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Abstract
The N-terminus of the Huntingtin (HTT) protein is comprised of three functional domains
encoded by exon 1 of the Huntingtin (HTT) gene. The polyglutamine stretch (polyQ), which is
expanded in Huntington’s disease (HD), is flanked by the first 17 amino acids (N17) and the
proline rich region (PRR). In vitro, the N17 domain can regulate HTT’s subcellular localization in
response to increased oxidative stress [1], and the PRR is a protein-protein interaction domain
[2, 3]. Mice lacking regions of the Htt N-terminus are born at the expected Mendelian frequency,
suggesting that the Htt N-terminus is not required for Htt’s critical role during embryonic
development [4-7]. In aged mice, deletion of the polyQ domain results in an increase in
autophagy markers [8], while deletion of the N17 domain results in a reduction in thalamostriatal
glutamatergic synapses [4]. The behavioral consequences of single- or double-domain deletions
within the Htt N-terminus, however, are not consistent [4-6], suggesting that these domains do
not function in isolation. Characterizing a model with a deletion in all three Htt N-terminal
domains should contribute to our understanding the function of the Htt N-terminus in vivo.
I have characterized a mouse model with a deletion of the N17, polyQ, and PRR
domains of the Htt N-terminus (HttΔE1), and found that while the progeny from HttΔE1/+
intercrosses were born at the expected Mendelian frequency, there was a sex-specific distortion
in the number of HttΔE1/ΔE1 and Htt+/+ progeny. I performed longitudinal examinations of motor
and spatial learning and memory performance in HttΔE1/ΔE1, HttΔE1/+, and HttΔE1/-, Htt+/+, and Htt+/mice, and found that HttΔE1/ΔE1 mice exhibit a non-progressive rotarod deficit compared to Htt+/+
mice. Additionally, I investigated Htt subcellular localization, DNA damage repair, oxidative
stress markers, synapse numbers, and autophagosome marker levels in HttΔE1/ΔE1 and Htt+/+
mice, and found no differences between genotypes. I did, however, observe an increase in DNA
double strand breaks (DSBs) in the cortex and striatum of 3-month-old mice along with elevated
pan-nuclear levels of the DNA DSB repair protein 53bp1.

iii
I have also characterized the HttΔE1 allele in trans to an HD model allele (Htt140Q/ΔE1), and
found that the HttΔE1 allele modifies HD phenotype progression. Htt140Q/ΔE1 mice exhibit delayed
onset of HD mouse model motor phenotypes including reduced grip strength and hypoactivity.
The HttΔE1 allele did not modify spatial learning and memory performance. Additionally, Htt
subcellular localization and autophagy levels were not significantly altered and levels of synaptic
markers were not consistently changed in Htt140Q/ΔE1 mice compared to Htt140Q/+ mice, or in
single- or double-domain deletion mice (Htt140Q/ΔQ, Htt140Q/ΔQP, or Htt140Q/ΔN17) compared to
Htt140Q/+ mice.
Based on these results, I conclude that the Htt N-terminus is not required for Htt’s critical
functions in development and in the brain, but instead may modulate the efficiency of some Htt
functions both under basal conditions and in the presence of an HD model allele.
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Chapter I: Introduction
Huntington’s disease (HD) is caused by an autosomal dominant trinucleotide
repeat mutation in the Huntingtin (HTT) gene [9, 10]. In HD, an expansion of the CAG
repeats within exon 1 of HTT results in an elongated polyglutamine (polyQ) stretch in the
N-terminus of the Huntingtin protein (HTT). Beyond a pathogenic threshold of 36-39Q,
this expansion results in the formation of nuclear and cytoplasmic HTT aggregates within
neurons and other postmitotic cells [11-13]. There are currently no treatments available
that can effectively prevent HD onset or progression. Loss of normal HTT function likely
contributes to HD pathogenesis, as conditional knockout of Htt in the brains of mice
leads to neurodegeneration [14] and absence of wild type Htt expression affects disease
severity in HD model mice [15]. Additionally, HTT functions in many cellular processes
that are altered in HD. Determining the normal function of HTT is therefore critical for
understanding HD pathogenesis and progression.

Huntington’s disease
The hallmark pathological feature of HD is progressive neurodegeneration of the
medium spiny neurons (MSNs) of the striatum and, in later stages of the disease,
pyramidal neurons in layers V/VI of the cortex. HD has a prevalence of ~2.71 per
100,000 worldwide. European populations (~5.70 per 100,000) are more affected than
Asian populations (~0.40 per 100,000) [16]. Symptoms usually manifest between ages
35 and 50, although the age of onset is correlated with the length of the polyQ
expansion, so juvenile-onset HD cases can occur when CAG repeat lengths are
extremely long [17]. HD causes a wide range of motor, cognitive, and psychiatric
symptoms. The most distinctive symptom of HD is chorea, an involuntary writhing and
dance-like movement; however, HD patients can also experience psychiatric and
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cognitive symptoms such as depression, anxiety, apathy, irritability, and dementia [18].
HTT is expressed throughout the body, and HD symptoms such as weight loss, skeletal
muscle degeneration, and osteoporosis may be due to mutant HTT (mHTT) expression
in the periphery [19]. Treating psychiatric HD symptoms with common pharmacological
interventions such as antidepressants is often successful. However, in late disease
stages, voluntary movement is disrupted and the most likely cause of death in HD
patients is aspiration pneumonia caused by difficulty swallowing [20].

Huntingtin structure
The HTT gene is located on the short arm of chromosome 4 at position 16.3, and
its translated product was identified in 1993 as a large (~350kDa) protein with a variable
polyQ stretch [9]. HTT is a multifunctional protein that acts as a scaffold for a variety of
cellular processes [21-24]. HTT is comprised of multiple alpha-helical solenoid domains,
known as HEAT (Huntingtin, elongation factor 3, protein phosphatase 2A, and TOR1)
repeats, that are known to modulate protein-protein interactions [25].

HTT’s primary amino acid sequence is similar to the yeast proteins Atg23, Vac8,
and Atg11 at the N-terminus, middle, and C-terminus of HTT, respectively. In yeast,
these proteins function as components of the cytoplasm-to-vacuole targeting pathway,
and HTT is thought to function in a similar manner during autophagy [22]. In addition, the
HTT N-terminal region may interact with the C-terminus of HTT. Fragments of these two
HTT segments can co-immunoprecipitate, and their hypothesized yeast orthologs, Atg11
and Atg23, can also interact with each other [22].
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Huntingtin N-terminus structure
HTT’s N-terminus is comprised of three functional domains encoded by the first
exon of HTT: the first 17 amino acids (N17), the polyglutamine domain (polyQ), and the
proline-rich region (PRR). The PRR, which evolved in vertebrates and is present in all
mammals [26], can associate with proteins containing a Src homology 3 (SH3) [2] or
tryptophan (WW) domain [3]. The polyQ region may modulate HTT’s ability to bind
directly to DNA [27]. Many transcription factors contain a polyQ stretch, and
Spinocerebellar Ataxia 17—another trinucleotide repeat disease—is the result of a polyQ
expansion in the TATA binding protein, which is a crucial component of transcriptional
machinery. The HTT polyQ domain first appeared in deuterostomes and has increased
in length throughout evolution, reaching its longest length in humans [26]. It is
hypothesized to act as a flexible hinge, allowing for interactions between the N17 and
PRR domains [28]. The N17 domain forms an alpha helix that is highly conserved
among vertebrates [26], and may regulate HTT’s subcellular localization [1, 29, 30].
Evolutionarily, the HTT N-terminus emerged as nervous systems became more
complex, and it is proposed to have specialized nervous system functions [26].

Post-translational modifications
HTT has the potential to undergo a variety of post-translational modifications
including phosphorylation, acetylation, sumoylation, ubiquitination, and palmitoylation.
Within the HTT N17 domain, serines S13 and S16 are targets for phosphorylation, which
signal for HTT translocation to the nucleus [23]. In addition, methionines M1 and M8
within the N17 domain are susceptible to oxidization, contributing to HTT’s ability to react
to oxidative stress [1]. S13 and S16 phosphorylation reduces HTT aggregation in HD
models, and promotes HTT clearance [31, 32]. Threonine T3 is also a target for

4
phosphorylation within HTT’s N17 domain, and T3 phosphorylation may modulate HTT
structure and mutant HTT aggregation properties [33].

Both mutant and normal HTT can be cleaved by caspases and calpains between
amino acids 400 and 600 to form N-terminal fragments prior to HD onset [34, 35]. Since
unexpanded HTT N-terminal fragments are also found in unaffected brains, this
cleavage is likely a part of HTT’s normal catabolic processing [34] but may be increased
in the context of HD [35]. In the presence of mHTT, N-terminal fragments of HTT with
unexpanded polyQ domains can be detected in aggregates along with mHTT [36-38].

Huntingtin function in health and disease
HTT is a scaffolding protein with multiple protein-protein interaction domains that
allow it to participate in a variety of protein complexes. HTT contributes to embryonic
and CNS development, transcriptional regulation, intracellular transport, metabolism,
synaptic function, autophagy, and DNA damage repair. In a study defining the HTT
interactome in vivo, 747 binding partners were identified that participate in organelle and
vesicle trafficking, synaptic function, and nucleotide-binding [39].

Embryonic development
Htt knockout leads to early embryonic lethality before neurulation at embryonic
day (E)8.5 [40-42]. Ubiquitous conditional Htt knock-out in 2-month-old mice results in
death within 10 days from acute pancreatitis that is not dependent on the Htt N-terminus,
however, if Htt inactivation is postponed to 4 months of age, the majority of mice survive
the first 10 days after loss of Htt expression [43]. Conditional knockout of Htt in the
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forebrain at either E15 or postnatal day (P)5 results in progressive neurodegeneration
and a decreased lifespan [14]. In addition, stem cells from Htt knockout mice are unable
to differentiate into neuronal precursors [44], suggesting a role for HTT in nervous
system development.

Nervous system development
When Htt expression is knocked down in mice starting during early embryonic
development and continuing until P21, these animals exhibit striatal degeneration at 12
months of age [45]. Abnormal neurogenesis as a result of decreased HTT levels has
been observed both in mouse models [46] and in vitro [44, 46]. HTT’s role in regulating
the angle of the mitotic spindle in dividing neuronal progenitor cells may contribute to
defects in neurogenesis. During neurogenesis, the angle of the mitotic spindle relative to
the apical surface of the ventricular zone during cell division determines the fate of the
resulting daughter cells, and changes in spindle orientation can have long-term
consequences in the brain. Removing or knocking down HTT can also result in
mislocalization of dynein, the p150Glued subunit of dynactin, and the large nuclear mitotic
spindle apparatus (NuMA), all of which are necessary for proper cytoskeletal
organization during mitosis [46]. In vivo studies in mouse models with genetically
depleted Htt expression show that spindle misorientation causes cleavage plane
alternations in dividing cortical progenitor cells, resulting in an increase in horizontal
division and a decrease in vertical division. This dysregulation causes early depletion of
progenitor cells by E14.5 and an abnormally large number of differentiated neurons at
E18.5 [46]. Spindle misorientation, as well as microtubule-associated motor subunit and
plus-end-associated protein mislocalization, are apparent in HD mouse model cells [47]
and in neural stem cells produced from HD human embryonic stem cells [48].
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Transcriptional regulation
HTT contains a polyQ stretch, which is a common feature among DNA-binding
proteins including transcription factors [49]. Both an N-terminal fragment of mHTT
encoded by exon 1 and full-length mHTT can bind directly to DNA and increasing the
length of the polyQ stretch increases DNA binding affinity [27]. When bound to DNA,
HTT can modulate DNA structure and compete with transcription factors for binding
sites. RNAseq experiments using HD cells show that there is a greater number of genes
transcribed in cells that express mHTT compared to wild type, and that the levels of
genes that are expressed under normal conditions are reduced in mHTT-expressing
cells compared to wild-type controls [27]. HTT also interacts directly with transcription
factors. Mutant HTT can sequester other polyglutamine-containing transcription factors
in aggregates, including the TATA binding protein and the CREB binding protein, which
are involved in the transcription of a wide variety of genes [50]. Interaction between the
transcription factor SP1 and the TAF4 subunit of TFIID, and the RAP30 and RAP74
subunits of TFIIF, are disrupted by polyQ expansions in HTT [51]. This interaction also
requires the PRR domain within the HTT N-terminus, and mHTT interferes with normal
transcriptional activity [51].

Intracellular transport
HTT is important for microtubule-based vesicular transport, and nuclear transport
may be disrupted by mHTT. A region of HTT between amino acids 600 and 698 directly
interacts with the intermediate chain of dynein, a motor protein that facilitates vesicular
transport toward the minus end of microtubules in a complex with dynactin and
Huntingtin-associated protein-1 (HAP-1) that is required for proper HTT localization
within the cell [24]. Brain-derived neurotrophic factor (BDNF), a necessary pro-survival

7
signal, is also transported along microtubules [52]. BDNF is not expressed in the
striatum [53], and striatal BDNF signaling depends on anterograde trafficking of BDNF
from cortical neurons [54] that is dependent on a complex in which HAP-1 acts as a link
between HTT and the p150Glued subunit of dynactin [52]. BDNF transport is
compromised both in the presence of mutant HTT and when HTT levels are low [52].

HTT also participates in other pathways required for the successful transport of
cellular cargo. For example, HTT has been implicated in regulating the capture of dense
core vesicles carrying neuropeptides to the presynaptic bouton [55]. Additionally, mHTT
interferes with nuclear transport in several ways. Crucial subunits of the nuclear pore
complex, including NUP62 and Gle1, as well as RanGAP1, which is necessary for the
release of exported cargo from the nuclear shuttling protein Ran and its subsequent
return to the nucleus, are sequestered in mutant HTT nuclear aggregates [56, 57].
Furthermore, the nuclear envelope is structurally compromised in both HD mouse
models and in HD postmortem brain tissue [57]. These factors all contribute to the
disruption of active and passive nuclear transport, including both protein transport and
mRNA export [56, 57].

Body weight and metabolism
HD patients exhibit progressive weight loss [19]. In animal models, Htt
expression levels are positively correlated with body weight. Overexpression of fulllength Htt results in increased IGF-1 levels [58] and increased body weight in mice [5860]. This effect is independent of polyQ length, and overexpression of only an N-terminal
fragment of Htt does not affect IGF-1 levels [58]. Conversely, mice expressing only one
allele of Htt exhibit reductions in body weight [60]. Htt overexpression does not result in

8
changes in food intake [60] or in leptin production per gram of fat [58], although total fat
levels are increased in Htt overexpressing model mice [60], resulting in an increase in
total leptin levels [58].

The striatum may be particularly susceptible to metabolic disruptions. In mice,
injections of the TCA cycle inhibitor 3-nitropropionic acid (3-NP) have been used to
model HD pathogenesis, and cause HD-like motor symptoms and selective lesions in
the dorsal striatum [61]. Mutant HTT’s effect on metabolism, however, has not been well
defined. While studies using embryonic stem cells (mESCs) [62], striatal neurons
differentiated from induced pluripotent stem cells (iPSCs) [63], or neurons and
mitochondria isolated from HD model mice [64] report few if any changes in
mitochondrial function, other studies using iPSCs derived from HD patients [65] or
striatal cell lines derived from HD mouse models [66] report metabolic deficits. In
addition to mitochondrial function, mHtt may affect mitochondrial dynamics. Mutant Htt
can associate with mitochondria, causing mitochondrial trafficking to neuronal processes
to be impaired [67]. In addition to mitochondrial trafficking, transport of proteins into
mitochondria is disrupted in HD models [68], and mHtt can bind to the mitochondrial
fission protein DRP1, increasing its activity and resulting in fragmented mitochondria
[69]. Htt’s polyQ domain may influence metabolism even in the absence of an expansion
mutation. Cultured fibroblasts from mice homozygous for a polyQ domain deletion
display increased levels of ATP [5]. In contrast, Htt knockout mESCs exhibit severe
metabolic deficiencies, suggesting that Htt may influence mitochondrial function in
healthy cells [62].
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Synapses and circuitry
In HD, striatal and cortical dysfunction contribute to movement symptoms
primarily through dysfunction of the normal basal ganglia circuitry, which is comprised of
a direct and an indirect pathway. The striatum receives excitatory glutamatergic inputs
from the cortex. In the direct pathway, when the striatum is activated it sends inhibitory
signals to the internal globus pallidus, which in turn inhibits the thalamus. The thalamus
activates the motor cortex, leading to an overall increase in movement. The indirect
pathway sends inhibitory signals from the striatum to the external globus pallidus, which
in turn inhibits the subthalamic nuclei. The subthalamic nuclei then inhibit the thalamus,
which activates the motor cortex. Therefore, activity in the indirect pathway results in a
decrease in movement. In cortical and striatal neuronal co-culture, corticostriatal
synapses are reduced after 14 days in vitro using murine HD cells expressing 129QHTT. These cultures exhibit a reduction of mini excitatory postsynaptic potentials that
were not observed if either the cortical or the striatal neurons were wild type [70]. In mice
expressing 140Q-Htt, corticostriatal synapses in the direct pathway from the dorsolateral
striatum are reduced at 12 months of age, but not in younger mice. Indirect pathways
synapses, however, are not changed [71]. In contrast, thalamostriatal synapses in both
the direct and indirect pathway from the dorsolateral striatum are reduced at both 4 and
12 months of age [71]. In HD model mice, corticostriatal synapse loss correlated with
altered activity in an open field test, but thalamostriatal loss did not affect activity levels
[71]. Loss of thalamostriatal synapses in mice through reduction of the presynaptic
protein Vglut2, however, results in rotarod deficits with little change to learning and
memory behavior [72].
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In vitro, thalamostriatal co-cultures of neurons isolated from a 129Q-Htt HD
mouse model exhibit alterations in their firing properties, and brain slices from these
mice have an increase in glutamate release in the thalamostriatal pathway [73].
Excitotoxicity in HD may be mediated through the HTT N-terminus. HTT interacts with
PSD95 through PSD95’s SH3 domain. SH3 domains interact with the PRR domain in
the HTT N-terminus, and N-terminal fragments of HTT co-immunoprecipitate with
PSD95 [74]. This interaction, however, is reduced in the presence of an expanded polyQ
domain [74, 75]. PSD95 instead has increased interactions with the NR2B subunit of the
NMDA receptor causing increased glutamate signaling and excitotoxicity [74, 75].

Both HTT and mHTT can affect the number of synapses in the brain as well as
their function. In mice with a conditional knockout of Htt in cortical neurons, both
corticocortical and corticostriatal synapse numbers are increased at 3 weeks of age. In
the striatum, this effect is maintained at 5 weeks of age [76]. No differences were
observed in thalamostriatal synapses in cortex-specific Htt conditional knockout mice at
3 weeks of age, although at 5 weeks, these mice exhibited an increase in thalamostriatal
synapses [76]. In addition to cortical Htt, striatal Htt may also affect synapse number and
function. Conditional Htt knockout in either direct- or indirect- pathway striatal neurons
results in altered projections to the globus pallidus, altered activity levels, and decreased
neuron counts in aged mice [77]. The Htt N-terminus may also affect synapse numbers.
24-month-old mice with a homozygous N17 domain deletion exhibit a reduction in
thalamostriatal synapses [4]. Changes in synapse number are the result of alterations in
the length and complexity of dendritic branches both in Htt loss-of-function and in HD
models [73, 76, 78], suggesting that Htt-mediated alterations in neuronal development
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and morphology may influence synapse numbers. Htt may act directly at the synapse to
influence synapse numbers, but it may also act indirectly. For example, Htt knock-out
embryonic stem cells exhibit increased transcription of Sdc2 [44], which encodes for the
protein syndecan 2, a regulator of dendritic arborization [79].

Autophagy
HTT may act at several stages of the selective macroautophagy pathway. To
trigger selective macroautophagy, the protein unc-5-like autophagy activating kinase 1
(ULK1) is released from a complex with mTOR. HTT also binds with ULK1 in a manner
that is mutually exclusive from mTOR binding [21], suggesting that HTT may compete
with mTOR for ULK1 binding, which allows for activation of ULK1 and initiation of
selective macroautophagy. HTT may also play a role in the recognition of cargo selected
for degradation. During autophagosome formation, LC3-I (diffusely localized in the
cytosol) is conjugated to phosphatidylethanolamine (becoming LC3-II). LC3-II associates
with the autophagosomal double membrane that forms around ubiquitinated cargo [80].
The autophagy protein p62/SQSTM1 (p62) is an autophagy cargo adaptor that has a Cterminal ubiquitin (Ub)-binding domain and a short LC3-interacting region [81], which
allow p62 to recognize and target ubiquitinated cargo for degradation by selective
macroautophagy [81]. Because LC3-II and p62 are both degraded by autophagy, the
number of LC3-II+p62+ autophagosomes and the steady-state levels of LC3-II and p62
can be affected by alterations in the autophagy pathway. HTT interacts with p62, and a
reduction in HTT levels can prevent p62 from binding to proteins with ubiquitination
dependent on lysine 63 of ubiquitin, but not ubiquitin conjugation mediated by a lysine 48
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linkage [21]. This scenario results in both a buildup of p62, as well as a population of
autophagosomes that do not contain any cargo.

Selective macroautophagy is the primary clearance method of mHTT, however
autophagy is disrupted in cells with an expanded HTT polyQ domain, possibly through
multiple mechanisms. Analysis of autophagosomes in HD cells has revealed a deficit in
cargo recognition [82]. Additionally, studies of autophagosome dynamics show a deficit
in autophagosome trafficking to the lysosome [83]. In an HD mouse model, deletion of
the normal Htt polyQ region in trans increased autophagy levels [8]. Ubiquitination of the
N17 domain at lysines K5, K9, and K15 can alleviate toxicity by promoting clearance,
while sumoylation at these sites can increase HTT-mediated toxicity by competing with
ubiquitination [84]. However, the efficiency of total autophagosome flux, including basal
as well as selective autophagy, may not be influenced by normal HTT, since LC3-II
levels are not changed when HTT is absent [21].

DNA damage repair
Recent evidence has uncovered a role for normal HTT in both base excision
repair (BER) [23] and transcription-coupled DNA damage repair [85], HTT can sense
oxidative stress through oxidation of methionines within the N17 domain of the HTT Nterminus. This process causes translocation of HTT to the nucleus, possibly through a
conformational change that allows for HTT dissociation from the membrane, exposing
S13 and S16 of HTT for phosphorylation [1]. Once in the nucleus, HTT will accumulate
at areas of DNA damage and associate with the ATM complex, potentially assisting in
DNA damage repair complex assembly by functioning as a scaffolding protein. HTT co-
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localization with ATM at sites of DNA damage is dependent on N17 phosphorylation
[23].

DNA damage is elevated in cells from HD patients compared to unaffected
controls after induction of DNA damage [23]. In HD, mHTT may not only prevent DNA
damage repair, but also contribute to DNA damage by disrupting nuclear envelope
integrity and nuclear transport, which can cause an increase in DNA damage [57]. A
genome-wide association study (GWAS) of HD patients found a correlation between
disease progression and a gene locus that is likely to be associated with the FAN1
(FANCD2- and FANCI-associated nuclease 1) gene [86], which encodes for FAN1, a
protein that participates in DNA damage repair [87]. FAN1 can bind directly to mHTT,
reduce somatic expansion of the CAG repeat, and modify disease age-of-onset and
severity [88]. In vitro studies using cells from an HD mouse model found that after
treatment with hydrogen peroxide (H2O2) to induce DNA damage, HD cells exhibited
both a delay in the accumulation of the DNA double strand break repair marker H2AX
and an increase in total H2AX signaling, suggesting a deficit in either DNA damage
recognition or repair in HD cells [89]. Reducing levels of the DNA damage response
protein ATM has been shown to ameliorate HD pathology both in vitro and in vivo,
providing further evidence that dysregulation of the DNA damage response pathway
may contribute to HD pathogenesis [89].

The contribution of the HTT N-terminus to normal HTT function in the adult brain
Because of HTT’s critical role during development [40-43], the majority of HTT’s
normal functions have been studied using cell culture models rather than animal model
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systems, limiting the identification and characterization of HTT’s functions in the adult
brain. Based on prior studies in mice, the Htt N-terminus is not likely to be required for
embryonic development or survival [4-7] but may have some specialized functions in the
nervous system [26]. Characterization of a mouse model with a deletion of the
endogenous Htt N-terminus may therefore be able to provide new information about
Htt’s functions in the adult brain.
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Chapter II: Materials and Methods
Chapters II and III are modified and expanded from the following manuscript: Braatz EM,
André EA, Liu JP, Zeitlin SO. Characterization of a Knock-In Mouse Model with a
Huntingtin Exon 1 Deletion. J Huntingtons Dis. 2021 Aug 25. doi: 10.3233/JHD-210494.
Epub ahead of print. PMID: 34459410.

Mouse husbandry
Mice were housed in a temperature-and humidity-controlled facility on a 12-hour
light-dark cycle with unrestricted access to food and water. Whole body -irradiation was
administered with a J.L. Shepherd Mark 1 Model 68A Cesium-137 irradiator located in
the vivarium. KBrO3 was added in the drinking water at the concentration of 2 g/liter for 7
days. All experiments using mice were approved by the University of Virginia Animal
Care and Use Committee. Both male and female mice in the C57BL/6J congenic
background were used for all experiments, except for behavioral testing where only male
mice were used to eliminate the potential effects of the estrus cycle on behavior.
Experimenters were blinded to genotype during data collection and analysis when
appropriate.

PCR genotyping
PCR was performed using the primers listed below:
To detect the HttΔE1 allele: HdEpi-1: 5’-GCGTAGTGCCAGTAGGCTCCAAG-3’ and
140Reverse: 5 -́ GAAGGCACTGGAGTCGTGAC-3 ́
No product is generated from the Htt+ allele because the PRR is G/C-rich. A 233 bp
product is generated from the HttΔE1 allele.
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To detect the HttΔE1 or Htt140Q allele and the Htt+ allele:
140Forward: 5 -́ CTGCACCGACCGTGAGTCC-3 ́ and 140Reverse (see above)
The Htt+ allele generates a 236 bp product. A shortened 152 bp product is generated
from the HttΔE1 and Htt140Q alleles due to an intronic 84 bp deletion.

For detection of the MC1-neo positive selection cassette present in the Htt null allele:
MC1-1 (forward): 5′-AACACCGAGCCGACCCTGCAG-3′ and Neo-3 (reverse): 5′AGAGCAGCCGATTGTCTGTTGT-3′ (Htt-: 130 bp product)

To estimate the length of the CAG repeat in the Htt140Q allele: HDEpi-1: (see above) and
LacOM3’-1: 5’-CTGCGGCGGCGGCTGAGGAAG-3’ (Htt140Q: ~593bp product)

Behavioral analyses
Motor behavioral analysis using the accelerating rotarod, open field, and forelimb
grip strength apparatuses were performed at 3, 6, 12, and 18 months of age. Mice were
weighed at each time point. Morris water maze testing was performed at 10, 14, and 19
months of age. Testing was performed between 8:00AM and 2:00PM (light phase).
Littermate controls were included when possible. The wild type control group for the HD
mouse model experiments, however, were obtained from Htt+/+ x Htt+/+ intercrosses.
(N=17-20/genotype).

Open Field Testing
Open field testing was performed with the VersaMax Animal Activity Monitoring
System (AccuScan Instruments). Activity for each mouse was recorded for 5 min. The
open field chamber was cleaned after each trial, and each mouse was subjected to open
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field testing once at each experimental time point. VersaMax software was used to
analyze activity outputs.

Rotarod
An Economex accelerating rotarod (Columbus Instruments) was used to assess
motor performance. A training period consisting of a 1-min trial balancing on a stationary
rod and a 1-min trial on a rod rotating at 2 rpm was completed before the initial
experimental trial (trial day 1 at 3 months of age). If a mouse failed either trial it was
given two more chances to complete it. For experimental trials, the latency to fall from a
rod accelerating at 0.1 rpm/sec from an initial speed of 2 rpm was recorded for each trial,
and trials were spaced at least 15 minutes apart. Three experimental trials were
performed per day for each mouse over three consecutive days, and analyses were
performed using the average latency to fall over the three trials.

Forelimb Grip Strength
Forelimb grip strength was assessed using a grip strength meter (San Diego
Instruments). Each mouse was suspended by the tail and allowed to grip a metal grid
attached to the force meter with both forelimbs. Once their grip had been firmly
established the mice were pulled at a 45° angle away from the grip strength meter until
they released their forepaws from the grid. Each mouse was tested on one day per
experimental time point, and the average force required to break the mouse’s grip over 3
trials was recorded.
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Morris water maze
Morris water maze testing consisted of an 8-day experimental protocol including
an acquisition phase (4 days), probe trial (1 day), reversal phase (2 days), and a visible
platform control trial (1 day). Water maze testing was performed in a circular pool (Maze
Engineer, 122 cm diameter) filled with opaque water (22 ± 1°C) to hide a circular
platform >1 cm below the surface. Three visual reference cues were positioned on the
side of the pool, and the experimenter was hidden by a curtain during data acquisition.
Visual reference cues were not altered at any point during testing. All data was collected
from a Basler ace color Gig-E camera centered above the pool using EthoVision XT 13
software (Noldus Information Technology). The maze was divided into quadrants during
testing, and the platform was placed in the center of one quadrant. During testing, the
mice were placed in the maze at designated locations outside of the platform quadrant.
Placement locations varied between trials. After each trial, mice were removed from the
maze, dried with paper towels, and allowed to rest in their home cage for at least 45
minutes before the next trial.

Acquisition phase
The acquisition phase consisted of four trials per day over four days. Mice were
placed in the maze facing the wall of the pool and allowed to explore for 60 seconds.
Mice who successfully climbed onto the hidden platform were removed from the maze
after 20 seconds. Mice who failed to climb onto the hidden platform during the trial were
guided onto the platform and removed after 20 seconds. The latency to the platform was
recorded for each successful trial, and a latency of 60 seconds was recorded for mice
who failed to find the platform.
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Probe trial
The hidden platform was removed from the maze on the fifth day of testing and
each mouse was allowed to explore the maze for 60 seconds. The amount of time the
mouse spent in the maze quadrant that had previously contained the platform and the
average swim velocity over the 60 second trial were recorded.

Reversal phase
On the sixth and seventh days of testing, the hidden platform was returned to the
maze, but was moved to the center of a different quadrant. Mice were allowed to learn
the new location of the platform for four 60 second trials per day over two days (similar
to the acquisition trials).

Visible platform task
The visible platform test consisted of a single 60 second trial. A visible marker
was placed on the hidden platform, which was moved to a different location in the pool.
The latency to the platform was recorded for each mouse.

Brain tissue lysate preparation and subcellular fractionation
Whole brain lysates from 3-, 6-, 12- or 24-month-old mice were separated into
enriched nuclear, microsomal, and cytosolic fractions as described [4] with the following
modifications. The 800 xg supernatant was either centrifuged at 100k xg for 60 min at
4oC to obtain a total microsomal (pellet) and a cytosolic (supernatant) fractions or
centrifuged first at 9k xg for 10 min at 4oC to obtain a heavy microsomal fraction (P1),
the supernatant was then centrifuged at 100k xg for 60 min at 4oC to obtain a light
microsomal fraction (P2), and the remaining supernatant is the cytosolic fraction. To
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obtain a nuclear-enriched pellet, the 800 xg pellet was resuspended in 1.3 M sucrose
buffer, layered on a cushion of the same buffer, and centrifuged for 45 min at 3k xg.

The microsomal pellets were resuspended in 25 mM Tris (pH 7.6), 150 mM NaCl,
1% NP40, 1% SDS, 1% sodium deoxycholate, 1 mM EDTA, 1 mM DTT, 5 mM NaF, 1
mM NaVO4, and Halt protease inhibitor, then centrifuged at 15,000g for 15 min at 4 C
̊ to
obtain the microsomal fraction (supernatant). The nuclear pellets were resuspended in
25mM Tris (pH 7.6), 400 mM NaCl, 1 mM EDTA, 1 mM DTT, 5 mM NaF, 1 mM NaVO 4,
and Halt protease inhibitor, and then sonicated at 4 C
̊ on a 10 seconds on/20 seconds
off paradigm using a Fisher Scientific Sonic Dismembrator (FB-505) equipped with a cup
horn attachment until a homogenous nuclear lysate was obtained, approximately 2-3
min. Following sonication, NP40 (1% f.c.), SDS (0.1% f.c.), and sodium deoxycholate
(1% f.c.) were added to the nuclear lysate. The samples were centrifuged at 15,000g for
15 min at 4 C
̊ to obtain the nuclear fraction (supernatant).

For detection of protein carbonyls, cortical and striatal tissues were dissected
and homogenized in 25 mM Tris (pH 7.9), 500 mM NaCl, 1 mM EDTA, 1% NP40, 0.1%
SDS, 1% sodium deoxycholate, 1 mM DTT, 5 mM NaF, 1 mM NaVO4, and Halt
protease inhibitor (Thermo Scientific 78425). Samples were centrifuged at 15k xg for 15
min at 4oC and the supernatant was collected.

For detection of 53bp1, cortical tissue was dissected and homogenized in 25 mM
Tris (pH 7.9), 500 mM NaCl, 1 mM EDTA, 1 mM DTT, 5 mM NaF, 1 mM NaVO4, 1%
TritonX-100 and Halt protease inhibitor. The homogenate was sonicated for 3 minutes
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(10 sec on/20 sec off) at 4oC (Fisher Scientific Sonic Dismembrator, Fisherbrand Model
505), centrifuged at 15k xg for 15 min at 4oC, and the supernatant was collected.

For cortical and striatal cytosolic and microsomal fractions, tissues were
dissected, homogenized, and resuspended in the same buffers used in the whole brain
fractionation (see above), except the supernatant from the 800 xg spin was centrifugated
at 15k xg to obtain the microsomal fraction (pellet) and cytosolic fraction (supernatant).
Protein levels were estimated using a Thermo Fisher Pierce BCA Protein Assay
kit (PI23227).

Western blotting
Western blotting was performed as described [4], with the following
modifications. 60 μg protein was fractionated on Mini-PROTEAN TGX 4-15% gradient
gels (Bio-Rad) for synaptic marker and whole brain p62 detection, on 7% acrylamide
gels for brain-regional p62 detection, or on 15% acrylamide gels for LC3 detection, and
then transferred onto 0.2 μm nitrocellulose membranes (Bio-Rad, 1704158) using a BioRad Transblot Turbo transfer system.

To detect Htt, 30 μg protein from cytosolic, heavy microsomal (P1), and light
microsomal (P2) fractions and 90 μg nuclear proteins from HttΔE1/+ brains or 60 μg of
cytosolic, total microsomal, and nuclear proteins from Htt+/+, HttΔE1/+, HttΔE1/ΔE1, Htt+/-,
HttΔE1/-, Htt140Q/+, Htt140Q/ΔE1, Htt140Q/-, Htt140Q/ΔQ, Htt140Q/ΔQP, and Htt140QΔN17 brains were
fractionated on 4.4% acrylamide gels and transferred electrophoretically onto ImmunBlot Low Fluorescence PVDF membranes (Bio-Rad 162-0263) at 30 V overnight using a
mini TransBlot system (BioRad) at 4oC.
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To quantify cortical 53bp1 levels, 60 μg of total protein were fractionated on 2step 4.4%/8.8% acrylamide gels and transferred electrophoretically onto Immun-Blot
Low Fluorescence PVDF membranes at 100 V for 2.5 hrs at 4oC.

To examine protein carbonyl levels, 15 μg of total cortical and striatal protein
were fractionated on 7% acrylamide gels and transferred onto Immun-Blot Low
Fluorescence PVDF membranes using the Transblot Turbo transfer system.
Derivatization of carbonyl groups with
2,4-dinitrophenylhydrazine (DNPH) and immunoblotting with a DNP antibody were
performed using the OxiSelect Protein Carbonyl Kit (Cell BioLabs STA-308) and signals
were detected with Thermo Scientific SuperSignal WestDura substrate (PI34076). Blots
were then re-probed with β-actin antibody.

Primary antibodies used were: Huntingtin (aa181-810) (Millipore MAB 2166,
1:3000), Huntingtin (aa1-17) (Sigma-Aldrich H7540, 1:1500), 53bp1 (Abcam 175933,
1:5000), LC3 (Novus NB100-2220, 1:1000), p62 (American Research Products 03GP62-C; 1:2000), β-actin (Cell Signaling 3700; 1:1000), Vglut1 (Millipore AB5905
1:10,000), PSD95 (Cell Signaling 2507; 1:1000), Vglut2 (Millipore AB2251; 1:10,000),
mTOR (Cell Signaling 2972, 1:1000) and DNP (Cell BioLabs 230801). IRDye 800CW
and IRDye 680RD conjugated secondary antibodies were purchased from Li-Cor (92632212, 926-68073, 925-68070, 925-32211) and Alexa Fluor 680 and 790 donkey antiguinea pig conjugated secondary antibodies were purchased from Jackson
ImmunoResearch (706-625-148, 706-655-148). Blots were imaged on a Li-Cor Odyssey
Fc system and analyzed using Li-Cor ImageStudio software.
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Immunohistochemistry
For immunohistochemistry, 2-, 3-, 4-, 12-, or 18-month-old mice were
anesthetized and perfused with 10% sucrose in PBS for 1 min (5 ml/min)using a
peristaltic pump (Cole-Parmer Master flex L/S pump equipped with a model 77200-60
pump head), followed by 4% paraformaldehyde-10% sucrose in 0.1 M phosphate buffer
for 5 min. Brains were removed and post-fixed for 2 hr, rinsed in 10% sucrose in PBS,
incubated for 1 hr in 0.125 M glycine-10% sucrose in PBS, and washed 3 times in 10%
sucrose in PBS (including one overnight wash, all steps were performed at 4oC). Tissue
was then frozen in O.C.T. compound (Tissue-Tek 4583). Frozen forebrains were
sectioned coronally at 14 or 20 μm, while cerebella were sectioned sagittally at 14 μm,
and processed as described [4]. For samples to be labeled with primary antibodies
generated in mice, an additional blocking step with a monovalent FAB anti-mouse
antibody (Jackson ImmunoResearch, 715-007-003) at 1:100 was performed for 1 hr at
RT.

Primary antibodies used: H2AX (Abcam 26350, 1:8000), 53bp1 (Abcam 175933,
1:5000), p62 (American Research Products 03-GP62-C; 1:900), LC3 (Cell Signaling
12741; 1:900), Vglut1 (Millipore AB5905 1:3750), Vglut2 (Millipore AB2251;1:5000),
PSD95 (Cell Signaling 3409; 1:800), NeuN (Millipore ABN90P, 1:500), calbindin (Novus
NBP2-50028, 1:4000). Secondary antibodies were purchased from Jackson
ImmunoResearch Laboratories (715-165-151, 711-165-152, 706-165-148, 715-545-151,
711-545-152, 706-545-148, 703-175-155). DAPI (Sigma-Aldrich, D9542) was used to
label nuclei.
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Images of brain sections were obtained using an Olympus FV1200 confocal
system with a 60x objective. Coronal sections were collected for synapse quantification:
from bregma -0.555 mm to 1.245 mm (dorsal striatum) and bregma -1.155 mm to 1.245
mm (motor cortex layers I and II) (20 m sections at 200 m intervals, 10-13
sections/mouse), for autophagy marker quantification: from bregma -0.18 mm to 1.42
mm (20 m sections at 200 m intervals, 9 sections/mouse), and for DNA damage
marker quantification: from bregma -0.26 mm to 1.42 mm (14 m sections at 210 m
intervals, 8-9 sections/mouse). Images of sagittal cerebellar sections were collected from
1.10 mm to 2.78 mm lateral to the midline (14 m sections at 210 m intervals, 9
sections/mouse, 3 images/section).

For Purkinje cell density quantification, images of sagittal cerebellar sections
were obtained using a Keyence BZ-X800E fluorescence microscope with a 20x
objective. Images were acquired from 1.10 mm to 2.99 mm lateral to the midline (14 m
sections at 630 m intervals, 4 sections/mouse) and stitched into a single image per
section.

Comet assay and nuclear immunostaining
Cortex, striatum, thalamus, and cerebellum were dissected from mice at 3 or 1316 months of age and homogenized in 250 mM sucrose, 20 mM HEPES (pH 7.3), 1 mM
MgCl2, 1% DMSO, and Halt protease inhibitor. Homogenates were centrifuged at 800 xg
for 4 min at 4oC. Pellets were gently resuspended in 250 mM sucrose, 20 mM HEPES
(pH7.3), 1 mM MgCl2, 25 mM KCl, 1% DMSO, and Halt protease inhibitor. Iodixanol
solution (Optiprep, Sigma-Aldrich D1556) was added to 25%, and the samples were
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layered on top of an 29%-35% iodixanol cushion and centrifuged at 3k xg for 30 min at
4oC. The nuclear-enriched band between the 25% and 29% iodixanol layers was
removed and added to 3x volume of PBS and centrifuged at 1k xg for 5 min at 4oC.
Excess PBS was removed and the nuclei were resuspended in the remaining PBS and
counted using a hemocytometer.

For comet assays, ~5,500 nuclei in 10 l PBS were mixed with 100 l of 1% lowmelting agarose, plated onto agarose-coated slides, covered with a 22 mm x 50 mm
coverslip, and then allowed to solidify for 30 min at 4oC. Coverslips were removed and
slides were incubated in a lysis buffer (20 mM Tris, 50 mM EDTA, 1.2 M NaCl, 1%
sarkosyl, and 2% DMSO) at either neutral (pH 8) or alkaline (pH 10) pH for 30 min at 4oC
to lyse the nuclei. The slides were then electrophoresed at 23 V for 20 min in either a
neutral (TBE pH 7.4) or an alkaline buffer (50 mM NaOH, 1 mM EDTA). Slides were
washed twice in water (alkaline treated slides were neutralized in TBE for 5 min before
washing), fixed in 70% ethanol for 10 min, and dried. Slides were rehydrated in water,
incubated in 2.5 μg/ml propidium iodide for 15 min to stain DNA, and washed twice in
water for 10 min each, then mounted with Vectashield mounting media (Vector Lab H1000) before imaging. Images were obtained using a Nikon TE2000 inverted microscope
with a 20x oil objective and a Nikon DS-Qi2 camera, and quantified using the public
domain CaspLab software (casplab.com) [90]. The DNA in the comet tail, as a
percentage of the total DNA in the comet, was quantified. This value represents the
amount of total DNA damage and is not affected by the length of the tail which may be
influenced by slight changes in buffer composition, electrophoresis conditions, and DNA
fragment size.
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To quantify 8-OHdG levels, ~22,500 nuclei in 45 l 0.9% low-melt agarose were
plated onto agarose-coated slides, covered with a 22 mm x 22 mm coverslip, and then
allowed to solidify for 30 min at 4oC. Coverslips were removed and the slides were then
lysed in an alkaline (pH 10) buffer, neutralized, fixed, and dried as described above.
Slides were then rehydrated in water and immunostaining with anti-8-OHdG antibody
(Millipore AB5830, 1:200) following standard procedures. Secondary antibody was
obtained from Jackson ImmunoResearch Laboratories (705-165-147), and DNA was
stained with DAPI. Images of isolated nuclei were obtained using a Nikon TE2000
inverted microscope with a 20x oil objective and a Nikon DS-Qi2 camera.

Image and statistical analyses
Analysis of immunohistochemistry and nuclear immunostaining images was
performed with Nikon NIS-Elements AR Analysis software (5.02.01). For H2AX, 53bp1,
LC3, p62, and PSD95 quantification, puncta under 2 pixels were excluded. For Vglut2
and Vglut1 quantification, puncta under 3 pixels were excluded. For DAPI quantification
in brain sections, nuclei under 15 pixels were excluded. To determine the calbindin+ cell
density, the number of calbindin+ cells along the entire length of the Purkinje cell layer
were counted and divided by the total length of the layer. Numerical data were analyzed
using GraphPad Prism 9. Statistical significance in the 2 test, unpaired t-test, paired ttest, 1-way ANOVA, or 2-way ANOVA was set at p < 0.05. Tukey’s multiple comparison
test was used for post-hoc analysis of ANOVA tests.
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Chapter III: Characterization of HttΔE1/ΔE1, HttΔE1/+, and HttΔE1/- mice
Chapters II and III are modified and expanded from the following manuscript: Braatz EM,
André EA, Liu JP, Zeitlin SO. Characterization of a Knock-In Mouse Model with a
Huntingtin Exon 1 Deletion. J Huntingtons Dis. 2021 Aug 25. doi: 10.3233/JHD-210494.
Epub ahead of print. PMID: 34459410.

Introduction
The protein product of the Huntingtin (HTT) gene, Huntingtin (HTT), is a large
3144 amino acid protein (~350 kD) containing a polyglutamine (polyQ) stretch encoded
by a CAG repeat within HTT exon 1 that when expanded, causes Huntington’s disease
(HD) [9]. The polyQ stretch is flanked by the first 17 amino acids of HTT (N17 domain),
forming an amphipathic helix capable of interacting with membranes [30], and a prolinerich region (PRR), acting as a structural spacer with the potential to interact with SH3
and WW domain-containing proteins [91, 92]. Mice with single- or double-domain
deletions within Htt’s exon 1 are born at the expected Mendelian frequency, survive into
adulthood, and are fertile, suggesting that Htt’s N-terminal domains are not required for
its critical functions during embryogenesis or postnatal survival [4-7, 43]. HTT has been
proposed to participate in selective macroautophagy, and the N-terminal, middle, and Cterminal portions of HTT have sequence and structural similarity to the yeast autophagy
proteins Atg23, Vac8, and Atg11 [21, 22]. Overexpressing a version of Htt with a CAG
repeat deletion (HttQ) in vitro leads to an increase in autophagosome formation, and the
autophagosome marker microtubule-associated protein 1A/1B-light chain 3-II (LC3-II) is
elevated in aged HttQ/+ mice [8]. In primary neuronal cultures, however, neither HttQ/Q
neurons nor neurons with both a polyQ and PRR deletion (HttQP/QP) exhibit changes in
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autophagic flux [4]. Atg23 and Atg11 coordinate autophagosome formation in yeast, and
HTT aa1-568 interacts in vitro with an HTT C-terminal aa 2416-3144 fragment [22, 93].
However, HTT aa1-90 encoded by exon 1 are not required for this interaction [22].
Based on these findings, the extent to which the Htt N-terminus functions in basal
neuronal autophagy is not clear.

In vitro studies of the HTT N-terminus have also demonstrated a role for the N17
domain in both the cell stress response and as sensor for oxidative stress [1, 23, 30].
Elevated reactive oxygen species (ROS) can oxidize methionine residues 1 and 8 within
the N17 domain, resulting in HTT’s translocation into the nucleus where it colocalizes
with the ataxia-telangiectasia mutated protein (ATM) at sites of DNA damage [23].
Huntingtin is proposed to be involved in base excision repair [23, 94], transcription
coupled DNA repair [85], and possibly also in double strand DNA break repair due to a
functional interaction between HTT and ATM [23, 89], but how different HTT domains
contribute to HTT’s involvement in DNA repair pathways is still unclear.

Aged mice homozygous for a deletion of the exon 1 sequences encoding the
N17 domain (HttN17) have reduced numbers of thalamostriatal glutamatergic synapses
[4], although whether this is the result of a deficit in synaptic development or
maintenance is not known. The phenotypic effects of deleting the Htt polyQ and PRR
domains individually are not additive when both domains are deleted in mice [4-6, 8],
suggesting that the function of the Htt N-terminus may not be fully understood by
characterizing its domains in isolation. Using a mouse model with a deletion of all three
functional domains of the Htt N-terminus (Htt∆E1), I performed longitudinal behavioral
characterization and investigated several aging-related cellular processes in the brain
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including DNA damage repair, autophagy, and synaptic maintenance to address these
points.

Htt∆E1/∆E1 and Htt∆E1/- mice are born at the expected Mendelian frequency, can
survive through 24 months of age, and are fertile. However, Htt+/+ and Htt∆E1/∆E1 progeny
from Htt∆E1/+ intercrosses were born at a distorted male/female ratio. Htt∆E1/∆E1 mice
exhibit a modest deficit in accelerating rotarod performance, and an increase in cortical
and striatal DNA double-strand breaks (DSBs) at 3 months of age with elevated levels of
pan-nuclear p53-binding protein 1 (53bp1, a protein functioning in double-strand DNA
break repair [95]). However, no changes in Htt’s subcellular localization, the basal levels
of autophagy markers or in glutamatergic corticocortical, corticostriatal, thalamocortical,
or thalamostriatal synapse numbers were observed.

Results
Confirmation of the HttΔE1 mouse allele
The HttΔE1 knock-in mice contain a synthetic sequence lacking amino acids (aa)
2-17 of the N17 domain, the polyQ, and the PRR domains of Htt, which replaces the wild
type Htt exon 1 sequence (Fig. 3-1). To confirm expression of ∆E1-Htt in brain tissue,
cytosolic, microsomal, and nuclear protein fractions from 6-month-old Htt+/+, HttΔE1/+, and
HttΔE1/ΔE1 mouse brains were analyzed by western blotting with the MAB2166 antibody
(Millipore), which recognizes an epitope present in both WT-Htt and E1-Htt (aa181810), and microsomal fractions were also analyzed with the H7540 antibody (SigmaAldrich), recognizing the first 17 aa of Htt that are deleted in E1-Htt. E1-Htt migrates
faster through the gel than WT-Htt, resulting in a doublet in the HttE1/+ sample detected
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by the MAB2166 antibody and a single band corresponding to WT-Htt detected by the
H7540 antibody (Fig. 3-2C).

The Htt N-terminus encoded by exon 1 is not essential for embryonic survival
Htt knockout mice die early during embryogenesis [40-42]. To determine if the Htt
N-terminus is required for embryonic development, progeny from HttΔE1/+ intercrosses
(124 litters, average litter size 5.94) were sexed and genotyped, and the ratio of Htt+/+,
HttΔE1/+, and HttΔE1/ΔE1 pups was compared to the expected Mendelian ratio (Table 3-1).
Female and male pups were born at 1:1 ratio, and the ratio of total (male + female)
Htt+/+, HttΔE1/+, and HttΔE1/ΔE1 progeny was not significantly different from the Mendelian
ratio, suggesting that the Htt exon 1-encoded N-terminal domains are not required for its
critical functions during early embryogenesis. When separated by sex, however, the
percentage of male HttΔE1/ΔE1 progeny (30.7%) was increased and Htt+/+ progeny (18.6%)
was decreased (Table 3-1, 2=10.677, p=0.0048) compared to the Mendelian ratio.
Conversely, the percentage of female Htt+/+ progeny (29.4%) was increased, while the
HttΔE1/ΔE1 progeny (19.7%) was decreased (2=7.119, p=0.0285). Both male and female
HttΔE1/ΔE1 mice are fertile and the litter sizes obtained from HttΔE1/ΔE1 intercrosses are
within normal range (8 litters, average litter size 5.11) without a significant change in the
male to female ratio of their progeny (males: 41.3%, females: 58.7%, 2=1.391,
p=0.2382). Progeny obtained from HttΔE1/+ (male) x Htt+/- (female) and HttΔE1/+ (female) x
Htt+/- (male) intercrosses were both born at the expected Mendelian ratio, with no sex
ratio distortion observed (Tables 3-2 and 3-3).
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Deletion of Htt’s N-terminal domains has no apparent effect on ∆E1-Htt’s subcellular
localization
In vitro studies have identified HTT N17 as both a membrane association and a
nuclear export domain, suggesting that HTT’s N-terminus may regulate its subcellular
localization [29, 30, 96]. To examine if the combined deletion of the three N-terminal
domains of Htt affects its subcellular localization, Htt levels were first quantified in whole
brain cytosolic, microsomal, and nuclear protein fractions obtained from 6-month-old
Htt+/+, HttΔE1/+, HttΔE1/ΔE1, Htt+/-, and HttΔE1/- mice by western blotting. There was no
significant difference in the levels of cytosolic, total microsomal, or nuclear WT-Htt and
E1-Htt between Htt+/+ and HttΔE1/ΔE1 fractions, between Htt+/- and HttΔE1/- fractions, or
within HttΔE1/+ fractions (Fig 3-2A, 3-2B). To circumvent the confounding factor of
comparing Htt levels between different animals, whole brain lysates from 6-month-old
HttΔE1/+ mice were prepared and separated into cytosolic (C), nuclear (N), 9k xg pellet
(P1, heavy microsomal), and 100k xg pellet (P2, light microsomal) fractions. WT-Htt and
E1-Htt levels in each fraction were analyzed by western blotting (Fig. 3-2D). There
were no significant differences in the ratio of the fluorescence intensity of the E1-Htt to
WT-Htt bands between any of the fractions (Fig. 3-2E), indicating that E1-Htt
subcellular localization is not significantly altered under homeostatic conditions in vivo.

Characterization of motor phenotypes in N-terminus deletion mice.
Htt+/+, HttΔE1/+, HttΔE1/ΔE1, Htt+/-, and HttΔE1/- mice were weighed and subjected to a
panel of behavioral tests at 3, 6, 12, and 18 months of age (see Table 3-4 for the
number of mice tested at each experimental time point) to examine whether the HTT Nterminus has an effect on body weight (Fig. 3-3), rotarod performance (Fig. 3-4, Table 3-
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5), forelimb grip strength (Fig. 3-5), or activity levels (Figs. 3-6, 3-7, 3-8). HttΔE1/- mice
exhibit a reduced body weight compared to HttΔE1/+ and HttΔE1/ΔE1 mice at 3 (HttΔE1/+:
p=0.0183, HttΔE1/ΔE1: p=0.0047, Tukey’s multiple comparison test), 6 (HttΔE1/+: p=0.0117,
HttΔE1/ΔE1: p=0.0037, Tukey’s multiple comparison test), 12 (HttΔE1/+: p=0.0023, HttΔE1/ΔE1:
p=0.0004, Tukey’s multiple comparison test), and 18 months of age (HttΔE1/+: p=0.0423,
HttΔE1/ΔE1: p=0.0104, Tukey’s multiple comparison test), and compared to Htt+/+ mice at 3
months of age (p=0.0020, Tukey’s multiple comparison test). Additionally, Htt+/- mice
exhibit significantly reduced body weight compared to HttΔE1/ΔE1 mice at 12 months of
age (p=0.0178, Tukey’s multiple comparison test).

HttΔE1/ΔE1 mice display rotarod deficits compared to Htt+/+ mice (Fig. 3-4, Table 35) at 3 (p=0.0455, F=4.276, DF =1, 2-way ANOVA), 12 (p=0.0231, F=5.614, DF =1, 2-way
ANOVA), and 18 months of age (p=0.0327, F=4.945, DF=1, 2-way ANOVA). Although
there was no significant difference in accelerating rotarod performance between
HttΔE1/ΔE1 and Htt+/+ mice at 6 months of age, there was a trend toward a rotarod deficit in
HttΔE1/ΔE1 mice (p=0.0627, F=3.677, DF=1, 2-way ANOVA). HttΔE1/+, HttΔE1/-, and Htt+/mice displayed no significant differences in accelerating rotarod performance compared
to Htt+/+ mice at 3, 6, 12, or 18 months of age, however, HttΔE1/ΔE1 mice performed
significantly worse on the rotarod compared to HttΔE1/- mice at 3 (p=0.0393, F=4.558,
DF=1, 2-way ANOVA), 6 (p=0.0071, F=8.097, D=1, 2-way ANOVA), 12 (p=0.0104,
F=7.280, DF=1, 2-way ANOVA), and 18 months of age (p=0.0135, F=6.747, DF=1, 2-way
ANOVA) and compared to Htt+/- mice at 6 (p=0.0028, F=10.22, DF=1, 2-way ANOVA), 12
(p=0.0088, F=7.654, DF=1, 2-way ANOVA), and 18 months of age (p=0.0042, F=9.343,
DF=1, 2-way ANOVA). Additionally, HttΔE1/+ mice performed significantly worse on
rotarod compared to Htt+/- mice at 12 (p=0.0476, F=4.193, DF=1, 2-way ANOVA) and 18
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months of age (p=0.0132, F=6.795, DF=1, 2-way ANOVA), and compared to HttΔE1/- mice
at 12 (p=0.0456, F=4.271, DF=1, 2-way ANOVA) and 18 months of age (p=0.0315,
F=5.009, DF=1, 2-way ANOVA).

There were no differences in forelimb grip strength at 3, 6, or 12 months of age
(Fig 3-5). At 18 months of age, HttΔE1/- (p=0.0002, Tukey’s multiple comparison test) and
Htt+/- (p=0.0165, Tukey’s multiple comparison test) mice both exhibited reduced forelimb
grip strength compared to Htt+/+ mice, and HttΔE1/- mice exhibited reduced grip strength
compared to HttΔE1/+ (p=0.0203, Tukey’s multiple comparison test) and HttΔE1/ΔE1 mice
(p=0.0217, Tukey’s multiple comparison test) as well.

Mice were subjected to activity monitoring for 5 minutes at each experimental
time point, and the total distance moved (Fig. 3-6), horizontal activity (Fig. 3-7), and
vertical activity (Fig. 3-8) were recorded. There were no differences in the total distance
moved at 3, 12, or 18 months of age. At 6 months of age, HttΔE1/+ mice moved less Htt+/mice (p=0.0400, Tukey’s multiple comparison test). There were no differences in
horizontal activity levels at 3, 12, or 18 months of age. At 6 months of age Htt+/- mice
exhibited more horizontal activity compared to Htt+/+ mice (p=0.0375, Tukey’s multiple
comparison test) and HttΔE1/+ mice (p =0.0018, Tukey’s multiple comparison test). At 3
months of age, Htt+/- mice exhibited reduced levels of vertical activity compared to Htt+/+
mice (p=0.0169, Tukey’s multiple comparison test). There were no differences in vertical
activity levels at 6, 12, or 18 months of age.
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Deletion of the Htt N-terminus does not affect spatial learning and memory.
Htt+/+, HttΔE1/+, HttΔE1/ΔE1, Htt+/-, and HttΔE1/- mice were subjected to Morris water
maze testing (Fig. 3-9, Table 3-6) at 14 and 19 months of age to examine the effects of
the HTT N-terminus on spatial learning and memory. There were no differences in
Morris water maze performance between Htt+/+ mice and HttΔE1/+, HttΔE1/ΔE1, Htt+/-, or
HttΔE1/- mice in the latency to the platform for the acquisition phase, reversal phase, or
visible platform trial, in the time spent in the platform quadrant during the probe trial, or in
the swim velocity during the probe trial.

Double-strand DNA breaks are increased in the cortex and striatum of 3-month-old
HttΔE1/∆E1 mice
In vitro studies have shown that HTT localizes to sites of DNA damage upon
oxidative stress or following UV laser micro-irradiation [23]. To examine if the deletion of
Htt’s N-terminal domains results in any change in the DNA damage response, the singlenucleus gel electrophoresis comet assay [97] was used to quantify DNA breaks in young
(3-month-old) and older (13- to 16-month-old) HttΔE1/ΔE1 and Htt+/+ mice. Nuclei from
dissected cortex, striatum, thalamus, and cerebellum were isolated using an iodixanol
gradient, embedded in low-melting point agarose, and then lysed and electrophoresed at
alkaline pH to detect both DNA single strand breaks (SSBs) and double strand breaks
(DSBs) or under neutral pH to detect only DSBs. A small but significant increase in the
percentage of DNA detected in the tail of the comet was observed in the cortex and
striatum of 3-month-old HttΔE1/ΔE1 mice compared to controls under neutral pH conditions
(Fig. 3-10A, 3-10B, cortex: Htt+/+: 15.00±1.43%, HttΔE1/ΔE1: 18.00±1.35%, p=0.0053;
striatum: Htt+/+: 17.33±1.57%, HttΔE1/ΔE1: 22.62±1.78%, p=0.0289, mean±SEM, paired ttest, 104-202 nuclei/mouse, 6 mice/genotype), indicating that there is an elevated level
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of DSBs in the HttΔE1/ΔE1 cortex and striatum at 3 months of age. However, no difference
in the levels of DSBs were observed in the thalamus or cerebellum between 3-month-old
HttΔE1/ΔE1 and control mice (Fig 3-10A), suggesting that the increased DSBs in the
HttΔE1/ΔE1 brain is region-specific. In contrast, no differences in the level of SSBs were
observed in the cortex, striatum, thalamus, and cerebellum in a comparison between
HttΔE1/ΔE1 and controls at 3 months of age (Fig. 3-10A), and no differences in either DNA
SSBs or DSBs were observed in these brain regions obtained from 13-16-month-old
HttΔE1/ΔE1 and Htt+/+ mice (Fig. 3-10A).

Although the comet assay can provide a direct assessment of the level of DNA
breaks in a single cell, slight differences during nuclear isolation, lysis, and
electrophoresis made it difficult to compare results between different sets of
experiments. Therefore, the expression of DSB markers were examined by
immunohistochemistry in the cortex and striatum of 3- and 12-month-old Htt+/+ and
HttΔE1/ΔE1 mice. The histone H2A variant H2AX is phosphorylated by ATM at the sites of
DSBs to form H2AX [98], which then helps to recruit DNA repair proteins into the DNA
repair complex. The presence of nuclear H2AX puncta has been widely used to
visualize DSBs in vitro and in vivo [99]. A greater percentage of nuclei with H2AX+
puncta was observed in both the cortex and striatum of HttΔE1/ΔE1 mice in comparison to
Htt+/+ controls at 3 months of age (Fig. 3-11A, 3-11B, cortex: Htt+/+: 17.66±3.18%,
HttΔE1/ΔE1: 49.50±8.76%, p=0.0142; striatum: Htt+/+: 6.47±1.79%, HttΔE1/ΔE1: 31.35±9.12%,
p=0.0368; mean±SEM, unpaired t-test, 8-9 images/mouse, 4 mice/genotype). In
contrast, no difference between genotypes was detected at 12 months of age (Fig. 311A, 3-11B).
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Increased levels of DSBs could result from either an increase in DSB formation
or from a deficit in DSB repair. To determine whether DNA repair is altered in the
HttΔE1/ΔE1 cortex and striatum, a large amount of DNA damage was induced and the mice
were examined to determine if repair occurs in the HttΔE1/ΔE1 mice at a comparable level
to the Htt+/+ controls. 3-month-old Htt+/+ and HttΔE1/ΔE1 mice were exposed to a single 7Gy
dose of -irradiation, and their brains were collected at 3- or 24-hours following
irradiation. In cortex and striatum of the 3-month-old Htt+/+ mice, the percentage of nuclei
with H2AX+ puncta increased by 3 hours after irradiation, then returned to near basal
levels by 24 hours after irradiation (Fig. 3-11A, 3-11C). A similar pattern was observed in
the striatum of 3-month-old HttΔE1/ΔE1 mice (Fig. 3-11A, 3-11C). However, there is no
significant increase in the percentage of nuclei with H2AX+ puncta in the cortex of 3month-old HttΔE1/ΔE1 mice 3 hours after -irradiation, probably due to a HttΔE1/ΔE1 mouse
with high levels of H2AX+ without irradiation (Fig. 3-11A, 3-11C). Nevertheless, in
contrast to the higher percentage of nuclei with H2AX+ puncta present in the HttΔE1/ΔE1
mice prior to -irradiation, there is no significant difference in the percentage of nuclei
with H2AX+ puncta between genotypes at either 3 or 24 hours after -irradiation (Fig. 311A, 3-11C, 3 hour post-irradiation cortex: Htt+/+: 59.81±4.67%, HttΔE1/ΔE1: 64.52±3.86%,
p=0.4590; striatum: Htt+/+: 48.96±4.57%, HttΔE1/ΔE1: 55.83±3.52%, p=0.2678; 24 hour
post-irradiation cortex: Htt+/+: 29.54±3.67%, HttΔE1/ΔE1: 24.91±4.66%, p=0.4788; striatum:
Htt+/+: 26.35±2.84%, HttΔE1/ΔE1: 33.08±4.74%, p=0.2902; mean±SEM, unpaired t-test, 8-9
images/mouse, 3-5 mice/genotype). These results suggest that DNA repair after acute
damage is not significantly impaired in the HttΔE1/ΔE1 mice compared to the controls.
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Pan-nuclear 53bp1 levels are elevated in the cortex and striatum of 3-month-old
HttΔE1/∆E1 mice
Next, the expression of 53bp1, a protein involved in the non-homologous endjoining (NHEJ) repair pathway for DNA DSBs, was examined by immunohistochemistry
(for review of 53bp1 functions, see [95]). Although an increase in 53bp1+ puncta at the
sites of DNA DSBs in the HttΔE1/∆E1 brains where elevated H2AX+ puncta were present
were expected, instead pan-nuclear 53bp1 staining in both the cortex and striatum of
HttΔE1/ΔE1 mice was observed at 3 months of age that was absent in the Htt+/+ mice (Fig.
3-12A). By 12 months of age, pan-nuclear 53bp1 can be detected in the cortex and
striatum of both the Htt+/+ and HttΔE1/ΔE1 mice (Fig 3-12A).

To determine the age at which pan-nuclear 53bp1 is first elevated, additional
brains from Htt+/+ and HttΔE1/ΔE1 mice at 2 and 4 months of age were collected and
examined. In both cortex and striatum of Htt+/+ mice, pan-nuclear 53bp1 levels are low at
2 and 3 months of age but are increased to a level comparable to that observed in
HttΔE1/ΔE1 mice at 4 months of age (Fig 3-12A). At 4 months of age, there is also no
difference between genotypes in the percentage of nuclei with H2AX staining (cortex:
Htt+/+: 45.72±3.79%, HttΔE1/ΔE1: 30.95±3.97%, p=0.0545; striatum: Htt+/+: 26.40±2.88%,
HttΔE1/ΔE1: 17.69±2.43%, p=0.0821; mean±SEM, unpaired t-test, 9 images/mouse, 3
mice/genotype). Higher levels of pan-nuclear 53bp1 staining can be detected in the
HttΔE1/ΔE1 striatum at 2 and 3 months of age in comparison to the controls (Fig. 3-12A, 312B, 2 months: Htt+/+: 8.08±5.37%, HttΔE1/ΔE1: 27.77±3.17%, p=0.0344; 3 months: Htt+/+:
0.26±0.16%, HttΔE1/ΔE1: 23.02±4.14%, p=0.0015. mean±SEM, unpaired t-test, 9
images/mouse, 3-4 mice/genotype). An increase in the pan-nuclear 53bp1 staining can
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also be detected in the HttΔE1/ΔE1 cortex at 3 months of age (Fig 3-12A, 3-10B. Htt+/+:
3.73±2.61%, HttΔE1/ΔE1: 44.29±9.69%, p=0.0068. mean±SEM, unpaired t-test, 9
images/mouse, 4 mice/genotype).

To investigate if the pan-nuclear 53bp1 is present in neurons or glia, brain
sections from 3-month-old Htt+/+ and HttΔE1/ΔE1 mice were co-immunostained with 53bp1
and NeuN (a protein present in many but not all neurons, for review, see [100])
antibodies (Fig. 3-12C). The percentage of NeuN+ cells was not significantly different
between genotypes (Fig. 3-12D), but the percentage of NeuN+ cells with elevated 53bp1
levels was ~72% higher in the HttΔE1/ΔE1 cortex and ~ 83% higher in the HttΔE1/ΔE1 striatum
compared to the controls. (Fig. 3-12E, cortex: Htt+/+: 21.58±11.62%, HttΔE1/ΔE1:
93.90±3.44%, p=0.0010; striatum: Htt+/+: 0.77±0.45%, HttΔE1/ΔE1: 83.90±8.25%,
p<0.0001. mean±SEM, unpaired t-test, 9 images/mouse, 4 mice/genotype). A higher
percentage of NeuN- cells in the HttΔE1/ΔE1 cortex also exhibited elevated nuclear 53bp1
levels in comparison to the controls (Fig. 3-12F, Htt+/+: 0.89±0.52%, HttΔE1/ΔE1:
20.04±5.01%, p=0.0090, mean±SEM, unpaired t-test, 9 images/mouse, 4
mice/genotype). These NeuN-53bp1+ cells (~8% of the total cells) could be either NeuNneurons or glial cells. In contrast, very few NeuN- cells in the striatum exhibited elevated
levels of 53bp1 in both genotypes (Fig. 3-12F). These results suggest that the elevated
levels of pan-nuclear 53bp1 occur predominantly in neurons.

To confirm the elevated 53bp1 levels observed by immunohistochemistry in the
HttΔE1/ΔE1 mice, 53bp1 levels in cortical tissue from 3-month-old HttΔE1/ΔE1 and Htt+/+ mice
were analyzed by western blotting. A higher level of 53bp1 was detected in HttΔE1/ΔE1
cortical protein lysates in comparison to the controls (Fig. 3-13A. 3-13B, Htt+/+:
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0.14±0.01, HttΔE1/ΔE1: 0.17±0.01; p=0.0257. mean±SEM, unpaired t-test, 3
mice/genotype).

Purkinje cell density and DNA damage marker levels are not altered in 3- month-old
HttΔE1/ΔE1 mice
Purkinje cell loss affects motor function [101, 102], and has been reported in
mouse models of HD [103] and in post-mortem brains of HD patients with primarily
motor symptoms [104]. To determine if Purkinje cell loss could contribute to the rotarod
deficit observed in the HttΔE1/ΔE1 mice, Purkinje cell density was examined in 3-month-old
Htt+/+ and HttΔE1/ΔE1 mice by immunohistochemistry using a calbindin antibody. There
were no differences in Purkinje cell density between genotypes (Fig. 3-14A, 3-14B,
Htt+/+: 24.40±1.05 cells/mm, HttΔE1/ΔE1: 23.27±1.26 cells/mm, p=0.5156. mean±SEM,
unpaired t-test, 4 images/mouse, 4 mice/genotype).

No difference between genotypes in either DNA SSB or DSB damage were
observed in the cerebellum by comet assay (Fig. 3-10A), however, Purkinje cells
represent a small percentage of the total neurons in the mouse cerebellum (~1 Purkinje
cell per 175 granule cells, [105]). Therefore, H2AX and 53bp1 levels in Purkinje cells
were also analyzed by immunohistochemistry. Interestingly, in contrast to the cortex and
striatum, pan-nuclear 53bp1 staining was present in the majority of Purkinje cells in the
Htt+/+ mice at 3 months of age at a level similar to that observed in the HttΔE1/ΔE1
cerebellum (Fig. 3-14C, 3-14D, Htt+/+: 89.73±4.48%, HttΔE1/ΔE1: 97.56±1.01%, p=0.1390.
Mean±SEM, unpaired t-test, 157-224 cells/mouse, 4 mice/genotype). No differences in
the percentage of Purkinje cells with H2AX puncta were observed between genotypes
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(Fig. 3-14E). These data suggest that loss of the Htt N-terminus does not affect cell
density or the levels of DNA damage repair markers in Purkinje cells.

DNA and protein oxidation products are not altered in 3-month-old HttΔE1/ΔE1 brains
In a cell culture model, the N17 domain was shown to act as a sensor for
oxidative stress [1], suggesting that without exon 1-encoded domains, oxidative damage
could be altered in the HttΔE1/ΔE1 mice. To determine whether DNA oxidation levels are
altered in the cortex and striatum of 3-month-old HttΔE1/ΔE1 mice in comparison to
controls, isolated nuclei were embedded in agarose and lysed under alkaline conditions
to expose 8-hydroxy-2´-deoxyguanosine (8-OHdG), a common product of DNA oxidation
[106]. Alkaline treatment denatures DNA and increases nuclear volume that together
helps to expose the 8-OHdG epitopes, but the treatment also results in a more diffuse
DAPI staining (Fig 3-15A). No differences in 8-OHdG levels between genotypes were
observed in either the cortical or the striatal nuclei, but the amount of 8-OHdG detected
in both Htt+/+ and HttΔE1/ΔE1 nuclei was low (Fig.3-15A, 3-15B). To determine whether
increased oxidative stress would differentially affect 8-OHdG levels in the HttΔE1/ΔE1 and
Htt+/+ cortex and striatum, KBrO3 was administered to 3-month-old Htt+/+ and HttΔE1/ΔE1
mice in their drinking water at 2 g/L for 7 days to induce oxidative DNA damage.
Administration of KBrO3, which is a renal carcinogen that preferentially produces 8OHdG lesions [107], also elevates reactive oxygen species in the brain [108]. Although
8-OHdG levels were elevated in cortical and striatal nuclei isolated from both Htt+/+ and
HttΔE1/ΔE1 mice after KBrO3 treatment, no significant differences between genotypes were
observed (Fig. 3-15A, 3-15B).
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To examine protein oxidation levels, total proteins from the cortex and striatum of
3-month-old Htt+/+ and HttΔE1/ΔE1 mice were used to assess the level of protein carbonyls,
a product of protein oxidation [109], by western blotting. No differences in the levels of
protein carbonyls were observed between genotypes (Fig. 3-15C, 3-15D). The absence
of altered DNA and protein oxidation product levels in the HttΔE1/ΔE1 cortex and striatum
in comparison to Htt+/+ controls suggests that deletion of the Htt N-terminal domains
does not significantly affect the levels of oxidative damage.

Autophagy markers are not altered under basal conditions in HttΔE1/ΔE1 mice
To determine whether the steady-state autophagy is affected by ∆E1-Htt, the
levels of autophagy markers LC3 and p62 in 3-month-old HttΔE1/ΔE1 and Htt+/+ mice were
compared. During autophagosome assembly, phosphatidylethanolamine is conjugated
to cytosolic LC3 (LC3-I), that is then incorporated into the autophagosome membrane as
LC3-II [80, 110, 111]. LC3-II is subsequently linked to ubiquitinated cargo though the
adaptor protein p62 [81, 110]. Therefore, LC3-II and p62 levels in the microsomal protein
fractions obtained from dissected cortex and striatum of 3-month-old Htt+/+ and HttΔE1/ΔE1
mice were examined (Fig. 3-16A-C). There were no significant differences in the levels
of LC3-II or p62 between genotypes. The co-localization of LC3 and p62 in the cortex
and striatum of 3-month-old Htt+/+ and HttΔE1/ΔE1 mice was also examined by
immunohistochemistry, where there was no difference between genotypes (Fig. 3-16D,
3-16E).

To ascertain that autophagy is not affected in aged animals, LC3 western blotting
using whole brain microsomal fractions from 24-month-old Htt+/+ and HttΔE1/ΔE1 mice was
performed, and no difference in the LC3-II to LC3-I ratio was detected between
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genotypes (Fig. 3-16F, 3-16G). These data suggest that basal autophagy levels are not
altered in the HttΔE1/ΔE1 mouse brains in vivo.

Glutamatergic corticocortical, corticostriatal, thalamocortical, and thalamostriatal
synapse numbers are not altered in HttΔE1/ΔE1 mice at 18 months of age
Mice with a conditional knockout of cortical Htt exhibit altered numbers of
glutamatergic synapses in the cortex and striatum, and mice with a conditional knockout
of Htt in striatal projection neurons exhibit altered numbers of inhibitory synapses in the
external globus pallidus [76, 77]. Additionally, HttΔN17/ΔN17 mice exhibit a reduction in
glutamatergic thalamostriatal synapses at 24 months of age. To determine whether
HttΔE1/ΔE1 mice exhibit a phenotype similar to the HttΔN17/ΔN17 mice, colocalization of the
presynaptic markers Vglut1 (expressed in cortical projection neurons) or Vglut2
(expressed in thalamic projection neurons) with the post-synaptic marker PSD95 was
quantified in the cortex and striatum of 18-month-old HttΔE1/ΔE1 and Htt+/+ mice. There
were no significant differences in the numbers of glutamatergic corticocortical,
corticostriatal, thalamocortical, or thalamostriatal synapses between genotypes (Fig. 317A-D). In addition, no significant differences in the levels of Vglut1, Vglut2, and PSD95
expression were detected in whole brain microsomal fractions from 24-month-old
HttΔE1/ΔE1 and Htt+/+ mice (Fig. 3-17E-H).

Discussion
HttΔE1/ΔE1 progeny from HttΔE1/+ x HttΔE1/+ intercrosses and HttΔE1/- progeny from
HttΔE1/+ x Htt+/- intercrosses were born at the expected Mendelian frequency and survive
up to 24 months of age, suggesting that the domains encoded by exon 1 are not
required for Htt’s critical role during embryogenesis or for survival in adulthood. This is
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consistent with prior work showing that transgenic expression of an N-terminal truncated
fragment of HTT lacking the first 169 aa can support survival in adult mice that lack
normal Htt expression [43].

The cause of the sex-specific non-Mendelian genotype frequency observed in
the progeny from HttΔE1/+ intercrosses is not known. Two independent Htt∆E1 knock-in
lines were included in this study, and therefore off-target effects are not likely to
contribute to our observation. This difference could be explained by an increase in HttΔE1
Y and Htt+ X sperm with a similar decrease in Htt+ Y and Htt ΔE1 X sperm, indicating that
non-random meiotic chromosomal segregation could be a possible cause of this effect.
Although no meiotic deficits were noted in mice with a conditional knockout of Htt in the
testes [112], a small change in the segregation frequency might not be detected.
Alternatively, a change in sperm swim rate or ability to fertilize an egg could skew the
ratio of the expected progeny. A thorough characterization of sperm from HttΔE1/+ mice
will be required to understand the sex-specific non-Mendelian transmission of the HttΔE1
allele. Although no sex specific allelic distortion was observed in progeny from HttΔE1/+ x
Htt+/- intercrosses, the limited numbers of litters produced may not be enough to uncover
subtle differences in allelic frequency.

Under basal conditions, there was no alteration in the subcellular localization of
HttΔE1 compared to Htt+. This result is consistent with prior observations showing that
deletion of the Htt N17 domain does not affect the subcellular localization of ∆N17-Htt in
vivo [4]. A second HTT membrane-association domain (aa 172-372) is retained in ∆E1Htt, as well as a nuclear export signal in the C-terminus [113, 114]. Our data does not
exclude the possibility that differences in Htt localization exist in different brain regions or
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cell types that cannot be detected in whole brain lysate, or that there may be subtle
differences in Htt localization that cannot be detected by western blotting. A brain regionspecific study with a more sensitive detection method will be required to reveal subtle
differences in Htt localization in vivo.

Previous evaluations of the role of Htt’s N-terminal domains in motor
performance and spatial learning and memory have reported differential effects from the
deletion of individual N-terminal Htt domains. HttΔQ/ΔQ and HttΔQP/ΔQP mice exhibited
improved rotarod performance while rotarod performance was mostly unaffected in
HttΔN17/ ΔN17 and HttΔP/ΔP mice [4, 5]. In contrast, a modest deficit in rotarod performance
was observed in the HttΔE1/ ΔE1 mice. At 18-19 months of age, HttΔP/ΔP mice exhibited
impaired Morris water maze performance, while no differences were observed in
HttΔN17/ΔN17, HttΔQP/ΔQP, or HttΔE1/ ΔE1 mice compared to controls [4-6]. However, a direct
comparison of behavioral phenotypes between the HttΔE1/ ΔE1 mice and the previously
characterized domain-deletion mice is difficult, as the HttΔE1/ ΔE1 mice are congenic in the
C57BL/6J background while the HttΔN17/ΔN17, HttΔQ/ΔQ, HttΔP/ΔP, and HttΔQP/ΔQP mice were in
a mixed 129Sv x C57BL/6J genetic background. Nonetheless, the differential motor and
cognitive performances observed between HttΔN17/ΔN17, HttΔQ/ΔQ, HttΔP/ΔP, HttΔQP/ΔQP, and
HttΔE1/ ΔE1 mice suggest that the N17, polyQ, and PRR domains do not function
independently of each other, consistent with the hypothesis that polyQ domain flexibility
allows for interactions between the N17 and PRR domains [28]. Unlike the HttΔE1/ ΔE1
mice, HttΔE1/ - mice do not exhibit a rotarod deficit compared to Htt+/+ mice. In fact, HttΔE1/ mice outperform HttΔE1/ ΔE1 mice on the rotarod at 3, 6, 12, and 18 months of age.
However, Htt levels correlate with body weight in mice [60] and HttΔE1/ - mice exhibit
reduced body weight compared to HttΔE1/ ΔE1 mice at 3, 6, 12, and 18 months of age.
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Because body weight can affect rotarod performance [115], the effect of reducing Htt
levels on rotarod performance may be dominant over the effect of deleting the Htt Nterminus.

Elevated pan-nuclear 53bp1 levels and increased neuronal H2AX puncta have
been reported in post-mortem Alzheimer’s disease brain tissue and from individuals with
mild cognitive impairment in comparison to age-matched control tissue [116]. Elevated
pan-nuclear 53bp1 has also been reported in fibroblasts collected from centenarians
(aged 95-105) compared to fibroblasts from younger subjects (aged 65-80) [117]. The
centenarian fibroblasts were able to resolve induced oxidative DNA damage more
quickly than the fibroblasts obtained from younger subjects (aged 65-80) [117],
suggesting that increased pan-nuclear 53bp1 levels may be a compensatory response
to genotoxic stress. The increase in pan-nuclear 53bp1 levels observed in the Htt∆E1/∆E1
cortex and striatum may therefore be a compensatory response to the elevated DSBs
caused by either an early elevation in genotoxic stress or a subtle deficit in DSB repair.
A similar elevation in pan-nuclear 53bp1 levels that occurs slightly later in the cortex and
striatum of wild type mice could be due to normal aging. The brain regional differences in
the timing of 53bp1 elevation may correlate with potential brain-regional susceptibilities
to DNA damage.

ROS is a possible source of genotoxic stress, and the Htt N-terminus is able to
respond to the presence of ROS in vitro [1]. DNA oxidation, however, results in the
formation of multiple forms of DNA damage, including SSBs and DSBs [118]. The lack of
elevated 8-OHdG in nuclei isolated from Htt∆E1/∆E1 cortex and striatum is consistent with
the lack of elevated SSBs detected by the comet assay in 3-month-old HttΔE1/ΔE1 mice in
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comparison to Htt+/+ mice and suggests that SSB repair is functioning normally in the
Htt∆E1/∆E1 mice. However, nuclei with relatively high levels of DNA damage could possibly
be preferentially lost during the isolation process and therefore be excluded from the
comet assay or 8-OHdG immunostaining analyses. In addition to oxidative damage,
other mechanisms could also cause increased DSBs in the brain, including neuronal
activity [119]. Additionally, DNA repair in the cortex and striatum following -irradiation
appeared to function normally in HttΔE1/ ΔE1 mice at 3 months of age, suggesting that DNA
damage caused by -irradiation may recruit compensatory repair pathways that do not
require participation of Htt’s N-terminal domains. Based on our data, a small increase in
genotoxicity, a subtle deficit in DNA repair, or a combination of both could potentially
contribute to the elevated DSBs observed in the HttΔE1/ΔE1 mice at 3 months of age.

Our results are consistent with prior studies demonstrating that deletion of the
N17 domain or the polyQ and PRR domains together do not affect basal autophagy
levels [4]. HttΔN17/ΔN17 mice exhibit a slight reduction in glutamatergic thalamostriatal
synapses at 24 months of age [4], however, the numbers of glutamatergic corticocortical,
corticostriatal, thalamocortical, and thalamostriatal synapses in 18-month-old HttΔE1/ΔE1
mice are not significantly different from the numbers in Htt+/+ mice. Both age and genetic
background differences in the mice may contribute to this discrepancy.

Similar to the phenotypes exhibited by HttΔN17/ΔN17, HttΔQ/ΔQ, HttΔP/ΔP, and
HttΔQP/ΔQP mouse models, the behavioral and cellular phenotypes exhibited by adult
HttΔE1/ΔE1 mice are subtle and suggest that deletion off all three domains encoded by Htt
exon 1 only modestly impact the efficiency of normal homeostatic Htt functions in mice.
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Fig. 3-1: Diagram of wild-type (Htt+) and N-terminal deletion (HttE1) versions of
Htt’s exon 1. The amino acid sequence of the Htt N-terminus includes the N17 domain
(bolded), the polyQ domain (italicized), and PRR domain (underlined).
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HttE1/+ x HttE1/+
Htt+/+ (%)
Total
Male
Female

177 (24.1%)
68 (18.6%)
109 (29.4%)

HttE1/+ (%)

HttE1/E1 (%)

Total

2

p-value

374 (50.8%)
185 (50.7%)
189 (50.9%)

185 (25.1%)
112 (30.7%)
73 (19.7%)

736
365
371

0.37
10.677
7.119

0.8313
0.0048
0.0285

Table 3-1: The number (percentage) of Htt+/+, HttΔE1/+, and HttΔE1/ΔE1 progeny from
HttΔE1/+ intercrosses compared to the expected Mendelian ratio.
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HttE1/+ (M) x Htt+/- (F)
Htt+/+ (%)
Total
Male
Female

22 (26.8%)
14 (31.1%)
8 (21.6%)

Htt+/- (%)

HttE1/+ (%)

HttE1/- (%)

Total

2

p-value

16 (19.5%)
8 (17.8%)
8 (21.6%)

25 (30.5%)
14 (31.1%)
11 (29.7%)

19 (23.2%)
9 (20.0%)
10 (27.0%)

82
45
37

2.195
2.733
0.730

0.5329
0.4346
0.8662

Table 3-2: The number (percentage) of Htt+/+, Htt+/-, HttΔE1/+, and HttΔE1/- progeny from
HttΔE1/+ (M) x Htt+/- (F) intercrosses compared to the expected Mendelian ratio.
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HttE1/+ (F) x Htt+/- (M)
Htt+/+ (%)
Total
Male
Female

35 (21.5%)
18 (23.4%)
17 (19.8%)

Htt+/- (%)

HttE1/+ (%)

HttE1/- (%)

Total

2

p-value

39 (23.9%)
17 (22.1%)
22 (25.6%)

49 (30.1%)
26 (33.8%)
23 (26.7%)

40 (24.5%)
16 (20.1%)
24 (27.9%)

163
77
86

2.571
3.260
1.349

0.4627
0.3533
0.7176

Table 3-3: The number (percentage) of Htt+/+, Htt+/-, HttΔE1/+, and HttΔE1/- progeny from
HttΔE1/+ (F) x Htt+/- (M) intercrosses compared to the expected Mendelian ratio.
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Fig. 3-2: Deletion of the 3 N-terminal domains of Htt does not affect its subcellular
distribution. (A) Western blot of whole brain cytosolic, nuclear, and total microsomal
fractions from 6-month-old Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/(ΔE1/-), and Htt+/- (+/-) mice probed with the 2166 antibody (Millipore MAB2166), which
recognizes an epitope present in both wild type (WT-Htt, upper band) and N-terminal
deleted Htt (∆E1-Htt, lower band) and an mTOR antibody as a loading control.
(B) Quantification of Htt’s subcellular localization in 6-month-old mice. The ratios of the
relative fluorescence of WT-Htt or ∆E1-Htt to mTOR were calculated and compared
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between homozygous, heterozygous, and hemizygous fractions. Mean±SEM, unpaired
t-test, 3 mice/genotype.
Cytosolic: Htt+/+: 0.24±0.02, HttΔE1/+: WT-Htt: 0.10±0.01, ∆E1-Htt: 0.11±0.01, HttΔE1/ΔE1:
0.23±0.05, HttΔE1/-: 0.14±0.01, Htt+/-: 0.14±0.01, Htt+/+ compared to HttΔE1/ΔE1: p=0.8287,
Htt+/- compared to HttΔE1/-: p=0.7717, HttΔE1/+: WT-Htt compared to ∆E1-Htt: p=0.01644.
Nuclear: Htt+/+: 0.27±0.09, HttΔE1/+: WT-Htt: 0.15±0.06, ∆E1-Htt: 0.13±0.04, HttΔE1/ΔE1:
0.31±0.10, HttΔE1/-: 0.17±0.04, Htt+/-: 0.17±0.06, Htt+/+ compared to HttΔE1/ΔE1: p=0.7989,
Htt+/- compared to HttΔE1/-: p=0.9887, HttΔE1/+: WT-Htt compared to ∆E1-Htt: p=0.7983.
Total microsomal: Htt+/+: 0.12±0.02, HttΔE1/+: WT-Htt: 0.06±0.01, ∆E1-Htt: 0.05±0.01,
HttΔE1/ΔE1: 0.09±0.01, HttΔE1/-: 0.04±0.01, Htt+/-: 0.06±0.01, Htt+/+ compared to HttΔE1/ΔE1:
p=0.2678, Htt+/- compared to HttΔE1/-: p=0.2146, HttΔE1/+: WT-Htt compared to ∆E1-Htt:
p=0.6708.
(C) Western blot of whole brain total microsomal fractions from 6-month-old Htt+/+,
HttΔE1/+, and HttΔE1/ΔE1 mice probed with the 2166 antibody, which recognizes an epitope
present in both WT-Htt (white arrow) and ∆E1-Htt (black arrow), and probed with the
H7540 antibody (Sigma-Aldrich), which recognizes the first 17 amino acids of Htt.
(D) Western blot with 2166 of whole brain lysates from 6-month-old HttΔE1/+ mice that
were separated into cytosolic (C), nuclear (N), 9k xg heavy microsomal (P1), and 100k
xg light microsomal (P2) fractions.
(E) Quantification of Htt’s subcellular localization in 6-month-old mice. The ratios of the
relative fluorescence of ΔE1-Htt to WT-Htt were calculated in each fraction. No
differences were observed in the ΔE1-Htt to WT-Htt ratio between fractions. Mean±SEM,
1-way ANOVA, n=3 mice. C: 0.72±0.04, N: 0.77±0.08, P1: 0.82±0.03, P2: 0.81±0.05,
p=0.5921 F=0.6627, DF=3.
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Age
3 Months
6 Months
12 Months
14 Months
18 Months
19 Months

Htt+/+
20
20
20
19
19
19

Htt E1/+
20
20
20
19
18
18

Htt E1/E1
20
20
19
19
18
18

Htt +/20
20
20
20
20
20

Htt E1/20
20
20
20
20
19

Table 3-4: Number of animals used at each experimental time point for behavioral
testing.
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Figure 3-3: Body weight of Htt+/+, HttΔE1/+, HttΔE1/ΔE1, Htt+/-, and HttΔE1/- mice. Htt+/+
(+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice were
weighed at (A) 3, (B) 6, (C) 12, and (D) 18 months of age. 1-way ANOVA with Tukey’s
multiple comparison test. *p<0.05, **p<0.01, mean ± SEM.
3 months: Htt+/+: 25.18±0.50 g, HttΔE1/+: 24.67±0.57 g, HttΔE1/ΔE1: 24.99±0.43 g, Htt+/-:
23.67±0.46 g, HttΔE1/-: 22.40±0.59 g, p=0.0009, F=5.108, DF=4; 6 months: Htt+/+:
27.78±0.34 g, HttΔE1/+: 28.80±0.87 g, HttΔE1/ΔE1: 29.16±0.79 g, Htt+/-: 26.68±0.55 g, HttΔE1/-
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: 25.54±0.79 g, p=0.0019, F=4.604, DF=4; 12 months: Htt+/+: 30.94±0.65 g, HttΔE1/+:
33.38±1.15 g, HttΔE1/ΔE1: 34.25±1.50 g, Htt+/-: 29.44±0.69 g, HttΔE1/-: 27.66±0.82 g,
p=0.0001, F=6.471, DF=4; 18 months: Htt+/+: 32.21±0.99 g, HttΔE1/+: 34.73±1.90 g,
HttΔE1/ΔE1: 35.67±1.79 g, Htt+/-: 30.70±0.81 g, HttΔE1/-: 29.28±1.08 g, p=0.0056, F=3.923,
DF=4.
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Figure 3-4: HttΔE1/ΔE1 mice exhibit a deficit in the accelerating rotarod test. Htt+/+
(+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice were
subjected to three trials per day of rotarod testing over three consecutive days at (A) 3,
(B) 6, (C) 12, and (D) 18 months of age. See Table 3-3 for detailed statistical values. 2way ANOVA. *p<0.05, mean ± SEM.
3 months: Htt+/+: 218.5±6.9 sec, HttΔE1/+: 214.1±6.1 sec, HttΔE1/ΔE1: 192.8±6.4 sec, Htt+/-:
212.9±6.1 sec, HttΔE1/-: 218.0±6.4 sec; 6 months: Htt+/+: 212.2±5.5 sec, HttΔE1/+:
206.3±5.1 sec, HttΔE1/ΔE1: 191.4±4.6 sec, Htt+/-: 226.1±5.7 sec, HttΔE1/-: 226.3±6.7 sec; 12
months: Htt+/+: 197.2±6.2 sec, HttΔE1/+: 176.0±5.2 sec, HttΔE1/ΔE1: 166.5±5.6 sec, Htt+/-:
199.8±5.6 sec, HttΔE1/-: 203.2±6.9 sec; 18 months: Htt+/+: 174.8±7.4 sec, HttΔE1/+:
147.1±5.6 sec, HttΔE1/ΔE1: 142.2±5.7 sec, Htt+/-: 178.4±5.9 sec, HttΔE1/-: 179.8±7.1 sec.
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Genotype 1

Genotype 2

3 Months

6 Months

12 Months

18 Months

Htt+/+

HttE1/+

p=0.7360
F=0.1154
DF=1

p=0.6178
F=0.2531
DF=1

p=0.0985
F=2.868
DF=1

p=0.0697
F=3.501
DF=1

Htt+/+

HttE1/E1

p=0.0455
F=4.276
DF=1

p=0.0627
F=3.677
DF=1

p=0.0231
F=5.614
DF=1

p=0.0327
F=4.945
DF=1

Htt+/+

Htt+/-

p=0.6349
F=0.2292
DF=1

p=0.2597
F=1.309
DF=1

p=0.8389
F=0.04192
DF=1

p=0.7980
F=0.06648
DF=1

Htt+/+

HttE1/-

p=0.9669
F=0.001746
DF=1

p=0.2999
F=1.105
DF=1

p=0.6731
F=0.1807
DF=1

p=0.7585
F=0.09594
DF=1

HttE1/+

HttE1/E1

p=0.0846
F=3.136
DF=1

p=0.1627
F=2.026
DF=1

p=0.4364
F=0.6190
DF=1

p=0.6932
F=0.1583
DF=1

HttE1/+

Htt+/-

p=0.9155
F=0.01141
DF=1

p=0.1008
F=2.828
DF=1

p=0.0476
F=4.193
DF=1

p=0.0132
F=6.795
DF=1

HttE1/+

HttE1/-

p=0.7558
F=0.09816
DF=1

p=0.1345
F=2.338
DF=1

p=0.0456
F=4.271
DF=1

p=0.0315
F=5.009
DF=1

HttE1/E1

Htt+/-

p=0.0672
F=3.550
DF=1

p=0.0028
F=10.22
DF=1

p=0.0088
F=7.654
DF=1

p=0.0042
F=9.343
DF=1

HttE1/E1

HttE1/-

p=0.0393
F=4.558
DF=1

p=0.0071
F=8.097
DF=1

p=0.0104
F=7.280
DF=1

p=0.0135
F=6.747
DF=1

Htt+/-

HttE1/-

p=0.6482
F=0.2115
DF=1

p=0.9867
F=0.0002834
DF=1

p=0.7991
F=0.06566
DF=1

p=0.9206
F=0.01006
DF=1

Table 3-5: Statistical values for the accelerating rotarod results (Fig. 3-4) calculated
using 2-way ANOVA. Statistically significant values (p<0.05) are bolded.
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Figure 3-5: Forelimb grip strength is not changed in HttΔE1/+ or HttΔE1/ΔE1 mice, but is
reduced in aged Htt+/- and HttΔE1/- mice. Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1
(ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice were subjected to forelimb grip strength
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testing at (A) 3, (B) 6, (C) 12, and (D) 18 months of age. 1-way ANOVA with Tukey’s
multiple comparison test. *p<0.05, mean ± SEM.
3 months: Htt+/+: 114.1±3.9 g, HttΔE1/+: 118.9±4.5 g, HttΔE1/ΔE1: 117.8±5.6 g, Htt+/-:
106.3±4.3 g, HttΔE1/-: 106.7±4.0 g, p=0.1417, F=1.768, DF=4; 6 months: Htt+/+: 122.8±4.1
g, HttΔE1/+: 120.9±3.9 g, HttΔE1/ΔE1: 126.9±4.1 g, Htt+/-: 127.3±4.1 g, HttΔE1/-: 123.8±4.4 g,
p=0.7751, F=0.4459, DF=4; 12 months: Htt+/+: 131.6±5.3 g, HttΔE1/+: 123.2±4.1 g,
HttΔE1/ΔE1: 135.3±2.7 g, Htt+/-: 128.9±4.5 g, HttΔE1/-: 120.0±4.9 g, p=0.1093, F=1.945,
DF=4; 18 months: Htt+/+: 126.2±4.4 g, HttΔE1/+: 117.6±3.5 g, HttΔE1/ΔE1: 117.7±5.2 g, Htt+/-:
105.9±4.3 g, HttΔE1/-: 97.78±5.0 g, p=0.0002, F=6.174, DF=4.
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Figure 3-6: Deletion of the Htt N-terminus does not affect total distance traveled
during activity monitoring. Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/(ΔE1/-), and Htt+/- (+/-) mice were placed in an activity monitoring apparatus for one 5
min trial at (A) 3, (B) 6, (C) 12, and (D) 18 months of age. The total distance traveled
was recorded. 1-way ANOVA with Tukey’s multiple comparison test. *p<0.05, mean ±
SEM.
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3 months: Htt+/+: 970.7±70.1 cm, HttΔE1/+: 898.3±38.1 cm, HttΔE1/ΔE1: 1062±76 cm, Htt+/-:
869.6±68.1 cm, HttΔE1/-: 898.8±44.6 cm, p=0.1781, F=1.610, DF=4; 6 months: Htt+/+:
510.7±37.1 cm, HttΔE1/+: 453.1±34.2 cm, HttΔE1/ΔE1: 571.0±54.1 cm, Htt+/-: 625.2±48.7 cm,
HttΔE1/-: 528.5±34.4 cm, p=0.0624, F=2.321, DF=4; 12 months: Htt+/+: 485.7±58.7 cm,
HttΔE1/+: 428.2±35.1 cm, HttΔE1/ΔE1: 608.9±83.9 cm, Htt+/-: 539.8±44.1 cm, HttΔE1/-:
475.7±41.0 cm, p=0.1884, F=1.571, DF=4; 18 months: Htt+/+: 433.9±45.7 cm, HttΔE1/+:
371.8±42.2 cm, HttΔE1/ΔE1: 511.6±79.3 cm, Htt+/-: 510.6±46.5 cm, HttΔE1/-: 440.6±50.8 cm,
p=0.3289, F=1.172, DF=4.
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Figure 3-7: Deletion of the Htt N-terminus does not affect horizontal activity levels.
Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice
were placed in an activity monitoring apparatus for one 5 min trial at (A) 3, (B) 6, (C) 12,
and (D) 18 months of age. Horizontal activity measurements were recorded. 1-way
ANOVA with Tukey’s multiple comparison test. *p<0.05, mean ± SEM.
3 months: Htt+/+: 1716±89, HttΔE1/+: 1665±62, HttΔE1/ΔE1: 1782±85, Htt+/-: 1557±92, HttΔE1/-:
1561±62, p=0.1998, F=1.530, DF=4; 6 months: Htt+/+: 1094±49, HttΔE1/+: 1008±54,
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HttΔE1/ΔE1: 1209±74, Htt+/-: 1345±60, HttΔE1/-: 1133±67, p=0.0031, F=4.296, DF=4; 12
months: Htt+/+: 953±83, HttΔE1/+: 910±60, HttΔE1/ΔE1: 1128±99, Htt+/-: 1131±61, HttΔE1/-:
1020±72, p=0.1485, F=1.736, DF=4; 18 months: Htt+/+: 897±73, HttΔE1/+: 825±66,
HttΔE1/ΔE1: 877±88, Htt+/-: 1036±64, HttΔE1/-: 894±75, p=0.3217, F=1.188, DF=4.
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Figure 3-8: Deletion of the Htt N-terminus does not affect vertical activity levels.
Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1 (ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice
were placed in an activity monitoring apparatus for one 5 min trial at (A) 3, (B) 6, (C) 12,
and (D) 18 months of age. Total vertical activity measurements were recorded. 1-way
ANOVA with Tukey’s multiple comparison test. *p<0.05, mean ± SEM.
3 months: Htt+/+: 81.85±6.91, HttΔE1/+: 74.05±6.14, HttΔE1/ΔE1: 73.50±5.48, Htt+/-:
55.95±4.36, HttΔE1/-: 62.50±5.66, p=0.0172, F=3.168, DF=4; 6 months: Htt+/+: 53.85±5.33,
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HttΔE1/+: 48.10±3.86, HttΔE1/ΔE1: 50.20±3.58, Htt+/-: 54.40±4.08, HttΔE1/-: 50.35±6.13,
p=0.8624, F=0.3224, DF=4; 12 months: Htt+/+: 41.60±5.69, HttΔE1/+: 42.40±4.26, HttΔE1/ΔE1:
50.11±5.83, Htt+/-: 49.95±5.05, HttΔE1/-: 48.50±6.68, p=0.6891, F=0.5644, DF=4; 18
months: Htt+/+: 30.37±4.85, HttΔE1/+: 34.89±5.72, HttΔE1/ΔE1: 34.72±6.03, Htt+/-: 44.60±5.01,
HttΔE1/-: 41.63±5.81, p=0.3511, F=1.122, DF=4.
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Figure 3-9: No differences in spatial learning and memory were observed in
HttΔE1/+, HttΔE1/ΔE1, Htt+/-, or HttΔE1/- mice. Htt+/+ (+/+), HttΔE1/+ (ΔE1/+), HttΔE1/ΔE1
(ΔE1/ΔE1), HttΔE1/- (ΔE1/-), and Htt+/- (+/-) mice were subjected to spatial learning and
memory testing over eight consecutive days using the Morris water maze test at 14 (AE) and 19 (F-J) months of age. The test consisted of a 4-day acquisition phase (A, F)
followed by a 1-day probe trial (B, G), and a 2-day reversal trial (C, H). The swim velocity
of the mice was measured on the day of the probe trial (D, I). A visible control trial (E, J)
was performed on the last day of testing. See Table 3-4 for detailed statistical values of
the acquisition and reversal trials. 2-way ANOVA (acquisition and reversal phases) and
1-way ANOVA with Tukey’s multiple comparison test (probe trial, visible control trial, and
velocity), mean±SEM.
14 months: acquisition trials: Htt+/+: 44.86±4.78, HttΔE1/+: 43.60±5.31, HttΔE1/ΔE1:
42.96±4.89, Htt+/-: 42.04±5.66, HttΔE1/-: 43.02±4.77; probe trial: Htt+/+: 21.18±1.85,
HttΔE1/+: 23.15±2.56, HttΔE1/ΔE1: 19.02±1.68, Htt+/-: 20.82±2.48, HttΔE1/-: 19.88±2.58,
p=0.7764, F=0.4442, DF=3; reversal trials: Htt+/+: 39.22±6.56, HttΔE1/+: 39.92±9.15,
HttΔE1/ΔE1: 41.23±6.36, Htt+/-: 41.09±5.39, HttΔE1/-: 44.13±6.78; velocity: Htt+/+: 14.50±0.61,
HttΔE1/+: 13.43±0.90, HttΔE1/ΔE1: 14.42±0.60, Htt+/-: 14.00±0.72, HttΔE1/-: 12.96±0.79,
p=0.5248, F=0.8056, DF=3; visible control: Htt+/+: 19.56±4.14, HttΔE1/+: 23.39±3.86,
HttΔE1/ΔE1: 16.58±2.34, Htt+/-: 17.95±3.19, HttΔE1/-: 23.95±3.29, p=0.4445, F=0.9402, DF=3.
19 months: acquisition trials: Htt+/+: 38.26±5.56, HttΔE1/+: 36.60±4.54, HttΔE1/ΔE1:
37.11±4.77, Htt+/-: 34.85±4.90, HttΔE1/-: 34.55±5.60; probe trial: Htt+/+: 24.88±2.06,
HttΔE1/+: 24.98±2.27, HttΔE1/ΔE1: 24.89±2.02, Htt+/-: 22.89±1.99, HttΔE1/-: 25.51±1.84,
p=0.9020, F=0.2613, DF=3; reversal trials: Htt+/+: 40.21±2.15, HttΔE1/+: 32.88±6.20,
HttΔE1/ΔE1: 38.17±5.60, Htt+/-: 34.17±2.63, HttΔE1/-: 35.83±2.32; velocity: Htt+/+: 12.39±0.53,
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HttΔE1/+: 11.35±0.56, HttΔE1/ΔE1: 11.60±0.59, Htt+/-: 12.98±0.59, HttΔE1/-: 12.98±0.65,
p=0.1669, F=1.659, DF=3; visible control: Htt+/+: 19.00±3.72, HttΔE1/+: 16.44±3.09,
HttΔE1/ΔE1: 21.81±4.44, Htt+/-: 15.20±2.20, HttΔE1/-: 19.74±3.50, p=0.6637, F=0.6000, DF=3.
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Genotype
(Compared to Htt+/+)
HttE1/+

Trial

14 Months

19 Months

Acquisition

HttE1/E1

Acquisition

Htt+/-

Acquisition

HttE1/-

Acquisition

HttE1/+

Reversal

HttE1/E1

Reversal

Htt+/-

Reversal

HttE1/-

Reversal

p=0.6607 F=0.1959
DF=1
p=0.5190 F=0.4241
DF=1
p=0.3593 F=0.8618
DF=1
p=0.5128 F=0.4366
DF=1
p=0.8504 F=0.03613
DF=1
p=0.5882 F=0.2987
DF=1
p=0.6715 F=0.1829
DF=1
p=0.2419 F=1.416
DF=1

p=0.6377 F=0.2256
DF=1
p=0.7052 F=0.1455
DF=1
p=0.2578 F=1.321
DF=1
p=0.2273 F=1.509
DF=1
p=0.0651 F=3.634
DF=1
p=0.5807 F=0.3110
DF=1
p=0.1400 F=2.277
DF=1
p=0.2496 F=1.371
DF=1

Table 3-6: Statistical values for the results from the acquisition and reversal trials of the
Morris water maze test (Fig. 3-7) calculated using 2-way ANOVA. Statistically significant
values (p<0.05) are bolded.
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Fig. 3-10: Double strand DNA breaks are increased in 3-month-old HttΔE1/ΔE1 mice.
(A) Quantification of neutral and alkaline comet assays from the cortex, striatum,
thalamus, and cerebellum of 3- and 13-16-month-old mice. The percentage of DNA in
the comet tail under neutral conditions was significantly increased in the cortex and
striatum of HttΔE1/ΔE1 (ΔE1/ΔE1) mice compared to Htt+/+ (+/+) mice at 3 months of age.
*p<0.05, **p<0.01, mean±SEM, paired t-test, 104-202 nuclei/mouse, 5-6 mice/genotype.
(B) Neutral comet assay images from the cortex and striatum of 3-month-old Htt+/+ and
HttΔE1/ΔE1 mice. Examples of CaspLab comet quantification analyses are shown in white
boxes: comet head circumference (white circle), comet head center (black cross), comet
tail area (purple), and end of comet tail (vertical white line) are indicated.
Neutral assay: 3 months: cortex: Htt+/+: 15.00±1.43%, HttΔE1/ΔE1: 18.00±1.35%, p=0.0053;
striatum: Htt+/+: 17.33±1.57%, HttΔE1/ΔE1: 22.62±1.78%, p=0.0289; thalamus: Htt+/+:
18.00±2.73%, HttΔE1/ΔE1: 18.85±2.08%, p=0.6579; cerebellum: Htt+/+: 23.90±2.57%,
HttΔE1/ΔE1: 27.62±2.48%, p=0.0533; 13-16 months: cortex: Htt+/+: 13.58±2.37%, HttΔE1/ΔE1:
15.17±2.55%, p=0.2315; striatum: Htt+/+: 18.50±2.95%, HttΔE1/ΔE1: 19.20±1.92%,
p=0.7558; thalamus: Htt+/+: 13.31±2.03.%, HttΔE1/ΔE1: 11.97±1.21%, p=0.4423;
cerebellum: Htt+/+: 19.34±2.64%, HttΔE1/ΔE1: 2332±2.12%, p=0.2148.
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Alkaline assay: 3 months: cortex: Htt+/+: 13.28±1.73%, HttΔE1/ΔE1: 11.29±2.78%,
p=0.3987; striatum: Htt+/+: 23.22±3.33%, HttΔE1/ΔE1: 23.01±4.72%, p=0.9382; thalamus:
Htt+/+: 16.58±3.43%, HttΔE1/ΔE1: 12.95±4.10%, p=0.1408; cerebellum: Htt+/+: 35.68±3.15%,
HttΔE1/ΔE1: 29.25±3.82%, p=0.0679; 13-16 months: cortex: Htt+/+: 18.68±6.83%, HttΔE1/ΔE1:
13.65±4.41%, p=0.1914; striatum: Htt+/+: 23.07±5.84%, HttΔE1/ΔE1: 18.25±4.77%,
p=0.1288; thalamus: Htt+/+: 14.77±4.54%, HttΔE1/ΔE1: 11.11±3.45%, p=0.1771;
cerebellum: Htt+/+: 28.33±7.53%, HttΔE1/ΔE1: 29.01±4.28%, p=0.9060.

72

Fig. 3-11: The percentage of nuclei with H2AX puncta is increased in 3-month-old
HttΔE1/ΔE1 mice. (A) Cortex and striatum from 3- and 12-month-old Htt+/+ (+/+) and
HttΔE1/ΔE1 (ΔE1/ΔE1) mice without -irradiation and 3-month-old Htt+/+ and HttΔE1/ΔE1 mice
3 or 24 hours after exposure to 7Gy of -irradiation immunostained with a H2AX
antibody (green). Nuclei were labeled with DAPI (blue), scale bar=10m. White dashed
boxes indicate the locations of inset images, scale bar=2m.
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(B) Quantification of the percentage of nuclei containing H2AX+ puncta in 3- and 12month-old untreated mice. *p<0.05, mean±SEM, unpaired t-test, 8-9 images/mouse, 3-4
mice/genotype.
Cortex: 3 months: Htt+/+: 17.66±3.18%, HttΔE1/ΔE1: 49.50±8.76%, p=0.0142; 12 months:
Htt+/+: 45.77±14.80%, HttΔE1/ΔE1: 40.76±12.81%, p=0.8108; striatum: 3 months: Htt+/+:
6.47±1.79%, HttΔE1/ΔE1: 31.35±9.12%, p=0.0368; 12 months: Htt+/+: 27.14±12.18%,
HttΔE1/ΔE1: 25.24±6.26%, p=0.8964.
(C) Quantification of the percentage of nuclei containing H2AX+ puncta before and after
-irradiation. *p<0.05, **p<0.01, ***p<0.001, mean±SEM, unpaired t-test, 8-9
images/mouse, 3-5 mice/genotype.
Cortex: Htt+/+: 3h post-irradiation: 59.81±4.67%, p=0.0002 compared to control; 24h
post-irradiation: 29.54±3.67%, p=0.0583 compared to control, p=0.0043 compared to 3h
post-irradiation; HttΔE1/ΔE1: 3h post-irradiation: 64.52±3.86%, p=0.1334 compared to
control, p=0.4590 compared to Htt+/+ 3h post-irradiation; 24h post-irradiation:
24.91±4.66%, p=0.0771 compared to control, p=0.0007 compared to 3h post-irradiation,
p=0.4788 compared to Htt+/+ 24h post-irradiation.
Striatum: Htt+/+: 3h post-irradiation: 48.96±4.57%, p=0.0001 compared to control; 24h
post-irradiation: 26.35±2.84%, p=0.0015 compared to control, p=0.0126 compared to 3h
post-irradiation; HttΔE1/ΔE1: 3h post-irradiation: 55.83±3.52%, p=0.0292 compared to
control, p=0.2678 compared to Htt+/+ 3h post-irradiation; 24h post-irradiation:
33.08±4.74%, p=0.8862 compared to control, p=0.0080 compared to 3h post-irradiation,
p=0.2902 compared to Htt+/+ 24h post-irradiation.
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Figure 3-12: Pan-nuclear 53bp1 is elevated in the cortex and striatum of 3-monthold HttΔE1/ΔE1 mice. (A) Cortex and striatum from 2-, 3-, 4-, and 12-month-old Htt+/+ (+/+)
and HttΔE1/ΔE1 (ΔE1/ΔE1) mice immunostained with a 53bp1 antibody (red). Nuclei were
labeled with DAPI (blue), scale bar=10m.
(B) Quantification of the percentage of the nuclear area with 53bp1. *p<0.05, **p<0.01,
mean±SEM, unpaired t-test, 9 images/mouse, 3-4 mice/genotype.
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Cortex: 2 months: Htt+/+: 11.56±6.22%, HttΔE1/ΔE1: 23.04±4.25%, p=0.2018; 3 months:
Htt+/+: 3.73±2.61%, HttΔE1/ΔE1: 44.29±9.69%, p=0.0068; 4 months: Htt+/+: 51.22±6.6%,
HttΔE1/ΔE1: 33.05±3.36%, p=0.0702; 12 months: Htt+/+: 45.70±11.875, HttΔE1/ΔE1:
61.30±9.59%, p=0.3790.
Striatum: 2 months: Htt+/+: 8.08±5.37%, HttΔE1/ΔE1: 27.77±3.175, p=0.0344; 3 months:
Htt+/+: 0.26±0.16%, HttΔE1/ΔE1: 23.02±4.14%, p=0.0015; 4 months: Htt+/+: 27.72±6.51%,
HttΔE1/ΔE1: 18.49±4.80%, p=0.3174; 12 months: Htt+/+: 33.13±11.08%, HttΔE1/ΔE1:
55.81±16.35%, p=0.2849.
(C) Images of the cortex and striatum of 3-month-old HttΔE1/ΔE1 mice immunostained with
NeuN (green) and 53bp1 antibodies (red). Nuclei were labeled with DAPI (blue), scale
bar=10m.
(D) Quantification of the percentage of total cells that are NeuN+ per image. Mean±SEM,
unpaired t-test, 9 images/mouse, 4 mice/genotype. Cortex: Htt+/+: 61.53±1.16%,
HttΔE1/ΔE1: 62.35±1.31%, p=0.6559; striatum: Htt+/+: 58.57±1.94%, HttΔE1/ΔE1:
61.33±0.99%, p=0.2521.
(E) Quantification of the percentage of NeuN+ cells with pan-nuclear 53bp1. ***p<0.001,
****p<0.0001, mean±SEM, unpaired t-test, 9 images/mouse, 4 mice/genotype. Cortex:
Htt+/+: 21.58±11.62%, HttΔE1/ΔE1: 93.90±3.44%, p=0.0010; striatum: Htt+/+: 0.77±0.45%,
HttΔE1/ΔE1: 83.90±8.25%, p<0.0001.
(F) Quantification of the percentage of NeuN- cells with pan-nuclear 53bp1, **p<0.01,
mean±SEM, unpaired t-test, 9 images/mouse, 4 mice/genotype. Cortex: Htt+/+:
0.89±0.52%, HttΔE1/ΔE1: 20.04±5.01%, p=0.0090; striatum: Htt+/+: 0.07±0.07%, HttΔE1/ΔE1:
4.23±2.14%, p=0.0996.
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Fig. 3-13: Cortical 53bp1 levels are elevated in 3-month-old HttΔE1/ΔE1 mice. (A)
Western blots of cortical whole-cell lysates from 3-month-old Htt+/+ (+/+) and HttΔE1/ΔE1
(E1/E1) mice probed with a 53bp1 antibody.
(B) Fluorescence levels were quantified and normalized to -actin. *p<0.05, mean±SEM,
unpaired t-test, 3 mice/genotype. Htt+/+: 0.14±0.01, HttΔE1/ΔE1: 0.17±0.01; p=0.0257.
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Fig. 3-14: Purkinje cell density and DNA damage marker levels are not altered in 3month-old HttΔE1/ΔE1 mice. (A) Cerebellum from 3-month-old Htt+/+ (+/+) and HttΔE1/ΔE1
(E1/E1) mice immunostained with a calbindin antibody (green). Nuclei were labeled
with DAPI (blue), scale bar=50m.
(B) Quantification of the number of calbindin+ cells per mm. Mean±SEM, unpaired t-test,
4 images/mouse, 4 mice/genotype. Htt+/+: 24.40±1.05 cells, HttΔE1/ΔE1: 23.27±1.26 cells,
p=0.5156.
(C) Cerebellum from 3-month-old Htt+/+ (+/+) and HttΔE1/ΔE1 (E1/E1) mice
immunostained with 53bp1 (red) and calbindin (green) antibodies. Nuclei were labeled
with DAPI (blue), scale bar=10m.
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(D) Quantification of the percentage of calbindin+ cells with pan-nuclear 53bp1.
Mean±SEM, unpaired t-test, 157-224 cells/mouse, 4 mice/genotype. Htt+/+:
89.73±4.48%, HttΔE1/ΔE1: 97.56±1.01%, p=0.1390.
(E) Quantification of the percentage of calbindin+ cells with H2AX puncta. Mean±SEM,
unpaired t-test, 157-224 cells/mouse, 4 mice/genotype. Htt+/+: 3.69±1.78%, HttΔE1/ΔE1:
10.37±2.74%, p=0.0870.
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Fig. 3-15: DNA and protein oxidation markers are not significantly altered in
HttΔE1/ΔE1 mice at 3 months of age. (A) Nuclei isolated from the cortex and striatum of
3-month-old HttΔE1/ΔE1 (E1/E1) and Htt+/+ (+/+) mice with or without KBrO3 treatment
and immunostained with an 8-OHdG antibody (red). Nuclei were labeled with DAPI
(blue), scale bar = 10m.
(B) Quantification of the percentage of DAPI+ pixels that are 8-OHdG+. Mean±SEM,
unpaired t-test, 19-20 images/mouse, 3 mice/genotype. Cortex: without KBrO3: Htt+/+:
2.40±1.04%, HttΔE1/ΔE1: 1.17±0.29%, p=0.3229; with KBrO3: Htt+/+: 15.64±2.20%,
HttΔE1/ΔE1: 12.51±1.72%, p=0.3247; striatum: without KBrO3: Htt+/+: 1.57±0.51%,
HttΔE1/ΔE1: 1.81±0.59%, p=0.7717; with KBrO3: Htt+/+: 24.90±8.72%, HttΔE1/ΔE1:
16.27±4.51%, p=0.4285.
(C) Western blots of cortical and striatal lysates probed with a DNP antibody to evaluate
protein carbonyl levels.
(D) Protein carbonyl levels were quantified and normalized to -actin. Mean±SEM,
unpaired t-test, 3 mice/genotype. Cortex: Htt+/+: 2.43x107±1.39x106, HttΔE1/ΔE1:
2.47x107±1.52x106, p=0.8317; striatum: Htt+/+: 2.38x107±1.14x106, HttΔE1/ΔE1:
2.68x107±1.29x106, p=0.1566.
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Fig. 3-16: Autophagy markers are not altered in HttΔE1/ΔE1 mice. (A) Western blots of
cortical and striatal total microsomal fractions from 3-month-old Htt+/+ (+/+) and HttΔE1/ΔE1
(E1/E1) mice probed with LC3 and p62/SQSTM1 (p62) antibodies.
(B) LC3-II fluorescence levels in (A) were quantified and normalized to LC3-I.
Mean±SEM, unpaired t-test, 4 mice/genotype. Cortex: Htt+/+: 0.097±0.003, HttΔE1/ΔE1:
0.089±0.004, p=0.1245; striatum: Htt+/+: 0.076±0.010, HttΔE1/ΔE1: 0.080±0.004; p=0.7160.
(C) p62 fluorescence levels in (A) were quantified and normalized to -actin.
Mean±SEM, unpaired t-test, 4 mice/genotype. Cortex: Htt+/+: 0.298±0.040, HttΔE1/ΔE1:
0.326±0.053, p=0.6860; striatum: Htt+/+: 0.082±0.006, HttΔE1/ΔE1: 0.086±0.010, p=0.7449.
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(D) Cortex and striatum from 3-month-old Htt+/+ and HttΔE1/ΔE1 mice immunostained with
LC3 (red) and p62 (green) antibodies. Nuclei were labeled with DAPI (blue), scale bar=5
m. White arrows indicate LC3+p62+ puncta.
(E) Quantification of the LC3+p62+ pixel area per image. Mean±SEM, unpaired t-test, 3
mice/genotype. Cortex: Htt+/+: 13.13±3.26 m, HttΔE1/ΔE1: 13.22±1.29 m, p=0.9808;
striatum: Htt+/+: 6.37±2.22 m, HttΔE1/ΔE1: 4.47±0.19 m, p=0.4419.
(F) Western blots of whole-brain microsomal lysates from 24-month-old Htt+/+ and
HttΔE1/ΔE1 mice probed with an LC3 antibody.
(G) LC3-II fluorescence levels in (F) were quantified and normalized to LC3-I.
Mean±SEM, unpaired t-test, 3 mice/genotype. Htt+/+: 0.056±0.006, HttΔE1/ΔE1:
0.050±0.012, p=0.6772.
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Fig. 3-17: Synapse numbers are not altered in HttΔE1/ΔE1 mice at 18 months of age.
(A) Cortex and striatum from 18-month-old Htt+/+ (+/+) and HttΔE1/ΔE1 (E1/E1) mice
immunostained with VGlut1 (red) and PSD95 (green) antibodies, scale bar=5 m. White
arrows indicate Vglut1+PSD95+ puncta.
(B) Quantification of the number of VGlut1+PSD95+ puncta per image. Mean±SEM,
unpaired t-test, 3 mice/genotype. Corticocortical (C-C): Htt+/+: 213.7±33.1, HttΔE1/ΔE1:
138.2±18.4, p=0.1167; corticostriatal (C-S): Htt+/+: 178.8±43.8, HttΔE1/ΔE1: 89.0±18.4,
p=0.1316.
(C) Cortex and striatum from 18-month-old Htt+/+ and HttΔE1/ΔE1 mice immunostained with
VGlut2 (red) and PSD95 (green) antibodies, scale bar=5 m. White arrows indicate
Vglut2+PSD95+ puncta.
(D) Quantification of the number of VGlut2+PSD95+ puncta per image. Mean±SEM,
unpaired t-test, 3 mice/genotype. Thalamocortical (T-C): Htt+/+: 144.8±16.6, HttΔE1/ΔE1:
153.1±38.6, p=0.8524; thalamostriatal (T-S): Htt+/+: 96.2±14.0, HttΔE1/ΔE1: 127.6±43.5,
p=0.5292.
(E) Western blots of whole-brain total microsomal lysates from 24-month-old Htt+/+ and
HttΔE1/ΔE1 mice probed with Vglut1, VGlut2, and PSD95 antibodies.
Fluorescence levels of (F) Vglut1, (G) Vglut2, and (H) PSD95 were quantified and
normalized to -actin. Mean±SEM, unpaired t-test, 3 mice/genotype. Vglut1: Htt+/+:
0.0060±0.0004, HttΔE1/ΔE1: 0.0061±0.0009, p=0.8974; Vglut2: Htt+/+: 0.0023±0.0006,
HttΔE1/ΔE1: 0.0024±0.0007, p=0.9565; PSD95: Htt+/+: 0.111±0.027, HttΔE1/ΔE1: 0.085±0.008,
p=0.4111.
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Chapter IV: Characterization of normal Htt N-terminal deletion alleles expressed in
trans with a mutant Htt allele
Introduction
Deletion of Htt’s three N-terminal domains in homozygosity results in only modest
phenotypes. However, because loss of normal Htt function is likely to contribute to HD
pathogenesis and the Htt N-terminus may be able to respond to cellular stress, these
domains may modulate Htt’s ability to perform its normal functions in an HD model and
affect disease progression. To examine this possibility, the HttE1 allele was crossed into
a knock-in HD mouse model expressing a mutant Htt allele with 140 CAG repeats
(Htt140Q/E1), and the progression of HD model phenotypes was compared to wild type
controls (Htt+/+), a heterozygous HD mouse model (Htt140Q/+), and a hemizygous HD
mouse model (Htt140Q/-). The Htt140Q/+ model has been well characterized and exhibits
progressive motor dysfunction including an early phase of hyperactivity at 1 month of
age followed by hypoactivity at 4 months of age, and gait abnormalities at 12 months of
age [120]. HD model mice with in trans deletions of either the N17 domain (Htt140Q/N17),
the polyQ domain, (Htt140Q/Q) or both the polyQ and PRR domains of Htt (Htt140Q/QP)
exhibit altered behavioral phenotypes compared to Htt140Q/+ mice [8, 121]. On the
accelerating rotarod test, Htt140Q/QP and Htt140Q/N17 mice were impaired compared to
Htt140Q/+ mice, and were also more hypoactive compared than the Htt140Q/+ mice in the
open field test [121]. However, both Htt140Q/QP and Htt140Q/N17 mice exhibited improved
spatial learning and memory in the Morris water maze compared to Htt140Q/+ mice, who
have reduced spatial learning and memory performance compared to Htt+/+ mice [121].
Similarly, Htt140Q/Q mice exhibit improved rotarod and Barnes maze performance
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compared to Htt140Q/+ mice, and do not display a hypoactivity phenotype [8]. The effect of
removing all three domains in the context of an HD model, however, is unknown.

Mutant Htt inclusions are first detectable in Htt140Q/+ mice starting at 4 months of
age in the striatum, nucleus accumbens, and olfactory tubercle [120]. As the mouse
ages, mutant Htt aggregates can also be found in the cortex and globus pallidus [120].
Deletion of the normal Htt polyQ domain in trans to an Htt140Q allele results in a reduced
aggregate burden, suggesting that the Htt allele in trans to the Htt140Q allele can affect
aggregation kinetics, possibly by increasing mHtt clearance [8]. Deletion of the PRR in
cis to an Htt140Q allele also reduces aggregate burden, suggesting that the polyQ flanking
domains are able to influence aggregation within the Htt140Q model [122]. In addition to
aggregation kinetics, cellular functions that are both influenced by the Htt N-terminal
domains and affected in HD, such as synapse numbers and autophagy, may be altered
in Htt N-terminal deletion HD model mice. Glutamatergic synapse number and function
are altered in HD models [71, 73, 76], and deletion of Htt’s N17 domain in homozygosity
causes a reduction in thalamostriatal glutamatergic synapses in aged mice [4].
Autophagy is impaired in HD [82], but deletion of the polyQ domain in trans to an Htt140Q
allele increases the levels of autophagy markers observed in mouse brains [8]. However,
autophagy is also impaired in primary neuronal cultures from both Htt140Q/QP and
Htt140Q/N17 mice [121]. Because deletions of individual domains within Htt’s N-terminus
do not consistently affect HD phenotype progression, characterizing the deletion of the
entire region is a necessary step in determining how these domains function together in
vivo.
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Through longitudinal behavioral analysis of Htt140Q/E1 mice and analysis of Htt
subcellular localization, autophagy markers, and synapse markers in Htt140Q/E1,
Htt140Q/QP, and Htt140Q/N17 mice, I have further characterized the role of the Htt Nterminus in modulating HD mouse model phenotypes. I have found that expression of
the Htt exon 1 N-terminal deletion allele delays the onset of some motor deficits, but not
the spatial learning and memory deficits observed in HD model mice, suggesting that
deletion of the Htt N-terminus may result in a delay in some aspects of HD mouse model
pathogenesis. Autophagy markers, however, remain unaltered in Htt140Q/E1, Htt140Q/QP,
and Htt140Q/N17 mice, synaptic markers are only modestly altered in Htt140Q/E1 mice, and
Htt’s subcellular localization is not altered in Htt140Q/E1, Htt140Q/Q, Htt140Q/QP, or
Htt140Q/N17 mice.

Results
Htt140Q/ΔE1 mice exhibit normal lifespans and body weight through 19 months of age
Htt140Q/+, Htt140Q/ΔE1, and Htt140Q/- male mice survive through 19 months of age
(Table 4-1). At 3 and 6 months of age, the body weight (Fig. 4-1) of Htt140Q/- mice is
reduced compared to Htt140Q/+ (3 months: p =0.0017, 6 months: p =0.0195, Tukey’s
multiple comparison test), Htt140Q/ΔE1 (3 months: p =0.0003, 6 months: p =0.0016,
Tukey’s multiple comparison test), and Htt+/+ (3 months: p =0.0071, 6 months: p
=0.0006, Tukey’s multiple comparison test) mice (Fig. 4-1). The body weight of Htt140Q/mice is also reduced at 12 and 18 months of age compared to Htt+/+ (12 months: p
=0.0004, 18 months: p =0.0008, Tukey’s multiple comparison test) and Htt140Q/ΔE1 (12
months: p =0.0368, 18 months: p =0.0097, Tukey’s multiple comparison test) mice.
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Additionally, the body weight of Htt140Q/+ mice is significantly reduced compared to Htt+/+
mice at 18 months of age (p =0.0464, Tukey’s multiple comparison test).

Deletion of the Htt N-terminus does not affect Htt subcellular localization in HD model
mice.
To determine whether deletion of the Htt N-terminus affects Htt’s subcellular
distribution in the context of an HD model, whole brain lysates from 6-month-old Htt+/+,
Htt140Q/ΔE1, Htt140Q/+, and Htt140Q/- mice were separated into microsomal, cytosolic, and
nuclear fractions and analyzed by western blotting (Fig. 4-2). There were no differences
in the levels of cytosolic (C), nuclear (N), or total microsomal (M) WT-Htt and E1-Htt
from the Htt140Q/+ and Htt140Q/ΔE1 mice (WT-Htt C: ~35%, N: ~52%, M: ~56%, E1-Htt: C:
~31%, N: ~70%, M: ~40% compared to Htt+/+ levels). Additionally, no differences in the
levels of cytosolic, nuclear, or total microsomal 140Q-Htt from Htt140Q/ΔE1, Htt140Q/+, and
Htt140Q/- mice was observed. Lysates from 6-month-old Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and
Htt140Q/N17 mice were separated into microsomal, cytosolic, and nuclear fractions, and
analyzed by western blotting (Fig. 4-3), and no differences were observed in the levels of
WT-Htt, Q-Htt, QP-Htt, or N17-Htt in any of the fractions, or in the levels of 140Q-Htt
between genotypes in any of the fractions.

Characterization of motor phenotypes in Htt140Q/ΔE1 mice.
To investigate whether Htt∆E1 expressed in trans to an HD model allele influences
the progression of HD mouse model motor and cognitive phenotypes, male Htt+/+,
Htt140Q/ΔE1, Htt140Q/+, and Htt140Q/- mice (see Table 4-1 for the number of animals used at
each experimental time point) were subjected to longitudinal activity cage (Fig. 4-4, 4-5,
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4-6), forelimb grip strength (Fig. 4-7), accelerating rotarod (Fig. 4-8), and Morris water
maze testing (Fig. 4-9). At 3 months of age, Htt140Q/ΔE1 mice traveled a further total
distance in the activity cage (Fig. 4-4) in comparison to Htt140Q/- mice (p=0.0438, Tukey’s
multiple comparison test). At 6, 12, and 18 months of age, Htt140Q/+ (6 months: p=0.0001;
12 months: p<0.0001, 18 months: p=0.0093, Tukey’s multiple comparison test),
Htt140Q/ΔE1 (6 months: p=0.0057; 12 months: p<0.0001, 18 months: p<0.0001, Tukey’s
multiple comparison test), and Htt140Q/- mice (6 months: p=0.0003; 12 months: p<0.0001,
18 months: p=0.0027, Tukey’s multiple comparison test) all traveled less than Htt+/+
mice. Htt140Q/+ and Htt140Q/- mice have reduced horizontal activity (Fig. 4-5) compared to
Htt+/+ (Htt140Q/+: p =0.0467, Htt140Q/-: p =0.0124, Tukey’s multiple comparison test) and
Htt140Q/ΔE1 (Htt140Q/+: p =0.0316, Htt140Q/-: p =0.0079, Tukey’s multiple comparison test)
mice at 3 months of age. By 6 months of age, the horizontal activity of Htt140Q/ΔE1 mice is
not significantly different from either the Htt140Q/+, Htt140Q/-, or Htt+/+ mice, however Htt140Q/+
and Htt140Q/- mice still exhibit reduced horizontal activity compared to Htt+/+ (Htt140Q/+: p
=0.0.0067, Htt140Q/-: p =0.0002, Tukey’s multiple comparison test). At 12 and 18 months
of age, Htt140Q/ΔE1 mice also exhibit reduced horizontal activity levels compared to Htt+/+
mice (p <0.0001, Tukey’s multiple comparison test) and are indistinguishable from
Htt140Q/+ (p <0.0001, Tukey’s multiple comparison test) and Htt140Q/- (p <0.0001, Tukey’s
multiple comparison test) mice. There were no differences in vertical activity levels (Fig,
4-6) at 3 or 6 months of age. At 12 months of age, Htt140Q/+ (p<0.0001, Tukey’s multiple
comparison test), Htt140Q/ΔE1 (p=0.0002, Tukey’s multiple comparison test), and Htt140Q/mice (p=0.0013, Tukey’s multiple comparison test) all exhibited reduced vertical activity
levels compared to Htt+/+ mice. At 18 months of age, Htt140Q/ΔE1 mice exhibited reduced
levels of vertical activity compared to Htt+/+ mice (p=0.0023, Tukey’s multiple comparison
test).
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There are no differences in forelimb grip strength (Fig. 4-7) at 3 months of age.
Htt140Q/- mice exhibit reduced forelimb grip strength at 6 months of age compared to Htt+/+
mice (p =0.0129, Tukey’s multiple comparison test). At 12 months of age, Htt140Q/- (p
=0.0002, Tukey’s multiple comparison test) and Htt140Q/+ mice (p =0.0035, Tukey’s
multiple comparison test) exhibit reduced grip strength compared to Htt140Q/ΔE1 and Htt+/+
mice. By 18 months of age, the forelimb grip strength of Htt140Q/- (p <0.0001, Tukey’s
multiple comparison test), Htt140Q/+ (p =0.0230, Tukey’s multiple comparison test), and
Htt140Q/∆E1 mice (p =0.0388, Tukey’s multiple comparison test) is reduced compared to
Htt+/+ mice.

The HttΔE1 allele does not significantly alter rotarod performance in HD model
mice (Fig. 4-8), although Htt140Q/- mice outperform Htt140Q/+ and Htt140Q/∆E1 mice at 6
(Htt140Q/+: p = 0.0167, F=6.263, DF =1, Htt140Q/∆E1: p =0.0274, F=5.265, DF =1 , 2-way
ANOVA) and 12 months of age (Htt140Q/+: p = 0.0.260, F=5.364, DF =1, Htt140Q/∆E1: p
=0.0140, F=6.634, DF =1 , 2-way ANOVA), and continue to outperform Htt140Q/+ mice at
18 months of age (p =0.0323, F=4.946, DF =1, 2-way ANOVA). At 18 months of age
Htt140Q/+ mice also exhibit a rotarod deficit compared to Htt+/+ mice (p =0.0318, F=5.015,
DF =1, 2-way ANOVA).

Deletion of the Htt N-terminus does not affect spatial learning and memory performance
in HD model mice.
While HD model mice display spatial learning and memory deficits compared to
wild type mice in the Morris water maze test, deletion of the N-terminal domains of
normal Htt does not affect performance at 10, 14, or 19 months of age (Fig. 4-9). At 10
months of age, Htt140Q/+ (p <0.0001, F=26.70, DF =1, 2-way ANOVA) Htt140Q/ΔE1
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(p<0.0001, F=42.8, DF =1, 2-way ANOVA), and Htt140Q/- (p <0.0001, F=25.96, DF =1, 2way ANOVA) mice all exhibited a deficit compared to Htt+/+ mice in the reversal phase of
the Morris water maze test. Htt140Q/+ (p =0.0048, Tukey’s multiple comparison test) and
Htt140Q/ΔE1 (p =0.0018, Tukey’s multiple comparison test) mice also spent less time in the
platform quadrant during the probe trial than Htt+/+ mice. However, Htt140Q/+ (visible
platform trial: p =0.0251, velocity: p =0.0007, Tukey’s multiple comparison test) and
Htt140Q/ΔE1 (visible platform trial: p =0.0217, velocity: p =0.0020, Tukey’s multiple
comparison test) mice exhibit deficits in the visible control trial and reduced velocity
during the probe trial compared to Htt+/+ mice. Htt140Q/+ mice also swam significantly more
slowly than Htt140Q/- mice (p =0.0348, Tukey’s multiple comparison test), which may be a
confounding factor when interpreting their Morris water maze performance. No
significant differences between genotypes in any of the measurements recorded were
observed at 14 months of age. Htt140Q/+ (p =0.0015, F=11.84, DF =1, 2-way ANOVA)
Htt140Q/ΔE1 (p =0.0001, F=19.18, DF =1, 2-way ANOVA), and Htt140Q/- (p =0.0001,
F=18.53, DF =1, 2-way ANOVA) mice all exhibited a deficit compared to Htt+/+ mice
during the acquisition phase at 19 months of age. Htt140Q/ΔE1 mice additionally exhibit
reduced velocity compared to Htt+/+ mice during the probe trial at 19 months of age (p
=0.0008, Tukey’s multiple comparison test). No other differences were observed.

Analyses of glutamatergic synaptic markers in Htt140Q/+, Htt140Q/QP, Htt140Q/N17 and
Htt140Q/E1 mice
To determine whether there is a generalized reduction in glutamatergic synapses
in Htt N-terminal deletion HD model mice, whole brain total microsomal fractions were
analyzed by western blotting for the glutamatergic synapse markers PSD95, Vglut1, and
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Vglut2 at 6 months of age in Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and Htt140Q/N17 mice, and at 6
and 24 months of age in Htt+/+, Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice. At 6 months of age,
PSD95 levels (Fig. 4-10A) were significantly reduced in the brains of Htt140Q/+ and
Htt140Q/- mice compared to Htt+/+ mice (Htt140Q/+: p=0.0419, Htt140Q/-: p=0.0111, Tukey’s
multiple comparisons test), and reduced in Htt140Q/- mice compared to Htt140Q/E1
(p=0.0139, Tukey’s multiple comparisons test). Additionally, there was a trend toward a
reduction in PSD95 levels in the brains of Htt140Q/+ mice compared to Htt140Q/E1
(p=0.0533, Tukey’s multiple comparisons test). PSD95 contains an SH3 domain that can
bind to the PRR within the Htt N-terminus [74]. Therefore, it is possible that the Htt Nterminus may regulate the localization of PSD95. To determine whether microsomal
PSD95 levels were reduced in the Htt140Q/+ and Htt140Q/- mice or whether PSD95 was
mislocalized, cytosolic fractions from 6-month-old Htt+/+, Htt140Q/+, Htt140Q/E1, and Htt140Q/mice were also analyzed by western blotting for PSD95 levels (Fig. 4-10B). Very little
PSD95 was detected in the cytosol, and there were no differences between genotypes.
Therefore, the difference in microsomal PSD95 levels is likely due to a difference in
PSD95 levels and not a difference in PSD95 subcellular localization. At 12 months of
age (Fig. 4-10 C) there was a significant decrease in the levels of PSD95 in Htt140Q/E1
mice compared to Htt+/+ mice (p=0.0254, Tukey’s multiple comparisons test). No
differences in PSD95 levels were detected at 24 months of age (Fig. 4-10D), and no
differences in Vglut1 or Vglut2 levels were detected at 6 or 24 months of age (Fig. 4-11).
No differences in Vglut1, Vglut2, or PSD95 levels at 6 months of age were detected in
Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and Htt140Q/N17 mice (Fig. 4-12).

93
Autophagy markers are not altered in the brains of Htt140Q/+, Htt140Q/QP, Htt140Q/N17 or
Htt140Q/E1 mice
Levels of LC3-II and p62 were evaluated in whole brain total microsomal
fractions from 6-month-old Htt+/+, Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice (Fig. 4-13A, 413B) and 6- and 12-month-old Htt+/+, Htt140Q/+, Htt140Q/QP, and Htt140Q/N17 mice (Fig. 4-14)
by western blotting. LC3-II levels were also evaluated in whole brain total microsomal
fractions from 24-month-old Htt+/+, Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice (Fig. 4-13C).
There were no differences between genotypes in the ratio of total microsomal LC3-II to
LC3-I or in the levels of total microsomal p62 at either 6, 12, or 24 months of age.

Discussion
Although Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice exhibit normal lifespans through
19 months of age, the body weight of Htt140Q/- mice is reduced throughout their adult
lifespan, and Htt140Q/+ mice exhibit a reduced body weight at 18 months of age compared
to Htt+/+ mice. This data is consistent with prior work showing that Htt levels correlate
with body weight in mice [60], and that HD patients exhibit reduced body weight with
disease progression [19]. The body weight of the Htt140Q/E1 mice was not changed
compared to Htt+/+ mice even at 18 months of age, suggesting that HD-related body
weight reduction is delayed or rescued in Htt140Q/E1 mice. Similarly, the horizontal activity
levels of Htt140Q/E1 mice was reduced compared to Htt+/+ mice starting at 12 months of
age, while it was reduced in Htt140Q/+ and Htt140Q/- mice at 3 months of age. Forelimb grip
strength was reduced in Htt140Q/E1 mice at 18 months of age, in Htt140Q/+ mice at 12
months of age, and in Htt140Q/- mice at 6 months of age. Taken together, this data
suggests that expression of the HttE1 allele in an HD model may delay some HD motor
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phenotypes. However, expression of the HttE1 allele does not affect all motor functions
impacted by HD. While HD models exhibited reductions in the total distance traveled and
vertical activity during activity monitoring and altered rotarod performance, expression of
the Htt/E1 allele did not cause a delay in the onset of deficits in these tests.

Spatial learning and memory performance in HD model mice was not affected by
expression of the HttE1 allele. This result was surprising considering the improvement in
spatial learning and memory performance demonstrated by the Htt140Q/Q, Htt140Q/QP, and
Htt140Q/N17 mice [8, 121]. However, similar to the HttQ/Q, HttQP/QP, and HttN17/N17 mice,
the Htt140Q/Q, Htt140Q/QP, and Htt140Q/N17 mice were tested on a mixed 129Sv x C57BL/6J
genetic background [4, 5, 8, 121], while the Htt140Q/E1 mice were tested on a C57BL/6J
congenic genetic background, and therefore direct comparisons between genotypes
may be difficult.

Htt140Q/+ and Htt140Q/- mice exhibit a reduction in PSD95 levels that is not
observed in Htt140Q/E1 mice at 6 months of age. However, no differences in the levels of
Vglut1 or Vglut2 were observed between genotypes, suggesting that the alteration in
PSD95 levels may represent a change in the composition of the post-synaptic density
rather than an alteration in synapse number. At 12 months of age, however, only
Htt140Q/E1 mice exhibit reduced levels of PSD95 compared to Htt+/+ controls, and by 24
months of age there are no differences in the levels of PSD95 between genotypes. This
phenotype may represent either an increase in PSD95 levels in the HD model mice with
age or a decrease in PSD95 levels in the control mice with age. However, the variability
in PSD95 levels between mice of the same genotype also increased with age, especially
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in the Htt+/+ control mice. A larger sample size may therefore be needed to detect any
significant differences in PSD95 levels in aged mice.

Although autophagosome formation is decreased in primary neuronal cultures from
Htt140Q/QP and Htt140Q/N17 mice [121], no differences in LC3-II levels were observed by
western blotting between Htt140Q/+, Htt140Q/QP, and Htt140Q/N17 mice or between Htt140Q/+,
Htt140Q/E1, and Htt140Q/- mice. Additionally, the significant increase in p62 levels in primary
neuronal cultures from Htt140Q/N17 mice [121] was not replicated in the brains of
Htt140Q/N17 mice. Because p62 is able to respond to a wide variety of cellular stressors
(for review, see [123]), the increase in p62 observed in Htt140Q/N17 neuronal cultures may
represent an altered response to cellular stress in vitro that is not present in vivo.
Whether primary neuronal cultures from Htt140Q/E1 mice would exhibit similar
autophagosome formation deficits and elevated p62 levels is not known.

While Htt140Q/E1 mice exhibit a delay in the onset of some HD motor phenotypes,
the cause is unclear. Based on the levels of PSD95 in the brains of Htt140Q/+, Htt140Q/E1,
and Htt140Q/- mice compared to Htt+/+ mice at 6 months of age, one possibility is a delay in
synaptic dysfunction in Htt140Q/E1 mice compared to Htt140Q/E1 and Htt140Q/- mice. A more
thorough characterization of Htt140Q/E1 mice, including analyses of DNA damage
accumulation and repair, synaptic function, HD progression markers such as DARPP32
expression, astrogliosis, lipofuscin accumulation, and Htt aggregate properties including
kinetics, brain regional localization, subcellular localization, and size will be required to
fully understand the effects of deleting the normal Htt N-terminus in Htt140Q/E1 mice.
Additionally, an unbiased approach such as RNA sequencing could be used to identify
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other cellular processes that may be altered in the brains of Htt140Q/E1 mice in
comparison to either Htt+/+ or Htt140Q/+ mice.
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Age
3 Months
6 Months
10 Months
12 Months
14 Months
18 Months

Htt+/+
20
20
19
19
18
17

Htt140Q/+
20
20
20
20
20
20

Htt140Q/E1
20
20
20
20
20
19

Htt140Q/20
20
20
20
19
19

Table 4-1: Number of mice used at each experimental time point for behavioral testing.
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Figure 4-1: Body weight is reduced in Htt140Q/- mice. Htt+/+ (+/+), Htt140Q/ΔE1
(140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-) mice were weighed at (A) 3, (B) 6,
(C) 12, and (D) 18 months of age. 1-way ANOVA with Tukey’s multiple comparison test.
Mean±SEM with individual data points shown. 3 months: Htt+/+: 24.26±0.20 g, Htt140Q/ΔE1:
24.80±0.41 g Htt140Q/+: 24.51±0.45 g, Htt140Q/-: 22.40±0.46 g, p=0.0002, F=7.550, DF=3; 6
months: Htt+/+: 29.64±0.48 g, Htt140Q/ΔE1: 29.40±0.46 g, Htt140Q/+: 28.76±0.66 g, Htt140Q/-:
26.42±0.59 g, p=0.0003, F=7.045, DF=3; 12 months: Htt+/+: 35.37±0.99 g, Htt140Q/ΔE1:
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33.41±0.86 g, Htt140Q/+: 31.92±0.93 g, Htt140Q/-: 29.81±0.95 g, p=0.0007, F=6.294, DF=3;
18 months: Htt+/+: 36.64±1.64 g, Htt140Q/ΔE1: 34.90±1.32 g, Htt140Q/+: 31.71±1.18 g, Htt140Q/: 29.10±1.03 g, p=0.0005, F=6.592, DF=3.

100

Figure 4-2: Deletion of the Htt N-terminus does not affect Htt subcellular
distribution in HD model mice. (A) Total Htt levels were quantified from western blots
of protein lysates from whole brain cytosolic, nuclear, and total microsomal fractions
from 6-month-old Htt+/+, Htt140Q/ΔE1, Htt140Q/+, and Htt140Q/- mice probed with Htt (2166) and
mTOR antibodies.
(B) The fluorescent intensities of WT-Htt (+) and E1-Htt (E1) were quantified and
normalized to mTOR. N=3/genotype, unpaired t-test. Mean±SEM.
(C) The fluorescent intensity of 140Q-Htt (140Q) was quantified and normalized to
mTOR. N=3/genotype, 1-way ANOVA with Tukey’s multiple comparison test.
Mean±SEM.
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Cytosolic: Htt+/+: 1.25±0.72, Htt140Q/+: WT-Htt: 0.44±0.13, Htt140Q: 0.13±0.02, Htt140Q/ΔE1:
E1-Htt: 0.39±0.03, 140Q-Htt: 0.12±0.01, Htt140Q/-: 0.17±0.02, E1-Htt compared to WTHtt: p=0.7115; 140Q-Htt: p=0.2708, F=1.637, DF=2.
Nuclear: Htt+/+: 0.32±0.03, Htt140Q/+: WT-Htt: 0.17±0.05, Htt140Q: 0.06±0.02, Htt140Q/ΔE1:
E1-Htt: 0.22±0.02, 140Q-Htt: 0.08±0.02, Htt140Q/-: 0.12±0.02, E1-Htt compared to WTHtt: p=0.3276; 140Q-Htt: p=0.1526, F=2.614, DF=2.
Total microsomal: Htt+/+: 0.155±0.085, Htt140Q/+: WT-Htt: 0.086±0.056, Htt140Q:
0.005±0.034, Htt140Q/ΔE1: E1-Htt: 0.062±0.029, 140Q-Htt: 0.012±0.035, Htt140Q/-:
0.016±0.044, E1-Htt compared to WT-Htt: p=0.7148; 140Q-Htt: p=0.9092, F=0.09673,
DF=2.

102

103
Figure 4-3: Htt’s subcellular localization is not altered in the brains of Htt140Q/ΔQ,
Htt140Q/ΔQP, and Htt140Q/ΔN17 mice. (A) Total Htt levels were quantified from western blots
of protein lysates from whole brain cytosolic, nuclear, and total microsomal fractions
from 6-month-old Htt140Q/+, Htt140Q/ΔQ, Htt140Q/ΔQP, and Htt140Q/ΔN17 mice probed with Htt
(2166) and mTOR antibodies.
(B) The fluorescent intensities of WT-Htt (+), Q-Htt (Q), QP-Htt (QP), and N17-Htt
(N17) were quantified and normalized to mTOR. N=3/genotype, unpaired t-test.
Mean±SEM.
(C) The fluorescent intensity of 140Q-Htt (140Q) was quantified and normalized to
mTOR. N=3/genotype, 1-way ANOVA with Tukey’s multiple comparison test.
Mean±SEM.

Cytosolic: Htt140Q/+: WT-Htt: 0.36±0.17, Htt140Q: 0.12±0.07, Htt140Q/ΔQ: Q-Htt:
0.31±0.16, 140Q-Htt: 0.08±0.06, Htt140Q/ΔQP: QP-Htt: 0.43±0.23, 140Q-Htt: 0.08±0.06,
Htt140Q/ΔN17: N17-Htt: 0.09±0.02, 140Q-Htt: 0.06±0.04, WT-Htt, Q-Htt, QP-Htt, N17Htt: p=0.5204, F=0.8157, DF=3; 140Q-Htt: p=0.9053, F=0.1825, DF=3.
Nuclear: Htt140Q/+: WT-Htt: 0.157±0.030, Htt140Q: 0.012±0.002, Htt140Q/ΔQ: Q-Htt:
0.164±0.067, 140Q-Htt: 0.025±0.007, Htt140Q/ΔQP: QP-Htt: 0.141±0.025, 140Q-Htt:
0.014±0.009, Htt140Q/ΔN17: N17-Htt: 0.081±0.021, 140Q-Htt: 0.013±0.007, WT-Htt, QHtt, QP-Htt, N17-Htt: p=0.4903, F=0.8818, DF=3; 140Q-Htt: p=0.5111, F=0.8357,
DF=3.
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Microsomal: Htt140Q/+: WT-Htt: 0.172±0.066, Htt140Q: 0.023±0.013, Htt140Q/ΔQ: Q-Htt:
0.173±0.054, 140Q-Htt: 0.030±0.004, Htt140Q/ΔQP: QP-Htt: 0.230±0.119, 140Q-Htt:
0.031±0.021, Htt140Q/ΔN17: N17-Htt: 0.151±0.079, 140Q-Htt: 0.050±0.026, WT-Htt, QHtt, QP-Htt, N17-Htt: p=0.9147, F=0.1684, DF=3; 140Q-Htt: p=0.3982, F=0.7581,
DF=3.
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Figure 4-4: Total distance traveled during activity monitoring is reduced in HD
model mice. Htt+/+ (+/+), Htt140Q/ΔE1 (140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-)
mice were placed in an activity monitoring apparatus for one 5-minute trial at each
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experimental time point. Total distance traveled at (A) 3, (B) 6, (C) 12, and (D) 18
months of age were recorded. 1-way ANOVA with Tukey’s multiple comparison test.
*p<0.05, **p<0.01, ****p<0.0001, mean±SEM.
3 months: Htt+/+: 881.8±40.6 cm, Htt140Q/ΔE1: 936.8±81.6 cm, Htt140Q/+: 730.8±53.1 cm,
Htt140Q/-: 720.7±43.6 cm, p=0.0170, F=3.612, DF=3; 6 months: Htt+/+: 582.5±35.0 cm,
Htt140Q/ΔE1: 420.0±38.6 cm, Htt140Q/+: 365.3±30.3 cm, Htt140Q/-: 379.4±30.2 cm, p<0.0001,
F=8.762, DF=3; 12 months: Htt+/+: 692.9±34.3 cm, Htt140Q/ΔE1: 326.5±26.6 cm, Htt140Q/+:
290.5±22.9 cm, Htt140Q/-: 380.6±18.0 cm, p<0.0001, F=49.29, DF=3; 18 months: Htt+/+:
666.8±42.6 cm, Htt140Q/ΔE1: 392.0±25.1 cm, Htt140Q/+: 490.2±39.4 cm, Htt140Q/-: 466.1±42.8
cm, p<0.0001, F=8.838, DF=3.
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Figure 4-5: Reduced horizontal activity in HD model mice is delayed in Htt140Q/ΔE1
mice. Htt+/+ (+/+), Htt140Q/ΔE1 (140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-) mice
were placed in an activity monitoring apparatus for one 5-minute trial at each
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experimental time point. Horizontal activity measurements at (A) 3, (B) 6, (C) 12, and (D)
18 months of age were recorded. 1-way ANOVA with Tukey’s multiple comparison test.
*p<0.05, **p<0.01, ****p<0.0001, mean±SEM.
3 months: Htt+/+: 1674±62 , Htt140Q/ΔE1: 1690±88, Htt140Q/+: 1395±76, Htt140Q/-: 1344±68,
p=0.0010, F=5.993, DF=3; 6 months: Htt+/+: 1193±57, Htt140Q/ΔE1: 1005±75, Htt140Q/+:
924±43, Htt140Q/-: 842±45, p=0.0003, F=7.019, DF=3; 12 months: Htt+/+: 1242±59,
Htt140Q/ΔE1: 723±50, Htt140Q/+: 675±33, Htt140Q/-: 777±39, p<0.0001, F=31.60, DF=3; 18
months: Htt+/+: 1056±48, Htt140Q/ΔE1: 668±28, Htt140Q/+: 754±46, Htt140Q/-: 704±48,
p<0.0001, F=15.65, DF=3.

109

Figure 4-6: Vertical activity is reduced in HD model mice. Htt+/+ (+/+), Htt140Q/ΔE1
(140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-) mice were placed in an activity
monitoring apparatus for one 5-minute trial at each experimental time point. Vertical
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activity measurements at (A) 3, (B) 6, (C) 12, and (D) 18 months of age were recorded.
1-way ANOVA with Tukey’s multiple comparison test. **p<0.01, mean±SEM.
3 months: Htt+/+: 60.05±4.30, Htt140Q/ΔE1: 63.70±6.37, Htt140Q/+: 52.20±6.37, Htt140Q/-:
46.65±2.60, p=0.0584, F=2.597, DF=3; 6 months: Htt+/+: 46.35±6.84, Htt140Q/ΔE1:
36.60±5.53, Htt140Q/+: 32.70±3.93, Htt140Q/-: 30.35±3.73, p=0.1427, F=1.865, DF=3; 12
months: Htt+/+: 52.63±7.49, Htt140Q/ΔE1: 23.10±3.45, Htt140Q/+: 17.55±2.85, Htt140Q/-:
27.05±3.66, p<0.0001, F=10.94, DF=3; 18 months: Htt+/+: 53.29±6.15, Htt140Q/ΔE1:
22.63±3.61, Htt140Q/+: 32.40±5.98, Htt140Q/-: 33.11±6.72, p=0.0044, F=4.757, DF=3.
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Figure 4-7: Deletion of the Htt N-terminus delays a reduction of forelimb grip
strength in Htt140Q/ΔE1 mice. The forelimb grip strength of Htt+/+ (+/+), Htt140Q/ΔE1
(140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-) mice was tested at (A) 3, (B) 6, (C)
12, and (D) 18 months of age. Three trials per mouse were performed at each
experimental time point. 1-way ANOVA with Tukey’s multiple comparison test. *p<0.05,
**p<0.01, mean±SEM.
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3 months: Htt+/+: 118.14±3.49 g, Htt140Q/ΔE1: 123.52±4.18 g, Htt140Q/+: 112.06±4.30 g,
Htt140Q/-: 117.51±2.75 g, p=0.2015, F=1.579, DF=3; 6 months: Htt+/+: 133.17±3.03 g,
Htt140Q/ΔE1: 116.11±5.11 g, Htt140Q/+: 119.04±5.65 g, Htt140Q/-: 111.38±5.43 g, p=0.0165,
F=3.635, DF=3; 12 months: Htt+/+: 135.92±3.37 g, Htt140Q/ΔE1: 123.82±3.92 g, Htt140Q/+:
116.37±3.79 g, Htt140Q/-: 112.02±4.23 g, p=0.0002, F=7.257, DF=3; 18 months: Htt+/+:
136.82±4.47 g, Htt140Q/ΔE1: 117.00±5.44 g Htt140Q/+: 118.56±4.40 g, Htt140Q/-: 102.31±4.26
g, p<0.0001, F=8.712, DF=3.
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Figure 4-8: Htt140Q/− mice exhibit enhanced rotarod performance compared to
Htt140Q/E1 and Htt140Q/+ mice. Htt+/+ (+/+), Htt140Q/ΔE1 (140Q/ΔE1), Htt140Q/+ (140Q/+), and
Htt140Q/- (140Q/-) mice were subjected to rotarod testing at (A) 3, (B) 6, (C) 12, and (D)
18 months of age for three trials per day over 3 days. See Table 4-2 for detailed
statistical values. 2-way ANOVA. Mean±SEM shown.
3 months: Htt+/+: 194.6±5.5 sec, Htt140Q/ΔE1: 201.7±5.4 sec, Htt140Q/+: 195.9±5.1 sec,
Htt140Q/-: 210.7±6.0 sec, 6 months: Htt+/+: 188.1±5.8 sec, Htt140Q/ΔE1: 183.0±4.6 sec,
Htt140Q/+: 180.5±4.4 sec, Htt140Q/-: 205.6±6.1 sec, 12 months: Htt+/+: 150.6±5.9 sec,
Htt140Q/ΔE1: 138.6±5.1 sec, Htt140Q/+: 138.5±5.8 sec, Htt140Q/-: 168.5±5.3 sec, 18 months:
Htt+/+: 139.8±8.1 sec, Htt140Q/ΔE1: 113.6±5.5 sec, Htt140Q/+: 108.4±4.6 sec, Htt140Q/-:
132.2±5.5 sec.
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Genotype 1

Genotype 2

3 Month

6 Month

12 Month

18 Month

Htt+/+

Htt140Q/E1

p=0.5131
F=0.4359
DF=1

p=0.6406
F=0.2215
DF=1

p=0.3381
F=0.9417
DF=1

p=0.0973
F=2.913
DF=1

Htt+/+

Htt140Q/+

p=0.9093
F=0.01315
DF=1

p=0.4909
F=0.4839
DF=1

p=0.3830
F=0.7794
DF=1

p=0.0318
F=5.015
DF=1

Htt+/+

Htt140Q/-

p=0.1633
F=2.021
DF=1

p=0.1588
F=2.066
DF=1

p=0.1706
F=1.953
DF=1

p=0.6173
F=0.2545
DF=1

Htt140Q/E1

Htt140Q/+

p=0.5764
F=0.3176
DF=1

p=0.7571
F=0.09708
DF=1

p=0.9933
F=0.00007069
DF=1

p=0.6367
F=0.2268
DF=1

Htt140Q/E1

Htt140Q/-

p=0.3933
F=0.7454
DF=1

p=0.0274
F=5.265
DF=1

p=0.0140
F=6.634
DF=1

p=0.1310
F=2.388
DF=1

Htt140Q/+

Htt140Q/-

p=0.1827
F=1.843
DF=1

p=0.0167
F=6.263
DF=1

p=0.0260
F=5.364
DF=1

p=0.0323
F=4.946
DF=1

Table 4-2: Statistical values for the accelerating rotarod results (Fig. 4-5) calculated
using 2-way ANOVA. Statistically significant values (p<0.05) are bolded.
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Figure 4-9: HD model mice exhibit deficits in spatial learning and memory that are
not affected by deletion of the normal Htt N-terminus. Htt+/+ (+/+), Htt140Q/ΔE1
(140Q/ΔE1), Htt140Q/+ (140Q/+), and Htt140Q/- (140Q/-) mice were subjected to spatial
learning and memory testing at 10 (A-E), 14 (F-J), and 19 months of age (K-O) as
previously described. See Table 4-3 for detailed statistical values for the acquisition and
reversal phases. 2-way ANOVA, mean±SEM shown (acquisition and reversal phases)
and 1-way ANOVA with Tukey’s multiple comparison test, mean±SEM (probe trial,
visible control trial, and velocity).
10 months: acquisition trials: Htt+/+: 43.05±1.56 sec, Htt140Q/ΔE1: 46.93±1.60 sec, Htt140Q/+:
44.78±1.78 sec, Htt140Q/-: 43.06±1.91 sec, probe trial: Htt+/+: 28.07±1.75 sec, Htt140Q/ΔE1:
16.75±2.19 sec, Htt140Q/+: 17.65±2.30 sec, Htt140Q/-: 20.87±2.12 sec, p=0.0013, F=5.794,
DF=3; reversal trials: Htt+/+: 28.78±1.87 sec, Htt140Q/ΔE1: 49.16±2.20 sec, Htt140Q/+:
45.48±2.27 sec, Htt140Q/-: 44.26±2.20 sec; velocity: Htt+/+: 13.54±0.46 cm/sec , Htt140Q/ΔE1:
9.58±0.69 cm/sec, Htt140Q/+: 9.22±0.94 cm/sec, Htt140Q/-: 12.13±0.78 cm/sec, p=0.0002,
F=7.634, DF=3; visible control: Htt+/+: 12.53±2.12 sec, Htt140Q/ΔE1: 26.35±3.91 sec,
Htt140Q/+: 26.10±4.35 sec, Htt140Q/-: 15.25±2.01 sec, p=0.0043, F=4.762, DF=3.
14 months: acquisition trials: Htt+/+: 35.68±3.48 sec, Htt140Q/ΔE1: 41.48±2.95 sec, Htt140Q/+:
40.33±2.55 sec , Htt140Q/-: 36.35±4.72 sec, probe trial: Htt+/+: 22.68±1.96 sec, Htt140Q/ΔE1:
22.07±2.40 sec, Htt140Q/+: 23.68±2.30 sec, Htt140Q/-: 26.74±2.14 sec, p=0.4620, F=0.8675,
DF=3; reversal trials: Htt+/+: 32.08±2.38 sec, Htt140Q/ΔE1: 31.68±7.21 sec, Htt140Q/+:
38.23±5.93 sec, Htt140Q/-: 34.24±6.10 sec; velocity: Htt+/+: 13.54±0.69 cm/sec, Htt140Q/ΔE1:
12.32±0.51 cm/sec, Htt140Q/+: 13.55±0.70 cm/sec, Htt140Q/-: 14.36±1.10 cm/sec, p=0.3182,
F=1.194, DF=3; visible control: Htt+/+: 14.78±2.46 sec, Htt140Q/ΔE1: 14.45±2.58 sec,
Htt140Q/+: 17.35±2.92 sec, Htt140Q/-: 9.84±3.07 sec, p=0.2905, F=1.272, DF=3.
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19 months: acquisition trials: Htt+/+: 34.21±4.85 sec, Htt140Q/ΔE1: 45.00±3.12 sec, Htt140Q/+:
42.27±3.72 sec, Htt140Q/-: 43.58±4.24 sec, probe trial: Htt+/+: 25.45±1.70 sec, Htt140Q/ΔE1:
18.74±1.76 sec , Htt140Q/+: 20.25±1.93 sec, Htt140Q/-: 24.98±2.31 sec, p=0.0414, F=2.888,
DF=3; reversal trials: Htt+/+: 31.01±6.16 sec, Htt140Q/ΔE1: 34.55±2.49 sec, Htt140Q/+:
34.68±6.26 sec, Htt140Q/-: 35.49±5.65 sec, velocity: Htt+/+: 14.84±0.49 cm/sec, Htt140Q/ΔE1:
11.55±0.58 cm/sec, Htt140Q/+: 13.49±0.60 cm/sec, Htt140Q/-: 13.27±0.57 cm/sec, p=0.0018,
F=5.509, DF=3; visible control: Htt+/+: 8.82±1.73 sec, Htt140Q/ΔE1: 17.84±2.87 sec, Htt140Q/+:
17.25±3.90 sec, Htt140Q/-: 14.37±1.90 sec, p=0.1191, F=2.018, DF=3.
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Genotype 1

Genotype 2

Trial

10 Month

14 Month

19 Month

Htt+/+

Htt140Q/E1

Acquisition

p=0.1789
F=1.877
DF=1

p=0.0816
F=3.211
DF=1

p=0.0001
F=19.18
DF=1

Htt+/+

Htt140Q/+

Acquisition

p=0.5382
F=0.3861
DF=1

p=0.1027
F=2.804
DF=1

p=0.0015
F=11.84
DF=1

Htt+/+

Htt140Q/-

Acquisition

p=0.9969
F=0.00001515
DF=1

p=0.8133
F=0.05644
DF=1

p=0.0001
F=18.53
DF=1

Htt140Q/E1

Htt140Q/+

Acquisition

p=0.5233
F=0.4151
DF=1

p=0.7267
F=0.1240
DF=1

p=0.3222
F=1.007
DF=1

Htt140Q/E1

Htt140Q/-

Acquisition

p=0.2358
F=1.451
DF=1

p=0.1302
F=2.396
DF=1

p=0.5917
F=0.2929
DF=1

Htt140Q/+

Htt140Q/-

Acquisition

p=0.5911
F=0.2936
DF=1

p=0.1769
F=1.895
DF=1

p=0.6036
F=0.2742
DF=1

Htt+/+

Htt140Q/E1

Reversal

p<0.0001
F=42.89
DF=1

p=0.9188
F=0.01054
DF=1

p=0.3511
F=0.8938
DF=1

Htt+/+

Htt140Q/+

Reversal

p<0.0001
F=26.70
DF=1

p=0.0985
F=2.877
DF=1

p=0.3085
F=1.068
DF=1

Htt+/+

Htt140Q/-

Reversal

p<0.0001
F=25.96
DF=1

p=0.6004
F=0.2794
DF=1

p=0.2173
F=1.580
DF=1

Htt140Q/E1

Htt140Q/+

Reversal

p=0.3394
F=0.9361
DF=1

p=0.0716
F=3.436
DF=1

p=0.9693
F=0.001501
DF=1

Htt140Q/E1

Htt140Q/-

Reversal

p=0.1724
F=1.934
DF=1

p=0.5214
F=0.4190
DF=1

p=0.7888
F=0.07285
DF=1

Htt140Q/+

Htt140Q/-

Reversal

p=0.7188
F=0.1315
DF=1

p=0.2796
F=1.204
DF=1

p=0.8089
F=0.05935
DF=1

Table 4-3: Statistical values for the results of the acquisition and reversal phases of the
Morris water maze test (Fig. 4-6) calculated using 2-way ANOVA. Statistically significant
values (p<0.05) are bolded.
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Figure 4-10: PSD95 levels are reduced in Htt140Q/+ and Htt140Q/- mice at 6 months of
age, and in Htt140Q/E1 mice at 12 months of age. Western blots of (A) 6-month-old
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microsomal, (B) 6-month-old cytosolic (C) 12-month-old microsomal and (D) 24-monthold microsomal fractions of whole-brain protein lysates from Htt+/+, Htt140Q/+, Htt140Q/E1,
and Htt140Q/- mice were probed with a PSD95 antibody. The fluorescent intensity of each
band was calculated and normalized to -actin as a loading control. See Fig 3-17 for
analysis of 24-month-old Htt+/+ and HttE1/E1 PSD95 levels. There were no differences in
12-month-old Htt+/+ and HttE1/E1 PSD95 levels (HttE1/E1:0.0088±0.0002, p=0.7247,
unpaired t-test). 3 mice/genotype, 1-way ANOVA with Tukey’s multiple comparison test.
Mean±SEM.
6 months: microsomal: Htt+/+: 0.61±0.01, Htt140Q/+: 0.46±0.01, Htt140Q/E1: 0.60±0.05,
Htt140Q/-: 0.41±0.04, p=0.0050, F=9.607, DF=3; cytosolic: Htt+/+: 0.0019±0.0002, Htt140Q/+:
0.0021±0.0003, Htt140Q/E1: 0.0026±0.0003, Htt140Q/-: 0.0020±0.0004, p=0.5037,
F=0.8519, DF=3.
12 months: Htt+/+: 0.0092±0.0010, Htt140Q/E1: 0.0068±0.0008, Htt140Q/+: 0.0052±0.0004,
p=0.0294, F=6.723, DF=2.
24 months: Htt+/+: 0.111±0.027, Htt140Q/E1: 0.083±0.015, Htt140Q/+: 0.068±0.020, Htt140Q/-:
0.060±0.006, p=0.3015, F=1.440, DF=3.
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Figure 4-11: Vglut1 and Vglut2 levels are not altered in Htt140Q/+, Htt140Q/E1, and
Htt140Q/- mice. Western blots of protein lysates from whole brain microsomal fractions of
(A, B) 6-, and (C, D) 24-month-old Htt+/+, Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice were
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probed with (A, C) Vglut1 and (B, D) Vglut2 antibodies. The fluorescent intensity of each
band was calculated and normalized to -actin as a loading control. See Fig 3-17 for
analysis of 24-month-old Htt+/+ and HttE1/E1 Vglut1 and Vglut2 levels. 3 mice/genotype,
1-way ANOVA with Tukey’s multiple comparison test. Mean±SEM.
6 months: Vglut1: Htt+/+: 0.082±0.017, Htt140Q/+: 0.072±0.020, Htt140Q/E1: 0.069±0.015,
Htt140Q/-: 0.087±0.030, p=0.9236, F=0.1549, DF=3; Vglut2: Htt+/+: 0.080±0.021, Htt140Q/+:
0.073±0.009, Htt140Q/E1: 0.079±0.016, Htt140Q/-: 0.071±0.010, p=0.9607, F=0.09488,
DF=3.
24 months: Vglut1: Htt+/+: 0.0060±0.0004, Htt140Q/E1: 0.0059±0.0004, Htt140Q/+:
0.0081±0.0014, Htt140Q/-: 0.0084±0.0008, p=0.1265, F=2.577, DF=3; Vglut2: Htt+/+:
0.0023±0.0006, Htt140Q/E1: 0.0030±0.0011, Htt140Q/+: 0.0028±0.0010, Htt140Q/-:
0.0027±0.0007, p=0.9586, F=0.09848, DF=3.
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Figure 4-12: No differences were observed in synaptic marker levels from whole
brain samples collected from Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and Htt140Q/N17 mice.
Western blots of protein lysates from whole brain total microsomal fractions of 6-monthold Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and Htt140Q/N17 mice were probed with (A) Vglut1, (B)
Vglut2, and (C) PSD95 antibodies. The fluorescent intensity of each band was
calculated and normalized to -actin as a loading control. 3 mice/genotype, 1-way
ANOVA with Tukey’s multiple comparison test. Mean±SEM.
Vglut1: Htt140Q/+: 0.0384±0.010, Htt140Q/Q: 0.0248±0.004, Htt140Q/QP: 0.0224±0.004,
Htt140Q/N17: 0.0255±0.003, p=0.2842, F=1.511, DF=3; Vglut2: Htt140Q/+: 0.022±0.001,
Htt140Q/Q: 0.021±0.002, Htt140Q/QP: 0.015±0.002, Htt140Q/N17: 0.017±0.003, p=0.1439,
F=2.394, DF=3; PSD95: Htt140Q/+: 0.067±0.017, Htt140Q/Q: 0.063±0.011, Htt140Q/QP:
0.062±0.010, Htt140Q/N17: 0.068±0.013, p=0.0.9639, F=0.08926, DF=3.
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Figure 4-13: No differences were found in the levels of autophagy markers from
whole brain total microsomal fractions collected from 6- and 24-month-old Htt+/+,
Htt140Q/+, Htt140Q/E1, and Htt140Q/- mice. Western blots of protein lysates from whole brain
microsomal fractions of (A, B) 6- and (C) 24-month-old Htt+/+, Htt140Q/+, Htt140Q/E1, and
Htt140Q/- mice were probed with (A, C) LC3 and (B) p62 antibodies. For LC3
quantification, the ratio of the fluorescent intensity of LC3-II to LC3-I was calculated. The
fluorescent intensity of each p62 band was calculated and normalized to -actin as a
loading control. See Fig 3-16 for analysis of 24-month-old Htt+/+ and HttE1/E1 LC3 levels.
3 mice/genotype, 1-way ANOVA with Tukey’s multiple comparison test. Mean±SEM.
6 months: LC3: Htt+/+: 0.080±0.007, Htt140Q/+: 0.074±0.009, Htt140Q/E1: 0.061±0.013,
Htt140Q/-: 0.069±0.005, p=0.5142, F=0.8291, DF=3; p62: Htt+/+: 0.0132±0.0024, Htt140Q/+:
0.0129±0.0022, Htt140Q/E1: 0.0158±0.0005, Htt140Q/-: 0.0133±0.0006, p=0.6058,
F=0.6482, DF=3.
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24 months: LC3: Htt+/+: 0.056±0.006, Htt140Q/E1: 0.051±0.007, Htt140Q/+: 0.042±0.008,
Htt140Q/-: 0.051±0.008, p=0.5730, F=0.7095, DF=3.
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Figure 4-14: No differences were found in the levels of autophagy markers from
fractionated whole brain samples collected from 6- and 12-month-old Htt+/+,
Htt140Q/+, Htt140Q/QP, and Htt140Q/N17 mice. Western blots of protein lysates from whole
brain total microsomal fractions of (A, C) 6-month-old Htt140Q/+, Htt140Q/Q, Htt140Q/QP, and
Htt140Q/N17 and (B, D) 12-month-old Htt+/+, Htt140Q/+, Htt140Q/QP, and Htt140Q/N17 mice were
probed with (A, B) LC3 and (C, D) p62 antibodies. For LC3 quantification, the ratio of the
fluorescent intensity of LC3-II to LC3-I was calculated. The fluorescent intensity of each
p62 band was calculated and normalized to -actin. 3 mice/genotype, 1-way ANOVA
with Tukey’s multiple comparison test. Mean±SEM.
6 months: LC3: Htt140Q/+: 0.12±0.03, Htt140Q/Q: 0.14±0.03, Htt140Q/QP: 0.15±0.03,
Htt140Q/N17: 0.18±0.03, p=0.5986, F=0.6614, DF=3; p62: Htt140Q/+: 0.0024±0.0005,
Htt140Q/Q: 0.0029±0.0009, Htt140Q/QP: 0.0034±0.0013, Htt140Q/N17: 0.0023±0.0010,
p=0.8286, F=0.2943, DF=3.
12 months: LC3: Htt+/+: 0.099±0.012 Htt140Q/+: 0.127±0.031, Htt140Q/QP: 0.094±0.009,
Htt140Q/N17: 0.076±0.010, p=0.3249, F=1.351, DF=3; p62: Htt+/+: 0.00077±0.00015,
Htt140Q/+: 0.00086±0.00005, Htt140Q/QP: 0.00100±0.00008, Htt140Q/N17: 0.00077±0.00007,
p=0.3304, F=1.332, DF=3.
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Chapter V: Conclusions and future directions
The three N-terminal domains of HTT have been previously characterized in
vitro, in single- and double-domain deletion mouse models, and in young mice. Here I
report a longitudinal characterization of a knock-in mouse model with the three Nterminal domains of Htt deleted in homozygosity (HttE1/E1), heterozygosity (HttE1/+), and
hemizygosity (HttE1/-), as well as in trans to an HD mouse model allele (Htt140Q/E1). I
found that progeny from HttE1/+ intercrosses and HttE1/+ x Htt+/- intercrosses were born
at the expected Mendelian frequency, however, progeny from HttE1/+ intercrosses were
born with an allele-specific sex distortion. Therefore, while the Htt N-terminus is not
required for Htt’s critical functions during embryonic development, it likely regulates
some aspect of Htt’s functions in the testis.

In a longitudinal behavioral study of HttE1/E1, HttE1/+, and HttE1/- mice, I found
that motor and spatial learning and memory function were, for the most part, comparable
to wild type (Htt+/+) or hemizygous (Htt+/-) control mice. HttE1/E1 mice, however, exhibited
a modest, non-progressive rotarod deficit in comparison to Htt1+/+ mice. Interestingly, this
phenotype was not observed in the Htt140Q/E1 mice, suggesting that the Htt140Q allele may
retain some of the normal functions of the Htt N-terminus. Additionally, the late-onset
rotarod deficit observed in the Htt140Q/+ mice was absent in the Htt140Q/E1 mice, and while
Htt140Q/E1 mice exhibited deficits in forelimb grip strength and horizontal activity levels
compared to Htt+/+ mice, the onset of these deficits was delayed in comparison to
Htt140Q/+ mice. Deletion of the Htt N-terminus is therefore likely to affect motor function
through distinct mechanisms, where it causes a specific and non-progressive motor
deficit in homozygosity, and where it delays the onset of the more generalized and
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progressive HD motor phenotype in heterozygosity with the expression of an HD mouse
model allele. Further studies are required to identify and characterize each of these
mechanisms.

Based on prior studies of Htt’s N-terminal domains, I have identified several
cellular pathways including autophagy [8], glutamatergic synapse number [4], and DNA
damage repair [23] that may be affected by deletion of the Htt N-terminus. Although I did
not observe an alteration in glutamatergic synapse numbers or autophagosome markers
in HttE1/E1 mice, I did observe an increase in DNA double strand breaks and elevated
pan-nuclear 53bp1 levels in 3-month-old HttE1/E1 mice compared to Htt+/+ mice that did
not persist with age. While repair of acute DNA damage by -irradiation was not
significantly altered in the HttE1/E1 mice, further studies are needed to determine
whether the elevation in DNA DSBs in HttE1/E1 mice is caused by a subtle deficit in DNA
damage repair, an increase in the induction of DNA damage, or a combination of both.
Additionally, further studies are needed to determine the cause and consequences of the
increased levels of pan-nuclear 53bp1 and its potential association with the increased
levels of DNA damage I observed in the HttE1/E1 mice.

Autophagy markers were not altered, and synapse markers were only modestly
changed in Htt140Q/∆E1 mice in comparison to Htt140Q/+ and Htt+/+ mice. However, molecular
markers of HD progression such as mutant Htt aggregation, levels of the striatal marker
DARPP32, lipofuscin accumulation, and astrogliosis were not examined in the Htt140Q/E1
mice. Investigating these and other possible consequences of HD progression such as
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altered synaptic function, elevated DNA damage levels, reduced DNA damage repair
efficiency, and elevated oxidative damage levels may provide insight into the cause of
the delay in behavioral HD model phenotypes observed in the Htt140Q/E1 mice.

Taken together, the mild effects of removing the Htt N-terminus in HttE1/E1 mice
and the delay in HD motor phenotype onset in Htt140Q/E1 mice suggest that removing the
Htt N-terminus may be a promising strategy for treating HD motor symptoms. However,
many additional studies on the safety of deleting the Htt N-terminus remain to be
completed before the efficacy of Htt N-terminal deletion as a treatment can be evaluated.
This project focuses on the effects of removing the Htt N-terminus on specific aspects of
Htt’s function that were identified based on prior studies. Therefore, this work should be
supplemented with unbiased transcriptomic and proteomic studies of both brain and
peripheral tissues from HttE1/E1 and Htt140Q/E1 mice to more systematically investigate
the role of the Htt N-terminus. Additionally, the Htt N-terminus may regulate Htt’s
response to environmental changes. Investigating how HttE1/E1 and Htt140Q/E1 mice
respond to variations in the standard laboratory environment including increased
environmental enrichment, access to a varied diet, and exposure to infectious agents,
among other alterations, will be required to fully characterize these mice. Once the
function of the mouse Htt N-terminus is well understood, similar experiments should then
be repeated in model organisms with longer lifespans and more complex nervous
systems to gain a more accurate understanding of how the HTT N-terminus may
function in systems that are more similar to healthy humans and to HD patients.
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