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Abstract

Neurodegeneration with brain iron accumulation (NBIA) describes a group of progressive
extrapyramidal disorders with radiographic evidence of focal iron accumulation in the brain, usually
in the basal ganglia. Patients previously diagnosed with Hallervorden-Spatz syndrome fall into this
category. Mutations in the PANK?2 gene account for the majority of NBIA cases and cause an
autosomal recessive inborn error of coenzyme A metabolism called pantothenate kinase-associated
neurodegeneration (PKAN). PKAN is characterized by dystonia and pigmentary retinopathy in
children or speech and neuropsychiatric disorders in adults. In addition, a specific pattern on brain
MR, called the eye-of-the-tiger sign, is virtually pathognomonic for the disease. Pantothenate kinase
is essential to coenzyme A biosynthesis, and the PANK2 protein is targeted to the mitochondria.
Hypotheses of PKAN pathogenesis are based on the predictions of tissue-specific coenzyme A
deficiency and the accumulation of cysteine-containing substrates. Identification of the major NBIA
gene has led to more accurate clinical delineation of the diseases that comprise this group, a molecular
diagnostic test for PKAN, and hypotheses for treatment.
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Introduction

Even prior to the discovery of a major causative gene for Hallervorden-Spatz syndrome, the
diagnosis was suspected to encompass several related disorders characterized by basal ganglia
iron accumulation. In 2001, the genetic basis for the majority of HSS cases was revealed
through studying a subset of families with a clear and consistent phenotype. This form of HSS
was named pantothenate kinase-associated neurodegeneration, or PKAN, after causative
mutations in the pantothenate kinase 2 gene were found [68]. In the five years following the
gene discovery, significant progress in delineating the clinical and molecular aspects of this
disorder have contributed to the development of accurate diagnostic tests, more effective
treatment options, and ongoing studies of rational therapies.

Background

Hallervorden-Spatz syndrome was originally described by Julius Hallervorden and Hugo Spatz
in 1922 [18]. For decades most patients with radiographic or pathologic evidence of high iron
in the basal ganglia were given this diagnosis, regardless of the observation of marked clinical
heterogeneity. This category likely comprised several distinct disorders, but only in recent
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years did the delineation of clinical features and the accompanying discovery of a major gene
[68] fuel the reclassification of this syndrome.

Within the pool of patients with HSS, a specific phenotype consisting of movement
abnormalities, pigmentary retinopathy, and autosomal recessive inheritance was distinguished.
Taylor et al [57] mapped the gene for this specific subtype of HSS to chromosome 20p13 using
a large consanguineous family. Mutations in the gene encoding pantothenate kinase 2
(PANK?2) were found in this family and in additional families with a similar phenotype [68].
In still other families diagnosed with HSS, PANK2 mutations were not found, and linkage to
20p13 was excluded.

The first subtype of HSS, identified by both PANK2 mutations and specific clinical and
radiographic findings, was designated as pantothenate kinase-associated neurodegeneration,
or PKAN [68]. In 2002 new disease nomenclature was proposed [22]. This was motivated by
concern over the objectionable wartime activities of Hallervorden and Spatz, German
neuropathologists who were involved in active euthanasia of “mental defectives” during World
War 11 [49], with the new nomenclature based on the gene identity. Neurodegeneration with
brain iron accumulation (NBIA) describes the group of progressive extrapyramidal disorders
in which there is radiographic evidence of focal iron accumulation in the brain, usually in the
basal ganglia. Patients previously diagnosed with Hallervorden-Spatz syndrome fall into this
category, including those now known to have PKAN. Others for whom PKAN has been ruled
out remain in this category and have NBIA, but the causative gene or genes have not yet been
identified. In addition to PKAN, NBIA includes neuroferritinopathy, caused by mutations in
the ferritin light chain [8] and aceruloplasminemia, caused by mutations in the ceruloplasmin
gene [15].

PKAN accounts for 50-70% of cases of NBIA [23] and can be distinguished based on clinical,
radiographic and molecular features. Historically, another rare variant called
hypoprebetalipoproteinemia, acanthocytosis, retinopathy, and pallidal degeneration (HARP)
was thought to be a clinically distinct form of NBIA. Unlike typical NBIA, HARP patients
have decreased or absent prebetalipoproteins [24,40]. Once the PKAN genotype and phenotype
were delineated, the classification of HARP as a separate disease entity came into question. In
2002 a PANK2 mutation was found in the original HARP patient [7] and it is no longer
distinguished from PKAN.

Clinical features

The clinical phenotype of PKAN generally falls into one of two categories based on the age
of onset, presenting signs and symptoms, and the rate of progression. As is often the case, a
spectrum of severity exists and some patients fall between the designated categories. Classic
PKAN, however, is surprisingly homogeneous [23]. It is characterized by early onset, usually
before six years of age, and rapid progression. The mean age of onset is three to four years
based on data from our patient registry. Children commonly present with gait abnormalities
and have often been considered clumsy prior to identification of obvious problems. Their main
clinical features are dystonia, dysarthria, and rigidity, with corticospinal tract involvement
resulting in spasticity, hyperreflexia, and extensor toe signs. Affected children generally lose
the ability to ambulate 10 to 15 years after disease onset. Some children have developmental
delay, which is primarily motor but sometimes global. Classical PKAN progresses at a
nonuniform rate for reasons that are unclear. Patients tend to experience episodes of rapid
decline for one to two months, interspersed with longer periods of relative stability. Infection
or other common causes of catabolic stress do no seem to precipitate these episodes.

Atypical PKAN comprises a more heterogeneous group. By definition, onset is later and
progression is slower. Based on patient registry data, the average age of onset is 13 to 14 years.
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Speech difficulty, including palilalia and dysarthria, was either the sole presenting feature or
an early sign of disease in nine of 23 atypical patients in one study [23]. Psychiatric symptoms
are significantly more prominent than in classic disease [35,55,64] and include depression,
emotional lability, impulsivity, and violent outbursts. These symptoms also occur early and
can delay diagnosis. Motor involvement is also prominent in atypical disease, but it is generally
less severe and has a slower progression. Patients do eventually develop gait disturbances due
to dystonia, rigidity, and spasticity with loss of independent ambulation occurring 15 to 40
years after onset. Unique to atypical disease are repetitive actions, freezing, and palilalia, which
reflect the underlying basal ganglia involvement [5,4]. Freezing during ambulation,
particularly when turning corners or when surface variations are encountered, is remarkably
similar to freezing in Parkinson disease [16].

Diagnostic criteria for HSS were first proposed by Dooling et al. [10] based on 42 cases that
formed a distinct clinicopathological entity. Swaiman revised these after brain MRI became a
valuable diagnostic tool [53]. Following the identification of PANK2 and the development of
a molecular diagnostic test, we proposed revised PKAN obligate and corroborative features
(table 1) that may be useful for determining which patients may benefit from for molecular
testing [22].

Since PKAN cases can now be reliably distinguished from other forms of NBIA, the
ophthalmological phenotype has been better characterized. Pigmentary retinal degeneration
was previously recognized as a prominent symptom in patients with early-onset NBIA [10,
33,38,44]. Sixty-eight percent of classic PKAN patients had clinical or electroretinographic
evidence of retinopathy in a study of 66 individuals, while it was less common in atypical
patients [23].

We previously reported neuro-ophthalmological examinations and electroretinograms in a
cohort of 16 PKAN patients who covered the spectrum from classic to atypical disease [12].
Although only four patients showed a pigmentary retinopathy, 11 had abnormal
electroretinography. Ten of the patients had neuro-ophthalmologic exams and of these, eight
had sluggish pupillary reactions with sectoral iris paralysis and patchy loss of the pupillary ruff
similar to bilateral Adie's pupils. This was a completely novel finding. Ocular motility studies
showed hypometric and slowed saccadic pursuits in all patients studied and eight of 10 had
hypometric and slowed vertical saccades. These findings suggest that midbrain deposition of
iron in or near the substantia nigra may induce a proximal degeneration in the fibers leading
to the iris and cause pupillary changes similar to Adie's pupils. Iron accumulation in the
brainstem would also explain the majority of the other neuro-ophthalmologic findings in the
study, as opposed to local iron accumulation in the short cilliary nerves, although the latter is
also a possibility [12].

During the same study we evaluated intellectual and adaptive behavior functioning (Freeman,
unpublished data). Historically, NBIA has been associated with intellectual impairments [10,
53]. These observations were mainly based on clinical impression and studies of one or two
patients using specific neuropsychological tools. The severe limitations of movement and
speech that occur with disease progression likely impact both formal testing results and
informal observations and make intellectual function difficult to assess. By carefully choosing
psychometric tools that required limited or no verbal and motor skills, we hoped to more
thoroughly determine intellectual functioning in PKAN.

In this study of a large sample of individuals with PKAN, we found a varied cognitive

phenotype. Estimates of general cognitive functioning, using either the Wechsler Abbreviated
Scale of Intelligence [58] or Leiter International Performance Scale — Revised [43], indicated
global intellectual functioning ranging from high average to markedly below average. Similar
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diversity in adaptive behavior functioning was found. A significant negative correlation was
detected when 1Q scores by either test were compared against a global disease severity scale,
meaning that those most severely affected by PKAN scored the lowest (Freeman, unpublished
data).

Neuroimaging

Magnetic resonance imaging (MRI) has contributed to our understanding of PKAN and is
particularly useful in separating PKAN cases from other forms of NBIA. Brain MRI has
become a standard component in the diagnostic evaluation for this group of disorders. Newer
neuroimaging technologies, including magnetic resonance spectroscopy (MRS), may also
prove useful, although their utility has not yet been established.

The primary radiographic change associated with NBIA is high iron in the basal ganglia,
appreciated as hypointense lesions in the globus pallidus and substantia nigra pars reticulata
on T2-weighted images [11,36,48,56]. In PKAN, a central region of hyperintensity with
surrounding hypointensity of the globus pallidus on T2-weighted images is virtually
pathognomonic for this form of the disease (Figure 1). The hyperintense central region indicates
a primary tissue insult leading to edema or necrosis, while the surrounding hypointense region
indicates high iron, which we believe to accumulate as a secondary effect.

To date our research group has found an absolute correlation between this pattern, called the
eye-of-the-tiger sign, and the presence of mutations in PANK2 [23]. In presymptomatic patients
the hyperintense lesions predominate. With disease progression, the hypointensities appear and
eventually dominate [21]. There is some evidence that the central hyperintensity continues to
diminish and may ultimately disappear [3,13,23]. For this reason it is prudent to perform
PANK2 mutation screening on NBIA patients without the eye-of-the-tiger sign to more
definitively rule out the PKAN form of the disease.

Magnetic resonance spectroscopy (MRS) has been of interest for PKAN because specific
biochemical perturbations are likely to occur based on current knowledge of the disease. Sener
reported results of proton MRS in a 15 year-old PKAN patient. Markedly decreased levels of
N-acetylaspartate were found in the globus pallidus, thought to represent neuronal loss in this
region [47]. Hajek et al. had similar findings in a study of three PKAN patients with NAA
levels decreased relative to controls [17]. MR relaxometry was also used to estimate the
concentration of iron in the globus pallidus, which they found to be approximately three times
greater than in controls. Efforts to quantify analytes using MRS and to characterize regional
iron deposition across the globus pallidus are underway in the principle investigator's
laboratory.

Neuropathology

The heterogeneity of the entities grouped as NBIA has been a limiting factor in the evaluation
of neuropathological data [20]. Since the recognition of PKAN as a genetically homogeneous
disease, however, it has been possible to retrospectively identify reports of patients likely to
have had PKAN based on clinical and radiographic data. This has supported the delineation of
neuropathologic findings in PKAN.

NBIA was a postmortem diagnosis prior to the availability of MRI as a diagnostic tool. On
gross sectioning, the globus pallidus and reticular zone of the substantia nigra show rust-brown
pigmentation mainly composed of iron [19]. Routine iron stains detect the metal mainly in the
microglia and macrophages, but scattered neurons are also reactive. Iron is also detected
extracellularly, frequently concentrated around blood vessels.
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Iron accumulates abnormally in the brain regions that are typically iron-rich. In normal human
brain, iron is regionally distributed and highest in the globus pallidus, substantia nigra pars
reticulata, dentate nucleus, and red nucleus [25,26]. In PKAN the accumulation of iron is
specific to the globus pallidus and substantia nigra; a global increase in brain iron is not seen
[50]. Older neuropathological studies of tissue from NBIA patients showed that the globus
pallidus and substantia nigra contain approximately three times the normal amount of iron, yet
iron content is normal in other regions of the brain and in the retina and optic nerve [10,31,
61,62]. A more recent estimate specific to PKAN patients found a similar three-fold increase
using T2 relaxometry [17]. Systemic iron metabolism is normal as well [52,55]. Iron-uptake
studies in NBIA patients suggest that accumulation of iron in the basal ganglia is secondary to
increased iron uptake with normal turnover [52,55,61].

In regions of massive iron accumulation, spheroid bodies, many positive for iron, are also seen
[30]. Axonal spheroids are posited to represent swollen or bloated axons, possibly secondary
to defects in axonal transport. They are seen in normal aging brains and in a number of other
neurodegenerative disorders, including the neuroaxonal dystrophies. Other neuropathologic
findings include demyelination, neuronal loss, and gliosis, which occur predominantly within
the globus pallidus and substantia nigra, where focal, symmetrical destruction may be grossly
evident. In addition to iron deposition and spheroid formation in the brains of people with
NBIA, ceroid-lipfuscin and neuromelanin accumulate both intra and extraneuronally.

Numerous papers on NBIA report the presence of Lewy bodies and neurofibrillary tangles with
accumulations of tau and alpha-synuclein [2,14,37-39,45,51,60,63]. Yet, not a single case in
the literature is likely to have been PKAN, based on the clinical and radiographic information
available. This observation underscores the need to carefully reexamine our current knowledge
of the neuropathology in NBIA in order to determine what can be applied to PKAN. Confirmed
PKAN brain tissue has only recently become available and plans for further studies are
underway.

Nonspecific systemic cytologic abnormalities reported in NBIA include bone marrow
macrophages containing ceroid-lipofuscin and circulating lymphocytes with vacuoles and
cytosomic inclusion bodies, similar to those seen in ceroid-lipofuscin storage disorders [52].
The patients in whom these “sea-blue histiocytes” were reported likely represent the non-
PKAN form of NBIA. Acanthocytes have been reported in a subset of patients with NBIA
[24,33,44,54,59], many of whom probably had PKAN. Lipofuscin and acanthocytes can both
result from lipid peroxidation, a process stimulated by iron [9,41]. These cytologic
abnormalities, while not prominent in the pathology of this disorder, may shed light on the
underlying pathophysiology of PKAN.

Since retinopathy is characteristic of PKAN, the pathology literature on this feature is likely
to be specific to this disorder. Ophthalmoscopic examination in patients diagnosed with NBIA
showed prominent bone spicule pigmentation and accumulation beneath the sensory retina of
numerous yellowish-white globular masses [33,38,44,59]. These findings were recently
confirmed in a clinical study by Egan et al. of 10 patients with confirmed PKAN.
Ophthalmoscopic examination showed bone spicule accumulation in four of 10 patients of
varying age and disease severity. These four also had severe rod and cone function
abnormalities as measured by electroretinogram (ERG). Several additional patients with
normal ophthalmoscopic exams had mild or moderate ERG changes [12]. It is unknown
whether early-stage patients such as these may have sub-clinical changes detectable by
pathologic examination.

On light microscopic study, there is a total loss of the outer segment of the photoreceptor cells
and near total loss of the inner segment. The outer nuclear and outer plexiform layers are thinned
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or absent. The retinal pigment epithelium comprises a population of enlarged epithelial cells
that contain both individual pigment granules and large, round pigment aggregates, a change
seen primarily in the equatorial and pre-equatorial regions. Similar pigment-laden cells are
present in the outer retinal layers peripheral to the perimacular area. The pigment granule
clusters are melanolipofuscin complexes and represent the pathologic correlate of the
yellowish-white globular masses seen on funduscopic examination [59]. There is migration of
the retinal pigment epithelium into the inner retinal layers in perivascular regions [33], which
likely accounts for the ophthalmoscopic appearance of bone spicule pigmentation. No stainable
iron is seen in any part of the eye; however, focal axonal degeneration and cytoid bodies
(spheroids) are noted [59]. Abnormal accumulation of lipfuscin is reported in conjunctival
fibroblasts, retinal vessel pericytes, and macrophages [33]. Glial proliferation occurs
throughout the retina and around blood vessels.

Since male mice defective for Pank2 have azoospermia [32], we analyzed semen samples from
two adult males with atypical PKAN as part of our recent clinical study. Both sperm samples
were found to have similar morphologic and motility abnormalities. These included an
increased frequency of tail abnormalities and amorphous sperm heads. The percentages of
motile sperm with normal morphology were reduced relative to the WHO standards [65]. Prior
to knowledge of azoospermia in the mice, fertility had not been questioned or explored in the
PKAN population because most patients do not reproduce due to the severity of their movement
disorder and shortened lifespan.

Genetics and abnormal gene function

PKAN is an autosomal recessive inborn error of coenzyme A metabolism. It is caused by
mutations in PANK2, the gene encoding pantothenate kinase 2 [68]. Pantothenate kinase is a
key regulatory enzyme in the biosynthesis of coenzyme A (CoA). CoA is critical to energy
metabolism, fatty acid synthesis and degradation, and neurotransmitter and glutathione
metabolism, among others. In humans, three additional genes are predicted to encode related
proteins, based on homology studies, and are designated PANK1 [29,68], PANK3, and
PANK4 [68]. The degree of genomic redundancy between these four genes underscores the
importance of the CoA biosynthetic pathway for survival. In contrast to the other pantothenate
kinases, only PANK?2 is targeted to the mitochondria [28]. The PANK2 gene encodes a 1.85-
kb transcript that is derived from seven exons spanning just over 35 kb of genomic DNA. 5’
RACE and EST data provide evidence for at least five initiating exons, but only one of these,
exon 1C, has an open reading frame with potential initiation codons that splice in-frame to
exon two [68].

Null mutations lead to early-onset, rapidly progressive PKAN. More mild disease with a later
onset generally occurs in patients with mutations that preserve partial enzyme function.
Deleterious mutations have been found in all seven exons of the gene; several splice site
mutations have also been identified. Two common mutations account for about one-third of
disease alleles. The most frequent is 1231 G->A, which accounts for 25% of disease alleles.
Patients homozygous for this mutation have classic PKAN. 1253 C->T accounts for an
additional 8%. The remainder of identified mutations are generally private to each affected
family [23]. Molecular diagnostic testing is currently available at two laboratories in the U.S.
(http://www.genetests.org) and in several other countries. The authors maintain a database of
all known PANK2 sequence variants.

PKAN is the first known inborn error of coenzyme A metabolism (figure 2). Mutations in
PANK2 are predicted to result in deficient enzyme activity leading to product deficit. Secondary
metabolite accumulation may also contribute to disease pathogenesis. Since pantothenate is a
water-soluble compound with no known toxicity, its accumulation is not likely to contribute

Folia Neuropathol. Author manuscript; available in PMC 2007 December 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gregory and Hayflick

Page 7

to disease. Two other substrates for pantothenate kinase, N-pantothenoyl-cysteine and
pantetheine, are predicted to accumulate and are more likely to cause toxicity to cells.

Based on the association of PANK2 with mitochondria [28], we hypothesize that defects in
the protein lead to CoA deficiency and a range of metabolic consequences, the most relevant
being energy and lipid dyshomeostasis. In this model, insufficient energy production leads to
the generation of reactive oxygen species, which damage membrane phospholipids via
peroxidation and lead to apoptosis. The basal ganglia and retina are among the tissues most
sensitive to oxidative stress, and their destruction in PKAN may occur due to either increased
oxidative damage or a defect in lipid metabolism. We also speculate that the cardinal feature
of basal ganglia iron deposition may be explained by the accumulation of cysteine, which
chelates iron.

Based on predictions of the metabolic impact of defective PANK2 and on the observation of
elevated brain levels of cysteine in patients with probable PKAN [42], we proposed a
hypothesis for iron accumulation [68]. In a normal brain, nonheme iron accumulates regionally
and is highest in the medial globus pallidus and the substantia nigra pars reticulata, the two
regions most severely affected in PKAN. Phosphopantothenate, the product of pantothenate
kinase, normally condenses with cysteine in the next step in CoA synthesis. In PKAN,
phosphopantothenate is deficient, theoretically leading to cysteine accumulation. N-
pantothenoyl-cysteine and pantetheine, also substrates of phosphorylation by pantothenate
kinase and both containing cysteine, are also predicted to accumulate. A high cysteine
concentration has been found in the globus pallidus in PKAN [42], and cysteine effectively
binds iron. Cysteine, itself cytotoxic, undergoes rapid auto-oxidation in the presence of iron,
which results in free radical production [67]. Furthermore, iron-induced lipid peroxidation, a
likely mechanism of secondary pathogenesis in PKAN [41,59], is enhanced by free cysteine
[46,66], further stressing the cell that is predicted to have an impaired capacity to repair
membranes [27]. In contrast to PKAN, but also involving basal ganglia iron deposition and
pigmentary retinopathy, aceruloplasminemia involves a primary defect in iron homeostasis,
which leads to the generation of highly reactive oxygen species and to secondary lipid
peroxidation [34]. Thus, iron dyshomeostasis is very likely to contribute to disease
pathogenesis in PKAN.

Animal models

A Drosophila melanogaster hypomorphic mutant with deficient pantothenate kinase function
was identified over a decade ago. The mutant has a cell division defect leading to sterility, for
which it has primarily been studied [1]. The fly is also described as uncoordinated, resulting
in impaired ability to climb, fly, and mate [1]. This model is currently being utilized to test
potential drug treatments for PKAN.

A murine model for PKAN was developed by our team and our collaborators at the University
of California San Francisco. We expected the knock-out mouse to be a model for the human
disease given the high degree of identity of PANK2 gene homologs humans and mice along
with evolutionary conservation of the entire pantothenate kinase gene family. To some extent
this has held true, although the mice do not display most of the hallmark neurologic features
of PKAN.

Over time, the homozygous mice manifest retinal degeneration, as evidenced by
electroretinography, light microscopy, and pupillometry response. Homozygous male mutants
are infertile due to azoospermia, a condition has not been previously appreciated in humans,
although the fumble flies are also sterile. Arrest occurs during spermiogenesis, with complete
absence of elongating and mature spermatids [32]. Female murine reproduction is also
impaired, possibly due to in utero effects of maternal Pank2 protein deficiency. In contrast to
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humans with PKAN, no changes have been observed in the basal ganglia of the mice by MRI
or histological examination, nor are there signs of dystonia, even after following the mice for
over one year. The knock-out mice have a 20% decrease in weight compared to their wild-type
littermates, but dysphagia is not present [32]. Since the mutant mice failed to exhibit the
movement disorder and pathology of the globus pallidus characteristic of PKAN, we have
embarked on several strategies to provoke the neurological phenotype in the mutant animals.

Pharmacologic and surgical interventions are aimed at palliation of symptoms. For many of
the interventions that offer improvement of clinical symptoms, the period of benefit is limited.
Even with these limitations, it is possible for clinicians to work closely with families and make
periodic adjustments to maintain as high a quality of life as possible. Baclofen and
trihexyphenidyl remain the most effective drugs for disabling dystonia and spasticity. As a
rule, patients with PKAN do not benefit from L-DOPA, although patients with non-PKAN
NBIA and parkinsonism will sometimes respond to this treatment. Botulinum toxin can be
helpful for many patients, especially those whose quality of life is improved by treating a
limited body region. For example, injections in the facial or orobucculingual muscles can
greatly improve speech and eating abilities.

When oral baclofen is no longer able to adequately control the movement disorder, placement
of a continuous intrathecal baclofen pump may be considered. The risks associated with a
baclofen pump, including the need to refill the pump periodically and the potential for
programming errors, often make it a treatment that is elected only after other options have been
exhausted. Deep brain stimulation (DBS) is also an option for relieving some symptoms.
Anecdotal cases suggest that the benefit from these more invasive treatments is relatively short-
lived, but they can provide short-term relief to patients experiencing extreme dystonia and
spasticity. A recent report by Castelnau et al [6] on the use of DBS in six PKAN patients
suggests that it may hold more promise than previously recognized. The patients treated with
DBS showed overall improvements in writing, speech, walking, and global measures of motor
skills. The length of follow-up time, however, varied from six to 42 months at the time of
publication [6]. For those who decide to undergo DBS, the chance for a good outcome will be
increased by working with an experienced DBS team that specializes in this procedure.

Families of patients with PKAN frequently also try a number of vitamins and other dietary
supplements in a quest to improve function or slow disease progression. None of these have
been studied formally in a clinical setting and only anecdotal information is available on their
various effects or lack thereof. Based on the disease mechanism, we speculated early on that
loading with pantothenate may drive any residual enzyme activity by substrate overload. This
would probably benefit only those patients with low levels of enzyme, who are likely to be
later onset or “atypical” patients. However, since there is evidence that high levels can be taken
without any apparent toxicity, we have suggested a trial of high dose B5 in patients with PKAN.
Some patients have reported improvements in speech and balance, though no trials of this
compound have yet been developed.

Conclusions

The discovery of the PANK2 gene and ensuing investigations revealed the first known inborn
error of CoA metabolism. The involvement of the CoA pathway in PKAN, a neurodegenerative
disease, suggests potential involvement in other forms of NBIA and more common disorders
of oxidative stress, such as Parkinson disease. Since the gene discovery, the clinical delineation
of PKAN has been established, animal models have been developed and exploration of novel
therapeutics is underway.
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Fig. 1.

Patterns on T2-weighted brain magnetic resonance imaging. The image on the left is from a
normal patient. The center image from a PANK2 mutation-positive patient shows hypointensity
(thick arrow) with a central region of hyperintensity (thin arrow) in the medial globus pallidus
(eye-of-the-tiger sign). The right image from a PANK2-negative patient with NBIA shows only
a region of hypointensity (arrow) in the medial globus pallidus. Image reprinted with
permission from the Massachusetts Medical Society (copyright 2003): Hayflick SJ, Westaway
SK, Levinson B, Zhou B, A. JM, Ching KHL and Gitschier J. Genetic, clinical and radiographic
delineation of Hallervorden-Spatz syndrome. N Engl J Med 2003; 348: 33-40
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Pantothenate and CoA Biosynthesis
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Fig. 2.
Pantothenate forms the chemical core of coenzyme A (from Kyoto Encyclopedia of Genes and
Genomes, http://www.genome.ad.jp/kegg/)
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Table |
Diagnostic Criteria for PKAN
Obligate features Corroborative features
onset in the first three decades corticospinal tract involvement
progression of signs and symptoms pigmentary retinopathy or optic atrophy
evidence of extrapyramidal dysfunction family history suggestive of autosomal recessive
inheritance
on T2-weighted brain MRI: bilateral anteriomedial hyperintensity surrounded by aregion acanthocytosis

of hypointensity in the medial globus pallidus (eye-of-the-tiger sign)
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