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Abstract For the first time, synchrotron rapid-scanning X-
ray fluorescence (RS-XRF) was used to simultaneously
localize and quantify iron, copper, and zinc in spinal cord
and brain in a case of spinocerebellar ataxia (SCA). In the
normal medulla, a previously undescribed copper enrich-
ment was seen associated with spinocerebellar fibers and
amiculum olivae. This region was virtually devoid of all
metals in the SCA case. Regions with neuronal loss and
gliosis in the cerebellar cortex, inferior olivary, and dentate
nuclei and areas showing loss of myelinated fibers were
also low in all metals in SCA compared to control. In
contrast, the ventral columns of the spinal cord that
exhibited only moderate myelin pallor had increased metal
levels. Iron and zinc were also elevated in the globus
pallidus pars externa in SCA relative to control. We
hypothesize that metals increase as part of the initial
neurodegenerative process, but once degeneration is ad-
vanced, the metal levels drop. This implies a role for
multiple metals in SCA neurodegeneration, but further
study is required to establish a causative role. We suggest

that if these findings are generally true of at least some
cases of SCA, not only iron but also copper and zinc should
be considered as possible therapeutic targets.
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Introduction

Degenerative disorders of the cerebellum and its afferent
and/or efferent connections result in a characteristic type of
irregular uncoordinated movement called ataxia, which
represents the core clinical feature of these conditions.
Spinocerebellar ataxias (SCA) are a group of progressive
cerebellar ataxias in which cerebellar degeneration is
associated with clearly identifiable involvement of the
spinal cord, with degeneration of the spinal tracts leading
to sensory loss, diminished or absent tendon reflexes, and
Babinski sign. Friedreich’s ataxia (FRDA) [1–3], ataxia
with isolated vitamin E deficiency (AVED) [4], X-linked
sideroblastic anemia with ataxia (XLSA/A) [5, 6], ataxia-
telangiectasia (A-T) [7, 8], and infantile-onset spinocere-
bellar ataxia [9, 10] are examples of SCA which are caused
by or lead to disturbances in iron homeostasis with
oxidative damage as a common biochemical feature.
Moreover, even though early work suggested a possible
dysregulation of copper and zinc metabolism in some SCA,
especially FRDA [11–13], the involvement of other metals
in SCA neurodegeneration has not yet been investigated.

Rapid scanning X-ray fluorescence mapping (RS-XRF) is
a new synchrotron technique able to nondestructively and
simultaneously map multiple metals in large samples on a
practical time scale [14–16]. It has recently been applied to
map metals in the brain [17] and in the normal cerebellum
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[18]. RS-XRF is element-specific, and although, as used
here, it cannot distinguish between oxidation states or dif-
ferent chemical forms of a metal, it is an excellent quan-
titative tool to map global metal distribution. The technique
is based upon the physics of the atom rather than a specific
chemical reaction; therefore, it eliminates the drawbacks of
histochemistry for mapping brain metals [17, 19].

In this study, we compare the relative amounts and
distribution of metals in the brain and spinal cord from a
patient with a long history of SCA (type undefined) with a
sex- and age-matched control, using RS-XRF. Our data
indicate that not only iron but also copper and zinc may
play a role in SCA physiopathology.

Materials and Methods

Tissue Samples, Clinical, and Neuropathology Information

Formalin fixed SCA and control human tissue, clinical
information, and neuropathology reports were obtained
from the NICHD Brain and Tissue Bank for Developmental
Disorders at the University of Maryland, Baltimore, MD,
USA under contracts N01-HD-3-3368 and N01-HD-4-
3383. Ethics approval (# Bio 07-75) was obtained from
the University of Saskatchewan.

The SCA patient was a 44-year-old Caucasian female
whose cause of death was cardiopulmonary arrest. The
control patient was a 42- year-old Caucasian female who
died of hypertensive atherosclerotic cardiovascular disease.
The postmortem interval collection times were 3 and 4 h,
respectively.

The SCA and control cervical spinal cord slices were
axial sections. The SCA medulla was an axial section
through the sensory decussation, hypoglossal, principal
olivary, and medial accessory olivary nuclei, while the
control section was taken slightly rostral at the level of the
reticular formation, solitary, principal olivary, and posterior
accessory olivary nuclei. Both the SCA and control
cerebellum slices were axial sections at the level of the
dentate nucleus. Both forebrain slices were coronal sections
at the level of the caudate head, ventral pallidum, putamen,
globus pallidus pars externa, genu of the internal capsule,
and anterior commissure, with the SCA section being at a
slightly rostral level.

Following RS-XRF mapping, spinal cord and medulla
slices and representative cerebellar and forebrain structures
(dentate nucleus, caudate, putamen, globus pallidus, inter-
nal capsule, cerebellar and cerebral cortex) were embedded
in paraffin. Since the escape depth for iron, copper, and
zinc fluorescence is 330, 630, and 740 μm, respectively, we
collected 5-μm thick sections only from the top 100 μm of
the face of the tissue slice from which fluorescence counts

were collected. Paraffin sections were stained with hema-
toxylin/eosin (HE), Luxol fast blue/cresyl violet (LFB/CV),
Luxol fast blue/periodic acid-Schiff (LFB/PAS), Sudan
black, and phosphotungstic acid/hematoxylin/nuclear fast
red (PTA/H/NFR) for histopathological examination.

Rapid-scanning X-ray Fluorescence Mapping

RS-XRF imaging was performed at wiggler beam line 10-2
at the Stanford Synchrotron Radiation Lightsource (SSRL).
The incident X-ray beam was set to 13 keV using a Si(111)
double crystal monochromator in order to excite the K-shell
of the first transition row and lighter elements. The imaging
setup and methodology has been previously described [17].
In brief, 2-mm thick tissue slices were sealed in metal-free
plastic sheet protectors and mounted vertically at 45º to the
incident X-ray beam and 45º to the detector. The sample
was translated rapidly in the beam in a raster pattern with
continuous motor motion. Data were collected on the fly in
both horizontal directions at a rate corresponding to a travel
distance of 40 μm per readout, with count times of ∼6 ms
per 40 μm horizontal raster. A single element Vortex-EX®
silicon drift X-ray detector (SII NanoTechnology USA Inc.)
was placed at a 90o angle to the beam to minimize signal
due to scatter. Energy windows were set so as to resolve the
Kα from the Kβ fluorescence lines of adjacent elements.

Fluorescence was normalized to take into account
fluctuations in the intensity of the incoming X-ray beam.
Image analysis and relative quantification of each metal
was performed using Interactive Data Language ™ (ITT
Visual Information Systems) as previously described [17].
Since the escape depth and the fluorescence yield differ for
each element, different metals were not compared. Rather,
the amount of the same element, as determined by pixel
intensity, was compared between similar regions in the
SCA and control. Normalized fluorescence for each metal
was calculated within a standard 30×30 pixel box (n=900).
The Mann–Whitney test was employed to determine if
differences in pixel intensity between control and SCAwere
statistically significant [17]. Since only one SCA and one
control were used, we cannot generalize this statistical
analysis to all SCA.

Control Clinical History

The control patient was a 42-year-old obese Caucasian
patient who lived in Maryland, USA. She was a smoker,
had a history of high blood pressure, and diabetes. Prior to
her death, she complained of tingling and pain in her left
arm, and she was found unresponsive in bed. The
pathology report found severe coronary atherosclerosis
with acute plaque rupture and thrombotic occlusion of the
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right coronary artery and established hypertensive athero-
sclerotic cardiovascular disease as the cause of death. There
was no evidence of trauma, and blood tests showed that the
patient did not consume alcohol or drugs prior to death.

Case Report

Clinical History

The patient was a 44-year-old Caucasian woman whose
cause of death was a cardiopulmonary arrest. The patient
was an obese woman who worked as a secretary and lived
at home in Maryland, USA together with her husband and
son. She did not smoke and consumed alcohol only
occasionally. She had a long history of progressive bilateral
SCA diagnosed as FRDAwhen she was 25 years old based
on clinical findings and electrophysiological testing. How-
ever, genetic tests for FRDA and other SCA failed to reveal
any specific defect. Early development was normal, but
during her high school years, she was thought to be
“clumsy” as she had trouble walking and sometimes needed
to walk along the walls for support. This progressed to the
point where she lost her balance with eye closure (i.e., a
positive Romberg sign), followed by development of gait
ataxia, confinement to a wheelchair, and development of
appendicular ataxia and scanning dysarthria. She had no
family history of a similar disorder, and her 14-year-old son
appeared neurologically normal. Neurological examination
also revealed absent deep tendon reflexes, bilaterally mute
plantar responses, absent proprioception at ankles, and
barely perceptible at knees, barely perceptible vibration at
knees and elbows, and absent pinprick sensation in the legs
and distal to mid-forearms. The rest of the neurological
examination was normal, including full extraocular move-
ments, normal pupillary function and optic discs, intact
visual fields, and no nystagmus. She had a history of
depression, panic attacks, insomnia, and stress urinary
incontinence. Late in the disease, she started to have visual
hallucinations unrelated to her medication. She had no
cardiomyopathy, other cardiac abnormalities, diabetes mel-
litus, or skeletal deformities.

On the night of her death, she was admitted to the
hospital for visual hallucinations and sleep deprivation.
During the night, she was found unresponsive in bed. She
had no blood pressure and was asystolic. A code was
called, but the resuscitation was unsuccessful. Although the
physical examination of the cardiovascular system, electro-
cardiogram, and echocardiography were normal and she did
not have a history of cardiac problems, the pathology
revealed that the cardiopulmonary arrest was due to an
acute congestive heart failure, presumably secondary to an
arrhythmia.

Neuropathology1

The gross examination of the brain and spinal cord was
unremarkable, except for a slight decrease in the pigmen-
tation of the substantia nigra (unavailable for our examina-
tion and metal mapping) and flattening of the dorsal aspects
of the spinal cord at cervical levels.

Microscopic examination of spinal cord sections re-
vealed a profound loss of myelinated axons in the dorsal
columns, especially in the graciles fasciculi and the ad-
jacent dorsal nerve roots (Figs. 1B, 2B). White matter
vacuolation (Fig. 1Q—asterisks) and gliosis were also
present (Fig. 1Q—arrows). Lower levels of the spinal cord
(not available for our examination and metal mapping) also
showed loss of myelinated axons in the spinocerebellar
tracts and neuronal loss and gliosis in the dorsal nuclei of
Clarke. Luxol fast blue-staining showed only moderate
myelin pallor in the ventral columns, while the ventral
horns and nerve roots were unremarkable.

Examination of the brainstem showed moderate neuronal
loss and reactive astrocytosis in the inferior olivary nuclei
(Fig. 1D, F—arrows, R—arrows) and loss of myelinated
axons in the olivocerebellar fibers and amiculum olivae
(Figs. 1D and 3B). Other microscopic findings in the
brainstem included neuronal loss and gliosis in the
accessory cuneate nuclei and substantia nigra bilaterally,
pallor of the medullary pyramids, and atrophy of the
superior cerebellar peduncles.

Sections of the cerebellum revealed areas of Purkinje cell
loss with mild Bergmann gliosis and occasional axonal
swellings (Fig. 1H, S—arrows), while other cerebellar
cortical regions, including the vermis, were spared. There
was moderate neuronal loss and gliosis in the dentate nucleus
(Fig. 1L) with the remaining neurons containing heavy PAS
positive (Fig. 1N) and Sudan black positive (Fig. 1P)
inclusions consistent with lipofuscin. There was severe loss
of myelinated axons in the dentate hilum (Fig. 1L) in the
white matter surrounding the dentate nucleus (Fig. 1L) and
in the subcortical white matter (Fig. 1J).

Sections of the cerebral cortex, white matter, and deep
gray structures were unremarkable (globus pallidus pars
externa shown in Fig. 1T).

Diagnosis

Many of the clinical features and neuropathological find-
ings in this case are consistent with the diagnosis of FRDA.
The majority of FRDA patients are homozygotes for two

1 A neuropathology report was provided by NICHD Brain and Tissue
Bank for developmental disorders and further analysis on available
tissues was performed at our institution.
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Fig. 1. Neuropathological changes seen in a case of SCA type
undefined. A Normal appearance of myelinated axons in the control
dorsal columns (LFB/CV); B Degeneration of the SCA dorsal
columns, with a dramatic decrease in the number of myelinated axons
(LFB/CV); C Normal appearance of the inferior olivary nucleus and
olivocerebellar fibers in the control medulla (LFB/CV); D Degener-
ation of the olivocerebellar fibers in the SCA medulla (LFB/CV); E
Normal appearance of neurons and glial cells in the control inferior
olivary nucleus (H/E); F Increased number of enlarged cells (indicated
by arrowheads) exhibiting a homogeneous, eosinophilic cytoplasm,
and eccentric, normal-looking nuclei consistent with reactive astrocy-
tosis in SCA inferior olivary nucleus (H/E); G Normal appearance of
the control cerebellar cortex (LFB/CV); H Disappearance of Purkinje
cells and mild gliosis in the SCA cerebellar cortex (LFB/CV); I
Normal appearance of the subcortical white matter of the control
cerebellum (LFB/CV); J Degeneration of the subcortical white matter
of the SCA cerebellum (LFB/CV); K Normal appearance of the

control cerebellar white matter in the dentate hilum and around the
dentate nucleus (LFB/CV); L Severe loss of myelinated axons in the
dentate hilum and in the white matter surrounding the dentate nucleus
of the SCA patient (LFB/CV); M Normal appearance of neurons in
the control dentate nucleus (LFB/PAS); N SCA dentate nucleus
neurons containing abundant PAS positive lipofuscin inclusions
(arrowheads) (LFB/PAS); O Normal appearance of neurons in the
control dentate nucleus (Sudan black); P SCA dentate nucleus neurons
containing abundant Sudan black positive lipofuscin inclusions
(Sudan black); Q Presence of vacuoles (asterisks) and increased glial
fibers (arrowheads) in the SCA degenerated dorsal columns (PTA/H/
NFR); R Reactive astrocytosis in the SCA inferior olivary nucleus
(PTA/H/NFR); S Purkinje cells axonal swellings in the SCA cerebellar
cortex; T Normal appearance of the globus pallidus pars externa in
the SCA patient; scale bar=50 µm, except C, D, I–L where scale
bar=100 µm
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GAA repeats in the first intron of the frataxin gene [20–22],
while a small percentage are compound heterozygotes for
one GAA repeat and one point mutation [21, 22]. Since no
instance of a FRDA patient carrying two frataxin point
mutations has yet been described, the failure of the genetic
test to identify the presence of the GAA repeats on either of
the two alleles of the FRDA gene makes this diagnosis
unlikely.

There was no evidence of occupational exposure to excess
metals since the woman worked as a secretary. While domestic
exposure to metals cannot be ruled out, her husband and son
with whom she shared a domicile appeared neurologically
normal. The woman was obese and apparently well nourished
and so there was no evidence of metal deficiency.

Although the absence of a family history of a similar
disorder suggests an autosomal recessive inheritance, a de
novo mutation or false parenthood cannot be excluded. We
cannot rule out an autosomal dominant SCA or AVED
because available data on this patient did not include
vitamin E levels or the specific SCA for which genetic tests
were negative. SCA autosomal dominant types 1 [23], 2
[24, 25], and 7 [26, 27] also present with posterior column
and olivopontocerebellar degeneration and a neurological
phenotype similar to FRDA. Patients with AVED present
with a neurological phenotype sometimes indistinguishable
from FRDA [28] and neuropathological changes similar to
FRDA [29, 30]. However, the patient presented here did not
show any of the oculomotor abnormalities seen in SCA1
[31] and SCA2 [32], the macular degeneration characteris-

tic to SCA7 [33], or the retinal abnormalities encountered
in AVED [34].

The absence of immunoreactivity to anti-α-synuclein
antibodies [35] (data not shown) rules out multiple system
atrophy, an idiopathic neurodegenerative disorder that can
present with olivopontocerebellar atrophy and cerebellar
ataxia [36].

This case does not perfectly match the clinical and
neuropathological features of a single clearly identifiable
SCA, although a rare or aberrant presentation or more
overlaying aetiologies should not be disregarded.

Results

Metals are Decreased in Areas of Degeneration

The dorsal columns, especially the graciles fasciculi, show
the most striking loss of myelinated fibers in the SCA
spinal cord (Figs 1B and 2B). The degenerated dorsal
columns of the SCA cervical cord have a lower metal
content than the other white matter columns (Fig. 2E, G, I,
K) and also lower (35% less iron, 32% less copper, 19%
less zinc, p<0.0001, Table 1) than the corresponding
regions of the control spinal cord (Fig. 2D, F, H, J).

A very interesting copper distribution was found in the
region of the inferior olivary nucleus (Fig. 3F). The inferior
olivary nucleus of the control medulla is poor in copper, but
its convoluted shape is visible due to the contrast with the

Fig. 2. Metals are decreased in the degenerated posterior columns and
increased in the least affected ventral columns of the SCA patient.
Spinal cord, axial section, control (A, D, F, H, J) and SCA (B, E, G,
I, K). A Normal appearance of the control spinal cord (LFB/CV); B
Degenerated posterior columns and myelin pallor of the SCA spinal

cord (LFB/CV); C Color scales represent the normalized total Kα
fluorescence counts, proportional to total metal present, from black
(lowest) to colored (highest); D, E Iron maps; F, G Copper maps; H, I
Zinc maps; J, K Overlay of iron, copper, and zinc; dc dorsal columns;
vc ventral columns; scale bar=5 mm
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high copper content of the olivocerebellar fibers and
afferent fibers that surround it (amiculum olivae; Fig. 3F).
We believe that this is the first description of high copper
content in this region of the normal medulla. Similar high
copper content was also found in the olives of seven disease
controls (data not shown). The neuropathological examina-
tion shows the degeneration of the SCA olivocerebellar
fibers and amiculum olivae (Figs. 1D, F, 3B) and the copper
XRF map shows loss of copper (57% less than the control,
p<0.0001, Table 1) in these structures (Fig. 3G). Iron (20%
less, p<0.0001, Table 1) and zinc (34% less, p<0.0001,
Table 1) are also lost in the olivary region (Fig. 3E, I).

Neuronal loss in the dentate nucleus and loss of
myelinated fibers in the dentate hilum around the dentate
nucleus and in the subcortical white matter are seen in the
SCA cerebellum (Fig. 1J, L, N, P). The metal content of the
normal dentate nucleus has been described previously [18].
Iron XRF maps of the cerebellum show the iron-rich control
dentate region (Fig. 4D) and almost complete loss of iron in
the SCA dentate nucleus and the adjacent white matter (51%
less, p<0.0001, Table 1; Fig. 4E). The branching pattern of
the cerebellar white matter (arbor vitae) is clearly resolved
on the basis of metal content (Fig. 4D, E, F, G, J, K) as
previously described [18]. However, the contrast between the
metal rich white matter and metal poor gray matter decreases
in the case of the SCA cerebellum, especially for iron
(Fig. 4E) and zinc (Fig. 4I) because of the lower metal
content of the SCA white matter (23% less iron, 11% less
copper, 21% less zinc, p<0.0001, Table 1).

Metals are Increased in the Ventral Columns of the Spinal
Cord and Globus Pallidus Pars Externa of the SCA Patient

The ventral columns show only moderate myelin pallor
(Fig. 2B). Iron, copper, and zinc content are higher in the
ventral columns of the SCA (98% more iron, 63% more
copper, 75% more zinc, p<0.0001, Table 1) than the
control spinal cord (Fig. 2E, G, I, K). Within the SCA,
the ventral columns have higher iron content than the rest
of the spinal cord.

The metal distribution of the forebrain is complex
(Fig. 5). We have previously shown large variations in
metal content between white and gray matter and between
brain regions such as basal ganglia [17, 18] that are
consistent between brains and that arise from differential
cellular deposition of metals. Although the microscopic
examination of the cerebral hemispheres and basal ganglia
is unremarkable, the metal maps show an increase in the
iron (80% more iron, p<0.0001, Table 1; Fig. 5E) and zinc
(37% more zinc, p<0.0001, Table 1; Fig. 5I) content of the
SCA globus pallidus pars externa.

Metals are Increased in the Cerebral Blood Vessels
of the SCA Patient

Upon gross inspection of both the SCA and control
forebrain coronal sections, blood vessels can be seen
(Fig. 5A, B—arrows). However, while the control blood
vessels are barely visible in the iron and zinc maps (Fig. 5A—

Table 1 SCA metal quantification relative to control

Metal SCA (fluorescence/scattera) CTRL (fluorescence/scattera) Decrease (%) Increase (%)

Dorsal columns Fe 0.0044 0.0068 35

Cu 0.0058 0.0085 32

Zn 0.0095 0.0118 19

Olive Fe 0.0044 0.0055 20

Cu 0.0074 0.0172 57

Zn 0.0076 0.0116 34

Dentate nucleus Fe 0.0073 0.0149 51

Cerebellar white matter Fe 0.0049 0.0064 23

Cu 0.0036 0.0032 11

Zn 0.0034 0.0027 21

Ventral columns Fe 0.0103 0.0052 98

Cu 0.0103 0.0063 63

Zn 0.0184 0.0105 75

Globus pallidus pars externa Fe 0.0930 0.0515 80

Zn 0.0258 0.0188 37

a Normalized fluorescence (fluorescence counts / scatter counts). Normalized fluorescence is the fluorescence detected from the illuminated tissue
volume normalized by the combined elastic and Compton scatter from the same region. This normalized value is proportional to the amount of the
fluorescing element per mass of tissue
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arrows and corresponding regions in Fig. 5D, H), the SCA
blood vessels are very rich in iron, copper, and zinc whether
caught in longitudinal or cross-section (Fig. 5B—arrows and
corresponding regions in Fig. 5E, G, I).

The SCA metal maps also show small white matter
regions that are very rich in all three metals but do not
correspond to any structures identifiable on gross examina-
tion (Fig. 5K—arrowheads and corresponding regions in
Fig. 5E, G, I).

Discussion

Iron, copper, and zinc function as cofactors in essential
metalloproteins and are required for oxidative phosphory-
lation, neurotransmitter biosynthesis, and modulation of
neurotransmission, antioxidant defense, nitric oxide metab-
olism, oxygen transport, and synthesis of proteins, DNA,

and RNA [37–39]. Iron [40, 41], copper [38], and zinc [42,
43] are also essential for myelin synthesis, structure, and
maintenance. Thus, myelin degradation and replacement of
dying axons by the gliotic scar in chronic lesions of patients
with long-standing disease may explain why the degen-
erated white matter of the posterior columns (Fig. 1B),
olivocerebellar fibers (Fig. 1D), and cerebellum (Fig. 1J) of
the SCA patient have lower metal content (Figs. 2, 3, 4).
Furthermore, degradation of the myelin sheath is followed
by the “dying back” of oligodendrocytes [44, 45], the main
iron repository cells in the brain [46], which would
decrease the iron content even more in the degenerated
areas.

A new and very interesting observation was the high
copper content of the control olivocerebellar fibers. A
similar copper distribution was found in other control
medullae, as well as in medullae from patients with
neurodegenerative diseases that do not involve the olivo-

Fig. 3. Metals are decreased in the degenerated olivocerebellar fibers
and amiculum olivae of the SCA patient. Medulla, axial section,
control (A, D, F, H, J) and SCA (B, E, G, I, K). A Normal
appearance of the control medulla (LFB/CV); B Degenerated
olivocerebellar fibers and amiculum olivae in the SCA spinal cord
(LFB/CV); C Color scales represent the normalized total Kα

fluorescence counts, proportional to total metal present, from black
(lowest) to colored (highest); D, E Iron maps; F, G Copper maps;
H, I Zinc maps; J, K Overlay of iron, copper, and zinc; ion inferior
olivary nucleus; ocf olivocerebellar fibers; ao amiculum olivae;
P pyramids; scale bar=5 mm
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cerebellar fibers (data not shown). At this moment, we can
only speculate why the only source of cerebellar climbing
fibers has a unique copper distribution but a study trying to
identify the chemical form and role of this copper is
underway.

The dentate nucleus (Fig. 4D) is one of the most iron-
rich structures of the brain [47, 48]. Iron loss in the SCA
dentate region (Fig. 4E) can be explained by the mild
neuronal loss and by degeneration of myelinated fibers in
the dentate hilum and around the dentate nucleus (Fig. 1D).
The neuropathological examination also revealed SCA
neurons containing heavy PAS positive (Fig. 1N) and
Sudan black positive (Fig. 1P) inclusions consistent with
lipofuscin. Lipofuscin is a “wear and tear” pigment that
increases with age [49]. The heavy lipofuscin accumula-
tions seen in the SCA (compared to the lipofuscin present
in the control dentate neurons—Fig. 1M, O) are abnormal
for the patient’s age; thus, they may represent a sign of
premature ageing. Although lipofuscin has been reported to
bind iron and copper [50], in this SCA case, the elevated
lipofuscin is not associated with similarly elevated metals.

The brain is a major metal repository that not only
accumulates but also metabolizes metals as part of its
normal functioning [51, 52]. This makes it particularly
susceptible to metal-catalyzed oxidative damage, protein
aggregation, and neurotoxicity [37, 38, 52]. Metals have
been also involved in the induction and subsequent
aggregation of defective protein structures such as ataxin-
3, the protein that causes spinocerebellar ataxia type 3 [53].
We found increased metal levels in the SCA ventral
columns of the spinal cord (Fig. 2) and globus pallidus
pars externa (Fig. 5) despite the lack of overt pathological

Fig. 4. Iron is decreased in the degenerated dentate nucleus, and
metals are decreased in the cerebellar white matter of the SCA patient.
Cerebellum, axial section, control (A, D, F, H, J) and SCA (B, E, G,
I, K). A Gross section of the control cerebellum; B Gross section of
the SCA cerebellum; C Color scales represent the normalized total Kα

fluorescence counts, proportional to total metal present, from black
(lowest) to colored (highest); D, E Iron maps; F, G Copper maps; H, I
Zinc maps; J, K Overlay of iron, copper, and zinc; dn dentate nucleus;
wm white matter; gm cortical gray matter; scale bar=5 mm

Fig. 5. Metals are increased in the globus pallidus pars externa and
cerebral blood vessels of the SCA patient. Forebrain, coronal section,
control (A, D, F, H, J) and SCA (B, E, G, I, K). A Gross section of
the control forebrain; B Gross section of the SCA forebrain; C Color
scales represent the normalized total Kα fluorescence counts,
proportional to total metal present, from black (lowest) to colored
(highest); D, E Iron maps; F, G Copper maps; H, I Zinc maps; J, K
Overlay of iron, copper, and zinc; c caudate; p putamen; gpe globus
pallidus pars externa; ic internal capsule; ac anterior commissure;
arrows blood vessels; arrowheads metal rich white matter regions;
scale bar=5 mm

�

Cerebellum (2009) 8:340–351 347



348 Cerebellum (2009) 8:340–351



changes, except a decrease in myelin stain (Fig. 2B). In
cerebellar ataxia associated with heteroallelic ceruloplasmin
gene mutation [54], iron deposition has been previously
reported in the globus pallidus associated with minimal or
no pathological changes. Iron accumulation and myelin
breakdown are known to begin before the first appearance
of pathological changes in many neurodegenerative dis-
eases [55, 56]. While we can hypothesize that increased
metals not associated with pathological changes represent
an incipient stage of neurodegeneration, our results cannot
clarify if the excess metals are the cause or the result of this
process. Indeed, the ability of iron [38, 52], copper [38],
and zinc [37] to promote reactive oxygen species formation
and neurotoxicity is well known. Alternatively, the iron
increase could be the result of an upregulation of iron
intake necessary for axonal repair and remyelination [57,
58]. The same could be true for copper and zinc that are
also essential for proper cellular functioning and myelin
regeneration. Increased oxidative stress leading to demye-
lination and axonal damage can also lead to upregulation of
metallothionein [59, 60] and copper–zinc superoxide dis-
mutase [61, 62], protective proteins that employ copper and
zinc as essential cofactors. However, the lack of these
metals in areas of degeneration indicates that these metal-
loproteins are no longer abundant or present but unmetal-
lated once the pathology is severe.

Iron, copper, and zinc are abundant within the walls and
perivascular spaces of SCA cerebral blood vessels (Fig. 1B—
arrows and corresponding regions in Fig. 1E, G, I, K), but
not within the control blood vessels (Fig. 1A—arrows and
corresponding regions in Fig. 1D, F, H, J). The ability to see
intravascular and perivascular metals is one of the major
advantages of RS-XRF [18], since vascular changes are
linked to neurodegenerative diseases [63, 64]. The metal-rich
white matter regions seen in the forebrain (Fig. 1K—
arrowheads and corresponding regions in Fig. 1E, G, I)
might also represent deep blood vessels or small hemor-
rhages.

In conclusion, iron, copper, and zinc are low in areas
where degeneration is very advanced and more abundant in
areas where degeneration is potentially at an early stage.
The different metal content of lesions at different stages of
disease might explain, for example, the contradictory
results regarding the iron content of the dentate nucleus in
FRDA. By interrogating a potentially active site of
degeneration, in vivo magnetic resonance studies show
increased iron in the dentate nucleus of FRDA patients [65,
66] while biochemical studies of postmortem tissues fail to
reveal an increase in iron [67]. Our results suggest that iron
levels might be correlated with disease progression.

Using RS-XRF mapping, we have shown that not only
iron but also copper and zinc may play a role in the
physiopathology of the SCA case we present. Thus, we

suggest that abnormalities of all three metals should be
investigated in SCA of both known and unknown etiologies
to identify possible new therapeutic targets.
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