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Abbreviations (synonym)
3-OMD
3-MT
3-MTYR
5-HIAA
5-HTP
5-HT
5-MTHF
AADC
AADCD
AD
ADH
AR
AR
BH4
COMT
CNS
CSF
DA
DA
DAT
DBH
DβH
DDC
DHPG
DHPR
DRD
E
EEG
GCH1
GFR
GPP
GRADE
GTP
HPLC
HVA
IHC
iNTD
L-DOPS
L-DOPA

3-O-methyldopa (3-MTYR)
3-Methoxytyramine
3-Methoxytyrosine (3-OMD)
5-Hydroxyindoleacetic acid
5-Hydroxytryptophan
5-Hydroxytryptamine (serotonin)
5-Methyltetrahydrofolate
Aromatic L-amino acid decarboxylase
Aromatic l-amino acid decarboxylase deficiency;
Autosomal dominant
Alcohol dehydrogenase
Aldose reductase
Autosomal recessive
Tetrahydrobiopterin
Catechol-O-methyltransferase
Central nervous system
Cerebrospinal fluid
Dopamine
Dopamine agonist
Dopamine transporter
Dopamine beta hydroxylase (DβH)
Dopamine beta hydroxylase (DBH)
Dopa decarboxylase
Dihydroxyphenylglycol
Dihydropteridine reductase
Dopa responsive dystonia
Epinephrine (adrenaline)
Electroencephalography
GTP-cyclohydrolase I
Glomerular filtration rate
Good practice point
Grading of recommendations, assessments, development and
evaluation
Guanosine triphosphate
High pressure liquid chromatography
Homovanillic acid
Immunohistochemistry
international working group on neurotransmitter related disorders
L-threo- 3,4- dihydroxyphenylserine
L-3,4- dihydroxyphenylalanine (Levodopa/ L-dopa)
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MAO
MET
MHPG
NE
NH2P3
NMET
PAH
P4αCD
PCD
PLP
PNMT
PNPO
PTE
PTP
PTPS
qBH2
SAM
SERT
SIGN
SR
SSRI
TβH
TDC
TH
TrH
TML
VLA
VMA
VMAT
WB

Monoamine oxidase
Metanephrine
3-methoxy 4-hydroxyphenylglycol
Norepinephrine (noradrenaline)
Dihydroneopterin-3-phosphate
Normetanephrine
Phenylalanine hydroxylase
Pterin-4α-carbinolamine
Pterin-4-carbinolamine dehydratase
Pyridoxal phosphate;
Phenylethanolamine N-methyltransferase
Pyridox(am)ine 5-phosphate;
Proximal tubular epithelium
6-Pyrovoyltetrahydrobiopterin
Pyruvoyl-tetrahydrobiopterin synthase
Quinonoid dihydrobiopterin
s-Adenosylmethionine
Serotonin transporter
Scottish Intercollegiate Guideline Network
Sepiapterin reductase
Selective serotonin reuptake inhibitor
Tyramine beta hydroxylase
Tyrosine decarboxylase;
Tyrosine hydroxylase
Tryptophan hydroxylase
Translational Metabolic Laboratory
Vanillactic acid
Vanillylmandelic acid
Vesicular monoamine transporter
Western blot
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Chapter 1

Dopamine, norepinephrine, epinephrine, and serotonin are monoamine
neurotransmitters with many different actions inside and outside of the human brain.
Dopamine is involved in the regulation of movement, endocrine regulation, motivational
processes, learning, affective behavior and cognition1, and is needed for blood pressure
regulation and natriuresis2. Norepinephrine is important for arousal, attention, and
vigilance in the central nervous system, and the functioning of the sympathetic
autonomous nervous system1,3. Epinephrine is important in vital functions such as
regulation of respiration, is involved in memory consolidation, and is a key player in
the fight-or-flight response4. Serotonin is involved in practically every type of behavior,
is a modulator of neuroendocrine function and circadian rhythm, and has important
functions outside the central nervous system in platelets and the gastrointestinal
tract5,6. Figures 1 and 2 show the distribution of monoamine neurotransmitters in the
human brain, depicting the areas where dopamine, norepinephrine and epinephrine
(the catecholamines), and serotonin are produced and how they are projected.
Figure 1. Distribution of catecholamine neurotransmitters in the human brain

Figure 1. Schematic representation of the distribution of dopamine, norepinephrine and
epinephrine in the human brain. Dopamine is formed in the substantia nigra and ventral
tegmental area, and follows different projection pathways. Norepinephrine is formed in the locus
coeruleus in the mesencephalon and projects widely to the brain and spinal cord. Epinephrine
is formed in the medullary epinephrine neurons and projects to the thalamus, brain stem, and
spinal cord. Figure created with Biorender.com

14
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Figure 2. Distribution of serotonin in the human brain

1

Figure 2. Schematic representation of the distribution of serotonin in the human brain. Serotonin
is formed in the raphe nuclei in the medulla oblongata and formatio reticularis of the pons and
mesencephalon. It projects to the cortex, basal ganglia, cerebellum, brain stem, and spinal cord.
Figure created with Biorender.com

The synthesis and breakdown of monoamine neurotransmitters involves several
enzymatic steps. Many enzymes involved in monoamine synthesis only function
optimally when specific cofactors are present. Tetrahydrobiopterin (BH4) is one of these
important cofactors, whose synthesis and recycling also involves multiple enzymatic
reactions7. Primary monoamine neurotransmitter disorders are rare genetic disorders in
which there is a defect in one of the enzymes that is needed in the synthesis, breakdown,
storage or transport of serotonin, dopamine, and/or norepinephrine and epinephrine8.
More recently, also disorders in chaperone proteins and electron shuttles that can lead
to monoamine deficiency have been described9,10.
In Figures 3-5, the synthesis, breakdown and transport of monoamine neurotransmitters,
and the known primary monoamine neurotransmitter disorders including the BH4
disorders are schematically shown. Until now, 14 different monoamine neurotransmitter
disorders have been described involving 13 different genes (Table 1).
Clinically, monoamine neurotransmitter disorders can present with a broad spectrum
of symptoms and signs, ranging from severe early infantile encephalopathy, to mild
adult onset movement disorders, or isolated young-onset orthostatic hypotension8,11. In
general, movement disorders (especially dystonia and/or parkinsonism, oculogyric crises)
and/or autonomic disorders (e.g. orthostatic hypotension, ocular ptosis) are present.
Developmental delay and hypotonia are present in the more severe clinical phenotypes of
several monoamine neurotransmitter disorders. All primary monoamine neurotransmitter
disorders are rare disorders with unknown precise epidemiology. Autosomal dominant
GTP-cyclohydrolase I (GCH1) deficiency (Ib in Figure 3 and Table 1) is the most common
15
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disorder with an estimated prevalence of 0.5-3:1.000.00012. Dopamine beta hydroxylase
(DBH) deficiency (XI in Figure 5 and Table 1) has only been described in 25 patients
worldwide13. In general clinical practice, recognition of monoamine neurotransmitter
disorders is difficult due to its rarity and potential overlap with more common disorders
like cerebral palsy14-16 or epilepsy17. However, correct diagnosis is of utmost importance
because some of these disorders are excellently treatable with medication and/or
dietary regimens, and for AADC deficiency (VIII in Figure 4) intraparenchymal gene
therapy has been developed. Knowledge on the biochemical background of monoamine
neurotransmitter disorders is essential to understand the clinical presentation, and the
principles of diagnosis and treatment. In Figure 6, the principles of medical treatment are
schematically presented. A short summary of all known monoamine neurotransmitter
disorders to date can be found in Table 1.
Figure 3. The tetrahydrobiopterin (BH4) cycle and associated monoamine neurotransmitter disorders.

Figure 3. Tetrahydrobiopterin (BH4) is formed in several steps from GTP. The BH4 recycling
consists of a hydroxylation reaction where BH4 is converted to the inactive P4αCD, and a twostep conversion to regenerate active BH4. The BH4 hydroxylation reaction is an obligate cofactor
reaction for PAH, TH and TrH. Furthermore, BH4 is an important cofactor for nitric oxide synthases
and alkylglycerol monooxygenase (not shown). PAH is primarily located in the liver (shown in
purple). TH and TrH are present in dopaminergic neurons (shown in blue) and serotonergic neurons
(shown in yellow) respectively, but are also expressed in peripheral organs like gut and kidneys.
Pterin measurements in cerebrospinal fluid and urine typically quantify total pterin, biopterin,
neopterin, sepiapterin and primapterin, and its pattern can help to localize a specific BH4-defect.
Hyperphenylalaninemia can be present in all disorders shown in the figure except for Ib and III. A
deficiency in PAH is better known as phenylketonuria (PKU), and not considered to be a monoamine
neurotransmitter disorder. Pathogenic variants in DNAJC12 hinder the function of PAH, TH and TrH
and therefore leads to decreased monoamine neurotransmitters. Abbreviations see p5-6, different
disorders (I-VI, XIII) see Table 1.
16
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Figure 4. Dopamine and serotonin formation, breakdown and transport and associated monoamine neurotransmitter disorders

1

Figure 4. Simplified representation of neuronal synthesis, transport, uptake and breakdown of
dopamine (in blue) and serotonin (in yellow). Dashed arrows: intermediate steps not shown.
Dopamine and serotonin receptors are located in the pre- and postsynaptic membrane. There are
5 different dopamine receptors (D1-D5), and 7 different serotonin receptors (5-HT1 – 5-HT7). HVA
and 5-HIAA are the main diagnostic breakdown products that can be measured in cerebrospinal
fluid. Furthermore, L-DOPA, 5-HTP, 3-O-methyldopa and vanillactic acid (the major breakdown
products of L-dopa, not shown), and 3- methoxytyramine (an intermediate breakdown product of
dopamine, not shown) can be quantified by some laboratories. Abbreviations see p5-6. Different
disorders (VI-X) see Table 1.
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Figure 5. Norepinephrine and epinephrine formation and breakdown, and associated monoamine
neurotransmitter disorders

Figure 5. Dopamine is converted to norepinephrine by DBH. CYB561 functions as an electron
shuttle for this reaction. Norepinephrine is converted to epinephrine by PNMT. Breakdown of
norepinephrine and epinephrine follows several step in which the enzymes MAO and COMT play
a major role. Plasma NMET and MET can be used as peripheral markers of norepinephrine and
epinephrine breakdown respectively. In CSF, MHPG is the major breakdown product. VMA is
the common breakdown product of norepinephrine and epinephrine and can be found in urine.
Abbreviations see p5-6, different disorders (X-XII) see Table 1.
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Figure 6. The biochemical rationale of the treatment of monoamine neurotransmitter disorders

1

Figure 6. Schematic presentation of the treatment possibilities in monoamine neurotransmitter
disorders. Dopamine and serotonin do not cross the blood-brain barrier (BBB, dashed square).
L-dopa and 5-HTP are available as oral supplements that are able cross the blood-brain barrier.
This constitutes the hallmark of treatment of all primary monoamine deficiencies where the
defect is located upstream of levodopa and 5-HTP conversion, including the BH4-deficiencies.
To increase the fraction of L-dopa and 5-HTP that is available to cross the BBB, peripheral
decarboxylase inhibitors like carbidopa or benserazide are added. In some BH4 disorders,
BH4 can be given in the form of sapropterin (Kuvan©). In AADC-deficiency, vitamin B6 can be
used to improve residual activity of the AADC enzyme. A part of the dopamine and serotonin
that is released into the synaptic cleft will be directly transported back into the presynaptic
neuron by the transporters DAT (dopamine) and SERT (serotonin). SSRI’s inhibit this reuptake of
serotonin. Dopamine receptors in the postsynaptic neuron also respond to dopamine agonists,
that can be used in the medical treatment of several primary monoamine neurotransmitters
disorders. Breakdown of dopamine and serotonin is a multistep process in which MAO and
COMT are involved. MAO- and COMT-inhibitors can therefore be used to increase dopamine and
serotonin concentrations. L-DOPS can be used to treat DBH deficiency, because it is converted
to norepinephrine by AADC. Serotonin is a precursor of melatonin. Therefore, in case of sleep
disturbances in patients with monoamine neurotransmitter disorders in which the serotonergic
pathway is involved, melatonin should be considered. Abbreviations see page 5-6.

19
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Table 1. Overview of the monoamine neurotransmitter disorders and main treatment options
Disorder

Gene

OMIM

Synonyms

Level of
defect

Main
treatment

Ia

AR GCH1 deficiency

GCH1

233910 AR-DRD with or
without HPA

BH4
synthesis
(cofactor)

L-dopa
5-HTP

Ib

AD GCH1 deficiency

GCH1

BH4
128230 DYT5a
synthesis
AD-DRD
(cofactor)
Segawa
syndrome
DYT/PARK-GCH1

L-dopa
5-HTP

II

PTPS deficiency

PTS

261640 HPA, BH4
deficient due to
PTPS deficiency

BH4
synthesis
(cofactor)

Sapropterin
L-dopa
5-HTP

III

Sepiapterin
SPR
reductase deficiency
(SRD)

612716 DRD due to SRD

BH4
synthesis
(cofactor)

L-dopa
5-HTP
DA-agonist

IV

DHPR-deficiency

QDPR

261630 HPA, BH4
BH4
deficient, due to recycling
DHPR deficiency (cofactor)

V

PCD-deficiency

PCBD1

264070 HPA, BH4
deficient due to
PCD deficiency;
HPA with
Primapterinuria

BH4
recycling
(cofactor)

Sapropterin

VI

TH-deficiency

TH

605407 AR-DRD
AR-Segawa
syndrome
DYT-5b

Synthesis

L-dopa
DA-agonists

VII AADC-deficiency

DDC

608643 Dopa
decarboxylase
deficiency

Synthesis

Vitamin B6
DA-agonists
MAOinhibitors.
Gene therapy

VIII VMAT2-deficiency

SLC18A2 618049 ParkinsonismDystonia
Infantile, 2

Transport

DA-agonists

IX

DAT-deficiency

SLC6A3

613135 ParkinsonismDystonia
Infantile, 1

Transport

DA-agonists

X

MAO-deficiency

MAOA

300615 Brunner
syndrome

Breakdown SSRI?

L-dopa
5-HTP
Diet
Folinic acid
(sapropterin?)

20
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Table 1. [Continued]
Disorder

Gene

OMIM

DBH-deficiency

DBH

XII CYB561 mutations

CYB561

XIII DNAJC12 mutations

DNAJC12 617384 HPA, mild, non
BH4 deficient

XI

Synonyms

Level of
defect

Main
treatment

223360 Orthostatic
hypotension 1

Synthesis

LDOPS

618182 Orthostatic
hypotension 2

Electron
shuttle

LDOPS

Cochaperone

Sapropterin
L-dopa
5HTP

1

Table 1. Roman numerals refer to numerals in Figures 3-5 where the location of the defect can
be found. All disorders are inherited in an autosomal recessive manner except for autosomal
dominant GCH1 deficiency and X-linked MAO-deficiency. OMIM number reflects the phenotype
MIM (mendelian inheritance of man) number (https://omim.org). Main treatment gives a short
overview of the main treatment options, that are also schematically shown in Figure 6. L-dopa
is always given together with an AADC-inhibitor (e.g. benserazide or carbidopa, normally in a
4:1 ratio). Diet is a phenylalanine restricted diet. BH4 can be given in the form of sapropterin
(Kuvan ©). It is not always necessary to treat PCD-deficiency because this sometimes lead
to transient mild HPA, but early screening for diabetes mellitus should be performed.
Abbreviations see page 5-6.
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Chapter 2

In this thesis, clinical and biochemical characteristics of several monoamine
neurotransmitter disorders are investigated, with emphasis on aromatic l-amino acid
decarboxylase (AADC) deficiency and dopamine beta hydroxylase (DBH) deficiency.
Furthermore, autosomal dominant GCH1 deficiency and tyrosine hydroxylase (TH)
deficiency are discussed. The scientific work reflects a research project that spans over
a decade, performed primarily at the Radboud university medical center departments
of Neurology, Pediatric Neurology, and the Translational Metabolic Laboratory (TML).
It combines several methodologies, including laboratory research, database research,
literature review, chart review, case reports, and guideline development. With this
thesis, we aim to explain differences found in neurotransmitter metabolites in different
body compartments, better delineate clinical characteristics, and improve early
diagnosis and clinical care for patients suffering from these rare disorders.

Part I: Prologue
Monoamine neurotransmitter disorders are uncommon and can present in many
ways. Therefore, they are hard to recognize in clinical practice and the diagnostic delay
can be long. However, identification is crucial because some of these disorders are
excellently treatable, and all disorders require a specific approach regarding diagnosis,
medical treatment, and surveillance. Whereas the following parts of this thesis focus
on specific aspects of these disorders, chapter 1 focuses on the general presentation
and overarching principles of monoamine neurotransmitter disorders.

Part II:Biochemical aspects and the importance of different
body compartments
Part II focuses on biochemical aspects of two monoamine neurotransmitter disorders:
AADC deficiency and TH deficiency. It aims to outline and understand the differences
that can be found in different body compartments (reflected by cerebrospinal fluid,
blood and urine) when measuring monoamine metabolites. Although it seems attractive
and more patient friendly to use blood or urine biomarkers in these disorders instead
of cerebrospinal fluid, we identified several caveats that are discussed in this chapter.
In chapter 3 we investigated a puzzling observation made in our laboratory and
repeatedly reported in the literature, namely that patients with AADC-deficiency can
have normal or even increased levels of dopamine and dopamine metabolites in their
urine. This seemingly paradoxical finding – it is expected that patients with AADCdeficiency have an overall lack of dopamine due to the metabolic defect – prompted
us to do several laboratory studies to replicate this finding in a larger group of patients,
and search for possible explanations by investigating genotype/phenotype correlations
and testing possible alternative metabolic routes for the formation of urinary dopamine.
In chapter 4, we propose an explanation for normal or increased levels of urinary
26
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dopamine in AADC-deficiency by calculating residual renal AADC-activity in two
patients. To further investigate the neurotransmitter metabolite profiles in different
body compartments, we performed a literature study on neurotransmitter metabolites
in blood, urine and cerebrospinal fluid in patients with AADC- and TH-deficiency, and
combined this with findings from the TML database from 1997-2020. Additionally, serum
prolactin levels were recorded. Results are presented in chapter 5.

2

Part III: Beyond the classical phenotype: clinical observations
Case reports that highlight new or unexpected features of disorders are important
for clinical practice and can guide further research. They also have educational value.
During the course of this research project, we identified several adult patients
with autosomal dominant GCH1-mutations that had a deviant phenotype that was
characterized by pyramidal predominant onset instead of the well-known dystonia
phenotype. In chapter 6, the long-term clinical course of these patients is described,
illustrated by video fragments, and combined with a literature review on spasticity in
GCH1-mutations.
In chapter 7, a patient with dopamine beta hydroxylase (DBH)-deficiency is presented
who came to the attention of our pediatric nephrologist many years ago because
of decreased renal function. Her symptoms and signs are described, as well as the
diagnostic steps that ultimately led to the correct diagnosis. This chapter is structured in
a question and answer mode and highlights the previously overlooked renal involvement
in DBH-deficiency.

Part IV: Reviews and guidelines for management
Because monoamine neurotransmitter disorders are so rare, management is mainly
based on expert opinion and large randomized controlled trials are barely feasible.
However, because of the complexity of these disorders, patients will benefit greatly
from guidelines in which state of the art approach to diagnosis, treatment, and followup is described. Also for rare disorders, evidence based recommendations can be
made when SIGN/GRADE methodologies are followed (https://www.sign.ac.uk/assets/
sign_grading_system_1999_2012.pdf). In 2014 we decided to develop a consensus
guideline for AADC deficiency as part of the iNTD initiative (international working group
on neurotransmitter related disorders). For this guideline, an extensive literature review
was performed and several international group meetings were held that ultimately led
to the publication of the first iNTD guideline in 2017. This consensus guideline on the
diagnosis and treatment of AADC deficiency is presented in chapter 8.
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DBH-deficiency is one of the rarest among the uncommon monoamine neurotransmitter
disorders. In the literature, information on long-term follow-up of this disorders was
lacking. In the Netherlands, we identified a relatively large group of 10 patients with
DBH deficiency. In chapter 9, we present the outcome of our research project that
combined literature review with chart review of the Dutch patients, and provide an
extensive overview on the clinical presentation and long-term follow-up of this disorder
with recommendations for clinical practice.
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Abstract
Introduction: In aromatic L-amino acid decarboxylase (AADC) deficiency, a
neurotransmitter biosynthesis defect, paradoxical normal or increased levels of urinary
dopamine have been reported. Genotype/phenotype correlations or alternative
metabolic pathways may explain this remarkable finding, but were never studied
systematically.
Methods: We studied the mutational spectrum and urinary dopamine levels in 20
patients with AADC-deficiency. Experimental procedures were designed to test for
alternative metabolic pathways of dopamine production, which included alternative
substrates (tyramine and 3-methoxytyrosine) and alternative enzymes (tyrosinase and
CYP2D6).
Results/ discussion: In 85% of the patients the finding of normal or increased urinary
levels of dopamine was confirmed, but a relation with AADC genotype could not be
identified. Renal microsomes containing CYP2D were able to convert tyramine into
dopamine (3.0 nmol/min/g protein) but because of low plasma levels of tyramine this is
an unlikely explanation for urinary dopamine excretion in AADC-deficiency. No evidence
was found for the production of dopamine from 3-methoxytyrosine. Tyrosinase was
not expressed in human kidney.
Conclusion: Normal or increased levels of urinary dopamine are found in the majority
of AADC-deficient patients. This finding can neither be explained by genotype/
phenotype correlations nor by alternative metabolic pathways, although small amounts
of dopamine may be formed via tyramine hydroxylation by renal CYP2D6. CYP2D6mediated conversion of tyramine into dopamine might be an interesting target for the
development of new therapeutic strategies in AADC-deficiency.
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Introduction
Aromatic L-amino acid decarboxylase (AADC; EC 4.1.1.28, also known as dopa
decarboxylase) is an essential enzyme in the biosynthesis of the monoamine
neurotransmitters serotonin and dopamine. AADC converts both 5-hydroxytryptophan
(5-HTP) into serotonin and 3,4-dihydroxyphenylalanine (L-dopa) into dopamine,
requiring pyridoxal-5-phosphate (activated vitamin B6) as co-factor. Dopamine is further
metabolized towards norepinephrine (NE) and epinephrine (E) (Fig. 1). AADC-deficiency
is a rare autosomal recessive disorder, characterized by developmental delay, prominent
motor abnormalities, oculogyric crises and autonomic features1, 2. Prognosis is poor,
and available treatment options like dopamine agonists, vitamin B6 and monoamine
oxidase (MAO; EC 1.4.3.4) inhibitors only have marginal therapeutic effect3, 4. Diagnosis
of AADC-deficiency is made by analysis of cerebrospinal fluid (CSF), the determination
of AADC-enzyme activity in plasma, and mutation analysis 3, 5. In urine, vanillactic acid
(VLA), a breakdown product of L-dopa, is increased and may alert clinicians to perform
additional investigations5, 6.

3

In a number of AADC-deficient patients normal or increased levels of urinary dopamine
are reported 6-10. This apparently paradoxical finding has not been studied systematically
before. Although dopamine is not uniquely synthesized in the nervous system, its
biosynthesis is essentially mediated by AADC irrespective of the site of production. The
kidneys synthesize dopamine by AADC after uptake of L-dopa in the cortical peripheral
tubular epithelium (PTE) cells. The intrarenal autocrine–paracrine dopamine system is
critical for sodium homeostasis11-13. However, the finding of normal or increased levels
of urinary dopamine remains unexplained10.
We aimed to find a genetic or metabolic explanation for normal or increased levels
of urinary dopamine in AADC-deficiency. Identification of alternative metabolic
pathways for dopamine synthesis, different from that mediated by AADC, might reveal
a potential therapeutic target for patients with AADC-deficiency. Furthermore, better
understanding of peripheral dopamine synthesis will shed light on the underlying
mechanisms of AADC-deficiency and may contribute to the development of therapeutic
strategies in dopamine deficient ailments. Potential alternative metabolic pathways
for dopamine production are depicted in Fig. 1, with 3-methoxytyrosine (3-MTYR) and
tyramine shown as possible alternative substrates, and cytochrome P450 2D6 (CYP2D6)
and tyrosinase shown as possible alternative enzymes involved in dopamine formation.
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Figure 1. Biosynthesis of catecholamines and melanin; known and proposed pathways of dopamine synthesis.
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Figure 1. Established pathways in humans are shown in straight black arrows. If intermediate
products and enzymes are not depicted, straight grey arrows are shown. Human enzymes are
shown in black rectangles, with cofactors depicted next to arrows. TDC is shown in a grey ovale
because it is only found in invertebrate tyrosine metabolism. Proposed alternative pathways
of dopamine formation are shown in interrupted arrows with enzymes in corresponding
interrupted rectangles: dopamine formation from tyramine using the alternative enzymes
CYP2D6 or tyrosinase; dopamine formation from 3-MTYR using unknown enzymes or nonenzymatic reactions; dopamine formation from L-dopa formed in melanin synthesis, using
AADC Abbreviations: PhH, phenylalanine hydroxylase; TH, tyrosine hydroxylase; AADC, aromatic
L-amino acid decarboxylase; DβH, dopamine beta hydroxylase; PNMT, phenylethanolamine
N-methyltransferase; COMT, catechol-O-methyltransferase; VLA, vanillactic acid; BH4,
tetrahydrobiopterin; Vit B6, vitamin B6; Vit C, vitamin C; SAM, s-adenosylmethionine; SAH,
s-adenosylhomocysteine; Cu2+, copper; TDC, tyrosine decarboxylase.

3

3-MTYR has been described in several publications to serve as an alternative substrate
for dopamine formation14-16. Hydroxylation of tyramine leads to dopamine production.
Tyrosinase is essential in melanin formation (Fig. 1) and tyrosinase deficiency results
in albinism. Protein expression is thought to be highly confined to cells containing
melanosomes17. Catecholamine synthesis was noted in pigmented tyrosine hydroxylase
(TH; EC 1.14.16.2) deficient mice, suggesting a role for tyrosinase in the dopamine
production by using tyrosine as substrate18, 19. Although AADC is still required in this
alternative metabolic pathway of catecholamine synthesis (Fig. 1), these data support
our hypothesis of existing alternative pathways for dopamine production in the
absence of one of the key enzymes (in this case, TH). Interestingly, tyrosinase may
also use tyramine as substrate for dopamine production. Since mushroom tyrosinase
may convert tyramine to dopamine20, 21, we investigated if human tyrosinase could
be responsible for renal dopamine biosynthesis in AADC-deficiency by studying its
expression in peripheral human tissues including kidney. The other enzyme tested,
CYP2D6, is described to hydroxylate tyramine to dopamine in human liver and brain22,23.
We investigated if this reaction also occurs in kidneys and therefore could be an
explanation for normal or increased levels of urinary dopamine in AADC-deficiency.

Materials and methods
We collected urinary dopamine levels of AADC-deficient patients and searched for a
genotype/phenotype correlation in this group. Peripheral dopamine production was
investigated in several human and rat tissues and AADC-dependency of dopamine
production in human kidney cortex was investigated by applying AADC-inhibitors.
Furthermore, alternative metabolic pathways were tested to find possible AADCindependent ways of dopamine formation. The collection and use of laboratory data
were in accordance with the regulations of the ethical committee of the Radboud
University Nijmegen Medical Centre, Nijmegen, the Netherlands. Use of human
tissue was according to the code for proper secondary use of human tissues in the
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Netherlands. Use of rat tissue for this study was approved by the ethical committee of
the Radboud University Nijmegen Medical Centre, Nijmegen, the Netherlands.
Materials
L-dopa, tyramine-HCl and L-3-methoxtyrosine were all purchased from Sigma (St
Louis, MO). Carbidopa (peripheral AADC-inhibitor), 3-hydroxylbenzylhydrazine (NSD1015, a central AADC-inhibitor), pargyline (monoamine oxidase (MAO)-inhibitor) and
3,5-dinitrocatechol (catechol-O-methyltransferase (COMT; EC 2.1.1.6)-inhibitor) were
also from Sigma. Recombinant AADC protein was purchased from Abcam, Cambridge,
UK. Primary antibodies comprised of polyclonal rabbit anti-AADC (dilution in western
blot (WB) 1:1000 and immunohistochemistry (IHC) 1:200, Acris Antibodies, Herford,
Germany) and anti-tyrosinase mouse antibody (T311; WB 1:1000, IHC 1:10, Calbiochem,
Merck). Secondary antibodies for WB were goat-anti rabbit IgG and goat-anti-mouse
IgG (Alexa Fluor 680, Invitrogen, Paisly UK). For IHC of AADC, biotinylated horse-antigoat (1:200) was used as secondary antibody followed by an avidin–biotin peroxidase
complex (1:100, Vector, Burlingame, CA). IHC on tyrosinase was performed using
PowerVision peroxidase-labeled polyclonal goat-anti-mouse IgG (Immunologic, Duiven,
the Netherlands).
Patients
Characteristics of AADC-deficient patients were collected by sending out a questionnaire
to referring physicians regarding age, ethnicity, clinical presentation, mutation analysis,
plasma AADC-activity and urinary dopamine levels with corresponding reference
values, and medication at time of analysis. Eleven patients were analyzed for urinary
catecholamine levels in our lab using a commercial assay (Bio-Rad, Veenendaal, the
Netherlands), as described previously24. Only patients with confirmed mutations in the
dopa decarboxylase (DDC)-gene and known urinary levels of dopamine were included
for this study. Twelve patients have been reported previously (Table 1).
Literature study on alternative splicing
Pubmed was searched for alternative splicing events of the human AADC gene
with search terms AADC, DDC, dopa decarboxylase [Mesh], aromatic l-amino acid
decarboxylase [Mesh], alternative splicing, with or without the limit [humans]. Last
search was performed in April 2010.
Tissue preparation
The following tissues were used for the experiments: human kidney cortex (n = 3),
adrenal gland (n = 2), jejunum (n = 2), liver (n = 2), cerebral cortex (n = 2) and striatum
(n = 2), and rat kidney (n = 2) and liver (n = 2). Furthermore, we used human tumor
tissues from pheochromocytoma (n = 2), neuroblastoma (n = 2) and melanoma (n = 1),
essentially as positive controls. Human serum was used for control purposes in
dopamine production assays. For the dopamine production assays, a total of 50–100 mg
38
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of 10 μm sections of tissue (all except melanoma) were homogenized on ice using a glass
potter and sonification (Sonifier-II W250/W450 Classic, Branson) in 0.1 M phosphate
buffer pH 7.0, containing 39 mM dithiotreitol (Aldrich, Steinheim, Germany) and 0.167
mM NaEDTA (Baker, Deventer, the Netherlands). Protease inhibitor cocktail was added
according to supplier instructions (Roche, Switzerland). Supernatant was obtained after
centrifugation for 10 min at 10,000 × g at 4 °C. For the WB, lysates were made of all
tissues after homogenization of 10 μm sections in RIPA-buffer (50 mM TRIS pH 7.5, 150
mM NaCl (Merck)), 1% (w/v) Nonidet P40 (Sigma), 0.5% (w/v) 10% SDS (Gibco) with
protease inhibitors cocktail, incubated on ice for 20 min and subsequently centrifuged
at 10,000 × g at 4 °C for 20 min. IHC expression of AADC was performed in triplicate in
all tissues except melanoma. IHC expression of tyrosinase was performed in triplicate
in all tissues except pheochromocytoma and neuroblastoma. Four micrometer sections
of frozen tissue were prepared and subsequently fixed for 10 min in acetone at −20 °C
and dried.

3

Since fresh human tissue was not available for studying CYP2D6 activity, the liver
and the kidney of two female adult Wistar rats were collected after decapitation
and immediately frozen in liquid nitrogen. Microsomes (vesicle-like artifacts
formed from the endoplasmatic reticulum when eukaryotic cells are broken-up by
differential centrifugation) were prepared as described in Bromek et al.23, using a
mini-ultracentrifuge (Mini Sorval RCM150GX), and stored at − 80 °C in storage solution
containing 20% (v/v) glycerol until use.
Protein determination of tissue lysates was performed by the method of Lowry et al.25
Dopamine production assays modified from AADC-activity assays in plasma
Firstly, dopamine production in human tissue homogenates was measured as
described previously 26 and expressed in nmol/min/g protein. Secondly, to mimick
renal dopamine production in AADC-deficiency, methods were modified by testing
dopamine production in human kidney cortex homogenate in the presence of carbidopa
and NSD-1015 at increasing concentrations. Human serum was used as control. Thirdly,
to test for alternative metabolic pathways for dopamine production in the kidney,
L-dopa was replaced by other substrates (tyramine or 3-MTYR, 2 mM) and dopamine
and L-dopa production was tested in human kidney cortex homogenate and serum.
In these last experiments, MAO was inhibited by pargyline (100 μM) and COMT by
3,5-dinitrocatechol (1 μM) to prevent metabolism of dopamine to homovanillic acid.
Furthermore, incubation time was prolonged to 18 h. To mimic AADC-deficiency, NSD1015 (500 μM) or carbidopa (1000 μM) was added.
HPLC analysis of dopamine and L-dopa
HPLC analysis to detect dopamine production in enzyme activity assays with L-dopa
as substrate was performed as described previously26. In the enzyme activity assays
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with alternative substrates, HPLC with fluorometric detection was used to detect
both dopamine and L-dopa. A Partisphere C18 5 μm 4.6 × 250 mm column was used
(Whatman, Meadstone, UK). Mobile phase consisted of 0.025 M citric acid, 0.025 M
Na2HPO4, 0.015 M sodium perchlorate, 0.5 mM sodium octansulfonic acid, 50 mM
NaCl, 0.3 mM EDTA, and 4% methanol. Detection was performed by fluorometric
detection (excitation: 278 nm; emission: 325 nm, FP1520 Jasko, Japan), at a flow of
1.50 mL/min. A Triathlon autosampler (Spark) was used for injection of samples (volume
250 μL). PC1000 software (Thermo separations, San Jose, CA) was used for automated
data collection.
Western blotting
For WB analysis of AADC, equivalent amounts of protein (20 μg total protein) from tissue
lysates, and 0.05 μg recombinant AADC protein were diluted in a reduced sample buffer
containing 0.5 M Tris–HCl (pH 6.8), 25% glycerol, 20% sodium dodecyl sulfate (SDS),
0.001% bromophenol blue (Pharmacia Biotech AB, Uppsala, Sweden) and 30 mM DLdithiotreitol (Sigma), heated at 99 °C for 5 min, cooled on ice for 5 min and subsequently
centrifuged at 7000 × g for 5 min. If negative results on the blots were obtained,
procedures were repeated with 200 μg total protein. For WB of tyrosinase, the same
procedure was followed except that of all tissues 200 μg total protein was used, except
for melanoma as positive control (50 μg). Precision plus protein (PPP; Bio-Rad) was used
as molecular weight marker. Electrophoresis was performed on 12% Tris–HCl sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and proteins were
transferred to nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany).
For immunodetection, membranes were incubated subsequently (i) overnight at 4 °C
in Odyssey blocking buffer (LI-COR; Westburg, Leusden, The Netherlands), (ii) for 2 h in
primary antibody and (iii) for 1 h in secondary antibody with washing steps in between.
Blots were scanned with the LI-COR Odyssey infrared scanner.
Immunohistochemistry
Sections were pre-incubated with 20% normal horse serum in phosphate buffered
saline (PBS) for 10 min. Incubation with primary antibody diluted in 1% BSA/PBS was
performed for 1 h at room temperature. Incubation with secondary antibodies was
performed for 30 min at room temperature, followed by incubation with an avidin–
biotin peroxidase complex in case of AADC. Detection was carried out with the use of
aminoethylcarbazole as substrate.
CYP2D6 activity assays
The hydroxylation of tyramine to dopamine by renal microsomes was tested as
previously described23, with modifications. Microsomes (mean protein content 1.1 ±
0.3 mg/mL) were incubated with potassium phosphate buffer (0.1 M, pH 7.4), NADPH
(Sigma) (1 mM) and pargyline (100 μM). Tyramine was added to the incubation mixture
at a concentration of 1 mM. The final incubation volume was 1.0 mL. The mixture was
40

Voorbereid document _Tessa Wassenberg_V03.indd 40

25/10/2021 09:32

Urinary dopamine in AADC deficiency: the unsolved paradox

incubated at 37 °C for 20 min. The reaction was stopped by adding 15 μL of perchloric
acid (60%) and cooling the samples on ice. Supernatant was collected by centrifugation
for 10 min at 3000 × g.

Results
Phenotype and genotype of 20 AADC-deficient patients
Patient characteristics are shown in Table 1. Urinary dopamine levels were obtained
from 20 patients with AADC-deficiency with confirmed mutations. Eight patients were
from European descent, one from Arabic descent and 11 from Asian descent. Mean age
at time of investigation was five years and six months (range: three months to 26 years).
Only one patient used medication (L-dopa) during the time of analysis. Three patients
had decreased levels of urinary dopamine (Pt 1–3), seven patients had normal levels
(Pt 4–10) and ten patients (Pt 11–20) had increased levels of urinary dopamine. Thus, in
85% of the patients the finding of normal or increased levels of urinary dopamine was
confirmed. There was no correlation between the level of urinary dopamine and the
clinical phenotype. All patients described in the article gradually showed the complete,
characteristic neurological disorder including developmental delay and severe motor
abnormalities, ptosis and oculogyric crisis, and autonomic dysfunction. In this group,
seventeen different mutations were found throughout the whole gene, residing in exons
2, 3, 4, 7, 8, 11, 12 and 14, and in intron 6 (Fig. 2, lower panel). The most common
mutation was found in intron 6 (IVS6 + 4A > T) which occurred exclusively in the Asian
population. This mutation was found in homozygous form in patients with either
decreased, normal or increased levels of urinary dopamine.

3

Table 1. Urinary dopamine levels and corresponding mutations in AADC-deficient patients
Characteristics of 20 AADC-deficient patients. Patient characteristics: age is given in years.
Mutation found in allele 1 and allele 2, medication at time of laboratory findings (i.e. urinary
dopamine and plasma AADC-activity) are given. Laboratory findings under medication are
given only if the untreated values were not available. Reference to first occurrence in literature
and corresponding JakeID number (if recorded) from Jake Database (http://www.biopku.org/
BioPKU_databaseJAKE.asp; curated by N. Blau) are given. Urinary dopamine levels are defined
as decreased, normal and increased. Absolute values are presented between brackets, with
local reference values for age and sex. Reference value for plasma AADC-activity: 16-48 mU/L
or 36-129 pmol/min/mL (patient 17 and 18) Abbreviations: M= male, F=female NF= not found,
ND = not detectable, ref= reference value, med= medication
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IVS6+4 A>T IVS6+4 A>T -

R285W

R285W

R347Q

R462P

16 F, 9/12, Taiwanese

17 F, 6, Singapore (sibling 18)

18 F, 7, Singapore (sibling 17)

19 M, 7/12, French

20 M, 7, Portugese

-

-

R462P

R358H
-

-

IVS6+4 A>T -

IVS6+4 A>T -

S250F

S250F

15 M, 3, Italian

Increased (811 nmol/mmol kreat; ref 15-225)

Increased (451 nmol/mmol kreat; ref 15-225)

Normal (922 nmol/mmol kreat; ref 65-1700)

Normal (166 μg/ 24h; ref 50-450)

Normal(113 μg/ 24h; ref 50-450)

Normal (314 μg/24h; ref 50-450)

Normal (222 μg/24h; ref 50-450 )

Normal (100 μg/24h; ref 50-450)

Normal (190 nmol/mmol kreat; ref 70-795)

Decreased (14 μg/24h; ref 50-450)

Decreased (28 μg/24h ; ref 50-450)

Decreased (38 nmol/mmol kreat; ref 65-1700)

Dopamine level in urine

-

ND

0.9

ND

1.0

-

-

-

-

-

0.7

-

-

0.5

-

Increased (848 nmol/ mmol kreat; ref 70-825)

0.1

<1 pmol/ml/
min
Increased (1821 nmol/mmol kreat; ref 70-700) <1 pmol/ml/
min
Increased (1974 nmol/ mmol kreat; ref 65-1100) 1.9

Increased (1611 nmol/mmol kreat; ref 70-825)

Increased (899 μg/d; ref 50-450)

Verbeek et al 2007, JakeID 25

Verbeek et al 2007, JakeID 23

Tay et al 2007, JakeID 26

Tay et al 2007, JakeID 27

-

Fiumara et al 2002, JakeID 4

Ide et al 2009, JakeID 36

Brautigam, JakeID 13

Brautigam et al 2000, JakeID 14

Brautigam et al 2000, JakeID 15

Verbeek et al 2007, JakeID 50

-

-

-

-

-

-

-

-

Verbeek et al 2007, JakeID 21

Plasma AADC Reference
activity
(mU/L)

Increased (13,733 nmol/mmol kreat; ref 70-825) -

Increased (5369 μg/24h; ref 310-1140)

L-dopa Increased (3145 nmol/mmol kreat; ref 15-225)

-

-

-

NF

R447H

IVS6+4 A>T -

A110Q

IVS6+4 A>

IVS6+4 A>T IVS6+4 A>T -

14 M, 8, Japanese

M, 1, Taiwanese

9

G102S

F, 1, Taiwanese

8

IVS6+4 A>T IVS6+4 A>T -

G102S

M, 6/12, Taiwanese

7

-

IVS6+4 A>T IVS6+4 A>T -

IVS6+4 A>T Y79C

-

-

13 M, 16, Serbian (sibling 11+12) G102S

F, 2, Taiwanese

6

A275T

NF

12 M, 24, Serbian (sibling 11+13) G102S

M, 1, Taiwanese

5

A91V

IVS6+4A>T

-

-

G102S

M, 2, Belgian

4

IVS6+4A>T

V460G

G102S

F, 2, Taiwanese

3

IVS6+4A>T

E25K

R447H

F, 1,Taiwanese

2

11 F, 26, Serbian (sibling 12+13)

M, 3/12, French

1

Mutation: Mutation: Med
Allele 1
Allele 2

10 M, 6/12, Arabic

Patient characteristics
sex, age, origin,
(family relation)

#
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Literature search revealed three different types of alternative splicing of the human
DDC-gene (Fig. 2, upper panel). The first type of alternative splicing was found in the
5′-untranslated region of the first exon, using two different promotors and leading to
two different AADC transcripts27, 28. However, both transcripts lead to the same gene
product with similar activity27, 29. In the second type of alternative splicing, exon 3 is
lacking30, generating a protein isoform termed AADC-442. AADC-442 is expressed in
great abundance in the human kidney, but has no ability to catalyze the decarboxylation
of L-dopa or 5-HTP31. The third and last type of alternative splicing of the DDC-gene leads
to a gene product called alt-DDC32. In this type of alternative splicing, exons 10–15 are
lacking and an alternative exon 10 is included. Exons 1 to 9 are not affected by this form
of alternative splicing. However, in our group 14/17 patients with normal or increased
levels of urinary dopamine had a mutation in exons 2–9.

3

Figure 2. Effects of alternative splicing of the DDC-gene and mutations found in AADC-deficient
patients.

Figure 2. Schematic representation of the human dopa decarboxylase (DDC) gene with exons in
dark grey and introns in light grey. Upper panel: the three forms of alternative splicing that are
found in the human DDC-gene. Lower panel: exons and intron with mutations found in our study
group, numbers corresponding with patient numbers in Table 1. Abbreviations: D; decreased
levels of urinary dopamine, N; normal levels of urinary dopamine, I; increased levels of urinary
dopamine, Alt; alternative. Alternative splicing event (1) leads to same gene products and (2)
has no catalytic ability. Alternative splicing event (3) leads to a protein isoform with unknown
catalytic ability.
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Peripheral dopamine production and AADC-expression in tissue
Table 2 and Figure 3 and 4 show dopamine production and AADC-expression by WB
and IHC in the various human tissues. As expected, the kidney cortex shows high
dopamine production activity and AADC-expression levels compared with other
normal human tissues. Figure 3 shows cell-type specific IHC of AADC-expression in
the kidney cortex, jejunum, adrenal gland (cortex and medulla) and liver. Levels of
dopamine production activity corresponded well with AADC-expression in the various
tissues (Table 2). We were able to achieve 100% inhibition of dopamine production
when carbidopa was applied, in serum as well as in the kidney cortex. Compared to
serum, high concentrations of carbidopa were needed to achieve complete inhibition
of AADC-activity in kidney (1000 μM carbidopa for kidney and 125 μM for serum). At
62.5 μM NSD-1015 a maximum inhibition of 97% was achieved in the kidney cortex. In
serum, 100% inhibition of dopamine production was achieved at 6.25 μM NSD-1015.
Table 2. AADC-activity and expression of AADC in various human tissues
Tissue

AADC-activity
(nmol/min/g protein)

Immunohistochemical Western Blot
expression
expression

Pheochromocytoma 7301

+++

++

Kidney cortex

2996

+++

+++

Liver

354

++

++

Jejunum

304

+++

++

Neuroblastoma

232

++

+

Adrenal gland

152

+++/ +

+

Striatum (n=2)

5

+/-

+/-

Table 2. All AADC-activity assays were performed in duplicate, value shown is mean of two
separate samples except for kidney cortex (mean of three separate samples). +++: strong
positive, ++: intermediate positive, +: positive, +/-: weak positive. IHC of the adrenal gland showed
a strong positive signal in the medulla and a weak positive signal in the cortex.
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Figure 3. IHC expression of aromatic L-amino acid decarboxylase in several human tissues.

3

Figure 3. AADC-expression by immunohistochemistry of several human tissues; 10×. A: Kidney
cortex, high expression in proximal tubular epithelial cells. B: Jejunum, expression in epithelial
cells. C: Adrenal gland; high expression in medulla and weak expression in cortex. D: Liver, weak
positive expression in sinusoidal capillaries.
Figure 4. Western blot of AADC and in several human tissues.

Figure 4. Protein precision plus molecular weight marker is shown to the left. 1: recombinant
AADC protein (major band at 54 kDa). 2: pheochromocytoma, 3: neuroblastoma, 4: jejunum, 5:
kidney cortex, 6: adrenal gland, 7: liver, 8: striatum. 2–7 are results of 20 μg total protein/well,
8 is a result of 200 μg total protein/well because of negative results at 20 μg. Highest AADC
protein expression is seen in the kidney cortex (lane 5).
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Dopamine production with alternative substrates
The dopamine production activity assay in the kidney cortex homogenate and plasma
was used to test the possibility that substrates other than L-dopa, namely 3-MTYR and
tyramine, may be converted into dopamine. However, neither dopamine nor L-dopa
production was found, also if AADC-inhibitors were applied (data not shown).
Peripheral expression of tyrosinase
If the hypothetical pathway shown in Fig. 1 (tyrosinase catalyzing the conversion from
tyramine to dopamine) would explain dopaminuria in AADC-deficiency, a substantial
amount of tyrosinase should be expressed in peripheral tissues, especially in the kidneys.
However, IHC showed the lack of tyrosinase expression in all peripheral human tissues
tested (kidney, liver, adrenal gland, and jejunum). Besides melanoma, only striatum
showed a weak positive signal for tyrosinase. In line with these findings, only weak
bands at the expected molecular weight of 70–80 kDa for tyrosinase were observed in
melanoma and cerebral cortex, but not in the other tissues tested, including the kidney
cortex by WB (data not shown).
CYP2D dopamine production from tyramine
CYP2D isoforms may potentially catalyze the conversion of tyramine to dopamine. We
confirmed the presence of this pathway in rat liver and kidney microsomes. Under the
experimental conditions described in the CYP2D6 activity assays section, dopamine
production of 18 nmol/min/g protein in rat liver, and 3 nmol/min/g protein in rat kidney
was found. In comparison, mean dopamine production by AADC was 8348 nmol/min/g
protein for rat liver, and 14,084 nmol/min/g protein for rat kidney.

Discussion
We confirmed that the majority of patients with AADC-deficiency (85%) have normal
or increased levels of urinary dopamine excretion. In fact, even the patients with
hypodopaminuria still excrete substantial amounts of dopamine. Genotype/phenotype
correlations do not explain this finding. In our search for alternative metabolic pathways,
we found that tyramine can be converted to dopamine by rat renal microsomes,
presumably by CYP2D isoforms. Other alternative metabolic pathways for dopamine
formation were not found. Tyrosinase, another enzyme that is thought to catalyze the
conversion of tyramine to dopamine, is not expressed in human peripheral tissues
including the kidney and therefore is not a likely explanation for normal to increased
levels of urinary dopamine in AADC-deficiency. The kidney cortex contained the highest
dopamine production activity and AADC-expression of human tissues we tested.
None of the mutations (genotypes) found in our population were specifically associated
with either normo-, hyper- or hypodopaminuria. Furthermore, described forms of
alternative splicing cannot explain this finding. The alternative splicing event in exon 1
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leads to the same gene product, and alternative splicing of exon 3 leads to an isoform
without catalytic ability. The catalytic ability of alt-DDC, formed in alternative splicing
of exon 10, is unknown, but it is unlikely that this isoform explains normal to increased
levels of dopamine in AADC-deficiency, since the majority of patients with mutations
in exons 1–9 were able to produce normal or increased levels of urinary dopamine
(Figure 2). Other forms of alternative splicing events are not described in human DDC.
Because many different mutations affecting the whole DDC-gene are associated with
normal or increased levels of urinary dopamine in AADC-deficiency, alternative splicing
events are very unlikely to be the explanation for normal or increased function of AADC
in the kidneys.

3

CYP2D6 is a human cytochrome P450 isoform and involved in metabolism of
approximately 20% of all clinical drugs33. It is expressed in the liver, and to a lesser
extent also in extrahepatic organs, e.g. in human kidney34 and brain35. Tyramine has
been described as an endogenous substrate for CYP2D6 in human liver22 and in rat brain
microsomes and human CYP2D6 expressing bactosomes and supersomes23. CYP2D6
catalysis involves O-demethylation and ring hydroxylation, which may lead to conversion
of tyramine into dopamine36. In kidneys, tyramine conversion by CYP2D6 has not been
described previously. We have shown that rat kidney microsomes can convert tyramine
to dopamine in vitro. Rats express CYP2D isoforms with similar properties as human
CYP2D623. However, the amount of dopamine found in urine of AADC-deficient patients
can reach very high levels (Table 1), especially compared to the low levels of dopamine
formation found in our in vitro experiments. Although we did not formally assess this,
it does not seem likely that CYP2D6-mediated conversion of tyramine to dopamine
alone can explain this finding. Notably, substrate availability (plasma tyramine) is also
low in normal controls37 and AADC-deficient patients (unpublished observations). Two
sources of tyramine are available in humans, namely dietary tyramine, that mostly is
converted by MAO (especially in the intestines38, and AADC-dependent endogenous
synthesis from tyrosine39. Humans do not exhibit the invertebrate enzyme tyrosine
decarboxylase (TDC; EC4.1.1.25) and solely rely on AADC for this catalysis40 (Fig. 1). Like
dopamine, tyramine is thought not to cross the blood brain barrier. However, tyramine
levels are detectable in CSF, specific trace amines receptors exist in the brain, and
plasma tyramine is increased in patients with primary headache syndromes41. Despite
these drawbacks, the CYP2D6-mediated pathway of dopamine formation from tyramine
is an interesting topic for further research because it may be of value in designing
therapeutic strategies for AADC-deficiency, especially because this metabolic pathway
is also functional in the brain.
We did neither observe protein expression of tyrosinase by IHC nor a protein band on WB
in peripheral tissues that do not contain melanosomes. This is in accordance with Chen
et al., who obtained negative results in kidney, and several other tissues42. However,
tyrosinase mRNA was detected in, amongst others, kidney43, which apparently—
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therefore—is not translated into detectable protein levels. Although tyrosinase is
able to use monohydroxy-phenols (e.g. tyrosine and tyramine) as substrate20, only
mushroom tyrosinase may convert tyramine to dopamine20, 21. With our negative finding
of protein expression of tyrosinase in human peripheral tissues, it is very unlikely that
the hydroxylation of tyramine by tyrosinase will contribute to normal or increased
levels of urinary dopamine in AADC-deficiency, let alone that available substrate levels
of tyramine are low.
We did not find evidence that 3-MTYR may serve as substrate for dopamine formation in
AADC-deficiency. In previous reports, the demethylation of 3-MTYR to L-dopa, or direct
conversion to dopamine has been proposed14, 44, 45. Also more recently, demethylation of
3-MTYR as a source for urinary dopamine was demonstrated in vivo and in vitro in rats16.
However, we neither found L-dopa nor dopamine production with 3-MTYR as substrate.
It cannot be excluded that the tested conditions were not optimal for demethylation of
3-MTYR. However, the final step in dopamine formation from demethylated 3-MTYR
still requires a decarboxylation step by AADC44.
We found high levels of dopamine production activity in human kidney cortex
homogenate. Although the high AADC-activity in PTE-cells is established, to our
knowledge, no other studies tested AADC-activity in human kidney cortex homogenate
using the same conditions as we did. The only other study on human kidney cortex
homogenate found an activity of only 70 nmol/min/g protein, but no vitamin B6 was
added as co-factor and incubation time was much shorter46. Studies on rat kidney cortex
homogenate showed similar or higher AADC-activities compared to our results47, 48. In
our assay, enzyme activity is determined as dopamine production, hence no direct
measurement of AADC is made and dopamine production could be dependent on other
enzymes. However, we established that this dopamine production is indeed AADCdependent, because a complete inhibition of dopamine production was reached when
the peripheral AADC-inhibitor carbidopa was applied. Therefore, and in combination
with our other results, in the human kidney the conversion of L-dopa to dopamine
by AADC is probably the only possible pathway. The importance of L-dopa in renal
dopamine formation is also illustrated in previous reports that showed an increase of
urinary dopamine excretion in AADC-deficient patients with increased levels of plasma
L-dopa because of L-dopa medication8, 10.
In conclusion, we found normal to increased levels of urinary dopamine in the majority
of AADC-deficient patients. There are no genotype/phenotype correlations, including
alternative splicing events, to explain this finding and no alternative metabolic pathways
can satisfactorily explain renal dopamine formation in AADC-deficient patients.
Although it does not provide an explanation for normal or increased levels of urinary
dopamine, CYP2D-mediated conversion of tyramine to dopamine is possible in the
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kidney. This finding might lead to the design of new therapeutic strategies for AADCdeficiency, e.g. by stimulating cerebral CYP2D6 activity or substrate availability.
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Abstract
Aromatic L-amino acid decarboxylase (AADC) decarboxylates 3,4-L-dihydroxylphenylalanine (L-dopa) to dopamine, and 5-hydroxytryptophan to serotonin. In AADC
deficiency, dopamine and serotonin deficiency leads to a severe clinical picture with
mental retardation, oculogyric crises, hypotonia, dystonia, and autonomic dysregulation.
However, despite dopamine deficiency in the central nervous system, urinary dopamine
excretion in AADC-deficient patients is normal to high.
In human, renal AADC-activity is very high compared to other tissues including
brain tissue. Plasma L-dopa levels are increased in AADC deficiency. In this study,
the hypothesis that in AADC deficiency relatively high-residual renal AADC-activity
combined with high substrate availability of L-dopa leads to normal or elevated levels
of urinary dopamine is tested and verified using 24-h urine collection of two AADCdeficient patients.
Renal dopamine is a major regulator of natriuresis and plays a crucial role in the
maintenance of sodium homeostasis. Therefore, the preservation of sufficient renal
AADC-activity in AADC deficiency might be crucial for survival of AADC-deficient
patients.
In this study, we underpinned an empirical finding with theory, thereby putting a clinical
observation into its physiological context. Our study stresses the difference - not
qualitatively but quantitatively - between dopamine production in the central nervous
system and peripheral organs. Furthermore, this study clarifies the so far unexplained
observation that neurotransmitter profiles in urine should be interpreted with extreme
caution in the diagnostic work-up of patients suspected to suffer from neurometabolic
disorders.
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Introduction
Aromatic l-amino acid decarboxylase (AADC; EC 4.1.1.28) decarboxylates
3,4-l-dihydroxylphenylalanine (L-dopa) to dopamine, and 5-hydroxytryptophan to
serotonin (Figure 1). AADC deficiency (OMIM 608643) is a rare autosomal recessive
neurometabolic disorder characterized by mental retardation, oculogyric crises,
hypotonia, dystonia, and autonomic dysregulation1. Unfortunately, no successful
therapeutic strategies are available.
Figure 1. Overview of the biosynthesis of serotonin and the catecholamines (dopamine, norepinephrine, and epinephrine).

4

Figure 1. Abbreviations: PhH phenylalanine hydroxylase, BH 4 tetrahydrobiopterine, TH
tyrosine hydroxylase, TrH tryptophan hydroxylase, AADC aromatic l-amino acid decarboxylase,
l -dopa l-3,4-dihydroxyphenylalanine, Vit B6 vitamin B6, COMT catechol-O-methyltransferase, DβH dopamine β hydroxylase, PNMT phenyletholamine N-methyltransferase,
MAO monoamine oxidase, AD aldehyde dehydrogenase, DOPAC dihydroxyphenylacetic
acid, 3-MT 3-methoxytyramine, AR aldehyde reductase, ADH alcohol dehydrogenase, DHPG
3,4-dihydroxyphenylethyleneglycol, MHPG 3-methoxy 4-hydroxyphenylethyleneglycol, 5-HIAA
5-hydroxy indole acetic acid, HVA homovanillic acid, VMA vanilmandelic acid. Dopal, dopegal,
and mopegal are intermediate aldehydes.
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Urine is easily accessible for diagnostic purposes and is often used in the diagnostic
work-up of neurometabolic disorders. However, its usefulness to diagnose these
disorders is limited, e.g., it is not appropriate in the case of tyrosine hydroxylase
deficiency2. Urinary vanillactic acid (VLA), a catabolic end-product of L-dopa, is increased
in AADC deficiency. However, in some patients urinary VLA is only mildly increased1, and
most laboratories do not include VLA in their organic acid analysis3. Furthermore, the
neurotransmitter profile in urine shows unexpected findings in AADC deficiency, not at
all reflecting the deficiencies in the central nervous system as found in the cerebrospinal
fluid (CSF). Most notably, the majority of AADC-deficient patients shows paradoxically
normal or even increased levels of free urinary dopamine and homovanillic acid (HVA)4,
5
, the metabolic end-product of dopamine breakdown. This is paradoxical because
renal dopamine production, taking place in proximal tubular epithelial (PTE)-cells in the
renal cortex, is thought to be AADC-dependent6, 7. In a recent study, we confirmed the
presence of high AADC-activity in normal human renal cortex and found no alternative
metabolic pathways of renal dopamine formation4.
Complete loss of AADC-activity is thought to be incompatible with life, as is complete
loss of catalytic activity of tyrosine hydroxylase, the neighboring enzyme in dopamine
biosynthesis8. In line with this assumption, in almost all AADC-deficient patients, some
residual plasma AADC-activity can be demonstrated3. It is very likely that PTE-cells of
AADC-deficient patients will also exhibit residual AADC-activity. In this chapter, we
tested the hypothesis that residual renal AADC-activity combined with high levels of
substrate availability (L-dopa from plasma) is sufficient to account for urinary dopamine
excretion in AADC-deficient patients.

Methods
Data Collection
A 24-h urine collection and a single venous blood sample were obtained from a 6-yearsold AADC-deficient male patient (patient 1), first reported in 2007 3 and a 9-months-old
male patient (patient 2) not previously described. Patient 1 used selegiline (monoamine
oxidase (MAO)-B inhibitor) 6 mg/day and vitamin B6 100 mg/day as medication. Patient
2 did not use any relevant medication at the moment of sampling. Informed parental
consent and approval of the Medical Ethical Committee of the Radboud University
Nijmegen were obtained for this study. In urine, creatinine, L-dopa, HVA, DOPAC,
and dopamine were determined using standard HPLC procedures. In plasma, L-dopa,
HVA, and AADC-activity, the latter as described previously3, were determined. Plasma
dopamine was determined but was below the detection limit (nM range). Glomerular
filtration rate (GFR) was determined by creatinine clearance using the following standard
formula: GFR (mL/min) = (urine creatinine (μmol/L)/plasma creatinine (μmol/L)) × urine
production (mL/min).
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Calculation of L-dopa Availability and Dopamine Production
If urinary dopamine arises from blood-derived L-dopa, filtered L-dopa should exceed
urinary dopamine plus urinary HVA and DOPAC because dopamine is metabolized,
ultimately to HVA, inside PTE-cells (Figs. 1 and 2)9. Furthermore, a portion of dopamine
formed inside PTE-cells will be taken up into the body by basolateral reabsorption of
dopamine. However, this uptake is very small compared to dopamine excretion10, 11 and,
therefore, neglected in the following calculation. Once secreted in the tubulus, virtually
no reabsorption of dopamine12 and HVA13 takes place. Urinary HVA is partially derived
from the blood and partially formed within the kidneys14. The following calculations
were used to estimate the amount of substrate availability (L-dopa) and extent of
metabolism of dopamine:

Calculations:

4

(Ia)
(Ib)

L-dopa filtered load (nmol/min) = GFR(mL/min) x L-dopa in plasma (nmol/mL)
L-dopa excretion (nmol/min) = urinary L-dopa (nmol/mL) x urine production
(mL/min)
(Ic)
Substrate availability (nmol/min) = (Ia) – (Ib)
(II)
Dopamine excretion (nmol/min) = urinary dopamine (nmol/mL) x urine
production (mL/min)
(III)
DOPAC excretion (nmol/min) = urinary DOPAC x urine production (mL/min)
(IVa) HVA filtered load (nmol/min) = GFR x plasma HVA (nmol/L)
(IVb) HVA excretion (nmol/min) = urinary HVA (nmol/ml) x urine production (ml/min)
(IVc) Renal metabolism of dopamine to HVA (nmol/min) = (IVb) – (IVa)
(V)
Renal dopamine production: II+III+Ivc
Equation (A): Substrate availability should be greater than renal dopamine production:
(A)

: (Ic)>(V)
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Figure 2. Renal handling of L-dopa

Figure 2. Schematic representation of renal handling of L-dopa and its metabolites. Dopamine
filtration and reabsorption, shown in gray, is very small compared to dopamine formation
and excretion, and therefore not considered in the calculation of L-dopa availability. L-dopa is
decarboxylated to dopamine inside proximal tubular epithelium cells, and metabolism of newly
formed dopamine (simplified representation) also takes place inside these cells. Roman numbers
indicate formulas that are given in the text. Ia: L-dopa filtered load. Ib: L-dopa excretion. Ic:
L-dopa reabsorption. II: dopamine excretion. III: DOPAC excretion. IVa: HVA filtered load. IVb: HVA
excretion. IVc: HVA renal production (adapted from Wassenberg T et al, JIMD Reports 2012)

Renal AADC-Activity with In Vivo Range of L-dopa Supply
Human renal AADC-activity is 100 to 1000 times higher than plasma AADC-activity when
tested with micromolar to millimolar L-dopa concentrations4, 15, 16. Although no material
was available to actually measure residual renal AADC-activity in kidney homogenate
of AADC-deficient patients, it seems inevitable that there will be at least some residual
enzyme activity since complete loss of AADC-function is considered incompatible with
life8, and because some residual AADC-activity is also found in plasma of (almost all)
AADC-deficient patients. Renal dopamine biosynthesis depends on AADC-activity
and substrate availability. In vivo, substrate availability to PTE-cells of AADC-deficient
patients will be in the nanomolar range. To investigate renal AADC-activity with L-dopa
availability as present in vivo, dopamine production in human kidney homogenate was
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tested under Michaelis–Menten conditions with L-dopa concentrations ranging from 0
to 1,000 μM in AADC-activity assays as previously described4.

Results
Patient characteristics are shown in Table 1, and results of calculations are shown in
Table 2. The urinary dopamine level of both AADC-deficient patients was increased
compared to age matched controls. Urinary L-dopa excretion (Ib) was found to be less
than the filtered L-dopa (Ia) leading to L-dopa substrate availability (Ic) of 20 (patient
1) and 18 (patient 2) nmol/min. Equation (A) was confirmed in both patients with renal
dopamine production being three (patient 1) or two (patient 2) times less than L-dopa
substrate availability and, therefore, dopamine production could have originated from
filtered L-dopa.

4

The substrate curve of AADC-activity for human kidney cortex homogenate is shown in
Fig. 3a (0–1,000 μM) and Fig. 3b (0–100 μM). At L-dopa availability in the nanomolar/
low micromolar range, the relation between AADC-activity and L-dopa availability is
linear. In other words, small increase in substrate availability will lead to high increase
in dopamine production.
Table 1. Patient Characteristics
Patient 1

Patient 2

Sex, age (years)

M, 6

M, 0.8

Medication

Vit B6, selegiline

none

Length (cm), Weight (kg)

107, 15

70, 9.2

Urine production (ml/min)

0.1

0.5

Plasma creatinine (µmol/l)

27

23

Urine creatinine (µmol/l)

7500

1500

GFR (mL/min)

30

32.4

Plasma L-dopa (nmol/ml)

0.8

0.8

Urine L-dopa (nmol/ml)

35.3

19.1

Plasma HVA (nmol/ml)

0.05

0.003

Urine HVA (nmol/ml)

51

13.1

Urine DOPAC (nmol/ml)

11.3

5.9

Plasma DA (nmol/ml)

ND

ND

Urine DA (nmol/ml)

10.2

2.4

Serum AADC-activity (nmol/min/l)

0.3

1.7

61

Voorbereid document _Tessa Wassenberg_V03.indd 61

25/10/2021 09:32

Chapter 4

Table 2. Results of calculations
Patient 1

Patient 2

Ia

L-dopa filtered load (nmol/min)

24

27

Ib

L-dopa excretion (nmol/min)

4

10

Ic

L-dopa substrate availability (IIa-IIb) (nmol/min)

20

18

II

Dopamine excretion (nmol/min)

1.1

1.2

III

DOPAC excretion (nmol/min)

1.1

2.9

IVa

HVA filtered load (nmol/min)

1.4

0.1

IVb

HVA excretion (nmol/min)

5.5

6.5

IVc

Renal metabolism of dopamine to HVA (IVb-IVa) (nmol/min)

4.2

6.4

V

Renal dopamine production (II+III+IVc) (nmol/min)

6.5

10.5

A

Ic > V

Yes

Yes

Figure 3. Substrate curves for AADC-activity of human renal cortex

Substrate curves for AADC-activity of human renal cortex with an L-dopa concentration of 0-1000
μM (3a) and 0-100 μM (3b). AADC-activity was measured as dopamine production in nmol/min/L.
Figure adapted from Wassenberg T, JIMD Reports 2012.

Discussion
In this chapter, we showed that the – seemingly paradoxical – finding of normal or
increased levels of urinary dopamine in AADC deficiency can be explained by the
combination of three factors. First, AADC deficiency is characterized by profoundly
diminished, but not totally absent, enzymatic activity as confirmed by measurement of
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residual plasma AADC-activity in almost all patients3. Second, human kidneys have an
efficient system to synthesize dopamine from blood derived L-dopa as reflected by the
very high AADC-activity found in kidney cortex compared to other organs including the
brain. Third, as the consequence of the metabolic defect, large amounts of substrate
(i.e., L-dopa in plasma) are readily available for the kidneys of AADC-deficient patients.
We hypothesized that the combination of these three factors may logically explain
urinary dopamine excretion in AADC deficiency. This hypothesis was confirmed in a
process where we first defined the most appropriate theoretical calculation of urinary
dopamine excretion, and subsequently demonstrated in a clinical setting that this
calculation is in line with our empirical observations of normo- or hyperdopaminuria
in AADC-deficient patients.
There might be a drug-induced effect of dopamine excretion in patient 1 who used
selegiline at the time of investigation. MAO-B inhibitors increase extracellular dopamine
content by inhibiting dopamine breakdown, and in an experimental design Ibarra et al.
showed increase of proximal tubular dopamine concentration when MAO-B inhibitors
were applied17. This means that in patient 1, intratubular concentration of L-dopa – and,
therefore, actual substrate availability – was higher than calculated and that use of
selegiline does not conflict with the outcome of Equation (A).

4

Dopamine is a major regulator of the body’s sodium homeostasis. Experimental studies
showed that rats with reduced renal mass showed increased dopamine production
per gram tissue9. In humans with reduced renal perfusion, dopamine excretion is
not decreased18. It is not surprising that the body is capable of increasing dopamine
production in certain situations, because renal dopamine is crucial in natriuresis and
maintenance of sodium homeostasis19. Therefore, the preservation of sufficient renal
AADC-activity in AADC deficiency, although leading to seemingly paradoxical normal
or increased levels of urinary dopamine, might be crucial for the survival of AADCdeficient patients.
A methodological consideration might be that we did not use healthy, age-matched
controls to prove that L-dopa substrate availability is sufficient to explain the amount
of urinary dopamine that is normally excreted. However, it has been clearly shown
in the literature that L-dopa is the substrate for renal dopamine biosynthesis7, 20,
and in a systematic study, we have not found any alternative metabolic pathways to
explain renal dopamine formation in AADC-deficient patients4. Furthermore, a direct
relationship between L-dopa availability and renal dopamine excretion is illustrated by
the observation that urinary dopamine levels increase upon L-dopa medication, both
in normal controls21, and AADC-deficient patients5, 22.
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Another consideration is that we present a theoretical calculation which gives a simplified
representation of renal physiology. We think that the most important simplification
might be that we have assumed a one to one ratio of L-dopa concentrations in PTE-cells
and the intraluminal compartment of the proximal tubule. It could be argued that this
ratio is not physiologically correct and that deviations from this ratio would interfere
with the accuracy of the model. Indeed, L-dopa uptake in PTE-cells is mediated by
active transport23, and under experimental conditions up to 70 times higher L-dopa
concentrations are found inside cultured renal epithelial cells than in the culture
medium24-26. Reported intracellular concentrations24, 26 are in the linear part of the
substrate curve (Fig. 3b), and increasing amounts of available L-dopa inside PTE-cells
will, therefore, lead to linear increases of dopamine production. In our model, this
means that substrate availability (freely filtered tubular L-dopa) will lead to even higher
intracellular dopamine concentrations and, therefore, higher dopamine production than
calculated. Altogether, the most critical assumption in our model of renal dopamine
handling does not conflict with the main conclusions of this study.

Take-Home Message
The combination of residual renal AADC-activity and pathologic increases of L-dopa
substrate availability explains normo- to hyperdopaminuria in AADC-deficient patients.
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Abstract
Background: Aromatic L-amino acid decarboxylase (AADC) deficiency and tyrosine
hydroxylase (TH) deficiency are rare inherited disorders of monoamine neurotransmitter
synthesis which are typically diagnosed using cerebrospinal fluid examination of
monoamine neurotransmitter metabolites. Until now, it has not been systematically
studied whether analysis of monamine neurotransmitter metabolites in blood or urine
has diagnostic value as compared to cerebrospinal fluid examination, or whether
monoamine neurotransmitter metabolites in these peripheral body fluids is useful to
monitor treatment efficacy.
Methods: Assessment, both by literature review and retrospective analysis of our local
university hospital database, of monoamine neurotransmitter metabolites in urine,
blood and cerebrospinal fluid, and serum prolactin levels, before and during treatment
in patients with AADC and TH deficiency.
Results: In AADC deficiency, 3-O-methyldopa in serum or dried blood spots was
reported in 34 patients and found to be (strongly) increased in all, serotonin in
serum was decreased in 7/7 patients. Serum prolactin was increased in 34/37 and
normal in 3 untreated patients. In urine, dopamine was normal or increased in 21/24
patients, 5-hydroxyindoleacetic acid was decreased in 9/10 patients, and vanillactic
acid was increased in 19/20 patients. No significant changes were seen in monoamine
neurotransmitter metabolites after medical treatment, except for an increase of
homovanillic acid in urine and cerebrospinal fluid after levodopa therapy, sometimes
even in absence of a clinical response. After gene therapy, cerebrospinal fluid
homovanillic acid increased in most patients (8/12), but 5-hydroxyindoleacetic acid
remained unchanged in 9/12 patients.In TH deficiency, serum prolactin was increased in
12/14 and normal in the remaining untreated patients. Urinary dopamine was decreased
in 2/8 patients and normal in 6. Homovanillic acid concentrations in cerebrospinal fluid
increased upon levodopa treatment, even in the absence of a clear treatment response.
Conclusions: This study confirms that cerebrospinal fluid is the most informative
body fluid to measure monoamine neurotransmitter metabolites when AADC or TH
deficiency is suspected, and that routine follow-up of cerebrospinal fluid measurements
to estimate treatment response is not needed. 3-O-methyldopa in dried blood spots
and vanillactic acid in urine are promising peripheral biomarkers for diagnosis of AADC
deficiency. However, in many patients with TH or AADC deficiency dopamine in urine
is normal or increased thereby not reflecting the metabolic block. The value of serum
prolactin for follow-up of AADC and TH deficiency should be further studied.

70

Voorbereid document _Tessa Wassenberg_V03.indd 70

25/10/2021 09:32

Blood, urine and CSF in TH and AADC deficiency

Introduction
Monoamine neurotransmitter deficiencies are rare, usually autosomal recessively
inherited neurometabolic disorders in which an enzyme deficiency leads to impaired
synthesis, metabolism, or transport of catecholamines (dopamine, norepinephrine
and epinephrine) and/or serotonin, depending on the specific deficiency1. In aromatic
L-amino acid decarboxylase (AADC; EC 4.1.1.28) deficiency synthesis of serotonin
and catecholamines2, 3 is affected, which leads to hypotonia, developmental delay,
movement disorders (especially oculogyric crises), and autonomic symptoms4. Tyrosine
hydroxylase (TH; EC 1.14.16.2) deficiency only affects catecholamine synthesis and
clinically leads to dopa-responsive dystonia or a more severe infantile onset complex
encephalopathy5. AADC and TH deficiency can be diagnosed by quantification of
monoamine neurotransmitter metabolites in cerebrospinal fluid (CSF) and molecular
analysis of the DDC or TH gene4, 5. In addition, AADC (but not TH) enzyme activity can
be determined in plasma4. Treatment of AADC deficiency is complex and often little
successful4, although promising results of gene therapy have been obtained recently6,7.
Treatment of TH deficiency is often more straightforward and consists primarily of
L-dopa supplementation with a peripheral decarboxylase inhibitor like carbidopa5.

5

TH and DDC genes are expressed throughout the body8-10, and dopamine and serotonin
not only act as neurotransmitters but also as endocrine, autocrine and paracrine
substances11-14. However, it is generally accepted that – in contrast to what is seen
in CSF – the quantity of monoamine neurotransmitter metabolites in urine do not
reflect the metabolic defect in patients with primary monoamine neurotransmitter
disorders. In AADC deficiency, monoamine neurotransmitter excretion patterns have
been studied quite extensively and it has been shown that urinary dopamine is often
paradoxically increased due to the combination of excessive availability of the precursor
L-dopa and residual enzymatic capacity of AADC in the kidneys10, 15. For monoamine
neurotransmitter metabolites in blood, fewer data are available. Consensus in AADC
deficiency is that urine and plasma measurements of monoamine neurotransmitter
metabolites are not suitable for diagnostic purposes4, with the exception of vanillactic
acid (VLA) and 3-O-methyldopa (3-OMD) in plasma4, 16 and urine17, which may serve
as “red flags” that make AADC deficiency highly suspicious. In TH deficiency, urine
and plasma are probably not useful for diagnostic purposes at all, but monoamine
neurotransmitter metabolite patterns in both blood and urine have not been
systematically studied.
Pituitary prolactin release is controlled by dopamine through a negative feedback18.
Therefore, in disorders with low dopamine levels like TH and AADC deficiency, serum
prolactin levels would be expected to be high. However, the diagnostic value of
hyperprolactinemia in AADC deficiency is unclear4, and its significance in TH deficiency
has not been systematically studied before. The serum prolactin concentration is
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easily influenced by multiple factors, including stress of a venous puncture and diurnal
variation, and references ranges are age- and gender specific18. Therefore, values
should always be interpreted with caution. Nonetheless, serum prolactin could be
an interesting biomarker to support diagnosis, and potentially also to monitor the
efficacy of treatment in patients with a primary monoamine neurotransmitter disorder.
The analysis of prolactin is widely available (in contrast to analysis of monoamine
neurotransmitter metabolites in body fluids, which is restricted to specialized labs),
relatively cheap, and does not require a lumbar puncture. Therefore, in this study we
also reviewed available data of prolactin measurements in AADC and TH deficiency
before and during treatment.
The value of CSF monoamine neurotransmitter analysis to diagnose AADC and TH
deficiency and many other primary monoamine disorders is solid1, 4, 5, and needs
no confirmation. Routine follow-up CSF measurements are generally neither
used nor needed in the management of stable patients with primary monoamine
neurotransmitter deficiencies4, and therefore it is not well known how CSF profiles
change due to treatment in these disorders. Therefore, we evaluated available data on
CSF monoamine neurotransmitter metabolites before and during treatment.
In this study, we combined a literature review of laboratory measurements in AADC and
TH deficiency with a study of the database of the Translational Metabolic Laboratory
(TML) of our hospital, to analyze patterns of monoamine neurotransmitter metabolism
in urine, blood, and CSF before and during treatment, and prolactin levels in blood
before and during treatment. With this, we aim to further expand the knowledge
on central and peripheral patterns of dopamine and serotonin metabolites, expose
knowledge gaps to guide further research, and provide practical advice concerning
body fluid examination in the management of these disorders.

Materials and methods
Data collection
We searched the PubMed database using the following search terms: dopa responsive
dystonia, tyrosine hydroxylase deficiency, TH-deficiency, aromatic L-amino acid
decarboxylase deficiency, AADC-deficiency, and dopa decarboxylase. Language filters
used were English, French, and Dutch. The last search was performed May 2020.
Reference lists of all relevant papers were checked for missing articles. The TML
database was searched to include all patients with TH and AADC deficiency diagnosed
and/or followed in our laboratory from January 1997 until May 2020. This database
contains all records of all neurochemical investigations that were performed in body
fluids collected form patients for whom these ancillary laboratory investigations were
indicated as part of the diagnostic process. Patients (both from the literature and TML
database) were included if (I) any of the monoamine neurotransmitter metabolites
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(dopamine, norepinephrine, epinephrine, serotonin, homovanillic acid (HVA),
5-hydroxyindole acid (5-HIAA), ratio HVA/5-HIAA, 3-methoxy 4-hydroxyphenylglycol
(MHPG), 3-O-methyldopa (3-OMD), L-Dopa, 5-hydroxytryptophan (5-HTP),
vanillylmandelic acid (VMA), and vanillactic acid (VLA)) were reported in urine and/
or blood, and/or (II) prolactin levels were reported in serum/plasma, and/or (III)
monoamine neurotransmitter metabolites in CSF were reported before and during
medical treatment.
Data were excluded if it was not described if the samples were taken before or during
treatment and/or no information on the method by which the patient was diagnosed
(genetic analysis, CSF studies, enzyme activity) was available. For each included patient,
it was recorded which core diagnostic characteristics (CSF monoamine neurotransmitter
profile and/or molecular analysis in TH and AADC deficiency, and additionally AADC
activity in AADC deficiency) were available. Because it was not described in most case
reports if samples from different body compartments were taken on the same day – this
could only be confirmed for data included in the TML database- no direct comparisons
between monoamine neurotransmitter metabolites in different body compartments
were made. All patients that were included in the TML database have been reported
previously (Supplement A and B).

5

Laboratory methodologies
The laboratory methodologies used for monoamine neurotransmitter analysis in
TML have previously been described19, 20. In other laboratories, local methodologies
may apply. For literature references of included articles, see supplemental material
(Supplement A and B).
Data analysis
Reference values of monoamine neurotransmitter metabolites are age dependent
and differ between different laboratories. In order to be able to compare data, we
classified values as decreased, normal, or increased according to the reference range
in the corresponding laboratory. We defined mildly decreased as 50–99% of lower
limit of reference range, moderately decreased as 10–49% of lower limit of reference
range, strongly decreased as <10% of lower limit of reference range, mildly increased
as 101–199% of upper limit of reference range, moderately increased as 200–499%
of upper limit of reference range, and strongly increased as ≥500% of upper limit of
reference range. To compare monoamine neurotransmitter metabolites in CSF before
and during treatment, 1-tailed dependent t-test was used for all measurements except
3-OMD (1-tailed independent t-test). These basic statistical analyses were performed
using Microsoft Windows Excel 2007. For prolactin, measurements were classified as
decreased, normal, or increased compared to reported reference value
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Ethical considerations
This study was in accordance with the International Declaration of Helsinki and consisted
of purely retrospective and anonymous use of data. The retrospective use of data from
the TML database was approved by the local ethical committee of Radboud university
medical center (registration number: 2016-3011).

Results
Supplements A (AADC deficiency) and B (TH deficiency) give an overview of included
patients regarding reference (TML and/or literature), core diagnostic tests which
were reported to ascertain diagnosis, and which data was available for inclusion to
answer our research questions. In TH deficiency, we found no reports of monoamine
neurotransmitter metabolites in blood.
AADC deficiency: monoamine neurotransmitter metabolites in plasma en DBS
in untreated patients
The profile of monoamine neurotransmitter metabolites in untreated patients is
summarized in Table 1, and resembles the profile found in CSF with high levels of
metabolites upstream from the metabolic defect (L-dopa, 3-OMD and 5-HTP), and
decreased levels of metabolites downstream from the metabolic defect (HVA, VMA,
MHPG, NE, E, 5-HIAA, 5-HTP and serotonin), except that in one patient a normal 5-HIAA
level was reported. Measurements in more than five patients were present for serotonin
(n = 7) and 3-OMD (n = 34) only. 3-OMD was increased in all patients. When a precise
value was reported, 3-OMD was always very strongly increased (766–13.350% of upper
limit of reference range, median 2312%).
Table 1. Profile of monoamine neurotransmitter metabolites in plasma in untreated patients
with AADC deficiency
L-dopa 3-OMD HVA VMA MHPG
N

5

34

3

3

4

Result ↑↑↑ ↑↑↑* ↓↓ ↓↓ ↓↓

NE

E

5-HTP

3

2

3

5-HIAA
2

↓↓ ↓↓↓ ↑↑↑ ↓↓↓

1

5-HT
7

n ↓↓-↓↓↓

Table legend: Description of monoamine neurotransmitter metabolites in plasma in untreated
patients with AADC deficiency. ↓: mildly decreased (50-99% of lower limit of reference range)
↓↓: moderately decreased (10-49% of lower limit of reference range ), ↓↓↓: strongly
decreased (<10% of lower limit of reference range), ↑: mildly increased (101-199% of upper limit
of reference range); ↑↑: moderately increased (200-499% of upper limit of reference range),
↑↑↑: strongly increased (>500% of upper limit of reference range), n = normal.
*only in 13 patients a precise value was given, the others were described as ‘increased’. 3-OMD
was measured in DBS in 29 patients and in plasma in 5 patients.
Abbreviations: 3-OMD: 3-O-methyldopa, DBS: dried blood spot; HVA: homovanillic acid; VMA:
vanillylmandelic acid; NE: norepinephrine, E: epinephrine, 5HTP: 5-hydroxytryptophane, 5HIAA:
5-hydroxyindoleacetic acid ; 5HT: serotonin.
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AADC deficiency: monoamine neurotransmitter metabolites in plasma during
treatment
In three patients, monoamine neurotransmitter metabolites in plasma could be
compared before and during two treatment strategies. Under vitamin B6 monotherapy,
which gave no clear clinical response in these three patients, 5-HTP, 3-OMD, L-DOPA,
5-HT and NE remained unchanged. Epinephrine was reported in two patients and
remained below detection limit21,22. Treatment with vitamin B6 and tranylcypromine
(a MAO inhibitor) yielded some positive effects in these patients with improvement in
muscle tone and oculogyric crises. Biochemically, MHPG increased from 15% to 86%
of lower limit of reference range in one patient, norepinephrine normalized in two
patients, epinephrine remained below detection limit in two patients, and serotonin
increased from strongly to moderately decreased in two patients, but did not change
in another patient. L-DOPA, 3-OMD and 5-HTP remained strongly elevated in all three
patients, although 3-OMD levels diminished by about 50%21, 22.
Table 2. Profile of monoamine neurotransmitter metabolites in urine in untreated AADC and
TH deficiency

5

Table 2a. AADC deficiency
AADCD
N

VLA

3-OMD

1 21

1 5

5HIAA
9

HVA
1 1 6 7

VMA

DA

NE

3 3 9 12

4

E
2 5

Result n ↑↑↑* n ↑↑↑ ↓↓↓-↓ n ↓ n ↓↓-↓ n ↓ n ↑↑↑-↑ ↓↓↓-↓↓ n ↓↓↓-↓↓

Table 2b. TH deficiency
THD
N

VLA
-

3-OMD
-

Result

5HIAA

HVA

VMA
3 8

DA
1 2

NE
6 5

E

7

1

8

n

↑

↓↓↓-↓ n ↓↓↓-↓ n ↓↓ n ↓↓-↓ n ↓↓↓ n ↑↑

3 1

6 1

Table legend: Description of monoamine neurotransmitter metabolites in urine in untreated
patients with AADC (2a) and TH deficiency (2b).
↓: mildly decreased (50-99% of lower limit of reference range) ↓↓: moderately decreased
(10-49% of lower limit of reference range ), ↓↓↓: strongly decreased (<10% of lower limit
of reference range), ↑: mildly increased (101-199% of upper limit of reference range); ↑↑:
moderately increased (200-499% of upper limit of reference range), ↑↑↑: strongly increased
(>500% of upper limit of reference range), n = normal.
* in 16/21 patients, no value was given, only a description (increased).
Abbreviations: AADCD: AADC deficiency, n: number of patients in which data was recorded. THD:
tyrosine hydroxylase deficiency
VLA: vanillactic acid, 3-OMD: 3-O-methyldopa, 5HIAA: 5-hydroxyindoleacetic acid, HVA:
homovanillic acid; VMA: vanillylmandelic acid; DA: dopamine; NE: norepinephrine, E: epinephrine
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AADC deficiency: monoamine neurotransmitter metabolites in urine
The profile of monoamine neurotransmitter metabolites in urine of untreated patients
is summarized in Table 2a. Although urine measurements were recorded in 49 patients
with AADC deficiency (Supplement A), simultaneously reported multiple metabolites
were available for only 15 patients, of which for four only measurements during
treatment were available.
Urine before treatment did not reflect the typical CSF profile in most patients, with
normal HVA in 6/7 patients and normal or increased dopamine in 21/24 patients.
Urinary epinephrine was decreased in all patients. 5-HIAA was decreased in most
patients (9/10), and normal in one. VLA in urine was reported in 20 patients and was
increased in 19 of them. The patient with normal VLA levels in urine had a severe
classical phenotype of AADC deficiency complicated by epilepsy and was genetically
confirmed (p.R347Q homozygous), but neither CSF analysis nor AADC enzyme activity
was available23. 3-OMD in urine was reported in 6 patients, and was normal in one
patient and increased in five. There was insufficient data available for other monoamine
neurotransmitter metabolites.
Upon treatment with L-dopa there was a strong increase of HVA and dopamine.
Epinephrine did not clearly increase in response to different treatment regimens and
remained decreased in all patients.
AADC deficiency: serum prolactin
Serum prolactin was reported in 37 untreated patients with AADC deficiency.
Concentrations were increased in 34 patients and normal in three. In two patients, the
treatment effect of rotigotine (a dopamine agonist) and vitamin B6 was reported, with
normalization of prolactin levels24. In two patients, only measurements during treatment
(vitamin B6 in one, DA-agonist, vitamin B6 and MAO-inhibitor in the other) were given,
and also showed normal prolactin levels.
AADC deficiency: CSF monoamine neurotransmitter metabolites before and
during medical treatment
CSF HVA and 5-HIAA measurements could be compared in untreated and treated
condition in 14 patients.
As expected, HVA and 5-HIAA were decreased in all these untreated patients (mean HVA
25.5% of lower limit of reference range, range 2.3–54.5%; mean 5-HIAA 12.5% of lower
limit of reference range, range 0.0–41.6%). The CSF MHPG concentration in untreated
patients was decreased in nine patients (mean percentage of lower limit of reference
range 19.5%, range 4.1–43.3%) but normal in one.
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Treatment conditions were variable and consisted of dopamine agonists, MAOinhibitors, vitamin B6, L-dopa, or selective serotonin reuptake inhibitors in various
combinations. HVA levels in CSF could increase, remain stable or decrease upon
treatment. Significant HVA increase was only reached when treatments included
L-dopa, a drug which is only effective in a small subset of patients with AADC deficiency
due to L-dopa responsive mutations. In three of these responsive patients (siblings),
normalization of the HVA level was reached upon treatment with L-dopa and vitamin B6.
One other, clinically non-responsive, patient also had normalization of HVA level under
treatment with L-dopa, vitamin B6 and a MAO-inhibitor. 5-HIAA and MHPG levels did
not change significantly upon treatment, regardless of whether L-dopa was used or not.
Table 3. Summary of CSF findings before and during medical treatment in AADC and TH-deficiency
AADC
deficiency
Untreated

AADC deficiency
Treated
(L-dopa excluded)

AADC deficiency
Treated
(total, L-dopa
included

Mean (range)
Number of
patients

Mean(range)
p-value
Number of patients

HVA

↓↓
(↓↓↓-↓)
n=14

↓↓
(↓-↓↓)
p=0.14
n =9

↓
(↓↓-n)
p=0.03
n=14

↓↓
(↓↓↓-↓)
n=16

↓
(↓↓↓-↑)
p<0.001
n=16

5-HIAA

↓↓
(↓↓↓-↓↓)
n=14

↓↓
(↓↓↓-↓)
p=0.22
n=9

↓↓
(↓↓↓-↓)
p=0.07
n=14

n
(↓-↑)
n=16

n
(↓-↑)
p=0.06
n=16

MHPG

↓↓
(↓↓↓-n)
n=10

↓↓↓
(↓↓↓- ↓↓)
p=0.05
n=6

↓↓
(↓↓↓-n)
p=0.47
n=10

↓↓
(↓↓↓-↓)
n=9

↓
(↓↓↓ - n)
p=0.01
n=9

3-OMD

↑↑↑
(↑↑-↑↑↑)
n=9

↑↑↑
(↑↑-↑↑↑)
p=0.29
n=7

↑↑↑
(↑↑-↑↑↑)
p=0.06
n=9

n
(↓↓↓ - n)
n=14*

↑↑↑
(↑↑-↑↑↑)
p<0.001
n=13*

L-dopa

↑↑↑
(↑-↑↑↑)
n=10

↑↑
(↑↑-↑↑↑)
p=0.03
n= 7

↑↑↑
(↑↑-↑↑↑)
p=0.13
n=10

No data

↑↑
(n - ↑↑↑)
n=6

Mean(range)
p-value Number
of patients

TH deficiency TH deficiency
Untreated
Treated
Mean (range) Mean(range)
Number of
p-value
patients
Number
of patients

5
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Table 3. [Continued]

5-HTP

AADC
deficiency
Untreated

AADC deficiency
Treated
(L-dopa excluded)

Mean (range)
Number of
patients

Mean(range)
p-value
Number of patients

↑↑↑
(↑↑-↑↑↑)
n=10

↑↑↑
(↑-↑↑↑)
p=0.12
n=6

AADC deficiency
Treated
(total, L-dopa
included
Mean(range)
p-value Number
of patients

TH deficiency TH deficiency
Untreated
Treated
Mean (range) Mean(range)
Number of
p-value
patients
Number
of patients

↑↑
(↑-↑↑↑)
p=0.04
n=10

Table legend: ↓: mildly decreased (50-99% of lower limit of reference range) ↓↓: moderately
decreased (10-49% of lower limit of reference range), ↓↓↓: strongly decreased (<10% of lower
limit of reference range), n: normal, ↑: mildly increased (101-199% of upper limit of reference
range), ↑↑: moderately increased (200-499% of upper limit of reference range), ↑↑↑: strongly
increased (>500% of upper limit of reference range). p-value refers to the significance level of
the change in metabolite levels in untreated vs. treated conditions (1-tailed dependent t-test).
*no direct comparison of patients, independent t-test performed

AADC deficiency: CSF metabolites before and during gene therapy
To date, intraparenchymal gene therapy has been reported in 16 patients6, 7. In 12
patients, HVA and 5-HIAA in CSF has been reported in treatment naïve condition and
after gene therapy. HVA increased in 8 patients, but remained strongly decreased in 5
of these 8 patients. In one patient, who had moderately decreased HVA before gene
therapy, normal HVA levels after gene therapy were reached. HVA remained unchanged
in four patients (strongly decreased in three, moderately decreased in one). All patients
showed a favourable motor response after gene therapy.
5-HIAA remained strongly decreased in 9 patients. In three patients, 5-HIAA increased,
to moderately (n = 1) or to mildly (n = 2) decreased levels. 3-OMD was reported in 6
patients before treatment and after gene therapy, but remained moderately to strongly
increased without a significant change (p = 0.17).
TH deficiency: monoamine neurotransmitter metabolites in urine
The profile of monoamine neurotransmitter metabolites in urine (HVA, 5-HIAA, VMA,
dopamine, norepinephrine and epinephrine) in untreated TH deficiency is summarized
in Table 2b. There were insufficient data for the other monoamine neurotransmitter
metabolites, or for urinary monoamine neurotransmitter metabolites on medical
treatment (reported in one patient only).
Although in most patients before treatment urinary HVA and VMA were decreased and
5-HIAA was normal (in line with the neurometabolic block), this was not found in all
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patients. Three patients had normal HVA, one patient had normal VMA and one patient
had increased 5-HIAA levels.
Urinary dopamine was normal in 6/8 patients and decreased in the other two patients.
Norepinephrine was normal in 3/8 patients and decreased in the other five patients.
Epinephrine was decreased in only one patient, normal in 6, but increased in one.
Normal epinephrine concentrations were found in patients with decreased dopamine
(n = 2) and/or decreased norepinephrine (n = 4).
TH deficiency: serum prolactin
In untreated TH deficiency, prolactin was increased in 12 and normal in two patients.
In two patients, only measurements under L-dopa treatment were available, which
showed normal levels. In two patients under L-dopa and selegiline treatment, prolactin
levels did not change. In one male patient, multiple measurements of prolactin were
reported from age 1.8 until the age of 15 years under different treatment regimes. He
had very high levels at the time of diagnosis and clinically was a very slow responder
to medication. On follow-up, prolactin could be normal (n = 1), decreased (n = 3) or
increased (n = 6). There was no clear correlation between treatment regime, clinical
response, and prolactin levels (see Leuzzi et al. 2017 for a detailed description25).

5

TH deficiency: CSF monoamine neurotransmitter metabolites before and
during treatment
In 16 patients, CSF measurements before and during treatment were available. The
summary of results is shown in Table 3.
In all untreated patients, HVA was decreased (mean percentage of lower limit of
reference range 16.8%, range 0.00–63.0%), 5-HIAA was normal in 13/16 patients,
mildly increased in two and mildly decreased in one patient. CSF HVA/5-HIAA ratio
was decreased in all untreated patients.
Upon treatment, which always included L-dopa/carbidopa, there were no significant
changes in 5-HIAA levels. In contrast, there was a clear significant increase in HVA to a
mean of 81.3% of lower limit of reference range. Normal levels of HVA were reached
in five patients; three on a combination therapy of L-dopa and a MAO-inhibitor, two
on an L-dopa monotherapy. However, in two patients with a severe, early onset
phenotype that exhibited normal HVA levels, clinical response was described as only
partial or minimal26, 27. In one patient, mildly increased HVA levels (133% of upper limit
of reference range) occurred on L-dopa monotherapy. The clinical response in this
patient was not described.
A comparison of MHPG concentrations before and during treatment could be made in
9 patients. MHPG was decreased in all untreated patients (mean percentage of lower
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limit of reference range 32.8%, range 5.71–85.0%) and increased upon treatment to a
mean of 56.1% of lower limit of reference range, with a normal level reached in three
patients, all on L-dopa/carbidopa monotherapy. HVA in two of these patients remained
decreased, while in one patient it reached mildly increased levels (clinical response not
described).
Insufficient data for CSF 3-OMD prohibited a direct intra-individual comparison. 3-OMD
in untreated patients was normal in 11 patients, and mildly, moderately, or strongly
decreased in one patient each. Levels in treated condition (L-dopa with or without
dopamine agonist) were increased in all patients.

Discussion
In this study of patients with TH and AADC deficiency, we retrospectively evaluated the
literature and our laboratory database for monoamine neurotransmitter metabolite
patterns in blood and urine and prolactin levels in blood, and analyzed the influence of
medical treatment on monoamine neurotransmitter metabolites in CSF. This was the
first structured study in both TH and AADC deficiency to evaluate this, yielding both
expected and unexpected findings which are outlined below.
It is considered good practice to use CSF, but not blood or urine, to diagnose primary
monoamine neurotransmitter disorders, and our study supports this habit. Although
in patients with AADC deficiency the monoamine neurotransmitter profile in blood
seems to reflect the metabolic block and the profile found in CSF, this was only reported
in a very limited number of patients and 5-HIAA in blood was normal in one of these
patients. In TH deficiency, no reports of monoamine neurotransmitter metabolites in
blood were found at all. In urine, we confirm that the monoamine neurotransmitter
profile does not reflect the metabolic block in many patients with AADC deficiency,
in whom normal to high levels of dopamine metabolites are often found. We show
here that also when TH is deficient, normal levels of dopamine and HVA can be found.
Overall, we confirm that quantities of monoamine neurotransmitter metabolites in urine
in patients with AADC and TH deficiency should be interpreted with extreme caution
and are of very limited diagnostic value.
An exception to the rule above regards the metabolites that accumulate in AADC
deficiency, namely 3-OMD, L-dopa, and VLA, and possibly 5-HTP. These metabolites
are not only highly elevated in CSF, but also in blood and urine, a finding we could
confirm here in a relatively large group of patients. The work that is done to develop
newborn screening for AADC deficiency measuring 3-OMD in DBS16, 28, 29 is therefore
interesting and promising to decrease the long diagnostic delay that is often present
in this disorder3. However, some caution regarding these accumulating metabolites is
warranted. Firstly, in patients with AADC deficiency normal urinary VLA levels have been
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reported23, although recently it was shown that this might be overcome by measuring
VLA/VMA ratios in patients with AADC deficiency17. Secondly, other conditions in
which 3-OMD, L-dopa and VLA accumulate do exist. Besides due to treatment with
L-dopa30, 31, accumulation can occur in the case of ‘secondary AADC deficiency’ due to
deficiency of its co-factor pyridoxin, e.g. in some of the primary vitamin B6 responsive
disorders like pyridoxamine 5′- phosphate oxidase (PNPO) deficiency32, 33, or pyridoxal
phosphate binding protein (PLPBP) deficiency34, which in fact can give a monoamine
neurotransmitter metabolite profile indistinguishable from AADC deficiency. Clinically,
these disorders are usually different from AADC deficiency because of prominent
neonatal seizures33. Recently however, one patient with PLPBP deficiency was described
who did not suffer from seizures but displayed a movement disorder compatible with
AADC deficiency. Also in this patient, increased levels of VLA were found in urine34. This
highlights the fact that molecular confirmation of a specific genetic diagnosis is crucial
because treatment strategies of vitamin B6 responsive disorders and AADC deficiency
are different.

5

In TH deficiency, neither accumulated metabolites in CSF, urine or blood are known
nor identified with our study. At this moment, newborn screening for TH-deficiency
using metabolites in blood therefore seems beyond the horizon. However, innovative
techniques, e.g. using metabolomics or complexomics, might identify new biomarkers
of TH deficiency in the future35, 36.
Although it can be argued that nowadays the use of biomarkers in CSF, blood and urine
is losing its relevance since patients with a suspected neurometabolic disorders will
first be investigated using a genetic approach37, we believe that it is still important to
delineate and understand the profile of monoamine neurotransmitter metabolites in
body fluids. Not only can this help to establish or reject a diagnosis in patients in which
genetic variants of uncertain significance are found, it is also relevant to the new ‘omics’
techniques mentioned above35.
We found that serum prolactin is often increased in patients with AADC and TH
deficiency, but that it can be normal as well. We cannot extrapolate these findings
to all patients with TH and AADC deficiency because of the retrospective nature of
this study with lack of information on withdrawal conditions which is important for
correct interpretation of prolactin levels18. Although increased prolactin might serve
as a possible clue towards monoamine neurotransmitter deficiencies, especially in
low-resource countries 38, normal prolactin does not exclude TH or AADC deficiency.
However, the usefulness of prolactin for diagnosis and treatment monitoring of primary
monoamine deficiencies is an interesting topic for further prospective studies.
In patients with TH deficiency and AADC deficiency who are treated rationally (targeting
the metabolic defect), CSF metabolite concentrations tend to become less deviant, but
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their characteristic diagnostic profile mostly remains present. Treatment with L-dopa
leads to strongly increased 3-OMD levels, not only in patients with AADC deficiency
who already have strongly increased levels, but also in patients with TH-deficiency.
Interestingly, this is also found in patients with Parkinson’s disease upon L-dopa
treatment39, and even in healthy volunteers who receive a single dose of L-dopa30. In
our small and retrospective series, there is no clear correlation between alterations
in CSF monoamine neurotransmitter metabolites and clinical response to medical
treatment in TH or AADC deficiency. Normalization of CSF HVA levels may follow L-dopa
supplementation in both disorders, but does not always reflect the clinical response.
Remarkably, after intraputaminal gene therapy - a new treatment available for patients
with AADC-deficiency - HVA in CSF shows a modest increase in most patients, but can
remain strongly decreased even when there is a clear clinical response6, 7. Therefore,
we think it wiser and more patient friendly to use clinical parameters rather than
biochemical measurements to target treatment response in the follow-up of AADC
and TH deficiency.
Some findings we cannot easily explain relate to monoamine neurotransmitter
metabolites in urine. Interestingly, epinephrine was consistently found to be decreased
in AADC deficiency (5/5 patients), but was mostly normal or even increased in patients
with TH deficiency (7/8 patients). In contrast, in both disorders urinary norepinephrine
was decreased in most patients. There was no clear intra-individual correlation
between the levels of urinary dopamine and epinephrine, and medical treatment
did not change the level of urinary epinephrine in patients with AADC deficiency. For
TH deficiency, there was insufficient data available to evaluate the treatment effect
on urinary monoamine neurotransmitter metabolites. Possibly, urinary epinephrine
is decreased in AADC but not TH deficiency due to the highly accumulated levels of
L-dopa that are present in AADC deficiency only. L-dopa is metabolized to 3-OMD by
COMT in a methylation reaction that uses s-adenosylmethionine as methyl donor40. If
s-adenosylmethionine is depleted, the same methylation reaction that is needed to
metabolize norepinephrine to epinephrine by phenylethanolamine N-methyltransferase
might be hindered.
Another remarkable finding in urine metabolites in patients with AADC-deficiency is that
5-HIAA was most often decreased (9/10 patients). In line with our previous explanation
for the often normal or even increased urinary dopamine concentration in patients
with this disorder, namely the combination of excessive availability of the precursor
L-dopa and sufficient residual capacity of AADC enzyme activity in the kidneys10, 15, one
might expect that also 5-HIAA would be normal or increased because of redundant
availability of the precursor 5-HTP. A possible explanation why this is not seen is that
AADC has a higher affinity for L-dopa than for 5-HTP20. Indeed, it has been shown in
rats that chronic L-dopa supplementation leads to increased excretion of dopamine
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but decreased excretion of serotonin31. However, further research is needed to exclude
sampling error and better understand this observation.
We used purely retrospective data mainly derived from case reports with nonuniform sampling methods. Correct sampling is essential, especially for monoamine
neurotransmitter metabolites in CSF because of a rostrocaudal gradient that is present
for HVA, 5-HIAA and MHPG, but it was not always stated whether this was indeed
taken into account. Furthermore, for most observations only a limited number was
available. However, we think we can draw some valuable conclusions. Firstly, CSF should
be regarded as the main body fluid to test monoamine neurotransmitter metabolites
when there is a suspicion of TH or AADC deficiency. Secondly, accumulated metabolites
in AADC deficiency (VLA, 3-OMD, L-Dopa) are promising biomarkers for neonatal
screening, but some hurdles still need to be overcome before it can be implemented
in clinical practice. Thirdly, the applicability of serum prolactin in diagnosis and followup of primary monoamine neurotransmitter disorders should be further studied in
a standardized and prospective manner, ideally using international collaboration
initiatives like the international working group on neurotransmitter related disorders
(iNTD)41. Fourthly, regular follow-up of CSF measurements to target treatment
response is not needed in these disorders. Furthermore, we show that, just like in
AADC deficiency, in TH deficiency monoamine neurotransmitter metabolites in urine
do not completely reflect the metabolic block and HVA and dopamine can be normal in
both disorders. An interesting observation includes that in TH deficiency normal levels
of urinary epinephrine are often reported, whereas these are generally decreased in
AADC-deficiency. This finding highlights the complex and incompletely understood
physiology of monoamine metabolism outside the central nervous system, and calls
for further research on this topic. These rare primary monoamine neurotransmitter
disorders may serve as unique models for this.

5
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Supplemental material Chapter 5
Supplement A. AADC deficiency: included patients
Pt
NR

Level of diagnosis References

TML Prolactin Blood NT Urine NT CSF NT CSF
GT

1

CSF, AADC

[1,2]

2

CSF, AADC, DNA

[2-4]

3

CSF, DNA

[5]

4

CSF, AADC

[6]

5

CSF, AADC, DNA

[7,8]

x

6

CSF, AADC, DNA

[8,9]

7

CSF, AADC, DNA

[10, 100]

8

CSF, AADC, DNA

[2, 12-16]

x

x**

x

9

CSF, AADC, DNA

[2,3,12-16]

x

x**

x

10

CSF, AADC, DNA

[2,3,12-16]

x

x**

x

11

CSF, AADC, DNA

[3,13,15,17]

x**

x

12

CSF, AADC, DNA

[13,17,18]

x**
x

x

x

x**

x

x

x

x

x

x

x
x

x

x

x

x

5

x**

13

CSF, AADC, DNA

[19]

14

CSF, AADC, DNA

[20-23]

x
x

x

x

15

CSF, AADC, DNA

[20-23]

x

x

x

16

CSF, AADC, DNA

[11,24]

x

x

17

CSF, AADC, DNA

[11,24]

x

x

18

CSF, AADC, DNA

[14,25]

19

CSF, DNA

[26]

20

CSF, DNA

[27,28]

x**

21

CSF, DNA

[29]

x**

22

CSF, AADC, DNA

[30]

x

x

x

23

CSF, AADC, DNA

[30]

x

x

x

24

CSF, AADC

[31]

25

CSF, AADC, DNA

[14]

x

26

CSF, AADC, DNA

[32]

x

27

CSF, AADC, DNA

[14]

x

28

CSF, AADC, DNA

[33]

x

29

CSF, AADC, DNA

[15,33]

30

CSF, AADC, DNA

[2,13,15]

31

CSF, AADC, DNA

[2,13,15]

x
x

x

x**

x

x
x
x

x**
x**

87

Voorbereid document _Tessa Wassenberg_V03.indd 87

25/10/2021 09:32

Chapter 5

Supplement A. [Continued]
Pt
NR

Level of diagnosis References

TML Prolactin Blood NT Urine NT CSF NT CSF
GT

32

CSF, AADC, DNA

[2,13,15]

x

33

CSF, AADC, DNA

[2,13,15]

x

34

CSF, AADC, DNA

[2]

x

35

CSF, DNA

[2]

x

36

CSF, AADC

[2]

x

37

CSF, DNA

[2]

x

38

CSF, AADC

[2]

x

39

CSF, AADC

[2]

x

40

CSF, AADC

[2]

x

41

CSF, DNA

[2]

x

42

CSF, DNA

[2]

x

43

CSF, DNA

[2]

x

44

CSF, DNA

[2]

x

45

CSF

[2]

x

x

46

CSF

[2]

X

x

47

DNA

[15]

48

DNA

[15]

49

DNA

[15]

50

DNA

[15]

x

51

DNA

[15]

x

52

DNA

[15]

x

53

DNA

[15]

x

54

DNA

[15]

x

55

DNA

[15]

x

56

DNA

[34]

x**

57

CSF, AADC, DNA

[8]

x

58

CSF, AADC, DNA

[8]

x

59

CSF, AADC, DNA

[8]

x

60

CSF, AADC, DNA

[8]

x

61

DNA

[8]

x

62

CSF, DNA

[8]

x

63

CSF, AADC, DNA

[8]

x

64

CSF, AADC, DNA

[8]

x

x

x

x

x**

x

x

x
x
x

x

x**
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Supplement A. [Continued]
Pt
NR

Level of diagnosis References

TML Prolactin Blood NT Urine NT CSF NT CSF
GT

65

CSF, AADC, DNA

[11,35]

66

DNA

[36]

x

x*

67

DNA

[36]

x

x*

68

DNA

[36]

x

x*

69

DNA

[36]

x

x*

70

CSF, DNA

[37]

x*

71

CSF, DNA

[38]

x*

72

CSF, DNA

[38]

x*

x

73

CSF, DNA

[38]

x*

x

74

CSF, DNA

[38]

x*

x

75

CSF, DNA

[38]

x*

x

76

CSF, DNA

[38]

x*

x

77

CSF, DNA

[38]

x*

x

78

CSF, DNA

[38]

x*

x

79

CSF, DNA

[38]

x*

x

80

CSF, DNA

[38]

x*

x

81

CSF, AADC, DNA

[11]

x

82

CSF, AADC, DNA

[11]

x

83

DNA

[39]

x

84

DNA

[39]

x

85

DNA

[39]

x*

86

DNA

[39]

x*

87

DNA

[39]

x*

88

DNA

[40]

x*

x

89

DNA

[40]

x*

x

90

DNA, AADC, CSF

[41]

x*

91

DNA, AADC, CSF

[41]

x*

92

DNA, AADC, CSF

[41]

x*

93

DNA, AADC, CSF

[41]

x*

94

DNA, AADC, CSF

[41]

x*

95

DNA, AADC, CSF

[41]

x*

97

DNA, AADC, CSF

[41]

x*

X

x

5

x*
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Supplemental Table 1.
• Level of diagnosis: diagnostic tests that were performed to confirm AADC-deficiency. CSF:
typical neurotransmitter profile in cerebrospinal fluid. AADC: low aromatic l-amino acid
decarboxylase enzyme activity. DNA: molecular diagnosis confirmed.
• TML: Translational Metabolic Laboratory, data included from TML database that was not
previously reported in the literature.
• Prolactin: serum prolactin reported.
• Blood NT: measurements of neurotransmitter metabolites in blood. *: only 3-OMD
measurements available (DBS or plasma)
• Urine NT: measurements of neurotransmitter metabolites in urine. **:measurements of
multiple metabolites performed. In the patients without asterix, only dopamine or VLA
was reported.
• CSF NT: measurement of neurotransmitter metabolites in cerebrospinal fluid before and
during medical treatment
• CSF GT: measurement of neurotransmitter metabolites in cerebrospinal fluid before and
after gene therapy.
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Supplement B. Tyrosine Hydroxylase Deficiency: included patients
Pt NR

Level of diagnosis

Reference

TML

Prolactin

Urine NT

CSF NT

1

CSF, DNA

[1-4]

x

x

x

X

2

CSF, DNA

[5-7]

x

X

3

CSF, DNA

[5-8]

x

x

X

x

X

x

x

X

4

CSF, DNA

[5-8]

5

CSF, DNA

[5-8]

6

CSF, DNA

[9]

7

CSF, DNA

[9]

8

CSF, DNA

[3,10,11]

9

CSF, DNA

[3]

x
x
x

x

X
x

10

CSF, DNA

[12]

11

CSF, DNA

[13,14]

x

12

CSF, DNA

[13,14]

13

CSF, DNA

[13,14]

x

14

CSF, DNA

[13-15]

x

X

15

CSF, DNA

[14,15]

x

X

X

16

CSF, DNA

[16,17]

17

CSF, DNA

[18]

18

DNA

[19,20]

x

19

DNA

[19,20]

x

20

CSF, DNA

[21]

21

CSF, DNA

[22]

22

CSF, DNA

[14]

X

x

X
x

x

x

X

x

X
x

23

CSF, DNA

[14]

24

CSF, DNA

[23]

25

DNA

[24]

x

26

DNA

[24]

x

27

DNA

[25]

X

x
x

X

x

X
x

x

Supplemental Table B:
Level of diagnosis: diagnostic tests that were performed to confirm TH-deficiency. CSF: typical
neurotransmitter profile in cerebrospinal fluid. DNA: molecular diagnosis confirmed.
• TML: Translational Metabolic Laboratory, data included from TML database that was not
previously reported in the literature.
• Prolactin: serum prolactin
• Urine NT: measurements of multiple neurotransmitter metabolites in urine.
• CSF NT: measurement of neurotransmitter metabolites in cerebrospinal fluid before and
during medical treatment
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Abstract
Background: Autosomal dominant GCH1 mutations are known to cause dopa-responsive
dystonia (DRD). In this case series, we confirm a variant phenotype, characterized by
predominant spastic paraplegia at disease onset with development of dystonia and/or
parkinsonism only decades later.
Methods: Clinical trajectories of four patients from three families with pathogenic
variants in GCH1 are described, illustrated by videos of the motor phenotype before
and during treatment with levodopa. An extensive literature review was performed on
previous reports of spasticity in patients with autosomal dominant GCH1 mutations.
Results: All patients presented during childhood or early adolescence with gait and
leg spasticity. Three patients developed basal ganglia signs only in the fifth decade;
the youngest patient has not yet developed dystonia, bradykinesia or hypokinesia. All
patients responded to levodopa/carbidopa with improvement of gait and of dystonia,
hypokinesia and/or rigidity. In all patients, spasticity decreased but did not disappear.
Spasticity has been described previously in DRD, but in most cases co-existent basal
ganglia signs were identified early in the disease course.
Conclusion: GCH1 mutations may cause a phenotype initially resembling hereditary
spastic paraplegia (HSP) rather than DRD, with basal ganglia signs developing only after
decades. In order not to miss this treatable condition, GCH1 should be included in HSP
gene panels and its testing is pivotal in patients with spastic paraplegia, especially if
there are concomitant basal ganglia signs and/or diurnal fluctuation.
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Introduction
Autosomal dominant GTP Cyclohydrolase I (GCH1) gene mutations cause doparesponsive dystonia (DRD), typically presenting with childhood-onset lower limb
dystonia with diurnal fluctuations and an excellent response to levodopa1. More
recently, adult-onset parkinsonism due to nigral degeneration, thus resembling
Parkinson’s disease2 has been added to the clinical spectrum of GCH1 mutations.
DRD is part of the differential diagnosis of hereditary spastic paraplegias (HSP), the
main reason being that lower limb dystonia can be confused with spastic paraparesis3.
Furthermore, patients with GCH1 mutations can be misdiagnosed for having spastic
diplegic cerebral palsy4. Interestingly, GCH1 mutations have also been found in patients
with phenotypes that are in fact compatible with hereditary spastic paraplegia (HSP)5, 6.
This is surprising and warrants confirmation, as it is difficult to link the neurobiological
consequence of GCH1 mutations (dopamine and serotonin deficiency) to spasticity.
We here describe a series of patients with GCH1 mutations and initial HSP-like
phenotypes, in whom basal ganglia signs developed only after decades. We also provide
a literature overview of earlier reports on spasticity in DRD.

6

Methods
All patients were referred to our tertiary movement disorder expert center for clinical
and molecular evaluation because of suspected HSP.
Whole-exome sequencing (WES), read mapping and variant calling were performed
by BGI-Europa (Copenhagen, DK). Variant annotation and prioritization was done as
described7. Exome data was analyzed using a gene panel for movement disorders (patient
A2 version DGD200614, patient B and C version DGD141114) consisting of >150 genes
each. The panels can be found online (https://www.radboudumc.nl/en/patientenzorg/
onderzoeken/exome-sequencing-diagnostics/exomepanelspreviousversions/
movement-disorders). Variants were classified as pathogenic according to the American
College of Medical Genetics and Genomics8.
Clinical exome sequencing was approved by the Medical Review Ethics Committee
Arnhem-Nijmegen (no. 2011/188). Written informed consent for genetic analysis and
publication including video material was obtained from all patients.
An extensive literature search was performed on Pubmed using (dopa responsive
dystonia, GCH1, spasticity, cerebral palsy) and [Dystonia, dopa responsive] (Mesh) in
various combinations.
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Case descriptions
All patients were born after normal pregnancies and deliveries and had normal early
milestone development unless otherwise described. All patients have normal cognitive
abilities. Table 1 summarizes molecular and main clinical findings, including diurnal
fluctuation. Fig. 1 graphically summarizes the individual clinical trajectories with onset
of spasticity and basal ganglia signs, age of clinical examination in our center, and ages
at molecular diagnosis and at start of treatment.
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54
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1.1 F

Case

Age at onset gait
disturbance (y)

Table 1. Main clinical findings before treatment with levodopa/carbidopa.
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-

-

-

Table 1. summarizes main clinical findings in four patients with an autosomal dominant GCH1
mutation. Disease onset was in childhood or early adolescence in all patients, with spastic gait.
Basal ganglia signs developed only in the fifth decade. Diurnal fluctuation was present in all
patients. All three genetic variants are considered likely pathogenic by applying ACMG guidelines
(criteria PVS1 and PM2) [8]. None of the three variants were detected in gnomAD (https://www.
biorxiv.org/content/10.1101/531210v3). Almost 250 different pathogenic variants are described
in The Human Gene Mutation Database: hgmd.cf.ac.uk/ac/gene.php?gene = GCH1.
Abbreviations: F: female, M: male, y: year, L: left, R: right. HSP: hereditary spastic paraparesis.
NA: not applicable. Plantar responses: ↑: extensor, ↓: flexor, = : equivocal.
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Figure 1. Graphical representation of clinical trajectories

6

Figure 1. Graphical representation of clinical trajectories in four patients with an autosomal
dominant GCH1 mutation, with time in years on the x-axis. All patients had pyramidalpredominant signs (spastic gait, increased reflexes, Babinski sign in some) that preceded basal
ganglia signs (dystonia in patient 1.1, dystonia and parkinsonism in patient 2, parkinsonism in
patient 3) by many years and have not yet developed in the youngest patient (1.2). Levodopa/
carbidopa treatment was started directly after molecular diagnosis in all patients. Furthermore,
timing of the first neurological examinations in our clinic and videos are indicated.

Cases 1.1 and 1.2 (Mother and daughter)
Case 1-1. This 58-years-old woman was born full term with severe growth restriction
(1200 g) and signs of perinatal asphyxia (Apgar scores and umbilical cord pH values are
unknown). Still, she had normal early milestone development. She was never able to
walk long distances and complained of leg stiffness. She carried a diagnosis of cerebral
palsy, but at age 54 years, she deteriorated and was referred to our department
with fatigue, balance problems, and urinary urgency with frequent nocturia. Gait
worsened over the course of the day. Neurological examination showed a broad based,
predominantly spastic gait with constant upward extension of both halluces [VIDEO 1],
brisk knee and ankle jerks and bilateral Babinski signs. There was mild cervical dystonia,
and no hypokinesia except for reduced arm swing on the right. Imaging of brain and
spinal cord was normal. At this time, her daughter (case 1.2) was referred for WES
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because of suspected HSP. Following her daughters’ WES result (see below), GCH1
was sequenced and confirmed to harbour the same mutation. Her gait showed a swift
and good response to levodopa/carbidopa. Recent neurological exam showed mildly
increased tone in the left leg, increased tendon reflexes without clonus [VIDEO 2], and
equivocal plantar responses.
Case 1.2: From age three years, this 28-years-old woman suffered from mildly
progressive walking difficulties that increased over the course of the day with associated
fatigue. At age 17 years, she first visited a neurologist who diagnosed spastic paraplegia.
MRI of the brain and spinal cord were normal. Genetic investigations showed no
mutations in spastic paraplegia genes (SPG) 3A, 4, 7, 10 and 31. WES analysis then
revealed a GCH1 mutation. Clinical reassessment at our department confirmed a mild
bilateral spastic gait and evident spasticity of both legs when tested on the bench. Knee
jerks were bilaterally increased with non-sustained clonus on the left, and ankle jerks
were increased with non-sustained clonus on the right. She had a left-sided Babinski
sign (not shown). Foot tapping was slow, irregular and demanding for the patient from
the start onwards, without progressive loss of speed or amplitude or dystonic posturing
[VIDEO 3]. Levodopa/carbidopa therapy was started and she responded within two days
with a marked improvement of gait and fatigue. Furthermore, speed and fluency of foot
tapping improved. Leg tone and knee and ankle jerks remained somewhat increased
[VIDEO 4]. Babinski sign was no longer present. There were still no signs of dystonia or
parkinsonism on follow-up.
Case 2
From age 14 years, this 52-years-old woman manifested progressive walking difficulties
with leg stiffness and circumduction (right > left). At age 40, a cervical stenosis without
myelopathy was diagnosed and a laminectomy (C4–C7) was performed. Subsequently,
her gait transiently improved but deteriorated over the following years with progressive
spasticity of the legs and mild urinary urgency, despite a sufficiently wide cervical
canal on follow-up MRI. Therefore, HSP was suspected and she was referred to our
center. Neurological examination at age 48 years showed mixed pyramidal and basal
ganglia signs with spastic gait with upward deviation of both halluces, mild dystonia
of the left arm, cervical dystonia, facial hypomimia and bradykinesia of the right hand
[VIDEO 5]. There was no ankle clonus; it has to be noted that she previously underwent
phenolization of the right tibial nerve. Plantar reflexes showed extension on the right
and flexion on the left. At age 49 years, WES showed a GCH1 mutation. Levodopa/
carbidopa was started with clear improvement of gait, bradykinesia, and dystonia. Leg
tone remained increased [VIDEO 6]. Interestingly, she had evening dyskinesias that
restricted levodopa/carbidopa dose to 100/25 mg bid +12.5/6.25 mg an.
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Case 3
From age seven years, this 54-years-old man developed slowly progressive walking
difficulties described as a stiff gait. At age 40 years, he was first seen at our tertiary
movement disorder clinic, showing a mild bilateral spastic gait, more pronounced
on the right, with markedly increased tendon reflexes of the lower limbs, suggestive
of HSP. No basal ganglia signs were noted. Unfortunately, video material of this
examination is not available. A year later, he suffered a severe traumatic brain injury,
with cerebral contusion and right-sided subdural hematoma, which led to a leftsided pyramidal syndrome. At age 50 years, fine motor skills and reaction speed had
declined. Neurological reassessment showed a mixed bilateral pyramidal (left > right)
and hypokinetic rigid syndrome with hypomimia and mild bradykinesia on finger
tapping, but no dystonia. Tendon reflexes were increased, more so on the left, with a
Babinski sign on the left. WES was performed, after SPG 3, 4, 7 and 31 mutations had
been excluded earlier, and showed a mutation in GCH1. Parkinsonian features and gait
clearly improved on low dose levodopa/carbidopa, while spasticity, including tendon
and plantar reflexes, did not change.

6

Literature review
We identified 48 patients with dopa responsive dystonia and spasticity from 20
publications, of which 16 patients were identified on clinical grounds only, four patients
on clinical and cerebrospinal fluid characteristics, and the remaining patients on clinical
grounds and dominant GCH1 mutations. All references and clinical and molecular details
can be found in Supplemental Table 1. In summary, of these 48 patients, 26 had a more
progressive course than the patients we present in our series, with severe functional
impairment before the age of 20 years and/or additional clear dystonia before the age of
20 years. In four patients with predominant spasticity at disease onset, diagnoses were
made before the age of 13 years, possibly before the appearance of basal ganglia signs.
In nine patients, there was not enough information available to adequately compare the
clinical course to our cases. The remaining nine patients had a clinical course that seems
comparable to our patients, with predominant lower limb spasticity at disease onset
and basal ganglia signs developing later in life. Only Fan et al. provided photographic
material to support their findings5.

Discussion
Our case series provides the confirmation that patients with dominant GCH1 mutations
can present with lower limb spasticity5, 6 and shows that it can evolve into a mixed
pyramidal-dystonia-parkinsonism phenotype only after long-term follow-up. To our
knowledge, we are the first to provide video material of this phenotype. Although
lower limb dystonia can easily be mistaken for spasticity in patients with DRD (e.g.
upward extension of hallux representing striatal toe rather than Babinski sign), and
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brisk tendon reflexes and ankle clonus are often present in this patient group1, the
initial presentation in our patients was that of spastic paraplegia rather than lower limb
dystonia. Neurological exam in the youngest patient shows leg spasticity and spastic
gait, without clear dystonia or parkinsonism. In the three older patients, clear basal
ganglia signs have emerged in addition to lower limb spasticity.
All patients clearly improved on levodopa/carbidopa therapy. We appreciate that the
treatment effect in cases 2 and 3 is probably driven most by the effect of levodopa on
the basal ganglia features. The evening dyskinesias in case 2, who is clearly parkinsonian
at this stage, could possibly be related to nigrostriatal degeneration2, although we
did not perform imaging studies to confirm this. However, in case 1.1 and 1.2 the
disappearance of Babinski signs and improvement of spastic gait argue for an effect of
levodopa on pyramidal signs as well. The etiology of spasticity in patients with a GCH1
mutation is not easily explained. Nonetheless, tetrahydrobiopterin (the end product of
the biopterin pathway in which GCH1 is an enzyme) has multiple metabolic functions
beside monoamine production9, and spasticity might arise from other deficiencies than
dopamine.
We did not perform neurophysiological testing in our case series to further explore
the corticospinal tract in GCH1 mutations. As such, we cannot convincingly link the
spasticity in our cases neuro-anatomically to actual dysfunction of the pyramidal tract.
Still, the clinical constellation and disease course in our patients is highly suggestive of
a predominantly pyramidal phenotype at disease onset, and clearly different from the
classic disease course in patients with DRD. On the other hand, distinguishing dystonia
and spasticity can be notoriously difficult, illustrated by a low interobserver agreement
in a study of patients with cerebral palsy10. Although we show in our literature review
that in most patients in whom spasticity was described basal ganglia signs already
clearly existed early in disease course, HSP-like presentations have been described in
the literature before, and this phenotype might be less rare than currently assumed. It
is therefore important to appreciate this particular phenotype of GCH1 mutations and
to include this gene in the genetic work-up of HSP.
In our case series, 1 splicing and 2 frameshift mutations were found. The splicing
mutation in family 1 and two base pair deletion leading to a frameshift in patient 3
have previously been described in patients with a classical DRD phenotype11, 12. The
deletion leading to a frameshift in patient 2 is newly reported here. In previously
reported patients with predominantly pyramidal presentations of GCH1 mutation,
both truncating and missense mutations were found (Supplementary Table 1). Besides
variation in expression, the large inter- and intrafamily variability of autosomal dominant
GCH1 mutations is not well understood.
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Identification of a GCH1 mutation is crucial because of the excellent treatment response
to levodopa. A clinical clue pointing to the possibility of a GCH1 mutation in a patient
with a HSP phenotype is diurnal fluctuation, with deterioration in the course of the day
and improvement after sleep and/or daytime naps that was present in all of our patients
(Table 1). Diurnal fluctuation is a well-known feature of classic DRD but not always
present1. GCH1 should be included in HSP gene panels and its testing is particularly
– but not exclusively-warranted in patients with lower limb spasticity with childhood
onset, and co-existing basal ganglia signs and/or diurnal fluctuation later in disease
course.
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Supplemental material Chapter 6
Video legends
• Video 1: Case 1.1, female, aged 54 years, before start of levodopa/carbidopa
therapy. Gait is broad based and spastic with stiff legs, limited foot dorsiflexion, and
circumduction. There is mild increase of toe walking with increasing walking distance.
There is spontaneous upward extension of both halluces (R>L). Speed of gait and
turning speed is slow. Also, there is reduced arm swing on the right.
• Video 2: Case 1.1, female, aged 58 years, after 2 years of treatment with levodopa/
carbidopa 50/12.5 mg three times daily. Overall, gait is more fluent with increased
gait speed and reduced step width. Arm swing is still reduced on the right. On the
bench, hypertonia of the left leg is demonstrated. Knee jerks are brisk (L>R).
• Video 3: Case 1.2, female, aged 25 years , before start of levodopa/carbidopa therapy.
Gait is mildly affected. Gait speed is somewhat slow, gait is slightly broad-based,
and there is mild leg stiffness with upward extension of the halluces. On the bench,
there is clear spasticity of both legs with increased tone and spastic catch. Knee
jerks are increased with unsustained clonus on the left, ankle jerks are increased
with unsustained clonus on the right. Toe tapping is slow and irregular from the start
onward, without evident bradykinesia. It is a difficult test for the patient to perform.
• Video 4: Case 1.2, female, aged 28 years, during treatment with levodopa/carbidopa
50/12.5 mg three times daily. Her gait is clearly improved: increased speed, less
stiffness, normal-based, and more fluent. By testing on the bench, there is still leg
hypertonia and increased knee and ankle jerks, without clonus. Toe tapping evidently
improved in speed and ease.
• Video 5: Case 2, female, aged 48 years, before start of levodopa/carbidopa therapy.
Gait is predominantly spastic with slow speed and slow turning, circumduction and
scissoring; there is upward deviation of both halluces. Arm swing is normal. Trunk and
head are deviated laterally. By testing on the bench, there is marked hypertonia and
pes equinus bilaterally. Facial hypomimia is evident. There is a torticollis to the right
with lateroflexion to the left, and mild dystonic posturing of the fingers and arms.
Finger tapping is irregular on both sides, with bradykinesia on the right.
• Video 6: Case 2, female, aged 49 years, during treatment with levodopa/carbidopa
100/25 mg twice a day and 12.5/ 3.125 mg at night. Gait has clearly improved, with
increased speed and decreased circumduction; there is less axial deviation. On the
bench, there is still hypertonia of both legs. Facial hypomimia has improved. Cervical
and brachial dystonia have also improved but are still present. Finger tapping is more
regular on both side without definite bradykinesia.
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Videos can be found online through sciencedirect: https://www.sciencedirect.com/
science/article/pii/S1353802020300754?via%3Dihub
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Clinical

Clinical

Female, 27y

Female, 24y

Clinical

Female, 18y

[2]
Boyd, 1989

[3]
Brown and
Britton, 1990

Clinical

More progressive
course, more
dystonia
Comparable, besides
tremor

Onset at age 5y with tiptoe walking. Progressive spastic NA
paraplegia was diagnosed. In the following years, wheelchair
bound and appearance of dystonic symptoms.
Onset at age 1y with gait disorder. Tremor from age 6y. NA
Examination at age 29y: hesitant gait with loss of postural
reflexes, increased tone in lower limbs (apparently spastic),
hyperreflexia, extensor plantar responses. Normal sensation

More progressive
course, more
dystonia early in the
course

Onset at age 5y with tiptoe walking. Progressive, wheelchair NA
bound before 18years. Examination at 18y: abnormal posture,
dystonia fingers, ankles and neck. On standing, tiptoe position
with flexion at the hips. Increased tone and cogwheeling in
both arms and legs. Generalized hyperreflexia, extensor
plantar response.

Comparison with
current case series
Dystonia earlier in
course

Video/
photo material

Nonprogressive spastic paraparesis (spastic cerebral palsy) NA
was previously diagnosed. All gait difficulties began in first
24 months.
In addition to hyperreflexia of the lower extremities, all
patients had generalized dystonia, particularly affecting the
trunk and lower extremities. All had diurnal fluctuation.

Number of
Level of diagnosis Clinical description
patients, age

[1]
5 patients
Fink et al, 1988 5-30y

Author, year

Supplementary Table 1. Literature reports of pyramidal signs in patients with autosomal dominant GCH1 mutations/ dopa responsive dystonia and
comparison with our case series.

Chapter 6

112

25/10/2021 09:32

Voorbereid document _Tessa Wassenberg_V03.indd 113

Video/
photo material

Girl, 10y

[6]
Patel et al,
1995

Clinical

Clinical

Comparable, besides
foot inversion

Comparable, but
earlier diagnosis

Onset at age 5y with progressive gait disorder diagnosed as NA
hereditary spastic paraparesis. At age 10y spastic gait with
toe walking, masked face, markedly increased tone in lower
limbs with brisk reflexes, ankle clonus, and spontaneously
up-going plantars

Not enough
information

More progressive
course with more and
early dystonia

Comparison with
current case series

Onset at age 6y with foot inversion. Age 16y operation NA
to lengthen both Achilles tendons, no benefit. Age 39y
more clear dystonic gait. Exaggerated tendon reflexes and
apparently extensor plantar responses.

Less extensively described. All had adductor tightening, NA
Clinical, CSF in 3
patients (reduced Achilles tendon shortening, ankle clonus and extensor plantar
response.
HVA, biopterin,
neopterin)

4 additional
patients

Female, 54y

Clinical, CSF
(reduced HVA,
biopterin and
neopterin)

Girl, 12y

Delayed walking (22m) Age 2y: increased tone in adductor NA
muscles of thigh and Achilles tendons, generalized
hyperreflexia and bilateral extensor plantar responses.
Clinical impression of spastic quadriparesis. In the following
years progressive course with more apparent dystonia next
to pyramidal signs.

Number of
Level of diagnosis Clinical description
patients, age

[5]
Harwood et al,
1994

[4]
Nygaard et al,
1994

Author, year

Supplementary Table 1. [Continued]

Pyramidal predominant presentation of GCH1 mutations

6

113

25/10/2021 09:32

Voorbereid document _Tessa Wassenberg_V03.indd 114

[8]
Cheng and
Kong, 2002

[7]
Tassin et al,
2000

Author, year

Clinical and
genetical
(c.534A>T,
p.Arg178Ser)
(c.539A>T;
p.Gln180Arg)
(c.645C>T;
p.Arg216Stop)

3 additional
patients

Clinical

Clinical and
genetic
(c.631-632delAT;
p.MET211Val
(stop249))

Girl, 19y
(daughter)

Girl, 7y

Clinical and
genetic
(c.631-632delAT;
p.MET211Val
(stop249))

Female, 47 y
(mother)

More progressive
course, earlier
dystonia and tremor

More dystonia early
in course

Comparable, but
earlier diagnosis

Frequent falls and gait disorder from age 8y, wheelchair NA
bound age 13y. Lower limb spasticity with normal reflexes,
decreased ankle jerks, plantar extensor responses. Mild
postural tremor in the arms, dystonic writing posture.
Scoliosis
Generalized dystonia with additional lower limb spasticity NA
described in 2 patients, and lower limb dystonia with lower
limb spasticity in 1 patient.

Clinical picture dominated by the presence of upper motor NA
neuron signs in both lower limbs, and contractures of Achilles
tendons. Brisk reflexes, bilateral Babinski signs, increased leg
tone, asymmetric tip toe walking. Some diurnal fluctuation.

Comparison with
current case series
Comparable, besides
tremor

Video/
photo material

Spastic gait from age 12y with broad gait, increased reflexes in NA
the lower limbs, plantar flexor responses, pes cavus and mild
scoliosis. Postural tremor in upper limbs. No dystonia. Age
47y: not able to walk without cane, rest tremor worsened.

Number of
Level of diagnosis Clinical description
patients, age

Supplementary Table 1. [Continued]
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Clinical, genetics
not described

Clinical, genetics
not described

Clinical, genetics
not described

Clinical, genetics
not described

Boy, 3y

Girl, 11y

Girl, 12y

Girl, 13y

[11]
Jan, 2004

Onset at age 12y with gait disturbance: stiff gait with plantar NA
flexed feet, hyperreflexia of legs with extension of great
toe. Tonic foot maneuver corrected the extensor response.
Initially diagnosed as having spastic paraparesis.

Video/
photo material

Comparable, but
earlier diagnosis
More dystonia early
in course
More progressive
course with more
dystonia early in
course
More progressive
course with more
dystonia early in
course

Referral diagnosis progressive spastic diplegia. On NA
examination dystonia of lower limbs with hyperreflexia,
clonus, and normal plantar responses.
General progressive motor and speech deterioration, diffuse NA
hypertonia, walking difficulties. On examination diffuse
limb and truncal dystonia, dysarthria, masked facies and
hyperreflexia
General progressive motor and speech deterioration, diffuse NA
hypertonia, walking difficulties. On examination diffuse
limb and truncal dystonia, dysarthria, masked faces and
hyperreflexia

Comparable

Comparable, but
earlier diagnosis

Comparison with
current case series

Tip-toe walking with evident diurnal fluctuation and episodic NA
character, after initial normal early development. Referral
diagnosis mild spastic diplegic cerebral palsy.

Clinical and
Onset at age 7y with stiffness and tiptoe walking. Age 8y: NA
genetic (c.614T>G; spastic paraparesis left more than right. Age 25y: slowness
p.V205G)
of movements and rigidity in upper limbs.

Male, 25y

[10]
Garavaglia et
al, 2004

Clinical and
genetic
(p.Met137Arg)

Girl, 12y

Number of
Level of diagnosis Clinical description
patients, age

[9]
Kang et al,
2004

Author, year
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Clinical and
genetic (exon 1
deletion)

[16]
Karkheiran et
al, 2013

5 patients
from one
family

Clinical and
genetic
(c.595C>T;
p.P199S)

[15]
Girl, 4y
Tsao et al, 2012

Clinical and
Onset 8y with leg stiffness, equinovarus gait after exercise, NA
genetic
pes equinovarus deformity misdiagnosed as fixed for which
(c.245T>C; p.L82P) operation was performed. Age 17y: tremor, upper limb
stiffness, writers cramp. Moderate limb spasticity and
moderate pyramidal weakness. Brisk reflexes.

Female, 30y

Dystonia earlier in
course

Not enough
information

5 patients were initially diagnosed as having hereditary NA
spastic paraplegia due to ‘pseudopyramidal signs’, but no
further information is given. All of them also had dystonia
and/ or tremor.

Comparable, besides
tremor

Comparable

Onset 11m with toe walking, diagnosis of spastic diplegic NA
cerebral palsy at age 2y. At age 4y leg spasticity, worse on
the right, increased deep tendon reflexes at legs. Exercise
induced dystonia led to clinical suspicion of DRD.

Weakness in left leg at age 10y, age 11y also right leg. Mild NA
limb spasticity and mild pyramidal weakness in lower limbs.
Pes equinovarus deformity misdiagnosed as fixed for which
operation was performed. Brisk reflexes.

Clinical and
genetic
(c.2T>C; p.M1T)

Female, 22y

[14]
Cao et al, 2010

More dystonia early
in course

Both patient had dystonia, but spastic paraplegia as additional NA
Clinical and
symptom.
genetic
Pt 4: p.Met102Leu
Pt 8: p.Gly203Arg

2 female pts

[13]
Liu et al, 2010

More dystonia early
in course

4 female sibs Clinical and
All had dystonia and pyramidal tract signs; mild spasticity in NA
genetic (mutation upper limbs, mild-moderate pyramidal reflexes. Three had
not described)
extensor plantar responses, all had some dystonia, 2 had
bradykinesia, 1 had tremor

Comparison with
current case series

[12]
Chaila et al,
2006

Video/
photo material

Number of
Level of diagnosis Clinical description
patients, age

Author, year
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2 female
siblings

3 female
patients

[18]
Jain et al, 2016

[19]
Dobricic et al,
2017

Onset at age 6y with tiptoe walking. Dependent on crutches Photographs
at age 18y. Leg stiffness and pain. Examination: spastic gait,
increased deep tendon reflexes without clonus, big toes
extended at rest, remaining toes flexed tonically.

Clinical, genetical
c.679A>G
(p.T227A)

Clinical, genetical
(c.470T>C,
P.L157P) in two;
(c.209delA,
p.N70Tfs*10) in
one

Comparable in 2,
other patient more
dystonia early in
course

More dystonia early
in course

Onset in early childhood with lower limb dystonia with NA
walking difficulties and diurnal fluctuation. Also increased
muscle tone with hyperreflexia, especially in lower limbs,
and bilateral Babinski sign. Achilles tendon separation and
nerve root rhizotomy at ages 3 and 4 years, with poor results.

More progressive
course

Comparable

Comparison with
current case series

Initial and only symptom of spastic paraparesis in two family NA
members, with brisk reflexes and severe spasticity. Treatment
started at age 28 and 29 years with complete resolution of
symptoms.
In the other patient first dystonia and later spastic paraparesis.

Clinical, genetical. Tremors of head and legs in infancy. Walked at 10m, frequent NA
(p.K160E)
falling subsequently. Age 3y: only able to crawl and sit upright
for a short period of time in the morning. Tone was increased
in both lower limbs, especially achilles, with bilaterally brisk
deep tendon reflexes and extensor plantar responses

Genetics (WES):
(c.646C>T,
p.R216X)

Video/
photo material

Supplementary Table 1. summary of all cases identified by extensive literature search in which patients with pyramidal signs were reported. Level of
diagnosis is given, in which clinical diagnosis means improvement of symptoms after treatment with levodopa. If available, reported pathogenic variants
are described. Abbreviations: CSF= cerebrospinal fluid. NA = not available

[20]
1, age?
Yang et al, 2018

Female, 36y

Number of
Level of diagnosis Clinical description
patients, age

[17]
Fan et al, 2014

Author, year
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CHAPTER 7
Congenital eyelid ptosis,
decreased glomerular
filtration and orthostatic
hypotension:
questions and answers

Adapted from:
Congenital eyelid ptosis, decreased glomerular filtration, and orthostatic
hypotension: Questions.
Tessa Wassenberg, Michèl A.A.P. Willemsen, Henry Dijkman, Jaap Deinum,
Leo Monnens
Pediatr Nephrol. 2017 Jul;32(7):1169-1170.
DOI: 10.1007/s00467-016-3494-2
AND
Congenital eyelid ptosis, decreased glomerular filtration, and orthostatic
hypotension: Answers.
Tessa Wassenberg, Michèl A.A.P. Willemsen, Henry Dijkman, Jaap Deinum,
Leo Monnens
Pediatr Nephrol. 2017 Jul;32(7):1171-1174.
DOI: 10.1007/s00467-016-3515-1.
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Case presentation
An 18-year-old girl was referred to our department of pediatric nephrology due to
elevated serum creatinine level. She was born premature and dysmature (gestational
age 31 weeks + 5 days, birth weight 1210 g) to consanguineous parents. She had a
good start but a very low blood glucose level directly after birth (0.2 mmol/L); this was
corrected with an intravenous glucose infusion, and there was no further hypoglycemia
in the neonatal period. She had mild bilateral eyelid ptosis from birth. Psychomotor
development was normal. During childhood, she had a history of recurrent airway
infections and bronchitis, mild failure to thrive, and mild anemia for which she visited
a general pediatrician regularly.
At age 4 years, routine serum creatinine measurements were 58 μmol/L, with an
estimated glomerular filtration rate (eGFR) of 60 ml/min/1.73 m2. The lower than
expected eGFR escaped the attention of the local pediatrician, and it was only at age
15 years, during routine testing, that a mildly elevated serum creatinine was noted
for the first time (106 μmol/L, eGFR 53 ml/min/1.73 m2). At age 18 years, the serum
creatinine level had increased to 139 μmol/L (eGFR 48 ml/min/1.73 m2), and she was
referred to our university hospital for further examination. At that time, she reported
exercise intolerance and lightheadedness on rising in the morning. Physical examination
showed a height of 1.56 m (−2 standard deviations [SD]), a weight of 60 kg (+1SD), and
a supine blood pressure of 106/55 mmHg; results were normal for heart, lungs, and
abdomen examination, and, with the exception of the eyelid ptosis, for the neurological
examination.
Her symptoms and signs, especially the exercise intolerance and eyelid ptosis, raised the
suspicion of a mitochondrial disorder. Laboratory investigations showed normal values
for serum lactate and electrolytes (Na+ 140 mmol/L, K+ 4.4 mmol/L, Ca2+ 2.2 mmol/L,
Mg2+ 0.75 mmol/L, P3− 1.33 mmol/L). There was no proteinuria nor hematuria. Kidney
size and structure were normal on the renal ultrasound images. In order to obtain a
diagnosis, we performed a renal biopsy. Light microscopic examination revealed a few
vascular sclerosed glomeruli with only discrete interstitial fibrosis. Electron microscopic
examination revealed notable abnormal, fused mitochondria in the proximal tubules but
not in the distal tubules (Fig. 1). This prompted the performance of a muscle biopsy for
further evaluation of a mitochondrial defect. However, muscle histology was normal,
and extensive biochemical testing of the respiratory chain also did not show any
evidence of a mitochondrial disorder1 .Mutation analysis of mitochondrial DNA was
performed in leucocytes and muscle tissue, but did not show any abnormalities. At that
time, current techniques, such as whole exome sequencing, were not yet available, and
so the patient was managed further by our department without a classifying diagnosis.
At age 19 years, she fainted while her height was being measured during a routine visit
to the outpatient clinic. She reported that she was increasingly suffering from dizziness,
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especially in the morning. Orthostatic blood pressure measurements were performed,
showing severe orthostatic hypotension with preserved heart rate increase. Her blood
pressure decreased from supine values of 116/76 mmHg (heart rate 54 bpm) to 56/30
mmHg (heart rate 84 bpm) after standing for 3 min. Upon asking, she reported that
sweating was normal.

Questions
1. What diagnosis can be suspected and which tests can be used to confirm this?
2. What could be the explanation of the mitochondrial abnormalities in the proximal
tubule (Fig. 1), and the decreased glomerular filtration rate in this patient?
3. Is treatment possible?
Figure 1.

7

Figure 1. Electron microscopic image of kidney biopsy showing notable abnormal mitochondria.
Asterisk Basal membrane, BB brush border proximal tubule, arrow fused mitochondria. Inset:
Arrowhead swollen mitochondria exhibit electron-lucent areas, arrow fused mitochondria
present amorphous matricial densities.
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Answers
What diagnosis can be suspected and which tests can be used to confirm this?
The combination of congenital eyelid ptosis and severe orthostatic hypotension
with preserved heart rate acceleration suggests sympathetic failure with intact
parasympathetic function. Sweating, sympathetically mediated by acetylcholine, was
intact, which implies that there was isolated absence of noradrenergic sympathetic
function. Indeed, noradrenaline and adrenaline in plasma at rest and after standing
were below detection limits (<0.01 nmol/L, normal values 0.4–3 nmol/L and 0.012–0.2
nmol/L respectively), whereas the dopamine level was greatly increased (1.1 nmol/L,
normal values 0.02–0.19 nmol/L). These very low plasma levels of noradrenaline
and adrenaline with an increased level of dopamine in this young adult patient are
typical of dopamine beta hydroxylase (DBH) deficiency. DBH deficiency in this patient
was genetically confirmed, with homozygous known pathogenic variants (IVS1 + 2
T > C) of the DBH gene (chromosome locus 9q34.2)2. As shown in Fig. 1, DBH is the
enzyme that converts dopamine to noradrenaline. Noradrenaline can then be further
converted to adrenaline. DBH deficiency is an extremely rare metabolic disorder of
catecholamine synthesis, described in less than 20 patients worldwide. It leads to a lack
of sympathetic noradrenergic function with normal parasympathetic and cholinergicmediated sympathetic function, as is extensively reviewed by Robertson and Garland3.
In DBH deficiency, the autonomic nervous system is structurally intact, but functionally
impaired by the lack of noradrenaline, which leads to profound orthostatic hypotension
and mild eyelid ptosis, but has no effect on sweating. In most patients, baroreflex
afferents to the heart are at least partially intact, as demonstrated by the increase in
heart rate on standing4.
In DBH deficiency, it is described that orthostatic hypotension mostly becomes manifest
during adolescence. The reason for this relatively late presentation in the context of
severe catecholamine deficiency from birth onward is unknown. It may be partly due
to tardy recognition, as was probably the case in our patient. In general, orthostatic
intolerance is often considered and evaluated in puberty and adulthood, but not in
childhood. We are not aware of studies on normal values for blood pressure after
orthostatic provocation in young children. Moreover, orthostatic complaints may
become more apparent during puberty, because children may be protected from
it owing to reduced gravitational force on their limited body height, or because of
increased angiotensin II levels in childhood. Angiotensin II is part of the neurohumoral
response on standing5.
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What could be an explanation for the mitochondrial abnormalities in the
proximal tubule, and the decreased glomerular filtration rate in this patient?
Electron microscopy of the kidney biopsy (Fig. 1) showed notable mitochondrial
abnormalities, with extensive mitochondrial fusion and mitochondria with irregular
shape and/or loss of cristae. This indicates mitochondrial dysfunction, especially
in the activity of fission and fusion, which is critical for preserving normal cellular
physiology6, and can be an indicator of changed environmental conditions. No
histological abnormalities were seen at the distal tubules, and mitochondrial function
in muscle tissue was normal, suggesting a local damaging factor in the proximal tubule
in our patient. A possible damaging factor here is the high L-DOPA concentration in
proximal tubules, because of increased filtered load and enhanced transport of L-DOPA
in this compartment6. In DBH deficiency, plasma L-DOPA concentration is doubled2,8.
L-DOPA is metabolized to dopamine inside the proximal tubular cells and dopamine is
transported out of the cell to activate dopamine receptors. In urine, the concentration
of dopamine is about 1,000 times the serum concentration and a small increase in
L-DOPA concentration can lead to greatly increased dopamine levels9. Goldstein et
al. reviewed the inherent cytotoxicity of catecholamines including dopamine in cells
in which they are produced10,11. Monoamine oxidase (MAO), one of the enzymes that
metabolize dopamine to its inactive metabolite homovanillic acid, yields hydrogen
peroxide, resulting in the production of reactive oxygen species (ROS). Increased
production of mitochondria-derived ROS was shown in opossum proximal tubular
cells treated with dopamine in a concentration-dependent manner12. Mitochondrial
DNA is particularly susceptible to modification by ROS13. Furthermore, mitochondrial
toxicity can be due to increased levels of quinones, which are intermediates in L-DOPA
metabolism14.

7

Besides mitochondrial dysfunction, the function of the tubuloglomerular system itself
may be an explanation for the decreased eGFR in our patient. Dopamine leads to
decreased reabsorption of sodium in the proximal tubule and loop of Henle, and this
could initiate a vasoconstrictor response in the afferent arteriole via a Na+-K+-2Cl−
cotransporter, and a vasodilator response, probably via the Na+ transporter in the
connecting tubule. Both transporters, however, are inhibited by dopamine. Dopamine
can also directly stimulate renin expression and release15. It is difficult to predict the
effect of increased dopamine on glomerulotubular balance. Other factors, caused by
defective reabsorption by damaged proximal tubular cells such as succinic acid, can
stimulate the system16. However, dopaminergic stimulation of the tubuloglomerular
feedback system leading to reduced filtration pressure remains an attractive possibility.
Decreased kidney function was found in 4 out of 9 patients with DBH deficiency3.
Garland et al. proposed that a decrease in renal perfusion may lead to renal damage in
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patients with autonomic failure16. However, if hypoperfusion leading to hypoxia would
be the main explanation of kidney failure in this patient group, tubulointerstitial fibrosis
would be expected18. Fibrosis was only discreetly seen in our patient (Fig. 1).
Is treatment possible?
Dopamine beta hydroxylase deficiency can be treated successfully by using L-threo-3,4dihydroxyphenylserine (L-DOPS, droxidopa), which is converted directly to noradrenaline
by aromatic L-amino acid decarboxylase (AADC), thereby bypassing the metabolic
block (Fig. 2)8, 19. With L-DOPS treatment, patients no longer experience the symptoms
associated with orthostatic hypotension20, have an increased exercise tolerance, and
markedly improved quality of life21. Our patient also achieved an impressive functional
improvement after starting on L-DOPS. Furthermore, her eGFR showed a significant
improvement, as is shown in Fig. 3. The negative effects of high dopamine levels on
the kidney, therefore, whatever their exact mechanism, seemed to be reversible in this
patient. The serum magnesium concentration before (0.64–0.77 mmol/L) and during
(0.64–0.78 mmol/L) L-DOPS treatment remained in the low normal or subnormal range,
with increased fractional urinary magnesium excretion (7.25–9.75 %, normally <4 %)
during both states. The renal function study in this patient is a strong impetus for
further detailed studies in more patients with DBH deficiency.
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Figure 2.

Figure 2. Simplified scheme of catecholamine biosynthesis. The diagram shows how
catecholamines (dopamine, noradrenaline and adrenaline) are formed from tyrosine and
L-DOPA, and how they are metabolized to homovanillic acid (HVA) and vanillylmandelic acid
(VMA). The metabolic block in DBH deficiency can by bypassed by supplying the patient with
L-DOPS, represented in a capsule. Enzymes, represented in ovals, are abbreviated: TH: tyrosine
hydroxylase, AADC: aromatic l-amino acid decarboxylase, DBH: dopamine beta hydroxylase,
PNMT: phenylethanolamine N-methyltransferase. Dashed arrows do not show intermediate
steps/ enzymes.

7
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Figure 3.

Figure 3. Repeated measurements of estimated glomerular filtration rate (eGFR; ml/min/1.73m2)
in our patient with DBH deficiency, showing decreased eGFR (<60 ml/min/1.73 m2). After she
started on L-DOPS, her eGFR increased to between 68 and 78 ml/min/1.73m2.
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Abstract
Aromatic L-amino acid decarboxylase deficiency (AADCD) is a rare, autosomal
recessive neurometabolic disorder that leads to a severe combined deficiency of
serotonin, dopamine, norepinephrine and epinephrine. Onset is early in life, and key
clinical symptoms are hypotonia, movement disorders (oculogyric crisis, dystonia, and
hypokinesia), developmental delay, and autonomic symptoms.
In this consensus guideline, representatives of the International Working Group on
Neurotransmitter Related Disorders (iNTD) and patient representatives evaluated all
available evidence for diagnosis and treatment of AADCD and made recommendations
using SIGN and GRADE methodology. In the face of limited definitive evidence, we
constructed practical recommendations on clinical diagnosis, laboratory diagnosis,
imaging and electroencephalograpy, medical treatments and non-medical treatments.
Furthermore, we identified topics for further research.
We believe this guideline will improve the care for AADCD patients around the world
whilst promoting general awareness of this rare disease.
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Background
Aromatic L-amino acid decarboxylase (AADC; EC 4.1.1.28) is the final enzyme in the
biosynthesis of the monoamine neurotransmitters serotonin and dopamine, and
dopamine is the precursor for norepinephrine and epinephrine. AADC deficiency
(AADCD; OMIM 608643) is a rare, autosomal recessive neurometabolic disorder that
leads to a severe combined deficiency of serotonin, dopamine, norepinephrine and
epinephrine (Fig. 1)1. About 100 patients have been described in case reports or case
series since the initial description of the index family in 19902,3. The global incidence
of AADCD is unknown, and there are no newborn screening programs, but it is more
prevalent in certain Asian (especially Taiwanese and Japanese) populations, probably
due to a founder effect4. Symptom onset typically occurs during the first months of
life2. While most patients present a severe phenotype with early onset hypotonia,
oculogyric crises, ptosis, dystonia, hypokinesia, impaired development and autonomic
dysfunction2, a few patients with a milder disease course are known5.
Due to the rarity of AADCD, there is limited international clinical expertise for evidencebased management. Treatment response is often disappointing and treatment strategies
vary between single expert centers6. Some patients are treated with a variety of
different drugs, while others only receive one or two different drug classes2. A small
subset of patients shows a good response to L-Dopa7 or dopamine agonists5, but often
patients show no or poor response2. For most patients, treatment response cannot be
predicted.

8

To improve care for patients with neurotransmitter related disorders, including AADCD,
the International Working Group on Neurotransmitter Related Disorders (iNTD) was
founded in 20138. Today, iNTD is a growing worldwide network of 38 neurometabolic
centers from 24 countries. In addition to keeping a patient registry9, one of its goals is
to develop consensus care guidelines for neurotransmitter related disorders by pooling
all published evidence and experience of leading expert centers. This guideline on
diagnosis and treatment of AADCD is the first guideline developed by iNTD.
In this guideline, developed with the Scottish Intercollegiate Guideline Network (SIGN)
methodology, we present the key clinical symptoms and the recommended strategy
for diagnosis and management of AADCD based on a systematic review of the literature
and consensus meetings of the iNTD guideline working group. The guideline is intended
for metabolic specialists, child and adult neurologists, pediatricians, intensive care
specialists, nurses, and paramedical specialists involved in the care of patients with
AADCD.
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Figure 1. Biosynthesis and breakdown of serotonin and the catecholamines, and the metabolic
block in AADC deficiency

Figure 1. Simplified scheme of the biosynthesis and breakdown of serotonin and the
catecholamines (dopamine, norepinephrine and epinephrine), and melatonin synthesis. Cofactors
(BH4, PLP, Cu) and methyldonor (SAM) are connected to the respective enzyme with dashed lines.
Dashed arrows do not show intermediate steps. The metabolic block caused by AADC deficiency
is shown as a red bar. Metabolites above the block are increased, metabolites below the block are
decreased, indicated by red arrows. The implication of 5-MTHF in L-dopa to 3-OMD metabolism
is shown in a simplified manner. Norepinephrine and epinephrine are broken down to NMET
and MET only in the periphery. In CSF, the main metabolite of norepinephrine and epinephrine
is MHPG. Abbreviations: AADC: aromatic l-amino acid decarboxylase; BH4: tetrahydrobiopterin;
COMT: catechol O-methyl transferase; CSF: cerebrospinal fluid; Cu: cupper; DβH: dopamine
beta hydroxylase; DOPAC: dihydroxyphenylacetic acid; HCys: homocysteine; 5-HIAA:
5-hydroxyindoleacetic acid; 5-HTP: 5-hydroxytryptophan; HVA: homovanillic acid; L-Dopa:
3,4-dihydroxyphenylalanine; MAO: monoamine oxidase; MET: metanephrine; Met: metionine;
MHPG: 3-methoxy 4-hydroxyphenylglycol; 3MT: 3-Metyramine; 5-MTHF: methyltetrahydrofolate;
NMET: normetanephrine; 3-OMD: 3-O-methyldopa (=3-methoxytyrosine); Phe: phenylalanine;
PhH: phenylalanine hydroxylase; PNMT: phenylethanolamine N-methyltransferase; SAH:
S-adenosylhomocysteine; SAM: s-adenosylmethionine; TH: tyrosine hydroxylase; TrH: tryptophan
hydroxylase; Tryp: tryptophan; Tyr: tyrosine; VLA: vanillactic acid; VMA: vanillmandelic acid: Vit
B6 vitamin B6 (pyridoxine)
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Methods
Composition of the guideline working group and timeline
An executive committee (TO (chairman), TW (secretary), MM and KJ) was appointed
to oversee the guideline development process and to function as coordinators for the
subgroups focusing on different topics. The guideline working group consisted of 13
child neurologists (TW, GH, BA, AC, MK, WL, RP, TP, VL, MMa, PP, MW, TO), 5 biochemists
(MM, NB, RA, SH, MV), and 1 research project manager (KJ) from several European
countries, the USA and Taiwan. All group members are affiliated to iNTD and are
experienced in the diagnosis and treatment of AADCD. Furthermore, a representative
of the European AADCD patient organization (LF, AADC Research Trust) participated in
guideline development. Finally, according to SIGN guidelines, two external academic
reviewers with expertise in neurometabolic and movement disorders (Ron Wevers,
Nijmegen, the Netherlands and Russell Dale, Sydney, Australia), and one additional lay
reviewer were asked to comment on the draft before submission. The final version of
the guideline was pilot-tested for use in clinical practice by non-specialist neurologists
in training. A preliminary guideline working group meeting took place in November
2014 (London, UK) during the AADC Research Trust Conference. The start-up meeting
took place in Barcelona, Spain (February 2015). Further face-to-face meetings were
held in Heidelberg, Germany (September 2015, executive committee only), in Venice,
Italy (November 2015), and a final wrap-up meeting was held during the AADC Research
Trust Conference in May 2016 (London, UK).
Developing topics and key questions
During the start-up meeting, the initial list of key questions compiled by TW and
TO was discussed and refined. The group was divided in subgroups focusing on the
following topics: (I) Clinical Presentation; (IIa) Diagnosis: laboratory tests; (IIb) Diagnosis:
imaging; (III) Treatment; (IV) Complications and Long-Term Management; (V) Social
Issues and Transition; and (VI) Special Situations. The final list of key questions can be
found online as additional file 1, Table S1 (https://www.ncbi.nlm.nih.gov/pmc/articles/
PMC5241937/#MOESM1).

8

Systematic literature search
A systematic literature review on AADCD was performed through December 2015 on
Pubmed, Cochrane database, and the Cinahl database, using “aromatic (l) amino acid
decarboxylase deficiency” and “AADC deficiency” as search terms. No language or data
filters were used. The literature database on the official website of the AADC research
trust was searched for applicable articles10. The reference list of the large case series
of Brun2 was screened for additional sources. Furthermore, reviews on monoamine
neurotransmitter deficiencies were searched using Pubmed, search term “monoamine
neurotransmitter disorders’, limits: review, English, from 1990. The WHO registry for
clinical trials11 and the NIH registry for clinical trials12 were searched. Finally, reference
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lists from review articles and key case series were screened for additional hits and
members of the guideline group were asked to suggest relevant book chapters. Because
of the limited number of publications on AADCD, conference abstracts from posters or
symposia were included for literature review, but only if they were not followed by a
peer reviewed publication from the group. The flow chart with results of the literature
search can be found as Additional file 2: Figure S1.
Grading of evidence and recommendations
The guideline was developed according to SIGN13. For rating the quality of evidence
and defining strength of recommendations, SIGN is committed to using the GRADE
methodology14-17. Level of evidence of individual studies was rated in a range from 4
(lowest) to 1++ (highest) (Table 1). Specific outcomes (e.g. effect of a specific drug on
hypotonia) were described with a certain level of evidence (very low, low, moderate
or high) for the total body of evidence. Recommendations were rated as strong (for or
against), conditional (for or against), or recommendation for further research (Table
2). Furthermore, Good Practice Points (GPP) were formulated based on the clinical
experience of the guideline development group. Relevant papers were evaluated by at
least two guideline working group members. Before and during meetings, the guideline
group members were trained on standardized literature evaluation using SIGN/ GRADE
methodologies. All recommendations were discussed for consensus during guideline
group meetings.
Table 1. Levels of evidence according to SIGN
Levels of evidence
1++ High quality meta-analyses, systematic reviews of RCTs or RCTs with a very low risk of
bias
1+

Well conducted meta-analyses, systematic reviews, or RCTs with a low risk of bias

1-

Meta-analyses, systematic reviews, or RCTs with a high risk of bias

2++ High quality systematic reviews of case control or cohort studies
High quality case control or cohort studies with a very low risk of confounding or bias
and a high probability that the relationship is causal
2+

Well conducted case control or cohort studies with a low risk of confounding bias and
a moderate probability that the relationship is causal

2-

Case control or cohort studies with a high risk of confounding or bias and a significant
risk that the relationship is not causal

3

Non-analytic studies, e.g. case reports, case series

4

Expert opinion
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Table 2. Forms of recommendations according to GRADE
Judgment

Recommendation

Undesirable consequences clearly outweigh
desirable consequences

Strong recommendation against

Undesirable consequences probably
outweigh desirable consequences

Conditional recommendation against

Balance between desirable and undesirable
consequences is closely balanced or
uncertain

Recommendation for research and possibly
conditional recommendation for use
restricted to trials

Desirable consequences probably outweigh
undesirable consequences

Conditional recommendation for

Desirable consequences clearly outweigh
undesirable consequences

Strong recommendation for

Disclaimer
The purpose of this guideline is to improve care for patients with AADCD and is based
on the best available evidence. However, AADCD being a very rare disorder, the body
of evidence encompasses mainly non-analytical studies and case reports. Therefore,
many recommendations reflect expert opinion. This guideline is meant to give a solid
foundation to caregivers who look after AADCD patients, but should never replace
sensible, well-informed clinical care.

Part I: Clinical presentation

8

Number of reports; literature search
In addition to the 78 patients reported in the large case series of Brun et al in 20102,
39 individual patients were identified in a total of 13 reports3,5,18-28). A further 22 cases,
partly described in conference abstracts, could not with certainty be distinguished
as individual patients24,29-33. In other words, 117 to 139 AADCD patients have been
described so far, and 117 patients were used for calculations of patient characteristics.
The comprehensiveness of the clinical information and the amount of biochemical and
molecular data available differed substantially between included reports. Six families
with multiple affected members were described1,7,34-37. Of the 117 patients clearly
identified as individual AADCD cases, 56 were male, 42 were female, and in 19 gender
was not reported.
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Ethnic origin
Many reported patients (50/117) are Asian. It is known that there is an increased
prevalence of AADCD in patients from southern Chinese descent, especially from Taiwan
and Japan, due to the founder variant IVS6 + 4A > T4. Other reported ethnic origins are:
Caucasian (n = 33), Arabic (n = 4), Iranian (n = 1) and Jewish (n = 2). Ethnic origin was not
described or remained uncertain in 21 cases.
• R#1 (strong): There should be an increased level of awareness for AADCD in
patients of Chinese/Taiwanese/Japanese descent, because of the presence of a
founder variant (IVS6 + 4A > T).
Age of onset and age of diagnosis
The age of onset of signs and symptoms, clearly documented in 68 cases only, was
within the first year of life (mean: 2.7 months, SD ± 2.7). Eleven patients presented in
the neonatal period with hypotonia, or floppiness. Based on available data (mostly
level 3, with non-standardized methods of reporting symptoms), it was not possible
to describe the precise age of onset and duration of every symptom associated with
AADCD. Table 3 summarizes the best available data from published cases regarding the
onset of symptoms. Despite the early onset of symptoms, mean age of diagnosis was
3.5 years (median 13 months, range 2 months – 23 years, 26 % missing data).
Key symptoms and signs
Key symptoms of AADCD are: hypotonia (present in n = 91 patients, absent in n = 3
patients, not mentioned in n = 23 patients), movement disorders (present n = 99,
absent n = 3, not mentioned n = 15), developmental delay (present n = 84, absent in
n = 1 only [18], not mentioned n = 32), and autonomic symptoms (present n = 76, absent
n = 3, not mentioned n = 38). All key symptoms ranged in severity from mild to very
severe. Hypotonia is most often axial, and sometimes accompanied by limb hypertonia.
Movement disorders most often described are oculogyric crises (n = 91), dystonia
(n = 63), and hypokinesia (n = 40). Most prominent autonomic signs are ptosis, excessive
sweating, and nasal congestion. Hypotension or orthostatic hypotension was reported
in 15 patients, with onset mostly in late childhood or adolescence. In 14 patients, blood
pressure was reported to be normal. A complete list of movement disorders, autonomic
symptoms and signs, and other clinical characteristics is given in Table 3.
• R#2(strong): In children with unexplained hypotonia, movement disorders
(especially oculogyric crisis), developmental delay, and autonomic symptoms,
AADCD should be considered.
Other neurological findings
Epileptic seizures were described in 9 patients2,7,22,38-40. Behavioral problems can be a
great burden to patients and caregivers but are not well defined in the literature. They
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were reported to be present in 41 cases, mostly described as irritability, excessive
crying, dysphoria2,40,41 and autistic features31. Sleep disturbance (both insomnia and
hypersomnia) was described in 34 patients. Some patients may suffer from severe
sleep apnea, which may be lethal (personal observation WL). In some patients, diurnal
fluctuations and improvement after sleep, a classical finding for many neurotransmitter
disorders6, is reported. On neurological examination, deep tendon reflexes can be
decreased, normal or increased. Pathological reflexes including Babinski sign are
sometimes reported.
• R#3 (research): Behavioral symptoms and sleep disturbances in AADCD should be
better defined, to improve patient care.
Additional clinical findings
Gastrointestinal problems can be prominent in AADCD. Symptoms can include diarrhea,
constipation, gastroesophageal reflux, and feeding difficulties. Many patients receive
and benefit from a gastrostomy (expert experience). Failure to thrive and short stature
is often reported. In 13 patients, intermittent hypoglycemia was reported, at birth or in
the first five years of life. Hypoglycemia can occur during intercurrent illnesses41. In one
patient, hypoglycemia with reduced level of consciousness was found after sedation
for MRI42. There are no reports of growth hormone deficiency, thyroid deficiency, or
other hormone deficiencies in AADCD.
Phenotypic spectrum and clinical course
Based on clinical description, cases were broadly classified as mild (mild delay in
developmental milestones, ambulatory without assistance, mild intellectual disability),
severe (no or very limited developmental milestones, fully dependent), and moderate
(in between). Six cases could be classified as mild (reported in5,18,19,35,43), 15 as moderate
(reported in2,5,7,20,22,31,35,40,44,45), and 82 as severe. For 14 cases, insufficient information
about the clinical picture was available. Importantly, a mild phenotype can present
predominantly with autonomic symptoms (diarrhea, episodic hypoglycemia, nasal
congestion) and without evident movement disorders18. Two adult sisters had a
very atypical clinical course, with hypotonia at birth, moderate to severe motor
developmental delay in infancy, and mild to moderate symptoms in childhood, with
improvement during puberty5. The two other patients who were diagnosed as adults did
not show transient improvement in puberty, but rather a deteriorating clinical picture7.
Deterioration with loss of skills, e.g. regression of language skills20,22, is described in
some patients but in the majority of cases, there is no evident progressive clinical course
with loss of function described. A decline in motor function can sometimes be due to
secondary factors like joint contractures46.

8
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• R#4 (conditional): The phenotypic spectrum of AADCD is broad and can range from
very severe to relatively mild. AADCD should also be considered in patients with
autonomic symptoms without obvious movement disorders.
• R#5 (strong): A deteriorating clinical course is not expected in patients with AADCD
and should trigger a diagnostic work-up for other diseases.
Phenotype correlations with genotype or biochemical phenotype
There are >50 different DDC gene disease causing variants described in AADCD but clear
genotype/ phenotype correlations could not be established. However, patients with the
founder splice variant IVS6 + 4A > T (36 patients in total, 26 with homozygous variants)
all had a severe phenotype without reaching clear developmental milestones, except for
two sisters with the compound heterozygous variants p.[R285W];[IVS6 + 4A > T] and a
mild to moderate clinical picture with response to treatment35. The variant p.[R285W],c.
[853C > T] is not reported in other patients. Gender is not associated with phenotype
(severe phenotype in 72 % of females and 77 % of males).
There is evidence for a genotype/ treatment response correlation in two families with
different L-Dopa binding site variants and a convincing response to L-Dopa. Three
siblings, extensively represented in the literature, with a homozygous p.[G102S],
c.[304G > A] variant became able to walk independently (n = 1) or with assistance (n = 2)
and showed improvement of dystonia, truncal hypotonia and speech after L-Dopa
treatment was started7,40/47. More recently, a patient with other variants affecting the
L-Dopa binding site p.[R347Q];[R160W], c.[1040G > A];[478C > T], also showed a good
response to L-Dopa19. Currently, therapeutic implications of other DDC gene variants
in AADCD are being investigated48.
There is overlap in cerebrospinal fluid (CSF) values of biogenic amines in mild, moderate
and severe cases without a clear correlation of the biochemical (CSF) and clinical
phenotype. Plasma AADC enzyme activity does not correlate with clinical phenotype;
in both mild and severe cases it can be below the detection limit of the assay.
• R#6 (conditional): There are no clear genotype/ biochemical or clinical phenotype
correlations in AADCD except for the homozygous IVS6 + 4A > T splice variant that
is associated with a severe phenotype in all cases reported to date, and rare L-Dopa
binding site variants that are associated with L-Dopa responsiveness.
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Tone regulation

Movement
disorders

Developmental
Delay
Behavioural
Problems

Adulthood

Adolescence

Child hood

Infancy

CNS

Neo Natal

Symptom/ sign

Table 3. Symptoms and signs described in AADC deficiency

Floppy infant

+

++

Hypotonia (mainly truncal)

+

++ ++ ++ ++

Poor head control

+

+

+

+

+

Hypertonia (mainly limbs)

+

+

+

+

+

Dyskinesia (eg hyperkinesia, chorea,
athetosis)

+

+

+

+

+

Dystonia

-

++ ++ ++ ++

Oculogyric crisis

+

++ ++ ++ ++

Hypokinesia and/ or bradykinesia

+

++ ++ ++ ++

Myoclonus

+

+

+

+

+

Tremor

+

+

+

+

+

Delayed motor development

+

++ ++ ++ ++

Delayed cognitive development

+

+

+

+

Delayed speech development

+

+

+

+

++ ++

+

+

+

+

+

+

Irritability
Autistic features
Dysphoria/ Mood problems

+

+

+

+

+

Excessive crying

+

++

+

-

-

Sleeping Problems

Insomnia and or hypersomnia

+

+

+

+

Other

Epileptic seizures

-

+

+

+

+

Fatiguability

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Diurnal fluctuation
Dysarthria
Poor eye fixation
Increased startle

+

8
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Infancy

Child hood

Adolescence

Adulthood

ANS

Neo Natal

Symptom/ sign

Table 3. [Continued]

Ptosis

+

+

+

+

+

Miosis

+

+

+

+

+

Nasal congestion

-

+

+

+

+

Excessive drooling

-

+

+

+

+

Stridor

+

+

+

+

+

Excessive sweating

-

+

+

+

+

Homeostasis

Temperature instability

+

+

+

+

+

Cardiovascular

(Orthostatic) Hypotension

-

-

+

+

+

Bradycardia

+

+

+

+

+

Heart rhytm abnormalities

+

+

+

+

Diarrhea

+

+

+

+

+

Obstipation

+

+

+

+

+

Hypoglycemia

+

+

+

-

-

Hyperprolactinemia

+

+

+

+

+

Feeding/ Swallowing Problems

+

+

+

+

+

Gastrointestinal reflux

+

+

+

+

+

Gastrointestinal problems unspecified

+

++

+

+

+

Failure to thrive

+

+

+

+

Contractures

-

-

-

+

+

Small hand and feet

+

+

+

+

+

Eyes
Upper respiratory
tract
Skin

Gastrointestinal
Metabolic/ endocrine
General

Table 3. Best available evidence for all published clinical symptoms and the age of occurrence
(additional literature used: [77]). CNS Central Nervous System. ANS autonomic nervous system.
++ very often (key symptom); + often; ± sometimes; - not expected
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Part IIa: Diagnosis: laboratory tests
Key diagnostic tests: CSF, AADC activity and genetic testing
Lumbar puncture
The typical CSF pattern in AADCD consists of (1) low levels of 5-hydroxyindoleacetic
acid (5-HIAA), homovanillic acid (HVA) and 3-methoxy-4-hydroxyphenylglycol (MHPG),
(2) normal pterins including neopterin and biopterin, and (3) high concentrations of
3-O-methyldopa (3-OMD), L-Dopa and 5-OH tryptophan (5-HTP). This reflects the
metabolic block at the level of AADC (Fig. 1). Low HVA and 5-HIAA was reported in
99 % of patients. Only two sisters with a mild phenotype had normal HVA (124 and
169 nmol/L; ref 98-450 nmol/L), one of them also had normal 5-HIAA (50 nmol/L; ref
45-135 nmol/L). In both patients, 3-OMD and -5-HTP were increased and MHPG was
decreased5. In only one patient, normal MHPG was reported, with decreased HVA and
5-HIAA19. Normal CSF pterins (neopterin, dihydrobiopterin and tetrahydrobiopterin) are
essential to differentiate AADCD from the tetrahydrobiopterin disorders6.
The CSF profile of AADCD may be similar to the profile found in pyridox(am)ine
5-phosphate (PNPO) deficiency, in which there is a secondary failure of AADC due to a
deficiency of its cofactor pyridoxal phosphate (PLP). However, additional findings in this
disorder are very low PLP, and increased glycine and threonine in CSF. Furthermore, the
clinical picture of PNPO deficiency, namely a severe neonatal epileptic encephalopathy,
is different from the clinical presentation of AADCD49,50.

8

Mildly decreased CSF 5-methyltetrahydrofolate (5-MTHF) was reported in only 1 patient
with AADCD47, and 5-MTHF levels decreased during L-Dopa treatment in 3 patients40.
It was proposed that this could be due to a depletion of CSF s-adenosylmethionine
(SAM) in states with increased L-Dopa concentrations51, but serial CSF measurements
for 5-MTHF have not been performed in other patients.
Neurotransmitter metabolite analysis is performed in a limited number of specialized
laboratories. For an online list of iNTD affiliated laboratories, see8. Collection and
handling of CSF should be performed strictly following standardized procedures to
ensure correct interpretation of results. For a review see Hyland52.
• R#7 (strong): AADCD can be diagnosed in CSF. Specific measurements in CSF should
include the core metabolites HVA, 5-HIAA, 3-OMD, L-Dopa, and 5-HTP, and pterins.
If available, 5-MTHF and PLP should also be measured. Reduced 5-HIAA and HVA,
and elevated 3-OMD, L-Dopa and 5-HTP, with normal pterins, point to AADCD.
• R#8 (GPP): CSF measurements should always include standard measurements (cells,
protein, glucose, lactate). Collection and handling of CSF should be performed
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strictly following standardized procedures to ensure correct interpretation of
results.
AADC activity in plasma
Enzyme assays measuring AADC activity in plasma can be performed using both L-Dopa
and 5-HTP as substrate. Since L-Dopa gives a higher analytical yield it is used as the
standard method. All 57 papers that reported results of plasma AADC activity assays,
described decreased activity in patients with AADCD. In about 30 % of reported cases,
AADC activity was below detection limits. The highest reported residual enzyme
activity in AADCD was 12 pmol/mL/min (33 % of the lower limit of normal), reported
in 1 patient [41]. AADC activity is also decreased in heterozygous carriers (35-40 % of
normal)18,34,35,53. For an online list of iNTD affiliated laboratories that perform AADC
activity assays, see8.
• R#9 (strong): AADCD can be diagnosed by demonstrating severely decreased AADC
activity in plasma. Plasma AADC activity is moderately reduced in heterozygous
carriers.
Molecular diagnosis
About 50 disease causing DDC variants have been described so far: 39 substitution
variants, 2 nonsense, 5 deletions, 1 insertion and 4 splice variants. For an up to date
list of DDC variants, see online locus-specific database on PNDdb54. In only two AADCD
patients with the classical CSF profile and decreased AADC activity in plasma, no
variants of the DDC gene were found despite Sanger analysis of the coding region, the
exon/intron boundaries and flanking untranslated regions39,41. In two other patients
(siblings),with the classical CSF profiles and very low plasma AADC enzyme activity,
only one variant was detected36. It is assumed that in these cases a second variant
may be intronic, within the promoter region or a heterozygous deletion or duplication,
undetectable by current standard diagnostic techniques. Two recent reports detected
AADCD patients using whole exome sequencing20,55.
• R#10 (strong): In the great majority of patients, AADCD can be genetically
confirmed.
Concluding statements regarding key diagnostic tests
• R#11 (strong): There are three core diagnostic keys for identifying AADCD:
• (1) low CSF levels of 5-HIAA, HVA, and MHPG, increased CSF levels of 3-OMD,
L-Dopa and 5-HTP, and normal CSF pterins
• (2) compound heterozygous or homozygous pathogenic variants in the DDC
gene
• (3) decreased AADC enzyme activity in plasma
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To diagnose AADCD, genetic testing should be performed and at least two out of three
core diagnostic tests should be positive.
• R#12 (strong): If genetic diagnosis is performed as the first step (e.g. whole
exome sequencing or affected family member), functional confirmation should be
completed by measuring AADC enzyme activity in plasma and/or neurotransmitter
metabolites in CSF.
• R#13 (conditional): If local resources allow, we recommend performing all three
key diagnostic tests in patients with this rare disorder.
• R#14 (GPP): The results of CSF analysis and plasma AADC activity measurement are
generally available before results of genetic testing. Genetic confirmation should
not be awaited before initiating therapy.
Other diagnostic tests in AADCD
Prolactin
Prolactin in blood can be increased in dopamine biosynthesis disorders, because
dopamine serves as an inhibitor of prolactin secretion6. Prolactin was reported in 13
AADCD patients. Elevated prolactin was found in 6 patients; in the others it was normal.
Also, members of the guideline group reported normal prolactin in multiple AADCD
patients (non-published observations).
• R#15 (research): Normal prolactin level in blood does not exclude AADCD. To better
understand this mechanism we recommend further research on this topic.

8

Neurotransmitter (metabolites) in blood
Whole blood serotonin was reported in 15 patients and found to be decreased in all
of them1,34,39,40,56. Plasma monoamine and monoamine metabolites (L-Dopa, 3-OMD,
vanillactic acid (VLA), HVA, vanillylmandelic acid (VMA), MHPG, norepinephrine,
epinephrine, and 5-HTP) are reported in a very limited number of patients and it is
not possible to draw conclusions about the diagnostic accuracy of these tests. Plasma
measurements cannot replace measurements in CSF.
• R#16 (strong): Measurement of catecholamine metabolites in blood are not useful
in routine clinical practice, because it neither diagnoses nor excludes AADCD.
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Dried blood spot measurement of 3-OMD
One report studied the use of dried blood spot (DBS) testing of 3-OMD in 15 patients57.
All samples showed an at least 15-fold increase of 3-OMD. In 6 patients, newborn values
were available, showing very high levels of 3-OMD. However, 3-OMD is also increased
in PNPO deficiency. There are no other reports on this subject available. If (newborn)
screening can reliably diagnose AADCD, this will greatly improve the diagnostic delay
that is often encountered now. A clinical trial on newborn screening of AADCD is
currently recruiting patients in Taiwan12.
• R#17 (research): The development, diagnostic accuracy, and cost effectiveness
of DBS analysis of 3-OMD for (newborn) screening for AADCD should be further
investigated.
Urine measurements of neurotransmitter metabolites
Increased urine vanillactic acid (VLA) levels, measured by organic acid analysis, are
reported in AADCD. However, this elevation is often subtle and easily missed if not
specifically looked for in a specialised laboratory2.
Dopamine, HVA and vanilylmandelic acid (VMA) in urine are not reliable as biomarkers
in AADCD because they can either be normal, decreased or increased2,26,58. This is due
to very high AADC activity within the kidneys, accounting for sufficient residual AADC
activity to form dopamine and its metabolites27.
• R#18 (conditional): If urinary VLA is increased, AADCD should be considered.
However, normal levels do not exclude the diagnosis.
• R#19 (strong): Measurement of catecholamine metabolites in urine is not useful
as a diagnostic test in clinical practice, because it can neither diagnose nor exclude
AADCD.
Other diagnostic tests
Melatonin is formed from serotonin and would be expected to be decreased in AADCD.
Theoretically, it is therefore a possible diagnostic tool for this patient group, but no
reports on melatonin measurements are available. One recent report used global
metabolomics assisted pathway screening with plasma samples in one AADCD patient,
and showed an increased 3-OMD. This finding was also seen in subjects using L-Dopa/
carbidopa medication55.
• R#20 (research): Other diagnostic tests that might increase knowledge on AADCD
and/ or serve as possible biomarkers are melatonin and broad metabolomic
screening for specific AADCD related markers.
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Part IIb: Diagnosis: imaging and electroencephalography
Magnetic resonance imaging (MRI) of the brain
Brain imaging was performed in 38 cases (36 MRI, 2 CT), and was described as normal
in 25. In the remaining cases, described abnormalities were heterogeneous, including:
diffuse mild cerebral atrophy2,38, cortical atrophy41, reduced prefrontal volume with
normal myelination and normal basal ganglia36, focal demyelination changes over
bilateral frontal and left parietal area4, leukomalacia4, degenerative changes of white
matter, thinning of corpus callosum, prominent ventricular bodies, leukodystrophy-like
patterns, and hypomyelination2. Since there is no specific MRI pattern, imaging is not
helpful in the diagnosis of AADCD. However, it is usually necessary in the work-up of a
patient with neurodevelopmental delay to exclude other conditions in the differential
diagnosis. Following standards of good clinical care, neuroimaging is always indicated
if there is an unexpected deviation of clinical course in a diagnosed AADCD patient
(see also R #5).
• R#21 (conditional): Routine imaging of the brain is not needed to diagnose AADCD.
• R#22 (GPP): In the work-up of patients with neurodevelopmental delay, and in
unexpected deviation of clinical course in AADCD patients, brain imaging should
be considered.
Electroencephalography (EEG)
EEG, reported in 28 cases, was described as normal in 21. In the remaining cases
described abnormalities included: epileptiform abnormalities in a patient with clinical
seizures38, epileptiform abnormalities (paroxysmal discharges, (multifocal) sharp waves,
polyspikes) without evident clinical seizures in three patients2,56,59, unspecific changes41,
and rapid activity or slowing2. EEG is not needed to diagnose AADCD. However, if
there is a clinical suspicion of epilepsy, to differentiate oculogyric crises from epileptic
events7, or in the general work-up of neurodevelopmental delay, EEG can be performed
following local standards of good clinical care.

8

• R#23 (conditional): EEG is not needed to diagnose AADCD.
• R#24 (GPP): EEG can be used in the work-up of AADCD if there is a clinical suspicion
of epilepsy, to differentiate oculogyric crises from epileptic events, or in the general
work-up of neurodevelopmental delay.
Other imaging modalities
A brain fluorodeoxyglucose (18F-FDG) PET scan was performed in only 1 patient36,
and demonstrated reduced uptake in the prefrontal cortex and bilateral basal ganglia.
Striatal uptake of fluorodopa (FDOPA) on PET/CT was reported to be very low at
baseline, and increased after gene therapy in 3 patients24. There were no published
reports of DAT scans in AADCD.
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• R#25 (research): Other imaging modalities (FDG PET, FDOPA PET, DAT-scan) have
no role in routine clinical care but can be useful in research settings, e.g. the
assessment of the efficacy of gene therapy.

Part III: Treatment
IIIa: Medical treatment
Available evidence
Based on the literature evaluation, considered judgments leading to recommendations
for use in clinical practice could be constructed for dopamine agonists, monoamine
oxidase (MAO) inhibitors, pyridoxal phosphate, pyridoxine, anticholinergic agents,
folinic acid, L-Dopa with carbidopa, L-Dopa without carbidopa, 5-hydroxytryptophan,
benzodiazepines, melatonin, and selective serotonin reuptake inhibitors (SSRIs). For
catechol O-methyl transferase (COMT)-inhibitors there was insufficient literature
available to come to a recommendation. The quality of the total body of evidence for
specific outcomes was rated as low or very low. There are currently no active medical
treatment trials in AADCD registered.
First line treatment
Dopamine agonists
Dopamine agonists activate postsynaptic dopamine receptors directly. Ergot-derived
dopamine agonists with strong serotonergic (5HT2b) agonist action (pergolide and
cabergoline) are strongly associated with cardiac valvulopathy and other fibrous
complications60, and should not be used in AADCD. Ergot-derived dopamine agonists
without 5HT2b agonist action (bromocriptine) have a lower risk, although incidentally,
pulmonary, retroperitoneal and (peri)cardial fibrosis have been described, with a doseeffect relation61. Non-ergot derived dopamine agonists are pramipexole, ropinirole,
rotigotine (transdermal patches) and apomorphine (subcutaneous). The risk of fibrotic
complications with non-ergot derived dopamine agonists is probably very low62.
Use of dopamine agonists in AADCD was described in 58 individual cases, with
bromocriptine being used most often (26 patients), followed by pergolide (11
patients). Reports on non-ergot derived dopamine agonists were fewer (4 patients
on pramipexole, 4 on rotigotine, and 2 on ropinirole). One patient on cabergoline was
described. In 9 patients the dopamine agonist was not specified. There are no reports of
the use of subcutaneous apomorphine in AADCD. Positive responses (e.g. improvement
of head control, hypotonia, oculogyric crises, voluntary movements and autonomic
symptoms) have been reported for bromocriptine, pramipexole, rotigotine patches
and pergolide. Also, neutral effects were reported. Reported side effects included
irritability, weight loss, worsening of failure to thrive, vomiting, and also mild to severe
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dyskinesia45. Overall, benefits outweighed side effects in most cases. It is important
to consider that many patients were treated simultaneously with more than one drug
class, therefore assessment of the impact of a single drug is often problematic. For dose
recommendations of dopamine agonists, see Table 4.
• R#26 (strong): Dopamine agonists should be tried in the treatment of AADCD. Nonergot derived dopamine agonists (pramipexole, ropinirole, rotigotine) are preferred.
• R#27 (strong): Cabergoline and pergolide should not be used for the treatment of
AADCD because of the high risk of fibrotic complications.
• R#28 (GPP): Cardiac screening (see R#48) before and during treatment with
bromocriptine (ergot derived dopamine-agonists) is indicated, because of the
potential risk of cardiac fibrosis.
MAO inhibitors
MAO inhibitors prevent breakdown of dopamine and serotonin, thereby increasing
monoamine availability. The effect of MAO inhibitors in AADCD was described for
31 cases in 17 studies. All patients had co-treatment with dopamine agonists and/
or pyridoxine. MAO inhibitors used were tranylcypromine (n = 14), selegiline (n = 7),
phenelzine (n = 1), or unspecified (n = 9). No studies were found on rasagiline. The
majority of studies described an improvement in at least one clinical endpoint (e.g.
hypotonia), with no effects on others. Some studies reported no clinical improvement
at all, e.g. Anselm et al39, or only temporary improvement40. Side effects were rarely
reported, apart from one patient who developed a dystonic crisis on withdrawal
of tranylcypromine45, and one patient with increased oculogyric crises 40. For dose
recommendations, see Table 4.

8

• R#29 (strong): From the biochemical viewpoint there is strong recommendation
for giving patients with AADCD a trial of MAO inhibitors, although there is little
evidence of clinical benefit.
Pyridoxine / pyridoxal phosphate (PLP)
Pyridoxal phosphate (PLP), the active form of pyridoxine, is a cofactor of AADC (Fig.
1). Therefore, treatment with one of several available forms of vitamin B6 might
increase residual activity of the AADC enzyme. Pyridoxine is more readily available
and cheaper than PLP, therefore it is the form used most often in AADCD. It has been
reported in about 50 individual patients. The use of PLP was described in only one
study22. Pyridoxine monotherapy was reported in only 8 patients, of which only one
patient (with a mild phenotype) showed a clear favorable response18. In patients with
concurrent medications, a favorable effect was sometimes seen. In 19 patients, no clear
response was described at all. Reported side effects were gastrointestinal complaints,
sleeping problems and extreme motor restlessness in patients with very high doses
of pyridoxine and concurrent treatment with L-Dopa. Pyridoxine and PLP can cause
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reversible polyneuropathy when used in high doses for long periods of time. For dose
recommendations, see Table 4.
• R#30 (strong): Vitamin B6 is considered a first line treatment from a biochemical
standpoint, but dose limits should be respected because of possible side effects.
• R#31 (conditional): Pyridoxine is preferred over PLP because of availability and
costs. If it is not tolerated, PLP can be tried instead.
Additional symptomatic treatment
Anticholinergic drugs
Anticholinergic drugs (e.g. trihexyphenidyl, benztropine, biperiden) are commonly
used to treat certain movement disorders, especially parkinsonism63 and dystonia64.
Although their exact mechanism of action is not known, it is thought that they influence
the relative imbalance between dopaminergic and cholinergic pathways. In AADCD,
they can be used to treat autonomic symptoms, dystonia, and oculogyric crisis. The
effect of anticholinergic medication is described in only 11 patients, who all received
concurrent medications (dopamine agonist and/ or L-Dopa and/ or pyridoxine and/ or
MAO-inhibitors). In the majority of cases there was an improvement of at least one
clinical endpoint (e.g. hypotonia, excessive sweating, dystonia). Not all patients were
reported to benefit, however. Side effects were reported in two articles, including
significant sedation in one patient39 and aggressive behavior in another41. For dose
recommendations, see Table 4.
• R#32 (conditional): Anticholinergic agents can be considered in AADCD, especially
(additionally) to treat autonomic symptoms, dystonia, and oculogyric crisis.
Melatonin
There is very limited evidence for the use of melatonin in AADCD. It was reported in
only 6 cases. An improvement in sleep pattern was described in 2 cases41,45, 1 patient
showed no effect21, and in 3 cases the clinical effect was not described45. No side effects
have been reported although some members of the guideline working group reported
experience with patients who had transient night terrors (unpublished observation).
From a pathophysiological perspective, supplementation for disorders of sleep
induction is reasonable because melatonin is formed from serotonin and therefore
may be decreased in AADCD. Many AADCD patients suffer from sleeping disorders,
and unpublished observations of the guideline group support the effect of melatonin
in this patient group. For dose recommendations, see Table 4.
• R#33 (conditional): Melatonin should be considered for the treatment of sleep
disturbances in AADCD.
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Benzodiazepines
There is very limited evidence for the use of benzodiazepines in AADCD, since it was
reported in only 4 patients38,42,65. In one patient, there was a slight improvement
of dystonia on clobazam65. In another patient, rectal diazepam was effective in the
treatment of prolonged oculogyric crises42. General dose recommendations can be
used.
• R#34 (conditional): Benzodiazepines, especially when used intermittently, can be
considered in specific settings, e.g. in sustained oculogyric or dystonic crises.
Other symptomatic treatment
Although no reports specifically evaluate the use of alpha-adrenoreceptor nose drops in
AADCD, its value is evident in clinical practice to treat nasal congestion. To reduce side
effects of long-term application, the lowest possible dose should be used. Application
should be accompanied by local care, e.g. with dexpanthenol containing ointments.
During long-term treatment an intermittent application of a topical steroid (e.g.
fluticasone; one spray in each nostril per day for 6 weeks; maximal twice per year) can
restore the nose drops effect and reduce the necessary dose (expert opinion). Clonidine,
an imidazoline and alpha-2 agonist, can be used for irritability and sleep disturbance6.
For dose recommendations, see Table 4. Botulinum toxin injections can be used in
the treatment of dystonia. We have limited clinical experience with its use in AADCD.
Other treatment options
L-Dopa with or without carbidopa
Patients with AADCD already have highly elevated levels of L-Dopa, therefore treatment
with L-Dopa is counterintuitive, and only reported in 10 cases. However, in 4 patients
with variants at the L-Dopa binding site, a sustained effect of L-Dopa was seen (see part
I). Reported side effects (diarrhea and restlessness) in these patients were minimal and
dose-dependent19. No improvement was reported in 3 cases40,42, and in 3 cases response
was not described2. The use of carbidopa, an AADC inhibitor, is potentially dangerous in
AADCD from a pathophysiological point of view because it further inhibits an already
deficient enzyme. For dose recommendations of L-Dopa, see Table 4. In patients on
L-Dopa therapy, extra attention should be given to folinic acid supplementation because
of possible depletion.

8

• R#35 (strong): L-Dopa is first line treatment only for patients with L-Dopa bindingsite variants (e.g. p.[G102S], p.[R347Q], p.[R160W]). On theoretical grounds, L-Dopa
without carbidopa is preferred.
• R#36 (conditional): In patients without proven L-Dopa binding-site variants,, an
L-Dopa trial can be considered if other treatment options fail.
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• R#37 (strong): CSF 5-MTHF levels should be determined before and during L-Dopa
therapy.
Folinic acid
In theory, secondary cerebral folate deficiency may develop in AADCD since
O-methylation of the excessive amounts of L-Dopa to 3-OMD depletes methyl donors
including SAM and 5-MTHF. However, decreased levels of CSF 5-MTHF were only
reported in a very limited number of patients (see part IIa). The therapeutic use of folinic
acid in AADCD is reported in 4 patients21,24,47. In three patients, some improvement
was seen. No side effects were published, but several members of the guideline
working group reported gastro-intestinal side effects in AADCD patients (unpublished
observations). Costs and insurance covering of folinic acid varies amongst countries.
Low CSF 5-MTHF levels must be supplemented with folinic acid, not folic acid. Dose
recommendations can be found in Table 4.
• R#38 (conditional): Supplementation with folinic acid can be considered in all
patients, and is clearly recommended when 5-MTHF in CSF is low.
• R#39 (research): Further research on 5-MTHF is needed to be able to give strong
recommendations on folinic acid supplementation and 5-MTHF follow-up in AADCD.
At this moment, we do not recommend regular follow-up lumbar punctures in
stable patients. In case of unexpected clinical deterioration, measurements of CSF
5-MTHF should be considered to rule out secondary folate deficiency.
5-Hydroxytryptophan
5-HTP is the substrate for AADC to form serotonin, and its use in AADCD is as
counterintuitive as the use of L-Dopa. Use of 5-HTP in AADCD was described in 5
patients34,40,47,56. None showed a positive effect. In contrast, 2 patients showed side
effects: lethargy, increased axial hypotonia, and abdominal pain.
• R#40 (strong): Based on the current evidence and pathophysiological mechanisms,
5-HTP should not be used in the treatment of AADCD.
Selective serotonin reuptake inhibitors (SSRIs)
The use of SSRIs (paroxetine, ergotamine and fluoxetine) was reported in 4 patients with
AADCD5,40,45,56. Only one patient showed a possible, unspecified response. The other 3
patients showed no clinical benefit, but experienced side effects including worsening
of oculogyric crises and hypotonia, lethargy, and dystonic reactions.
• R#41 (conditional): Based on the current evidence, the use of SSRIs in AADCD is
not recommended.
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Treatment schedule AADCD
In Table 4, recommended drugs and doses are summarized. Figure 2 shows a
schematic example of how a patient with newly diagnosed AADCD can be treated.
In recommendation 42 the most important treatment principles of AADCD are given:
• R#42 (strong): The core recommendations for medical treatment of AADCD are:
1. First line treatment agents are selective dopamine agonists, MAO-inhibitors, and
pyridoxine
2. Additional symptomatic treatment agents are anticholinergic agents, melatonin,
benzodiazepines, and alpha-adrenoreceptor blockers.
3. In general, therapy with multiple drugs will be needed and doses should be titrated
individually and sequentially.
4. General treatment principles to adhere to are: step-wise approach, start low and
go slow when increasing the doses, and discontinue/ wean off medication that is
not helpful.
• R#43 (research): Since the evidence for medical treatment in AADCD is low to very
low, it would be desirable to conduct randomized clinical trials in AADCD to improve
the proposed treatment schedule.

8
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Dopamine
agonists
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Non-ergot derived
D2-agonist with
preference for D3
receptor subtype.
Non-ergot derived
D2-agonist with
preference for D3receptor subtype.

Ropinirole

Cofactor, optimizes
residual AADC
activity

Pramipexole

Pyridoxal
5-Phosphate

Pyridoxine (vit B6) Cofactor, optimizes
residual AADC
activity

Vitamin B6

Mechanism

Drug

Class

Table 4. Recommended drugs and doses in AADC deficiency

Consider trial if pyridoxine gives too many side
effects or is not effective.
Chronic use in high dose can cause severe
sensorimotor polyneuropathy

Start:100 mg/d in 2 doses.
Max 200mg/d

Suggestion: Start 0.25mg/d
1 daily 2h before bedtime;
increase every 3-7* days to
0.5-4.0 mg/d in 3 divided
doses, max 0.3mg/kg/d or
24mg/d

Do not use in severe kidney failure
Take tablets with food
Very limited experience in AADC deficiency,
physician should extrapolate and titrate carefully.
Probably high risk of drug-induced dyskinesias as
in other dopamine agonists.

Start 0.005 – 0.010 mg/kg/d Distinction in salt and base content.
of BASE in 1-3 divided doses, Take tablets with water, optional with food
increase every 3-7* days by High risk of drug-induced dyskinesias
0.005mg/kg/d, max 0.075mg/
kg or 3.3mg/d of BASE

May be preferred over pyridoxal 5-phosphate
because of cost and availability
Maintain for 1 year, then discontinue when in
stable circumstances. If no deterioration, leave
discontinued.
Chronic use in high dose can cause severe
sensorimotor polyneuropathy
Side effects: generally well tolerated, sometimes
nausea, vomiting.

Precaution/ comments

Start: 100 mg/d in 2 doses
Max 200 mg/d

Dose recommendation

Chapter 8

158

25/10/2021 09:32

Voorbereid document _Tessa Wassenberg_V03.indd 159

FIRST LINE TREATMENT AGENTS

Ergot-derived

Pergolide or
cabergoline

Tranylcypromine

Non-selective
MAO-A and -B
inhibitor

MAO-B inhibitor
(non-selective in
very high doses)

Ergot-derived
D2-agonist with D1
receptor antagonist
effect

Bromocriptine

MAO-inhibitors Selegiline

Non-ergot derived
D2 agonist with
preference for D3;
also effect on D2,
D1 and D5; and α2B
and 5HT1A agonist.

Rotigotine patch

Dopamine
agonists

Mechanism

Drug

Class

Table 4. [Continued]
Precaution/ comments

Do not use because of higher risk of fibrotic
complications

None

Start 0.1mg/kg/d in 2 doses.
Increase every 2 weeks by
0.1mg/kg/d up to 0.5mg/kg/d
(max 30 mg)

Dose at breakfast and lunch, avoid night-time
doses if insomnia is experienced.
Occurrence of ‘cheese effect’ (hypertensive crises
when foods with high content of tyramine are
ingested) is very unlikely in patients with AADC
deficiency due to their low levels of dopamine,
norepinephrine and epinephrine.

Start 0.1mg/kg/d in 2-3 divided Dose at breakfast and lunch, avoid night-time
doses. Increase every 2 weeks doses if insomnia is experienced.
by 0.1mg/kg/d up to 0.3mg/ Dose sublingual preparations much lower
kg/d or 10mg/d

Non-ergot derived dopamine agonists are
preferred
Take tablets with food
Small risk of fibrotic complications, consider
cardiac screening before and during use.
Higher risk with higher dose, dose restricted to
30mg/d in adults. Maintain lowest effective dose.

Star t 0.1mg /k g /d (max
1.25mg/d); increase weekly by
0.1mg/kg/d (max 1.25mg/d) up
to 0.5mg/kg/d (max 30mg/d) in
2-3 divided doses.

>12years and >15kg:
No data available for use in children <12y/ <15kg.
Start 2mg/d; weekly increase Do not cut patches.
by 2mg, max 8mg/d.
Drug induced dyskinesias require a lower dose
and/ or slower increase
Skin reactions occur often (about 30%).
Sulphite can lead to allergic reactions
Remove patch during MRI/ electrocardioversion
(aluminium content)

Dose recommendation

Consensus guideline on the diagnosis and treatment of AADC deficiency
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ADDITIONAL SYMPTOMATIC TREATMENT

Drug

Oxymetazoline or
xylometazoline
nosedrops

Melatonin

Clonidine

Sleeping
problems

Irritability/
sleep
disturbance

Benztropine

Nasal
congestion

(dystonia/
autonomic
symptoms)

Anticholinergics Trihexyphenidyl

Class

Table 4. [Continued]

Centrally acting
antihypertensive
drug; imidazoline
(I1-) and α2-agonist

Regulates onset of
sleep and day/night
cycling

α-adrenergic
agonist leading
to local
vasoconstriction

Centrally acting
anticholinergic
agent. Also
dopaminergic
effect by inhibiting
presynaptic
reuptake

Anticholinergic
agents, restores
neurotransmitter
disbalance

Mechanism

In general, the younger, the better tolerated;
dosages often exceed recommended dose for
adults (15mg/d).
Maximum dose is dictated by side effects: e.g. dry
mouth, dry eyes, blurred vision (mydriasis), urine
retention, constipation. Sedation in high doses.

Precaution/ comments

Start 0.1mg/d ante noctum, Monitor blood pressure in higher dose
increase to max 3mg/d ante Sedative, therefore give AN
noctum

Start 3mg/d, given 4 hours Transient night terrors on initial treatment can
before onset of sleep. Max occur (personal experience)
dose 5-8 mg/d
Availability differs between countries.

Use general dose guidelines for Try to include intermittent weeks without
age, try to use lowest available treatment to prevent habituation
dose in chronic use
Hypertensive crises if used concomitantly with
MAO-inhibitors is very unlikely in patients with
AADC deficiency due to their levels of dopamine,
norepinephrine and epinephrine

Start 1mg in 2 divided doses, Anticholinergic side effects: e.g. dry mouth, dry
increase weekly up to 4mg/d
eyes, blurred vision (mydriasis), urine retention,
obstipation. Sedation in high doses.

<15kg: start 0.5-1mg/d in 1
dose; increase every 3-7* days
by 1 mg/d in 2-4 doses/d
>15kg: start 2mg/d in 2 doses;
increase every 3-7* days
by2mg/d in 2-4 divided doses.
Effective dose highly variable
(6-60mg)
Maximum dose: <10kg 30mg/d;
>10kg 60mg/d

Dose recommendation

Chapter 8
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SPECIAL CASES ONLY

Folinic acid
(calcium folinate)

L-Dopa without
carbidopa

L-Dopa binding
site variant

Low 5-MTHF
in CSF

Drug

Class

Table 4. [Continued]

Methylation of
excessive amounts
of L-Dopa in
AADCD may cause
depletion of methyl
donors.

Substrate for AADC
to form dopamine;
effective in certain
binding site variants

Mechanism

Precaution/ comments
Start as first line treatment only if known binding
site variant.
Otherwise, consider as third-line treatment trial
for 2 months (or less if deterioration) when in
stable clinical situation.
Monitor CSF during treatment, including 5-MTHF
Only supply if 5-MTHF is low in CSF
Monitor 5-MTHF in CSF during treatment with
L-Dopa

Dose recommendation
Start 0.5-1mg/kg/d in 3 divided
doses, increase 2 weekly by
1mg/kg to 5mg/kg/d. Only
if clinical effective, further
increase to max 15mg/kg/d
1-2mg/kg/d, max 20mg/ d

Consensus guideline on the diagnosis and treatment of AADC deficiency
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Figure 2. Treatment algorithm in AADC deficiency

Figure 2. reflects a possible treatment scheme for a newly diagnosed AADCD patient. Drug dose
and escalating schemes are given in Table 4. At the left, first line treatment is depicted in which
pyridoxine is started at diagnosis (step (1)), followed after two weeks by step (2): either one of
the dopamine agonists in escalating scheme or one of the MAO-inhibitors. After two months of
treatment at target dose, step (3) is added: either a dopamine agonist or a MAO-inhibitor. The
order of introducing dopamine agonist or MAO-inhibitors is interchangeably. Dose escalation
depends on effect and tolerability. If an agent is not effective or has too many side effects,
consider replacing it with another agent from the same class before going to the next step.
In case of intolerable side effects, treatment should be stopped. After about 1 year in stable
treatment regimen, reassessment should take place: consider to discontinue drugs (only 1 at a
time) without clear treatment effect. Frequent assessment is then again necessary, and agents
should be reinstated in case of deterioration. At the right, additional symptomatic treatment is
depicted, with different drug classes that could be added for specific symptoms. Always avoid
starting more than 1 agent at the time. Assess tolerability and effect frequently, and discontinue
drugs that have no clear effect, or give intolerable side effects. Treatment in special situations
(L-Dopa, folinic acid) is not depicted in this figure (see text). Abbreviations: DA-agonist: dopamine
agonist; MAOI: MAO-inhibitor; OGC: oculogyric crisis

Drugs to avoid in AADCD
Centrally acting dopamine antagonists, used for their antiemetic and antipsychotic
properties, should be avoided in AADCD because they have the potential to worsen
symptoms of dopamine deficiency. The detrimental effects of haloperidol (antagonist
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at dopamine 2 receptors) are illustrated in one case report39. Metoclopramide should
not be used for the treatment of nausea. Levomepromazine, an agent with antagonistic
properties to epinephrine, histamine, acetylcholine, dopamine, and serotonin, led to
severe side effects in one patient46. Less is known about serotonin antagonists like
5-HT3 receptor blockers that are used as antiemetics (e.g. ondansetron, granisetron).
From a pathophysiological standpoint, side effects can be expected and their use should
be avoided, but there is no literature or clinical experience available. It is important
to realize that many drugs have antagonistic properties for several neurotransmitters,
and before introducing any drug to AADCD patients, its potential benefits and harms
should be considered carefully.
In case of nausea and vomiting in AADCD patients, supportive care to avoid
dehydration and hypoglycemia is most important. If possible, anti-dopaminergic and
anti-serotonergic agents should be avoided. If medical therapy is needed, low dose
domperidone can be considered. Local guidelines on availability, cardiac concerns and
dose recommendations should be followed. Although domperidone is a dopamine
antagonist, it does not cross the blood brain barrier and therefore side-effects in AADCD
are expected to be limited.
• R#44 (strong): Centrally acting dopamine antagonists should be avoided in AADCD.
• R#45 (GPP): Supportive care in nausea and vomiting in AADCD patients should be
optimal. If medical treatment is needed, low-dose domperidone can be considered.
Dystonic crisis (status dystonicus)
Dystonic crisis can occur in AADCD patients, but limited data is available about the
prevalence of and treatment approach to this rare, potentially life-threatening
complication. A dystonic crisis is often triggered by infection or medication adjustments.
It is characterized by sustained severe dystonic muscle contractions that can lead to
airway compromise and metabolic complications such as rhabdomyolysis leading to
acute renal failure66. The approach to dystonic crisis in AADCD should be similar to
the general approach, with admission to an intensive care unit, fluid and nutrition
supplementation, sedation (usually with benzodiazepines) and respiratory support if
needed. Dopamine antagonists and L-Dopa should not be used in AADCD. For a review,
see67.

8

• R#46 (GPP): Dystonic crisis in AADCD is a potentially life-threatening condition and
should be treated promptly.
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IIIb: Non-medical treatment
Paramedical treatment in AADCD
Although there are no studies or reports on the effects of paramedical treatment in
AADCD, a multidisciplinary approach with physiotherapy, speech therapy, occupational
therapy, feeding and nutritional assessment, and (neuro)psychological treatment and
support is essential to prevent secondary complications and promote development.
A physiatrist (rehabilitation specialist) is also a valuable member of the team. In this
respect, approach to a patient with AADCD is comparable to the approach of other
chronic neurological disorders, e.g. cerebral palsy.
• R#47 (GPP): Involvement of a multidisciplinary team that includes a rehabilitation
physician (physiatrist) and allied health professionals (paramedical therapy services)
is essential in the care for AADCD patients.
Gene therapy and other surgical treatment options
Gene therapy in which a viral vector (adeno-associated virus type 2) encoding cDNA of
the human DDC gene is delivered to targeted brain structures was originally developed
for patients with Parkinson’s disease68. Gene transfer to the bilateral putamen has
been performed in four AADCD patients in Taiwan with modest but promising results24.
Further research is ongoing. Clinical trials are presently recruiting patients in Taiwan and
Japan11,12, and trials in the USA and Europe, in which gene transfer will target midbrain
structures, are anticipated69. There is no experience with deep brain stimulation or
other surgical treatment options in AADCD.
• R#48 (research): Gene therapy for AADCD is currently under development in
research setting. Clinical trial results will determine whether further implementation
of this promising therapy may occur in the future.

Part IV: Complications and long-term management in AADCD
Cardiac decompensation
Structural cardiac abnormalities in AADCD are not expected from a pathophysiological
perspective. In one case report, electrocardiogram and heart ultrasound were reported
as normal34, but in most reports information regarding cardiac status is lacking. There
are individual descriptions of one patient with bradycardia on ECG20, and one patient
who suffered from a witnessed cardiac arrest at age 9 years, with ensuing permanent
neurological damage59. It is possible that cathecholaminergic deficiency and autonomic
dysfunction may potentially lead to cardiac complications, which may be more evident
during illness or stress (e.g. intercurrent infections, surgical interventions).
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• R#49 (strong): There should be awareness for possible cardiac complications in
AADCD patients during potentially stressful situations and cardiac monitoring
during these instances is recommended. Regular follow-up cardiac screening is
not needed, but recommended before any anesthesia or intervention. If available
in local care setting, cardiac screening should consist of a referral to a (pediatric)
cardiologist for clinical evaluation, ECG and echocardiogram. For cardiac screening
for patients on dopamine agonists, see recommendation #28.
Orthopaedic complications
Orthopaedic complications are reported in AADCD secondary to severe motor
impairment (abnormalities of tone, posture, paucity of movement). Contractures
leading to mobilization problems are described in a few patients7,39. A multidisciplinary
approach for follow-up and treatment is recommended. Orthopaedic monitoring (e.g.
hip and spine X-rays) is recommended, preferably in a local care setting.
• R#50 (GPP): AADCD patients should be monitored for orthopaedic complications
following standards of good care for patients with motor impairment.
Infections
There is an increased risk of infections in AADCD patients, likely not because of diseasespecific mechanisms but secondary to complications including impaired feeding
and swallowing, reduced mobility, and recurrent hospitalization. A disease specific
aspect of AADCD could be the reduced response to stress of infections, which can be
fatal. Treating physicians (specialists and primary care physicians) should be aware
of this. Furthermore, hyperthermia in AADCD can be due to autonomic temperature
dysregulation and may not always represent a fever due to underlying infection.
Vaccinations following local vaccination programs are recommended.

8

• R #51 (GPP): Because AADCD patients have a reduced response to stress, close
monitoring during infections is recommended.
• R#52 (GPP): Vaccinations following local vaccination programs are recommended
in AADCD.
Follow-up visits
• R#53 (strong): AADCD patients should be seen at least yearly by a (child) neurologist
with experience in movement disorders or neurometabolic disease, ideally in a
multidisciplinary setting (see R#46), facilitating a shared-care approach.
Emergency card
• R#54 (GPP): It is recommended that all AADCD patients receive an emergency
card including short information on AADCD, possible complications, and drugs to
avoid in this disorder. An agreed emergency card can be found as Additional file 3 .
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PART V: Social issues and transition
Psychological support for families
There are no reports on the health and well-being of caregivers of children with AADCD
available. However, studies in families with children with chronic diseases show that
caregivers are at risk of reduced quality of life. Family stress and parental coping are
factors that are associated with quality of life70. For more background information and
strategies to improve support for parents of chronically ill children, see e.g. Newton and
Lemarche71. Quality of life assessment and the evaluation of disease burden in family
members of AADCD patients are an essential part of the ongoing iNTD registry study9.
In isolated case reports, an increased prevalence of psychiatric disorders in carriers of
AADCD has been described. To date, this has neither been systematically evaluated nor
consistently reported35,45.
• R#55 (strong): If available in local care setting, psychological support (e.g.
psychologist, social worker) to caregivers, siblings, and patients with AADCD is
recommended
• R#56 (research): Further research is needed to clarify whether DDC gene variant
carriers have a primary (genetically determined) increased risk of psychiatric
symptoms.
Genetic counseling
Although there is no specific literature on genetic counseling in AADCD available, it
can be considered good clinical practice for all parents of children with AADCD to be
offered standard genetic counseling, considering the autosomal recessive nature of
the disorder. See also R#60.
• R#57 (strong): If available in local care settings, all parents of patients with AADCD
should be offered standard genetic counseling.
Parental organizations
There are two internationally operating non-profit parental organizations for patients
with AADCD: the UK based AADC Research Trust (www.aadcresearch.org) and the
USA based Pediatric Neurotransmitter Disease Association (www.pndassoc.org).
Furthermore, there is the Spanish neurotransmitter diseases association “De neu”
(www.deneu.org). The major aim of these organizations is to help and support patients
with AADCD by providing information and organizing family meetings, promoting
disease awareness and funding scientific research.
• R#58 (strong): It is recommended that caregivers of AADC deficient patients be
informed about existing parental organizations for this rare disorder.
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Transition from child to adulthood
No specific reports are available on the healthcare transition of patients with AADCD
from childhood to adolescence to adulthood. Most reports focus on patients in infancy
and childhood. There is no information published on puberty. Also fertility concerns or
pregnancy has not been described in AADCD. Considering the often severe phenotype,
for the majority of patients this will not be an issue. However, relatively mildly affected
patients have been described35 and the phenotypic spectrum continues to expand.
Based on experience with other disorders that cause neurodevelopmental disability, it
is known that there are significant gaps in our knowledge and practice about healthcare
transition for young adults72. The transfer from intense, family-oriented pediatric care,
to primarily individually focused adult care is often perceived as difficult for both
patients and caregivers73. Local differences in health care organization for patients
with neurodevelopmental disabilities will be present across countries. Based on the
literature, it is not possible to give specific recommendations on transition of care for
patients with AADCD. However, the guideline committee clearly states that this process
should be adequately prepared. Continuation of the multidisciplinary care setting is
recommended.
• R#59 (GPP): Transition of AADCD patients to adult care should be prepared well,
and continue to take place in specialized centers. Multidisciplinary care should be
continued.
• R#60 (research): Follow-up studies of adult patients with AADCD are strongly
recommended to better define prognosis and possible new clinical symptoms and
signs in adolescence and adulthood.

8

Part VI: Special situations
Anesthesia for interventions
It is not unusual for patients with AADCD to need anesthesia for (minor) interventions
such as gastrostomy. Only two reports described anesthesia management in two
different AADCD patients39,30. It should be noted that intravenous phenylephrine and
dopamine may lead to an exaggerated hemodynamic response in these patients. In case
of hypotension during intervention, dopamine should be initiated at low dose (e.g. 1-2
ug/kg/min)29. Monitoring of hemodynamic function, temperature and glucose levels is
important, especially in prolonged interventions.
• R#61 (strong): Anesthesia should be well prepared in patients with AADCD because
patients have an increased risk of hemodynamic instability and hypoglycemia. In
addition to cardiovascular monitoring, monitoring of temperature and glucose
levels during procedures is recommended. In general, it is recommended to
continue standard treatment (including MAO inhibitors) during interventions.
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Intensive Care management
Information on ICU management of AADC deficient patients is limited. In a case report of
one patient, cardiac complications are described during ICU treatment with exogenous
catecholamines39. Another case report described one patient with a 5-h period of
hypotension with bradycardia following sedation at age 11 years59. Autonomic testing
in two patients showed severe impairment of sympathetic blood pressure modulation
in both. In the more severely affected patient, recurrent episodes of cardiorespiratory
arrest, preceded by profound bradycardia, were described, evoked by painful stimuli
(e.g. blood draw)45.
• R#62 (strong): AADCD leads to sympathetic impairment with possible cardiac
complications. This should be anticipated during ICU admissions.
Prenatal diagnosis
Prenatal diagnosis of AADCD might be possible by measuring 3-OMD, 5-HTP and L-Dopa
in amniotic fluid or fetal plasma74, but if both disease-causing genetic variants are
known, the most reliable method of prenatal diagnosis is to perform genetic analysis
of chorionic villi or amniotic fluid cells.
In two reports, successful pre-implantation genetic diagnosis has been described. In
four of five families, unaffected live births were achieved75. In a report from the same
group, Chen et al describe this technique in a diverse group of single gene disorders
including AADCD76.
• R#63 (strong): If local resources allow, prenatal genetic diagnosis or preimplantation
techniques should be offered to carriers of AADCD.

Conclusions
AADCD is an early onset disorder with a combined deficiency of serotonin, dopamine,
norepinephrine and epinephrine. Key clinical symptoms are hypotonia, movement
disorders (especially oculogyric crisis, dystonia and hypokinesia), developmental delay,
and autonomic symptoms. The phenotypic spectrum is broad and can range from very
severe to relatively mild. There are no clear genotype/ phenotype correlations in AADCD
except for the homozygous IVS6 + 4A > T splice variant that is associated with a severe
phenotype in all cases reported to date, and has an increased incidence in people of
Chinese ethnicity.
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There are three core diagnostic tools for identifying AADCD:
1. Low CSF levels of 5-HIAA, HVA and MHPG, with normal CSF pterins, and increased
CSF levels of L-Dopa, 3-OMD and 5-HTP
2. Genetic diagnosis showing compound heterozygous or homozygous disease
causing variants in the DDC gene
3. Decreased AADC enzyme activity in plasma
To diagnose AADCD, genetic testing should be performed and at least two out of
three core diagnostic tests should be positive. If local resources allow, we recommend
performing all three key diagnostic tests in patients with this rare disorder.
The core recommendations for treatment of AADCD are:
1. First line treatment with selective dopamine agonists, MAO-inhibitors, and
pyridoxine
2. Additional symptomatic treatment agents with anticholinergic agents, melatonin,
benzodiazepines, and alpha-adrenoreceptor blockers
3. In general, multiple drug classes will be needed
4. Overall treatment principles to adhere to are: step-wise approach, start low and
go slow when increasing dosages, and discontinue/ gradually withdraw medication
that is not helpful.
Involvement of a multidisciplinary team, including physiatrist and paramedical therapy
services, is essential in the care for AADCD patients, and psychological support should be
offered to caregivers, siblings and patients. Patients and caregivers should be informed
about the AADCD parental organizations. AADCD patients should be seen at least yearly
by a (child) neurologist with experience in movement disorders or neurometabolic
disease, ideally in a multidisciplinary setting, facilitating a shared-care approach.

8

Although the level of evidence mainly consisted of level 3 and 4 (non-analytical studies
and expert opinion), using SIGN and GRADE methodology permitted us to form the
strong and conditional recommendations provided in this guideline. We believe that
this consensus guideline will improve the care of AADCD patients around the world.
Furthermore, we determined several knowledge voids that should be addressed in
future research.
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Supplemental material Chapter 8
Additional file 1:
List of key questions can be accessed online:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5241937/#MOESM1

Additional file 2:
Figure S1. Flow chart showing the systematic literature search and number and type of
included sources.
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Additional File 3: Emergency Card AADC deficiency

Synonyms
AADC deficiency
AADCD

Emergency Card
Aromatic L-amino acid decarboxylase deficiency

Definition
AADC deficiency is a rare autosomal recessive neurometabolic disorder that leads to a
deficiency of the neurotransmitters serotonin, dopamine, norepinephrine (noradrenaline)
and epinephrine (adrenaline).
Key clinical symptoms
• Severe hypotonia
• Movement disorders
• Oculogyric crisis, dystonia, hypokinesia
• Prolonged oculogyric crisis/ status dystonicus possible
• Developmental delay
• Autonomic symptoms
• Excessive sweating, drooling, temperature instability, hypotension
• Sympathetic impairment with possible cardiac complications
• Impaired stress response
• Hypoglycemia possible
• Sudden death possible
Emergency treatment
Clinical admission and surveillance, including monitoring of glucose levels, during acute
illness and/ or any medical intervention
Attention
Anesthesia should be well prepared because of increased risk of hemodynamic instability
and hypoglycemia. Ensure regular monitoring of temperature and glucose levels.
Standard treatment (including MAO inhibitors) should be continued before and during
interventions.

Drugs to avoid
• DO NOT GIVE any centrally acting antidopaminergic medication (e.g.
metoclopramide, haloperidol and most other neuroleptics)
• Avoid phenothiazines because of antidopaminergic, antiadrenergic and
antiserotonergic properties
• Caution when using drugs with antiserotonergic properties (e.g. ondansetron)
• Low dose of domperidone can be considered if antiemetic treatment is needed.
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Abstract
Dopamine beta hydroxylase (DBH) deficiency is an extremely rare autosomal recessive
disorder with severe orthostatic hypotension, that can be treated with L‐threo‐3,4‐
dihydroxyphenylserine (L‐DOPS). We aimed to summarize clinical, biochemical, and
genetic data of all world‐wide reported patients with DBH‐deficiency, and to present
detailed new data on long‐term follow‐up of a relatively large Dutch cohort. We
retrospectively describe 10 patients from a Dutch cohort and 15 additional patients from
the literature. We identified 25 patients (15 females) from 20 families. Ten patients were
diagnosed in the Netherlands. Duration of follow‐up of Dutch patients ranged from 1
to 21 years (median 13 years). All patients had severe orthostatic hypotension. Severely
decreased or absent (nor)epinephrine, and increased dopamine plasma concentrations
were found in 24/25 patients. Impaired kidney function and anemia were present in all
Dutch patients, hypomagnesaemia in 5 out of 10. Clinically, all patients responded very
well to L‐DOPS, with marked reduction of orthostatic complaints. However, orthostatic
hypotension remained present, and kidney function, anemia, and hypomagnesaemia
only partially improved. Plasma norepinephrine increased and became detectable,
while epinephrine remained undetectable in most patients. We confirm the core clinical
characteristics of DBH‐deficiency and the pathognomonic profile of catecholamines
in body fluids. Impaired renal function, anemia, and hypomagnesaemia can be part
of the clinical presentation. The subjective response to L‐DOPS treatment is excellent
and sustained, although the neurotransmitter profile in plasma does not normalize
completely. Furthermore, orthostatic hypotension as well as renal function, anemia,
and hypomagnesaemia improve only partially.
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Introduction
Dopamine beta hydroxylase (DBH) deficiency (MIM#223360) is an autosomal recessive
neurometabolic disorder due to pathogenic variants in the DBH gene. A gene transcript
is present in (nor)adrenergic neurosecretory vesicles in the central and peripheral
nervous system, the retina, and chromaffin cells of the adrenal medulla, where the
enzyme DBH (EC 1.14.17.1) converts dopamine to norepinephrine1,2. DBH‐deficiency
leads to undetectable levels of norepinephrine and epinephrine and increased levels
of dopamine in the central and autonomous nervous system and peripheral organs3-5
(Figure 1). Key symptom in DBH‐deficiency is profound orthostatic hypotension3, while
patients—surprisingly—have no clear central nervous system manifestations, like
neurocognitive abnormalities6 or major sleep disturbances7.
DBH‐deficiency is an extremely rare disorder. From its first description in the mid‐1980s,
both in the United States of America4 and the Netherlands5, only about 20 additional
patients have been described. Despite its rarity, however, DBH‐deficiency offers a unique
opportunity to study the role of catecholamines in the human autonomic and central
nervous system. DBH‐deficiency leads to a selective and functional noradrenergic
failure of a structurally normal sympathetic nervous system8,9. This is nicely illustrated
by normal sweating patterns in patients with DBH‐deficiency4,10, a function of the
sympathetic nervous system mediated by acetylcholine instead of norepinephrine11. Of
utmost importance, DBH‐deficiency is a treatable disorder, in which the metabolic block
can be bypassed by oral supplementation with L‐threo‐3,4‐dihydroxyphenylserine (L‐
DOPS/Droxidopa)12 (Figure 1). This makes DBH‐deficiency a diagnosis not to be missed.
Literature on DBH‐deficiency consists mainly of case reports, and many patients
are presented in multiple publications. In order to summarize the available body of
evidence, we performed a literature review on DBH‐deficiency with attention to clinical
presentation, biochemical, and genetic diagnosis and treatment, and combined this
with a retrospective chart review of a relatively large Dutch cohort of patients with
DBH‐deficiency. The latter includes also data on long‐term follow‐up during treatment.
In this overview, clinical presentation and treatment recommendations are summarized,
and several new observations regarding female fertility, anemia, kidney function, and
serum electrolytes are described.
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Figure 1. Simplified scheme of catecholamine synthesis and breakdown in DBH‐deficiency

Figure 1. depicts the simplified scheme of the biosynthesis and catabolism of catecholamines
(dopamine, norepinephrine, and epinephrine), and shows the metabolic block in DBH‐deficiency
(black bar). The artificial compound L‐DOPS can bypass this block because it can be converted
to norepinephrine using the enzyme AADC. Breakdown of catecholamines can involve multiple
steps (dashed arrow) and differs in different body compartments. HVA is the major stable end‐
product of dopamine catabolism in cerebrospinal fluid, blood and urine. MHPG is the major end‐
product of (nor)epinephrine catabolism in cerebrospinal fluid. NMET and MET are breakdown
products of norepinephrine and epinephrine in the peripheral circulation and urine, VMA is the
major common end‐product of (nor)epinephrine catabolism.
Abbreviations: AADC, aromatic l‐amino acid decarboxylase; ADH, alcohol dehydrogenase;
DBH, dopamine beta hydroxylase; DHPG, dihydroxyphenylglycol; COMT: catechol‐O‐
methyltransferase; HVA, homovanillic acid; L‐DOPA, L‐3,4 dihydroxyphenylalanine; L‐DOPS:
l‐threo‐3,4‐dihydroxyphenylserine; MAO, monoamine oxidase; MET, metanephrine; MHPG,
3‐methoxy‐4‐hydroxyphenylglycol; NMET, normetanephrine; PNMT, phenylethanolamine N‐
methyltransferase; VMA, vanillylmandelic acid

Methods
We performed a literature search on DBH‐deficiency using Pubmed indexed for Medline,
Cochrane library, clinicaltrials.gov, and WHO clinical trial registry through August 2019
with search terms “dopamine beta hydroxylase deficiency,” “DBH deficiency” and
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[dopamine beta hydroxylase deficiency] (MESH). Neither language nor date filters were
used in the initial search. Reference lists of key papers were manually screened for
additional publications.
Patients from the Dutch cohort were diagnosed and are followed by four university
clinics in the Netherlands.
Patients were included in this study if they had a confirmed genetic diagnosis of
DBH‐deficiency and a plasma catecholamine profile with low/undetectable in levels
of norepinephrine and epinephrine and increased levels of dopamine. If only one of
the two diagnostic biomarkers was available, patients were included only if clinical
description was of a clear purely noradrenergic failure.
We evaluated the published case reports and medical charts of the Dutch patients for
clinical symptoms, initial diagnosis, age of onset, age of diagnosis, diagnostic tests,
blood pressure values, treatment and treatment response, and long‐term follow‐up.
Orthostatic hypotension was defined as a sustained reduction of systolic blood pressure
of at least 20 mm Hg or diastolic blood pressure of at least 10 mm Hg within 3 minutes
of standing13.
We classified levels of catecholamines (norepinephrine, epinephrine, and dopamine)
and their breakdown products in plasma, urine, and cerebrospinal fluid arbitrarily as
low if decreased but >10% of local lower reference value, very low if <10% of local lower
reference value, extremely low if <5% of local lower reference value or below detection
limit, high if increased but <2 times local upper reference value, very high if >2 times
local upper reference value, and extremely high if >5 times local upper reference value.

9

We recorded all reported routine biochemical measurements including hematological
parameters, serum creatinine, and electrolytes. Kidney function was estimated by
calculating the estimated glomerular filtration rate (eGFR), using the updated bedside
Schwartz formulae (CKiD) for children14, and the CKD‐EPI formula for adults15.Estimated
GFR (mL/min/1.73 m2) was classified as normal if ≥90, mildly decreased if 60 to 89,
moderately decreased if 30 to 59, severely decreased if 15 to 29, and kidney failure
if <15 mL/min/1.73 m2 (or dialysis) according to the National Kidney Foundation
practice guidelines16.We used Dutch national reference values for blood hemoglobin
and magnesium: hemoglobin: 7.5 to 10 mmol/L for females and 8.5 to 11 mmol/L for
males, magnesium 0.7 to 1.0 mmol/L. We calculated fractional excretion of magnesium
by the following general formula: (magnesium (urine, mmol/L) × creatinine (plasma,
μmol/L))/(0.7 × magnesium (plasma, mmol/L) × creatinine (urine, μmol/L)) × 100, with
normal values 2% to 4%17.
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Statistical analysis was performed using IBM SPSS statistics 22. Data were explored by
descriptive statistics and scatter plots. To compare means, independent samples t‐test
was used.
This study was retrospective, in accordance with the Declaration of Helsinki, and
approved by the research ethics committee of the Radboud University Medical Center
(2019‐5281). All Dutch patients gave informed consent for retrospective analysis of
their medical files, and for anonymized publication of data.

Results
The literature search ultimately revealed 39 publications containing information that
could be deduced to individual patients (Figure S1, supplemental material). One patient
was excluded because no genetic analysis was reported and he had an atypical clinical
presentation (fixed heart rate on tilt table test suggesting concomitant parasympathetic
failure)18. In total, we identified 22 unique patients from 18 families reported in the
literature. Furthermore, we identified three Dutch patients of whom data had never
been published before, including a twin brother of a previously reported patient.
Characteristics of all 25 patients (15 females) with DBH‐deficiency from 20 families are
shown in Table S1 and summarized below. Data represent a combination of literature
review and chart review unless specified otherwise.
Clinical presentation
Clinical symptoms and signs
All patients with DBH‐deficiency had severe orthostatic hypotension. Orthostatic
complaints (mostly described as reduced standing time, lightheadedness, fainting spells,
and exercise intolerance) started in early childhood (1‐4 years of age) in the majority of
patients (n = 18), at school age (4‐12 years) in four patients, and in two patients during
early adulthood of which one patient had onset of complaints after start of olanzapine.
One patient who was diagnosed at age 40 years because of a positive family history did
not report complaints, but had severe orthostatic hypotension on measurement and
improved in overall functioning with L‐DOPS treatment. Orthostatic symptoms became
more severe during adolescence in 11 patients.
Blood pressure within 3 minutes of standing fell to a mean of 72 mmHg systolic (range
44‐115, SD 15) and 49 mm Hg diastolic (range 20‐75, SD 13, with undetectably low
diastolic blood pressure in three patients). Overall, the untreated drop in systolic and
diastolic blood pressure within 3 minutes of standing was profound: mean systolic
difference 58 mm Hg (range 32‐115 mm Hg, SD 21), mean diastolic difference 38 mm
Hg (range 18‐74, SD 18). Supine blood pressure (office measurements) was <135/90 mm
Hg in all patients (mean 109/68 mm Hg SD 13/11).
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Eyelid ptosis was present in 18 patients and was absent in two patients who did have
a mild miosis. In five patients, ptosis was not described. Ptosis could be unilateral or
asymmetric. Other autonomic symptoms and signs were not reported systematically
but included intermittent diarrhea and chronic nasal congestion. Nycturia was reported
in three patients.
Information on the neonatal period was available for 14 patients and was reported as
normal in five. Five patients (including one pair of twins) were born preterm and had
low birth weight. Childhood hypoglycemia was reported in four patients.
Dysmorphic features were described non‐systematically and included brachydactyly
and/or short hands or feet (n = 7), high palate (n = 6), mild hypertelorisme (n = 1), and
micrognathia (n = 1). Additional dysmorphic features including coloboma in patient 14
were thought to be due to a concomitant mosaic 11p13 deletion.
Reproductive function in males was described in 5/10 patients and was abnormal in
three (difficulty maintaining erections and/or retrograde ejaculation). Menarche and
menstrual cycle were described in 7/15 female patients and were normal in all. Primary
infertility before diagnosis was described in two female patients, it persisted during L‐
DOPS treatment in one. The other patient had an early abortion during treatment with
L‐DOPS. One other patient became pregnant with assisted fertility treatment before
diagnosis. Spontaneous pregnancy before diagnosis was described in two patients, they
delivered without complications, but lactation did not start.
Cognitive development was described in 18 patients, and found to be normal in 16. One
patient had mildly delayed motor and speech milestones with normal mental capacities
subsequently. One patient with a complicated neonatal period after premature birth
and a severe infection at age 6 months had mild intellectual disability. In five patients
extensive neurocognitive testing was performed, with a mean total IQ of 106 (range
98‐119)6.

9

Three patients were initially diagnosed as having epilepsy with generalized seizures and
were treated with anti‐epileptic drugs. Their interictal EEGs were normal and seizures
only occurred on assuming the upright position. One additional patient with epilepsy
was reported, with focal onset seizures with rainbow visual aura, without information
on triggers for the attacks. Two patients first came under medical attention because of
anemia, three patients because of decreased kidney function. Median age of diagnosis
of DBH‐deficiency was 24 years (range 13‐73, SD 13.5).
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Diagnostic tests
Catecholamine measurements in plasma, urine, and CSF
In plasma, norepinephrine and dopamine measurements were reported in 24/25
patients, epinephrine in 22/25 patients (Table S1). Norepinephrine was decreased in
all patients: extremely low in 20 and very low in four. Epinephrine was decreased in 21
patients: extremely low in 18, very low in two, and low in one patient. In one patient
(pt 23), plasma epinephrine surprisingly was within the normal range. Dopamine was
increased in all patients: extremely high in 12 patients, very high in seven, high in one
patient. Norepinephrine and epinephrine remained extremely low when changing to
standing position (reported in eight patients). Dopamine further increased on standing
position in seven patients, and remained extremely high without further increase in one.
Urine measurements of norepinephrine, epinephrine, and dopamine were reported
in six, five, and four patients, respectively, with a profile similar to plasma: very low
to extremely low levels of norepinephrine and epinephrine, and very high levels of
dopamine. The one patient (pt 23) with normal plasma epinephrine also had normal
urinary epinephrine levels. Metanephrine (a metabolite of epinephrine, see Figure 1) in
plasma was also normal in this patient and urinary dopamine was only slightly elevated.
Catecholamines in cerebrospinal fluid were reported in three patients, and showed
undetectable levels of norepinephrine and epinephrine, and increased dopamine (3‐20‐
fold increase) in all.
DBH enzyme activity
DBH enzyme activity in plasma was reported in 18 patients and absent or severely
decreased in all (Table S1). In three patients, DBH enzyme activity was tested in CSF
and also absent there.
Molecular diagnosis
Molecular diagnosis was reported in 19 patients from 16 families; 10 different pathogenic
variants were identified. In 12 patients, compound heterozygous pathogenic variants
were found. The most frequently reported pathogenic variant (19 patients total, seven
homozygous) is the intronic mutation c.339+2T>C (also reported as IVS1+2T>C) leading
to aberrant splicing19.Table 1 shows all reported pathogenic variants. Distribution of
pathogenic variants is schematically represented in Figure 2. Due to small sample size
and relatively large number of variants, no phenotype/genotype correlations can be
made.

186

Voorbereid document _Tessa Wassenberg_V03.indd 186

25/10/2021 09:32

Clinical presentation and long-term follow-up of DBH deficiency

Table 1. Pathogenic DBH variants reported in patients with DBH-deficiency
NR Location DNA
(NM_000787.4)

Protein
(NP_000778.3)

Reference

c.339+2T>C1

None (affects splicing)

Kim et al 2002

1

Intron 1

2

Exon 1

c.301G>A

p.(Val101Met)

Kim et al 2002

3

Exon 2

c.342C>A

p.(Asp114Glu)

Kim et al 2002

4

Exon 3

c.617del

p.(Glu206Glyfs*82)

Deinum et al 2004

5

Exon 4

c.806G>T

p.(Cys269Phe)

Deinum et al 2004

2

6

Exon 6

c.1033G>A

p.(Asp345Asn)

Kim et al 2002

7

Exon 6

c.1085C>A

p.(Ala362Glu)

Kim et al 2011

8

Intron 8

9

Exon 9

10

Exon 11

2

c.1374+2_1374+20del None (affects splicing)

Deinum et al 2004

c.1409_1410delinsTG

p.(Thr470Met)

Bartoletti-Stella et al 2015

c. 1667A>G

p.(Tyr556Cys)

Deinum et al 2004

Table 1. Pathogenic DBH variants reported in patients with DBH-deficiency. Numbers in column
1 correspond with numbers in column 12 (Molecular diagnosis) of Supplemental Table 1. RefSeq
IDs are NM_000787.4 for DNA and NP_000778.3 for protein. Notes: 1 Also reported as IVS1+2T>C.
2
Has only been described in trans with c.1033G>A, one of the two may not be pathogenic.
Figure 2. Schematic representation of pathogenic variants in the dopamine beta hydroxylase
gene and pathogenic variants in DBH deficiency.

9
Figure 2. Introns are shown in gray, exons in black and numbered 1 to 12, and UTR’s in dark‐
gray. Intron lengths are not to scale, while exon sizes are. The coding DNA positions of the first
bases of each exon are shown above the schematic. In DBH‐deficiency, 2 intronic pathogenic
variants and 8 exonic pathogenic variants have been described so far, and are depicted under
the schematic. The HGVS nomenclature is done using reference sequence NM_000787.4. The
respective protein variants are given in Table 1

Biochemical parameters: kidney function, hemoglobin, and electrolytes
Kidney function, hemoglobin, and electrolytes have sparsely been reported in the
literature and therefore data is mainly derived from chart review of the Dutch patients.
Kidney function (eGFR) before treatment was available in all Dutch patients (Table 2)
and in two additional patients from the literature. Decreased kidney function before
treatment was present in all patients: mildly decreased in seven (of which three patients
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had a range including normal values >90 mL/min/1.73 m2), moderately decreased in
four, and moderately to severely decreased in one patient.
Hemoglobin before treatment was recorded in all Dutch patients (Table 2) and in four
additional patients from the literature review. Mean hemoglobin level was below lower
limit of normal for age and sex in 12/14 patients, while mean corpuscular volume was
normal in 10/10 patients. Mild thrombocytopenia (100‐149 × 109/L) was reported in
four patients before treatment, leukocytes were normal in all patients except for one
who had mild leucopenia.
Serum magnesium was not reported in the literature but available from chart review
of all Dutch patients (Table 2). Two siblings evidently had hypomagnesaemia, while
serum magnesium in the third sibling was normal. In three additional patients, serum
magnesium was mildly decreased before treatment. Compared to mean serum
magnesium level in a large general adult follow‐up cohort (0.86 mmol/L, range 0.34‐1.17,
SD 0.0622), mean magnesium levels in patients with DBH‐deficiency were much lower:
untreated mean 0.60 mmol/L, range 0.33‐0.87, SD 0.18. Available serum sodium and
potassium levels were normal in all patients. Fractional magnesium excretion could be
calculated for five patients before treatment and was increased in all (range 5.0‐15.1%;
Table 2).
Other additional testing
Cerebral MRI was performed in five patients as part of a research protocol,6 and
described in two additional patients21,23, and was structurally normal. EMG and nerve
conduction studies were reported as normal in four patients and abnormal in one
patient with a concomitant genetically confirmed hereditary neuropathy. Extensive
physiologic autonomic function tests were performed in several patients and are
excellently summarized in a review3.

188

Voorbereid document _Tessa Wassenberg_V03.indd 188

25/10/2021 09:32

Voorbereid document _Tessa Wassenberg_V03.indd 189
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9
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1 26 21
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4
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F
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N

↓
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N

↑↑*
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Table 2. Characteristics of the Dutch cohort with DBH‐deficiency and follow‐up of catecholamines, kidney function, hemoglobin, and magnesium before
and during treatment
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Patient number

Sex (M/F)

9 40 15

FU before diagnosis (y)

M 0 13 1

24

2 38 6

F

F 23 23 15

F

FU after diagnosis (y)

23

11
Sib
9,10
19
Sib
25

Age at diagnosis (y)

Table 2. [Continued]
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Patient number

FU before diagnosis (y)

Sex (M/F)

M 0 35 1

FU after diagnosis (y)

↓↓↓
↓↓↓
↑↑↑

↓↓↓
↑↑
N-↓

N-↓

During
treatment

Kidney function

Before
During
Before
treatment treatment treatment
NE/E/DA NE/E/DA

Catechol-amines
(plasma)

Magnesium

+

+

N

Before
During
Serum
treatment treatment Mg2+
before
treatment

Anemia

↑

Fractional
Mg2+
excretion
before
treatment
(%)
N

Serum
Mg2+
during
treatment

↑

Fractional
Mg2+
excretion
during
treatment
(%)

Abbreviations: M: male, F: female. FU: follow-up. y=years

• Magnesium: ↓: mildly decreased, ↓↓: moderately decreased ↑: increased, N=normal. Fractional magnesium excretion: normal value 2-4%.
n=normal, ↑= 4-10% ↑↑>10%. * fractional magnesium excretion calculation unreliable due to eGFR<40 ml/min/1.73m2.

• Anemia: - absent, + present (mild), ++ present (moderate) .

• Kidney function: N: normal (eGFR>90 ml/min/1.73m2), ↓: mildly decreased (eGFR 60-90 ml/min/1.73m2), ↓↓: moderately decreased (eGFR 30-59
ml/min/1.73m2), ↓↓↓: severely decreased (eGFR 15-29 ml/min/1.73m2).

Catecholamines: NE: norepinephrine, E: epinephrine, DA: dopamine. ↓: low (below reference value), ↓↓: very low (< 10% of local lower reference
value), ↓↓↓: extremely low (< 5% of local lower reference value or below detection limit), ↑↑: very high (> two times local upper reference value),
↑↑↑: extremely high (> five times local upper reference limit), N: normal, ^probable overestimation due to technical reasons (Jepma et al, 2011).

25
Sib
19

Age at diagnosis (y)

Table 2. [Continued]
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Treatment and follow-up
L-DOPS: effect, dose, and tolerability
All patients were treated with L-DOPS, and remained on the same dose of L‐DOPS
over the years. Doses ranged from 400 to 1800 mg/day, given in 2 to 3 doses. For
the Dutch cohort, treatment follow‐up ranged from 1 to 21 years (median 13 years;
Table 2). Treatment response was favorable and sustained in all patients and mostly
subjectively described as “orthostatic symptoms disappeared” or “symptoms improved
greatly.” Side effects were not reported apart from one patient with possible increase
of nightmares on L‐DOPS. In the Netherlands, L‐DOPS was prescribed for compassionate
use and imported from Sumitomo pharmaceuticals, Japan.
Other clinical features during treatment
Mild ptosis persisted under L‐DOPS treatment (reported in 7 patients). Response of
diarrhea and nasal obstruction to L‐DOPS treatment was not reported in the literature
or medical charts. Quality of life was not objectively recorded by questionnaires, but a
great and continuous improvement in overall functioning was reported by all patients,
for example, becoming able to work‐full time and to do sports. In one patient, fatigue
remained present, especially during menstrual periods.
Blood pressure measurements under L-DOPS treatment
Office orthostatic blood pressure measurements during treatment with L‐DOPS were
not systematically reported. In some patients, it was stated that orthostatic hypotension
disappeared. When exact blood pressure measurements were available for analysis, all
patients (n = 7) still fulfilled the criteria for orthostatic hypotension during treatment
in the great majority of measurements, with a mean systolic (supine minus standing)
difference of 38 mm Hg (range 8‐60) and a mean diastolic difference of 21 mm Hg
(range 4‐40). Overall, this was a less pronounced drop than before treatment was
installed. There was no significant increase in supine office blood pressure during L‐
DOPS treatment. However, in the Dutch patient who was diagnosed during adolescence
L‐DOPS 100 mg twice daily led to mild hypertension, necessitating to decrease the dose
to 75 mg twice daily, with still adequate clinical response. Figure 3 shows representative
24‐hours blood pressure measurements in one patient, before and during L‐DOPS
treatment. Before treatment, there is no nightly dip in blood pressure. During treatment,
there is no increase in overall blood pressure, and there is a more physiological dip in
blood pressure during the night although still less than expected.
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Figure 3. 24-h bloodpressure measurements in one patient before and during L-DOPS treatment

Figure 3. 24h blood pressure measurements in one patient before (left panel) and during (right
panel L-DOPS treatment. The night is shaded in grey. Sys: systolic blood pressure, MAP: mean
arterial pressure, Dia: diastolic blood pressure, HF: heart frequency, bpm: beats per minute

Followup of catecholamines during treatment
Norepinephrine and epinephrine levels in plasma before and during treatment were
reported in 13 patients. Follow‐up for the Dutch cohort is shown in Table 2. With L‐
DOPS, plasma norepinephrine increased in all patients: it became detectable but still
below the lower limit of normal in 11, and reached normal levels in two. Epinephrine
in plasma remained undetectable in nine and became detectable but still below lower
limit of normal in three patients. Patient 23 had normal levels of epinephrine before and
during L‐DOPS treatment. Plasma dopamine before and during treatment was reported
in 12 patients and decreased with L‐DOPS in all, but in 10 patients remained above
upper limit of normal.
Kidney function, hematological parameters, and electrolytes during treatment
For biochemical parameters under L‐DOPS treatment, only data from chart review
of the Dutch patients was available (Table 2). With L‐DOPS treatment, there was an
improvement of kidney function in only three patients.

9

In four patients, there was an increase of hemoglobin during treatment with L‐DOPS,
with no other associated treatments at the time (eg, erythropoetin, ferrofumarate).
There was no change in leucocyte and thrombocyte counts during treatment.
Overall, serum magnesium showed a significant increase under treatment (treated mean
0.67 mmol/L, range 0.37‐0.98, SD 0.15, P = .019). Fractional magnesium excretion could
be calculated for seven patients during treatment and was normal in two patients who
both had normal serum magnesium levels. In one patient (pt 9), calculation of fractional
magnesium excretion was unreliable because of eGFR <40 (24 mL/min/1.73 m2; Table 2).
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Mortality
One fatal case is extensively described in the literature (pt 13). This man had a severe
phenotype with frequent syncopes from early childhood, and died at age 28 years
after maximum 4 years of L‐DOPS treatment. Autopsy showed isolated microfoci of
cortical gliosis, cardiac arteriolar smooth muscle hypertrophy, dispersed fibrosis in
the cardiac conduction system, and sclerotic renal glomeruli. There was absent DBH
immunoreactivity in the central nervous system (ventrolateral medulla) and the authors
felt that his early death might have resulted from cardiac dysrhythmia. Furthermore,
three deceased patients have been reported in a review (age 20; suspected suicide,
and age 57 and 63 years; suspected natural cause, not specified)3. One Dutch patient
died at age 60 years due to urogenital cancer.

Discussion
We describe the clinical characteristics of 25 patients with DBH‐deficiency and
detailed follow‐up data of the 10 Dutch patients within this group. The study gives a
comprehensive overview of clinical presentation, diagnosis, treatment, and long‐term
follow‐up of this extremely rare neurogenic orthostatic hypotension syndrome, and
has—for the first time—disclosed the high prevalence of decreased kidney function,
hypomagnesaemia, and anemia in DBH‐deficiency.
Core clinical characteristics of DBH‐deficiency are confirmed3, namely a combination
of profound orthostatic hypotension with onset mostly in early childhood, and eyelid
ptosis. Patients often present with nonspecific symptoms and long diagnostic delays
are common. Nonetheless, the clue to the diagnosis, that is, orthostatic hypotension,
can easily be tested, and underscores the value of a complete physical examination in
patients with poorly understood complaints.
In patients with a clinical suspicion of DBH‐deficiency, measurement of plasma
catecholamines is the first ancillary diagnostic test. The pathognomonic metabolite
profile shows undetectable levels of norepinephrine and epinephrine, and increased
dopamine. This profile was found in all but one patient, who had thus far unexplained
normal levels of epinephrine in plasma (and urine), despite previously reported
pathogenic DBH variants, absent DBH enzyme activity, and a classical clinical phenotype.
The differential diagnosis of orthostatic hypotension varies from volume depletion
and drug effects to primary autonomic failure. The latter includes a wide variety of
neurological disorders, varying from pure autonomic failure, neurodegenerative disease
(eg, multiple system atrophy), toxic and paraneoplastic neuropathies, amyloidosis,
inflammatory disease (eg, Guillain Barré syndrome) and genetical disorders such as
Fabry disease and DBH‐deficiency24. Other than in late adulthood, in childhood true
orthostatic hypotension is rare and a genetic cause should be considered early in the
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diagnostic work‐up25,26. Recently, a novel young onset cause of orthostatic hypotension
caused by mutations in CYB561 was identified27. Although clinically quite similar to DBH
deficiency, this disorder is characterized by normal plasma dopamine in the presence
of severely reduced levels of norepinephrine and epinephrine28.
To diagnose DBH‐deficiency, a clinical presentation with severe young‐onset orthostatic
hypotension, undetectable levels of norepinephrine and epinephrine and increased
levels of dopamine in plasma, and pathogenic variants in the DBH gene should be
present. Although the diagnosis of DBH‐deficiency can be supported by demonstration
of absent to severely decreased DBH enzyme activity, it should be noted that plasma
DBH enzyme activity is absent in 4 % of the healthy population due to a specific variant
(−1021C>T) of the DBH gene, leading to pseudodeficiency with normal levels of plasma
norepinephrine29. It is not necessary to test catecholamines in urine and cerebrospinal
fluid for the diagnosis of DBH‐deficiency.
In the Dutch cohort, it is clearly shown that impaired kidney function is part of the
clinical presentation of DBH‐deficiency. Our initial hypothesis was that this is caused
by chronic, intermittent renal hypoperfusion due to severe orthostatic hypotension.
However, the results of the kidney biopsy in one patient with DBH‐deficiency, which
showed only discrete fibrosis, make this a less likely explanation30 because renal hypoxia
would cause clear histological abnormalities31,32. Renal failure in peripheral autonomic
failure is attributed to supine hypertension33, but this is not found in patients with
DBH‐deficiency. A potential damaging factor to the kidneys, which is quite unique to
patients with DBH‐deficiency, is the very high level of dopamine intracellularly in the
proximal tubular cells. In high concentrations, dopamine and intermediate dopamine
metabolites are thought to be autotoxic34, possibly because of increased radical oxygen
species production35. This might also explain why there is only partial improvement of
kidney function after treatment is started, because dopamine levels remain evidently
increased in most patients.

9

Anemia is also clearly part of the clinical presentation of DBH‐deficiency in most Dutch
patients. It is mostly mild, and can improve on treatment with L‐DOPS. In general,
chronic kidney disease is often associated with anemia due to relative erythropoietin
deficiency, especially in moderate to severe kidney failure36. However, we also found
anemia in patients with DBH‐deficiency who only had mildly decreased kidney function
and therefore this is not likely to be the only explanation. Sympathetic innervation of
the bone marrow plays an important role in hematopoiesis. Adrenergic signals induce
mobilization of hematopoetic stem cells, and continuous trafficking of stem cells
between bone marrow and blood compartments likely contributes to the maintenance
of normal hematopoiesis37. Also in several other autonomic disorders, anemia with
or without reduced kidney function has been described38. The precise mechanism of
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anemia in DBH‐deficiency and why it does not resolve completely with treatment in
most patients is unknown.
Hypomagnesaemia was present in five Dutch patients with DBH‐deficiency before and
during treatment. Fractional magnesium excretion was increased in four Dutch patients.
Magnesium handling depends on gastro‐intestinal uptake and renal excretion, with fine
regulation of magnesium transport in the distal tubule39. The precise pathophysiology,
clinical significance and optimal treatment strategy of hypomagnesaemia in patients
with DBH‐deficiency needs further investigation.
While plasma norepinephrine showed the expected—although incomplete—increase
on L‐DOPS treatment, epinephrine remained below the detection limit in four Dutch
patients during follow‐up and showed a slight increase in only one patient. This is
puzzling because physiologically, it is expected that patients with DBH‐deficiency who
are treated with L‐DOPS can synthesize epinephrine in the adrenal medulla. Lamotte
et al showed that in patients with neurogenic orthostatic hypotension treated with
L‐DOPS, norepinephrine excretion is much higher than expected and hypothesized
that this is due to norepinephrine built up in the cytoplasm of proximal tubular cells
exiting to the interstitium of the kidney40. Probably, norepinephrine excretion is also
increased in patients with DBH‐deficiency under L‐DOPS treatment, preventing further
metabolization to epinephrine.
Healthy pregnancy and delivery is possible in patients with DBH‐deficiency before and
during L‐DOPS treatment, and with the limited data at hand continuing L‐DOPS during
pregnancy appears safe and desirable. However, in the Dutch cohort three female
patients had problems conceiving which might indicate that the rate of female fertility
problems is increased before and during treatment with L‐DOPS. Oocytes express
DBH, can take up dopamine, and convert it to norepinephrine41. Oocyte derived
norepinephrine may be necessary to regulate follicular development and oocyte
maturation41,42. Higher levels of dopamine might lead to more reactive oxygen species
in human follicular cells43. Hypothetically both mechanisms (absence of norepinephrine
and presence of high dopamine concentrations in oocytes) could lead to decreased
fertility in DBH‐deficiency. Another issue concerning reproduction is that successful
lactation has not been described in patients with DBH‐deficiency, probably due to the
increased levels of dopamine that inhibit the secretion of prolactin44.
DBH‐deficiency is a treatable disorder: L‐DOPS leads to an almost immediate and
sustained clinical response. In adults, Federal Drug Administration (FDA) approved
dosing schedules can be followed, starting with 100 mg two to three times daily,
increasing to a maximum of 1800 mg divided in three doses. Dose should be titrated
individually based on clinical response, and last dose should be given more than 4 hours
before bedtime to avoid nightly hypertension45. In our experience, more than 1200 mg
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per day is rarely needed. Temporary increase of daily dose during periods with more
complaints, for example, illness or hot weather, can be of use (personal observation
JD). For children, a starting dose of 2 mg/kg/d divided in 2 to 3 doses seems reasonable,
eventually increasing to 5 to 10 mg/kg/d in 2 to 3 doses, with careful monitoring of
side effects and blood pressure. L‐DOPS is excellently tolerated in patients with DBH‐
deficiency45. Although the FDA approved L‐DOPS for neurogenic orthostatic hypotension
in adults, in many countries including the Netherlands L‐DOPS is not registered and
should be prescribed off‐label or for compassionate use.
Treatment of DBH‐deficiency with L‐DOPS greatly improves quality of life and
exercise intolerance. However, catecholamine levels, kidney function, anemia, and
hypomagnesaemia do not or only partially respond to treatment. Furthermore, ptosis
often does not disappear, and blood pressure does not normalize; many patients still
have (less pronounced) orthostatic hypotension on office measurements. The clinical
relevance of these observations is unclear. Because of the extreme rarity of this disorder,
clinical trials to determine optimum treatment strategy in DBH‐deficiency seem hard
to effectuate. We think it is important that routine biochemical parameters including
kidney function, hematological parameters, and electrolytes are regularly followed,
while structured outcome measures like the orthostatic hypotension questionnaire46,
could be used to monitor treatment response. Whether 24‐hours blood pressure
measurements during L‐DOPS treatment are useful to improve long‐term outcome,
for example, by aiming at a more physiological blood pressure course including the
nocturnal dip, should be further investigated.
In conclusion, DBH‐deficiency is an extremely rare but fascinating cause of neurogenic
orthostatic hypotension. It should be suspected in patients with profound, young‐onset
orthostatic hypotension and ptosis. We have shown that decreased kidney function,
hypomagnesaemia, and anemia are part of the clinical picture at presentation. DBH‐
deficiency is a treatable disorder: L‐DOPS strongly improves the clinical symptoms and
quality of life, even though orthostatic hypotension does not disappear. Laboratory
parameters, including catecholamine profile in plasma, impaired kidney function,
anemia, and hypomagnesaemia only partially respond to L‐DOPS treatment. The
questions whether long‐term outcome can be improved by optimizing dosing strategies
of L‐DOPS, and which parameters should be used to guide this, remain to be answered.
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Supplemental material
Table S1. Clinical characteristics of 25 patients with DBH-deficiency
Characteristics of the 25 patients with DBH-deficiency identified with structured literature review
and chart review, including three previously unpublished Dutch patients (patient 23-25). Patients
are presented in chronological order from appearance in the literature. All references per patient
are given, the reference list can be found in supplementary material. Numbers in the column
with molecular diagnosis correspond to numbers of the pathogenic DBH variants in Table 2.
Definitions: -: not measured or unknown. Early childhood 1-4 y, School age 4-12 y, Adolescence
12-18y. Legend: *miosis present. ^ reported to be probably overestimated due to technical
reasons. ↓: low (below local reference value), ↓↓: very low (< 10% of local lower reference
limit), ↓↓↓: extremely low (< 5% of local lower reference limit/ below detection limit), ↑: high
(above local reference value), ↑↑: very high (> two times local upper reference limit), ↑↑↑:
extremely high (> five times local upper reference limit).
Abbrevations: bw: birth weight. Y: yes, N: no, NE: norepinephrine, E: epinephrine, DA: dopamine.
DBH: dopamine beta hydroxylase. PAF: pure autonomic failure. HNPP: hereditary neuropathy
with liability to pressure palsies, PAN: peripheral autonomic neuropathy. DM1: diabetes mellitus
type 1. TIQ: total intelligence quotient. N: normal. ICSI: intracytoplasmic sperm injection.US:
United States of America, NL: the Netherlands, UK: United Kingdom, AU: Australia, CA: Canada,
FR: France.
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Additional signs
on physical
examination

Other autonomic features

Development/
intelligence

Initial diagnosis

Onset of
orthostatic
complaints

Ptosis

Neonatal and
infantile problems

Sex (M/F)

Pt number

Chapter 9

1

F -

Y Early childhood

Epilepsy

Normal

2

M Bilateral ptosis

Y Early childhood

Epilepsy

Normal

3

F At birth: hypoton- Y Early childic and cyanotic.
hood
4 episodes
with vomiting,
hypoglyce-mia,
hypo-thermia
during first year
of life
F AD 37 weeks, dys- Y Early childmature, failure to
hood
thrive

-

Normal

Epilepsy

5
Sib6

M No abnormalities N* School age

Cardiac
disorder

Mildly
delayed
motor and
lan-guage
mile-stones,
later normal
intellectual
abilities
Normal

6
Sib 5
7

F No abnormalities N* Early childhood
Y Early childF Pre- and dyshood
mature (AD 36
weeks)

-

Normal

-

-

8

F No abnormalities

Y School age

Anemia

Normal
TIQ 112

Intermittend Mild brachydac-tyly, hydiarrhea
permobile joints, sluggish
deep tendon reflexes

9
M No abnormalities
Sib
10,11
10
F No abnormalities
Sib 9,
11

Y No spontaneous
complaints
Y Early
adulthood
after start
olanzapine

None

Normal

None record- Sluggish deep tendon
ed
reflexes

None

Normal

None record- Sluggish deep tendon
ed
reflexes

4

Chronic nasal
congestion,
occasional
diarrhea
Chronic nasal
congestion,
occasional
diarrhea
None recorded

-

Deep tendon reflexes
reduced, hypermobile
joints
High palate, brachydac-tyly, sluggish deep tendon
reflexes, hypermobile
joints.

None record- Mild hypertelo-rism, high
ed
palate, brachydac-tyly,
hypotonia, hypermobile
joints, sluggish deep
tendon reflexes

Nocturnal
polyuria

-

Nocturnal
polyuria
-

-
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Regular cycle

33

↓↓↓/ ↓↓↓/ ↑↑

absent

Additional
references

First reference

Year of first
publication

Country

Comorbidity

Molecular
diagnosis (see
table 2)

DBH enzyme activity (plasma)

Catecholamine
profile (plasma)
NE/E/DA

Age at diagnosis
(years)

Reproductive
function

Clinical presentation and long-term follow-up of DBH deficiency

(1); (2,6)

US 1986

[1]

[2-8]

42
Retrograde
ejaculation, difficulty maintaining
erection
Menarche at 14y, 26
regular cycle, no
pregnancies

↓↓↓/ ↓↓↓/ ↑↑↑ absent

(1);(3)

US 1987

[3]

[4-7, 9]

↓↓↓/ ↓↓↓/ ↑↑↑ absent

(1);(1)

NL 1987

[10]

[6,7,
11-19]

Menarche at 13y, 20
normal cycle. No
children (pregnancy discouraged by treating
physicians at the
time)

↓↓↓/ ↓↓↓/ ↑↑

(1);(4)

NL 1988

[13]

[6,7, 14-19]

Normal erections,
ejaculation delayed or absent
Menarche at 12y,
regular cycle
Menarche at 12y,
regular cycle.
Pregnancy at age
22y (LDOPS+)
Menarche at 12y.
Primary infertility,
successful pregnancy with ICSI
before diagnosis.
No lactation
No children (no
active child wish)

29

↓↓↓/ ↓↓↓/ ↑↑↑ absent

-

UK 1990

[20]

[6,7, 21-24]

23

↓↓↓/ ↓↓↓/ ↑↑↑ absent

-

UK 1990

[20]

[6,7, 21-24]

14

↓↓^/ ↓↓↓/ ↑↑↑

absent

-

AU 1994

[25]

[7,26,27]

34

↓↓↓/ ↓↓↓/ ↑

absent

(5);(5)

NL 2003

[28]

[7,18,19,
29]

45

↓↓^/ ↓^/ ↑↑

absent

(1);(10)

Chronic kidney
disease

NL 2004

[18]

[7,19]

No pregnancies
(no active child
wish)

36

↓↓^/ ↓↓↓/ ↑↑

absent

(1);(10)

Mood disorder

NL 2004

[18]

[7,19]

absent

9
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11
Sib 9,
10

F No abnormalities

Y Adulthood

12

F -

13

M Spells of apnea
and staring

Y Early childhood
Y Early childhood

14

F -

- Early childhood

15

M No abnormalities

- School age

16

F -

- Early childhood
Y Early childhood

17
M Sib
18
18
M Aspeptic meninSib 17
gitis, operative
correction ptosis
19
F Pre- and dysmaSib25
ture (AD 31w, bw
1210g), hypoglycemia at birth,
sustained feeding
difficulties
20
F 21

M -

22

F -

23

F No abnormalities

Ortho-stat- Normal
ic hypoten-sion
eci
-

Additional signs
on physical
examination

Other autonomic features

Development/
intelligence

Initial diagnosis

Onset of
orthostatic
complaints

Ptosis

Neonatal and
infantile problems

Sex (M/F)

Pt number

Chapter 9

None record- Sluggish deep tendon
ed
reflexes

-

-

Normal

-

Micrognathia high palate,
brachydac-tyly

Orthosta-tic
hypo-tension,
epilepsy
DBHD and
dysmor-phic
features
PAF

Normal
TIQ 107

Enuresis
nocturna

Iris coloboma, short
hands, short high-arched
feat

Normal

-

-

-

No urinary
or gastrointes-tinal
complaints
-

-

Normal TIQ
100

Chronic nasal congestion

Y Early childhood

-

Normal
TIQ 119

-

Y Early childhood

Mito-chon- Normal
drial
disorder

Chronic nasal High palate, small hands
congestion
and feet, brachydactyly

Y Early childhood
- School age

Ptosis

-

-

-

PAN

-

-

-

- Early childhood
Y Early childhood

-

-

-

-

Anemia,
mild
kidney
failure

Normal

None

High palate, small hands
and feet

-

-
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↓↓↓/ ↓↓↓/ ↑↑↑ -

-

-

US 2005

[30]

24

↓↓↓/ ↓↓↓/ ↑↑

-

Not
found

US 2006

[31]

-

16

↓↓/ ↓↓/ ↑↑

-

(2,6);
(2,6)

CA 2010

[32]

Sexual function
normal, two
children

73

↓↓↓/ ↓↓↓/ ↑

absent

-

FR 2010

[33]

-

20

↓↓↓/ ↓↓↓/ ↑↑↑ absent

(1);(7)

US 2011

[34]

-

15

↓↓↓/ NR/ ↑↑

-

(1);(6)

US 2011

[29]

[35]

-

22

↓↓↓/ NR/ ↑↑↑

-

(1);(6)

US 2011

[29]

[35]

[36]

Catecholamine
profile (plasma)
NE/E/DA

Reproductive
function
No children, died
at young age

Mosaic deletion
11p13

DM1

Normal menstrual 23
cycle.
Problems conceiving, first trimester
abortion at age 37
years.
16

↓↓↓/ ↓↓↓/ ↑↑↑ absent

(1);(1)

NL 2011

[29]

-

absent

US 2013

[35]

-

38

↓↓↓/ ↓↓/ ↑

absent

(2,6);
(2,6)
(8);(9)

IT

[37]

-

<15

↓↓↓/ ↓↓↓/ ↑↑↑ -

(1);(1)

US 2017

↓↓↓/ N/ ↑↑↑

(1);(9)

NL This
publication

Normal menstrual 38
cycle. Primary
infertility (also
under LDOPS)

absent

HNPP (PNP22
del), traumatic
brain injury

2015

Additional
references

[18]

First reference

NL 2004

Year of first
publication

Hypo-magne-saemia

↓↓↓/ ↓↓↓/ ↑

Country

(1);(10)

Uncom-plicated 40
pregnancy before
diagnosis.
No lactation
22

Comorbidity

Molecular
diagnosis (see
table 2)

absent

Age at diagnosis
(years)

DBH enzyme activity (plasma)

Clinical presentation and long-term follow-up of DBH deficiency

[7,19]

[29]

9

[38]

[39
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Additional signs
on physical
examination

Other autonomic features

N Early childhood

Development/
intelligence

25
Sib
19
twn

Y Early childhood

Initial diagnosis

M Pre- and dysmature (AD34w,
bw 1810g)
M Pre- and dysmature (AD31+5w),
neonatal convulsions.
Severe sepsis at
age 6 months

Onset of
orthostatic
complaints

Sex (M/F)

24

Ptosis

Pt number

Neonatal and
infantile problems

Chapter 9

Impaired
nasal
passage
Cerebral
palsy

Normal

Chronic nasal None
stuffiness

Mild
intellecutal
disability

None

High palate
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Additional
references

First reference

Year of first
publication

35

Country

No children, no
active child wish

Severely (1);(6)
decrea-sed
↓↓↓/ ↓↓↓/ ↑↑↑ absent (1);(1)

Comorbidity

↓↓↓/ ↓↓↓/ ↑

Molecular
diagnosis (see
table 2)

13

DBH enzyme activity (plasma)

Catecholamine
profile (plasma)
NE/E/DA

Retrograde ejaculation

Reproductive
function

Age at diagnosis
(years)

Clinical presentation and long-term follow-up of DBH deficiency

NL This
publication
Hearing loss and NL This
neurolo-gical
publisequelae after
cation
infantile sepsis

9
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Figure S1. Literature search flowchart

9
Figure S1. Flow‐chart of literature search. Literature search performed on Pubmed, Cochrane
database, clinicaltrials.gov, and WHO trial registry. The 39 publications that ultimately where
identified containing unique patient information can be found in de reference list of Table S1
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The general aim of this thesis has been to elucidate clinical and biochemical aspects of
several monoamine neurotransmitter disorders, with an emphasis on two disorders of
impaired monoamine synthesis: aromatic L-amino acid decarboxylase (AADC) deficiency
and dopamine beta hydroxylase (DBH) deficiency. Furthermore, tyrosine hydroxylase
(TH) deficiency and autosomal dominant GTP-cyclohydrolase I (GCH) deficiency have
been studied. Laboratory work, clinical observations, literature, and chart reviews
were scrutinized and synthesized to better understand the pathophysiology of these
disorders inside and outside the central nervous system. A recurring problem in the
study of extremely rare disorders is a limitation of resource availability, both in the
financial as the literal sense where subjects are scarce. Here, we have dealt with this
twin problem by taking a multidimensional approach, answering several fundamental
questions about monoamine neurotransmitter pathophysiology by carefully examining
our patients and the literature.
Furthermore, this thesis aimed to function as a reference work for physicians to guide
their diagnostic approach and clinical management of patients with AADC and DBH
deficiency. This was achieved by (inter)national collaboration which is essential in the
field of ultrarare disorders.
In the next paragraphs of this discussion we will put our findings in context of prior
and current research in the field, identify knowledge gaps, consider methodological
issues, and discuss future perspectives for research and clinical management of this
fascinating group of disorders.
Part I: Biochemical aspects and the importance of different body compartments
Monoamine neurotransmitter metabolites in the urine of patients with AADC
and TH deficiency: dopamine and homovanillic acid
The starting point of the work in this thesis was to try to understand a peculiar
observation in the urine of patients with AADC deficiency. These patients have a severe
deficiency of dopamine production, which is illustrated clinically by the profound
hypotonia/ hypokinesia and impressive oculogyric crises many of them suffer from1,
and biochemically by the very low levels of homovanillic acid (HVA) in the cerebrospinal
fluid2. However, it was noted in several reports3-7 that HVA and dopamine concentrations
in the urine of these patients is normal or even elevated. To better understand this
finding we evaluated the urine of 20 patients with AADC deficiency, and found that 17
had normal or increased urinary dopamine while the remaining three patients excreted
decreased but still substantial amounts of dopamine (chapter 3). In healthy humans,
renal expression of AADC is very high (chapter 3). Mouse studies have shown that
complete knockout of the DDC gene is incompatible with life8, as was found in TH
knockout models as well9. Indeed, in patients with AADC deficiency, some residual
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AADC enzyme activity can be detected in plasma10. In patients in whom the AADC
activity is reported as non-detectable, it is more likely that it is not quantifiable with
the performed enzyme assay rather than completely absent. Furthermore, in AADC
deficiency L-dopa accumulates throughout the body, which is reflected by elevated
levels of L-dopa in CSF, plasma and urine2.
Taking the facts of very high AADC expression in healthy kidneys, no complete loss of
AADC activity in patients with AADC deficiency, and high L-dopa substrate availability
in the kidneys together, we postulated that patients with AADC deficiency will have
sufficient residual AADC activity in the kidneys to produce substantial amounts of
dopamine. In chapter 4, we confirmed that residual AADC activity in the kidneys
combined with high L-dopa substrate availability in the proximal tubuli can explain
the finding of normal to elevated levels of dopamine in the urine of patients with
AADC deficiency. We are aware that chapter 4 should mainly be regarded as a proofof-concept study because we used data of only two patients, and the calculations we
used are a somewhat simplified representation of the complex interplay between
catecholamine synthesis, breakdown, reuptake, and excretion in the central nervous
system and the periphery. However, in both patients the final equation that substrate
availability should be greater than renal dopamine production was met. We believe that
this is a reliable and reproducible finding, that shows that normo- or hyperdopaminuria
in AADC deficiency should be regarded as an expected rather than a paradoxical finding.
Also in patients with TH deficiency, normal dopamine excretion is common (6/8 patients,
chapter 5) which had not been clearly reported in the literature before. However, in TH
deficiency, urinary HVA was diminished in 8/11 patients, in contrast to AADC deficiency
where it was normal in 6/7 patients and decreased in only one. We hypothesize that
the finding of normal urinary dopamine concentrations in patients with TH deficiency
is in line with the findings in AADC deficiency, and residual TH activity in the kidneys
will be sufficient to deliver substrate (L-dopa) to the abundantly present renal AADC.
However, we think that the retrospective and non-standardized data collection that
we used in chapter 5 has clear methodological weaknesses that prevents settling this
at this stage and more research is needed.

10

This does not prevent us from having a strong believe that our findings in chapter
3, 4 and 5 have significant clinical implications, the most important of which is that
concentrations of dopamine and HVA in urine can neither be used to reliably diagnose
nor to exclude AADC or TH deficiency, because they can be normal, increased or
decreased. Although it could be argued that this will not change clinical practice –
cerebrospinal fluid examination of monoamine neurotransmitter metabolites is the
cornerstone for diagnosis in these disorders11, 12 – we think it is important that we
not only show that normo- or hyperdopaminuria is very common, but also offer an
explanation for this observation. In this explanation, we combined observations from
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the dopaminergic system in the central nervous system, and the renal dopamine
system, two entities that are very intensively studied separately from each other, but
rarely in combination.
Dopamine and other monoamines inside and outside the central nervous
system: worlds apart?
The renal dopamine system is extensively studied by physiologists and nephrologists
and known for its natriuretic actions, stimulation of renal blood flow, and diuretic
effect13, 14. Intravenously administered dopamine became widely used as vasopressor
in critical care medicine from the late 1960s onwards15, and although its use has
been questioned16, and its indication is limited nowadays17, it is still available in the
armamentarium of the intensive care specialist and anesthesiologist, both in adult
medicine and pediatrics18, 19. In the central nervous system, dopamine is a virtually
inexhaustible source for research in neurology, psychiatry, cognitive behavioral sciences,
and neuroscience (see references for recent reviews20-23), and many drugs that are used
in neurological and psychiatric disorders modulate dopaminergic function. Interestingly,
the blood-brain barrier quite literally separates the peripheral circulation from the
central nervous dopaminergic system by preventing dopamine from crossing it24. This
leaves the (pediatric) neurologist with L-dopa and dopamine agonists as surrogates to
treat patients that suffer from dopamine deficiency. In ‘dopa responsive states’ like
autosomal dominant GCH1 deficiency and TH deficiency, this usually poses no major
problems since these patients can metabolize L-dopa to dopamine in the brain12, 25.
For AADC deficient patients this is different because AADC is needed for this reaction.
Only a small subset of patients with AADC deficiency with specific pathogenic variants
respond to L-dopa supplementation26, 27.
In this thesis, we highlight one difference between different body compartments,
namely the concentration of dopamine in urine vs. that in cerebral spinal fluid (CSF) in
patients with AADC and TH deficiency, and alert that it is important to be aware of this
difference. However, many questions about dopamine and serotonin as neurotransmitter
versus hormone or autocrine/paracrine substance, and the interplay between different
body compartments remain. For example, little is known about the stress response –
normally partially mediated by norepinephrine and epinephrine28 - in patients with
monoamine neurotransmitter disorders. Furthermore, although serotonin stores are
much more abundant in the gut than in the brain29, the consequence of serotonin
deficiency to the gastro-intestinal system of patients with AADC deficiency and the
tetrahydrobiopterin (BH4) disorders has not yet been investigated in detail. Likewise, the
observation that patients with DBH deficiency have no apparent clinical consequences
of norepinephrine and epinephrine deficiency in the central nervous system30 remains
intriguing. Moreover, to our knowledge, extensive standardized sympathetic nervous
system testing (for example using tilt tables) has only been performed in DBH deficiency
and not in the other monoamine neurotransmitter disorders. Although many patients
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will be too fragile to perform this kind of tests, knowing the peripheral consequences
of monoamine deficiency will likely be of clinical benefit to these patients and deserves
further scientific attention. In conclusion, monoamine neurotransmitter disorders
provide a unique opportunity to increase our fundamental understanding concerning
the consequences of monoamine deficiencies inside and outside of the brain.
Monoamine neurotransmitter metabolites: old-school but not outdated
The main conclusions in part I of this manuscript are that (I) in AADC and TH
deficiency, neurotransmitter metabolite concentrations in urine do not completely
mirror concentrations in cerebrospinal fluid, (II) there is insufficient data to draw firm
conclusions on the usefulness of monoamine neurotransmitter metabolites in plasma
or dried blood spots (DBS) for diagnosing monoamine neurotransmitter disorders,
except for 3-O-methyldopa (3-OMD) in AADC deficiency, and (III) routine follow-up
measurements of cerebrospinal fluid (CSF) monoamine neurotransmitter metabolites
are not needed in these disorders. However, the analysis of body fluids clearly holds
its clinical value in monoamine neurotransmitter disorders, even in the present times
when ‘genetic-first’ diagnostic approaches are more and more common.
To diagnose AADC deficiency using metabolic testing, it is an advantage that in this
disorder typically specific metabolites accumulate in body fluids, i.e. L-dopa, and its
derivates 3-OMD and vanillactic acid (VLA). The increase in urinary VLA can be detected
by organic acid analysis, which is a routine screening test in metabolic medicine.
However, the increase can be subtle and therefore easily overlooked, and does not occur
in all patients. A recent study showed that the ratio between VLA and vanillylmandelic
acid (VMA) is more informative, because this ratio is clearly increased in all patients
with AADC deficiency31. Therefore, urine can alert to the diagnosis of AADC deficiency
in routine metabolic testing, but laboratories are not always aware of this possibility
and associated pitfalls. Furthermore, urine is an attractive and easily accessible body
fluid for new diagnostic techniques like metabolomics, proteomics, lipidomics, and
complexomics32. These techniques – applied either to urine, plasma or CSF- can
potentially lead to fast and accurate diagnosis in rather unselected patients with
unexplained disorders33, and have the advantage over exome or genome sequencing that
they give information on functional changes. This complements untargeted molecular
genetic techniques that often report variants of unknown significance. Interestingly,
the accumulation of 5-hydroxytryptophan (5-HTP), which reflects the accumulation of
metabolites in the serotonergic pathway in AADC deficiency, is much less well defined
in the literature and would be an interesting subject for further studies. Besides AADC
deficiency, dopamine beta hydroxylase (DBH) deficiency may also be detectable by
urine-based metabolomics because of the highly increased dopamine levels that are
present in all body fluids, which is a specific finding in this disorder. Whether ‘omics’
techniques can be reliably used for diagnostics in the near future will also depend on
the choice of the correct body fluid to perform the screening in. Potentially, these
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untargeted screening methodologies may shorten the diagnostic delay, identify new
phenotypes, and guide treatment choices.
As discussed in chapter 5, 3-OMD in plasma or dried blood spots (DBS) seems to be
a reliable diagnostic marker for AADC deficiency. It has been studied by different
research groups around the world (Taiwan34, Germany35, Italy36, and Brazil37), and these
studies consistently yielded highly elevated 3-OMD levels in DBS of patients with AADC
deficiency compared to normal controls. However, 3-OMD can also be increased due to
L-dopa supplementation38, 39, or, in neonates, by maternal L-dopa usage35. Furthermore,
3-OMD in CSF is increased in pyridoxamine 5’- phosphate oxidase (PNPO) deficiency40, 41
and pyridoxal phosphate binding protein (PLPBP) deficiency42, two primary vitamin B6
responsive disorders that lead to secondary AADC deficiency because vitamin B6 is a
cofactor for AADC. In general, these disorders are clinically distinguishable from AADC
deficiency because of prominent neonatal seizures. Recently however, in a series of 12
patients with PLPBP deficiency, one patient did not suffer from seizures but displayed
a movement disorder compatible with AADC deficiency42. Probably, 3-OMD is not only
elevated in CSF but also in DBS in these primary vitamin B6 responsive disorders, but
to our knowledge this has not been studied yet. In three patients with PNPO deficiency
3-OMD in DBS was not elevated, but these patients were under pyridoxine therapy and
clinically well controlled35. The other causes for 3-OMD elevation should be taken into
account and necessitate further biochemical testing and molecular confirmation when
AADC deficiency is suspected.
The research groups that have been working on 3-OMD measurements in DBS are
aiming to implement a neonatal screening for AADC deficiency. In Taiwan, where the
prevalence of AADC deficiency is higher than in Europe due to a founder pathogenic
variant in intron 6 (IVS6+4 A>T), four patients were identified after more than 2 years
of screening 127,987 newborns34. In Italy, no patients were identified in a limited pilot
project screening only 21,867 samples36. Although newborn screening is an appealing
concept – the recognition of AADC deficiency can be difficult, diagnostic delay is often
long, and gene therapy has been developed for this disorder – it is important to note
that at this moment disease modifying treatments in infants are not available yet.
Although gene therapy using an intraparenchymal injection of the DDC gene is promising
with improvement in motor and mental function, the median age of inclusion was 11
years (range 5-19 years, 6 patients) in a Japanese study43, and 4.3 years (range 1.6-8.4
years, 8 patients) in a Taiwanese study44. The results of a National Institute of Health
(NIH) trial (clinical trial identifier NCT02852213) that targets the substantia nigra instead
of the putamen are pending, but in this study inclusion starts from five years of age.
However, in the Taiwanese studies, clinical outcome43 and improvement in white matter
tractography45 was more pronounced in younger patients, making it likely that early
intervention is preferred (as expected). Furthermore, to our knowledge gene therapy
has not yet been performed in patients with a mild phenotype of AADC deficiency, who
220

Voorbereid document _Tessa Wassenberg_V03.indd 220

25/10/2021 09:32

Summary

will probably also be identified with neonatal screening using 3-OMD in DBS. Therefore,
we feel that some caution is warranted before newborn screening for AADC deficiency
can be implemented. Indeed, early diagnosis has the advantage of sparing patients and
their families a long diagnostic journey, and gives parents the opportunity to consider
prenatal or preimplantation genetic diagnosis in further family planning. However, this
advantage is not unique to AADC deficiency and has historically not been an argument
to include disorders in neonatal screening programs that have their focus on disorders
that are (only) treatable at very young age.

Part II: Clinical observations: beyond the classic phenotype
Although case reports and case series are positioned low in the traditional pyramid of
evidence-based medicine because of their high risk of bias (Figure 1), we included a
case series and case report in part II of this thesis. As outlined below, we think these
reports can give valuable new insights in monoamine neurotransmitter disorders that
have clinical implications, and can also direct further research. Especially, novel insights
in natural history and treatment are excellently presented using case reports, as are
observations in diseases for which the clinical course, pathophysiology or management
is unexplored yet in larger series46.
Autosomal dominant GCH1 mutation can present with spastic paraplegia
In chapter 6, we describe four patients from three families with autosomal dominant
GCH1 mutations that presented with a pyramidal predominant phenotype (lower leg
spasticity) instead of the expected basal ganglia signs. This is a deviant phenotype of
this disorder, which is historically coined Segawa syndrome after the first description
of the disorder in 1976 by Segawa et al47, and frequently referred to as one of the dopa
responsive dystonias (DRD). However, at a young age the patients from our case series
were not suspected to have a monoamine neurotransmitter disorder but where thought
to have (hereditary) spastic paraplegia. Therefore, treatment with levodopa/carbidopa
was not considered at symptom onset but started only many years later.

10

Unfortunately, there were neither videos nor neurophysiological tests available of our
patients early in the disease course. The phenotype with pure lower limb spasticity
(which was still present in the youngest patient as shown on video) was only derived
ad-posteriori from the clinical description in the case files of the three older patients.
This is a weakness of our report, and one might argue that these patients had lower
limb dystonia all along that was mistaken for spasticity. Dystonia and spasticity
can be difficult to distinguish48. However, we are confident that the clinical course
in our patients was different from the usual presentation of autosomal dominant
GCH1 mutation, and we found that several other patients with the same pyramidal
predominant phenotype had been described in the literature previously49-55. In TH
deficiency, to our knowledge only one patient with a pyramidal predominant phenotype
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has been described to date56. Although in a publication from our department a patient
with pure spastic paraplegia was first thought to have TH deficiency due to homozygous
class 4 variants in TH, he was later found to carry the pathogenic variants in CAPN157, 58.
The clinical insignificance of the class IV variants in TH in this patient was proven by an
absent clinical effect of L-dopa/carbidopa, and normal monoamine neurotransmitter
metabolites in CSF. This prompted further genetic testing in this patient, and illustrates
how lucky we are in the field of monoaminergic neurotransmitter disorders to have
clinical and biochemical biomarkers at hand, as opposed to many genetic disorders
for which no functional testing or biomarkers are available to prove causality when
new variants are found. We think it is of utmost importance to precisely delineate
different phenotypes of monoamine neurotransmitter disorders, especially because of
the potential treatment implications. Therefore, case series clearly have their value in
these rare disorders. Next steps to further clarify the finding of spasticity in monoamine
neurotransmitter disorders are to better outline the prevalence and natural history in
a larger cohort, and perform basic research to understand the mechanism of spasticity
in hypomonoaminergic states.
Dopa responsive dystonia is a confusing term
Since it is evident that we need to look beyond the classic phenotype when considering
monoaminergic neurotransmitter disorders, we would like to make a case against
the use of the term ‘dopa responsive dystonia/ DRD’. Firstly, it does not accurately
describe all patients with monoamine neurotransmitter disorders that respond to
L-dopa supplementation, because dystonia can be absent early in the disease course
as we show in chapter 6. Secondly, some patients who are considered to suffer from
DRDs are not dopa responsive, as is for example true for the more severe phenotypes
of TH deficiency12. Thirdly, the – understandable - fear of missing a DRD can lead to
the unwise impulse of subjecting all patients with early onset dystonia to treatment
with L-dopa/carbidopa, without first seeking biochemical or molecular justification
for this treatment59. Other authors have also been struggling with the term DRD and
have proposed subdivisions like DRD, DRD-plus, and DRD-look alike60; or classic DRD,
DRD with parkinsonism, and early onset atypical DRD61, supplemented with atypical
late-onset DRD with Parkinson`s disease62. However, we feel that these subdivisions
only complicate matters further and we would suggest that the monoaminergic
neurotransmitter disorders are named after their genetic or enzymatic defect,
eventually followed by the most defining sign in that particular patient. This follows
the recommendations of the international Parkinson and movement disorder task force
on nomenclature of genetic movement disorders63. The patients in chapter 6 would
then be described as having ‘HSP-GCH1’ which accurately describes the predominant
phenotype and the causative gene.
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Further beyond the classic phenotype?
Recently, more and more attention has been given to the non-motor symptoms in
‘movement disorders’, like Parkinson’s disease and dystonia. In Parkinson’s disease, it
was found that non-motor symptoms (e.g. impulse control disorders, apathy, pain, sleep
disorders, depression, cognitive problems, autonomic disorders) have a greater impact
on health-related quality of life than motor symptoms64 and although treatment is still
mainly focused on motor symptoms, the management of non-motor symptoms is an
important part of guidelines on Parkinson’s disease nowadays. In dystonia, although it
is evident that this is not a psychogenic disorder as was thought in the past65, psychiatric
symptoms like anxiety and depression are nevertheless common66. This has also
been found in patients with autosomal dominant GCH1 mutations67. The prevalence,
extensiveness, and impact of non-motor symptoms in monoaminergic neurotransmitter
disorders are important topics for further study, ultimately hopefully leading to better
treatment strategies. Clinical observations – whether or not published as case reports
– can be a starting point for more extensive research on this topic.
Figure 1. the traditional evidence based pyramid
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Part III: Reviews and guidelines for management
In Part III of this thesis, we provided an overview of the clinical presentation, diagnosis,
and management of AADC deficiency (chapter 8) and DBH deficiency (chapter 9).
For both disorders, an extensive literature review was performed to gather existent
evidence. For AADC deficiency, this was done by a joint effort of a subgroup of the
international working group on neurotransmitter related disorders (iNTD), following the
Scottish Intercollegiate Guideline Network (SIGN)68 and Grading of Recommendations
Assessment, Development and Evaluation (GRADE)69 methodology. This ultimately led
to an evidence based consensus guideline. For DBH deficiency, being an even rarer
disorder than AADC deficiency, this was done by a literature review and chart review
of the relatively large population of patients with DBH deficiency in the Netherlands.
Whereas the first publication was effectively aimed to serve as a practice guideline
and the second more as an overview paper, we believe that both papers can help
guide clinicians in the management of these disorders. For AADC deficiency, clear
recommendations for the diagnosis and management are given, combined with good
practice points and recommendations for further research. Indeed, in the years that
passed since the publication of the guideline, several research topics signaled therein
have already been further investigated, such as the value of 3-OMD measurements
(see above). We plan to make an update of the guideline on AADC deficiency with
the iNTD guideline working group in 2021/2022. In our review on DBH deficiency, we
clearly showed that anemia, decreased kidney function, and hypomagnesemia can be
part of the disorder and should be screened for at diagnosis and be regularly assessed
during follow-up. In the discussion section, we give recommendations for the dosage
of LDOPS therapy, not only for adults but also for children with DBH deficiency, which
has not been reported in the literature before.
However, it should be kept in mind that most literature on the management of AADC
and DBH deficiency that we reviewed consisted of non-analytical studies with a high
risk of bias and a low sample size, which are therefore placed low in the traditional
pyramid of evidence-based medicine (Figure 1). The SIGN/GRADE methodology makes it
possible to faithfully formulate strong recommendations even if evidence comes (only)
from non-analytical studies, which is why it has been used in guideline development for
other rare disorders as well (e.g. phenylketonuria70 and urea cycle disorders71). Recently,
iNTD published the consensus guidelines on diagnosis and treatment of BH4 disorders,
using the same methodology25. Nonetheless, we would like to repeat the disclaimer
we give in chapter 8: “the guideline is meant to give a solid foundation to caregivers
who look after patients with AADC deficiency, but should never replace sensible, wellinformed clinical care”.
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The challenges of performing evidence-based medicine in ultrarare disorders
In a narrative review, three fundamental challenges in generating robust evidence for
the management of rare diseases were identified. Firstly, because of the (extreme)
rarity of the disorders, it is often not feasible to recruit a sufficient number of patients
to achieve statistical power. Secondly, natural history of the disorder is often unclear
especially when there is a broad clinical spectrum within one disorder. Thirdly, outcome
measures are often short-term with unclear clinical relevance72. Indeed, all these
factors are at play in the field of monoamine neurotransmitter disorders.
The first challenge regarding sample size is inherent to the field of (ultra)rare disorders.
There is only a limited number of patients with monoamine neurotransmitter disorders,
dispersed around the globe. Studies that are traditionally placed on top of the traditional
evidence-based pyramid like double-blind, placebo-controlled and randomized
controlled trials (Figure 1) are therefore very difficult or simply impossible to perform
with sufficient sample size. Luckily, other study types are emerging that are aimed to
minimize bias and maximize internal validity, also in ultrarare disorder. One possibility
is to use factorial trials, in which multiple interventions are tested simultaneously using
the same study population, thus reducing the overall number of participants needed72,
73
. However, this is only of use when interventions will be used in combination anyway.
In the AADC guideline, we discouraged starting different drugs at the same time, as
it complicates the assessment of responses to individual drugs, and the informed
discontinuation of certain drugs that have no benefit (chapter 8). A study design that
we think holds more potential to improve evidence-based medicine in monoamine
neurotransmitter disorders is the N-of-1 trial, which is increasingly used in the field of
rare neurodevelopmental disorders74. N-of-1 trials are essentially randomized clinical
trials in individual patients75, which therefore have great internal validity and can be
used in a research setting or directly in clinical care76.
The second challenge, regarding natural history, was addressed in a natural history
study of a large group of patients with AADC deficiency1. However, although it gives an
important overview of the clinical presentation and evolution of AADC deficiency, also in
this study the full clinical spectrum – including mild phenotypes – is not represented in
its entirety. The prospective clinical registry database of iNTD (https://intd-registry.org/)
is a valuable tool to better outline the natural history of all monoamine neurotransmitter
disorders, although assuring accurate data collection is a challenge nonetheless. It is
practically impossible for a doctor working in the field of rare disorders to keep an
up-to-date registry for each rare disease. Support in the form of allocated time, staff
and adequate technology, is essential to ensure reliable and sustained record keeping
in registry studies.
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The third challenge regards the lack of reliable, clinically relevant outcome measures in
rare disorders. Indeed, when we evaluated the literature for the AADC guideline one
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of the difficulties we encountered was that the clinical response to a certain treatment
was often not well defined, making it more difficult to give solid recommendations.
In the AADC gene therapy trials, outcome is better defined using motor scales like
the Peabody Developmental Motor Scale second edition and Alberta Infant Motor
Scale43, 44, but this is not practical to implement in daily clinical practice. An outcome
measure in the gene therapy trials that was more difficult to objectively assess was the
reduction in oculogyric crises43, which was rated as clinically very important to parents.
Implementing scales that reflect clinical relevant outcomes is important to select the
correct treatment.

Future perspectives in general
As outlined above, much progress has been made in recent years concerning natural
history, diagnosis, and management of AADC deficiency. The consensus guidelines on
diagnosis and treatment of AADC deficiency and the BH4 disorders are major steps
forward in the care for these patients. Our review on DBH deficiency highlighted
the importance of screening for anemia, kidney failure, and hypomagnesemia in this
disorder. The results of intraparenchymal gene therapy in patients with AADC deficiency
are promising. However, for the other monoamine neurotransmitter disorders,
developments are less pronounced, and also for AADC deficiency, the BH4 disorders,
and DBH deficiency many questions still remain unanswered. Therefore, the monoamine
neurotransmitter disorders remain complex and challenging, not only for physicians
and researchers, but above all for the patients and their families who will have to cope
with them.
The impact on parents of having a child with a rare disorder is immense, and living with
a monoamine neurotransmitter disorder has profound consequences on everyday life.
In daily clinical practice, it is impressive to experience the great resilience that many
parents and children possess when being faced with disease. In present times, in which
there is a major focus on the technical advances of medicine, it is humbling to note
that parental support and socio-economic status remain key factors in quality of life,
neurodevelopmental outcome, and survival of several disorders like Down’s syndrome77,
extremely preterm birth78, and childhood-onset leukemia79. We expect this to be no
different for the monoamine neurotransmitter disorders. Therefore, attention for the
social background is pivotal, and a holistic approach to the needs of the patients and
their families indispensable. In the care for patients with monoamine neurotransmitter
disorders, multidisciplinary care integrating medical and paramedical disciplines, patient
advocacy groups, and networks that connect specialists on rare disorders like European
Reference Networks (ERN) and iNTD can help to achieve this.
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Monoamine neurotransmitter disorders are rare genetic disorders that are caused
by impaired synthesis, breakdown, storage or transport of monoamines, or impaired
synthesis or recycling of tetrahydrobiopterin (BH4), which is an important cofactor in
dopamine and serotonin synthesis. Many monoamine neurotransmitter disorders are
treatable disorders. In this thesis, clinical and biochemical characteristics of several
disorders within this group are discussed, with the focus on aromatic l-amino acid
decarboxylase (AADC) and dopamine beta hydroxylase (DBH) deficiencies. Furthermore,
tyrosine hydroxylase (TH) and autosomal dominant GTP-cyclohydrolase I (GCH1)
deficiencies are discussed.

Part I: Prologue
Part I of this thesis consists of an introduction (chapter 1) to the field of monoamine
neurotransmitter disorders. The biochemical pathway of monoamine synthesis and
breakdown is presented, showing the enzymes and their cofactors that are involved.
The main monoamine neurotransmitter metabolites that are used in diagnosis are
5-hydroxyindoleacetic acid (5-HIAA) and homovanillic acid (HVA) as the main breakdown
products of serotonin and dopamine, respectively, and vanillylmandelic acid (VMA)
and 3-methoxy 4-hydroxyphenylglycol (MHPG) as the main breakdown products of
norepinephrine and epinephrine. Key clinical symptoms, diagnostic approach, and
treatment options of AADC deficiency, DBH deficiency, TH deficiency and autosomal
dominant GCH1 deficiency are briefly discussed. Furthermore, Table 1 in this chapter
gives a brief overview of the primary monoamine neurotransmitter disorders that are
known to date. Chapter 2 describes the aims and outline of this thesis.

Part II: Biochemical aspects and the importance of different
body compartments
Serotonin, dopamine, norepinephrine and epinephrine are not only present in the
central nervous system where they act as neurotransmitters, but are also active in the
periphery. For example, dopamine is important in the regulation of blood pressure
and natriuresis. However, the relationship between central and peripheral dopamine
is not well understood. In part II, we performed several studies to better understand
this relationship.
In chapter 3, we explored a peculiar finding in the urine of patients with AADC deficiency.
It had anecdotally been noted that patients with this disorder had increased levels of
dopamine and its metabolite HVA in the urine. This observation was in stark contrast
with the low levels of dopamine and HVA in the cerebrospinal fluid, and remained
unexplained for many years. We found that 17/20 patients with AADC deficiency
indeed had normal or increased levels of dopamine in the urine, and the remaining
three patients excreted low, but still substantial, levels of dopamine. We found no
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genotype/phenotype correlation to explain this finding. Therefore, we searched for
alternative pathways for the formation of dopamine in the kidneys using alternative
substrates (tyramine and 3-methoxytyrosine) and alternative enzymes (tyrosinase and
CYP2D6). We also performed experiments on peripheral dopamine production and
AADC expression in several tissues using an AADC activity assay, immunohistochemical
expression, and Western Blot. We found that renal microsomes were indeed able to
convert tyramine to dopamine using the CYP2D6 enzyme (3.1 nmol/min/g protein).
However, because of low plasma levels of tyramine this is an unlikely explanation
for urinary dopamine excretion in AADC deficiency. We found no evidence for the
production of dopamine from 3-methoxytyrosine. Tyrosinase was not expressed in
human kidney. We found a very high AADC activity (2996 nmol/min/g protein) and AADC
expression (by both immunohistochemical and Western Blot analysis) in human kidney
cortex. The AADC activity in human striatum was much lower (5 nmol/min/g protein).
Patients with AADC deficiency will have some residual enzyme activity, because a
complete loss of AADC is thought to be incompatible with life. The extremely high AADC
expression and activity in (healthy) kidney cortex led us to the hypothesis that even
minimal amounts of residual AADC activity, in combination with excessive substrate
(i.e. L-dopa) availability in patients with AADC deficiency might be sufficient to explain
the finding of normal or increased urinary dopamine in these patients. In patients with
AADC deficiency, L-dopa is highly increased because AADC is needed to convert L-dopa
to dopamine. In chapter 4, we tested our hypothesis by calculating residual renal AADC
activity and L-dopa substrate availability in two patients with AADC deficiency. For
this, we collected 24-h urine samples and performed blood tests to measure L-dopa.
In both patients, who both had increased levels of urinary dopamine, our hypothesis
was verified. This study showed that normal or increased levels of urinary dopamine
are an expected rather than a paradoxical finding in AADC deficiency, because of the
qualitative difference between dopamine production in the central nervous system
and the kidneys.
In chapter 5, we further examined the difference between monoamine neurotransmitter
metabolites in the central nervous system (reflected by their concentrations in
cerebrospinal fluid) and peripheral body fluids, and tried to clarify the diagnostic
value of blood and urine in AADC and TH deficiencies. Furthermore, we studied serum
prolactin levels, and neurotransmitter metabolites in cerebrospinal fluid before and
during treatment. For this, we performed a literature review and a retrospective analysis
of our local university hospital database (1997-2020). In AADC deficiency, we found that
3-O-methyldopa (a metabolite of L-dopa) in serum or dried blood spots was strongly
increased in 34/34 patients. In urine, dopamine was normal or increased in 21/24
patients, 5-HIAA was decreased in 9/10 patients, and vanillactic acid was increased
in 19/20 patients. No significant changes were seen in monoamine neurotransmitter
metabolites after medical treatment, except for the (expected) increase of HVA in urine
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and cerebrospinal fluid after L-dopa therapy. After gene therapy, HVA in cerebrospinal
fluid increased in 8/12 patients, but 5-HIAA remained very low in 9/12 patients. In
TH deficiency, urinary dopamine was normal in 6/8 patients and decreased in two.
The HVA concentrations in cerebrospinal fluid increased upon levodopa treatment,
even in the absence of a clear treatment response. Prolactin was increased in 34/37
patients with AADC deficiency, and 12/14 patients with TH deficiency. We concluded
that 3-O-methyldopa in serum and dried blood spots and urinary vanillactic acid are
promising biomarkers in the diagnosis of AADC deficiency, but discussed also some
pitfalls especially regarding the potential confusion with the primary vitamin B6
disorders. We showed that also in TH deficiency, urinary dopamine is normal in the
majority of patients, which was not clearly stated in the literature before. Furthermore,
cerebrospinal fluid examination of neurotransmitter metabolites remains the most
informative body fluid when AADC or TH deficiency is suspected, but routine follow-up
lumbar punctures are not needed in these disorders, and should only be performed
in case of unexpected clinical deterioration. Finally, the value of serum prolactin for
screening and follow-up of AADC and TH deficiency seems promising but should be
further studied.

Part III: beyond the classic phenotype: clinical observations
In part III, we presented a case series on patients with autosomal dominant GCH1
deficiency, and a case report on DBH deficiency.
In chapter 6, we described four patients from three families with an uncommon clinical
presentation of autosomal dominant GCH1 deficiency. Instead of (lower-limb) dystonia,
they presented with spastic paraplegia. The youngest patient did not show clear basal
ganglia signs at diagnosis, and the other patients developed basal ganglia signs (dystonia
and/or parkinsonism) only in their fifth decade. We described the clinical trajectories,
and showed videos of the neurological examination before and during treatment with
L-dopa. We performed a literature search in which we identified nine patients with
a clinical course compatible with the patients in our case series, with predominant
lower limb spasticity at disease onset, and basal ganglia signs developing later in life.
Because autosomal GCH1 deficiency is a treatable disorder, with an excellent response
to L-dopa, we stress that this disorder should be considered in patients that present
with spastic paraplegia, especially if there are concomitant basal ganglia signs and/or
diurnal fluctuations, and that the GCH1 gene should be included in HSP gene panels.
In chapter 7, we presented a didactic case report on DBH deficiency, structured in
a question and answer module. We described a young woman who was ultimately
diagnosed with DBH deficiency at the age of 19 years. Her referral diagnosis was kidney
failure. She complained of exercise intolerance and showed eyelid ptosis, therefore
a mitochondrial disorder was suspected. When profound orthostatic hypotension
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was noted, DBH deficiency was suspected and confirmed. In the answer module,
we described key clinical signs and symptoms of DBH deficiency, and highlighted
the importance of performing office orthostatic blood pressure measurements. It is
important to be aware of the extremely rare diagnosis of DBH deficiency, also in children
or adolescents who present with reduced kidney function, because it is a treatable
disorder. The patient in our report had an excellent clinical response to L-DOPS, and
also her kidney function improved.

Part IV: Reviews and guidelines for management
Part IV consists of two overview articles on monoamine neurotransmitter disorders.
In chapter 8, the consensus guideline on diagnosis and treatment of AADC deficiency
is presented. This guideline was developed by the AADC guideline group of the
international working group on neurotransmitter related disorders (iNTD) using
Scottish Intercollegiate Guideline Network (SIGN) and Grading of Recommendations,
Assessments, Development and Evaluation (GRADE) methodology. SIGN and GRADE
methodology enables to make strong (or conditional) recommendations, even in the
field of rare disorders where most evidence consists of case reports, case series and
expert opinion. In the guideline, 63 recommendations were formulated regarding clinical
presentation, diagnosis, treatment, complications, long-term management, social issues
and transition, and special situations (e.g. anesthesia, intensive care management).
In chapter 9, we described the clinical presentation and long-term follow-up of patients
with DBH deficiency. It consists of a literature review, combined with a chart review of
the relatively large population of patients with DBH deficiency in the Netherlands. In
total, we identified 10 patients in the Netherlands, and 15 additional patients from the
literature. The duration of follow-up of the Dutch patients ranged from 1 to 21 years
(median 13 years). All patients had severe orthostatic hypotension. The pathognomonic
metabolite pattern with strongly decreased or absent (nor)epinephrine, and (highly)
increased dopamine plasma concentrations was found in 24/25 patients. All Dutch
patients had impaired kidney function and anemia, 50% had hypomagnesaemia. The
clinical response to L-DOPS treatment was excellent and sustained in all patients, but
the neurotransmitter profile in plasma did not normalize completely, and renal function,
anemia and hypomagnesemia improved only partially.

11

Part V: General discussion and summary
In chapter 10, a general discussion is given in which we put our findings in context of
prior and current research in the field, identify knowledge gaps, consider methodological
issues, and discuss future perspectives for research and clinical management of
monoamine neurotransmitter disorders.
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Monoamine neurotransmitter stoornissen zijn zeldzame genetische aandoeningen die
worden veroorzaakt door een verstoorde synthese, afbraak, opslag of transport van
monoamines, of een verstoorde synthese of recycling van tetrahydrobiopterine (BH4),
een belangrijke cofactor bij de synthese van dopamine en serotonine. Veel monoamine
neurotransmitter stoornissen zijn behandelbare aandoeningen. In dit proefschrift
worden de klinische en biochemische kenmerken van verschillende stoornissen binnen
deze groep besproken, met de nadruk op aromatische l-aminozuur decarboxylase
(AADC) en dopamine beta hydroxylase (DBH) deficiënties. Verder worden tyrosine
hydroxylase (TH) en autosomaal dominante GTP-cyclohydrolase I (GCH1) deficiënties
besproken.

Deel I: Proloog
Deel I van dit proefschrift bestaat uit een inleiding (hoofdstuk 1) op het gebied van
monoamine neurotransmitter stoornissen. De biochemische route van monoamine
synthese en afbraak wordt gepresenteerd, waarbij de enzymen en hun cofactoren
worden getoond die hierbij betrokken zijn. De belangrijkste monoamine neurotransmitter
metabolieten die gebruikt worden in de diagnostiek zijn 5-hydroxyindoleazijnzuur
(5-HIAA) en homovanillinezuur (HVA) als de belangrijkste afbraakproducten van
respectievelijk serotonine en dopamine, en vanillyl-amandelzuur (VMA) en 3-methoxy
4-hydroxyfenylglycol (MHPG) als de belangrijkste afbraakproducten van noradrenaline
en adrenaline. De belangrijkste klinische symptomen, de diagnostische aanpak en de
mogelijke behandelingen van AADC-deficiëntie, DBH-deficiëntie, TH-deficiëntie en
autosomaal dominante GCH1-deficiëntie worden kort besproken. Verder geeft tabel 1
in dit hoofdstuk een kort overzicht van de monoamine neurotransmitter stoornissen
die tot op heden bekend zijn. Hoofdstuk 2 beschrijft de doelstellingen en opzet van
dit proefschrift.

Deel II: Biochemische aspecten en het belang van
verschillende lichaamscompartimenten
Serotonine, dopamine, noradrenaline en adrenaline zijn niet alleen aanwezig in het
centrale zenuwstelsel waar ze als neurotransmitters fungeren, maar zijn ook actief in
de periferie. Zo is dopamine bijvoorbeeld belangrijk bij de regulering van de bloeddruk
en de natriurese. De relatie tussen centrale en perifere dopamine is echter niet goed
bekend. In deel II hebben wij verschillende studies uitgevoerd om deze relatie beter
te begrijpen.
In hoofdstuk 3 onderzochten we een eigenaardige bevinding in de urine van patiënten
met AADC deficiëntie. Het was eerder reeds anekdotisch opgemerkt dat patiënten met
deze aandoening verhoogde niveaus van dopamine en zijn metaboliet HVA in de urine
hadden. Deze waarneming stond in schril contrast met de lage niveaus van dopamine
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en HVA in de cerebrospinale vloeistof, en bleef gedurende vele jaren onverklaard.
Wij stelden vast dat 17/20 patiënten met AADC-deficiëntie inderdaad normale of
verhoogde dopaminegehaltes in de urine hadden, en dat de overige drie patiënten
lage, maar nog steeds substantiële, dopaminegehaltes uitscheidden. Wij vonden geen
genotype/fenotype correlatie om deze bevinding te verklaren. Daarom zochten wij
naar alternatieve routes voor de vorming van dopamine in de nieren met behulp van
alternatieve substraten (tyramine en 3-methoxytyrosine) en alternatieve enzymen
(tyrosinase en CYP2D6). We hebben ook experimenten uitgevoerd naar perifere
dopamineproductie en AADC-expressie in verschillende weefsels met behulp van een
AADC-activiteitstest, immunohistochemische expressie, en Western Blot. We ontdekten
dat renale microsomen inderdaad in staat waren tyramine om te zetten in dopamine met
behulp van het CYP2D6-enzym (3,1 nmol/min/g eiwit). Gezien de lage plasmaniveaus
van tyramine is dit echter een onwaarschijnlijke verklaring voor de uitscheiding van
dopamine in de urine bij AADC-deficiëntie. Wij vonden geen aanwijzingen voor de
productie van dopamine uit 3-methoxytyrosine. Tyrosinase werd niet tot expressie
gebracht in de menselijke nieren. We vonden een zeer hoge AADC activiteit (2996 nmol/
min/g eiwit) en AADC expressie (door zowel immunohistochemische als Western Blot
analyse) in menselijke niercortex. De AADC activiteit in het menselijke striatum was
veel lager (5 nmol/min/g eiwit).
Patiënten met AADC-deficiëntie zullen nog enige residuele enzymactiviteit hebben,
omdat een volledig verlies van AADC onverenigbaar met het leven wordt geacht. Bij
patiënten met AADC deficiëntie is L-dopa sterk verhoogd omdat AADC nodig is om
L-dopa om te zetten in dopamine. De extreem hoge AADC expressie en activiteit in
(gezonde) nier cortex leidde ons tot de hypothese dat zelfs minimale hoeveelheden van
restactiviteit van het AADC enzym, in combinatie met een overmatige beschikbaarheid
van substraat (d.w.z. L-dopa) in patiënten met AADC deficiëntie voldoende zou kunnen
zijn om de bevinding van normale of verhoogde dopamine uitscheiding in de urine te
verklaren. In hoofdstuk 4 hebben we onze hypothese getest door de residuele renale
AADC activiteit en de beschikbaarheid van L-dopa substraat te berekenen bij twee
patiënten met AADC deficiëntie. Hiervoor verzamelden we 24-uurs urinemonsters en
voerden bloedtesten uit om L-dopa te meten. Bij beide patiënten, die beide verhoogde
niveaus van dopamine in de urine hadden, werd onze hypothese geverifieerd. Deze
studie toonde aan dat normale of verhoogde niveaus van dopamine in de urine eerder
een verwachte dan een paradoxale bevinding zijn bij AADC deficiëntie, vanwege het
kwalitatieve verschil tussen dopamine productie in het centrale zenuwstelsel en de
nieren.

12

In hoofdstuk 5 onderzochten we het verschil tussen monoamine neurotransmitter
metabolieten in het centrale zenuwstelsel (weergegeven door hun concentraties
in cerebrospinale vloeistof) en perifere lichaamsvloeistoffen, en probeerden we de
diagnostische waarde van bloed en urine bij AADC en TH deficiënties te verduidelijken.
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Verder bestudeerden wij serum prolactine spiegels, en neurotransmitter metabolieten
in cerebrospinale vloeistof voor en tijdens de behandeling. Hiervoor voerden wij
een literatuurstudie uit en een retrospectieve analyse van onze lokale universitaire
ziekenhuisdatabase (1997-2020). Bij AADC deficiëntie vonden we dat 3-O-methyldopa
(een metaboliet van L-dopa) in serum of dried blood spots sterk verhoogd was bij 34/34
patiënten. In urine was dopamine normaal of verhoogd bij 21/24 patiënten, 5-HIAA was
verlaagd bij 9/10 patiënten, en vanillezuur was verhoogd bij 19/20 patiënten. Er werden
geen significante veranderingen gezien in monoamine neurotransmitter metabolieten
na medische behandeling, met uitzondering van de (verwachte) toename van HVA
in urine en cerebrospinale vloeistof na L-dopa therapie. Na gentherapie nam HVA
in cerebrospinaal vocht toe bij 8/12 patiënten, maar 5-HIAA bleef zeer laag bij 9/12
patiënten. Bij TH deficiëntie was het dopamine in de urine normaal bij 6/8 patiënten en
verlaagd bij twee. De HVA-concentraties in cerebrospinaal vocht stegen bij behandeling
met levodopa, zelfs zonder een duidelijke behandelingsrespons. Prolactine was verhoogd
bij 34/37 patiënten met AADC deficiëntie, en bij 12/14 patiënten met TH deficiëntie. Wij
concludeerden dat 3-O-methyldopa in serum en dried blood spots en urine vanillezuur
veelbelovende biomarkers zijn in de diagnose van AADC deficiëntie, maar bespraken
ook enkele valkuilen, vooral met betrekking tot de mogelijke verwarring met de primaire
vitamine B6 stoornissen. Wij toonden aan dat ook bij TH deficiëntie de dopamine in de
urine normaal is bij de meerderheid van de patiënten, hetgeen niet eerder duidelijk
was vermeld in de literatuur. Verder blijft onderzoek van cerebrospinaal vocht van
neurotransmitter metabolieten de meest informatieve lichaamsvloeistof wanneer
AADC of TH deficiëntie wordt vermoed, maar routine follow-up lumbaalpuncties zijn
niet nodig bij deze aandoeningen, en moeten alleen worden uitgevoerd in geval van
onverwachte klinische verslechtering. Ten slotte lijkt de waarde van serumprolactine
voor screening en follow-up van AADC en TH deficiëntie veelbelovend, maar moet dit
verder worden onderzocht.

Deel III: het klassieke fenotype voorbij: klinische observaties
In deel III presenteerden wij een case serie over patiënten met autosomaal dominante
GCH1 deficiëntie, en een case report over DBH deficiëntie.
In hoofdstuk 6 beschreven we vier patiënten uit drie families met een ongebruikelijke
klinische presentatie van autosomaal dominante GCH1 deficiëntie. In plaats van
(onderste ledematen) dystonie, presenteerden zij zich met spastische paraplegie. De
jongste patiënt vertoonde geen duidelijke basale ganglia symptomen bij diagnose,
en de andere patiënten ontwikkelden basale ganglia symptomen (dystonie en/of
parkinsonisme) pas in hun vijfde decennium. Wij beschreven de klinische trajecten,
en toonden video’s van het neurologisch onderzoek voor en tijdens de behandeling
met L-dopa. Wij verrichtten een literatuurstudie waarin wij negen patiënten vonden
met een klinisch beloop dat overeenkomt met de patiënten in onze case-serie, met
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overheersende spasticiteit van de onderste ledematen bij aanvang van de ziekte,
en basale ganglia verschijnselen die zich pas later in het leven ontwikkelden. Omdat
autosomale GCH1 deficiëntie een behandelbare aandoening is, met een uitstekende
respons op L-dopa, benadrukken wij dat deze aandoening overwogen moet worden
bij patiënten die zich presenteren met spastische paraplegie, vooral als er gelijktijdige
basale ganglia verschijnselen en/of diurnale fluctuaties zijn, en dat het GCH1 gen
opgenomen moet worden in HSP genpanels.
In hoofdstuk 7 presenteerden wij een didactische casusbespreking over DBH deficiëntie,
gestructureerd in een vraag-en-antwoord module. We beschreven een jonge vrouw
bij wie uiteindelijk DBH deficiëntie werd vastgesteld op de leeftijd van 19 jaar. Haar
doorverwijzingsdiagnose was nierfalen. Ze klaagde over inspanningsintolerantie en
vertoonde ooglidptosis, waardoor een mitochondriale aandoening werd vermoed.
Toen een ernstige orthostatische hypotensie werd vastgesteld, werd DBH deficiëntie
vermoed en bevestigd. In de antwoordmodule hebben we de belangrijkste klinische
tekenen en symptomen van DBH-deficiëntie beschreven en hebben we het belang
benadrukt van het uitvoeren van orthostatische bloeddrukmetingen tijdens routine
lichamelijk onderzoek. Het is belangrijk om op de hoogte te zijn van de uiterst zeldzame
diagnose van DBHdeficiëntie, ook bij kinderen of adolescenten die zich presenteren met
een verminderde nierfunctie, omdat het een behandelbare aandoening is. De patiënte
in ons rapport had een uitstekende klinische respons op L-DOPS, en ook haar nierfunctie
verbeterde.

Deel IV: Reviews en klinische richtlijnen
Deel IV bestaat uit twee overzichtsartikelen over monoamine neurotransmitter
stoornissen.
In hoofdstuk 8 wordt de consensusrichtlijn over de diagnose en behandeling van AADC
deficiëntie gepresenteerd. Deze richtlijn is ontwikkeld door de AADC richtlijngroep van
de internationale werkgroep voor neurotransmitter gerelateerde aandoeningen (iNTD)
met behulp van de Schotse Intercollegiate Guideline Network (SIGN) en Grading of
Recommendations, Assessments, Development and Evaluation (GRADE) methodologie.
De SIGN en GRADE methodologie maakt het mogelijk om sterke (of voorwaardelijke)
aanbevelingen te doen, zelfs op het gebied van zeldzame aandoeningen waar het
meeste bewijs bestaat uit case reports, case series en expert opinion. In de richtlijn
zijn 63 aanbevelingen geformuleerd met betrekking tot klinische presentatie, diagnose,
behandeling, complicaties, langetermijn management, sociale kwesties en transitie, en
speciale situaties (bijv. anesthesie, intensive care management).

12

In hoofdstuk 9 wordt de klinische presentatie en lange termijn follow-up van patiënten
met DBH deficiëntie beschreven. Het hoofdstuk bestaat uit een literatuuroverzicht,
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gecombineerd met een statusonderzoek van de relatief grote populatie van patiënten
met DBH deficiëntie in Nederland. In totaal identificeerden wij 10 patiënten in Nederland,
en 15 aanvullende patiënten uit de literatuur. De follow-up duur van de Nederlandse
patiënten varieerde van 1 tot 21 jaar (mediaan 13 jaar). Alle patiënten hadden
ernstige orthostatische hypotensie. Het pathognomonische metabolietenpatroon
met sterk verlaagde of afwezige (nor)adrenaline, en (sterk) verhoogde dopamine
plasmaconcentraties werd gevonden bij 24/25 patiënten. Alle Nederlandse patiënten
hadden een verminderde nierfunctie en anemie, 50% had hypomagnesiëmie. De
klinische respons op L-DOPS-behandeling was uitstekend en aanhoudend bij alle
patiënten, maar het neurotransmitterprofiel in plasma normaliseerde niet volledig, en
de nierfunctie, anemie en hypomagnesemie verbeterden slechts gedeeltelijk.

Deel V: Algemene discussie en samenvatting
In hoofdstuk 10 geven we een algemene discussie van de bevindingen in dit proefschrift,
en relateren we dat aan ander onderzoek in het veld. Kennishiaten worden besproken
evenals methodologische overwegingen. Ook bespreken we toekomstperspectieven
voor onderzoek en klinische behandeling van monoamine neurotransmitter stoornissen.
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scientists. To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour
established the Donders Graduate School for Cognitive Neuroscience (DGCN), which
was officially recognised as a national graduate school in 2009. The Graduate School
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context fully aligned with the research programme of the Donders Institute.
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For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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