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Molecular Risk Factors, Cellular Characteristics, and Therapeutic Approaches
in Huntington’s Disease
By
Jason Miller

Abstract
Huntington’s disease (HD), an adult-onset, dominantly-inherited neurodegenerative disease
primarily affecting the striatum and deep cortical regions of the brain, is caused by a
polyglutamine expansion in the N-terminal region of a 350 kD protein called huntingtin (htt).
Huntingtin normally contains an N-terminal polyglutamine stretch of less than 36 amino acids,
but if and when the stretch exceeds this number, the protein misfolds and aggregates into
protein plaques called inclusion bodies. Concurrently, the protein becomes toxic. As
polyglutamine repeat number increases, disease emerges at an earlier age while the protein
tends to aggregate faster in vitro. To understand pathogenic mechanisms in HD at the cellular
level, various molecular risk factors need to be linked to the fate of individual neurons, much
like individual health characteristics in human patients can be linked to outcomes like recovery,
illness, or death. In this dissertation, we employ automated microscopy technology to track
thousand of individual neurons and precisely relate a range of molecular risk factors we can
measure to outcomes we are interested in, thereby suggesting pathogenic mechanisms and
pathways in which therapeutic intervention may prove effective. We establish critical limits on
how the basic molecular characteristics of the disease, including htt levels, polyglutamine
expansion length, and inclusion body formation, relate to neuronal death. We then evaluate the
x

prognostic significance of various misfolded conformations of htt and discover that a
conformation with a two-stranded, compact, hairpin configuration of the polyglutamine region
is strongly predictive of death. This conformation is recognized by monoclonal antibody 3B5H10,
which could serve in the future as an intermediate marker for neurotoxicity in high-throughput
small molecule therapeutic screens. We then employ our newly acquired knowledge of HD
cellular pathogenesis to therapeutically evaluate the effect of a series of small molecules and
proteins impinging on several different putative pathogenic or therapeutic pathways. Several
therapies we test show initial potential as therapeutics and should be investigated further.
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Chapter 1: An Introduction to Huntington’s Disease

Clinical and epidemiologic characteristics of Huntington’s disease
Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that affects
five to seven in 100,000 people.1 While HD is predominately a movement disorder, patients
often manifest with psychiatric disturbances before a formal clinical diagnosis is made, including
depression, irritability, apathy, and, less commonly, obsessive-compulsive behavior and
psychosis.2 Cognitive changes also manifest early in disease, including deficits in attention,
working memory, and executive functions.3 Although chorea is the motor symptom most
commonly associated with the disease, other motor disturbances include rigidity, dystonia,
myoclonus, ataxia, and spasticity.4 As the disease progresses, chorea symptoms are often
replaced by dystonia and rigidity. Predominant symptomatology at age of clinical diagnosis
depends on patient age. Younger onset is associated with more dystonia, less chorea, and a
faster rate of motor, cognitive, and functional progression.5

Huntington’s disease pathology
While end-stage HD results in widespread brain atrophy, the striatum and deep cortical layers
are particularly vulnerable early in disease. Within the striatum, inhibitory medium spiny
neurons (MSNs) in the striatopallidal/indirect pathway, which contain enkephalin and the D2
subtype of the dopamine receptor, are preferentially lost compared to MSNs in the
striatonigral/direct pathway, which contain the D1 dopamine receptor.6 The mechanistic basis
behind this selective vulnerability remains to be clearly identified. On a cellular level, the
1

hallmark of HD is the formation of insoluble intracellular protein plaques termed inclusion
bodies (IBs), which can be found in neurites, the soma, and the nucleus.7

Genetic basis
HD is caused by a polyglutamine (polyQ) expansion in exon1 of the huntingtin (htt) protein. Htt
normally contains a polyQ stretch of fewer than 36 amino acids, but when the stretch exceeds
this number, the mutant protein (mHtt) becomes aggregation-prone and disease symptoms
manifest. Aggregated mutant huntingtin is the main component of the inclusion bodies
invariably seen in patient brains at autopsy. As the polyQ repeat number increases, disease
emerges at earlier ages, and the protein tends to aggregate faster in vitro.8 9 Genetic and
biochemical evidence suggests that the mutant protein predominately causes a toxic gain-offunction.10 Patients who are homozygous for the mutant htt allele tend to have an age-atsymptom onset highly similar to heterozygous patients with a comparable length polyQ stretch
in their mutant allele, supporting the true autosomal dominant nature of the disease.11 Eight
other neurodegenerative diseases involve an expanded polyQ stretch within otherwise
unrelated proteins, further supporting the idea of a toxic gain-of-function related specifically to
the polyQ stretch.12

Huntingtin expression and function
Huntingtin, a 350kD protein, is ubiquitously expressed, even though the mutant form is
preferentially toxic to neurons and, more specifically, indirect pathway MSNs. The wild-type
protein has been postulated to have myriad functions, likely on account of its promiscuous
protein binding; over 400 proteins have been identified as wild-type or mutant huntingtin
2

interactors (unpublished observations). A sampling of functions ascribed to wild-type huntingtin
include vesicle trafficking, transcription, autophagy, survival and synaptic signaling, pre-mRNA
processing, energy homeostasis, and microtubule-based transport.13 14 15 The protein is essential
for embryonic development and cellular function, as huntingtin knockout results in embryonic
lethality16 and, when knocked-down in neurons, increased death.17

Mutant huntingtin mechanisms of toxicity
A wide range of pathogenic mechanisms have been ascribed to mutant huntingtin. Just a
sampling of the proposed mechanisms include membrane pore formation by aggregated
huntingtin18, disruption of mitochondrial biogenesis and function19 20, alterations in autophagy21,
disruption of microtubule-based trafficking22 23, alterations in vesicle recycling24, changes in
NMDA signaling25, transcriptional dysregulation26 27, a wide range of altered protein-protein
interactions28, and global changes in protein homeostasis.29 30 31

Mutant huntingtin cleavage
Full-length mutant htt is known to be proteolytically cleaved in both humans and animal
models. The amino terminal fragments from this cleavage are hypothesized to play an important
role in mediating HD pathogenesis.32 For example, various animal models expressing different Nterminal fragment lengths demonstrate accelerated pathology but otherwise phenotypically
resemble HD. Further, blocking cleavage of full length htt can decrease symptoms in cell culture
and animal models.33 Interestingly, only N-terminal htt antibodies detect inclusions in HD
patient brains, and these fragments aggregate much more readily in vitro.34 N-terminal
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fragments accumulate in the nucleus, which enhances mutant htt toxicity, possibly via
transcriptional dysregulation.35 36

Huntingtin aggregation and toxicity
While aggregated protein plaques, termed inclusion bodies (IB), are a prominent hallmark of HD,
analysis of purified mHtt aggregation kinetics reveals that mHtt can form multiple intermediate
aggregation structures and even sample different monomeric conformational states (including a
β-sheet structure for the polyQ region).37 38 39 With a panoply of species between the protein’s
correctly folded, wild-type state and the histologically visible, aggregated plaque of misfolded
protein, deciphering which species exist in situ and their pathogenic significance is critical for
uncovering HD molecular pathogenesis and therapeutic targets. Evidence so far suggests that
one or a subset of species promotes pathogenesis while other species may be incidental or even
protective. At the present time, however, the specie(s) that exist within neurons and their
pathogenic relevance have been poorly characterized.

Polyglutamine conformational flexibility
The existence of multiple htt species in vitro, combined with the aggregation-prone nature of
eight other polyQ-containing proteins, implies that polyQ stretches may have inherent
conformational flexibility. There are 66 human proteins with a homopolymeric stretch of five
glutamines or more. Approximately half of these proteins (including all proteins associated with
polyQ-expansion disease) demonstrate significant length polymorphisms in the polyQ stretch in
the normal human population. Are polyQ stretches only conformationally flexible in proteins
where polyQ length varies considerably across the normal population? A protein that must be
4

functional within a wide range of polyQ lengths may have to consequently demonstrate
significant conformational flexibility in this region. How does this conformational flexibility assist
in cell function? For example, does the overrepresentation of polyQ proteins in transcriptionrelated processes40 suggest conformational flexibility is especially important for this process?

Therapeutic strategies in Huntington’s disease
A wide range of therapeutic strategies has been proposed in Huntington’s disease, ranging from
RNAi-based silencing of mutant htt to HDAC inhibition for normalizing transcriptional
dysregulation that is characteristic of the disease.41 Three particular strategies for rational drug
design in HD include the promotion of mutant htt turnover, blocking of toxic conformation
formation, and manipulating pathways known to be genetic modifiers of HD.

Promoting mutant htt turnover: There is still some controversy over the degree of involvement
of cytosolic proteases42, the proteosome43, and autophagy44 in both wild-type and mutant htt
turnover. Nevertheless, numerous studies support the idea of enhanced autophagy in
promoting mutant htt clearance, thereby decreasing toxicity.45 Autophagy (technically referred
to as macroautophagy) is used by cells for removing long-lived proteins, organelles, or parasites
and involves sequestration of material inside double-membrane vesicles called
autophagosomes. Autophagosomes subsequently fuse to lysosomes, inducing degradation of
the vesicle’s contents and release of degraded contents for reuse in essential cellular
processes.46
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Blocking toxic conformation formation: Since a conformational change in mutant htt is
postulated to be important for both toxicity and aggregation, therapeutic efforts have been
aimed at blocking this conformational change. Given that aggregation is so tightly coupled to
alterations in mutant htt conformation, some screens have been aimed at identifying small
molecules that decrease inclusion body formation.47 48 49 Other screens have focused on
blocking the conformational change in monomeric htt that precedes aggregation.50

Manipulating pathways known to be genetic modifiers of Huntington’s disease: While an
expansion in the polyQ stretch of mutant htt is undeniably the underlying genetic cause of
Huntington’s disease, the length of the polyQ stretch only accounts for 50-70% of the variability
in age-at-onset of symptoms. At the lowest mutant htt polyQ lengths (those at Q52 and lower),
polyQ length accounts for only 20% of the variance in age at symptom onset.51 Consequently,
some effort has been aimed at genetic linkage studies in large cohorts of HD patients to find
genetic loci that account for the remaining variability in age at onset.52 53 54 55 56 57 Manipulating
pathways associated with these genetic modifiers may have therapeutic benefit.

Lessons from Huntington’s disease research may be broadly applicable to more
common age-related neurodegenerative diseases
The majority of age-related neurodegenerative diseases, including Huntington’s disease (HD),
involve the misfolding of a culprit protein into a state prone to both self-aggregation and
toxicity. Further, each of these diseases has age as a strong (or strongest) risk factor, exquisite
specificity for which neuronal populations are most affected, and overlaps in how the culprit
proteins are degraded. While HD affects dramatically fewer numbers of people than the two
6

most common neurodegenerative diseases involving protein misfolding and aggregation
(Parkinson’s disease and Alzheimer’s disease), the disease’s autosomal dominant inheritance
pattern makes it possible to model HD more precisely in laboratory conditions; expanded htt is
both necessary and sufficient for many aspects of disease. Thus, HD represents a tractable
model disease for studying the more general problem of protein misfolding in
neurodegenerative diseases, which include Alzheimer’s, Parkinson’s, frontal-temporal dementia
and other tauopathies, and amyotrophic lateral sclerosis.

Aims and findings of the dissertation
Understanding pathogenic mechanisms at the molecular and cellular level in disease research
requires temporally linking the myriad observed abnormalities in the disease state. What
processes are first to occur, which processes are the result of more proximal insults, and which
processes represent the cell’s (or organism’s) coping response? At the level of human patients,
such questions can be addressed by recruiting cohorts of patients and tracking them over time,
measuring a wide range of risk factors at each time point and noting when certain outcomes of
interest occur. Employing a series of regression techniques (survival analysis) specifically
developed for this type of longitudinal data, a researcher can then ascertain how important
various risk factors are to predicting outcomes of interest. Unfortunately, applying a similar
methodology to disease research at the molecular and cellular level is difficult. How does one
longitudinally track individual cells for their entire lifetime without perturbing them? How does
one measure risk factors in those cells without disrupting cell physiology?
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In this dissertation, we employ new technology to study HD pathogenesis at the molecular and
cellular level in a manner analogous to the longitudinal tracking of human patients over time.
This automated microscopy technology allows us to precisely measure and relate a range of
molecular risk factors to fate in thousands of individual neurons carrying mutant htt, thereby
suggesting pathogenic mechanisms and pathways in which therapeutic intervention may prove
effective.

In chapter 2, we characterize a primary striatal neuron model of HD with automated microscopy
and generate critical limits on the molecular mechanisms involved in HD pathogenesis. Among
our findings, we establish that mutant htt tonically interferes with homeostatic coping
mechanisms rather than producing accumulated damage to the neuron; htt toxicity is saturable;
different conformational changes in monomeric htt are the rate limiting steps for inclusion body
formation and death; and neurons that form an IB eventually die by a mechanism with
diminished dependence on the neuron’s pre-IB htt levels.

In chapter 3, we aim to clarify questions about which epitopes or species of mutant htt exist in
situ and their pathogenic significance. Defining epitopes or species of mHtt that predict
neuronal death and characterizing them would shed light on disease pathogenesis and provide
proximal markers for toxicity during screening of small molecules for HD therapy. We discover
that a monomer of htt with a compact, two-stranded, hairpin conformation in the polyQ region
and recognized by the monoclonal antibody 3B5H10 strongly predicts neurotoxicity.
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In chapter 4, we utilized our automated microscopy technology and primary striatal neuron
model system to screen a series of proteins and small molecules for therapeutic effects. Chief
among the drug candidates we tested were a set of small molecules that perturb the
conformation of htt recognized by 3B5H10. Several candidates from our screens warrant further
study.
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Chapter 2: Developing a Quantitative Understanding of
Huntington’s Disease Molecular Pathogenesis

Abstract
An expanded polyglutamine (polyQ) stretch in the protein huntingtin (htt) induces selfaggregation into inclusion bodies (IBs) and causes Huntington’s disease (HD). Defining precise
relationships between early observable variables and neuronal death at the molecular and
cellular levels should improve our understanding of HD pathogenesis. Here, we utilized an
automated microscope that can track thousands of neurons individually over their entire
lifetime to quantify interconnected relationships between early variables, such as htt levels,
polyQ length, and IB formation, and neuronal death in a primary striatal model of HD. The
resulting model revealed that: mutant htt increases the risk of death by tonically interfering with
homeostatic coping mechanisms rather than producing accumulated damage to the neuron; htt
toxicity is saturable; the rate limiting steps for inclusion body formation and death can be traced
to different conformational changes in monomeric htt; and IB formation reduces the impact of a
neuron’s starting levels of htt on its risk of death. Finally, the model that emerges from our
quantitative measurements places critical limits on the potential mechanisms by which mutant
htt might induce neurodegeneration, which should help direct future research.

Introduction
Huntington’s disease (HD) is a progressive, uniformly fatal neurodegenerative condition caused
by a polyglutamine (polyQ) expansion in the protein huntingtin (htt). Expansions of more than
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36–39 trigger disease, and longer polyQ stretches above this threshold cause earlier disease
onset. The polyQ expansion causes marked striatal atrophy and induces htt to aggregate into
protein deposits termed inclusion bodies (IBs).58

A number of controversies about HD pathogenesis remain difficult to resolve. For example, is
the rate-limiting step in IB formation a monomeric change in mutant htt conformation59 or the
collision of two htt molecules?60 Does mutant htt obstruct a neuron’s protein quality control
systems61, or is it efficiently degraded by these systems?62 To resolve these questions,
hypotheses must be tested against a dataset in which basic variables (e.g., htt levels, polyQ
length, IB formation, and neuronal death) are measured in living neurons and quantitatively
related to each other. For example, if IB formation requires the collision of two htt molecules,
then IB formation should display a second-order dependence on a neuron’s htt concentration. If
htt tonically obstructs the neuron’s protein quality control systems in a polyQ-dependent
fashion, steady-state levels of htt may increase with longer polyQ lengths.

Unfortunately, determining cause-effect relationships between cellular variables in HD is fraught
with difficulty. Disease states have generally not been honed by evolutionary pressure, so they
often defy the mechanistic logic of physiological processes. While an observed process in a
physiologic system can often be presumed to be important in that system, an observed
abnormality in a disease state may be a cause, cellular response, or incidental to the disease.
Time-course studies can suggest cause-effect relationships between abnormalities and disease
phenotypes in cell-based experimental systems. However, such studies usually measure an
average value from a population of cells, masking complicated relationships that would emerge
11

if a large number of single-cell, time-course observations were made.63 In addition, the
qualitative nature of most cellular disease-related research makes it difficult to determine if the
degree of a particular abnormality is enough to account for a disease phenotype. For example,
an abnormality may precede and positively correlate with an outcome, but the kinetics of the
abnormality and the outcome may not match.

In this study, we applied an automated microscopy system to a primary striatal neuron model of
HD to establish quantitative, temporal relationships between htt levels, polyQ length, IB
formation, and neuronal death. Our approach overcomes the limitations of conventional cellular
disease-oriented methods for determining cause-effect relationships. The relationships we
quantify establish a basic cellular “systems” model of HD.

Results
A validated primary striatal model of Huntington’s disease
We developed a primary striatal neuron model of HD, described in Figure 2.1a, which
recapitulates the most salient features of HD. These features include the formation of IBs in
neurites (Figure 2.1b), a largely granular, amorphous appearance to IBs (Figure 2.1c), and
various other IB attributes elaborated in Figure 2.1d. Like HD, this model also features polyQdependent nuclear fragmentation, neurite dystrophy, and death as well as differential
susceptibility of neuronal subtypes to mutant htt (Figure 2.1d). Further, the model predicted key
findings observed in animal models of polyQ disorders or in HD, including the mitigating effect
of IB formation (Figure 2.1e). Given the extent to which this model of HD has been validated, we
12

reasoned that a more in-depth quantitative analysis of data from the model could yield
additional insights into HD molecular pathogenesis.
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Figure 2. 1 Primary striatal neuron model of Huntington's disease. a) Schematic of automated
microscopy applied to a primary striatal neuron model of HD. Striata from E18–20 rat brains were
dissected, dissociated, and cultured for 4–6 days. Low efficiency (1–5%) calcium phosphate cotransfection
ex1

of htt -Qn-eGFP constructs and a fluorescent protein survival marker (e.g., mRFP) facilitated tracking of
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individual transfected neurons. Thousands of individual neurons were then tracked daily via an
automated microscope for 1–2 weeks, with plates returned to the incubator between imaging runs. From
the series of images, each neuron’s htt levels, time to IB formation, and survival time were measured.
These data, along with the polyQ length of the transfected htt

ex1

construct, were then recorded for each

neuron in a spreadsheet. b) A typical rat striatal neuron transfected with eGFP-tagged mutant htt (green)
and the morphology marker mRFP (red) exhibiting neuritic IBs (arrows), which are found in HD. c) IBs in
this model system have a granular composition by electron microscopy, as seen in human HD patients.
Electron microscopy was performed on rat striatal neurons transfected with mutant htt. Inset is an
enlarged view of the IB. d) This striatal neuron model of HD recapitulates numerous features of the
human disease. e) The model has also predicted several findings later observed in animal models of polyQ
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Mutant huntingtin imparts an initially constant, then decreasing, risk of death to
striatal neurons
To begin, we examined the rate of neuronal death in our system. This examination was
facilitated by our ability to track thousands of individual neurons over their entire lifetimes. If
mutant htt causes cumulative damage to neurons, then the rate of neuronal death should
increase over time. Alternatively, mutant htt may tonically constrain the homeostatic capacity of
neurons, making them more susceptible to random “one-hit” events that would not normally
overwhelm wild-type neurons. In a one-hit model, the rate of neuronal death should be
constant over time.91
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We found that, for the first 5 days after transfection of mutant htt into striatal neurons, the risk
of death in the model system was constant, supporting the one-hit hypothesis (Figure 2.2a).
Furthermore, the risk of death was tonically higher for neurons with httex1-Q97-eGFP than those
with httex1-Q46-eGFP. This finding is consistent with the idea that increasing polyQ length
decreases a neuron’s homeostatic capacity throughout its lifetime. Interestingly, beginning
around 6 days after transfection, the risk of death decreases for both httex1-Q46-eGFP and httex1Q97-eGFP neurons, which is inconsistent with the competing cumulative damage hypothesis
(Figure 2.2a).

Increasing polyglutamine length results in decreased huntingtin expression but leads
to increased abundance of a specific conformation of huntingtin
We next sought to use our model to shed light on the mechanism of expanded polyQ toxicity.
One possibility is that the polyQ stretch stabilizes htt without changing its function. The resulting
increase in steady-state htt levels might be inherently toxic to neurons. For example, a polyQ
expansion in another protein, ataxin 7, induces accumulation of the protein, and the resulting
increase in normal ataxin 7 function has been proposed to contribute to a neurodegenerative
polyQ disorder called spinocerebellar ataxia 7 (SCA7).92 Alternatively, longer polyQ stretches
might change htt function by preferentially stabilizing a toxic isoform of the protein over less
toxic isoforms.93

To distinguish these possibilities, we quantified the relationship between polyQ length and
steady-state htt levels. We measured the fluorescence signal from each of hundreds of httex1Qn-eGFP transfected neurons without IBs at 24 hrs post-transfection, a time when IB formation
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is minimal even for the httex1-Q97-eGFP cohort. In contrast to ataxin 7, we found an inverse
relationship between httex1 levels and polyQ length (Figure 2.2b).

Although the number of neurons excluded from our analysis of polyQ length versus steady-state
htt levels was small (i.e., those few neurons in which an IB had already formed by 24 hrs posttransfection), we wondered whether excluding these neurons might affect our analysis. For
example, neurons with higher htt levels and long polyQ stretches form IBs earlier (94; J.M. and
S.F., unpublished observations), so we may have preferentially excluded high expressing
neurons in the long polyQ cohort more than the shorter polyQ cohort. To rule out this
possibility, we cotransfected neurons with httex1-Q17 or 97-eGFP and mRFP plasmid DNA in a 1:1
ratio. Since all constructs were in the same plasmid backbone with the same promoter, we
utilized the fluorescence of mRFP as a surrogate marker for the transcriptional activation of all
the co-transfected plasmids in each neuron. This allowed us to select neurons transfected with
httex1-Q17-eGFP or httex1-Q97-eGFP and without IBs but with comparable gene dosage. In this
analysis, diffuse htt levels were still significantly lower in the httex1-Q97-eGFP transfected
neurons (Figure 2.2c). Therefore, the inverse relationship between diffuse htt levels and polyQ
length is not simply a byproduct of faster IB formation in longer polyQ-htt transfected neurons.

Our results demonstrated that htt’s polyQ stretch does not lead to increased steady-state levels
of htt. Therefore, we explored the alternate possibility that longer polyQ stretches in htt impart
a tonically increased risk of neuronal death by preferentially increasing the abundance of a toxic
isoform of the protein over less toxic isoforms. In the next chapter, we establish that
monoclonal antibody 3B5H10 recognizes a compact, two-stranded, hairpin conformation of
17

polyQ within htt that strongly predicts when neurons will die. Normalized to the total amount of
httex1-Qn-eGFP in neurons, those neurons transfected with longer polyQ stretch htt had
significantly more 3B5H10 conformer (Figure 2.2d). Estimates of the absolute abundance of the
3B5H10 conformer in neurons (multiplying the values in Figure 2.2b by those in Figure 2.2d)
confirmed a direct relationship between conformer levels and polyQ length (data not shown).
Thus, longer polyQ stretches in htt may impart a tonically increased risk of death for neurons by
specifically increasing the abundance of a conformation that is tied to toxicity.

Figure 2. 2 Expanded polyglutamine results in an initially constant, then decreasing, rate of death,
decreased huntingtin expression, and increases in a specific huntingtin conformation. a) Risk of death
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(graphed as instantaneous hazard in actuarial survival analysis) was plotted against survival time for a
ex1

ex1

cohort of striatal neurons transfected with htt -Q46-eGFP and another cohort transfected with htt -Q97eGFP. b) Increasing polyQ length results in lower htt expression levels. Mean diffuse htt expression level
ex1

(in arbitrary units of fluorescence) for htt -Q17, 46, 72, or 97-eGFP transfected neurons, measured with
automated microscopy at 24 h post-transfection. Neurons that form IBs by 24 h are excluded from the
analysis. c) Normalized diffuse htt expression levels for neurons fixed 24 h post-transfection. For each
neuron, levels of diffuse htt, estimated from htt-eGFP fluorescence, were normalized to the fluorescence
of the transfection marker mRFP to control for differences in transfection and transcriptional activation.
d) Increasing polyQ length preferentially leads to an increase in the abundance of a htt conformer that
ex1

strongly predicts neuronal death. Neurons transfected with htt -Q17, 46, 72, or 97-eGFP were fixed at 24 h
and immunostained with a monoclonal antibody, 3B5H10, that recognizes a conformation of htt which
predicts neuronal death (see next chapter). Levels of antibody staining in each neuron were quantified via
immunofluorescence and normalized to that neuron’s htt levels, as measured by eGFP fluorescence. An
analysis of absolute levels of 3B5H10 conformer (not normalized to htt levels) confirmed the trends in
Figure 2.2d (data not shown). All error bars in Figure 2.2 are 95% confidence intervals.

Saturable relationship between huntingtin levels and neuronal death
We were surprised that htt levels are lower in neurons transfected with the more toxic, longer
polyQ versions of httex1 and wondered whether any clear dose-response relationship could be
elucidated between levels of diffuse mutant htt and neuronal death. We therefore measured
httex1-Q46-eGFP levels in thousands of individual striatal neurons 24 hrs post-transfection and
followed each neuron until its death. We then analyzed the dataset with one of the most widely
employed regression techniques in clinical medicine for analyzing the relationship between risk
factors and time to death, the Cox proportional hazard model.
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In our model we treated time to death as the outcome and htt levels as the independent
(predictor) variable. We stratified our analysis by experiment date to control for any
experiment-to-experiment variability in survival. Because we previously showed that higher
httex1-Q46-eGFP levels lead to earlier IB formation (which dramatically changes subsequent
survival time)95, we were concerned whether the formation of an IB could confound our analysis
of diffuse htt levels and survival times. We therefore also stratified our analysis by IB status
(neurons that never formed an IB during the experiment versus neurons that did). Finally, our
Cox model employed a technique (called penalized splines) that allows a more flexible
regression between htt levels and time to death. This allowed us to test for non-linear
relationships between htt levels and risk of death.

Cox regression revealed that neurons with the highest levels of httex1-Q46-eGFP had the highest
risk of death (Figure 2.3). Repeating the Cox analysis on only the cohort of neurons that never
formed an IB during the experiment yielded highly similar results (data not shown).

To confirm that the effect of httex1-Q46-eGFP levels on lifespan was specific, we repeated the
experiment on neurons transfected with httex1-Q17-eGFP or eGFP-only (Figure 2.3). In the case of
httex1-Q17-eGFP transfected neurons, there was no statistically significant relationship between
expression levels and survival. For neurons transfected with eGFP alone, regression
demonstrated a non-linear, shallow, U-shaped curve for the relationship between expression
and death (Figure 2.3). At expression levels generally seen in htt-transfected neurons, eGFP-only
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predicted improved survival. At expression levels higher than those seen in htt-transfected
neurons, eGFP-only predicted higher risk of death. Thus, the inverse relationship between htt
levels and survival is specific to disease-associated versions of htt.

The quantitative relationship between mutant htt levels and neuronal death provides a basis to
evaluate other proposed mechanisms of polyQ toxicity. In one model, putative toxic species of
mutant htt lead to neurodegeneration by interacting with one or more selected intracellular
targets and modulating their function in a deleterious manner.96 97 In another model, malfolded
proteins form oligomeric pore-like structures that cause neurodegeneration by punching holes
in membranes.98 99 100 These two models make different predictions about the relationship
between mutant htt levels and neuronal death. Neurodegeneration caused interaction between
a mutant htt species and a limited number of intracellular protein targets should show a
saturable dose-response relationship. On the other hand, membrane-based mechanisms of
action, such as pore formation, would not be expected to saturate. We found that the
relationship between htt levels and neuronal death does saturate at long polyQ lengths. For
httex1-Q72-eGFP transfected neurons, there is a diminished but still significant relationship
between htt levels and risk of death (Figure 2.3). Neurons transfected with httex1-Q97-eGFP show
no statistically significant relationship between expression and risk of death (Figure 2.3). Similar
trends were again found when the Cox analysis was applied only to the cohort of neurons that
never formed an IB during the experiment (data not shown). We also observed that the
relationship between htt levels and IB formation saturates at long polyQ lengths (data not
shown). These findings suggest that mutant htt pathogenesis may occur via interactions with a
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specific and limited set of cellular targets and that the process of IB formation is a regulated
cellular process governed by saturable molecular mechanisms.

Figure 2. 3 Saturable relationship between huntingtin levels and neuronal death. Relative risk of death
ex1

versus expression levels for eGFP or htt -Q17,46,72, or 97-eGFP transfected striatal neurons. Dotted lines
represent standard error bands. Vertical hash marks represent the htt levels for individual neurons in
each dataset. Because the Cox analysis for each graph was performed separately, comparisons of absolute
ex1

risk between graphs is not possible. X-axes were slightly truncated for the htt -Q17,46,72, or 97-eGFP graphs
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because error bands became very large ( >1 log unit of relative risk). Cox relative risk estimators for each
dataset are:

CONSTRUCT

LINEAR
COMPONENT

P VALUE

NON-LINEAR COMPONENT
P VALUE

eGFP-only

- 0.00006384

0.26

0.0036

Q17

0.0002130

0.095

0.80

Q46

0.0006906

<10

-99

0.21

Q72

0.0006048

0.0070

0.29

Q97

0.0003609

0.070

0.42

Different conformational changes in monomeric huntingtin are the rate-limiting
steps for inclusion body formation and neuronal death
Having quantified an inverse but saturable relationship between mutant httex1-Qn-eGFP levels
and neuronal survival, we next asked if IB formation exhibited a quantitatively similar httconcentration dependence. This relationship has been used to deduce whether the rate-limiting
step in IB formation involves structural changes to a monomer of htt or the formation of a
dimer. Wetzel and colleagues found that polyQ polymerization into amyloid fibrils in vitro has a
first-order dependence on polyQ peptide concentration, and they therefore concluded that the
rate-limiting step in amyloid formation is the unimolecular conformation change of polyQ into a
nucleus that can seed aggregation.101 In contrast to Wetzel, Wittrup and colleagues showed that
IB formation in an immortalized striatal line transfected with mutant httex1 may have a second-
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order dependence on htt concentration, suggesting that the rate-limiting step in IB formation is
the collision of two htt molecules.102

To compare the htt-concentration dependence for neuronal death and IB formation, we
followed striatal neurons transfected with httex1-Q46-eGFP, measuring average diffuse htt levels
for each neuron at 24 hrs and then noting the neuron’s time of IB formation and/or time of
death. Neurons that had already formed an IB at 24 hrs were excluded from the analysis.

To analyze these datasets, we sought a regression technique that allowed us to flexibly model
the linear and non-linear terms in the relationship between htt levels and IB formation or death.
Since we can only measure IB formation and death at each imaging time point, we only know
that a neuron formed an IB or died in a given interval (the interval between imaging time points)
rather than at a specific time. Thus, the regression technique we use also needs to
accommodate such interval-censored data. Additionally, because there may be some variability
in overall rates of IB formation or death from experiment to experiment, we sought a regression
technique that could control for such variability. Finally, to comport our data with classic rate
equation analysis, we needed a regression technique that transforms the outcome we can
measure (time to IB formation or time to death) into a scale that is directly proportional with
rate of IB formation or death. A Weibull accelerated failure time regression model with interval
censoring and penalized spline treatment of htt levels meets all of these criteria.
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Weibull regression analysis of the datasets revealed a largely first-order relationship between
htt levels and the rates of both death and IB formation (Figures 2.4a and 2.4b), consistent with a
model in which a change in the conformation of single molecules of mutant htt may be the ratelimiting steps for both neuronal death and IB formation.

Interestingly, the htt-concentration dependence for IB formation is stronger than for death
(Figure 2.4c). These differences in htt-concentration dependence suggest that the rate-limiting
steps for IB formation and death involve different conformers of monomeric htt.

Inclusion body formation heralds an adapted epoch
If a neuron forms an IB, its diffuse mutant htt levels drop to nearly undetectable levels and its
survival dramatically improves. On the other hand, if the neuron does not form an IB, its risk of
death remains tonically high.103 Given the beneficial effects of IB formation on mutant htt levels
and neuronal survival, we have proposed that that IB formation is a coping response that
mitigates the effects of toxic conformer(s) of diffuse mutant htt.104 To test this hypothesis, we
measured the time interval from IB formation to death for neurons transfected with mutant htt
and investigated whether there was a relationship to each neuron’s initial htt levels. Weibull
accelerated failure time regression revealed a decreased htt-concentration dependence for the
rate of death after a neuron forms an IB (Figure 2.4c). Thus, IB formation marks a new adapted
era for the neuron in which the neuron’s history of diffuse htt levels has a diminished impact on
its instantaneous risk of death.
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Figure 2. 4 Different conformational changes in monomeric huntingtin may be the rate limiting steps for
neuronal death and a protective response marked by inclusion body formation. a) Rate of IB formation
ex1

has a largely first-order dependence on htt -Q46-eGFP concentration. Linear component of the fitted
-99

regression: p < 10 ; non-linear component to fitted regression: p=.005. The non-linear component to the
regression is clearly below first-order, as demonstrated by the decreasing slope of the regression line.
Dotted lines represent standard error bands. Vertical hash marks represent the htt levels for individual
ex1

neurons in the dataset. b) Rate of death has a first-order dependence on htt -Q46-eGFP concentration.
-12

Linear component of the fitted regression: p = 2.9x10 ; non-linear component to fitted regression: p=.22.
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Standard error bands and vertical hash marks as in (a). c) Comparison of htt-concentration dependence
for the rates of IB formation (red), death without IB formation (green), and death after IB formation
(purple). To facilitate comparison, X-intercepts for each curve have been normalized to 0. The rate of IB
formation has the strongest concentration-dependence, followed by the rate of death without IB
formation. In contrast, death rates after IB formation have a diminished dependence on pre-IB htt levels,
suggesting the neuron has entered an adapted epoch. Colored vertical hashes represent the htt levels for
individual neurons in each respective dataset.

Discussion
We designed an automated microscopy system and applied it to a primary striatal neuron model
of HD to quantitatively relate htt levels, polyQ length, IB formation, and neuronal death to each
other. The validity of this approach towards developing an HD cellular “systems” model is
supported by two properties of our experimental setup. First, the automated microscopy
approach involves the tracking of thousands of individual neurons over their entire lifetime and
allows us to quantify with high sensitivity how well particular observations predict an outcome
of interest. Therefore we can avoid the pitfalls of population-based methods for relating riskfactors to outcome, namely the loss of data contained in neuron-to-neuron variability. Our
method also avoids the issue of mistaking cellular adaptive responses for risk factors (and vice
versa) associated with snapshot experimental approaches. Second, the striatal model employed
here recapitulates key features of HD and has predicted findings later observed in animal
models of polyQ disorders and HD (Figure 2.1b-e).
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The “systems” model that emerged from our experiments place critical limits on the potential
mechanisms by which mutant htt might induce neuronal death. The constant rate of death in
this model up to 6 days after mutant htt transfection (Figure 2.2a) strongly supports a one-hit
model of neurodegeneration, in which mutant htt tonically decreases a neuron’s homeostatic
capacity. Thus, a single random stress (one-hit), which would normally be withstood by a wildtype neuron, instead triggers death in a neuron with mutant htt. Our data also show that, as the
length of the polyQ stretch increases, the risk of neuronal death also increases but that
increased risk remains constant over time. This suggests that as neurons are exposed to htt with
progressively longer polyQ stretches, cellular homeostatic capacity decreases, making them
even more susceptible to small, “one-hit” insults.

Recent analysis of rates of death for a range of neurodegenerative diseases and disease models
suggests that the “one-hit” model of neurodegeneration can be improved with stretched
exponential decay models. Such models, which most easily fit data in which the rate of death
decreases over time, are consistent with multiple populations of neurons co-existing, each with
a different tonic (one-hit) rate of death.105 106 Interestingly, beginning 6 days after transfection,
we observed a decrease in the rate of neuronal death for both httex1-Q46-eGFP and httex1-Q97eGFP transfected neurons. In both our neuronal system and in HD patients, striatal neurons that
are enkephalin-negative are more resistant to mutant htt-induced toxicity (Figure 2.1d). The
lower rate of death we observe in the system may be attributable to the rising proportion of
enkephalin-negative neurons by 6 days post-transfection. Thus, the drop in rate of death could
be consistent with a heterogeneous population of striatal neurons, each with a different
constant rate of death (e.g., “heterogeneous population one-hit” model).
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Unexpectedly, the striatal model revealed that diffuse htt levels are inversely proportional to
polyQ length (Figures 2.2b,c). Since all httex1-Qn-eGFP constructs used in the striatal model
employed in these studies were expressed from the same vector backbone with the same
promoter and with irregularly alternating CAG and CAA codons encoding the polyQ stretch,
differences in steady-state levels likely arise from differences in htt half-life rather than
differences in transcription. This suggests that striatal neurons can recognize and efficiently
degrade even the longest of polyQ-expanded htt.107

While increasing polyQ length results in decreased htt expression, longer polyQ stretches
increase the absolute abundance of a specific htt conformation (Figure 2.2d). This conformation,
recognized by the monoclonal antibody 3B5H10, strongly predicts death, contains a compact,
two-stranded, hairpin polyQ structure, and is found in monomeric htt (see next chapter). The
hairpin structure of the polyQ stretch in monomeric htt could impart toxicity by providing an
accessible protein surface in a conformation that promiscuously binds with a variety of protein
partners and alters their function.108

For mutant htt with a polyQ stretch of a given length, the HD cellular “systems” model
investigated here demonstrated a significant positive correlation between higher htt levels and
both increased toxicity and IB formation. In contrast, neurons transfected with eGFP alone
demonstrated a U-shaped correlation between fluorescent protein expression levels and toxicity
(Figure 2.3). The relative risk of death is modestly lower among neurons expressing eGFP at
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intermediate levels compared to neurons expressing eGFP at the lowest or highest levels (Figure
3). Since our approach is quite sensitive, the biological significance of this fluctuation in survival
with eGFP expression levels is not clear. However, over the range of expression levels achieved
by httex1-Qn-eGFP, in which higher expression leads to greater toxicity, there is an opposite
association between survival and eGFP expression levels. This argues even more strongly for the
specificity of the expression-dependent mutant htt toxicity we report in Figure 2.3.

Interestingly, as the polyQ length increased, the incremental effect of mutant htt expression on
toxicity and IB formation became smaller, suggesting that toxicity and IB formation are saturable
in this model (Figure 2.3, data now shown). Mathematical modeling of data from patients with
polyQ-dependent neurodegenerative diseases is consistent with the idea that increases in polyQ
protein levels may incrementally contribute less to toxicity as polyQ length increases, implying
saturable toxicity in human patients as well.109 We thus explored whether any observations in
the clinical literature would further support the idea of saturable toxicity. We reasoned that two
patient populations were most likely to demonstrate saturated toxicity: HD patients who are
homozygous for the mutant htt allele and heterozygous HD patients with very long polyQ
stretches in their mutant htt allele. We also reasoned if these distinct patient populations did
possess saturated toxicity, they may display a common saturated toxicity phenotype. A search of
the HD clinical literature revealed phenotypic parallels between these two groups (Table 2.1). In
comparison to a classic HD phenotype, both groups of patients demonstrated atypical
presenting motor symptoms, including parkinsonism rather than a chorea-dominant picture,
faster symptom progression, and more widespread brain atrophy (including cerebellum). These
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parallels held true even when considering long polyQ heterozygous patients with adult-onset
(rather than juvenile-onset) HD.

While there were phenotypic parallels between these patient populations, there were also key
differences. For example, age-at-symptom onset (AAO) for homozygous HD patients is fairly
similar to AAO for heterozygous patients with the same polyQ length. In contrast, long polyQ
patients clearly have an earlier AAO. Thus, the mechanisms of polyQ toxicity in human patients
that lead to symptom onset may not be saturable while the mechanisms of polyQ toxicity that
lead to disease progression (phenotypically manifesting as the rate of disease progression, areas
of brain atrophy, and types of motor symptoms) may be saturable.

Table 2. 1 Evidence from Huntington's disease patients consistent with the mechanism of
polyglutamine-dependent toxicity in disease progression being saturable. Because toxicity is saturable in
this simple HD model (Figure 2.3), we reasoned that patients with a homozygous gene dosage of mutant
htt in the Q40-50 range and patients with a heterozygous gene dosage of mutant htt in the long polyQ range
may also demonstrate saturated toxicity, causing these two, distinct patient populations to partially
phenocopy each other. Reexamining the clinical HD literature, we found that both homozygous HD
patients and long polyQ expansion heterozygous patients (even those without juvenile-onset HD) deviate
in similar ways from a “classic” HD disease progression phenotype. However, these two patient
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populations do not have a similar age-at-symptom onset, suggesting that the mechanism of polyQ110

dependent toxicity in disease progression, but not disease onset, is saturable. References for table: 1 ,
111

112

113

114

115

116

117

2 ,3 ,4 ,5 ,6 ,7 ,8 .

Two competing theories have been advanced for the rate-limiting step in IB formation, one
involving a unimolecular change in htt conformation and the other involving a collision between
two htt molecules. Resolving this debate has implications for therapy. For example, if the ratelimiting step in mutant htt’s mechanism of toxicity involves an analogous collision between two
htt molecules, then reducing htt by only a small amount should dramatically decrease toxicity.
Alternatively, if toxicity’s rate-limiting step involves an analogous change in monomeric htt
conformation, then targeting the equilibrium between correctly folded and misfolded htt
monomers (rather than targeting the htt oligomerization process) would be a better therapeutic
strategy. A plot of htt levels versus rate of IB formation for striatal neurons transfected with
httex1-Q46-eGFP reveals a predominately first-order relationship (Figure 2.4a), supporting a
unimolecular conformational change in mutant htt as the rate-limiting step towards IB
formation.

While we are uncertain why our data on the htt-concentration dependence of IB formation
diverges from the studies of Colby et al., we note several salient differences between the
studies. First, their study used an immortalized striatal cell line rather than primary striatal
neurons. Further, the data-collection portion of their experiments took place on cultures less
than a day old compared to the relatively mature primary culture employed in our studies.
Additionally, while they sorted cells into 8-15 concentration categories and measured the
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number of IBs in each category, our experiments allowed us to consider every single cell
separately over its entire lifetime, providing thousands of temporal datapoints with which to
carry out a more data-rich regression analysis on htt levels versus rate of IB formation.

While the htt concentration dependence for IB formation and neuronal death were both largely
first-order, the dependence was greater for IB formation (Figure 2.4c). Thus, as htt
concentration increases, the rate of IB formation accelerates faster than the rate of death.
These differences in htt concentration dependence suggest that IB formation and death may be
triggered by different conformations of monomeric mutant htt. Previous studies support the
idea of multiple different folding pathways for mutant htt, seeded by different monomeric
conformations.118 119 One pathway may preferentially lead to an adapted homeostatic response
marked by IB formation while another pathway may lead to an elevated risk of neuronal death
(Figure 2.5). These data provide a quantitative rationale for the observation that small molecule
screens targeted at decreasing IB formation have often resulted in therapeutic hits, even though
IBs may be part of a coping response.120 121 For example, if a potential therapeutic leads to a
decrease in htt levels, IB formation rates will drop faster than death rates. Alternatively, if
screen hits block the improper folding of monomeric htt into multiple conformations, both IB
formation and death rates will again drop.

For neurons that trigger IB formation (Figure 2.5), our data demonstrate that the neuron’s
remaining lifetime has a diminished dependence on pre-IB htt levels (Figure 2.4c). This suggests
that the formation of an IB marks a new adapted epoch for neurons (Figure 2.5). Together with
our previous observation that IB formation leads to a precipitous drop in toxic diffuse mutant
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htt levels122, our data explains why behavioral deficits and pathological changes can be nearly
completely reversed after symptoms appear by reducing htt levels.123 124

Figure 2. 5 Model of huntingtin molecular pathogenesis consistent with data from Figure 2.4. Different
first-order rate limiting changes in monomeric htt conformation (polyQ stretch in red) lead to divergent
fates for the neuron. One fate involves accelerated neuronal death, in which time to death can be reliably
predicted by the combination of the neuron’s htt levels and polyQ length. The other fate involves an
adapted epoch, marked by IB formation. Survival time in this epoch has a diminished dependence on the
neuron’s pre-IB htt levels.

Materials and Methods
Plasmids
Expression plasmids encoding an N-terminal fragment of htt fused to enhanced GFP (pGW1httex1-(Q46 or Q97)-eGFP) were derived from pcDNA3.1-based plasmids by subcloning into pGW134

CMV (British Biotechnology; Oxford, UK). Plasmid constructs were confirmed by sequencing.
Httex1-(Q17,Q72)-eGFP, pGW1-eGFP, and pGW1-mRFP have been described.125 The polyQ stretch
for all htt constructs was encoded by irregularly alternating CAG and CAA codons.

Primary striatal culture and transfection
Primary cultures of rat striatal neurons were performed as described in Appendix 1.
Calcium-phosphate transfections were performed as described in Appendix 2. Typically, neurons
were co-transfected with pGW1-mRFP and a version of pGW1-httex1-(Q17, Q47, Q72, or Q97)-eGFP
in a ~1:1 molar ratio, with a total of 1–4 ug of DNA in each well of a 24-well plate. After
transfection, neurons were maintained in serum-free medium.

Immunocytochemistry, confocal microscopy, and electron microscopy
Immunocytochemistry was performed as described126 using a 12 min 4% paraformaldehyde/4%
sucrose fixation. Images were collected on a Zeiss LSM 510 confocal microscope using Zeiss
software (Zeiss; Oberkochen, Germany). For electron microscopy, primary striatal cell cultures
were plated in glass-bottom dishes (Mat-Tek; Ashland, MA). Plates were fixed in 4%
paraformaldehyde for 15 min. Cells were then further fixed in 2% paraformaldehyde and 1%
glutaraldehyde, then fixed in osmium tetraoxide and embedded in epon araldite. Once the resin
hardened, blocks with the cells were detached from the coverslips and mounted into a resin
block for sectioning with an ultramicrotome (Leica; Wetzlar, Germany) at 90 nm thickness. Grids
containing the attached ultrathin sections were analyzed with a Zeiss OM 10 electron
microscope (Zeiss; Oberkochen, Germany). Cells were randomly acquired from 3 grids.
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Robotic microscope imaging system
All longitudinal microscopy experiments were performed on our automated microscopy system
as described.127 128 129

Image analysis and statistics
Measurements of htt expression, IB formation, and survival were extracted from files generated
with automated imaging by automated analysis programs or by visual inspection as described by
Arrasate et al. in 2004.130 Levels of diffuse httex1-Qn-eGFP (i.e., fluorescence outside of IBs) were
made using measurements of fluorescence of the eGFP tag from images of live cells, which has
been shown to be an accurate marker for diffuse htt levels in a given neuron. Methods for
detecting IBs in live neurons have also been previously described and validated by Arrasate et al.
in 2004. The abrupt loss of a cotransfected fluorescent protein (e.g., mRFP), a validated marker
of cell death (as shown by Arrasate et al. in 2004), was used to estimate the survival time of
each neuron. For actuarial (Figure 2.2a) and Cox analysis (Figure 2.3), time to death was defined
as the imaging time point after transfection that the neuron was last seen alive. For Weibull
analysis (Figure 2.4), time to death was defined as an unknown time in the interval range
bounded by the last imaging time point after transfection that the neuron was seen alive and
the first imaging time point the neuron was no longer seen. We define neurodegeneration in the
model system to be synonymous with the death of transfected neurons, as measured by loss of
the cotransfection marker fluorescence.
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Htt expression was measured 24 hrs after transfection. Neurons that had already formed IBs at
24 hrs were excluded from all analysis which required the measurement of diffuse htt levels at
24 hrs. We confirmed that htt levels in neurons that have not formed an IB 24 hrs posttransfection are directly proportional to average htt levels in those same neurons up until the
neuron forms an IB or dies (Appendix 3). Actuarial analysis (Figure 2.2a) was calculated using
StatView software (SAS Institute; Cary, North Carolina). 95% confidence intervals for the rest of
Figure 2.2 were calculated in Prism (GraphPad; La Jolla, California).

Cox regression analysis in Figure 2.3 was carried out using the survival package in R. Hazards
were regressed on htt or eGFP levels using penalized splines (pspline in R). The Cox model
included htt or eGFP levels as the continuous covariate, while stratification variables included
experiment date and whether the neuron formed an inclusion body at any point during the
experiment (full model). All Cox analysis was repeated treating experiment date as a nominal
covariate instead, with results comparable to the full model. Additionally, all Cox analysis was
repeated on just the cohort of neurons that never formed an IB during the course of the
experiment, again with results comparable to the full model.

Each Cox model was analyzed for violations of proportional hazards and for influential
datapoints using the cox.zph and dfbeta functions in R, respectfully. Only the eGFP-only data
violated proportional hazards in a traditional Cox model, but the penalized spline version of the
model, as it appears in Figure 2.3, no longer locally or globally violates proportional hazards.
Two out of 524 neurons were deemed to be overly influential for the Q17 dataset (defined, using
the dfbeta function in R, as a single neuron changing the absolute value of the Cox coefficient by
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at least 25%; this definition is conservative compared to other published studies131). Two out of
558 neurons were deemed, by the same criteria, to be overly influential for the Q72 dataset. One
out of 439 neurons was deemed to be overly influential for the Q97 dataset. Overly influential
neurons were eliminated from the datasets presented in final form in Figure 2.3. Comparing the
Cox analysis with and without the overly influential neurons, the trends (and overall conclusions
from Figure 2.3) are the same but are more significant (higher Cox coefficient value, lower p
value) when the influential neurons are removed. Thus, the Q17, Q72, and Q97 models presented
in Figure 2.3 would have slightly lower slopes and slightly higher p values if the influential
neurons were included in the datasets.

For the regression analysis in Figure 2.4, we employed a Weibull accelerated failure time model
that accommodates interval censored data (available in the survreg function in R). Intervals
were defined as the periods between each imaging time (typically 24 hours). Analysis in Figure
2.4 was performed with a bivariate Weibull model, including the continuous covariate of htt
levels and the nominal covariate of experiment date. A penalized spline was used to model the
“htt levels” covariate. The assumptions implicit in the Weibull model (namely, log-Weibull
distributed failure times and a proportional acceleration of failure time by htt levels) were
tested graphically. Influential datapoints were tested for using dfbeta in R, but no datapoints
were deemed overly influential. The analysis of IB formation rate included all neurons; those
that did not form an IB during the experiment (either because death intervened or the neurons
survived without an IB to the end of the experiment) were right censored. The analysis of “death
rate without IB formation” included only those neurons that did not form an IB during the
experiment. The analysis of “death rate after IB formation” included only those neurons that did
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form an IB during the experiment. Y-axis for the Figure 2.4 plots is the negative partial effect of
htt from the accelerated failure time model; this value is linearly proportional to rate ( -ln(time
to failure) ~ rate of failure time).

All figures and tables except Figure 2.2c represent results from the combination of at least three
(and up to eight) different experiments covering hundreds to thousands of neurons.

Quantification of immunofluorescence
Quantification of immunofluorescence was performed on a Zeiss LSM 510 microscope. Lasers
were given 2 hrs to warm up and stabilize before any measurements were made. For each
fluorescent color to be imaged, a photomultiplier tube (PMT) detector was set to a single gain
and offset setting appropriate for imaging the average intensity of that color. To avoid effects of
photobleaching, each neuron selected for imaging was illuminated with light for less than 5 s
before a single image was acquired. Images were acquired using a 63×, 1.4 N.A. Zeiss oil
immersion lens. Levels of fluorescence from the eGFP tag fused to htt, mRFP, and/or a
fluorophore-conjugated secondary antibody bound to a primary anti-htt antibody were then
extracted from images by drawing a region of interest across the neuronal cell body and
recording average pixel intensity. Background subtraction was unnecessary as PMT offset was
set to virtually eliminate background signals. Neurons with IBs were excluded from
quantification. When combining multiple quantitative immunofluorescence datasets,
differences in fluorescence values caused by different detector range settings were normalized.
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In Figure 2.2c, htt constructs were co-transfected with mRFP in a DNA ratio of 1:1 into primary
striatal neurons. Neurons were fixed at 24 hrs post-transfection with a 4%
paraformaldehyde/4% sucrose solution for 12 mins. The htt signal in each neuron (measured by
eGFP fluorescence) was then normalized to that neuron’s mRFP signal, a cotransfection marker.
The expression of htt and the cotransfection marker are driven from identical GW1 plasmids and
promoters.
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Chapter 3: Identifying and characterizing species of huntingtin that
predict toxicity

Abstract
Polyglutamine (polyQ) stretches exceeding a threshold length confer a toxic function on proteins
that contain them and cause at least nine neurological disorders. The basis for this toxicity
threshold is unclear. Although polyQ expansions render proteins prone to aggregate into
inclusion bodies (IBs), IB formation may be a neuronal coping response to more toxic forms of
polyQ. The exact structure of these more toxic forms and whether they are oligomers or
monomers are both unknown. Here we show that monoclonal antibody (mAb) 3B5H10
recognizes a species of polyQ protein in situ that strongly predicts neuronal death. This species
was shown in chapter two to be preferentially stabilized as the polyQ stretch in exon1 fragments
of mutant htt expand. The epitope was found in monomeric expanded polyQ but disappears in
aggregated forms, such as IBs. These results suggest that protein monomers containing
expanded polyQ stretches can adopt a conformation that is recognized by 3B5H10 and is toxic
or closely related to a toxic species.

Introduction
Misfolding and self-aggregation of specific proteins are a common feature of most common agerelated neurodegenerative diseases, including HD, Alzheimer’s disease, Parkinson’s disease, and
amyotrophic lateral sclerosis. In HD, an abnormal expansion in the polyglutamine (polyQ)
stretch of the huntingtin protein (htt) results in protein misfolding and neurodegeneration,
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especially in the striatum. Eight proteins containing polyQ tracts, but otherwise unrelated to htt,
also result in protein misfolding and neurodegeneration upon polyQ expansion.132 For each of
these “proteinopathies,” an open question is which of the many putative misfolded
conformations and/or aggregated states of the culprit protein is responsible for
neurodegeneration.
To determine the species of misfolded proteins that are critical for disease pathogenesis, tools
for detecting species that form naturally in live neurons are needed. Unfortunately, with the
exception of some recently developed antibodies that recognize specific secondary and tertiary
protein structures133 134 135 136 137, tools are generally lacking to quantify and distinguish among
simultaneously existing protein species in situ.
Even with antibody “tools” to identify multiple misfolded species in situ, it is difficult to
determine the pathologic significance of any single species within the context of other
simultaneously present species. In clinical research, survival-based statistical techniques, such as
Cox analysis, are routinely employed to determine how each of multiple, simultaneously
present, putative risk factors relates to an outcome of interest.138 139 Analogously, when multiple
species of misfolded protein are simultaneously present in a neuron, each species can be related
to neuronal death by statistical techniques, such as Cox analysis. To employ Cox analysis,
however, the levels of multiple protein species in each of thousands of neurons must be
measured, and the survival time for each neuron must be determined.
In HD, formation of the end-stage, very large aggregated species of mutant htt, termed an
inclusion body (IB), can be a coping response.140 141 IBs may sequester toxic species of mutant
htt, which are distributed diffusely throughout the neuron. However, the species of diffuse
mutant htt that leads to neurodegeneration remains elusive.
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Here, we developed novel methods that allowed us to identify and characterize pathogenic
species within the diffuse fraction of mutant htt in neurons. First, we used conformation-specific
antibodies to distinguish among species of htt that exist in situ. Next, we assessed how well each
of these species predicted survival in thousands of neurons by individually tracking the neurons
over long periods of time with an automated microscope. Finally, we applied a modified form of
Cox analysis to this dataset to understand which species best predicted survival and then
biochemically and structurally characterized this species. Our results show that, from the
antibodies tested, monoclonal antibody 3B5H10 recognizes a species of mutant htt in situ that
best predicts neuronal death. This epitope was shown in chapter two to be preferentially
stabilized as the polyQ stretch expands. The epitope is exposed in monomeric expanded polyQ
but not in aggregated forms, such as IBs. Therefore, protein monomers containing diseaseassociated polyQ can adopt a conformation recognized by 3B5H10 that is pathogenic or closely
related to a pathogenic species.

Results
The monoclonal antibody, 3B5H10, recognizes non-aggregated species of diseaseassociated polyglutamine expansions
We reasoned that antibodies might be useful probes to distinguish species of diffuse htt in situ
and possibly to identify the species most tightly linked to neurodegeneration. We immunized six
mice against a natively prepared GST-N-terminal fragment of htt containing the first 171 amino
acids and a disease-associated polyQ (Q66) expansion. Among 480 hybridomas, six produced
monoclonal antibodies (mAbs) that preferentially bound mutant htt (Figure 3.1a). One, 3B5H10,
was further characterized. By immunocytochemistry, we observed that 3B5H10 preferentially
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labeled neurons transiently expressing disease-associated polyQ expansions in full-length or the
exon1 fragment of htt (httex1) (Figure 3.1b). 3B5H10 specifically recognizes the polyQ expansion
in htt, as the antibody binds a synthetic polyQ (K2Q39K2) peptide as seen by SELDI-TOF-MS
(Figure 3.1c) and recognizes disease-associated polyQ expansions in other neurodegenerationcausing proteins that otherwise share no homology with each other or with htt (e.g., androgen
receptor, atrophin, and ataxin-3) (Figure 3.1d,e).
In western blots of cell lysates transfected with fragments of mutant htt, 3B5H10 did not
recognize aggregated species that remained in the stack (Figure 3.1f). Immunocytochemistry
and immunogold electron microscopy with striatal neurons transfected with mutant httex1
revealed that 3B5H10 recognized diffuse mutant htt but not IBs (Figure 3.1g,h). In contrast,
several other α-htt antibodies recognized both diffuse mutant htt and IBs (MW7, which
recognizes the polyproline region of htt located immediately C-terminal to the polyQ stretch142,
and EM48, which was raised against the first 256 amino acids of htt without a polyQ stretch143)
or just IBs (MW8, which recognizes the AEEPLHRPK epitope near the polyproline region of htt144)
(Figure 3.1g).
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Figure 3. 1 mAb 3B5H10 binds unaggregated disease-associated polyglutamine expansions. a) Six of 480
hybridomas secreted mAbs that showed preferential immunoreactivity in an ELISA against mutant htt and
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were tested further. HEK293 protein extracts containing an N-terminal 480-amino acid fragment of htt
with either Q17 (WT Htt) or Q68 (mHtt) were combined and blotted with each of the six mAbs. The 4C8
antibody (control), which recognizes a common epitope (amino acids 443–457), demonstrates
comparable loading of wt htt and mutant htt. b) 3B5H10 preferentially labeled striatal neurons transiently
expressing disease-associated polyQ expansions in an exon1 fragment or full-length htt. Striatal neurons
ex1

transfected with Htt -eGFP (Q17, Q72) or GFP-Full-Length-Htt (Q17, Q138) were labeled with mAb 3B5H10
and a Cy3-tagged secondary antibody. Fluorescence from GFP (top row; green) and Cy3 (bottom row; red)
was collected with confocal microscopy. Scale bar=10 um. c) 3B5H10 binds pure polyQ peptide. Analysis
of interaction of 3B5H10 IgG with polyQ by SELDI-TOF-MS. PolyQ (K2 Q39K2) or PACAP peptide (basic
peptide as a control) were incubated on a PS10 Protein Chip Array (BioRad) and control IgG antibody or
3B5H10 IgG were added. Arrays were loaded into a Protein Chip SELDI System (BioRad) for data collection.
Analysis of intensity peak patterns shows a unique peak (see arrow) that corresponds to the mass-tocharge (m/z) ratio expected for a protein complex formed by the polyQ peptide and 3B5H10 IgG antibody.
d,e) 3B5H10 recognizes disease-associated polyQ expansions in other neurodegeneration-causing
proteins. d) HEK293 extracts containing versions of HA epitope–tagged androgen receptor (AR) (wt=Q25,
mutant=Q65)
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or GST-tagged atrophin fragments (wt=Q19, mutant=Q81)
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were blotted with 3B5H10 and

α-HA or α-GST antibodies, respectively. 3B5H10 preferentially recognized versions with diseaseassociated polyQ expansions. e) Striatal neurons transfected with Myc-Ataxin-3 (wt=Q27, mutant=Q78)
were labeled with α-Myc polyclonal and 3B5H10 mAb as primary antibodies and Cy2 and Cy3-tagged
secondary antibodies. Fluorescence was collected with confocal microscopy. Scale bar=5 um. α-Myc
antibody (green) recognizes both wt and mutant ataxin-3, whereas 3B5H10 (red) preferentially labeled
mutant ataxin-3. f-h) 3B5H10 recognizes visibly non-aggregated, diffuse forms of mutant htt. f) Protein
extracts from HEK293 cells expressing FLAG epitope-tagged mutant htt (mHtt) (171-Q68-FLAG) were
blotted with α-FLAG or 3B5H10. Forms of mutant htt that aggregate and are retained in the stacking
portion of the gel (see α-FLAG lane) selectively lose 3B5H10 immunoreactivity. g) Striatal neurons
ex1

transfected with Htt -(Q46, Q72, or Q97)-eGFP were labeled with Alexa 647-conjugated 3B5H10 and MW8,
MW7, or EM48 α-htt antibodies. Fluorescence from GFP (green), Alexa 647 (blue), and Cy3-conjugated
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secondary antibodies (red) to detect MW8, MW7, or EM48 was collected with confocal microscopy, and
typical images are shown. Scale bar=10 um. h) 3B5H10 immunogold staining of striatal neurons
ex1

transfected with Htt -Q97-eGFP. By electron microscopy, 3B5H10 labels diffuse mutant htt in the
cytoplasm with little staining of htt in organelles and no staining of IBs. Left image=20,000×, Right
image=8000×.

In brain tissue sections from HD mouse models, we confirmed that 3B5H10 recognizes diffuse
mutant htt over IBs (Figure 3.2). In 12-month-old BACHD mice, an HD model expressing fulllength mutant htt (Q97)147, aggregates are relatively abundant, but 3B5H10 primarily stained
diffuse mutant htt. When aggressive antigen retrieval using formic acid was employed, 3B5H10
staining of BACHD tissue revealed more prominent staining of neuropil aggregates (data not
shown). In 15-week-old R6/2 mice, an HD model expressing an N-terminal fragment of mutant
htt (~Q150)148, essentially all mutant htt is aggregated into IBs, and 3B5H10 staining is poor.
However, after R6/2 brain tissue is treated with 90% formic acid, 3B5H10 staining (primarily of
IBs) increases. 3B5H10 staining after these aggressive antigen retrievals is likely attributable to
the unmasking of polyQ epitopes not normally exposed in vivo. In aggregate, our results suggest
that select antibodies can distinguish among different species of htt in situ.
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Figure 3. 2 3B5H10 staining of brain tissue from animal models of Huntington's disease. a) Striatal and
cortical brain sections from 12-month-old BACHD mice and strain control mice were stained with 3B5H10.
BACHD mice have a full-length mutant htt (Q97) human transgene with the human endogenous promoter.
By 12 months, large inclusions in the cortex and tiny aggregates in the striatum are detectable in this
mouse model with EM48 antibody. However, 3B5H10 fails to recognize these inclusions, instead staining
diffuse mutant htt. When aggressive antigen retrieval using formic acid was employed, 3B5H10 staining of
BACHD tissue revealed more prominent staining of neuropil aggregates (data not shown). b) Striatal and
cortical brain sections from 15-week-old R6/2 mice, which highly overexpress the exon1 fragment of
human mutant htt (~Q150), were stained with 3B5H10 with or without strong antigen retrieval (30 total
min of 90% formic acid treatment). By 15 weeks of age, essentially all mutant htt is aggregated into
inclusion bodies (IBs) in this mouse model. 3B5H10 fails to recognize these aggregates unless strong
antigen retrieval unmasks otherwise buried epitopes in the IBs.

Pathogenic significance of different huntingtin species distinguished by antibodies
We next sought to understand the pathogenic significance of epitopes recognized by 3B5H10
and other α-htt antibodies. To do so, we turned to multivariate Cox analysis. Cox analysis is one
of the most widely used statistical techniques in clinical research for discovering and measuring
factors that predict an outcome of interest. The technique allows one to quantitatively rank how
important numerous risk factors present at the same time are for an outcome of interest.
Applying multivariate Cox analysis to the question of which mutant htt epitope (simultaneouslypresent risk factors) best predicts neurodegeneration requires an estimation of the amount of
each epitope in individual live neurons and a determination of how long each of those neurons
lives. However, to estimate the amount of each epitope in individual live neurons, we were
faced with the conundrum that antibody staining requires fixation. Thus, while we could
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measure epitope levels in a given neuron, we couldn’t then directly analyze the survival time of
that neuron.
To overcome this issue, we first measured how the abundance of different htt epitopes in
striatal neurons recognized by these antibodies varied with incremental changes in htt
expression and polyQ length in situ. We transfected striatal neurons with httex1 fused to
enhanced GFP (eGFP) and containing Q17, Q46, Q72, or Q97 (Httex1-Qn-eGFP), fixed the neurons,
and then compared mAbs 3B5H10, MW7, EM48, and MW1149 by immunostaining experiments.
Similar to 3B5H10, MW1 preferentially binds diffuse mutant htt; however, it evidently binds to
an extended unfolded polyQ stretch150, whereas 3B5H10 binds to a compact structure of polyQ
(as described in Appendix 5). We found that the four antibodies differed significantly from each
other in their quantitative binding to diffuse htt in situ (Figure 3.3a). Particularly interesting was
the fact that 3B5H10 and MW1, despite both preferentially recognizing expanded polyQ
stretches, exhibit distinct quantitative binding profiles, suggesting that they are distinguishing
different conformational epitopes of polyQ in situ. More importantly, the binding of each one of
the antibodies tested was predictable and estimable from the length of the polyQ expansion and
the level of diffuse htt. Therefore, to estimate the amount of each epitope in individual live
neurons, we can measure a live neuron’s diffuse htt-eGFP levels (via eGFP fluorescence in live
fluorescence microscopy) and then mathematically infer the amount of each epitope in that
neuron with data from Figure 3.3a and regression analysis. Using regression analysis, however,
means that the amount of each epitope estimated for a given neuron carries an inherent
estimation error. To account for this uncertainty in estimation, we turned to Bayesian regression
analysis, a technique whose output is a probability plot of regression coefficient values (Figure
3.3b-e).
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Figure 3. 3 Quantitative binding of anti-huntingtin antibodies 3B5H10, MW1, MW7, or EM48 to
huntingtin is distinguishable and predictable. a) 3B5H10, EM48, MW1, and MW7 differ significantly in
their quantitative binding to diffuse htt in situ, suggesting each recognizes a unique htt species.
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Quantitative binding for each of the antibodies to htt
fluorescence of the eGFP tag fused to htt

ex1

ex1

can be estimated by regression analysis when the

ex1

and htt ’s polyQ length are known. Striatal neurons

ex1

transfected with Htt -(Q17,Q46,Q72, or Q97)-eGFP were fixed at 24 hours and subjected to
immunocytochemistry with one of the four α-htt antibodies. Fluorescence was measured by confocal
microscopy (17–48 neurons per condition). For this analysis, only neurons without IBs were measured. b)
The significant data scatter around the linear regression lines in Figure 3.3a suggested that predicting the
amount of antibody binding to a given mutant htt-transfected neuron carries significant estimation error.
To account for this error, we reanalyzed the data in Figure 3.3a with Bayesian statistics. The output of
Bayesian regression analysis is a probability plot demonstrating how likely the actual regression
coefficient (α) is a particular value. Bayesian regression plots for 3B5H10 are presented in Figure 3.3b. c-e)
Bayesian regression plots for the α-htt antibodies MW1, MW7, and EM48.

With the ability to estimate how much of each mutant htt epitope exists in a given live neuron,
we next turned to determining how long that neuron lives. Such data allow us to relate multiple,
simultaneously present risk factors (mutant htt epitopes) to an outcome of interest (neuronal
death) by multivariate Cox analysis. We again transfected striatal neurons with httex1 fused to
eGFP and containing Q17, Q46, Q72, or Q97, and we performed longitudinal survival analysis.
Beginning approximately 24 hours after transfection, thousands of those neurons were tracked
individually and daily for 7–10 days with an automated microscope. Diffuse levels of htt in
individual neurons that did not form IBs during the total experimental time were quantified by
measuring eGFP intensity. Simultaneously, we determined how long each neuron lived. Thus,
using the Bayesian regression analysis in Figure 3.3b-e, we were able to assemble a dataset that
contained the htt epitope levels and survival times for thousands of individual neurons (Figure
3.4).
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However, to employ multivariate Cox analysis on this dataset, we had to account for the
inherent uncertainty in epitope values, an uncertainty which derived from having to estimate
these values by Bayesian regression. We addressed this estimation error issue with a wellestablished method called hierarchical Bayesian analysis.151 152 Details of this hierarchical model
are presented in Materials and Methods and depicted in both Figure 3.4 as well as, in greater
detail, in Appendix 4.
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Figure 3. 4 Novel methodology distinguishes which of several simultaneously existing in situ epitopes of
ex1

diffuse huntingtin best predicts toxicity. The survival of individual neurons and the levels of diffuse Htt (Q17,Q46,Q72, or Q97)-eGFP they contained were determined by automated microscopy (Step 1). Next,
ex1

Bayesian regression coefficients (α) relating diffuse Htt -Qn-eGFP levels to antibody binding values were
determined from the data in Figure 3.3a (Step 2). Then, with appropriate regression coefficients (α antibody,
j)

(Figure 3.3b-e), the amounts of 3B5H10, EM48, MW1, or MW7 epitopes in each neuron from Step 1

were estimated from the levels (y) and the polyQ length of diffuse htt
antibody, j,

the htt

ex1

in that neuron (Step 3) (For α

“antibody” represents the antibody whose value is being estimated and “j” is the polyQ length of

ex1

construct transfected into the neuron). Finally, using each neuron’s survival time and the

estimated amounts of each epitope it contained, we compared the epitopes with each other using Cox
analysis to determine which predicted degeneration (Step 4). To ensure “estimation errors” in Steps 2 and
3 propagate through Step 4, Steps 2–4 were performed using a hierarchical Bayesian statistical approach
(detailed in Materials and Methods). A more detailed schematic of our approach is illustrated in Appendix
4.

When comparing the prognostic values of epitopes recognized by 3B5H10, MW1, EM48, and
MW7, we discovered that only the 3B5H10 epitope significantly predicts if and when
neurodegeneration will occur (Figure 3.5).
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Figure 3. 5 A species of huntingtin recognized by 3B5H10 best predicts striatal neurodegeneration. The
significance to neurodegeneration of htt species formed in situ and distinguished by 3B5H10, EM48,
MW1, or MW7 was assessed by Cox analysis with a hierarchical Bayesian statistical approach (Figure 3.4).
a) Each graph plots the Cox coefficient (β) value for a particular antibody on the x axis and the probability
of that coefficient value on the y axis. A positive coefficient signifies that antibody staining is associated
with decreased survival. A negative coefficient signifies improved survival. b) Mean of the probability
distributions for each antibody’s Cox coefficient (β) from Figure 3.5a. Of the four antibodies, 3B5H10
bound a species of htt

ex1

that predicted degeneration the best (mean probability (P) of 3B5H10’s Cox

coefficient [Coef] is positive (~99% of the area under the curve is above 0). Cox coefficients associated
with the other antibodies tested had probability distributions centered around zero.
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3B5H10 binds a very small species of huntingtin
Given the prognostic value of the 3B5H10 epitope, we sought to characterize this epitope
further. While 3B5H10 does not recognize IBs (Figure 3.1), we considered whether 3B5H10
might bind oligomers or other aggregation intermediates in the diffuse htt fraction of neurons
since these species have been proposed to be toxic in HD, PD, and AD.153 To search for oligomers
in live neurons in the diffuse fraction of mutant htt, we measured concentration-corrected
Förster resonance energy transfer (N-FRET)154 between htt fragments. Primary cortical neurons
transfected with httex1 fragments containing wild-type (wt) (Q25) or expanded (Q97) polyQ
stretches and tagged with cyan fluorescent protein (CFP) or yellow fluorescent protein (YFP)
(Httex1-Q25-CFP, Httex1-Q25-YFP, Httex1-Q97-CFP, Httex1-Q97-YFP155) were imaged. Although we
detected significant FRET from mutant htt within IBs (Figure 3.6a), FRET levels in regions of
neurons containing diffuse htt were low and similar whether that neuron contained mutant or
wt htt.
Since a FRET signal from oligomeric association of mutant htt in the SH-SY5Y cell line has been
previously reported with monomeric versions of CFP and YFP (mCFP/mYFP) attached to httex1156,
we transfected striatal neurons with these previously reported constructs (Httex1-Q17-mCFP,
Httex1-Q17-mYFP, Httex1-Q58-mCFP, Httex1-Q58-mYFP) but again found that FRET levels in regions of
neurons containing diffuse mutant htt were low and not significantly different from wt htt (data
not shown). In a final attempt to increase the sensitivity of our FRET assay, we transfected
striatal neurons with wt (Q17) and mutant (Q46) httex1 constructs C-terminally tagged with CyPet
or YPet, a pair of fluorophores evolutionarily optimized to improve sensitivity over traditional
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FRET pairs like CFP and YFP.157 Once again, the FRET signals from the diffuse fraction of mutant
and wt htt transfected neurons were indistinguishable (data not shown).
Since we were unable to obtain a FRET signal in the diffuse fraction of mutant htt transfected
live neurons, we attempted to detect oligomeric intermediates in the diffuse fraction through
immunocytochemical staining with an α-oligomer antibody that recognizes polyQ protofibrillar
oligomers.158 While in vitro aggregation of Httex1-Q53159 led to α-oligomer antibody staining on a
dot-blot, the antibody failed to label diffuse mutant htt in striatal neurons by
immunocytochemistry despite labeling and fixation conditions that were highly analogous to our
dot-blot procedure (data not shown). Thus, we were unable to experimentally demonstrate the
presence of aggregated species in the diffuse mutant htt fraction of neurons.
Despite our failure to detect oligomeric species in the diffuse mutant htt fraction of neurons,
3B5H10 might still be more sensitive at detecting htt aggregation intermediates than FRET or
the α-oligomer antibody. To test this possibility in vitro, we performed a filter retardation assay
with extracts from HEK293 cells transfected with N-terminal 171–amino acid fragments of htt
containing different polyQ stretches (Q17, Q40, Q68, Q89, Q142) and a C-terminal FLAG epitope (Htt171-Qn-FLAG). FLAG blotting revealed that aggregation intermediates were formed and retained
on the membrane (> 0.20 um); however, 3B5H10 failed to detect these aggregates (Figure 3.6b).
To determine if 3B5H10 could bind oligomers of mutant htt formed in a cell line, we analyzed
extracts from a PC12 cell line stably expressing a fragment of mutant htt tagged to GFP (Q103).160
Using agarose gel electrophoresis containing a reduced SDS concentration, no reducing agent,
and no heating of sample before loading, we detected a range of oligomers with an α-GFP
antibody. However, 3B5H10 failed to recognize these oligomers, binding only to the leading
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edge of the agarose gel (Figure 3.6c). Thus, 3B5H10 appears to bind only a very small species of
mutant htt, even in the presence of oligomeric species.
To further investigate whether 3B5H10 binds to smaller oligomeric structures, we used atomic
force microscopy (AFM) and GST-Httex1-Q53.161 We reasoned that having 3B5H10 present upon
GST cleavage and subsequent Httex1-Q53 aggregation might stabilize the species that it binds and
arrest the production of more aggregated species. 3B5H10 addition almost completely
prevented the expected time-dependent increase in oligomer and fibril formation by Httex1-Q53
(Figure 3.6d). Confirming our AFM studies, dynamic light scattering (DLS) performed on a
solution of purified httex1 with an N-terminal thioredoxin tag and a C-terminal hexahistidine tag
(Thio-Httex1-Q39-His6) showed that 3B5H10 addition inhibited aggregation and kept particle size
small and stable for up to a month (Figure 3.6e). AFM measurements of the height (nm) of the
mutant htt species formed in the presence of 3B5H10 revealed that these globular structures
were most consistent with complexes of a single antibody and single mutant htt molecule. The
structures were larger than samples of 3B5H10 alone but significantly smaller than structures
that emerged when Httex1-Q53 was incubated with MW8, an antibody that recognizes aggregated
forms of mutant htt (Figure 3.6f).162
Remarkably, we also found that the addition of 3B5H10 to pre-formed oligomeric structures led
to their disaggregation, as monitored by AFM (Figure 3.6g). In contrast, pre-formed oligomers
persisted after the addition of buffer or MW8. When the 3B5H10 dissolution process was
allowed to proceed to completion, 3B5H10 dissolved pre-formed oligomers into AFM-detectable
species that had the dimensions of a monomer of mutant htt complexed to 3B5H10 (Figure
3.6h). Thus, even when oligomers are present, 3B5H10 appears incapable of stably binding
these structures. Importantly, no SDS was used in these experiments, so oligomeric species that
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would have been unstable in the minimal SDS of agarose gel electrophoresis experiments
(Figure 3.6c) were presumably available for 3B5H10 binding. We also discovered that 3B5H10
dissolves not just oligomers, but also pre-formed fibrils in a dose- and time-dependent manner
(Figure 3.6i). In contrast, 3B5H10 had no effect on fibrils formed by a different amyloidgenic
protein, α-synuclein. Nor did MW8 disrupt mutant htt fibrils (data not shown). Notably, the final
size of pre-formed fibrils dissolved by 3B5H10 is the same as structures formed when 3B5H10 is
added to monomeric mutant htt, a size most consistent with a complex of monomeric mutant
htt and antibody.163
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Figure 3. 6 3B5H10 does not recognize large oligomers of mutant huntingtin. a) N-FRET was measured in
ex1

ex1

ex1

ex1

cortical neurons between Htt -Q25-CFP and Htt -Q25-YFP and between Htt -Q97-CFP and Htt -Q97ex1

ex1

YFP. N-FRET was high in IBs formed from Htt -Q97-CFP and Htt -Q97-YFP (Q97 IBs) but low in regions of
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ex1

neurons with diffuse mutant htt (Q97 diffuse) and not significantly different than in neurons with Htt ex1

Q25-CFP and Htt -Q25-YFP (Q25) or CFP and YFP (FP only). N-FRET (mean+s.d.) values are from 10–40
neurons per condition. Scale bar=10 um. b) HEK293 cell extracts containing Htt-171-(Q17, Q40, Q68, Q89, or
Q142)-FLAG were loaded on a 0.20-um membrane with a slot-blot apparatus and blotted with α-FLAG and
3B5H10 antibodies. Submicroscopic aggregates of Htt-171-(Qn)-FLAG were retained on the membrane (αFLAG blot), but these species were not recognized by 3B5H10. c) Agarose gel electrophoresis of cell
extracts from PC12 cells stably expressing truncated (no polyproline region) mutant htt

ex1

(Q103) fused to

GFP were blotted with α-GFP or 3B5H10. Whereas a strong α-GFP signal revealed that oligomeric forms of
mutant htt were in the lysate (arrow), 3B5H10 only stained the dye front. d) 3B5H10 prevents mutant htt
ex1

aggregation detected by AFM. Htt -Q53 aggregation was triggered with or without 3B5H10, and the
number of AFM-detectable species was measured. e) 3B5H10 prevents mutant htt aggregation by
ex1

dynamic light scattering (DLS). Freshly purified Thio-Htt -Q39-His6 was incubated alone or with 3B5H10
ex1

Fab. After 2 days, Thio-Htt -Q39-His6 aggregated into two predominant species. After 3 days, the
aggregates were too large to monitor with DLS. By contrast, the addition of 3B5H10 Fab to the solution of
ex1

Thio-Htt -Q39-His6 kept particle size small, homogenous, and stable for at least 1 month. f) Normalized
distribution of the size of AFM-detectable species observed with 3B5H10 alone or with 3B5H10 or MW8
ex1

added to monomeric Htt -Q53 (just after initiation of aggregation). 3B5H10 addition to htt induces the
stabilization of globular species with a height of 2–3 nm, consistent with the size of a complex of antibody
and monomeric htt. g) Normalized distribution of the size of AFM-detectable species observed with
ex1

3B5H10, MW8, buffer, or nothing added to pre-aggregated oligomers of Htt -Q53. Y-axis the same as (f).
ex1

h) The final size of AFM-detectable species when 3B5H10 is added to monomeric Htt -Q53 (Figure 3.6f)
or pre-aggregated oligomers (Figure 3.6g) is statistically indistinguishable based on Spearman’s rank
correlation coefficient. This size is most consistent with a complex of antibody and monomeric htt. Y-axis
ex1

the same as (f). i) Pre-aggregated fibrils of Htt -Q53 were monitored with AFM in the absence of 3B5H10
(

ex1

) or with it added (3B5H10:Htt -Q53 molar ratios:

=1:10,

1:5,

1:1). Compared with buffer

control, the presence of 3B5H10 led to a significant dose- and time-dependent reduction in the number of
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fibrils. (Right) Time-dependent dissolution of individual pre-aggregated fibrils of Htt -Q53 incubated with
buffer or 2.5 uM 3B5H10. Scale bars=500 nm.

3B5H10 preferentially recognizes monomers of mutant huntingtin
While our results suggested that 3B5H10 preferentially recognizes monomers of mutant htt, we
sought more definitive experimental validation by size-exclusion chromatography and
sedimentation equilibrium analytical ultracentrifugation. Because 3B5H10 IgG is bivalent and
could potentially bind two epitopes or antigen molecules simultaneously on size-exclusion
chromatography164, we first purified monovalent Fabs (mass=47.65 kD) from 3B5H10.165
Importantly, western blot analysis on HEK293 cell extracts containing Htt-171-(Q17 or Q68)-FLAG
proteins showed that, like the intact antibody, 3B5H10 Fab retained a strong binding preference
for mutant htt (Figure 3.7a). We then mixed 3B5H10 Fab and pure Thio-Httex1-Q39-His6 (27.10
kD)166 at different molar ratios (Fab:mutant htt — 0.25, 0.5, 1, 1.5, 2) and separated the
constituents by size-exclusion chromatography. The 1:1 mixtures contained a peak whose
elution time was consistent with the expected molecular mass of a complex between Fab and
mutant htt (74.75 kD). Higher or lower ratios led to the appearance of an additional peak
corresponding to unbound Fab or mutant htt (Figure 3.7b), suggesting that 3B5H10 Fab binds
monomeric mutant htt in a complex with a 1:1 stoichiometry.
To confirm these results, we analyzed the mass and stoichiometry of the 3B5H10 Fab:mutant htt
complex by sedimentation equilibrium analytical ultracentrifugation, a method that determines
molecular mass independently of shape. The best fit for data acquired at three Fab:mutant htt
concentrations and four rotor speeds was a model in which 3B5H10 Fab and Thio-Httex1-Q39-His6
form a stable monomeric 1:1 complex that dimerizes at higher concentrations (>0.05 mg/ml)
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(Figure 3.7c). Monte Carlo analysis revealed a dimerization Kd of 340 nM (95% confidence
interval, 240–490 nM). The molecular mass predicted for the 1:1 complex was 73.4 kD, which is
98.1% of its calculated mass (74.75 kD, not shown). Importantly, a model in which the Fab binds
a dimer of mutant htt was tested and explicitly rejected. We therefore conclude that 3B5H10,
which binds an epitope of mutant htt that is an especially strong predictor of neuronal death,
recognizes monomers of mutant htt and that the stoichiometry for the binding of the 3B5H10
Fab to mutant htt is 1:1.

Figure 3. 7 The Fab of 3B5H10 binds monomeric mutant huntingtin with a stoichiometry of 1:1. a)
Monovalent 3B5H10 Fab retains specificity for mutant htt over wt htt, similar to intact bivalent 3B5H10
antibody. 3B5H10 Fab was cleaved from the intact IgG by papain proteolysis and purified by ion-exchange
and size-exclusion chromatography. HEK293 cell extracts containing Htt-171-(Q17 or Q68)-FLAG were
combined and blotted with α-FLAG, undigested 3B5H10, or with chromatographic fractions corresponding
ex1

to purified 3B5H10 Fab or intact 3B5H10 IgG. b) Purified 3B5H10 Fab and Thio-Htt -Q39-His6 were
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combined at different molar ratios (Fab:htt = 0.25, 0.5, 1, 1.5, 2) and analyzed by size-exclusion
chromatography. A single peak consistent with a 1:1 Fab:htt complex was observed: peaks of pure
ex1

3B5H10 Fab or Thio-Htt -Q39-His6 appeared if either was in molar excess of the other. c) Purified 3B5H10
ex1

Fab and Thio-Htt -Q39-His6 were combined and analyzed by equilibrium sedimentation analytical
ultracentrifugation. The data best fit a model in which 3B5H10 Fab binds htt

ex1

in a 1:1 ratio. At high

concentrations, the complex dimerizes. Predictions for a model that assumes an equilibrium between the
ex1

complex of 3B5H10 and Thio-Htt -Q39-His6 and a dimer of this complex are overlaid on the raw data
curves. The even distribution of residuals suggests no bias in the fit. A model in which the Fab binds a
dimer of mutant htt was tested and explicitly rejected.

Discussion
In this chapter, we developed novel methods to understand which of several simultaneously
existing in situ epitopes of diffuse mutant htt best predicts neurotoxicity. We used a series of
antibodies to distinguish species of htt in situ and then automated microscopy with Cox analysis
to determine whether any of them predicted toxicity in a primary striatal neuron model of HD.
Of the four antibodies we compared (3B5H10, MW1, MW7 and EM48), the newly developed
mAb 3B5H10 bound a species of htt that best predicted neurodegeneration.
The epitope recognized by 3B5H10 is contained within the polyQ stretch of mutant htt but
disappears as mutant htt aggregates into IBs. The epitope exists in both full-length and an exon1
fragment of mutant htt but is negligibly present in wt htt. Further, the epitope also exists in
mutant forms of other polyQ-containing proteins that cause neurodegeneration, including the
androgen receptor, atrophin, and ataxin-3. Finally, we determined that the antibody
preferentially binds to a monomer of mutant htt in a 1:1 stoichiometric ratio.
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We considered whether 3B5H10 is capable of binding oligomers of mutant htt even though it
preferentially binds a monomeric species. While 3B5H10 strongly stains the diffuse mutant htt
fraction of neurons, we did not detect oligomers in this fraction by FRET or an α-oligomer
antibody. Additionally, while we found oligomeric species in protein extracts from PC12 cells
expressing a fragment of mutant htt by agarose gel electrophoresis, 3B5H10 did not detect
these species. Slot blots, AFM, and DLS experiments also demonstrated that 3B5H10 did not
recognize oligomers of mutant htt Figure 3.6. Finally, size-exclusion chromatography (Figure
3.7b) and sedimentation equilibrium analytical ultracentrifugation (Figure 3.7c) conclusively
demonstrated that the 3B5H10 Fab binds a monomer of mutant htt in a 1:1 stoichiometry.
Recently, Nekooki-Machida et al167 reported the formation of different conformations of mutant
htt amyloids under specific in vitro conditions. They found that 3B5H10 may bind a
conformation of amyloid formed in vitro at 4°C. This structure, unlike amyloid formed in vitro at
37°C, has a loop/turn organization that exposes loose hairpins of polyQs. Additionally, certain
biochemical purification techniques may facilitate de novo exposure of the 3B5H10 epitope on
oligomers168, analogous to unmasking of the 3B5H10 epitope upon aggressive antigen retrieval
of HD animal model brains (Figure 3.2). Thus, under certain in vitro conditions or under certain
biochemical and immunohistochemical methods, the conformation of polyQ recognized by
3B5H10 may appear in aggregated species of htt.
The ability of 3B5H10 to dissociate pre-formed oligomers and fibrils into monomeric htt (Figure
3.6g-i) was surprising. We are aware of only one other α-htt antibody that demonstrates this
property, MW7.169 However, MW7 appears to dissolve pre-formed fibrils into AFM-detectable
species with dimensions that are consistent with an oligomer rather than a monomer. We
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speculate that 3B5H10 may promote oligomer and fibril dissociation by sequestering monomers
that could be dynamically associating and dissociating with oligomers or fibril ends.170 171
Since 3B5H10 and MW1 both bind polyQ expansions in a length-dependent manner and
preferentially recognize diffuse mutant htt in situ172 173, it is surprising that only 3B5H10 binding
predicts neurodegeneration by multivariate Cox analysis. One explanation is that MW1 and
3B5H10 bind mostly distinct conformers of mutant htt, only one of which may have prognostic
value. Previous studies demonstrated that MW1 recognizes expanded polyQ as a “linear
lattice.”174 175 In such a model, the antibody binds weakly to a relatively unstructured epitope of
wt polyQ. As the length of the polyQ stretch approaches that associated with disease, the
unstructured epitope repeats. Since antibodies are bivalent, the presence of two epitopes in
tandem results in dramatically increased binding by MW1, due to increased avidity (Figure 3.8a).
In contrast, our results, combined with the results of the companion paper, demonstrate that
3B5H10 recognizes a compact, structured epitope of polyQ that is minimally present in wt htt
and is exposed or created in mutant htt. Thus, rather than preferentially binding expanded
polyQ via increased avidity, 3B5H10 demonstrates a strong affinity for mutant polyQ. Supporting
these conclusions, MW1 Fab forms a 3:1 complex176 with the exact version of htt (Thio-Httex1Q39-His6) that we found forms a 1:1 complex with 3B5H10 Fab (Figures 3.7b,c; 3.8a). Thus, the
“linear lattice” epitope that MW1 recognizes is no larger than 13 glutamines, consistent with
crystallographic studies of MW1 complexed with a polyQ peptide.177 Also supporting these
conclusions, the Fab of MW1, which is monovalent and therefore cannot bind its target through
an avidity mechanism, loses most of its preference for mutant polyQ over wt polyQ.178 In
contrast, the Fab of 3B5H10 retains a preference for mutant polyQ (Figures 3.7a; 3.8a). These
observations suggest that monomeric mutant htt may exist in more than one conformation179 180
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and that the one recognized by 3B5H10 might be toxic or closely related to a toxic species

(Figure 3.8b).

Figure 3. 8 Monomeric mutant huntingtin may exist in more than one conformation, with MW1 and
3B5B10 binding mostly distinct conformers. a) MW1 recognizes expanded polyQ as a “linear lattice,” in
which the antibody binds weakly to a relatively unstructured epitope of wt polyQ (represented by squares
on left side). As the polyQ stretch expands into mutant length (mHtt), the unstructured epitope repeats
(represented by two squares). Since antibodies are bivalent, the presence of two epitopes in tandem
results in increased avidity-based binding by MW1. In contrast, 3B5H10 recognizes expanded polyQ as an
“emergent conformation.” In this model, the polyQ structure recognized by 3B5H10 (represented by
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triangles on the left side) is minimally present in wt htt and emerges as the polyQ stretch expands into the
mutant range. The predictions of these two models and the data that support these predictions are
presented at right. b) The linear lattice versus “emergent conformation” hypotheses for expanded polyQ
conformation. As shown in the middle panel, the linear lattice and “emergent conformation” hypotheses
are not mutually exclusive; both conformations may be simultaneously present in mutant htt (mHtt).
Alternatively, some mutant htt molecules may exhibit linear lattice epitope repeats (MW1 epitope), while
others may display an “emergent” conformation (3B5H10 epitope), possibly in the same neuron.
Assessment of prognostic value for both two epitopes by Cox analysis reveals that 3B5H10 epitope is
more toxic or more closely related to a toxic species.

Separate studies, including comparisons between the 3B5H10 Fab and MW1 Fv crystal
structures, molecular modeling of polyQ stretches into the 3B5H10 Fab crystal structure, and
small-angle X-ray scattering of the 3B5H10 complexed to various mutant htt constructs, all
support the hypothesis presented in Figure 3.8. Some of this data is presented in Appendix 5.
Given the prognostic value of the 3B5H10 epitope, especially in comparison to the MW1
epitope, we were eager to understand the subcellular localization and abundance of the epitope
in striatal neurons under conditions of enhanced and reduced polyQ-mediated toxicity. These
studies are presented in Appendix 6.
We previously found that IB formation is associated with improved neuronal survival182, and in
our current studies, we discovered that IB formation leads to a substantial loss of intraneuronal
3B5H10 binding. In contrast, IB formation does not lead to a loss of EM48 or MW7 binding
(Figure 3.1g). Since 3B5H10 binds a species of mutant htt that strongly predicts death (better
than the epitopes recognized by EM48 or MW7, for example), IB formation might be protective
by preferentially reducing, masking, or refolding the 3B5H10 epitope (Figure 3.9).183
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Figure 3. 9 Inclusion bodies may be neuroprotective by sequestering and masking mutant huntingtin
epitopes that predict neuronal death. The epitope recognized by 3B5H10 predicts neuronal death and is
available only in diffuse forms of mutant htt (mHtt). In contrast, the epitopes recognized by EM48 and
MW7 are poor predictors of neurodegeneration and available in diffuse mutant htt as well as IBs. Given
that IB formation can be a beneficial coping response to mutant htt, findings in this study suggest that IBs
might predict neuronal survival, in part, by masking or refolding epitopes of mutant htt that predict
neurodegeneration. All epitopes (in this case, the epitopes recognized by 3B5H10, MW7, and EM48) may
simultaneously exist on the same molecule of mutant htt (left panel). Aggregation into IBs could (1) orient
each 3B5H10 epitope toward the center of the IB, which could mask it from further interaction, (2)
produce the staining pattern seen in Figure 3.1g, (3) account for the improved survival associated with IB
formation, and (4) leave the epitopes that do not predict neurodegeneration (e.g., those recognized by
MW7, EM48) available on the IB surface for antibody staining. Alternatively, each epitope may exist on a
separate molecule of mutant htt. As monomers of htt associate with each other, the 3B5H10 epitope
(right panel) is masked and an identical outcome occurs as in the left panel. In either case (left or right
panel), aggregation of htt into IBs could neutralize the 3B5H10 epitope by burying it so that it is
inaccessible to 3B5H10 or other intracellular targets or by refolding the polyQ stretch so that it no longer
contains the cognate structure bound by 3B5H10.
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The novel methodology we employ in this chapter may be broadly applicable to the study of
diseases associated with protein malfolding. Elucidating toxic species of aggregation prone
proteins is difficult because these species may be rare, their existence may depend on
endogenous protein interactions that defy biochemical purification, and the tools to study
protein conformation in situ are limited. We showed that combining the use of conformationspecific antibodies and automated imaging with longitudinal analysis provides a way to probe
protein conformation in situ and elucidate the prognostic significance of one conformer in the
context of others. We expect that the better a conformer predicts neurodegeneration, the more
tightly it is linked to toxicity and pathogenesis.

Materials and Methods
Generation of monoclonal antibodies
Six mice were immunized against a fusion protein encoding glutathione-S-transferase fused at
its carboxyl terminus to an amino-terminal 171 fragment of htt containing a stretch of 66
glutamines (GST-171-Q66), and 480 hybridomas were prepared. Supernatants containing
secreted monoclonal antibodies were screened for their selective immunoreactivity against
mutant htt by a native sandwich enzyme-linked immunosorbent assay (ELISA). Those with the
highest levels of immunoreactivity were tested in situ. Large-scale production of 3B5H10 was
carried out at the National Cell Culture Center in a 3B5H10 hybridoma line grown in Hyclone
serum-free medium.
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Plasmids
Expression plasmids encoding an N-terminal fragment of htt fused to GFP (pGW1-Httex1-(Q46 or
Q97)) were derived from pcDNA3.1-based plasmids by subcloning into pGW1-CMV (British
Biotechnologies). Httex1-Q17 or Q46-CyPet or YPet plasmids were derived from cloning CyPet or
YPet PCR product into pcDNA3.1-based httex1 plasmids and then subcloning into pGW1-CMV.
Plasmid constructions were confirmed by sequencing. Httex1-(Q17,Q72)-eGFP were described in
chapter 2. We thank A. Kazantzev, D. Housman and the Hereditary Disease Foundation (HDF) for
pcDNA3.1-Httex1-(Q46, Q97)-GFP plasmids. We also thank R. Truant for eGFP-full-length Htt-αgalactosidase (Q17, Q138) plasmids, M. Diamond for the HA-AR (Q25, Q65) plasmids, J. Burke and
the Cure Huntington’s Disease Initiative (CHDI), for the GST-atrophin-1 (Q19, Q81) plasmids, R.
Kopito for Httex1-CFP (Q25, Q97) and Httex1-YFP (Q25, Q97) plasmids, D. Devys for GST-Htt-171 (Q66,
Q142) plasmids, R. Pittman for Myc-ataxin-3 (Q27 Q78) plasmids, O. Onodera for Httex1-mCFP (Q17,
Q58) and Httex1-mYFP (Q17, Q58) plasmids, P. Bjorkman for the Thio-Httex1-Q39-His6 plasmid, and P.
Daugherty for mammalian codon-optimized CyPet and YPet plasmids. We thank P. Patterson for
mAbs MW1, MW7, and MW8, and C. Glabe for the α-oligomer polyclonal antibody.

Cell culture and transfection
Primary striatal cultures were performed and maintained as described in chapter 2. HEK293 cells
were maintained and transfected with plasmids as described.184

Immunocytochemistry
All immunocytochemistry was performed as described in chapter 2. MAbs MW1, MW7, and
MW8 have been described.185 The α-oligomer antibody has also been described.186 α-c-Myc
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chicken polyclonal antibody was obtained from Aves Labs Inc. (Tigard, OR). EM48 was obtained
from Chemicon (Mab5374). Cy3- and Cy5-conjugated secondary antibodies were acquired from
Jackson ImmunoResearch (West Grove, PA). For 3B5H10 labeling (Figure 3.1g), Alexa-647 was
directly conjugated to 3B5H10 with an antibody labeling kit, according to the manufacturer’s
instructions from Invitrogen/ Molecular Probes (Carlsbad, CA).
Quantitative fluorescence confocal microscopy with a Zeiss LSM 510 microscope for Figure 3.3a
was performed on neurons fixed 24 hours after transfection. Lasers were given 2 hours to warm
up and stabilize before any measurements were made; additionally, reference samples were
periodically imaged during each experiment to confirm consistency in image intensity. For each
antibody, one photomultiplier tube (PMT) detector was set to a single gain and offset setting for
Httex1-Qn-eGFP detection, and another PMT detector was set to a different single gain and offset
setting for antibody detection (via Cy5 or Alexa647 labeled secondary antibody). PMT gain and
offset settings were dictated by the detection range necessary to image, with a single setting,
Httex1-Qn-eGFP or antibody fluorescence across all polyQ lengths. While each antibody vs. Httex1Qn-eGFP graph presented in Figure 3.3a has a single PMT gain and offset setting for each
fluorescence channel, those settings are not consistent across antibodies. Therefore, absolute
levels of GFP or Cy5 fluorescence cannot be compared across graphs in Figure 3.3a. Each neuron
subjected to quantitative fluorescent imaging was selected randomly. To avoid effects of
photobleaching, each neuron selected for imaging was exposed to epifluorescent light for less
than 5 s before a single LSM image was acquired. Images were acquired using a 63×, 1.4 N.A. oil
immersion lens. Levels of htt and antibody were then extracted from images by drawing a
region of interest across the neuronal cell body and recording average pixel intensity using Zeiss
LSM 510 software. Background subtraction was deemed unnecessary as PMT offset was set to
ensure minimal detection of background.
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Analysis of interaction of 3B5H10 with polyglutamine by SELDI-TOF-MS
PolyQ (K2Q39K2) or PACAP peptide (basic peptide) dissolved in 50 mM sodium bicarbonate buffer
pH 9.0 was incubated overnight with shaking at 4oC on PS10 ProteinChip Array (Bio-Rad).
Peptide solution was removed. Array spots were subsequently blocked with bovine serum
albumin (7 mg/ml) in phosphate buffered saline (PBS, pH 7.2) containing 0.1% Tween for 4 h at
~25oC with shaking. Block was removed, and the array spots were washed twice with PBS.
Control antibody or 3B5H10 in PBS with 0.1% Triton was added for 4 h with shaking at ~25oC.
The antibody solution was removed. The arrays were washed with PBS once for 2 min with
shaking, followed by 2 washes with Urea-CHAPS buffer (1 M urea, 0.1% CHAPS, 0.5 M NaCl, 50
mM Tris, pH 7.2) for 2 min each. The arrays were washed twice more with PBS and then once
with water before being allowed to dry. Sinapinic acid in 50% acetonitrile and 0.1% TFA were
added twice; the arrays were allowed to dry after each addition. Finally, arrays were loaded into
a ProteinChip SELDI System (Bio-Rad) for data collection.

Immunogold labeling and electron microscopy
Primary striatal cell cultures were plated in Mat-Tek dishes and transfected with appropriate
constructs. Approximately 24 hours after transfection, plates were fixed in 4%
paraformaldehyde for 15 min. Plates were then fixed in 2% glutaraldehyde in 0.1 M cacodylate
buffer, pH 7.4, at room temperature for 2 min, then placed on ice for 30 min, washed with 0.1 M
cacodylate buffer and postfixed with 1% osmium tetraoxide for 30 min. After the dishes were
washed in 0.1 M cacodylate buffer and double-distilled water, the cells were dehydrated in
ethanol series (20, 50, 70, and 90% on ice for 1 min each) and three times in 100% ethanol (dry)
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at room temperature. The cells were pre-embedded with 50% Durcupan epoxy resin and 50%
ethanol (dry) for 30 min and then embedded in Durcupan mix epoxy resin and polymerization at
vacuum at 60°C for 48 hours.
After the resin was polymerized, cells were detached from the coverslips in the dishes, and small
blocks (2 cubic mm) were mounted into plastic cylinders, sectioned with an ultra microtome
(Reichert Ultracut E) at 60 nm thickness and collected in nickel grids for immunogold labeling.
The grids were treated with antigen retrieval (sodium periodate saturated in water) for 1 min,
washed in water, blocked with 3% BSA in TBS for 30 min and incubated with 3B5H10 (1:100)
overnight. Next day, the grids were washed in TBS, blocked with 3% BSA, and incubated with the
secondary antibody IgG-antimouse/10-nm gold particles (AURION Immunogold reagents) for 2 h
at room temp. Grids were then washed in TBS and deionized water. Labeling enhancement was
performed using silver mixture (AURION R-gent SE-EM) for 25 min, followed by extensive
washing with distilled water and then contrasted.
The immunostained grids were post-stained using saturated uranyl acetate solution in 50%
ethanol for 20 min at room temperature, washed in distilled water, and placed in bismuth
nitrate solution for 10 min, followed by a final wash in deionized water. The immunolabeled
grids were analyzed with a Zeiss EM10 electron microscope.

Immunohistochemistry
BACHD and R6/2 tissue sections were immunostained with the same protocol. Biotinylation of
3B5H10 was performed using N-hydroxysuccinimide-(polyethylene glycol)4-biotin (Quanta
Biodesign, Columbus OH), following the manufacturer’s recommendations, to a density of 3
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molecules of biotin per molecule of IgG (b3-3B5H10). Immunohistochemical staining was
performed under standard conditions187: no blocking was used other than pretreatments with
sodium borohydride and detergent, except that 1% normal mouse serum was included with the
antibody to block potential Fc-receptor interactions. b3-3B5H10 was incubated with free-floating
35μm sections overnight at concentrations ranging from 30 to 100 ng/ml. Aggressive “antigen
retrieval” was performed to dissociate hydrogen-bonded polyQ aggregates by incubating some
of the sections in 88–98% formic acid (3 × 10 min) before pretreatments and incubation with b33B5H10. DAB staining was preceded by tyramide signal amplification.

Robotic microscope imaging system and image analysis
The robotic microscope imaging system was described in chapter 2. Measurements of htt
expression, IB formation, and survival were extracted from files generated with automated
imaging by automated analysis programs or by visual inspection as described in chapter 2. Htt
expression was measured 24 hours after transfection. For statistical analysis, survival time was
defined as the imaging time point at which a cell was last seen alive. A step-by-step description
of our image analysis for this study appears in Figure 3.4 and Appendix 4.

Hierarchical Bayesian statistical analysis of predictive power for anti-huntingtin
antibodies
For a step-by-step narrative description of how we combine immunocytochemistry, automated
microscopy, Cox models, and hierarchical Bayesian analysis to determine which α-htt antibodies
predict neurodegeneration, see Figure 3.4 and Appendix 4. The following is the mathematical
formulation of the analysis.
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Dataset used:
For survival analysis (Step 1 in Figure 3.4; (iv) in schematic B from Appendix 4), 1508 neurons
were analyzed. Each neuron contained one of five constructs (eGFP-only, Httex1-Q17-eGFP, Httex1Q46-eGFP, Httex1-Q72-eGFP, Httex1-Q97-eGFP) such that approximately 300 neurons were
transfected with each construct.
For calculation of linear regression coefficients (Figure 3.3a; Step 2 in Figure 3.4; (iii) in
schematic B from Appendix 4), neurons containing one of the five constructs from above (eGFPonly, Httex1-Q17-eGFP, Httex1-Q46-eGFP, Httex1-Q72-eGFP, Httex1-Q97-eGFP) and stained with one of
four antibodies (3B5H10, MW1, MW7, EM48) were analyzed (17–48 neurons for each unique
transfected construct/antibody condition). The eGFP-only construct served as a negative control
for the expression of antigen. However, none of the antibodies stained neurons transfected with
only eGFP to any detectable level at the photomultiplier tube gain and offset settings used.
To employ an accurate hierarchical Bayesian statistical model, the variance of the data around
the regression lines must be consistent across all stages of the hierarchical statistical analysis.
This can only be achieved if eGFP fluorescence levels from neurons used for regression
coefficient analysis (Figure 3.3a; Step 2 in Figure 3.4; (iii) in schematic B from Appendix 4) and
those used for survival analysis (Step 1 in Figure 3.4; (iv) in schematic B from Appendix 4) are
normalized to each other. Thus, all data from Figure 3.3a and Step 1 of Figure 3.4 have been
normalized using mean Q46 expression levels for each independent experiment as the
normalizing denominator.
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Pre-model testing of data:
Multiple forms of regression (including penalized splines) were applied to the antibody vs. httex1
graphs in Figure 3.3a. Linear regression proved to be as good a fit as other non-linear fits tested.
Therefore, it was deemed appropriate to use linear regression in the model presented below.

A review of notation for the mathematical analysis:
•

The A ~ B notation should be read as “A is distributed as B.”

•

N(a,b) means “normal with mean a and variance b .”

•

Bold face indicates a matrix or vector

•

a ∈ B is read as “a is a member of set B”

•

The notation 1{ a ∈ B } has a value 0 if a ∉ B and 1 if a ∈ B .

The model:
Let hi (t ), i = 1,  ,1508 be the hazard function corresponding to the vector x i , where

x i = ( xi 3 B 5 H 10 , xi MW 1 , xi MW 7 , xi EM 48 )′ is the level of the four antibodies in neuron i . Let

ui , i = 1,  ,1508 be the measured level of eGFP or Httex1-Qn-eGFP in neuron i from the
survival data in Step 1 of Figure 3.4. G j is the group of neurons with polyQ length j (eGFP-only
(Q0), Q17, Q46, Q72, Q97). Finally, let z m , i = 1,  , M kj (with M kj the number of neurons with
kj

polyQ length j and antibody k measured from the linear regression experiments in Figure
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3.3a) be the measured amount of antibody k in neuron m jk with polyQ length j , and let

ym , i = 1, , M kj be that neuron’s eGFP fluorescence.
kj

With regards to the parameters in the model, α kj is the regression coefficient corresponding to
antibody k and polyQ length j , and β k is the regression (Cox) coefficient corresponding to
antibody k . The σ 2 s are variances. The model is as follows:


4
hi (t ) = h0 (t ) exp ∑β k x ik 

 k =1
x ik

zm

~

kj

5

 5

N  ∑α kj u i 1
, ∑σ kj2 1
{ui ∈G j }
{ui∈G j } 
j =1

 j =1

(

~ N α kj y m , σ kj2
kj

)

(1)

(2)

(3)

Line (1) is the standard Cox proportional hazards equation for multivariate analysis (see Step 4
of Figure 3.4; (v-vi) in schematic B of Appendix 4). Line (2) gives the linear predictions for the
four antibody levels based on the measured eGFP fluorescence ui from each neuron in the
survival data from Step 1 of Figure 3.4 (see Step 3 of Figure 3.4; (iv) in schematic B of Appendix
4). Line (3) is the linear regression analysis applied to Figure 3.3a (Step 2 of Figure 3.4; (ii-iii)
from schematic B of Appendix 4). Note that variances (estimation error) appear in both lines (3)
and (2) and will propagate through to line (1) during the hierarchical Bayesian analysis. Because
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no antibody stained neurons containing eGFP-only (Q0), variance for j = GFP-only (Q0) is made to
be some very small constant such that x i ≈ 0 for j = GFP-only (Q0).
Because the analysis applied to the hierarchy of Lines (1)–(3) will be Bayesian, a few further
steps are needed in the model. Bayesian analysis is a statistical technique that allows one to
infer or update one’s “degree of belief” in a hypothesis or parameter value in light of new
experimental information. For our purposes, Bayesian analysis starts with an assumed/given
“prior” probability distribution for a parameter (say β (Cox coefficient) or α (linear regression
coefficient)) of interest. We may be as specific or non-specific as we want with the
assumed/given “prior” distribution. Evidence from experiments is then used to update the prior
distributions with new probability distributions for the parameter. After a sufficient number of
iterative updates, Bayesian analysis produces a “posterior” distribution, which gives the
probability distribution for the parameter of interest taking into account all experimental
results. Therefore, to perform Bayesian analysis on the model in Lines (1)–(3) above, we set
prior distributions for the model’s parameters as follows:

βk

~ Laplace (0, σ β2 )

(4)

α kj

~ N (0, σ α2 )

(5)

σ kj2

~ Inverse − gamma (a, b)

(6)

The Laplace prior in Line (4) gives a Bayesian formulation of the LASSO variable
selection/shrinkage criterion (see Appendix 4).188 The prior distribution in Line (5) is a less
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stringent variable shrinkage prior than that specified in Line (4). In practice, we choose σ α2 to be
very large so the prior on Line (5) has no effect (i.e., the α s don’t actually get shrunken).
Similarly a and b in Line (6) are chosen to be very large so that the prior distribution in Line (6)
will have no effect.
We add one final layer in the hierarchy. We consider σ β2 to be a parameter instead of a
hyperparameter. In other words, we did not specify how much to shrink the Cox coefficients ( β
's in Line (4)), but rather, we put a vague prior on σ β2 and let the data tell us how much to shrink
the Cox coefficients (Line (7)).

σ β2

~ Inverse − gamma (a, b)

(7 )

One last technical consideration was how to represent the baseline hazard function ( h0 (t ) ) in
Line (1). We model the function nonparametrically using a gamma process prior, which is the
standard Bayesian approach since it was introduced by Kalbfleisch.189

The analysis:
The above model was subjected to 50,000 iterations with three starting positions for an
appropriately defined Markov chain. Convergence was achieved for all parameters. As is
customary, we disregarded the first 10,000 iterations of the analysis as a “burn-in” period to
protect against possible bias caused by starting conditions. The mean of the posterior
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distributions for each antibody’s Cox coefficient (β) are presented in Figure 3.5b. Since a positive
Cox coefficient in our model predicts increased risk of death, the most appropriate analysis of
significance for the Cox coefficients is the probability of each antibody’s Cox coefficient being
less than 0. This significance test is also presented in Figure 3.5b. Figure 3.5a presents the entire
posterior distribution results from the Bayesian hierarchical statistical analysis of the four α-htt
antibodies.

Concentration-corrected Förster resonance energy transfer (N-FRET)
To measure concentration-corrected FRET by the method of Xia and Lui (N-FRET)190, neurons
were transfected with Httex1-Qn-CFP (donor only), Httex1-Qn-YFP (acceptor only), or both Httex1Qn-CFP and Httex1-Qn-YFP (FRET sample). Donor or acceptor cross-talk coefficients were
determined from averaging values from 20–40 donor only or acceptor only neurons,
respectively. With these donor and acceptor cross-talk coefficients, N-FRET values were then
calculated from the FRET samples by taking average per pixel signal for regions of interest
encompassing the neuronal cell body. The entire analysis was carried out using the Zeiss FRET
Macro available as an add-on software package to the Zeiss LSM 510 system. After acquiring a
its N-FRET value, the neuron was then subjected to the acceptor photobleach method of
FRET.191 Results from acceptor photobleach FRET were exactly consistent with our N-FRET
results. Images from Figure 3.6a are representative of donor fluorescence, acceptor
fluorescence, and N-FRET corrected values for neurons co-transfected with Httex1-Qn-CFP and
Httex1-Qn-YFP. For the donor and acceptor fluorescence images for Httex1-Q25 in Figure 3.6a (and
only for these images), neurons in the micrograph were cropped onto a black background since
areas outside the neuron had a grey haze. No identifiable background features or surrounding
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neurons were cropped out of the picture during the process, and original, uncompressed,
uncropped images were retained and are available upon request. N-FRET measurements with
identical procedures were also acquired from striatal neurons transfected with Httex1-Qn-mCFP,
Httex1-Qn-mYFP, or both constructs (gift from O. Onodera) and from striatal neurons transfected
with Httex1-Qn-CyPet, Httex1-Qn-YPet, or both constructs (cloned as per above from CyPet and
YPet constructs provided as a gift by P. Daugherty).

Filter retardation assays
HEK293 cells transfected with Htt-171-(Q17, Q40, Q68, Q89, or Q142)-FLAG plasmids were lysed on
ice for 30 min in 50 mM Tris-HCl (pH 8.8), 100 mM NaCl, 5 mM MgCl2, 0.5% (w/v) Nonidet P-40
(NP40), 1 mM EDTA with protein inhibitors PMSF, leupeptin, pepstatine, aprotenin and antipain.
After centrifugation (20,000g at 4°C), the pellet with insoluble material was resuspended in 2
0mM Tris-HCl (pH 8.0), 15 mM MgCl2 and incubated at 37°C for 1 h. A sample from this insoluble
material was diluted in 2% SDS and loaded on a cellulose acetate membrane (Osmonics INC
Acetate Plus 0.22 micron 142 mm) previously rinsed three times with 2% SDS and placed on a
slot-blot apparatus (Amersham slot blot manifold (Hoefer PR 648)). After loading the samples,
wells were washed again three times with 0.1% SDS. Finally, the membrane was blotted with αFLAG and 3B5H10 antibodies.

Aggregation analysis of huntingtin by agarose gel electrophoresis with western
blotting
PC12 cells stably expressing a truncated exon1 of htt fused to GFP (Q103; no polyproline region)
and under the control of an ecdysone inducible-expression system192 were grown in six-well
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plates. Cells were grown in DMEM with 10% horse serum, 5% fetal bovine serum, and Zeocin
and G418 as selection markers at 37°C (all reagents from Invitrogen). Expression of htt was
induced with 5 μM ponasterone and harvested at 48 hours after induction. Three independent
experiments were performed. At 48 hours post-transfection, cells were lysed in RIPA buffer (10
mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA (pH 8.0), 1% NP40, 0.5% SDS) containing Complete
Protease Inhibitor (Roche Diagnostics). DC Protein Assay (Bio-Rad) was performed to determine
protein concentration. 30 μg lysate was added in a 1:1 ratio to loading buffer without reducing
agent (150 mM Tris pH 6.8, 33% glycerol, 1.2% SDS) and loaded without heating onto a 1%
agarose gel containing 0.1% SDS and run until the dye front had migrated at least 12 cm to allow
for maximum resolution of aggregates from the dye front. The proteins were then semi-dry
blotted (Owl HEP-1) onto a PDVF membrane in transfer buffer (192 mM glycine, 25 mM Trisbase, 0.1% SDS, 15% MeOH). This blot was blocked for 1 h in 5% BSA (EMD) in Tris-buffered
saline containing 0.1% Tween-20 at room temperature. The blot was the probed with either
3B5H10 or α-GFP antibody (Clontech). Peroxidase-conjugated AffiniPure goat anti-mouse
secondary (Jackson) was used for 1 hour at room temperature. Blots were detected using PICO
detection reagent (Pierce).

Atomic force microscopy
GST-Httex1-Q53 protein was purified as described.193 Before each experiment, Httex1-Q53 was
centrifuged at 20,000g for 30 min at 4oC to remove preexisting aggregates. Httex1-Q53 (20 uM)
was then incubated alone or with 3B5H10 (20 uM) in buffer A (50 mM Tris-HCl, pH 7, 150 mM
NaCl, 1 mM DTT). Precission protease (4 units/100 ug fusion protein) (GE Healthcare
Biosciences, Piscataway, NJ) was added to cleave off GST and initiate aggregation. Samples were
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incubated at 37oC and centrifuged at 1,400 rpm for the duration of the experiment. At 1, 5, 8,
and 24 hours after addition of protease, a 5-ul sample was deposited on freshly cleaved mica
(SPI supplies, West Chester, PA). After 1 min, the substrate was tilted and washed with 200 ul of
ultrapure water by allowing the wash to gently flow over the sample. The sample was then dried
under a gentle stream of air. For experiments on preformed oligomers or fibrils, solutions of
Httex1-Q53 were allowed to aggregate for ≥ 5 hours after the removal of GST. Then, 3B5H10 was
added so that the final concentration of Httex1-Q53 was 20 uM and the ratio of 3B5H10 to Httex1Q53 monomer was 1:10, 1:5, or 1:1. These samples were deposited on mica at 0, 1, and 3 h after
the addition of 3B5H10 as described earlier.
AFM experiments were performed using a MFP3D scanning probe microscope (Asylum
Research, Santa Barbara, CA). For ex situ experiments, images were taken with a silicon
cantilever with a nominal spring constant of 40 N/m and resonance frequency of ~300 kHz.
Typical imaging parameters were: drive amplitude 150–500 kHz with set points of 0.7–0.8 V,
scan frequencies of 2–4 Hz, image resolution 512 by 512 points, and scan size of 5 um. All
experiments were performed in triplicate.
For in situ AFM experiments, solutions containing preformed oligomers or fibrils of Httex1-Q53
were allowed to rest on mica until several oligomers or fibrils were present on the surface.
Then, the substrate was washed with buffer A to remove proteins remaining in solution. The
deposited oligomers or fibrils were imaged in clean buffer as a control or in the presence of 2.5
uM 3B5H10. Images were taken with V-shaped oxide-sharpened silicon nitride cantilever with a
nominal spring constant of 0.5 N/m. Scan rates were set at 1 Hz with cantilever drive
frequencies at ~8–12 kHz.
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Statistical tests
P values (one-sided) were determined using the Student (unpaired) t-test for Figure 3.6a,d.
Spearman’s correlation coefficients were used to compare curves from Figures 3.6f-h.

Thio-Httex1-Q39-His6 purification
Thio-Httex1-Q39-His6 was produced and purified as described.194 Protein was produced in
BL21(DE3) cells. Cells were pelleted by centrifugation at 2500 rpm for 15 min at 4oC and then
resuspended in 5 mM imidazole, 0.5 M NaCl, 20 mM Tris-HCl pH 8. Extracts were prepared by
sonication and spun at 17,000 rpm for 20 min at 4oC. Supernatant was incubated with nickel
beads (GE Healthcare Biosciences, Piscataway, NJ), and bound proteins were eluted in 1 M
imidazole. Eluate was further purified by DEAE ion exchange HPLC (Tosoh Bioscience, South San
Francisco, CA). Proteins were stored stably for weeks at 4oC in 5 mM Tris-HCl pH 8.

Analytical ultracentrifugation (AU) sedimentation equilibrium analysis
Samples of 3B5H10 Fab and Thio-Httex1-Q39-His6 (1:1 molar ratio) in 10 mM Tris-HCl pH 8.0 and
50 mM NaCl were analyzed with a Beckman/Coulter XL-A Ultima analytical ultracentrifuge using
an A Ti60 rotor and cells with 6-channel centerpieces. Experiments were carried out at three
different total protein concentrations (0.53, 0.80, and 1.07 mg/ml). Samples were run at four
different rotor speeds (10,000, 15,000, 20,000, and 25,000 rpm) at 20oC for 16–31 h (at each
speed) to achieve sedimentation equilibrium, which was confirmed by overlapping scans taken 2
h apart.
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Absorbance (OD280) measurements from AU, taken at 0.001-cm radial increments, were fitted to
several different self-association and non-interacting models with the Ultrascan 8 software
(http://www.ultrascan.uthscsa.edu/). The buffer density (1.00058 g/ml) was determined with
Ultrascan 8. Likewise, the partial specific volume (0.728 ml/g) and extinction coefficient
(denatured E280nm=92,880 mol-1cm-1) of the complex were determined based on amino acid
composition. Confidence intervals for the best-fit [complex]:[dimer of complex] equilibrium
constant (Kd = 340 nM) were estimated with Monte Carlo analysis software (10,000 simulations)
(95% confidence intervals of 240 and 490 nM).
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Chapter 4: Therapeutic interventions targeted at mutant
huntingtin toxicity

Abstract
Despite the devastating and universally fatal course of Huntington’s disease, there are no
disease-modifying therapies currently available to patients. Combining knowledge gleaned from
the literature, chapter 2, and chapter 3 with our well-established automated microscopy
technology and primary striatal neuron model system, we interrogated multiple putative
pathogenic and therapeutic pathways in HD with proteins and small molecules. From these
experiments, we isolated several small molecules that inhibit formation or recognition of the
conformation of mutant htt recognized by 3B5H10 that predicts toxicity. Some of these small
molecules appear protective in our primary striatal model of HD. We also isolated small
molecules that can activate Akt, a protein kinase known to be neuroprotective in HD. Two of
these Akt activators showed therapeutic promise in our primary striatal model. We discovered
that two proteins known to influence organism lifespan, AMP kinase and Klotho, can be
therapeutically manipulated to mitigate mutant htt toxicity. Finally, we modulated activity of
two proteins whose genes are candidates within susceptibility loci for HD mapped by linkage
disequilibrium. Activation or overexpression of these proteins, the trace amine-associated
receptor TAAR1 and the collapsin-response mediator protein 4 (CRMP4), produced modest
survival benefits in our primary striatal model. While we discovered several promising
therapeutic leads in this chapter, confirmatory follow-up studies are needed given the
experiment-to-experiment variability in effects for all therapeutic candidates.
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Introduction
Despite the cloning of huntingtin over 15 years ago and a subsequent intense period of research
into Huntington’s disease mechanisms, researchers and clinicians have failed to produce even a
single disease-modifying therapy for this uniformly fatal disease.195 Existing therapies are
targeted to disease symptoms, with all but one drug, tetrabenazine, lacking proven efficacy.196
Tetrabenazine, which is indicated for symptomatic control of the chorea movements of patients
that appear early in the disease, has quite modest effects and does not alter disease
progression.197
Several approaches, which are all in various stages of pre-clinical development, have been
proposed to bridge this gap between research on HD mechanisms and effective clinical
therapies.198 Decreasing mutant htt abundance through gene silencing or improved protein
turnover targets HD pathogenesis at its most proximal step. However, issues of payload delivery
and cross-silencing of functionally necessary wild-type huntingtin alleles have plagued gene
silencing approaches. Rapamycin or lithium treatment, which theoretically improves mutant
huntingtin turnover via upregulation of autophagy, has only limited effectiveness in neurons,
large side-effect profiles, and little established effectiveness in HD patients (only lithium has
been tried in HD patients).199 In separate research by the Finkbeiner lab, we’ve identified new,
structurally related, FDA-approved compounds that are particularly effective in inducing
autophagy in neurons. We are therefore directing our efforts toward refining the structural
requirements of this neuronal autophagy inducing scaffold with the hopes of developing a
therapeutic lead.
Slightly more distal in the disease pathogenesis process, several groups have identified and
tested small molecules that inhibit the aggregation of mutant htt fragments.200 Toxicity and
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aggregation are tightly linked, and several of these compounds have also decreased toxicity in
cell and invertebrate models of HD, although only one has been successfully moved into
mammalian models.201 Searching for aggregation inhibitors that are effective clinically may be
inherently difficult since protein aggregation is mediated by interactions that occur over
relatively large, hydrophobic surfaces. Disrupting such protein-protein interactions with a
comparatively small surface-area therapeutic has historically been difficult.202 Furthermore,
inhibitors of protein aggregation often bind to secondary structures shared by other proteins. In
contrast, little effort has been placed on allosteric modulators of mutant htt conformation. Such
allosteric modulation, which is an inherently more druggable approach203 204, may imply
inherently more specificity to the small molecule modulator and thereby decrease the chances
of off-target binding.
Therapies that affect post-translational processing of mutant htt have also been proposed. Since
full length mutant htt is cleaved into more toxic, N-terminal fragments, identifying the
protease(s) responsible for these cleavage events and inhibiting them is a translational research
priority.205 Since phosphorylation, sumolyation, palmitoylation, and acetylation have all been
shown to alter mutant htt processing, subcellular localization, and/or function206 207, attempts
are being made to therapeutically manipulate these steps as well. Related to manipulating posttranslational modifications, which may be critical for htt’s subcellular localization, are therapies
that prevent the toxicity-enhancing translocation of htt into the nucleus.208 209 To date, however,
only one human clinical trial has started based on post-translational modification research.
Siena biotech is testing an inhibitor of SirT1, a histone deacetylase, based on data that
acetylation of huntingtin promotes autophagic turnover of the protein.210
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A range of generically neuroprotective strategies have been tried or proposed for simple animal
models of HD. Since animal models demonstrate that old age worsens HD phenoytpe211, one
therapeutic approach is to manipulate pathways known to decrease organism aging.212 213
Pathways known to increase neuronal survival and trophic support, such as brain derived
neurotrophic factor (BDNF) signaling and Akt activation, have also been explored as therapies.
Interestingly, while these pathways may be generically neuroprotective, they may also have
specific roles in HD. BDNF production and transport appears to be specifically dysregulated in
HD214 215 216, and Akt-mediated phosphorylation of huntingtin at universally conserved serine 421
drastically reduces polyQ-dependent toxicity in primary striatal neurons.217 Delivery of
neurotrophic proteins like BDNF and ciliary neurotrophic factor (CNTF) have been tried in
human trials of neurodegeneration but have been plagued by problems of delivery, immune
response, and lack of efficacy.218 Drugs that may enhance mitochondrial function and cell
energetics, including coenzyme Q10, creatine, and latrepirdine, are at various stages of clinical
trial, but most have shown marginal to no effectiveness so far.
Finally, therapies targeted to specific deficits that are prominent in HD are being pursued. Most
prominent are the various HDAC inhibitors being tested to correct the transcriptional
dysregulation that is a prominent feature of HD.219 While these therapies have shown some
promising results in animal models, there are considerable worries about side-effects associated
with the inhibition of proteins that are so globally important for transcriptional control.
With few (if any) therapies in the HD research pipeline expected to significantly modify disease
course, there is a need to test a wide range of novel therapeutic approaches in a relatively simple
format. Having extensively characterized our automated microscopy methods and primary striatal
culture model of HD in chapter 2, we reasoned that our system provided an accurate but easy-toimplement platform for testing therapies. In this chapter, we combine literature findings with
findings from chapters 2 and 3 to develop several drug-like therapeutic interventions that block
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formation of the huntingtin conformer recognized by 3B5H10 or enhance the activity of
neuroprotective Akt. We then test these and several other interventions in our primary HD model.
Some interventions show initial promise and should therefore be tested further.

Results
Small molecules that disrupt a conformation of mutant huntingtin that predicts
toxicity and is recognized by monoclonal antibody 3B5H10
Given the failure to date to translate inhibitors of mutant htt aggregation into clinical
therapeutics, we set our focus on allosteric modulators of mutant htt conformation. Only a
single allosteric modulator of htt conformation has been developed, a peptide arising from
phage display and termed polyglutamine binding protein 1 (PQB-1). This peptide appears to
block a conformational change in monomeric mutant htt from alpha-helical to beta-sheet220,
and it has been shown to be therapeutic in simple cell culture and invertebrate animal
models.221 However, efforts to transform this peptide into a usable drug, either through
attachment to a protein transduction domain222 or through peptoid analogues223, have shown
only modest results.
To circumvent the problem of transforming peptide modulators of htt conformation into usable
therapies, we set out to directly discover small molecule modulators of a mutant htt
conformation that predicts toxicity. Since the monoclonal antibody 3B5H10 recognizes a
monomeric conformation of htt that strongly predicts neurodegeneration, we reasoned that
small molecules which decrease formation of this conformation may be therapeutic. To screen
for such small molecules, a homogeneous time-resolved fluorescence assay was developed, in a
384-well plate format, to detect the interaction between 3B5H10 and an exon 1 fragment of
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mutant htt with a C-terminal hexahistidine tag (httex1-Q39-His6). In this assay, binding of 3B5H10
to mutant htt results in fluorescence resonance energy transfer (FRET) from a donor dye,
conjugated to 3B5H10, to an acceptor dye, conjugated to an antibody that recognizes the His6
motif on mutant htt. Potential inhibitors are pre-incubated with mutant htt to promote
conformational modulation, followed by addition of the FRET reagents. Small molecules that
decrease FRET are considered candidate small molecule modulators of htt conformation (Figure
4.1).

Figure 4. 1 Time-resolved fluorescence assay for detecting small molecules that disrupt the mutant
ex1

huntingtin conformation recognized by monoclonal antibody 3B5H10. Htt -Q39-His6 (100 nM) is preincubated with a small molecule (20 uM). After a 1.5 hour equilibration, donor-dye (green triangle) tagged
monoclonal antibody 3B5H10 (1.4 nM) and acceptor-dye (yellow triangle) tagged monoclonal antibody αHis6 are added and fluorescence resonance energy transfer (FRET) is measured after overnight incubation
at 4°C. Small molecules which substantially decrease FRET signal are considered candidate modulators of
htt conformation.
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Our original screen tested 114,000 inhibitors, with Z’ factors for each plate above 0.60 and
coefficient of variance (CV%) below 10%. Various filters for sorting the hits resulted in the
identification of 169 inhibitors, with a hit rate of 0.15%. Among the hits, 125 were chosen as
potential drug targets according to their chemical structure. Eighty of these compounds
demonstrated dose-dependent response. Among these eighty compounds, 30 gave a FRET
inhibition of greater than 70% and were subjected to IC50 determination. After discarding
chemical structures that showed low potential to be developed as drugs, 13 compounds with
IC50 values below 30 uM were screened through a basic toxicity assay in retinoic-acid
differentiated SH-SY5Y cells (toxicity at 1 hour and 24 hours). Candidates for testing in our
primary striatal neuron model of HD were selected from these 13 compounds. Their structures
are listed in Figure 4.2, along with structural analogues that were also positive hits in the highthroughput assay. Additional compounds that were not tested in our primary culture system but
show promise based on results from the high-throughput assay are listed in Appendix 7.

92

.
Figure 4. 2 Compounds that inhibit 3B5H10 binding to mutant huntingtin in a high-throughput purified
protein assay and are non-toxic in SH-SY5Y cells. Six compounds were assayed for their ability to
decrease 3B5H10 conformer in primary striatal neurons and improve survival in a primary striatal neuron
model of HD. Three of these compounds (shaded boxes in a-c above) had structural analogues that were
also hits in the high-throughput screen. a) Urea compounds (LDN-0008560, LDN-0008552, LDN-0008519,
LDN-0008508, and LDN-0008541) show a strong structure-activity relationship (SAR). The R3 bromo
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substituted compound (shaded) was tested in our primary striatal neuron model of HD. Two other urea
compounds that had altered 1-methylpyrazole structures were also identified in the screen and
contribute further to SAR analysis. These compounds are presented in Appendix 7. b) Pyrrolidinone
compounds were also enriched in the hit list (LDN-0058873, LDN-0058869, and LDN-0100977). The
chlorophenyl compound (shaded) was tested in our primary striatal neuron model of HD. c) Benzothiazole
compounds (LDN-0034633 and LDN-0034628). The naphthyl substituted compound was tested in our
model system. d) Thiophene (LDN-0094549). e) Quinacrine, which is FDA-approved, has been used as an
anti-malarial and anti-inflammatory. It shows efficacy in preventing the conversion of prion protein from
224

normal form to scrapie form , and therefore is an attractive candidate for conformational modulation of
mutant huntingtin. f) Metergoline, which is also FDA-approved, is an ergot alkaloid used for
hyperprolactemia, gastrointestinal motility disturbances, and migraine. It has dopamine receptor agonist
activity as well as serotonergic receptor antagonist activity.

Initial testing of some of the compounds in Figure 4.2 was performed on striatal neurons
transfected with httex1-Q72-eGFP. Drugs were added within hours after transfection and media
(Neuronal Growth Media without serum – see Appendix 1 and 2) was changed (with fresh drug
added) every three days. Neurons were followed for 8-9 days post-transfection. Each drug was
tested at two concentrations, one just above the IC50 and the other an order of magnitude
higher than the drug’s IC50. All drugs were dissolved into DMSO stock solutions at concentrations
of 1000x and 10,000x respectively. No drug demonstrated a survival benefit by cumulative
hazard analysis. Drugs tested at the lower concentration had a lower rate of death than drugs
tested at the higher concentration. Normalizing drug dose to the drug’s IC50, metergoline
demonstrates the least toxicity of the compounds tested (Figure 4.3).
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Figure 4. 3 Initial testing of 3B5H10 conformation modulators on survival in striatal neurons transfected
with httex1-Q72-eGFP.

Given the disappointing initial rounds of testing, we sought to optimize our testing parameters.
We switched to using httex1-Q97-eGFP to enhance the toxicity of our model system, we adjusted
drug doses, and we altered the no drug control to include the amount of DMSO delivered to
each treated well. All drugs except quinacrine were dissolved into DMSO stock solutions at a
concentration of 1000x; quinacrine was diluted into water. The following are the results of
subsequent trials for each drug:

Ureas:
The urea hit was retested at 5 uM (IC50 1.1 uM) under the adjusted conditions outlined above.
There was no difference in survival between treated and untreated neurons. Given these
results, the urea compound was not tested further, despite the highly promising SAR of this
chemical class from the high-throughput screen. Notably, we were unable to confirm polyQ-
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dependent death for the experiment (i.e. no httex1-Q17-eGFP control was placed on the plate due
to constraints on the number of wells available).

Figure 4. 4 Follow-up testing of urea compound at 5 uM demonstrates no survival benefit. Striatal
ex1

neurons were transfected with htt -Q97-eGFP.

Benzothiazoles:
The benzothiazole hit was retested at 10 uM (IC50 3.6 uM) under the adjusted conditions. There
was a very modest but statistically significant survival benefit in the first round of follow-up
testing (p=0.0102 by logrank test) (Figure 4.5a). A second and third round of testing under the
same conditions revealed no significant survival benefit (Figure 4.5b,c). Notably, we were unable
to confirm polyQ-dependent death during these three trials (i.e. no httex1-Q17-eGFP control was
placed on the plate due to constraints on the number of wells available).

96

Figure 4. 5 Follow-up testing of benzothiazole compound at 10 uM reveals a very modest and
ex1

inconsistent survival benefit. Striatal neurons were transfected with htt -Q97-eGFP. a) Compound
demonstrated modest survival effect during August 2008 trial; logrank statistic – p=0.0102. b,c)
Compound demonstrated no significant survival benefit during (b) September 2008 trial and (c) October
2008 trial.
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While we saw minimal survival benefit to the benzothiazole compound in our primary neuron
model of HD, we were interested in whether the compound could block formation or
accessibility of the mutant htt conformation recognized by 3B5H10 in primary striatal neurons.
We therefore transfected primary striatal neurons with httex1-Q97-eGFP and cultured the
neurons in Neuronal Growth Media without serum (see Appendix 1 and Appendix 2) in the
presence or absence of 10 uM of the benzothiazole compound. At 24 hours post-transfection,
we washed off the culture media, fixed the neurons with 4% paraformaldehyde/4% sucrose for
13 minutes, and then performed immunocytochemistry with 3B5H10. If benzothiazole blocks
the 3B5H10 conformation of htt, we reasoned that we should see less 3B5H10 staining in each
neuron normalized to the amount of htt the neuron has. Our data revealed no difference in
3B5H10 staining between control and treated neurons by graphical analysis (Figure 4.6) nor
when the ratio of 3B5H10/htt was taken for each neuron and averaged across neurons (Control
= 1.925, 95% confidence interval (CI) = +/- 0.238, n=53 neurons; Benzothiazole = 2.052, 95% CI =

3B5H10 levels
(arbitrary units)

+/- 0.293, n=54 neurons).
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Figure 4. 6 Benzothiazole compound does not disrupt the huntingtin conformation recognized by
ex1

3B5H10 in primary striatal culture. Neurons were transfected with htt -Q97-eGFP, immediately treated
with DMSO vehicle or compound (10 uM), and fixed 24 hours later. Immunocytochemistry with 3B5H10
reveals that the benzothiazole compound does not decrease the amount of 3B5H10 staining in neurons,
normalized to the neuron’s htt levels.

Our negative results may be due to the wide variability in the data (i.e. a wide range of 3B5H10
staining for a given level of htt in a neuron), the absence of benzothiazole compound during the
fixation, immunocytochemistry, and microscopy steps of the experiment, or a true lack of
effectiveness of the drug at the concentrations used. Despite these alternative possibilities for
the negative data, we decided not to test the benzothiazole compound further in conformation
or survival assays.

Quinacrine:
Given quinacrine’s established ability to modulate conformational change of the prion protein
from normal to scrapie form, its protective effects in models of scrapie encephalopathy, and its
status as an FDA-approved drug225, we were eager to test quinacrine as a potential htt
conformational modulator in our primary neuron model of HD. However, initial tests of
quinacrine at or near the IC50 concentration necessary to decrease FRET in the 3B5H10
conformation high-throughput assay demonstrated gross toxicity to neurons, regardless of
transfection status (data not shown). We therefore titrated quinacrine down to a dose that was
grossly non-toxic to neurons, which turned out to be 1-3 uM. Consultations with the Pruisner lab
at UCSF revealed that they generally test quinacrine at concentrations around 1 uM in their cell99

based assay for prion infection to avoid overt toxicity. We therefore settled on testing
quinacrine at 1 uM, even though its IC50 from our 3B5H10 conformation high-throughput assay
was 11.9 uM. Testing under our adjusted cell culture parameters revealed a statistically
insignificant protection on the first round of testing (p=0.0614 by logrank test) (Figure 4.7a) and
statistically insignificant toxicity during the second and third round of testing (Figure 4.7b,c).

Figure 4. 7 Testing of quinacrine at 1 uM reveals no therapeutic benefit in a primary striatal neuron
ex1

model of Huntington's disease. Striatal neurons were transfected with htt -Q97-eGFP. a) Compound
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demonstrated an insignificant survival effect during August 2008 trial; logrank statistic – p=0.0614. b,c)
Compound demonstrated insignificant toxicity during (b) September 2008 trial and (c) October 2008 trial.

We also tested the ability of 1 uM quinacrine to block or disrupt the htt conformation
recognized by 3B5H10 in our primary striatal culture model of HD. Our data revealed no
difference in 3B5H10 staining between control and treated neurons by graphical analysis (Figure
4.8) nor when the ratio of 3B5H10/htt was taken for each neuron and averaged across neurons
(Control = 1.925, 95% confidence interval (CI) = +/- 0.238, n=53 neurons; Quinacrine = 3.494,
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95% CI = +/- 0.433, n=39 neurons).
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Figure 4. 8 Quinacrine does not disrupt the huntingtin conformation recognized by 3B5H10 in primary
ex1

striatal culture. Neurons were transfected with htt -Q97-eGFP, immediately treated with DMSO vehicle
or compound (1 uM), and fixed 24 hours later. Immunocytochemistry with 3B5H10 reveals that
quinacrine does not decrease (and may actually increase) the amount of 3B5H10 staining in neurons,
normalized to the neuron’s htt levels.
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Given that we are using quinacrine below its IC50 concentration for modulating the 3B5H10
conformation of htt and that any therapeutic window, if it existed at all, would have to be
somewhere between 1 uM and 3-5 uM, we ceased further testing and concluded that
quinacrine is not a promising therapeutic conformation modulator candidate.

Thiophene:
The thiophene hit was initially tested at 10 uM and 100 uM (IC50 6.9 uM) under our modified
primary striatal culture conditions. There was a significant survival benefit in first round testing
(p=0.0008 by logrank test), although there was no survival benefit to the 100 uM dose of the
thiophene compound (Figure 4.9a). However, while the 10 uM treatment group, like the DMSO
vehicle control group, contained DMSO in the culture media at 1/1000, the 100 uM treatment
group contained DMSO in the culture media at 1/100; this difference in DMSO concentration in
the 100 uM treatment group could theoretically have induced toxicity specifically for this group.
Subsequent rounds of testing of the thiophene compound at 10 uM and the correct equivalent
amount of DMSO for the control group revealed a very modest but statistically insignificant
survival benefit for each trial (Figure 4.9b-f). For trials in Figure 4.9e-f, we had enough room on
our plates to concurrently assess for polyQ-dependent toxicity, but the survival of httex1-Q17eGFP and httex1-Q97-eGFP transfected neurons (all untreated) were statistically indistinguishable
(data not shown).
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Figure 4. 9 Testing of thiophene compound at 10 uM and 100 uM reveals a modest but inconsistent
ex1

protection against mutant huntingtin toxicity. Striatal neurons were transfected with htt -Q97-eGFP. a)
Compound demonstrated a survival effect at 10 uM but not 100 uM during August 2008 trial (10 uM
logrank statistic – p=0.0008). Notably, the 100 uM treatment group contained 10x as much DMSO (DMSO
at a volume:volume ratio of 1/100) as the control group and the 10 uM treatment group (DMSO at a
volume:volume ratio of 1/1000). b-f) Compound demonstrated insignificant survival effects (with a trend
towards being beneficial) during a (b) September 2008 trial, (c) October 2008 trial, (d) December 2009
trial, (e) February 2009 trial, and (f) late February 2009 trial.

We also tested the ability of 10 uM of the thiophene compound to block or disrupt the htt
conformation recognized by 3B5H10 in primary striatal neurons. Our data revealed that
treatment with 10 uM of the thiophene compound may block or disrupt the htt conformation
recognized by 3B5H10 (Figure 4.10a). This effect was statistically insignificant when the ratio of
3B5H10/htt was taken for each neuron and averaged across neurons (Control = 1.925, 95%
confidence interval (CI) = +/- 0.238, n=53 neurons; Thiophene compound = 1.673, 95% CI = +/0.301, n=50 neurons).
Because we were uncertain about how much conformational flexibility might exist for htt after
paraformaldehyde fixation of neurons, we were worried that the thiophene compound’s effects
on htt conformation may have been partly lost as soon as the compound was no longer present
(which is during the entire fixation and immunocytochemistry process). We therefore decided to
retest the thiophene compound’s effects on 3B5H10 staining but with the compound included
during the permeabilization, glycine treatment, blocking, and 3B5H10 incubation steps during
immunocytochemistry. For a second round of testing, we added the thiophene compound 20
hours after transfection and fixed the neurons at 44 hours post-transfection (Figure 4.10b). For
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the third round of testing, we added the thiophene compound immediately after transfection
and fixed the neurons at 24 hours post-transfection (Figure 4.10c). The second round of testing
revealed no decrease in 3B5H10 conformation with thiophene compound treatment (Control =
0.951, 95% CI = +/- 0.126, n=48 neurons; Thiophene compound = 1.010, 95% CI = +/- 0.108, n=48
neurons). The third round of testing revealed a statistically insignificant decrease in 3B5H10
conformation in the thiophene compound treatment group (Control = 1.075, 95% CI = 0.141,
n=48 neurons; Thiophene compound = 0.905, 95% CI = 0.142, n=48 neurons).
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Figure 4. 10 Thiophene compound may have modest effects on abundance or availability of the
huntingtin conformation recognized by 3B5H10 in primary striatal culture. Neurons were transfected
ex1

with htt -Q97-eGFP. a) Neurons were then immediately treated with DMSO vehicle or compound (10
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uM) and fixed 24 hours later. Immunocytochemistry with 3B5H10 reveals that the thiophene compound
may decrease the amount of 3B5H10 staining in neurons, normalized to the neuron’s htt levels. b) Twenty
hours after transfection, neurons were treated with DMSO vehicle or compound (10 uM) and fixed 24
hours after initiation of drug treatment. During immunocytochemistry, the compound was present at 10
uM for all steps except the fixation step and the secondary antibody incubation and wash steps. In this
trial, the thiophene compound did not decrease the abundance or availability of the 3B5H10
conformation. c) Immediately after transfection, neurons were treated with DMSO vehicle or compound
(10 uM) and fixed 24 hours later. During immunocytochemistry, the compound was again present at 10
uM for all steps except the fixation step and the secondary antibody incubation and wash steps. In this
trial, the thiophene compound produced a statistically insignificant drop in 3B5H10 conformer abundance
or availability.

We conclude that the thiophene compound may have some modest survival effects in a primary
striatal neuron model of HD and could be exerting these effects by modestly decreasing the
abundance or availability of a conformation of htt recognized by 3B5H10.

Pyrrolidinone:
The pyrrolidinone hit was retested at 5 uM (IC50 1.1 uM) under our modified primary striatal
culture conditions. There was a significant survival benefit in the first round testing (p=0.0067 by
logrank test) (Figure 4.11a). Subsequent rounds of testing revealed a very modest but
statistically insignificant survival benefit for the compound (Figure 4.11b-e). For the trial in
Figure 4.11e, we had enough room on our plates to concurrently assess for polyQ-dependent
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toxicity, but the survival of httex1-Q17-eGFP and httex1-Q97-eGFP transfected neurons (all
untreated) were statistically indistinguishable (data not shown).
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Figure 4. 11 Retesting of pyrrolidinone compound at 5 uM reveals a very modest but statistically
ex1

insignificant protection against mutant huntingtin toxicity. Striatal neurons were transfected with htt Q97-eGFP. a) Compound demonstrated a survival effect at 5 uM during August 2008 trial (logrank statistic
– p=0.0067). b-f) Compound demonstrated insignificant survival effects during a (b) September 2008 trial,
(c) October 2008 trial, (d) December 2009 trial, and (e) February 2009 trial.

We also tested the ability of 5 uM of the pyrrolidinone compound to block or disrupt the htt
conformation recognized by 3B5H10 in primary striatal neurons. As shown in Figure 4.12a, the
compound did decrease 3B5H10 conformer abundance or availability. This effect was marginally
statistically significant when the ratio of 3B5H10/htt was taken for each neuron and averaged
across neurons (Control = 1.925, 95% confidence interval (CI) = +/- 0.238, n=53 neurons;
Pyrrolidinone compound = 1.603, 95% CI = +/- 0.222, n=52 neurons: p=0.056, two-tailed,
unpaired t-test with unequal variance).
We retested the pyrrolidinone compound’s effects on 3B5H10 staining, modifying the protocol
to include the compound during the permeabilization, glycine treatment, blocking, and primary
incubation steps during immunocytochemistry. For a second round of testing, we added the
pyrrolidinone compound 20 hours after transfection and fixed the neurons at 44 hours posttransfection (Figure 4.12b). For the third round of testing, we added the pyrrolidinone
compound immediately after transfection and fixed the neurons at 24 hours post-transfection
(Figure 4.12c). The second round of testing revealed a statistically significant decrease in
3B5H10 conformation with pyrrolidinone compound treatment (Control = 0.951, 95% CI = +/0.126, n=48 neurons; Pyrrolidinone compound = 0.767, 95% CI = +/- 0.0749, n=48 neurons:
p=0.016, two-tailed, unpaired t-test with unequal variance). The third round of testing also
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revealed a statistically significant decrease in 3B5H10 conformation in the pyrrolidinone
compound treatment group (Control = 1.075, 95% CI = 0.141, n=48 neurons; Pyrrolidinone
compound = 0.778, 95% CI = 0.127, n=48 neurons: p=0.0028, two-tailed, unpaired t-test with
unequal variance).
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Figure 4. 12 Pyrrolidinone compound significantly decreases the abundance or availability of the
huntingtin conformation recognized by 3B5H10 in primary striatal culture. Neurons were transfected
ex1

with htt -Q97-eGFP. a) Neurons were then immediately treated with DMSO vehicle or compound (5 uM),
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and fixed 24 hours later. Immunocytochemistry with 3B5H10 reveals that the pyrrolidinone compound
decreases the amount of 3B5H10 staining in neurons, normalized to the neuron’s htt levels. b) Twenty
hours after transfection, neurons were treated with DMSO vehicle or compound (5 uM) and fixed 24
hours after initiation of drug treatment. During immunocytochemistry, the compound was present at 5
uM for all steps except the fixation step and the secondary antibody incubation and wash steps. In this
trial, the pyrrolidinone compound significantly decreased the abundance or availability of the 3B5H10
conformation. c) Immediately after transfection, neurons were treated with DMSO vehicle or compound
(5 uM) and fixed 24 hours later. During immunocytochemistry, the compound was again present at 5 uM
for all steps except the fixation step and the secondary antibody incubation and wash steps. In this trial,
the pyrrolidinone compound again produced a significant drop in 3B5H10 conformer abundance or
accessibility.

We conclude that the pyrrolidinone compound may have some very modest survival effects in a
primary striatal neuron model of HD and could be exerting these effects by its consistent ability
to decrease the abundance or accessibility of a conformation of htt recognized by 3B5H10.

Metergoline:
Metergoline, an FDA-approved therapy, is used in rare circumstances for hyperprolactemia,
gastrointestinal motility disturbances, and migraine treatment. We retested the compound at
50 uM (IC50 19.2 uM) under our modified primary striatal culture conditions. There was a
significant survival benefit in the first round testing (p=0.0011 by logrank test) (Figure 4.13a).
Subsequent rounds of testing revealed a significant survival benefit (Figure 4.13b, p=0.0009 by
logrank test; Figure 4.13e, p=0.031 by logrank test) or no significant differences from the DMSO
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vehicle control group (Figure 4.13c,d,f). For the trials in Figures 4.13e-f, we had enough room on
our plates to concurrently assess for polyQ-dependent toxicity, but the survival of httex1-Q17eGFP and httex1-Q97-eGFP transfected neurons (all untreated) were statistically indistinguishable
(data not shown).
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Figure 4. 13 Retesting of metergoline at 50 uM reveals a statistically significant, although inconsistent,
ex1

protective effect against mutant huntingtin toxicity. Striatal neurons were transfected with htt -Q97eGFP. a) Metergoline demonstrated a survival effect at 50 uM during August 2008 trial (logrank statistic –
p=0.0011). b-f) Compound demonstrated significant survival effects during a (b) September 2008 trial
(logrank statistic – p=0.0009) and a (e) February 2009 trial (logrank statistic – p=0.031). Compound
demonstrated no significant effect on survival during a (c) October 2008 trial, (d) December 2009 trial,
and (f) late February 2009 trial.

We also tested the ability of 50 uM metergoline to block or disrupt the htt conformation
recognized by 3B5H10 in our primary striatal neurons. As shown in Figure 4.14a, the compound
did decrease 3B5H10 conformer abundance or availability. This effect was statistically significant
when the ratio of 3B5H10/htt was taken for each neuron and averaged across neurons (Control
= 1.925, 95% confidence interval (CI) = +/- 0.238, n=53 neurons; Metergoline = 1.462, 95% CI =
+/- 0.201, n=50 neurons: p=0.0044, two-tailed, unpaired t-test with unequal variance).
In an attempt to confirm this result, we retested metergoline’s effects on 3B5H10 staining,
modifying the protocol to include the compound during the permeabilization, glycine treatment,
blocking, and primary incubation steps during immunocytochemistry. For a second round of
testing, we added metergoline 20 hours after transfection and fixed the neurons at 44 hours
post-transfection (Figure 4.14b). For the third round of testing, we added metergoline
immediately after transfection and fixed the neurons at 24 hours post-transfection (Figure
4.14c). The second round of testing revealed a statistically insignificant decrease in 3B5H10
conformation with metergoline treatment (Control = 0.951, 95% CI = +/- 0.126, n=48 neurons;
Metergoline = 0.935, 95% CI = +/- 0.135, n=48 neurons). The third round of testing revealed a
statistically insignificant increase in 3B5H10 conformation in the metergoline treatment group
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(Control = 1.075, 95% CI = 0.141, n=48 neurons; Metergoline = 1.287, 95% CI = 0.254, n=48
neurons).
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Figure 4. 14 Metergoline may have modest but inconsistent effects on the abundance or availability of
the huntingtin conformation recognized by 3B5H10 in primary striatal culture. Neurons were
ex1

transfected with htt -Q97-eGFP. a) Neurons were then immediately treated with DMSO vehicle or
compound (50 uM) and fixed 24 hours later. Immunocytochemistry with 3B5H10 reveals that metergoline
decreases the amount of 3B5H10 staining in neurons, normalized to the neuron’s htt levels. b) Twenty
hours after transfection, neurons were treated with DMSO vehicle or compound (50 uM) and fixed 24
hours after initiation of drug treatment. During immunocytochemistry, the compound was present at 50
uM for all steps except the fixation step and the secondary antibody incubation and wash steps. In this
trial, metergoline had no significant effect on the abundance or availability of the 3B5H10 conformation.
c) Immediately after transfection, neurons were treated with DMSO vehicle or compound (50 uM) and
fixed 24 hours later. During immunocytochemistry, the compound was again present at 50 uM for all
steps except the fixation step and the secondary antibody incubation and wash steps. In this trial,
metergoline again had no significant effect on the abundance or availability of the 3B5H10 conformation.

We conclude that metergoline may have some survival effects in a primary striatal neuron
model of HD although it is uncertain if the drug is exerting these effects by decreasing the
abundance or availability of a conformation of htt recognized by 3B5H10.

Small molecules that enhance activation of Akt
Activation of the protein kinase Akt has been shown to be broadly neuroprotective226, including
specifically in our primary striatal culture system.227 BDNF and insulin-like growth factor-1 (IGF1), two well-known activators of Akt signaling in the brain, have also been shown to be broadly
neuroprotective.228 Upregulation of Akt signaling is of therapeutic interest in Alzheimer’s,
Parkinson’s, amyotrophic lateral sclerosis (ALS), and stroke.
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In HD, Akt upregulation may provide both generic anti-apoptotic protection and specific
safeguard against mutant htt toxicity. For example, Akt-mediated phosphorylation of huntingtin
at universally conserved serine 421 drastically reduces polyQ-dependent toxicity in primary
striatal neurons.229 The precedent of Akt-mediated phosphorylation modulating toxicity by a
polyQ-protein has also been established for spinocerebellar ataxia 1 (SCA1), caused by a polyQ
expansion in the protein ataxin 1. Phosphorylation by Akt at serine 776 of ataxin 1 significantly
increases the neurodegeneration phenotype of SCA1 model mice.230 231
While Akt activation is also closely linked to cancer232, we reasoned that the lack of any disease
modulating therapies for HD and the severity of the disease warranted a search for Akt
activators as potential therapeutics. We screened a series of small molecules by a sandwich
ELISA assay, monitoring for an activating phosphorylation mark on Akt. Of the compounds
screened, 294 hits had >40% activation of Akt over control. Sixty of these were selected for
further study based on potency, response curves, and drug-like structure. From these sixty
compounds, 11 were ordered and tested for activity (1 hour exposure) and toxicity (1 h and 48 h
exposure) in a striatal cell line. Seven compounds had an EC50 under 10 uM and up to 7-fold
activation of Akt. Of these, four had significant toxicity at 1 hour. We therefore were left with
three compounds to test in our primary striatal culture system (Figure 4.15). Notably, our
primary striatal neuron model of HD utilizes an exon1 fragment of htt; which does not have the
serine 421 site that is phosphorylated by Akt. Nevertheless, since we were interested in Akt for
both its htt specific protection and its more general anti-apoptotic protection in the face of
neurodegeneration, we sought to test the therapeutic potential of these three compounds in
our httex1 fragment model of HD.
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Figure 4. 15 Compounds that activate Akt in a high-throughput ELISA-based assay and are active (EC50 <
10 uM) and non-toxic in a striatal cell line. a) Tetrahydroisoquinoline compound had an EC50 ~ 4 uM
(LDN-0073708) b) Thiadiazole compound had an EC50 ~ 3.5 uM (LDN-0099259) c) Tetrasubstituted alkene
had an EC50 ~ 6 uM (LDN-0104488)

Initial testing of the compounds in Figure 4.15 was performed on striatal neurons transfected
with httex1-Q72-eGFP. Drugs were added within hours after transfection and media (Neuronal
Growth Media without serum – see Appendix 1 and 2) was changed (with fresh drug added)
every three days. Neurons were followed for 8-9 days post-transfection. Each drug was
dissolved into a DMSO stock solution at 1000x concentration and delivered to neurons at a final
concentration of 20 uM. The tetrahydroisoquinoline was grossly toxic by brightfield analysis and
was not analyzed further (data not shown). While the thiadiazole and tetrasubstituted alkene
compounds did not demonstrate overt toxicity, they demonstrated a non-significant trend
towards being more toxic than untreated neurons by cumulative hazard analysis (Figure 4.16).
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Figure 4. 16 Initial testing of Akt activators on survival in striatal neurons expressing an exon1 fragment
ex1

of mutant huntingtin. Neurons transfected with htt -Q72-eGFP. The tetrahydroisoquinoline compound
from Figure 4.15a was grossly toxic to striatal neurons and was therefore not tested further.

Given these disappointing results, we decided to decrease the doses of the Akt activators to
around their EC50 concentrations and retest the compounds. We reasoned that because
hyperactivation of Akt could have biologically detrimental effects (even outside of cancer
promotion) and because a very modest induction of Akt may be expected to provide some
therapeutic benefit to neurons, this reduced dose could still prove therapeutic. Further, because
the high-throughput assay was performed on cells (rather than purified protein), we felt the EC50
values determined from this assay would translate fairly accurately (compared to an IC50 value)
into values needed for effective activation of Akt in our primary striatal culture system.
For retesting, we switched to using httex1-Q97-eGFP to enhance the toxicity of our model system
and treated neurons with 3 uM of the thiadiazole compound (EC50 = 3.5 uM) or 6 uM of the
alkene compound (EC50 = 6 uM). The following are the results of subsequent trials for each drug:
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Thiadiazole:
We detected a significant survival benefit in the first round of retesting (p=0.0008 by logrank
test) (Figure 4.17a). Subsequent rounds of testing revealed a significant survival benefit for the
second trial (Figure 4.17b; p=0.0019 by logrank test) and no statistically significant benefit for
the third, fourth, and fifth trials (Figure 4.17c-e). For the trial in Figure 4.17e, we had enough
room on our plates to concurrently assess for polyQ-dependent toxicity, but the survival of
httex1-Q17-eGFP and httex1-Q97-eGFP transfected neurons (all untreated) were statistically
indistinguishable (data not shown).
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Figure 4. 17 Retesting of thiadiazole compound, a putative Akt activator, at 3 uM reveals a modest but
inconsistent survival effect in primary striatal neurons expressing an exon1 fragment of mutant
ex1

huntingtin. Striatal neurons were transfected with htt -Q97-eGFP.a) The compound demonstrated a
survival effect at 3 uM during August 2008 trial (logrank statistic – p=0.0008). b-e) Compound
demonstrated a significant survival effect during a (b) September 2008 trial (logrank statistic – p=0.0019).
Compound demonstrated no significant effect on survival during a (c) October 2008 trial, (d) December
2009 trial, and (e) February 2009 trial.

We conclude that the thiadiazole compound may afford some degree of neuroprotection on our
httex1 primary striatal model of HD, although a broader range of doses (from sub-saturating to
saturating) should be tried. Additional therapeutic benefits might be seen in a primary culture
model of HD that utilizes a long enough htt fragment to encompass the S421 site
phosphorylated by Akt.

Tetrasubstituted alkene:
We detected a significant survival benefit in the first round of retesting (p=0.0058 by logrank
test) (Figure 4.18a). Subsequent rounds of testing revealed a possible modest but statistically
insignificant survival benefit (Figure 4.18b-e). Again, for the trial in Figure 4.18e, we had enough
room on our plates to concurrently assess for polyQ-dependent toxicity, but the survival of
httex1-Q17-eGFP and httex1-Q97-eGFP transfected neurons (all untreated) were statistically
indistinguishable (data not shown).
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Figure 4. 18 Retesting of tetrasubstituted alkene compound, a putative Akt activator, at 6 uM reveals a
modest but inconsistent survival effect in primary striatal neurons expressing an exon1 fragment of
ex1

mutant huntingtin. Striatal neurons were transfected with htt -Q97-eGFP. a) The compound
demonstrated a survival effect at 6 uM during August 2008 trial (logrank statistic – p=0.0058). b-e)
Compound demonstrated an insignificant survival effect (that trends towards improved survival) during a
(b) September 2008 trial, (c) October 2008 trial, (d) December 2009 trial, and (e) February 2009 trial.

We conclude that the alkene compound may afford some degree of neuroprotection on our
httex1 primary striatal model of HD, although a broader range of doses (from sub-saturating to
saturating) should be tried. Additional therapeutic benefits might be seen in a primary culture
model of HD that utilizes a long enough htt fragment to encompass the S421 site
phosphorylated by Akt.

Therapeutic interventions at the intersection between organism aging and
neurodegeneration: SirT2 inhibition, AMP kinase activation, and klotho
All of the proteopathies of the brain involve age as a risk factor. The reasons age and
proteopathic neurodegeneration intersect so strongly are not fully understood, but they likely
have to do with an organism’s deteriorating proteostatic capacity.233 Thus, genetic pathways
that influence aging may alter the ease with which neurodegeneration can develop. Inspired by
this idea, we explored how manipulations in three different pathways linked to aging would
affect neurodegeneration in our primary striatal model of HD.

Inhibition of SirT2:
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Sirtuins are a class of NAD+ - dependent deacetylases that have effects on longevity,
microtubule transport, metabolism, and mitochondrial function, among other roles.234 While
SirT1 is the most studied sirtuin and the one most closely linked to increased lifespan in a wide
range of organisms, SirT2 has caught the attention of researchers more recently. It is a tubulin
deacetylase and is known to be an important regulator of myelinogenesis.235 236 Its role in postmitotic neurons is less well known. Inhibition or knockdown of the enzyme has been linked to
phenotypic improvements in models of both Parkinson’s disease and Huntington’s disease.237 238
The mechanism behind this protection hasn’t been conclusively proven, but it may involve
microtubule-based transport of the mutant protein to the autophagy compartment or SirT2’s
effects on cholesterol metabolism in neurons.
A collaborator recently developed a fairly selective, sub-micromolar inhibitor of SirT2. We
therefore tested this compound in our primary striatal model of HD at a concentration of 3.5
uM. The drug was added immediately after transfecting neurons with mutant htt and the drug
was reintroduced, with fresh Neuronal Growth Media without serum, every 3 days. The
compound showed no beneficial effect, although the compound’s highly hydrophobic nature
could have affected bioavailability (Figure 4.19).
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Figure 4. 19 Inhibition of SirT2 by a small molecule does not improve survival in our primary striatal
neuron model of Huntington's disease. Small molecule is pictured at inset; neurons were transfected
ex1

with htt -Q97-eGFP.

AMP kinase activation:
AICAR (aminoimidazole carboxamide ribonucleotide) is a nucleotide monophosphate analogue
and an AMP-activated protein kinase (AMPK) agonist. As an activator of AMPK and a partial
mimetic of monophosphate nucleotides, the compound is capable of changing a cell’s apparent
metabolic status from one of abundance to one of scarcity. This switch seems to improve
exercise tolerance239, extend lifespan240 241 242, and be generally neuroprotective.243 There are
multiple pathways through which these effects could be mediated, but they all fall under the
rubric of enhanced stress resistance. One specific pathway of particular relevance to HD is the
role of AMPK activation in inducing autophagy244, likely via indirect inhibition of mTor. Induction
of autophagy, in turn, may help increase the turnover of toxic misfolded mutant htt.
While activating AMPK with AICAR in neurons has a theoretical therapeutic benefit for a disease
like HD, AMPK activation also has the potential to produce unwanted effects, including the
abrogation of BDNF or IGF-1245 pro-survival signaling (which works, at least in part, through
Akt/mTor) and a consequent induction of apoptosis (Figure 4.20).
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Figure 4. 20 Potential therapeutic pathways for Huntington’s disease involving modulation of survival
signaling and AMP kinase stress response pathways. AICAR, an activator of AMP kinase (AMPK),
stimulates the upregulation of autophagy as well as several other stress-resistance mechanisms. However,
this pathway theoretically involves the downregulation of mTor and other kinases that may mediate Akt’s
survival effects in neurons. Additionally, stimulation of AMP kinase, while inducing stress resistance, can
sensitize cells to apoptosis. Thus, combinatorial therapy that harnesses the benefits of AMP kinase
activation while offsetting potential negative effects of this activation is theoretically attractive. Insulinlike growth factor 1 (IGF-1) is a neuroprotective peptide that stimulates the Akt/mTor pathway. BDNF also
operates, in part, through the Akt/mTor pathway. Inhibition of carbonyl reductase 1 has been shown to
decrease apoptosis induced by starvation. In the schematic, blue circles represent potential therapeutic
entry points for combinatorial therapy. Red lettering marks key players in the intersection between prosurvival Akt/mTor signaling (e.g. IGF-1, BDNF, etc.) and AMPK stress response. Solid lines represent a
direct link in the pathway while dotted lines represent an indirect link.
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We were intrigued by the idea of combinatorial therapy to harness the potential benefits of
AICAR treatment in our primary striatal neuron model of HD while tempering some of the
theoretical harms of such treatment. We sought two ways to address the harms of AICAR
treatment. In one case, we wondered whether simultaneous treatment with AICAR and IGF-1
would create synergy between a drug meant to enhance stress response with a drug meant to
promote neurotrophic signaling. In the other case, we wondered whether a recently discovered
inhibitor of the enzyme carbonyl reductase 1 (CBR1), which has previously been shown to
protect cells from starvation-induced apoptosis246, could prevent any AICAR-mediated
apoptosis. We reasoned that starvation-induced apoptosis and AICAR-induced apoptosis are
likely highly similar mechanistically such that a small molecule that inhibits apoptosis under one
condition should inhibit apoptosis under the other condition. Before carrying out experiments,
we confirmed that CBR1 is expressed in the brain. Results of combinatorial testing
demonstrated no synergistic effect between AICAR and IGF-1 (Figure 4.21a), but there was a
possible synergistic effect between AICAR and the CBR1 inhibitor (Figure 4.21b-c).
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Figure 4. 21 Combinatorial treatment of a primary striatal culture model of Huntington's disease with
the AMP kinase activator AICAR and insulin-like growth factor 1 (IGF-1) or with AICAR and an inhibitor
ex1

to carbonyl reductase 1 (CBR1). Neurons were transfected with htt -Q97-eGFP and drugs were added
immediately after transfection. Drugs were replaced, along with fresh media devoid of serum, every 3
days. a) Treatment with IGF-1 and AICAR combined did not improve survival over treatment with IGF-1 or
AICAR alone. b) Treatment with the CBR1 inhibitor plus AICAR produced a statistically insignificant
improvement in survival compared to the survival effects of CBR1 inhibitor treatment or AICAR treatment
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alone. c) Because of the promising but statistically insignificant results from the trial in (b), another trial
was performed. Here, the combination of the CBR1 inhibitor plus AICAR again improves survival above the
survival effects of CBR1 inhibitor treatment or AICAR treatment alone. Compared to the control curve, the
survival benefit of CBR1 inhibitor plus AICAR has marginal statistical significance (p=0.08, logrank test),
whereas neither CBR1 inhibitor treatment nor AICAR treatment alone have a statistically significant
survival benefit over control.

We conclude that there may be a synergistic effect between AICAR treatment and CBR1
inhibition in our primary striatal neuron model of HD. Follow-up testing of this rational
combinatorial therapy is warranted, especially given the high specificity of the CBR1 inhibitor
and the clinical availability of an AMP kinase agonist (metformin).

Klotho:
Klotho is a single-pass transmembrane protein that functions as a hormone when its
extracellular domain is cleaved. The protein gained considerable interest in the past few years
since klotho knockout mice have a progeriod phenotype and shortened lifespan while mice
transgenically overexpressing klotho have a prolonged healthspan and lifespan.247 248 The
mechanism behind klotho’s lifespan modulating effects is not clear, but it may be linked to
alterations in insulin and IGF-1 signaling, which is known to control lifespan in diverse
organisms.249
Given that a major risk factor for HD is age250 and modulations in insulin signaling have been
shown to affect the phenotype of simple animal models of polyQ toxicity251, we explored the
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effect of secreted klotho on our primary striatal culture model of HD. In an initial round of
testing using two doses of klotho (0.3 nM and 3 nM), we found no difference in the survival
effect between the two doses, but klotho treatment did produce a statistically insignificant
reduction in toxicity compared to untreated neurons (Figure 4.22a). However, repeated testing
using just the 0.3nM dose of klotho revealed no benefit to the treatment (Figure 4.22b).

Figure 4. 22 Survival testing of klotho, a secreted protein modulator of aging, reveals very modest
effects on survival in our primary striatal neuron model of Huntington's disease. Striatal neurons were
ex1

transfected with htt -Q97-eGFP. a) On initial testing, klotho was tested at doses of 0.3 nM and 3 nM.
Both doses showed comparable effects on survival of mutant htt transfected neurons. Treatment
produced a statistically insignificant drop in toxicity compared to untreated neurons. b) We repeated
testing with the 0.3 nM dose but saw no difference in survival between treated and untreated neurons.
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We conclude that Klotho treatment may provide a survival benefit in our primary striatal culture
model of HD, but the effect is likely modest. Further confirmatory testing would be required to
make stronger conclusions.

Genes within chromosomal loci that modify age at symptom onset for Huntington’s
disease patients: trace amine-associated receptor 1 (TAAR1) and collapsin response
mediator protein 4 (CRMP4)
Since polyQ length accounts for only 50-70% of variability in age at onset of symptoms in
Huntington’s disease, HD clinicians are searching for other genes that explain the remaining
variability in age at symptom onset through linkage disequilibrium studies. We searched all the
chromosomal regions identified in these studies as possible modifiers of age at symptom onset
and decided to test two genes within these susceptibility loci.

Trace amine-associated receptor 1 (TAAR1):
In the search for genetic modifiers that explain age-at-onset differences among HD patients with
the same polyQ length in their mutant htt allele, several candidate gene regions have been
isolated. One of the few loci that has been replicated in all three major linkage studies
performed to date is at chromosome 6q22-24252 253 254, which is also a susceptibility locus for
another dopamine-related disorder, schizophrenia.255 While there are several candidate genes
within this locus, some of the most interesting are the trace amine receptor gene family. These
receptors are G protein-coupled receptors that may be targets for endogenous trace amines,
which are molecules with unknown biological function but a strong structural relationship to
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classic monoaminergic neurotransmitters such as dopamine. The trace amine-associated
receptor 1 (TAAR1) has expression in the striatum and may participate in motor control. Thus,
the receptor is an intriguing candidate for modulating age-at-onset in HD.256
While the entire panoply of endogenous agonists for TAAR1 are not yet known, one recently
discovered full and potent (nanomolar) agonist is 3-iodothyronamine (T1AM), which is a
naturally-occurring metabolite of thyroid hormone. Exogenous administration of T1AM to
rodents induces rapid hypothermia and behavioral suppression257, although it is not clear if all of
these effects are acting through the TAAR1 receptor.258 Given these potent neuroactive effects
and the placement of TAAR1 in the middle of an HD age-at-symptom onset locus, we explored
the effects of T1AM administration on our primary neuron model of HD.
We first tested 3 doses in the concentration range known to be active in cell cultures from
previous experiments (personal communication; Tom Scanlan). This experiment was carried out
on primary cortical neurons rather than striatal neurons. We noticed no difference in protective
effect between the different doses, suggesting saturation. We did, however, see a significant
protective effect of the compound compared to untreated neurons (Figure.4.23a; p=<0.001,
logrank test). We retested the compounds, this time on primary striatal neurons, at a high and
low dose and again saw no difference in dose effect, but a significant improvement in survival in
the drug treated groups (Figure 4.23b; p=0.0019, logrank test). Because the survival curve for
the untreated group in Figure 4.23b appeared to have accelerated toxicity at around t=75 hours,
we were concerned that our control group had non-specific toxicity. We therefore repeated the
experiment 3 more times, comparing the lowest dose 3-iodothyronamine (T1AM) with control
(Figure 4.23c-e). In these three trials, we failed to detect a significant improvement in survival in
the treated group. For the trial in Figure 4.23e, we had enough room on our plates to
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concurrently assess for polyQ-dependent toxicity, but the survival of httex1-Q17-eGFP and httex1Q97-eGFP transfected neurons (all untreated) were statistically indistinguishable (data not
shown).
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Figure 4. 23 Testing of 3-iodothyronamine (T1AM), a potent TAAR1 agonist, reveals a modest but
inconsistent protection against mutant huntingtin toxicity. Cortical or striatal neurons were transfected
ex1

with htt -Q97-eGFP. a) On initial testing, T1AM was tested on primary cortical neurons. All doses of T1AM
tested (0.1 uM, 1 uM, 10 uM) showed fairly equivalent survival effects. All were protective over untreated
neurons (p<0.001, logrank test). b) We repeated testing on primary striatal neurons with the 0.1 uM and
10 uM doses and again saw no difference in survival effects between the two doses. Both doses were
protective over untreated neurons (p=0.0019, logrank test). c-e) On follow-up testing on primary striatal
neurons with the 0.1 uM dose of T1AM, there was no significant survival difference between treated and
untreated neurons.

We conclude that T1AM may provide a survival benefit in our primary cortical or striatal neuron
model of HD, but further testing is needed to confirm or refute this. As a caveat, a study
published after we performed the experiments above demonstrated that some of T1AM’s most
potent phenotypic effects in mice (especially hypothermia) may be independent of TAAR1259,
suggesting that T1AM acts through additional receptors. Thus, it is unclear if testing T1AM in the
future is equivalent to testing pure TAAR1 agonism. Therefore, two types of follow-up studies
may be warranted. In one set of studies, the effects of T1AM on our primary striatal culture
model of HD should be measured. In the other set of studies, an HD mouse model should be
crossed to the recently generated TAAR1 knockout mice260 to see whether TAAR1 is the gene in
the 6q22-24 region that can modify age-at-onset of symptoms in HD.

Collapsin-response mediator protein 4 (CRMP4):
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The collapsin-response mediator family of proteins (CRMPs) play roles in axonal outgrowth and
cytoskeletal remodeling.261 262 In a review of the literature on alterations in gene or protein
expression in HD animal models, we discovered CRMP4 to be upregulated with disease
progression in several studies.263 264 Further, the protein was upregulated more in affected areas
of HD animal model brains than unaffected areas.265 Interestingly, the human CRMP4 gene (also
known as dihydropyrimidinase-like 3) maps to the same 5q32 locus identified in a large HD
patient cohort as a suggestive location for genes that modify the age at onset of HD.266
Unpublished data267 suggests that CRMP4 is upregulated late in the disease process in another
animal model of HD (R6/2), colocalizes with IBs in the cortex but not striatum of R6/2 mice,.and
inhibits mutant htt aggregation in cell culture models of HD. CRMP4 has also been implicated in
mediating toxicity in a mouse model of another proteopathic neurodegenerative disease,
amyotrophic lateral sclerosis268, while other CRMP family members have been implicated in a
host of neuropathologic conditions ranging from Alzheimer’s disease to depression to stroke.269
270 271 272 273

Given the potential links between CRMP4 and HD, we sought to understand the effects of
CRMP4 overexpression in our primary striatal neuron model of HD. CRMP4 has two splice
variants, CRMP4a and CRMP4b. CRMP4a lacks the N-terminal 15 amino acids of CRMP4b.274 We
therefore transfected constructs containing each splice variant along with httex1-Q97-eGFP into
striatal neurons and monitored survival by automated microscopy. In the first round of testing,
CRMP4a, but not CRMP4b, appeared to be protective (Figure 4.24a), although this result did not
reach statistical significance. Neither CRMP4a nor CRMP4b appeared to affect neurons
transfected with eGFP only (Figure 4.24a), suggesting htt-specificity to the CRMP effects we
observed. In a second round of testing, we compared how closely the survival of mutant htt
transfected striatal neurons mirrored eGFP-only transfected neurons when the CRMP4a or
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CRMP4b construct was present. As shown in Figure 4.24b, transfection with CRMP4a or CRMP4b
in this experiment reduced the risk of death for mutant htt transfected neurons to levels seen in
eGFP-only transfected neurons. Unfortunately, this experiment lacked a httex1-Q97-eGFP only
positive control. We therefore performed a third experiment directly comparing httex1-Q97-eGFP
neurons with and without CRMP4a or CRMP4b. In this third set of experiments, CRMP4a
demonstrated statistically significant protection in neurons expressing only httex1-Q97-eGFP
(p=0.0004, logrank test). CRMP4b demonstrated a more modest survival effect (Figure 4.24c).
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Figure 4. 24 Testing of collapsin-response mediator protein 4 (CRMP4), a modulator of axon growth,
reveals a protective effect for the protein in our primary striatal neuron model of Huntington's disease.
ex1

Striatal neurons were transfected with htt -Q97-eGFP or just eGFP. a) Neurons were also transfected
with either CRMP4a, CRMP4b, or the empty plasmid backbone of the CRMP4 constructs (pcDNA3.1). On
initial testing, CRMP4a produces a statistically insignificant survival benefit for neurons expressing mutant
htt. Neither CRMP4a nor CRMP4b affects baseline survival of neurons expressing just eGFP. b) In a second
experiment, CRMP4a or CRMP4b cause the survival of neurons expressing mutant htt to be
indistinguishable from neurons expressing just eGFP. c) In a third experiment, we confirm the survival
effect of CRMP4a expression in striatal neurons also expressing mutant htt (p=0.0004, logrank test).
CRMP4b produces a more modest survival effect (p=0.015, logrank test).

We conclude that CRMP4a expression may be protective in our primary striatal neuron model of
HD. Follow-up studies confirming these results are warranted. Additionally, exploring whether
CRMP4a’s protective effect exists only in striatal neurons or extends to other neuron types
would be of interest, given preliminary data that CRMP4a may not be protective against mutant
htt toxicity in cortical neurons (data not shown) and data that CRMP4a overexpression triggers
degeneration in motor neurons but not hippocampal neurons in a cell culture model of ALS.275

Discussion
In chapters 2 and 3, we characterized a primary striatal neuron model of HD and, utilizing this
model, identified a conformation of htt, recognized by monoclonal antibody 3B5H10, that is
highly predictive of neurodegeneration. In this chapter, we take advantage of our extensive
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characterization of the primary culture HD model and our knowledge of a htt conformer that
predicts neurodegeneration to investigate therapeutic strategies for the disease.
Unfortunately, while several therapies had hints of efficacy in our system, we found results to be
highly variable from trial to trial. While we are uncertain of the basis behind this variability, we
lost polyQ-dependent toxicity in our system for some of our trials. Once we realized that we
were no longer seeing robust and reliable polyQ-dependent toxicity, we halted all drug trials and
focused our efforts on investigating how to restore polyQ-dependent toxicity. Despite over a
year of efforts, we were unable to fully resolve the issue, although other members of the
Finkbeiner lab have recently established a modest but reproducible polyQ-dependent toxicity in
a mouse cortical neuron model of HD in 96-well plate format. Some therapeutic candidates
could be tested in this new 96-well format, although leads like CRMP4, which may demonstrate
striatal-specific protection against mutant htt, should be tested in a primary striatal culture
model. Despite this critical caveat, we are able to make some tentative conclusions about the
array of therapeutic approaches we tried.
We first tested the idea that small molecules could allosterically modulate conformations of
mutant htt that participate in pathogenesis. We focused on a conformation of monomeric
mutant htt that strongly predicts toxicity and is recognized by our monoclonal antibody 3B5H10,
described in chapter 3. Our characterization of top hits from a high-throughput screen of
modulators revealed that metergoline, a thiophene compound, and a pyrrolidinone compound
(Figure 4.2) may provide a modest survival benefit to mutant htt transfected neurons at
concentrations just above their respective IC50‘s for modulating conformation in a purified
protein preparation (Figures 4.9, 4.11, 4.13). However, this survival benefit is inconsistent and
should be retested. We further confirmed that the pyrrolidinone compound and, to a lesser
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degree, metergoline appear to decrease the conformation of mutant htt recognized by 3B5H10
in striatal neurons (Figures 4.12, 4.14). We were unable to demonstrate that the thiophene
compound modulates the 3B5H10 conformation of htt (Figure 4.10), although our assay for
measuring conformation in neurons has a lot of variability. Future datasets with even larger
numbers of neurons should help overcome the inherent large variance in our conformation
assay and confirm which compounds can modulate 3B5H10 conformation in situ.
In evaluating whether metergoline, the thiophene compound, or the pyrrolidinone compound
shows the most promise for future studies, factors besides their effects on survival and 3B5H10
conformation in our primary culture model should be considered. For example, while
metergoline is FDA-approved, it may carry significant vascular side-effects at the concentrations
needed to modulate 3B5H10 conformation. Additionally, because metergoline is a natural
product, medical chemistry to look for SAR may be significantly more complicated than for the
pyrrolidinone and thiophene compounds. This complication stems not just from the synthetic
complexity of producing metergoline stereoanalogues (if they are so required to test SAR), given
metergoline’s 3 stereocenters, but also because the molecule has many more structural features
which may impact SAR. In contrast, the thiophene and pyrrolidinone compounds, which are
chemically simpler and easier to synthesize, will also likely produce a more clearly defined SAR
picture given resource constraints on analogue testing.
While we ceased follow-up testing of the urea and benzothiazole conformation modulators from
our high-throughput screen at an earlier phase (Figures 4.4, 4.5, 4.6), we cannot rule out that
these compounds may also be neuroprotective in our primary striatal model of HD. Both
compounds should be retested in assays where polyQ-dependent toxicity is evident. The urea
compound, in particular, demonstrated relatively strong SAR from the high-throughput hits
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(Figure 4.2; Appendix 7) and therefore shows particular promise from a medicinal chemistry
standpoint. Additionally, a series of compounds listed in Appendix 7 appeared promising as hits
in the high-throughput screen but were not tested at all in our primary striatal culture model of
HD. These compounds therefore warrant follow-up testing as well.
A second therapeutic approach we explored involves activation of Akt, which may be generally
neuroprotective to neurons and also specifically neuroprotective in HD through phosphorylation
of serine 421 on htt, a post-translational modification known to decrease mutant htt toxicity.
Despite the obvious risk of activated Akt to promote cancer, we reasoned that the lack of
therapeutic options in HD, combined with its universally fatal outcome, justified exploration of
this approach. Hits from our high-throughput assay, which was performed in cells, were
generally toxic in follow-up testing on a striatal cell line. Thus, only three compounds were
carried through to testing on our primary striatal neuron model of HD: a tetrahydroisoquinoline,
a thiadiazole, and a tetrasubstituted alkene (Figure 4.15). Initial testing of these compounds at
3-5x their EC50 concentration revealed toxicity, including gross toxicity for the
tetrahydroisoquinoline compound (Figure 4.16).
Since we were searching for Akt activators rather than inhibitors, we reasoned that drug dosing
that produces only partial-maximal effects may still have biological merit. We therefore retested
the thiadiazole and alkene compounds at approximately their EC50 concentrations (3 uM and 6
uM, respectively). At these concentrations, both compounds showed some therapeutic
potential, with the thiadiazole compound demonstrating perhaps slightly greater survival
improvement over the alkene compound (Figures 4.17, 4.18). However, results were again
inconsistent and the compounds should be retested once polyQ-dependent toxicity is firmly
reestablished in our primary striatal culture model. During retesting, a wider range of doses for
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each compound should be tried, from below each compound’s EC50 concentration to just
saturating levels (0.2 uM to 20 uM for the thiadiazole and 1 uM to 60 uM for the alkene). This
will help determine how much Akt activation is required to induce a protective effect while
avoiding toxicity associated with off-target effects or hyperactivation of Akt. Additionally, if
either compound proves therapeutic in our httex1 model, the compounds should be retested in a
model expressing a fragment of mutant htt long enough to contain the serine 421 site that is
phosphorylated by Akt and that modulates mutant htt toxicity. Finally, because certain Akt
inhibitors are known to cause paradoxical hyperphosphorylation of Akt276, promising
compounds should be confirmed as true activators by measuring their effects on
phosphorylation of downstream targets of Akt, such at mTor, S6K, or the S421 site of htt.
The emerging intersection between research on organism aging and age-related
neurodegeneration provides several new potential therapeutic pathways for HD. The activation
of AMP kinase, a master regulator of cell response to an intracellular resource-constrained
environment, is known to promote organism lifespan277 278 as well as activate autophagy.279 Both
of these effects may be of significant benefit in HD. However, activation of AMP kinase also has
the potential to block pro-survival signaling mediated by activation of the Akt/mTor pathway by
extracellular signaling proteins such as IGF-1 and BDNF (Figure 4.20). Additionally, excessive
activation of metabolic stress-response pathways that upregulate autophagy may be linked to
cell death.280 Interestingly, Shokat and colleagues recently discovered a small molecule inhibitor
of carbonyl reductase 1 (CBR1) that inhibits cell death induced by starvation in a cancer cell
line.281 Given that starvation strongly activates AMP kinase, CBR1 inhibition may be blocking
pro-death signaling that originates from strong activation of AMP kinase. Given these data on
AMP kinase activation, we were interested in combinatorial therapies that could reap the
beneficial effects of activation while suppressing unwanted effects. We therefore tested an AMP
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kinase activator, AICAR, on our primary striatal model of HD in the presence of either saturating
levels of IGF-1 or the CBR1 inhibitor from Shokat and colleagues. While the combination of IGF-1
and AICAR provided no additional benefit over either treatment on its own, the combination of
AICAR and the CBR1 inhibitor had a modest synergistic effect (Figure 4.21). Therefore, follow-up
testing on our HD model with the combination of AICAR and CBR1 inhibition is warranted.
Another key regulator of organism aging appears to be klotho, a newly characterized single-pass
transmembrane protein that is cleaved extracellularly to produce a circulating hormone. While it
is unclear how klotho exerts its longevity effects, it may be related to modulation of insulin
signaling, which has already been closely linked to lifespan in a wide range of organisms.282 283
Testing klotho’s effects on survival in our primary striatal model of HD revealed equivocal
protective effects (Figure 4.23). To clearly demonstrate a survival benefit to klotho
administration, follow-up testing is needed.
Another HD therapeutic avenue we explored involved genes from chromosomal regions shown
to modulate age-at-symptom onset for HD patients. In particular, we noticed that the entire
family of trace amine-associated receptors (TAARs) are contained in the susceptibility locus
centered on the 4q22-24 chromosomal region and that collapsin-response mediator protein 4
(CRMP4) is in the susceptibility locus centered on the 5q32 chromosomal region. Separate data,
including TAAR1’s putative role in neuronal signaling in the striatum and alterations in CRMP4’s
gene and protein levels in animal models of HD, motivated us to test how manipulating these
pathways in our primary striatal neuron model of HD would impact survival.
To manipulate TAAR1 activation, we utilized a recently characterized, naturally occurring
metabolite of thyroid hormone, called 3-iodothyronamine (T1AM), which has been shown to be
a potent agonist of TAAR1. Interestingly, T1AM has dramatic effects on core body temperature
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and behavior in rodents, suggesting it is a potent neuroactive substance.284 Treatment with 100
nM of T1AM produced very modest survival effects, although results were variable (Figure 4.22).
Follow-up testing will be needed to confirm this survival benefit.
After we tested the effects of T1AM on our primary striatal model, it was reported that T1AM’s
hypothermic effects may not be mediated through TAAR1.285 Thus, it isn’t clear that testing
T1AM and TAAR1 activation are equivalent. Thus, in addition to follow-up studies on T1AM’s
effects in our primary striatal model, it may be of interest to cross the recently-developed
TAAR1 knockout mice286 with HD mouse models to measure whether TAAR1 affects age-atsymptom onset.
Overexpression of CRMP4 and the CRMP4a splice variant, in particular, in our primary striatal
culture model of HD produced significant survival benefits without affecting baseline survival of
eGFP-only transfected neurons (Figure 4.21). Both unpublished data from the Wanker lab and
our own unpublished data (data not shown) suggest that these survival benefits may be specific
to striatal models of HD over cortical models of HD. Therefore, follow-up testing will clearly rely
on reestablishing polyQ-dependent toxicity in a primary striatal (instead of cortical) neuron
model.

In conclusion, using our primary striatal culture model of HD, we tested the survival impact of
manipulating several established and putative therapeutic and pathogenic pathways in HD.
While our results for these therapeutic candidates demonstrated significant variability, we
suspect that much of that variability derives from recently-discovered inconsistent polyQdependent toxicity in the model. Several promising candidates from our initial therapeutic
screens should be retested. In the future, plates should always include not just a httex1-Q97-eGFP
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no treatment control but also a httex1-Q17-eGFP no treatment control. This should help monitor
for polyQ-dependent toxicity on the plate. Plates which don’t demonstrate this polyQdependent toxicity several days into a longitudinal experiment should not be analyzed further.
Additionally, all plates should be monitored on a periodic basis (e.g. every 3 days) for gross
toxicity by simple, qualitative assessment of neuronal health by brightfield microscopy.

Materials and Methods
Plasmids, proteins, and drugs
Htt constructs were previously described in chapters 2 and 3. Small molecules from the 3B5H10
conformer screens and Akt activator screens were obtained from either Sigma or the chemical
library at the Laboratory for Drug Discovery in Neurodegeneration (LDDN) at the Harvard
NeuroDiscovery Center (http://www.neurodiscovery.harvard.edu/research/lddn_2.html).
Compounds from LDDN are identified in the text with the prefix LDN followed by a number. This
number uniquely identifies the compounds according to the LDDN’s chemical library index. The
SirT2 inhibitor was a gift from Eric Verdin at the Gladstone Institute of Virology and
Immunology. AICAR and IGF-1 were obtained from Sigma, while the CBR1 inhibitor was a gift
from Kevan Shokat at the University of California, San Francisco. T1AM was a gift from Tom
Scanlan at Oregon Health Sciences University. Klotho was a gift from Makoto Kuro-O at the
University of Texas Southwestern Medical School. CRMP4a and CRMP4b constructs, which were
cloned into a pcDNA3.1 plasmid, were a gift from Alyson Fournier at the Montreal Neurological
Institute and were described previously.287
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Primary culture, transfection, and drug/protein treatments
Primary culture and calcium phosphate transfection protocols for this chapter are described in
Appendix 1 and Appendix 2. All but one experiment in chapter 4 was performed on striatal
primary neurons (the experiment in Figure 4.22a was performed on rat cortical neurons).
Typically, striatal neurons were harvested from E19-E21 embryos and plated on a 24-well plate
at a density of 0.75-1 x 106 neurons per well. We typically transfected 1-2 ug of total DNA per
well of a 24-well plate. mRFP was transfected as the survival marker for all experiments in
chapter 4. The experiments in Figure 4.24 involved transfection of three different plasmids per
well: mRFP for monitoring survival, an equivalent amount of either a htt construct or an eGFPonly construct, and then an equivalent amount of either a CRMP4a, CRMP4b, or pcDNA3.1
empty vector construct.
After transfection, neurons were maintained in Neuronal Growth Medium without serum. For
the most part, all drugs except for quinacrine and AICAR were dissolved in DMSO and delivered
to neurons from stock solutions at ≥1000x. Experiments from Figures 4.3 and 4.16 involved
delivery of stock solutions to neurons at concentrations ranging from 100x to >1000x. For the
thiophene experiment in Figure 4.9a, the 100 uM treatment group involved delivery of stock
solution to neurons at 100x.
Drugs or proteins were delivered immediately after transfection. Media was completely
removed every 3 days and replaced with fresh Neuronal Growth Medium without serum and
with the appropriate concentration of each drug or protein.
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Immunocytochemistry for determining effects of drugs on 3B5H10 conformation in
situ
Quantitative immunocytochemistry was performed as described in chapters 2 and 3. The first
trial (Figures 4.6, 4.8, 4.10a, 4.12a, and 4.14a) involved addition of drug to wells immediately
after transfection and fixation of neurons 24 hours later. All steps from fixation forward were
performed without the presence of conformation-modulating drugs. The second trial (Figures
4.10b, 4.12b, and 4.14b) involved addition of drug to wells 20 hours after transfection and
fixation 44 hours after transfection. While no drugs were present during the fixation step (15
minutes), the drugs were added back at their appropriate concentrations to all subsequent steps
in the immunocytochemistry protocol up until secondary antibody incubation. The third trial
(Figures 4.10c, 4.12c, and 4.14c) involved addition of drug immediately after transfection and
fixation 24 hours later. Drugs were again added during immunocytochemistry steps as per the
second trial.
Comparisons for reduction of the 3B5H10 conformation with each drug treatment involved first
taking the 3B5H10 staining levels for each neuron and dividing by that neuron’s htt-eGFP
expression levels to obtain a normalized 3B5H10 level for each neuron. The mean of these
values was then compared between each treated group and the untreated group using a twotailed, unpaired, uneven variance t-test (Microsoft Excel).
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Chapter 5: Concluding remarks

Relationships between risk factors and outcome in disease states
A common theme across the work presented in this dissertation is the ability to discern risk
factor-outcome relationships in disease states. The risk factors under question might be basic
observable characteristics - like polyQ length or htt levels for a given neuron, difficult-todirectly-measure molecular aspects of the disease – like htt conformation within the neuron, or
treatment status – like the various small molecule and protein therapeutics we tested in chapter
4. In each case, the ability to relate risk factors to outcome significantly enhances our ability to
understand and alter disease pathogenesis.
In many cases, links between risk factor and outcome are easy to make. When one set of
neurons is randomized to receive a drug while another set of neurons is randomized to receive
vehicle only, any difference in outcome can be attributable to the drug “risk factor.” However,
when multiple risk factors simultaneously exist and we do not have control over manipulating
those risk factors, discerning links between any one risk factor and outcome becomes more
difficult. While we may be able to selectively manipulate a single risk factor in the presence of
others and monitor for changes in outcome, there is danger that the manipulation causes
unintended and unobserved alterations to other risk factors, which then ruins interpretation of
results.
The problem of linking risk factors to outcome is amplified in disease research for several
reasons. First, a huge range of abnormalities can often be simultaneously observed in the
disease state. Second, whereas normal biology follows a well-designed logic imparted by
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evolution, disease abnormalities are haphazardly strewn across the neuron (or other affected
cell) in a way that carries little biological logic. This restricts the use of biologic intuition to relate
abnormalities with each other and with outcome. Third, the origin of most abnormalities seen in
the disease state are unknown. Thus, any experimental manipulation of a single abnormality will
almost assuredly have unknown ripple consequences to other abnormalities. This makes it very
hard to precisely isolate a single abnormality, manipulate it, and measure the manipulation’s
impact on outcome.
Because of these difficulties, which are especially pronounced in disease research, we
developed our automated microscopy system. The system allows us to observe as many
simultaneously existing risk factors as fluorescent protein and microscopy technology will allow.
By employing survival analysis, we can then link each observed risk factor to outcome,
controlling for variations in all the other risk factors. It is this power to control for confounding
that allowed us to reach most of the conclusions we did in this dissertation.

Age-related neurodegenerative disease in the post-genomic era
Despite the full-sequencing of the human genome by 2001 and current efforts comparing whole
genome sequences from multiple humans, it is clear that biological complexity in humans, and
especially the complexity of the human brain, cannot be simply described by genes. While
humans have fewer than 25,000 protein-coding genes, the proteins they code for may be
involved in 650,000 protein-protein interactions.288 Combined with the emerging field of RNAmediated gene regulation, this interactome network likely contributes strongly to human
complexity.
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Laid on top of this backdrop are the age-related neurodegenerative diseases, which all
fundamentally involve protein misfolding. These diseases may alter the entire proteostatic
landscape of the neuron289, causing large ripple effects across the 650,000 protein-protein
interactions in the human interactome. Further, since a single neurodegenerative diseasecausing protein (e.g. – Aβ in Alzheimer’s disease, α-synuclein in Parkinson’s disease, tau in
frontotemporal dementia, or htt in HD) may misfold into numerous monomeric conformations
and oligomeric states in the brain, the ways in which the single protein can perturb the protein
interactome network rapidly multiples. For example, there are now over 400 proteins which
have been shown to be interaction partners with htt (J.M.; unpublished observations). If each
conformation or oligomeric form of huntingtin has a slightly altered interaction profile with
these 400 proteins that, in turn, alters the interaction profile of these 400 proteins, it becomes
clear how global changes in the brain protein interactome can occur as each htt species
increases or decreases in abundance. These global changes may explain why HD, caused simply
by a single, well-defined mutation, has become a disorder with an almost innumerable number
of hypotheses on pathogenic mechanisms.
Given these realities, research progress in the neurodegenerative proteinopathies would be
significantly boosted by techniques that treat misfolded protein species as the new “genes” of
neurodegeneration. Just as genomics research is seeking how various genes contribute to
complex genetic disorders like diabetes and macular degeneration, characterizing the species of
neurodegenerative-disease-causing proteins that exist in situ and how much each species
contributes to pathogenesis will provide a better idea of where to orient research efforts. In this
dissertation, we apply this concept to HD, combining tools that can measure protein species in
situ with tools that can longitudinally link various risk factors (in this case, htt protein species) to
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neuronal fate. Our techniques are generalizable to primary culture models of other
neurodegenerative proteinopathies.

Summary of findings
In this dissertation, we combined automated microscopy, a primary striatal neuron model of HD,
and powerful survival statistics to gain significant insight into how molecular risk factors in HD
relate to each other and to neurodegeneration. We discovered that mutant htt imparts an
elevated but constant risk of death to neurons, suggesting that the neuron does not accumulate
damage over its lifetime but rather suffers from a chronic reduction in homeostatic capacity. As
the polyQ stretch in htt expands, toxicity appears to saturate even though htt levels
paradoxically decrease. We also discovered that the rate limiting steps for inclusion body
formation and neuronal death involve different conformational changes in monomeric htt.
Interestingly, chapter 3 demonstrated that a conformation of monomeric htt recognized by
monoclonal antibody 3B5H10 strongly predicts death. Thus, it is possible that formation of this
conformation is the rate limiting step for neurodegeneration. With this in mind, we screened a
library of small molecules for their ability to disrupt or block the conformation of htt recognized
by 3B5H10. Several of the small molecules from this screen show initial promise as therapeutics
in our primary striatal neuron model of HD.
We also tested a range of other therapeutic pathways in our striatal neuron model. Among the
pathways that showed the most promise were: small molecule activation of Akt, combinatorial
therapy with AMP kinase activators and modulators of starvation-induced apoptosis, activation
of trace amine-associated receptor 1 (TAAR1) with a thyronamine agonist (T1AM), and
overexpression of the axonal-growth regulator CRMP4. Further confirmatory studies in our
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primary striatal model, as well as a more complete evaluation of ideal drug dosing, are needed
before these therapeutic leads are tested in animal models of HD.

Future directions
Inclusion bodies as a marker of a broad stress response by neurons
In chapter 2, we discovered that the time between IB formation and death for a neuron has a
reduced dependence on the neuron’s pre-IB htt levels. Further, separate research from the
Finkbeiner lab demonstrated that IB formation restores function to the ubiquitin-proteosome
system.290 These data suggest that IB may mark a new adapted epoch for the neuron.
Understanding the nature of this adapted epoch should be a goal of future research. Does IB
formation mark an upregulation of autophagy? How does the chaperone-folding network
change in the presence of IBs? Can neurons mount an adapted response without the formation
of an IB or is IB formation integral to the adaptation? The ability of the automated microscope
to temporally monitor multiple biological processes simultaneously should aid in answering
these questions. For example, activation of autophagy can be monitored in real-time with a GFPtagged version of LC3, a protein that is critical for autophagosome formation. Does autophagy
activation, as monitored by GFP-LC3, change after an IB forms? Does autophagy activation ever
change without formation of an IB?

Mechanism by which the htt conformation recognized by 3B5H10 imparts toxicity
Given our isolation of a species of htt that strongly predicts neurodegeneration, we have begun
addressing how this species, recognized by 3B5H10, imparts toxicity on neurons. Over 400
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interaction partners have been identified for htt (J.M., unpublished observations). Since threedimensional protein structure largely governs protein-protein interactions, different conformers
of mutant htt might have alternate interaction partners.291 A change in interaction partners
could mediate pathogenesis by imparting unwanted gain-of-function to those interaction
partners or by triggering loss-of-function by sequestering interactors from their normal protein
partners. Both of these mechanisms have been shown to be involved in the pathogenesis of
another polyQ-mediated neurodegenerative disease, spinocerebellar ataxia 1 (SCA1).292
To understand the specific protein partners that interact with the htt conformation recognized
by 3B5H10, we have begun to co-immunoprecipitate mutant htt from the brains of HD animal
models with 3B5H10. While this strategy should identify interactors that bind the 3B5H10
conformer of htt, it will miss any protein partners that directly interact with the polyQ stretch of
the 3B5H10 conformer. This is because the antibody used for co-immunoprecipitation (3B5H10)
binds to the polyQ region and will therefore only pull down htt if this polyQ epitope is accessible
for antibody binding.
To detect protein partners that interact with the polyQ stretch of the 3B5H10 htt conformer, we
have pursued an alternative strategy. We began with the observation that 3B5H10 weakly stains
the nucleus and Golgi in neurons without mutant htt (Figure 5.1).

156

Figure 5. 1 Background staining pattern for 3B5H10 and another anti-huntingtin antibody in neurons
without mutant huntingtin. 3B5H10 clearly demonstrates a nuclear and Golgi background staining
pattern in untransfected rat striatal neurons while another α-htt antibody that recognizes htt in a polyQdependent fashion (PGA14) has a much more non-specific and diffuse background staining pattern. White
bars represent 5 um.

Because 3B5H10 is a conformation-specific antibody, the targets that the antibody is recognizing
in the nucleus and Golgi must structurally resemble, at least in part, the conformation of the
polyQ stretch in the predictive conformation of htt. We therefore term the background staining
targets of 3B5H10 as “structural mimetics” of the polyQ stretch in the 3B5H10 conformation of
htt. Since protein structure critically determines protein interaction partners, we also reasoned
that the 3B5H10 conformation of htt and the “structural mimetic” targets might have protein
interaction partners in common (Figure 5.2).

Figure 5. 2 Background staining targets of 3B5H10 might share protein interaction partners with the
conformation of mutant huntingtin recognized by 3B5H10. The polyQ stretch of the htt conformation
recognized by 3B5H10 is depicted as a blue triangle (left). Because 3B5H10 is a conformation-specific
antibody, its background staining targets should contain an epitope that structurally resembles this polyQ
structure. This “structural mimetic” epitope is also depicted as a blue triangle (right). Because protein-
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protein interactions are governed by three-dimensional structure, some of the binding partners of the
background staining target (green trapezoid at right) should also be binding partners of the htt polyQ
stretch in the conformation recognized by 3B5H10 (green trapezoid at left).

Therefore, we can indirectly identify proteins that interact with the polyQ stretch of the 3B5H10
conformation of htt by first identifying 3B5H10’s background staining partners, then searching the
literature for known interaction partners of these “structural mimetics,” and then cross-referencing which
of these interaction partners is also already known to interact with the polyQ stretch of htt.
It is possible that HD pathogenesis is mediated, in part, by competition for shared interaction partners
between “structural mimetics” and the polyQ stretch of the 3B5H10 conformation of htt. We can directly
test this possibility by taking advantage of a technique called multicolor bimolecular fluorescence
complementation (MBiFC).
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In bimolecular fluorescence complementation, a fluorescent protein is split

into two pieces, with each piece added onto a separate protein of interest. If the two proteins interact,
they bring the two non-fluorescing halves of the fluorescent protein together, which restores
fluorescence. In MBiFC, a fluorescent protein fragment can be joined to one complementary fragment to
induce one color of fluorescence and joined to another complementary fragment to induce another color
of fluorescence. Thus, we can use MBiFC to monitor, in real time, competition between mutant htt and a
“structural mimetic” for a common interaction partner (Figure 5.3).

158

Figure 5. 3 Multicolor bimolecular fluorescence complementation to detect competition between
background staining targets and mutant huntingtin for shared interaction partners. Blue triangle
represents the 3B5H10 conformation of mutant huntingtin while the purple triangle represents a
background staining target of 3B5H10. A fragment of a red fluorescent protein is fused to mutant htt
while a fragment of a yellow fluorescent protein is fused to the background staining target; neither
fragment fluoresces on its own. The green trapezoid represents an interaction partner that interacts with
both the background staining target and mutant huntingtin. A fluorescent protein fragment that can
interact with either the red fluorescent protein fragment or the yellow fluorescent protein fragment is
fused to the interactor. If the interactor binds mutant htt and the sample is illuminated with the
appropriate wavelength light, red fluorescence will be emitted. If the interactor binds the background
staining target, yellow fluorescence will be emitted.

If we combine MBiFC with our automated microscopy system, we can directly test whether
competition between mutant htt and the background staining target for a common interactor
affects neuronal survival. Following the experimental setup outlined in Figure 5.3, if yellow
fluorescence predicts neuronal survival and red fluorescence predicts neuronal death, then
competition for a common interactor is important for pathogenesis. Given these experimental
possibilities, efforts are currently underway to definitively identify 3B5H10’s background
staining targets.

Using 3B5H10 staining as a surrogate marker for future pre-clinical therapeutic studies
Given 3B5H10’s ability to recognize a species of mutant htt that strongly predicts neurotoxicity,
we envision using the antibody as a marker for efficacy in trials of therapeutics. While there are
likely many ways that a drug may be therapeutic without affecting the abundance of the
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3B5H10 conformation of htt, monitoring for 3B5H10 conformer abundance may complement
more time-consuming and tedious methods for evaluating efficacy.
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Appendix 1: Protocol for primary striatal cultures
Day 1:
Add poly D-lysine/laminin solution to 24-well plate. The solution contains poly D-lysine at a final
concentration of 0.05 mg/ml and laminin at a final concentration of 0.005 mg/ml. Swirl the plate
to ensure that the coating mix covers the entire bottom of the plate. Leave the dishes/coverslips
in the 37oC/5% CO2 incubator overnight.

Day 2:
1. Wash the dishes/coverslips twice with sterile water; remove the final wash and leave them
liquid-free in the incubator.
2. Make up Neuronal Growth Media with serum:
•

911 mL BME Eagle media without L glutamine and with Earle salts

•

50 mL bovine calf serum

•

24 mL 1_1/2 solution (To 97.6 mL of H2O, add 1.4 mL of 2.5 M glucose solution, 0.5 mL
of 0.2 M L-glutamine solution, and 0.5 mL of Pen/Strep solution)

•

4.5 mL Stable Vitamin Mix (To 198 mL of distilled water, mix in the following by stirring:
600 mg L-proline (Sigma P-0380), 600 mg L-cysteine (Sigma C-8755), 200 mg paminobenzoic acid (Sigma A-9879), 80 mg vitamin B12 (Sigma V-2876), 400 mg i-inositol
(meso)(Sigma I-5125), 400 mg choline chloride (Sigma C-1879), 1 g fumaric acid (Sigma
F-2752), and 16 mg coenzyme A (Pharmacia 28-3001-02). Then add the following to 10
mL of distilled water: 0.4 mg d-biotin (Sigma B-4501) and 100 mg DL-6,8-thioactic acid
(Sigma T-5625). Shake to resuspend. Then quickly pipette out 2 mL of the biotin solution
191

and add it to the 198 mL solution above. The ingredients do not dissolve completely, so
stir before aliquoting into Neuronal Growth Media).
•

0.5 mL ITS (stock solution is 5 mL H2O added to Sigma product I1884)

•

5 mL Putrescine (1.6 mg/mL stock solution using Sigma product P7505)

•

5 mL Transferrin (5 mg/mL stock solution using Sigma product T2252)

•

100 uL Progesterone (1.2 mM stock solution using Sigma product P6149).

3. Make up Optimem/glucose solution (add 4 mL of 2.5 M glucose to 500 mL Optimem
(Invitrogen)).
4. Make up DM/KY, filter (0.2 um), and place on ice. Make the DM/KY slightly basic (just
pinkish, approximate pH of 7.5-7.6). During the dissection process, you’ll notice that the
DM/KY solution next to brains in the dish turns yellow. This is from lactic acid release.
Making the DM/KY slightly more basic helps better neutralize this massive lactic acid
release. Composition of DM/KY solution:
Dilute the 10x KY stock prepared below into the appropriate volume of DM.
To make 1000ml DM, add the ingredients below to distilled water for a total volume of 1000
ml and then filter (0.2 um). Store at 4oC in refrigerator.

Volume to
DM Ingredient

Final concentration

Stock concentration

add for 1000
mL

Na2SO4

81.8 mM

1M

81.8 mL
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K2SO4

30 mM

0.5 M

60 mL

MgCl2

5.8 mM

1M

5.8 mL

CaCl2

0.25 mM

0.1 M

2.52 mL

HEPEs

1 mM

1M

1 mL

Glucose

20 mM

2.5 M

8 mL

Phenol Red

0.001%

0.5%

2 mL

NaOH

0.16 mM

0.1 N

1.6 Ml

For 10x KY solution, gradually add small amounts of kynurenic acid to water containing
phenol red and use the color of the phenol red to titrate the pH of the solution back up to
about 7.4 as the acid dissolves. Filter (0.2 um) the mixture of ingredients below and store at
4oC.

Stock

Volume to add

concentration

for 1000 mL

10X KY Ingredient

Final concentration

Kynurenic acid

10 mM

Phenol Red

0.0025%

0.5%

5 mL

HEPES

5 mM

1M

5 mL

MgCl2

100 mM

1M

100 mL

NaOH

1.8925 g

1N

Add dropwise to
titrate pH
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5. Make up the trypsin inhibitor solution and the papain solution BUT DO NOT add papain at
this point; place solutions on ice. To prepare the solutions, add 150 mg of trypsin inhibitor to
10 mL of DM/KY and pH the solution until it is again slightly basic (estimate a pH of 7.5-7.6).
Add 2-3 mg of cysteine to 10 mL of DM/KY to make the papain solution and again pH to
around 7.5-7.6. Leave these solutions at room temperature.
6. Pour ice-cold DM/KY solution into several culture dishes: 1 large dish for the pups and 10cm
dishes for the pup heads, for the intact brains and for the dissected striatum. Place dishes
on ice. Pour all solutions under the hood to keep things as sterile as possible for as long as
possible.
7. Put all the dissection tools you will be working with (several pairs of forceps, a chemical
spatula, one large and one small pair of scissors, and anything else you will need) into an
alcohol bath to sterilize. If infections have been a problem, consider flame sterilizing the
dissection tools and leaving them on the edge of a surface so that the parts that touch the
rat embryos don’t touch any unsterilized surface. While you are doing your dissections
below, be sure to place your dissection tools (when not in use) in a way that maintains their
relative sterility. One way to do this is to have the top cover of a 15 cm dish and place the
forceps/scissors/spatula on the cover such that the end of the instruments that will be
touching the rat brains is hanging off the edge of the dish cover.
8. Obtain pregnant rat

Dissection of striatum:
1. Sacrifice the rat.
194

2. After the rat fails to move spontaneously or in response to pain (touch the eye and look for
a reflex), puncture each lung with a needle. Clean the belly of the rat with alcohol and then
incise along the abdomen and remove the uterus. Place the pups into the large culture dish
on ice. Try hard to prevent the pups from touching the outside of the mother or other
unsterile surfaces. The better you can get the pups straight into the large culture dish, the
better.
3. Remove the heads of the pups and place in a 10cm dish on ice.
4. The rest of the protocol is done on ice, but under a dissection microscope. For each head,
remove the skin and place the two prongs of one set of forceps into and through the eyes of
the head (the head should be positioned so you are looking down on the top of the head).
This pins the head down and allows you to use the other set of forceps to cut into the head.
Use the other forceps (in a closed position) to puncture the part of the skull that is exactly
midline where all the sutures meet. Then carefully run your forceps towards the eyes and
then towards the back of the head to open up a midline cut in the skull (don’t dig down too
far or you’ll scrape brain). Once you have a big enough opening, remove your other pair of
forceps from their position through the eyes and peel the skull back using each forceps,
pulling in opposite directions; this kind of counter-traction is most effective in breaking open
the skull. Once enough of the brain is exposed, take the chemical spatula, dig underneath
the brain, and scoop the brain out. Place the brain into a new 10 cm dish with DM/KY on ice.
5. Repeat the process, but BE SURE that the dish which contains your newly dissected brains
gets swirled every once in a while. This prevents the local buildup of lactic acid around each
brain, which decreases viability of your neurons.
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6. Once you have removed all the brains, you are ready to dissect the striatum. Orient yourself
so that the brain is facing forward (the olfactory bulbs are at the top of your view, and you
are looking down at the top of the brain rather than looking down on the brainstem). For
each hemisphere, use your forceps to dissect longitudinally (sagittal incision) down the
hemisphere. There should be equal amount of cortex to the left and to the right of your cut.
Don’t dissect too deep. Your goal is to just expose the structures underneath the superficial
cortex. When you’ve split open the surface of the cortex, you should eventually be able to
see the fine capillary network that makes up the choroid plexus of the lateral ventricles (you
may need to very gently use the blunt aspect of both forceps to open up the longitudinal cut
you’ve made to see the plexus. Once you’ve located the plexus, you want to push your
forceps down into the incision you made such that you are splitting the cortices exactly
along the plane where the choroid plexus is. This will leave you with a lateral half of the
cortical hemisphere. Once you have isolated this lateral half of the cortical hemisphere,
place it so that the side facing you was previously buried in the brain and the side facing the
dish is the lateral surface of the cortex. From there, you should be able to faintly see a semicircle like structure. The cortex will appear to slightly indent (like it has folded over
something else) on the side closest to the top of the brain (i.e. not the side that was
previously buried). We will call this side the lateral surface. The indentation of the cortex
near the lateral surface creates a semi-circle structure. The striatum is the brain material
that is medial to this semi-circle indentation. You may see the hippocampus posteriorly (it
looks like a banana – a curvy line inside a banana-peel). Be sure to dissect away the
hippocampus. Cut along the semi-circle line and throw out the cortex and hippocampus that
came off. You should now be left with a semi-circle piece of tissue that is MAINLY striatum.
However, the cortex actually coats the piece of tissue you have ON THE BACK SIDE (i.e. the
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side facing the dish). You need to be sure to dissect this remaining cortex off the striatum.
Do this by placing the semi-circle piece of tissue such that the medial aspect of the semicircle (the part of the semi-circle that was oriented towards the bottom of the culture dish
when the brain was intact) is again facing down towards the bottom of the dish. This now
means that the lateral edge of the semi-circle is on top and closest to your eyes. You should
be able to discern a faint tissue plane in looking at the tissue from this angle. The lateral side
of that tissue plane is the cortex that is wrapped around the back of the striatum. Use your
forceps to dissect down through this tissue plane to remove the cortex that has coated the
striatum. Take your piece of freshly dissected striatum and place it in a new 10 cm dish with
DM/KY on ice.
7. Again, every once in a while, be sure to swirl both the dish that has the brains in it and the
dish that has just the striatum in it to help prevent local buildup of lactic acid.
8. Repeat the process on the other cortical hemisphere. When you have just 1-2 brains left to
dissect, take a break and add papain to the papain solution (which is the tube that contains
10 mL of DM/KY plus 1-3 mg cysteine). You should be adding 100 units of papain to the
solution. Place both the papain solution and the trypsin inhibitor solution in the 37oC water
bath. Be sure the water bath is actually at 37 degrees!
9. Finish your dissections.
10. Filter (0.2 um) the papain and trypsin inhibitor solutions. Leave both solutions out at room
temperature.
11. Transfer the striatal tissue to a 15ml conical tube taking as little DM/KY as possible. Once
the tissue has settled remove the extra DM/KY solution.
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Papain treatment:
1. Add 10ml of the papain solution to the dissected tissue and incubate at 37oC for 15min,
mixing every 5min.
2. Remove the enzyme solution.

Trypsin Inhibitor treatment:
1. Add 5 ml of trypsin inhibitor, mix the tissue, and incubate for 10 min at ROOM
TEMPERATURE.
2. After 10 min, remove the trypsin inhibitor and replace with a fresh 5 ml aliquot. Wait
another 10 min at room temperature.
3. Remove trypsin inhibitor solution and wash with 10 mL of Optimem / glucose; the
Optimem/glucose should be at room temperature. Remove the Optimem/glucose solution.

Trituration:
1. Add 5 mL of Optimem/glucose. Triturate gently with a 5 ml pipette until the solution turns
cloudy. The trituration should start off extremely slow. You have to be patient during these
steps of the protocol since your yield and neuronal health will go up substantially if you take
your time and triturate slowly. Also, during your first few rounds of trituration, you should
avoid pipetting the brain/Optimem solution directly into the bottom of the conical tube.
198

Instead, as you pipette out, you should be simultaneously lifting your pipette higher and
higher out of the conical tube. The tip of the pipette should still stay under the Optimem
solution, but it shouldn’t be too far under the surface of the solution. Triturate until the
solution becomes somewhat cloudy (but not too cloudy!). If you triturate up and down with
dissociated neurons (which make the solution cloudy), you’ll cause sheering stress and kill
them. So the goal is to free up enough neurons each round, but stop the trituration as soon
as there are a reasonable number of neurons free in solution.
2. Allow the brain material to settle (at room temperature) and then take the cloudy
supernatant and transfer it to a 50 mL conical tube that is also left at room temperature.
Add 5 mL of new Optimem/glucose to the 15 mL conical tube and repeat trituration.
3. Keep repeating steps 1 and 2. As you increase the number of times you triturate, you will
eventually have to triturate more aggressively (faster and pipetting against the wall of the
conical tube). You should only become more aggressive when gentler methods fail to turn
the solution cloudy and you still have significant brain material left.
4. I typically triturate 10 times for striatum collected from 10-15 brains.
5. Allow everything to settle in the 50 mL conical tube and then take a pipette and suck up the
random debris/DNA/etc. that has accumulated at the bottom of the tube. Be careful not to
contaminate the solution with any unsterile parts of the pipette (e.g. if you are using a
P1000 to suck up the left-over bits in the 50 mL conical tube, the sterile tip may not reach all
the way to the bottom of the conical tube).

Plating cells:
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1. Mix the cell suspension in the 50 mL conical tube and transfer a 10ul aliquot to a tube that
contains 10 ul of DM/KY and 10 ul of Trypan blue. Mix thoroughly, add to the cytometer,
and count the number of cells in the 16 box squares in the 2 opposite corners of the field.
Average the 2 counts or recount if the 2 numbers are different by more than 10%. Multiply
the average by 30, 000 to get the number of cells per ml.
2. Dilute the cells with Optimem/glucose solution to a final count of 0.5-0.6 million per mL and
plate 1 mL per 24 well plate.
3. As you are plating, be sure to add the neurons to the center of the well (don’t squirt the cell
suspension solution onto the side of the well). Also, after adding the cell suspension solution
to all the wells in a row, swirl the plate to make sure the neurons are evenly distributed and
swirl your dispensing container to make sure the neurons don’t settle.
4. Once you have fully plated the neurons, swirl the plate one last time and then don’t move
the plate at all. Just leave the plate in the hood (at room temperature) for about an hour.
This helps ensure that the neurons settle evenly across the whole well. We’ve previously
had problems with the neurons settling preferentially in the center of the well or the
periphery of the well.
5. After an hour, place the plates in the 37 degree incubator and leave for another hour.
6. Check the plates under the microscope to ensure that the neurons have adhered to the well
surface (tap the plate and observe for movements of the neurons under the scope).
7. Assuming the neurons have attached, replace the Optimem/glucose with pre-warmed
Neuronal Growth Media (that includes serum).
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Appendix 2: Protocol for calcium phosphate transfection of
primary neurons
1. Make DMEM/KY solution: Add 50 mL of 10x KY solution from Appendix 1 to 450 mL of
DMEM without pen-strep and without glutamine.
2. Make Neuronal Growth Media from Appendix 1 but without serum. Instead of including
bovine calf serum, replace the serum component with an equivalent amount of BME.
3. Make two types of 2x HBS (Hepes buffered saline) solutions. One will be used in the shock
solution (see below) and the other one will be specifically used for forming the calcium
crystals. This second HBS solution must have exactly the right pH, which can only be known
empirically. Both solutions are made with the same basic components. Add all the
ingredients below and bring up to just under 500 mL with water, pH with 10N and 5N NaOH,
and then bring the solution up to a final volume of 500 mL.

2x Hepes Buffered Saline Component

Amount

NaCl

8g

KCl

0.355 g

Na2HPO4

0.19 g

D-Glucose

1.35 g

HEPES (free acid)

5g

4. pH one solution of HEPES to 7.4. The other solution should be split into 50 mL aliquots and
pH’d so that each aliquot is 0.02-0.05 pH units away from each another and range the
spectrum from pH 6.8-7.25. To implement this protocol, you will have to do pre-testing to
see which of these specially pH’d aliquots forms the best calcium crystals and gives the most
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reliable transfections. I will call this aliquot the pH-optimized aliquot of 2x HBS. If the
calcium precipitate that forms (see below) is not optimal, consider trying a different pH 2x
HBS solution as the “pH-optimized HBS.” Other things that affect precipitate formation
include the quality/type/amount of DNA, the pH of the media to which you are adding the
DNA/calcium solution (higher pH = faster precipitate formation), and the temperature of the
media to which you are adding the DNA/calcium solution (higher temperature = faster
precipitate formation). You may need to adjust each of these variables in any given
transfection to optimize precipitation so that it forms a fine, sandy layer over the neurons,
but isn’t so thick that it induces toxicity.
5. Make the shock solution: Combine all the ingredients below.

Shock solution component
2x HBS (the solution where the pH is
unimportant)

Amount
50 mL

Sterile H2O

38 mL

Cell-Culture Grade DMSO

2 mL

DMEM/KY Solution

10 mL

6. Place the shock solution in the 37°C water bath.
7. For each 24-well plate that needs to be transfected:
Place 50 mL of DMEM/KY into a 15 cm plate (so that there is maximal exposure of the DMEM/KY
solution to the air).
Place 50 mL of DMEM into a 15 cm plate.
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Place 25 mL of Neuronal Growth Media without serum into a 10 cm dish.
Place the DMEM/KY dish and the DMEM dish into an incubator at 37°C and 10% CO2.
Place the Neuronal Growth Media without serum dish into a regular 37°C, 5% CO2 incubator.
8. Be sure you have available an additional incubator at 37°C but with room air composition
(i.e. negligible CO2).
9. Place your remaining DMEM/KY solution in a 37°C water bath (be sure to check that the
water bath is at the right temperature!) with the lid loosely on (so that air can circulate into
the bottle, but no bugs can get in).
10. Take your 24-well plate and replace the Neuronal Growth Media with 0.5 mL of DMEM/KY.
Remove the DMEM/KY and replace with 1 mL DMEM/KY.
11. Place the plates back in the incubator and place the bottle of DMEM/KY back in the 37°C
water bath with the slid slightly loosened.

Preparing DNA/Calcium solution:
1. Calculate compositions for each DNA/calcium solution. Calculate how many wells need to be
transfected with a given DNA construct and then use the following formula (don’t mix these
components yet!):

Component
DNA

Amount Needed per Well of 24-Well Plate
Varies, but usually between 0.5 ug and 3 ug per construct;
no more than 5 ug of total DNA per well of a 24-well plate.
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Sterile H2O

= 12.375 uL – volume of DNA (DNA + H2O + CaCl2 = 13.75
uL)

2.5 M CaCl2

1.375 uL

HBS

13.75 uL

(pH-optimized solution)
Total precipitate

27.5 uL

2. In a 5 mL polystyrene pop-top tube, add DNA, then add water, then add calcium chloride;
gently tap the tube to mix the solution until the calcium is thoroughly mixed in.
3. Drip the HBS into DNA/H2O/calcium solution (slowly; drop-wise) while grating the
polystyrene tube on a grated surface (to help agitate the solution).
4. After all the HBS has been dripped into the tube, gently tap the tube to make sure the
solution is mixed. Then push down any drops that are stuck to the side of the tube with a
pipette tip.
5. Place the DNA/calcium solution in the dark and leave for 10-15 minutes.
6. Take the 24-well plate out of the incubator and wash each well with the DMEM/KY from the
water bath, using 0.5 mL per well. Wash one more time and be sure that the final amount of
DMEM/KY in the well is 0.5 mL. It is CRITICAL to have this amount in the well! Be sure to let
the plate stand for at least 5 minutes after adding the last round of DMEM/KY – you want to
let the wells alkanalize to a degree.
7. Take out the DNA/calcium precipitate from the dark and gently tap the tube to mix.
8. Add 25 uL of the solution to each well. Be sure to add the precipitate to the CENTER of the
well. Also be sure NOT TO touch the DMEM/KY solution in the well with the pipette tip. The
pH of the well solution is different than the pH of the DNA/calcium solution and you
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therefore don’t want to contaminate the DNA/calcium solution with your pipette tip as you
alternate between the DNA/calcium tube and the wells on the plate.
9. After every 4-6 wells, swirl the plate to make sure the precipitate is evenly distributed across
the wells.
10. Work quickly as it is important to try and have all wells “see” precipitate at about the same
time. This helps prevent some wells from forming too much precipitate while other wells
haven’t formed enough precipitate.
11. When all the precipitate has been added to the wells, swirl the plate one more time and
then place the plate in a 37°C incubator WITH ATMOSPHERIC CO2 (not a 5% CO2
incubator!). This step is also critical. Calcium crystals form at alkaline pH, so you want to
minimize the exposure of the DMEM/KY media to the high CO2 content of a typical
incubator, which will excessively acidify the solution.
12. Wait 15 minutes and then check on the status of the crystals. The goal is to have a fine,
sand-like pattern to the crystals. It will take trial and error to discover how much
crystallization is enough. If you have too few crystals, your transfection efficiency will be
really low. If you have too many crystals, your toxicity will be high. There is a very fine
sweet-spot that takes trial and error to achieve. In general, the time the neurons see
calcium crystals is less important to overall toxicity than how heavy the calcium crystal
precipitate is when you go to wash it off.
13. If the precipitate isn’t yet heavy enough, return the plate to the 37°C atmospheric incubator
and keep rechecking every 10-15 minutes. You don’t want the precipitation to go too long,
so be sure to check frequently enough.
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Taking off the calcium precipitate:
1. Just before the precipitate is heavy enough, take the DMEM/KY solution from the 37°C/10%
CO2 incubator and place the solution into sterile bottle such that the surface area exposed
to air is minimized. The goal here is to keep this solution at an acidic pH for as long as
possible while it is out of the incubator.
2. When the precipitate is heavy enough, remove the DMEM/KY and replace with 0.5 mL of
shock solution, which should have been preincubating in the 37°C waterbath. Keep the
shock solution on each well for 3-4 minutes (starting from the time it first gets introduced
onto the well).
3. Remove the shock solution and wash with 1 mL of the DMEM/KY solution from the 10% CO2
incubator. Remove the DMEM/KY and wash again with the DMEM/KY solution from the 10%
CO2 incubator.
4. Place the plate back in the 37°C/5% CO2 incubator and leave for 30 minutes.
5. Check the wells after 30 minutes under the microscope to see if the calcium crystals have
fully dissolved. If they haven’t, return the plate to the incubator for another 10-30 minutes,
depending on how much calcium crystal precipitate is left. Warning: if you see calcium
crystals after the first 30 minute incubation, it is likely you’ll see higher toxicity for your
transfection.
6. Just before you are ready to wash the DMEM/KY solution off, take the DMEM solution that
is in the 37°C/10% CO2 incubator and place it in a bottle that minimizes surface area
exposed to air.
7. Remove the DMEM/KY and replace with 1 mL DMEM from the 10% CO2 incubator. Wash
the DMEM off and again replace with 1 mL DMEM from the 10% CO2 incubator.
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8. Check under the microscope; there should be zero calcium crystals left. If there are, you may
see higher toxicity. Consider (although not necessary) washing several more times with
DMEM that has been equilibrated at 10% CO2.
9. Replace the DMEM with 1 mL Neuronal Growth Media without serum that had been preincubating in the 37°C/5% CO2 incubator.
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Appendix 3: Initial huntingtin levels predict average huntingtin
levels for transfected neurons

Plots of initial htt levels (measured 24 hours post-transfection) against average htt levels for the
same neuron. Average levels represent the average of htt levels at all time points up until the
neuron forms an IB or dies. Plots represent striatal neurons transfected with pGW1-httex1-Q17-or72-eGFP.

Experiments were originally designed for drug treatment evaluation, so neurons were

treated with 750 uM AICAR (an intermediate of inosine monophosphate and an activator of
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AMP kinase), 100 ng/mL of insulin growth factor 1 (IGF-1), a combination of AICAR + IGF-1, or
nothing. Note that for some neurons, the initial htt measurement and the average htt
measurement are the same, since the neuron formed an IB or died after the first imaging time
point. The slopes and R2 values for the linear regression fits of each plot are presented in the
black rectangle. When the neurons that formed an IB or died after the first imaging time point
are excluded from the plots, the resulting slopes and R2 values are presented in the red
rectangle. Note that, for the most part, average htt levels are greater than initial htt levels,
especially if the neuron lives long enough (For example, the slopes of the regression lines for
datasets that contain neurons which die or form an IB after the first imaging time point are
generally lower than the slopes of the regression lines datasets without neurons that die or form
an IB after the first imaging time point). Since the longer a neuron spends free from IB formation
or death, the more opportunity there is for initial htt levels and average htt levels to diverge, it is
also informative to look at average time to IB formation or death for each cohort of neurons
plotted above. That information is as follows:
Mean time to
Cohort of
Neurons

first event
(IB formation
or death);

2

R ; all
neurons

all neurons
Q17 with 750 uM
AICAR
Q72 with 750 uM
AICAR

Mean time to first event

R2; excluding

(IB formation or death);

neurons that

excluding neurons that

form IB or die

form IB or die after first

after first

time point

time point

98.15 hours

0.5591

108.21 hours

0.5464

65.25 hours

0.8606

82.58 hours

0.6948
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Q72 with 100
ng/mL IGF-1
Q72 with AICAR
and IGF-1
Q72 no drug
treatment

67.53 hours

0.6925

83.73 hours

0.5148

71.56 hours

0.6653

84.91 hours

0.3707

70.96 hours

0.8644

87.91 hours

0.7627

The table reveals only a weak relationship between survival times and R2 values.
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Appendix 4: Method for quantitatively determining which
huntingtin species best predicts neurodegeneration

Assessing quantitative relationships between neuronal survival time and the risk
factors of polyglutamine length and diffuse huntingtin levels
Previously, we combined automated microscopy with Cox proportional hazards analysis to
determine how well particular risk factors predict an outcome of interest in a primary striatal
neuron model of HD. The system was used here to determine how well polyQ length or diffuse
htt levels predict striatal neuron survival.
To begin, we diagram the relationships we were interested in quantifying. Do “Htt Levels” or
“PolyQ Length” determine “Survival Time?” ((i) in schematic A below):

Schematic A

If so, what are their respective contributions? Next, we utilized our automated microscope
system to individually track thousands of neurons over time, quantifying the risk factors of
interest (PolyQ Length and Htt Levels) in each neuron and then recording the outcome of
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interest for that neuron (Survival Time: the time point at which each neuron dies). Because our
previous work showed that levels of diffuse mutant htt predicted neuronal degeneration and
were sufficient to cause neuronal death without IB formation, we focused our analysis of the
present study on neurons that did not form an IB; the risk factor “Htt Levels” therefore refers to
levels of diffuse htt.
We next measured “Htt Levels” (at ~24 hours after transfection of htt into neurons) and
“Survival Time” for each neuron from the images we collected. We recorded these values, along
with the “PolyQ Length” of the construct transfected into each neuron, in a table ((ii) in
schematic A above). We previously validated the measurements of the fluorescence of the eGFP
tag fused to httex1 as an accurate estimate of httex1 levels (“Htt Levels”) in neurons.i In Appendix
3, we also show that intraneuronal htt levels at the first time point after transfection can be
used as a reasonable correlate of levels in a neuron across its entire lifetime until either IB
formation or death. Bivariate Cox proportional hazards analysis was then applied to these data
to determine whether any of the measured variables (e.g., “Htt Levels”, “PolyQ Length”)
significantly determine the outcome (e.g., “Survival Time”) ((iii) in schematic A above; the
stronger the association, the wider the arrow).
In chapter 2, Cox analysis of our automated microscopy data revealed “Htt Levels” as a major
negative predictor of “Survival Time” for populations of neurons with the same mutant “PolyQ
Length”. Therefore, we considered the possibility that “Htt Levels” are the major negative
predictor of neuronal survival for any neuron with mutant htt, regardless of “PolyQ Length.” To
test this possibility, we reanalyzed our automated microscopy data combining neurons from all
“PolyQ Length” categories and performing univariate Cox analysis with “Htt Levels” as the sole
risk factor. This analysis revealed that “Htt Levels” alone do not significantly predict “Survival
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Time” because neurons transfected with htt containing longer polyQ expansions have shorter
“Survival Times” but lower steady state “Htt Levels” (see chapter 2 results).
These findings motivated us to look for a better unifying predictor (risk factor) of neuronal
“Survival Time” than “PolyQ Length” or “Htt Levels.” We reasoned that an epitope of a
malfolded species of htt, whose abundance presumably is related to “PolyQ Length” and “Htt
Levels,” but which might be more specifically measured by some conformation-specific α-htt
antibody, could be just such a unifying predictor of neurodegeneration (see schematic B below).

Assessing quantitative relationships between neuronal “Survival Time” and the risk
factors of 3B5H10, MW1, EM48, and MW7 binding to diffuse mutant huntingtin in situ
Because antibody staining requires the fixation of neurons, we could not directly utilize the
longitudinal tracking methodology described above to determine how well certain epitopes
recognized by α-htt antibodies predict neuronal survival. As a result, we related antibody
staining in situ to neuronal “Survival Time” by the schematic below (which reads in
counterclockwise manner).
To begin, we ask, “How do the risk factors in Schematic A from above (“Htt Levels” or “PolyQ
Length”) relate to a new outcome of interest (“Level of Antibody Binding”)?” ((i) in schematic B
below; the risk factor “Htt Levels” refers to levels of diffuse htt as before):

Schematic B
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To answer this question, we performed quantitative immunocytochemistry ((ii) in schematic B
above). Neurons transfected with Httex1-(Qn)-eGFP constructs are fixed (at the same posttransfection time (~24 hours) as “Htt Levels” are measured for the separate set of neurons
undergoing the automated microscopy survival experiment in schematic A) and labeled with an
α-htt antibody and a fluorescently labeled secondary antibody (Cy5 or Alexa647). For each
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neuron, the fluorescent signal from the secondary antibody (Y axis) and the fluorescent signal
from the eGFP tag attached to httex1 (X axis) are recorded and plotted (see Figure 3.3a for actual
plots of the four antibodies tested in this study). Linear regression analysis of these data yield
equations with slopes that quantitatively relate “Htt Levels” to “Level of Antibody Binding” in
situ for versions of httex1 with different polyQ lengths ((iii) in schematic B above). Importantly,
multiple types of non-linear regression curves were fitted to the data, including penalized
splines, but linear regression with a zero intercept proved to be as good as other models tested.
With the linear regression “calibration” equations from (iii) in schematic B above, the “Level of
Antibody Binding” for any live neuron can be estimated from its “Htt Levels” and “PolyQ
Length.” Thus, we are able to estimate how much antibody binding would have occurred if the
neurons from the automated microscopy experiments in schematic A had been stained. First,
the survival data from (ii) in schematic A are recopied as (iv) in schematic B. Next, the values for
“Htt Levels” in each neuron, whose survival has been measured, are replaced with estimates of
the amount of each epitope in that neuron by multiplying “Htt Levels” by the linear regression
“calibration” coefficients from (iii) in schematic B. Thus, the resulting table in (v) from schematic
B contains the survival outcome measure for each neuron and the new risk factors whose
predictive value we wish to test—the amounts of binding for each antibody in each neuron.
With the new survival data table in (v) from schematic B, we then used multivariate Cox analysis
to determine whether binding by any of these antibodies predicted decreased “Survival Time”
((vi) in schematic B).
In implementing the methodology described in schematic B, we considered four statistical
concerns: (1) estimation error, (2) the potential collinearity of risk factors submitted for Cox
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analysis, (3) the Cox model assumption of proportional hazards, (4) the Cox model assumption
of a loglinear relationship between risk factors and outcome.
(1) Because the antibody risk factors in the survival data table from (v) in schematic B are
estimated based upon linear regression “calibration” equations, there is an inherent “estimation
error” embedded in these values that we must account for during Cox analysis. Indeed, the
incorporation of linear regression within a Cox proportional hazards model and the need to
propagate “estimation error” through the entire analysis strongly suggest the use of a
hierarchical Bayesian statistical approach (see Figure 3.4 for schematic of hierarchy). Because
we applied a hierarchical Bayesian statistical approach, at the bottom of the hierarchy the linear
regression coefficients ((iii) in schematic B) are calculated with an associated variance, and they
are named Bayesian regression coefficients (α) (see Figure 3.3b-e). At the next level up on the
hierarchy, the Bayesian regression coefficients (α) are used to calculate antibody binding values
for survival data table in (v) from schematic B. At the top level of the hierarchy, estimated
antibody binding values (and their associated variance) are then used in Cox analysis ((vi) in
schematic B). The Bayesian approach allows steps iii–vi in schematic B to be consolidated into a
single analytical step with the statistical significance of the final results (see Figure 3.5)
accounting for all “estimation error” in the methodology. Because regression coefficients were
calculated using Bayesian analysis, the linear regression equations that appear in (iii) from
schematic B are illustrative only.
(2) A second statistical consideration for the Cox model arises when risk factors are
simultaneously evaluated (multivariate analysis); in such analyses, it is assumed that the
submitted risk factors are at least partly independent of each other (i.e., not completely
collinear). When many highly collinear risk factors are simultaneously entered into the Cox
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model in a conventional manner, the model breaks down, and results lose biological meaning.
To address this concern, we turned to a variable selection technique called LASSO, which helps
shrink a pool of risk factors (in our case, all four antibodies) to the minimum number needed to
explain an outcome (decreased “Survival Time”). The LASSO technique shrinks the contributions
of risk factors excessively collinear with other risk factors, leaving sufficiently independent risk
factors as the major weights for multivariate Cox analysis. Thus, LASSO and its Bayesian
formulation, the Laplace prior, seek the most parsimonious representation of predictors while
still retaining prediction accuracyii (see Materials and Methods in chapter 3 for how the Laplace
prior was integrated into our hierarchical Bayesian statistical analysis).
(3) The third assumption of the Cox model deals with proportional hazards; this assumption
states that changes in levels of the risk factors (“Levels of Antibody Staining” for each antibody)
should produce proportionate changes in the outcome (decreased “Survival Time”),
independent of time. We validated this assumption using graphical approaches.iii
(4) And finally, a fourth assumption of the Cox model involves the presumed log-linear
relationship between risk factors (“Levels of Antibody Staining” for each antibody) and outcome
(decreased “Survival Time”). This assumption derives from the functional form of the equation
used in Cox models (ln[risk of death] ~ β * antibody level; where β is the Cox coefficient). It is
possible to test whether more complicated relationships between risk factors and outcome exist
by transforming Cox coefficients (β) into more complicated functional forms called penalized
splines and then repeating Cox analysis. Using this methodologyiv, we ascertained results
consistent with the results from our Cox analysis employing the loglinear assumption.
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Appendix 5: Analysis of polyglutamine binding properties of
3B5H10 versus MW1
In separate studies, we crystallized the Fab of 3B5H10 to facilitate comparison to the already
published crystal structure of MW1’s Fv. Both antibodies bind polyQ in a length-dependent
manner. However, 3B5H10 binding to httex1 predicts neurodegeneration significantly better than
MW1 binding. Thus, differences in the polyQ structures recognized by 3B5H10 versus MW1 may
have pathogenic significance. To compare differences in polyQ structures, we first examined the
epitope binding grooves of each antibody (Figure A5.1), which are primarily composed of
complementarity determining regions (CDR) 1 and 3 from both the heavy chain (H-CDR1, HCDR3) and the light chain (L-CDR1, L-CDR3). This comparison revealed that the epitope-binding
groove for 3B5H10 is significantly wider than the groove for MW1.
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Figure A5. 1 Comparison of 3B5H10 and MW1 reveals key differences in widths of each antibody's
respective epitope-binding groove. The structure of H-CDR2 determines differences in the width of the
epitope-binding groove between 3B5H10 and unbound MW1 (PDB: 2gsg). a) Comparison of the antibody
surface for 3B5H10 (left) and MW1 (right). H-CDR1 is pink, H-CDR2 is green, H-CDR3 is orange, L-CDR1 is
cyan, L-CDR2 is red, and L-CDR3 is yellow. The rest of the antibody is tan. A grey line traces the epitopebinding grooves in 3B5H10 and MW1. Y103 of 3B5H10 and Y102 of MW1 are noted to help facilitate
structure orientation in (b) and (c). The eyes next to each structure indicate the line of sight for (b) and (c).
b) Zoomed in view of the relationship between H-CDR2 and L-CDR3 for 3B5H10 (left) and MW1 (right),
colored as in (a) and seen from the line of sight indicated by the eye labeled “A5.1b” in (a). In MW1, HCDR2 and L-CDR3 pack tightly against each other via two putative hydrogen bonds, forming a steep wall
midway through one side of the epitope-binding groove. In 3B5H10, H-CDR2 and L-CDR3 both form
extended β-hairpins that do not significantly interact, leaving a shallower, flexible wall midway through
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the analogous side of the epitope-binding groove. This contributes to the wider diameter midway through
3B5H10’s epitope-binding groove than in MW1. A stereo view of key hydrogen bonds between H-CDR2
and L-CDR3 in MW1 are presented at bottom (dashed lines). The corresponding regions of 3B5H10 (light
green) are superimposed on MW1 (purple). c) Zoomed in view of the relationship between H-CDR2 and HCDR1 for 3B5H10 (left) and MW1 (right), colored as in (a) and seen from the line of sight indicated by the
eye labeled “A5.1c” in (b). In MW1, H-CDR2 and H-CDR1 pack against each other to form a tall wall that
severely restricts the width at one end of the epitope-binding groove. In 3B5H10, the long β-hairpin of HCDR2 pulls it away from H-CDR1, thereby widening the width of the epitope-binding groove at the
analogous end. A stereo view of the key residues in the H-CDR2/H-CDR1 interface that pack against each
other in MW1 is presented at bottom. The corresponding regions of 3B5H10 (light green) are
superimposed on MW1 (purple). Y54 from H-CDR2 of 3B5H10 is noted for reference.

Separate docking studies (data not shown) revealed that the narrow epitope-binding groove of
MW1 only accommodates a single strand of polyQ, consistent with previous X-ray crystal
structures of MW1 in complex with a single-stranded Q10 peptide. In contrast, docking studies
with 3B5H10 demonstrate that the wider epitope-binding groove accommodates two-stranded
polyQ structures. Further, whereas the MW1 epitope accommodates a wide range of polyQ
conformations, 3B5H10 binds to a limited repertoire of polyQ structures. Small-angle X-ray
scattering (SAXS) studies of 3B5H10 bound to various mutant httex1 constructs confirmed a twostranded, compact, hairpin nature to the polyQ epitope in the Fab:httex1 complex (data not
shown). Thus, the prognostic value of 3B5H10 binding over MW1 binding may reflect 3B5H10’s
higher specificity for a limited repertoire of conformers. This subset of all htt conformers, which
contains a compact, two-stranded, polyQ hairpin, may be particularly neurotoxic or closely
related to neurotoxic htt structures.

220

Appendix 6: Staining patterns of 3B5H10 in mutant huntingtintransfected neurons under a variety of experimental conditions
Given the prognostic significance of the htt epitope recognized by 3B5H10, we sought to
characterize the subcellular localization and abundance of the epitope under a variety of
experimental manipulations.

3B5H10 staining of mutant huntingtin near the plasma membrane
To begin, we stained striatal neurons transfected with mutant htt but otherwise unperturbed.
Initial immunocytochemistry demonstrated an apparent preference for 3B5H10 staining of the
plasma membrane (Figure A6.1). Such staining, if true, would suggest the predictive conformer
may be stabilized by membrane association. Since htt has been shown to traffic to membranes,
including roles in endocytic recycling, autophagosome function, and modulation of receptor
signaling, the presence of the predictive conformer at the membrane could suggest mutant htt’s
pathogenic mechanism is related to its known membrane functions.
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Figure A6. 1 3B5H10 demonstrates an apparent preference for mutant htt near the plasma membrane.
A striatal neuron transfected with eGFP tagged mutant htt (left panel) demonstrates relatively uniform
distribution of mutant htt across the neuron soma and processes, but 3B5H10 preferentially stains mutant
htt on or near the plasma membrane (right panel).

However, when neurons were co-stained with an antibody against GFP, the α-GFP antibody
often demonstrated preferential membrane staining as well (Figure A6.2). This was especially
true when the stained neuron was expressing htt-eGFP at very high levels. Thus, we wondered
whether the membrane staining was an artifact.

Figure A6. 2 Preferential membrane staining is not specific to 3B5H10. Concomitant staining with
3B5H10 and α-GFP often reveals membrane staining for both antibodies, suggesting membrane staining
may be artifactual.

To test this possibility, we tried to eliminate the membrane staining with a variety of methods:
•

We increased the Triton X-100 percent in the permeabilization steps of our ICCs.
o

No change in membrane binding.
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•

We changed the fixation protocol, decreasing paraformaldehyde concentration from 4%
treatment for 15 minutes down to 2% treatment for 5 minutes and also trying a 2%
paraformaldehyde, 0.5% glutaraldehyde combination.
o

No change in membrane binding, although incomplete fixation for the 5 minute
2% PFA treatment was apparent (higher number of apoptotic neurons).

•

We altered the order of primary antibody incubation.
o

•

We tried different secondary antibody fluorophores.
o

•

No change in membrane binding.

No change in membrane binding.

We tried tagging primary antibodies directly with fluorophores, which avoids using
secondary antibodies.
o

•

No change in membrane binding.

We pre-treated neurons with digitonin before fixation, which washes away soluble
cytosolic protein, theoretically only leaving behind protein bound to membranes.
Digitonin also increases the permeability of the plasma membrane, theoretically
allowing improved antibody penetration.
o

No change in membrane binding (even though some cytosolic mutant htt
remained behind, as assessed by eGFP fluorescence, 3B5H10 still often
demonstrated membrane staining).
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•

We transfected neurons with a range of unrelated constructs and stained with their
corresponding antibodies.
o

Beta-galactosidase and an α-beta-galactosidase antibody


At high enough beta-galactosidase expression, we saw membrane
staining.

o

Just eGFP and α-GFP


o

At high enough eGFP expression, we saw membrane staining.

The immediate early gene Arc, which tends to be nuclear at the posttransfection times we imaged, and eGFP; staining with α-Arc and α-GFP


At high enough Arc expression, we saw preferential staining of the
nuclear membrane (over the nucleoplasm) with the α-Arc antibody,
even in cases where α-GFP staining of eGFP in the neuron was uniform.

•

Trying different primary antibody concentrations and incubation times (Figure A6.3).
o

At high enough concentrations of 3B5H10, membrane staining disappeared.
However, it is unclear if this disappearance has to do with overcoming a staining
artifact problem. An alternative explanation is that high antibody concentrations
allow 3B5H10 to stain low-affinity epitopes that may theoretically be located
away from the plasma membrane.

224

Figure A6. 3 Higher concentrations of 3B5H10 seem to eliminate preferential membrane staining.
Mutant htt

ex1

transfected neurons were stained first with 3B5H10 primary antibody, then with a

secondary antibody, and then finally with 3B5H10 directly conjugated to Alexa647. Typical 3B5H10Alexa647 concentrations are 1:20-1:50, while typical 3B5H10 concentrations for secondary antibody
immunodetection are 1:3000-1:10,000. Thus, the middle panel above demonstrates a relatively high
3B5H10 concentration while the panel to the right demonstrates a relatively low antibody concentration.
Membrane staining is only apparent in the right panel, even though 3B5H10 staining in the right panel
occurred before 3B5H10 staining in the middle panel.

To further address the ambiguity over whether 3B5H10 staining of the plasma membrane is
artifactual, we turned to 3B5H10 immunogold staining of transfected neurons, followed by
electron microscopy. Before immunogold staining, however, we embedded the neurons in resin
and finely sectioned the resin such that, on average, neurons were “sliced open.” Thus, cytosolic
contents were maximally exposed during incubation with the immunogold-conjugated 3B5H10.
This step was motivated by the hypothesis that membrane staining may result from problems
with the antibody penetrating into the neuron. If the cell is already sliced open before antibody
is introduced, staining artifacts based on penetration problems should be reduced. Electron
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microscopy revealed a modest preference for 3B5H10 staining of the membrane in mutant htt
transfected neurons (Figure A6.4).

Figure A6. 4 Electron microscopy with immunogold detection of 3B5H10 reveals some preferential
ex1

membrane staining. The striatal neuron above was transfected with htt -Q97-eGFP. Right image
represents magnified view of the black box (with arrow) in the left image. Arrows in right image represent
individual gold particles. In preparation for immunogold staining, neurons were embedded in resin and
the resin was thinly sliced such that, on average, each neuron was “sliced open.” This should maximally
expose htt antigens and therefore decrease any staining artifacts based on incomplete penetration into
the neuron.

Given the electron microscopy results, we conclude that it is possible that the 3B5H10 epitope is
preferentially present on or near the plasma membrane. However, we still can’t be certain that
the membrane staining is real versus artifactual, especially considering we see the same
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phenomenon with a wide range of proteins and their respective antibodies. We can conclusively
say, however, that higher 3B5H10 concentrations or lower htt-eGFP expression levels eliminate
membrane staining. All immunocytochemistry quantification of antibody staining in chapter 2
and chapter 3 was performed on neurons that did not demonstrate membrane staining.

3B5H10 staining of diffuse huntingtin in neurons with and without inclusion bodies
IB formation marks an epoch of reduced risk of death for neurons expressing mutant htt. We
reasoned that IB formation may be a marker for an entirely new adapted state for the neuron,
which includes a change in proteostasis machinery such as chaperones, the ubiquitinproteosome system, and autophagic capacity. This newly adapted state may be
neuroprotective. Alternatively, we’ve shown that IB formation reduces a neuron’s levels of
diffuse mutant htt and, in the process, may sequester particular species of htt in the diffuse
fraction that predict neurodegeneration (e.g. the 3B5H10 epitope). If the first hypothesis is true,
then improved proteostasis may preferentially reduce the amount of 3B5H10 epitope left in the
diffuse fraction relative to other htt epitopes that remain in the diffuse fraction. If the second
hypothesis is true, then the levels of 3B5H10 epitope in the diffuse fraction after IB formation,
relative to the total amount of htt in the diffuse fraction, should be unchanged; IB formation is
simply sequestering all diffuse htt rather than sequestering a specific conformation.
To test between these two possibilities, we immunostained mutant-htt-eGFP transfected striatal
neurons with 3B5H10 and looked for neurons that had formed an IB but still had detectable
amounts of diffuse htt. We then drew a region of interest (ROI) around the neuron that
excluded the IB and measured, from this ROI, the amount of 3B5H10 staining compared to the
amount of htt-eGFP in the neuron’s diffuse fraction. This normalized 3B5H10 staining level was
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then compared to normalized 3B5H10 staining in neurons which had not formed an IB. Our
results reveal that IB formation does not alter the relative amount of 3B5H10 epitope that
remains in the diffuse fraction (Figure A6.5). Thus, IBs may afford protection to neurons simply
by sequestering all diffuse mutant htt, including both species that are predictive of
neurodegeneration and species that are not predictive.

3B5H10 Staining of Diffuse Fraction in the Presence
and Absence of an IB
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Figure A6. 5 Neurons with inclusion bodies do not preferentially reduce the amount of diffuse
huntingtin recognized by 3B5H10 compared to other huntingtin conformers in the diffuse fraction.
3B5H10 staining of the diffuse fraction of neurons with (each blue dot represents a neuron) and without
(each pink dot represents a neuron) an IB was compared to the neuron’s diffuse htt levels. Since IB
formation eventually leads to the near complete elimination of diffuse htt, the IB cohort of neurons in this
analysis was a carefully selected population that still had diffuse htt present. Thus, while IB formation
does eventually reduce diffuse htt levels (and, by extension, the absolute amount of 3B5H10 conformer),
IB formation does not change the relative abundance of the 3B5H10 conformer in the diffuse fraction.
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3B5H10 staining of ataxin 1
In chapter 3, we demonstrated polyQ-dependent binding of 3B5H10 to several polyQ-proteins,
including huntingtin, androgen receptor, atrophin-1, and ataxin 3. Ataxin 1 is another polyQprotein that triggers neurodegeneration when the polyQ stretch expands. Ataxin 1 is normally
localized to micro-foci in the nucleus, but when the polyQ stretch contains > 38 contiguous
glutamines, the protein forms large nuclear inclusions and induces disease, likely through a
combination of gain and loss of function.v 3B5H10 stains ataxin 1 (including micro-foci) in a
polyQ-dependent manner, but the antibody fails to recognize ataxin 1 inclusions.
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Figure A6. 6 3B5H10 binds ataxin 1 in a polyglutamine-dependent manner but does not bind to ataxin 1
in inclusion bodies. Neurons were transfected with mRFP (acting as a neuronal morphology marker) and
ataxin 1 tagged to eGFP and containing a polyQ stretch of 2 (top panels), 30 (middle panels), or 82
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(bottom panels) contiguous glutamines. Ataxin 1 is a nuclear localized protein that naturally accumulates
in nuclear puncta. However, at mutant polyQ lengths, the protein also forms inclusion bodies, as marked
by the white arrows in the bottom panels. All images were acquired with the same microscopy detector
settings. 3B5H10 staining, for a given level of ataxin 1, clearly increases as the polyQ stretch expands. But
the antibody does not recognize the nuclear inclusion bodies formed by the ataxin1-Q82-eGFP construct.

231

Appendix 7: Non-toxic compounds that alter 3B5H10 recognition of
mutant huntingtin that were not tested in our primary striatal
culture model
Several compounds emerged from the high-throughput screen of htt conformation modulators
described in chapter 4 that were potent, non-toxic, and drug-like. Among these compounds
were the ones below, which were not tested further in our primary striatal model of HD due to
capacity constraints. These compounds, however, warrant consideration for further testing if
screening capacity increases (Figure A7.1).
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Figure A7. 1 Small molecule modulators of the huntingtin conformation recognized by 3B5H10 that
warrant consideration for initial testing in our primary striatal neuron model of Huntington's disease. a)
Fisetin (LDN-0058389) is a plant polyphenolic flavinoid found in many berry fruits. Like its more wellknown cousin, resveratrol, fisetin is an anti-oxidant and sirtuin-activating compound. b) Urea compounds
from high-throughput screen that had some activity on initial screening. These compounds (LDN-0008938
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and LDN-0008578) differ in the 1-methylpyrazole moiety from the compounds presented in Figure 4.2a
and therefore offer further data to boost SAR analysis. c) Sulfonamide (LDN-0074695). d) Thieno[2,3b]pyridine (LDN-0101036) e) Triazole (LDN-0101078) f) Pyrazole family (LDN-0100352 and LDN-0100305)
g) Quinoline family (LDN-0066338, LDN-0063990, and LDN-0064014).h) Imidazopyridine family (LDN0067111 and LDN-0067113). The compound lacking the chloro substituent on the phenyl ring decreased
FRET efficiency by 61% in initial testing, but no IC50 curve was obtained. i) Peptides (LDN-0053658 and
LDN-0054148).
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