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The Neurodevelopmental Hypothesis of
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Abstract. The current dogma of HD pathoetiology posits it is a degenerative disease affecting primarily the striatum, caused
by a gain of function (toxicity) of the mutant mHTT that kills neurons. However, a growing body of evidence supports an
alternative theory in which loss of function may also influence the pathology.This theory is predicated on the notion that HTT
is known to be a vital gene for brain development. mHTT is expressed throughout life and could conceivably have deleterious
effects on brain development. The end event in the disease is, of course, neurodegeneration; however the process by which
that occurs may be rooted in the pathophysiology of aberrant development.
To date, there have been multiple studies evaluating molecular and cellular mechanisms of abnormal development in HD, as
well as studies investigating abnormal brain development in HD animal models. However, direct study of how mHTT could
affect neurodevelopment in humans has not been approached until recent years. The current review will focus on the most
recent findings of a unique study of children at-risk for HD, the Kids-HD study. This study evaluates brain structure and
function in children ages 6–18 years old who are at risk for HD (have a parent or grand-parent with HD).
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We are entering an exciting time for Huntington’s
disease (HD) research, as there is a phase III clin-
ical trial for a gene knock-down therapy using an
Anti-Sense Oligonucleotide (ASO) [1, 2]. The stakes
are high for patients suffering from this devastating,
deadly disease. Yet in the face of hope is the stark
reality that although the field has made tremendous
advances in drug development for gene knock-down
therapy, very basic principles of HD disease pathol-
ogy still remain unknown. In general, the mechanism
of neuronal dysfunction and premature death is not
known.

1These authors contributed equally to this work.
∗Correspondence to: Peg C. Nopoulos, MD, University of Iowa

Carver College of Medicine, Department of Psychiatry, 8984 JPP,
200 Hawkins Drive, Iowa City, IA 52242, USA. Tel.: +1 319 356
1144; E-mail: peggy-nopoulos@uiowa.edu.

HD is caused by a trinucleotide repeat expan-
sion in the gene encoding huntingtin protein (HTT),
resulting in the production of mutant HTT, or mHTT.
The current dogma of HD pathoetiology posits it is
a degenerative disease affecting primarily the stria-
tum, caused by a gain of function (toxicity) of the
mutant mHTT that kills neurons. In the brain, this
affects very specifically the striatum, and the medium
spiny neurons in particular. However, a growing
body of evidence supports an alternative theory in
which mHTT has a direct affect on brain develop-
ment which plays a vital role in the later degenerative
process. In 2000, Mehler and Gokhan hypothesized
that neurodegenerative diseases could be concep-
tualized as neurodevelopmental disorders with the
origins of disease beginning with abnormal brain
development [3]. This theory is predicated on the
notion that HTT is known to be a vital gene for
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brain development. mHTT is expressed throughout
life and could conceivably have deleterious effects
on brain development. The end event in the dis-
ease is, of course, neurodegeneration; however the
process by which that occurs begins with aberrant
development.

To date, there have been multiple studies evaluat-
ing molecular and cellular mechanisms of abnormal
development in HD. For example see recent stud-
ies on transcriptomics [4], and studies of induced
pluripotent stem cell lines [5–12], as well as stud-
ies investigating abnormal brain development in HD
animal models [13–17]. As a whole, this literature is
rich and supports the notion that abnormal develop-
ment may play a role in the pathogenesis of disease.
However, direct study of how mHTT could affect neu-
rodevelopment in humans has not been approached
until recent years. The current review will focus on
the literature relating to neurodevelopmental deficits
in HD and the most recent findings of a unique study
of children at-risk for HD, the Kids-HD study.

EVALUATING THE EFFECTS OF HTT ON
HUMAN BRAIN DEVELOPMENT: THE
KIDS-HD STUDY

The Kids-HD study is a unique research program
conducted at the University of Iowa for over 10 years.
Funded by the NINDS (and initially also CHDI), the
purpose of this study is to recruit subjects ages 6–18
years of age who are at risk for HD (have a parent,
or a grandparent with HD). In addition, we recruit
children from the surrounding area as community
controls. Families with HD are flown in from around
the country to undergo a brain MRI scan, cognitive
testing, and motor examination at the University of
Iowa. They provide blood or saliva for genetic testing
which are explicitly collected for research purposes
only, meaning that genetic results are de-identified
and not released to anyone, and are not a part of the
medical record. The at-risk children are all confirmed
to be free from any manifestation of disease, i.e., they
do not have juvenile-onset HD. In fact, on average,
children are typically decades away from estimated
disease onset. The design of this unique study enables
the evaluation of brain structure and function from
a developmental perspective, across the entire spec-
trum of repeats from 15 through 59 repeats. Children
with CAG repeats of 40 and greater are labeled Gene-
Expanded (GE) and those with repeats 39 and below
are labeled Gene Non-Expanded (GNE).

To fully understand how mHTT might affect brain
development, it is important to consider what the
function of the normal gene (HTT) is, especially
regarding brain development. At the molecular level,
HTT is a multiple conformation protein that interacts
with many other proteins [8] and has been reported to
have different functions including spindle orientation
during cell division [18], endocytosis [19], transcrip-
tional regulation [20], establishing excitatory circuits
[21], and maintenance of cell morphology [16, 22].
Yet, possibly the most intriguing consideration is that
of the evolutionary biologists, who have argued that
triplet repeat genes enable a unique mechanism of
evolution, and in particular human brain evolution
[23–25].

EVOLUTIONARY ASPECTS OF HTT

HTT is a highly conserved gene. Moreover, the
number of CAG repeats increases with phylogenetic
proximity to humans [26]. HTT is just one of a class
of triplet repeat genes that all share common fea-
tures, including high levels of expansion repeats in the
normal population, and the phenomenon of degener-
ative brain disease once the repeats expand beyond a
certain threshold.

In the study of genes with triplet repeats, it is
noted that repeat number variation can affect diverse
aspects of gene function including transcription rates
and transcript stability, rates of protein folding and
interactions, and protein aggregation [20, 27–29]. It is
speculated that repeat number variations exert incre-
mental quantitative effects, similar to a ‘tuning knob’
which is distinctly different from the binary aspects
of single nucleotide substitutions [23, 30, 31]. Thus,
increasing numbers of repeated elements in a gene
would create a whole range or spectrum of pheno-
types, whereas a single mutation creates only two,
i.e., mutated or not mutated. This foundation of large
variation in phenotype has prompted speculation that
triplet repeats play an important, and potentially ben-
eficial, role in evolution. In addition, it also suggests
that the triplet repeat-expansion diseases are only the
pathological extreme of a more general mutational
process that also contributes to normal brain func-
tion and development. Although expanding repeats
in the non-pathologic range have been shown to
contribute to variation in traits in animals (exam-
ples include yeast cell adhesion and dog skeletal
morphology) [23], few studies have examined the
effect of repeat expansion below disease threshold
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Fig. 1. Theories of HD Etiology.

in humans. Regarding brain function, this hypothesis
would predict that increasing triplet repeats below
disease threshold would be advantageous such that
higher repeats would lead to improved brain function.

ABNORMAL NEURODEVELOPMENT IN
HUNTINGTON’S DISEASE
PATHOETIOLOGY

The neurodevelopmental hypothesis of HD (and
other degenerative disorders) [3] posits that disease-
causing gene affects development of a specific region
or specific brain circuit. These cells are abnormal in
their growth; however they are compensated for early
in life (Fig. 1). Therefore, despite abnormal develop-
ment, there are no overt symptoms. The abnormally
developed cells remain in a ‘mutant steady state.’
These cells are then vulnerable to dysfunction and
degeneration later in life when they are subjected
to stresses and strains, either normal (programmed
synaptic elimination during puberty, the aging pro-
cess) or pathological (toxic effects of mHTT). In
the end, disease pathology results in neural degen-
eration; however, the primary defect—the origins of
disease—is abnormal development.

The threshold at which HD is fully penetrant is
40 repeats. In the same way increasing repeats cause
incremental advantageous changes below disease
threshold [32–34], it is possible that the reversed sit-
uation is evident above disease threshold: increasing

repeats cause incremental deleterious effects. It is
well known that there is a dose-effect of CAG repeats
in HD above disease threshold as there is a direct rela-
tionship between increasing repeats and earlier age
of onset [35]. The developmental hypothesis would
postulate that before disease manifestation, increas-
ing repeats would result in greater developmental
aberration.

MODELING THE EFFECTS OF CAG
REPEAT IN HTT THROUGH THE ENTIRE
SPECTRUM

Figure 2 represents the hypothesis of the effects of
CAG repeat on brain function when considering the
entire spectrum of repeats from below disease thresh-
old through roughly 60 repeats, where 40–59 repeats
are typically associated with adult-onset HD and
≥60 repeats typically result in Juvenile Onset HD or
JOHD (defined as disease manifestation prior to age
21) [36]. In our example, brain function is represented
by IQ. Below disease threshold, the effect of increas-
ing repeats are expected to be advantageous, resulting
in higher IQ. In contrast, above disease threshold
increasing repeats result in lower IQ. Importantly, this
model is considering the effect on the developmental
effect of HTT, meaning that for repeats above disease
threshold the adverse effects of HTT would be seen
well before onset of degeneration of neurons.

MODELING THE EFFECT OF HTT ON IQ
THROUGH THE ENTIRE REPEAT
SPECTRUM

The notion that intelligence has a strong genetic
influence has been known for over 100 years [37],
and general intelligence (IQ) is considered to be one
of the most heritable behavioral traits in humans
[38]. In contrast to the genetic studies that have
identified genes having substantial effects on anthro-
pometric measures such as height and weight, no
studies have identified and replicated any gene, or
gene variant, that significantly relates to intellect [39].
A genome-wide association study (GWAS) meta-
analysis analyzing 35,298 individuals, found two
novel loci that were associated with general cog-
nitive function. Yet, the effect sizes are small with
findings accounting for roughly 0.1% of the variance
[40]. Importantly, GWAS studies identify genetic
variation, but they do not quantify simple repeat
sequences such as CAG repeats in HTT. Our study
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Fig. 2. The left side of the figure models how CAG repeats might effect IQ below disease threshold where the right side of the figure models
how CAG repeats might effect IQ above disease threshold.

Fig. 3. General Abilities Index (GAI). Graph above shows results
of the non-linear model (� = –20.2, p = 0.006) where the x-axis is
represented by groups of subjects binned by CAG repeat length of
the longest allele, and the y-axis is the mean GAI (bars are standard
error) for each group. To obtain mean GAI, ANCOVA was per-
formed between groups, controlling for age, sex, and parental SES.

did just that—evaluated the effect of increasing CAG
repeats on IQ across the spectrum. Figure 3 from
Lee et al. [33] shows the relationship between CAG
repeat length (binned in groups on the x-axis, GNE
subjects in the first 2 bins, GE subjects in the lat-
ter 4 bins) and General Abilities Index (GAI) from
the Weschler Intelligence Scale for Children (ages
6–16) and the Weschler Adult Intelligence Scale
(ages 17–18 years), shown on the y-axis. Note that
for this analysis, the GNE group was composed of
‘at risk’ individuals who were determined to be gene
negative, as well as community controls. While it is
clear that cognitive function is impacted by expanded
CAG repeat (dementia being a primary feature of
the disease), much less is known about the impact
of incremental CAG repeats in the non-expanded
range. The pattern of findings in Fig. 3 recapitulates
the hypothesized pattern of Fig. 2: We observed an
increasing advantage to CAG repeats below disease
threshold with a peak near 40, followed by an increas-
ing deleterious effect of CAG repeat expansion on
IQ [33]. To be clear, these results do not support the
notion that HTT was positively selected for human
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brain evolution; however, the pattern of findings does
suggest that triplet repeat-expansion diseases are the
pathologic extreme of a more general process of nor-
mal brain growth and development. These results
were obtained from children who were decades from
manifesting HD, yet differences in cognitive func-
tion were already noted as a function of CAG repeat
length. This observation further supports the notion of
abnormal brain development above disease threshold
being present decades prior to disease onset.

MODELING THE TRAJECTORY OF
BRAIN DEVELOPMENT

Several studies have evaluated cortical folding pat-
terns in adults with HD to make inferences about
abnormal brain development [41]. Mangin and col-
leagues (2020) examined cortical sulcas length in
adults with HD [42]. While most morphological dif-
ferences between controls and HD patients were
primarily atrophy-related, they also reported absence
of asymmetry in the length of the Sylvian fissure in
HD. Predicated on the notion that asymmetry of the
Sylvian fissure is evident in newborns, the authors
conclude that the presence of mHTT is likely to inter-
fere with normal neurodevelopment.

Our own study addressed the question of abnor-
mal brain development associated with HD in child
and adolescent carriers of mHTT, who will develop
HD in adulthood. Given the central importance of
the striatum to disease pathology, we sought to
identify how this brain region grows and devel-
ops over time (a developmental trajectory) using
structural neuroimaging. To evaluate developmental
trajectories, the Kids-HD study uses an Accelerated
Longitudinal Design (ALD), which is the gold stan-
dard for pediatric neuroimaging studies [43]. ALD
includes a cross-sectional and longitudinal compo-
nent, enabling coverage of a wide age-range within a
short study duration. Consistent with ALD, some par-
ticipants are examined once, while others are assessed
on multiple occasions. Figure 4 from van der Plas, et
al. [44] shows a sample of 169 individuals, with 276
observations from the Kids-HD study showing the
trajectory of cerebral white matter volume (including
individuals from HD families only, i.e., no commu-
nity controls were included in the analysis). The thin
lines connecting individual points represent the same
subject with follow-up visits. The heavy black line
shows the developmental trajectory of the brain tis-
sue across age. The figure is meant to model the

Fig. 4. Age is shown on the x-axis and cerebrum volume (gray and
white matter combined) is shown on the y-axis. Single diamonds
represent a single observation in an individual, while connected
diamonds show repeated observations within the same individual.
The thick, black line illustrates the growth curve across age based
on a combination of cross-sectional and longitudinal components.
To preserve gene status confidentiality, the figure illustrates the
combined gene-expanded and gene-nonexpanded groups.

ALD design, so there is no group comparison of tra-
jectories. Figure 5A from van der Plas et al. [44]
shows the developmental trajectory of the volume
of the striatum in the GE group compared to the
GNE group. The GE group has substantially larger
striatal volumes early in life (age 6) with a steady
linear decline afterward. This is in sharp contrast to
the shape of the trajectory for the GNE controls that
show a gentle increase over time, peaking around ado-
lescence, then declining. Importantly, although the
absolute difference in volume between groups at any
one time may be small, what is more impressive is
the wholly different pattern of growth and develop-
ment that the striatum has in the GE compared to
the GNE group. It should be noted that the GNE
pattern is normal, with volumetric increase likely
reflecting dendritic growth, and volumetric decrease
reflected programmed synaptic elimination or ‘prun-
ing.’ Fig. 5B highlights that the estimated differences
in the groups are largest in the early years.
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Fig. 5. A) Mean estimated age-dependent change of striatal volume in the GE (red) and GNE (green) groups. Note that the GE
curve is based on individuals with CAG < 50, and that results were averaged across sex. B) Striatal volume diference (y-axis)
between GE group (red) and GNE group (horizontal black line) across age (x-axis), along with 95% confidence limits of the dif-
ference scores. C) The impact of CAG repeat length on striatal volume (y-axis) across age (x-axis). CAG repeats <50 did not
affect striatal growth curves (horizontal line labeled <50). For repeats >50, additional repeats were associated with accelerated striatal
decline in adolescence, and possibly with greater hypertrophy before age 10. D) Mean estimated age-dependent change of the globus
pallidus.

Above 50 repeats, there was a significant CAG
repeat effect with increasing numbers of repeats. Fig-
ure 5C describes the finding that above 50 repeats
there was a significant CAG ‘dose effect’ with
increasing number of repeats manifesting in steeper
slopes of developmental change, more hypertrophy

early on and faster rate of decline. As it is a well-
known phenomenon that higher repeats manifest in
earlier ages of onset, one can speculate that a given
threshold of minimum striatal volume is crossed
at an earlier age with increasing length of repeats.
Finally, Fig. 5D shows the effects on the globus
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pallidus showing the same type of pattern seen in the
striatum.

These results support the neurodevelopmental
hypothesis of HD and show that the striatum is abnor-
mal in its growth and development. Yet, if the striatum
is abnormal in development, why is it that the GE chil-
dren are not manifesting motor symptoms of disease?
Recall that in the developmental hypothesis of HD,
the abnormally developed brain regions are compen-
sated for by other brain regions. This compensation
enables somewhat normal functioning of the stria-
tum as it is being held in a ‘mutant steady state’
until later in life. The cerebellum is a likely candi-
date for enabling striatal function in the context of
mutant HTT.

THE CEREBELLUM IS COMPENSATORY
TO THE ABNORMALLY DEVELOPED
STRIATUM

A simplistic overview of the motor system is shown
in Fig. 6 from our most recent publication [45], with
the portion of the figure in the green box represent-
ing the direct pathway (promotes movement) and
the section in the blue box on the right representing
the indirect pathway (inhibits movement). In HD, it
is the indirect pathway that degenerates first, lead-
ing to lack of inhibition and involuntary movements
(chorea). The cerebellum is integrated into striatal
circuity through the indirect pathway [46–48]. Thus,
the cerebellum could possibly compensate for a faulty
indirect pathway, maintaining a balanced system to
prevent the development of involuntary movements.
This model of cerebellar compensation is illustrated
in Fig. 7.

While somewhat overlooked in the past, the
cerebellum has recently been described as both poten-
tially pathologic, as well as compensatory in HD
[49–51]. The cerebellum is often regarded as being
‘spared’ from neurodegeneration caused by HD. The

large PREDICT imaging study showed that every
single region of the brain was affected years before
disease manifestation – except the cerebellum [52].

As mHTT carriers in the kids-HD study are not
manifesting motor abnormalities, it is difficult to
determine true compensatory function of the cerebel-
lum. However, it is possible to evaluate the functional
connectivity between the striatum and the cerebellum
in the study sample. We hypothesized that a compen-
satory mechanism for aberrant growth of the striatum

Fig. 6. The portion of the figure in the green box represents the
direct pathway (promotes movement) and the section in the blue
box represents the indirect pathway (inhibits movement). In Hunt-
ington’s disease, it is the indirect pathway that degenerates first,
leading to lack of inhibition and involuntary movements (chorea).
The cerebellum is integrated into striatal circuity through the indi-
rect pathway. Thus the cerebellum could compensate for a faulty
indirect pathway, restoring balance and preventing the develop-
ment of involuntary movements. Red arrows indicate where the
cerebellum is integrated into the indirect pathway. GPe, globus
pallidus externa; GPi, globus pallidus interna; STN, subthalamic
nucleus. Figure adapted from Bostan et al. [48].

Fig. 7. Model of cerebellar compensation of the abnormally developed striatum in HD. The compensation allows for normal motor function
and maintains the striatum in mutant steady state.
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Fig. 8. A–C) Predicted values from a linear mixed effects regression model of the functional connectivity (R2) between the striatal–cerebellar
regions of interest (dependent variables) over time between groups (age×group interaction term). The model controlled for age, sex, and
scanner, and included a sex×group interaction term and a random effect term per the participant’s slope of age, and a random effect term per
family to account for participants who were siblings. aCB, anterior lobe of the cerebellum; dPU, dorsocaudal putamen; GE, gene-expanded;
GNE, gene nonexpanded; GPE, globus pallidus externus; PN, pontine nucleus; STN, subthalamic nucleus.

would be evident in hyper connectivity between the
cerebellum and the striatum.

To test this hypothesis, we utilized resting-state,
functional MRI (rs-fcMRI) data from participants
enrolled in the Kids-HD study. Subjects were divided
into Gene Expanded (GE) and Gene Non-Expanded
(GNE) groups. Seed-to-seed correlations were calcu-
lated among four regions that provide input signals
to the anterior cerebellum: 1) dorsocaudal puta-
men, 2) globus pallidus externa, 3) subthalamic
nucleus, and 4) pontine nuclei; and two regions that
represented output from the cerebellum: the den-
tate nucleus to the 1) ventrolateral thalamus and
2) dorsocaudal putamen. Higher correlations indi-
cate stronger connectivity between selected nodes.
Linear mixed effects regression models evaluated
differences in developmental trajectories of these

connections over time—a parallel analysis to van
der Plas, et al. which looked at brain volume tra-
jectories [44]. Consistent with the idea that the
cerebellum plays a compensatory role in HD, four of
the six striatal-cerebellum correlations showed sig-
nificantly different trajectories between groups. As
shown in Fig. 8, inputs to the anterior cerebellum
(aCB) from the Globus Pallidus Externa (GPE), Sub-
Thalamic Nucleus (STN), and Pontine Nuclei (PN)
all showed a pattern where in the early age ranges
(6–12 years) there was hyperconnectivity in the GE
group compared to the GNE group, with those trajec-
tories showing linear decline in the latter half of the
age range. Consistent with the idea of a temporary
‘mutant steady state,’ the compensation afforded by
increased connectivity with the cerebellum may not
last.
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Fig. 9. This figure represents the predicted values from a linear
mixed effects regression model of the functional connectivity (R2)
between the dentate nucleus and ventrolateral nucleus of the thala-
mus (dependent variable) over time between groups (age×group
interaction term). The model controlled for age, sex, and scanner,
and included a sex×group interaction term and a random effect
term per participant’s slope of age, and a random effect term per
family to account for participants who were siblings. GE, gene
expanded; GNE, gene nonexpanded.

Regarding the cerebellar output regions of inter-
est, the functional connectivity between the DN to
VL changed at significantly different rates between
groups as well (Fig. 9). Similar to the input seed to
seed correlations, the connectivity in the GE group
began at the youngest age remarkably higher than the
GNE, followed by a significant decline in connectiv-
ity as GE children age. In contrast, the GNE group
showed a positive slope with a modest increase in
connectivity in this age range.

The functional connectivity findings are remark-
ably similar to age-related structural development
of the striatum in GE vs GNE groups. Recall that
our structural neuroimaging results showed initial
enlarged striatum in the GE group relative to the GNE
group around age 6, followed by a linear decline in
volume over time in the GE group. In contrast, the
GNE group exhibited the normal pattern of volume
increase followed by a decrease in volume in ado-
lescence. The observed hypertrophy of the striatum
could be associated with stronger cerebellum connec-
tivity [44].

CAG was found to modulate connectivity between
the STN and input into the cerebellum. Recapitulat-
ing our neuroanatomical results, increasingly higher

Fig. 10. CAG effect over time in functional correlations between
anterior lobe of the cerebellum and subthalamic nucleus. CAG,
cytosine-adenine-guanine.

CAG repeats were associated with increased con-
nectivity at a young age, followed by an accelerated
decline in connectivity across age (Fig. 10). In other
words, the GE phenotype of cerebellum-striatum con-
nectivity was exaggerated among individuals with
increased CAG repeats.

These results provide compelling evidence for
the neurodevelopmental theory of neurodegenera-
tion that postulates that HD starts with abnormal
development of specific regions or circuits. Despite
abnormal neuro-development, brain circuits are able
to maintain relatively normal functioning due to
developmental compensatory mechanisms. Early
striatal enlargement, in combination with hyper-
connectivity to the cerebellum could enable relatively
normal striatal functioning. Tracing studies have
shown the bidirectional communication that occurs
between the cerebellum and basal ganglia, as output
from the cerebellum to the striatum occurs via the
DN, and the cerebellum receives input from the stria-
tum via output from the STN [46]. The increased
connectivity of the striatal input to the cerebellum
may be expected given striatal enlargement; however,
increase in the output from the cerebellum back to the
striatum (via the thalamus) is the finding that most
closely supports the concept of potential cerebellar
compensation.

Cerebellar-striatum connectivity decreases over
time in individuals who inherited mHTT, which
may eventually give way to striatal dysfunction and
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symptom onset. This supposition is supported by
a PET study that showed evidence of cerebellar
and thalamic hypermetabolism in preHD individu-
als. Crucially, a drop in metabolism in these regions
was associated with conversion to manifest HD [53].
If the cerebellum is indeed acting as compensa-
tion for a faulty striatum, it may be the loss of
compensation (rather than primary striatal dysfunc-
tion) that is responsible for motor onset of HD.
In our study, the connectivity dips below normal
in the late teens yet these subjects are still far
from motor onset. This is in parallel to the stri-
atal developmental trajectories that show volumes of
the striatum dipping below normal around age 12,
yet subjects are still decades from symptom onset.
This is consistent with the notion that the thresh-
old for motor onset is far below normal, not simply
at the point at which volumes (or connectivity) dip
below the control group. This is substantiated by
the large presymptomatic studies of PREDICT and
TRACK that show the striatum volume being abnor-
mally low nearly 20 years from onset of disease
[54, 55].

PROPOSED MOLECULAR
MECHANISMS FOR CREATING
THE ENTIRE SPECTRUM OF
PHENOTYPES

The molecular mechanism by which increas-
ing HTT repeats could translate into variability
in function may be related to subtle changes in
the way HTT creates multi protein complex for-
mations [56]. The CAG repeat in HTT codes for
glutamine, which is referred to as Q. Therefore,
genes with CAG repeats are referred to as hav-
ing PolyQ tracts in them. PolyQ tracts in proteins
stabilize protein interactions, most likely through
conformational changes facilitated by the tract [57].
In HTT specifically, the polyQ tract can form a
flexible domain of the protein, allowing the flank-
ing domains to come into close spatial proximity.
Expanded repeats (>40) could produce a ‘rusty
hinge’ rendering it non-functional [58]. Extending
this phenomenon, it is possible that below disease
threshold, the number of repeats manifest in increas-
ingly greater flexibility with a point of optimal
intramolecular proximity, conformation, and func-
tion of the protein. Figure 11 is a representation of
this concept.

Fig. 11. Model of proposed mechanism by which changes in Poly
Q (glutamine) leads to changes in protein conformation and sub-
sequent functional changes.

REDEFINING THE PHASES OF
HUNTINGTON’S DISEASE

Given the findings of our study of children at risk
for HD, it is appropriate to consider a conceptual-
ization of the disease process in three stages: 1) the
developmental stage; 2) the premanifest stage; and
3) the manifest stage. The developmental stage is the
time during which mHTT affects the structural growth
and connectivity of the striatal cerebellar circuitry.
The striatum is held in mutant steady state by com-
pensatory cerebellum mechanisms preventing overt
symptom manifestation and cell death. The preman-
ifest stage of the disease has been well-studied by
the large multi-site programs such as PREDICT [54]
and TRACK [59] and show changes in brain structure
and function occurring up to 15 years before motor
onset. Neurofilament Light (NfL) has been identified
as a potential biomarker of the earliest phases of neu-
ral degeneration during the pre-manifest stage of HD
[60]. The manifest stage of the disease is defined by
significant motor symptoms that are the harbinger of
premature death approximately 15 years after the first
motor symptoms.

CONCLUSION

Current gene therapy trials evaluate the effective-
ness of drugs to slow disease progression. However,
the ultimate goal is to prevent disease. Understand-
ing the entire disease process is vital when making
decisions on when to deliver gene therapy. There are
three important factors to consider in the context of
delivering preventive gene therapy: 1) mHTT impacts
brain development; 2) mHTT impacts brain develop-
ment in a CAG repeat-dependent fashion with higher
repeats creating greater developmental changes;
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and 3) human brain development is prolonged, with
maturational changes such as programmed synaptic
elimination and myelin deposition occurring through
at least age 30 [61]. Determining when to intervene
may well depend on both length of CAG repeat
and age of the GE subject. Important next steps
in our analysis of the Kids-HD study is modeling
brain function (cognitive tasks) trajectories. Figure 3
showing higher repeats with lower IQs is a cross
sectional analysis and does not show how cognition
is developed over time. Although the children with
the higher repeats are still far from onset, many of
them could be approaching the premanifest stage of
disease and could already be experiencing a drop in
cognitive function. The optimum time of delivery
for gene therapy will be the point at which cognitive
function has peaked developmentally and prior to
its decline in the premanifest stage. For those with
repeats in the 40–44 range, the premanifest stage may
not begin until much later in life, however for those
with repeats 45 and greater—and in particular for
those with repeats greater than 50—the point between
the developmental phase and premanifest stage may
well be quite early in life, during the childhood years.

The Kids-HD study was recently renewed by the
NINDS with the following updates. First, we are
expanding to a five-site study with participating insti-
tutes across the US. Second, we are enrolling subjects
between the ages of 6 to 30 years old, expand-
ing our sample to include young adults who are
often overlooked in HD research. Our new study is
called CHild to Adult Neurodevelopment in Gene-
Expanded Huntington’s Disease, or CHANGE-HD.
The major goal of CHANGE-HD is to replicate find-
ings from Kids-HD and collect robust findings to help
guide preventive gene therapy for HD.
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