Published online: 2018-10-29

2 Review Article

Inherited Disorders of Neurotransmitters: Classification
and Practical Approaches for Diagnosis and Treatment

Heiko Brennenstuhl! Sabine Jung-Klawitter! Birgit Assmann! Thomas Opladen’

TDivision of Neuropediatrics and Metabolic Medicine, Department of
General Pediatrics, University Children’s Hospital Heidelberg,

Heidelberg, Germany

Neuropediatrics 2019;50:2-14.

Abstract

Keywords

= inherited monoamine
neurotransmitter
deficiency

= pterin synthesis
defect

= pediatric movement
disorders

= parkinsonism

= dystonia

= L-dopa

Introduction

Address for correspondence Prof. Dr. Thomas Opladen, MD, Division
of Neuropediatrics and Metabolic Medicine, Department of General
Pediatrics, Im Neuenheimer Feld 430, D-69120 Heidelberg, Germany
(e-mail: thomas.opladen@med.uni-heidelberg.de).

Neurotransmitter deficiencies are rare neurological disorders with clinical onset during
childhood. The disorders are caused by genetic defects in the enzymes involved in
synthesis, degradation, or transport of neurotransmitters or by defects in the cofactor
biosynthesis such as tetrahydrobiopterin (BH,4). With the newly described DNAJC12
deficiency, a chaperon-associated neurotransmitter disorder, the pathophysiological
spectrum has been broadened. All deficiencies result in a lack of monoamine
neurotransmitters, especially dopamine and its products, with a subset leading to
decreased levels of serotonin. Symptoms can occur already in the neonatal period.
Classical signs are hypotonia, movement disorders, autonomous dysregulations, and
impaired development. Diagnosis depends on quantitative detection of neurotrans-
mitters in cerebrospinal fluid, since peripheral markers in blood or urine are less
reliable. Treatment is based on supplementation of the missing neurotransmitter
precursors or restoring deficient cofactors for endogenous enzymatic synthesis. In
recent years, knowledge about this orphan group of diseases increased substantially
among clinicians. However, the difficult task of integrating clinical symptoms and
laboratory values still leads to a critical delay in diagnosis and therapy for patients. This
review aims at enhancing the understanding of neurotransmitter disorders and should
help practicing clinicians to choose useful diagnostic steps on the way to a valid
diagnosis.

the following neuron or cell. The binding changes the electrical

Brain function depends on neuronal connections in circuits,
which range in scale from small local neuronal groups to long-
distance projections. Neurons can function in more than one
circuit and communicate with thousands of other neurons
through synapses. In a single human brain, there are roughly
more than 100 trillion synapses.1 The classical synaptic orga-
nization consists of a pre-synaptic neuron which, upon sti-
mulation by an electrical impulse, releases chemical
substances (“neurotransmitter”) stored in the axon from
vesicles into the synaptic cleft. The neurotransmitter binds
to specific receptors located on the postsynaptic membrane of

received

May 2, 2018

accepted after revision
August 22, 2018
published online
October 29, 2018

activity of the postsynaptic neuron, which in turn leads to
further interneuron communication. Subsequently, the stimu-
lus is terminated by degradation or re-uptake of the neuro-
transmitter into the pre-synaptic cell. Synaptic connections
forming neuronal circuitries are highly plastic, constantly
respond to stimulation, and adapt to a changing environment.

The umbrella term “neurotransmitter” subsumes different
types of chemical substances involved in synaptic transmission
from cell to cell within the central (CNS) and peripheral nervous
system (PNS). Neurotransmitters are synthesized in the neuron
and stored within vesicles, are essential for intercellular
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communication, and lay the foundation of basic and complex
biological functions, including muscular movement as well as
neuropsychological development.? Neurotransmitters can be
grouped according to their chemical structure into amino acid
transmitters (glycine, glutamate and y-aminobutyric acid
[GABA]), monoamines/biogenic amine transmitters (with the
subgroup of catecholamines norepinephrine, epinephrine, and
dopamine as well as serotonin), and neuropeptides, classified as
short proteins or polypeptides (for example, the hypothalamic
hormones oxytocin and vasopressin or orexins). Atypical neu-
rotransmitters have either unusual chemical properties or are
less extensively studied and understood. They include the
purinergic neurotransmitters adenosine and adenosine tripho-
sphate (ATP), endogenous cannabinoids and opioids, diffusible
gases-like nitric oxide (NO) and carbon monoxide (CO) and
families of neurotrophic factors and cytokines, and others.’

Inherited disorders of neurotransmitters are rare meta-
bolic diseases caused by impaired biosynthesis, breakdown
or transport of neurotransmitters, or of essential cofactors in
their biosynthesis, such as tetrahydrobiopterin (BH,). They
result in a variety of clinical presentations ranging from late-
onset moderate movement disorders to early-onset lethal
encephalopathies.?

Clinical symptoms occurring in patients with inherited
disorders of monoamine and pterin metabolism often over-
lap with features seen in other neurological syndromes, such
as cerebral palsy or epileptic encephalopathies, which partly
results in significant delayed diagnosis.> Conventional and
functional brain imaging studies are typically normal. Since
tetrahydrobiopterin (BH,) is the essential cofactor not only
for tyrosine hydroxylase (TH) and tryptophan hydroxylases
(TPH) but also for phenylalanine hydroxylase (PAH), hyper-
phenylalaninemia (HPA) can be present already in newborn
screening (NBS), guiding the way to diagnosis. Differential
diagnosis is essentially based upon clinical assessment,
blood tests (plasma and dried blood spots [DBS]), urine
sampling, and cerebrospinal fluid (CSF) investigation. Cor-
rect handling of the specimen to avoid preanalytical errors is
crucial as is the final interpretation of the analyses with
regard to age-adjusted reference values.

This review will focus on primary disorders of monoamine
synthesis, transport, and breakdown. It summarizes the cur-
rent knowledge on diagnostic tools, discusses rational treat-
mentapproaches, and gives an overview on new model systems
for basic research on neurotransmitter-related disorders.

Primary Monoamine Neurotransmitter
Disorders

Monoamine and Pterin Metabolism

The term “monoamine neurotransmitter” refers to a group of
signaling molecules derived from aromatic amino acids. This
group includes the catecholamines dopamine, adrenalin, and
noradrenalin which are synthesized in dopaminergic and
noradrenergic neurons. Synthesis starts with hydroxylation
of L-phenylalanine and L-tyrosine by the BH4-dependent
PAH in the liver and TH in the adrenal gland and pre-synaptic
neurons, respectively, followed by decarboxylation of L-Dopa
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to dopamine by aromatic amino acid decarboxylase (AADC).
In noradrenergic neurons and the adrenal medulla, dopa-
mine-B-hydroxylase (DBH) catalyzes the conversion of dopa-
mine to noradrenalin. In a similar fashion, TPH converts L-
tryptophan to 5-hydroxytryptophan (5-HTP) which is then
decarboxylated to its active metabolite serotonin by AADC.
The role of DNAJC12, a heat shock co-chaperone of the HSP40
family, still needs to be elucidated. While an interaction with
PAH has been identified, the suspected influence on TH and
TPH is based on in silico studies (~Fig. 1).4°

BH,is an essential cofactor for PAH, TH, and TPHs. In addition,
it plays a crucial role in the formation of nitric oxide by nitric
oxide synthases (NOS). It is synthesized from GTP in the
following three distinct steps: (1) GTP cyclohydrolase I (GTPCH)
converts GTP to 7,8-dihydroneopterin triphosphate (BH,) which
represents the rate-limiting step in BH4 synthesis; (2) 6-pyr-
uvoyltetrahydropterin synthase (PTPS) catalyzes the conversion
of BH, to 6-pyruvoyltetrahydropterin; and the last step is
catalyzed by (3) sepiapterin reductase (SR) via NADPH-depen-
dent reduction of 6-pyruvoyltetrahydropterin to BH4 (~Fig. 1).

Primary monoamine neurotransmitter disorders can
thereby be clustered into five distinct subgroups: (1) disorders
of BH, synthesis or recycling with or without hyper-
phenylalaninemia, (2) primary enzyme defects in monoamine
biosynthesis, (3) monoamine catabolism disorders (4) mono-
amine transporter defects, and (5) chaperon-associated dis-
orders (~Table 1).

BH, Cofactor Deficiencies without
Hyperphenylalaninemia

Autosomal Dominant GTPCH | Deficiency (Segawa
Disease, Dopa-Responsive Dystonia, DYT5a, DYT|
PARK-GCH1)’

A deficiency of GTPCH I results in reduced BH, availability, and
subsequently, because of its role as the cofactor for TH and TPH,
in decreased levels of dopamine and serotonin. With an
incidence of 0.5 per 100.000 people, it is a rare condition
caused by dominant mutations in the GCH1 gene.®° The same
mutation in GCH1 can cause a wide phenotypic spectrum.10
Key symptoms usually present within the first decade of life
revealing dystonia of the lower extremities that asymmetri-
cally progresses to the other limbs. Symptoms can show a
circadian fluctuation with worsening during the day and
improvement of the symptoms after sleep.®" “Parkinsonian”
symptoms such as tremor, bradykinesia, and impaired fine
motor skills can be present, especially evolving later in the
course due to insufficient treatment.'? Neuropsychiatric man-
ifestations such as sleep disturbance, anxiety, or depression are
more and more included in the clinical phenotype of Segawa
disease, yet, intellectual development is affected only in a small
subset of patients.'*> Levodopa/carbidopa supplementation
drastically improves, often even reconstitutes motor function,
thereby having therapeutic and diagnostic value. Clinical het-
erogeneity and resemblance to disorders such as cerebral palsy
often substantially delays diagnosis of GTPCH deficiency
(GTPCH-D)."* However, long-term prognosis correlates with
early diagnosis and treatment initiation."
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Fig. 1 Pathways of neurotransmitter and biopterin synthesis, degradation, and recycling. 5-HIAA, 5-hydroxyindoleacetic acid; 5-HIAL, 5-
hydroxyindoleacetaldehyde; BH,, tetrahydrobiopterin; DHPR, dihydropterine reductase; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-
dihydroxyphenylacetaldehyde; DTDS, dopamine transport deficiency syndrome; GTP, guanosine-5'-triphosphate; HVA, homovanillic acid;
MOPG, methoxylhydroxyphenylglycol; PLP, pyridoxal 5'-phosphate; PTP, 6-pyruvoyltetrahydropterin; qBH2, quinonoid dihydrobiopterin; VLA,
vanillyllactic acid; VMA, vanillylmandelic acid; VMAT 2, vesicular monoamine transporter

Sepiapterin Reductase Deficiency (DYT|PARK-SPR)

SR deficiency is a very rare autosomal-recessive disorder,
caused by mutations in the SPR gene.'® So far, 16 mutations
in ~50 patients suffering from SR deficiency (SR-D) have been
published.'”-'® Onset of the disease is usually during early
childhood starting from 7 months of age. Symptoms can
change over time. The early phenotype includes axial hypo-
tonia, developmental delay of motor functions, and psychiatric
symptoms such as increased irritability, behavioral problems,
and oculogyric crises.'®?0 Later, the phenotype changes
toward dystonia with apparent circadian rhythm.?' In contrast
to GTPCH-D, the vast majority of SR-D patients show signs of
cognitive learning disabilities.'”?2 Recently, endocrinological

Neuropediatrics  Vol. 50 No. 1/2019

disturbances such as hypoglycemia and growth-hormone
deficiency were identified as early symptoms of dopamine
depletion in SR-D.”> Diagnosis of these disorders may be
challenging as early signs may be nonspecific and mimic
cerebral palsy. In infants, dystonic spasms and oculogyric
crises are often misinterpreted as epileptic activity resulting
in frequent delayed or misdiagnoses.'” Since phenylalanine
(PHE) levels are normal in NBS, diagnosis of SR-D relies on CSF
neurotransmitter analysis typically revealing low homovanil-
lic acid (HVA) and 5-hydroxyindoleacetic acid (5-HIAA) with
elevated concentrations of sepiapterin and BH, (or total biop-
terin). Urine sepiapterin excretion can serve as a peripheral
diagnostic marker for sepiapterin deficiency.?* This, however,
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Table 1 Overview of the treatment approach of selected inherited neurotransmitter disorders

Disorder Enzyme/[protein | OMIM/ | Inheritance | Therapy
deficiency Orphat
Co-chaperone DNAJC12 OMIM: | AR BH4 1-10 mg/kg/d titrated according to Phe levels; L-Dopa
defects 606060 starting at 1 mg/kg/d titrated up to 10 mg/kg/d combined
with carbidopa in 4:1 ratio; consider 5-HTP starting at
1 mg/kg/d titrated up to 10 mg/kg/d.
Biopterin SR OMIM: | AR L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
synthesis/ 612716 combined with carbidopa in 4:1 ratio, 5-HTP starting at
recycling 1 mg/kg/d titrated up to 8 mg/kg/d, consider selegiline®
defects 0.03 to 0.2 mg/kg/d
AD-GTPCH OMIM: | AD L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
233910 combined with carbidopa in 4:1 ratio,
AR-GTPCH OMIM: | AR L-Dopa starting at 1 mg/kg/d titrated up to 10 mg/kg/d
233910 combined with carbidopa in 4:1 ratio, 5-HTP starting at
1 mg/kg/d titrated up to 6 mg/kg/d, BH4; 1 to 10 mg/kg/d
titrated according to Phe levels
PTPS OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d
261640 combined with carbidopa in 4:1 ratio, 5-HTP starting at
1 mg/kg/d titrated up to 8 mg/kg/d, BH4 1 to 10 mg/kg/d
titrated according to Phe levels
DHPR OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d,
261630 5-HTP starting at 3 mg/kg/d titrated up to 11 mg/kg/d,
phenylalanine level control only by dietary measures, folinic
acid 10-20 mg/d
PCD OMIM: | AR Consider BH, titrated according to Phe levels, early screening
264070 for diabetes
Primary TH OMIM: | AR L-Dopa starting at 0.5-1 mg/kg/d titrated up to 10 mg/kg/d
neurotransmitter 605407 combined with carbidopa in 4:1 ratio, selegiline®
synthesis defects 0.1-0.4 mg/kg/d (max. dose 10 mg/d)
AADC OMIM: | AR Dopamine agonists: pramipexole BASE 5-10 pg/kg/d
608643 (max. 75 pg/kg/d), ropinirole 0.25 mg/d (max. 24 mg/d),
transdermal rotigotine 2 mg/d, increased weekly up to
8 mg/d, bromocriptine 0.1 mg/kg/d up to 0.5 mg/kg/d
MAQ inhibitors: selegiline® 0.1 mg/kg/d increase every two
weeks up to 0.3 mg/kg/d, tranylcypromine 0.1 mg/kg/d
increase every two weeks up to 30 mg/d
Co-factors: pyridoxine 100 to 200 mg/d, pyridoxal
5'-phosphate 100 to 200 mg/d
Monoamine SLC6A3 OMIM: | AR Pramipexole BASE 5 to 40 pg/kg/d, ropinirole 0.5 to 4 mg/d,
transportopathies | (DTDS) 613135 transdermal rotigotine 6 mg/kg/d
SLC18A2 Orpha: | AR Pramipexole BASE 5 to 40 pg/kg/d
(VMAT2) 352649
Monoamine MAOA/MAOB OMIM: | X-linked SSRI have shown beneficial effect in mice, no data for humans
catabolism 309850 available
disorders : - - - -
DBH OMIM: | AR Droxidopa used in adults as 100 mg 3 x daily to a maximum
609312 dose of 600 mg 3 x daily; no data for pediatric use available

Abbreviations: 5-HTP, 5-hydroxytryptophan; AADC, aromatic L-amino acid decarboxylase; AD, autosomal-dominant; AR, aautosomal-recessive; BHy,
tetrahydrobiopterin; DBH, dopamine B-hydroxylase; DHPR, dihydropterine reductase; DTDS, dopamine transport deficiency syndrome; GTPCH,

guanosine-5'-triphosphate cyclohydrolase; MAO A/B, monoamine oxidase A/B; n.s., non-specific changes; PCD, pterin-4a-carbinolamine dehydra-
tase; PTPS, 6-pyruvoyltetrahydropterin synthase; SR, sepiapterin reductase; SSRI, selective serotonin reuptake inhibitor; TH, tyrosine hydroxylase;

VMAT2, vesicular monoamine transporter 2.

Please note: The dosages given are the range which is usually applied and has been published. In individual patients, some adaptations and variations
might be reasonable. For example, in autosomal dominant GTPCH1 deficiency, usually between 4 and 7 mg/kg/d of L-dopa are sufficient to stop the
movement disorder. In these cases, L-dopa should not be increased further. On the other end of the spectrum in severe dopamine deficiency, patients
may not tolerate more than 5 to 7 mg/kg/day. Some more hints how to decide about dosage and pace of increments are given in the text.

?Dosing for sublingual selegiline preparation can differ.
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necessitates special techniques since sepiapterin is not
detected with the standard ultraviolet (UV) absorption
wavelength.

The cornerstone of treatment is supplementation of neu-
rotransmitter precursors L-dopa and 5-HTP combined with
inhibition of peripheral decarboxylation (e.g., carbidopa).
Carbidopa helps to increase the amount of available L-dopa
in the CNS by blocking peripheral decarboxylation and
should be used in a 4:1 (or 10:1) ratio to L-dopa. Additional
agents including serotonin re-uptake inhibitors (SSRI), dopa-
mine agonists, monoamine oxidase (MAO) inhibitors dopa-
mine/noradrenaline re-uptake inhibitors, and melatonin
have been shown to have some benefit in individual cases.!”

BH, Cofactor Deficiencies with
Hyperphenylalaninemia

Autosomal Recessive GTPCH | Deficiency (DYT|PARK-
GCH1)
Compound heterozygous or homozygous mutations in GCH1
lead to a more severe form of GTPCH-D, which usually
presents in the early neonatal period showing a complex
neurological phenotype. Truncal hypotonia, neonatal rigid-
ity, dystonia parkinsonism features, and oculogyric crisis can
be first clinical signs. HPA is present in most cases and can be
detected in NBS. However, this important diagnostic marker
is not mandatory for this form of GTPCH-D.%>-%®

Treatment of AR-GTPCH-D relies on supplementation of L-
dopa/carbidopa, which should be titrated very slowly
(=Table 1). Required doses to achieve good motor function
are usually much higher in AR-GTPCH-D than in AD-GTPCH-
D. Administration of 5-HTP has been proven to increase
serotonin levels and reduce psychiatric symptoms. The use
of BH,4 is widely discussed, since it only affects the HPA, while
leaving the central dopaminergic pathway unaffected.
Furthermore, high doses of BH, are needed to achieve
adequate levels in CSF and symptom-relief is only mild.
Therefore, currently we do not support the use of BHy in
AR-GTPCH-D to improve dopaminergic symptoms, but it can
be applied to control HPA.

6-Pyruvoyltetrahydropterin Synthase Deficiency
(DYT|PARK-PTS)

PTPS deficiency (PTPS-D) caused by mutations in the PTPS gene
represents the most frequent disorder of BH4 synthesis accom-
panied by HPA? Residual enzyme activity creates a variety of
phenotypes ranging from mild forms with normal neurological
development to severe forms with hypotonia, a complex move-
ment disorder dominated by dystonia or dystonia parkinson-
ism, epileptic seizures, and mental retardation.?’~2° High levels
of plasma phenylalanine are usually detected in NBS leading to
early diagnosis,?® thereby making early treatment a key strat-
egy to preserve neurological function.

Again, supplementation of neurotransmitter precursors
with inhibitors of peripheral decarboxylation is indispensa-
ble in most cases. BH4 supplementation can restore hepatic
PAH function and achieve normal blood phenylalanine levels.
Single PTPS-D patients might benefit from BH, monotherapy,
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yet again, high doses (up to 30 mg/kg/d) of peripherally
administered BH, are necessary to achieve adequate con-
centrations in the CNS.3

Dihydropteridine Reductase Deficiency (DYT|PARK-
QDPR)

During hydroxylation of amino acids by amino acid hydro-
xylases, BH, is oxidized to pterin-4a-carbinolamine. The
subsequent regeneration of BH,4 by dihydropteridine reduc-
tase (DHPR) and pterin-4a-carbinolamine dehydratase (PCD)
ensures a continuous supply of reduced cofactor and pre-
vents accumulation of harmful metabolites (~Fig. 1).3°

Dihydropteridine reductase deficiency (DHPR-D) is caused
by mutations in the QDPR gene.'® Although the primary BH,
biosynthesis pathway is intact, the clinical course is usually
worse compared with primary BH,4 synthesis defects and can
be associated with poor prognosis.31’32 Accumulating 7,8-
dihyrobiopterin and subsequent blockage of catecholamine
and serotonin production in the central nervous system,
uncoupled NOS, and 5-methyltetrahydrofolate (5-MTHF) for-
mation contribute to the pathophysiology.zg’33‘35

DHPR-D patients show early symptoms including feeding
problems during neonatal period, hypersalivation, microce-
phaly, and developmental delay. During infancy, truncal
hypotonia with a complex movement disorder with predo-
minating dystonia parkinsonism and tremor, as well as
seizures often contribute to the phenotype.> HPA in NBS
should lead to further assessment of DHPR activity in blood
cells. In DHPR-D, CSF analysis can reveal reduced concentra-
tions of serotonin and dopamine metabolites HVA and 5-
HIAA as well as low levels of 5-MTHF. Genetic testing for
QDPR should be used to confirm diagnosis.

Treatment is based on neurotransmitter precursor repla-
cement similar to other BH, biosynthesis defects. In contrast,
BH,4 supplementation is still controversial since an increased
accumulation of potentially harmful 7,8-dihydrobiopterin as
a consequence of BH,4 treatment has been discussed. There-
fore, currently only a phenylalanine-restricted diet is recom-
mended to handle HPA associated with DHPR-D.3® Low CSF
folate levels should be corrected by administration of folinic
acid, which has been shown to increase L-dopa levels in the
brain.3” After the beginning of treatment, follow-up visits
should initially be done every 3 to 6 months and later at least
once per year including clinical evaluation and neuropsy-
chological assessment, weight-related dosage adjustment
and determination of biogenic amines, pterins, and folate
metabolites in CSF.>

Pterin-4a-carbinolamine Dehydratase deficiency

PCD is the second enzyme in BH4 regeneration catalyzing the
dehydration of pterin-4a-carbinolamine to quinoid dihy-
dropteridine which rearranges nonenzymatically to 7,8-
dihydrobiopterin. PCD deficiency (PCD-D) is based on muta-
tions in PCBD1 and results in mild HPA in NBS. Diagnosis can
be confirmed by high urine levels of 7-biopterin (primap-
terin).38 The absence of severe neurological symptoms is a
main characteristic of this disease. PCD deficiency is pre-
dominantly considered to be a transient and benign form of
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HPA more than a neurotransmitter disorder. While in the
past, treatment consisted of dietary measures, today BH,4
supplementation is used as a therapeutic strategy.
Interestingly, PCD is described to be a dimerization cofac-
tor for hepatocyte nuclear factor 1(HNF1).3° Mutations in
PCBD1 cause reduced transcriptional activity of HNF1 and
are associated with impaired development of liver and
pancreatic cells causing early-onset diabetes. 041

Primary Enzyme Defects in Monoamine
Biosynthesis

Tyrosine hydroxylase Deficiency (Dopa-Responsive
Dystonia, DYT5b, DYT|PARK-TH)
TH deficiency (TH-D)is based on mutations in the TH gene with
unknown prevalence. TH catalyzes the rate-limiting step of
dopamine synthesis. Malfunction of the enzyme results in
isolated catecholamine deficiency. The clinical presentation
resembles those seen in disorders of BH, biosynthesis: dysto-
nia parkinsonism, ptosis, oculogyric crises, as well as nonspe-
cific features such as developmental delay and signs of
autonomic dysfunction.*? Patients can be grouped into a
more frequent type A (mild-to-moderate phenotype) and a
type B (severe form) according to the severity of the clinical
features showing a continuum in between.*> While type A
patients present with the above-mentioned symptoms, type B
patients usually show early neonatal onset encephalopathy,
growth retardation, a more hypokinetic rigid than dystonic
movement disorder and severe developmental delay.*>*3
Diagnosis is based upon low CSF concentrations of HVA and
3-methoxy-4-hydroxyphenylglycol (MHPG), with a concur-
rent normal concentration of 5-HIAA and a low HVA/5-HIAA
ratio. CSF HVA levels are helpful in determining L-dopa respon-
siveness and can in addition to the clinical symptoms be used as
follow-up marker under L-dopa/carbidopa supplementation.
However, there is no clear recommendation for CSF follow-up
investigations. Instead clinical assessment with standardized
test forms, for example Gross Motor Function Measure
(GMFM), can be used to assess therapeutic success.*24
Therapeutic L-dopa/carbidopa replacement is the key
treatment in TH-D. TH-D patients are highly sensitive to L-
dopa treatment. The more pronounced the dopaminergic
deficiency is, the more likely even small doses of L-dopa can
lead to overstimulation causing tremendous side effects,
such as dyskinesia, nausea, and vomiting. This phenomenon
could lead to the incorrect assumption that L-dopa exhibits
direct toxicity. In patients presenting symptoms of hyper-
responsiveness, the dosage of L-dopa should only be lowered
until vanishing of side effects can be seen. Patients with poor
response to L-dopa/carbidopa or important fluctuations (in
general, patients with severe enzyme deficiency) can benefit
from additional treatment with MAO inhibitors such as the
MAO-B inhibitor selegiline or dopaminergic receptor ago-
nists (~Table 1).4>40

Aromatic L-Amino Acid Decarboxylase Deficiency
AADC deficiency (AADC-D) results from mutations of the DDC
gene. AADCD incidence is unknown; however, there is a
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higher prevalence in the Asian population.*’ The clinical
phenotype of AADC deficiency is based on a combined absence
or reduction of serotonin and catecholamines. Symptoms can
hardly be distinguished from other neurotransmitter deficien-
cies and pterin synthesis defects, yet autonomous dysregula-
tion can be seen more often in AADCGD than in the
aforementioned disorders. Many patients present with tem-
perature instability, sweating, nasal congestion, insomnia, or
irritability.*3->° Developmental delay and progressive extra-
pyramidal movement disorder with predominating dystonia
parkinsonism are seen frequently in this patient group.51 Inthe
CSF, HVA, and 5-HIAA show dramatically decreased concen-
trations combined with elevated levels of 3-orthomethyldopa
(3-OMD, a product of L-dopa methylation), levodopa, and 5-
HTP. Due to impaired catecholamine synthesis, the specific
degradation metabolite and intermediate vanillyl acetate can
be found by analysis of organicacids in urine. It should be noted
that pyridoxine 5'-phosphate deficiency (PNPO) leads to a
deficiency of pyridoxal 5'-phosphate which is a co-factor of
AADC and therefore can mimic the metabolic profile of AADC-
D with low urinary vanillylactate.*>>> Measurement of cate-
cholamine concentration in urine is not useful since the kidney
usually displays high residual AADC enzyme activity leading to
normal or elevated levels of urinary dopamine.53 A recent
publication describes plasma levels of 3-methoxytyrosine (3-
MT) as a viable biomarker for AADG-D.>* Confirmation of the
causative enzyme deficiency is best achieved by enzyme
activity assay in plasma and helps to distinguish from PNPO
deficiency.”

For the treatment of AADC-D, a consensus guideline was
recently published, nevertheless, treatment response is often
disappointing.56 First-line treatment consists of dopamine
agonists activating postsynaptic dopamine receptors and/or
MAO inhibitors preventing the breakdown of dopamine and
serotonin, thereby increasing monoamine availability. Pyri-
doxal phosphate (PLP), the active form of pyridoxine, is a
cofactor of AADC and supplementation might increase the
residual activity of the AADC enzyme.>® Current clinical trials
examine the administration of an adeno-associated virus
(AAV)vector containing the human gene for the AADC enzyme
into patient’s putamen. While preliminary data revealed sig-
nificant improvements in motor performance, long-term data
have to be further evaluated and discussed.”” In rare cases with
variants present at the L-dopa binding site of DDC, a sustained
effect of L-dopa was seen. This effect was attributed to a
decreased binding affinity of AADC for the substrate, which
was overcome by administration of high L-dopa doses.”®

Disorders of Monoamine Catabolism

Monoamine Oxidase (MAO-A|MAO-B) Deficiency

The two isoenzymes monoamine oxidases A and B, located in
secretory neurotransmitter vesicles, are key enzymes respon-
sible for oxidative deamination of catecholamines, dopamine,
serotonin, and several xenobiotics (~Fig. 1).>° Both genes for
MAOA and MAOB are located at region Xp11.23 making this a
rare X-linked condition with unknown prevalence. Whereas
isolated MAO-B deficiency does barely reveal a clinical
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phenotype, isolated MAO-A deficiency is associated with
mental retardation and severe behavioral abnormalities
including repeating aggressive and violent outbursts.% Auton-
omous dysregulation including flush and diarrhea were
reported.®” Combined MAO-A and MAO-B deficiency leads
to mental retardation, sporadic episodes of hypotonia, stereo-
typical movements, and epilepsy.®?

Biochemical features are high levels of blood serotonin and
high levels of MAO-A substrates such as normetanephrine and
3-methoxytyramine in urine while products of MAO-A oxida-
tion in CSF including HVA, MHPG, and 5-HIAA show reduced
levels.’®3-%5 Enzymatic measurement of MAO-A activity can
be done in dexamethasone-stimulated fibroblasts and for
MAO-B in platelets.5>%° So far, no specific treatment is avail-
able for MAO deficiency. In mouse models, symptomatic
treatment with SSRI has been shown to reduce aggressive
behavior and might be a feasible option for human treatment.%

Dopamine-B-hydroxylase Deficiency
Dopamine-B-hydroxylase Deficiency (DBH-D), encoded by
the DBH gene, is a membrane-bound intravesicular enzyme
catalyzing the conversion of dopamine to norepinephrine in
presynaptic secretory vesicles. DBH deficiency represents a
very rare disease with ~20 cases worldwide.®’ Malfunction
of the enzyme results in decreased sympathetic noradrener-
gic signaling while parasympathetic signaling remains unaf-
fected. This regulatory imbalance results in syncopal
episodes due to profound orthostatic hypotension combined
with ptosis and is usually developing during late childhood.%”
Characterization of DBH ~ /~ mice pointed toward an effect of
DBH function on glucose homeostasis due to reduced sym-
pathetic inhibition of insulin secretion.’® The phenotypic
spectrum was therefore expanded, when Arnold et al exam-
ined a DBH deficient patient with hyperinsulinemia,
increased glucose-triggered insulin secretion, and peripheral
resistance toward insulin.?®

Reduced or absent levels of norepinephrine and epinephr-
ine in blood with simultaneously elevated dopamine levels
are biochemical findings in DHB-deficient patients.’® Drox-
idopa, a synthetic amino acid precursor of norepinephrine, is
shown to cross the blood-brain barrier and can be utilized by
AADC to generate dopamine, thereby improving orthostatic
hypotension.®’

Recently, two families with orthostatic hypotension with
similar biochemical findings to DBH deficiency, yet normal
DBH activity and normal DBH gene, were identified and further
characterized.”! Genetic analysis revealed biallelic mutations
in the CYB561 gene, encoding for cytochrome b561 protein.
CYB561 functions as a trans-membrane electron carrier on
catecholamine secretory vesicles and maintains the redox
state between cytosolic and intravesicular ascorbic acid, which
is required by DBH for proper enzyme functionality.”’

Monoamine Transporter Defects

Dopamine Transporter Deficiency Syndrome
The termination of intercellular communication is a highly
orchestrated process. Termination relies on degradation of the
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neurotransmitter within the synaptic cleft or re-uptake into
the presynaptical neuron. This re-uptake is achieved by trans-
membrane transporter proteins such as solute carrier family 6
encoded by SLC6A3. If dopamine cannot be removed from the
synaptic cleft, it accumulates in the synaptic cleft and activates
post-synaptic D2 receptors, which first lead to overactivity of
dopaminergic signaling (hyperkinesia and sleep disturbance)
as well as presynaptic D2 synthesis-regulating autoreceptors
(D3), which most probably decreases dopamine synthesis in a
negative feedback-loop earlier or later in the course.”?

Movement disorders develop during early childhood with
axial hypotonia and a variable clinical picture which may be
predominantly choreatiform, dystonic, or consist of dystonia
parkinsonism in the beginning. Over time, hyperkinetic fea-
tures shift toward parkinsonian symptoms such as tremor,
bradykinesia, and hypomimia. Eye movement disorders are
often observed and mostly consist of ocular flutter, saccade
initiation failure. In some patients, oculogyric crises occur.
Neurodevelopmental milestones are hardly achieved; how-
ever, cognitive impairment is usually mild compared with
motor deficiencies.”>’* Besides, dopamine transporter defi-
ciency syndrome (DTDS) of early infancy, a later-onset subtype
correlating with higher residual transporter activity, was
recently described. This subtype is characterized by juvenile-
onset parkinsonism with dystonia, progressive bradykinesia,
and rigidity with an overall milder disease course. This is most
likely based on residual transporter activity hinting toward a
substantial genotype—phenotype correlation of DTDS.”*

Diagnosis can be established by CSF analysis showing a
combination of raised levels of HVA with normal 5-HIAA
levels, resulting in an increased HVA/5-HIAA ratio (>4.0;
refErence range: 1.0-4-0) and a normal pterin profile.”?
Molecular genetic testing for homozygous/compound het-
erozygous mutations of SLC6A3 confirms the diagnosis.
While laboratory findings are similar for the late-onset
subtype, clinical prognosis is unclear.

DTDS relies on symptomatic treatment rather than a cau-
sative approach. Dopamine agonists showing high affinity to
presynaptic autoreceptors, such as pramipexole and ropinir-
ole, are recommended as expert consensus.”> Transdermal
rotigotine has been shown to improve symptoms in one case. 8
Dystonia can also be treated with anticholinergic drugs, such
as trihexyphenidyl, oral baclofen, or benzodiazepines. Overall,
the effect of treatment is less pronounced than in, for example,
TH-D or distinct pterin-pathway defects.

Vesicular Monoamine Transporter 2 Deficiency

Vesicular monoamine transporter 2 (VMAT2) is encoded by
the gene SLC18A2 and plays a pivotal role during dopamine
loading of presynaptic vesicles. Initially, eight affected indi-
viduals from one family have been published revealing
symptoms similar to AADC-D with early childhood develop-
mental delay, delayed achievement of developmental goals,
axial hypotonia, and oculogyric crises as well as bulbar
dysfunction and parkinsonian features developing during
early adulthood.”® Due to a simultaneous deficiency of
catecholamines, autonomic disturbance such as sweating,
profuse nasal, and oropharyngeal secretions and postural
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hypotension have been described. Likewise, reduced levels of
serotonin lead to psychiatric disturbances, such as insomnia
and depression.”® CSF findings are not suitable for diagnosis,
but patients present low blood serotonin levels.”” However,
in cases of high clinical suspicion, genetic testing of SLC18A2
is mandatory.

While L-dopa/carbidopa worsened symptoms in VMAT2
deficiency, pramipexole helped to achieve a significant
symptom relief with improvement in parkinsonian features
and reduced frequency of dystonic attacks.”®’8

Chaperon-Associated Neurotransmitter
Disorders

DNAJC12

DNAJC12 encodes a heat shock co-chaperone of the HSP40
family which has been shown to interact with PAH and at least
in silico with TH and TPH.* Recently, biallelic mutations in
the DNAJC12 gene have been identified in six individuals of
four families with HPA, serotonin and dopamine deficiency
and missing mutations in genes encoding enzymes of neuro-
transmitter synthesis or pterin metabolism. The affected
individuals showed a broad spectrum of clinical symptoms
including dystonia, speech delay, axial and limb hypertonia,
parkinsonism as well as psychiatric features.”® Until today,
around 20 patients have been described presenting with very
mild or even absent neurological symptoms.80 An additional
phenotype with slowly progressing parkinsonism in the pre-
sence of mild intellectual disability and no dystonic features at
disease onset in adolescence broadens the spectrum of
DNAJC12 mutations.?" In all patients, HPA was detected during
NBS. Diagnosis for known primary neurotransmitter deficien-
cies or BH4 metabolism disorders could not be confirmed by
standard procedures. CSF pattern in DNACJ12-D shows
decreased 5-HIAA and HVA concentrations with normal or
elevated levels of biopterin.

Treatment should be initiated early and consists of admin-
istration of the monoamine neurotransmitter precursors L-
dopa/carbidopa and 5-HTP in combination with BH4
supplementation.

General Remarks to Symptoms Seen in
Neurotransmitter Deficiencies

The inherited dopamine deficiency resembles the most pro-
minent contributor to the clinical phenotype of neurotrans-
mitter deficiencies. Symptoms of the individual dopaminergic
defects are primarily depending on the degree of dopamine
deficiency. Very mild TH-D may show a “Segawa-like-pheno-
type,"82 which is usually found in autosomal dominant GTPCH
deficiency (with high residual enzyme activity), whereas
autosomal recessive (AR) GTPCH deficiency (with low residual
enzyme activity) is clinically indistinguishable from other
pterin defects—especially in young children. Nevertheless,
some features are also found more often or typically according
to the underlying biochemical defect. In DHPR-D, for example,
microcephaly, intracranial calcifications and epilepsy may
complicate the clinical course 8384
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The picture of untreated severe dopamine deficiency
comprises severe truncal hypotonia in infants with the
progressive development of dystonia and parkinsonian fea-
tures in the limbs as well as oculogyric crises. Dystonia may
include myoclonic elements. Autonomous dysregulation can
lead to ptosis and miosis, and sometimes distal choreatiform
movements (including tongue) or tremor may be seen.
Serotonin deficiency manifests in a less obvious manner,
but presumably contributes to vegetative symptoms caused
by autonomous dysregulation such as, for example, abnor-
mal sweating. In some patients, psychiatric symptoms, such
as sleep disturbances and depression, are attributed to
serotonin deficiency. However, serotonin deficiency prob-
ably also directly contributes to the development of dystonia
due to a dysregulation of serotonergic neurotransmission in
the dysfunctional basal ganglia network involved in dysto-
nia.®> ~Fig. 2 highlights key symptoms found in children
with neurotransmitter deficiencies. Identification of these
symptoms in pediatric patients should result in further
testing according to the following chapter.

Practical Approaches for Diagnosis and
Treatment

Useful Diagnostic Tools|Algorithms
Since there is no specific peripheral marker available and
since imaging studies typically look normal, diagnosis of
neurotransmitter deficiencies relies on determination of
distinct neurotransmitters or their respective degradation
or precursor products in CSF. Nevertheless, since this specific
analysis is limited to very few laboratories worldwide requir-
ing a standardized protocol and pre-analytical measures
(including transport on dry ice), any other differential diag-
noses in a patient with suspicious muscular hypotonia or
movement disorders should be considered before perform-
ing a lumbar puncture. In every patient with HPA, dried
blood spots should be used for measurement of pterins and
DHPR activity. In patients with suspicious clinical presenta-
tion and absence of HPA, determination of sepiapterin in
urine can be considered.?* An elevated prolactin level is one
of the few peripheral markers pointing to a central dopami-
nergic deficiency. However, physical or emotional stress
during sample collection can result in falsely high prolactin
levels and therefore might be misinterpreted (e.g., due to
distressed children in a hospital setting). Whole blood ser-
otonin can be another useful peripheral marker and has been
documented to be diminished in BH, disorders, AADC-D, SR-
D, and VMAT2.”7:8¢ Again, the sensitivity of this parameter
has not been documented in a greater series of patients.
CSF samples are still gold standard for the diagnostics of
neurotransmitter disorders. Samples must be collected in
close cooperation with the respective metabolic laboratory.
CSF should be collected through a standardized lumbar
puncture protocol under best clinical conditions. Samples
must be acquired in adequate amounts and frozen immedi-
ately and should be stored at -70°C, on dry ice or in liquid
nitrogen to preserve the metabolites. Certain pterin species
are unstable and very sensitive to UV-light; thus, samples
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Fig. 2 Diagnostic flowchart for evaluation of inherited neurotransmitter diseases. Overview of the primary symptoms of inherited
neurotransmitter diseases and a diagnostic flowchart for the analysis of blood, urine, and CSF. () DNAJC12 encodes a heat shock co-chaperone of
the HSP40 family which has been shown to interact with phenylalanine hydroxylase, tyrosine hydroxylase, and tryptophan hydroxylase
catalyzing the respective hydroxylation. (**) Elevated plasma levels of prolactin can be detected most probably due to central deficiency of
dopamine due to its role as an inhibitor of prolactin release. (Q) High levels of phenylethylamine in urine are only detected in MAOB deficient
patients. (#) Atypical presentations with normal Phe levels are possible. 3-OMD, 3-O-methyldopa; 5-HIAA, 5-hydroxyindoleacetic acid; 5-MTHF,
methyltetrahydrofolate, AADC, aromatic L-amino acid decarboxylase; BH,, 7,8-dihydroneopterin triphosphate; BH,, tetrahydrobiopterin; DBS,
dried blood spot; DHPR, dihydropterine reductase; DTDS, dopamine transport deficiency syndrome; GTPCH, Gganosine-5'-triphosphate
cyclohydrolase; HVA, homovanillic acid; MAOA/B, monoamine oxidase A/B; MHPG, 3-methoxy-4-hydroxyphenylglycol; n.s., non-specific
changes; PCD, pterin-4a-carbinolamine dehydratase; Phe, phenylalanine; PTPS, 6-pyruvoyltetrahydropterin synthase; SR, sepiapterin reductase;

TH, tyrosine hydroxylase; VMAT 2, vesicular monoamine transporter 2

should be treated with antioxidative chemicals, special pre-
servatives and stored in the absence of light. As there is a
craniocaudal gradient in the concentrations of HVA and
5-HIAA, measurements should be performed in a standar-
dized CSF volume fraction.®® The CSF analyses should always
include pterins, 5-MTHF, and amino acids. According to the
neurotransmitter pattern, sepiapterin analysis in CSF can be
added. For all neurotransmitter disorders, biochemical find-
ings can be confirmed by molecular genetic studies.

New technologies emerge to further utilize substrates
such as blood and urine which are easier and less invasive
to collect. In addition, high throughput next generation
sequencing will help to accelerate the confirmation of a
diagnosis and vastly expand our knowledge about new
genotypes. If the diagnosis is established through genetic
investigation in the first place (e.g., by whole exome sequen-
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cing or affected family member), functional confirmation
should be added by measuring enzyme activity (in AADC-D)
or measurement of neurotransmitter metabolites in CSF.

Treatment

A comprehensive overview of therapeutic options can be
seen in =Table 1. Individual doses are subject to tolerance
and the development of side effects.

A temporary therapeutic L-dopa trial has been used since
many years in children or adults with unexplained early-
onset dystonia. This practice has been questioned in the very
recent review in the view of tremendous advances in the
pathophysiology of dystonia and the availably of highly
sophisticated biochemical, radiological and molecular
genetic investigations.®” According to the authors, a diag-
nostic L-dopa trial should be limited to children with the
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classical symptoms of dopa-responsive dystonia such as
lower limb dystonia with diurnal variation or situations
where deeper diagnostic is not available. If a trial of L-
dopa is tried, we advocate for a detailed assessment of the
current physical status including thorough (video sup-
ported) documentation of motor dysfunctions, autonomous
dysregulations, and psychiatric symptoms.

In general, L-dopa treatment should be started at 0.5 to 1
mg/kg/d and be stepwise increased to a final dose of 10 mg/
kg/d or the individual maximally tolerated dosage in at least
four to five doses per day over a time period of 5 to 10 or more
weeks. The pace of dosage increase depends on individual L-
dopa sensitivity and on whether the patient is treated in an
inpatient or in an outpatient setting (increases every 2-7
days). L-dopa should always be combined with a peripheral
decarboxylase inhibitor (carbidopa or benserazide) in a 4:1
ratio. In contrast to patients with Parkinson’s disease, neu-
rotransmitter patients show no drug habituation and no
need of increasing doses after years of therapy. The more
profound dopamine deficiency symptoms are, the more
likely an overreaction of the dopamine receptors such as
choreatiform movement disorder, nausea, or vomiting may
occur. These side effects may last for hours or a few days and
are completely reversible. It was shown that L-dopa/carbi-
dopa given at shorter intervals or as slow-release prepara-
tions has a higher chance to result in normal prolactin levels
and clinical symptom relief compared with single doses with
longer intervals; thus, this form should be preferred as soon
as the total daily dose allows its use in (two or) three slow-
release dosalges.88 It is possible that a longer period is needed
for dystonia to improve; thus, stopping the L-dopa trial too
early could cause false negative results. Therefore, around 2
months of treatment at 10 mg/kg/day or the individual
maximally tolerated dosage are recommended to observe.
If no improvement in motor function can be achieved over
the trial period, L-dopa should be reduced stepwise over ~4
weeks. Total treatment time should not exceed 6 (-8)
months.

In pterin synthesis defects, serotonin needs to be sub-
stituted as well. The dose should generally be ~2 mg/kg/d
less than L-dopa with a maximal dose of 8 to 10 mg/kg/d.
Comparable to L-dopa, serotonin doses have to be titrated
carefully. Side effects mostly comprise gastrointestinal dis-
comfort. Overall, HPA can be treated with BH,; or PHE
reduced diet. The desired target range for phenylalanine is
below 6 mg/dL for all age groups. For PTPS and PCD defi-
ciency, use of BH, is recommended and in mild forms, might
represent a sufficient monotherapy. As described above,
currently, the use of BH, in DHPR-D is under discussion.
Here, diet should be the first line treatment of HPA. Folinic
acid should always be supplemented in DHPR-D and in all
other neurotransmitter disorders as soon as 5-MTHF in CSF
has been documented to be low (10-20 mg/d).

International Working Group on Neurotransmitter
Related Disorders

In 2013, an International Working Group on Neurotrans-
mitter Related Disorders (iNTD).2° It currently consists of
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43 partners from 24 different countries. The aim of this
working group is to ultimately improve our understanding
of the complex nature of inborn errors of neurotrans-
mitter metabolism. Combining results of basic research
and clinical data will hopefully improve our diagnostic
tools, therapeutic approach, and thus, the quality of life
of our patients. A web-based registry for inherited defects
of biogenic amines, pterin, folate, serine, glycine, and
GABA metabolism was established, which represents the
first longitudinal register for neurotransmitter disorders. It
enables systematic gathering of data in very high quality
and so far, consists of data from more than 250 patients. A
first consensus guideline on the diagnosis and treatment of
AADC-D was published in 2017 and provides solid informa-
tion and evidence-based clinical advice for practicing
clinicians.”®

We are highly interested in further partners, metabolic
centers, patients, and families who wish to participate. For
further information visit www.intd-online.org.

Model Systems for Basic Research on
Neurotransmitter-Related Disorders

Traditionally, the pathophysiology of human disease was
studied with immortalized cell lines or in animal models.
Unfortunately, animal models often do not exactly recapitu-
late human disease, and immortalized cells do not respond as
their primary counterparts.’® Therefore, with the invention
of reprogramming somatic cells into induced pluripotent
cells (iPSCs) by Takahashi et al, a new patient-specific model
system was introduced.’’2 In general, iPSCs resemble
embryonic stem cells (ESCs), but circumvent the ethical
issues associated with these cells. iPSCs are characterized
by their unlimited self-renewal and the ability to differenti-
ate into all cells of the three germ layers in two-dimensional
(2D) and 3D organoid cultures. Therefore, since 2006 many
disease-specific iPSCs have been generated including lines
from patients suffering from neurotransmitter deficien-
cies.?>=% These iPSCs can be differentiated to neuronal and
glial cell types in 2D and to so-called cerebral “organoids” in
3D, thereby mimicking embryonic brain development.®®~8
Therefore, iPSCs not only represent a suitable model to study
the underlying pathophysiology of the respective disease,
but can also be used for drug screening approaches and cell
replacement therapies.”® Besides cell culture models, also
animal models for neurotransmitter-related disorders are
available including knockout mice models for TH defi-
ciency,'% SR deficiency,'?" or DT deficiency.'??

Review Criteria

PubMed was used to find English full-text articles pub-
lished between January 1987 and July 2018 correspond-
ing to the terms “monoamine,” “neurotransmitter,”
“pediatric,” and “deficiency.” Articles were carefully
read, and distinct reference articles were further investi-
gated for clinically relevant research.
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