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Abstract

Background Postmortem and in vivo imaging data sup-
port the hypothesis that premature myelin breakdown and
subsequent homeostatic remyelination attempts with in-
creased oligodendrocyte and iron levels may contribute to
Huntington’s Disease (HD) pathogenesis and the sym-
metrical progress of neuronal loss from earlier-myelinating
striatum to later-myelinating regions. A unique combina-
tion of in vivo tissue integrity and iron level assessments
was used to examine the hypothesis.

Methods A method that uses two Magnetic resonance
imaging (MRI) instruments operating at different field-
strengths was used to quantify the iron content of ferritin
molecules (ferritin iron) as well as tissue integrity in eight
regions in 11 HD and a matched group of 27 healthy control
subjects. Three white matter regions were selected based on
their myelination pattern (early to later-myelinating) and
fiber composition. These were frontal lobe white matter
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(Fwm) and splenium and genu of the corpus callosum (Swm
and Gwm). In addition, gray matter structures were also
chosen based on their myelination pattern and fiber com-
position. Three striatum structures were assessed [caudate,
putamen, and globus pallidus (C, P, and G)] as well as two
comparison gray matter regions that myelinate later in
development and are relatively spared in HD [Hippocampus
(Hipp) and Thalamus (Th)].

Results Compared to healthy controls, HD ferritin iron
levels were significantly increased in striatum C, P, and G,
decreased in Fwm and Gwm, and were unchanged in Hipp,
Th, and Swm. Loss of tissue integrity was observed in C, P,
Fwm, and especially Swm but not Hipp, Th, G, or Gwm.
This pattern of findings was largely preserved when a small
subset of HD subjects early in the disease process was
examined.

Conclusions The data suggest early in the HD process,
myelin breakdown and changes in ferritin iron distribution
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underlie the pattern of regional toxicity observed in HD.
Prospective studies are needed to verify myelin breakdown
and increased iron levels are causal factors in HD patho-
genesis. Tracking the effects of novel interventions that
reduce myelin breakdown and iron accumulation in pre-
clinical stages of HD could hasten the development of
preventive treatments.

Keywords Brain - Neurodegeneration - Ferritin -
FDRI - Huntingtin - BDNF - Excitotoxicity - Prevention -
Onset - Oligodendrocyte

Abbreviations

AD Alzheimer’s disease

C Caudate

CNS Central nervous system

BDNF  Brain-derived neurotrophic factor

FDRI  Field-dependent R, increase (an in vivo MRI
measure of ferritin iron)

Fwm  Frontal lobe white matter

G Globus pallidus

Gwm  Genu of the corpus callosum white matter

HD Huntington’s disease

Hipp Hippocampus

MRI Magnetic resonance imaging

P Putamen

R> Transverse relaxation rate (an in vivo MRI
measure of myelin breakdown)

Swm  Splenium of the corpus callosum white matter

Th Thalamus

Introduction

Huntington’s disease (HD) is a genetic neuropsychiatric
disorder that causes behavioral, cognitive, and motor dys-
function. The disease is caused by the abnormal repetition
of a CAG trinucleotide sequence encoding for a polyglu-
tamine tract at the N-terminal of the gene coding for a
protein named huntingtin [for review see 1-3].
Huntington’s disease is autosomal dominant and the
presence of a single allele with more than 37 CAG repeats
causes disease but a double dose of the gene in homo-
zygotes does not increase its rate of progression [4]. This
suggests that mutant huntingtin contributes to reaching a
threshold of toxicity and once the threshold is reached the
progression is dependent primarily on mutation-indepen-
dent factors [5, 6]. Supporting this contention are obser-
vations that the defective gene and its protein product are
expressed throughout development, yet the typical HD
phenotype is characterized by a peak risk of onset in
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middle-age, suggesting a development-dependent process
is involved in its pathogenesis [reviewed in 7].

The mutant huntingtin protein is ubiquitously present in
most brain areas as well as the periphery, and is not
noticeably present at higher levels in the neurons that
degenerate first [8]. This implies that its primary impact
may not be on neurons. The specific degeneration of
myelinated projection neurons with sparing of interneurons
suggests that a defect of myelination may be involved in its
pathogenesis [7]. This hypothesis is supported by the lit-
erature documenting the presence of myelin breakdown in
this disease, both in studies using in vivo imaging of sub-
jects with HD [6, 9—15; reviewed in 7] and subjects with
preclinical HD [16, 17], as well as postmortem methods
[18-21] (see figure below for example of myelin break-
down in HD) (Fig. 1).

Furthermore, in HD neuronal degeneration begins in the
caudate and putamen (C and P) striatum structures and then
spreads in a predictable, bilateral, and symmetric pattern to
involve other earlier-myelinating regions, leaving later-
myelinating regions like the medial temporal lobe much
less affected [for review see 1-3, 7].

These observations led to the hypothesis that the path-
ogenesis of the disease begins with a deleterious effect of
the mutant huntingtin on myelination that results in the
brain-specific, age-related, and symmetric spread of the
disease [7]. This hypothesis will be summarized here. Once
reciprocal myelinated neuronal circuits become func-
tional, myelin breakdown results in failure of afferent

Fig. 1 Myelin Breakdown in Huntington’s Disease Brain. Post-
mortem myelin stain (myelin is black). On the left side a coronal
plane section through the frontal and temporal lobes of a normal
brain. On the right side a section at the same level taken from a
patient with Huntington’s chorea that is magnified 2x. Note striking
myelin breakdown and white matter atrophy in the HD brain (right)
[from 18]
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transmission causing the underlying neuron to be oversti-
mulated by its efferent feedback. This excitotoxic process
eventually destroys neurons with myelin defects. In HD,
earlier myelinated axons, especially the ones of the stria-
tum, bear the brunt of damage from mutant huntingtin
[reviewed in 7]. (See discussion section for possible
molecular mechanism.) Oligodendrocytes continue devel-
oping and increase their numbers throughout the human
lifespan [22]. In HD, this physiologic attempt of oligo-
dendrocytes to repair and remyelinate results in strikingly
elevated numbers of oligodendrocytes years before the
appearance of symptoms [23-25]. Iron is required for
myelination and oligodendrocytes have the highest iron
content of all brain cells [reviewed in 26, 27]. Thus, along
with the increased oligodendrocyte numbers, in the HD
brain there is an associated increase in iron levels in early
myelinating regions like the basal ganglia [6, 20, 28, 29].
As suggested by Youdim and others [7, 30-34] the in-
creased iron levels likely add to the neuronal excitotoxicity
by promoting free radical toxicity.

This novel hypothesis of HD pathogenesis was tested
in vivo. The breakdown in the structural integrity of myelin
sheaths can be indirectly measured in vivo with transverse
relaxation rate (R,) Magnetic resonance imaging (MRI)
measures. R, measures are markedly sensitive to small
changes in the amount of tissue water [35, 36], which
decreases R,, and tissue iron, which increases R, [37-40].
The lower R, caused by increases in tissue water is
observed at any MRI field strength (magnet strength) and
its magnitude is field-independent. Ultrastructural electron
microscopy studies demonstrate that age-related myelin
breakdown results in microvacuolations consisting of splits
of myelin sheath layers that create microscopic fluid-filled
spaces that increase MRI ‘‘visible’’ water and thus de-
crease R, [41-43].

On the other hand, the increases in R, caused by in-
creases in tissue iron are field-dependent, being more
pronounced as the field-strength of the MRI instrument
increases [37-40, 44-47]. This field-dependent effect is
unique and specific to ferritin molecules in which the bulk
of brain iron is stored [48, 49]. This property of ferritin was
used in an in vivo MRI method called field-dependent R,
increase (FDRI) that can obtain highly specific and repro-
ducible measures of the iron content of ferritin molecules
(ferritin iron) [37, 38]. Briefly, the FDRI measure is cal-
culated as the difference in R, values obtained with two
different field-strength MRI instruments, divided by the
difference in the two field strengths. The FDRI measure is
represented graphically by the slope of the line when R, is
plotted versus field strength. When the difference in field
strengths is 1 T (as is the case when a 0.5 and a 1.5 T
instrument are used) the FDRI is simply the difference in

R, between the two instruments [37, 38]. FDRI has been
shown to be independent of the amount of iron loading
(number of iron atoms per molecule of ferritin) [47], to
increase linearly with field-strength [37, 40, 46, 47], and be
very highly correlated (r > 0.97) with postmortem mea-
sures of brain tissue iron [38, 50, 51]. Thus, FDRI is a
specific measure of the total iron contained in ferric oxy-
hydroxide particles that form the mineral core of ferritin
molecules. In human tissue, ferritin and its breakdown
product (hemosiderin) are the only known physiologic
sources of such particles [37, 39, 46, 52]. The FDRI
measure will therefore be referred to herein as ferritin iron
[6, 50, 53].

Emerging treatments for degenerative brain diseases
(such as iron chelation and antioxidants) make in vivo
regional assessments of iron levels and myelin integrity
essential for rational planning of such interventions [27, 54,
55]. We therefore tested the above myelin hypothesis on
the pathogenesis of HD by assessing additional regions of
interest from an existing dataset [6]. The splenium and
genu of the corpus callosum (Swm and Gwm) were
assessed as regions that have primarily larger heavily
myelinated and smaller lightly myelinated fibers, respec-
tively [56, 57], as well as the frontal lobe white matter
(Fwm) that contains a mixture of both types of fibers. The
early myelinating neostriatal structures C, P and globus
pallidus (G), as well as two later-myelinating comparison
gray matter regions that are relatively spared in HD
[Hippocampus (Hipp) and Thalamus (Th)] [1, 58], were
also assessed.

Experimental procedure

The subject samples have been described in detail else-
where [6] and will only be summarized here. All subjects
participated after being fully informed of the study and
giving written consent.

Subjects with HD

Prior to referral into the study, the subjects with HD
underwent complete clinical assessment, and the diagnosis
was confirmed by an experienced neurologist (S.P.) via a
thorough review of their history and clinical evaluation.
The HD subjects had a family history and/or genetic test
positive for HD. Eleven Caucasian subjects (seven men
and four women) ranging in age from 25 to 67 years
(mean age + SD, 46.2 + 11.9 years) and symptomatic
from 0.75 to 20 years (mean = SD, 7.8 + 6.3 years) com-
pleted the study. The sample size was not computed
a priori.
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Healthy control subjects

To control for the effects of age on the dependent measures
we selected cases from a pool of normal control subject
volunteers recruited from the community and hospital staff
[51]. Normal subjects were excluded if there was a family
history of a degenerative brain disorder, or a history of
head trauma resulting in loss of consciousness for longer
than 15 min. Normal subjects were included if they fell in
the demographic parameters (age range and race) of the
HD group and none was excluded on the basis of MRI
findings. This comparison group initially consisted of 27
subjects, but one subject was later discovered to have had a
history of traumatic brain injury with loss of consciousness
of longer than 15 min; he was thus excluded from the
present analysis. The final control sample consisted of 26
subjects (22 men and four women) ranging in age from 26
to 69 years (mean age + SD, 45.2 + 16.5 years). The
subjects with HD and control subjects did not differ in
mean age either in the overall or in sex-specific groups
(P >0.5).

MRI protocol

The methods have been described in detail elsewhere [0,
38] and will be briefly summarized here. All subjects were
scanned using the same two MRI instruments (1.5 and
0.5 T), and the two scans were done within 1 h of each
other using the same imaging protocol. Two pilot se-
quences were obtained to specify the location and spatial
orientation of the head and the position of the axial image
acquisition grid. A mid-sagittal image was used to position
the axial image acquisition grid. The axial image acquisi-
tion sequence acquired interleaved contiguous slices using
a Carr Purcell Meiboom Gill dual spin-echo sequence of
2500/20,90/2 (RT/TE/excitations), 3 mm slice thickness,
192 gradient steps, and 25 cm field of view. The pilot scans
obtained prior to the axial image acquisition were used to
determine the alignment and accuracy of head reposition-
ing in the second MRI instrument. To consistently position
the actual image slices identically within the brain and thus
sample the same volume of tissue, the axial slice-select
grid was adjusted so that the anterior commissure was
contained within the same slice in both high-field (1.5 T)
and low-field (0.5 T) instruments. For increased consis-
tency all subsequent measures were referenced to this slice
[38].

Image analysis
The image analysis software operating on a Macintosh-

configured image analysis workstation permitted the rater,
who was blind to diagnosis and demographic data, to
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delineate the region of interest (ROI) using a mouse. The
contour of the ROI cross-sectional area was drawn using
the gray/white matter contrast of the early echo (TE = 20)
images. The ROI was then transferred to gray-scale
encoded transverse relaxation time (7,) maps in which
each brain voxel was produced by an automated algorithm
using the two signal intensities (echo times, 20 and 90 ms)
of the dual spin-echo sequence [38]. The R, was calculated
as the reciprocal of 7, x 1,000. The average R, of the two
slices from both hemispheres was the final measures used
in the subsequent analyses. The FDRI measure was cal-
culated as the difference in R, (high-field R,—low-field R,).
Test—retest reliability for FDRI measures was very high
with intraclass correlation coefficients ranging from 0.88 to
0.99 (P < 0.0023) [38].

Statistical methods

The FDRI means in the normal and HD groups were
compared using a factorial analysis of covariance design.
Because of the known increases in brain iron levels and
FDRI with advancing age [38, 59], and the possibility that
sex may also affect age-related changes in FDRI [51], sex
and age (a continuous variable) were included as covariates
in the statistical designs. The inclusion of the covariates did
not change the results substantively. Separate analyses
were done in each of the eight ROIs. The low-field R,
measure of tissue integrity in the two groups was also
examined using the same multiple discriminant (regres-
sion) models, again controlling for sex and age. In order to
ascertain whether these differences existed early in the
disease process, the above analyses were rerun using only
the sample of HD subjects whose illness length was
<2 years.

In follow-up analyses of white matter iron changes,
Pearson correlations (partialling out age and gender) be-
tween diagnosis and FDRI were computed in each white
matter region, yielding a standardized index of the size of
the group difference. Pairwise comparisons of the corre-
lation coefficients among the three white matter regions
were performed using Hotelling’s statistic [60], a test for
the difference between two non-independent correlations
[61].

Results

The HD group had significantly elevated mean FDRI in all
three basal ganglia regions, but not in the other two gray
matter regions (Th or Hipp) that are relatively spared in
HD. The white matter regions showed the reverse pattern
with significantly decreased FDRI in the Fwm and Gwm
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and a non-significant increase in the Swm (Table 1 and
Fig. 2a). The diagnostic group difference in FDRI of Swm
(increase) was significantly different from the decreases in
Fwm (t34b,=228, P=0.03) and Gwm (t34 = 2.60,
P =0.01).

When the FDRI data on the subgroup with 2 years
illness duration or less was assessed, a similar pattern was
observed (with the exception of Fwm) with elevations in
ferritin iron for C (F = 30.7, P < 0.0001), P (F = 13.84,
P =0.001), and G (F =24.5, P <0.0001), decline for
Gwm (F = 4.5, P = 0.044), and no significant differences
in the remaining regions (all regions df = 1, 25 except Hipp
where df = 1, 24).

The low-field R, data were examined as a measure of
changes in tissue integrity. In the overall sample (Table 2
and Fig. 2b) R, was significantly lower in the HD group in

the neostriatum (C and P) gray matter regions, and was also
lower in the Swm and Fwm regions. When the data on the
subgroup with 2 years illness duration or less was assessed,
a similar pattern was observed (with the exception of Fwm)
with declines in R, for C (F = 6.0, P = 0.022), P (F = 8.6,
P =0.007), and Swm (F =5.6, P = 0.03), and no signifi-
cant differences in the remaining regions (all regions
df = 1, 25 except Hipp where df = 1, 24).

Discussion

The data show that the ferritin iron elevations that have
also been observed in postmortem studies of HD [20, 28,
29] are specific to the earlier-myelinating striatum regions
(C, P, and G) and are not present in the later-myelinating

Table 1 Ferritin iron levels (FDRI measure) in HD versus healthy control subjects

HD patients (n = 11)

Normal controls (n = 26)

Mean SD Mean SD F P

C 3.63 1.17 2.23 0.43 31.10 <0.0001
P 3.72 1.28 2.62 0.59 17.10 0.0001
G 5.97 1.30 4.46 0.63 22.40 <0.0001
Th 1.40 0.37 1.30 0.26 0.87 0.36
Hipp 0.62 0.20 0.70 0.21 1.70 0.20
Fwm 1.46 0.30 1.67 0.23 6.42 0.016
Gwm 0.86 0.30 1.28 0.36 11.10 0.002
Swm 1.14 0.48 1.08 0.32 0.15 0.70

Data are presented as the unadjusted mean and SD

F and P-values are based on analysis of covariance model with age and gender as covariates: df = 1, 33 for all regions except for Hipp (n = 25

for normal controls, df = 1, 32)

FDRI field dependent relaxation rate (R,) increase
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Fig. 2 a Ferritin iron levels (FDRI measure) in HD versus healthy
control subjects. Data are presented as the unadjusted mean and SD.
Statistical significance based on analysis of covariance model with
age and gender as covariates: df = 1, 33 for all regions except for
Hipp (n = 25 for normal controls, df = 1, 32). FDRI field dependent
relaxation rate (R,) increase. *P < 0.05; **P < 0.01; ***P < 0.001.
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b Tissue integrity (R, measures) in HD versus healthy control
subjects. Data are presented as the unadjusted mean and SD.
Statistical significance based on an analysis of covariance model
with age and gender as covariates: df = 1, 33 for all regions except for
Hipp (n =25 for normal controls, df =1, 32). R, Transverse
relaxation rate. *P < 0.05; **P < 0.01; ***P < 0.001
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Table 2 Tissue integrity (R, measures) in HD versus healthy control subjects

HD patients (n = 11)

Normal controls (n = 26)

Mean SD Mean SD F P

C 12.68 0.67 13.07 0.36 7.00 0.012
P 13.50 0.68 14.04 0.35 10.90 0.002
G 15.22 0.77 14.86 0.37 3.37 0.08
Th 14.00 0.33 14.08 0.37 0.39 0.54
Hipp 11.82 0.24 11.84 0.23 0.06 0.81
Fwm 14.02 0.56 14.44 0.49 5.55 0.025
Gwm 14.88 0.59 15.03 0.58 0.60 0.440
Swm 12.60 0.48 13.35 0.52 16.10 0.0003

Data are presented as the unadjusted mean and SD

F and P-values are based on an analysis of covariance model with age and gender as covariates: df = 1, 33 for all regions except for Hipp (n = 25

for normal controls, df = 1, 32)

R, transverse relaxation rate

Th or Hipp regions (Table 1 and Fig. 2a). Regionally
specific changes in ferritin iron are also observed in the
three white matter regions (Table 1 and Fig. 2a). Com-
pared to normal controls, the earlier-myelinating Swm re-
gion has non-significantly higher ferritin iron levels in
HD in contrast to the significantly lower levels of later-
myelinating regions (Fwm and Gwm).

The ferritin iron changes occurring in white matter
regions, with significant differences between increased
levels in the early myelinating Swm and declines in the
later-myelinating Fwm and Gwm, are consistent with
postmortem and in vivo imaging studies suggesting that in
HD, brain degeneration may begin with myelin abnor-
malities [6, 9-21; reviewed in 7].

The possibility that dysregulated myelination is patho-
genetic to this disease is also supported by reports that
presymptomatic HD brains show an increase (doubling) in
the density of oligodendrocytes in the striatum years before
striatal atrophy or loss of neurons occurs [24, 25]. This is
consistent with our observations of regionally increased
ferritin iron since oligodendrocytes have very high iron
levels and their ability to differentiate and multiply is
dependent on achieving high iron stores [reviewed in 7,
26]. Thus, earlier-myelinating regions such as C, P, G, and
Swm show increased ferritin iron, consistent with attempts
to remyelinate, and strikingly increased oligodendrocyte
numbers that accumulate the necessary iron to support this
process [24, 25]. Meanwhile, later-myelinating regions
such as Hipp, Fwm, and Gwm tend to have numerically
lower than expected ferritin iron levels. Even though not all
these later-myelinating region ferritin iron declines reach
statistical significance, this pattern suggests suboptimal
iron availability possibly due to the diversion/redistribution
of iron to the earlier-myelinating regions as homeostatic
mechanisms are driving remyelination attempts (see
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below). Studies with larger sample sizes are needed to
clarify these observations.

The low-field R, data also support the possibility that
myelin breakdown of early myelinating regions may rep-
resent a pathogenetic insult in HD. Low-field R, is much
less sensitive to ferritin iron and declines in R, provide an
excellent measure of the relative increase in tissue water
that characterizes destructive brain processes [35, 36, 42].
As expected from the predilection of HD to destroy C and
P, those striatal regions show significant R, reductions (loss
of tissue integrity) that are absent in the other three gray
matter regions (Table 2 and Fig. 2b). Thus, in these early
myelinating gray matter regions loss of tissue integrity
(which likely includes loss of myelin integrity) and
increased iron co-occur (Fig. 2a, b). In the white matter
regions the most striking declines are observed in the Swm
and Fwm, with no significant declines observed in the
Gwm. This pattern is consistent with myelin breakdown of
early and heavily myelinated axons.

Unlike the Gwm where only small fibers are present,
the Fwm and especially the Swm regions contain higher
proportions of large, earlier- and heavier-myelinated
axons [56]. The myelin breakdown we observed seems
to disproportionately affect the two regions that contain
such heavily myelinated fibers (a mixture of early and
late-myelinating fibers in Fwm and almost exclusively
early myelinating fibers in the Swm). As opposed to gray
matter where a variety of cell bodies (neurons, astro-
cytes, and oligodendrocytes) and processes (axons, den-
drites, and myelin) coexist, white matter regions are
composed primarily of myelin and axons. Thus, the
white matter data gives the clearest support for the
hypothesized process of HD pathogenesis: breakdown of
early and heavily myelinated myelin, homeostatic
increase in oligodendrocytes attempting to remyelinate,
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and the increase in iron levels caused by the increasing
numbers of oligodendrocytes. The pattern of findings in
early and later-myelinating gray matter regions is how-
ever almost identical to the pattern seen in the white
matter suggesting that the same process is the most
likely explanation (with some differences in magnitude)
for the pattern observed in gray matter. It is noteworthy
that in the subgroup of HD subjects whose illness
duration was 2 years or less roughly this same pattern of
significant gray and white matter ferritin iron differences
as well as R, differences was observed as in the overall
group. This suggests that differences in ferritin iron
levels and myelin integrity are not merely an epiphe-
nomenon of the disease process.

The molecular mechanisms through which mutant
huntingtin could precipitate premature myelin breakdown
that preferentially affects early and heavily myelinated
axons and regions (Table 2) are worth considering [7]. The
thick myelin sheaths of these axons depend on myelin basic
protein for their integrity to a greater extent than smaller
axons with thinner myelin sheaths [7, 62-64]. Expression
of myelin basic protein is normally supported by brain-
derived neurotrophic factor (BDNF) [65-67] that is
distributed by vesicular axonal transport. Wild type hun-
tingtin increases and mutant huntingtin interferes with ax-
onal vesicular transport [68, 69] and thus could undermine
myelin integrity by reducing trophic support. Intact oligo-
dendrocyte differentiation [62] and homeostatic attempts to
repair/remyelinate [22, 70] could cause both the excessive
oligodendrocyte production [24, 25] and the associated iron
accumulation [6, 20, 28, 29]. These repair mechanisms
would mask myelin damage/loss and could also explain the
underappreciation of myelin breakdown as an early event
in the pathogenesis of HD and other brain diseases (Fig. 1)
[reviewed in 7, 42, 71].

Alternative explanations for the increase in ferritin iron
involving neurons, astrocytes, or microglia and oxidative
stress are possible especially for the later disease stages.
Oligodendrocytes are enriched in iron [72, 73] and have the
highest ferritin content of all brain cell types [74-76]. By
comparison neurons and astrocytes have relatively low
ferritin levels [74, 76, 77]. The severity and progression of
HD pathology is associated with increased microglia
numbers and their activation [78, 79], however, although
these cells can achieve high ferritin levels, their activation
may decrease these levels [80, 81]. Our observation that
increased ferritin iron is present very early in the HD dis-
ease process is consistent with the doubling of oligoden-
drocytes in presymptomatic HD [24, 25]. Together with the
higher numbers of oligodendrocytes in healthy adult brain
[22, 82], these factors make it likely that oligodendrocytes
underlie the ferritin iron increases especially early in the
disease process.

Important limitations of this study need to be consid-
ered. The cross-sectional design could underestimate some
of the HD versus healthy control differences in FDRI and
R,. This could happen if increased brain iron levels and
loss of tissue integrity are associated with mortality and/or
accelerated debilitation that caused patients to be excluded
from, or unable to participate in or complete the study. In
addition, in a cross-sectional study, only limited inferences
can be made about any shifts in iron between regions or the
causal relationship between changes in iron levels or tissue
integrity and HD pathogenesis, and prospective studies in
presymptomatic subjects are needed to verify causality.
Finally, postmortem studies that integrate the examination
of oligodendrocytes and other cellular components, their
ferritin levels, and the integrity of myelin in early and late-
myelinating structures are also needed to directly clarify
the mechanisms of HD pathophysiology.

The search for viable therapies in HD as well as in other
developmental diseases such as schizophrenia and degen-
erative diseases such as Alzheimer’s disease (AD) has been
hampered by the unique manifestation of these diseases in
humans and limited research focus on the involvement of
myelin [7, 26, 71, 83-85]. Myelin plays an essential role in
vertebrate brain structure and function and the human brain
is uniquely dependent on the elaboration of this late evo-
lutionary invention. The unique vulnerabilities of myelin
and the oligodendrocytes that produce it are directly per-
tinent to many uniquely human neuropsychiatric diseases,
including many degenerative disorders such as HD and AD
and the spreading of their pathognomonic lesions across
the brain in patterns that, like myelination, are predictable,
symmetric, bilateral, and specific to each disease [reviewed
in 7, 26, 71; Bartzokis et al., unpublished data]. In this
myelin-centered view of the human brain, the strikingly
predictable neuronal degeneration pattern that is a patho-
gnomonic feature of HD [86] is viewed as an epiphe-
nomenon paralleling the spreading pattern of brain
myelination and its premature breakdown, as described
above [7].

In many degenerative brain diseases myelin breakdown
and iron accumulation begin before the first appearance of
pathological changes [reviewed in 26, 71]. There is there-
fore a decades-long period in which therapeutic interven-
tions could modify the course of these diseases, before
clinical evidence such as behavioral, cognitive, and motor
decrements appear. Thus, it may be possible that medica-
tion development could be carried out in very early disease
stages using non-invasive in vivo combined neuroimaging
markers of both myelin breakdown and iron levels [26, 42,
71, 83]. Imaging biomarker methods could thus be used to
target emerging therapeutic interventions such as chelators
[87-91; for review see 27, 54, 55, 92-95] years before
clinical disease manifestations [96]. This approach may be
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especially effective in diseases such as HD and AD where
genetic tests can identify individuals that will definitely
develop the disease or subgroups that are at high risk. Early
intervention may make it possible to increase effectiveness
of treatments, decrease the need for later more aggressive
approaches, and ultimately may represent a heretofore
unexplored opportunity for primary prevention of degen-
erative brain diseases [71, 85, 91, 96].
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