CTX values (n=8 biological replicates, 2 technical replicates each;
student’s t-test, ### p<0.001; 1-way ANOVA with Bonferroni post-hoc analysis,
***p<0.001).

Figure 3.3: DAPK1 protein expression and activation are unaltered in the YAC18
cortex. Cortical tissues from 1-month-old WT and YAC18 (Y18; line 212) were lysed in a
stringent buffer and total lysate was run by SDS-PAGE followed by Western blotting for
DAPK1, pS308, and β-actin. DAPK1 expression and S308 phosphorylation were
unchanged in YAC18 samples compared to WT littermates. Data are normalized to WT
values (n=8 biological replicates, 2 technical replicates each; student’s t-test).

The C6R mouse model expresses the YAC128 transgene bearing a point
mutation at D586, rendering mHTT resistant to caspase cleavage at this site
[195]. Unlike YAC128 mice, C6R mice are resistant to excitotoxicity, do not
demonstrate enhanced exNMDAR activity, and display no motor deficits or
neuropathology [80, 195]. We found that DAPK1 expression is reduced in the
cortex and unaltered in the striatum of 1-month old C6R mice, and pS308 levels
are comparable to WT in both brain regions (Fig. 3.2A, B), indicating that D586
cleavage is essential for mHTT-induced dysregulation of DAPK1. At 12 months
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Figure 3.4: Increased DAPK1 protein expression and activation do not persist at
late disease stages. (A) Cortical or (B) striatal tissues from 12-month-old mice were
lysed in a stringent buffer and processed as described in Fig. 3.1. No differences in
DAPK1 expression or phosphorylation level between WT and YAC128 brains were
observed. Data are normalized to WT values (n=8 biological replicates, 2 technical
replicates each; student’s t-test). (C) Control (CTRL) or HD grade 3 (HD3) caudate
samples of similar age and post-mortem interval were lysed and total protein was
subjected to SDS-PAGE and Western blotting. Decreased DAPK1 expression was
observed in HD3 brains compared to CTRL. Data are normalized to CTRL values (n=4-5
biological replicates, 2 technical replicates each; student’s t-test, *p<0.05).

of age, YAC128 mice continue to exhibit increased exNMDAR currents, but have
developed resistance to excitotoxicity, suggesting that compensatory protective
mechanisms may be initiated with disease progression [77, 80]. In 12-month
YAC128 mice, there was no observable difference in DAPK1 expression or
phosphorylation compared to WT littermates (Fig. 3.4A, B). Furthermore, human
postmortem caudate samples from late stage (Grade 3) HD patients contained
significantly reduced levels of DAPK1 compared to control brains (Fig. 3.4C).
Altogether, these findings provide evidence that mHTT causes upregulation of
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DAPK1 expression and activity in the brain, at exclusively early disease stages
prior to neurodegeneration, thus correlating with the time-course of previously
observed synaptic dysfunction in this model.

3.3.2 Phosphorylation of exGluN2B at the DAPK1 site (S1303) is increased
in the YAC128 brain
DAPK1 interacts with and phosphorylates exGluN2B at S1303, which contributes
to amplification of receptor function and surface expression [152, 177]. We
hypothesized that an increase in DAPK1 expression and activity in the YAC128
brain would correlate with enhanced phosphorylation at this GluN2B residue.
Using subcellular fractionation (Fig. 3.1) and a site-specific antibody, we
evaluated GluN2B and pS1303 levels in synaptic (post-synaptic density, PSD)
and extrasynaptic (non-PSD) membrane compartments from 1-month-old WT
and YAC128 tissues. We observed an increase in pS1303 in YAC128 cortices,
which was specific to the extrasynaptic compartment, and not observed in
synaptic fractions (Fig. 3.5A, B). We also did not detect altered GluN2B or
pS1303 levels in YAC128 striatal synaptic fractions (Fig. 3.5C). Due to the length
of the subcellular fractionation protocol and very low GluN2B protein yield
obtained from the small amount of initial striatal tissue, we were unable to reliably
detect S1303 phosphorylation in striatal extrasynaptic fractions. Therefore, we
adopted a modified crude preparation method which involved lysing striatal
samples in a gentle lysis buffer containing 1% Triton-X, which has been
previously described and should be insufficient to solubilize the PSD [288], and
immediately ran concentrated “non-synaptic” samples by SDS-PAGE and
Western blot. Using this method, we detected a significant increase in nonsynaptic pS1303 in the YAC128 striatum (Fig. 3.5D).
DAPK1 interacts more strongly with GluN2B receptors in vivo under
pathological conditions and when S308 is dephosphorylated [177, 246].
Furthermore, phosphorylation of GluN2B at S1303 enhances the DAPK1-GluN2B
interaction [246]. We hypothesized that a chronic elevation in DAPK1 expression,
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Figure 3.5: Extrasynaptic GluN2B S1303 phosphorylation and interaction with
DAPK1 are elevated in the YAC128 brain. Cortical or striatal tissues were subjected to
subcellular fractionation to yield (A,C) synaptic (PSD), (B) cortical extrasynaptic (nonPSD) or (D) striatal non-synaptic membrane fractions, which were run by SDS-PAGE
and Western blotting for GluN2B expression and S1303 phosphorylation levels. Elevated
pS1303 was specific to extrasynaptic/non-synaptic GluN2B in both brain regions. (E)
The interaction between DAPK1 and non-synaptic GluN2B is increased in the 1-month
YAC128 cortex. All sample blot images in (E) are cropped from the same Western blot
membrane which contained multiple biological replicates run side-by-side. Data are
normalized to WT values (n=6-14 biological replicates, 2 technical replicates each;
student’s t-test, *p<0.05, **p<0.01).
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activation, and exGluN2B pS1303 levels would be associated with an enhanced
basal DAPK1-GluN2B interaction in YAC128 brains. Using a gentle lysis buffer
containing 1% NP-40 to preserve weak interactions and ensure solubilization of
only non-PSD compartments, we observed an increase in the amount of nonsynaptic GluN2B that co-immunoprecipitated with DAPK1 in the YAC128 cortex,
signifying a greater level of interaction (Fig. 3.5E).

Figure 3.6: DAPK1 protein expression is elevated in both synaptic and
extrasynaptic membrane fractions in the 1-month YAC128 brain. (A) Cortical or (B)
striatal tissues were subjected to subcellular fractionation to isolate synaptic (PSD) and
extrasynaptic (non-PSD) membranes, followed by SDS-PAGE and Western blotting for
DAPK1 expression. Increased DAPK1 expression was observed in both compartments
from both brain regions in YAC128 mice. Data are normalized to WT values (n=8-20
biological replicates; student’s t-test, *p<0.05, **p<0.01).

Despite the specificity of elevated GluN2B pS1303 for the extrasynaptic
compartment in YAC128 brains, we found that DAPK1 expression itself was
significantly increased in both synaptic and extrasynaptic membrane fractions
from the YAC128 cortex and striatum (Fig. 3.6). This suggests that altered
DAPK1 function in HD may have as-of-yet undetermined consequences directly
at the PSD, but its potential effect on S1303 phosphorylation of GluN2B is likely
specific to the extrasynaptic receptor population.
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Figure 3.7: CaMKII protein expression and autonomous activation are unaltered in
the 1-month YAC128 brain. Cortical or striatal tissues were lysed for (A,D) total protein
or subjected to subcellular fractionation to isolate (B,E) synaptic (PSD) or (C,F)
extrasynaptic (non-PSD) membranes. Samples were processed by SDS-PAGE and
Western blotting for CaMKII expression and phosphorylation at the autonomous
activation site T286. No differences in CaMKII protein level or phosphorylation were
observed in YAC128 brains. Data are normalized to WT values and presented as mean
± SEM (n=8 biological replicates, 2 technical replicates each; student’s t-test).

Calcium/calmodulin-dependent protein kinase II (CaMKII) is a DAPK1related S/T kinase with established roles in synaptic signaling, neuronal plasticity,
and receptor regulation [362]. Similar to DAPK1, CaMKII has been implicated in
ischemic excitotoxicity related to NMDAR activation, and also phosphorylates
GluN2B at S1303 [282, 363], influencing receptor surface expression [152].
Furthermore, DAPK1 mediates long-term depression (LTD) in hippocampal
neurons by regulating the CaMKII-GluN2B interaction through competitive
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binding [246]. Thus, it is possible that the observed increase in extrasynaptic
pS1303 in YAC128 brains is due to altered CaMKII function instead of, or in
addition to DAPK1 dysregulation. However, we found that CaMKII expression
and autonomous activation measured by phosphorylation of T286 were unaltered
in total, synaptic and extrasynaptic compartments of the YAC128 cortex and
striatum (Fig. 3.7). These results suggest that the observed changes to pS1303
levels in YAC128 brains are more likely due to altered activity of DAPK1 rather
than CaMKII.

3.3.3 In vivo exNMDAR blockade normalizes DAPK1 expression,
activation, and exGluN2B pS1303 in the YAC128 cortex
Previously, treatment of cortical neurons with NMDA caused activation of
DAPK1, and this was associated with elevated GluN2B pS1303 levels and
exNMDAR-mediated calcium transients [177, 245]. The NMDAR antagonist AP5
or genetic deletion of DAPK1 abolished these effects, indicating that DAPK1 is
activated downstream of NMDARs and subsequently augments exGluN2B
phosphorylation and conductance [177]. In live YAC128 mice, low-dose
treatment with memantine, which preferentially blocks exNMDAR channels,
normalizes striatal cell survival (pCREB) and death (p-p38) signaling, returns
exGluN2B expression to WT levels, and prevents motor function decline and
neuropathology [80, 205, 206]. We thus hypothesized that a positive feedback
loop may be pathologically amplified in HD, whereby elevated DAPK1 activation
in YAC128 brains may both result from and contribute to increased exNMDAR
function. To address the former, we treated WT and YAC128 mice with low-dose
memantine from conception, and collected tissues for biochemistry at 1 month of
age. We found that memantine treatment returned DAPK1 S308 phosphorylation
in YAC128 total cortical lysate to WT levels (Fig. 3.8A). Unexpectedly, a
significant interaction was observed between genotype and treatment group,
such that DAPK1 protein levels were no longer significantly different between
genotypes with memantine administration (Fig. 3.8A). We also observed
normalization of elevated YAC128 exGluN2B S1303 phosphorylation with
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treatment (Fig. 3.8B). These findings indicate that DAPK1 dephosphorylation
and enhanced pS1303 levels may occur downstream of exNMDAR activity in the
YAC128 cortex.

Figure 3.8: Low-dose memantine normalizes cortical DAPK1 activation and
extrasynaptic pS1303 levels in YAC128 mice. Cortical tissues from 1-month-old WT
and YAC128 mice treated with low-dose memantine from conception were processed to
obtain (A) total or (B) extrasynaptic (non-PSD) membrane protein fractions. Samples
were run by SDS-PAGE and Western blotting for DAPK1 or GluN2B protein expression
and phosphorylation levels. Normalization of total DAPK1 pS308 and exGluN2B pS1303
was observed in YAC128 mice treated with memantine. Data are normalized to WT H2O
values (n=8 biological replicates, 2 technical replicates each; 2-way ANOVA with
Bonferroni post-hoc analysis, *p<0.05, **p<0.01; student’s t-test, # p<0.05; 2-way
ANOVA interaction *p<0.05 for DAPK1 protein level and pS308, 2-way ANOVA
interaction **p<0.01 for pS1303).

3.3.4 DAPK1 kinase activity promotes exGluN2B phosphorylation and
surface expression in YAC128 neurons
Our next experiments aimed to address whether DAPK1 contributes to increased
exGluN2B phosphorylation or function in HD neurons. Consistent with the role of
DAPK1 in amplifying exGluN2B function in ischemia, genetic manipulations
eliminating DAPK1 expression or kinase activity promote neuroprotection and
synaptic preservation in models of stroke, excitotoxicity, and AD (Table 1.3).
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Furthermore, a selective, small-molecule DAPK1 inhibitor (TC-DAPK6, referred
to here as “DKI”) protects against glutamate toxicity in SH-SY5Y cells, enhances
maturation of primary cultured neurons, and prevents elevated GluN2B pS1303
and loss of pCREB and brain-derived neurotrophic factor (BDNF) levels in
response to chronic stress in vivo [291, 314, 316]. TC-DAPK6 is highly selective
for DAPK1 as well as the related kinase DAPK3 [302]. We used this same
compound to evaluate the effect of targeting DAPK1 kinase activity on GluN2B
receptors in YAC128 neurons. Primary YAC128 corticostriatal cultures exhibit
increased endogenous pS1303, GluN2B, and DAPK1 levels at DIV21 compared
to WT (Fig. 3.9A). These experiments were performed using a gentle lysis buffer
as described above, in order to solubilize only non-synaptic proteins. Treatment
with the DAPK1 inhibitor (DKI) normalized all of these measures to WT levels
(Fig. 3.9A), indicating that DAPK1 activity contributes to pathologically elevated
non-synaptic GluN2B and pS1303 in the presence of mHTT. Previously, an
increase in surface expression of transfected YFP-GluN2B was observed in
YAC128 MSNs co-cultured with cortical neurons at a 1:1 ratio, compared to WT
[81]. We confirmed this phenotype in the present study and found that inhibition
of DAPK1 reduced YFP-GluN2B surface expression in MSNs of both genotypes
without affecting the number of receptor clusters, percent punctae colocalization
with the presynaptic marker vesicular glutamate transporter 1 (VGLUT1), or
number of synapses (YFP-GluN2B/VGLUT1 colocalized points) (Fig. 3.9B).
These results demonstrate that DAPK1 kinase activity promotes elevated
GluN2B phosphorylation in the presence of mHTT, and suggest that DAPK1mediated phosphorylation of S1303 may be a key contributing factor to enhanced
exGluN2B surface expression in YAC128 MSNs, which can be normalized with a
DAPK1 inhibitor.
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Figure 3.9: DAPK1 inhibition normalizes extrasynaptic GluN2B phosphorylation
and surface expression in YAC128 neurons. (A) Corticostriatal primary cultures from
WT and YAC128 embryos were treated at DIV21 with DMSO (0.1%) or a DAPK1
inhibitor (DKI, 10μM) for 1 h followed by lysis in a gentle buffer to solubilize non-synaptic
protein. Lysates run by SDS-PAGE and Western blotting show increased YAC128
extrasynaptic GluN2B, pS1303, and DAPK1 levels, which are all normalized by DKI
treatment. Data are normalized to WT DMSO values (n=8 biological replicates; 2-way
ANOVA with Bonferroni post-hoc analysis, *p<0.05; student’s t-test, #p<0.05). (B)
Surface expression (surface/internal YFP fluorescence ratio) and cluster analysis of
transfected YFP-GluN2B indicates increased GluN2B surface expression in 1:1 corticostriatal co-cultured YAC128 MSNs and a reduction in both genotypes with DKI treatment
(1μM for 3 days, 0.01% final DMSO concentration). No effect of genotype or treatment
on YFP-GluN2B clustering, punctae colocalization with VGLUT1, or number of synapses
were observed. Absolute values were used for punctae analysis (n=24-38 cells from 3
independent cultures; 2-way ANOVA with Bonferroni post-hoc analysis, *p<0.05,
***p<0.001). Scale bar = 5µm.
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3.3.5 DAPK1 kinase activity promotes dendritic spine instability in YAC128
MSNs
MSN spine loss occurs with disease progression in HD patients and animal
models [74, 82, 85, 86, 88, 89, 92, 93], as well as in DIV21 YAC128 MSNs cocultured with cortical neurons at a 1:3 cortico:striatal (CS) ratio (Chapter 2).
Recently, DAPK1 has been found to contribute to cortical spine and synapse
degeneration after ischemia in vivo, and genetic deletion of the DAPK1 catalytic
domain reverses hippocampal spine and synapse loss in Tg2576-APP AD mice
[247, 310]. Therefore, we sought to determine if inhibiting DAPK1 could prevent
or reverse striatal spine loss in YAC128 1:3 CS co-cultures. We used our
established DARPP32 immunofluorescence staining method for MSN
identification and morphological analysis. Similar to what we previously
observed, YAC128 MSNs co-cultured with cortical neurons at a 1:3 ratio
exhibited significantly reduced numbers of total spines at DIV21, and this was
primarily due to a loss of mature mushroom-shaped spines with a small
contribution of immature (stubby, thin, and filopodia) spine types (Fig. 3.10A).
Treatment with DKI from DIV14-DIV21 completely rescued total, mature, and
immature spine numbers in YAC128 MSNs to WT control levels (Fig. 3.10A).
Our previous work showed that YAC128 MSN spine instability in co-culture
is apparent by DIV18, but not DIV14. Thus, DKI treatment from DIV14-21
prevented spine instability from occurring. We also wanted to determine if DKI
treatment could reverse YAC128 spine loss after it had already occurred. To
assess this, we performed a late-intervention treatment from DIV18-21 and
observed complete reversal of total spine numbers, including near-complete
rescue of mushroom spine density with DKI treatment (Fig. 3.11). We did not
observe a basal genotypic difference in immature spine numbers in this batch of
control-treated neurons (Fig. 3.11), indicating that this phenotype may show
more culture-to-culture variation compared to the reliable and robust loss of
mushroom spines observed in all experiments.
Next, we reasoned that if the beneficial effect of inhibiting DAPK1 on spine
stability is mediated through its downregulation of exGluN2B function, then
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Figure 3.10: DAPK1 inhibition or extrasynaptic NMDAR blockade prevent spine
instability in YAC128 MSNs. (A) WT and YAC128 1:3 CS co-cultures were treated
from DIV14-21 with DMSO (0.01%) or a DAPK1 inhibitor (DKI, 1μM), followed by fixation
and immunostaining for DARPP32. Semi-automated spine analysis in NeuronStudio
demonstrates complete prevention of total, mushroom and immature spine loss in
YAC128 MSNs. Co-cultures were treated with either water, memantine (MEM, 3μM) or
ifenprodil (IFEN, 3μM) in the same way as for DKI. (B) Memantine rescued total and
mushroom spine numbers in YAC128 MSNs. (C) Ifenprodil did not rescue total or
mushroom YAC128 MSN spine numbers and reduced mushroom spine density in WT
MSNs. (B, C) No genotypic difference in immature spine numbers was observed in
these culture batches. Data are presented as non-normalized absolute values (n=24
cells from 3 independent cultures; 2-way ANOVA with Bonferroni post-hoc analysis,
*p<0.05, **p<0.01, ***p<0.001). Scale bar = 5µm.

blockade of exNMDARs or GluN2B should have the same effect. Similar to
DAPK1 inhibition, blockade of exNMDARs with low-dose memantine for 7 days
completely rescued total and mature spine numbers in YAC128 MSNs (Fig.
10B). Surprisingly, GluN2B-selective antagonism with ifenprodil provided no
benefit in YAC128 MSNs and significantly reduced mushroom spine density in
WT MSNs (Fig. 3.10C), suggesting that ifenprodil may inhibit beneficial activity of
GluN2B-containing synaptic NMDARs in this in vitro system. Ultimately, these
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findings support our hypothesis that DAPK1 activity and consequent upregulation
of exNMDAR function contribute to instability of MSN dendritic spines in HD.

Figure 3.11: DAPK1 inhibition reverses spine instability in YAC128 MSNs. WT and
YAC128 1:3 CS co-cultures were treated from DIV18-21 with DMSO (0.01%) or a
DAPK1 inhibitor (DKI, 1 μM), followed by fixation, immunostaining for DARPP32, and
semi-automated spine analysis in NeuronStudeo. (A) Representative dendritic images
from each condition. (B) Total spine loss is apparent by DIV18. (C) DKI treatment
reverses total and mushroom spine instability in YAC128 MSNs. Data are presented as
non-normalized absolute values (n=24 cells from 3 independent cultures; 2-way ANOVA
with Bonferroni post-hoc analysis, **p<0.01, ***p<0.001). Scale bar = 5µm.
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3.4

DISCUSSION

Dysregulation of DAPK1 in early HD pathogenesis
In the present study, we have provided clear evidence that DAPK1 activity is
altered in affected regions of the HD brain. This dysregulation follows a similar
biphasic pattern to several other synaptic phenotypes in HD, with enhanced
expression and activation observed at very early disease time points prior to
neuropathology or behavioral deficits, but not at late stages [40, 62, 77]. The
increase in DAPK1 protein expression and activation was associated with
enhanced exGluN2B binding and phosphorylation at the DAPK1 site, S1303.
Despite elevated protein levels, we did not observe altered Dapk1 mRNA
expression in the YAC128 brain compared to WT, suggesting stabilization of the
protein. This phenomenon has previously been observed for DAPK1 in both AD
and PD mouse models [270, 291]. To support this hypothesis, there is evidence
that both activation (S308 dephosphorylation) of DAPK1 and phosphorylation of
GluN2B at S1303 lead to a stronger GluN2B-DAPK1 interaction [246], which
could presumably incorporate DAPK1 into NMDAR complexes, rendering it less
accessible to degradation by proteasomes [262]. Thus, elevated DAPK1 levels
may be secondary to activation of the protein.
Interestingly, DAPK1 protein levels and activity were unaffected in 12month-old YAC128 mice (Fig. 3.4), Given the observed development of
resistance to excitotoxicity in aged HD mice despite persistence of elevated
exNMDAR currents [77, 80], this could represent uncoupling of GluN2B from
downstream toxic signaling pathways and/or compensatory downregulation of
those signal proteins as a protective strategy. In support of this, DAPK1 was
dramatically reduced in late-stage (Grade 3) HD caudate tissue compared to
controls, a finding corroborated by previously-published mRNA expression
analysis in human HD patients [33]. Grade 3 HD patients generally exhibit 5095% striatal volume and neuronal loss [364], compared to only 3-8% in 12-month
YAC128 mice [348, 365]. Thus, our 12-month animal data may represent an
intermediate phenotype while the human data sheds insight into more advanced
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disease progression. DAPK1 is expressed primarily by neurons and not glia
[239]. Furthermore, in this study we observed high expression of DAPK1 in the
cortex and striatum compared to the cerebellum. Therefore, the ~43% decline in
caudate DAPK1 levels in Grade 3 human HD brains may be caused by specific
loss of neuronal cell types that highly express DAPK1.

Reciprocal positive feedback between exGluN2B activity, surface
expression, DAPK1 activation, and pS1303
DAPK1 is activated and recruited to exGluN2B receptors during ischemia and
phosphorylates the receptor at S1303, increasing current conductance and
promoting neuronal death [177]. Thus, DAPK1 is a “signal amplifier” of
pathological exGluN2B function. Prior evidence uncovered a potential
mechanism whereby phosphorylation of GluN2B at S1303 may also enhance
receptor surface expression (Fig. 1.5). When S1303 is in a dephosphorylated
state, the CaMKII-GluN2B interaction is strengthened [283, 284], leading to
CaMKII-mediated anchoring of casein kinase 2 (CK2) to the receptor complex
[152]. CK2 phosphorylates GluN2B at S1480, which disrupts the PSD95-GluN2B
interaction and destabilizes the receptor at the surface, resulting in clathrinmediated endocytosis [147, 150–153]. It can be hypothesized that if
extrasynaptic pS1303 levels are abnormally elevated, as has been demonstrated
here, this could lead to reduced CaMKII anchoring of CK2, decreased pS1480,
and thus greater postsynaptic density protein 95 (PSD95)-mediated stabilization
of GluN2B at the surface. In fact, an increase in the PSD95-GluN2B interaction
has been previously reported in extrasynaptic striatal fractions from YAC128
mice and was proposed to contribute to the elevated GluN2B surface expression
consistently observed in this model [204]. It remains to be determined if pS1480
is decreased in YAC128 brains, as would be expected if this hypothesis holds
true. Furthermore, although we only observed elevated GluN2B pS1303 in
extrasynaptic fractions from YAC128 mice, DAPK1 was increased in both
synaptic and extrasynaptic compartments (Fig. 3.6). DAPK1 and CaMKII, which
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both phosphorylate S1303, were recently found to compete for GluN2B binding,
and overexpression of DAPK1 inhibited long-term potentiation (LTP)-induced
accumulation of CaMKII at synapses [246]. Thus, higher levels of synaptic
DAPK1 in HD could potentially disrupt CaMKII-mediated synaptic plasticity.
However, this remains to be investigated.
In the present study, blockade of exNMDARs with memantine rescued
aberrant DAPK1 activation (pS308 levels) as well as exGluN2B pS1303 in the
cortex of YAC128 mice (Fig. 3.8). This suggests that activation of DAPK1 and
phosphorylation of S1303 are downstream consequences (either direct or
indirect) of exNMDAR activity. Memantine treatment in YAC128 mice normalizes
non-PSD GluN2B expression, indicating a direct correlation between activity and
expression of the receptor in the extrasynaptic compartment [206]. Plausibly, the
mechanism of this regulation could involve DAPK1-mediated phosphorylation of
S1303 (Fig. 3.12). In support of this, we have shown that small-molecule
inhibition of DAPK1 reduces S1303 phosphorylation and GluN2B surface
expression in cultured YAC128 neurons (Fig. 3.9). Future experiments using
GluN2B phosphodeficient and phosphomimetic mutants will be essential to
confirm that this effect of DAPK1 inhibition on surface expression is dependent
on the S1303 residue being dynamically phosphorylatable. Furthermore, since
GluN2B phosphorylation at S1303 directly increases its binding affinity for
DAPK1 [246] and may indirectly enhance binding to PSD95 (as described above)
it will be important to determine if DAPK1 inhibition unlinks GluN2B from these
two protein partners.

Synapto-protective effects of inhibiting DAPK1 kinase activity in vitro
We have utilized the 1:3 CS neuronal co-culture model previously optimized in
Chapter 2 to evaluate the potential therapeutic benefit of inhibiting DAPK1 in HD.
This “chronic” in vitro model naturally develops HD-like synaptic phenotypes over
3 weeks and is therefore advantageous over traditionally-used models of
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NMDAR dysfunction which rely on acute toxic insult (ie. glutamate or NMDA) to
induce rapid cell death.
We observed complete protection against spine instability in co-cultured
YAC128 MSNs treated with a DAPK1 inhibitor (Fig. 3.10). Importantly, mature
mushroom spines were preserved, suggesting the maintenance of functional
activity, although this was not directly assessed. Low-dose memantine treatment
had a similar beneficial effect on spine structure. While this suggests both
compounds may be acting in the same pathway, an ideal future experiment to
address this would be to treat cultures with both compounds to determine if there
is an additive effect or not. Importantly, when we treated DIV18 cultures with the
DAPK1 inhibitor, we successfully reversed spine loss after it had already
occurred (Fig. 3.11). Thus, even though DAPK1 is exclusively dysregulated early
in the YAC128 mouse model, it may still be a potentially attractive target for later
intervention therapies aimed at restoring synaptic function of surviving neurons.
Although we did not probe the exact mechanism underlying the effect of
DAPK1 inhibition on spine protection, there are a number of possibilities which
could contribute. Given that heightened exNMDAR activity in YAC128 mice leads
to CREB shut off by dephosphorylation at S133 [80, 81, 206], normalization of
the balance between synaptic and extrasynaptic NMDAR signaling could restore
CREB function, leading to downstream neuroprotection and synaptic
strengthening. It is also possible that DAPK1 inhibition reduces its interaction
with synaptic GluN2B, as described above, which could allow more CaMKII to
bind in its place, promoting LTP and spine stability. Furthermore, DAPK1 is
capable of sequestering ERK in the cytosol, thus limiting its nuclear translocation
and consequent pro-survival signaling [222, 308], and reversal of this may be
protective to spines. Finally, DAPK1 phosphorylates tau at S262 leading to spine
damage in stroke [247]. Tau interacts with GluN2B-PSD95 complexes and
phosphorylation at this site leads to destabilization of microtubules [298, 366].
Further investigation of tau S262 phosphorylation levels in HD and the potential
contribution of this pathway to spine instability is warranted.
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Potential involvement of ER calcium dysregulation in DAPK1-mediated
spine loss in HD
NMDAR Ca2+ influx can induce further IP3R- or RyR-mediated Ca2+ release from
the ER which, if occurring in excess, may result in mitochondria depolarization
and neuronal death [144, 145]. ER Ca2+ stores are depleted in YAC128 neurons,
causing enhanced store-operated Ca2+ entry (SOCE) and consequent spine
degeneration [74]. This may occur via reduced SOCE-induced tonic activation of
synaptic CaMKII, which normally maintains spine integrity [74, 367]. Blockade of
SOCE restored intracellular Ca2+ dynamics and reversed MSN spine loss [74].
There is evidence for direct mHTT-induced sensitization of IP3Rs in YAC128
MSNs, as well as elevated RyR Ca2+ leakage from the ER, which contribute to
ER store depletion and neuronal death [200, 368–370], but it remains to be
determined if ER depletion is also linked to the increase in exGluN2B activity
observed in this mouse model. Plausibly, potentiation of exGluN2B Ca2+ currents
by DAPK1 could result in greater Ca2+ release from ER stores, thus promoting
SOCE and spine degeneration.

Conclusions
In this study, we have provided compelling evidence that DAPK1 is a novel
therapeutic target for synaptic protection in HD. DAPK1 is dysregulated early in
YAC128 brains, contributes to aberrant exGluN2B phosphorylation and surface
expression, and promotes spine loss in HD MSNs. We hypothesize that a
positive feedback loop between exGluN2B and DAPK1 is amplified in the
presence of mHTT, whereby exGluN2B surface expression and DAPK1 activity
augment each other, ultimately leading to pathological exNMDAR-mediated
CREB and ERK1/2 shut-off (Fig. 3.12). DAPK1 inhibition may restore synaptic
function by breaking this amplification cycle and normalizing exGluN2B function.
Importantly, it will be critical to validate these findings in vivo in order to
rationalize further development of DAPK1-targeted therapies for HD.
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Figure 3.12: Hypothesis figure depicting the proposed role of DAPK1 in
extrasynaptic GluN2B dysfunction in HD. DAPK1 and exGluN2B positively amplify
each other’s activity. Upregulation of this reciprocal pathway in HD leads to elevated
exGluN2B surface expression and function, which promotes CREB and ERK1/2 shut-off
and synaptic dysfunction.
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4 IN VIVO VALIDATION OF DAPK1 AS A NOVEL
THERAPEUTIC TARGET IN YAC128 MICE3
4.1

INTRODUCTION

Huntington disease (HD) diagnosis occurs during mid-life at the time of motor
symptom emergence [6]. Despite this, studies show that psychiatric and synaptic
abnormalities are present years before clinical onset in premanifest mutation
carriers, and that by the time of overt motor disturbances, there is significant
irreversible neuronal death in the striatum [12, 13, 17, 364]. Thus, it is critical that
neuroprotective therapies be administered early in the disease time-course such
that neuronal dysfunction can be corrected prior to cell death. Additionally,
strategies aimed at restoring the proper function of surviving neurons at later
disease stages may still offer additional benefit by delaying disease progression.
Enhanced exGluN2B surface expression and downstream shut-off of the
nuclear pro-survival transcription factor CREB occur early in YAC128 HD mice
[80, 81, 206]. Previously, we showed that DAPK1 activity is disturbed in YAC128
mice and that this is correlated with enhanced phosphorylation of exGluN2B at
S1303 (Chapter 3). Importantly, these changes occurred at 1 month of age, prior
to any behavioral or neuropathological phenotypes. Small molecule inhibition of
DAPK1 restored GluN2B S1303 phosphorylation levels and normalized elevated
GluN2B surface expression in YAC128 neurons. Inhibition also completely
reversed spine instability in YAC128 MSNs in vitro, thus identifying DAPK1 as a
potential novel neuroprotective target for HD. However, this requires in vivo
validation to provide rationale for further development of DAPK1-targeted
therapies.

3

This chapter is in preparation to be combined with Chapter 3 and submitted for
publication as one manuscript: Schmidt ME, Caron NS, Dal Cengio L, Ko Y,
Lazic N, Anderson L, Raymond LA, Hayden MR. Death-associated protein
kinase 1 promotes extrasynaptic GluN2B phosphorylation and striatal spine loss
in Huntington disease.
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Antisense oligonucleotides (ASOs) are synthetic, single-stranded, 8-50
nucleotide-long DNA molecules which bind to complementary mRNA, triggering
ribonuclease H (RNase H) binding and consequent mRNA degradation, thus
lowering target gene expression [371, 372]. Chemical modifications are regularly
incorporated into the ASO backbone and sugar moieties to improve potency,
tolerability, and pharmacokinetics [373]. For instance, replacement of the
phosphate backbone with a phosphorothioate modification increases stability and
distribution of the ASO by enhancing nuclease resistance and improving protein
binding, while alterations to the sugar groups can also improve potency, stability,
and toxicity profiles [373]. Furthermore, replacement of DNA nucleotides with
constrained RNA analogs maintains the oligonucleotide in an ideal conformation
for binding complementary sequences, thus improving affinity [373]. However,
this locked nucleic acid (LNA) modification also confers resistance to RNase H
cleavage [373]. To combat this problem, ASOs may be designed as “gapmers” to
contain LNA wings flanking a central DNA gap which is still able to induce RNase
H activity when bound to a target mRNA.
The use of an ASO-based approach to validate DAPK1 as an HD
therapeutic target in vivo is advantageous in several ways over other RNA
silencing methods or treatment with an inhibitor: (1) ASOs target unspliced premRNA in addition to mRNA; thus, introns can be targeted, offering additional
options for sequence design; (2) Although not permeable to the blood-brain
barrier, ASOs are freely taken up by cells by endocytosis and therefore can be
delivered directly to the brain ventricles in rodents or via the spinal fluid in
humans without the need for a viral delivery vector [373–375]; (3) Due to the nonviral delivery method, the treatment dose and duration can be more tightly
controlled or halted if adverse effects occur; (4) There is precedent in humans for
tolerability and efficacy of ASOs for the treatment of genetic disorders of the
nervous system [371]; and (5) Currently available small-molecule inhibitors may
have as-of-yet undiscovered off-target protein binding partners which could
contribute to treatment outcomes and compromise the validity of study
conclusions.
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Here, we have developed an ASO-based strategy to validate the potential
neuroprotective efficacy of targeting DAPK1 in HD mice. Specifically, we
evaluated the effect of in vivo DAPK1 lowering on extrasynaptic GluN2B
phosphorylation, nuclear CREB activation, motor function, and dendritic spine
density in YAC128 mice.

4.2

MATERIALS AND METHODS

4.2.1 Mice
Wild type (WT) and heterozygous YAC128 (line 53) mice were maintained on the
FVB/N background and experiments were performed according to protocols
approved by the University of British Columbia Animal Care Committee (Protocol
numbers A16-0130 and A16-0206). For all cohorts, approximately equal numbers
of male and female mice were used. All animals were sacrificed using CO 2.

4.2.2 Primary neuronal cultures
WT FVB E16.5 timed-pregnancy embryos were removed from anesthetized
mothers and brains were extracted. Cortical and striatal tissues were kept
together for dissections and culture setups because we found that this increased
health of the resulting neurons compared to culturing cortical neurons alone. We
estimate that the cortical:striatal ratio in these cultures was approximately 3:1 to
4:1. Tissue was dissected in ice-cold Hank’s Balanced Salt Solution, gently
dissociated with a P1000 pipette, and incubated in 0.05% trypsin-EDTA (Gibco)
at 37°C for 8 minutes. Cells were further dissociated with a short DNase
treatment (0.08mg/mL) followed by resuspension in complete neurobasal
medium (NBM supplemented with B27, penicillin-streptomycin, and L-glutamine;
Gibco). Neurons were seeded in 6-well plates previously coated with sterilefiltered 50µg/mL poly-D-lysine hydrobromide (Sigma; P7886) at a density of 1
million cells per well. Cultures were fed with fresh complete NBM (25% well
volume) every 6-7 days.
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4.2.3 Antisense oligonucleotide design and primary screen
Phosphorothioate-based antisense LNA gapmers (Exiqon) targeting the mouse
Dapk1 mRNA were designed using the online RNAxs siRNA design tool
(http://rna.tbi.univie.ac.at/cgi-bin/RNAxs/RNAxs.cgi) as a guideline to prioritize
target sequences based on mRNA accessibility. Five top hits were selected to
minimize off-target complementarity and were converted to 17-mer antisense
sequences. A primary screen was conducted by treating DIV7 corticostriatal
FVB/N cultures directly in the culture media with 0, 100, or 1000nM of each ASO
diluted in complete NBM. Cells were harvested at DIV14, lysed in a stringent
buffer, and run by SDS-PAGE and Western blotting as described below for total
DAPK1 protein expression levels.

4.2.4 In vivo ASO treatments
Mice (13 weeks old) were anesthetized using 3% isoflurane and secured on a
stereotaxic frame. Mice were given pre-operative subcutaneous buprenorphine
(0.1mg/kg) and 0.25% bupivacaine at the site of incision. A midline incision was
made in the scalp to expose the skull. Then, a 50μL Hamilton syringe with a 26gauge needle was oriented to the bregma and moved 0.3mm anterior, 1mm
lateral, and 3mm ventral. An injection volume of 10μL was delivered into the
lateral ventricle at a rate of 5μL/minute. The needle was left in place for 2
minutes after injection, before being slowly retracted. The scalp was closed with
sutures and Vetbond tissue adhesive. Animals were then placed in a recovery
cage with a heating pad, hydrogel, and food on the cage floor. Mice were given
post-operative buprenorphine as needed and monitored for 72 hours.

4.2.5 Total lysis, subcellular fractionation, SDS-PAGE, and Western
blotting
Total lysates from cortical tissue or neuronal culture cell pellets were prepared by
lysing in stringent buffer (20mM HEPES pH 7.4, 150mM NaCl, 40mM β112

Glycerophosphate, 10mM NaF, 1% Triton-X, 1% SDS, 0.5% sodium
deoxycholate) with additional protease and phosphatase inhibitors freshly added
(1X Roche Complete Protease Inhibitor, 5µM zVAD, 1μg/mL Pepstatin A, 1mM
sodium orthovanadate). Protein samples were sonicated, centrifuged to remove
cellular debris, and quantified by DC assay. Equal amounts of protein from each
sample were run by SDS-PAGE on 8% or 10% acrylamide gels and transferred
to 0.45µm nitrocellulose membranes. Membranes were blocked in 5% skim milk
powder in TBST (0.1% Tween-20) for 1 hour at room temperature (RT), blotted in
primary antibody in 3% BSA/TBST for 2 hours at RT, washed 4x in TBST,
incubated with fluorescent secondary antibody for 1 hour at RT, washed, and
scanned using the LI-COR blot imaging system. Band intensities were quantified
using Image Studio Lite.
Subcellular fractionations from cortical tissue were performed as
previously described to isolate synaptic (post-synaptic density, PSD) and
extrasynaptic (non-PSD) membrane fractions, as well as nuclear extracts
(method validated in Fig. 3.1) [80]. Fractions were quantified and subjected to
SDS-PAGE and Western blotting as described above. Antibodies and conditions
used for Western blotting are listed in the following table:

Target

Host

Company

Catalogue #

Dilution

Β-actin

Rabbit

Cell Signaling

4967

1:2000

CREB

Rabbit

Cell Signaling

9197

1:1000

CREB-pS133

Rabbit

Millipore

06-519

1:2000

DAPK1

Rabbit

Sigma

D1319

1:2000

DAPK1-pS308

Mouse

Sigma

D4941

1:400

GluN2B

Mouse

Invitrogen

MA1-2014

1:1000

GluN2B-pS1303

Rabbit

Millipore

07-398

1:1000

TBP

Mouse

Abcam

61411

1:1000
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4.2.6 RNA extraction, cDNA synthesis, and qPCR
To assess gene expression, a small piece of anterior cortical tissue was cut and
RNA was extracted using the Qiagen RNeasy Mini Kit (Cat# 74106) and RNasefree DNase set (Cat# 79254). cDNA was synthesized with the Superscript III
First-Strand system according to manufacturer instructions (Life Technologies
Cat# 18080-051). Quantitative RT-PCR reactions were prepared in MicroAmp
Fast optical 96-well reaction plates (Applied Biosystems Cat# 4346907) with
Power SYBRTM Green PCR Master Mix (Thermo Fisher Cat# 4368706), and run
on the Applied Biosystems 7500 Fast Real-Time system. Dapk1 and GFAP
expression were quantified based on ΔΔCt values using the housekeeping gene
Rpl13a. Dapk1 primer sequences: 5’- GTCCGCTACCTCTGTTTGATG-3’ and 5’GTGTCCTTCCGCAGTCTTG-3’. Rpl13a primer sequences: 5’GGAGGAGAAACGGAAGGAAAAG-3’ and 5’CCGTAACCTCAAGATCTGCTTCTT-3’. GFAP primer sequences: 5’GAAAACCGCATCACCATTCC-3’ and 5’-CTTAATGACCTCACCATCCCG-3’.

4.2.7 Behavior testing
To evaluate climbing behavior, mice were familiarized with the climbing
apparatus (an inverted mesh pencil holder) by allowing them to explore the
apparatus for 5 minutes at the age of 2 and 3 months. At 4 months of age, after a
3-week treatment period, mice were once again placed in the climbing apparatus
and filmed for 5 minutes. Videos were manually scored to determine latency to
begin climbing, number of climbing events, total time spent climbing, and number
of rearing events. A climbing event was defined as all four paws off the ground,
while a rearing event was classified as only the two front paws off the ground
(with the exception of grooming behavior).
Motor learning and function were also assessed using the rotarod test.
Mice were trained on a fixed-speed (18 rpm) rotarod for three two-minute trials
per day (spaced 1 hour apart) for 3 consecutive days. On the 4th day, mice were
subjected to an accelerating (5-40 rpm) rotarod for three five-minute tests,
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spaced 1 hour apart. Mice were manually scored to determine the number of falls
and the initial latency to fall.
For all behavior tests and analysis, the researcher was blind to genotypes
and treatment conditions.

4.2.8 Golgi-Cox staining
3 weeks post-injection, PBS- or ASO-treated mice (approximately 12 months of
age) were anesthetized with avertin, perfused with 2% paraformaldehyde/2%
glutaraldehyde/PBS, and post-fixed in fixative overnight at 4°C. Brains were
washed in PBS, incubated in Golgi-Cox solution (1% potassium dichromate, 1%
mercuric chloride, 0.8% potassium chromate) for 5 days, and transferred to 30%
sucrose/PBS. 100μm sections were cut on a vibratome and mounted on slides,
which were dried overnight, washed in ddH2O, incubated in 20% ammonium
hydroxide for 10 minutes, washed in ddH2O, passed through ascending grades
of alcohol, and placed in xylene for 5 minutes. Coverslips were mounted on top
of sections with Cytoseal mounting medium (Thermo Scientific). Transmitted light
images were acquired with a Leica TCS SP8 confocal laser scanning microscope
and a 63X objective lens. Images were imported into NeuronStudio and spines
on dendritic segments from 12-15 neurons across multiple sections per animal
were semi-automatically analysed.

4.2.9 Data analysis
GraphPad Prism 5 was used for all statistical analysis and graph preparation.
Figures were generated in Adobe Photoshop CS5. All data are presented as
mean ± SEM. In some cases, t-tests were performed between specific groups
after an ANOVA test when a planned comparison was established during the
experimental design process. Significance for these tests is noted with the “#”
symbol instead of “*”.
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4.3

RESULTS

4.3.1 Antisense oligonucleotides potently silence DAPK1 expression
To validate DAPK1 as a novel therapeutic target for synaptic protection in
YAC128 mice, we developed a panel of LNA gapmer ASOs targeting the mouse
Dapk1 mRNA. Five ASOs targeting different regions of the Dapk1 transcript were
screened in FVB corticostriatal primary neurons by treating once at DIV7.
Analysis of total cell lysates at DIV14 shows potent lowering of DAPK1 protein
levels (to 10-20% of untreated) with both ASO3 and 5 at high doses (Fig. 4.1).
ASO1 and 4 demonstrated less dramatic DAPK1 lowering to 39% and 65% of
untreated, respectively (Fig. 4.1). Neurons treated with ASO2 exhibited high
levels of cell death and therefore were not processed.
ASO3 and 5 were selected to test for in vivo target engagement in
YAC128 mice. Mice were treated via intracerebroventricular (ICV) injection with
PBS vehicle control or varying doses of either ASO3 or ASO5, and sacrificed 3
weeks post-injection for assessment of DAPK1 protein and mRNA levels in the
brain. These doses and timepoints were chosen based on initial pilot studies
(data not shown). Both ASOs demonstrated dose-dependent lowering of cortical
Dapk1 mRNA levels, with the high dose of ASO3 achieving the greatest level of
knockdown (57% of control) (Fig. 4.2A). This was associated with a reduction in
the protein level to 48% of control in the cortex and 71% of control in the striatum
(Fig. 4.2B, C). Although ASO5 also significantly reduced DAPK1 levels at the
tested doses (Fig. 4.2A-C), all treated mice lost significant body weight over the
course of treatment and most reached a humane endpoint prior to the end of the
3-week period. Toxicity of ASO5 was confirmed by an increase in cortical glial
fibrillary acidic protein (GFAP) mRNA expression in these mice (Fig. 4.2D),
signifying poor tolerability and/or unintended off-target effects of this molecule.
For this reason, ASO3 at a dose of 75μg per mouse was used for subsequent
experimental cohorts, and is referred to hereafter as “ASO”.
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Figure 4.1: Antisense oligonucleotides potently lower DAPK1 protein levels in
cultured primary neurons. FVB corticostriatal neuronal cultures were treated at DIV7
directly in the culture media, harvested at DIV14, lysed in a stringent lysis buffer, and run
by SDS-PAGE and Western blotting to quantify total DAPK1 protein levels normalized to
β-actin. ASO1 and 4 produced moderate DAPK1 lowering, while ASO3 and 5 were most
potent. Data are normalized to 0 nM treatment conditions (n=4 independent cultures; 1way ANOVA with Bonferroni post-hoc analysis; **p<0.01. ***p<0.001 compared to 0 nM).
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Figure 4.2: A single 75µg ICV dose of ASO3 is well-tolerated and significantly
lowers DAPK1 levels at 3 weeks post-injection in YAC128 brains. 4-month-old
YAC128 mice were injected ICV with PBS or various doses of ASO3 and 5 (ASO3-50µg,
ASO3-75µg, ASO5-15µg, or ASO5-25µg) and sacrificed after 3 weeks to assess protein
and gene expression levels. Both ASO3 and 5 successfully lowered (A) Dapk1 mRNA
expression and (B) total lysate DAPK1 protein levels in the cortex (CTX). (C) Only the
high dose of ASO3 significantly reduced DAPK1 protein in the striatum (STR). (D) ASO5
produced undesirable side effects and a trend to increased cortical GFAP expression
levels (n=4 mice per group; 1-way ANOVA with Dunnett post-hoc analysis; *p<0.05,
**p<0.01, ***p<0.001 compared to PBS control). All Western blot samples within each
panel were processed together and blot images were clipped from a single image file
with identical brightness and contrast adjustments.

4.3.2 Short-term DAPK1 lowering normalizes cortical CREB expression
and activation through a GluN2B pS1303-independent mechanism
We first sought to assess the impact of DAPK1 lowering on biochemical readouts
of synaptic function and neuroprotection. To do so, we treated WT and YAC128
mice with PBS or ASO at 3 months and 1 week of age. After a 3-week treatment,
mice were sacrificed and tissues were processed for biochemistry. This
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experimental paradigm was selected because it allowed us to utilize the same
cohort for both biochemistry and behavior testing at 4 months of age, one of the
earliest timepoints that a reliable YAC128 motor phenotype exists [51, 376, 377].
Although not statistically significant, DAPK1 protein levels were greater in
PBS-treated YAC128 total cortical lysates compared to WT (118% of WT PBStreated) (Fig. 4.3B, C). With ASO treatment, we observed a significant reduction
in YAC128 DAPK1 at the mRNA and protein level to 79% and 89% of WT PBS
controls, respectively (Fig. 4.3A, C). Interestingly, we observed less knockdown
in WT animals, causing both genotypes to have nearly identical DAPK1 mRNA
and protein levels after treatment (Fig. 4.3A, C). Three out of 20 ASO-treated
mice (15%; one WT and two YAC128 animals) did not exhibit appreciable
DAPK1 lowering (ie. DAPK1 protein levels were ≥1.0 when normalized to the
mean of the WT PBS group) due to unknown reasons. These data points are
included in Figure 4.3 to demonstrate overall efficacy of DAPK1 knockdown with
this ASO. However, to specifically evaluate the impact of DAPK1 lowering on
other readouts, only animals that responded to treatment were included; thus, the
three aforementioned mice were excluded from subsequent biochemistry and
behavior analysis. It is possible that lowering of DAPK1 protein levels induces
activation of remaining DAPK1 as a homeostatic mechanism. Therefore, cortical
pS308 levels were also assessed. We observed the expected reduction in pS308
levels in YAC128 PBS-treated animals compared to WT, indicating greater
activation (Fig. 4.3D). Interestingly, there was a significant increase in YAC128
pS308 with ASO treatment (Fig. 4.3D). Of note, when pS308 levels were
normalized to β-actin instead of DAPK1, there were no differences between
groups (Fig. 4.3E), implying that there may be a stable pool of phosphorylated,
inactive DAPK1 which is unaffected by mHTT or DAPK1 lowering.
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Figure 4.3: Cortical DAPK1 levels in 4-month-old WT and YAC128 mice are
decreased with ASO treatment. WT and YAC128 littermates were injected ICV with
PBS or ASO at 3 months and 1 week of age, followed by tissue collection for mRNA and
protein analysis after 3 weeks. (A) A significant reduction in cortical (CTX) Dapk1 mRNA
was observed in both genotypes. (B,C) Total cortical DAPK1 protein levels were
decreased to a similar degree. (D,E) pS308 was elevated following ASO treatment in
YAC128 mice when normalized to DAPK1 protein level, but remained consistent
compared to the β-actin loading control (n=10 biological replicates, 2 technical replicates
each; 2-way ANOVA with Bonferroni post-hoc analysis, *p<0.05, **p<0.01, ***p<0.001;
student’s t-test, #p<0.05).

YAC128 mice undergo loss of striatal nuclear activity of the pro-survival
transcription factor CREB by 1 month of age, which persists at 4 months and is
indicated by reduced phosphorylation at S133 normalized to CREB protein level
[80, 206]. CREB activation is a key contributor to neuronal protection and
synaptic plasticity [378]. We observed a small but significant reduction in the
cortical nuclear pS133/CREB ratio in PBS-treated YAC128 mice compared to
WT littermates by t-test (Fig. 4.4A, B). Interestingly, this was associated with a
large increase in the levels of nuclear CREB itself (Fig. 4.4A, C), suggesting that
upregulated expression of nuclear CREB may occur as a compensatory
mechanism to offset impaired activity. DAPK1 knockdown with ASO treatment
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increased the pS133/CREB ratio to greater than that of WT PBS animals and
almost completely normalized nuclear CREB levels (Fig. 4.4B, C, D), indicating a
restored balance in nuclear CREB signaling.

Figure 4.4: DAPK1 lowering normalizes cortical nuclear CREB expression and
S133 phosphorylation in YAC128 mice. Cortical nuclear fractions were isolated from
PBS- or ASO-treated 4-month-old WT and YAC128 mice. Samples were subjected to
SDS-PAGE and Western blotting for CREB protein levels and phosphorylation at S133.
(A,B) The nuclear ratio of pS133/CREB is normalized in YAC128 mice with DAPK1
lowering (ns by 2-way ANOVA Bonferroni post-hoc analysis; student’s t-test #p<0.05).
(A,C) Elevated YAC128 nuclear CREB levels (normalized to TBP, TATA-binding protein)
are largely rescued with DAPK1 lowering. (D) Data from B and C were re-normalized
and plotted for YAC128 PBS and ASO conditions only (n=10 biological replicates, 2
technical replicates each; 2-way ANOVA Bonferroni post-hoc analysis, *p<0.05).

We further assessed the effect of DAPK1 knockdown on exGluN2B
pS1303. Previously, cortical non-PSD pS1303 levels were increased in 1-month
YAC128 brains and a DAPK1 inhibitor normalized non-synaptic GluN2B and
pS1303 levels in corticostriatal neuronal cultures (Chapter 3). Unexpectedly, we
no longer observed a basal genotypic difference in extrasynaptic pS1303 levels
at 4 months of age and there was no effect of the DAPK1 ASO on this measure
121

(Fig. 4.5). Although it has been previously shown that increased exGluN2B
activity promotes CREB shut-off in YAC128 mice [80, 81], this result indicates
that the effect of DAPK1 lowering on CREB phosphorylation is mediated through
a mechanism not involving the phosphorylation level of exGluN2B at pS1303, at
least using this experimental paradigm and mice of this particular age.

Figure 4.5: DAPK1 lowering does not alter cortical extrasynaptic GluN2B
expression or S1303 phosphorylation. Cortical non-PSD fractions were isolated from
PBS- or ASO-treated 4-month-old WT and YAC128 mice. Samples were subjected to
SDS-PAGE and Western blotting for GluN2B protein levels and phosphorylation at
S1303. Neither (A,B) pS1303, nor (A,C) GluN2B levels were altered between genotypes
or with ASO treatment (n=8 biological replicates, 2 technical replicates each; 2-way
ANOVA Bonferroni post-hoc analysis).

4.3.3 Short-term DAPK1 lowering does not improve YAC128 motor
dysfunction
Next, we evaluated whether DAPK1 lowering could result in improved motor
function in YAC128 mice. At 4 months of age, YAC128 mice display impaired
motor learning and motor function compared to WT littermates assessed by
rotarod and climbing tests [51, 376, 377]. Previous exposure to the climbing
apparatus (Fig. 4.6A) improves the likelihood of observing a basal YAC128
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Figure 4.6: DAPK1 lowering does not improve motor performance in YAC128 mice.
4-month WT and YAC128 mice injected with PBS or ASO were subjected to motor
testing 3 weeks post-treatment. (A) Climbing was evaluated over a 5-minute period
using an inverted mesh pencil holder. DAPK1 lowering did not improve YAC128 (B)
latency to climb, (C) number of climbing events, or (D) total time spent climbing, while
WT mice demonstrated worsening of these measures. (E) The number of rearing events
was unaltered between genotypes or treatment conditions. (F) Body weight was
significantly higher in YAC128 animals and was not affected by DAPK1 lowering. Mice
were also subjected to three days of fixed-speed rotarod training followed by a test day
on an accelerating rotarod. (G) DAPK1 lowering in YAC128 mice did not improve
elevated number of falls during training compared to WT littermates, and had no effect in
WT mice. (H) Similarly, YAC128 decreased latency to fall during both training and
testing was unaffected by DAPK1 lowering (n=10-12 mice per group; 2-way ANOVA with
Bonferroni post-hoc analysis, *p<0.05, **p<0.01, ***p<0.001; in panel G and H, post-hoc
comparisons are only depicted for WT PBS versus YAC128 PBS or WT ASO versus
YAC128 ASO).
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deficit compared to WT mice. Therefore, the cohort was subjected to 5 minutes
of climbing at both 2 months and 3 months of age. Mice were then treated with
either PBS or ASO one week later so that they could be behavior tested at the
age of 4 months after a 3-week treatment. As expected, we observed a
significant increase in latency to climb in PBS-treated YAC128 mice compared to
WT at 4 months, as well as dramatically reduced climbing events and total
climbing duration (Fig. 4.6B-D). The number of rearing events was not altered,
indicating these differences were not due to a lack of interest in exploring the
climbing apparatus (Fig. 4.6E). However, YAC128 mice were significantly
heavier than WT (Fig. 4.6F), which could have an unintended impact on climbing
ability. We found no effect of DAPK1 lowering on YAC128 body weight or
climbing scores (Fig. 4.6B-F). Unexpectedly, ASO treatment impaired the
performance of WT mice on the climbing test (Fig. 4.6B-D).
To assess the effect of DAPK1 lowering on motor learning, mice were
trained every day for 3 days on a fixed-speed rotarod, followed by a test day on
an accelerating rotarod (motor function). YAC128 PBS-treated mice consistently
exhibited increased numbers of falls during training compared to WT PBS mice,
as well as reduced latency to fall during both training and testing (Fig. 4.6G, H).
DAPK1 lowering had no effect on these motor readouts in either genotype.

4.3.4 Short-term DAPK1 lowering partially rescues in vivo age-associated
YAC128 striatal and cortical spine loss
Results from Section 3.3.5 demonstrated that small molecule inhibition of DAPK1
completely rescues MSN spine loss in YAC128 CS co-cultures, a feature that
recapitulates age-associated in vivo spine loss in YAC128 mice. Furthermore,
genetic deletion of the DAPK1 kinase domain is protective against spine loss in
models of ischemia and AD [247, 310]. We sought to assess whether acute
antisense DAPK1 lowering could reverse YAC128 spine loss in vivo by treating
approximately 11-month-old mice with PBS or ASO, followed by Golgi-Cox
staining 3 weeks later. We observed the expected reduction in total and
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mushroom spine density in the striatum of YAC128 PBS mice compared to WT
PBS (Fig. 4.7A). Treatment of YAC128 mice with the DAPK1 ASO resulted in a
partial normalization of both measures, with a 39% recovery of total spine density
and a 77% recovery of mushroom spine density (Fig. 4.7A). The effect of DAPK1
knockdown on spine density was even more apparent in the cortex. We observed
a significant reduction in the density of all cortical spine types in YAC128 mice
(Fig. 4.7B). DAPK1 knockdown provided partial rescue of total cortical spine
numbers and complete normalization of cortical mushroom spines in YAC128
mice (Fig. 4.7B). No effect on immature spines was observed in either region.

Figure 4.7: DAPK1 lowering partially rescues YAC128 spine loss in vivo. Mice were
treated at approximately 11 months of age with PBS or DAPK1 ASO and perfused 3
weeks later. Brains were processed using a modified Golgi-Cox method and confocal
microscopy to evaluate (A) striatal and (B) cortical spine density. Total spine density is
partially rescued in both brain regions with treatment, specifically due to an increase in
mushroom spine numbers. Immature spines were largely unaffected by DAPK1
lowering. Note adjusted y-axis scales in panel A to show effects more clearly (n=4-5
mice per group; 12-15 dendritic segments from individual cells analysed per animal; 1way ANOVA with Bonferroni post-hoc analysis, *p<0.05, **p<0.01; student’s t-test,
#p<0.05, ##p<0.01). Scale bar = 5µm.
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4.4

DISCUSSION

Development of an in vivo ASO-mediated DAPK1 knockdown approach
In the present work, we describe a novel ASO-based strategy to reduce DAPK1
activity in YAC128 HD mice. Despite treating with a relatively high dose (75 µg
per mouse), we only achieved modest levels of mRNA and protein knockdown
(Fig. 4.3). Our observation that DAPK1 protein was reduced to the same level in
WT and YAC128 mice despite being higher in YAC128 mice to begin with
suggests that there may be regulatory mechanisms keeping DAPK1 at a
particular level despite ASO treatment. Alternatively, ASOs targeting different
sequences may have improved potency and may be tolerated at even higher
doses than our current molecule design.
We found that ICV-delivered ASO3 was tolerated in vivo, but ASO5 was
not. Hepatotoxicity and significant weight loss have been described in mice
administered with LNA-containing ASOs via intraperitoneal injection [379].
Although ASOs cannot cross the blood-brain barrier, they can be partially
transferred from the cerebrospinal fluid to systemic circulation [380]. We did not
assess hepatic function in our ASO5-treated group, but all mice exhibited
extreme weight loss, requiring early termination of the cohort. Studies have
shown that LNA-induced hepatotoxicity results from the binding of high-affinity
gapmers to partially mismatched long pre-mRNA targets in the liver, and that
gapmers containing TCC or TGC sequence motifs in any position within the
molecule bind more strongly to cellular proteins and are significantly more likely
to cause hepatotoxicity [379, 381–383]. Upon re-evaluation of our sequence
designs, we discovered that ASO5 has two TCC motifs, while ASO3 contained
neither TCC nor TGC, potentially explaining the differential tolerability observed.
For future optimization of DAPK1-targeted ASOs, a number of factors may
be taken into consideration. TCC and TGC sequence motifs should be avoided
[381]. Shortening the length of ASO molecules has been shown to either
increase or decrease the risk of hepatotoxicity, meaning this parameter can be
manipulated if toxicity is observed with a particular sequence [384, 385].
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Alternate chemical modifications may also improve tolerability. Similar to LNAs,
2’-O-methoxyethylribose (MOE) modifications can be incorporated into the
“wings” of a gapmer ASO to dramatically improve target binding affinity and
pharmacokinetics. However, in a direct comparison with LNA gapmers in mice,
MOE-based ASOs caused no hepatotoxicity [379]. Furthermore, a HTT-targeted
MOE-containing ASO was successful in a recent phase 1b/2a HD clinical trial
without adverse effects [59]. Recently, introduction of a 2’-O-methyl modification
at gap position 2 within gapmer ASOs decreased protein binding and
hepatotoxicity in mice [386]. Our results provide rationale for the design and
screening of a more diverse panel of DAPK1-targeted ASOs.

Normalization of nuclear CREB activation in the YAC128 cortex after
DAPK1 knockdown without changes to extrasynaptic GluN2B pS1303 or
YAC128 motor dysfunction
We found that DAPK1 knockdown normalized nuclear CREB levels and rescued
CREB S133 phosphorylation in YAC128 cortices (Fig. 4.4). Phosphorylation at
S133 activates CREB, allowing it to bind to its nuclear coactivators and initiate
pro-survival expression of neurotransmitter, growth factor, and signaling genes,
including BDNF, TRKB, IGF-1, and PGC-1α [378, 387]. pS133 is decreased in
various models of neurological disease and excitotoxicity, including HD, and
therapies aimed at increasing its levels are neuroprotective [80, 81, 125, 378,
388]. Phosphorylation of CREB at S133 is essential for proper spine formation,
spine remodeling, and LTP during learning and memory formation [378, 389–
392]. Furthermore, overexpression of wild-type CREB induces pro-survival gene
expression and neuroprotection in hippocampal cultures, while overexpression of
a S133A mutant instead promotes neuronal death [393]. Therefore, an increase
in relative pS133/CREB levels in ASO-treated YAC128 mice would be expected
to be beneficial. Our observation of elevated basal nuclear CREB levels in
YAC128 brains was unexpected. We hypothesize that increased nuclear CREB
expression could occur as a compensatory mechanism to overcome deficient
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pS133 phosphorylation, and that this upregulation may no longer be required
when DAPK1 is knocked down due to rescue of pS133. CREB-binding protein
(CBP) is a CREB co-activator which can be sequestered by nuclear mHTT and
undergoes depletion in HD cell models [394, 395], meaning that even if nuclear
CREB levels are high, its transcriptional activity may still be impaired. Though
predominantly nuclear, CREB also localizes to the mitochondria [396]; thus, the
basal increase in nuclear CREB in YAC128 brains could reflect altered
localization as opposed to upregulated expression.
Enhanced exGluN2B signaling in YAC128 mice leads to CREB shut-off
[80, 81]. Therefore, we initially hypothesized that re-balancing of nuclear CREB
signaling with DAPK1 ASO treatment could be due to normalization of exGluN2B
function via reduced pS1303. However, extrasynaptic pS1303 was not increased
in YAC128 mice at 4 months of age, despite elevated levels observed at 1 month
(Fig. 4.5). This suggests that some compensatory mechanism could be activated
between these two time points leading to rescue of exGluN2B phosphorylation.
This phenomenon has been described previously for striatal calpain activation,
which occurs downstream of exNMDAR activity and promotes exGluN2B surface
expression in 1.5-month YAC128 mice [175, 213, 397]. Calpain activation is
increased in YAC128 mice compared to WT at 1.5 months of age, but not at 4
months, even though exGluN2B expression remains elevated [206], indicating
multiple age-dependent mechanisms contributing to exGluN2B dysfunction. We
also observed no effect of DAPK1 lowering on extrasynaptic pS1303 levels in
either genotype (Fig. 4.5). It is possible that by 4 months of age, DAPK1 has
been unlinked from exGluN2B signaling and therefore no longer influences
phosphorylation at this site. Alternatively, another kinase may be able to
compensate in its place. We did not observe altered CaMKII expression or
autonomous phosphorylation with DAPK1 ASO treatment (data not shown), but
this does not rule out regulation of S1303 phosphorylation by other kinases (such
as PKC [159]) or phosphatases.
Our results indicate an exGluN2B pS1303-independent mechanism
leading to CREB normalization with DAPK1 lowering. ERK can be sequestered in
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the cytosol by DAPK1, which may prevent its activation and subsequent activity
toward the CREB-kinase RSK (Fig. 1.6) [222, 286]. DAPK1 lowering may thus
release ERK to indirectly promote CREB phosphorylation, but this remains to be
investigated. Alternatively, although we did not observe effects of ASO lowering
on CaMKII expression or autonomous activation, we did not assess its interaction
with GluN2B or phosphorylation of its other downstream targets. Furthermore,
there are additional regulatory post-translational modifications and cellular factors
aside from pT286 that can influence CaMKII activity as well as dictate whether it
promotes LTP or LTD processes [362, 398]. CaMKII has also been shown to
mediate CREB S133 phosphorylation [399, 400]. Since DAPK1 overexpression
inhibits synaptic CaMKII localization and interaction with GluN2B [246], it is
possible that DAPK1 lowering influences CREB activity by enhancing
GluN2B/CaMKII-mediated signaling.
It remains to be determined if DAPK1 lowering can restore GluN2B
phosphorylation at an age when pS1303 is increased in YAC128 brains, which
could potentially prevent synaptic dysfunction early in disease pathogenesis. The
youngest age that an ICV treatment can be administered in mice is roughly 2
months of age, due to the coordinate requirements of the stereotaxic frame and
the size of the mice prior to this age. Delivery of the DAPK1 inhibitor (DKI; TCDAPK6) is another option which can be done at 1 month of age (via intravenous
or intranasal administration), and is a promising method to evaluate the effect of
blocking DAPK1 kinase activity, which could cause different outcomes than
knockdown of the entire protein with all of its domains. TC-DAPK6 has been
administered in rodents previously, although only one study has delivered the
compound to the central nervous system and this was done via direct
microinjection into the brain parenchyma [314]. Another strategy to test the
efficacy of inhibiting DAPK1 kinase activity at earlier time points involves the use
of a mouse model with a genetic deletion of the kinase domain, which has been
utilized in other neurological disease models [247, 310], and could be crossed to
the YAC128 line for analysis of extrasynaptic pS1303 at 1 month of age.
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We did not observe improved motor performance in YAC128 mice treated
with the DAPK1 ASO, despite normalization of nuclear CREB signaling (Fig.
4.6). It is likely that an intervention longer than three weeks may be necessary in
order to see biochemical changes reflected in behavioral outcomes.

Impairment of WT motor performance with DAPK1 ASO treatment
Unexpectedly, we observed impaired climbing activity in WT, but not YAC128
mice with DAPK1 knockdown (Fig. 4.6). This could potentially indicate subtle
toxicity of ASO3, which has been reported previously for LNA molecules in vivo,
as described above, although we observed no overt signs of illness or GFAP
induction in these mice after recovery from surgery. The ASO could also be
binding to an unintended mRNA target in the brain due to the extremely high
affinity of LNAs, resulting in dysfunction or toxicity. Although YAC128 mice are
more susceptible to toxic insults [77] and might therefore be expected to
demonstrate even more dramatic motor decline than WT animals if the ASO
were toxic, it is possible that negative effects were masked by the alreadypresent severe climbing phenotype in YAC128 mice. However, since we
observed benefit of our ASO on YAC128 nuclear CREB activation and spine
density, we hypothesize that a more plausible explanation is that disturbing an
unperturbed system (ie. acutely lowering DAPK1 in a normal adult mouse brain)
may offset the synaptic/extrasynaptic cell signaling balance in the opposite
direction, which could be equally detrimental to motor learning and synaptic
function. To address these possibilities, multiple optimized DAPK1-targeted
ASOs with more well-tolerated chemical modifications will need to be tested.

Partial rescue of YAC128 striatal and cortical dendritic spine loss after
short-term DAPK1 lowering
DAPK1 lowering for 3 weeks partially rescued total and mature dendritic spine
loss in both the striatum and cortex of YAC128 mice (Fig. 4.7). Age-associated
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spine loss occurs in multiple mouse models of HD as well as human HD patients
and is hypothesized to be a consequence of synaptic dysfunction and corticostriatal disconnect [73, 74, 82, 83, 88, 89, 92, 93]. Striatal MSNs and cortical
pyramidal neurons undergo dendritic spine loss in symptomatic R6/1 and R6/2
HD fragment model mice [85, 88, 91]. Additionally, striatal MSN spines are lost in
transgenic BACHD and mHTT knock-in mice [92, 93], as well as in 12-month
YAC128 mice [74], which we have confirmed here and independently in Chapter
2. There is clear evidence of cortical neuron dysfunction in HD [338], and
morphological Golgi assessment of HD postmortem cortical samples revealed a
proportion of pyramidal neurons with degenerative changes to dendrites and
spines, as well as an upregulation of dendritic complexity in remaining neurons,
hypothesized to be a compensatory response [401]. However, to our knowledge,
this is the first report demonstrating cortical spine loss in a full-length transgenic
HD mouse model. Interestingly, we observed more efficient spine rescue in the
cortex compared to the striatum, with complete normalization of mature
mushroom spine numbers. This correlates with the higher level of DAPK1
knockdown that we obtained in this brain region. Our results highlight the
dynamic nature of spine loss in HD, and support the hypothesis that late
intervention therapies may be effective at reversing HD spine pathogenesis after
it has already emerged, as has been suggested by previous reports in the
YAC128 model [74, 402]. It will be critical to determine if these structural
improvements translate to a rescue in functional CS synaptic transmission. Given
our biochemical results and the involvement of CREB in promoting
neuroprotection and spine stability, it is possible that rescuing nuclear pCREB
with DAPK1 lowering is a contributing factor to the spine rescue we observed.
Further investigation into this potential therapeutic mechanism is warranted.

Conclusions
Although there were no overt benefits of short-term DAPK1 lowering on YAC128
motor function, sensitive measures of spine structure demonstrated significant
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rescue of cortical and striatal spine loss, which could plausibly occur via
restoration of nuclear CREB signaling. These findings support DAPK1 as a novel
therapeutic target for HD and warrant the testing of a longer intervention strategy
and/or a more potent DAPK1 ASO, as well as deeper investigation into the
precise mechanisms underlying the contribution of DAPK1 to spine loss in HD.
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5 DISCUSSION AND CONCLUSIONS
5.1

OVERVIEW OF MAJOR FINDINGS

The overall goal of this thesis was to determine the role of DAPK1 in exGluN2B
dysfunction in HD and to validate DAPK1 as a potential therapeutic target for
synaptic protection. ExNMDAR hyperactivity plays a critical role in early synaptic
dysfunction and phenotype onset in HD mice, making it an ideal highly-upstream
target for neuroprotection [80, 81, 206]. GluN2B forms a key component of the
NMDAR signaling hub, interacting with over 70 cytosolic and membrane proteins
to influence neuronal activity and function [403]. Furthermore, the subunit is
subjected to many post-translational processes which may be exploited to modify
its function [146]. Despite the complexity of GluN2B regulation, its highly unique
relationship with DAPK1 provides the opportunity for an innovative therapeutic
approach. As depicted in Fig. 3.12, the conclusions from this thesis support a
model whereby exGluN2B and DAPK1 positively reinforce one another’s activity
under conditions of pathological stress. Reducing DAPK1 activity breaks this
amplification process, leading to normalization of mHTT-induced exGluN2B
function as well as restoration of its own activity level. In vitro and in vivo
targeting of DAPK1 produce a striking rescue of YAC128 dendritic spine loss in
affected brain regions, thus validating DAPK1 as an exciting novel pre-clinical
therapeutic target for HD.
The first specific aim of this thesis was to optimize a CS co-culture system
to reliably detect HD-like synaptic phenotypes in vitro, with the ultimate goal of
generating a tool for therapeutic target validation. Results showed that the
relative level of cortical input in this model plays a critical role in the emergence
of YAC128 spine, dendrite, and neuronal survival phenotypes. This finding is
significant because it provides an explanation for existing discrepancies in the
HD literature, offers insight into potential mechanisms of synaptic dysfunction in
HD, and also demonstrates how the co-culture system can be methodologically
adapted to answer specific questions. A major potential application of this work is
the integration of this system into neuroprotective drug discovery pipelines.
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The second specific aim of this thesis was to determine if and how DAPK1
disrupts exGluN2B function and synaptic integrity in HD. The major findings
indicated that DAPK1 is dysregulated in the presence of mHTT, and that this
contributes to enhanced S1303 phosphorylation and surface expression of
exGluN2B. Excitingly, a small molecule inhibitor of DAPK1 completely reversed
YAC128 MSN dendritic spine loss in the co-culture screening system described
above, providing strong evidence for therapeutic potential of this compound or
other DAPK1-targeting strategies in HD.
The third specific aim of this thesis was to validate DAPK1 as a novel HD
therapeutic target in vivo using an antisense silencing approach. Results from
this study showed that although DAPK1 knockdown did not improve behavioral
outcomes in YAC128 mice, it did normalize cortical nuclear CREB activation and
partially rescued in vivo age-associated dendritic spine loss in the cortex and
striatum. These changes were independent of exGluN2B S1303 phosphorylation,
implicating additional as-of-yet undetermined mechanisms of neuroprotection.
Additional validation and further development of DAPK1-targeted therapies for
neurodegeneration, including long-term treatment with a DAPK1 inhibitor, are
now warranted.

5.2

FUTURE DIRECTIONS

5.2.1 Further development of in vitro modeling of HD CS synaptic
dysfunction
5.2.1.1

Does impaired cortical input contribute to pathologically elevated

exNMDAR function in YAC128 MSNs, and is this a key mechanism of spine
loss?
Results from Chapter 2 demonstrated that reducing cortical input exacerbates
striatal MSN spine loss in vitro. In Chapter 3, it was shown that DAPK1
contributes to exGluN2B phosphorylation, and that DAPK1 inhibition or blockade
of exNMDARs with memantine both restore MSN spine numbers in this in vitro
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model. Furthermore, previous work found that reducing cortical input to WT
MSNs in CS co-culture increases MSN exNMDAR currents [341]. Together,
these findings suggest a close relationship between (A) the level of cortical input
to MSNs, (B) exNMDAR activity, and (C) spine stability. Thus, a key remaining
question is whether impaired cortical input promotes YAC128 MSN spine loss by
exacerbating exNMDAR activity, which is now linked to both DAPK1 activation
and CREB shut-off in HD [80, 81, 206]. To address this question, an ideal
experiment will be to compare exNMDAR currents in co-cultured WT and
YAC128 MSNs at both 1:1 and 1:3 CS ratios. Also, DAPK1 inhibition would be
expected to reduce electrophysiological MSN exNMDAR currents in this model,
but this has not yet been assessed. Furthermore, endogenous synaptic
transmission can be pharmacologically stimulated, and this has been shown to
increase nuclear pCREB in CS co-culture [342]. This same strategy can be
utilized to determine if there is also a resulting impact on spine stability and/or the
level of exNMDAR and DAPK1 activity. Low-dose memantine rescues Aβinduced hippocampal spine loss in vitro and in vivo [192, 404], and prevents
CREB shut-off and neuropathology in YAC128 mice [80, 205, 206]. It will
therefore be informative to determine if chronic memantine treatment also
protects against in vivo spine loss in HD mice. Conversely, increasing exNMDAR
activity in vitro by blocking glial glutamate uptake may exacerbate spine loss.

5.2.1.2

Can gene expression profiling or synaptic proteome analysis be

used to identify dysregulated cellular programs involved in HD spine loss?
The use of high-throughput techniques will be critical to provide an unbiased
understanding of the mechanisms underlying synaptic dysfunction in HD. To
identify novel gene or protein drug targets for neuroprotection, the cellular
programs affected by mHTT (in both cortical and striatal neurons) must be
elucidated. To do this, gene expression profiling could be performed on CS cocultures from different CS ratios and genotypes. Furthermore, analysis of the
synaptic proteome composition may provide insight into potential mislocalized or
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dysregulated proteins contributing to spine loss. A major limitation concerning
these next steps lies in the 2D homogenous nature of the CS co-culture system,
thus preventing cortical and striatal cell types from being analyzed independently
or being distributed into in vivo-like higher-order structures. However, recent work
has identified HD-like synaptic phenotypes in cortical and striatal YAC128
neurons grown in microfluidic chambers designed to maintain separation
between cell types and the synaptic compartment [76]. Additionally, the use of
3D brain organoids to more accurately recapitulate in vivo circuitry is an exciting
new research frontier that will allow region-specific analysis of disease
pathogenesis without the use of live animals [405].

5.2.1.3

Can the CS co-culture model be combined with machine learning

and high-throughput screening to rapidly identify novel neuroprotective candidate
drugs?
Ultimately, the goal of creating a relevant in vitro model of HD synaptic
dysfunction is to facilitate the development and testing of neuroprotective
therapies for patients. While this can be done using low-throughput methods
(such as what has been done in this thesis with the DAPK1 inhibitor TC-DAPK6),
advancements in computer technology may dramatically improve the efficiency of
this process. Machine learning is becoming increasingly integrated into the
neuroscience field as a method to reliably classify and quantify the morphology of
different neuronal types [406, 407]. By training algorithms on sets of manuallyclassified digitally reconstructed neurons, massive amounts of information
pertaining to dendritic and spine structure can be obtained. This approach could
theoretically be combined with a robotic cell culture system and an unbiased
automated imaging program to create an essentially fully-autonomous drug
discovery pipeline to identify candidate molecules that improve spine or synaptic
strength in HD. Furthermore, machine learning algorithms can be trained to
differentiate between neuronal sub-types based on morphology, potentially
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allowing analysis of both cortical and striatal neurons from the same CS coculture sample without the requirement for cell type markers such as DARPP32.

5.2.1.4

Do human HD patient iPSC-derived neurons recapitulate the

morphological and biochemical synaptic abnormalities observed in HD brains
and primary cultures from rodent models?
Animal models are invaluable tools for understanding disease pathogenesis and
developing novel therapies. However, a vast majority of potential drug candidates
that perform well in rodents have failed in human clinical trials for neurological
disease, signifying critical differences between organisms that are impeding
successful drug development (among other challenges). A key limitation to the
study of neurodegenerative disease processes is the difficulty in obtaining
relevant human brain tissues from early time points in pathogenesis, as well as
appropriate matched control samples. By the time of death in HD patients, the
majority of striatal volume has been lost [17, 364], and compensatory protective
mechanisms to minimize further damage or inflammation in the brain have likely
been activated. Studying postmortem HD tissues thus only gives a glimpse into
the severe end-stage of disease which, as we know from animal studies, has
different features than therapeutically-relevant periods earlier in life. With the
advancement of induced pluripotent stem cell (iPSC) technology, it is now
possible to generate stem cells from HD patient and healthy control fibroblasts
and to differentiate these into glia and different neuronal subtypes. This provides
the exciting option to characterize synaptic dysfunction in human HD neurons
using robust experimental methods already developed for animal models. If
reliable morphological and biochemical phenotypes can be detected in iPSCderived HD neurons, candidate neuroprotective drugs identified by screening
pipelines may demonstrate greater success once translated to human clinical
trials.
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5.2.2 Understanding the mechanisms linking DAPK1 to spine loss in HD
and identifying cellular pathways affected by DAPK1 inhibition
5.2.2.1

Can “-omics” studies contribute to the understanding of DAPK1

dysfunction in HD and the effects of therapeutically targeting it?
As discussed above, high-throughput techniques are useful for the unbiased
determination of molecular pathways involved in disease or drug responses. The
results in this thesis have shed partial light on the potential mechanisms (ie.
exGluN2B phosphorylation, CREB activation) linking DAPK1 to spine loss in HD.
However, for a fuller understanding of how DAPK1 fits into HD pathogenesis,
various transcriptomic and proteomic methods may be useful. Enriched biological
processes and gene expression patterns may be identified by comparing the
synaptic proteome, phospho-proteome, DAPK1 interactome, and transcriptome
of WT and YAC128 brains, with or without a DAPK1-modifying intervention. This
could also be done in WT versus Dapk1-null mice. This would contribute to
understanding: (A) which pathways are dysregulated by mHTT, (B) which
pathways are influenced by DAPK1 activity, (C) whether a DAPK1 ASO or small
molecule inhibitor is effective in reinstating a healthy cellular program, and (D)
whether additional related targets exist for which therapies have already been
developed and tested in humans, thus rapidly accelerating drug discovery.

5.2.2.2

Are other known DAPK1 substrates or interactors aside from

GluN2B dysregulated in HD mice, potentially contributing to spine loss and
neuronal death?
This thesis focused on the relationship between DAPK1 and GluN2B in HD.
However, many other DAPK1 substrates and interactors (listed in Table 1.1)
have been linked to neuronal death and the pathogenesis of neurodegenerative
disease, including α-synuclein, NDRG2, p53, Pin1, APP, and tau (see Section
1.4.5 and Section 1.5). Therefore, it will be of importance to assess whether
these proteins undergo enhanced interaction with or phosphorylation by DAPK1
in the presence of mHTT. Of particular interest is the DAPK1-tau relationship.
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DAPK1 promotes spine loss in acute ischemia by phosphorylation of tau at S262,
causing destabilization of the cytoskeleton [247]. Tau hyperphosphorylation and
deposition is a primary hallmark of AD pathogenesis and may also occur in HD
[408–411]. Investigation into the potential involvement of this pathway in HD
spine loss is warranted. Additionally, DAPK1 sequesters ERK1/2 in the cytosol
during ischemia, preventing its nuclear translocation and pro-survival functions
[222, 308]. It is also possible that this sequestration prevents activation of
ERK1/2 by its upstream kinases. ERK1/2 is an indirect upstream activator of
CREB [286], and both ERK1/2 and CREB are activated by synaptic NMDAR
activity and dominantly shut off by extrasynaptic NMDARs (Fig. 1.1) [125, 173].
In presymptomatic YAC128 mice (1-2 months of age), both CREB and ERK1/2
exhibit reduced activation levels compared to WT mice [80, 288]. Therefore, it will
be important to understand whether elevated DAPK1 in HD is a direct link
between elevated exGluN2B activity and CREB shut-off via ERK1/2, and to
assess if DAPK1 inhibition normalizes early cell survival signaling phenotypes in
YAC128 mice.

5.2.2.3

Does increased DAPK1 activity contribute to disturbed ER Ca2+

store dynamics in YAC128 MSNs?
Intracellular Ca2+ signaling is disturbed in YAC128 neurons. In particular,
cytosolic Ca2+ dynamics are altered in response to NMDAR stimulation. [68, 199,
200, 202]. Furthermore, ER Ca2+ stores are depleted, leading to enhanced
SOCE and spine degeneration [74]. NMDAR-mediated Ca2+-induced Ca2+
release can cause ER Ca2+ store depletion [143]. However, it is currently not
known whether pathological NMDAR activity contributes to this occurrence in
HD, and if so, whether there is a differential effect in synaptic versus
extrasynaptic compartments. The present work has demonstrated that DAPK1
positively regulates exGluN2B phosphorylation and surface expression in HD,
and that DAPK1 inhibition is protective against spine loss in YAC128 MSNs.
Therefore, a critical remaining question is whether this protective effect is
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mediated through normalization of intracellular Ca2+ dynamics. Specifically, does
DAPK1 inhibition result in less Ca2+ influx through exGluN2B, and does this
prevent ER Ca2+ store depletion in HD MSNs, thus protecting against
downstream spine loss? These questions can be addressed through the use of
well-established live Ca2+ imaging techniques.

5.2.3 Approaches to further validate DAPK1 as a novel HD target and to
therapeutically inhibit its kinase activity in vivo
In Section 4.4, strategies to improve the potency, knockdown duration, and
tolerability of DAPK1 ASOs were discussed. Ideally, knockdown of the DAPK1
protein would be improved to persist for several months, as has been achieved
for highly-optimized HTT ASOs [412, 413], so that full motor, cognitive,
psychiatric, neuropathological, and biochemical characterization can be done in
YAC128 mice. Most evidence specifically implicates DAPK1 kinase activity in
neuronal death, but it remains to be determined if the DAPK1 protein-interacting
ankyrin repeats, cytoskeletal binding domain, and the C-terminal death domain
are also therapeutically relevant in HD.
Hypermethylation and inactivation of the DAPK1 gene are associated with
various human cancers [266]. Therefore, any therapy aimed at reducing DAPK1
activity must be carefully considered for potential cancerous effects. However,
there is a reduced risk of cancer in HD patients, which may provide partial
protection against this risk [333, 335]. Furthermore, inactivation of DAPK1
through promoter hypermethylation or ASO-mediated knockdown would result in
loss of activity or function of all domains of the protein. It will therefore be
important to distinguish between neuroprotective outcomes that are a result of
reducing the total protein level versus inhibiting its kinase activity alone. It is likely
that regions aside from the kinase domain play important roles in other cellular
processes, such as autophagy [414], which may be protective in certain
situations. The development and administration of selective small-molecule
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DAPK1 inhibitors in vivo or deletion of specific DAPK1 functional domains in HD
mice will be critical to address these questions, as detailed below.

5.2.3.1

Does genetic deletion of the DAPK1 kinase domain restore

synaptic function in YAC128 mice?
A constitutive total Dapk1 knockout mouse exists, and is protected against
ischemic and Aβ-induced neuronal death compared to WT Dapk1+/+ mice [177,
275]. More recently, mice with specific deletions of the DAPK1 kinase domain
(KD-/-) or death domain (DD-/-) have been developed. Deletion of the kinase
domain in Tg2576 AD mice reverses hippocampal spine and synapse loss and
improves spatial learning and memory [310]. KD-/- mice are also protected
against neuronal loss, spine degeneration, and neurological impairments after
ischemic insult [247]. It would be useful to determine if kinase domain deletion in
YAC128 mice influences exGluN2B pS1303, nuclear pCREB, BDNF levels,
dendritic spine loss, as well as behavioral and neuropathological phenotypes. If
so, this would support the further development of small molecule DAPK1 kinase
inhibitors. In parallel, characterization of a YAC128xDD-/- cross would inform
whether the death domain may also be targetable (for instance, through the use
of peptides or small molecule peptide mimics to prevent interactions between
DAPK1 and its death domain binding partners).

5.2.3.2

Does in vivo small molecule inhibition of DAPK1 restore synaptic

function in YAC128 mice?
Although multiple DAPK1 small molecule inhibitors have been developed, TCDAPK6 (referred to in this thesis as DKI) is by far the most widely-used and wellcharacterized. This compound competes with ATP binding to the DAPK1
catalytic domain and has the lowest IC50 (69 nM) of all DAPK1 inhibitors
described to date [302]. A number of studies (including those in this thesis) have
utilized TC-DAPK6 to probe the role of DAPK1 in various neurological disease
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models, and these works have identified neuroprotective and antidepressant
properties of the drug (Table 1.3). To our knowledge, only one report has
described the delivery of TC-DAPK6 to the rodent brain in vivo. In this case, the
compound was microinjected directly into the cortex, and restoration of stressinduced GluN2B pS1303 and pCREB alterations were observed two days posttreatment, while antidepressant effects persisted at seven days [314]. For a
chronic disease such as HD, an ideal treatment will be non-invasive and
therefore allow for repeated dosing, which may be essential to produce a longterm therapeutic benefit. Thus, direct injection into the brain parenchyma is not a
feasible option. Prediction analyses based on the structure of TC-DAPK6 indicate
that it may be orally available and possess blood-brain barrier permeability,
although these predictions need to be confirmed in vivo. Therefore, it may be
possible to deliver TC-DAPK6 to the brain by repeated oral, intravenous, or
intranasal administration. Nanoparticle-based delivery technologies may also be
useful to facilitate access of the compound to the central nervous system for preclinical studies. A major question is whether TC-DAPK6 treatment can reverse
exGluN2B phosphorylation and function in YAC128 mice, and whether this
translates to long-term normalization of synaptic transmission, neuroprotection,
and behavior outcomes. In this thesis, crude biochemical fractionation was used
to separate synaptic (PSD) from extrasynaptic (non-PSD) GluN2B. However, this
method retains internalized receptors as well as surface receptors within the
membrane fractions [206, 415]. To specifically assess the effect of DAPK1
inhibition on exGluN2B surface expression in vivo, brain slices may be subjected
to surface biotinylation prior to biochemical analysis [416]. Additionally, a twostep live-staining protocol was recently used to assess dynamic turnover of
surface GluN2B in cultured neurons [416]. This technique could be used in
YAC128 co-cultured MSNs to directly address the hypothesis that DAPK1
inhibition causes internalization and normalization of surface exGluN2B.
Although TC-DAPK6 is likely the most well-understood DAPK1 inhibitor
currently available for research use, ongoing virtual screening efforts and crystal
structure analysis are being used to further characterize the catalytic domain of
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DAPK1 and to identify new inhibitory compounds with high potency and
selectivity [303, 417, 418]. Lead compounds from these methods can be further
modified and screened to select those that are most likely to have ideal safety
profiles and pharmacokinetics.

5.3

CONCLUSIONS

Heightened exNMDAR activity and disturbed synaptic transmission are shared
pathogenic features across essentially all major neurodegenerative disorders,
despite differences in primary disease causes and affected brain regions [124].
Thus, common therapeutic approaches to modulate this pathway may be
effective not only in HD, but in other conditions as well. DAPK1 is an exemplary
therapeutic target with multiple overlapping potential clinical applications which
remain to be explored in greater depth. Initially linked to acute ischemic neuronal
death in 2010, aberrant DAPK1 activity has since been observed in animal
models of AD, tauopathy, PD, chronic stress, and now for the first time, HD.
Importantly, however, HD is a desirable central model for all forms of neuronal
degeneration due to its definitive genetic cause, the wide selection of available
animal models, and the ability to generate well-defined clinical trial treatment
groups given the option for genetic diagnosis and predictive testing in at-risk
individuals. Therefore, it will be ideal to use HD as a model for further
development of DAPK1-targeted neuroprotective therapies.
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