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Introduction

I

nborn errors of metabolism (IEM) are genetic disorders with
a low prevalence in the general population. These rare
diseases are caused by a dysfunction of genes that control
specially the intermediary metabolism of carbohydrates, lipids,
amino acids, vitamins, or energy metabolism. IEM may present
at any age, from newborn to adulthood, and in general no
speciﬁc features are related to the type of IEM. Most of them
may manifest neurologic symptoms (neurometabolic diseases)
and comprise a large group of IEM affecting the brain,
particularly in the neonatal period and during infancy. Patients
can have consciousness impairment, developmental delay,
cognitive deﬁcit, movement disorders, seizures, or epilepsy,
regardless of the metabolic substrate involved. The age at onset
of epilepsy depends on affected neurometabolic pathways and
factors linked to the development of the nervous system.
Many IEM interfere, eventually, with key functions of brain
metabolism, for example, transport and use of energy substrates,
production of high-energy phosphates, metabolic coupling
between neurons and astrocytes, neurotransmitter signaling
pathways, cerebral blood ﬂow autoregulation, the and transport
of substrates across the blood-brain barrier. In some IEM,
accumulating chemicals may cause direct neurotoxicity, and
certain triggers, such as fever or catabolism, may precede the
onset of neurologic symptoms or encephalopathy. In these IEM,
it is believed that symptoms remain latent until the accumulation
of toxic products is sufﬁcient to interfere with neuronal
functions. Further, brain malformations associated with some
IEM can contribute to the development of neurologic symptoms, as in peroxisomal disorders or O-glycosylation defects.
Accumulating compounds or lack of substrates can provide
useful biomarkers in the diagnostic work-up for these disorders. Therefore, most diagnoses rely on biochemical screening of metabolites in biological ﬂuids and identiﬁcation of their
genetic basis. Next-generation exome sequencing studies will
provide a powerful tool for elucidation of a great number of
cases in the near future.
The Neurology Department of Sant Joan de Déu Hospital in
Barcelona has a long clinical and research tradition in the ﬁeld
of IEM with neurologic manifestations.
Members of the Neurology Department also work in the
metabolic unit. In it, nutritionists, dietitians, psychologists,
biochemists, pediatricians, geneticists, social workers, and
http://dx.doi.org/10.1016/j.spen.2016.12.001
1071-9091/16/& 2016 Published by Elsevier Inc.

neurologists work as a multidisciplinary team that diagnoses,
treats, and follows patients with IEM. Other Hospital units
(neurophysiology, intensive care, cardiology, nephrology,
ophthalmology, etc) play an important role in this clinical
activity. Our metabolic unit also develops an important role
in multiple investigation projects that produce numerous
publications.
Our metabolic unit has a recognized international reputation and thus, it was charged with housing and organizing the
last World Congress about Metabolic Diseases held in Barcelona (ICIEM, 2013).
This monograph we entitled “Update on Neurometabolic
Disorders,” contains 9 articles that review the main aspects of
IEM in which our Department has signiﬁcant experience. We
emphasize not only the clinical presentation of the IEM but
also the new therapeutic options that are emerging to
treat them.
“Neonatal Screening for Inherited Metabolic Diseases in 2016”
García Villoria et al review the current status of IEM neonatal
screening. The scope of newborn screening programs is
continuously expanding, and it is aimed to an early detection
of asymptomatic children affected by certain diseases. The
objective is to establish a deﬁnitive diagnosis and apply the
proper treatment to prevent further complications and sequelae and ensure a better quality of life. In our community, the
early diagnosis has been performed within the Insitute of
Clinical Biochemistry in Barcelona, working closely with our
metabolic unit.
“Biochemical Analyses of Cerebrospinal Fluid for the Diagnosis
of Neurometabolic Conditions. What can we expect?” Batllori et al
summarize the state of the art of the analysis of different
biomarkers in the cerebrospinal ﬂuid (CSF) for the diagnosis of
some neurometabolic diseases, including defects in glucose
transport, and metabolism disorders of neurotransmitters
(dopamine, serotonin, and gamma-aminobutyric acid), pterin,
and vitamins (folate, vitamin B6, and thiamine) that affect the
brain. The early identiﬁcation of these biochemical disturbances in the CSF may improve the diagnosis and clinical
outcomes of the patients using the available options or the new
emerging therapies.
“Creatine Defects and Central Nervous System” Fons and
Campistol analyze the creatine deﬁciency syndromes, a group
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of disorders of creatine synthesis and transport characterized
by intellectual disability, language delay, epilepsy, autism
spectrum disorder, hypotonia, and movement disorders
secondary to decline of creatine concentration in the brain.
Synthesis defects are treatable, therefore an early diagnosis
is essential. We have reviewed the diagnostic protocol based on
biochemical methods, neuroradiological examination
(1H-MRS), molecular analysis, and therapeutical approach.
“Neuromuscular Manifestations in Mitochondrial Diseases in
Children” Nascimento et al review the main neuromuscular
symptoms present in mitochondrial diseases as reported in the
literature and in our own patients’ series. The article highlights
the importance of searching for the “key clinical signs”
associated with inheritance patterns as the most important
information to guide the complex diagnostic process and
genetic studies.
“Diseases of the Synaptic Vesicle: A Potential New Group of
Neurometabolic Disorders Affecting Neurotransmission” CortèsSaladelafont et al describe the monogenic defects of the synaptic
vesicle, and especially those affecting the synaptic vesicle cycle,
which are a potential new group of neurotransmitter disorders.
The most common clinical manifestations include epilepsy,
intellectual disability, autism, and movement disorders, and
are in the continuum symptoms of synaptopathies. Metabolomics, proteomics, and other omic techniques will probably
provide biomarkers and contribute to therapeutic targets in the
future.
“Epilepsy in Inborn Errors of Metabolism with Therapeutic
Options” Campistol emphasizes that approximately 40%-60% of
IEM may present at any age, with epilepsy as one of the main
neurologic signs. Different pathophysiological mechanisms may
be responsible for the clinical epileptic phenotype. An early
diagnosis and, in some cases, an effective treatment may result in
seizure control and an excellent evolution of the IEM. This article
summarizes the IEM that may develop seizures or epilepsy and
focuses on the management of treatable conditions.
“Impaired Neurotransmission in Early-treated Phenylketonuria
Patients” González et al review the neuropsychologic deﬁcits in

J. Campistol
early-treated phenylketonuria patients. The authors believe
that cerebral neurotransmitter deﬁciency (dopamine and
serotonine) can contribute to the pathophysiology of brain
dysfunction in phenylketonuria. These deﬁcits are related to
the executive dysfunctions and socioemotional problems in
early-treated patients. Blood Phe is the main biomarker for
treatment compliance follow-up, but monitoring neurotransmitter status and validation of peripheral biomarkers should
perhaps be performed. The development of new therapies are
focused not only on decreasing blood and brain Phe levels, but
also on improving neurotransmitters’ synthesis.
“Treatable Inborn Errors of Metabolism due to Membrane
Vitamin Transporters Deﬁciency.” Ortigoza Escobar and Pérez
Dueñas summarize the role of B vitamins acting as cofactors for
strategic metabolic processes. Three proteins of the SLC19
gene family are expressed ubiquitously and mediate the
transport of 2 important water-soluble vitamins, folate and
thiamine. Several genetic defects in vitamin B transport and
metabolism have been reported. The most relevant feature of
thiamine and folate transport defects is that both of them are
treatable disorders. This review emphasizes the biology and
transport of thiamine and folate, as well as the clinical
phenotype of the genetic defects.
“Pyridoxal Phosphate Supplementation in Neuropediatric
Disorders” Cortès-Saladelafont et al analyze pyridoxal phosphate
(PLP) as the active form of vitamin B6 and a cofactor in many
enzyme reactions including neurotransmitter metabolism, the
main pathophysiological factors related with PLP deﬁciency
and our experience in PLP treatment of pediatric patients with
low CSF PLP values.
Our team would like to acknowledge the Editor and
Editoral Board of Seminars in Pediatric Neurology for
offering us the opportunity to share our experience in
the area of IEM.

Jaume Campistol, MD, PhD
Guest Editor

Neonatal Screening for Inherited Metabolic
Diseases in 2016
Judit Garcia Villoria,1 Sonia Pajares,1 Rosa María López, José Luis Marin, and
Antonia Ribes, PhD
The scope of newborn screening (NBS) programs is continuously expanding. NBS programs
are secondary prevention interventions widely recognized internationally in the “ﬁeld of Public
Health.” These interventions are aimed at early detection of asymptomatic children affected by
certain diseases, with the objective to establish a deﬁnitive diagnosis and apply the proper
treatment to prevent further complications and sequelae and ensure a better quality of life. The
most signiﬁcant event in the history of neonatal screening was the discovery of phenylketonuria in 1934. This disease has been the paradigm of inherited metabolic diseases. The
next paradigm was the introduction of tandem mass spectrometry in the NBS programs that
make possible the simultaneous measurement of several metabolites and consequently, the
detection of several diseases in one blood spot and in an unique analysis. We aim to review
the current situation of neonatal screening in 2016 worldwide and show scientiﬁc evidence of
the beneﬁts for some diseases. We will also discuss future challenges. It should be taken into
account that any consideration to expand an NBS panel should involve a rigorous process of
decision-making that balances beneﬁts against the risks of harm.
Semin Pediatr Neurol 23:257-272 C 2016 Elsevier Inc. All rights reserved.

Introduction
Inherited metabolic diseases are especially relevant owing to
the high morbidity and mortality, the high risk of recurrence in
affected families, the possibility of therapeutic options, and the
potential identiﬁcation of asymptomatic infants through the
neonatal screening (NBS) programs.
NBS programs are secondary prevention interventions
widely recognized internationally in the “ﬁeld of Public
Health.” These interventions are aimed at early detection of
asymptomatic infants affected by certain diseases, most of them
rare diseases, with the objective to establish a deﬁnitive
diagnosis and apply the proper treatment to prevent further
complications and sequelae and ensure a better quality of life.
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The most signiﬁcant event in the history of neonatal
screening was the discovery of phenylketonuria (PKU) by
Dr Asbjørn Folling in 1934.1 PKU has been the paradigm of
inherited metabolic diseases. It was also the ﬁrst time that a
biochemical explanation for the mental retardation was given.
In addition, he developed a test for detecting the disease by
adding ferric chloride to 2 affected brothers’ urine. As a result of
the reduction of iron, the urine turned green. He later
showed that it was due to accumulation of phenylpyruvic
acid. In 1953, Dr Bickel established an effective treatment for
PKU.2 He proposed that the general development of children
with PKU would be practically normal if phenylalanine
would be restricted in the diet from the neonatal period. This
fact led to the prospective studies of disease detection in
many countries, and in 1958 the ﬁrst population screening
program was carried out in the city of Cardiff (United
Kingdom) using the Folling test.
The USA NBS programs began in the early 1960s, when Dr
Robert Guthrie described a simple screening test to measure
phenylalanine in large populations in blood spots.3 The
beneﬁts of newborn screening in children quickly attracted
the population support, because the early low-phenylalanine
diet could prevent progression of intellectual and developmental disability. Since then, the large-scale screening became
257
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possible. The universal newborn screening program for PKU
started in Massachusetts in 1963, and many countries quickly
established their own NBS programs.
The next paradigm was the introduction of tandem mass
spectrometry (MS/MS) in the NBS programs. Mass spectrometry is an analytical technique that allows the identiﬁcation and
quantiﬁcation of compounds in a biological sample according
to the mass/charge ratio. This methodology was one of the
triggering factors of the revision and expansion of NBS
programs worldwide that makes possible the simultaneous
measurement of several metabolites and, consequently, the
detection of several diseases in 1 blood spot and in a unique
analysis. Millington et al4 and Chace et al5 were the pioneers in
implementing MS/MS in NBS through the analysis of amino
acids and acylcarnitines, allowing the identiﬁcation of a
number of amino acid disorders, organic acidurias, and
mitochondrial fatty acid β-oxidation disorders. In addition,
ratio measurements of 1 analyte with respect to another are
also possible, which improve the speciﬁcity of screening.6,7 For
that reason, MS/MS is currently used in many NBS programs.8
The role and scope of NBS is expanding. Although traditional newborn screening was only concerned with few
diseases associated with mental retardation, the programs
now include disorders that can cause premature death,
inherited metabolic diseases, hemoglobin diseases, lysosomal
storage disorders, and others. It should be taken into account
that any consideration to expand an NBS panel should involve
a rigorous process of decision-making that balances beneﬁts
against the risks of harm.9
We aim to review the current situation of neonatal screening
in 2016 worldwide and show scientiﬁc evidence of the beneﬁts
for some diseases. We will also discuss future challenges.

Worldwide Inherited Metabolic Diseases
Included in the Neonatal Screening (NBS)
Programs in 2016
After the introduction of MS/MS4,5 in NBS laboratories, some
states in the United States of American began NBS for up to 30
different disorders. In response to a lack of national uniformity,
the Newborn Screening Task Force of the American Academy
of Pediatrics recommended the development of a national
system to coordinate NBS standards and policies.10 In 2003,
the Secretary of Health and Human Services formed an
Advisory Committee to provide recommendations on screening tests, technologies, policies, guidelines, and standards.11
The Committee recommended screening for a panel of 29 core
disorders and 25 secondary target disorders, the last obtained
mainly by differential diagnosis of the core conditions. These
disorders included organic acids, amino acids, and mitochondrial fatty acid oxidation disorders,12 but not all the states
screen for all the conditions (Table). Since then, the Committee
has evaluated 12 additional disorders, and 3 have been added
to the recommended NBS panel.11
Canada has 15 regions, and although individual territories
have their own decision-making processes, all programs
include cystic ﬁbrosis and congenital hypothyroidism (not
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shown in the Table), as well as medium-chain acyl-CoA
dehydrogenase (MCAD) deﬁciency and PKU.13
In 2009, the European Commission initiated a review of
current NBS services, and a network of experts to assess and
recommend a core panel of disorders to be screened was
nominated.14 However, currently the variability in the content
of screening programs in the European Union is very high, as
there are programs that include up to 30 disorders and others
that include only 2. In addition, the different conditions or
diseases vary not only among the different European countries
but also within different regions of a particular country.
Therefore, there is an urgent need to have a consensus to the
diseases that should be included in the 48 European
countries.15
In the Middle East and North Africa, comprising 21
countries, none of them have a consensus uniform panel,
and the NBS by MS/MS is selective or limited, whereas for
congenital hypothyroidism there is a high coverage13 (Table).
The 20 countries of Latin America and the 24 countries of
Asia Paciﬁc do not have consensus uniform panel (Table), and
except 1 or 2 countries, all of them screen for congenital
hypothyroidism (data not shown).
Currently, developed countries worldwide have adopted
NBS programs. Very recently, Therrell et al13 published an
extensive review, country by country, that we grouped by
geographic areas and have summarized in the Table.

Core Diseases and Evidence of Newborn
Screening Beneﬁts
Amino Acid Disorders
PKU, the paradigmatic amino acid disorder, has been included
in almost all the NBS programs worldwide (Table) and is
considered the ﬁrst successful story of NBS. There is not any
doubt that PKU must be included in the NBS programs.
Concerning the other amino acid disorders, there are some
variability among different geographic areas. All US states,
except 2, perform screening for all the core amino acid
disorders. In Canada, the proportion is approximately 30%.
In Europe, Middle East, North Africa, Latin America, and Asia
Paciﬁc the proportion is approximately 50%, except that the
tree later geographic areas do not screen for argininsuccinic
aciduria (Table).
Phenylketonuria
PKU (OMIM♯261600) is one of the most common inborn
errors of amino acid metabolism and was the ﬁrst disorder
detected by NBS programs.3,16 High levels of phenylalanine
(Phe) can cause serious irreversible brain damage.17 Phe
measurement on dried blood spots (DBS) is an easy test that
allows the early identiﬁcation of PKU and also benign hyperphenylalaninemia (Fig. 1).
Beneﬁts of NBS. PKU has been the paradigm of inherited
metabolic disorders. After more than 5 decades of NBS, a
number of studies have demonstrated that early detection and
treatment at birth prevents neurocognitive impairment,
and even these patients can accomplish an adequate
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28/48

49/51

Citrullinemia type I (CIT I)

28/48

*

49/51

Maple syrup urine disease (MSUD)

28/48

*

5/15

*

49/51

41/48

15/15

Homocystinuria (HCY)

Number of
Countries/Total
Number

Number of
States/Total
Number

Number of
States/Total
Number

51/51

Europe

Canada

United States

Amino acid disorders
Phenylketonuria (PKU)

Disease
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0/24

12/24

12/24

12/24

12/24

12/24

12/24

0/24

12/24

12/24

0/24

0/24
12/24

12/24

12/24

11/24

12/24

Number of
countries/Total
Number

Asia Paciﬁc
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Table (continued )

1/15

11/51

11/51
1/15
11/51 All conditions 1/15
38/51 Not all
conditions

3/48

0/48
0/48

14/48
13/48
0/48

13/48

0/21

0/21
0/21

0/21
0/21
0/21

0/21
0/21

0/21

0/21

16/21 But limited or
selective
16/21 But limited or
selective
16/21 But limited or
selective
16/21 But limited or
selective
16/21 But limited or
selective
0/21

3/20

0/20
0/20

10/20
14/20
0/20

0/20
0/20

0/20

0/20

0/20

9/20

9/20

9/20

9/20

9/20

Middle East and North Latin America
Africa
Number of Countries/ Number of
Total Number
Countries/Total
Number

11/24

0/24
0/24

0/24
9/24
0/24

0/24
0/24

0/24

0/24

0/24

12/24

12/24

12/24

12/24

12/24

Number of
countries/Total
Number

Asia Paciﬁc

*There are 9 states that screen for some amino acid disorders without specifying.
†
Argininemia; Citrullinemia type II; Hypermethioninemia; Bening hyperphenylalaninemia; Biopterin defects; Tyrosinemia type II and III.
‡
There are 11 states that screen for some organic acidurias without specifying.
§
Malonic acidemia; isobutyrylglycinuria; 2-methylbutyrylglycinuria; 3-methylglutaconic acidurias; 2-methyl-3-hydroxybutyric acidurias.
║
There are 6 states that screen for some fatty acid oxidation disorders without specifying.
¶
Short-chain acyl-CoA dehydrogenase deﬁciency; Medium/Short-chain L-3-hydroxyacyl-CoA dehydrogenase deﬁciency; Medium-chain ketoacyl-CoA thiolase deﬁciency; 2,4-dienoyl-CoA reductase deﬁciency.
#
Galactoepimerase deﬁciency; Galactokinase deﬁciency; T-cell related lymphocyte deﬁciencies; Glucose-6-phosphate dehydrogenase deﬁciency; Other lysosomal diseases.

0/15

1/15

11/51

3/51

13/48
13/48

1/15

11/51

Carnitine palmitoyltransferase I
deﬁciency (CPT I)
Carnitine palmitoyltransferase II
deﬁciency (CPT II)
Carnitine acylcarnitine translocase
deﬁciency (CACT)
Glutaric acidemia type II (GA II)
Other secondary conditions¶

0/15
0/15

13/48

9/15║

51/51

Carnitine transport defect (CTD)

2/51
3/51

23/48

9/15║

51/51

7/15
8/15
0/15

23/48

9/15║

51/51

51/51
51/51
5/51

23/48

9/15

51/51

Other disorders
Biotinidase deﬁciency (BIOT)
Classic galactosemia (GALT)
Glycogen storage disease type II
(Pompe)
Mucoplysaccharidosis type 1 (MPS 1)
X-linked adrenoleukodystrophy (XALD)
Others#

23/48

║

13/48

23/48

15/15

Number of
Countries/Total
Number

Number of
States/Total
Number

Number of
States/Total
Number

51/51

Europe

Canada

United States

Fatty acid β-oxidation disorders
Medium-chain acyl-CoA
dehydrogenase deﬁciency (MCAD)
Very long-chain acyl-CoA
dehydrogenase deﬁciency (VLCAD)
Long-chain 3-hydroxyacyl-CoA
dehydrogenase deﬁciency (LCHAD)
Trifunctional protein deﬁciency (TFP)

Disease
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Figure 1 Diagnostic algorithm of amino acid disorders in NBS program. Allo-ile, Alloisoleucine; ASA, argininsuccinic acid;
ASL, argininsuccinic acid lyase deﬁciency; BIOPT, biopterin defects; CBS, cystathionine-β-synthase, Cit, citrulline; CIT I,
citrullinemia type I; CIT II, citrullinemia type II; H-MET, hypermethioninemias; H-PHE, hyperphenylalaninemia; Met,
methionine; MMA, methylmalonic acid; MSUD, maple syrup urine disease; PC, pyruvate carboxylase; Phe, phenylalanine;
PKU, phenylketonuria; RMD, remethylation defects; Suac, succinylacetone; tHCY, total homocysteine; Tyr, tyrosine; TYR I,
tyrosinemia type I; TYR II, tyrosinemia type II; TYR III, tyrosinemia type III, Val, valine; XLeu, leucine/isoleucine.

apprenticeship.18 Nevertheless, neurophysiological and
neuropsychological impairments may still persist in treated
patients with PKU.19-21 Patients who were diagnosed late have
irreversible neurologic damage; however, in many cases, there
may be partial reversibility of cognitive deﬁcits.18,22-23

Homocystinurias
Homocystinuria due to cystathionine β-synthase (CBS) deﬁciency (MIM♯236200) is the second most common disorder of
amino acid metabolism. In addition to CBS, there are other
conditions that present with homocystinuria, such as remethylation defects, methylenetetrahydrofalate reductase deﬁciency (MTHFR OMIM♯236250), or cobalamin biosynthesis
defects, cblE, cblG, cblD-HCY, and cblX; or other cobalamin
defects that in addition present with methylmalonic aciduria
(cblC, cblF, cblJ, and cblD-MMA-HCY); see “organic acid
disorders.” All these disorders are detected through the analysis
of the same primary markers on DBS (Fig. 1). Moreover, the
speciﬁc second-tier tests homocysteine, methylmalonic acid,
and methylcitric acid allow for the differentiation between the
CBS and the remethylation defects and the cobalamin metabolism defects24 (Fig. 1). However, it is important to adjust the
analyte cutoff values adequately, as missed cases of false
negatives of cblC and CBS have been described.25

Beneﬁts of NBS. Early treatment in CBS deﬁciency can
prevent ocular26 and vascular complications.27 Morbidity is
also prevented, and some patients present normal intellectual
quotient (IQ).27,28 Contrarily, However, late-treated patients
develop ocular and vascular problems.26,27,29-30 Similarly, in
MTHFR deﬁciency, there is also evidence of a clear clinical
effect on early treatment preventing mortality and allowing
normal psychomotor development.31 In cblE and cblG
patients, a positive effect of early treatment has been
observed,32,33 whereas in other cblE patients, the overall
effect of treatment on neurodevelopmental disabilities is
moderate. The effect is negative or moderate on eye.34,35
Screening for CBS deﬁciency is highly recommended, as a
large group is pyridoxine responsive. NBS for severe MTHFR
deﬁciency is also recommended, as early betaine administration is associated with a positive outcome. For the cblD-Hcy,
cblE, and cblG defects, NBS experience is very limited but can
be considered owing to the evidence described in some cases
about the beneﬁt of early treatment.24
Maple Syrup Urine Disease
Maple syrup disease (MSUD, OMIM♯248600) is one of the
most severe amino acid disorders. It is caused by deﬁciency of
the branched-chain α-ketoacid dehydrogenase complex leading to high levels of branched-chain amino acids (leucine,
isoleucine, and valine). In the classical MSUD, clinical-onset
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usually occurs within the ﬁrst days of life, with acute metabolic
decompensation.36
NBS detection consists of the measurement of the primary
markers leucine, valine, and isoleucine on DBS. The analysis of
alloisoleucine as a second-tier test is very useful,37 as it is
pathognomonic of MSUD and allows the differential diagnosis
from other conditions (Fig. 1).
Beneﬁts of NBS. Several studies have demonstrated beneﬁcial
effects of early detection by NBS. A correlation between high
plasma leucine levels and neurologic damage has been
reported,38,39 as leucine is a potent neurotoxic
metabolite.40,41 IQ is directly correlated with the prolonged
amino acid imbalances that are present in these patients,
mainly during the ﬁrst years of life, resulting in structural and
functional neurologic abnormalities that have morbid longterm psychomotor consequences.42,43 Therefore, a frequent
amino acid monitoring is essential.44 In late-diagnosed
patients, encephalopathy and cerebral edema are frequently
present.44,45 Evidence reﬂects the aggressiveness of MSUD.
Therefore, early detection is recommended to prevent
irreversible neurologic damage.
Citrullinemia Type I and Argininsuccinic Aciduria
Citrullinemia type I is a urea cycle disorder (UCD) caused by
argininosuccinate synthetase deﬁciency (OMIM♯215700) that
produces a severe hyperammonemic encephalopathy resulting
in neurologic and mental impairment and even death, if the
start of treatment is delayed. NBS is based on citrulline
measurement on DBS. Increased citrulline is also present in
argininosuccinic aciduria (MIM♯207900), but the measurement of argininsuccinic acid permits the speciﬁc identiﬁcation
of this entity (Fig. 1). It is also important to take into account
the possibility of other diagnosis presenting with high citruline
levels, such as citrin deﬁciency or pyruvate carboxylase
deﬁciency.46

deﬁciency of fumarylacetoacetase, leading to an accumulation
of tyrosine and succinylacetone. High levels of tyrosine overlap
with tyrosine concentrations found in common benign transient tyrosinemia of the neonate, and in other entities such as
tyrosinemia type II and tyrosinemia type III.54 Moreover,
normal tyrosine levels can be found in the ﬁrst few days of
life,55 resulting in potential false negatives. Measurement of
succinylacetone in DBS allows to identify TYR1 speciﬁcally.
Therefore, succinylacetone should be used as primary marker
for the detection of this disease56 (Fig. 1).
Beneﬁts of NBS. Up to now NBS of TYR1 have been
unsuccessful in many countries owing to its relative rarity,
unproven cost-beneﬁt value of early diagnosis, and lack of
availability of succinylacetone test.55 Recently, several studies
reported the outcome of patients diagnosed from NBS,
compared with the outcome of patients diagnosed following
clinical presentation. No evidence of liver or kidney disease was
observed in screened patients, in contrast to patients who
presented clinically that had poorer outcome, including
chronic liver disease with liver transplant requirement in
many of them.51,57-59
Therefore, an early diagnosis and treatment in TYR1 is
effective in preventing liver disease and the risk of hepatocellular carcinoma.55,59

Organic Acidurias
The number of states and countries that perform screening for
the organic acidurias is the same for all the conditions, except
for methylmalonic acidurias. All the US states, except 2,
perform screening for organic acidurias. In Latin America
and Asia Paciﬁc the proportion is approximately 50%, in
Europe 40%, in Canada only 20%, and in Middle East and
North Africa the screening for these conditions is limited or
selective (Table).

Beneﬁts of NBS. Early detection represents an advantage for
citrullinemia type I and argininsuccinic aciduria, and also for
other UCD. Patients can present with early neonatal onset or
late-onset forms. Neonatal mortality in the severe forms has
been reported at approximately 50%.47 Blood ammonia level
during the ﬁrst hyperamonemic attack is correlated with
neurodevelopmental outcome.48,49 For that reason, it is
important to diagnose UCD when the blood ammonia levels
in patients are low.50 Early detection of citrullinemia and also
argininsuccinic aciduria in the ﬁrst days of life by NBS could
prevent irreversible neurologic damage. Consequently, the
inclusion of these amino acid disorders should be considered,
extensive to other UCDs, in NBS programs in order to beneﬁt
from their early diagnosis.

Propionic Acidemia
Propionic acidemia (PA) (OMIM#606054) is caused by
deﬁciency of the mitochondrial enzyme propionyl-CoA carboxylase. NBS for PA, and related diseases of propionate
metabolism, is performed in DBS through elevation of
propionylcarnitine (C3) with high propionylcarnitine/acetylcarnitine ratio (C3/C2), C3/palmitoylcarnitine (C16), and low
methionine. Recently, heptadecanoic acid (C17) has been
proposed as new biomarker to improve the analytical performance of this metabolism.60 Speciﬁcity is highly improved by the
measurement of methylcitrate, methylmalonate, and total
homocysteine in DBS as second-tier test. The last test allows
the differential diagnosis of PA from the isolated or combined
methylmalonic acidemia with homocystinuria (Fig. 2).

Tyrosinemia Type I
Tyrosinemia type I (TYR1, OMIM♯276700) is characterized by
a severe hepatorenal dysfunction with high risk of hepatocellular carcinoma if treatment is not implemented.51 Porphyrialike neurologic crisis is also present while cardiomyopathy is
less frequently observed.52,53 This disease is caused by the

Beneﬁts of NBS. Data on the beneﬁt of NBS for PA are sparse.
Although PA is widely screened for in NBS programs, some
NBS guidelines do not advocate screening for this disorder.
Dionisi-Vici et al61 reported that diagnosis through NBS is not
associated with a milder clinical course or better
neurocognitive outcome. In 2012, 20 patients with PA
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Figure 2 Diagnostic algorithm of organic acidurias in NBS program. BKT, beta-ketothiolase deﬁciency; BTD, biotinidase
deﬁciency; C0, free carnitine; C2, acetylcarnitine; C3, propionylcarnitine; C3DC, malonylcarnitine; C4OH, 3-hydroxy
butyrylcarnitine; C5, isovalerylcarnitine; C5, 1: tiglyl/3-methylcrotonylcarnitine; C5DC, glutarylcarnitine; C5OH,
3-hydroxy-isovalerylcarnitine; C6DC, methylglutarilcarnitine; C8, octanoylcarnitine; C16, hexadecanoylcarnitine; C17,
heptadecanoylcarnitine; GA, glutaric acid; GA-1, glutaric aciduria type 1; 3HGA, 3-hydroxyglutaric acid; HMG,
3-hydroxy-3-methylglutaric aciduria; HSD10, 17β-hydroxysteroid dehydrogenase type 10 deﬁciency; IVA, isovaleric
aciduria; 2MBG, 2-methylbutyrylglycinuria; MCA, methylcitric acid; 3-MCC, 3-methylcrotonylglicinuria; MCD, multiple
carboxylase deﬁciency; Met, methionine; MGA, 3-methylglutaconic aciduria; MMA, methylmalonic acid; PA, propionic
aciduria; tHCY, total homocysteine.

diagnosed through NBS were compared to 35 patients
diagnosed clinically.62 This article was followed by another
study in 2013.63 These authors concluded that poor
intellectual development is still the rule in PA, and although
improved acute- and long-term management has increased the
survival rates within the past decades, the neurologic outcome
of patients with PA is still unsatisfactory even if NBS is
performed.
Isolated Methylmalonic Acidemia
Isolated methylmalonic academia (MMA) is caused by complete or partial deﬁciency of the enzyme methylmalonyl-CoA
mutase (mut0 or mut–), a defect in the transport or synthesis of
its cofactor, adenosyl-cobalamin (cblA, cblB, or, cblD-MMA), or
deﬁciency of the enzyme methylmalonyl-CoA epimerase.
Beneﬁts of NBS. The near-universal implementation of
expanded newborn screening by MS/MS has afforded the
early detection of patients with a wide spectrum of disorders
such as isolated MMA, where long-term outcomes are still

pending, and further multicentre longitudinal studies are
needed to assess the usefulness of newborn screening for
these diseases.61
Combined Methylmalonic Aciduria With
Homocystinuria (cblC and cblD)
Both defects affect the synthesis of methylcobalamin and of
adenosyl-cobalamin. The cblC defect (OMIM♯277400), is the
most common disease.64 Primary markers and second-tier test
for NBS are the same as of PA (Fig. 2); also the same markers
are useful for the detection of the other disorders including
cblF and CblJ, but efﬁcacy and feasibility of screening for cblD,
cblF, and CblJ is unknown.24
Beneﬁts of NBS. Despite identiﬁcation by NBS and early
treatment, 11 of 12 patients showed developmental delay, 8 of
9 with brain pathologies, 10 of 11 with muscular hypotonia,
and 9 of 12 with nystagmus at a mean age of 50 months.65
Screening for the cblC defect should be considered because in
the early-onset, CblC defect’s response to treatment has been
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observed for nonneurologic symptoms. For late-onset patients,
treatment is mostly beneﬁcial, especially when initiated before
irreversible organ damage has occurred.
Glutaric Aciduria Type I
Glutaric aciduria type I (GA-1, OMIM♯231670) is due to
glutaryl-CoA dehydrogenase deﬁciency. NBS is performed by
the identiﬁcation of elevated glutarylcarnitine (C5DC) or high
ratios of C5DC/palmitoylcarnitine (C16), C5DC/octanoylcarnitine (C8), and other secondary markers. Speciﬁcity substantially increases by analyzing glutaric acid, 3-hidroxiglutaric
acid, and 2-hidroxiglutaric acid in DBS as a second-tier test
(Fig. 2). The same second-tier test markers are useful to
discriminate GA I from multiple acil-CoA dehydrogenase
deﬁciency. C5DC increase may also reﬂect kidney failure or
maternal GA I.66 Frazier et al67 reported 2 false negatives that
do not exceed the cutoff values at the time of screening. As a
consequence, these authors reduced their cutoffs.
Beneﬁts of NBS. Kolker et al68 reported the follow-up of 38
patients diagnosed presymptomatically of GA I by NBS and
compared the neurologic outcome with a cohort of 62 patients
diagnosed by clinical symptoms. In 89% of the screened
patients, the onset of encephalopathic crisis has been
prevented, whereas acute encephalopathic crises or
progressive neurologic impairment was common in the
patients diagnosed clinically. Other authors support that
early diagnosis and treatment are essential for the good
clinical evolution of patients with GA-1.69 However,
previous studies obtained less satisfactory results.70
Therefore, with few exceptions, NBS allows patients to
achieve an appropriate motor development, as opposed to
unscreened patients who mostly develop dystonia and other
serious movement disorders. Its inclusion in NBS is highly
recommended.
Isovaleric Acidemia
Isovaleric acidemia (IVA, OMIM♯243500 ) is caused by a
defect in leucine catabolism due to isovaleryl-CoA dehydrogenase. NBS can be performed by identiﬁcation of elevated
isovalerylcarnitine (C5), and high ratios C5/free carnitine (C0),
C5/propionylcarnitine (C3), C5/acetylcarnitine (C2), and other
secondary markers (Fig. 2). However, isobaric acylcarnitines
such as 2-methylbutyrylcarnitine and pivaloylcarnitine cannot
be distinguished by the screening method.71
Beneﬁts of NBS. Grünert et al72 retrospectively analyzed
clinical data of a large cohort of patients with IVA, 57% of
them were diagnosed within the ﬁrst weeks of life and 43% in
childhood. Comparison of both groups showed that IQ was
not related to the number of metabolic crisis, but a signiﬁcant
inverse relationship between IQ and age of diagnosis was
observed. Moreover, 82% of early diagnosed patients did not
present learning disorders, compared with the 44% of patients
diagnosed late.72 These authors concluded that mortality
associated with neonatal manifestations is high, but survivors
beneﬁt from early diagnosis and treatment. The potential to
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avoid early mortality and to improve neurocognitive outcome
reinforces IVA to be included in the NBS programs.
3-Methylcrotonyl-Glycinuria
3-Methylcrotonyl-glycinuria
(3-MCC,
OMIM♯210200,
210210) is caused by the deﬁciency of the enzyme 3methylcrotonyl-CoA carboxylase. NBS for 3-MCC can be
identiﬁed by elevated 3-hidroxy-isovalerylcarnitine (C5OH)
and high C5OH/carnitine (C0) and C5OH/octanoylcarnitine
(C8) ratios. These acylcarnitines may also be markers for other
diseases, and differential diagnosis should be done (Fig. 2).
High C5OH may also reﬂect maternal 3-MCC.73
Beneﬁts of NBS. The California Newborn Screening
Programs have reported 71 diagnosed with 3-MCC (8 cases
severe, 19 cases mild variants or heterozygote carriers, and 44
cases could not be classiﬁed). The authors concluded that a
signiﬁcant proportion of the 3-MCC “conﬁrmed” cases have a
mild biochemical phenotype. These ﬁndings raise the concern
that a signiﬁcant number of individuals receiving treatment for
3-MCC may not have a clinically signiﬁcant condition.74,75
Other authors76 reported a cohort of 88 patients with 3-MCC,
53 identiﬁed by NBS, 26 diagnosed due to clinical symptoms
or positive family history, and 9 mothers identiﬁed following
the positive NBS result of their baby; 57% of patients were
asymptomatic while 43% showed clinical symptoms, many of
which were probably not related to MCC deﬁciency but due to
ascertainment bias. However, 12 patients (5 of 53 identiﬁed by
NBS) presented with acute metabolic decompensations. Their
data conﬁrm that MCC deﬁciency, despite low penetrance,
may lead to a severe clinical phenotype resembling classical
organic acidurias. However, neither the genotype nor the
biochemical phenotype is helpful in predicting the clinical
course.
3-Hidroxy-3-Methyl Glutaric Aciduria
3-Hidroxy-3-methyl glutaric aciduria (HMG, OMIM♯246450)
is caused by the deﬁciency of 3-hydroxy-3-metilgutaril-CoA
lyase (HMG-CoA lyase). This enzyme is involved in the
metabolism of leucine. Two phenotypes have been described
as follows: the neonatal form in approximately 30% of the
cases and late form that usually occurs between 3 and 11
months of age and affects approximately 60% of cases.76,77
NBS for HMG can be performed by identiﬁcation of elevated
levels of 3-hidroxy-isovalerilycarnitine (C5OH), 3-methylglutarylcarnitine (C6DC) and high C5OH/carnitine (C0),
C5OH/octanoylcarnitine (C8), and C5OH/acylcarnitine (C2).
Therefore, diferential diagnosis with 3-MCC, 3-methylglutaconic aciduria (3MGA), 2-methyl-3-hidrobutyryl CoA
dehydrogenase deﬁciency (2M3HBD), and beta-thiolase
deﬁciency should be done.73
Beneﬁts of NBS. The available evidence is sparse. There are
few cases of HMG detected trough the NBS programs. A report
on practices for NBS programs for rare diseases in the European
Union, speciﬁcally reported that 87% of HMG cases are
asymptomatic at the detection of the disease and clinical
manifestations usually start at an average of 16 days of life.78
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There are studies that conclude the response to treatment as
variable, and in patients initiating treatment before the onset of
the disease, they develop metabolic crises of varying severity
with brain damage and mental retardation. Other studies
consider that early medical intervention improves prognosis
with normal growth and development. There is insufﬁcient
evidence of the beneﬁts of NBS.

Another study performed in Hong Kong between 2005 and
200984 concluded that HCS deﬁciency is one disease that
must be included in the NBS program of Hong Kong owing to
its high prevalence and to the good response to treatment.

β-Ketothiolase Deﬁciency
β-ketothiolase deﬁciency (BKT, OMIM♯203750) is a disease
that affects ketone bodies and isoleucine metabolism. NBS for
BKT can be performed by identiﬁcation of elevated tiglylglycine (C5:1) or 3-hidroxy-isovalerycarnitine (C5OH) and high
ratios of C5:1/carnitine (C0), C5OH/C0, and C5OH/octanoylcarnitine (C8). Therefore, differential diagnosis with other
conditions should be done79,80 (Fig. 2).

The core conditions of mitochondrial fatty acids oxidation
(FAO) disorders are outlined in gray in Figure 3; these
conditions have been included in all NBS states of the United
States. In Canada, all regions perform screening for MCAD,
whereas the other core conditions are only screened in 60% of
the regions. All these diseases are included in 76% of the
countries from Middle East and North Africa and in the 50% of
the countries from Europe, Latin America, and Asia Paciﬁc
(Table). The other FAO conditions are only included in 25% of
the US states and European countries, and in 1 region in
Canada (Table).

Beneﬁts of NBS. The available evidence is scarce and of poor
quality. A report on practices of neonatal screening in the
European Union concluded that an average of 55% of BKT
cases detected by NBS were asymptomatic at diagnosis.78
Estrella et al25 believe that late diagnosis does not appear to
seriously affect the patients. However, 2 deaths have been
reported at 2 years of age owing to an episode of ketoacidosis
and, on the contrary, a favorable outcome of a patient with
symptoms starting at 3 days of life81 was reported. One and 2
false negatives in the NBS programs of North Carolina67 and
Australia25 were detected, respectively. However, cutoff values
were not changed, as the rate of false positives increased to
unacceptable values. In Minnesota, over a period of 9 years, 2
false negative were detected, both patients had undetectable
levels of C5:1 and C5OH in the asymptomatic period and only
showed the characteristic proﬁle during periods of metabolic
stress.82 Consequently, early diagnosis of BKT deﬁciency is
more complex than other disorders, and it seems this disease
does not meet the full criteria to be included in the NBS
programs,82 or at least there is insufﬁcient evidence of the
beneﬁts of NBS.
Holocarboxylase Synthase Deﬁciency
Holocarboxylase synthase deﬁciency (HCS, OMIM♯253270)
causes multiple carboxylase deﬁciency. NBS for the HCS
deﬁciency can be performed by identiﬁcation of elevated
3-hidroxy-isovalerycarnitine (C5OH) and high ratios C5OH/
carnitine (C0), and C5OH/octanoylcarnitine (C8). Differential
diagnosis with other conditions should be done.73
Beneﬁts of NBS. The exact prevalence of HCS is unknown,
and patients with this condition usually starts symptoms at a
few hours, days, or weeks after birth. Owing to the early
appearance of symptoms, there are some doubts about the
beneﬁts of its inclusion in the NBS programs, but there is no
doubt of the beneﬁts of biotin treatment. HCS is common in
the Faroe Islands, for that reason Lund et al83 assessed the
feasibility of neonatal screening for HCS. Eight patients from 5
families were found, and all patients responded to treatment
with biotin; these authors concluded that the diagnosis
through neonatal screening detection ensures good result.

Mitochondrial Fatty Acid β-Oxidation
Disorders

Medium-Chain Acyl-CoA Dehydrogenase Deﬁciency
Deﬁciency
Medium-chain acyl-CoA dehydrogenase deﬁciency (MCAD)
(OMIM# 201450) is the most common fatty acid oxidation
disorder. NBS is performed by the identiﬁcation of a high level
of the primary markers in DBS: C8 and C8/C2 ratio, among
others (Fig. 3). Recently, the ratio C8/octenoylcarnitine (C8:1)
has been described as an effective marker to reduce false
positives, especially in very low-birth weight infants.85
Beneﬁts of NBS. It is assumed that 50% of MCAD-deﬁcient
patients have remained undiagnosed before the screening era.
There is strong evidence that NBS reduces morbidity and
mortality of deﬁcient children. The beneﬁt is particularly
apparent in patients harboring the common mutation
c.985A 4 G.86-91 However, sudden death in few patients,
despite their detection by NBS, has been described.88,89,92,93
An elevation of C8 level greater than 6 mmol/L and
homozygosity for the common c.985A 4 G mutation, or
MCAD deﬁciency caused by nonsense or deletion mutations,
represents a particular risk of sudden death.93,94 An Australian
study revealed that the risk of death among the patients
diagnosed clinically was 14% compared with 4% in the
screened cohort.95 In addition, a few cases have been
reported with an early onset of the disease at 12-72 hours
after birth, before the neonatal screening result is obtained; in
contrast it might be that some of the detected newborns will
never develop clinical symptoms.90,96,97
Very Long-Chain acyl-CoA Dehydrogenase Deﬁciency
Very long-chain acyl-CoA dehydrogenase (VLCAD) deﬁciency
is the most common defect of long-chain FAO disorders
(OMIM#201475). The primary markers are elevation of
tetradecenoylcarnitine (C14:1), tetradecadienylcarnitine
(C14:2), and high ratios of C14:1/C2 and C14:1/C16 among
others (Fig. 3). It should be taken into account that long-chain
acylcarnitines in DBS can normalize from the fourth day of life,
and the diagnosis can be missed.98,99 Some false positives with
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Figure 3 Diagnostic algorithm of fatty acid β-oxidation disorders in NBS program. C0, free carnitine; C2, acetylcarnitine; C3,
propyonilcarnitine; C5, isovalerylcarnitine; C6, hexanoylcarnitine; C8, octanoylcarnitine; C8:1, octenoylcarnitine; C10,
decanoylcarnitine; C10:1, decenoylcarnitine; C12, dodecanoylcarnitine; C12:1, dodecenoylcarnitine; C14, tetradecanoylcarnitine; C14,1, tetradecenoylcarnitine; C14:2, tetradecadienylcarnitine; C16, hexadecanoylcarnitine; C16-OH, 3-hydroxyhexadecanoylcarnitine; C16:1-OH, 3-hydroxyhexadecenoylcarnitine; C18, octadecanoylcarnitine; C18:1,
octadecenoylcarnitine; C18:2, octadecadienylcarnitine; C18:1-OH, 3-hydroxyoctadecenoylcarnitine; C18-OH, 3-hydroxyoctadecanoylcarnitine; CACT, carnitine acylcarnitine translocase deﬁciency; CPT1, carnitine palmitoyl transferase 1A
deﬁciency; CPT2, carnitine palmitoyltransferase 2 deﬁciency; CTD, carnitine transporter deﬁciency; GA-1, glutaric aciduria
type 1; GA2, multiple acyl-CoA dehydrogenase deﬁciencyLCHAD, long-chain 3-hydroxyacyl-CoA dehydrogenase
deﬁciency; MCAD, medium-chain acyl-Co A dehydrogenase deﬁciency; MTP, mitochondrial trifunctional protein defect;
VLCAD, very long-chain acyl-CoA dehydrogenase deﬁciency.

an increase of C14:1 are detected. A C14:1 level 4 1 mmol/L
strongly suggests VLCAD deﬁciency, whereas concentrations
o or ¼ 1 mmol/L do not allow a clear discrimination among
affected patients, carriers, and healthy individuals. Further
diagnostic evaluation, including enzyme and molecular analyses, is essential to identify the deﬁciency correctly.99-104
Beneﬁts of NBS. Implementation of NBS has signiﬁcantly
reduced morbidity and mortality of VLCAD deﬁciency, but
NBS also identiﬁes a great number of mildly affected patients
who may never develop clinical symptoms.104 A retrospective
analysis of 242 newborns with elevated C14:1-acylcarnitine on
NBS in California, Oregon, Washington, and Hawaii resulted
in 34 symptomatic positive cases, 18 asymptomatic positives,
112 false positives, 55 heterozygotes, 11 lost to follow-up, and
12 diagnosed with other disorders.105 Retrospective analysis of
75 patients from Germany, Switzerland, Austria, and the
Netherlands revealed that dietary treatment is effective in
many patients and can prevent acute metabolic derangements and prevent or reverse severe long-term complications
such as cardiomyopathy. However, 38% of patients had
intermittent muscle weakness and pain despite adhering to

therapy.103 Some false negatives have been reported, in some
cases by normalization of the markers in the second requested
sample,104 and in others because of normal results in the ﬁrst
analyzed sample achieving the diagnosis in postmortem
samples.106
Long-Chain 3-Hydroxyacyl-CoA Dehydrogenase
Deﬁciency and Mitochondrial Trifunctional Protein
Deﬁciency
Long-chain 3-hydroxyacyl-CoA dehydrogenase (LCHAD)
deﬁciency, (OMIM#609016) and mitochondrial trifunctional
protein (MTP) deﬁciency (OMIM# 609015) have the same
primary markers in DBS: 3-hydroxyhexadecanoylcarnitine
(C16-OH), 3-hydroxyoctadecanoylcarnitine (C18-OH), 3hydroxyoctadecenoylcarnitine (C18:1-OH), and a high ratio
of C16-OH/C16 among others (Fig. 3).
Beneﬁts of NBS. Generalized MTP deﬁciency has high early
mortality rate.105 In both disorders, neuropathy and retinopathy are progressive and irreversible despite treatment measures.104 Several studies revealed that some patients developed
satisfactorily while others, particularly MTP patients, did not
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survive.107-109 Despite detection by NBS, some patients with
MTP deﬁciency died few weeks after birth, or they were already
severely ill at the time of the NBS results.110,111
Carnitine Transporter Deﬁciency
Carnitine transporter deﬁciency (CTD, OMIM#212140) is
identiﬁed in NBS by the extremely low levels of free carnitine
(C0) and other primary markers particularly low C16,
octadecenoylcarnitine (C18:1), and C3 (Fig. 3). False positives
have been detected. In some cases, low C0 is secondary to
malnutrition, organic acidemias, or other FAO disorders.
Mothers with this condition have been detected because their
infants have low levels of carnitine at birth.112,113
Beneﬁts of NBS. In a study of 6 patients, 4 were
asymptomatic, 1 showed hypoglycemia, and 1 showed
movement disorders from 2 years of age, but their clinical
symptoms disappeared 3 months later increasing the dose of
carnitine administration.114 In another cohort of 11 patients,
although some of them developed symptoms, they responded
favorably to supplementation with carnitine.83
Carnitine Palmitoyltransferase I Deﬁciency
NBS of carnitine palmitoyltransferase I deﬁciency (CPT1,
OMIM#255120) is performed by the identiﬁcation of high
levels of C0 and high ratio C0/(C16 þ C18), together with a
decrease in C16 among others (Fig. 3). Some false positives can
be detected, as C0 levels can be high due to sepsis.115
Beneﬁts of NBS. CPT 1 deﬁciency may often be benign,
although early presentation with hypoketotic hypoglycaemia
also occurs.105 Patients with a prevalent mutation in Alaska
natives c.1436 C 4 T can be missed by NBS.116
Carnitine Palmitoyltransferase II Deﬁciency and of
Carnitine Acylcarnitine Translocase Deﬁciency
The deﬁciency of carnitine palmitoyltransferase II (CPT2,
OMIM#255110, 600649, 608836) and of carnitine acylcarnitine translocase (CACT, OMIM#212138) have the same
increased primary markers in DBS, high C16, and high
(C16þC18:1)/C2 ratio among others (Fig. 3). Speciﬁc enzyme
testing in lymphocytes or ﬁbroblasts or molecular analysis is
necessary to achieve the differential diagnosis.
Beneﬁts of NBS. After NBS identiﬁcation and early treatment,
some patients remain asymptomatic. However, CACT and
neonatal CPT2 deﬁciencies have an extremely high neonatal
mortality rate, and some cases can die or present symptoms
before the NBS result is obtained.117,118
It is important to advice that the acylcarnitine proﬁle in DBS
of some patients can be normal, and CPT2 deﬁciency can be
missed.119 Some false negatives have been reported, especially
for the late-onset form.120-122
Multiple Acyl-CoA dehydrogenase (MAD) Deﬁciency or
Glutaric Aciduria Type II
MAD deﬁciency (OMIM#231680) is identiﬁed by a generalized increase of acylcarnitines (Fig. 3). Speciﬁcity is highly
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improved by the measurement of 2-hydroxyglutaric acid,
glutáric acid, and ethylmalonic acid in DBS as second-tier test.
Beneﬁts of NBS. Some patients remain asymptomatic after
NBS identiﬁcation and early treatment. However, some
patients with the neonatal form have a severe presentation
and premature death.123

Other Inherited Metabolic Disorders
Biotinidase Deﬁciency
Biotinidase deﬁciency (OMIM#253260) is an autosomal
recessive inherited metabolic disease of biotin metabolism.
The disease is detected in the NBS programs through the
analysis of biotinidase activity.124
Beneﬁts of NBS. Among the reported beneﬁts of NBS, we
would like to remark the cohort of patients reported by Weber
et al,125 and that reported by Couce et al.126 In the ﬁrts one, the
authors compared the clinical evolution of patients with
profound biotinidase deﬁciency detected by NBS, with a
group of patients diagnosed through the clinical symptoms.
The median follow-up was 6 years. All 25 cases diagnosed by
NBS and treated with biotin showed normal psicomotor
development. Patients with profound biotinidase deﬁciency
(o1%) not detected by NBS, but treated later with biotin
showed delay in the adquisition of several ítems in adition to
sensorineurol hearing loss. In the second series,126 the followup of 15 cases detected by NBS were compared with 6 cases
diagnosed after the onset of symptoms. All of the children but
one, of the ﬁrst group remained asymptomatic for more than
10 years. Of the 6 patients diagnosed clinically, 3 had
sensorineural hearing loss (2 with partial biotinidase
deﬁciency), and the other 3 patients had a variety of clinical
symptoms.
Therefore, biotinidase deﬁciency meets most of the criteria
for inclusion in NBS programs: (1) the affected child exhibits
no symptoms at birth, (2) the disease causes severe neurologic
damage (3) the treatment of these patients is with the oral
administration of pharmacological doses of biotin, which
prevents the onset of symptoms and helps in the normal
development of the patient, and (4) a simple and inexpensive
test.126,127
Classic Galactosemia
Galactosemia (OMIM♯230400) is an inherited metabolic
disease characterized by the inability to metabolize galactose
into glucose owing to a deﬁciency of galactose uridyltransferase
1-phosphate (GALT). NBS is performed by measuring galactose, and galactose-1-phosphate is analyzed in DBS by
ﬂuorimetry or by tandem MS/MS.128
Beneﬁts of NBS. There is no doubt that NBS identiﬁcation
and early treatment (based on the restriction of dietary
galactose) reduces morbidity and mortality and possible
disabilities.129 According to the results of an international
survey of 371 patients in Europe and the US, 91% of infants
treated at birth, as a result of an affected brother, showed no
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neonatal symptoms.130 However, the beneﬁts of NBS are still a
matter of debate and controversy.131 The main arguments used
against NBS is that most infants already show the characteristic
symptoms of galactosemia and develop complications before
screening results are obtained. On the contrary, it seems that
long-term outcome of patients diagnosed clinically and those
diagnosed by NBS do not differ signiﬁcantly. Hughes et al132
compared a group of patients (n ¼ 14) that does not comply
strictly with the diet, and a group that achieves strict consumption of galactose (n ¼ 8). These authors observed132 that
long-term complications do not differ between the 2 groups.
Therefore, there is still a need for evidence-based
recommendations to better standardize treatment for this
disorder.133

Future Diseases to be Included in the NBS
Programs
Lysosomal Diseases
Currently, there is a great interest in the inclusion of LSDs in
the NBS programs. In the past, although there was a good
evidence of better outcomes when treatment was initiated early
in life, there was no proven high-throughput screening test
available. Nowadays, several screening tests have been established and have been shown that the prevalence of LSDs is
more frequent than previously expected.
(1) Pompe disease (OMIM♯232300) has been included as
core condition in the uniform screening panel in the
United States of America. Pompe disease is screened in
Taiwan, Austria, and Hungary.134-136 The long-term
beneﬁcial effects of an early treatment in patients with
Pompe disease have been recently published.137,138
(2) Krabbe disease (OMIM♯245200) is included in the NBS
programs of New York, llinois, New Mexico, New
Jersey, Arizona, and Pennsylvania,134 but reports on the
beneﬁcial effects of NBS are still pending.
(3) Fabry disease (OMIM♯301500) is screened in
Missouri,135 and pilot studies have been conducted
in Taiwan, China, Austria, Hungary, and
Washington.134,136
(4) Mucopolysaccharidosis
type
I
(MPS
I)
(OMIM♯607014) is screened in Missouri and Illinois.
Pilot studies are at present running in Washington,
Austria, Hungary, and Taiwan.134,135
(5) Gaucher disease (OMIM♯606463) is included in the
NBS programs of Missouri, Illinois, and Korea.134-136
(6) NBS pilot studies for Niemann Pick type A and B have
been conducted in Austria and Hungary.134
Recently, beneﬁts of the NBS for LSDs are discussed
in a recent report.139 Pompe disease has been considered
the most appropriate, and Krabbe the least. MPSI and MPSII
were overall considered favorably, but MPSI ranked higher,
owing to a perception of better efﬁcacy of the therapeutic
options. Fabry and Gaucher diseases were viewed less
favorably owing to the ethical problems in the late forms of
both diseases.

X-Linked Adrenoleukodytrophy (X-ALD)
Since hematopoietic cell therapy is an available intervention for
X-ALD (OMIM♯300100), if diagnosed and treated before the
onset of clinical symptoms, there has been a strong interest in
improving presymptomatic detection. The new tests in DBS
removed a major barrier to the implementation of NBS for XALD.140,141 This disease was included recently in the New
York and California programs.142
Ornithine Transcarbamylase Deﬁciency
Ornithine
transcarbamylase
(OTC)
deﬁciency
(OMIM♯311250) is the most frequent urea cycle defects. In
severe cases, even extremely early diagnosis does not seem to
improve prognosis very much, but the newborns suffering
from less severe deﬁciencies may have a better outcome if
diagnosed and treated during the ﬁrst days of life. OTC
deﬁciency is identiﬁed in NBS by a low citrulline levels in
DBS; however, this is not a reliable marker for OTC.143
Nowadays, new methods have been described to measure
orotic acid in DBS to improve the detection.144
Wilson Disease
Wilson disease (OMIM♯277900) is an autosomal recessive
disorder of copper transport. Early detection of Wilson disease
can prevent lifelong neurologic disabilities or cirrhosis. Currently, there are no effective biomarkers for NBS of Wilson
disease, but new methods are ongoing to be developed.145
Guanidinoacetate Methyltransferase Deﬁciency
Guanidinoacetate methyltransferase (GAMT, OMIM♯601240)
deﬁciency is a creatine biosynthesis disorder. Intellectual
disability is not reversed by treatment once it is instaured,
but presymptomatic treatment is predicted to improve outcomes, prompting interest in NBS.146 Improvement in the
indentiﬁcation of guanidinoacetate methyltransferase in DBS is
now being made.147

Conclusion
We have reviewed the inherited metabolic diseases included in
worldwide neonatal screening (NBS) programs in 2016.
Evidences of beneﬁts are also reported, as well as future
directions of the NBS programs. We conclude with a paragraph from a report of Rafﬂe and Gray9 that is still useful
nowadays: “All screening programs do harm. Some do good as
well and, of these, some do more good than harm at reasonable
cost.”
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Biochemical Analyses of Cerebrospinal Fluid
for the Diagnosis of Neurometabolic
Conditions. What Can We Expect?
Marta Batllori, Marta Molero-Luis, PhD, Mercedes Casado, PhD,
Cristina Sierra, PhD, Rafael Artuch, MD, PhD, and Aida Ormazabal, PhD
In this article, we review the state-of-the-art analysis of different biomarkers in the
cerebrospinal ﬂuid for the diagnosis of genetically conditioned, rare, neurometabolic diseases,
including glucose transport defects, neurotransmitter (dopamine, serotonin, and gammaaminobutyric acid) and pterin deﬁciencies, and vitamin defects (folate, vitamin B6, and
thiamine) that affect the brain. The analysis of several key metabolites are detailed, which
thus highlights the preanalytical and analytical factors that should be cautiously controlled to
avoid misdiagnosis; moreover, these factors may facilitate an adequate interpretation of the
biochemical proﬁles in the context of severe neuropediatric disorders. Secondary disturbances
in these biomarkers, which are associated with other genetic or environmental conditions, are
also detailed. Importantly, the early biochemical identiﬁcation of biochemical disturbances in
the cerebrospinal ﬂuid may improve the clinical outcomes of a remarkable number of patients,
who may exhibit good neurologic outcomes using the available therapies for these disorders.
Semin Pediatr Neurol 23:273-284 C 2016 Published by Elsevier Inc.

Introduction
After a clinical assessment and the establishment of initial
diagnostic hypotheses, the investigation of most neurometabolic conditions discussed in this article depends on the
analysis of speciﬁc cerebrospinal ﬂuid (CSF) biomarkers. In
general, biomarkers in peripheral biological ﬂuids (blood and
urine) are not suitable for the diagnosis of most of these
conditions. The Table presents the most relevant CSF biomarkers and their expected concentrations in biological ﬂuids
according to the different diseases reviewed.

The type and number of biomarkers that may be analyzed in
CSF samples is increasing; however, there are few indications
for performing CSF sample collection and analysis compared
with blood or urine analyses. Thus, it is not always necessary to
routinely collect and analyze CSF because several neurometabolic conditions are easily diagnosed in peripheral ﬂuids.
In this article, we would review different biomarkers (metabolites, vitamins, and cofactors) and highlight critical points
regarding laboratory analysis and data interpretation.

Biomarkers in CSF
Glucose and Lactate
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Associated Diseases
The Table indicates the associated diseases related to glucose
and lactate analyses. The glucose transporter 1 (GLUT1)
deﬁciency is caused by mutations in the SLC2A1 gene
(OMIM*138140), which causes a disorder in glucose transport
to the brain through happloinsufﬁciency (ie, only single allele is
mutated, whereas the other allele is normal). A low glucose
value in the developing brain is the main pathophysiological
mechanism in the disease, which is associated with 3 main
phenotypes and they are: epilepsy, movement disorders, and
273
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Table Cerebrospinal Fluid Biomarkers, Associated Diseases and Their Expected Biochemical Proﬁles in Different Biological Fluids
CSF Marker

Associated
Disease
OMIM*/Gene

Biochemical Proﬁle

Glucose

GLUT1 deﬁciency
138140/SLC2A1

CSF: ↓ glucose ↓ or normal lactate
↓ CSF or plasma glucose ratio

Serine

Serine deﬁciency
606879/PHGDH
610936/PSAT1
172480/PSPH

CSF: ↓ Ser and Gly
Plasma: ↓ Ser (with or without ↓ Gly)

Glycine

Classic NKH
238300/GLDC
238310/AMT
238330/ GCSH

CSF: ↑↑ Gly
Plasma: ↑↑ Gly
↑ CSF or plasma gly ratio
Urine: ↑↑ Gly

Variant NKH
607031/LIAS
609588/GLRX5
613183/BOLA3
608100/NFU1
615316/IBA57

CSF: ↑ Gly, lactate, and Ala
Plasma: ↑ Gly
Urine: ↑ Gly

TH deﬁciency
191290/TH
AADC deﬁciency
107930/DDC
MAO A deﬁciency
309850/MAO-A
DBH deﬁciency
609312/DBH

CSF: ↓ HVA and HVA/5HIAA ratio

Biogenic amines (HVA
and 5HIAA)

DAT1 deﬁciency
126455/SLC6A3
Pterins (NP, BP, and
BH4)

Dominant GTPCH
deﬁciency
600225/GCH
Recessive GTPCH
deﬁciency
600225/GCH
PTPS deﬁciency
612719/PTS
SR deﬁciency
182125/SRD
PCD deﬁciency
126090/PCBD1
DHPR deﬁciency
612676/QDPR

Free GABA

5-MTHF

GABA-T deﬁciency
137150/ABAT
SSADH deﬁciency
610045/ALDH5A1
Folate receptoralpha deﬁciency

CSF: ↓↓ HVA and 5HIAA. ↑↑ 3OMD and 5HTP
Urine: ↑ vanillactate
CSF: ↓↓ 5HIAA and HVA
CSF: ↑ HVA, HVA/5HIAA ratio, ↓ MHPG*
Urine: ↓↓ norepinephrine and epinephrine
↑ Dopamine
CSF: ↑ HVA and HVA/5HIAA ratio
CSF: ↓ NP, BP, BH4, HVA, and 5HIAA
CSF: ↓↓ NP, BP, BH4, HVA, and 5HIAA
Plasma: ↑ Phe
Urine: ↓ BP and NP
CSF: ↑ NP. ↓↓ BP, BH4, HVA, and 5HIAA
Plasma: ↑ Phe
Urine: ↓ BP. ↑ NP
CSF: ↑ BP and SP. Normal NP. ↓ BH4, HVA, and 5HIAA
Urine: ↑ SP
CSF: ↑ Primapterin. ↓ BH4, HVA, and 5HIAA
Plasma: ↑ Phe
Urine: ↑ Primapterin
CSF: ↑ BP. Normal NP. ↓ BH4, HVA, and 5HIAA
Plasma: ↑ Phe
Dried blood spot: ↓ DHPR activity
CSF: ↑↑ Free GABA, homocarnosine, and beta-alanine
CSF: ↑ Free GABA
Plasma and urine: ↑↑ GHB
CSF: ↓↓ 5MTHF and total folate
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Table (continued )
CSF Marker

Associated
Disease
OMIM*/Gene

Biochemical Proﬁle

136430/FOLR1

↓↓ CSF 5MTHF or plasma folate ratio
Plasma: Normal total folate
CSF: ↓↓ 5MTHF and total folate
↓ CSF 5MTHF or plasma folate ratio
Plasma: ↓↓ total folate.
CSF: ↓↓ 5MTHF. Normal or ↑ total folate
Normal CSF 5MTHF or plasma folate ratio
Plasma: Normal total folate. Severe hyperhomocysteinemia
CSF: ↓↓ 5MTHF, normal CSF 5MTHF, or plasma folate ratio
Plasma: Normal total folate and Hcys

PCFT deﬁciency
611672/SLC46A1
MTHFR deﬁciency
607093/MTHFR
DHFR deﬁciency
126060/DHFR
PLP

PNPO deﬁciency
603287/PNPO
Antiquitin deﬁciency
107323/ALDH7A1

Thiamine isoforms

hTHTR2 deﬁciency
606152/SLC19A3
TPK1 deﬁciency
606370/TPK1

CSF: ↓ PLP, 5HIAA, and HVA. ↑ 3OMD and 5HTP. ↑ Gly, Ser, and Thr
Normal CSF or plasma PLP ratio
Plasma: ↑ Gly, Ser, and Thr
Urine: ↑ vanillactate
CSF: ↓ PLP, 5HIAA, and HVA. ↑ 3OMD, 5HTP, and X Compound. ↓ GABA. ↑ Gly,
Ser, and Thr. ↑ AASA and pipecolic acid
↓ CSF or plasma PLP ratio
Plasma: ↑ AASA and pipecolic acid
Urine: ↑ AASA and pipecolic acid
CSF: ↓↓ free thiamine. ↑ lactic acid
Plasma: ↑ branched amino acids
Urine: ↑ 2-oxoglutarate
CSF*: ↑ free thiamine and ↓ TDP
Blood, muscle, and ﬁbroblasts: ↑ free thiamine and ↓ TDP

* Expected values. ↑: increased values compared with reference aged values and ↓: decreased values compared with reference aged values (see
Annex).

behavioral disturbances with mental disability.1 Early diagnosis
is of paramount importance, because patients may exhibit
a good neurologic outcome after treatment with ketogenic
diet.2
Biochemical Data Interpretation
For proper data interpretation, it is important to collect the
CSF sample after a strict protocol. For a GLUT1 deﬁciency
diagnosis, it is critical to collect blood samples for the analysis
of glucose (after a period of 4-6 hours of a fasting state) to rule
out hypoglycemia as the cause of hypoglycorrhachia. The CSF
should be collected immediately after to analyze glucose and
lactate. Low CSF glucose levels, with a low CSF or blood
glucose ratio and low-normal lactate values are expected in this
disease.3 New descriptions with low-normal CSF glucose
values have been reported depending on the phenotype.4,5
At this point, it is of utmost importance to rule out several
disorders that cause secondary decreased CSF glucose values,
such as hypoglycaemia, meningitis (bacterial, but also resulting
from other microorganisms), subarachnoid bleeding, sarcoidosis, lupus, status epilepticus, cerebral hypoxia, or energy
metabolism defects (eg, mitochondrial disorders).1 Once low
CSF glucose values have been demonstrated, the next step in
the diagnosis is typically SLC2A1 gene sequencing because the
biochemical characterization of GLUT1 transporter activity is a

complex biochemical test that is only performed in a limited
number of laboratories.
CSF lactate determination is important not only for the
diagnosis of GLUT1 deﬁciency but also to support the
diagnosis of different mitochondrial disorders (Table) with a
primary expression in the central nervous system (CNS).

Amino Acids
The analysis of CSF amino acids based on the quantiﬁcation of
serine, glycine, and alanine, which comprise biomarkers of
several conditions that may be misdiagnosed through analysis
in peripheral ﬂuids, such as blood and urine.

Associated Diseases
L-serine

is a precursor of several important CNS molecules,
such as D-serine, glycine, cysteine, 5-methyltetrahydrofolate,
sphingomyelin, phospholipids, purines, and thymidine. Serine
deﬁciency disorders are caused by a genetic defect in 1 of the
3 steps of the synthesis pathway and they include
3-phosphoglycerate dehydrogenase (OMIM*606879), phosphoserine aminotransferase (PSAT1; OMIM*610936), and
3-phosphoserine phosphatase (PSPH; OMIM*172480).6 The
ﬁrst 2 defects lead to severe neurologic symptoms, such as
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congenital microcephaly, hypertonia, and epilepsy, whereas
the third defect appears to lead to slow head growth and
intellectual disability. L-serine supplementation may reverse
some neurologic signs.6
The glycine catabolic pathway involves glycine cleavage
enzyme (GCE), which includes a mitochondrial multienzymatic system composed of 4 proteins such as T-protein,
P-protein, H-protein, and L-protein.7 Deﬁcient GCE activity
may primarily be caused by mutations in P or T-proteins,
which lead to classic nonketotic hyperglycinemia (NKH;
OMIM*238300, *238310, and *238330). NKH may be
classiﬁed as severe or attenuated forms based on the severity
of the neurodevelopmental outcome of the disorder. The
H-protein of the GCE has a lipoyl group covalently attached,
which is a crucial cofactor for proper functioning and
interactions with the other 3 proteins of the GCE. The
discovery of the ﬁrst genetic defect in the lipoylation pathway
opened a new avenue in the ethological investigations of
patients who present with increased blood and CSF glycine
concentrations.8 The clinical presentation associated with
hyperglycinaemia varies from severe, early onset, and epileptic
encephalopathy to other CNS signs and symptoms that mimic
mitochondrial disorders and, most frequently, severe lifethreatening conditions with few therapeutic options.

disturbances, such as the presence of organic acidurias
(eg, propionic acidemia, methylmalonic, or isovaleric aciduria,
which lead to ketotic hyperglycinaemia because of the
secondary inhibition of GCE activity).9 Nevertheless, brain
GCE activity does not appear to be decreased, which results in
normal CSF glycine values and a ratio between the CSF and
plasma within normal limits. Vitamin B6 deﬁciency may
secondarily decrease the GCE activity and consequently
increase glycine levels. Hypoxic-ischemic events, congenital
stroke, or meningitis may also be associated with a transient
increase in the CSF or plasma glycine ratio secondary to an
impairment of glycine metabolism in the brain during these
situations. Other conditions that lead to hyperglycinaemia
include protein deﬁciency and starvation. Treatment with
valproic acid inhibits GCE and may increase the plasma, urine,
and CSF glycine levels.9,10
Regarding alanine, increased CSF values may predict the
presence of a mitochondrial disorder, especially when lactate
values are concomitantly increased. However, a general impairment in energy metabolism because of environmental conditions, such as hypoxia or ischemic events, may also increase
the CSF alanine concentration.

Biogenic Amines and Pterins
Data Interpretation
If there is a clinical suspicion, the ﬁrst step is to perform an
amino acid analysis of fasting plasma samples because, in most
cases, both serine deﬁciency and hyperglycinaemia would be
present. However, the diagnosis of serine deﬁciencies may be
missed if the amino acid analysis is not performed in the fasting
state. If the serine levels are low (regardless of a decreased
glycine level), the next step comprises a CSF amino acid
analysis. 3-phosphoglycerate dehydrogenase deﬁciency has
been reported in 24 patients, and the biochemical ﬁndings
included decreased serine and glycine levels in the CSF. These
biochemical ﬁndings are similar to those patients found with
PSAT1 and PSPH deﬁciencies. A ﬁnal diagnosis is achieved
after the analysis of the 3 genes involved in the serine synthesis
pathway.
The expression and catalytic activity of the GCE is only
complete in the brain, liver, and placenta. Deﬁcient GCE
activity causes glycine accumulation in the blood, urine, and
CSF with the peculiarity of an increased glycine ratio between
the CSF and plasma.9 Moreover, deﬁcient GCE activity
may also be produced by a deﬁcient synthesis of the lipoate
cofactor because of mutations in lipoic acid synthetase
(OMIM*607031), which cause the variant NKH. This disorder
overlaps with multiple mitochondrial dysfunction syndromes,
because all lipoates that contain mitochondrial enzymes are
deﬁcient. Moreover, a number of recently identiﬁed defects in
mitochondrial iron-sulfur cluster synthesis cause a phenotype
similar to the lipoic acid synthetase defect10 (Table). In addition
to hyperglycinaemia and increased CSF glycine values,
increased plasma and CSF lactate and alanine values may be
identiﬁed.11 However, in most cases, hyperglycinaemia is a
secondary event that results from different metabolic

Biogenic amines comprise a group of chemically related
compounds that are closely related with the neurotransmitters
dopamine and serotonin. Figure 1 indicates the metabolic
pathways of dopamine and serotonin biosynthesis and its
cofactor tetrahydrobiopterin (BH4). The amino acids tyrosine
and tryptophan are the precursors of dopamine and serotonin,
respectively. After a common rate-limiting enzymatic step,
which is catalyzed by 2 hydroxylases dependent on BH4,
L-dopa, and 5-hydroxytryptophan (5HTP) are synthesized.
Then, after a common decarboxylation step, which is catalyzed
by L-aromatic amino acid decarboxylase (AADC, whose
cofactor is the active form of vitamin B6), the neurotransmitters
dopamine and serotonin are formed. Finally, several catabolic
steps lead to the generation of the end-stable metabolites
homovanillic acid (HVA) and 5-hydroxyindoleacetic (5HIAA)
acid, which comprise the most useful biomarkers for the
diagnosis of dopamine and serotonin-related disorders.
BH4 is synthesized from guanosine triphosphate (GTP) in a
metabolic pathway that involves GTPciclohydrolase-I
(GTPCH-I), 6-pyruvoyltetrahydropterin synthase (PTPS),
and sepiapterin reductase (SR) enzymes. The BH4 salvage
pathway is also important, and it includes pterin 4-alpha
carbinolamine dehydratase (PCD) and dihydropteridine
reductase (DHPR) enzymes (Fig. 1). CSF analysis of pterins
may be used to identify genetic conditions that affect the
synthesis of the active cofactor BH4.

Associated Diseases
Overall, 10 disorders of biogenic amine metabolism and 2
disorders related to its transport would be discussed.12 Of the
10 genetic conditions related to biogenic amine metabolism,
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Figure 1 Metabolic pathways for the synthesis and catabolism of monoamines, pterins, GABA, and vitamin B6. The key
metabolites for neurotransmitters and pterins are marked in bold and capital letters. Enzymes appear in italics. AADC,
aromatic L-amino acid decarboxylase; 7,8-BH2, 7,8-dihydrobiopterin; BH4, tetrahydrobiopterin; COMT, catechol
O-methyltransferase; CR, carbonyl reductase; DHFR, dihydrofolate reductase; DHPR, dihydropteridine reductase; DβH,
dopamine betahydroxylase; GABA, gamma-aminobutyric acid; GABA-T, gamma-aminobutyric acid-transaminase; GAD,
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quinoide-dihydrobiopterin; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SR, seapiapterin reductase;
SSADH, succinic semialdehyde dehydrogenase; TCA, tricarboxylic acid cicle; TPH, tryprophan-5-hydroxylase; TH,
tyrosine 3-hydroxylase; VLA, vanillactic acid; VMA, vanillmandelic acid; vB6, vitamin B6. (Color version of ﬁgure is
available online.)

following 2 disorders speciﬁcally affect the biosynthesis of
dopamine and catecholamines: tyrosine hydroxylase deﬁciency (TH; OMIM*191290) impairs the synthesis of dihydroxyphenylalanine (L-dopa), which causes dopamine
deﬁciency and a neurologic disease with extrapyramidal
and
dopamine
β-hydroxylase
deﬁciency
signs13;
(OMIM*609312) impairs catecholamine biosynthesis (epinephrine and norepinephrine), and its clinical hallmark is
severe orthostatic hypotension with sympathetic failure.14
Further, 2 other disorders of biogenic amine metabolism
involve both dopamine and serotonin metabolism: AADC
(OMIM*107930) causes a combined deﬁciency of dopamine
and serotonin, which leads to a complex clinical picture that
may include muscle hypotonia, oculogyric crises, movement
disorders, and autonomic features (excessive sweating and
temperature instability)15; and X-linked monoamine oxidase A

deﬁciency (MAO-A; OMIM *309850), which is the only defect
in monoamine catabolism, causes isolated, severe, behavioral
disturbances.16
There are 6 defects in BH4 cofactor biosynthesis (Fig. 1): the
dominant form of GTPCH-I (OMIM*600225)17 and the
recessively inherited SR deﬁciency (OMIM*182125)18 primarily cause movement disorders owing to dopamine deﬁciency,
with different degrees of serotonin-related clinical disturbances. BH4 is also required in the liver for the conversion of
phenylalanine to tyrosine in a reaction catalyzed by phenylalanine hydroxylase; thus, several defects that affect BH4
metabolism lead to hyperphenylalaninemia (PKU). These
defects include recessively inherited GTPCH-I, PTPS, PCD,
and DHPR deﬁciencies.11 These defects also exhibit alterations
in the biogenic amine statuses in the CNS; however, they may
be detected in neonatal screening programs through
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phenylalanine quantiﬁcation in Guthrie cards, which would
not be further discussed in this article.
Totally, 2 genetic conditions that affect synaptic transporter
functions have recently been reported and they are dopamine
transporter 1 (DAT1; OMIM*126455) deﬁciency19 and
the vesicular monoamine transporter type 2 (VMAT2;
OMIM*193001) defect,20 which both cause early
Parkinsonism-dystonia. DAT1 removes dopamine from the
synaptic cleft, which thereby terminates its action on postsynaptic and presynaptic receptors. VMAT2 translocates
dopamine and serotonin into synaptic vesicles and is essential
for its liberation in the synaptic cleft.
The early identiﬁcation of these conditions may be critical
because some conditions are associated with a good clinical
outcome after treatment with neurotransmitter precursors
(L-dopa and 5-hydroxytrytophan) or neurotransmitter agonists.

Data Interpretation
In general, the analysis of biogenic amines in urine is not
suitable for the diagnosis of these genetic disorders, and only
an abnormal proﬁle of organic acids (increased vanillactic acid)
may be detected in some patients with AADC and vitamin B6
deﬁciencies. The CSF has been identiﬁed as the most suitable
biological sample for the diagnosis of most biogenic amine
disorders and the 2 pterin defects without PKU. The Table
indicates the diagnostic value of CSF biogenic amines and
pterins for the different genetic conditions previously
discussed.
Protocolized lumbar puncture collection is required for the
reliable analysis of biogenic amines. Because there is a
rostrocaudal gradient (the concentration of some metabolites
is higher in the last fractions of the CSF compared with the
initially collected samples), it is important to compare the
patient's values to his or her own reference values established
using the same CSF fraction. Moreover, red blood cell lysis
causes the oxidation of metabolites; thus, blood-contaminated
samples must be immediately centrifuged, and the clear CSF
supernatant must be transferred to a new tube. Sample storage
at –801C is mandatory. The preanalytical conditions for pterin
analysis are worthy of consideration. For the measurement of
neopterin, biopterin, and sepiapterin, the most common
practice includes CSF sample stabilization with manganese
dioxide or iodine and sample protection from light.21 Several
protocols have been reported for the investigation of these
preanalytical factors.22,23
The CSF concentrations of HVA and 5HIAA may be used as
indirect markers of dopamine and serotonin metabolic pathway function in the brain. The analyses of 3-ortomethyldopa
(3OMD) and methoxyhydroxyphenylglycol (MHPG)
(as dopamine and norepinephrine metabolites) and
5-hydroxytryptophan (5HTP), as a serotonin precursor metabolite (Fig. 1), enable the differential diagnosis of biogenic amine
disorders after a biochemical analysis. Defects in biogenic
amine biosynthesis indicate decreased CSF HVA or 5HIAA or
both (TH, AADC, and BH4 deﬁciencies, Table), as well as
substantially increased precursors for AADC deﬁciency
(3OMD and 5HTP). A dopamine β-hydroxylase defect
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typically exhibits high HVA values (Fig. 1), whereas an
MAO-A defect exhibits substantially low CSF HVA and 5HIAA
levels. DAT1 deﬁciency also exhibits increased CSF HVA
values because of an accelerated degradation of dopamine in
the synaptic cleft, whereas a VMAT2 defect does not exhibit a
clearly impaired biogenic amine proﬁle in the CSF. Thus,
variations in HVA values are not always predictive of dopamine
deﬁciency because both low and high HVA values (eg, in TH
and DAT1 deﬁciencies) are indicative of dopamine deﬁcient
neurotransmission. In contrast, extremely low CSF HVA and
5HIAA values may indicate dopamine and serotonin “intoxication” because of impaired biogenic amine catabolism, such
as in MAO-A deﬁciency (Fig. 1).
The analysis of urinary pterins is performed in all patients
with increased blood phenylalanine levels detected by newborn screening programs to conﬁrm the differential diagnosis
of PKU; however, this analysis includes neopterin, biopterin,
and primapterin.24,25 Neopterin, biopterin, and sepiapterin
may be analyzed in the CSF, and they are useful biomarkers for
the differential diagnosis of genetic disorders related to BH4
metabolism with normal blood phenylalanine values (SR and
the dominant form of GTPCH-I defects) (Fig. 1). GTPCH-I
deﬁciency exhibits partially decreased neopterin and biopterin
values, whereas SR deﬁciency exhibits increased CSF biopterin
(because of increased degradation of BH4) and sepiapterin
concentrations.
Similar to other biomarkers, impaired CSF biogenic amine
and pterin concentrations are predominately caused by
secondary events because primary genetic diseases that lead
to dopamine and serotonin deﬁciencies comprise extremely
rare conditions. Thus, impaired HVA and 5HIAA concentrations (increased or decreased CSF concentrations) have
been associated with various neurologic disorders (genetic or
environmental).26,27 The causes and consequences of these
variations are not always understood, and impairments in
monoamine biosynthesis or liberation in the synaptic cleft
because of various CNS damaging conditions, accelerated
turnover, or impaired elimination of end-stable metabolites
have been precluded as the causes of these variations.
Interestingly, increased CSF neopterin concentrations because
of its synthesis activation using cytokines, such as interferonalpha, also comprise a powerful tool for the identiﬁcation of
inﬂammatory and immune conditions in the CNS.28
The diagnostic conﬁrmation of genetic conditions that lead
to dopamine and serotonin deﬁciencies is achieved through
the genetic analyses of candidate genes. Enzyme activities may
also be analyzed, which support the initial diagnosis, especially
when data from molecular analyses are inconclusive. Most
genes have been investigated in previous years using a singlegene testing approach (Sanger sequencing); however, nextgeneration sequencing (targeted gene panel diagnosis) has
increasingly been used in clinical laboratories, which enables a
more rapid diagnosis. Using whole exome and genome
sequencing, new genes that cause an impaired monoamine
status have been identiﬁed.29 The enormous complexity of
synaptic transmission, in which hundreds of proteins with
different functions are involved, strongly suggests that massive
sequencing of large series of patients with undiagnosed
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neurologic diseases would lead to the discovery of novel genes
involved in neurotransmission and human diseases.

Gamma-Aminobutyric acid
Gamma-aminobutyric acid (GABA) is the major inhibitory
neurotransmitter in the brain, and it naturally occurs in up to
one-third of neuronal synapses, predominantly in gray matter.
Its major precursor is glutamate, which is converted to GABA
using the vitamin B6 dependent enzyme glutamate decarboxylase. GABA is subsequently catabolized by 2 enzymatic steps,
GABA-transaminase (GABA-T) and succinic semialdehyde
dehydrogenase (SSADH), which yield succinate as the ﬁnal
product of the reactions that enters the Krebs cycle. Through
the transamination of α-ketoglutarate, the closed loop of this
process returns to glutamate, and its conversion to GABA
occurs via glutamate decarboxylase.

Associated Diseases
The inherited disorders of GABA metabolism include GABAtransaminase deﬁciency (OMIM*137150) and SSADH deﬁciency (OMIM*610045). GABA-T deﬁciency has only been
described in 3 patients to date. It is associated with developmental delays, hypotonia, pyramidal signs, and refractory
seizures. The reported siblings exhibited increased growth
hormone levels and growth acceleration.30 The major diagnostic sign is a substantial increase in free GABA in the CSF, up
to 40-fold; however, the diagnosis may also be identiﬁed using
proton magnetic resonance spectroscopy.31 Homocarnosine
and beta-alanine in the CSF may also be increased (Table).
SSADH deﬁciency, or 4-hydroxybutyric (GHB) aciduria, is
the most prevalent GABA degradation disorder. The clinical
presentation of this condition includes intellectual disability,
ataxia, epilepsy, and psychiatric symptoms.32 Because of an
enzymatic deﬁciency, GABA is not converted to succinate, and
its metabolite GHB accumulates in biological ﬂuids. The
diagnosis is made using an organic acid analysis in urine,
which indicates substantially increased GHB excretion compared with healthy controls. CSF analysis in SSADH deﬁciency
indicates an increase in GHB, up to 100-fold, and a mild
increase in free GABA, up to 3-fold.33

Data Interpretation
Preanalytical conditions in free GABA CSF analysis may
represent an important cause of inaccuracy. GABA occurs in
the CSF in its free and peptide-linked forms. The hydrolysis of
peptide-linked forms of GABA-conjugates yields the free form.
After CSF collection and during the storage and thawing of
samples, bound GABA may be nonenzymatically hydrolyzed
to free GABA, which leads to falsely increased values. To avoid
hydrolysis, samples must be frozen at !801C immediately
after collection and maintained in an ice bath during handling.
Freeze or thaw cycles must also be avoided to obtain an
accurate measurement of free GABA in the CSF.34
As previously discussed, GABA is signiﬁcantly increased in
both GABA-T and SSADH deﬁciencies; thus, CSF

279
measurement has diagnostic importance. Nevertheless, the
most prevalent condition (SSADH deﬁciency) is diagnosed
through urinary GHB quantiﬁcation. A patient's CSF GABA
concentrations are compared with reference values, which are
age dependent and increase according to age. High CSF GABA
concentrations may suggest a defect in the catabolic pathway of
GABA; however, elevated levels of free GABA may also be
present after several antiepileptic treatments, such as valproic
acid and vigabatrin, which modulate GABA metabolism.35
Thus, CSF GABA analysis may be interesting for increasing
knowledge regarding several CNS disorders (such as epilepsy);
however, its routine measurement in CSF is not a common
practice.

Folate
Folate is a water-soluble vitamin B that is mainly present in the
CNS as 5-methyltetra-hydrofolate (5MTHF). 5MTHF is the
most important methyl donor, and it is involved in more than
100 methylation reactions via S-adenosylmethionine (SAM)
(Fig. 2). Among these reactions, folate is essential for myelin
stability, dopamine and serotonin turnover, purine synthesis,
and amino acid metabolism (such as homocysteine, methionine, serine, and glycine).36,37
Folate requirements must be obtained entirely from dietary
sources because mammalian cells cannot synthesize it de novo.
Peripheral folate deﬁciency has been related to megaloblastic
anemia, growth retardation, congenital birth defects, pregnancy complications, osteoporosis, cancer, and several neurodegenerative and psychiatric diseases.38

Associated Diseases
Cerebral folate deﬁciency (CFD) is a relatively recently
described condition, which is characterized by low 5MTHF
in the CSF with normal peripheral folate metabolism and
various neurologic symptoms, including white matter disturbances, developmental delays, epileptic seizures, irritability,
hypotonia, dyskinesia, autism, spastic-ataxic syndrome, dystonia, catatonic schizophrenia, dementia, or myoclonus.37,39
CFD has been associated with both genetic (transport across
the blood-CSF barrier and folate metabolic pathway defects)
and acquired conditions.
Folate transport defects: 5MTHF transport into the CNS
primarily occurs in choroid plexus epithelial cells across the
high-afﬁnity folate receptor alpha in an adenosine
triphosphate-dependent process, which leads to a 1.5-fold or
greater concentration of 5MTHF in the CSF compared with
plasma (Fig. 2).37 Mutations in the folate receptor 1 gene
(FOLR1), which codes for folate receptor alpha
(OMIM*136430), cause cerebral folate transport deﬁciencies.40,41 The other genetic condition that affects folate transport in several tissues, including the brain is the proton
coupled folate transporter deﬁciency (OMIM*611672), which
leads to hereditary folate malabsorption and causes an early
onset-severe disease that encompasses both blood and CSF
folate deﬁciencies.42 For both conditions, within the CNS,
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Figure 2 Schematic representation of folate metabolism and transport across the choroid plexus (see Annex).

demyelination and intracranial calciﬁcations are frequent, in
combination with developmental delays, mental retardation,
seizures, and motor disturbances. Biochemically, the demonstration of an abnormal CSF or serum folate ratio (in the
presence or absence of peripheral folate deﬁciency) is most
likely the hallmark of the disorders. The treatment of these
patients with folinic acid may partially improve the clinical
picture.41
Among folate metabolism disturbances, the most profound
CSF 5MTHF deﬁciencies occur in the severe form of
methylene-tetrahydrofolate reductase deﬁciency (MTHFR;
OMIM*607093) and dihydrofolate reductase deﬁciency
(OMIM*126060). Biochemically, patients exhibit normal
serum total folate levels associated with severe cerebral 5MTHF
deﬁciency in all cases, which are similar to genetic folate
transport disturbances.41
Regarding acquired conditions, impaired folate transport to
the brain is also the cause of some cases of CFD. The presence
of autoantibodies against the high-afﬁnity folate receptor has
been reported to be one of the main causes of this deﬁciency.43
In Kearns-Sayre syndrome (OMIM#530000), the accumulation of mutated mitochondrial DNA copies in the choroid
plexus epithelium has been described as the cause of impaired
folate transport.35,44-46 Other conditions associated with CFD
include DHPR deﬁciency, serine biosynthesis defects, Rett
syndrome, Aicardi-Goutiere syndrome, other mitochondrial
diseases, hypomyelination with atrophy of the basal ganglia
syndrome, and catatonic schizophrenia.37,44 In many cases of
CFD, the underlying etiology is not understood.47

Data Interpretation
The diagnosis of CFD requires the determination of the CSF
5MTHF concentration and an assessment of peripheral folate
and its related metabolites (amino acids [methionine, homocysteine, serine, and glycine] and vitamin B12 levels). No
special requirements regarding CSF sample collections have
been reported. 5MTHF analysis is typically performed in
specialized laboratories using high-performance liquid chromatography with ﬂuorescence or electrochemical detection or
liquid chromatography-tandem mass spectrometry (LC-MS or
LC-MS/MS).48,49 However, the usefulness of total folate
determination (which includes 5MTHF) in the CSF using
automated analyzers available in routine clinical chemistry
laboratories has been reported to screen for CFD.48,50 Moreover, most folate compounds in the body exist as 5MTHF;
thus, this approach is a good tool for a ﬁrst-line investigation of
folate transport detection in the brain, which may subsequently
be conﬁrmed through the speciﬁc analysis of 5MTHF. Therefore, the possibility of using an automated procedure to
accelerate this diagnostic process is attractive because, in some
cases, these diseases are under treatable conditions.
Profound CSF 5MTHF deﬁciencies (lo10 nmol/L) have
been identiﬁed in patients with the previously described
genetic diseases, thereby leading to impaired transport across
the blood-CSF barrier or genetic folate metabolism alterations,
whereas in the other secondary CFD forms, 5MTHF levels
were, in general, moderately decreased. Of these profound
5MTHF deﬁciencies, patients with transport defects also
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exhibit a profound deﬁciency in total folate in the CSF, which
suggests that impaired transport affects all folate forms.49
Regarding metabolic alterations, such as MTHFR deﬁciency,
the total folate values in the CSF may be high-normal, which
reﬂects impaired 5MTHF biosynthesis and folate trapping in
other metabolic inactive forms of this vitamin. Regarding
patients with a mild CFD deﬁciency, it has been suggested
that it may be a secondary event in most diseases and a
recurrent ﬁnding in many neuropediatric patients. In this
sense, the simultaneous measurement of serum folate is
mandatory for a better interpretation of CFD because a
suboptimal blood folate status would explain most cases that
exhibit partially low CSF 5MTHF concentrations.48,49 Genetic
analysis would conﬁrm the etiology of CFD. A thorough
clinical investigation of patients is of paramount importance
because nonrelated genetic (eg, mitochondrial disorders) and
environmental conditions may lead to CFD.

Vitamin B6
Vitamin B6 is present in a wide variety of foods, such as meat,
milk products, potatoes, beans, nuts, and several fruits and
vegetables.51 The biologically active form of vitamin B6 is
pyridoxal 5-phosphate (PLP), which acts as a coenzyme for
more than 100 distinct enzymatic steps. It is closely related to
dopamine, serotonin, and GABA biosynthesis (Fig. 1).
Pyridoxal kinase (PLK) converts vitamin B6 into the
corresponding phosphorylated vitamers, whereas pyridox
(am)ine 50 -phosphate oxidase (PNPO) converts the latter into
PLP. To enter the cells and pass the blood-brain barrier, B6
vitamin must be dephosphorylated by a membrane associated,
tissue-nonspeciﬁc alkaline phosphatase and subsequently
rephosphorylated inside the cells.52
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CSF collection are not required beyond sample storage at
!801C. PLP is a cofactor for enzymes involved in the
metabolism of several neurotransmitters, such as dopamine,
serotonin, and GABA. AADC is a pyridoxine-dependent
enzyme that converts L-DOPA and 5HTP to dopamine and
serotonin, respectively (Fig. 1). In pyridoxine disorders, the
CSF neurotransmitter metabolite proﬁle may mimic AADC
deﬁciency with decreased HVA and 5HIAA and increased
3OMD.55 Using the same mechanism, CSF GABA concentrations are expected to be low in a PLP deﬁcient state. CSF
amino acids may also exhibit increases in glycine, serine, and
threonine, because serine and threonine dehydratase
enzymes and the GCE are PLP-dependent. In PNPO
deﬁciency, these analytical disturbances may also be identiﬁed in plasma samples.54
Patients with antiquitin deﬁciency typically do not exhibit
biochemical evidence of PLP deﬁciency in plasma; however,
they may exhibit a reduction in CSF PLP levels. Thus, the
depletion of PLP appears to primarily occur in the brain,
and the CSF to plasma PLP ratio may represent an adjuvant
marker for diagnosis.54 Therefore, the simultaneous determination of plasma and CSF PLP may be used to distinguish
PNPO and antiquitin deﬁciencies. Moreover, in antiquitin
deﬁciency, the presence of an unknown compound
(X compound) is commonly identiﬁed (this compound
appears during CSF biogenic amine analysis via highpressure liquid chromatography).
Similar to other vitamin-related disorders, secondary PLP
deﬁciency may be associated with other conditions, such as
hyperprolinemia type II (OMIM*606811), mucopolysaccharidosis type III (OMIM*607664, *6097001, *605270, and
*610453), and other diseases. Genetic testing is mandatory to
elucidate the molecular basis of the different diseases potentially associated with PLP deﬁciency.

Associated Diseases
The classical forms of vitamin B6 deﬁciency, which cause
pyridoxine or PLP responsive seizures, have been associated
with 2 genetic diseases: PNPO (OMIM*603287) and antiquitin (OMIM*107323) deﬁciencies. In PNPO deﬁciency
(Fig. 1), impaired PLP biosynthesis leads to decreased PLP
levels in both plasma and CSF in most cases, which is the main
biomarker of the disease. It is characterized by a therapeutic
response to pharmacologic dosages of PLP.53 Antiquitin
deﬁciency has been associated with classical pyridoxinedependent epilepsy, and it is caused by an α-Aminoadipicsemialdehyde dehydrogenase (ALDH7A1) deﬁciency.
Antiquitin functions as a dehydrogenase in the lysine degradation pathway, and its deﬁciency results in the accumulation
of α-aminoadipic semialdehyde, piperideine-6-carboxylate
(P6C), and pipecolic acid. P6C undergoes chemical condensation with PLP, which results in a functional PLP deﬁciency.54

Data Interpretation
PLP is the metabolite that should be analyzed instead of total
vitamin B6 determination. Preanalytical factors regarding

Thiamine
Thiamine, which comprises an essential water-soluble vitamin
of the B complex (vitamin B1), is a key cofactor involved in
energy metabolism in brain tissue. Thiamine phosphate
derivatives (thiamine monophosphate [TMP], thiamine
diphosphate [TDP], and mainly thiamine triphosphate) are
involved in several cellular processes. Thiamine isoforms are
absorbed in the small intestine by 2 speciﬁc transporters and
they are thiamine transporter-1 (hTHTR1, encoded by
SLC19A2) and thiamine transporter-2 (hTHTR2, encoded by
SLC19A3). After absorption, thiamine is converted to TDP by a
speciﬁc cytosol kinase (thiamine phosphokinase, TPK). The
mitochondrial thiamine pyrophosphate carrier encoded by
SLC25A19 subsequently mediates the uptake of TDP into the
mitochondria (Fig. 3). TDP is a cofactor of various enzymes in
the cytosol (transketolase), peroxisomes (2-hydroxyacyl-CoA
lyase), and mitochondria (pyruvate dehydrogenase,
2-oxoglutarate dehydrogenase, and branched-chain alphaketo acid dehydrogenase) (Fig. 3).
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Figure 3 Metabolism and transport of thiamine across cells and mitochondria (see Annex).

Associated Diseases
There are 4 known genetic defects (SLC19A2, SLC19A3,
SLC25A19, and TPK1) involved in the metabolism and transport of thiamine with variable responses to the administration
of thiamine and biotin. The phenotype in SLC19A2
(OMIM*603941) includes megaloblastic anemia, diabetes,
and sensorineuronal deafness. SLC19A3 (OMIM*606152)
presents with a biotin-thiamine-responsive basal ganglia disease, Leigh syndrome, infantile spasms, and lactic acidosis.
Patients with TPK1 (OMIM*606370) exhibit a Leigh syndrome phenotype, whereas patients with SLC25A19
(OMIM*606521) may exhibit severe congenital microcephaly
or striatal bilateral necrosis and axonal polyneuropathy,
frequently with 2-oxoglutaric aciduria.

Data Interpretation
The most important preanalytical consideration for thiamine
derivative analysis is temperature (samples should be stored at
!801C and maintained on ice during sample preparation).
Thiamine derivatives (free thiamine, TMP, TDP, and TTP) may
be analyzed in different biological specimens, including wholeblood and CSF.56,57 Thiamine analyses in CSF have rarely been
reported.56,58 It has recently been demonstrated that free
thiamine is the most sensitive form for the identiﬁcation of
hTHTR2 deﬁciency.56 Thus, the determination of CSF-free
thiamine in patients who had Leigh syndrome with a suspicion

of hTHTR2 deﬁciency may provide rapid evidence of thiamine
deﬁciency and the initiation of early treatment, which may
restore the lack of thiamine in the CNS. More importantly,
most patients exhibit an excellent neurologic outcome after
treatment. Whole-blood thiamine analysis did not indicate
consistently decreased values in these patients; however, it may
be useful to monitor treatment compliance because repeated
lumbar punctures for treatment monitoring are not appropriate because of ethical reasons.59 Mild CSF thiamine reductions
have been identiﬁed in patients with Leigh syndrome with no
hTHTR2 deﬁciency. This ﬁnding may be explained by an
increase in oxidative stress and thiamine turnover.56
In TPK-1 deﬁcient patients,55 low TDP values in the blood,
muscle and ﬁbroblasts with normal levels of free-thiamine, and
TMP have been reported. Theoretically, the same ﬁndings are
expected in CSF samples (low TDP and normal-high CSF-free
thiamine levels). There are no other CSF studies regarding the
other genetic defects in the transport and metabolism of
thiamine. hTHTR1 deﬁciency does not affect the CNS; thus,
a lumbar puncture to obtain CSF is not advisable. Regarding
the SLC25A19 defect, there are no studies regarding CSF
analyses, and the few reported patients present with lactic
acidosis. Thus, other biomarkers may be useful to identify a
deﬁcient thiamine status, such as lactate, 2-oxoglutarate or
branched-chain amino acids and their metabolites because
their metabolism is dependent on thiamine availability (Fig. 3).
However, alterations in these biomarkers are not universally
identiﬁed in patients with thiamine deﬁciency.

Biochemical analyses of CSF

Conclusion
An increasing number of CSF biomarkers have been identiﬁed
for the diagnosis of different neurometabolic conditions. The
main clinical indication for performing these studies is the
rapid identiﬁcation of the different diseases reviewed in this
article. Some of these conditions may beneﬁt from treatment
based on a remarkable number of cases that exhibit a good
neurologic outcome. A genetic diagnosis is ultimately mandatory; however, this process is clearly slower than biochemical
analysis. Because of the substantial number of genetic or
nongenetic conditions that may impair the status of these
biomarkers, a thorough clinical investigation of patients is of
paramount importance not only to initiate early treatment but
to also conﬁrm the etiologic diagnosis. With the application of
novel omics technologies (targeted and untargeted genomic,
metabolomic, and proteomic studies), new biomarkers would
be identiﬁed in the near future.
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nonketotic hyperglycinemia; PAH, phenylalanine hydroxylase;
PNMT, phenylethanolamine N-methyltransferase; PSAT1,
phosphoserine aminotransferase; P6C, piperideine-6-carboxylate; PCFT, proton coupled folate transporter deﬁciency;
PCD, pterin 4-alpha carbinolamine dehydratase; PNPO,
pyridox(am)ine 50 -phosphate oxidase; PLP, pyridoxal
5-phosphate; PLK, pyridoxal kinase; q-BH2, quinoide-dihydrobiopterin; RFC, reduced folate carrier; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine; SR, sepiapterin
reductase; SHMT, serine-hydroxymethyltransferase; Ser,
serine; SSADH, succinic semialdehyde dehydrogenase; BH4,
tetrahydrobiopterin; TDP, thiamine diphosphate; TMP,
thiamine monophosphate; TPK, thiamine phosphokinase;
hTHTR2, thiamine transporter-2; hTHTR1, thiamine transporter-1; TTP, thiamine triphosphate; TCA, tricarboxylic acid
cicle; TPH, tryptophan-5-hydroxylase; Trp, tryptophan; Tyr,
tyrosine; TH, tyrosine hydroxylase; Val, valine; VLA, vanillactic
acid; VMA, vanillmandelic acid; VMAT2, vesicular monoamine transporter type 2; vB6, vitamin B6; ALDH7A1,
α-aminoadipic-semialdehyde dehydrogenase

Annex
3OMD, 3-ortomethyldopa; PHGDH, 3-phosphoglycerate
dehydrogenase; PSPH, 3-phosphoserine phosphatase; GHB,
4-hydroxybutyric; 5,10MTHF, 5,10-methylene-THF; THF,
5,6,7,8-tetrahydrofolate;
5HTP,
5-hydroxytryptophan;
5HIAA, 5-hydroxyindoleacetic acids; 5MTHF, 5-methyltetrahydrofolate; PTPS, 6-pyruvoyltetrahydropterin synthase;
DHF, 7,8-dihydrofolate; 7,8-BH2, 7,8-dihydrobiopterin;
AASA, alpha-aminoadipic semialdehyde; AMT, aminomethyltransferase; AADC, aromatic l-amino acid decarboxylase;
AD-GTPCH, autosomal dominant guanosine triphosphate
ciclohydrolase-I; AR-GTPCH, autosomal recessive guanosine
triphosphate ciclohydrolase-I; BP, biopterin; BOLA3, BolA
family member 3; CR, carbonyl reductase; COMT, catechol
O-methyltransferase; CNS, central nervous system; CFD,
cerebral folate deﬁciency; CSF, cerebrospinal ﬂuid; Cu, copper;
Cys, cysteine; DHFR, dihydrofolate reductase; DHPR, dihydropteridine reductase; l-dopa, dihydroxyphenylalanine;
DAT1, dopamine transporter 1; DBH, dopamine β-hydroxylase; FOLR1, folate receptor 1 gene; GABA-T, GABA-transaminase; GABA, gamma-aminobutyric acid; GLUT1, glucose
transporter 1; Glu, glutamate; GAD, glutamate decarboxylase;
Gln, glutamine; GLRX5, glutaredoxin 5; Gly, glycine; GCE,
glycine cleavage enzyme; GSCH, glycine cleavage system h
protein; GLCD, glycine decarboxylase; GTPCH-I, GTP ciclohydrolase-I; GTP, guanosine triphosphate; FRα, high-afﬁnity
folate receptor α; HPLC, high-performance liquid chromatography; HCys, homocysteine; IBA57, homolog, iron-sulfur
cluster assembly; HVA, homovanillic acid; OH-BH4,
hydroxy-tetrahydrobiopterin; PKU, hyperphenylalaninemia;
NFU1, iron-sulfur cluster scaffold; Ile, isoleucine; Leu, leucine;
LIAS, lipoic acid synthetase; LC-MS or LC-MS/MS, liquid
chromatography-tandem mass spectrometry; Met, methionine; MHPG, methoxyhydroxyphenylglycol; MTHFR, methylene tetrahydrofolate reductase; MAO-A, monoamine oxidase
A deﬁciency; MAO, monoamino oxidase; NP, neopterin;
NGS, next-generation sequencing; n.e., nonenzymatic; NKH,
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Creatine Defects and Central Nervous
System
Carmen Fons, MD, PhD, and Jaume Campistol, MD, PhD
Creatine deﬁciency syndromes are a group of disorders of creatine (Cr) synthesis and
transport characterized by intellectual disability, language delay, epilepsy, autism spectrum
disorder, and movement disorders secondary to decrease of Cr concentration in the brain.
Synthesis defects are treatable, therefore an early diagnosis and treatment is essential. The
aim of this article is to review the Cr metabolism and function in the central nervous system.
We describe the optimal diagnostic protocol in Cr deﬁciency syndromes based on biochemical
methods, neuroradiological (1H-MRS), and molecular analysis. Finally, a treatment approach
of the different Cr deﬁciency syndromes is described.
Semin Pediatr Neurol 23:285-289 C 2016 Elsevier Inc. All rights reserved.

Creatine Metabolism in Humans

T

he α-methyl guanidine-acetic acid was ﬁrst identiﬁed in
1832 as a component of skeletal muscle by French
chemist Chevreul and was called creatine (Cr) (Fig. 1).
Approximately, 95% of body Cr is found in muscle tissue
and the remaining 5% is distributed between the brain, liver,
kidneys, and testicles.1,2
The Cr is either taken up from the food by intestinal
absorption, or it is synthesized endogenously, primarily in the
kidney, pancreas, and liver in 2 enzymatic reactions (Fig. 2). In
the ﬁrst reaction, L-arginine:glycine amidino transferase
(AGAT, EC 2.1.4.1) catalyzes the reversible transamidination
of the guanidine group from arginine to glycine producing
guanidinoacetate (GAA) and ornithine. The Cr level exerts a
negative feedback loop on AGAT gene regulation at transcriptional level; in the second reaction, guanidinoacetate N-methyl
transferase (GAMT, EC 2.1.1.2) catalyzes the transfer of a
methyl group from S-adenosyl-L-methionine to GAA to
synthesize Cr and S-adenosyl-L-homocysteine. AGAT and
GAMT expression are positively regulated by growth, thyroid,
and sex hormones. Intracellular transport of Cr is performed
by a speciﬁc transporter, the Cr transporter (CRTR or
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SLC6A8). CRTR is a member of the solute carrier family 6, a
large family of Naþ/Cl"-dependent membrane transporters
that mediates the transport of various neurotransmitters or
amino acids across plasma membrane against a high concentration gradient. Once in the tissues, intracellular Cr is
phosphorylated to phospho Cr (PCr) and this again dephosphorylated by a Cr kinase (CK, EC 2.7.3.2) isoenzyme,
constituting a system for intracellular supply of high energy
phosphates in tissues with elevated and ﬂuctuating energy
demands, such as muscle and brain.3 The Cr/PCr/CK system
plays an important role in the regulation of intracellular energy
metabolism (storage and transmission). Subsequently, the Cr
and PCr are spontaneously transformed into creatinine (Crn),
with a constant daily turnover of 1.5% of the total Cr. This
nonenzymatic and reversible conversion of Cr into Crn is pH
and temperature dependent. Finally, Crn is excreted in the
urine.2 To maintain constant the body Cr concentration, the
processes leading to their biosynthesis, transport, and consumption are closely regulated.

Expression of AGAT, GAMT, and
CRTR in the Mammalian Brain
Although most of endogenous synthesis of Cr occurs in
kidney, pancreas and liver, other tissues, including the brain
express AGAT, GAMT, and CRTR during embryonic development and postnatal life.
During embryogenesis, AGAT and GAMT are expressed in
the whole developing central nervous system (CNS) but in low
285
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Figure 1 Chemical structure of creatine.

levels suggesting that embryonic CNS depends on Cr synthesized peripherally or from maternal origin. This is coherent
with the CRTR expression in whole embryonic CNS already at
early stages, with particularly high levels in the periventricular
zone and choroid plexus, the predominant metabolic
exchange zones of fetal brain before differentiation of the
blood-brain barrier (BBB).4,5
In the adult rat brain, AGAT and GAMT are expressed in
neurons, astrocytes, and oligodendrocytes, meaning that all
CNS cells can synthesize Cr from arginine and glycine. The
CRTR is expressed in neurons, oligodendrocytes, and MCEC
at the BBB, but is not found in podocytes of astrocytes
surrounding the microcapillaries at the BBB.6 This suggests
that adult BBB has a limited ability to import Cr from the
periphery, and the brain would be dependent on its own Cr
synthesis than on Cr uptake from periphery. In spite of this
hypothesis, in vivo studies have observed that mouse and rat
CNS can take up Cr from the blood against its concentration
gradient but minimally, acting the CRTR as a regulator of the
Cr concentration in the brain.7,8 Moreover, patients with defect
of Cr synthesis enzymes (AGAT and GAMT) showed clinical
and neuroradiological improvement with increase of brain Cr
concentration after treatment with oral Cr. There is, therefore, a

certain Cr transport through the BBB, at least under conditions
in which the brain Cr synthesis is diminished or altered.
This hypothesis might seem contradictory in the context of
CRTR deﬁciency. Despite normal AGAT and GAMT expression in CNS, CRTR deﬁcient patients show absence (or very
low level) of brain Cr by cranial proton magnetic resonance
spectroscopy (1H-MRS).9 This contradictory observation is
probably explained by AGAT, GAMT dissociated expression
patterns in the CNS. AGAT and GAMT are expressed in every
CNS cell type,6 but rarely coexpressed within the same cell. In
cortical grey matter only 12% of cells were found to express
both AGAT and GAMT, and an additional 43% expressing
either AGAT (22%) or GAMT (21%). This suggests that to
allow Cr synthesis in the brain, GAA must be transported from
AGAT to GAMT-expressing cells.10,11 This GAA transport most
probably occurs through CRTR.11 These observations may
explain the Cr absence in CNS in CRTR deﬁciency, despite
normal expression of AGAT and GAMT in their brain.10

Functions of Creatine in the CNS
The Cr/PCr/CK system play an essential role to maintain the
high energy levels necessary for CNS to maintenance of
membrane potential and ion gradients, Ca2þ homeostasis,
neurotransmission, intracellular signaling systems as well as
axonal and dendritic transport.2
Recently, Cr has been suggested to work as a cotransmitter
in the CNS. Cr can modulate gabaergic neurotransmission
acting as partial agonists on postsynaptic GABAA receptors,

Figure 2 Metabolic pathway of the creatine/phosphocreatine/creatine kinase system. (Color version of ﬁgure is
available online.)
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Table 1 Clinical Characteristics of Creatine Deﬁciency Syndromes
Deﬁciency

Mental Retardation

GAMT
AGAT

Mild-severe
Mild-moderate

CRTR

Mild-severe

Epilepsy

Movement Disorder

ASD

30%
No

Yes, severe
No

Yes
No

Low

No

Yes

Frequency

Refractory

93%
20%
FS
50%

FS, febrile seizures; ASD, autism spectrum disorder.

depending on local GABA concentration. Moreover, there is
evidence that Cr release and reuptake in axon terminal
membrane is done in a similar way as classical neurotransmitters, for exocytotic mechanism.12 The CRTR would facilitate
Cr reuptake at the synaptic cleft. This model of Cr function in
the brain would explain the cerebral Cr deﬁciency in patients
with CRTR deﬁcit due to a failure to recycle Cr at the synapse
following its release.13

Creatine Deﬁciency Syndromes
Creatine deﬁciency syndromes (CDS) or primary metabolism
disorders of Cr are a group of 3 diseases characterized by a
defect in the enzymes involved in the Cr synthesis (GAMT or
AGAT deﬁciency) or Cr transport (CRTR deﬁciency).
The ﬁrst metabolic disorder of Cr biosynthesis to be
identiﬁed was GAMT deﬁciency (OMIM 601240). Stöckler
et al, in 1994, described a patient with severe psychomotor
retardation, refractory epilepsy, and movement disorder. The
1
H-MRS showed absence peak of cerebral Cr and a high
concentration of GAA, which led them to analyze the Cr and its
precursors in biological ﬂuids (plasma, urine, and cerebrospinal ﬂuid), obtaining results consistent with those found in the
1
H-MRS. The patient was treated with Cr monohydrate (CM),
responding with a signiﬁcant increase in cerebral Cr.14 A few
years later, CRTR defect9 (OMIM 300036) and AGAT deﬁciency15 (OMIM 602360) were described. The 1H-MRS, in
both deﬁciencies, was also characterized by an absence or
substantial reduction of Cr in the brain.
The 2 defects of Cr synthesis are autosomal recessively
inherited, whereas the CRTR deﬁciency has an X-linked
inheritance. The gene encoding GAMT is located on chromosome 19p13.3,16 AGAT on chromosome 15q11.2,15 and the
CRTR (SLC6A8 gene) on chromosome Xq28.9 In all cases have
been identiﬁed various mutations and polymorphisms.17-22
Until now, about 40 GAMT deﬁcient patients, 3 AGAT
deﬁcient patients,15,19 and approximately 150 patients with
CRTR deﬁciency have been reported.9,20,23-25 In several
studies, the prevalence of CRTR deﬁciency in groups of men
with mental retardation is reported as 2.1%20,26 and 2.3%.27

Clinical Symptoms in CDS
Impaired muscle function is not the major symptom, in
patients with CDS. These disorders dramatically affect brain
function and neurologic symptoms are the main clinical

features. It means that a very high turnover of ATP is necessary
to maintain cerebral function. The clinical symptoms in CDS
are characterized by intellectual disability, speech and language
delay, epilepsy and autism spectrum disorder.28-30 Although
there is wide variability in the severity of clinical symptoms,
there are some characteristic symptoms of each disorder
(Table 1). Patients with GAMT deﬁciency, where high
concentrations of GAA are detected in biological ﬂuids and
tissues also have refractory epilepsy and severe movement
disorders.30 The patients affected with AGAT deﬁciency have
milder clinical manifestations, which are limited to moderate
intellectual disability and language disorder. The main clinical
features of CRTR deﬁciency include mental retardation,
epilepsy, autism spectrum disorder, and severe language
delay.31,32 It has been reported that female carriers of SLC6A
mutation present mild symptoms such as learning disorders of
varying degrees due to X chromosome inactivation. However,
diagnosis in females is not easy as the screening of urinary Cr/
Crn ratio and the Cr concentration in 1H-MRS are not reliable
as they show normal results.33

Biochemical Diagnosis in CDS
Biochemical studies in the CDS are essential for an initial
diagnostic approach in patients with clinical suspicion. The
biochemical diagnosis is made by determining GAA and Cr in
biological ﬂuids (plasma and urine) (Table 2). Each defect has a
characteristic biochemical proﬁle: GAMT deﬁciency is characterized by an increase of GAA and decrease of Cr in biological
ﬂuids and tissues; in AGAT deﬁciency, a decrease of both GAA
and Cr is observed; on the contrary, in CRTR deﬁciency, GAA
concentration is within the normal values, whereas Cr in
plasma and urine is increased. The elevated Cr/Crn ratio in
urine is characteristic of the CRTR defect. This ratio is normal
in GAMT and AGAT deﬁciency (Table 2). Moreover, functional assays are performed to determine GAMT and AGAT
enzyme activities in ﬁbroblasts or lymphoblasts,34 and Cr
uptake in cultured ﬁbroblasts in a medium supplemented with
Cr, allows the study of CRTR defect.9
Table 2 Biochemical Abnormalities in Creatine Deﬁciency
Syndromes
Enzymatic
Deﬁciency

Urine
GAA

Urine Cr/Crn
Ratio

GAMT
AGAT
CRTR

Increased
Decreased
Normal

Normal
Normal
Increased
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Figure 3 Cranial proton magnetic resonance spectroscopy at the posterior periventricular white matter level. (A) Normal Cr
peak in a normal subject and (B) low Cr peak in a patient with CRTR deﬁciency.

Neuroimaging in CDS

Treatment of CDS

Conventional neuroimaging studies are normal in most patients
affected with CDS except in some cases of GAMT deﬁciency
where bilateral hyperintensity of globus pallidus nuclei is
reported.35 Brain 1H-MRS studies show absence or signiﬁcant
decrease of the Cr peak at the periventricular white matter level,
cerebellum, and parietal-occipital cortex (Fig. 3). 1H-MRS is
also important for monitoring the effectiveness of treatment
since it reﬂects the restoration of brain Cr concentration.36,37

The goal of treatment is based on restoring the levels of
cerebral Cr. In GAMT deﬁciency, the CM supplementation
(0.4 g/kg/d), revealed a brain Cr replenishment but did not
signiﬁcantly reduced the concentration of GAA neither an
evident clinical improvement was observed. The decrease of
GAA concentration was achieved by competitive inhibition
of the enzyme AGAT, combining ornithine supplements
(100 mg/kg/d) and dietary restriction of L-arginine
(15 mg/kg/d) to treatment with CM. With this strategy
some clinical improvement and better control of epilepsy
was observed.38
Regarding the treatment of AGAT deﬁciency, there is still
very little experience but it seems that oral administration of
CM (0.4 g/kg/d) increases the brain Cr peak between 40%80% and improves clinical symptoms, although mild intellectual disability still persists.39
Nowadays, there is no treatment that has demonstrated
efﬁcacy for CRTR deﬁciency. CM supplementation, treatment
with precursors of the synthesis of Cr (L-arginine and
L-glycine), and lipophilic analogs of Cr that could cross the
BBB by passive diffusion, have not shown positive results in

Proposed Diagnostic Protocol in CDS
As there are no speciﬁc neurologic symptoms of CDS, the goal
of a diagnostic protocol is to select patients with a broad
spectrum of neurologic symptoms and initially study them
from the biochemical point of view, by analysis of metabolites
(GAA in plasma and urine and Cr/Crn ratio in urine). Thus,
only cases that show suggestive biochemical alterations of
brain Cr deﬁciency would be studied by 1H-MRS, and in case
that cerebral Cr deﬁciency is conﬁrmed, functional assays in
ﬁbroblasts and molecular tests would be performed to
conﬁrm diagnosis (Fig. 4).

Figure 4 Diagnostic protocol in creatine deﬁciency syndromes.

Creatine defects and CNS
patients, neither clinical improvement nor increase of Cr peak
in 1H-MRS in CRTR deﬁciency.9,40,41 CycloCr appears promising as potential therapy since positive results have been
observed in a CRTR deﬁcient mouse model.42
Finally, we must highlight the importance of early treatment
with CM in presymptomatic patients with Cr synthesis defects
to prevent the development of symptoms of the disease,
despite having biochemical abnormalities and Cr deﬁciency
in the brain.43
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Neuromuscular Manifestations in
Mitochondrial Diseases in Children
Andrés Nascimento,*,† Carlos Ortez,* Cristina Jou,*,† Mar O’Callaghan,†,‡
Federico Ramos,†,‡ and Àngels Garcia-Cazorla†,‡
Mitochondrial diseases exhibit signiﬁcant clinical and genetic heterogeneity. Mitochondria are
highly dynamic organelles that are the major contributor of adenosine triphosphate, through
oxidative phosphorylation. These disorders may be developed at any age, with isolated or
multiple system involvement, and in any pattern of inheritance. Defects in the mitochondrial
respiratory chain impair energy production and almost invariably involve skeletal muscle and
peripheral nerves, causing exercise intolerance, cramps, recurrent myoglobinuria, or ﬁxed
weakness, which often affects extraocular muscles and results in droopy eyelids (ptosis),
progressive external ophthalmoplegia, peripheral ataxia, and peripheral polyneuropathy. This
review describes the main neuromuscular symptomatology through different syndromes
reported in the literature and from our experience. We want to highlight the importance of
searching for the “clue clinical signs” associated with inheritance pattern as key elements to
guide the complex diagnosis process and genetic studies in mitochondrial diseases.
Semin Pediatr Neurol 23:290-305 C 2016 Elsevier Inc. All rights reserved.

Introduction
The clinical presentation of mitochondrial diseases (MiDs) is
extremely heterogeneous, and combined with the large
number of genetic causes (mitochondrial and nuclear DNA
(nDNA)) and environmental factors, makes their diagnosis
challenging. Mitochondria are highly dynamic organelles that
are the major contributor of adenosine triphosphatase (ATP),
the cellular unit of energy, through oxidative phosphorylation
(OXPHOS).1
These disorders may be developed at any age, with isolated
or multiple system involvement, and in any pattern of
inheritance. However, postmitotic tissues that are highly
dependent on oxidative metabolism, such as neurons, muscle,
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and cardiac cells, seem to be preferentially vulnerable to
energy.2,3
As the ﬁrst reports of human disease owing to defects in
mitochondrial DNA (mtDNA) in 1988,4,5 the number of
disease-associated mtDNA mutations has expanded rapidly
with identiﬁcation of classic mitochondrial syndromes such as
mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes (MELAS), myoclonic epilepsy with ragged-red
ﬁbers (RRF) (MERRF), neurogenic muscle weakness, ataxia,
and retinitis pigmentosa (NARP), Kearns-Sayre syndrome
(KSS), and maternally inherited Leigh syndrome.2,4,5 The
phenotypic spectrum associated with known pathogenic
variants is increasing, whereas in the last years nextgeneration sequencing is rapidly identifying new diseasecausing nuclear genetic mutations.6
Myopathy, ocular myopathy, fatigability, peripheral neuropathy, seizures, ataxia, stroke-like episodes, psychomotor
retardation, migraine-like headaches, encephalopathy, cognitive regression, and movement disorders are neurologic and
neuromuscular manifestations commonly found in these
diseases.7 Some of the neuromuscular manifestations can be
isolated, but often evolve into a multisystem disease. Here, we
present an overview of the main neuromuscular manifestations
to facilitate their recognition and to guide the diagnosis process
of a MiDs in children.

Neuromuscular manifestations in MiDs
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Despite the wide classiﬁcation forms existing for the MiDs,
the present review focuses on a practical and clinical
approach based on a neuromuscular “guide sign” associated
with the common classiﬁcation based on the molecular
defect and inheritance pattern. For that purpose, we have
classiﬁed the neuromuscular manifestations into 2 groups
depending on the main clinical feature: one with muscular
involvement and another one with peripheral nerve disease.

Neuromuscular Manifestations
and Diagnosis: Key Messages
Unlike adult patients, in pediatric population, the clinical
manifestation varies within the age and the development
process of the central and peripheral system. Generally, the
most serious clinical phenotypes are present during the ﬁrst
few months of life with multisystem manifestations associated
with unspeciﬁc neuromuscular signs such as weakness and
hypotonia, owing to central, peripheral, or mixed causes,
usually difﬁcult to differentiate; however, it is for this reason
that the biochemical biomarkers and the recognition of the
phenotypes have become very important in the diagnosis
process.
The most evocative signs of MiDs remain the muscular
signs, particularly the ocular myopathy and exercise intolerance. Progressive external ophthalmoplegia (PEO) is characterized by progressive weakness or paresis of the extraocular
eye muscles leading to bilateral gaze limited in all directions,
usually without diplopia, and associated with ptosis.2,7 Ptosis
may be present as an isolated sign. Myopathy begins usually in
the teens or during adulthood and can occasionally be
congenital.2 The weakness is slowly progressive, symmetric,
and more often proximal than distal. The severity of the
myopathy varies from mild-to-severe forms that can lead to
respiratory failure.1,2
Exercise intolerance usually appears progressively with
cramps, myalgia, myoglobinuria, or fatigue and may occasionally be combined with nausea, shortness of breath and
dizziness, or may occur even after normal daily activities. Each
sign can be either isolated or associated with other neurologic
symptoms or systemic manifestations or both, such as growth
retardation, diabetes, deafness, optic atrophy, pigmentary
retinitis, cataracts, and cardiomyopathy.2,7
Diverse complementary studies and biomarkers are
especially helpful in the diagnosis process. It is known
that the creatine kinase (CK) and lactate may be high in
serum at rest, and the association of both is suggestive of
MiDs. In pediatric patients, the increase of CK is not a
frequent feature of the MiDs, and when high levels are
found, the differential diagnosis with muscular dystrophies its open. If the CK level is increased but in an
intermittent form, other metabolic myopathies such as
McArdle disease, myoadenilato deaminase, electron transfer ﬂavoprotein, glycogenosis, beta-oxidations, or lipid
metabolism disorders should be included in the differential diagnosis2,8 (Fig. 1).

Figure 1 Etiology of metabolic myopathies. There are 2 major clinical
syndromes in metabolic myopathies. Deﬁcient enzymes are indicated
by abbreviations or gene symbols as follows: GAA acid maltase (acid
alpha-glucosidase) (GSD II), GDE glycogen debranching enzyme
(GSD III), ALD aldolase (GSD IX), GBE glycogen branching enzyme
(GSD IV), GYG1 glycogenin (GSD 0), PHK phosphorylase kinase
(GSD VIII), PYGM myophosphorylase (GSD V), GYS1 glycogen
synthetase, PGM phosphoglucomutase (GD XIV), PFK phosphofructokinase (GSD VII), PGK phosphoglycerate kinase (GSD IX),
PGAM phosphoglycerate mutase (GSD X), LDH lactate dehydrogenase (GSD XI), MTF mitochondrial trifunctional enzyme,
MCAD medium-chain acyl-CoA dehydrogenase, MADD multiple
acyl-CoA dehydrogenase, SCAD short-chain acyl-CoA dehydrogenase, GAII glutaric aciduria type II, NLSDI neutral lipid
storage diseases with ichthyosis (Chanarin-Dorfman disease), NLSDM
neutral storage disease with myopathy, CPT II carnitine palmitoyltransferase II, VLCAD very long-chain acyl-CoA dehydrogenase,
SCHAD short-chain 3-hydroxyacyl-CoA dehydrogenase, ISCU nonheme iron-sulfur (Fe-S) protein, and CoQ10 coenzyme Q10.
(Adapted with permission from Barca et al.8) (Color version of ﬁgure
is available online.)

The electromyography (EMG) may be normal, neurogenic,
or myopathic. In some cases, it is possible to identify alterations
at the endplate thus conditioning to establish the differential
diagnosis with myasthenic syndromes.
Defects on the respiratory chain (RC) are usually
identiﬁed by muscle spectrophotometry. RRF or cytochrome oxidase negative (COX!) ﬁbers or both could
be shown through muscle histology, sometimes with
succinate dehydrogenase (SDH)-positive ﬁbers, or lipid
accumulation in type I ﬁbers. These typical histology
features are less frequently found in pediatric than adult
patients. Abnormal mitochondrial morphology and the
presence of paracrystalline inclusions can be observed on
electron microscopy.2,7
The double genetic origin of the mitochondrial proteins
explains the fact that neuromuscular manifestations associated
with MiDs can be caused by mutations of either mtDNA or
nDNA, the main clinical and genetic characteristics are
summarized in Tables 1 and 2.
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Table 1 Neurological and Neuromuscular Manifestations Associated With mtDNA Mutations
Predominant Onset
Signs

Muscle
PEO

Child to teens KSS
Child to adult PEO or PEO “plus”
Adult

Myopathy

Phenotype

Ptosis

Adult

Myopathy and exercise
intolerance !PEO
Child
Myopathy—exercise
intolerance, myoglobinuria,
and MELAS-like disorder
Child to adult Isolated exercise intolerance
Infant
MNGIE-like
First few
months

Common Mutations Other Mutations or % in Patients
Responsible genes With Rare
or Responsible
Mutations*
or Both
Genes or Both
Large deletion
Large deletion,
m.3243A 4 G
Large deletion,
m.3243A 4 G
mt tRNA

42
mt tRNA
mt tRNA

þ

25

MTCYB, MTCO1,
mt tRNA
MTCO2, and MTCO3

MTCYB
MTNDs
tRNATrp, tRNAVal, and –
large deletion
–
Benign infantile mitochondrial m.14674T 4 C
(tRNAGlu)
myopathy with reversible
COX deﬁciency

Peripheral nervous system
Peripheral
Child to adult NARP and sensory
m.8993T 4 C
neuropathy
neuropathy
(MTATP6)
Episodic weakness with motor MTATP6 and MTATP8
neuropathy
Child to teens dHMN
m.9182T 4 C
(MTATP6)
LMNd
Young adult ALS-like
m.6020del5ins
(MTCO1)

MTATP6

14.5

–
–
–

ALS-like, amyotrophic lateral sclerosis-like; dHMN, distal hereditary motor neuropathy; LHON, Leber hereditary optic neuropathy; LMNd, lower
motor neuron disorders; MTNDs, mtDNA-encoded of subunits of complex I; OA, optic atrophy; SPG, spastic paraplegia hereditary. Data
according to Bannwarth et al.155 (Adapted with permission from Chaussenot et al.2)

Mitochondrial Disorders Related to mtDNA
Mutations
MiDs With Muscular Involvement Related to mtDNA
Mutations (Sporadic or Maternally Inherited)
There are multiples copies of circular mtDNA in a cell, and
some of these copies may carry nucleotide variants, that is, base
changes not present in all mtDNA molecules (mtDNA polymorphisms or mtDNA mutations). Homoplasmy is characterized by the identity of all copies of the mitochondrial
genome. Patients harboring pathogenic mtDNA defects frequently have a mixture of mutated and wild-type mtDNA, and
this is called heteroplasmy; however, the percentage of
mutated mtDNA can vary among different organs within the
same individual. Cells are able to tolerate high percentage levels
of mutated mtDNA. Thus, the phenotypic expression of a
pathogenic mtDNA mutation would be evident only if the
number of mutant mtDNAs exceeds a certain threshold, which
varies among tissues (30%-80% of mutated mtDNA), depending on their constitutive and acute requirements for
OXPHOS.2,7
Mutations in mtDNA that impair mitochondrial protein
synthesis include mtDNA rearrangements (deletions or

duplications), mutations in transfer RNA (tRNA) genes, and
mutations in protein-coding genes.2,7
Single Deletions of mtDNA
Single, large deletions of mtDNA, ranging in size from
1.1-10 kb, are usually owing to a sporadic mutational event
occurring during embryogenesis and thereby affecting a
variable number of tissues. In most cases, these large deletions
are not transmitted to the offspring, although a few cases of
mother-to-child transmission have been reported. Large, single
mtDNA deletions, but also large-scale tandem mtDNA duplications are involved in a clinical spectrum including KSS, PEO,
or isolated ptosis.2,9
KSS is a multisystem disorder characterized by
childhood-onset PEO and pigmentary retinopathy
(o20 years of age), associated with at least one of the
following signs: cardiac conduction block, hyperproteinorachia, or cerebellar ataxia.2,7,10 Other manifestations are frequent including limb weakness, hearing
loss, dementia, diabetes, hypoparathyroidism, and short
stature (growth hormone deﬁciency). Also cerebral folate
deﬁciency has been associated in most of the patients, so
folinic acid supplementation is recommended in early
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Table 2 Muscular and Neurological Manifestations Associated With Mutations in Nuclear Genes.
Inheritance Main
Phenotype
Recessive

Onset

Clinical
Characteristics

Child
Juvenile
to adult
Myopathies

Child

Infant to
teens
PEO ! myopathy Child to
teens
Adult

Genes Involved

Fatal myopathy
With Leigh-like syndrome
and methylmalonic
aciduria
mtDNA depletion
With multisystemic
(gastrointestinal and
renal)
Multiple mtDNA deletions With cataracts and
deafness
mtDNA depletion
Severe myopathy
Moderate myopathy
mtDNA depletion or
multiple mtDNA
deletions or both
CoQ10 deﬁciency
Myopathy or
encephalomyopathy with
myoglobinuria
Complex I assembly defect With exercise intolerance
Complex II deﬁciency
With exercise intolerance
Movement disorders
With extrapyramidal
movement disorders
Lactic acidosis and
MLASA
sideroblastic anemia
Multiple mtDNA deletions PEO or PEOþ

TK2
SUCLA2

Multiple mtDNA deletions Isolated ptosis
Multiple mtDNA deletions PEO or PEOþ

POLG
POLG, DGUOK, MPV17,
and TK2
POLG and MPV17
TYMP and RRM2B
POLG

Myopathies with Congenital mtDNA depletion
mtDNA
or infant mtDNA depletion
instability

Infant

Dominant

Speciﬁc Features

Child to
adult

Multiple mtDNA deletions SANDO
Multiple mtDNA deletions MNGIE
or mtDNA depletion
MNGIE-like without
leucoencephalopathy

PEO or PEOþ

Adult

Multiple mtDNA deletions PEO or PEOþ

SANDO

Child to
adult
Adult

Multiple mtDNA deletions PEO and optic atrophy !
axonal neuropathy
Multiple mtDNA deletions SANDO

RRM2B
GFER
TK2
TK2 and DGUOK
CABCB1
ACAD9
ISCU and FDX2
MICU1
PUS1 and YARS2
RRM2B and MGME1

TWINKLE, RRM2B, ANT1,
POLG, POLG2, and
DNA2
OPA1 and MFN2
TWINKLE and POLG

MLASA, myopathy with lactic acidosis and sideroblastic anemia; SANDO, sensory ataxic neuropathy, dysarthria and ophthalmoparesis. (Adapted
with permission from Chaussenot et al.2)

stages of the disease.11,12 Muscle biopsy shows RRF,
SDHþ, and COX!ﬁbers with defect of RC complexes
containing mtDNA-encoded subunits. Nearly 90% of
individuals with KSS have a large-scale mtDNA deletion
that is usually present in muscle, but undetectable in
blood cells, requiring muscle biopsy.2,7
PEO is a milder phenotype, characterized by ptosis,
ophthalmoplegia, oropharyngeal weakness, and a variably
proximal limb weakness. In PEO, mtDNA deletions are
conﬁned to skeletal muscle. Some individuals with PEO
(o20%) have a pathogenic point mutation of mtDNA,
such as the m.3243A 4 G mutation or less frequently
other rare mtDNA mutations. In a recent study, they
were identiﬁed in 55 of 743 patients with suspected MiDs,
and PEO or ptosis or both were present in 42% of the cases
(23/55).2,13

mtDNA point mutations
mtDNA point mutations are most frequently heteroplasmic,
often leading to childhood-onset, whereas the homoplasmic
state is generally associated with adult onset. There are mtDNA
point mutations in tRNA genes: (tRNALeu, tRNAPro, tRNAPhe,
tRNAMet, tRNASer, tRNAAsp, tRNAGln, tRNAAla, tRNATyr,
mtRNALys, and mtRNATrp) mostly described with adultonset myopathy and exercise intolerance with or without
PEO13; and in genes coding for RC subunit (MTCO3, MTCO2,
MTCYB, MTND1, MTND2, and MTND4) associated with
childhood-onset myopathy, exercise intolerance, myoglobinuria, or MELAS-like disorder.1,2,7,13
Mutations in Mitocondrial tRNAs
A study on the prevalence of myopathy in 50 patients with
MELAS and the A3243G mutation in tRNALeu(UUR) found that
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clinical myopathy was present in 50% of patients and
manifested most commonly in the ﬁfth decade, but varied
considerably in severity and distribution, including mild-tomoderate limb weakness, ptosis, and ophthalmoplegia.14
The association of PEO with neurogastrointestinal syndrome, mitochondrial neurogastrointestinal encephalopathy
(MNGIE)-like phenotype, has been observed with mutations
m.5532G 4 A in mtRNATrp15 and m.1630A 4 G in
mtRNAVal.16 Benign infantile mitochondrial myopathy with
reversible COX deﬁciency, owing to the m.14674T 4 C
tRNAGlu mutation, is a speciﬁc phenotype beginning between
the ﬁrst week and 2.5 months of life.17 The severe initial
weakness, predominant in proximal muscles, leads to respiratory failure, dysphagia, PEO, and hypotonia associated with
sensory axonal neuropathy, seizures, encephalopathy, and
hepatomegaly. Serum lactate and CK are elevated. Muscle
histology shows RRF, SDHþ, and COX! ﬁbers. Spontaneous
improvement begins commonly between 5 and 20 months
leading to a normal state after 2-3 years, with a residual mild
weakness in some patients.
Two unrelated patients, both harboring the 7472-insertion
mutation in tRNASer (UCN), had very different clinical
presentations: one had a multisystem disorder akin to MERRF,
whereas the other had a pure myopathy. The only difference at
the molecular level was that the myopathic patient also had a
novel homoplasmic A7472C transition in the same gene,
which further lengthens the expanded homopolymeric C run
caused by the insertion.18 These ﬁndings raise the interesting
possibility that concurrent mtDNA mutations may drastically
inﬂuence the phenotype.
An unusual myopathic presentation, with congenital distal
arthrogryposis in 2 siblings, was associated with the T3271C
mutation in tRNALeu (UUR), which typically causes MELAS.19
Although the proposita did have a stroke at age 15 years, a
younger brother had infantile arthrogryposis but no stroke
(there was no maternal family history of stroke).
Mutations in Protein-Coding Genes
The importance of mutations in mtDNA COX genes in causing
exercise intolerance and myoglobinuria was conﬁrmed by 3
reports on 4 patients. Three of them were young adults with
life-long exercise intolerance, exercise-related myalgia, and at
least 1 episode of myoglobinuria; however, all 3 were sporadic
cases harboring presumably somatic; heteroplasmic mutations
conﬁned to skeletal muscle; and affecting COX I (G6708A),20
COX II (T7989C),21 and COX III (T9789C).22 The fourth
patient, who harbored a heteroplasmic mutation (G7970T) in
COX II, had a severe encephalomyopathy with short stature,
bilateral cataracts, sensorineural hearing loss, myopathy, ataxia,
cardiac arrhythmia, and depression.22,24
Mutations in ND1 and in ND4 have been associated with
pure myopathy.9 A mutation in ND2 (G4810A) joins the list of
mutations causing severe exercise intolerance (initially diagnosed as chronic fatigue syndrome) followed by mild ptosis
and PEO.23
Many phenotypes have been described with either
childhood-onset isolated myopathy wherein improvement of
the severe initial weakness is associated with reduction of
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mutation load and a disappearance of COX!ﬁbers, or
myopathy “plus” wherein the myopathy is associated with at
least one of the following signs: PEO, myalgia, recurrent
myoglobinuria, or exercise intolerance. MTCYB mutations
have been reported mainly in childhood-onset myopathy with
myoglobinuria, exercise intolerance, and isolated complex III
deﬁciency.23 MTCO3 mutations were described in an earlyonset myopathy “plus” (between 4 and 20 years) with exercise
intolerance, myalgia, myoglobinuria after prolonged exercise
associated with recurrent encephalopathy, lactic acidemia, and
isolated complex IV deﬁciency.25

Mitochondrial Disorders With Muscular
Manifestations Owing to Mutations in nDNA
Most inherited MiDs are owing to mutations in nuclear genes
encoding more than 1500 proteins with a variety of housekeeping or specialized functions, which are targeted to
mitochondria. Mutations in nDNA directly affecting the
mitochondrial RC fall into the following 3 major groups1,7:
(1) Mutations in genes that encode subunits of RC complexes: these are known for complexes I and II, and
coenzyme Q10 (CoQ10).
(2) Mutations in genes encoding ancillary proteins that are
needed for the correct assembly and function of RC
complexes.
(3) Defects in intergenomic signaling, that is, mutations in
nuclear genes that control the abundance and quality of
mtDNA and result in multiple deletions of mtDNA,
mtDNA depletion, or both conditions at once.
From a clinical point of view, we describe this group of
disorder based on the inheritance pattern and the association
with PEO as “guide sign.”

Autosomal Recessive Muscular Disorders
Mitochondrial Myopathies Owing to Defects in
Intergenomic Signaling (With or Without PEO)
These are Mendelian disorders in which mutations in nuclear
genes cause qualitative (multiple deletions) or quantitative
(depletion) alterations of mtDNA.1,2 The thymidine kinase 2
(TK2) gene encodes one of the enzyme of mitochondrial
expression involved in the deoxyribonucleotide triphosphates
metabolism necessary for replication of mtDNA.2,26 Myopathies owing to TK2 mutation should be considered the
paradigm of mitochondrial disorder with isolated muscular
manifestations in pediatric patients.
Fatal infantile myopathy with severe mtDNA depletion is a
condition owing to TK2 mutations with a well-characterized
phenotype, consisting of a severe and rapidly progressive
generalized muscular weakness and respiratory failure during
the ﬁrst few years of life. The ﬁrst report was performed in
2001 by Saada et al,26 in 4 affected children with severe
myopathy, elevated CK, multiple defects of mitochondrial RC
activity, and reduction of mtDNA copy number in muscle
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tissue. Since then, more than 50 patients have been reported
and other neurologic signs have been associated.26-30
Proximal weakness and hypotonia appear mainly during the
time between birth and 24 months and evolve into respiratory
failure, the main cause of death. Other features include facial
diplegia, PEO, exercise intolerance, and severe feeding difﬁculties. The marked increase of CK in serum, unusual in
mitochondrial myopathies, is a useful diagnostic clue. Most
patients have lactic acidosis, a myopathic pattern on EMG,
numerous RRF and COX! ﬁbers on muscle biopsy, and
generalized deﬁciency of RC with reduction of mtDNA copy
number. Recently our group has identiﬁed a new mitochondrial biomarker, the growth and differentiation factor-15
(GDF15) useful to identify patients with TK2 mutations in
which not signiﬁcant increase of CK or serum lactate was
observed.31,32
Recently late-onset or moderate myopathy with mtDNA
depletion or multiple mtDNA deletions have also been
observed. Reports of childhood or adult myopathic cases
revealed that TK2 mutations can have a wide range of onset
with a slow progression and a worsening in adulthood associated with mtDNA multiple deletions and
depletion.28,32-34 Pediatric cases with clinical onset after
12-24 months of age usually develop subacute myopathy
leading to longer survival. They are able to walk during some
years, but generally loose this capacity during their adolescence. Most of the patients showed progressive weakness in
proximal (upper 4 lower limbs) and axial muscles. Some
cases showed bulbar and facial muscle involvement, whereas
respiratory insufﬁciency would be evident in adulthood.
TK2 activity measured in ﬁbroblast cell lines showed no
correlation with the severity of the clinical phenotype. A
correlation between disease severity and degree of mtDNA
depletion suggest that lower residual mtDNA at diagnosis is
associated with a more progressive clinical course. Unfortunately, because mtDNA depletion varies in different stages of
the disease and among contiguous areas of the same muscle
biopsy, severity of mtDNA depletion cannot be use to predict

295
outcome in individual patients with TK2 deﬁciency35,36 and
no genotype-phenotype correlation was identiﬁed.
A collaborative international study (Garone et al., in press),
conﬁrm the phenotypic heterogeneity and propose 4 major
clinical forms: (1) infantile myopathy with onset in the ﬁrst
year of life and rapid progression to early death; (2) childhoodonset myopathy or SMA-like proximal limb weakness progressing to loss of ambulation in few years after disease onset;
(3) adult myopathy with subclinical or mild myopathy at
disease onset in late childhood or adolescence and slow
progression to inability to walk, respiratory failure, or both in
adulthood; and (4) adult autosomal recessive PEO (arPEO).
Molecular genetics defects range from severe mtDNA depletion
in the infantile or childhood myopathy to a coexisting mtDNA
multiple deletions and mtDNA copy number reduction in the
adult myopathy to isolated mtDNA multiple deletions in
arPEO (Fig. 2).
TK2 deﬁciency is a MiDs that may be underdiagnosed
owing to its diverse spectrum of clinical presentations.
Recently, molecular bypass treatment with deoxypyrimidine
monophosphates has been demonstrated to prolong the life
span and to ameliorate clinical, molecular, and biochemical
defects in the Tk2 H126N knocking mouse model.37 The
increasing cellular availability of the deﬁcient deoxyribonucleoside triphosphates precursor by direct administration of the
deoxyribonucleosides or inhibition of its catabolism, is a
potential treatment for mtDNA depletion syndrome caused
by defects in dNTP metabolism.38
Few patients being treated with oral oligonucleosides or
oligonucleotidos, into the compassionate drug use program,
showing improvement of clinical manifestations (personal
observations). The potential translational application of this
treatment underscores the need for a better understanding of
the human disease, natural history, and biomarkers in advance
of potential clinical trials.
Mutation in DGUOK gene (classically associated with
mtDNA depletion syndrome—hepatocerebral type) were
identiﬁed in a case of juvenile-onset mitochondrial myopathy

Figure 2 Clinical spectrum of TK2 myopathy. (Color version of ﬁgure is available online.)
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with mtDNA depletion39 and late-onset myopathy without
PEO associated with multiple mtDNA deletions.40 Two other
genes may also be involved in mtDNA depletion syndrome
with early onset myopathy, but frequently associated with
multisystem manifestations: SUCLA2 with methylmalonic
aciduria and Leigh-like syndrome (basal ganglia involvement,
failure to thrive, epilepsy, psychomotor retardation, hearing
loss, and abnormal movements)41,42 and RRM2B with a
multisystem disorder including seizures, gastrointestinal dysmotility, hearing loss, and renal tubulopathy.43-45
Early-onset myopathy with congenital cataracts owing to
GFER mutations has been described with presence of multiple
mtDNA deletions and combined RC defects in muscle. Motor
developmental delay, diffuse muscular hypotrophy, and hearing loss were observed. Lactate and CK were high in serum.46
arPEO and Multiple mtDNA Deletions
POLG mutations are the main cause of arPEO leading to a large
spectrum of neuromuscular symptoms. arPEO have usually an
adult onset (from 20-62 years old). PEO is frequently
associated with myopathy or sensory-motor neuropathy or
both with sensitive ataxia,47,48 while isolated ptosis has also
been reported.49 The sensory neuronopathy of sensory ataxic
neuropathy, dysarthria, and ophthalmoparesis phenotype
leads to profound sensory ataxia and commonly precedes
onset of PEO by years to decades.50 Other manifestations
observed with “PEOþ” phenotype appear over years or
decades such as psychiatric illness, dementia, extrapyramidal
movement disorders, cerebellar ataxia, migraine, sensorineural
deafness, and gastrointestinal dysmotility.51-53 Unlike multisystemic MiDs, signs such as retinopathy, diabetes, and
cardiomyopathy are not common in POLG-related disorders.
Based on these additional signs, different acronyms have been
associated with recessive forms owing to POLG1 mutations
and they include mitochondrial recessive ataxia syndrome,
ataxia neuropathy spectrum, childhood myo-cerebrohepatopathy spectrum (MCHS), spino-cerebellar ataxia with
epilepsy, and myoclonic epilepsy, myopathy, and sensory
ataxia.50
RRM2B mutations are also a common cause of arPEO,
associated with an earlier age of onset (from birth to 20 years
old), a more severe multisystemic disorder with muscular
alteration (widespread COX! ﬁbers) compared with the
frequent dominant inherited forms.48,54-56 Myopathy and
bulbar dysfunction is predominant with PEO. Sensorineural
hearing loss and gastrointestinal problems, including irritable
bowel symptoms and low weight, are additional discriminatory features seen in RRM2B-related MiDs.56 In contrast,
central nervous system (CNS) involvement is present less
frequently (except cerebellar ataxia) compared with other
arPEO.55
Recently, other genes have been reported in arPEO with
multiple mtDNA deletions. In DGUOK-related MiDs, adultonset PEO (20-69 years) was described with mild myopathy,
dysphagia, deafness, high serum CK level and COX! ﬁbers.40
In the same way, MPV17 mutations were reported in a case of
adult-onset axonal sensorimotor neuropathy with PEO, distal
myopathy, Parkinsonism and multisystem disorder including

diabetes, hearing loss, gastrointestinal dysmotility, and fatty
liver.57 Muscle biopsy showed 10% of COX! ﬁbers and
normal RC activities. TK2 mutations have been described with
late adult-onset PEO associated with slowly progressive
proximal myopathy, bulbar dysphagia, and dysarthria.58
Finally, MGME1 has been identiﬁed as a new gene involved
in mtDNA instability with depletion and multiple deletions.
Before 20 years of age, patients developed PEO and myopathy
with proximal and face weakness, leading progressively to
respiratory failure and emaciation.59 Mental retardation, cardiopathy, and gastrointestinal signs were observed. Muscle
analysis showed COX! ﬁbers and RC defect.
MNGIE is a multisystemic disorder beginning usually in the
ﬁrst 3 decades of life (5 months to 53 years). This disease is
characterized by complete PEO, myopathy with proximal
weakness and exercise intolerance, gastrointestinal dysmotility
(diarrhea, vomiting, abdominal pain, episodic intestinal
pseudo-obstruction, and gastroparesis), cachexia, sensory
neuropathy (axonal or demyelinating), and diffuse leukoencephalopathy.60 The course is progressive with additional
features like hearing loss, retinal degeneration, optic atrophy,
and cognitive impairment.61 Brain MRI shows widespread and
symmetric white matter involvement, sparing corpus callosum
without a lactate peak. Lactic acidosis is frequently observed.
Muscle studies identiﬁed neurogenic and mitochondrial
changes (many COX ﬁbers), multiple mtDNA deletions, and
mtDNA depletion. TYMP mutations are the main cause of the
disease and are responsible for a severe deﬁciency in thymidine
phosphorylase activity. Recessive mutations in RRM2B have
been reported in a 30-year-old female patient with adult-onset
MNGIE and mtDNA depletion.62 MNGIE-like phenotype
with absence of leukoencephalopathy was observed with
POLG mutations.63,64

Myopathies Without PEO
Mutations in RC Subunits
Myopathy with CoQ10 deﬁciencies includes pure myopathy
or encephalomyopathy with recurrent myoglobinuria. CoQ10
deﬁciencies may be either primary owing to mutations in
ubiquinone biosynthetic genes, such as CACB165 or secondary
when the responsible gene is not directly related to this
pathway, such as ETFDH.66
Although the ﬁrst patients with muscle CoQ10 deﬁciency
were reported in 1989,67 interest in this entity was recently
rekindled by the descriptions of different clinical phenotypes.68
A “pure” mitochondrial myopathy owing to CoQ10 deﬁciency
was described by Lalani et al69 in an 11-year-old boy with
recent subacute onset of exercise intolerance and proximal
weakness. Muscle biopsy showed RRF and lipid storage and
CoQ10 concentration in muscle to be 46% of normal. Oral
CoQ10 supplementation (300 mg daily) resulted in “sustained
clinical improvement” and normalization of both serum CK
and lactate levels.
Mutations in Genes Encoding Ancillary Proteins
Mostly of the mendelian disorders owing to defects in
complexes III-V are because of mutations in genes encoding
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proteins needed for the proper assembly or function of the
complexes. Ogilvie et al70 identiﬁed pathogenic mutations in
the ﬁrst assembly gene for complex I (B17.2L) associated with
cavitating leukoencephalopathy.
Myopathy and exercise intolerance with defect of complex I
assembly were described with ACAD9, which is, to date, the
ﬁrst nuclear gene involved in isolated muscular phenotype
with complex I deﬁciency.71 Exercise intolerance appears in
childhood combined with hyperlactatemia, strong nauseas and
mental slowing after exercise, and improvement by high doses
of riboﬂavin.
None of the known mutations in COX10 gene causes
isolated myopathy, although muscle is almost invariably
involved in these infantile and generalized disorders. Targeted
disruption of this gene in skeletal muscle of mice, however,
produced a COX-deﬁcient myopathy.72
Other Myopathies
Myopathy and exercise intolerance with complex II deﬁciency,
or combined RC defect, were associated with 2 different genes
encoding components of the Fe-S cluster biogenesis machinery
such as ISCU73 and FDX2.74 The onset is in childhood.
Myopathy is slowly progressive with exercise intolerance after
minor exertion, marked rhabdomyolysis with myoglobinuria
after exercise, hyperlactatemia, and sometimes mild hypertrophic cardiomyopathy. Muscle pathology shows SDH! and
COX! ﬁbers, with increased iron staining in SDH! ﬁbers and
mitochondrial iron-rich inclusions.
Myopathy with lactic acidosis and sideroblastic anemia may
be caused by 2 genes affecting protein translation, YARS2
associated with an earlier age of onset (infancy to childhood)75
than the one generally reported for PUS1 (childhood to
adolescence).76 Severity is variable even within affected families, with additional features like delayed milestones, mental
retardation, ptosis, short stature, dysphagia, and respiratory
failure. Muscle biopsy shows RC defect and histologic mitochondrial changes only in YARS2 involvement.77
Recently, childhood-onset myopathy with extrapyramidal movement disorders (chorea, tremor, dystonia, and
orofacial dyskinesia) involving MICU1 mutations has been
reported.78 Other features are occasional such as ataxia,
microcephaly, PEO, optic atrophy, and axonal neuropathy.
Serum CK is high and brain MRI shows increased signal in
globus pallidus.

Autosomal Dominant Muscular Disorders
With PEO
Autosomal dominant (ad) PEO is an invariable adultonset phenotype with multiple mtDNA deletions, also
associated with a generalized myopathy79 (Table 2). Some
affected individuals, so-called PEOþ, have variable
degrees of sensorineural hearing loss, axonal neuropathy,
ataxia, depression, Parkinsonism, hypogonadism, and
cataracts.63 The adPEO is genetically heterogeneous. In
the cohort of PEO patients with multiple mtDNA deletions reported by Ronchi et al,80 POLG mutations (19%),
mainly recessive, were followed by TWINKLE mutations
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(18%), mainly dominant, then ANT1 (6.7%) and OPA1
(2.2%), with no mutations detected in RRM2B, despite a
previous study reporting mutations in this gene in 13% of
PEO.54 Serum CK and lactate may be increased. Muscle
biopsy commonly shows RRF ﬁbers and COX! ﬁbers and
may present decreased RC complex activities.
A subset of adPEO is caused by mutations in ANT1 gene
with a mild phenotype beginning between 20 and 35 years,
including PEO, exercise intolerance, and muscle weakness.81-83
Some signs are occasional such as dysphagia, dysphonia,
respiratory, cataracts, hearing loss, dementia, and bipolar
affective disorder.
POLG-related adPEO or “adPEOþ” is less frequent than
arPEO and is usually characterized by a generalized myopathy,
with an age of onset between 16 and 40 years, often associated
with hearing loss, sensory axonal neuropathy, ataxia, depression, Parkinsonism, bulbar syndrome, facial diplegia, and
cataracts.78-85 An unusual adult-onset presentation with a
distal myopathy predominant in upper limbs and cachexia
was described by Pitceathly et al86 in 2 patients, who also
developed PEO, bulbar syndrome, and cataracts.
Patients with a dominant mutation in RRM2B develop PEO
and proximal muscle weakness in mainly the ﬁfth decade of life
(age range: 15-70 years).56 The presence of signiﬁcant bulbar
weakness, hearing loss, and gastrointestinal symptoms should
guide clinicians toward RRM2B genetic analysis.
TWINKLE is the most frequent gene implicated in adPEO.87
PEO occurs mostly before 40 years (from 17-73 years). Patients
develop frequently proximal myopathy with respiratory failure, sensory ataxic neuropathy, bulbar weakness corresponding to sensory ataxic neuropathy, dysarthria, and
ophthalmoparesis, and also Parkinsonism.88
To date, only a few cases of adPEO have been reported with
a mutation in POLG2 gene.89,90 PEO occurs in infancy and
adulthood (o40 years of age), usually associated with
myopathy. Other signs may be present as dysarthria, dysphagia, cerebellar ataxia, neuropathy, cardiac conduction defect,
and impaired glucose tolerance. Muscle biopsy showed no
abnormalities or few COX! ﬁbers. Familial history may be
absent probably owing to variable penetrance.91,92
Mutations in DNA2 have been identiﬁed by Ronchi et al80
in 3 families, with sporadic or familial progressive
proximal myopathy, associated with mild PEO, and respiratory features (exertional dyspnea and episodic obstructive
dyspnea). The age of onset varied from childhood to
the fourth decade. Muscle histology showed only a few
COX! ﬁbers.
OPA1 and MFN2, 2 genes implicated in the mitochondrial
fusion pathway, have been reported with some cases of
dominant optic atrophy “Plus” including PEO. In 45% of
patients with optic atrophy “Plus” phenotype related to OPA1,
myopathic signs, including mainly PEO were observed during
the third decade.93 Muscle biopsy shows COX! ﬁbers and
multiple mtDNA deletions. Rouzier et al94 described a
dominant MFN2 mutation in a large family with dominant
optic atrophy, axonal neuropathy, and multiple mtDNA
deletions, in which some individuals presented PEO, mitochondrial myopathy, and ataxia.
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Peripheral Nervous System Manifestations in
MiDs
Peripheral nerves in MiDs may be a direct consequence of the
genetic defect (primary mitochondrial peripheral neuropathies
(PNPs)) or may be secondary to manifestations of the underlying MiD, which are well known as risk factors for secondary
PNPs, such as diabetes, renal insufﬁciency, hypothyroidism,
hyperthyroidism, or hypoparathyroidism (secondary mitochondrial PNPs).95
Polyneuropathy is observed with relative frequency in MiDs,
but rarely as isolated or dominant feature, except in some
phenotypes including particularly NARP syndrome, CharcotMarie-Tooth (CMT)2A owing to MFN2 mutations, CMT2K,
and CMT4A owing to GDAP1 mutations. Here, we describe
the main clinical features of these disorders.

Mitochondrial Dynamics and
Axonal Transport
Early microscopic observations led to the idea that mitochondria
were small, individual organelles randomly distributed within
the cytoplasm. However, many teams have shown that
mitochondria are highly structured, forming a complex network of interconnected tubules.96,97 The mitochondrial network constitutes a dynamic system, constantly adapting to
cellular requirements by changing its shape and position
through processes of ﬁssion and fusion.98 Indeed, the bioenergetic status of the cell is closely related to the structure of the
mitochondrial network.99 Insights acquired over the past
decade show that mitochondrial dynamics play a crucial role
in several interdependent cellular processes such as bioenergetics, neuronal axonal transport, calcium homeostasis, and
apoptosis. In neurons, mitochondria are transported along the
cytoskeleton of the axon, from the cell body to the periphery
(anterograde transport) and from the periphery to the cell body
(retrograde transport). Motor proteins of the kinesin (KIF)
superfamily interact with mitochondria through the outer
membrane proteins Miro1 and Miro2 and participate in
anterograde transport. In contrast, cytoplasmic dynein motors
mediate retrograde transport.100,101 Another aspect of mitochondrial dynamics concerns fusion and ﬁssion mechanisms.
Two mitochondria can fuse through mergers of successive
outer and inner mitochondrial membranes (mitochondrial
fusion). The reverse phenomenon is the mitochondrial ﬁssion.
Relatively few proteins directly involved in fusion and
ﬁssion processes have been identiﬁed so far. Three
GTPase proteins are known to regulate the fusion process
and they are mitofusin 1 (MFN1), mitofusin 2 (MFN2), and
optic atrophy protein 1 (OPA1). MFN1 and MFN2 are
mitochondrial transmembrane proteins localized in the
outer membrane and appear to play similar roles in
mitochondrial fusion. OPA1 has been shown to be the
mediator of inner membrane fusion.102,103 Mitochondrial
ﬁssion mainly involves the dynamin-related protein 1
(Drp1), also referred to as the dynamin-like protein 1
(DLP1), a member of the conserved dynamin-related large
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GTPase superfamily. This cytosolic protein is recruited
on the external surface of the mitochondrial outer
membrane by Fis1, which acts as a receptor to Drp1. Drp1
can also oligomerize and assemble into rings or spirals
surrounding the mitochondrial outer membrane.104 GTP
hydrolysis leads to the formation of a constriction initiating
mitochondrial ﬁssion. It has been shown that GDAP1 is a
regulator of mitochondrial ﬁssion104,105 and that GDAP1induced ﬁssion is dependent on ﬁssion factors Fis1 and
Drp1.106 Mitochondrial fusion and ﬁssion not only determine
mitochondrial morphology and size but also regulate
mitochondrial distribution.

PNPs Associated With mtDNA Mutations
The peripheral nervous system is frequently involved
with variable degrees of severity in some of the classical
recognized phenotypes associated with mtDNA mutation
or rearrengments such as MERRF,107,108 MELAS,109-112
Leigh, maternally inherited Leigh syndrome,113,114 PEO,
and KSS. The typical muscular or central nervous
system involvement in these disorders is predominantly
associated with sensory or sensorimotor axonal polyneuropathy, but demyelinating type has also been described in
few cases.109-114
Neurogenic Weakness, Ataxia, and Retinitis
Pigmentosa
NARP syndrome is owing to the transversion m.8993T4G
and, less commonly, to the transition m.8993T4C in the
MT-ATP6 gene, encoding subunit 6 of ATP synthase.115 The
T8993C mutation is generally considered to be less severe than
the T8993G mutation. The clinical presentation of patients
with heteroplasmic NARP mutations is dominated by proximal
neurogenic muscle weakness with sensory neuropathy, ataxia
owing to cerebellar atrophy, epilepsy, learning difﬁculties, and
pigmentary retinopathy. Associated myopathy is rare and
muscle biopsy is usually normal. EMG and nerve conduction
studies may demonstrate peripheral neuropathy (which may
be a sensory or sensorimotor axonal polyneuropathy).116,117
Onset of symptoms is often in early childhood; individuals can
be relatively stable for many years, but may suffer episodic
deterioration. When the heteroplasmy level is higher than
80%, patients frequently have a more early and severe impairment, presenting as Leigh syndrome.
CMT2 Related to MT-ATP6 Mutation
It is still not clear why some patients harboring homoplasmic
levels of MT-ATP6 mutation develop CMT2 phenotype,
whereas other reported patients with similar mutant loads
develop maternally inherited Leigh syndrome. mtDNA mutation m.9185T_C in MT-ATP6 gene at homoplasmic level has
been found in patients with a typical CMT2 phenotype,
responsible for severe motor–predominant axonal neuropathy,
associated with learning difﬁculties, hearing loss, and retinal
degeneration, with normal muscle biopsy.117
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PNPs Owing to nDNA Mutations
Mitochondrial neuropathies can be caused by mutations of
nDNA affecting genes involved in mtDNA maintenance, or to
mitochondrial bioenergetics or dynamics.
Mitochondrial Bioenergetics
Demyelinating PNPs in SURF1-Related Disorders. SURF1
mutations represent a major cause of autosomal recessive Leigh
syndrome associated with complex 4 (COX) deﬁciency. In
patients with SURF1-related Leigh syndrome (usually with
infantile onset), a clinically evident PNP could be present in up
to 40% of cases,118 even if the most prominent and lifethreatening symptoms are related to CNS dysfunction. In these
patients, nerve conduction velocities are decreased and nerve
biopsy is suggestive of a myelinopathy (loss of large myelinated
ﬁbers and presence of thinly myelinated ﬁbers). In some
patients, however, the CNS dysfunction can be very limited or
appear later than the PNP.118 The absence of disabling CNS
dysfunction allows a much longer life span, 2 of the 3 patients
reported to date being older than 40 years of age. These
patients had initially been classiﬁed as autosomal recessive
forms of demyelinating CMT (CMT4).
X-Linked CMT With PDK3 Mutation. In a family affected by
an X-linked dominant form of CMT (CMTX6), a missense
mutation c.473G 4 A (p.R158H) has recently been identiﬁed
in the pyruvate dehydrogenase kinase isoenzyme 3 (PDK3)
gene.119 PDK3 is a nuclear-coded protein regulating the
pyruvate dehydrogenase complex in the mitochondrial
matrix, which is a key enzyme linking glycolysis to the
energy-producing Krebs cycle and lipogenic pathways.
Combined effects of R158H PDK3 are likely to lock pyruvate
dehydrogenase complex (PDC) in a predominantly
phosphorylated inactive state leading to impaired ATP
production or lactate accumulation. The clinical phenotype
is milder than that seen in PDC deﬁciency, and is limited to the
peripheral nerves. Reduced PDC activity has previously been
detected in ﬁbroblast lines from several unrelated and patients
with genetically undeﬁned CMT.120 The cellular energy
depletion is likely the underlying cause of the peripheral
neuropathy, although lactate accumulation may also
contribute.
X-Linked CMT With AIF Mutation. Cowchock syndrome
(CMTX4) is a slowly progressive X-linked recessive disorder
manifesting by axonal sensorimotor neuropathy, deafness, and
cognitive impairment. Exome sequencing of affected
individuals from a family identiﬁed a missense change
c.1478A 4 T (p.Glu493Val) in AIFM1, the gene encoding
apoptosis-inducing factor (AIF) mitochondrion-associated 1.
AIF, is a phylogenetically conserved mitochondrial
ﬂavoprotein, and one of the key caspase-independent death
effectors. In this family, only male members displayed the
phenotype, consistent with an X-linked recessive mode of
inheritance. Cranial MRI in 2 subjects showed multiple
punctate T2 hyperintensities in the supratentorial white
matter. Authors investigated the consequences of this
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mutation in cultured skin ﬁbroblasts and skeletal muscle
from an affected individual. They showed that the mutation
alters the redox properties of AIF protein and results in
increased cell death via apoptosis, without affecting the
activity of the RC complexes.121
Mitochondrial Neurogastrointestinal Encephalopathy.
MNGIE is a multisystem mitochondrial disorder, which
has an autosomal recessive mode of inheritance. MNGIE
is owing to mutations in the TYMP gene encoding
the thymidine phosphorylase, which promotes the
phosphorylation of thymidine to thymine and deoxyribose
phosphate.122 The clinical presentation is dominated by
digestive symptoms with severe gastrointestinal dysmotility
resulting in progressive cachexia. Clinical manifestations
include borboryghms, postprandial emesis, early satiety,
dysphagia, gastroesophageal reﬂux disease, episodic
abdominal distensive pain, ascites, diarrhea, and
usually begin before the age of 20 years.123 Additional
manifestations can include PEO, pigmentary retinopathy,
dysphonia, myopathy, and diffuse leukoencephalopathy
(present in all patients). Peripheral nervous system
involvement in MNGIE is constant but with varying
degrees of severity and usually presents as a sensorimotor
demyelinating PNP, responsible for distal weakness and
atrophy predominantly affecting the lower limbs.123 MNGIE
is suspected in patients with elevated thymidine and
decreased thymidine phosphorylase activity in blood. The
diagnosis is conﬁrmed by the identiﬁcation of mutations in
both alleles of the TYMP gene.
Navajo Neuro-Hepatopathy. A very particular autosomal
recessive infantile-onset PNP was reported in 1976 in native
Americans from the Navajo population in the southwestern
United States.124 This sensory-motor PNP manifests by distal
weakness, areﬂexia, and a loss of sensation that results in
corneal ulcerations and acral mutilation. Later on, patients
develop neurogenic arthropathies. Nerve conduction velocities
are reduced and nerve biopsy shows abnormalities of both
types of nerve ﬁbers (severe reduction of myelinated ﬁbers
associated with marked abnormalities of unmyelinated ﬁbers).
Affected patients also have leukoencephalopathy at MRI
and liver dysfunction, which can progress to liver failure
and death.125 This syndromic PNP is associated with a
founder mutation (p.R50Q) in the MPV17 gene.126
Recessive mutations in this latter gene were previously
found in patients with hepato-cerebral mtDNA depletion
syndrome.127
Mitochondrial Dynamics (Fusion and Fission)
The alteration of mitochondrial fusion and ﬁssion processes
signiﬁcantly affects neuronal function because of the dependence of motoneurons on a high metabolic rate.128 Some
proteins involved in mitochondrial dynamics are responsible
for hereditary neuropathies of CMT type when mutated, such
as MFN2 (CMT2A2) and GDAP1 (CMT4A/2K).
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Figure 3 Spasticity, babinski sign (spastic paraplegia), progressive optic, and cerebellar atrophy in a patient with mutation
(c.749G 4 A) in MFN2 gene. (Color version of ﬁgure is available online.)

Neuropathies Associated With MFN2 Mutations. MFN2 is a
mitochondrial transmembrane GTPase located in the
mitochondrial outer membrane. It contributes to the
maintenance of the mitochondrial network by promoting
mitochondrial membrane.129 Moreover, MFN2 interferes
with mitochondrial axonal transport by interacting with the
adapter Miro or Milton complex, by which kinesin attaches
mitochondria to microtubules.130 As MFN2 plays a role in
calcium crosstalk between endoplasmic reticulum and
mitochondria, and MFN2 mutants induce a higher
cytoplasmic calcium concentration, it is possible that such
cytosolic calcium increase might have an indirect effect on
axonal transport by calcium binding to Miro.131 In addition to
its contribution to mitochondrial network dynamics, MFN2
promotes mitochondrial energization by regulating OXPHOS.
The expression of the MFN2 gene has been described as key
pathogenic factor of metabolic abnormalities associated with
type 2 diabetes, obesity, and weigh loss. Studies perfomed on
skin ﬁbroblasts have shown that the mitochondrial energetic
metabolism was greatly altered in patients with MFN2
mutations with a signiﬁcant coupling defect leading to
reduced OXPHOS efﬁcacy (reduction of ATP/O). A
transgenic mouse model has been generated by expressing in
neurons, a mutated form of human MFN2 (mutation
p.R94Q).132 These mice show the main clinical symptoms
encountered in patients with CMT2A. Oxygraphic and
enzymatic
measurements
performed
on
isolated
mitochondria from the brain tissue of these mice have
shown that the R94Q mutation induces a combined defect
of complexes II and V linked to the opening of mKATP
channel, which could participate in the pathophysiology of the
disease.94 Rouzier et al. found abnormalities of mtDNA
maintenance associated with a novel MFN2 missense
mutation (c.629A 4 T, p.D210V) in patients who suffered
from optic atrophy beginning in early childhood, associated
with axonal neuropathy and mitochondrial myopathy in adult
life.133 Axonal transport defect may play an important role in
MFN2-related CMT2A2. This hypothesis was reinforced by a
study showing a marked disruption of mitochondrial transport
in cultured sensory neurons expressing disease-mutated forms

of MFN2.134 In addition, the accumulation of mitochondria in
the distal part of sural nerve axons has been observed in
patients with CMT2A2.135 CMT2A2 is the most prevalent type
of axonal sensorimotor dominant forms of CMT with a
frequency of up to 20% among all patients with
CMT2.142,143 In some cases, the inheritance was recessive136
and semidominant inheritance has also been described.137
Typical clinical symptoms of CMT2A are progressive distal
limb muscle weakness with atrophy, distal sensory loss, and
stepping gait that can lead to wheelchair dependency. MFN2
mutations have been associated with clinical and MRI
ﬁndings suggesting central nervous system's involvement,
which included progressive cebellar atrophy.138,139
Moreover, mutations of the MFN2 gene have been
incriminated in hereditary motor and sensory neuropathy type VI (HMSN VI, MIM 601152), a form of CMT
associated with optic atrophy140; however, this emphasizes
the importance of mitochondrial network dynamics in
optic atrophies and peripheral neuropathies. Picture
3 describe spastic paraplegia, progressive optic, and
cerebellar atrophy in a patient with mutation in MFN2
gene (Fig. 3).
Neuropathies Associated With GDAP1 Mutations. Although
not having GTPase-domain-like profusion or proﬁssion
protein, the mitochondrial outer membrane protein GDAP1
was shown to inﬂuence mitochondrial dynamics.
Overexpression in COS cells induced fragmentation of
mitochondria without inducing apoptosis and downregulation by siRNA enhanced the formation of tubular
networks. When expressed in cells, recessive mutations of
GDAP1 show reduced ﬁssion activity, whereas dominant
mutations interfere with mitochondrial fusion and lead to
elevated production of reactive oxygen species.141 An
interaction between GDAP1 and tubulins was recently
demonstrated.142 In the presence of GDAP1 mutations, this
interaction between mitochondria and the microtubule
cytoskeleton would be altered, which might affect
mitochondrial axonal transport and movement within the
cell and may explain the pathophysiology of the GDAP1-
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related CMT disease. Interestingly, we found that GDAP1
mutations in ﬁbroblasts from patients with CMT2K carrying
the C240Y mutation are associated with mitochondrial
complex I defect.143 The association between complex I
deﬁciency and GDAP1 mutations suggests that GDAP1
may play a protective role against oxidative stress. This
hypothesis is based on the fact that GDAP1 has structural
domains related to the cytosolic GSTs; however, no
experimental GST activity has been demonstrated so far.
GSTs play a role in the detoxiﬁcation of xenobiotics and
endogenous toxicants. Recently, Noack et al144 have shown
that GDAP1 overexpression protected against oxidative stress
caused by depletion of the intracellular antioxidant glutathione
(GHS) and against effectors of GHS depletion that affect the
mitochondrial membrane integrity. Mutations in GDAP1 are
associated either with autosomal recessive forms of CMT
(CMT4A) or with autosomal dominant axonal (CMT2K;
mitodyn.org). The dominant forms, which are less severe
than the recessive forms, are associated with later onset (after
the second decade) and a slower course of the disease. In these
cases, patients may be able to walk even after the fourth
decade.145 The recessive forms of GDAP1-related CMT are
severe with onset during the ﬁrst decade, usually the clinical
symtoms started at 18 months of life. The rapid progression of
these disorders leads to functional disability associated with
additional clinical features such as a hoarse voice owing
to vocal cord paresis, diaphragmatic paralysis, and facial
weakness.
Involvement of Mitochondrial Axonal Transport in Other
CMT2
Heat Shock Proteins. HSPB1 and HSPB8 are small heat shock
proteins (HSP) that act as ATP-independent chaperones in
protein folding, but are also implicated in architecture of the
cytoskeleton. Previous studies have shown that disruption of
assembly and aggregation of neuroﬁlaments are the results
of HSPB1 mutations in CMT2F146,147 and HSPB8 mutations
in CMT2L.148 A report showed that the CMT2-causing
mutant HSPB1S135F decreased the abundance of acetylated
alpha-tubulin (a guidance cue used by motor proteins to move
their cargoes) and impaired mitochondrial anterograde and
retrograde movement in cultured dorsal root ganglion sensory
neurons isolated from transgenic mice,149 suggesting the
pathogenic role of alpha-tubulin deacetylation in mutant
HSPB1-induced neuropathies. Interestingly, increasing alphatubulin acetylation by pharmacologic inhibition of histone
deacetylase 6 (HDAC6) corrected the axonal transport defects
caused by HSPB1 mutations and rescued the CMT phenotype
of symptomatic mutant HSPB1 mice, offering perspectives for
using HDAC6 inhibitors as a therapeutic strategy for hereditary
axonopathies.149 When compared with HSPB1, the role of
HSPB8 is not as well characterized, but the CMT2-causing
K141E mutation in HSPB8 induces similar functional and
structural deﬁciency.
KIF1B Mutation. Indirectly, mitochondria dysfunction could
be involved by mutations in genes encoding molecular motors
of anterograde and retrograde transport. A missense mutation
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in KIF1B-beta, a monomeric motor for anterograde transport of
mitochondria, has been identiﬁed in affected members of a
Japanese family presenting an autosomal dominant CMT2A1
resulting in a p.Gln98Leu substitution.150
Dynein Heavy Chain 1. Mutation in DYNC1H1 gene has been
implicated in various neurodegenerative disorders with
including hereditary sensory-motor neuropathy and spastic
hereditary paraplegia. Using exome sequencing of affected
individuals in a large CMT2 family permitted to identify the
c.917A 4 G mutation in dynein heavy chain 1
(DYNC1H1).151 DYNC1H1 encodes the dynein heavy chain
1, which forms the core of the cytoplasmic dynein, a large
multisubunit motor protein complex having a key role in
retrograde mitochondrial axonal transport along cytoskeletal
microtubules in neurons. Those results are supported by
previous animal studies that have implicated disruption of
DYNC1H1 in neuropathic disease.152,153

Secondary Mitochondrial PNPs
Secondary mitochondrial PNPs may be owing to diabetes,
renal insufﬁciency, thyroid dysfunction, or hypoparathyroidism in syndromic as well as nonsyndromic MiDs. If such risk
factors are part of the phenotype, it is often difﬁcult to
differentiate if PNP is only owing to the underlying mutation,
secondary owing to the risk factor for PNP inherent to the MiD,
or both. MiDs, in which diabetes has been reported include
MELAS, MERRF, KSS, Leigh syndrome, and Mendelian PEO.
MiDs, which go along with renal insufﬁciency, include
MELAS, KSS, Leigh syndrome, and AHS. A further example
of a secondary PNP in a syndromic MiD is Wolfram syndrome,
which presents as diabetes mellitus and optic atrophy. Additional features may include diabetes insipidus, renal abnormalities, psychiatric abnormalities, deafness, ataxia, and PNP.154
Whether MiDs are prone to develop malignancy and consecutively paraneoplastic PNP is unknown.

Summary
Defects in the mitochondrial RC impair energy production and
frequently involve skeletal muscle and peripheral nerves, but
rarely as an isolated or a dominant feature, except in some
phenotypes including PEO, NARP, and TK2 myopathy.
Several neuromuscular manifestations have been associated
into the clinical and genetic heterogeneity of MiDs. The
multisystem nature of this disorders may not be evident at
onset, but may become apparent only during the course of the
disease.
In pediatric patients, the clinical manifestation varies within
the age and the development process of peripheral and central
nervous system. The most serious clinical phenotypes are
present during the ﬁrst few months of life with multisystem
manifestations; however, in older population the clinical
features become more speciﬁc allowing a better phenotype
recognition.
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We want to highlight the importance of searching for the
neuromuscular “clue clinical signs” associated with inheritance
pattern as key elements to guide the complex diagnosis process
and genetic studies in MiDs. The PEO and axonal neuropathy
are the most useful signs to help the physician in the challenge
of diagnosing these diseases.
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Diseases of the Synaptic Vesicle: A Potential
New Group of Neurometabolic Disorders
Affecting Neurotransmission
E. Cortès-Saladelafont, MD,*,†,1 A. Tristán-Noguero,*,†,1 R. Artuch, MD, PhD,‡,§
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The general concept of inborn error of metabolism is currently evolving into the interface
between classical biochemistry and cellular biology. Basic neuroscience is providing
increasing knowledge about the mechanisms of neurotransmission and novel related
disorders are being described. There is a necessity of updating the classic concept of “inborn
error of neurotransmitters (NT)” that considers mainly defects of synthesis and catabolism and
transport of low weight NT molecules. Monogenic defects of the synaptic vesicle (SV), and
especially those affecting the SV cycle are a potential new group of NT disorders since they
end up in abnormal NT turnover and release. The most common clinical manifestations include
epilepsy, intellectual disability, autism and movement disorders, and are in the continuum
symptoms of synaptopathies. Interestingly, brain malformations and neurodegenerative
conditions are also present within SV diseases. Metabolomics, proteomics, and other -omic
techniques probably will provide biomarkers and contribute to therapeutic targets in the future.
Semin Pediatr Neurol 23:306-320 C 2016 Elsevier Inc. All rights reserved.

Introduction
The concept of inborn error of metabolism (IEM) is currently
being redeﬁned. Previously, IEMs were mostly inherited, and
occasionally de novo, genetic disorders of the biosynthesis or
breakdown of substances within speciﬁc pathways that were
recognized by speciﬁc biochemical tests. In a recent editorial
article of the journal of inherited metabolic diseases,1 the authors
describe current challenges in the era of diagnostic genetic
revolution and emerging novel disorders. An interesting
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example is the group of complex lipid disorders,2,3 which is at
the interface between classic metabolism and cell biology.
Moreover, rapidly evolving diagnostic techniques such as -omics
(metabolomics, proteomics, lipidomics, and glycomics) provide
new tools to ﬁnd biomarkers that can help deﬁning new IEM.
Inborn errors of neurotransmitters (NTs) have been “classically” considered as those genetic defects that affect the
biochemical pathways of synthesis and catabolism of biogenic
amines and other molecules such as GABA, glycine, glutamate,
and serine.4 In these disorders abnormal concentration of
target metabolites in the cerebrospinal ﬂuid (CSF) give the
diagnostic clue and reinforces the classical concept of IEM.
More recently, transportopathies such as the dopamine transporter defect5 and the vesicular monoamine transporter type
26 defect have also been ofﬁcially recognized as inborn errors of
NTs. They also disclose abnormal CSF NT concentration as
diagnostic biomarker, although these abnormalities are not
constant in all the reported cases.
Neuronal communication is a complex and highly regulated
process. Synthesis, catabolism and transport are not the only
mechanisms that regulate neurotransmission. The basis for NT
release is the availability of synaptic vesicles (SV) that are
competent for immediate fusion once an action potential arrives
at the presynapse.7 SV are generated from the endoplasmic

Diseases of the SV
reticulum (ER) or presynaptic plasma membrane and transported by cellular trafﬁcking to the presynaptic active zones.
Vesicles undergo repeated recycling, and this process requires an
ordered and sequential participation of many different proteins.
From the ER until the vesicle that release NTs, there is a long
pathway where different metabolic and biological processes
occur. In the last couple of decades basic neuroscience has
provided increasing knowledge about the synaptic vesicle and
especially exocytosis and the SNARE machinery release.8,9
Disorders of the synaptic vesicle have been described individually depending on the affected gene rather than a whole entity.
As an example, monogenic diseases related to mutations in some
of the SNARE proteins have been described as a cause of severe
developmental encephalopathies.10 In this article we give a
common body to monogenic disorders with Mendelian inheritance that are directly affecting the biology of SVs. Mechanisms
involved in the pathophysiology of these disorders include
protein synthesis and transport, lipid synthesis and remodeling,
trafﬁcking, and protein-protein, and protein-lipid interactions.

General Concepts: How Synaptic
Transmission is Linked to SV
Synthesis, Transport, and
Release
Synaptic transmission requires continuous NT synthesis,
catabolism and transport, as well as the production of adhesion
molecules, NT receptors, ion-channels, and secreted trophic
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factors, and thus critically relies on the secretory pathway.
Organelles including the ER and the Golgi apparatus (GA),
where membrane lipids and proteins are synthesized, are
strongly involved. Interestingly, the neuronal secretory pathway has evolved to both trafﬁc synaptic components over very
long distances, and locally control the composition of speciﬁed
segments of dendrites.11 The complexity of neuronal communication relies on variations observed in the spatial distribution
of secretory components across neuronal types and their
contrasting amounts in the soma vs dendrites. Dendrites
contain core machinery for early secretory trafﬁcking including
ER, ER-Golgi intermediate compartments, and occasionally
Golgi outposts.11 Therefore, specialized mechanisms lead to
different secretory pathways: (A) The axonal pathway: from the
cell body (soma) through the axon to ﬁnally reach the synaptic
terminal, which is represented in Figure 1. (B) The dendritic
pathway: from the soma to the dendrites, with an active
participation of the ER, ER-bound ribosomes, and glutamatergic receptors (mGluR1/5, AMPA, and NMDA).11 The
distribution and dynamics of dendritic secretory organelles
and their effect on postsynaptic compartments is being
currently elucidated and would be probably a matter of
discussion during the following years. Although there are
genes encoding proteins involved in the secretory machinery of
both pathways, it is very likely that a growing number of
disorders related to one and other compartment could be
described in a near future. Neurotransmission is then a
complex process that starts in the neuronal body and ends
with exocytosis at the presynaptic neuron. Signaling at the
postsynaptic neuron and glia interaction (the tripartite

Figure 1 Axonal secretory pathway and related diseases. Disorders of the SV collected in Table 1 and grouped in function on
the localization in the axonal secretory pathway. (Color version of ﬁgure is available online.)
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synapse) completes intercellular communication. Three main
phases are crucial at the presynaptic level that would guide our
approach to SV disorders: (1) Vesicle synthesis and interorganelle trafﬁcking. (2) Transport along the axon. (3) Vesicle cycle
and exocytosis leading to NT release.

Vesicle Synthesis at the Soma (Neuronal
Body) and Interorganelle Trafﬁcking
The SV starts its life at the neuronal body and shares the general
principles of intracellular membrane trafﬁcking in mammalian
cells. A number of regulated molecular events allow for protein
segregation into separate membrane domains and are common
general principles of cell biology.12 Vesicle budding is initiated
through the selection and assembly of speciﬁc components in
donor membranes, which need to be packaged and delivered
together to the same target membranes. The biosynthetic
secretory pathway starts at the rough ER with synthesis of
components, continuous through the GA, and eventually
ﬁnishes in the cell plasma membrane, secretory vesicles such
as SVs or lysosomes13 (Fig. 2). Intracellular membranebounded organelles transfer material from each other in the
form of transport vesicles. Coat proteins help in the selection of
speciﬁc cargoes during different transport steps. Figure 2
shows the secretory and endocytic pathway. In the secretory
pathway cargo proteins bud off from ER exit sites, which are
areas of the ER that do not contain ribosomes. These proteins
are packaged in COPII-coated vesicles and fuse to form
vesicular clusters (ER-Golgi intermediate compartment
[ERGIC]). Diverse ERGIC fuse and form the cis-Golgi network.

COPI-coated vesicles contribute to the ER proteins recycling
and mediate the transport of cargoes between Golgi fragments.
In the trans-Golgi network proteins can go to the plasma
membrane or to the lysosome. Different types of coated
vesicles and tubulovesicular carriers transport cargo from the
trans-Golgi network to their destinations (as it is the case of
SVs). Some cargoes reach the plasma membrane (through
secretory granules), some others travel in tubulovesicular
structures or through recycling endosomes (endocytic pathway). In the endocytic pathway molecules are internalized in
the form of clathrin-coated vesicles and are delivered to the
early endosomes and then to the later endosomes. Processing
of proteins in the Golgi complex includes sorting and
glycosylation of membrane and secretory proteins. Not only
proteins but lipids move through Golgi cisternae from the cis
to the trans direction. Other than the already described general
secretory pathway, it is important to highlight that speciﬁc cells
and molecules may follow particular secretory mechanisms.
Neurons have diverse vesicles with different sequence
biogenesis and secretory steps. The large dense core vesicles
(LDCV) (from 75-95 nm) deliver proteins and neuropeptides
to the extracellular space by the classic secretory pathway,
while more numerous smaller vesicles (40-50 nm) called SV,
specialize in the storage and delivery for small NTs such as
monoamines, GABA, glycine, glutamate, acetylcholine, and
serine. Biogenesis of SV in neurons differs from generation of
secretory granules.13,14 Most vesicles transported from the
neuronal soma down the axon are tubulovesicular structures of
50 nm diameter and variable length, rather than the typical 50
nm SV proﬁles, which may not be competent as SVs.13

Figure 2 Biosynthetic secretory and endocytic pathways. ER, endoplasmic reticulum; ERGIC, ER-Golgi intermediate
compartment; CGN, cis-Golgi Network; TGN, trans-Golgi Network; LE, later endosome; EE, early endosome. Black
arrows: biosynthetic pathway. Blue arrows: endocytic pathway. Red arrows: retrieval pathway. Yellow vesicles: clathrincoat. Small blue vesicles: COPII-coat. Big blue vesicles: COPI-coat. (Color version of ﬁgure is available online.)

Diseases of the SV
Functionally competent SVs are locally assembled at presynaptic terminals following an intermediate exocytosis and
endocytosis event (explained later in the text). Synaptic protein
components are reconstituted as complete SV in the early
endosome compartment. SVs are then recycled many times
and locally ﬁlled with NTs for reuse within minutes.9 SVs are
transported to sites of release through the action of
microtubule-based motor proteins by processes collectively
known as fast axonal transport.

Transport Along the Axon
Axonal transport can be classiﬁed based on the speed at which
cargoes move. Vesicles, organelles, and RNA are transported at a
fast speed of 50-200 mm/d (0.5-3 mm/s), whereas cytoskeletal
components (such as neuroﬁlaments and tubulin) and
some soluble proteins are transported at a slow speed of
0.1-3.0 mm/d.15,16 Both types of transport are mediated by the
2 ATP-dependent proteins—kinesin and cytoplasmic dynein.
Kinesin and dynein are assisted by adapter proteins, which link
the motors to their cargoes and regulate the activity of the motors.
Microtubules provide polarity to neurons, with their “plus” ends
located at the axon tips and their “minus” ends within the cell
body.15 This polarity confers directionality to axonal transport.
The anterograde axonal transport moves cargoes from the
cell body toward the axon tips and is mediated by kinesin motor
proteins. Kinesin-1 motors are responsible for the fast anterograde axonal transport of most vesicles, organelles, proteins,
and RNA particles and the slow axonal transport of cytoskeletal
proteins.15,17 Kinesin-2 and kinesin-3 proteins are also involved
in axonal transport. Members of the kinesin-2 family (KIF3A,
KIF3B, and KAP3) mediate the transport of late endosomes and
lysosomes, whereas kinesin-3 (KIF1A and KIF1Bb) carry
synaptic vesicle precursors and dense core vesicles.18
The retrograde axonal transport moves cargoes from the
axon tips to the cell body and is mediated by cytoplasmic
dynein. Dynein is composed of 2 heavy chains and additional
intermediate, light intermediate, and light chains. Dynein is
found in a complex with dynactin, and other adapter proteins,
such as lissencephaly-1 (Lis1) and huntingtin (htt).15-17
Several protein kinases regulate axonal transport15 through
phosphorylation of motors, adapter proteins, and cargoes and
explain why transport characteristics are distinct between
different types of neurons (eg, axonal transport is slower in
sensory vs motor neurons) and cargoes (eg, mitochondria
move bidirectionally with frequent pauses, while signaling
endosomes undergo sustained retrograde transport).15,19,20
Some of these protein kinases regulate SV axonal transport and
are linked to some particular diseases explained later.

Vesicle Cycle and Exocytosis Leading to NT
Release
The ﬁrst step in NT release is to ﬁll the SV with the appropriate
NT through speciﬁc ATP-dependent transporters. Vesicular
transporters localize to different types of secretory vesicles in
neurons. These include SVs and LDCVs. LDCVs, but not SVs,
corelease neuromodulatory peptides. Both SVs and LDCVs
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undergo calcium-mediated exocytosis but differ in the site and
mode of release. SVs undergo regulated release in nerve
terminals and more speciﬁcally, at the active zone.21 Once
the SV is ﬁlled out, it moves to a reserve pool or to the active
zone. SV dock at the active zone where they are primed for the
fusion event. When an action potential arrives at the terminal
there is a local inﬂux of calcium through voltage-gated
channels that triggers fusion of the SV with the plasma
membrane and release NT (Fig. 3). Exocytosis at fast synapses,
such as those of neurons, occurs within sub-milliseconds after
calcium inﬂux (0.5 ms or less), probably due to a readily
releasable pool of vesicles in close proximity (within 100 nm)
to the calcium channels that cluster around the active zone.22
The coated vesicle that results after NT release begins to
acidify and the clathrin coat is removed by a chaperone.
These endocytosed vesicles fuse with an early endosome,
which is sorted and reconstituted or directely reﬁlled.13 A
more rapid alternative is “kiss and run” where SV retains
integrity after fusion, is more rapidly regenerated without
endosomal intermediate and may release NT more slowly or
incompletely (Fig. 3).
SV exocytosis is tightly linked with endocytosis, and
variations in the number of vesicles, or defects in the reﬁlling
of SVs, would affect the amount of NT available for release.23
Membrane fusion during presynaptic vesicle exocytosis is
mediated by a core fusion machinery composed of SNARE
(for “soluble-N-ethylmaleimide-sensitive factor attachment
protein receptors”) and SM proteins (for “Sec1/Munc18-1 like
proteins”).22,24 During fusion, the vesicle-SNARE protein
synaptobrevin or VAMP on SV forms a trans-complex with
the targed-SNARE and organizes a dynamic pool of vesicles
around the zone. Vesicles are released synchronously as well as
asynchronously, and their mode of release is determined by
proteins such as synaptotagmins and complexins that interact
with and regulate conformational changes within the SNARE
proteins.22,25 The mechanisms and molecular machines
involved in membrane fusion during exocytosis are still not
fully understood. However, an increasing number of molecules
are currently involved7 (Fig. 4).

Not Only Proteins But Lipids are
Extremely Important in the Life
Cycle of SV
Although we typically think of protein machinery driving
synaptic vesicle cycle (endocytosis-exocytosis, SNARE proteins, etc.) there is increasing interest in the roles of lipids in
synaptic communication and in the pathophysiology of
nervous system disorders in general. As example, the recent
new category of inborn errors of metabolism, defects of
complex lipid synthesis and remodeling2 encompasses more
than 100 diseases most of them described within the last
5 years. Although all organs and systems may be affected,
neurologic phenotypes are amongst the most common.3 The
presynaptic terminal contains numerous lipid-metabolizing
enzymes that locally alter lipid structures and are associated
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Figure 3 The life cycle of synaptic vesicles. SV are ﬁlled with NT near the active zone. Some vesicles are recruited to sites
within the active zone in a process called docking. These vesicles are subsequently primed for release. The rise in cytosolic
Ca2þ that occurs during an action potential triggers the opening of a fusion pore between some of the primed, docked
vesicles and the plasma membrane. NTs are the released. The now empty vesicle can be recovered and returned to the
releasable pool by 3 different ways: (1) a direct reclosing of the fusion pore and reformation of the vesicle (“kiss and run”),
(2) by complete fusion followed by clathrin-mediated endocytosis, removal of the clathrin coat, and return of the vesicle to
the releasable pool, and (3) by complete fusion and recycling as in the second pathway, but the endocytosed vesicle fuses
ﬁrst with an endosome and mature vesicles are subsequently formed by budding from the endosome. (Color version of
ﬁgure is available online.)

with neurologic diseases.26,27 Synaptic vesicle lipids and lipidmetabolizing enzymes play a crucial role in SV recycling.
Molecules and biochemical pathways involved are the
following:
(1) Polyphosphoinositides, phosphatidycholine, and some
diacylglycerol kinase play roles in neurotransmission,
which is consistent with the critical roles for phosphatidic acid (PtdOH) and diacylglycerol (DAG) in the
regulation of SV exocytosis or endocytosis.
(2) Diacylglycerol kinase catalyzes the phosphorylation of
DAG thereby converting it into PtdOH and could have
opposite effects on DAG levels. This is particularly
important for SV cycling as PtdOH and DAG are both
needed for evoked exocytosis.
(3) Two sphingolipids have also been implicated in exocytosis—sphingosine and sphingosine-1-phosphate.
Finally a number of reports have focused on the roles
of sphingolipids and cholesterol in SV cycling.26-28
Interestingly, presynaptic processes are driven by such a
codependent, lipid-protein interaction with an inseparably
functional contribution. It thus seems that the specialized
functions of the presynaptic terminal evolved through cooperation between lipid and protein molecules, and the 2 work in
tandem to drive NT release.29

Cone-shaped lipids are required for SV cycling. Protein-free
artiﬁcial lipid bilayers can adopt curved structures and even
spontaneously fuse if they include cone-shaped lipids that
destabilize the bilayer sometimes also referred to as “fusogenic” lipids.30 These lipids also appear to contribute to
membrane fusion in vivo, promote negative membrane
curvature (ceramide, [PtdOH, DAG, and lysophospholipids)
and interact with active zone SNARE proteins. Hence,
localized changes in lipid geometry can strongly inﬂuence
presynaptic membrane remodeling. In addition, several
lipases are sensitive to calcium, suggesting that the localized
calcium inﬂux in the vicinity of active zones may result in the
production of fusogenic lipids, thereby contributing to neurotransmission.29 These data open new perspective in the role of
lipids and related diseases that would ﬁnally produce abnormal SV cycling and neurotransmission.

Diseases of the SV Depending on
the Localization in the Secretory
Pathway
Different neurologic disorders and especially neurodegenerative conditions such as Alzheimer and Parkinson disease (in
particular linked to trafﬁcking) together with neuropsychiatric
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Figure 4 Localization of diseases in the SV cycle. Disorders of the SV collected in Table 1 and grouped in function on the
localization or function in the SV cycle. (Color version of ﬁgure is available online.)

diseases (polymorphisms or function of the SNARE proteins)
have been linked to abnormal processes in the biology and
metabolism of the SV. In fact, the SV could be potentially
involved in the pathophysiology of almost all neurologic
disorders, since synaptic communication is an essential
language in the biology of the brain. Here we would focus in
monogenic disorders that produce pathogenic mutations in:
(1) genes that codify proteins or lipids that compose the SV, (2)
associate with SV or their precursors for axonal transport (such
as dynamin and dynein), or (3) release (presynaptic plasma
membrane proteins such as the SNARE/SM proteins)
(Figs. 1 and 4).
The diseases discussed here are amongst the most relevant
but the list is for sure incompleted (Table 1). Most of these
biological processes are still being elucidated and a single
protein or lipid can participate in several functions across the
SV life. Therefore, this is just a general overview and a tentative
approach that need further knowledge and constant reevaluation.

Diseases of Soma (Neuron Body) Vesicle
Synthesis and Trafﬁcking
This group of diseases would potentially include defects
taking place at the RE, GA, and trafﬁcking within the
secretory pathway (Fig. 2). Congenital disorders of
glycosylation (CDG) are a well-deﬁned and expanding
area of IEM that involves protein and lipid glycosylation,
trafﬁcking, and synthesis or remodeling of complex
lipids. Amongst the CDG defects, a speciﬁc group of
disorders have been described to affect the SV cycle
those related to the conserved oligomeric Golgi (COG)

(COGcomplex).31 COG regulates cycling of vesicles
containing glycosylation enzymes and other resident
Golgi proteins in a trans-to-cis (retrograde) direction.
An intrincate assortment of trafﬁcking machineries
including small Rab-GTPases, SNAREs,Sec1/Munc18
(SM) proteins, vesicular coat proteins, and tethering
proteins are required for vesicular transport. 31 Defects
in 7 of 8 COG subunits (COG1, 2, 4, 5, 6, 7, and 8) are
linked to CDG-type II and produce mainly neurologic
phenotypes characterized by intelectual disability,
hypotonia, epilepsy, and ataxia.31 However, the disorders here included are those related with COG complex
and its interacting proteins partners in Golgi trafﬁcking:
Rab and SNARES. Two diseases have been described so
far in this group: the neurocutaneous syndrome CEDNIK (cerebral dysgenesis, neuropathy, icthyosis, and
keratodermia) due to mutations in SNAP29 32,33 and
GS27 that causes a neurologic disease characterized by
action myoclonus , early ataxia, and mild cerebral
atrophy.34
A different disorder, not included in the CDGs is an
endosome to lysosome trafﬁcking defect (TBC1D24/Sky gene)
that causes degradation of SV-associated proteins. The clinical
picture associated is a severe neurodegeneration, focal and
infantile myoclonic epilepsy, malignant migrating partial
seizures of infancy, deafness, onychodystrophy, osteodystrophy, and mental retardation syndrome.35

Diseases of the Axonal Transport
Mutations in genes related to axonal transport produce diverse
neurologic disorders. Hereditary spastic paraparesis is one of

SYN1, SYN2 and other genes causing non
syndromic ID/autism

TPI
[AR]
TBC1D24/Sky [AR]
STB1X [AR]

GS27 [AR]

SV2A

STXBP1 [AD]

SNAP25 [AD]

Rabenosyn-5
[AR]

PRRT2
[AD]

DNM1 (dynamin1)
[AD]
NABP

Synaptic vesicle cycle. Clathrin-mediated
endocytosis
Synaptic vesicle cycle
SNARE protein
SNARE complex dissociation and
recycling: synaptic vesicle docking
Synaptic vesicle cycle
t-SNARE protein; regulates exocytosis
Mutations in PRRT2 are supposed to
produce increase NT release
Synaptic vesicle cycle. Receptor
endocytosis and neurotransmitter
recycling
Synaptic vesicle cycle
SNARE protein
Regulates exocytosis (NT release)
Synaptic vesicle cycle
SNARE protein (munc 18) that regulates
exocytosis
Synaptic vesicle protein
Regulates action potential dependent
neurotransmission (exocytosis)
COG mediated trafﬁcking
Synaptic vesicle cycle
SNARE protein
Regulates exocytosis
Synaptic vesicle cycle. Impaired
endocytosis
See at neurodegeneration
Synaptic vesicle cycle
SNARE protein
Regulates exocytosis

Biological Function

[4]

[3]

[2]

[1]

References

Genes responsible of ID/ASD are also very likely to
produce epilepsy, since these symptoms belong to the
spectrum of neurologic manifestations of
synaptopathies
[14-16]

Haemolitic anemia, episodic seizures, periodic dystonia, [9-12]
axonal neuropathy, and psychomotor delay
See at neurodegeneration.
Febrile seizures with or without epilepsy
[13]

Refractory tonic and myoclonic seizures, microcephaly, [7]
growth retardation, optic atrophy, severe hypotonia.
Increased T2 signal white matter, thin corpus callosum
Action myoclonus , early ataxia and mild cerebral
[8]
atrophy

Early epilepsy and developmental delay, hypotonia, ID. [5]
Polimorphysms have been related to neuropsychiatric
disorders
Multiple forms of epilepsy, nonsyndromic ID, movement [6]
disorders. Autistic features

Early-onset epileptic encephalopathy, Lennox-Gastaut,
West syndrome, ID, and hypotonia
Early epileptic encephalopathy
Progressive microcephaly hypotonia, limb
tremulousness and stereotypies (kicking, hand, wrist
twisting, and bringing to the midline)
Benign familial infantile epilepsy, infantile convulsions
and choreoathetosis and paroxysmal kinesigenic
dyskinesia, migraine, hemiplegic migraine,
nonsyndromic ID
Intractable seizures, ID and malformations (see at
malformative syndromes)

Other Additional NRL and Extra-NRL Signs

Nonsyndromic intellectual disability (id)/autism spectrum disorder (ASD)
ASD and epilepsy
SYN1 [XLD, XLR]
Synaptic vesicle cycle. Coats synaptic
vesicles, regulation of neurotransmitter
release

Epilepsy

Predominant NRL Genetic Defect
Manifestations

Table Synaptic vesicle disorders classiﬁed according to its main clinical manifestation.
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Parkinsonism
DystoniaParkinsonism

SYNJ-1 [AR]

SCNA [AD]

LRRK2 (PARK8) [AD]

DYT-1 [AD]

DYSTONIA
Synaptotagmin1
(nonparoxystic)

Movement disorders
PRRT 2 [AD]
Paroxysmal
diskinesias and
other paroxystic
neurologic
symptoms
PNKD [AD]

Genes related with epilepsy
described in this table can also
produce nonsyndromic ID ! ASD

STXBP1 [AD]

IL1RAPL1 [XLR]

RIMS3

SYN2 [AD]

Synaptic vesicle cycle
t-SNARE protein
Regulates exocytosis
Mutations in PRRT2 are supposed
to produce increase NT release
Synaptic vesicle cycle
Interacts with proteins of the
synaptic active zone. Regulates
exocytosis. Mutants are expected
to have an excess of NT release
Synaptic vesicle protein
Exocytosis: NT release: SV fusion
by calcium binding
Synaptic vesicle cycle endocytosis
Synaptic vesicle cycle exocytosis
DYT-1 codes for torsinA which is
involved in vesicle synaptic
release
Synaptic vesicle cycle
Binds synaptic vesycle and interact
with SNARE proteins
Synaptic vesicle cycle
Regulates distribution of synaptic
proteins and synaptic vesicle
release (exocytosis)
Encodes Alpha-Synuclein
Synaptic vesycle cycle
Encodes synaptojanin 1, a
phosphoinositide phosphatase

Synaptic vesicle cycle. Selectively
binds to small synaptic vesicles in
the presynaptic nerve terminal
Synaptic vesicle cycle. Regulates
synaptic membrane exocytosis
Cell-adhesion: synaptic vesicle
organization
May regulate exocytosis and
presynaptic differentiation
Synaptic vesicle cycle
SNARE protein (munc 18) that
regulates exocytosis

[20]

Paroxysmal dystonia, migraine, hemiplegic
migraine, infantile seizures, episodic ataxia

Parkinsonism, dystonia, and cognitive
deterioration. Poor response to L-dopa, and
limited by side effects. Neuroimaging

Late onset PD (dominant)

Late onset PD (sporadic and dominant)

Early-onset generalized torsion dystonia

[25]

[24]

[23]

[22]

Childhood-onset dystonia and chorea, severely [21]
delayed motor development and profound ID

[3,20]

[6]

[16,19]

[16,18]

[16,17]

Choreoathetosis and paroxysmal kinesigenic
dyskinesia, other types of MD, migraine,
seizures, and nonsyndromic ID

Non syndromic ID, autistic features, epilepsy,
movement disorders

ASD and intelectual disability

ASD

ASD and epilepsy
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Table (continued )

STXBP1 [AD]

DYNC1H1 (dynein cytoplasmic)

SMA

Neurodegeneration

DNM2 (dynamin2) [AD]

DYNC1H1 (dynein cytoplasmic)

DNM2 (dynamin2) [AD]

Centronuclear
myopathy

Charcot-MarieTooth

Synaptotagmin2 [AD]

Neuromuscular disorders
Myasthenia
SNAP25B [AD]

Diverse type of
abnormal
movements

Cerebellar ataxia Synaptotagmin14 [AR]

DNAJC6 [AR]

SLC18A2 [AR]

Predominant NRL Genetic Defect
Manifestations

Other Additional NRL and Extra-NRL Signs

Cerebellar ataxia, congenital myasthenia,
cortical hyperexcitability, and intellectual
disability

Autosomal-Dominant form of Lambert-Eaton
Myasthenic Syndrome and Nonprogressive
Motor Neuropathy
Synaptic vesicle cycle
Peripheral neuropathy Charcot-Marie-Tooth
Exocytosis (and also involved in the type
postsynapsis)
Synaptic vesicle axonal transport Peripheral neuropathy Charcot-Marie-Tooth
Retrograde transport
type
Synaptic vesicle cycle
Progressive and generalized weakness and
Exocytosis (and also involved in the atrophy of the skeletal muscles.
postsynapsis)
Characteristic hystopathology
Synaptic vesicle axonal transport Sporadic spinal muscle atrophy of lower
Retrograde transport
predominance

Synaptic vesicle cycle
SNARE protein
Vesicle endocytosis, docking and
priming, fast exocytosis
Synaptic vesicle protein
Calcium sensor for exocytosis

protein involved in synaptic
revealed brain atrophy, nigrostriatal
vesicle recycling through lipid
dopaminergic defects
metabolism
Synaptic vesicle protein
Early-onset parkinsonism, dystonia, mood
(monoamine transporter VMAT2) disturbance,autonomic instability,
developmental delay, ID. Poor response to
Regulates neurotransmitter
turnover
L-dopa (best results with dopaminergic
agonist)
Synaptic vesicle cycle
Early onset to juvenile parkinsonism. L-dopa
Encodes auxilin 1, which is
responsive
involved in clathrin-coated
vesicle dynamics
Synaptic vesicle protein
Childhood-onset psychomotor retardation and
Exocytosis: NT release: Synaptic
slowly progressive spinocerebellar ataxia
vesicle fusion by calcium binding (recessive), progressive cerebellar atrophy
Synaptic vesicle cycle.
Endocytosis
Synaptic vesicle cycle
Ataxic gait, tremor (intentional), dyskinesia,
SNARE protein (munc 18) that
dystonia. Non syndromic ID, autistic features,
regulates exocytosis
and epilepsy

Biological Function

[33]

[32]

[33]

[32]

[31]

[30]

[29]

[28]

[27]

[26]

References
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Synaptic vesicle axonal transport
Protein kinase that regulates SV
axonal transport
Synaptic vesicle axonal transport
Protein kinase that regulates SV
axonal transport
Synaptic vesicle axonal transport

KIF5C [AD]

LIS1 [AR]

AKT3

Synaptic vesicle cycle. Impairs
receptor endocytosis and
neurotransmitter recycling

COG related organelle trafﬁcking
Synaptic vesicle cycle
SNARE protein
Vesicle endocytosis, docking and
priming, fast exocytosis
Synaptic vesicle protein
Regulates exocytosis

[37,38]

[36]

[35]

[34]

Lyssencephaly and microcephaly

Polimycrogyria with megalencephaly

[41]

[41,42]

Warburg Micro syndrome (WMS) and Martsolf [39]
syndrome (MS): congenital cataracts,
microphthalmia and microcephaly,
microgenitalia/ambiguos genitalia
Seizures, developmental delay, microcephaly, [4]
dysostosis, osteopenia, craniofacial
dysmorphism, macrocytosis and
megaloblastoid erythropoiesis. Biochemical
ﬁndings include transient cobalamin
deﬁciency, severe hypertriglyceridemia upon
ketogenic diet, microalbuminuria, and partial
cathepsin D deﬁciency
Pachygyria, mycrocephaly
[40,41]

Neurocutaneous syndrome CEDNIK: cerebral
dysgenesis, neuropathy, icthyosis, and
keratodermia

Severe neurodegeneration, focal and infantile
myoclonic epilepsy, malignant migrating
partial seizures of infancy, and DOOR
(deafness, onychodystrophy,
osteodystrophy, and mental retardation)
syndrome
Synaptic vesicle axonal transport Intellectual disability (ID), axial hypotonia and
Anterograde transport of synaptic peripheral spasticity cerebellar atrophy. In a
vesicle precursors along axons
second patient: progressive atrophy of the
cerebellar vermis, optic atrophy and
neurogenic bladder
Synaptic vesicle axonal transport Involved in Hungtington disease and spinal
Anterograde transport of synaptic bulbar muscular atrophy
vesicle precursors along axons

Organelle trafﬁcking
Endosome to lysome trafﬁcking
(produces degradation of
synaptic vesicle-associated
proteins)

RABENOSYN-5 [AR]

RAB3GAP1/2 [AR]

Malformative syndromes
SNAP29 [AR]

Genes that produce parkinsonism
and progressive SCA due to
SYN14 lead to neurodegeration
(genes already described in the
table)

KIF5

KIF1A [AR, AD]

TBC1D24/Sky [AR]
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Table (continued )
Other Additional NRL and Extra-NRL Signs

LIS forms a complex with Dynein
which is involved in SV transport
along the axon (retrograde
transport)
Synaptic vesicle axonal transport Diffuse polymicrogyria with thickened corpus
Retrograde transport
callosum

Biological Function

[41]
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the most representatives. Regarding SV axonal transport a
number of diseases have been described both in anterograde
and retrograde transport. Mutations in kinesins that regulate
SV anterograde transport have been described in KIF1A and
cause a clinical picture characterized by intellectual disability,
axial hypotonia, and peripheral spasticity with cerebellar
atrophy, which may be progressive.36 Mutations in KIF5C
are related to cortical malformations (pachygyria and
microcephaly).37,38
KIF5 kinases have been also linked to Huntington disease
(KIF5C) and spinal bulbar muscular atrophy (KIF5).20 Other
protein kinases involved in SV axonal transport are p38
MAPKs (related to amyotrophic lateral sclerosis), and Akt
(the serine/threonine kinase Akt also known as protein
kinase B).15 Mutations in Akt3 produce polimicrogyria with
megalencephaly.38
In the retrograde transport of SVs, mutations in dynein
cytoplasmic gene DYNC1H1 produce a variety of disorders
ranging from neuromuscular presentations to brain malformations (pachygiria, corpus callosum abnormalities, and microcephaly) (Table 1).

Diseases of Vesicle Cycle and Exocytosis
An increasing number of pathogenic mutations in genes
involved in the proper functioning of the presynaptic terminal
have been described in the last few years. In particular those
related to NT transport and packaging, SV endocytosis,
trafﬁcking, exocytosis, and the SNARE machinery. In fact,
most SV diseases described so far are due to mutations in genes
that regulate the SV cycle (Table 1). Interestingly they present
with a series of neurologic manifestations that mostly include
epilepsy, intellectual disability, neuropsychiatric disorders
such as autism spectrum disorder (ASD), and movement
disorders. These symptoms often overlap in patients in a
particular disease but can also differ within the same disease
from one patient to the other. As example, genes involved in
severe epileptic encephalopathies such as STXBP1 (munc18)
can also cause isolated mental retardation or movement
disorders.39 We could then consider these disorders as
synaptopathies that present a spectrum or continuum of
neurologic signs that are characteristics of synaptic dysfunction. This approach seems closer to neurobiological mechanisms and pathophysiology than considering neurologic
disorders as separated categories depending on the main
symptom: epilepsy (studied by epileptologists), intellectual
disability, and ASD (often studied by neurodevelopment
specialists), etc. SNARE proteins linked to monogenic disorders (NABP, PRRT2, SNAP25, STXBP1, GS27, and STB1X) are
mostly related to early refractory forms of epilepsy and
frequently associated to ID/ASD. Some of them have been
recently reported and the experience is limited to very few
patients. In fact, other than PRRT2 and STXBP1 with numerous
cases and series published,39,40 knowledge is scarce for the
other SNARE diseases.
Interestingly, and according to the groups in Table 1,
neurodegenerative and malformative disorders are linked to
SV axonal transport and organelle trafﬁcking rather than

disorders of the SV cycle at the presynaptic terminal (with
the exception of some cases of Parkinsonism [leucine-rich
repeat kinase 2, SCNA, and SYNJ-1]).
Other than the disorders previously mentioned, the SV
function is probably impaired in a number of “classic” IEM.
Research in lysosomal disorders such as CLN, mucolipidosis,
and Niemann-Pick type C41,42 have shown abnormalities at
different levels of the synaptic cycle. Dysregulation of the
vesicle cycle due to low glucose transport into the brain in
GLUT-1 deﬁciency has also been suggested.43 Additionally,
intracellular pH changes due to excessive ammonia (NH4þ) or
metabolic acidosis are likely to alter the acidiﬁcation of the SV
and impair SV cycling in some IEM of intermediary
metabolism.

Biomarkers
As the ﬁnal purpose of the SV is NT release, disorders affecting
the SV pathway at different levels, synthesis, trafﬁcking, axonal
transport, SV cycle, and exocytosis, can potentially disturb NT
turnover and the concentration of these molecules at the
synaptic cleft. To date biomarkers have been scarcely explored
and found only in few of these disorders. High levels of CSF
α-synuclein have been described in leucine-rich repeat kinase
2 mutation carriers,44 variable abnormalities in biogenic amine
CSF concentration in vesicular monoamine transporter type 2
defect,45 and low CSF homovanillic acid in DNAJC6 defect.46
Several limitations make difﬁcult to ﬁnd biomarkers for
these disorders. First, these biomarkers will be found at the
CSF. Lumbar puncture is an invasive test, which is only
performed in patients where there is a necessity of CSF analysis
for diagnostic purposes. Patients with severe epilepsies, movement disorders, and neurodegenerative diseases of unknown
origin probably undergo a CSF study in the diagnostic
ﬂowchart. However, patients with ID, ASD, or brain malformations would not. Additionally the routine diagnostic studies
in the CSF include biogenic amines, amino acids, and GABA
studied in a reduced number of expert centers. These
metabolites can have a normal concentration depending on
the predominant neuronal subpopulation and brain regions
involved in every disease and could even vary depending on
the mechanism leading to abnormal neurotransmission. The
use of new -omic techniques such as proteomics, phosphoproteomics, lipidomics, and metabolomics, would probably
enhance the possibilities of ﬁnding new biomarkers. Recently,
the description of a map of the human CSF proteome found
788 proteins related to neurologic diseases and potential
biomarker candidates.47 Lipidomics, which offers the possibility to study phospholipids, ceramides, sphingomyelin,
cerebrosides, cholesterol, and their oxidized derivatives, opens
also new insight into diagnostic biomarkers and therapeutic
targets.48,49

Conclusions
Brain neurotransmission is a crucial and complex process in an
important number of neurologic disorders. In the era of
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diagnostic genetic revolution and -omics, novel approaches to
understand pathophysiological mechanisms and new classiﬁcations that bridge over emerging and “old” disorders are
badly needed. The general concept of IEM is currently evolving
and travels to the interface between classical biochemistry and
cellular biology. In the last couple of decades, research in
neuroscience has contributed increasing knowledge about
mechanisms of synaptic communication and related diseases.
This makes inborn errors of neurotransmission as one of the
categories of IEMs that needs to be updated. So far, abnormal
concentrations of CSF NTs that did not ﬁt into the well-known
inborn errors of NT, are considered as secondary abnormalities. The future will bring new tools to understand mechanisms of disease and ﬁnd biomarkers that regroup many of
these secondary causes into new categories of NT disorders.
Diseases of the synaptic vesicle, and especially those affecting
the SV cycle are a promising new category of inborn errors of
neurotransmission. Predominant clinical manifestations (epilepsy, ID, ASD, and movement disorders) are in the continuum
of synaptopathies. Interestingly, some mutated genes produce
brain malformations and neurodegenerative diseases, and are
more frequently related to trafﬁcking and axon transport
defects. Metabolomics, proteomics and other -omic techniques
provide new biomarkers and therapeutic targets in the future.
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Epilepsy in Inborn Errors of Metabolism With
Therapeutic Options
Jaume Campistol, MD, PhD*,†,‡
Inborn errors of metabolism (IEM) are rare conditions that represent more than 1000 diseases,
with a global prevalence of approximately 1:2000 individuals. Approximately, 40%-60% of IEM
may present with epilepsy as one of the main neurologic signs. Epilepsy in IEM may appear at
any age (fetal, newborn, infant, adolescent, or even adult). Different pathophysiological
mechanisms may be responsible for the clinical phenotype, such as disturbances in energy
metabolism (mitochondrial and fatty oxidation disorders, GLUT-1, and cerebral creatine
deﬁciency), accumulation of complex molecules (lysosomal storage disorders), toxic mechanisms (organic acidurias and urea cycle disorders), or impairment of neurotransmission. Early
diagnosis and, in some cases, an effective treatment may result in an excellent evolution of the
IEM, in particularly seizure control. This review attempts to delineate a summary of IEM that may
present with seizures or epilepsy and emphasizes the management in treatable conditions.
Semin Pediatr Neurol 23:321-331 C 2016 Published by Elsevier Inc.

Introduction

I

nborn errors of metabolism (IEM) are rare genetic diseases
with a low prevalence in the general population. They
are caused by dysfunction of genes that control the intermediary metabolism of carbohydrates, lipids, amino acids,
vitamins, or energy metabolism. Accumulating compounds
or lack of substrates can provide useful biomarkers in the
diagnostic work-up for these disorders. Of the approximately
750 metabolic diseases that are currently known, some 40%60% can lead to isolated or recurrent convulsive seizures at
some point during their course. The cumulative incidence of
these disorders is low (1:2000-3000 live births), with approximately 25% manifesting during the neonatal or infant period.
Early diagnosis has important clinical implications for speciﬁc
treatment options.1,2
However, most of them may cause epilepsy over the
evolution of the disease, and some of them are treatable
conditions, so early identiﬁcation is of utmost importance.
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Therefore, most diagnoses rely on biochemical screening of
metabolites in biological ﬂuids or identiﬁcation of the genetic
basis of the disease. Next-generation exome sequencing studies
will provide a powerful tool for elucidation of most cases in the
near future. Most of them may occur with neurologic
symptoms.
Neurometabolic diseases comprise a large group of IEM
affecting the brain, particularly in the neonatal period and
during infancy, and can present with consciousness
impairment, developmental delay, mental deterioration,
movement disorders, seizures, or epilepsy (one of the
main neurologic signs), regardless of the metabolic substrate affected.1 Approximately, 40% of IEM can manifest
seizures or epilepsy, as a consequence of brain insult due
to the compromise of other organs such as liver or kidney.
IEM may present at any age (from newborn to adulthood),
and no speciﬁc epileptic features are related with the type
of IEM. Once we can rule out the most common causes of
epilepsy, IEM should be investigated if there is consistent
clinical evidence. Seizures or epilepsy may appear as one
of the main neurologic signs of IEM at any age.2 Seizures
may be part of a more complex neurologic presentation or
be the leading, and sometimes only, speciﬁc clinical
feature of the IEM.1-3 Occasional seizures may also be
the ﬁrst manifestation of the IEM owing to hypoglycemia,
hyperammonemia, or fever linked to intercurrent
infection.3,4
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It is very important to recognize and diagnose these
disorders with associated epilepsy early, because most of them
may be treatable and they might have implications for genetic
counseling.

Physiopathology
The physiopathological mechanisms of epilepsy in IEM are
often variable. Understanding the biochemical dysfunction
may contribute to knowing the mechanisms of epileptogenicity better.3-5
The age at onset of neurometabolic epilepsy depends on
affected pathways and factors linked to the development of the
nervous system.
The immaturity of inhibitory systems during early brain
development and its dysregulation under metabolic dysfunction play a major role in neonates and infants and lower the
seizure threshold. This is explained by the strong expression of
inotropic glutamate receptors in general and an expression of
receptor subunits that facilitate and increase calcium inﬂux.6,7
The expression of γ-aminobutyric acid (GABA) receptors and
GABA glutamate decarboxylase is low in the neonatal period.
Activation of GABA receptors may be excitatory in the
immature brain, caused by high intracellular chloride concentrations. There is considerable evidence that alterations in
GABA signaling in IEM can cause seizures and, at the same
time, that seizures can change GABAergic signaling.6
Many IEM interfere, eventually, with key functions of brain
metabolism, for example, the transport and usage of energy
substrates, the production of energy-rich phosphates, the
metabolic coupling between neurons and astrocytes, the
neurotransmitter signaling pathways, the autoregulation of
cerebral blood ﬂow, and the transport of substrates across the
blood-brain barrier. In some IEM, accumulating compounds
may cause direct neurotoxicity, and certain triggers, such as
fever or catabolism, may precede seizure onset and encephalopathy. In these IEM, it is believed that symptoms remain
latent until the accumulation of toxic products is sufﬁcient to
interfere with cell functions. Primary or secondary disturbances
Table 1 Physiopathology of Seizures or Epilepsy or Both in IEM
Disturbances in neuronal membrane permeability or integrity
(holocarboxylase synthetase deﬁciency, SSADH)
Energy depletion and accumulation of radicals (mitochondrial
diseases)
Imbalance of intracellular or extracellular ions
Molecular transport abnormalities (Menkes disease)
Neuronal system circuit dysfunction (MOCOD)
Neurotoxic compounds (UCD, OA, and MOCOD)
Neurotransmitters and amino acids imbalance (PNPO, PDE,
NKH, SSADH, and GABA)
Reduced energy supply (Glut-1, GAMT, and mitochondrial
diseases)
Substrate deﬁciency (serine deﬁciency)
Polymer accumulation (storage diseases)
OA, organic acidurias; UCD, urea cycle defects; SSADH, succinate
semialdehyde dehydrogenase.
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in the neurotransmitter pathways with excess excitation or lack
of inhibition in the immature brain can also enhance seizure
activity. Finally, brain malformations associated with some
IEM can contribute to the development of epilepsy, as in the
peroxisomal disorders or O-glycosylation defects (Table 1).

General Approach to IEM With
Seizures
Differential diagnosis of seizure or epileptic disorders is very
wide and includes genetic disorders, cortical malformations,
infections, and hypoxic-ischemic encephalopathy, and prenatal disorders such as congenital infections, stroke, trauma, or
tumor.3 Although IEM are rare, routine work-up and differential diagnoses should promptly be considered, especially in
the presence of inexplicable neonatal seizures, refractory
epilepsy, or multisystemic disorder with associated epilepsy.1
A detailed medical history is important, including the family
pedigree (positive data are parental consanguinity, affected
siblings, seizures after fasting or in catabolic situations, facial or
hair dysmorphic features, ataxia, or sensorineural hearing loss),
followed by a full physical and neurologic examination. The
electroencephalogram (EEG) tracing can in some cases help
diagnose suspicion, such as the presence of a burstsuppression pattern in the neonatal period in the absence of
a relevant history. However, diagnosing IEM still requires a
high degree of clinical suspicion, because there is no particular
tests to detect all or even most neurometabolic diseases.8-10
The most widely used tests can be performed on plasma and
urine, and should ideally be carried out ahead of standardized
vitamin trials early in the course of disease. Nevertheless,
sample collection should not delay treatment. Some IEM
would require analysis of cerebrospinal ﬂuid (CSF). Conﬁrmation testing should be performed on a genetic level or by
using enzyme assay with appropriate material (ﬁbroblasts or
muscle tissue) or both. Cerebral magnetic resonance imaging
(MRI) is a useful key investigation, but for IEM presenting with
neonatal seizures, it is rarely diagnostic. The exceptions are a
diagnostic pattern of brain edema for molybdenum cofactor
deﬁciency (MOCOD), cystic white matter lesions, and brain
atrophy or polymicrogyria for Zellweger disease, or abnormalities on diffusion-weighted imaging in maple sirup urine
disease, nonketotic hyperglycinemia (NKH) and, hypoplastic
corpus callosum for NKH.4,9,10 Proton MR spectroscopy
(MRS) enables identiﬁcation of an increasing number of
metabolites within the central nervous system using a noninvasive, in situ, and in vivo procedure, and is especially
helpful in detecting creatine deﬁciency syndromes, mitochondrial disorders with a high lactate peak, or Canavan disease
based on a high N-acetylaspartate peak.9 The diagnostic
process is not complete until the enzymatic and genetic
abnormality causing the disease has been identiﬁed.
Newborn screening by mass spectrometry is performed in
most developed countries, but does not cover all the IEM that
cause seizures.
If this extended routine work-up is inconclusive, controlled
vitamin trials and selective screening tests should be performed

Epilepsy in IEM: Therapeutic options, vitamins
that may conﬁrm the suspected disease or, at least, serve to
place it within a group of metabolic disorders that should be
investigated further.7-9
In the case of a fatal encephalopathy with epilepsy of unclear
etiology, investigations using dried blood spots, ﬁbroblast
cultures, or liver biopsy, which can be obtained during the
ﬁrst few hours after death and preserved indeﬁnitely in liquid
nitrogen, may be helpful to establish a postmortem diagnosis
for further genetic counseling.11

Treatment of Epileptic Seizures
Owing to IEM
For IEM that manifest with metabolic crises and seizures, a
well-established treatment regimen must be in place, which
requires an approach by a metabolic team specialist. Exchange
transfusion is effective when it is necessary to eliminate toxic
metabolites. Peritoneal dialysis offers a simple alternative but is
not as effective as exchange transfusion or hemodialysis, which
allows a much higher clearance.1,4,5,10 Long-term treatment for
these disorders consists of disease-speciﬁc, lifelong diets after
attaining substrate reduction, thus limiting the ﬂux through
the affected metabolic pathway. In an emergency, all the
essential nutrients may alternatively be administered. There are
standard diets, modiﬁed for protein content, carbohydrate, or
fat, in which the age-appropriate caloric and essential amino
acid requirements are still satisﬁed. Single disease entities
respond to the administration of cofactors or high-dose
vitamins that have to be maintained lifelong, that is, vitamin
dependency rather than vitamin deﬁciency. Early and speciﬁc
treatment of the IEM can prevent irreversible neurologic
damage that occurs due to the metabolic derangement and
may allow the patient to live a normal life.
Generally, when seizures appear in IEM, the use of
antiepileptic drugs (AEDs) are of limited effect.1-3 Other
treatment options for seizures and epilepsy owing to IEM
may exist and do not use AEDs; however, they must be known
and explored.
In this article, we review many epilepsies owing to IEM with
different therapeutic options than AEDs (Table 2). We have
grouped the IEM with epilepsy depending on the age of
presentation; however, some may manifest earlier or be the
ﬁrst symptoms later, related to different circumstances (diet,
intoxication, triggers, degree of enzymatic defect, or
mutations).

Epileptic Encephalopathy Owing
to IEM Presenting in the Neonatal
or Early Infant Period
Defects of Vitamin Metabolism
Pyridoxine-Dependent Epilepsy
Pyridoxine-dependent epilepsy (PDE) is an autosomal recessive disease characterized by a therapeutic response to pharmacologic doses of vitamin B6 such as pyridoxine or pyridoxal
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Table 2 Epilepsy in IEM With Therapeutic Options
Adenylosuccinate lyase deﬁciency
Atypical PKU owing to BH4 defects
Cerebral folate deﬁciency syndromes
Creatine defect disorders (GAMT)
Folinic acid–responsive seizures
Glut-1 transporter deﬁciency
Holocarboxylase synthetase deﬁciency
Maple sirup urine disease
Menkes disease
Mitochondrial cytopathies
Molybdenum cofactor and isolated sulﬁte oxidase deﬁciency
(MOCOD and ISOD)
Multiple carboxylase deﬁciencies
Nonketotic hyperglycinemia
Organic acidurias
Pyridoxal 50 -phosphate-dependent seizures (PNPO
deﬁciency)
Pyridoxine-dependent epilepsy
Serine deﬁciency
Urea cycle defects

50 -phosphate (PLP). After the description of pipecolic acid (PA)
as a ﬁrst biomarker for PDE,12 mutations in the gene encoding
α-aminoadipic semialdehyde (AASA) dehydrogenase (antiquitin [ATQ]) were identiﬁed as the major cause of PDE.13,14
AASA dehydrogenase or ATQ is encoded by the ALDH7A1 (or
ATQ) gene and acts in the catabolism of the essential amino
acids and lysine.13
The typical manifestation of PDE is intrauterine, neonatal, or
infant onset with spasms and focal myoclonic jerks, tonic or
bilateral tonic-clonic seizures, followed by abnormal eye
movements, facial grimacing, and irritability.15
The seizures are refractory to common anticonvulsants and
may progress to status epilepticus.3,16 Between episodes, the
infant can present hypotonia, sleeplessness, movement disorders, poor contact, erratic eye movements, or myoclonus
triggered by acoustic stimuli suggestive of clinical seizures but
without EEG discharges.14 Approximately a third of patients
also show signs of birth asphyxia or poor adaptation after birth,
causing clinicians to misdiagnose clinical manifestations of
hypoxic-ischemic encephalopathy or sepsis.
The EEG pattern shows asynchronous bursts of high
voltage, generalized epileptiform activity, multifocal discharges, slow spike-wave complexes, burst-suppression pattern, or hypsarrhythmia in patients with infantile spasms
(Table 3).4,9,14 Neuroimaging may be unspeciﬁc with hypoplasia of the corpus callosum, cerebellar hypoplasia, cortical
atrophy, hydrocephalus, white matter changes, and periventricular dysmyelination or intraventricular hemorrhage.
The response to a ﬁrst dose of intravenous pyridoxine
(100 mg) can be quite dramatic (in just a few minutes), with
disappearance of seizures and normalization of the EEG over
24-48 hours, but may be accompanied by severe apnea and
coma, requiring assisted ventilation. In the case of lack of
efﬁcacy, a second dose of 100 mg pyridoxine might be given in
sequential doses every 5-10 minutes, up to a total dose of
500 mg. If intravenous administration is not possible,
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Table 3 Burst-Suppression EEG Pattern Related to IEM
D-glyceric acidemia (OA)
Methylmalonic acidemia (OA)
Isovaleric acidemia (OA)
Propionic acidemia (OA)
Congenital lactic acidosis and other mitochondrial diseases
Mitochondrial glutamate transporter deﬁciency
Molybdenum cofactor and isolated sulﬁte oxidase deﬁciency
(MOCOD and ISOD)
NKH
Citrullinemia and other UCD disorders
MSUD
Neonatal ADL
Multiple carboxylase deﬁciencies
Neurotransmitter defects, PDE, and PNPO
OA, organic acidurias; UCD, urea cycle defects; MSUD, leucinosis;
ADL, adrenoleukodystrophy.

pyridoxine can be given orally or enterally at equal doses, with
the same risk of apnea. A delayed response to pyridoxine is
possible, and treatment should be continued at 30 mg/kg/d in
3 single dosages for at least 3-7 days before concluding that the
seizures are not responsive to pyridoxine,14,17 or until ATQ
deﬁciency has been excluded by biochemical or genetic
testing.14,18,19
In atypical cases, which may account for a third of the cases
of PDE, there may be an initial response to AEDs (phenobarbitone) but subsequent drug resistant, late-onset epilepsy,
West syndrome, or various seizure types up to the age of
3 years, or neonatal seizures that may show an initial
response to AEDs or to extremely low doses of pyridoxine.17
Approximately 15% of patients with later-conﬁrmed
ATQ deﬁciency show an ambiguous response to pyridoxine
administration.13,18
In affected patients, sudden withdrawal of pyridoxine leads
to seizure recurrence, generally within a period of 5-7 days,
although in individual cases, seizure-free periods of up to 4
weeks have been described. It is recommended that pyridoxine
treatment be maintained for life at a dose of 15-30 mg/kg/d (in
2-3 single dosages), with a maximum daily dose of approximately 200 mg. Higher doses may lead to sensory or motor
neuropathy (annual monitoring is recommended).5,17 In
patients with breakthrough seizures with infections and other
stressful situations, transient doubling of the pyridoxine dose
during the illness period is recommended.
Despite early seizure control or prenatal treatment, the
cognitive outcome prognosis is not excellent and other
therapeutic strategies have been tried. A lysine-restricted diet
has the potential to lower neurotoxic AASA concentrations and
has become an additional treatment option for PDE.14,20,21
High-dose arginine supplementation might be an additional
option, working by competitive inhibition of lysine uptake in
the gut and at the blood-brain barrier.22 The effects of
additional treatment with folinic acid remain to be shown
because the mutation gene is the same (ALDH7A1).4,21,22
Elevated AASA, piperidine-6-carboxylate, and PA concentrations are found in the CSF, urine, or plasma and serve as
reliable biomarkers, whereas secondary alterations of neurotransmitter metabolism are less consistent.13,19,23,24 AASA is
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also secondarily elevated in MOCOD, but in these cases,
sulfocysteine in urine should be measured simultaneously to
avoid a false diagnosis. AASA in urine and PA in plasma decline
on treatment, but usually remain elevated while on pyridoxine.
Other nonspeciﬁc biochemical disturbances reported are lactic
acidosis, hypoglycemia, electrolyte disturbances, hypothyroidism, and diabetes insipidus,25 which can improve with
pyridoxine treatment. Measurement of the enzyme deﬁciency
in ﬁbroblast homogenates is possible, but requires a complex
laboratory method.
The ALDH7A1 gene is located on chromosome 5q31.
Diagnosis is conﬁrmed by mutation analysis and, to date,
more than 60 mutations within the 18 exons of the ALDH7A1
gene have been reported. More than half are missense
mutations with an altered amino acid in the protein
sequence,14 but large deletions or duplications are not detected
by standard sequencing methods. If, in the presence of positive
biomarkers, sequencing does not reveal point mutations,
molecular testing for deletions should be performed. Expression studies are helpful in measuring residual enzyme activity
of single mutations.
The outcome of patients with PDE is variable, but not as
good as it was ﬁrst reported. Several patients have normal
development and remain seizure free on pyridoxine monotherapy, whereas other patients present incomplete seizure
control and marked developmental delay, especially impaired
speech and language. Some authors classify the evolution of
PDE in 3 phenotypes and they include (1) PDE with complete
seizure control and normal developmental outcome (25%);
(2) complete seizure control and developmental delay or
autism; and (3) incomplete seizure control and developmental
delay.26 Owing to autosomal recessive inheritance, there is a
25% recurrence risk for subsequent offspring. Intrauterine
treatment with 10-100 mg of pyridoxine should be considered
in forthcoming pregnancies, but despite preventing seizures, it
does not necessarily prevent intellectual disability.27,28 Postpartum conﬁrmation testing should be performed as soon as
possible because high-dose treatment with pyridoxine could
have a proconvulsive effect in unaffected neonates.29
Pyridoxal 50 -Phosphate-Sensitive Seizures or Pyridox
(am)ine 50 -Phosphate Oxidase deﬁciency
Recently, a group of newborns were described with therapyresistant seizures and early infantile epileptic encephalopathy,
who were resistant to pyridoxine but exhibited positive
response to PLP, the active vitamin B6 cofactor.30-32
The reported cases of PLP-dependent seizures are rare and,
except for a few features, exhibit marked overlap with those of
patients with PDE. Patients with pyridoxal 50 -phosphatesensitive seizures or pyridox(am)ine 50 -phosphate oxidase
(PNPO) deﬁciency are frequently born premature and have
early signs of encephalopathy and seizures, with associated
lactic acidosis and hypoglycemia. The seizure semiology and
EEG ﬁndings are indistinguishable from ATQ deﬁciency,
perhaps with more ocular, facial grimacing, and other automatisms. Maternal reports of fetal seizures are frequent (more
than for in PDE), and burst-suppression pattern on EEG is
more common than in PDE (Table 3). In contrast to PDE,
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although on PLP, breakthrough seizures are frequently
observed, and patients may be sensitive to the precise time
intervals between PLP administration throughout the day. In
untreated patients, the disorder results in death or profound
developmental impairment with global brain atrophy and a
disturbed pattern of myelination.33 In early treated patients,
the outcome is usually good.14,34
PNPO deﬁciency lacks a speciﬁc biomarker. The most
signiﬁcant data are CSF in which appear raised levels of
glycine, threonine, and 3-methoxytyrosine and reduction of
pyridoxal 50 -phosphate concentrations that are secondary
phenomena of cerebral vitamin B6 deﬁciency that can also
be found in other conditions. The biomarkers of ATQ
deﬁciency are in the normal range in patients with PNPO
deﬁciency. The CSF biochemical proﬁle can mimic that of
aromatic L-amino acid decarboxylase deﬁciency (elevated
vanillactate in urine, low concentration of homovanillic acid
and 5-HIAA, and high concentration of L-dopa, 5-hydroxytryptophan, and 3-O-methyldopa),35 but some individuals
with elevated concentrations of biogenic amines have been
described.34
PLP-responsive seizures are caused by pyridox(am)ine 50 phosphate oxidase deﬁciency, the key enzyme responsible for
converting pyridoxamine 50 -phosphate and pyridoxine into
PLP. PLP is the only active vitamin B6 cofactor, and it is
involved in more than 140 PLP-dependent enzymatic reactions, including glutamic acid decarboxylation into GABA,
lysine degradation, and serine formation. Recently, a regulatory
role for PNPO in PLP recycling and its intracellular transport
was identiﬁed. In contrast to ATQ deﬁciency, PNPO deﬁciency
cannot be diagnosed using a speciﬁc biomarker. Low PLP in
CSF is very suggestive but has been described in several
IEM.32,36 Thus, a deﬁnite diagnosis can only be established by
molecular analysis of the PNPO gene.
Seizures usually cease within 60 minutes from ﬁrst PLP
administration, followed by hypotonia and respiratory and
neurologic depression. Again, the ﬁrst administration of PLP
can lead to severe apnea as with B6 administration. Within a
few days, the patient returns to a normal state, and the seizures
remain controlled if therapy is maintained at 30-50 mg/kg/d,
administered orally or enterally, and divided in 4-6 single
dosages per day. PLP is only available as an oral chemical
product, and it is difﬁcult to obtain in some countries. PLP
should be administered immediately after being dissolved, to
prevent oxidation; however, due to potential liver toxicity,
monitoring of transaminases is advocated even on short-term
PLP trials. A patient was reported to develop liver cirrhosis on
long-term use.4,18
Thus, consecutive vitamin trials with pyridoxine, followed
by PLP, should be a standard procedure in each neonate or
infant with unexplained therapy-resistant seizures, and then a
biomarker and genetic testing should be performed.
The paradigm of exclusive PLP responsiveness has been
challenged recently by the description of certain mutations in
the PNPO gene that were associated with response to
pyridoxine, but resistance to PLP.37,38
Other pyridoxine-responsive seizure or PLP-responsive seizure disorders include rare forms of neonatal hypophosphatasia
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(TNSALP deﬁciency), familial hyperphosphatasia (PIGV deﬁciency or Mabry syndrome), and hyperprolinemia type 2
(P5CD deﬁciency).1,8,37,39
Folinic Acid–Responsive Seizures
In 1995, Hyland et al40 and, in 1999, Torres et al41 described
several patients with white matter abnormalities and neonatal
seizures that were resistant to phenobarbital and valproic acid
and, some of them, also to pyridoxine but who responded to
folinic acid (3-5 mg/kg/d) after a variable period of time (3-30
days).41 Despite this, the patients manifested developmental
delay or a fatal disease course.14,42 The analysis of CSF biogenic
amines by high-performance liquid chromatography showed
an unidentiﬁed compound that was called “peak X,” which
was used as a disease marker. Recently, folinic acid–responsive
seizures was identiﬁed to be genetically identical to ATQ
deﬁciency (ALDH7A1 mutations), and some patients with
peak X showed a clear response to pyridoxine, and all had
positive biomarkers, such as elevated AASA and PA.21 To date,
the role of folinic acid in PDE is not well understood, aside
from the fact that peak X is not exactly the same or identical to
any biomarker that has so far been recognized with ATQ
deﬁciency and remains unidentiﬁed. In the case of a neonate
with seizures and an incomplete pyridoxine response, add-on
treatment with folinic acid (3-5 mg/kg/d) during a month
should still be considered.14,17
Multiple Carboxylase Deﬁciencies Owing to Biotinidase
or Holocarboxylase Synthetase Deﬁciency
Deﬁcient holocarboxylase synthetase results in multiple carboxylase deﬁciencies. Because biotin-dependent carboxylases
are essential for neoglucogenesis and amino acid metabolism,
holocarboxylase deﬁciency impairs energy and protein metabolism. Patients manifest in the newborn period a progressive
neurologic deterioration. Myoclonic jerk seizures or infantile
spasms may be accompanied by a burst-suppression pattern
without response to conventional AEDs therapy (Table 3).4,17
Other signs of late appearance include ataxia, hypotonia, skin
manifestations, and deafness. Metabolic acidosis with elevation
of lactate and ammonia, and a speciﬁc organic aciduria proﬁle
with 3-OH isovaleric acid and methylcrotonylglycine, are
characteristic diagnostic ﬁndings.43 MRI can demonstrate
multiple subependymal cysts, which may suggest a metabolic
origin.44 Early treatment with biotin, with daily dosages up to
5-200 mg/d, may lead to complete resolution of the seizures
and all clinical symptoms. Delayed treatment would result with
irreversible neurologic damage. Screening for biotinidase
deﬁciency in the newborn is recommended and is performed
in some countries.

Defects of Purine and Pyrimidine Metabolism
Adenylosuccinate Lyase Deﬁciency
Adenylosuccinate lyase deﬁciency disease usually presents
with seizures in the ﬁrst few days of life or as childhoodonset epilepsy. Although in some patients it is possible to
control the seizures, it often develops into an epileptic
encephalopathy.45 Treatment with allopurinol, sodium
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benzoate, purine bases (eg, adenine), aminoimidazole carboxamide, and uridine has had poor results, although in some
sporadic cases, D-ribose led to temporary improvement of
seizure control.46,47

Aminoacidopathies
There are several inborn errors of amino acid metabolism that
can be accompanied by epileptic seizures in the neonatal
period or in the ﬁrst few months of life. The most common,
and those that have the greatest effect on the nervous system,
are atypical phenylketonuria (PKU) due to BH4 defects, NKH,
and serine deﬁciency.1,4,5,8,46
Atypical PKU Owing to BH4 Defects
Hyperphenylalaninemia is usually picked up by newborn
screening. Further diagnostic work-up includes determination
of pterins in urine to detect atypical PKU. Atypical PKU is a
consequence of disorders of tetrahydrobiopterin (BH4) metabolism, the cofactor involved in the hydroxylation of phenylalanine, tyrosine, and tryptophan, which are precursors for
neurotransmitter synthesis. The defect may lie in the synthesis
or in the BH4 recycling process. Affected patients (1% of PKU
cases) present with symptoms of neurologic impairment due to
neurotransmitter deﬁciency (catecholamines and serotonin).
The disorder presents early, with seizures, microcephaly,
hypothermia, developmental delay, progressive neurologic
impairment, breathing difﬁculties, Parkinsonism, myoclonus,
chorea, dystonia, and pyramidal signs. Refractory epilepsy is
common, with infantile spasms or generalized seizures.
Dihydropteridine reductase deﬁciency can be determined by
assessing enzyme activity in erythrocytes, ﬁbroblasts, and
lymphocytes. Treatment is based on dietary protein (phenylalanine) restriction and BH4, L-dopa, 5-hydroxytryptophan,
and folinic acid supplements.48 Early treatment has positive
results.
Nonketotic Hyperglycinemia
Nonketotic hyperglycinemia (NKH) is caused by a defect in the
activity of the glycine degradation system, a multienzyme
complex present in liver and brain. L-glycine is an obligatory
agonist of N-methyl-D-aspartate (NMDA) receptors, and
hyperglycinemia, therefore, results in overexcitation of NMDA
neurotransmission, causing excitotoxicity and epilepsy. The
typical presentation is a mature newborn with episodes of
apnea, hiccups (often felt by the mother before birth),
dysautonomia, progressive lethargy, and coma within a few
days after birth. This is accompanied by segmental and erratic
myoclonus, which may evolve into epileptic spasms and focal
motor seizures resistant to medication. The EEG pattern
deteriorates rapidly, with periods of burst-suppression pattern
(Table 3) and progression toward hypsarrhythmia after 3
months.49 MRI demonstrates thin or dysplastic corpus callosum, delayed myelination, gyral abnormalities, and the
glycine peak in the proton spectrum.
NKH is diagnosed by an increased ratio of CSF to plasma
glycine 4 0.04 with some correlation to phenotype. It is
recommended to analyze organic acid levels in urine to exclude
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ketotic hyperglycinemia (associated with organic aciduria), in
which the increase in plasma glycine (normal in CSF) occurs
owing to inhibition of the hepatic glycine degradation system
and the accumulation of toxic organic acids (propionic,
methylmalonic, and isovaleric aciduria). Recently, elevated
plasma glycine has been described in a subgroup of mitochondriopathies related to iron-sulfur cluster defects and is accompanied by elevated lactate levels in plasma and CSF. Enzymatic
testing for NKH warrants a liver biopsy and has been largely
replaced by molecular analysis of the 3 respective genes
involved.50,51
Prenatal diagnosis is possible by molecular analysis of
chorionic villi. Sodium benzoate has shown some effect in
reducing seizure frequency and glycine levels in plasma,
but cannot alter the poor long-term prognosis. Strychnine, dextromethorphan (an NMDA receptor antagonist),
diazepam, methionine, or choline supplements have also
been used, but with poor results.52 Because glycine is a
nonessential amino acid, dietary restriction is not effective. The response to AEDs is very limited, and VPA must
be avoided because it further inhibits glycine metabolism.
Transient forms of NKH and a milder course associated
with the A802V mutation have been described53; however,
for this reason, we include NKH in the group of treatable
disorders and should be an attempted therapeutic option.
Thus, counseling of parents regarding the prognosis of
their affected child should be based on the full genotype,
especially with the initial therapeutic response.
Serine Deﬁciency
This autosomal recessive disease usually presents with congenital or early onset secondary microcephaly and refractory
seizures during the ﬁrst few months of life, which can evolve
into a West syndrome. Infants appear irritable and hypertonic.
More recently, a juvenile form with mental decline, normocephaly, absence of seizures, and especially with behavioral
problems has been described.4,5,54 Defects have been related in
all 3 steps of serine synthesis, with a deﬁciency of the
3-phosphoglycerate dehydrogenase enzyme owing to a defect
of the PHGDH gene being the most common. L-serine is an
essential component for D-serine and glycine synthesis and is
an important ligand to NMDA receptors; however, it acts as an
inhibitory neurotransmitter in the brainstem. In infantile
forms, cranial MRI can demonstrate signiﬁcant delayed
myelination followed by cerebral atrophy. Determination of
low plasma serine and glycine or, more markedly, low CSF
serine establish the diagnosis. Patients usually respond favorably to early oral administration of L-serine supplements, at
500-700 mg/kg/d, eventually together with glycine (200300 mg/kg/d) and folinic acid. Intrauterine treatment seems
to prevent development of the clinical phenotype.55
Neu-Laxova syndrome is a heterogeneous metabolic disorder
leading to prenatal or early postnatal lethality, due to defects in
56
L-serine biosynthesis.
Leucinosis or Maple Sirup Urine Disease
The severe form of this disease presents during the ﬁrst week of
life with poor feeding and clinical symptoms of toxicity such as
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maple sirup odor in organic ﬂuid, dystonia, generalized
seizures and coma, and a burst-suppression EEG pattern
(Table 3). The patient may present with neutropenia, thrombocytopenia, or pancytopenia.
The symptoms are mainly due to the accumulation
of leucine (isoleucine and valine), which at ﬁrst does not
cause changes on routine laboratory analysis. Metabolic
acidosis with an increase in the anion gap, ketonuria,
ketoacidosis, moderate hypocalcemia, hyperlactatemia, and
hypoglycemia or hyperglycemia only arise with the accumulation of 2-oxo-isocaproate, 2-oxoisovalerate, and 2-oxomethylvalerate, the break-down products of the 3 branched-chain
amino acids.1,8,9
Diffusion-weighted imaging shows a characteristic pattern
of bilateral symmetric restricted diffusion within the myelinated areas in the posterior limb of the internal capsule,
centrum semiovale, corona radiata, corticospinal tract, thalami,
midbrain, pons, middle cerebellar peduncle, medulla, and
cerebellar white matter, attributed to intramyelinic edema.56,57
Diagnosis is based on detecting the characteristic proﬁle
of elevated branched-chain amino acids as well as L-alloisoleucine in the plasma amino acid and urine organic acid
tests. Acute-phase treatment must be aggressive, with peritoneal dialysis or exchange transfusion, to eliminate the accumulated branched-chain amino acids rapidly, especially
leucine, while energy must be supplied in the form of glucose
and lipids by a central venous line. Subsequently, patients need
to follow a better evolution of lifelong protein-restricted diet
and supplementation with a precursor-free amino acid
mixture.40
Defects in the Urea Cycle and Related Disorders
Causing Hyperammonemia
Disorders of ureagenesis, owing to primary enzyme defects of
the urea cycle as well as secondary inhibition by organic acids,
cause hyperammonemia. The enzyme defects in the urea cycle
may be distinguished by their characteristic plasma amino acid
proﬁle and the presence or absence of urinary orotic acid.1,4,8
Age at onset and clinical signs are variable, and one-third of
cases present in the neonatal period with symptoms of toxic
encephalopathy. Initial signs include poor feeding, vomiting,
alterations in muscle tone, lethargy, refractory generalized, or
focal seizures, and, if not treated adequately, brain edema,
coma, and death. Hyperammonemia is an emergency, and it is
mandatory to stop protein intake and provide adequate caloric
supply to avoid or limit long-term sequelae such as refractory
seizures and neurologic deterioration.9 In argininosuccinic
aciduria, a more chronic presentation with trichorrhexis
nodosa, irritability, rigidity, and refractory seizures is common.
Thus, plasma ammonia should also be determined for acute or
more chronic presentations and requires immediate processing. The use of valproate should be avoided in this patient
group because it interferes with ammonia detoxiﬁcation.
Phenobarbital or levetiracetam appears to be safe. Of course,
a prompt diagnosis and an early dietary treatment would
prevent severe neurologic damage and contribute to better
control of epilepsy.3,4

327

Organic Acidurias
These are biochemical disorders of intermediary metabolism
that affect different metabolic pathways of amino acids, fatty
acids, ketogenesis, ketolysis, pyruvate, carbohydrates, or Krebs
cycle. Some organic acidurias of neonatal onset, such as
propionic aciduria, holocarboxylase synthetase deﬁciency, or
isovaleric aciduria, cause acute systemic decompensation with
severe metabolic acidosis and neurologic symptoms. More
than 80 organic acidurias have been reported, and most of
them involve the central nervous system. The variable clinical
expression, in part, depends on the type of enzyme deﬁciency,
age at onset, accumulated metabolites, and triggering factors.
In the acute stage, patients present with vomiting and
deterioration in their general condition, with progressive
lethargy and coma, associated with metabolic acidosis. Myoclonic jerks and other types of seizures are often observed in
the acute stage but, as in propionic acidemia, they can also
occur during the long-term course of disease.9,58 Pancytopenia,
metabolic acidosis, and ketonuria can appear during decompensation, leading to the diagnostic orientation of sepsis of
unknown origin. The diagnosis is established using quantitative analysis of plasma amino acids and acylcarnitines as well as
of urinary organic acids. Again, early diagnosis and speciﬁc
treatment are essential to improve seizure management and
prevent irreversible long-term sequelae (eg, methylmalonic
aciduria owing to cobalamin defects with response to high
doses of vitamin B12 plus betaine, 4-hydroxybutiric aciduria
with response to vigabatrin, and L-2-hydroxyglutaric aciduria
may be beneﬁcial with riboﬂavin).4,5,46 Some organic acidurias
have been included in newborn screening programs in several
countries.

IEM Affecting Energetic Substrates
Mitochondrial Cytopathies
Epilepsy is a frequent manifestation of mitochondrial diseases,
illustrating that energy depletion and the accumulation of
radicals lowers the seizure threshold. Some mitochondrial
diseases manifest during the neonatal or infant period, with
seizures being one of the most frequent symptoms.1,3,4 In most
early onset cases, primary lactic acidosis is a leading ﬁnding
and needs the exclusion of secondary lactate elevation causes,
owing especially to organic acidurias. Determination of lactate
in CSF is especially important, and analysis of plasma amino
acids helps identify a group of mitochondrial cofactor defects
based on simultaneously elevated glycine concentrations. MRI
may show bilateral changes of the basal ganglia or white matter
changes. MRS may reveal elevated lactate peaks. Mitochondriopathies have the unique constellation of Mendelian, as well
as maternal, inheritance through mitochondrial DNA
(mtDNA). Most mitochondrial diseases are of nuclear origin
and present with a more nonspeciﬁc type of encephalomyopathy. In exceptional cases of recognizable syndromes, diagnosis
may be conﬁrmed by primary molecular analysis of mtDNA or
nuclear DNA, although in most cases with a more nonspeciﬁc
presentation, a muscle biopsy and analysis of the OXPHOS
enzymes are still necessary. An exception is Alpers disease,
or hepatocerebral neurodegeneration, which is caused by
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autosomal recessive mutations of the POLG1 gene, required for
the replication of mtDNA.59 Impaired mitochondrial glutamate transport has recently been reported as a cause of early
myoclonic encephalopathy.60,61 In all mitochondriopathies,
the use of sodium valproate should be avoided owing to the
risk of provoking hepatic failure. Some patients may beneﬁt
from supplementation of thiamine, riboﬂavin, L-carnitine, or
coenzyme Q10 as well as from a slowly introduced fatenriched diet.
Disorders of CoQ10 biosynthesis are the most treatable
mitochondrial disorders. Clinical symptoms are multisystemic
and include nephropathy, sensorineural loss, ataxia, dystonia,
and epilepsy; however, the good response to CoQ10 (20 mg/
kg/d) is very interesting.4,5,62
Menkes Disease
Disease symptoms can start in the neonatal period with
congenital skull fractures and seizures occurring during the
ﬁrst few months of life. The early phase is dominated by
frequent focal clonic seizures with multifocal discharges,
which, over weeks, evolve into infantile spasms with modiﬁed
hypsarrhythmia.63 The diagnosis is suggested by additional
typical ﬁndings of kinky hair, cutis laxa, and bladder diverticles. Menkes disease is caused by mutations in the ATPase
7 gene, a ubiquitous copper transporter encoded on the Xchromosome and located in the trans-Golgi network, that is
particularly active in the intestine, from which most of the
dietary copper is absorbed.64 The impairment of copper
transport leads to dysfunction of several copper-dependent
enzymes, such as mitochondrial cytochrome c oxidase, lysyl
oxidase, superoxide dismutase, dopamine beta-hydroxylase,
and tyrosinase.65 This causes elevated plasma lactate owing to
complex IV deﬁciency (cytochrome c oxidase), alteration in the
molecular bridges of collagen (catalyzed by lysyl oxidase)
causing hair abnormalities (pili torti, trichorrhexis nodosa,
moniletrix, and, eventually, alopecia), vascular alterations
(elongated vessels, tortuosity of intracranial vessels, and subdural hematoma), Purkinje cell degeneration in the cerebellum, and hypothermia. The serum copper and ceruloplasmin
are low, and the homovanillic acid such as vanillylmandelic
acid ratio in urine is high. The diagnosis is conﬁrmed by
copper uptake studies in ﬁbroblasts or molecular analysis of
the ATP7A gene. Early treatment with subcutaneous injections
of copper-histidine (50-100 μg/kg/d) ameliorates some of the
symptoms of the disease and seizures, but it has less effect on
the neurologic ﬁnal outcome.
MOCOD and Isolated Sulﬁte Oxidase Deﬁciency
These 2 entities have identical clinical presentations and show
bilateral myoclonic or tonic-clonic seizures within days after
birth that may evolve into status epilepticus. In some patients,
seizures may be controlled by conventional AEDs. In 75% of
patients, subtle dysmorphic features with elongated face, small
nose, and puffy cheeks were described. As with many IEM,
these seizures are resistant to common anticonvulsants, at least
during the initial stage of disease. Many patients show additional signs of encephalopathy, truncal hypotonia, and brisk
reﬂexes, and their condition may be mistaken for hypoxic-
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ischemic encephalopathy. EEG records show multifocal spikewave activity or a burst-suppression pattern (Table 3). MRI
may give a clue to diagnosis, revealing generalized brain edema
in the early stage, and a distinctive pattern of widespread
restricted diffusion involving the cortex at the depths of the
sulci, followed by extended cystic changes of the white matter
and global brain atrophy.66 Few patients have shown association with different primary brain malformation. Beyond
infancy, a number of ophthalmologic complications have been
encountered with disorders, such as lens subluxation, optic
atrophy, or nystagmus.
The underlying pathomechanism is directly related to sulﬁte
toxicity, with a neuro-excitatory action on the nervous system.
Although molybdenum is a cofactor of xanthin oxidoreductase
and aldehyde oxidase, as well as sulﬁte oxidase, it is impairment of the last enzyme that causes the central nervous system
phenotype in MOCOD as well as in isolated sulﬁte oxidase
deﬁciency (ISOD). Impaired oxidation of xanthin leads to
decreased uric acid in plasma in most patients with MOCOD,
but of course, not in those with ISOD. Elevated sulﬁte in urine
occurs in both disorders, but commercially available test sticks
have given both false-negative and false-positive results. Thus,
determination of urinary S-sulfocysteine is the actual gold
standard to test for both disorders. Recently, elevation of
AASA, the biomarker for ATQ deﬁciency, has been found
elevated in patients with MOCOD and ISOD, which is most
likely owing to secondary inhibition of AASA dehydrogenase
by accumulating sulﬁte. ISOD, as well as MOCOD, follows
autosomal recessive traits and can be conﬁrmed by respective
enzyme studies in cultured ﬁbroblasts. Although ISOD is
encoded by the SUOX gene, MOCOD can be caused by defects
in any of the 3 genes involved in its synthesis. Approximately
two-thirds of patients with MOCOD have defects in the
MOCS1 gene, encoding the ﬁrst precursor (cyclic pyranopterin
monophosphate) in the MoCo biosynthetic pathway, and are
designated as patients with MOCOD type A. This prevalent
type-A patient group may be amenable to intravenous treatment with synthetic puriﬁed cyclic pyranopterin monophosphate, which must be initiated as soon as biochemical results
suggest MOCOD, even if genotyping is still pending.66,67 For
patients with MOCOD type B harboring mutations in the
MOCS2 gene or, in some cases, the GEPH gene, treatment is
purely symptomatic. Dextromethorphan, an NMDA receptor
antagonist, as well as dietary restriction of sulfur-containing
methionine, has shown poor beneﬁt.

Epileptic Encephalopathy Owing
to IEM Presenting in Late Infancy
or Childhood
Glucose Transporter Type-1 Deﬁciency
Patients usually appear normal at birth or with some nonspeciﬁc symptoms, such as abnormal ocular or generalized
movements, and present with therapy-resistant focal motor
seizures from their ﬁrst few months of life, especially before
meals or at times of fasting. Patients may exhibit an episodic
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movement disorder with associated eye-rolling movements.
Approximately, 60% of infants develop acquired microcephaly. Beyond infancy, secondary generalization of seizures
predominates and, more recently, Glut-1 deﬁciency has been
described in a cohort of patients with atypical absence
epilepsy.68 The postprandial EEG may be completely normal,
and preprandial recording should be considered to unravel
altered background activity or focal discharges.69
Glut-1 deﬁciency is generally caused by sporadic haploinsufﬁciency of the blood-brain barrier passive glucose transporter, Glut-1 (SLC2A1 gene), although in milder cases, the
disease can also be inherited as an autosomal dominant
trait.7,9,69,70 More than 100 missense mutations have been
described so far, and approximately 10% of patients carry
deletions, undetected by Sanger sequencing.71
First reports suggested that a CSF or blood glucose ratio
o 0.4 conﬁrms the diagnosis, but more recently, the use of
absolute CSF glucose values lesser than 40 mg/dL, regarding
age-related normal values, were considered to be more precise.
Cranial MRI is usually normal or may show nonspeciﬁc
changes such as delayed myelination or brain atrophy. A
ketogenic diet is the only known effective treatment, and
seizures disappear early in most patients.69,70 The usual
recommended ratio of fat to nonfat intake in grams is 3:1
and can be increased to 4:1. Ketosis can be controlled by
measurement of urine or blood ketones, and patients need to
be followed by a dietician with a sick day protocol in place.72 In
refractory cases of ketogenic diet, carbonic anhydrase inhibitors such as acetazolamide, topiramate, or zonisamide can be
effective for seizure control.73

Creatine Metabolism Disorders
Creatine is essential for the central nervous system; it is derived
from food or by endogen synthesis and is taken up by the brain
through an X-linked creatine transporter protein. In humans,
2 inborn errors of creatine biosynthesis, arginine-glycine
amidinotransferase and guanidinoacetate methyltransferase
(GAMT), and 1 affecting the transporter, creatine transporter
protein, are known. All the defects are characterized by absence
or decrease of creatine in the brain, as measured by in vivo
proton MRS. GAMT clinical presentation is characterized by
arrest or regression of psychomotor development with infant
seizures (myoclonic or tonic seizures with apnea, generalized
tonic-clonic seizures, partial seizures with secondary generalization, drop attacks, or febrile seizures). The EEG pattern is
not typical of GAMT deﬁciency. Severe epilepsy has been
reported in some cases associated with derangement of mental
status.5,74,75
Biochemical ﬁndings include increased guanidinoacetate
acid (GAA) in plasma, urine, and CSF, with a reduced
concentration of creatine in urine or plasma. Conﬁrmation of
the diagnosis by enzymatic and molecular studies is possible.4,76,77 The pathogenic role of the increased levels of GAA in
the central nervous system, speciﬁcally related to the epileptogenic effect, and basal ganglia toxicity, is well known.75
The aim of treatment in GAMT deﬁciency is to increase
creatine levels and decrease GAA accumulation levels. The
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supplementation with creatine monohydrate (400 mg/kd/d)
and dietary restriction of arginine (15 mg/kg/d) and ornitine
aspartate supplementation (500 mg/kg/d) can be useful. With
early treatment, epilepsy can be responsive and, of course,
mental status and movement disorders may also improve.78

Cerebral Folate Deﬁciency Syndromes
Totally, 2 defects of folate metabolism have been described to
produce seizures associated with low CSF levels of 5methytetrahydrofolate. In some rare patients with mutations
in the FOLR1 gene, they presented with ataxia and myoclonic
epilepsy or generalized seizures in response to oral folinic acid
supplementation.79 The other responsive form is deﬁciency of
dihydrofolate reductase with generalized tonic-clonic seizures,
megaloblastic anemia, or pancytopenia.4,5,79

References
1. Saudubray JM: Clinical approach to inborn errors of metabolism in
paediatrics. In: Saudubray JM, van den Berghe G, Walter JH, Inborn
Metabolic Diseases, ed 5. Berlin, Springer, 1:3-54, 2012
2. Aicardi J: Diseases of the nervous system in childhood, Clinics in
Development Medicine. London: Spastics Society, 1995
3. Aicardi J: Epilepsy in Cildren, ed 3 New York: Mac Keith Press, 2004
4. Papetti L, Parisi P, Leuzzi V, et al: Metabolic epilepsy: An update. Brain
Dev 35:827-841, 2013
5. Rahman S, Footitt E, Varadkar S, et al: Inborn errors of metabolism
causing epilepsy. Dev Med Child Neurol 55:23-36, 2013
6. Rakhade SN, Jensen FE: Epileptogenesis in the immature brain: Emerging
mechanisms. Rev Neurol 5:380-391, 2009
7. Pascual J, Campistol J, Gil Nagel A: Epilepsy in inherited metabolic
disorders. Neurologist 14:S1-11, 2008
8. Scriver CR, Beaudet AL, Sly L, et al: The Metabolic Basis of Inherited
Disease. New York: Mc Graw Hill, 2003
9. Campistol J: Epileptic syndromes in the ﬁrst year of life and congenital
errors of metabolism. Rev Neurol 30:S60-S74, 2000
10. Pearl P: The Top 10 diagnoses you cannot afford to miss. In: Pearl P (ed):
Inherited Metabolic Epilepsies. New York: Demos Medical Publishing,
LLC, 2013
11. Marin-Valencia I, Vilaseca MA, Thio M, et al: Assesment of the perimortem
protocol in neonates for the diagnosis of inborn errors of metabolism. Eur
J Ped Neurol 14:125-130, 2010
12. Plecko B, Hikel C, Korenke GC, et al: Pipecolic acid as a diagnostic marker
of pyridoxine dependent epilepsy. Neuropediatrics 36:200-205, 2005
13. Mills PB, Struys E, Jacobs C, et al: Mutations in antiquitin in individuals
with pyridoxine dependent seizures. Nat Med 12:307-309, 2006
14. Stockler S, Plecko B, Gospe S, et al: Pyridoxine dependent epilepsy and
antiquitin deﬁciency. Clinical and molecular characteristics and recommendations for diagnosis, treatment and follow up. Mol Genet Metab
104:48-60, 2011
15. Schmitt B, Baumgartner M, Mills PB: Seizures and paroxysmal events:
Symptoms pointing to the diagnosis of pyridoxine-dependent epilepsy
and pyridoxine phosphate oxidase deﬁciency. Dev Med Child Neurol
52:133-142, 2010
16. Dulac O, Plecko B, Gataulina S, et al: Occasional seizures, epilepsy, and
inborn errors of metabolism. Lancet Neurol 13:727-739, 2014
17. Gospe S: Neonatal vitamin responsive epileptic encephalopathies. Chang
Gung Med J 33:1-12, 2010
18. Mills PB, Camuzeaux SS, Footitt EJ, et al: Epilepsy due to PNPO
mutations: Genotype, environment and treatment affect presentation
and outcome. Brain 137:1350-1360, 2014
19. Plecko B, Stöckler-Ispiroglu S, Paschke E, et al: Pipecolic acid elevation in
plasma and cerebrospinal ﬂuid of two patients with pyridoxinedependent epilepsy. Ann Neurol 48:121-125, 2000

330
20. van Karnebeek CD, Hartmann H, Jaggumantri S, et al: Lysine restricted
diet for pyridoxine-dependent epilepsy: First evidence and future trials.
Mol Genet Metab 107:335-344, 2012
21. Gallagher RC, Van Hove JL, Scharer G, et al: Folinic acid responsive
seizures are identical to pyridoxine dependent epilepsy. Ann Neurol
65:550-556, 2009
22. Mercimek-Mahmutoglu S, Cordeiro D, Cruz V, et al: Novel therapy for
pyridoxine dependent epilepsy due to ALDH7A1 genetic defect:
L-arginine supplementation alternative to lysine-restricted diet. Eur J
Paediatr Neurol 18:741-746, 2014
23. Struys EA, Bok LA, Emal D, et al: The measurement of urinary Δ1piperideine-6-carboxylate, the alter ego of α-aminoadipic semialdehyde,
in antiquitin deﬁciency. J Inherit Metab Dis 35:909-916, 2012
24. Plecko B, Paul K, Paschke E, et al: Biochemical and molecular characterization of 18 patients with pyridoxine dependent epilepsy and mutations
of the antiquitin (ALDH7A1) gene. Hum Mutat 28:19-26, 2007
25. Mercimek-Mahmutoglu S, Horvath GA, Coulter-Mackie M, et al: Profound neonatal hypoglycemia and lactic acidosis caused by pyridoxinedependent epilepsy. Pediatrics 129:e1368-e1372, 2012
26. Scharer G, Brocker V, Vasiliou G, et al: The genotypic and phenotypic
spectrum of pyridoxine dependent epilepsy due to mutations in
ALDH7A1. J Inherit Metab Dis 33:571-581, 2010
27. Rankin PM, Harrison S, Chong WK, et al: Pyridoxine-dependent seizures:
A family phenotype that leads to severe cognitive deﬁcits, regardless of
treatment regime. Dev Med Child Neurol 49:300-305, 2007
28. Bok LA, Been JV, Struys EA, et al: Antenatal treatment in two Dutch families
with pyridoxine-dependent seizures. Eur J Pediatr 169:297-303, 2010
29. Hartmann H, Fingerhut M, Jakobs C, et al: Status epilepticus in a neonate
treated with pyridoxine because of a familial recurrence risk for antiquitin
deﬁciency: Pyridoxine toxicity? Dev Med Child Neurol 53:1150-1153, 2011
30. Kuo MF, Wang HS: Pyridoxal phosphate-responsive epilepsy with
resistance to pyridoxine. Pediatr Neurol 26:146-147, 2002
31. Clayton P, Surtees RAH, De Vile C, et al: Neonatal epileptic encephalopathy. Lancet 361:1614, 2003
32. Mills PB, Surtees RA, Champion MP, et al: Neonatal epileptic encephalopathy caused by mutations in the PNPO gene encoding pyridox(am)ine
50 phosphate oxidase. Hum Mol Genet 14:1077-1086, 2005
33. Ruiz A, Garcia Villoria J, Ormazabal A, et al: A new fatal case of
pyridoxamine 50 phosphate oxidase (PNPO) deﬁciency. Mol Genet Metab
93:216-218, 2008
34. Porri S, Fluss J, Plecko B, et al: Positive outcome following early diagnosis
and treatment of pyridoxal-50 -phosphate oxidase deﬁciency: A case
report. Neuropediatrics 45:64-68, 2014
35. Ormazábal A, Oppenheim M, Serrano M, et al: Pyridoxal 50 phosphate
values in CSF: Reference value and diagnosis of PNPO deﬁciency in
pediatric patients. Mol Genet Metab 94:173-177, 2008
36. Footitt EJ, Heales SJ, Mills PB, et al: Pyridoxal 50 -phosphate in
cerebrospinal ﬂuid; factors affecting concentration. J Inherit Metab Dis
34:529-538, 2011
37. Plecko B, Paul K, Mills P, et al: Pyridoxine responsiveness in novel
mutations of the PNPO gene. Neurology 82:1425-1433, 2014
38. Ware TL, Earl J, Salomons GS, et al: Typical and atypical phenotypes of
PNPO deﬁciency with elevated CSF and plasma pyridoxamine on
treatment. Dev Med Child Neurol 56:498-502, 2014
39. Nunes ML, Mugnol F, Bica I, et al: Pyridoxine-dependent seizures
associated with hypophosphatasia in a newborn. J Child Neurol
17:222-224, 2002
40. Hyland K, Buist NR, Powell BR, et al: Folinic acid responsive seizures:
A new syndrome? J Inherit Metab Dis 18:177-181, 1995
41. Torres OA, Miller VS, Buist NM, et al: Folinic acid-responsive neonatal
seizures. J Child Neurol 14:529-532, 1999
42. Nicolai J, van Kranen-Masterbroek VH, Wevers RA, et al: Folinic acid
responsive seizures initially responsive to pyridoxine. Ped Neurol
34:164-167, 2006
43. Wolf B: The neurology of biotinidase deﬁciency. Mol Genet Metab
104:27-34, 2011
44. Wilson CJ, Myer M, Darlow BA, et al: Severe holocarboxylase synthetase
deﬁciency with incomplete biotin responsiveness resulting in antenatal
insult in samoan neonates. J Pediatr 147:115-118, 2005

J. Campistol
45. Jurecka A, Zikanova M, Jurkiewicz E, et al: Attenuated adenylosuccinate
lyase deﬁciency: A report of one case and a review of the literature.
Neuropediatrics 45:50-55, 2014
46. Wolf NI, Bast T, Surtees R: Epilepsy in inborn errors of metabolism.
Epileptic Disord 7:67-81, 2005
47. Ciardo F, Salerno C, Curatolo P: Neurologic aspects of adenylosuccinate
lyase deﬁciency. J Child Neurol 16:301-308, 2001
48. Blau N, Hennermann JB, Langenbeck U, et al: Diagnosis, classiﬁcation,
and genetics of phenylketonuria and tetrahydrobiopterin (BH4) deﬁciencies. Mol Genet Metab 104:S2-S9, 2011
49. Chen PT, Young C, Lee WT, et al: Early epileptic encephalopathy with
suppression burst electroencephalographic pattern, an analysis of eight
Taiwanese patients. Brain Dev 23:715-720, 2001
50. Korman SH, Wexler ID, Gutman A, et al: Treatment from birth of
nonketotic hyperglycinemia due to a novel GLDC mutation. Ann Neurol
59:411-415, 2006
51. Kanno J, Hutchin T, Kamada F, et al: Genomic deletion within GLDC
is a major cause of non-ketotic hyperglycinaemia. J Med Genet 44:e69,
2007
52. Chien YH, Hsu CC, Huang A, et al: Poor outcome for neonatal-type
nonketotic hyperglycinemia treated with high-dose sodium benzoate and
dextrometromethorphan. J Child Neurol 19:39-42, 2004
53. Dinopoulos A, Matsubara Y, Kure S: Atypical variants of nonketotic
hyperglycinemia. Mol Genet Metab 86:61-69, 2005
54. Tabatabaie L, Klomp LW, Berger R, et al: L-serine synthesis in the central
nervous system: a review on serine deﬁciency disorders. Mol Genet Metab
99:256-262, 2010
55. van der Crabben SN, Verhoeven-Duif NM, Brilstra EH, et al: An update on
serine deﬁciency disorders. J Inherit Metab Dis 36:613-619, 2013
56. Acuna-Hidalgo R, Schanze D, Kariminejad A, et al: Neu-Laxova syndrome is a heterogeneous metabolic disorder caused by defects in
enzymes of the L-serine biosynthesis pathway. Am J Human Genet
95:285-293, 2014
57. Cavalleri F, Berardi A, Burlina AB, et al: Diffusion-weighted MRI of maple
syrup urine disease encephalopathy. Neuroradiology 44:499-502, 2002
58. Haberlandt E, Canestini C, Brunner-Krainz M, et al: Epilepsy in patients
with propionic acidemia. Neuropediatrics 40:120-125, 2009
59. Wolf NI, Rahman S, Schmitt B, et al: Status epilepticus in children with
Alpers disease caused by POLG1 mutations: EEG and MRI features.
Epilepsia 50:1596-1607, 2009
60. Wolf NI, Smeitink JA: Mitochondrial disorders: A proposal for consensus
diagnostic criteria in infants and children. Neurology 59:1402-1405,
2002
61. Molinari F, Raas-Rothschild A, Rio M, et al: Impaired mitochondrial
glutamate transport in autosomal recessive neonatal myoclonic epilepsy.
Am J Hum Genet 76:334-339, 2005
62. Rahman S, Clarke CF, Hirano M: ENMC International Workshop
diagnosis and treatment of coenzyme Q10 deﬁciency. Neuromuscul
Disord 22:76-86, 2012
63. Bahi-Buisson N, Kaminska A, Nabbout R, et al: Epilepsy in Menkes
disease: Analysis of clinical stages. Epilepsia 47:380-386, 2006
64. Prasad AN, Levin S, Rupar CA, et al: Menkes disease and infantile epilepsy.
Brain Dev 33:866-876, 2011
65. Matsuo M, Tasaki R, Kodama H, et al: Screening for Menkes disease using
the urine HVA/VMA ratio. J Inherit Metab Dis 28:89-93, 2005
66. Stence NV, Coughlin CR, Fenton LZ, et al: Distinctive pattern of restricted
diffusion in a neonate with molybdenum cofactor deﬁciency. Pediatr
Radiol 43:882-885, 2013
67. Veldman A, Santamaria-Araujo JA, Sollazzo S, et al: Successful treatment
of molybdenum cofactor deﬁciency type A with cPMP. Pediatrics 12:
e1249-e1254, 2010
68. Suls A, Mullen SA, Weber YG, et al: Early-onset absence epilepsy caused
by mutations in the glucose transporter GLUT1. Ann Neurol 66:415-419,
2009
69. De Vivo DC, Leary L, Wang D: Glucose transporter-1 deﬁciency syndrome
and other glycolytic defects. J Child Neurol 17:3S15-23, 2002
70. Pascual JM, Wang D, Lecumberri B, et al: GLUT-1 deﬁciency
and other glucose transporter diseases. Eur J Endocrinol 150:627-633,
2004

Epilepsy in IEM: Therapeutic options, vitamins
71. Leen WG, de Wit CJ, Wevers RA, et al: Child neurology: Differential
diagnosis of a low CSF glucose in children and young adults. Neurology
81:e178-e181, 2013
72. Klepper J, Leiendecker B: Glut-1 deﬁciency syndrome and novel
ketogenic diets. J Child Neurol 28:1045, 2013
73. Tzadok M, Nissenkorn A, Porper K, et al: The many faces of Glut I
deﬁciency syndrome. J Child Neurol 29:349-359, 2014
74. Stöckler S, Schutz K, Salomons GS: Cerebral creatine deﬁciency syndromes: Clinical aspects, treatment and pathophysiology. Subcell Biochem 46:149-166, 2007
75. Leuzzi V, Mastrangelo M, Battini R, et al: Inborn errors of creatine
metabolism and epilepsy. Epilepsia 54:217-227, 2013

331
76. Alessandri MG, Celan L, Battini R, et al: HPLC assay for guanidinoacetate
methyltransferase. Anal Biochem 331:189-191, 2004
77. Carducci C, Leuzzi V, Carducci C, et al: Two new severe mutations
causing guanidino acetate methyltransferase deﬁciency. Mol Genet Metab
71:633-638, 2000
78. Mercimek-Mahmutoglu S, Stöckler S, Adami A, et al: GAMT deﬁciency:
Features, treatment and outcome in an inborn error of creatine synthesis.
Neurology 67:480-484, 2006
79. Watkins D, Rosenblatt DS: Update and new concepts in vitamin
responsive disorders of folate transport and metabolism. J Inherit Metab
Dis 35:665-670, 2012

Impaired Neurotransmission in Early-treated
Phenylketonuria Patients
María Julieta González, MD,* Rosa Gassió, MD, PhD,*
Rafael Artuch, MD, PhD,†,‡ and Jaume Campistol, MD, PhD*,‡
Cerebral neurotransmitter (NT) deﬁciency has been suggested as a contributing factor in the
pathophysiology of brain dysfunction in phenylketonuria (PKU), even in early-treated phenylketonuric patients. The study aimed to review dopamine and serotonin status in PKU, and the
effect of the impaired neurotransmission. Several mechanisms are involved in the pathophysiology of PKU, primarily characterized by impaired dopamine and serotonin synthesis. These
deﬁcits are related to executive dysfunctions and social-emotional problems, respectively, in
early treated patients. Blood phenylalanine is the main biomarker for treatment compliance
follow-up, but further investigations and validation of peripheral biomarkers may be performed
to monitor NT status. The development of new therapies is needed not only for decreasing
blood and brain phenylalanine levels but also to improve NT syntheses.
Semin Pediatr Neurol 23:332-340 C 2016 Elsevier Inc. All rights reserved.

Introduction
Phenylketonuria (PKU; OMIM 261600) is an inborn error of
metabolism of phenylalanine (Phe) caused by mutations
in the gene coding for the enzyme phenylalanine hydroxylase
(PAH) (EC 1.14.16.1). PAH locus is on chromosome
12q22-12q24.1. To date, more than 950 mutations have been
described (http://www.biopku.org). This enzyme catalyses the
hydroxylation of Phe to tyrosine, and uses tetrahydrobiopterin
(BH4) as a cofactor. The mutations in the PAH gene lead to a
partial or total enzyme activity lost, and produce a Phe
accumulation and decreased tyrosine biosynthesis in the liver
and consequently in other organs and biological ﬂuids.1 If PKU
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is untreated, it leads to intellectual disability, seizures, and
microcephaly, among other severe neurologic disorders. The
diagnosis of newborns in screening programs and early treatment allows virtually normal physical and intellectual development in patients with PKU.1 The classic treatment for PKU is a
restricted diet in Phe, which means low natural proteins,
supplemented by special medical foods enriched in tyrosine
and other amino acids and in nutrients (vitamins, minerals,
and essential fatty acids) necessary to avoid nutritional deﬁcits.1
In the past decade, there has been a new treatment for some
patients with PKU harboring mild-to-moderate mutations.
This is sapropterin dihydrochloride, a synthetic form of BH4
that acts as a chemical chaperone improving PAH residual
activity. This effect leads to an increase in Phe transformation to
tyrosine, therefore, decreasing plasma Phe levels and, allowing
full or partial withdrawal of the restrictive diet in these
patients.2-4 There is an extensive research conducted on new
therapeutic options like enzyme and gene therapy, and a
glycomacropeptide-based diet (a natural Phe-free protein). The
main aim of PKU treatment, whether the patient is undergoing
dietary treatment or BH4 therapy, consists of keeping blood
Phe concentrations in a safe range for the central nervous
system. There are several recommendations, but no consensus,
about the limits of this range. A common practice is that blood
Phe should be lower than 360 μmol/L until 12 years of age and
should remain lower than 600 μmol/L in patients older than
12 years. These values are 3-5 times more elevated that normal

Impaired neurotransmission in early treated PKU patients
Table The hypotheses of different mechanisms underlying
neurotoxicity in Phenylketonuria
Brain high levels of Phe concentrations
Neurotransmitter biosynthesis defect
Abnormal brain myelination
Abnormal synthesis of proteins in brain
Cerebral tyrosine and tryptophan deﬁciency
Neurotoxicity of Phe metabolites
Cholesterol biosynthesis defects
Increase oxidative stress
Altered DNA methylation
Bioenergetics deﬁcit
LCPUFA deﬁciency
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which show areas of increased signal in T2 sequences,
predominantly in the parieto-occipital periventricular WM.14
A new magnetic resonance imaging technique (diffusion tensor
imaging) shows evidence of abnormalities in microstructural
WM integrity in different brain regions of patients with early
treated PKU (lower mean diffusion), even when WM hyperintensity is not present.15
In this article, we will review current knowledge about
neurotransmitter (NT) dopamine and serotonin status in PKU,
and the effect of impaired neurotransmission in cognitive,
emotional, behavioral and social skills of patients with early
treated PKU. New therapies will also be discussed.

LCPUFA, long-chain polyunsaturated fatty acid.

Phe values (35-75 μmol/L) because the protein requirements
of the organism makes the complete removal of Phe (an
essential amino acid) from the diet impossible.5,6
These treatments prevent the severe neurologic complications of patients with PKU, when started early in newborns.
However, it has been demonstrated that early treated patients
with PKU may present some neurologic and neuropsychological problems. Intellectual quotient scores are normal, but
usually lower than intellectual quotient scores of control
groups. Patients display deﬁcits in executive functions (attentional control, planning or goal setting and problem solving,
cognitive ﬂexibility of thought and action, concept formation
or abstraction, information processing, and social cognition),
and deﬁcits in ﬁne-motor skills.5,7-10 These complications,
despite being mild, can negatively affect school performance.11
There is also a high incidence of anxiety, depression, and
attention deﬁcit hyperactive disorder (ADHD) in these
patients.12,13
Another consequence of high levels of Phe in the brain is
impaired white matter (WM) myelination. The prevalence of
such WM disturbances is high in patients with high Phe
concentrations, especially in older patients and in those with
poor treatment compliance. These disturbances may be
detected through brain magnetic resonance imaging studies,

Pathophysiology of Cerebral
Dysfunction in PKU
It is now recognised that there is minimal, but demonstrable
brain damage in patients with early treated PKU and the causal
factors are not entirely understood. Although PAH is a liver
enzyme, the target organ of hyperphenylalaninaemia is the
brain. The hypotheses of different mechanisms underlying
neurotoxicity in PKU are listed in the Table.1,16-20
It has been postulated that hyperphenylalaninaemia-related
neurotoxicity could be explained in part by Phe sharing the
same L-type amino acid carrier (LAT1, SLC7A5) with other
large neutral amino acids (LNAA) (mainly tyrosine and
tryptophan), and competes with these to cross the bloodbrain barrier (BBB).21 Tyrosine and tryptophan are precursors
of NTs, and its relative brain deﬁcit may contribute to a
reduced synthesis of serotonin, dopamine, and noradrenaline.
Moreover, the high Phe values in the brain may produce an
inhibition of tyrosine and tryptophan hydroxylases activities,
causing a further reduction of dopamine and serotonin
biosynthesis17,18 (Fig.).
These potential neurotransmission deﬁcits are relevant, as
the dopamine is essential for a proper functioning of the
prefrontal cortex (PFC), which in turn controls the executive
functions. Serotonin is involved both in the cognitive processes

Figure Schematic representation of the synthesis of serotonin and dopamine and their metabolites (biogenic amines).
AADC, aromatic L-amino acid decarboxylase; BH4, tetrahydrobiopterin; L-DOPA, L -3,4 dihydroxyphenylalanine; 5HIAA,
hydroxyindoleacetic acid; HVA, homovanillic acid; PAH, phenylalanine hydroxylase; VLA, vanillactic acid; VMA,
vanillylmandelic acid.
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mediated by the orbitofrontal cortex and in the regulation of
mood, emotions, and behavior.22 It is important to consider
the relative deﬁcit of tyrosine in PKU, because this amino acid
becomes an essential one as its biosynthesis is severely
decreased. Once again, a high Phe value is the main pathophysiological factor, as Tyr supplementation in the presence of
toxic Phe values does not prevent neurologic damage in PKU.1
Although the special diets are supplemented with Tyr, it has
been demonstrated that blood tyrosine concentrations ﬂuctuate throughout the day, and may decrease after prolonged
fasting.23
Another pathophysiological mechanism in PKU is the
low bioavailability of LNAA that causes a decrease in brain
protein synthesis, as it has been proved in the PAHenu2
mice model.24 In studies performed in patients with
PKU, it was demonstrated that cerebral protein synthesis,
which is necessary for the development of cerebral
functions, was inversely proportional to plasma Phe
concentrations.25 Myelin basic protein biosynthesis,
which is essential for myelin formation, may be affected
if there are low brain concentrations of some essential
amino acids. This may also affect other brain proteins,
such as tyrosine and tryptophan hydroxylase enzymes and
some cerebral receptors such as the glutamate receptor.
This reduced protein synthesis may result in decreased
synaptic plasticity and axonal growth.17 Recently, Horling
et al26 revealed disturbances in the presynaptic and
postsynaptic protein expression in the hippocampal area
of PAHenu2 mice. This ﬁnding was associated with a
dysfunction in synaptogenesis and in synaptic transmission, and with reduced microglial activity, observed
especially when the blood Phe levels were elevated.
Other pathophysiological factor is that the elevated
concentrations of Phe may inhibit the cholesterol biosynthesis.
In the PAHenu2 mice, there is consistent evidence that the
alterations in cerebral WM are due to the inhibition of the
rate-limiting enzyme of cholesterol biosynthesis, the
3-hydroxymethylglutaril-CoA reductase, that impairs the ability of oligodendrocytes to produce and maintain the myelin.27
It was suggested that the absence of myelin in patients with
PKU secondarily affects the synthesis of NTs,28 and produce
disruptions in the interconnectivity among different cerebral
areas.29 This inhibition of cholesterol biosynthesis would be
related to other common observations in PKU, for example, a
coenzyme Q10 deﬁciency,30 as both molecules are synthesised
through the mevalonate pathway.
Other factors implicated in the neuronal damage are
antioxidant system abnormalities, which may adversely affect
the maturation of the developing brain. These abnormalities in
patients with PKU are secondary to nutritional deﬁcits owing
to the treatment with a diet restricted in animal protein.
Furthermore, elevated concentrations of Phe can inhibit
antioxidant enzyme activities, which occur with catalase and
glutathione peroxidase activities, or may decrease coenzyme
Q10 biosynthesis.30
Studies have claimed that long-chain polyunsaturated fatty
acid deﬁciency due to low dietary intake may be an additional
deleterious factor for the brain. Long-chain polyunsaturated
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fatty acids have a critical role as a structural component of the
phospholipids in the plasma membranes. Docosahexaenoic
acid is the main lipid inside the neuronal membranes and in
retinal cells. Thus, it is essential for brain development in
general and for retina and visual circuits in particular.31
It is known that toxic exposures can alter DNA methylation.
It has been shown that high Phe levels in patients with PKU
may lead to aberrant DNA methylation that secondarily
produces gene dysregulation in the brain and leucocytes.19
Brain energy metabolism disturbances have also been
described in both animal models and patients with PKU
owing to decreased glucose oxidation and impaired
activities of different enzymes, such as mitochondrial
respiratory chain complexes, Krebs cycle enzymes, and
creatine kinase.20
Therefore, from these studies, we can conclude that the
neurologic damage in PKU may be due to multifactorial
mechanisms, which might be involved to a greater or lesser
degree in the pathophysiology of the disease.

Impaired Neurotransmission in
PKU
The ﬁrst descriptions of the alteration in NT synthesis in
untreated patients with PKU date from the late 1950s and
initially was involved only serotonin. Pare et al in 1957,32
demonstrated lower concentrations of serotonin in the blood
and 5-hydroxindolacetic acid (5HIAA) in the urine of these
patients, and Yuwiler et al33 demonstrated decreased brain
serotonin in mice with high levels of Phe. McKean34 reported
reduced concentrations of serotonin, dopamine, noradrenaline, tyrosine, and tryptophan in the brains of untreated
patients with PKU, with major reduction in the caudate
nucleus, and increased 5HIAA and homovanillic acid (HVA)
in cerebrospinal ﬂuid (CSF) when the blood Phe values
decreased. Butler et al,35 also described an increase of 5HIAA
and HVA in the CSF of patients with untreated PKU after
beginning the dietary treatment. These ﬁndings led to the
hypotheses that elevated Phe levels may inhibit tyrosine
hydroxylase and tryptophan hydroxylase activities36 together
with a decrease in the neuronal uptake of tyrosine and
tryptophan.37 These hypotheses were later conﬁrmed. Pascucci et al,38 demonstrated in PAHenu2 mice a severe cerebral
depletion of serotonin, with mild reduction in the brain level of
tryptophan, and major deﬁcits in the brain level of 5hydroxytryptophan (5-HTP). These ﬁndings also suggested
that an excess of brain Phe might interfere with tryptophan
hydroxylase activity, thus reducing availability of 5-HTP.
It was also suggested that elevated blood Phe interferes with
the transport of LNNA through the BBB.39 The afﬁnity of the
LAT-1 transporter for Phe is high, therefore a subtle increase of
Phe (within 200-500 mmol/L) may produce a substantial
increment of the transport of this amino acid across the BBB
and limit the passing of other LNNA such as tyrosine and
tryptophan.21 This effect occurs not only in the BBB but also in
synaptosomal plasma membrane vesicles.1
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After this initial observation, the studies were conducted in early treated patients. A disturbance in the NT
synthesis and in LNNA transport through BBB was also
observed. Giovaninni et al40 detected in patients with
PKU without treatment and in patients with good
metabolic control decreases in norepinephrine and
platelet serotonin values, and suggesting that even a
slight increase in plasma Phe could inhibit peripheral
synthesis of serotonin and noradrenaline. Paans et al41
demonstrated with positron emission tomography (PET)
scans low availability of brain tyrosine in adult patients
with PKU with Phe values higher than 700 mmol/L. In
patients with plasma Phe levels between 0.47 and
2.24 mmol/L, a correlation between the brain and plasma
Phe concentrations was shown through magnetic resonance spectroscopy,42 although these ﬁndings have not
been conﬁrmed by other studies in adult early treated
patients.43 Burlina et al,44 described decreased NT metabolite concentrations in CSF (HVA and 5HIAA) in early
treated adolescents and young adults with WM abnormalities (hyperintensity in T2-weighed images) in the presence
of Phe levels higher than 700 mmol/L. Landvogt et al,45 showed
in a PET scan study a severely impaired inﬂux and distribution
of 6-[18F] ﬂuoro-L-DOPA (FDOPA) throughout the striatum
(41% reduction in the rate of use of FDOPA) in early treated
adult patients without strict dietary treatment and with mean
serum Phe levels of 1260 mmol/L. The competitive inhibition
of the LNAA transporter by high plasma Phe values explains
this abnormality.
Groot et al46 studied cerebral protein synthesis in
patients with PKU using PET scan and magnetic resonance
spectroscopy. They found that increased blood Phe concentrations were strongly associated with reduced L[1-11C]-tyrosine (11C-Tyr) transport from blood to brain,
which was associated in turn with reduced 11CTyr
cerebral protein incorporation, and inverse association between brain Phe concentrations and the rate of 11C-Tyr
incorporation into cerebral proteins.47
Animal models studies conﬁrmed the NT alteration synthesis in different brain areas. Diamond et al,48 in rat pups with
mild plasma Phe elevations, found reductions in HVA values in
2 frontal cortical areas (the medial PFC and the anterior
cingulate cortex). The 5-HIAA values were decreased in all
brain regions examined, and there was no effect on norepinephrine. Puglisi-Allegra et al49 demonstrated in the brains of
PAHenu2 mice a marked decrease in serotonin, norepinephrine,
dopamine, and their metabolite levels in different cerebral areas
(PFC, cingulate cortex, nucleus accumbens, caudate-putamen,
hippocampus, and amygdala), with the PFC and amygdala
being the most affected anatomic structures. A marked
decreased in the dopamine reuptake was also observed in
the PFC, accumbens nucleus and cingulate cortex. Serotonin
appeared to be more affected than dopamine, given that
inhibition of dopamine synthesis needs a Phe concentration
3 times higher than those needed for inhibition of serotonin
synthesis. Other studies in PAHenu2 mice50 revealed decreased
concentrations of striatal 5-HIAA; 3,4-dihydroxy-phenylacetic
acid (a dopamine metabolite); and 5-HIAA/5-HT ratios.
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Pascucci et al51-54 studied in PAHenu2 mice several aspects of
NT synthesis and its effect in cognitive and behavioral
development. Biogenic amines (serotonin, dopamine, and
noradrenaline) were implicated in the formation and maintenance of synapses during brain postnatal maturation. Their
deﬁcits during critical brain developmental phases can produce neurodevelopmental disturbances. They demonstrated
deﬁcits of the brain amines levels in pups with PKU between
postnatal days 14 and 35. In another study, they evaluated
amine release in adult PAHenu2 mice in response to a
psychogenic stressor, and observed no dopaminergic and
serotoninergic responses in prefrontal cortical terminals.
Introduction of a Phe-free diet promoted recovery of the
serotonin response only, and after administration of
5-hydroxytryptophan a frontal cortical serotonin response
was detected. They concluded that high Phe levels interfere
with the ability of the mature PFC to respond to psychological
challenges. They also showed a deﬁcient tyrosine hydroxylase
expression and reduced cortical activity in the medial PFC.
Interestingly, low L-DOPA doses restored dopaminergic
transmission in the PFC. In a study in different forms of
HPA (mild-HPA, mild-PKU, and classic-PKU), demonstrated
increasing severity of executive disabilities and brain aminergic
deﬁcits in mild-to-severe HPA forms, with the PFC and
amygdala as the most affected brain areas. These data
conﬁrmed the high susceptibility of brain serotonin metabolism to increased Phe levels.
In 1999, Dyer28 hypothesized another cause of cognitive
abnormalities in patients with PKU. As previously mentioned,
in the PAHenu2 mouse, moderately elevated Phe concentrations
inhibited 3-hydroxy-3-methylglutaryl-coenzyme A reductase,
which is a key enzyme for cholesterol biosynthesis. This fact is
related to the inability to produce or maintain myelin by the
oligodendrocytes, leading to an immature state that secondarily decreased dopamine production in neurons. Joseph and
Dyer55 found in PAHenu2 mice a decreased level of dopamine
in the PFC cortex and striatum. After the introduction of a low
Phe diet, decreased levels of Phe and increased tyrosine values
in the blood and brain (frontal cortex and striatum) were
detected, leading to an increment in dopamine and basic
myelin protein content in different cerebral areas. These
ﬁndings supported the hypothesis of the role of myelination
in the regulation of dopamine synthesis.
Besides alterations in aminergic transmission, alterations in glutamatergic synaptic transmission have also
been reported, which could be involved in the cognitive
deﬁcits of patients with PKU. Glutamate is the main
excitatory NT par excellence of the brain cortex and its
speciﬁc receptors have an important role in the functional and morphologic plasticity of synapses. Martynyuk et al56 reported that high Phe concentrations in
PAHenu2 mice depressed glutamatergic synaptic transmission by a combination of presynaptuic and postsynaptic actions, and an attenuation of NT release.
Exposure to prolonged periods of high Phe values also
caused compensatory changes in glutamatergic synaptic
transmission, such as an increase in the expression and
density of glutamate receptors.
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Neuropsychological
Abnormalities Related to
Neurotransmission in PKU
Executive functions are frequently affected in patients with
early treated PKU. For an adequate acquisition of executive
functions, a proper anatomical and functional development of
the PFC and related brain areas (basal ganglia, anterior
cingulate cortex, and posterior parietal cortex) is required.
Therefore, executive functions would be impaired by the
dopamine deﬁciency and by disruptions in the functional
connectivity of the PFC.29 Welsh et al57 hypothesized that
prefrontal dysfunction was a cause of executive deﬁcits in early
treated patients.
The relationship between decreased NT biosynthesis and
neuropsychological alterations has been described in patients
with early treated PKU. Krause et al58 reported in children and
young adults with PKU (6-24 years), most of them early
treated, that with blood Phe 4 1300 mmol/L, the patients
showed prolonged performance times on neuropsychological
tests of higher integrative function. They found an inverse
correlation between plasma phenylalanine and urine HVA
values. Lou and Lykkelund59-61 conﬁrmed these results when
they studied adolescent and young adults, and suggested that
bad dietary compliance would lead to decreased NT biosynthesis, thus interfering with cognitive functions. The reaction
time variability increased in the vigilance test, when blood Phe
levels were higher than 1200 mmol/L and CSF concentrations
of HVA and 5-HIAA were low.
Diamond et al48,62 investigated the mechanisms of cognitive
impairment in rat pups. Mild plasma Phe elevations produced
impaired on a task dependent on the frontal cortex (delayed
alternation), and the reduced levels of HVA observed in the
medial PFC were signiﬁcantly correlated with poor performance in the delayed alternation task. These results showed that
slight increase in plasma Phe levels could affect cognitive
processes dependent on the PFC, and would also decrease
HVA levels in the frontal cortex. Slightly decreased concentrations of cerebral tyrosine may have a signiﬁcant effect on
dopaminergic neurons from the PFC. These neurons are
especially sensitive to the decrease of dopamine biosynthesis,
probably owing to high dopamine turnover.63
A decreased dopamine biosynthesis in the striatum has been
reported both in patients with PKU and animal models.45,48,50,55 As one of the main brain dopaminergic tracts is
the nigrostriatal pathway, which is involved in motor planning,
it is not surprising that impaired coordination of ﬁne-motor
skills is observed in some patients with early treated PKU.8,64-68
Deﬁcits of other cognitive functions have been reported,
including visual-spatial and visual-constructive disabilities, and
impaired sensitivity of visual contrast. The dopaminergic
neurons in the retina are also very sensitive to decreased
tyrosine availability and would explain in part some of the
cognitive skills alteration.69,70
WM disturbances may also cause a noticeable effect in ﬁnemotor and visual-spatial skills, and in the slowing processing
speed of patients with PKU.70
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In recent years, a higher prevalence of ADHD in patients
with early treated PKU has been reported in the literature, with
between 13% and 32% of PKU patients having ADHD (with a
higher incidence of predominantly inattentive presentation)
when compared with 5% and 7% of the general population.13,71-75 ADHD is a neurobiological disorder caused by a
dysfunction of the PFC and its connections with subcortical
regions (basal ganglia and cerebellum) and posterior cortical
areas, which also affect executive dysfunction. In this disorder,
prevalent symptoms are inattention, hyperactivity, and impulsivity.76 Children with ADHD and PKU share a common
pathophysiological process, as PFC dysfunction secondary to a
hypofunction of catecholaminergic circuits, in the PKU
because of NT deﬁcit, and in ADHD because of a dysregulation
of NT systems.77
Executive dysfunction is one of the disorders most commonly reported in patients with early treated PKU; however,
there are also other studies focusing on the increased incidence
of socioemotional problems in these patients, produced in part
by serotonin deﬁcit without forgetting the role it can play the
emotional stress associated with any chronic health disorder or
secondary to executive dysfunction. Mood disorders (anxiety
and depression) are seen more frequently in adolescents and
adults, and these symptoms are related with concurrent and
lifetime Phe levels, and behavioral disorders in patients who are
off diet or with poor metabolic control of the disease.12,78-85
These problems are beginning to be taken more into account,
and in the last management guidelines, follow-up is recommended to improve the emotional state and quality of life, and
the cognitive development of these patients.80,86,87
Between 1% and 2% of patients with PKU, without or with
poor dietary treatment compliance, may have an atypical
outcome. They do not display cognitive deﬁcits or have only
a very slight intellectual disability. In these cases, in spite of
clearly high blood Phe values, brain Phe values remain in a safe
range.88 The most plausible explanation is the presence of
allelic variants in the LAT-1 transporter that would impair the
Phe transport through the BBB.1

Therapeutic Approaches to
Improve NT Disturbances
LNAA (tyrosine and tryptophan, as well as other amino acids)
was proposed as a complementary treatment to restricted diet,
with the rationale of increased cerebral NT concentrations and
brain essential amino acid availability.89 Isolated tyrosine
supplementation has been tested with controversial results.
Although in some studies, an increment in dopamine biosynthesis and improvement in visual reaction time60 has been
documented, whereas in others no improvement in cognitive
functions could be established.90,91 When supplementation
was based on LNAA, a decrease in brain Phe levels was
observed,92-94 together with an improvement in executive
functions.95 The present recommendations can be applied as a
therapeutic approach only for adult patients with PKU with
poor treatment compliance. In patients with good metabolic
control, the beneﬁts of LNNA treatment are probably
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limited,96 and it has not been tested in children younger than
11 years of age.
Pascucci et al,52 based on their studies of catecholamine
metabolism in PAHenu2 mice, proposed treatment with low
53
L-DOPA doses together with 5-hydroxytryptophan, with the
rationale of increasing the cortical dopamine neurotransmission and improving the frontal cortical serotonin response even
in the presence of high Phe levels in the blood and brain.
Previously, Ullrich et al97 did not ﬁnd improvement in visual
evoked potentials and in different neuropsychological tests in
untreated adult patients with PKU under L-DOPA therapy.
In a recent study,98 signiﬁcantly lower concentrations of
urine and blood melatonin (a serotonin metabolite), and urine
dopamine, in adult patients with PKU were observed when
compared with controls. After supplementation with LNAA,
patients demonstrated signiﬁcantly increased levels of these
NTs in blood and urine compared with the placebo group.
These results support the statement that blood and urine
melatonin monitoring may serve as biomarkers reﬂecting brain
serotonin synthesis in patients with PKU.
Novel therapies for patients with PKU beyond dietary
treatment are being tested for decreasing Phe values by
different mechanisms. In a recent review,99-101 these alternative
therapies were detailed and included treatment with the
cofactor BH4 in adults and paediatric population groups as a
chaperone, and the enzyme replacement therapy with phenylalanine ammonia lyase (PAL EC 4.3.1.5) as a potential enzyme
substitution therapy for patients with PKU, among others. It
has been consistently demonstrated in follow-up studies that
BH4 resulted in reductions in the levels of blood phenylalanine, increased intake of dietary phenylalanine, and preserved neurocognitive performance.4,102 PAL degrades Phe
into transcinnamic acid and ammonia and reduces Phe levels,
but more research is needed to demonstrate efﬁcacy and safety
for patients.
Ormazabal et al103 found decreased platelet serotonin
concentrations in patients with PKU and restored platelet
serotonin values by BH4 supplementation. They postulated
that this increase might be owing to a direct effect of BH4 on
peripheral tryptophan hydroxylase. In 38 children and adults
with PKU and ADHD, sapropterin therapy signiﬁcantly
improved inattention symptoms and executive functioning
in the ﬁrst 4 weeks of treatment, and improvements were
maintained throughout 26 weeks of treatment.71 Douglas
et al104 showed a signiﬁcant increase in HVA after 1 month
of sapropterin administration in patients with PKU. Van Vliet
et al105 compared blood prolactin values and blood phenylalanine concentrations among the BH4 responders of patients
with PKU. Blood prolactin concentrations positively correlated
with blood phenylalanine concentrations, suggesting reduced
cerebral dopamine availability, and median blood prolactin
concentrations were signiﬁcantly lower while patients were
undergoing therapy, especially at increasing BH4 dose.
Denecke et al106 reported controversial results regarding this
issue. Pituitary prolactin secretion is inhibited by dopamine,
and it is postulated as a parameter of brain dopamine
availability.
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In PAHenu mice, the study of monoamine NT turnover has
been evaluated after enteral BH4 administration.107 Sapropterin treatment was associated with a statistically signiﬁcant
increase in brain total biopterin content, but the greatest and
most consistent effect was seen only with high doses of
sapropterin (100 mg/kg body weight). Saproterin therapy
did not alter the dopamine and serotonin status in the brain,
but it was associated with increased HVA and 5HIAA concentrations. These results suggest that BH4 therapy may stimulate
synaptic NT release and subsequent monoamine metabolism,
but the transport of BH4 through BBB is probably limited, and
thus these potential effects of BH4 therapy on NT merit
further investigation.
Novel pharmacotherapeutic approaches for PKU are being
investigated in PAHenu2 mice. For example, selected nonphysiological amino acids (2-aminoisobutyrate and N-methyl2-aminoisobutyrate), acting as competitive inhibitors of brain
amino acid transporters, may reduce Phe deposit in the
brain.108-110 In PKUenu2 mice, gene therapy restores blood
Phe levels to a safe range, and locomotor activity, exploratory
behavior, and neurogenic amines recovered after liver-targeted
gene transfer with recombinant adeno-associated virus vectors.
After 8 weeks of gene therapy, aminergic deﬁcits were
markedly ameliorated, and catecholamine synthesis was
restored to approximately 80%-90% and serotonin synthesis
to 60%-70%. A marked recovery was also observed in the
brain weight.111 Improved behavioral phenotype (hyperactivity and reduced digging behavior) and brain NT concentrations were demonstrated after the application of the
glycomacropeptide diet.112 Oral nitisinone therapy has been
proposed as an adjunct treatment. Nitisinone is a reversible
inhibitor of 4-hydroxyphenylpyruvate dioxygenase (HPD, EC
1.13.11.27), an enzyme in the tyrosine degradation pathway.
After administration of nitisinone, pharmacologic inhibition of
tyrosine degradation increased blood and brain tyrosine,
decreased blood and brain Phe, and increased dopamine and
its metabolites in the brain. Brain serotonin content was
unchanged.113

Conclusions
Several mechanisms are involved in the neuropathophysiology
of PKU, primarily characterized by impaired dopamine and
serotonin status. These neurotransmission deﬁcits are closely
related with executive dysfunctions and social-emotional
problems that may appear in patients with PKU, even in early
treated cases with good metabolic control. At present, blood
Phe values are the main biomarker for follow-up of treatment
compliance, as most cases are directly related to brain Phe
levels. A major limitation for the monitoring of NT status is the
need for CSF to analyse the most informative biochemical
parameters. Thus, further investigation and validation of
peripheral biomarkers (such as prolactin and melatonin) may
be promising to evaluate NT status in PKU. The development
of new therapies is effective not only for decreasing blood and
brain Phe levels but also to improve NT status.
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Treatable Inborn Errors of Metabolism Due to
Membrane Vitamin Transporters Deﬁciency
Juan Darío Ortigoza Escobar, MD,*,† and Belén Pérez Dueñas, MD, PhD*,†
B vitamins act as cofactors for strategic metabolic processes. The SLC19 gene family of solute
carriers has a signiﬁcant structural similarity, transporting substrates with different structure
and ionic charge. Three proteins of this family are expressed ubiquitously and mediate the
transport of 2 important water-soluble vitamins, folate, and thiamine. SLC19A1 transports
folate and SLC19A2 and SLC19A3 transport thiamine. PCFT and FOLR1 ensure intestinal
absorption and transport of folate through the blood-brain barrier and SLC19A25 transports
thiamine into the mitochondria. Several damaging genetic defects in vitamin B transport and
metabolism have been reported. The most relevant feature of thiamine and folate transport
defects is that both of them are treatable disorders. In this article, we discuss the biology and
transport of thiamine and folate, as well as the clinical phenotype of the genetic defects.
Semin Pediatr Neurol 23:341-350 C 2016 Elsevier Inc. All rights reserved.

Introduction
B vitamins are a class of water-soluble vitamins that play
important roles in cell metabolism. Each B vitamin is either a
cofactor (generally a coenzyme) for key metabolic processes or
is a precursor needed to create one. As a cofactor, B vitamins
participate in the metabolism of carbohydrates, amino acids,
and fatty acids and have a major role in energy production.
They are also involved in myelination, DNA synthesis, and
neurotransmission.
B vitamins are found in whole unprocessed foods. Processed
carbohydrates such as sugar and white ﬂour tend to have lower
B vitamin than their unprocessed counterparts. For this reason,
the B vitamins thiamine, riboﬂavin, niacin, and folic acid are
added back to white ﬂour after processing in many countries.
There are several known genetic defects in vitamin B
transport and metabolism causing disease in humans. For
folate, riboﬂavin, and thiamine, genetic transport defects have
been described in children. In this article, we will focus on
thiamine and folate transporter defects.
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The folates and thiamine are metabolized to active forms
that accumulate in cells where they sustain key metabolic
reactions. They are transported into cells by a speciﬁc member
of the SLC19 family.1 SLC19A1 transports folate, and
SLC19A2 and SLC19A3 transport thiamine. The protoncoupled folate transporter (PCFT; MIM*611672) is responsible for the intestinal absorption and the transport across the
blood:choroid plexus (CP):cerebrospinal ﬂuid (CSF) barrier.
The folate receptor alpha (FOLR1) also mediates active transport to the brain using an endocytosis process. The mitochondrial thiamine pyrophosphate carrier (SLC25A19) enters the
active form of thiamine to the mitochondria.
Two inborn errors affecting folate transport have been well
studied: hereditary folate malabsorption (MIM 229050) due to
mutations in PCFT2 and cerebral folate transport deﬁciency
(MIM 613068) due to defects in FOLR1.3 Additionally, the
following inherited defects of thiamine transport have been
described: SLC19A2: thiamine-responsive megaloblastic anemia (MIM 249270),4 SLC19A3: thiamine transporter-2 deﬁciency (biotin- or thiamine-responsive encephalopathy type 2)
(MIM 607483),5 SLC25A19: microcephaly Amish type (MIM
607196),6 and SLC25A19: thiamine metabolism dysfunction
syndrome 4 (progressive polyneuropathy type) (MIM
613710).7
Thiamine and folate transport defects across cell membranes
share a common feature that is relevant from a therapeutic
perspective: they are treatable disorders. In both cases, oral or
intravenous supplementation or both leads to a signiﬁcant and
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sustained clinical response and restores CSF and cellular
concentrations in affected patients. The biological mechanism
for this clinical response is unknown, although a major
hypothesis is that alternative low afﬁnity or residual transport
pathways into the brain can be exploited by increasing plasma
concentrations.

Folate Biology
Folate is a water-soluble B vitamin comprising several vitamers,
which are compounds that act as coenzymes for cellular onecarbon metabolism.8 Folate is essential for the synthesis of
thymidine, purines, myelin, and neurotransmitters, and for the
metabolism of amino acids such as homocysteine, methionine,
serine, and glycine. Homocysteine remethylation to methionine leads to more than 100 methylation reactions via sadenosylmethione.9
Impaired myelination of the central nervous system (CNS) is
a common abnormality in inborn errors of folate transport or
metabolism or both, such as hereditary folate malabsorption,
FOLR1 deﬁciency, and severe 5,10-methylentetrahydrofolate
reductase (MTHFR) deﬁciency. In these disorders, a relationship has been suggested between S-adenosylmethionine
(SAM) deﬁciency and impaired myelination, the proposed
mechanisms being related to a reduced methylation of lipids
and proteins required for the formation and maintenance of
the myelin sheaths.100 SAM is the methyl donor in the
synthesis of the key cell membrane component phosphatidylcholine from phosphatidylethanolamine. In rats, diet-induced
folate deﬁciency depletes brain membrane phosphatidylcholine, which may be prevented by supplementation with Lmethionine.10 A reduced choline peak on spectroscopy in
FOLR1 defects may be an estimation of reduced SAM and,
consequently, of a decreased methylation capacity in the brain
in cerebral folate transport deﬁciency.11
Early diagnosis and treatment of folate metabolism and
transport defects can restore CSF 5MTHF concentrations and
the methionine and S-adenosylmethionine pool within the
brain, leading to myelin formation and brain growth.3,12,13

Folate Transport Across Cell
Membranes and the CP
Folate is mainly obtained from fruits and vegetables in the form
of polyglutamates that have to be transformed into monoglutamates to be transported into cells.
Two systems are responsible for the intestinal absorption of
folate: the reduced folate carrier (RFC, encoded by the
SLC19A1 gene)8 and the proton-coupled folate transporter
(PCFT, encoded by the SLC46A1 gene).1 Both PCFT and RFC
are expressed at the apical membrane of the intestinal epithelia,
and the contribution of each system to total folate absorption
depends on their expression and on the intestinal pH. The
PCFT system acts in the proximal half of the small intestine,
whereas the RFC system operates in the distal small intestine
and the colon.9 The identiﬁcation of the ﬁrst patients with
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pathogenic mutations in SLC46A1, which affects PCFT function, supports its key role in folate transport.1,13
Folate is converted to 5-methyltetrahydrofolate (5MTHF)
by several enzymatic reactions. 5MTHF is the major biologically active form that functions as a cofactor in many
methylation reactions. Different folate carriers and receptors
participate in the cellular uptake of 5MTHF from the circulation to organs and cells.
The reduced folate carrier (RFC; SLC19A1) is an organic
anion antiporter that exchanges 5MTHF with other inorganic
or organic anions. It is ubiquitously expressed, and has a low
afﬁnity for folate, especially for the active-reduced forms. To
date, no disease-causing mutations have been identiﬁed in the
SLC19A1 gene in patients with cerebral folate deﬁciency (CFD)
syndrome.
Two glycosylphosphatidylinositol-anchored receptors,
folate receptor alpha (FRα) and beta (FRβ), mediate endocytosis of folates after binding them with high afﬁnity at neutral
pH. FRα encoded by FOLR1 gene is expressed in the apical
border membrane of proximal renal tubular cells, in the retinal
pigment epithelium, and in the CP.2 Within the CP, PCFT is
co-expressed with FOLR1 at the endosomal membrane, and it
is likely that PCFT is required for FOLR1-mediated endocytosis. The fact that both genetic defects produce a failure to
transport folates across the CP suggests that these transporters
act in series; disruption of either of them results in the same
defect.
Zhao et al14 suggested that the PCFT might work in tandem
with FRα-mediated endocytosis by exporting folate from the
endosomes into the cytoplasm. Folate binding to FRα is
followed by the invagination of the cell membrane containing
the folate-receptor complex, the formation of an endosome,
and trafﬁcking of the vesicle in the endosomal compartment
where it acidiﬁes releasing folate from the receptor.
Recently, Grapp et al15 elucidated the mechanism of folate
transport through the CP and to the brain. They identiﬁed a
unidirectional basolateral to apical transport of FRα and release
of FRα from the apical membrane to the CSF. Within the CSF,
FRα was found at the surface of exosomes, and FRα-exosome
levels positively correlated with 5MTHF concentrations. Furthermore, FRα could be detected in the CSF of controls but
was absent from patients with FOLR1 and Kearns-Sayre
syndrome who had 5MTHF concentrations less than 5 nM
(normal range: 40-120 nM). These ﬁndings suggest a link
between CSF 5MTHF and CSF FRα and indicate a crucial role
of the CP in the export and maintenance of 5MTHF and FRα in
the CSF. Furthermore, these authors demonstrated that FRαpositive exosomes penetrate into brain parenchyma where
they are internalized by astrocytes and neurons. These studies
reveal a novel function of exosome as transport medium for
folate, and that FRα-positive exosomes represent a particular
attractive shuttle system for a broad variety of biomolecules
and organic or inorganic compounds.

Hereditary Folate Malabsorption
Hereditary folate malabsorption is due to mutations in PCFT.2
Biochemically, the disorder is characterized by profound blood
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and CSF folate deﬁciency (CSF values usually less than
o10 nmol/L) and an abnormal CSF:serum folate ratio.16
The reduced availability of all forms of folate within the cells
results in disturbances in several folate-related pathways within
the ﬁrst year of life. Decreased synthesis of the nucleic acids
affects tissues with rapid turnover, such as blood and epithelial
cells, thus producing megaloblastic anemia, pancytopenia,
hypogammaglobulinemia with recurrent severe infections,
diarrhea, oral ulcers, failure to thrive, and weight loss. Within
the CNS, demyelination and intracranial calciﬁcations are
frequent, together with developmental delay, intellectual disability, seizures, and motor disturbances. Daily parenteral
folinic acid administration improves symptoms and guarantees
normal development. Also, it restores the normal CSF:serum
folate at 3:1 ratio, which is decreased in this disorder.

Cerebral Folate Transport
Deﬁciency Syndrome
CFD syndrome is a heterogeneous neurometabolic condition
characterized by low concentration of 5-methyltetrahydrofolate
(5MTHF) in the CSF.17 Several unrelated processes can lead to
5MTHF depletion in the CSF. These can be divided into the
following 2 main CFD syndromes: (1) a more common, milder
form of deﬁciency identiﬁed in a broad spectrum of neurologic
diseases18 and (2) a severe form restricted to children with
genetic conditions leading to impaired folate transport or
metabolism.
In the latter group, Steinfeld et al3 described etiologic
mutations in the candidate gene FOLR1 (MIM*136430)
encoding the folate receptor alpha (FRα) in 3 children with
profound CSF 5MTHF deﬁciency. The functional loss of FRα
was associated to very low 5MTHF concentration in the CSF
but normal plasma concentration of 5MTHF. As FRα was
abundantly expressed in the CP, authors hypothesized that
FRα provides the major route for the blood-CSF transport of
5MTHF. Thus, they named this entity cerebral folate transport
deﬁciency. To date, a total of 19 patients with FRα defects have
been published in the literature (Table 1).11,12,15,19–22 Symptoms started between the age of 6 months and 5 years,
following a period of normal development. Seizures, tremor,
ataxia, chorea, and hypotonia were frequently reported. Some
patients were referred for study of developmental delay, poor
brain growth, and acquired microcephaly. Seizures were
present in 18 of 19 children and started at a mean age group
of 3-7 years (range: 8 months-11 years). Seizures were
frequently myoclonic and tonic, causing drop-attacks and
head injuries. They were drug resistant and caused status
epilepticus in 5 patients. The electroencephalography activity
deteriorated with disease evolution, and high-voltage spike and
sharp wave activity and a slow high-amplitude background
activity, multifocal epileptiform activity, and hypsarrhythmia
were recorded. The cranial magnetic resonance imaging (MRI)
most frequently showed delayed myelination or hypomyelination of the cerebral white matter and a slight cerebral but
more pronounced cerebellar atrophy.11,20,23 In other cases,
MRI depicted progressive demyelination in the frontal and
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parietal lobes, which also extended into the brain stem.22 One
patient had normal signal intensity but white matter loss and
calciﬁcations.20 Two patients developed a severe
polyneuropathy.23
Most patients received oral supplementation of folinic acid
at doses of 1-6 mg/kg/d. In patients with incomplete response,
intravenous administration of folinic acid (100 mg) every 1-2
weeks was added to oral doses.12 Authors reported a signiﬁcant response to folinic acid administration in all cases. Seizure
control in 1 or 2 months, and global improvement in social,
language, and motor development were reported in most
cases. Additionally, brain growth, improvement in white
matter myelination, and increase of the choline peak on MR
spectroscopy were described. 5MTHF concentrations normalized on a second lumbar puncture in most patients.
Loss-of-function mutations in FOLR1 cause a loss of FRspeciﬁc folate binding to patientsʼ ﬁbroblasts. Grapp et al23 also
demonstrated a reduction in folic acid surface binding of the
FOLR1 mutants and a mistarget of the mutant protein to
intracellular compartment where it partially colocalized with
the endoplasmic reticulum.24

Thiamine Biology
Thiamine is an essential water-soluble B vitamin that acts as a
cofactor in many cellular processes of which the most
important has to do with energy production. There are several
phosphate derivatives of thiamine in humans: thiamine monophosphate (TMP), thiamine diphosphate (TDP), and thiamine
triphosphate. TDP is the biologically active form that functions
as a cofactor of many enzymes as follows: (1) transketolase
connects the cytosolic pentose phosphate pathway to glycolysis, metabolizing the excess of sugar phosphates into the main
carbohydrate metabolic pathways; (2) 2-hydroxyacyl-CoA
lyase catabolize phytanoic acid by alpha-oxidation in peroxisomes; (3) pyruvate dehydrogenase is the ﬁrst component
enzyme of mitochondrial pyruvate dehydrogenase complex
linking the glycolysis metabolic pathway to the citric acid cycle
and releasing energy (4) 2-oxoglutarate dehydrogenase is part
of the mitochondrial oxoglutarate dehydrogenase complex or
alpha-ketoglutarate dehydrogenase complex involved in citric
acid cycle, lysine degradation, and tryptophan metabolism;
and (5) branched-chain alpha-keto acid dehydrogenase catalyze the mitochondrial oxidative decarboxylation of branched,
short-chain alpha keto acids.25

Thiamine Transport Across Cell
Membranes and the CP
Humans lack biochemical pathways for thiamine synthesis, so
cellular requirements are met via speciﬁc carrier-mediated
uptake pathways.26 Thiamine is found in a wide variety of
foods at low concentrations, with whole grains, meat, and eggs
being the most important dietary sources. Daily recommendations for dietary vitamin B1, according to the National
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1 and 2 y
Ataxia, DD Ataxia, DD

1
0

Toelle
et al12

þ (BBGG WM atrophy þ
calcium) calcium
þ/þ
"/þ
NR

þ

4y
Daily
"
þ
þ
þ/"

4 and 5 y
DD,
seizures

2 (Siblings)
7, 11

Perez-Dueñas AlBaradie
et al18
et al19

p.C169Y p.C169Y p.C169Y p.C169Y g.3576T4G p.K44_P49dup p.Q118X p.Q118X p.Cys105Arg p.Pro133His p.Arg204 p.R125L
p.His43Arg p.R204X
(Hom)
(Hom)
p.N222S (Hom)
(Hom)
(Hom)
p.C175X p.C175X (Hom)
(Hom)
(Hom)
p.W156G
(Hom)
(Hom)

"

þ/þ

þ

þ

8 mo
Daily
"
þ
þ
þ/"

2y
3 mo
3y
DD,
Microce- Ataxia
seizures phaly

1
5

Grapp
et al15

1y
DD

1
3

Grapp
et al15

1
o5

Grapp
et al15

1
5

Grapp
et al15

BBGG, basal ganglia; GTC, generalized tonic-clonic seizures; WM, white matter.

Epilepsy
Age onset
Frequency
Status epileptic
Myoclonic
Drop-attacks
Ataxia-tremor/coreoathetosis
Autistic features/
intellectual disability
Hypomyelinationdemyelination
Atrophy brain/
cerebellum
Decreased choline on
MRS
Mutations
(homozygozity)

N patients
5MTHF in CSF
(nmol/L)
Age onset
/symptoms

References

Table 1 Patients Reported With FOLR1 Mutations
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Academy of Sciences, vary from 0.2 mg in neonates to
1-1.2 mg in adults.27
Intestinal phosphatases convert dietary phosphate thiamine
derivatives into free-T. At that moment, 2 speciﬁc transporters
—thiamine transporter-1 (hTHTR1, encoded by SLC19A2)
and thiamine transporter-2 (hTHTR2, encoded by SLC19A3)
—mediate thiamine absorption in the upper small intestine.
Both transporters are co-expressed but are differentially
targeted in polarized cells, establishing a vectorial transport
system.26 The polarization decreases functional redundancy
between transporter isoforms and allows for independent
regulation of thiamine import and export pathways in cells.28
hTHTR1 is expressed mainly at the apical brush-border
membrane, playing a signiﬁcant role in carrier-mediated
thiamin uptake in human intestine.29 Thiamine uptake is
energy- and temperature-dependent, pH-sensitive (transport
through SCL19A3 increases with pH with a peak activity at pH
7.5),30 Naþ independent, and saturable at both the nanomolar
(apparent km, 30 ! 5 nM) and the micromolar (apparent Km,
1.72 ! 0.3 μM) concentration ranges.31 Thiamin is transported in blood both in erythrocytes and plasma.27
Two-thirds of thiamine in plasma and CSF is TMP.32 RFC
(SLC19A1) can contribute to the transport of TMP in CNS.33
Thiamine enters the CNS via a facilitated diffusion system at
the blood:CSF barrier, and an active transport system in the
CP (SLC19A2 and SLC19A3), which releases both free-T
and TMP into CSF. There is a rapid turnover of total
thiamine in brain and CSF, deﬁned as the amount of vitamin
per unit time that enters brain or CSF from plasma at steady
state divided by the total vitamin content in the brain or
CSF.34 A speciﬁc cytosol kinase (thiamine phosphokinase,
encoded by TPK1) converts thiamine into TDP, which is
transported into the mitochondria by another carrier
SLC25A19.25 The kidneys play a critical role in regulating
body thiamin homeostasis by salvaging the vitamin via
reabsorption from the glomerular ﬁltrate.35 Elevated serum
values result in active urinary excretion of the vitamin. After
an oral dose of thiamin, peak excretion occurs in approximately 2 hours, and excretion is nearly complete after
4 hours. Mean elimination half-life of thiamine has been
estimated as 1.8 days, and the biological half-life of the
vitamin is probably in the range of 9-18 days.27
SLC19A2 encodes a protein of 497 amino acids (55,400 Da)
with 12 transmembrane domains expressed in a wide range of
human tissues, including bone marrow, liver, colon, pancreas,
brain, and retina.36 The delivery of the protein encoded by
SLC19A2 to the cell surface is critically dependent on the
integrity of the transmembrane backbone of the polypeptide so
that minimal truncations abrogate cell surface expression of
SLC19A2.26 SLC19A3 encodes a widely expressed protein of
496 amino acids (55,665 Da) that shares amino acid sequence
identity with human SLC19A1 and SLC19A2 in 39% and
48%, respectively.30 SLC25A19 encodes a protein of 320
amino acids (35,511 Da) expressed in colon, kidney, lung,
testis, spleen, and brain.
A summary of the clinical, biochemical, and radiological
features, as well as treatment in each of these defects, are
detailed in Table 2.
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SLC19A2 Deﬁciency
Thiamine-responsive megaloblastic anemia is due to mutations
in SLC19A2. There have been approximately 88 reported cases
in all ethnic groups. Clinically, the disease is characterized by a
triad of megaloblastic anemia, nonautoimmune diabetes
mellitus, and sensorineural deafness. All these manifestations
are because of impairment in energy production and de novo
synthesis of nucleic acids and heme precursors in acinar and
beta pancreatic cells, hematopoietic precursors, and cochlear
inner hair cells. These manifestations may come out simultaneously or gradually from the time of birth up to the age of 26
years. Anemia and diabetes mellitus appear earlier than deafness in most patients. The average age groups of presentation
of the 3 main manifestation of this disease are as follows:
diabetes mellitus (2.68 ! 2.77 years; range: birth-12 years),
megaloblastic anemia (2.55 ! 3.08 years; range: birth-19
years), and sensorineural deafness (2 ! 3.61 years; range:
birth-30 years). There are additional symptoms of the disease
described in Table 2. Blood thiamine can be normal or be
slightly reduced.37–39 Diabetes mellitus, anemia, and some
psychiatric manifestations have an excellent response to thiamine supplementation.40 Thiamine dose varies from 25300 mg/d. Initial insulin requirements are usually high, but
decrease with the onset of treatment with thiamine. Many
patients may even do not require insulin until the pubertal
period. Similarly, transfusion needs are reduced with thiamine
therapy. Unfortunately, there is no improvement or prevention
of deafness, short stature, or neurologic manifestations.40,41

SLC19A3 Deﬁciency
Mutations in SLC19A3 are associated with the following
phenotypes: (1) biotin-responsive basal ganglia disease,
(2) Leigh syndrome, (3) Wernicke encephalopathy, and
(4) infantile spams. To date, more than 75 patients have been
reported. A few reported cases start in the ﬁrst month of life;
however, the most common clinical setting is of an acute
encephalopathy proceeding by a trigger (fever, vaccinations,
trauma, etc) in a previously healthy child. This episode of
encephalopathy occurs with dystonia, dysarthria, ophthalmoplegia, or seizures or all of these. Radiological MRI pattern of
symmetrically distributed brain lesions in caudate nuclei,
putamen, and medial thalami is very suggestive of the disease
(Fig.).87–89 Free-T deﬁciency in CSF and ﬁbroblasts can be
found80 as well as other nonspeciﬁc biomarkers (ie, increases
of 2-oxoglutarate, lactate, and alanine in biological ﬂuids, and a
lactate peak on spectroscopy).88–92
The ﬁrst patients reported were treated with high doses of
biotin (5 mg/kg/d) with good response.89 Thiamine (1040 mg/kg/d) was used since the discovery that SLC19A3 is a
thiamine transporter.93 Early administration of biotin and
thiamine can improve the clinical and radiological abnormalities leading to a better neurologic outcome 81,90–98 Untreated
patients suffer recurrent episodes of encephalopathy until their
death.82,90 Patients treated with the combination of thiamine
and biotin show a faster recovery from an encephalopatic
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Table 2 Characteristics of Patients With SLC19A2, SLC19A3, and SLC25A19 Mutations
Phenotypes

SLC19A2

SLC19A3

SLC25A19

(1) Thiamine-responsive
megaloblastic anemia

(1) Amish microcephaly and
(2) bilateral striatal necrosis
with progressive axonal
polyneuropathy

Diabetes mellitus 92%

(1) Biotin-responsive basal
ganglia disease, (2) Leigh
syndrome, (3) Wernicke
encephalopathy, and
(4) Infantile spams
75
5,80–85
o1 mo
7.2%
1-24 mo
39.1%
2-12 y
48%
12-18 y
5.7%
418 y
2.8%
Encephalopathy 82.6%

Megaloblastic anemia 94.3%

Seizure 79.6%

Deafness 89.7%

Generalized or focal dystonia
55%

Number of patients reported 88
Reference
4,36–79
Age at onset
o1 mo
1-24 mo
2-12 y
Clinical characteristics

Biochemical proﬁle

MRI ﬁndings

18.1%
52.2%
23.8%

Other clinical manifestations:
Other clinical manifestations:
epilepsy, ataxia, cognitive
dysarthria/anarthria, ataxia,
impairment, stroke, ocular
dysphagia, pyramidal signs,
symptoms (pigmentary
abnormal ocular movement,
retinopathy, cone-rod
developmental delay,
dystrophy, and Leberʼs
opisthotonus, rigid akinetic
congenital amaurosis), short
syndrome, tremor, chorea,
stature, congenital cardiac
jitteriness, dystonic status,
malformations with conduction
dysautonomia, ptosis,
defects, cardiomyopathy, situs
rhabdomyolisis, and facial
inversus, cryptorchidism,
dyskinesia
polycystic ovarian syndrome,
immune thyroiditis,
hepatomegaly,
gastroesophageal reﬂux, vocal
cord nodules,
thrombocytopenia, and
neutropenia
No lactic acidosis
High plasma lactate, alphaalanine, and CSF lactate
Normal urinary organic acid
High excretion of alphaproﬁle
ketoglutarate
Normal or slightly decreased
Low free-T in CSF and
blood thiamine
ﬁbroblast

Ischemic stroke 5.6%
Cerebellar atrophy 1.1%

10
6,7,86
o1 mo
2-12 y

60%
40%

Phenotype (1) microcephaly and
developmental delay 100%
Other clinical manifestations:
irritability and inconsolable
crying, failure to thrive,
hepatomegaly, spasticity and,
tonic-clonic seizures
Phenotype (2) encephalopathy
100% (1-3 episodes per
patients), distal weakness
100%, contractures, and
atrophy 50%
Other clinical manifestations:
sensory loss, dysphagia,

Phenotype (1) lactic acidosis
(6.7-16.7 mmol/L), elevated
ammonia, ALT, and AST.
Increase in pyruvic acid,
2-hydroxyisovaleric acid,
2-hydroxiglutaric, 2-ketoadipic
acids, and alpha-ketoglutarate
(43700 mg/g creatinine,
reference o 200)
Phenotype (2) increase in CSF
lactate (2.9-4.2 mmol/L).
Normal alpha-ketoglutarate in
urine.
Phenotype (1) agenesis of
T2-hyperintensity in caudate
corpus callosum, large cisterna
and putamen 79.7%, thalami
magna, enlarge lateral
44.9%, cerebellum 31.8%,
ventricles, hypoplastic
and brainstem 27.5%. Other
cerebellar vermis,
lesions are located in
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Table 2 (continued )

SLC19A2

Treatment

SLC19A3

Thiamine 25-300 mg/d (1-4 mg/
kg/d)

episode; however, the number of recurrences, neurologic
sequel, and brain MRI changes are similar to those children
treated with thiamine alone.99,100 Likewise, biotin deﬁciency
reduces the expression of SLC19A3.86

SLC25A19
Mutation in the mitochondrial thiamine transporter is associated with 2 different phenotypes as follows: (1) severe
congenital microcephaly, cognitive impairment, CNS malformations (lyssencephaly, partial agenesis of corpus callosum,
and closed spinal dysraphic state), recurrent episodes of
encephalopathy,6,86 and a characteristic facial appearance
named Amish microcephaly and (2) bilateral striatal necrosis
with progressive axonal polyneuropathy, recurrent episodes of
encephalopathy, and ﬂaccid paralysis during febrile illnesses.
There are some clinical and biochemical differences between
these 2 phenotypes: patients suffering Amish microcephaly
phenotype usually show an occipitofrontal circumference of 612 standard deviations below the mean6 and lactic acidosis and
alpha-ketoglutaric aciduria between the episode, whereas
patients with the striatal necrosis phenotype do not show

SLC25A19

lyssencephaly, hypoplastic
subcortical white matter,
pons, closed spinal dysraphism
cerebral cortex, globus
pallidus and medulla. Lactate Phenotype (2) T2-hyperintensity
in caudate and putamen 100%,
on spectroscopy in some
medial posterior thalami 25%
patients
Biotin: 5-10 mg/kg/d or
Ketogenic diet
5-10 mg/d
Thiamine: 10-40 mg/kg/d,
maximum: 1500 mg/d

microcephaly, have a normal IQ before the onset of the
encephalopatic episodes and have a normal urinary organic
acid proﬁle.7 Patients can develop mild hepatomegaly, body
temperature instability, and irritability. Unfortunately, both
phenotypes do not respond to treatment with thiamine, but
ketogenic diet may be effective in reducing the metabolic
crisis.86

Conclusion
Membrane vitamin transporter deﬁciencies are clinically,
biochemically, and genetically heterogeneous disorders, for
which effective therapies are currently available. A trial of
folinic acid supplementation should be considered in children
with megaloblastic anemia, recurrent severe infections, diarrhea, and failure to thrive (PCFT mutations) and in children
with progressive ataxia, drug-resistant myoclonic and tonic
seizures, and drop-attacks (FOLR1 mutations). Also, thiamine
plus biotin should be administered in children with Leigh
syndrome of unknown etiology (SLC19A3 mutations), and
thiamine should be prescribed in patients with the triad of
diabetes mellitus, megaloblastic anemia, and deafness

SLC19A3

Figure Schematic representation of MRI changes in SLC19A3 patients. Lesions are distributed symmetrically affecting the
cerebral cortex, striatum, and dorsomedial thalamic nuclei. (Color version of ﬁgure is available online.)
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(SLC19A2 mutations). Ketogenic diet should be initiated in
patients suspected of SCL25A19 mutations (severe microcephaly or striatal necrosis with polyneuropathy). Simultaneous analysis of blood and CSF concentrations of folate and
thiamine before the empirical administration of these vitamins
is highly important to rule out secondary dietary deﬁciencies
and to identify speciﬁc cerebral transporter defects.
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Pyridoxal Phosphate Supplementation in
Neuropediatric Disorders
Elisenda Cortès-Saladelafont,*,†,1 Marta Molero-Luis,‡,§,1
HSJD Working Group,*,†,‡,§,║,¶,#,2 Rafael Artuch,‡,§ and Àngels García-Cazorla*,†,‡
Pyridoxal phosphate (PLP) is the active form of vitamin B6 and a cofactor in many enzyme
reactions including neurotransmitter metabolism. PLP metabolism disturbances may mostly
lead to refractory seizures. In this report, we review the main pathophysiological factors related
with PLP deﬁciency and our experience in PLP treatment in pediatric patients with low-normal
cerebrospinal ﬂuid PLP values who presented epilepsy. Only one case had a deﬁnite diagnosis
(Phelan-McDermid syndrome). The results of extensive metabolic workups and targeted
genetic studies were normal for all patients. In 5 cases, the response to PLP supplementation
(10-30 mg/kg/d) was initially positive. PLP adverse reactions were noticed in 4 patients and
PLP was discontinued; however, one of the most noticeable symptoms was an asymptomatic
increase in liver enzymes. These negative results with PLP supplementation are worth
reporting, to improve the information we use to treat our patients.
Semin Pediatr Neurol 23:351-358 C 2016 Elsevier Inc. All rights reserved.
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Pyridoxal 50 -phosphate (PLP) is the active form of vitamin B6,
which is the essential cofactor for more than 100 metabolic
reactions, including enzymes involved in the metabolism of the
neurotransmitters glutamate, gamma hydroxybutyric acid
(GABA), glycine, D-serine, dopamine, serotonin, and noradrenaline, among other biomolecules.1 PLP is synthesized via
phosphorylation through the action of a ubiquitous kinase and
oxidation by pyridoxamine 5-prime-phosphate oxidase
(PNPO; EC 1.4.3.5). PLP chaperone activity has been
described in the folding of some enzymes.2 Furthermore, its
participation in some actions beyond its coenzymatic function
has been extensively investigated3 in regard to L-amino acid
decarboxylase (AADC; EC 4.1.1.28) activity. It has been
demonstrated that PLP interacts with transcription factors, is
involved in AADC folding, dimerization, and splicing and may
prevent the degradation of some PLP-dependent enzymes.
PLP-responsive seizures are caused by mutations in PNPO
gene (OMIM#610090). This inborn error was initially
described as a cause of neonatal vitamin–responsive epileptic
encephalopathy.4,5 As PNPO is the main enzyme involved in
the synthesis of PLP, it is thought that mutations in the PNPO
gene would explain most disorders with decreased levels of
PLP in cerebrospinal ﬂuid (CSF). However, beyond those
PNPO mutations, there are patients already described with
no mutations in this gene that exhibit low CSF PLP levels.6 PLP
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deﬁciency may be related to other genetic conditions, such as
pyridoxine-dependent epilepsy (OMIM#266100), hyperprolinemia type II (OMIM#239510), hypophosphatasia
(OMIM#241500),
and
sulﬁte
oxidase
deﬁciency
(OMIM#272300),1,7 but also to environmental factors like
the presence of seizures, the use of antiepileptics, and other
drugs as well as malabsorption syndromes.
Our aim was to report our experience with a small sample of
10 patients with low-normal levels of PLP in CSF and who
underwent supplementation with PLP. We also review the
main pathophysiological factors associated with PLP deﬁciency
and the possible side effects related with PLP supplementation
after 2-year follow-up.

Methods
Study Setting and Inclusion Criteria
Over the past 10 years, we have biochemically studied CSF
samples from 1380 neuropediatric patients. Details of this
study have been reported elsewhere.9 We analyzed PLP in a
subset of 146 CSF samples owing to clinical picture (mainly
epilepsy of unknown origin), or a biochemical proﬁle suggestive of PLP deﬁciency, such as impaired CSF biogenic amines
or amino acid proﬁles. From this subset, we selected a series of
10 cases with different phenotypes presenting epilepsy as a
common clinical feature for PLP supplementation. These 10
cases presented low CSF PLP values or values close to the
lowest limit of our reference intervals, and were selected for
supplementation with PLP owing to the complex phenotype
exhibited, the lack of an alternative therapy, and the need to
ameliorate the clinical picture. Based on previous reports from
patients with PNPO deﬁciency supplemented with PLP, and
the low frequency of adverse effects reported, we decided to
supplement our patients with this vitamin. All patients’
biochemical results were compared with our reference values,
and established in a control group, as previously reported.8,1012
This is a retrospective report of our experience from the past
2 years after the supplementation was initiated. All clinical
records from these 10 patients were reviewed.

Biochemical Methods
Plasma and CSF amino acids were analyzed using ion
exchange chromatography with ninhydrin detection (Biochrom 30, Pharmacia Biotech, Biochrom, Cambridge, Science
Park, England). Alkaline phosphatase was measured with
standard automated spectrometric procedures. Total urine
sulﬁtes were analyzed by semiquantitative test strips according
to the manufacturer’s protocol (Merck Millipore, MA, USA).
CSF neurotransmitter analysis (3-ortho-methyldopa [3-OMD],
5-hydroxytryptophan [5-HT], 5-hydroxyindoleacetic acid
[5-HIAA], and homovanillic acids [HVA]) and PLP were
conducted with high-performance liquid chromatography using
electrochemical (Coulochem II, ESA, Chelmsford, USA) and
ﬂuorescence (Perkin Elmer, serie 200, Norwalk, CT) detection
according to previously reported procedures.8,10

Molecular Studies
Genomic DNA was isolated from venous whole blood from all
patients except for one who died at 30 days of age. We
ampliﬁed and sequenced the coding regions of PNPO gene in
9 patients using a set of 7 primer pairs. Patients #4 and #10
were studied by next-generation sequencing technology (Sure
Select XT kit, Agilent Technology) and HiSeq 2000 system
(Illumina, USA) to analyze 58 genes associated with neonatal
or infantile epilepsy (early epileptic encephalopathy [EEE]
panel).

PLP Supplementation
All patients were supplemented with PLP according to the
existing recommendations. Oral doses ranged from 10-30 mg/
kg/d.1,13 We started with 10 mg/kg/d, scaling doses every
week up to 30 mg/kg/d. In 2 patients who reported gastrointestinal symptoms (abdominal pain, diarrhea, and nausea)
omeprazol was added to the treatment. The treatment was
discontinued when no response after 6 months of therapy was
observed, or when important adverse effects were reported.
The clinical response was based both on parental subjective
reports and the objective evaluation of the pediatric neurologist
during the follow-up period. When possible, a second electroencephalogram (EEG) after treatment initiation was practiced.

Caregivers’ Consent
All caregivers were informed of analysis results and consulted
with about supplementary treatment with PLP. All gave their
written consent as per clinical procedure for this investigation.
All procedures followed were in accordance with the ethical
standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki
Declaration of 1975, as revised in 2000.

Patients and Results
Patients’ Characteristics
Patients’ main clinical and biochemical data are summarized
on Table 1. Although epilepsy was the most common clinical
sign, different phenotypes were observed. Patient #5 did not
have clinical seizures, and underwent lumbar puncture (LP) at
4 years after an extensive metabolic work-up for diagnosis and
treatment of dystonic movements, mainly in the perioral
region, together with mild motor and intellectual delay. No
antiepileptic medication was taken by the patient at that time.
Patients #1, 4, 6, 7, and 10 presented seizures in the neonatal
period with varying clinical evolution. Patient #1 presented
focal clonic seizures at a few days old. He was initially treated
with valproic acid, and later switched to carbamazepine and
phenobarbital (PB). This was the current treatment when the
LP was done. Patient #10 started having seizures at 17 hours of
life, being the most precocious patient with symptoms,
exhibited an early myoclonic epileptic encephalopathy. In
patients #4 and 10, EEE genetic panel was analyzed, and after
the parental segregation studies they had no relevant change in
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In bold letters are stated the patients with low CSF PLP. In brackets are indicated our reference values. BS, burst-supppression; CP, cerebral palsy; dol, days of life; E, epilepsy; EE, epileptic encephalopathy;
L, low; LL, lower limit; ID, intellectual disability; N, normal; ND, not determined; NR, not relevant. (Reprinted with permission from Ormazabal et al.8)
*One heterozigous change was detected in this patient. Familiar genetic studies are still pending.
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any of the genes related with EEE.14 Patient #2 was found to
have a heterozygous change in PNPO gene (c.347G4A; p.
Arg116Gln) by direct Sanger sequencing. This change is
predicted to be deleterious, but no further mutation was found
in this patient. Parental studies are still pending. Patient #7
started having seizures at the age of 17 days. She was examined
at 12 days of life for failure to thrive. In the following days, her
health seriously deteriorated, she had seizures and died in the
pediatric intensive care unit at 1 month of age. Patient #6 was
referred by his reference pediatrician at 12 days of life for
hypoactivity, hypotonia, and failure to thrive. Abnormal
activity was detected in an EEG and treatment with PB was
started the same day as the LP was performed.
The patients #2, 3, 8, and 9 presented epilepsy or EEG
abnormalities later in life, at ages ranging from 11 months to 12
years. Patient #8 has mild intellectual disability and presented
sudden aggressive behavior at 12 years of age. After ﬁndings of
bifrontal discharges in the EEG, treatment with valproic acid
was initiated. Patient #9 underwent LP and EEG at the age of 7
years, because she presented sudden mood changes and severe
aggressive behavior. She had not had apparent clinical seizures
but after the EEG ﬁndings were reviewed, treatment was
attempted; however, ﬁrst with valproic acid, after a year
replaced with clobazam and carbamazepine. An improvement
in behavior was observed. She was diagnosed by multiplex
ligation-dependent probe ampliﬁcation for intellectual disability with Phelan-McDermid syndrome ("22q). The parent’s
genetic results were normal. Patient #2 received treatment
with valproic acid from the onset of epilepsy. At the age of
4 years, the EEG register had worsened presenting multiple
plurifocal discharges. He underwent a LP, that ruled out
GLUT-1 deﬁciency, normal neurotransmitter proﬁle, and PLP
deﬁciency.

Laboratory Findings
Laboratory results regarding plasma and CSF PLP levels and
CSF biogenic amines, are summarized in Table 2. The other
urine, plasma, and CSF biomarkers (sulﬁtes, phosphatase
alkaline activity, amino acids, and glucose) showed normal

results ruling out the diagnosis of metabolic conditions
associated with epilepsy. Five cases had PLP deﬁciency and
patients #1, 8, and 9 had PLP values close to the lowest limit of
the reference range. Patients #2 and 5 presented with CSF PLP
values in the normal range, but owing to their severe neurologic phenotype, a therapeutic attempt was performed.
Because of their positive response, reporting these results was
considered to be of interest.

Clinical Outcomes
Patients’ response to PLP supplementation is summarized in
Table 3 and previous or concomitant treatments. With the
exception of patient #5, all the other patients were treated with
antiepileptic drugs (AED) when the LP was performed. The
anticonvulsant drug most frequently used was PB, although in
patients #4, 6, and 7 treatment was initiated only a few days
before the LP (ranging from 1-7 days). The second drug most
frequently used was valproic acid.
The clinical response to PLP supplementation was diverse.
Patient with Initial Positive Response to PLP
Supplementation: An Evident Initial Improvement Was
Found in Patients #1, 2, 3, 4, and 5
Patient #3 showed a positive improvement in cognitive and
motor functions, as reported by the parents. Unfortunately, he
also showed adverse gastrointestinal side effects (diarrhea) that
prompted us to withdraw treatment. Patient #2 received
supplementary treatment with PLP and when the EEG was
repeated after 5 months of treatment, it disclosed normal
results. During the follow-up, they also reported gastrointestinal adverse effects (vomiting and epigastric pain) and the
treatment was switched to pyridoxine (200 mg/d). The positive effect in the EEG recording was sustained. Later on, he
was found to have a heterozygous mutation in the PNPO gene.
Given that the positive effect of pyridoxine supplementation
was still reported, and that PNPO deﬁciency is a recessive
condition, no further changes in treatment were made. Parental
segregation studies are still pending, but is not likely that this
change is related with the clinical phenotype. Further genetic

Table 2 Laboratory Findings
Laboratory
Plasma

CSF
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Age at LP

PLP

PLP (nmol/L)
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HVA (nmol/L)
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N
L
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N
L
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N
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18 (11-40)
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14 (11-40)
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N
N
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N
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68 (106-316)
94 (106-658)
N
N
N
352 (428-1122)
ND
49 (87-366)
N

N
N
N
N
N
N
328 (658-1434)
ND
N
N

Plasma PLP levels are classiﬁed into N (normal) or L (low) according to our reference intervals. In bold letters are stated the patients with low CSF
PLP. In brackets are indicated our reference values 3-OMD, 3-orthomethyldopa; 5-HIIA, 5-hydroxyindoleacetic acid; HVA, homovanilic acid; N,
normal; L, low; ND, not determined. (Reprinted with permission from Ormazabal et al.8)
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Table 3 Treatment
Patients Treatment
Pharmacologic
P1

Baclofen and carnitine

P2

Folinic acid

P3

Q10

P4
P5
P6
P7
P8
P9
P10

Trihexifenidile
hidrocloruro þ
melatonine þ L-dopa
None
Biotine
Tiamine, biotine
Aripiprazol,
metilphenidat, and
atomoxetine
Risperidone and
levomepromazine

Antiepileptic
drugs

Initial Response to PLP
Treatment

CBZ þ LEV þ PB Less seizures or subjective cognitive
improvement
(VPA
discontinued)
VPA
Normal EEG after 4 months
supplementary initiation
CBZ þ VPA
Adverse efects (gastrointestinal)—
subjective motor and cognitive
improvement
PB since 20 dol Subjective cognitive improvement the
ﬁrst 6 months approximately
No AED
Subjective improvement: less
movement disorders and less sleep
disturbances
PB
No improvement
PB
No improvement
PB
No improvement
VPA
Adverse effects (gastrointestinal)—
no improvement during
supplementation
CBZ þ CLZ
No improvement

Follow-Up
No objective improvement after
almost 2 y follow-up. PLP
discontinued.
Adverse effects (gastrointestinal):
switched to pyridoxine

Discontinued after few months
without evident sustained effect
Adverse effects
(gastrointestinal): liver proﬁle
abnormalities

This table summaries the current treatment during the lumbar puncture, especially if they were on antiepileptic drugs or no. It also shows the initial
response to supplementation with pyridoxal phosphate and their response after 2-y follow-up.
Highlighted in pale gray column, the patients who intially responded to supplementation can be seen.
In bold letters, the patients who initially presented adverse effects o during follow-up can be noted.
CBZ, carbamacepine; CLZ, clobazam; PB, phenobarbital; LEV, levetiracetam; PHT, phenytoin; VPA, valproic acid.

studies would be conducted after the familiar segregation for
this change is completed.
Patients #1, 4, and 5 also demonstrated a clear improvement (Table 3) during the ﬁrst 3-6 months of supplementation. Unfortunately, during the next few months the reports
from the family and from the neurologists changed, and
patients #1 and 4 discontinued their supplementation with
PLP, owing to an unsustained positive effect. Patient #1’s
outcome is of interest, as during the follow-up he presented
an abnormal liver proﬁle related to PLP supplementation
(dose 32 mg/kg/d). He had normal liver aminotransferarses
before treatment initiation, but after 5 months his liver
proﬁle values were as follows: ALT 47 UI/L (N: 2-31), AST
58 UI/L (N: 2-50), and normal GGT. After 2 weeks,
laboratory monitoring showed an increase in these values
(AST 84 UI/L and ALT 86 UI/L), and PLP supplementation
was discontinued. Two weeks after discontinuing treatment,
blood tests showed normal results. No evident side effects
were reported by the family, and physical examinations were
always normal, without any evidence of liver tenderness or
jaundice. His movement pattern worsened slightly after
treatment withdrawal.
Patients Without Any Positive Response to PLP
Supplementation
Patients #6 and 9 presented no clinical improvement and the
treatment was discontinued after 3 months of administering
PLP therapy. Patients #7 and 10 had a very severe clinical

picture with a fatal outcome, despite ongoing PLP treatment
until death. The cause of their epilepsy has still not been found.
Patient #8 also had gastrointestinal adverse effects during the
treatment period, but he showed no clinical changes.
At present, none of the patients continue with PLP
supplementation.

Discussion
After the description of PNPO deﬁcient patients responding to
PLP administration, some other patients with deﬁcient CSF
PLP values with no mutations at the PNPO gene have also been
described.6,15 This increases interest in secondary forms of CSF
PLP deﬁcient status,1,7,16,17 especially for those patients
presenting a different phenotype than primary PNPO deﬁciency.4 Our group of patients presented heterogeneous
clinical phenotypes, although most have epilepsy or show
EEG abnormalities as prominent clinical signs.
One of the most common causes of secondary PLP
deﬁciency was excluded such as malabsorption syndromes.
Besides AED (furthermore discussed in this section), no patient
was under other medication that could easily react with PLP
(those containing amino groups, hydrazines, hydroxylamines,
penicillamine, methylxanthines, and sulfhydryl compounds1).
No patient exhibited clinical signs of hypophosphatasia and
alkaline phosphatase was within the normal range, when
tested. The sulﬁte test in urine was negative for all patients. We
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ruled out the inborn errors of metabolism that cause accumulation of metabolites that can react to PLP such as (1)
hyperprolinemia; all patients showed normal plasma proline
concentrations and (2) pyridoxine-responsive epilepsy (antiquitin deﬁciency); no patients had a neurotransmitter proﬁle
indicating an antiquitin deﬁciency (high CSF 3-OMD and low
CSF 5-HIAA and HVA18). Additionally, peak X was not
present in any of our patients. This peak X, an unidentiﬁed
compound originally described in patients with folinic acid–
responsive seizures,19 is used as a pathognomonic biomarker
for antiquitin deﬁciency.20,21
According to CSF monoamine analyses, no patients showed
the abnormalities typically described for PNPO deﬁciency.4,7
The other CSF biomarkers related to this disease (high glycine,
taurine, histidine, and threonine; and low arginine levels18)
were not altered. Additionally, the genetic PNPO testing (tested
by direct Sanger sequencing or included in a panel for epileptic
encephalopathies) did not show mutations in any of the
patients.
Several hypotheses may explain the different clinical
response to PLP in patients with subtle or even no CSF PLP
deﬁciency. (1) PLP is the essential cofactor for multiple
enzymes, most of them acting in different CNS metabolic
pathways. Thus, neurologic signs associated with a suboptimal
PLP status are expected to be multiple, and diverse. (2) The
antiepileptic effect of PLP through GABA synthesis (as is the
glutamate decarboxylase cofactor). (3) Chaperone activity
demonstrated for PLP may contribute to different therapeutic
beneﬁts,2 and such effects would not be necessarily present
under a PLP deﬁcient status. Furthermore, as observed in other
biomarkers,31 the measurement of CSF PLP probably reﬂects
an average concentration from all brain regions, suggesting that
partial changes that occur in different types of neurons may be
missed. Indeed, different KM values have been demonstrated
for PNPO (KM ¼ 0.0062 mM), AADC (KM ¼ 0.13 mM), and
glutamate decarboxylase (KM ¼ 1.28 mM) (www.brendaenzymes.org). Although this is not the main subject or purpose
of this article, a deep investigation into the potential effect of
AED on CSF PLP status seem advisable. Some studies
regarding this effect have been conducted in adult population
groups,16 and they found decreased plasma vitamin B6
concentrations in those patients treated with inducing AED
(carbamazepine and phenytoin). Also beyond the scope of this

article are the different mechanisms that may lead to a PLP
consumption, such as status epilepticus. Prolonged seizures
have not been reported as a cause of PLP depletion,17 although
it is plausible that in status epilepticus there exists an imbalance
in glutamate and GABA content, and differences in PLP
consumption may appear.
It is also of interest to highlight the remarkable low CSF PLP
values in patients presenting with seizures in the neonatal
period or in the ﬁrst few months of life. A possible hypothesis
would be that the levels are affected by medications such as PB
that enhance GABAergic status. As PLP acts as a cofactor for
GABA biosynthesis and catabolism, PB would induce an
important PLP consumption.
In our patients, response to supplementation differed from
our expectations. In the primary PNPO defect a prompt,
(within a few days) response and complete cessation of clinical
events is expected.22 However, our patients, except patient #2
whose EEG was completely normalized, had a milder, slower
response observed over a period of days or weeks. These
improvements, however slight, made an important positive
effect on the day-to-day routine of these families.
Unfortunately, during the follow-up period, supplementation with PLP was discontinued in all patients. The reasons for
discontinuation are reﬂected in Table 4, but they are mainly
related either to gastrointestinal disturbances or unsustained
efﬁcacy. Particularly worrying is the case of patient #5, who
had evident consequences in his liver enzyme proﬁle. Liver
function tests were normal in all other patients. PLP treatment
may present adverse effects, such as that reported in a newborn
treated with PLP, who showed an unexpected increase in
seizure frequency,23 or an infant with homocystinuria treated
with PLP at a dose of 300 mg/kg/d who showed evidence of
hepatotoxicity.24 Adverse effects such as gastrointestinal and
sensory neuropathy have been scarcely reported, and there is
no evidence about what kind of adverse symptoms are more
frequent.6,17 There are also some similar cases described in the
literature concerning adults, for example, vitamin B6 intoxication after bariatric surgery, presenting mainly liver abnormalities.25 Recently, 2 cases of liver cirrhosis in PNPO patients
have been described.26,27 Still, no clear pathogenesis has been
reported. On one hand, there is a speculation about PLP
treatment being the cause of the cirrhosis and the abnormalities
in liver function tests, resulting in a general recommendation

Table 4 Summary of Reasons for Supplementation Withdrawal
Patients

Reason for Withdrawal

P1
P2
P3
P4
P5
P6
P7
P8
P9
P10

No objective improvement after almost 2 years follow-up.
Adverse effects
Adverse efects
No evidence of sustained effect after some months
Adverse effects
No improvement
No improvement
No improvement
Adverse effects
No improvement

Adverse Effects Speciﬁcation
Gastrointestinal: vomiting and epigastric pain
Gastrointestinal: epigastric discomfort
Liver function tests abnormalities

Gastrointestinal: epigastric discomfort

Highlighted in pale gray column, the patients who intially responded to supplementation can be seen. In the next column, a summary of the reasons
for discontinuating the supplementation is given.

Pyridoxal phosphate supplementation
for treatment with the minimum dose of PLP.27 On the
contrary, an expansion of the PNPO mutation phenotype is
suggested.26 Regardless of the ﬁnal causative factor, it is of
utmost interest to take into account these possible adverse
effects with close liver monitoring and ultrasound when
considering PLP treatment. Another advisable possiblity is
delivering the minimal effective dose (10 mg/kg/d),1,13 or
switching supplementation to pyridoxine once PNPO gene
deﬁciency has been ruled out. Even an initial trial with
pyridoxine instead of PLP might be possible, given that, some
patients with PNPO mutations also respond to pyridoxine.28-30

Conclusion
Among the 5 patients who initially responded to PLP
supplementation, cases with decreased CSF PLP levels and
normal PLP values were detected. Because biochemical or
clinical markers could not be established, the short-term
response to PLP supplementation could not be accurately
predicted. Unlike in patients with primary PNPO defects, there
is no speciﬁc phenotypic proﬁle.
Therefore, it seems advisable to analyze CSF PLP levels in (1)
complex and severe neurologic phenotypes including epileptic
encephalopathies where a LP is done to clarify the underlying
etiology and (2) epileptic syndromes that are unresponsive to
conventional AED treatment.
In all cases, if supplementation with PLP is initiated, we
recommend a close monitoring of liver function tests and liver
ultrasonography. When possible, switching treatment to
pyridoxine is advised. Even considering our reduced sample
size, our negative results with PLP supplementation are worth
considering, especially when you take into account the scarce
scientiﬁc literature about this subject. The positive response to
supplementation after the 2-year follow-up is unsatisfactory,
given the high number of adverse effects for most patients. Our
results could also potentially add furthermore insight to the 2
recently reported cases of liver cirrhosis during PLP treatment.
Additional possible etiologies and mechanisms that could
explain decreased PLP levels in CSF, and when alterations in
liver proﬁle can occur need further deﬁnition; potentially new
phenotypes of primary PLP deﬁciency remain to be described.
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