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General Introduction and Thesis Outline

General Introduction and Thesis Outline

1.1 Small-fiber neuropathy: Clinical symptoms
Patients with small-fiber neuropathy (SFN) suffer from a variety of pain symptoms, which are
appreciated as burning sensations, prickling, itching and shooting pains (Devigili et al., 2008,
Holland et al., 1998). Patients have also reported sock/sheet intolerance and restless leg
syndrome (Polydefkis et al., 2000). On the opposite, SFN is also accompanied by a specific
decrease in pain-sensitivity, which includes loss of pinprick and of temperature sensation
(Holland et al., 1998). In general patients with SFN have length-dependent neuropathic pain
symptoms (Fig.1A) (Gorson and Ropper, 1995), although a few reports have demonstrated
that some patients have a non-length dependent small-fiber neuropathy (Terkelsen et al.,
2017, Gorson et al., 2008, Gemignani et al., 2010b) (Fig.1B). Next to pain symptoms the
majority of SFN patients present with autonomic dysfunction leading to complaints of dry
eyes/mouth, alterations in sweating, difficulties with uresis, bowel disturbances (diarrhea,
cramps, constipation and irritability), and gastroparesis. SFN has significant clinical overlap
with 2 other pain syndromes, inherited erythromelalgia (IEM) and paroxysmal extreme pain
disorder (PEPD). Patients with IEM and SFN both have pain in the distal extremities, while
facial pain and pain throughout the body is reported for patients with PEPD and SFN (Yang et
al., 2004, Faber et al., 2012a, Estacion et al., 2011, Fertleman et al., 2006). In addition, redness
of the skin has been reported for all 3 pain disorders.

Figure 1. Clinical presentation of small fiber neuropathy (SFN). Adapted from (Terkelsen et al., 2017). (A) Most
common type of SFN is the length dependent type. The longest nerves are affected first causing a stocking-glove
pattern of the pain symptoms. (B) In non-length dependent SFN, pain presents in a patchy pattern.
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1.2 Small-fiber neuropathy: Diagnosis
SFN is caused by damage to the Aδ-fibers and unmyelinated C-fibers which are both important
in nociception and react to thermal, chemical and mechanical noxious stimuli (Devigili et al.,
2008, Hoeijmakers et al., 2012a). Both types innervate, as free nerve-endings, the dermis and
epidermis of the skin (Fig.2).

Figure 2. Aδ-fibers and unmyelinated C-fibers in the skin. The myelinated Aδ-fibers and unmyelinated C-fibers
end as free nerve endings in the (epi)dermis of the skin. Also depicted are a sweat gland (green), a hair follicle
(purple) and blood vessels located in the Epidermis, Dermis and Hypodermis. Image created by using Servier
medical art (https://smart.servier.com/).

For diagnosing SFN, in addition to the clinical investigation, two tests are being performed to
test nerve density and temperature sensitivity:
-

Measurement of intra-epidermal nerve fiber density (IENFD) in the skin

Patients suspected of SFN undergo a punch biopsy 10cm above the lateral malleolus to
determine the intra-epidermal nerve fiber density (IENFD) in the skin (Lauria et al., 2010b). A
standardized staining procedure with the cytoplasmic PGP9.5 antibody, also known as
ubiquitin C-terminal hydrolase and highly specific for neurons, is used to visualize IENFs (Fig.3).
Tissue sections are examined with a light microscope and IENFs are counted and corrected for
the length of the epidermal surface (Fig.3) (Wang et al., 1990, McCarthy et al., 1995). As in
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healthy individuals, the IENFD declines with age and densities are reduced in man compared
to women, age- and sex-corrected values should be used for comparison (Lauria et al., 2010a).

Figure 3. Skin section of a patient with SFN demonstrating nerve degeneration (adapted from (Hoeijmakers et
al., 2012a). Brightfield microscopy images of skin sections of the distal part of the leg and intra-epidermal nerve
fibers (arrows) stained with the PGP9.5 antibody. In healthy controls, nerve fibers are abundantly present (a)
while in SFN patients (b) there is a significant decrease of these fibers. Scale bar indicates 50µm.

-

Quantitative sensory testing (QST)

Quantitative sensory testing (QST) has been used to assess thermal and vibration sensation in
a quantitative way and has been implicated in the clinic already for a few decades (Fruhstorfer
et al., 1976, Dyck et al., 1978). To assess dysfunction of the small nerves in patients with SFN
only the thermal thresholds, Temperature Threshold Testing (TTT), are determined, which is
normally sufficiently effective for determining sensory neuron dysfunction and therefore
important for the diagnosis of SFN (Devigili et al., 2008, Hoitsma et al., 2003, Hoeijmakers et
al., 2012a, Bakkers et al., 2015). However, this measurement is a subjective measurement,
which is influenced by functioning and perception of the patient (Hoeijmakers et al., 2012a,
Brandow and Panepinto, 2016). Furthermore, the use of standardized protocols, suitable
equipment, trained staff and normative values is important as recommended by the
Neuropathic Pain Special Interest Group (NeuPSIG) (Backonja et al., 2013). At Maastricht
UMC+ TTT was optimized for diagnosing SFN as described by Bakkers et. al (Bakkers et al.,
2015).

11

Chapter 1

The diagnosis of SFN is made based on (Tesfaye et al., 2010, Lauria et al., 2010b, Terkelsen et
al., 2017):
•

Clinical signs of small-fiber damage.

•

Nerve conduction studies of the sural nerve that are within a normal range to exclude large
nerve-fiber involvement.

•

A density of the IENFD lower than the fifth percentile and/or an abolished thermal
threshold at the foot measured with Temperature Threshold Testing (TTT).

While both tests IENFD and TTT are important in diagnosing SFN, they do not show a
consistent pattern in all patients. In our SFN patient population consisting of 1139 patients,
only 25.9% had both an abnormal IENFD and TTT, whereas in 6.9% of the patients only the
IENFD was abnormal and in 67.2% only an abnormal TTT was found, indicating a heterogenic
manifestation. Therefore, in the last few years, new methods have been developed that could
shed a light on these differences. These include corneal confocal microscopy (Gemignani et
al., 2010a, Tavakoli et al., 2010), microneurography (Donadio and Liguori, 2015, Liguori et al.,
2011), nociceptive evoked potentials (laser-evoked, contact-evoked, pain-related evoked and
intraepidermal electrical stimulation) (Truini et al., 2004, Lagerburg et al., 2015, Obermann et
al., 2008, Kodaira et al., 2014). These methods are currently being evaluated for their
contribution to a more accurate and more specific diagnosis of SFN or SFN-subgroups. For
instance, in Maastricht UMC+, we are currently testing the usefulness of the noninvasive in
vivo corneal confocal microscopy as a replacement for or addition to the skin biopsy.

1.3 Causes of small-fiber neuropathy
Causes of SFN can be manifold, including disorders, like diabetes mellitus, HIV, hyperlipidemia,
amyloidosis and celiac disease, and/or pathogenic genetic variants, like those detected in the
voltage-gated sodium channel (VGSC) genes SCN9A, SCN10A and SCN11A. For a complete list
of causes, we refer to Hoeijmakers et al. (Hoeijmakers et al., 2012a). According to a recent
study by our group, the most prevalent causes of SFN are immunological disorders (19%),
variants in VGSC genes (16.7%), diabetes mellitus (7.7%), glucose intolerance (9.7%) and
vitamin B12 deficiencies (4.7%) (de Greef et al., 2018). However, this does not necessarily

12

General Introduction and Thesis Outline

mean that all patients with these conditions or carriers of VGSC variants will develop SFN. For
patients with diabetes mellitus, approximately 50% of the patients develop a neuropathy
(Kaur et al., 2011). Besides, some of these conditions can also show a mixed neuropathy with
both small and large nerve fibers affected (Kaur et al., 2011). Although many underlying causes
of SFN have been characterized, still more than 50% of the patients remain idiopathic,
meaning that no underlying cause could be identified (de Greef et al., 2018).

1.4 Management of small-fiber neuropathy
Not only the diagnosis but also the identification of the underlying cause is important since
treatment and management of SFN is guided by causes and symptomatic manifestations.
Some of these causes are treatable and treatment can result in a reduction of neuropathic
pain. For instance, glycemic control in diabetic neuropathy patients was able to ameliorate
pain symptoms, and diabetic risk management influenced positively the course of the
neuropathy (Tesfaye et al., 2010). In Fabry disease where one of the first symptoms is SFN,
replacement therapy with the α-galactosidase-A enzyme, which is deficient in this disorder,
resulted in improvement of the clinical manifestations of SFN (Biegstraaten et al., 2012,
Schiffmann et al., 2003). However, in many cases, an underlying cause is either not found or
is not treatable (section 1.3). For all these patients, treatment is only based on symptomatic
pain management. Despite applying a number of treatments, like antidepressants, opioids,
and anti-epileptics, adequate pain relief is only observed in half of the patients (Finnerup et
al., 2015). In addition, treatment is often halted due to complications caused by side-effects.
Furthermore, the results of ongoing clinical trials with sodium channel blockers are
disappointing (Emery et al., 2016). Understanding the pathophysiological mechanism involved
in the development of SFN and neuropathic pain could contribute to the development of novel
analgesics.

1.5 Voltage-gated sodium channels and small-fiber neuropathy
Pathogenic variants in VGSC genes are a prevalent cause in patients with SFN and further
insights into the underlying pathophysiological mechanism of this type of SFN could lead to
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improved management and possibly new therapeutic strategies. As not all variants can be
unambiguously classified and their role in SFN pathophysiology is not fully understood, we will
introduce the zebrafish model as a possible tool for variant classification and for
pathophysiological and therapeutic studies.

1.5.1 Role of voltage-gated sodium channels in small-fiber neuropathy
Voltage-gated sodium channels defects as cause of small-fiber neuropathy
VGSCs are part of a family of homologous sodium channels that are important in the initiation
and propagation of action potentials and play an important role in the electric signaling of
cells (Ahern et al., 2016, Marban et al., 1998). In humans, there are in total 9 different VGSCs,
which are expressed in various tissues (CNS, PNS and cardiac/skeletal muscles) (Goldin, 2001,
Rogart et al., 1989, Trimmer et al., 1989, Wang et al., 2017). VGSCs consist of 4 domains (DIDIV) which are connected by 3 intracellular linkers (L1-L3) (Fig.4) (Marban et al., 1998). Each
domain consists of 6 transmembrane segments (S1-S6) that together with the other domains
form the pore (Catterall, 2000) (Fig.4). Segments S5 and S6 constitute the sodium ion-selective
part of the pore, whereas segments S1-S4 are considered the voltage-sensing part of the
domain (Ahern et al., 2016). As the name implies the voltage-sensing part responds to changes
in the membrane potential and thereby controls the gate. The S4 segment, often referred to
as the voltage sensor, contains a repetition of the positively charged amino acid Arginine
(Catterall, 2010, Catterall, 2014). Depolarizations of the membrane potential (resting potential
-60mV, dorsal root ganglia (DRG) neurons (Wang et al., 1994)) activate the sodium channel
and induce outward movement and rotating of the S4 segment and simultaneously opening
of the pore (Catterall, 2010). This results in an influx of sodium ions which further depolarizes
the membrane potential and contributes to the rising phase of the action potential. After
prolonged activation, the pore is closed by the intracellular linker L3 also referred to as the
inactivation gate, which works like a plug (Ahern et al., 2016). This mechanism allows the
membrane potential to repolarize.
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Figure 4. Schematic overview of a voltage-gated sodium channel including a top view. Adapted from (Faber et
al., 2012a). Voltage-gated sodium channels consist of four domains indicated by four different colors (blue,
orange, green and brown). Each domain is made up of 6 segments (S) and S4 acts in each domain as the voltage
sensor (+). Segments are connected by so-called loops which can be located intra-or extracellularly. Domains are
connected by 3 Linkers (L) which link S6 with S1 of the following domain. N-terminus (N) and C-terminus (C) of
the protein. Top view illustrates the connections between the segments and the ion-selective pore that is formed.

Pathogenic variants in VGSC genes are the cause of different types of channelopathies (Kim,
2014), but those in the SCN9A, SCN10A and SCN11A genes, which are mainly expressed in the
PNS, cause SFN (Faber et al., 2012a, Faber et al., 2012b, Huang et al., 2014). The first VGSCs
variants causing SFN were reported by our group in 2012. This study described an idiopathic
SFN patient population, including 28 patients (Faber et al., 2012a). Genetic screening of SCN9A
revealed in 8 patients 7 different variants (Faber et al., 2012a). Functional characterization
demonstrated that all 7 variants resulted in a gain-of-function, leading to hyperexcitability of
DRG neurons (Faber et al., 2012a). Further studies revealed a novel SCN9A variant, p.(G856D),
in patients that presented next to SFN, small hands, shorter lower legs and small feet also
known as acromesomelia (Hoeijmakers et al., 2012b). Functional assessment demonstrated
that this variant increased excitability of DRG neurons comparable with other SCN9A variants
(Hoeijmakers et al., 2012b). However, this variant produced also a significant increase in the
persistent current, which was not observed for variants causing SFN (Hoeijmakers et al.,
2012b). Whether this variant also causes the limb abnormalities remains unclear and awaits
functional validation. It is also possible that a variant in another gene could be responsible for
this part of the phenotype.
Gain-of-function variants in SCN9A are not unique to SFN and have also been found in
paroxysmal extreme pain disorder (PEPD) and inherited erythromelalgia (IEM). The effects of
these variants differ with incomplete fast inactivation in PEPD and hyperpolarized shifts in
activation or enhanced ramp currents in IEM (Faber et al., 2012a, Dib-Hajj et al., 2010). A total
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of 12 different SCN9A variants has so far been reported as the cause of PEPD (Meglic et al.,
2014, Drenth and Waxman, 2007, Fertleman et al., 2006, Imai et al., 2015, Suter et al., 2015,
Choi et al., 2011). Most of them (7) are located in L3 and the domain and loops of DIV. Cell
electrophysiology studies for three of these SCN9A variants, p.(I1461T), p.(T1464I) and
p.(M1627K), revealed that they impair fast inactivation (Drenth and Waxman, 2007). A recent
overview of 26 IEM variants revealed a possible hotspot for IEM in segments S4, S5, S6, and
Loop S4/S5 (Tang et al., 2015). Remarkably, the p.(I228M) variant reported in patients with
SFN and erythromelalgia does not exhibit the hyperpolarized activation characteristic of IEM
variants (Faber et al., 2012a, Tang et al., 2015, Estacion et al., 2011, Dib-Hajj et al., 2010),
thereby further contributing to the phenotypic diversity and individual-specific manifestation,
even displaying intrafamilial phenotypic variability (Estacion et al., 2011). In addition, to these
pain disorders, autosomal recessive loss-of-function variants in SCN9A are the cause of
congenital insensitivity to pain (CIP) (Cox et al., 2010, Shorer et al., 2014, Drenth and Waxman,
2007). These patients are at high risk of tissue damage or physical injury caused by a lack of
pain perception. Also reported are patients with partial absence of pain sensation (Yuan et al.,
2011).
Genetic screening of SCN10A, which is important in the upstroke of the action potential, in
104 patients with SFN resulted in the identification of 7 missense variants (Faber et al., 2012b).
Functional characterization of three of these variants revealed for two an increased
excitability of DRG neurons (Faber et al., 2012b). Additionally, two other substitutions in
SCN10A were reported affecting the excitability of DRG neurons (Huang et al., 2013, Han et
al., 2014). More recently, the identification of SCN11A gain-of-function variants has been
reported as the cause of SFN (Huang et al., 2014) and two missense substitutions in this gene,
linked to pain insensitivity (Huang et al., 2017). A variant in SCN10A was also reported as the
cause of IEM (Kist et al., 2016), indicating that the phenotypic variability is not limited to
SCN9A.
Pathophysiology
•

Gain-of-function variants in voltage-gated sodium channel genes.

Many causes can underlie SFN and several mechanisms have been proposed explaining the
damage that occurs to the small-nerve fibers. A causal relationship between variants in VGSC
genes and SFN has been demonstrated by cell electrophysiology and neuron cultures.
16
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Transfection of the SCN9A p.(I228M) pathogenic variant in DRG neurons led to a significant
reduction (20%) of neurite length after 3 days in culture (Persson et al., 2013b). Other
pathogenic SCN9A variants tested, p.(M932L)/(V991L) and p.(I720K), revealed only a trend
towards a reduced neurite length (Persson et al., 2013b). Interestingly, incubation of the cells
with a sodium channel blocker or a blockage of the reverse operation of the sodium/calcium
exchanger (NCX) prevented the reduction of neurite length induced by the p.(I228M) variant
(Persson et al., 2013b). The NCX is a transmembrane protein that transports one Ca2+ out of
the cell in exchange for three Na+ ions (Jeffs et al., 2007). Reverse operation of this exchanger
contributes to elevated intracellular Ca2+ levels. High intracellular levels of Ca2+ have been
associated with neurite degeneration, affecting Ca2+ sensitive calpain, phospholipases, and NO
synthase (Wang et al., 2012, Lehning et al., 1996, Stys et al., 1992, Fernyhough and Calcutt,
2010). Estacion et al. and Roylan et al. further explored this mechanism by studying the
p.(G856D), a pathogenic variant which produced an enhanced persistent current (Rolyan et
al., 2016, Estacion et al., 2015). After three days in culture, rodent DRG neurons expressing
this pathogenic variant did not have a difference in neurite length when compared to neurites
of WT DRG neurons. A significant reduction of length and an increase of degeneration of the
small-diameter neurites became apparent after 30 days in culture and thus demonstrated a
time-dependent effect (Rolyan et al., 2016). At this stage elevated intracellular Ca2+ levels
were measured in these small-diameter axons (Rolyan et al., 2016). A blocker targeted to the
NCX was able to reverse these high intracellular levels (Estacion et al., 2015).
•

Voltage-gated sodium channels and mitochondria.

Mitochondria have, in addition to ATP production, also an important role in Ca2+ homeostasis
(Contreras et al., 2010). They regulate intracellular Ca2+ levels via the NCX and the
mitochondrial Ca2+ uniporter, which is a mitochondrial transmembrane protein that is
important in the uptake of Ca2+ from the cytosol (Kirichok et al., 2004, Santo-Domingo and
Demaurex, 2010, Nikolaeva et al., 2005, Alam et al., 2012). Recent studies have linked
mitochondrial dysfunction with the activity of VGSCs and axonal degeneration (Persson et al.,
2013a, Press and Milbrandt, 2008). Inhibition of OXPHOS complex I by rotenone caused
neurite degeneration of DRG neurons (Persson et al., 2013a), which could be partially
protected by blockage of VGSCs and inhibition of the reverse mode of the NCX. Furthermore,
inhibition of the Na+/K+ ATPase resulted also in neurite degeneration which as well was
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attenuated by blockage of VGSCs and inhibition of the reverse mode of the NCX (Persson et
al., 2013a). These results make it interesting to speculate that impaired functioning of
mitochondria could contribute, especially in patients that have gain-of-function variants, to
the development or severity of SFN (Persson et al., 2016). Besides, they can probably have a
role independent of VGSC variants as a primary cause of SFN.
•

Voltage-gated sodium channels and diabetes mellitus.

Co-morbidity of diabetes mellitus in SFN patients with SCN9A variants and the expression of
VGSCs in pancreatic β cells have led to the hypothesis that SCN9A variants that chronically
depolarize the membrane potential, potentially can injure these cells. This would imply that
SCN9A variants do not only play a role in the development of SFN but also contribute to the
development of diabetes mellitus (Hoeijmakers et al., 2014).
1.5.2 Genetic screening and the identification of potentially pathogenic variants in voltagegated sodium channel genes.
At the Maastricht UMC+ genetic screening of SCN9A, SCN10A and SCN11A has become part
of the diagnostic follow-up of SFN patients. Each year ±350 patients visit our center with
complaints of neuropathic pain and possibly SFN and genetic screening of these genes in our
SFN patient cohort demonstrated that ±16% harbors a potentially pathogenic variant in the
VGSC genes. The evaluation of pathogenicity of variants is done according to the international
guidelines provided by the Dutch Society of Clinical Genetic Laboratory Specialists and the UK
Clinical Molecular Genetics Society (Wallis, 2013). However, for the classification of variants
in VGSC genes an addition to these international guidelines has been proposed, covering the
context of phenotype, family history, in silico analysis and functional assessment of the variant
(Waxman et al., 2014). This addition is necessary because the penetrance of variants in VGSC
genes is reduced and appears to be triggered by environmental factors or diseases. Therefore,
it is expected that some of these variants, which are damaging at the protein level, may only
cause SFN in combination with genetic or other factors, like for instance, diabetes mellitus. To
investigate the correlation between diabetes mellitus and SFN, members of our group have
screened SFN patients who are diagnosed with diabetes mellitus to determine the frequency
of genetic variants in VGSCs in this group of patients. The classification criteria of variants of
SCN9A, SCN10A and SCN11A are described in detail in box 1. This classification exists of 5
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categories: pathogenic, probably pathogenic, possibly pathogenic, variants with uncertain
clinical significance (VUS) and remaining polymorphisms (not in box 1). In this classification
scheme, the functional effect of genetic variants in SCN9A, SCN10A, and SCN11A on VGSC
function is included, assessed by voltage and current clamp studies. This is at the moment the
only method and gold standard to unambiguously confirm a damaging functional effect
(Waxman et al., 2014). The cell-type used for these experiments is important, as different
results were observed in HEK293 cells compared to DRG neurons (Han et al., 2012). Therefore,
it is recommended to assess the effects of these variants in small DRG neurons which include
nociceptors (Waxman et al., 2014). In voltage clamp studies, the membrane voltage can be
set at a preferred voltage, the necessary current to reach this voltage is generated by the
sodium channels that are present in the axon and is measured by an electrode
(Moleculardevices, 2015). Furthermore, contributions of VGSCs to the action potential can be
studied by applying compounds like tetrodotoxin (TTX) that can block VGSCs sensitive for this
toxin (Chen and Chung, 2014). However, not all VGSCs are TTX sensitive (Ahern et al., 2016).
Using DRG neurons from null mutants and/or mutagenesis of the amino acid contributing to
the TTX sensitivity are options to overcome these problems.
Current-clamp analysis provides information about the excitability of pain-signaling neurons.
For these studies, currents are set at a constant and the changes in membrane potential are
measured (Moleculardevices, 2015, Waxman et al., 2014). This allows studying the action
potential that is generated by depolarizations. To assess functional characteristics of gene
variants, the combination of both methods is recommended (Waxman et al., 2014).
A problem of electrophysiology being the gold standard for determining the effect of the
variant on the VGSC is that it is for practical reasons not possible to carry out these tests in a
diagnostic environment where ±60 potentially pathogenic variants are characterized every
year. The net result is that many variants are not followed up and will remain variants with
uncertain clinical significance. Furthermore, the assay can also not explain the variable
expression and penetrance of these variants, implying that the personal context is important
as well. An alternative strategy for determining which variants are truly pathogenic and how
genetic and other factors modify the clinical outcome is therefore urgently needed.
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Box 1. Guidelines for the classification of variants of SCN9A, SCN10A and SCN11A as proposed by (Waxman et
al., 2014).

1.5.3 The zebrafish as a model to study small-fiber neuropathy.
There is a need for a model that can represent the clinical spectrum of SFN and allows studying
the effect of gain-of-function variants in a whole organism. Rat and mice models to study the
disease course of neuropathy are mainly based on diabetic neuropathy and other mechanisms
to induce neuropathic pain (Gao and Zheng, 2014, Jaggi et al., 2011). We propose zebrafish as
a potential model to study pathogenicity of genetic variants in VGSC genes and study SFN
disease pathophysiology.
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Zebrafish as a model system for studying nociception
Zebrafish has proven to be an excellent model to study gene function and disease
pathophysiology, including neurodegenerative disorders (Martin-Jimenez et al., 2015, Best
and Alderton, 2008, Xi et al., 2011). The somatosensory nervous system in zebrafish consists
like in mammals, of trigeminal ganglia (TG), vagal ganglia and DRG neurons (Malafoglia et al.,
2013). In addition, they have like other teleost fish species, two other systems to acquire
sensory information: the lateral line and Rohon Beard (RB) neurons (Reyes et al., 2004, Ghysen
and Dambly-Chaudiere, 2004). The lateral line allows fish to detect water motion and pressure
and senses movement of other animals allowing them to swim in a school (Malafoglia et al.,
2013). It is made up of a special type of mechanosensitive receptor called neuromasts (Van
Trump and McHenry, 2008, Ghysen and Dambly-Chaudiere, 2004). The lateral line is in
structure and physiology homologous to the mammalian inner ear (Malafoglia et al., 2013).
RB neurons are an early type of sensory neurons, which allows the externally developing
embryo to acquire sensory input leading to activation of escape behavior in case of
environmental threats (Reyes et al., 2004, Malafoglia et al., 2013). This type of neuron starts
to innervate the skin by 16 hours-post fertilization (hpf) and ends as free nerve endings in the
skin (O'Brien et al., 2012). Like DRG and TG neurons, these neurons have a bipolar or pseudounipolar structure, with one axon from the cell body projecting towards the central nervous
system and an axon projected into the periphery innervating the skin (O'Brien et al., 2012). In
contrast to DRG and TG neurons which have the cell bodies located outside the CNS, the cell
bodies of RB neurons are located in the dorsal spinal cord (O'Brien et al., 2012). RB neurons
exist only temporarily and start to disappear at 3 days post fertilization (dpf) (Svoboda et al.,
2001); their functions are gradually taken over by DRG neurons which start to form around
36hpf (McGraw et al., 2008, Malafoglia et al., 2013). A transgenic zebrafish line sensory:GFP,
marking the sensory neurons with GFP has previously been created (O'Brien et al., 2012). This
transgenic line makes use of the UAS/GAL4 expression system where an enhancer of the islet1 (isl[ss]) gene drives expression of GAL4-VP16 and thereby activates GFP under the control of
14 copies of the Gal4 upstream activating sequences (UAS). An overview of RB neurons
(arrowhead) and TG neurons (arrow) in zebrafish embryos of this line at 56hpf is depicted in
Fig.5. Furthermore, the family of VGSC genes in teleost species shares high levels of identity
with their mammalian counterparts (Malafoglia et al., 2013). Since several are broadly
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expressed in the somatosensory nervous system, it is likely that they play also in the zebrafish
an important role in nociception.

Figure 5. Transgenic zebrafish embryo of the sensory:GFP line. Adapted from (O'Brien et al., 2012). Lateral view
of a sensory:GFP embryo at 56hpf in combination with keratin4:dsRED to visualize the skin of the embryo. The
Arrow points to trigeminal ganglia and the arrowheads to the cell bodies of RB neurons. Scale bar indicates
400µm.

Zebrafish have already been used in several nociception studies (Taylor et al., 2017, Prober et
al., 2008). These studies take advantage of the escape behavior of zebrafish larvae in response
to elevated water temperatures and noxious compounds like mustard oil (AITC) which is
characterized by an increased swimming activity (Gau et al., 2013, Prober et al., 2008,
Curtright et al., 2015). Based on these observations, temperature aversion assays have been
developed to test the potential analgesic properties of novel compounds (Curtright et al.,
2015).
To conclude, the zebrafish has many advantages as a model organism and because of the
similarities in neuroanatomical organization, it is an interesting model to test the large number
of potentially pathogenic variants identified in our SFN patient cohort. Obviously, this requires
functional homology between the zebrafish and human genes, allowing to mimic the gene
defect in the fish. However, before such approach could be applied, read-outs in the zebrafish
based on the diagnostic hallmarks of SFN (a decreased nerve density and an altered thermal
sensitivity measured with TTT) need to be established. The transgenic sensory:GFP line (Fig.5)
could be a useful read-out and a recently customized ZebraBox would allow us to determine
temperature sensitivity of zebrafish larvae. If such model could be established, this would also
enable us to test therapeutic interventions by using the same read-outs.
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Aims and outline of the thesis
SFN patients typically complain of length-dependent neuropathic pain symptoms due to
dysfunction and degeneration of thinly-myelinated Aδ and unmyelinated C-fibers. Pain
symptoms can be spontaneous (e.g. burning, deep, paroxysmal pain) and evoked by
innocuous stimuli (e.g. light touch or pressure, warm and cold water). The diagnosis of SFN is
based on the characteristic clinical picture and abnormal TTT and/or reduced IENFD in a skin
biopsy. Gain-of-function variants in the VGSC genes SCN9A, SCN10A, and SCN11A, altering the
sensitivity of sensory neurons, have been identified as one of the underlying causes.
At the Maastricht University Medical center+ we screen SFN patients for SCN9A, SCN10A and
SCN11A, resulting in the identification of many missense variants, part of them damaging and
probably or likely disease-causing. The frequencies reported in these genes were based on
relatively small patient groups of 393 patients and with frequencies ranging from 3.1% for
SCN11A, 3.8% for SCN10A to 8.6% for SCN9A the numbers are too small to establish genotypephenotype correlations. This is particularly important as the penetrance of these variants is
not 100% and further studies in larger cohorts are warranted to characterize the additional
hits required for SFN to become manifest. This should be accompanied by pathophysiological
studies not only in vitro but also in an in vivo model, which could also be used to test
therapeutic interventions. As current methods to determine the effect of the variants
unambiguously (electrophysiology) are not feasible at the speed of variant detection in a
diagnostic setting, such a model would preferably have a high- or medium-throughput in
variant classification. We hypothesize that the zebrafish has the potential to become such a
model.
These are the aims for the work presented in this thesis:
1. Define the frequency and phenotypic expression of SCN9A, SCN10A and SCN11A
variants in a large, well-characterized cohort of 1139 SFN patients.
2. Establish a read-out in the zebrafish that reflects important clinical aspects of SFN
and allows testing of SFN variants and study their pathophysiology.
3. Application of the read-out panel to study other mechanisms that could be related
to the development of SFN.
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Chapter 2 provides an overview of the number of the potentially pathogenic variants
identified in a SFN patient cohort of 1139 patients. These patients visited the clinic between
September 2009 and January 2017 and were screened for variants in SCN9A, SCN10A and
SCN11A. The group consisted of patients with a pure SFN, meaning typical clinical symptoms
were present in combination with an abnormal IENFD in skin biopsy and/or abnormal TTT,
without signs of large nerve-fiber damage on neurological examination and/or NCS.
Furthermore, we investigated genotype-phenotype correlations for important clinical
parameters.
In Chapter 3 we studied the evolutionary conservation between the zebrafish VGSCs and the
human VGSCs expressed in the sensory nervous system. Although there are many similarities
between zebrafish and humans in the sensory nervous system with respect to pain perception
there is no 1:1 ortholog for human SCN9A in zebrafish. To overcome this issue, we decided to
overexpress human SCN9A variants in the zebrafish, under the assumption that the human
protein would be functional in the fish.
In chapter 4 we created a model of SFN in zebrafish by overexpressing 2 human pathogenic
SCN9A variants (p.(I228M) and p.(G856D). To determine the effect of these variants in
zebrafish we set up and validated a panel of read-out parameters, based on hallmarks of SFN,
which consisted of behavioral tests and morphological characteristics. For the first, we have
developed a temperature-controlled system which allowed us to quantify the reaction to
temperature changes in zebrafish embryos. For the second, nerve density in the skin was
studied using a transgenic zebrafish line in which the sensory neurons are GFP-labelled. In this
chapter, we demonstrate the potential of this model for testing the pathogenicity of novel
potentially pathogenic variants identified in patients with SFN.
In chapter 5 we used the SFN read-out panel in zebrafish to test other potential mechanisms
involved in SFN. As mitochondrial dynamics and intracellular mitochondrial transport are
important for the distribution of healthy mitochondria along axons we investigated the role
of mitochondrial dynamics in sensory neuron development. We used morpholinos to inhibit
the possible mitochondrial fission factor GDAP1 and the inner mitochondrial membrane
fusion protein OPA1.
24

General Introduction and Thesis Outline

Finally, in chapter 6 we discuss our results in view of previous and ongoing work together with
a summary of the work
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Abstract
Background: Neuropathic pain is common in peripheral neuropathy. Recent genetic studies
have linked pathogenic voltage-gated sodium channel (VGSC) variants to human pain
disorders. Our aims are to determine the frequency of SCN9A, SCN10A and SCN11A variants
in patients with pure small-fiber neuropathy (SFN), analyze their clinical features, and provide
a rationale for genetic screening.
Methods: Between September 2009 and January 2017, 1139 patients diagnosed with pure
SFN at our reference center were screened for SCN9A, SCN10A and SCN11A variants.
Pathogenicity of variants was classified according to established guidelines of the Association
for Clinical Genetic Science and frequencies were determined. Patients with SFN were
grouped according to the VGSC variants detected, and clinical features were compared.
Results: Among 1139 patients with SFN, 132 (11.6%) patients harbored 73 different
(potentially) pathogenic VGSC variants, of which 50 were novel and 22 were found in ≥1
patient. The frequency of (potentially) pathogenic variants was 5.1% (n=58/1139) for SCN9A,
3.7% (n=42/1139) for SCN10A, and 2.9% (n=33/1139) for SCN11A. Only erythromelalgia-like
symptoms and warmth-induced pain were significantly more common in patients harboring
VGSC variants.
Conclusion: (Potentially) pathogenic VGSC variants are present in 11.6% of patients with pure
SFN. Therefore, genetic screening of SCN9A, SCN10A and SCN11A should be considered in
patients with pure SFN, independently of clinical features or underlying conditions.

Keywords: small-fiber neuropathy, painful neuropathy, neuropathic pain, voltage-gated
sodium channels, SCN9A, SCN10A, SCN11A, frequency of (potentially) pathogenic variants
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Introduction
According to the International Association for the Study of Pain (IASP), pain is defined as an
unpleasant sensory and emotional experience associated with actual or potential tissue
damage. As in neuropathic pain the somatosensory nervous system is affected (Treede et al.,
2008), it is not surprising that pain is frequently reported in peripheral neuropathy, especially
when the small diameter sensory nerve fibers are involved (Hoeijmakers et al., 2012a). Pure
small-fiber neuropathy (SFN) is a peripheral neuropathy in which the thinly myelinated Aδfibers and unmyelinated C-fibers are selectively affected, leading to sensory symptoms and
autonomic dysfunction (Hoeijmakers et al., 2012a). In general, neuropathic pain is the main
symptom, reflected by allodynia and hyperalgesia, but also thermal sensory loss, pinprick loss,
restless legs syndrome, sicca syndrome, accommodation problems, hyperhidrosis or
hypohydrosis, micturation disturbances, impotence and/or diminished ejaculation or
lubrication, bowel disturbances (constipation, diarrhea, irritability, gastroparesis, cramps), hot
flushes, orthostatic dizziness, and cardiac palpitations may be present (Hoeijmakers et al.,
2012a). Pharmacotherapy for neuropathic pain in SFN is challenging since the efficacy of
currently available medications is moderate and side-effects are often dose-limiting (Finnerup
et al., 2015, Brouwer et al., 2015b). A better understanding of genetic causes and
pathophysiology of peripheral neuropathy may provide a basis for development of more
effective, personalized treatment.
Voltage-gated sodium channels (VGSCs) are integral membrane polypeptides that are mainly
present in excitable cells. The large α-subunit is constructed of four homologous domains (DIDIV) with six transmembrane segments (S1-S6), forming an ion-selective pore. Associated
smaller auxiliary β-subunits contribute to targeting and anchoring of the channel at specific
sites in the plasma membrane, modulating gating properties of the α-subunit (Catterall et al.,
2005). VGSCs NaV1.7, NaV1.8, and NaV1.9, respectively encoded by SCN9A, SCN10A and
SCN11A, are preferentially expressed in the small diameter dorsal root ganglion neurons
(DRGs) and their peripheral axons. They play important roles in generation and conduction of
action potentials in the physiological pain pathway (Catterall et al., 2005, Dib-Hajj et al., 2010).
In addition, NaV1.7 is present in sympathetic ganglion neurons of the peripheral autonomic
nervous system (Catterall et al., 2005).
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Gain-of-function VGSC variants or dysregulated VGSC expression can cause pathological pain
states characterized by spontaneous and prolonged pain (Dib-Hajj et al., 2010). A causal link
between pathogenic SCN9A variants and multiple human pain syndromes has been reported.
SCN9A variants that increase the excitability of DRG were initially found in inherited
erythromelalgia (IEM), an autosomal dominant disorder characterized by episodic painful red
discolored extremities due to warm temperatures and exercise (Dib-Hajj et al., 2005, Spillane
et al., 2016). Shortly thereafter, pathogenic SCN9A variants were shown to be responsible for
the episodic pain and autonomic features in the ocular, mandibular and sacral regions in
paroxysmal extreme pain disorder (PEPD) (Fertleman and Ferrie, 2006, Fertleman et al., 2006).
Several years later, SCN9A gain-of-function variants were demonstrated in 28.6% (n=8/28) of
a cohort of patients with skin biopsy-confirmed idiopathic pure SFN (Faber et al., 2012a).
Subsequently, pathogenic SCN10A and SCN11A variants were found in SFN patients (Faber et
al., 2012b, Huang et al., 2014).
A follow-up study of 393 patients diagnosed with SFN, based on typical clinical features
(neuropathic pain and autonomic complaints) in combination with an abnormal
intraepidermal nerve fiber density (IENFD) in skin biopsy and/or abnormal temperature
threshold testing (TTT), showed that 9.1% (n=34/393) harbored an SCN9A variant, 4.2%
(n=15/359) an SCN10A variant, and 3.5% (n=12/345) an SCN11A variant (Huang et al., 2014,
Brouwer et al., 2014).
Over the past years our SFN-cohort has expanded to 1502 patients. Aims of the current study
were to provide more precise data on SCN9A, SCN10A and SCN11A variant frequencies and a
rationale for the genetic screening of patients with pure SFN and to compare the clinical
features of patients with SFN with and without VGSC variants.

Methods
Study population and clinical characterization
The retrospective study was conducted at the Departments of Neurology and Clinical Genetics
of the Maastricht University Medical Centre+ (Maastricht UMC+), Maastricht, The
Netherlands, a tertiary national referral center for patients with clinical symptoms of SFN.
Between September 2009 and January 2017, 1502 adult patients (age ≥ 18 years old) with SFN
symptoms were examined in a structured day case setting. The following records were taken:
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i.

Demographic data; age of onset of complaints; duration of symptoms; altered pain
sensation; presence of erythromelalgia symptoms, itch or cramps; influence of
temperature, exercise or rest on pain; medical history and family history; neuropathic
pain medication used at moment of presentation;

ii.

Neurological examination (muscle strength, pinprick sensation, vibration- and position
sense, tendon reflexes);

iii.

Nerve conduction studies (motor nerves: peroneal and tibial nerves to determine the
compound muscle action potential amplitude, distal latency, and conduction
velocities; sensory nerves: ulnar and/or median and sural nerve to determine sensory
nerve action potential amplitudes, distal latencies and conduction velocities);

iv.

Thermal threshold testing (TTT) (Yarnitsky and Sprecher, 1994);

v.

Skin biopsy for determination of IENFD (Lauria et al., 2010);

vi.

Multiple questionnaires, including the Visual Analogue Scale (VAS) to assess pain
intensity (Maxwell, 1978); Neuropathic Pain Scale (NPS) to evaluate ten qualities of
neuropathic pain (Galer and Jensen, 1997); and the SFN Symptom Inventory
Questionnaire (SFN-SIQ) which includes 13 SFN specific symptoms (Brouwer et al.,
2015a).

According to the international criteria, the diagnosis pure SFN was established when typical
clinical symptoms were present in combination with a decreased IENFD in skin biopsy and/or
abnormal TTT, without signs of large nerve fiber damage on neurological examination and/or
NCS (Tesfaye et al., 2010, Hoeijmakers et al., 2012a). Other underlying diseases or use of
medication were excluded as possible causes. To search for associated conditions, patients
diagnosed with pure SFN underwent extensive blood analyses as described previously (de
Greef et al., 2018).
Variant screening
Genomic DNA was extracted from whole blood using NucleoSpin®8 Blood Isolation kit
(Macherey-Nagel, Düren, Germany) according to manufacturer’s instructions. Coding exons
and exon-flanking intronic regions of SCN9A, SCN10A and SCN11A were amplified by PCR and
sequenced by Sanger sequencing. Sequences were compared with reference sequence
GRCh37. Variants detected were annotated according to guidelines of the Human Genome
Variation Society (http://www.hgvs.org/mutnomen/). Variants which were located in
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functional domain of the protein and/or at a highly conserved amino acid in mammalian
paralogues/human VGSC orthologs were classified and reported according the Practice
Guidelines of the Association for Clinical Genetic Science (ACGS) and recommendations of
Waxman et al (Wallis, 2013, Waxman et al., 2014). Co-segregation of (potentially) pathogenic
variants with the disease was tested, if possible, in cases with a positive family history.
Statistical analysis
The primary analysis was the comparison of clinical variables between pure SFN patients with
and without VGSC variant. For categorical variables, the chi-square test was used or the Fisher
exact test when necessary. For continuous variables, the independent student's t-test was
chosen. Equal variances between two groups were tested with the Levene's test. For these
analyses, a significance level of 0.05 was used.
Post-hoc analyses were performed to investigate whether differences between patients with
specific VGSC variants and without variants were present. In total six post-hoc analyses per
variable were executed. The analyses were performed in the same way as the primary
analyses, however, the significance level was adjusted for multiple testing with the Bonferroni
correction (0.05/6). Therefore, post-hoc analyses were compared with a significance level of
0.0083. Missing values where not imputed or estimated.

Results
Patient characteristics
The diagnosis of pure SFN was established in 1139 of 1502 patients (75.8%) referred to our
center (Fig.1). More females (59.2%) were present than males. The mean age at presentation
in our referral center was 52.1 years (SD 13.2 years), with an age of onset of symptoms at 46
years (SD 14.6 years). In 25.9% of patients the diagnosis of pure SFN was based on the clinical
picture in combination with both an abnormal IENFD and TTT, in 6.9% of the patients only the
IENFD was abnormal, while in 67.2% solely an abnormal TTT was found. In 61.1% (n=696) of
patients with pure SFN, additional workup revealed no associated conditions. Autoimmune
diseases were found in 21.7% (n=247), glucose intolerance in 10.6% (n=121), vitamin B12
deficiency in 6.6% (n=75), diabetes mellitus in 5.2% (n=59), alcohol abuse in 2.7% (n=31),
chemotherapy in 2.2% (n=25), monoclonal gammopathy of undetermined significance in 1.1%
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(n=13), and haemochromatosis in 0.6% (n=7) of patients, which is in line with our previous
reports (de Greef et al., 2018). Multiple associated conditions can be found within one patient.

Figure 1. Patients with SFN analyzed for potentially pathogenic SCN9A, SCN10A and SCN11A variants in the
Maastricht University Medical Center+. Diagnosis of pure SFN was made according to the international criteria
by the clinical symptoms in combination with an abnormal intraepidermal nerve fiber density in skin biopsy
and/or abnormal temperature threshold testing (Galer and Jensen, 1997, Hoeijmakers et al., 2012a). Genetic
screening of SCN9A, SCN10A and SCN11A was performed with Sanger sequencing. Variants which were located
in the functional domain of the protein and/or at a highly conserved amino acid in mammalian paralogs/human
VGSC orthologs were classified according to the practice guidelines of the Association for Clinical Genetic Science
and recommendations of Waxman (Waxman et al., 2014, Wallis, 2013). Patients in this study were included
between September 2009 and January 2017. *One patient was heterozygous for two SCN9A variants and one
SCN11A variant. SFN, small-fiber neuropathy.

Genetic screening of SCN9A
Among 1139 patients with pure SFN, 28 different (potentially) pathogenic heterozygous
SCN9A variants were detected in 58 patients (5.1%, Fig.1 and Table 1). Six variants have
already been published as pathogenic, (Faber et al., 2012a, Han et al., 2012b, Estacion et al.,
2011, Ahn et al., 2013, Han et al., 2012a), one variant as probably pathogenic (Faber et al.,
2012a), and two variants as risk factor (Waxman et al., 2014). Eighteen variants were novel
and classified as possibly pathogenic (n=3) or of uncertain clinical significance (VUS, n=15;
Table 1). Eleven SCN9A variants were found in >1 patient. Nine patients harbored more than
one variant in SCN9A (Table 1). Finally, one patient was heterozygous for two SCN9A VUSs,
c.1555G>A and c.2271G>A, and the pathogenic SCN11A c.3473T>C variant.
For nine variants cell electrophysiology showed a gain-of-function of the NaV1.7 channel
(Faber et al., 2012a, Han et al., 2012b, Estacion et al., 2011, Ahn et al., 2013, Han et al., 2012a,
Hoeijmakers et al., 2012b, Cregg et al., 2013), Table 1. Co-segregation with pain in the family
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was demonstrated for six variants, was inconclusive for three variants, and not supportive for
two variants (Table 1).
Nine (potentially) pathogenic SCN9A variants detected in our cohort of patients with pure SFN
have been reported in patients with IEM, PEPD, paroxysmal itch, painful diabetic neuropathy
and Dravet syndrome (Goldberg et al., 2012, Meglic et al., 2014, Devigili et al., 2014, Blesneac
et al., 2018, Mulley et al., 2013). Two patients with SFN, positive for one of these SCN9A
variants, had a history consistent with erythromelalgia (variant c.554G>A), two patients with
SFN suffered from diabetes mellitus (one patient with variant c.1552G>T and one patient with
variant c.2215A>G), and three patients with SFN complained of itch (variant c.2215A>G). None
of the other patients carrying ≥1 of theseSCN9A variants were positive for erythromelalgia,
PEPD, paroxysmal itch, PDN or Dravet syndrome.
The clinical features of each individual patient harboring (potentially) pathogenic SCN9A
variants is shown in the Supplementary Table S1.
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1

3

4

4

4

3

3

3
3

1

3

3

1

1

1

C-terminus

C-terminus

DIV/S5

DIV/S4

DIV/S2

Loop DIV/ S1DIV/S2

DIII/S4
Loop DIV/ S1DIV/S2

DIII/S2

Linker DII/S6-DIII/S1

0.02 (16/83770)

-

-

0.003 (4/121412)

0.2 (249/118528)

0.0008 (1/119080)

-

0.003 (3/103348)

-

0.06 (64/108972)

N/A

N/A

N/A

N/A

Gain-of-function

Gain-of-function

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Segregation
with disease
(1 family)

N/A

N/A

No segregation
with disease
(1 family)
N/A

Possibly
pathogenic
variant
Possibly
pathogenic
variant
Possibly
pathogenic
variant
VUS

Pathogenic
variant

Probably
pathogenic
variant

VUS

VUS

VUS

VUS

-

-

-

-

(Cregg et al., 2013)

(Faber et al., 2012a)

-

-

-

-

c. position, location cDNA; p. position, location in protein; MAF ExAC, Minor Allele Frequency Exome Aggregation Consortium; N/A, not available; VUS, variants with
uncertain clinical significance.
$
One patient was heterozygous for c.1555G>A, c.2271G>A and SCN11A c.3473T>C variant.
*Three patients were heterozygous for c.2974A>C/c.2971G>T and c.4612T>C variant, and one patient was heterozygous for c.2215A>G, c.2974A>C/c.2971G>T and
c.4612T>C variant.
#
Classification based on predictive algorithms (Wallis, 2013): 2, unlikely to be pathogenic; 3, uncertain clinical significance; 4, likely to be pathogenic.
§
Indicates results for families that were tested. Inconclusive, affected and unaffected family members within a family were heterozygous for the variant (c.2215A>G) or
affected family members with minor complaints were negative for the variant (c.554G>A, c.1867G>A and c.2215A>G).
¤
Classification according to Waxman recommendations (Waxman et al., 2014).

p.(Tyr990Cys)

c.2969A>G
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Genetic screening of SCN10A
In SCN10A, 25 different (potentially) pathogenic heterozygous variants were detected in 42
patients with pure SFN (3.7%, n=45/1139, Fig.1 and Table 2). One variant was already
published as pathogenic (Han et al., 2014) and three variants as probably pathogenic (Faber
et al., 2012b, Huang et al., 2013). Twenty-one variants were novel for SFN and classified as
probably pathogenic (n=2), possibly pathogenic (n=2) or VUS (n=17; Table 2). Five SCN10A
variants were present in >1 patient. Two patients harbored two SCN10A variants. For three
variants cell electrophysiology showed a gain-of-function of the NaV1.8 channel, and for one
variant DRG neuron hyperexcitability was seen, Table 2 (Faber et al., 2012b, Huang et al., 2013,
Han et al., 2014). Co-segregation tested for 3 patients was only positive for one variant (Table
2).
Eight (potentially) pathogenic SCN10A variants detected in our cohort of patients with pure
SFN have been reported in patients with Brugada syndrome (BrS), atrial fibrillation (AF),
sudden infant death syndrome (SIDS), Lennox-Gastaut syndrome (LGS), febrile infectionrelated epilepsy syndrome (FIRES) and autism (Hu et al., 2014, Jabbari et al., 2015, Neubauer
et al., 2017, Kambouris et al., 2017). Only the patient with SFN with variant c.41G>T had
arrhythmia. The other previously reported conditions were not seen in our cohort of patients
with ≥1SCN10A variants.
The individually clinical data of the 42 patients with pure SFN with (potentially) pathogenic
SCN10A variants is shown in the Supplementary Table S2.
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p.(Arg14Leu)

p.(Arg209His)

p.(Ile381Val)

p.(Gln556Leu)
p.(Ser627Pro)
p.(Leu741Val)
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p.(Met1161Thr)
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of
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0.003 (3/120550)
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MAF ExAC (%)

N/A

N/A

N/A

Gain-of-function

N/A

N/A

N/A

N/A
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N/A
N/A
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variant
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variant

VUS
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variant
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Table 2. Potentially pathogenic SCN10A variants identified in patients with pure small-fiber neuropathy at Maastricht UMC+ (n=1139 patients).
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C-terminus
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DIV/S5

DIV/S2
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0.003 (3/121404)
0.004 (5/121402)

-

0.2 (190/121360)

0.00008 (1/121408)
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N/A
N/A
N/A
N/A

Gain-of-function
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N/A
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N/A
N/A

N/A
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N/A
N/A
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variant
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variant
Probably
pathogenic
variant
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VUS
VUS
-

(Huang et al., 2013)

(Han et al., 2014,
Faber et al., 2012b)

(Faber et al., 2012b)

c. position, location cDNA; p. position, location in protein; MAF ExAC, Minor Allele Frequency Exome Aggregation Consortium; N/A, not available; VUS, variants with uncertain
clinical significance.
$
One patient was heterozygous for c.3607C>T and c.4568G>A variant.
*One patient was heterozygous for c.4568G>A and c.5200G>A variant
#
Classification based on predictive algorithms (Wallis, 2013): 2, unlikely to be pathogenic; 3, uncertain clinical significance; 4, likely to be pathogenic.
§
Indicates results for families that were tested. Inconclusive, affected family members with minor complaints were negative for the variant (c.41G>T and c.2972C>T).
¤
Classification according to Waxman recommendations (Waxman et al., 2014).

p.(Cys1523Tyr)

c.4568G>A $*
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Genetic screening of SCN11A
We found 20 different (potentially) pathogenic heterozygous variants in 33 patients with pure
SFN (2.9%, n=33/1139, Fig.1 and Table 3). Three variants were already published as probably
pathogenic (Huang et al., 2014, Han et al., 2015), and one variant as possibly pathogenic and
five variants as VUS (Huang et al., 2014). Eleven variants were novel and classified as possibly
pathogenic (n=5) or VUS (n=6; Table 3). Six SCN11A variants were detected in >1 patient. Only
one patient was heterozygous for two SCN9A VUSs (c.1555G>A and c.2271G>A) and the
pathogenic SCN11A c.3473T>C variant.
Cell electrophysiology showed a gain-of-function of three SCN11A variants (Han et al., 2015,
Huang et al., 2014), while a loss-of-function of the NaV1.9 channel was seen for one variant
(Han et al., 2015). Co-segregation was tested for two variants, and only supportive for one
(Table 3). All 25 (potentially) pathogenic SCN11A variants detected in our cohort were specific
for SFN.
The clinical features per patient harboring (potentially) pathogenic SCN11A variant is shown
in the Supplementary Table S3.
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of
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N/A

N/A
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N/A
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N/A
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N/A
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N/A
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N/A

N/A
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N/A
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VUS
Possibly
pathogenic
Probably
pathogenic
VUS
-

Ref.

-

-

(Huang et al., 2014)

-

-

(Huang et al., 2014)
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(Huang et al., 2014)
(Han et al., 2015)

(Huang et al., 2014)
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Table 3. Potentially pathogenic SCN11A variants identified in patients with pure small-fiber neuropathy at Maastricht UMC+ (n=1139 patients)
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c.5067C>G

p.(Phe1689Leu)

1

3

C-terminus

0.003 (3/121030)

N/A

N/A

VUS

(Huang et al., 2014)

c. position, location cDNA; p. position, location in protein; MAF ExAC, Minor Allele Frequency Exome Aggregation Consortium; N/A, not available; VUS, variants with uncertain
clinical significance.
$
One patient was heterozygous for c.3473T>C, SCN9A c.1555G>A and SCN9A c.2271G>A.
#
Classification based on predictive algorithms (Wallis, 2013): 2, unlikely to be pathogenic; 3, uncertain clinical significance; 4, likely to be pathogenic.
§
Indicates results for families that were tested. Inconclusive, affected family members with minor complaints were negative for the variant (c.4057-1G>A).
¤
Classification according to Waxman recommendations (Waxman et al., 2014).
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Patients with pure SFN with or without VGSC variant
The number of patients with SFN with a VGSC variant and a decreased IENFD was not
significantly higher than that of patients without a VGSC variant (37.9% vs 32.6%; p=0.328).
Furthermore, in both groups TTT was almost equally abnormal (92.4% with VGSC variant vs
93.2% without VGSC variant; p=0.741). Patients that harbor an SCN9A variant reported
significantly more often erythromelalgia-like symptoms compared to patients with an SCN10A
variant or without VGSC variant (43.9% vs 16.7%; p=0.004 and 43.9% vs 26.4%; p=0.004). The
proportion of patients with SFN that experienced an aggravation of the pain by warm
temperature was significantly higher in those with a VGSC variant compared to those without
VGSC variant (45.2% vs 30.9%; p=0.014). No differences were seen in other symptoms,
obtained by history taking and various questionnaires (Fig.2-3 and Supplementary Table S4).
In case patients were harboring multiple VGSC variants, in the same channel or in different
channels, the type of complaints and severity was similar. In patients with a VGSC variant
family history for SFN-related symptoms was more frequently positive than in the other
patients with pure SFN (33.9% vs 24.6%; p=0.027; Supplementary Table S4). In 15.1%
(n=66/436) of patients with pure SFN with an underlying condition a (potentially) pathogenic
VGSC variant was found. In the 132 patients with SFN with a VGSC variant the following
underlying conditions were demonstrated: in 22.0% (n=29) an immunological disease, in 6.8%
(n=9) glucose intolerance, in 5.3% (n=7) vitamin B12 deficiency, in 3.0% (n=4) diabetes
mellitus, in 2.3% (n=3) alcohol abuse, in 0.8% (n=1) a history of chemotherapy, and in 0.8%
(n=1) a monoclonal gammopathy of undetermined significance. The number of patients per
specific underlying condition was too small to study potential relationships between these
conditions and particular VGSC variants.
As all of the patients in our cohort suffered from painful SFN and no patients with painless SFN
were included, it was not possible to investigate if the presence of VGSC variants in patients
with an associated condition is related to the development of pain. Since this study had a
retrospective design, it was not possible to collect data about the use of pain medication in a
standardized way to provide reliable information on the response to treatment. However, the
data on pain features and intensity, indirectly suggest the poor efficacy of the drugs
(Supplementary Tables S1-S3).
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Figure 2. Clinical features of patients with pure small-fiber neuropathy with or without (potentially) pathogenic
voltage-gated sodium channel variant. (A) Patients with pure SFN without VGSC variant versus all patients with
pure SFN with VGSC variant. (B) Patients with pure SFN without VGSC variant versus patients with pure SFN with
SCN9A variant or SCN10A variant or SCN11A variant. *<0.0083. Aggravation of the pain by warm temperature
was significantly higher in those with a VGSC variant compared to patients without variant (A). Erythromelalgia
symptoms are significantly more frequently reported in patients with pure SFN with a (potentially) pathogenic
SCN9A variant compared to patients without VGSC variant or with an SCN10A variant (B). For exact data see
Supplementary Table S4. TTT = temperature threshold testing; IENFD = intraepidermal nerve fiber density.
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Figure 3. Questionnaires of patients with pure small-fiber neuropathy with or without (potentially) pathogenic
voltage-gated sodium channel variant. A: NPS: neuropathic pain scale. NPS pain qualities: 1 = severity; 2 =
sharpness; 3 = hotness; 4 = dullness; 5 = coldness; 6 = sensitivity; 7 = itchiness; 9 = unpleasantness; 10a = intensity
deep pain; 10b = intensity surface pain. Each item is scored on an 11-point scale (0 = not applicable to the
experienced pain and 10 = in the most severe form applicable to the experienced pain). An NPS score >3 is
considered as a relevant pain quality. B: SFN-SIQ: small-fiber neuropathy inventory questionnaire. SFN-SIQ
symptoms: 1 = altered sweating pattern; 2 = diarrhea; 3 = constipation; 4 = micturation problems; 5 = dry eyes;
6 = dry mouth; 7 = orthostatic dizziness; 8 = palpitations; 9 = hot flashes; 10 = sensitive skin legs; 11 = burning
feet; 12 = intolerance for sheets; 13 = restless legs. The answer options of the SFN-SIQ include ‘never = 1’,
‘sometimes = 2’, ‘often = 3’ and ‘always = 4’. A symptom is considered to be present when the score is >1. No
statistically significant differences in experienced pain qualities and small-fiber neuropathy symptoms were
found between patients with pure small-fiber neuropathy with or without (potentially) pathogenic voltage-gated
sodium channel variant. For exact data see Supplementary Table S4.
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Discussion
In our retrospective cohort, 132 of 1139 (11.6%) patients with pure SFN harbor potentially
pathogenic heterozygous variants in SCN9A, SCN10A and/or SCN11A. SCN9A variants were
found more frequently (5.1%, n=58/1139 patients) than SCN10A (3.7%, n=41/1139 patients)
and SCN11A (2.9%, n=38/1139 patients) variants. Fifty variants were novel for SFN and
classified as probably pathogenic (n=2), possibly pathogenic (n=10) or VUS (n=38). In this cohort,
erythromelalgia showed a significant relationship with the presence of SCN9A variants.
Furthermore, warmth-induced pain was significantly increased with the presence of potentially
pathogenic VGSC variants. Other clinical features of pure SFN, such as abnormal TTT, abnormal
IENFD, abnormal pain sensation, itch, cramp and cold-, exercise- and rest-induced pain, were
not significant different for patients with and without VGSC variants (Fig.2). Also, the NPS and
SFN-SIQ, revealed comparable results for patients with and without VGSC variants (Fig.3).
The frequencies of variants in the SCN10A and SCN11A genes in our patients with pure SFN
are slightly lower than those reported before; respectively 4.2-4.8% and 3.5-3.8% (Huang et
al., 2014, Brouwer et al., 2014, de Greef et al., 2018). For SCN9A, however, the frequency has
decreased over the years. At first, eight gain-of-function variants were identified in 28 subjects
(28.6%) with biopsy-confirmed idiopathic pure SFN (Faber et al., 2012a). Subsequently, in the
cohort of 393 consecutive patients diagnosed with SFN, 17 potentially pathogenic variants
were found in 34 patients (9.1%) (Huang et al., 2014, Brouwer et al., 2014). Then, we reported
in an extended cohort of 921 patients diagnosed with idiopathic pure SFN, 78 patients have
≥1 potentially pathogenicSCN9A variants (8.5%) (de Greef et al., 2018), and here we report
58 subjects with ≥1 potentially pathogenic
SCN9A variants in 1139 patients with pure SFN
(5.1%). The decline in frequency for SCN9A in the expanded cohort can be explained by less
stringent inclusion criteria for the current cohort, more stringent variant classification criteria,
extension of functional data obtained by cell electrophysiology and data of co-segregation
analysis. For instance, variants with no change in channel function and/or co-segregation with
the disease in affected family members, like c.3734A>G (p.Asn1245Ser) and c.3799C>G
(p.Leu1267Val), were classified as unlikely to be pathogenic in the current study, while they
were classified as VUS with frequencies respectively of 1.5% and 1.3% in the cohort of 393
patients with SFN (Huang et al., 2014, Brouwer et al., 2014), and 1.1% and 0.9% in the cohort
of 921 patients with idiopathic pure SFN.
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To date, only one other cohort of patients with painful neuropathy (n=217) has been tested
for SCN9A, SCN10A and SCN11A gene variations (Wadhawan et al., 2017). In this cohort, the
number of patients with ≥1 low-frequency (minor allele frequency [MAF] <5% in the NHLBI
Exome Sequencing Project Exome Variant Server, European American [EVS-EA] population)
missense variant in SCN9A, SCN10A and SCN11A was respectively 25%, 21% and 13%. From
these low-frequency missense variants, 8.7% SCN9A (n=19/217), 0.9% SCN10A (n=2/217) and
0.9% SCN11A (n=2/17) variants have been previously reported in patients with IEM, SFN or
PDN, including SCN9A variant c.3734A>G (n=7/217, 3.2%) and c.3799C>G (n=1/217, 0.5%)
(Wadhawan et al., 2017). Compared with our cohort, the incidence of potentially pathogenic
variants in the 217 patients with painful neuropathy was ~4-5-fold higher. The discrepancies
in frequencies of reported variants between both cohorts are mainly caused by different
variant filtering strategies (i.e. MAF <5% vs <1%) and variant classification approaches (i.e. all
missense mutations vs highly conserved missense mutation). Different patient inclusion
criteria and used sequencing platforms, may also have an effect the frequencies of variants
detected.
Nine (potentially) pathogenic SCN9A variants detected in our cohort of patients with pure SFN
have been reported as disease-causing variants in other pain phenotypes and Dravet
syndrome (Goldberg et al., 2012, Meglic et al., 2014, Devigili et al., 2014, Blesneac et al., 2018,
Mulley et al., 2013). Multigenerational segregation with the disease in SFN families and/or
functional testing in DRG neurons by cell electrophysiology support that these variants are
causative for SFN (Table 1). As patients with SFN share clinical features with other painphenotypes, it is not surprising that these variants are reported for SFN and IEM, paroxysmal
itch and painful diabetic neuropathy. Features of Dravet syndrome have not been seen in our
cohort, and no abnormal pain sensation have been reported for patients with Dravet
syndrome and a (potentially) pathogenic SCN9A variant (Singh et al., 2009). For SCN10A
variants, eight (potentially) pathogenic variants have been report as disease-causing in BrS,
AF, SIDS, LGS, FIRES and autism (Hu et al., 2014, Jabbari et al., 2015, Neubauer et al., 2017,
Kambouris et al., 2017). Multigenerational segregation with the disease in SFN families and/or
functional testing in DRG neurons by cell electrophysiology indicate that the majority of the
variants are causative for SFN (Table 2). Variant c.41G>T, p.(Arg14Leu), which has been
described in patients with BrS and AF (Hu et al., 2014, Jabbari et al., 2015), was identified four
times in our cohort of patients with SFN. Only one patient had SFN and arrhythmia. SIDS, LGS,
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FIRES and autism have not been seen in our patients with pure SFN. For SCN11A, none of the
potentially pathogenic variants identified in the current study have been associated with other
inherited disorders. Taken together, these findings suggest that one variant can produce
multiple different disease outcomes, depending on cell-type-specific expression (Faber et al.,
2012a, Han et al., 2012b, Estacion et al., 2011), presence of additional disease-causing variants
or modifiers (Waxman et al., 2014), and/or additional underlying conditions (e.g. diabetes
mellitus or vitamin B12 deficiency) (de Greef et al., 2018).
For variants where segregation with disease in multigenerations was confirmed, this should
be considered supporting, though not definite evidence for pathogenicity. A definite
conclusion would require at least 10 meiosis, which is generally not the case. In this study,
cosegregation of the variant with disease was only tested for 15 potentially pathogenic
variants in 20 families, because most families were too small to test segregation with disease
properly or the proband was not in contact with their relatives.
About two-third of the potentially pathogenic SCN9A variants identified in our cohort of
patients with pure SFN have been localized to domain I (DI) and II (DII) and the intracellular
linker between DI-DII and DII-domain III (DIII). This is in contrast with our findings for SCN10A,
where approximately 70% of the SCN10A variants were localized to DIII and domain IV (DIV),
the intracellular linker between DIII-DIV and C-terminus of the protein. For SCN11A, the
distribution of potentially pathogenic variants was all across the gene. No possible hotspots
were identified in this gene.
Patch clamp studies have shown that SCN9A variants associated with SFN produce gain-offunction channel changes, ranging from impaired slow-inactivation to depolarized slow- and
fast-inactivation, and induce DRG neurons hyperexcitability (Faber et al., 2012a, Han et al.,
2012b, Estacion et al., 2011, Ahn et al., 2013, Han et al., 2012a, Hoeijmakers et al., 2012b,
Cregg et al., 2013). Compared with PEPD, where most SCN9A variants were located in the
intracellular linker between DIII-DIV and intracellular loop linking segments S4-S5 of DIII and
DIV, effects on fast-inactivation of SFN SCN9A variants were relatively mild. IEM SCN9A
variants exhibit hyperpolarized activation or enhanced ramp currents, and were mainly
localized to transmembrane segment S4, S5 and S6, and the intracellular loop linking segments
S4-S5 (Tang et al., 2015). Functional IEM characteristics were not demonstrated for SFN SCN9A
variants. Although most potentially pathogenic SCN9A variants in this cohort were localized
to DI and DII, and the intracellular linkers DI-DII and DII-III, it is still unclear how this type of
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NaV1.7 channel dysfunction causes SFN. However, certain SFN SCN9A variants have been
shown to impair regeneration and/or degeneration of sensory axons, suggesting that
enhanced sodium channel activity and reverse Na-Ca exchange may contribute to a decrease
in length of peripheral sensory axons (Persson et al., 2013). Besides SCN9A, variants in SCN10A
and SCN11A have been shown to participate in the pathophysiology of SFN. DRG neurons
expressing SCN10A or SCN11A mutant channels exhibit increased excitability and abnormal
spontaneous firing activity (Faber et al., 2012b, Huang et al., 2014, Han et al., 2014, Huang et
al., 2013, Han et al., 2015). One SCN10A variant and nine SCN11A variants have been
associated with other inherited pain disorders (Kist et al., 2016, Okuda et al., 2016, Zhang et
al., 2013, Kleggetveit et al., 2016, Han et al., 2017). Although different cell electrophysiology
properties were seen for several of these variants (Faber et al., 2012b, Huang et al., 2014,
Huang et al., 2013, Han et al., 2014, Hu et al., 2014, Han et al., 2015, Kist et al., 2016),
functional data for SCN10A and SCN11A variants are too limited to correlate channel
phenotype with clinical phenotype.
In conclusion, in this cohort of 1139 patients with pure SFN the overall frequency of potentially
pathogenic SCN9A, SCN10A and SCN11A variants is 11.6%. Erythromelalgia and warmthinduced pain were the only SFN-related clinical features that showed a significant relationship
with the presence of VGCS variants. As genetic screening for all patients with pure SFN is
debatable, we believe that in the future, as the number of well-characterized variants of Nav
channels increases, and an interexpert concordance on variant classification is reached, the
utility of genetic screening for clinical care will rise, and tailored treatments with specific
sodium channel blockers can be developed. Furthermore, we have seen that certainty about
the origin of symptoms, as well as, genetic counselling by which the patient and relatives are
informed about the possibility of developing and transmitting the condition, is of great
importance for patients with pure SFN. Therefore, genetic screening of SCN9A, SCN10A and
SCN11A should be considered for patients with pure SFN, independently of clinical features or
underlying conditions.
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Abstract
Voltage-gated sodium channels (VGSC) play essential roles in the electric signaling of cells and
are abundantly expressed in muscle tissue and the central and peripheral nervous system.
Gain-of-function (GOF) variants in SCN9A, which is mainly expressed in the peripheral system,
have been identified as the underlying cause of small-fiber neuropathy (SFN), a type of
channelopathy which is defined by pain in the distal extremities. Unfortunately, at this
moment, animal models to study SFN are limited. The zebrafish has proven to be an excellent
model for neurological diseases and because of the many similarities between zebrafish and
mammalian neuroanatomical organization, it is a good candidate for modeling SFN. Therefore,
the zebrafish is a potential model to test variants of uncertain clinical significance and study
the pathophysiological mechanisms in SFN. To determine if zebrafish are also a good model
to study SFN caused by defects in VGSC genes, we performed an in silico and in vivo analysis
for orthologs with a similar function and we describe here extensively the similarities between
zebrafish and human VGSC gene families and their pathologies. For SFN we specifically
focused on SCN9A in order to characterize the zebrafish ortholog. Based on functional
evidence, expression data and evolutionary comparisons obtained from a literature study, we
hypothesized that scn8aa or scn1aa could, possess functions of human SCN9A. We tested
temperature sensitivity in zebrafish embryos with loss-of-function variants in these 2 VGSC
genes and showed a significantly diminished temperature response only for scn8aa mutants.
However, we were not able to rescue this phenotype by overexpressing human WT-SCN9A.
So, it could either be that another human VGSC gene, like SCN8A, could rescue this defect, or
that this experiment shows that there is no simple 1:1 relation between the zebrafish and
human genes, which is also suggested by the evolutionary comparisons. Furthermore, coexpression studies could lead to the identification of correlations between SCN9A protein
interactors and scn1aa or scn8aa protein interactors.

Keywords: small-fiber neuropathy, SCN9A, zebrafish, voltage-gated sodium channels,
temperature assay.
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Introduction
Voltage-gated sodium channels (VGSC) play an important role in the electric signaling of cells
(Ahern et al., 2016, Marban et al., 1998). They constitute of a large family of homologous
sodium channels that are important in the initiation and propagation of action potentials
(Ahern et al., 2016, Marban et al., 1998). In humans, there are 10 sodium channel alpha genes
(SCN1A, SCN2A, SCN3A, SCN4A, SCN5A, SCN7A SCN8A, SCN9A, SCN10A and SCN11A). 9
members of this group are VGSC genes (Goldin et al., 2000, Catterall et al., 2005). SCN7A is
the only one in this family that is not activated by voltage but rather by extracellular sodium
concentration and is therefore not considered as a VGSC but is a Na+-concentration sensitive
channel (Hiyama et al., 2002, Noda, 2006). The VGSC genes SCN1A, SCN2A and SCN3A are
abundantly expressed in neurons of the central nervous system (Goldin, 2001). In skeletal
muscle SCN4A is crucial for the generation of action potentials and thereby excitation of
muscle and SCN5A is predominantly found in the heart (Goldin, 2001, Trimmer et al., 1989,
George et al., 1992, Rogart et al., 1989). SCN8A is expressed in neurons of the central and
peripheral nervous system, while SCN9A, SCN10A and SCN11A are mainly expressed in the
peripheral nervous system (Wang et al., 2017). Variants in these genes have been identified
as the cause of a large variety of diseases, all belonging to the channelopathies (Kim, 2014).
Variants in SCN1A, SCN2A and SCN3A have been associated with several types of epilepsy,
migraine and febrile seizures (Mulley et al., 2005, Claes et al., 2001, Dichgans et al., 2005,
Mantegazza et al., 2005, Berkovic et al., 2004, Ogiwara et al., 2009, Vanoye et al., 2014, Zaman
et al., 2018). The skeletal muscle VGSC gene SCN4A has been the cause of a range of muscle
diseases, including myasthenic syndrome, myotonia congenita and hypokalemic periodic
paralysis (McClatchey et al., 1992, Lerche et al., 1993, Bulman et al., 1999, Tsujino et al., 2003).
Variants in SCN5A result in cardiac sodium channelopathies such as dilated cardiomyopathy,
Brugada syndrome, long QT syndrome and familial atrial fibrillation (Wang et al., 1995, Bezzina
et al., 1999, Olson et al., 2005, Laitinen-Forsblom et al., 2006). The VGSC SCN8A has been
associated with epileptic encephalopathy and patients with cognitive impairment with or
without cerebellar ataxia (Trudeau et al., 2006, Ohba et al., 2014). The VGSCs, SCN9A, SCN10A
and SCN11A are mainly expressed in the sensory nervous system and are causative of several
pain disorders including SFN (Dib-Hajj et al., 2013, Fertleman et al., 2006, Hisama et al., 1993,
Faber et al., 2012b, Sidaway, 2014).
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The first variants in SCN9A causative of SFN were reported by our group in 2012 (Faber et al.,
2012a). This study described an idiopathic SFN patient population, consisting of 28 patients
(Faber et al., 2012a). Genetic screening of SCN9A revealed 7 different variants in 8 patients
(Faber et al., 2012a). These gain-of-function (GOF) variants lead to hyperexcitability in the
neurons of the dorsal root ganglia (DRG), while loss-of-function (LOF) variants in SCN9A have
been identified as the cause of congenital insensitivity to pain (CIP) (Cox et al., 2010).
Unfortunately, at this moment animal models to study SFN are limited. The zebrafish has
proven to be an excellent model for neurological diseases and because of the many similarities
between zebrafish and mammalian neuroanatomical organization, it is a good candidate for
modeling SFN (Malafoglia et al., 2013, Becker and Rinkwitz, 2012, Malafoglia et al., 2014).
Furthermore, the family of VGSCs in teleost species shares high levels of identity with their
mammalian counterparts (Malafoglia et al., 2013).
To further explore the functional overlap between zebrafish and human VGSCs, we reviewed
the literature and performed an in silico analysis to characterize the evolutionary relationships,
expression patterns and pathologies of zebrafish VGSCs in an attempt to identify the
functional ortholog of human SCN9A. The most likely candidates were tested in vivo in
zebrafish.

Material & Methods
Literature review and in silico analysis of evolutionary conservation of VGSC genes
A literature search was performed to find reviews and studies published on zebrafish VGSCs.
The following search terms on PubMed were used: “voltage-gated sodium channels zebrafish”,
scn1aa”, “scn1ab”, ”scn4aa”, ”scn4ab”, ”scn5aa”,”scn5ab” ,”scn8aa” and ”scn8ab”. We also
used the following combinations: “SCN1A zebrafish”, ”SCN4A zebrafish”, ”zebrafish
SCN5A”, ”zebrafish SCN8A” and “scn1Laa”, “scn1Lab”,”scn4Laa” , ”scn4Lab” , ”scn5Laa”,
”scn5Lab”, ”scn8Laa” and ”scn8Lab” .Also search terms for the proteins encoded by these
VGSC genes were used: “Nav1.1 zebrafish”, “Nav1.4 zebrafish”, ”Nav1.5 zebrafish” and
“Nav1.6 zebrafish”.
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Zebrafish husbandry
Zebrafish (Danio rerio) were housed and raised in the zebrafish facility at Maastricht University.
Briefly, zebrafish were maintained at a 14 hour light/10-hour dark cycle, the water
temperature was kept at 27°C and adults were fed twice a day (Avdesh et al., 2012). To obtain
eggs, the day before mating males and females, separated by a divider, were placed in a
breeding tank. The next day, after the lights were turned on, the divider was removed to allow
mating. Eggs were collected and transferred to petri dishes containing E3 medium (NussleinVolhard and Dahm, 2002). The scn8aa LOF nebula zebrafish line tW1752X harbors a nonsense
variant that results in a LOF of scn8aa (Wright et al., 2010). The scn1aa mutant line (sa15331)
harbors a nonsense variant in scn1aa (c.2108G>A, p.(Trp702X) and was obtained from the
Zebrafish Mutation Project.
(https://www.sanger.ac.uk/sanger/Zebrafish_Zmpgene/ENSDARG00000010783#sa15331)
Genotyping was for both lines performed by KASP by design (LGC Genomics, Berlin, Germany)
with a custom primer targeted to the following region:
Scn8aa:
5’CCGCTACAAGTGTTGCGATGTGCCCATCACGGAAGGCTGGGGCAAGAATT[G/A]GTGGTTTCTCCGAAAGACCTGCTAT
CTGATTGTGGAGCACAACTGGTTTG 3’

Scn1aa:
5’TATTGcATGTCAGGTTCAGAGATCTTTAAACAGAGGTGTGAGGAGTGGTG[G/A]TTCGAGTTTGCGGAGAATTATTTGA
TCTGGGATTGCAGTCCCACATGGCT 3’

SCN9A mRNA overexpression experiments
Vectors containing wildtype SCN9A were kindly provided by S. G. Waxman and S. D. Dib-Hajj
and were subcloned in a PCS2+ vector for in vitro mRNA synthesis (Estacion et al., 2011,
Hoeijmakers et al., 2012). To transcribe full-length mRNA the Ambion mMessage mMachine
SP6 transcription kit (Invitrogen, Carlsbad, CA, USA) was used. mRNA quality was determined
by denaturing RNA gel electrophoresis and quantity was assessed using the Qubit fluorometer
4 (Thermo Fischer Scientific, Waltham, MA, USA). A dose of 100pg, 200pg or 400pg of SCN9AWT was injected in the 1-2-cell stage embryos of a wild-type strain (AB). Buffer-injected
embryos were used as a control.

69

Chapter 3

Touch response assay
The touch response for WT-SCN9A injected embryos (100pg, 200pg, 400pg) or buffer-injected
was determined by touching each individual embryo 10 times on the head. As described
previously, three types of scores were assigned to the response of the embryo (Pineda et al.,
2005). No response = 0, an abnormal response = 0.5 and a normal response = 1.
ZebraBox experiments
Temperature sensitivity was assessed with an add-on, developed in-house, to the ZebraBox
system (ViewPoint, Civrieux, France and Maastricht Instruments BV., Maastricht, The
Netherlands), consisting of 2 water reservoirs with water at a high temperature (50.0°C) and
water at a baseline temperature (28.5°C) (for an overview of this system we refer to figure 2
of chapter 4). This setup enabled us to rapidly increase the water temperature in the water
compartment from 28.4°C ± 0.1°C to 39.7°C ± 0.2°C. At 4dpf, zebrafish larvae in a 48-well plate
containing 500µl E3 were placed in the water compartment. After an adaptation period of 30
minutes in the dark, at 28.4°C ± 0.1°C, the protocol started with a baseline recording for 10
minutes at 28.4°C ± 0.1°C, followed by a rapid increase of the water temperature. ZebraLab
software (ViewPoint, Civrieux, France) quantifies movement of the zebrafish. The software
records the movement of the zebrafish and determines the activity by the number of pixels
that change from one frame to the next.
Statistical analysis
GraphPad Prism version 5.02 was used to carry out statistical analysis, including student’s ttest and data were considered significant when the calculated p-value <0.05. All data are
presented as an average ± standard error of the mean (SEM).

Results and Discussion
Evolutionary relationship between zebrafish and human VGSC.
VGSC genes originate from one ancestral VGSC gene which was duplicated during two rounds
of genome duplications (2R) (Fig.1A) (Widmark et al., 2011). After the teleost-amniote split an
additional genome duplication, the third round of tetraploidizations (3R), occurred in the
teleost ancestor (Fig.1A). This resulted in eight different VGSC genes in the zebrafish namely,
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scn1aa, scn1ab, scn4aa, scn4ab, scn5aa, scn5ab, scn8aa and scn8ab (Fig.1B). All these VGSC
genes are located on a different chromosome with different Hox clusters, except for scn1ab,
which is not associated with a Hox cluster (Fig.1B) (Widmark et al., 2011). In the amniote
ancestor, local duplications within the HoxD and HoxA cluster resulted in nine different VGSC
genes located on four different chromosomes (Fig.1A) (Widmark et al., 2011). In humans,
there are nine VGSC genes and one sodium-dependent channel (Fig.1B). SCN7A is the most
recent duplicate of this family and is only present in eutherian mammals (Hiyama et al., 2002,
Noda, 2006).

Figure 1. Evolutionary overview of the voltage-gated sodium channel (VGSC) genes (adapted from (Widmark
et al., 2011)) (A) The ancestral voltage-gated sodium channel (VGSC) was quadrupled because of two rounds (2R)
of genome duplications. Local duplications after the teleost-amniote split resulted in nine different VGSC genes.
In the teleost ancestor, an extra round of genome duplications (3R) occurred. (B) In humans, there are nine VGSCs
and one sodium-dependent channel. In zebrafish (B) there are eight different VGSC genes. The colored boxes
indicate gene families (TGF-beta receptor superfamily and CSRNP) in close proximity to the SCNA genes (dark
blue boxes). Numbers below the boxes show the chromosomal position in Mb. Numbers before each group
indicate the chromosome. Note that in humans the HoxA cluster is translocated to chromosome 7. Independent
translocations of HoxAa, HoxAb and HoxCb have been found in zebrafish.
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SCN1A/SCN2A/SCN3A/SCN7A/SCN9A and originates from local duplications after the teleostamniote split (the common ancestor of human and zebrafish) (Fig.1B) (Goldin et al., 2000,
Widmark et al., 2011). At the sequence level, the fish scn1aa/scn1ab/scn8aa/scn8ab genes
are orthologs of the human SCN9A gene (and the whole HoxD cluster) (Fig.2) (Widmark et al.,
2011). But only the scn8aa gene in fish has preserved synteny that is congruent with the genes
neighboring SCN9A. Both scn8aa in fish, as well as SCN9A in human, are located in the order
of TGFBR1-ACVRL1-SCN9A-SCRNP-Hox in the genome (Widmark et al., 2011). That is not the
case of the fish genes scn1aa (missing ACVRL1 in the same chromosome), scn1ab (missing
ACVRL1 and the Hox cluster), scn8ab (missing ACVRL1, SCRNP and the Hox cluster located in
another chromosome) (Widmark et al., 2011). This suggests that SCN9A, together with SCN8A,
may be responsible for some of the functions carried out by the scn8aa gene in fish.
To further explore the functions of VGSC genes in zebrafish, we performed a literature search
focusing on tissue expression and phenotypes observed in knockdown/knockouts of zebrafish
VGSCs

Figure 2. Evolutionary tree of zebrafish and human voltage-gated sodium channels (adapted from (Widmark
et al., 2011). This evolutionary tree based on sequence comparisons by Widmark et al. demonstrates that the
HoxD cluster containing human SCN9A is in close proximity to scn1aa/scn1ab and scn8aa/scn8ab.
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Expression of the zebrafish VGSCs during early development.
•

Zebrafish scn1aa & scn1ab

According to in situ hybridization studies, the scn1a duplicates are expressed solely in the
nervous system during early developmental, however, they do not overlap in their expression
profile until 48hpf (Novak et al., 2006). In this period scn1aa is, like SCN9A, mainly expressed
in the sensory nervous system (trigeminal neurons and Rohon Beard (RB) neurons) and scn1ab
is restricted to the central nervous system like SCN1A, SCN2A, and SCN3A (Novak et al., 2006).
Remarkedly, knockdown of scn1aa does not reveal a distinct phenotype in the first days of
development (Pineda et al., 2005). Patch-clamp experiments of RB neurons of these
morphants demonstrated that this sodium channel only has a small contribution to the
current amplitude (Pineda et al., 2005). Interestingly, recent studies revealed also the
expression of scn1aa in the central nervous system at later stages (3dpf onwards) and
demonstrated that a homozygous LOF of scn1aa could like, a LOF in scn1ab, result in epileptic
seizures (Griffin et al., 2017, Baraban et al., 2013). The phenotypic characteristics of scn1ab
mutant zebrafish, which are also reported for morpholino scn1ab knockdowns, are
spontaneous seizures consisting of whole-body convulsions, hyperactivity, hyperthermia
induced abnormalities, aberrant electrical events measured in the forebrain and thigmotaxis
(Zhang et al., 2015). Furthermore, these zebrafish can easily be identified morphologically
since they are darker than wildtype zebrafish caused by pigment aggregation (Zhang et al.,
2015, Baraban et al., 2013). Eventually, the variant in scn1ab is lethal and these zebrafish die
between 10dpf and 12 dpf (Baraban et al., 2013). These results rule out scn1ab as a potential
candidate to be orthologous to human SCN9A. Based on the phenotype of the LOF mutant
and the expression of scn1ab it is more likely that this VGSC is orthologous to human SCN1A,
SCN2A and SCN3A. While scn1aa based on its expression in the sensory nervous system
remains a possible candidate.
•

Zebrafish scn4aa & scn4ab

Expression studies revealed that scn4aa and scn4ab, as in mammals, can be considered as
skeletal muscle VGSCs (Novak et al., 2006, Sasaki et al., 1999). A transient knockdown of
scn4aa and scn4ab causes serious morphological defects in zebrafish embryos (Smith et al.,
2013). These embryos have a bent tail, are shorter and have smaller heads when compared

73

Chapter 3

to appropriate controls. Furthermore, birefringence studies, which makes use of polarized
light microscopy, revealed skeletal muscle defects in these morphants. Scn4aa/scn4ab
morphants had almost no birefringence, suggestive of disorganized sacromers (Smith et al.,
2013). The absence of birefringence and morphological defects were rescued by co-injection
of WT human SCN4A mRNA (Smith et al., 2013). This knockdown model was used to test the
pathogenicity of a novel genetic variant identified in the SCN4A gene p.(L433R). This missense
variant was identified by whole-exome sequencing in a patient with lethal congenital
contracture syndrome-6 (LCCS6) (Smith et al., 2013). However, co-injection of the mutated
SCN4A mRNA with the morpholinos did rescue the phenotype and has, therefore, the same
effects as co-injection of WT mRNA, demonstrating that this variant is not pathogenic.
Eventually, a variant in ZBTB42 was identified to be the cause of LCCS6 in this patient (Smith
et al., 2013). Because of the specificity of the knockdown of scn4aa/scn4ab and the ability of
human WT mRNA to rescue the phenotype this knockdown model has proven its effectiveness
and could be of great interest in testing the pathogenicity of novel genetic variants in SCN4A
identified in patients with congenital muscle diseases. These studies clearly demonstrate that
the zebrafish VGSCs scn4aa and scn4ab are orthologous to human/mammalian SCN4A.
•

Zebrafish scn5aa & scn5ab

Zebrafish scn5aa and scn5ab (previously termed scn12aa and scn12ab) are both expressed in
the heart, the brain, and the spinal cord. Morpholino knockdown studies by Chopra et. al.
revealed that scn5aa and scn5ab play an important role in zebrafish heart development
(Chopra et al., 2010, Novak et al., 2006). Knockdown of these channels affects cardiac chamber
formation and growth (Chopra et al., 2010). Simultaneously knocking down both transcripts
exacerbates the observed phenotype, especially the defects seen in ventricular
morphogenesis. Scn5aa/scn5ab morphants have small, unlooped hearts, which is caused by a
low number of cardiac progenitor cells in the early stages of heart development. The absence
of these VGSCs affects the expression of important cardiogenic transcription factors (gata4,
hand2, and nkx2.5) that play an important role in cardiac cell proliferation and looping of the
heart which could be the underlying cause of the observed phenotype (Chopra et al., 2010,
Chopra, 2008). Interestingly, phenocopying could not be achieved by rearing zebrafish
embryos in 8 different compounds that disrupt sodium current (Ina), suggesting that the
absence of the Ina as a result of the knockdown of scn5aa/scn5ab has no effect on cardiac
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morphogenesis and that the phenotype is rather be caused by other molecular mechanisms
(Chopra et al., 2010). Furthermore, a transgenic zebrafish model expressing the human SCN5A
gene has been created by using Tol2-mediated transgenesis (Huttner et al., 2013). The
homology between human SCN5A and scn5aa/scn5ab was clearly illustrated by the fact that
the expression of human SCN5A in zebrafish was able to rescue (partially) the phenotype
caused by knockdown of the endogenous scn5a zebrafish channels (Huttner et al., 2013). A
second transgenic line was created to test the pathogenicity of a variant in the SCN5A gene
p.(D1275N). This variant acts in a dominant-negative manner and has been reported in 4
different families presenting with a different cardiac phenotype consisting of a broad range of
symptoms (Groenewegen et al., 2003, McNair et al., 2004, Olson et al., 2005, LaitinenForsblom et al., 2006). Expressing this variant in the zebrafish results in similar phenotypes as
observed in patients with this variant. In 76% of the zebrafish embryos expressing this variant,
next to the endogenous scn5a channels, cardiac defects like bradycardia, conduction system
abnormalities and premature death have been observed (Huttner et al., 2013). These results
demonstrate the potential of the zebrafish as a model to reveal the pathogenicity of novel
SCNA variants identified by the current state of the art next generation sequencing methods.
However, it also shows that while scn5aa/scn5ab are closely related to human/mammalian
SCN5A there are significant evolutionary differences since human SCN5A could only partially
rescue the phenotype. Because of the observed cardiac phenotypes and its close relation to
human SCN5A we do not expect that scn5aa/scn5ab could be orthologous to human SCN9A.
•

Zebrafish scn8aa & scn8ab

The zebrafish VGSC genes scn8aa and scn8ab are closely related to human SCN8A and have
overlap in their expression pattern, however, scn8ab is only present in a subset of cells that
express scn8aa (Widmark et al., 2011, Novak et al., 2006). These sodium channels are
expressed in the sensory nervous system and central nervous system (Novak et al., 2006).
Scn8aa has been studied extensively by the group of Ribera (Pineda et al., 2005, Pineda et al.,
2006, Wright et al., 2010). In one of their first functional studies of this channel, they
demonstrated a major contribution to the Ina in RB neurons, an early type of sensory neurons
(Pineda et al., 2005). Morpholino knockdown did not completely eradicate Ina in RB neurons.
The scn8aa morpholino-resistant current is activated more slowly suggesting that scn8aa
contributes to the rapidly activating component in RB neurons (Pineda et al., 2005). In addition,
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this knockdown decreased the touch response followed by stimulation of zebrafish embryos
(Pineda et al., 2005). These cell electrophysiology results were confirmed in a loss-of-function
mutant line (Low et al., 2010). These mutants harbor recessive genetic missense variants that
result in a non-functional protein product of scn8aa and were further used to unravel the
defects in locomotion (Low et al., 2010). At 22 hours post fertilization (hpf) they have a lower
coiling frequency and at 48 hpf these mutants respond to touch only with escape contractions
rather than swimming away which is observed for control siblings (Low et al., 2010). At
approximately 60 hpf they have still a significantly reduced touch response but obtain the
ability to swim in response to touch (Low et al., 2010). Eventually, these mutants won’t survive
and will die around an age of 2 weeks (Low et al., 2010).
Based on functional evidence, expression data and evolutionary comparisons obtained from
our literature search we hypothesize that scn1aa or scn8aa could have acquired similar
functions as human SCN9A. To assess the contribution of scn1aa and scn8aa to temperature
sensitivity, we test for both genes, larvae with homozygous LOF variants in our temperaturecontrolled water compartment.
Loss-of-function of scn8aa affects the temperature-related response of zebrafish.
The scn8aa LOF line used in our study, also referred to as nebula, harbors a nonsense variant
in exon 19 c.3743G>A, p.(Trp1153X) resulting in a loss of 796 amino acids out of 1949 amino
acids, which is 41% of the protein (ENSDART00000022042.10) (Wright et al., 2010).
Furthermore, this stop gain is located at the end of Linker 2 (L2) and will affect Linker 3 (L3)
and the segments and loops of Domain III and domain IV (Fig.3). To assess the effect of a LOF
of scn1aa on the temperature-related activity, we obtained the sa15331 mutant line from the
Zebrafish Mutation Project (ZMP). These zebrafish harbor a heterozygous nonsense variant in
scn1aa (c.2108G>A, p.(Trp702X), creating a stop codon in exon 14. This results in a loss of 1253
amino acids out of 1955 amino acids which is 64% of the protein (ENSDART00000161648.3).
This variant is located in Linker 1 (L1) (Fig.3). Both mutated transcripts are expected to be
cleared by nonsense-mediated decay (NMD) or result in incomplete non-functional channels.
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Figure 3. Schematic overview of the location of the nonsense variant in scn8aa & scn1aa. Adapted from (Faber
et al., 2012a). General representation of a voltage-gated sodium channel (VGSC) consisting of 24 segments
located in four different domains (DI, DII, DIII and DIV). Domains are connected by 3 linkers (L1, L2 and L3). Nterminus and C-terminus are indicated respectively by “N” and “C”. Scn8aa mutants harbor a nonsense variant
in exon 19 c.3743G>A, p.(Trp1153X) indicated by a red *. The scn1aa mutants harbor a nonsense variant in
scn1aa (c.2108G>A, p.(Trp702X), creating a stop gain in exon 14 indicated by a green *.

Previous studies revealed that homozygous nebula mutants have a defect in their touchevoked response which recovers partially during further development (Wright et al., 2010).
This phenotypic defect in homozygous mutant zebrafish was confirmed in our study with the
same touch response assay. We further assessed whether a sensory defect was present at
later stages. At 4dpf when these mutants were able to swim, our temperature sensitivity
experiments revealed a significantly reduced temperature-related response for the
homozygous scn8aa mutants, illustrated by a significantly decreased activity compared to the
control siblings (Fig.4A). The difference in activity between mutants and control siblings
became more prominent as the temperature rose (Fig.4A). For both groups, the activity of
larvae peaked during heating but then gradually declined (Fig.4A). All larvae survived the
heating protocol and no defects or abnormalities were observed afterwards. A more detailed
description of this module to test temperature sensitivity is provided in chapter 4.
Homozygous carriers of the scn1aa LOF variant displayed no morphological or phenotypical
defects in the first days of development as was also reported for embryos with a knockdown
of this gene (Pineda et al., 2005). The effect of the LOF on temperature sensitivity was tested
in our temperature assay. Homozygous mutants that were exposed to the temperature
change did not have a different behavioral response compared to control siblings (Fig.4B).
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Figure 4. Temperature response of homozygous mutants of scn8aa and scn1aa compared to control siblings at
4dpf. At 4 dpf homozygous mutants and control siblings of the scn8aa LOF line (A) or the scn1aa LOF line (B)
were placed in a 48 well plate. Exposure to an elevation of water temperature (dotted line in A and B indicates
arena temperature plotted on the right y-axis) was performed after baseline recording. This resulted in a
significantly reduced temperature response for homozygous scn8aa mutants (grey line A) compared to control:
scn8aa siblings, WT and heterozygous mutant (black line A). While for scn1aa mutants (grey line B) no effects
were observed (B). Each data point represents the mean value (± SEM) of a total of 96 larvae. Statistical
significance was tested with an unpaired student’s T-test (unequal variances). For all data points during the
temperature increase, p values indicated a high level of significance (p<0.0001). Activity is presented as changes
in pixels.
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Human SCN9A mRNA was not able to rescue the defect observed in scn8aa LOF mutants
Since we demonstrated that scn8aa homozygous mutants have a diminished response to
elevated temperatures which could correlate to insensitivity to pain in patients with SCN9A
null mutations, we raised the question whether we could rescue the phenotype of
homozygous scn8aa nebula mutants by overexpressing human WT-SCN9A. Several doses of
human WT-SCN9A, 100pg, 200pg, and 400pg, were injected. At 2dpf a high toxicity with a high
percentage of deformed embryos was found for the highest dose, indicating that we reached
the upper limit of overexpressing human SCN9A. For all touch and temperature experiments,
we did not observe any differences between heterozygous and WT siblings; therefore we
combined these results and defined this group as control siblings. At 2dpf we assessed
whether human WT-SCN9A was able to restore the defect in the touch-evoked response. For
all doses injected we did not observe a difference in the touch-evoked response compared to
homozygous mutants injected with buffer only (Table 1).
Table 1. At 2dpf no rescue of the touch response was observed after injection of WT-SCN9A in scn8aa mutants.
The touch response for WT-SCN9A injected embryos (100pg, 200pg, 400pg) or buffer-injected was determined
by touching each individual fish 10 times on the head. As described by Pineda et al. three types of scores were
assigned to the response of the embryo. No response = 0, an abnormal response = 0.5 and a normal response =
1 (Pineda et al., 2005). Each data point represents the mean value (± SEM).

Homozygous
scn8aa LOF
Control
Siblings

100pg WT-SCN9A

200pg WT-SCN9A

400pg WT-SCN9A

Buffer-injected

5.03 (±0.07 n=47)

4.99 (±0.02 n=53)

5.00 (±0.08 n=28)

5.04 (±0.04 n=24)

8.76 (±0.07 n=143)

8.99 (±0.07 n=175) 8.86 (± 0.10 n=104)

9.58 (±0.06 n= 69)

At 4dpf we determined whether human SCN9A was able to rescue the defect in
thermoception. All 3 doses of human SCN9A, 100pg (not shown), 200pg and 400pg were not
able to rescue this defect (Fig.5A,B). Interestingly, we observed for the highest dose a negative
effect on the activity of the homozygous mutants.
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Figure 5. SCN9A is not able to restore the defect in thermoception observed in homozygous scn8aa mutants.
At 4 dpf zebrafish larvae of the nebula (scn8aa LOF) line injected with either 200pg SCN9A (Dotted line with black
circles A) or 400pg SCN9A (Dotted line with black circles B), placed in a 48 well plate, were after baseline recording
exposed to an elevation of water temperature (Dotted line with triangles indicates arena temperature plotted
on the right y-axis). Afterwards genotyping revealed no differences for both conditions compared to control
homozygous mutants injected with buffer (A, B grey line). Black line depicts the heterozygous and WT siblings
injected with a similar dose of SCN9A-WT, 200pg (A) or 400pg (B). Each data point represents the mean value (±
SEM). nsc8aa LOF SCN9A 200pg = 43; nsibling injected SCN9A 200pg = 46; nsc8aa LOF buffer-injected = 25; nscn8aa LOF SCN9A 400pg = 28; nsibling
injected SCN9A 400pg
= 63.
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Conclusions
Based on expression studies, functional data from morpholino experiments and evolutionary
comparisons, we concluded that there is not a one-to-one ortholog for human SCN9A in
zebrafish. Therefore, we proposed that zebrafish scn8aa and scn1aa could possess functions
of the human VGSC gene SCN9A. To investigate this hypothesis, we tested LOF mutants of
scn8aa and scn1aa in our temperature-controlled water compartment and demonstrated for
scn8aa mutants a significantly reduced temperature sensitivity. Expression of human SCN9AWT was not able to rescue the phenotype. These results confirm that scn8aa is not a 1:1
ortholog of SCN9A in zebrafish. However, these results do not rule out the possibility that
zebrafish scn8aa possesses, because of neofunctionalization or subfunctionalization, similar
functions as SCN9A. Since zebrafish scn8aa is expressed in the central and peripheral nervous
system and also homologous is to human SCN8A, it could be that the phenotype we observed
in our temperature assay is a combination of defects. The second candidate that could be
orthologous to human SCN9A is scn1aa. Interestingly, neither touch response nor
temperature-related activity was affected in homozygous scn1aa mutants. However, this does
not imply that we can completely rule out scn1aa to have orthologous functions of SCN9A and
only illustrates the evolutionary complexity.
The absence of insensitivity to pain in our scn1aa mutants could be the result of evolutionary
differences between mammals and zebrafish. Recent studies revealed that several
mechanisms are responsible for the insensitivity to pain in patients with CIP caused by SCN9A
LOF variants and thereby demonstrating that SCN9A has more functions than its contribution
to the action potential (Kurban et al., 2010, Isensee et al., 2017, Minett et al., 2015). Besides,
(partial) blockage of SCN9A in patients does not result in a similar pain insensitivity
(Schmalhofer et al., 2008, Emery et al., 2016). Recent studies demonstrated increased levels
of a precursor of endogenous opioids (PENK) in scn9a knockout mice (Minett et al., 2015).
While on the contrary, these mice have reduced levels of serotonin (pronociceptive) (Isensee
et al., 2017). Probably, SCN9A plays an important role in scaling pronociceptive input and
antinociceptive input (Isensee et al., 2017). Strikingly, the opioid antagonist naloxone was able
to reverse pain insensitivity in scn9a knockout mice and in a patient harboring an SCN9A null
mutation (Minett et al., 2015). A relation between zebrafish VGSCs and the opioid signaling
system has not been described. Interestingly, treatment with the serotonin agonist clemizole
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could reduce epileptic seizures in scn1aa and scn1ab homozygous mutants (Griffin et al.,
2017). Furthermore, a decreased concentration of serotonin was measured in the forebrain
of this epilepsy model suggesting that there also exists in zebrafish a correlation between
serotonin and VGSCs (Sourbron et al., 2016). To identify a relation between scn1aa and SCN9A
future studies should address the connection between zebrafish VGSCs and the opioid
signaling system. This could be achieved by the identification of proteins that interact with the
SCN9A protein. A recent study, with an SCN9A epitope-tagged mouse, revealed several
protein interactions with this sodium channel including, the opioid receptor-binding protein,
Gprin1 (Kanellopoulos et al., 2018), further confirming a relation between the opioid signaling
system and SCN9A (Kanellopoulos et al., 2018). Several of these interacting proteins that were
identified in this study are conserved in zebrafish, for example, CRMP2. This protein is critical
in regulating and trafficking of SCN9A and plays an important role in neuron development in
both zebrafish and humans (Kanellopoulos et al., 2018, Dustrude et al., 2016, Tanaka et al.,
2012). Zebrafish morphants with a knockdown of crmp2 have displaced RB neurons and, as
mentioned before, these neurons mainly express scn8aa and scn1aa (Tanaka et al., 2012,
Pineda et al., 2005). Co-expression of one of these SCN9A interactors with protein products of
scn1aa or scn8aa could be a major step in the direction of identifying the zebrafish VGSC with
similar functions as human SCN9A.
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Abstract
Small fiber neuropathy (SFN) patients experience a spectrum of sensory abnormalities,
including attenuated responses to non-noxious temperatures in combination with a
decreased density of the small-nerve fibers. Gain-of-function variants in the voltage-gated
sodium channels SCN9A, SCN10A and SCN11A have been identified as an underlying genetic
cause in a subpopulation of patients with SFN. Based on clinical-diagnostic tests for SFN, we
have set up a panel of two read-outs reflecting SFN in zebrafish, being nerve density and
behavioral responses. Nerve density was studied using a transgenic line in which the sensory
neurons are GFP-labelled. For the behavioral experiments, a temperature-controlled water
compartment was developed. This device allowed quantification of the behavioral response
to temperature changes. By using these read-outs we demonstrated that zebrafish embryos
transiently overexpressing the pathogenic human SCN9A p.(I228M) or p.(G856D) variants
both have a significantly decreased density of the small-nerve fibers. Additionally, larvae
overexpressing the p.(I228M) variant displayed a significant increase in activity induced by
temperature change. As these features closely resemble the clinical hallmarks of SFN, our data
suggest that transient overexpression of mutant human mRNA provides a model for SFN in
zebrafish. This disease model may provide a basis for testing the pathogenicity of novel genetic
variants identified in SFN patients. Furthermore, this model could be used for studying SFN
pathophysiology in an in vivo model and for testing therapeutic interventions.
Keywords: small-fiber neuropathy, SCN9A variants, zebrafish model, nerve density, temperature
assay.
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Introduction
Patients with small fiber neuropathy (SFN) typically complain of length-dependent
neuropathic pain symptoms due to dysfunction and degeneration of thinly-myelinated Aδ and
unmyelinated C-fibers (Hoeijmakers et al., 2012a, Cazzato and Lauria, 2017). Pain symptoms
can be spontaneous (e.g. burning, deep, paroxysmal pain) and evoked by innocuous stimuli
(e.g. light touch or pressure, warm and cold water). The diagnosis of SFN is based on the
characteristic clinical picture, and abnormal temperature threshold testing and/or reduced
intraepidermal nerve fiber density (IENFD) in a skin biopsy (Cazzato and Lauria, 2017, Tesfaye
et al., 2010, Hoeijmakers et al., 2012a). The spectrum of etiologies causing SFN has widened
and includes gain-of-function (GOF) variants in SCN9A, SCN10A and SCN11A, genes encoding
Nav1.7, Nav1.8, and Nav1.9 alpha subunits of voltage-gated sodium channels, respectively
(Cazzato and Lauria, 2017, Faber et al., 2012a, Han et al., 2015, Faber et al., 2012b). Conversely,
patients with homozygous loss-of-function (LOF) variants in SCN9A present with congenital
indifference to pain (Cox et al., 2010). Nav1.7, Nav1.8, and Nav1.9 are abundantly expressed in
peripheral sensory neurons and their axons, where they play a pivotal role in the generation
and conduction of action potentials (Ho and O'Leary, 2011, Black et al., 2012, Shields et al.,
2012). All three belong to the same family of voltage-gated sodium channels, consisting of
four functional domains with six transmembrane segments (S1-S6) (Wood and Baker, 2001,
Marban et al., 1998).
Recently, a study in the Netherlands consisting of 921 patients diagnosed with SFN has
revealed a prevalence of 16.7% of potentially pathogenic variants in one of these three sodium
channel genes (de Greef et al., 2017). The pathogenicity of genetic variants in these human
sodium channels could be demonstrated by segregation analysis in large families, when
possible, or cell electrophysiological studies, which are expensive and time-consuming
(Waxman et al., 2014). The characterization of these gene variants could also support the
identification of new compounds targeting these sodium channels (Hoeijmakers et al., 2012a).
The availability of a simple and rapid sodium channel gene-related in vivo model of SFN would
provide a medium-throughput screening tool for testing novel genetic variants and allow
testing the efficacy of available and new candidate analgesics. The zebrafish has proven to be
an excellent model for neurological diseases and because of the many similarities between
zebrafish and mammal neuroanatomical organization, it is a good candidate for modeling SFN
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(Malafoglia et al., 2013, Becker and Rinkwitz, 2012). The sensory nervous system in zebrafish
consists, like in mammals, of trigeminal ganglia, vagal ganglia and dorsal root ganglia (DRG)
(Malafoglia et al., 2013). In addition, zebrafish have an early type of sensory neurons, Rohon
Beard (RB) neurons, which allow the externally developing embryo to acquire sensory input
leading to activation of escape behavior in case of environmental threats (Reyes et al., 2004,
Malafoglia et al., 2013). Furthermore, the family of voltage-gated sodium channels in teleost
species share high levels of identity with their mammalian counterparts and since scn1aa,
scn8aa and scn8ab are broadly expressed in the sensory nervous system, it is likely that
sodium channels play an important role in nociception (Novak et al., 2006). Knockdown of
scn8aa revealed a significant effect on inward sodium current in sensory neurons resulting in
a reduced touch response, which was not observed in scn1aa morphants (Pineda et al., 2005).
Zebrafish have been already used in nociception studies (Taylor et al., 2017, Prober et al., 2008)
taking advantage of their escape behavior in response to noxious compounds and elevated
water temperatures characterized by increased swimming activity (Gau et al., 2013, Prober et
al., 2008, Curtright et al., 2015). Based on these observations, temperature aversion assays
have been developed to test the potential analgesic properties of novel compounds (Curtright
et al., 2015).
Here, we describe two read-outs for measuring SFN in zebrafish. These read-outs are based
on two clinical hallmarks of SFN, that are the abnormal response to thermal stimuli (thermal
allodynia) and the reduced density of sensory neurites. We tested the behavioral read-out by
using a scn8aa LOF line which is expected to have an attenuated response to temperature
change. To model SFN in the zebrafish, we have opted for the overexpression of human
variants because the functional zebrafish ortholog of SCN9A has not been identified and
variants in this gene are inherited in an autosomal dominant manner. We overexpressed two
human pathogenic SCN9A p.(I228M) and p.(G856D) GOF variants that are causative of SFN
(Persson et al., 2013, Hoeijmakers et al., 2012b, Estacion et al., 2011, Faber et al., 2012a).

Material & Methods
Zebrafish husbandry
Zebrafish (Danio rerio) were housed and raised in the zebrafish facility at Maastricht
University. Briefly, zebrafish were maintained at a 14 hour light and 10 hour dark cycle, the
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water temperature was kept at 27°C and adults were fed twice a day (Avdesh et al., 2012). To
obtain eggs, the day before mating males and females, separated by a divider, were placed in
a breeding tank. The next day, after the lights were turned on, the divider was removed to
allow mating. Eggs were collected and transferred to petri dishes containing E3 medium
(Nusslein-Volhard and Dahm, 2002). The zebrafish line sensory:GFP used in this study was
developed and described by O’Brien and coworkers (O'Brien et al., 2012). For all imaging
studies, to avoid interference of pigmentation with the fluorescent signal, a sensory:GFP line
in a nacre background was used lacking melanophores (Lister et al., 1999). The scn8aa LOF
nebula zebrafish line tW1752X harbors a premature translation termination substitution and
causes in a homozygous state a LOF of scn8aa (Wright et al., 2010). Genotyping was performed
by KASP by design (LGC Genomics, Berlin, Germany) with a custom primer targeted to the
following region:
5’CCGCTACAAGTGTTGCGATGTGCCCATCACGGAAGGCTGGGGCAAGAATT[G/A]GTGGTTTCTCCGAAAGACCTGCTAT
CTGATTGTGGAGCACAACTGGTTTG3’

SCN9A mRNA overexpression experiments
Vectors containing wildtype SCN9A and mutant human SCN9A with GOF variants
(I228M/G856D) were kindly provided by S. G. Waxman and S. D. Dib-Hajj and were subcloned
in a PCS2+ vector for in vitro mRNA synthesis (Estacion et al., 2011, Hoeijmakers et al., 2012b).
To transcribe full-length mRNA the Ambion mMessage mMachine SP6 transcription kit
(Invitrogen, Carlsbad, CA, USA) was used. mRNA quality was determined by denaturing RNA
gel electrophoresis and quantity was assessed using the Qubit fluorometer 4 (Thermo Fischer
Scientific, Waltham, MA, USA). A dose of 100pg of WT or mutant SCN9A mRNA was injected
in the 1-2-cell stage of embryos of sensory:GFP or wild-types (AB). Expression of these
constructs was confirmed at 96 hpf by amplification of the 3’ coding sequence. RNA
extractions were performed according to standard procedures with TRizol Reagent (Thermo
Fischer Scientific, Waltham, MA, USA) and for the cDNA transcription, the qScript cDNA
Synthesis Kit was used (Quanta, Beverly, MA, USA).
Confocal imaging & quantification of nerve densities
Prior to imaging with a DMI 4000B microscope (Leica, Wetzlar, Germany) equipped with a TCS
SPE confocal laser scanning module (Leica, Wetzlar, Germany), manually dechorionated 48
hpf nacre sensory:GFP embryos expressing human SCN9A (mutant) mRNA, were anesthetized
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using tricaine mesylate (Saint Louis, MO, USA) and were embedded in 2% low melting-point
agarose. Image acquisition of the caudal fin, allowing reproducibility between embryos, was
performed using confocal sections of 1.01µm. After noise reduction using the LAS X software
(version 3.3), each confocal recording was loaded in ImageJ software (version 1.50i) and zprojections were converted to 8-bit images. After manually adjusting the threshold, nerve
densities were quantified in the caudal fin using the ImageJ Particle Analyzer. For each image,
the mean pixel value was quantified in five independent areas which were subsequently
averaged.
TUNEL staining & quantification of Rohon Beard neuron death
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining was combined
with whole-mount immunocytochemistry as described previously (Svoboda et al., 2001). For
the TUNEL staining, we used the in situ cell death detection kit, TMR red (Sigma Aldrich, Saint
Louis, MO, USA). After the TUNEL staining nacre sensory:GFP embryos (48 hpf) expressing
human SCN9A (mutant) mRNA were in a dorsal position embedded in 2% low melting-point
agarose and imaged with a DMI 4000B microscope (Leica, Wetzlar, Germany) equipped with
a TCS SPE confocal laser scanning module (Leica, Wetzlar, Germany). Image acquisition was
performed using confocal sections of 4.15µm. After noise reduction using the LAS X software
(version 3.3), each recording was loaded in ImageJ software (version 1.50i) and z-projections
were blinded and the number of apoptotic RB neurons was counted manually.
ZebraBox experiments
Temperature sensitivity was assessed with an add-on, developed in-house, to the ZebraBox
system (Viewpoint, Lyon, France and Maastricht Instruments BV., Maastricht, The
Netherlands), consisting of 2 water reservoirs with water at a high temperature (50.0°C) and
water at a baseline temperature (28.5°C) (Fig.2). This setup enabled us to rapidly increase the
water temperature in the water compartment from 28.5°C ± 0.1°C to 41.0°C ± 0.7°C. The
temperature inside the wells during baseline recording was 27.7°C and the maximum
temperature, reached at the end of the experiment, was 39.6 °C ± 0.5°C. At 96 hpf, zebrafish
larvae in a 48-well plate containing 500µl E3 were placed in the water compartment. After an
adaptation period of 30 minutes in the dark, at 28.5°C ± 0.1°C, the protocol started with a
baseline recording for 10 minutes at 28.5°C ± 0.1°C, followed by an increase of the water
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temperature. Zebralab software (Viewpoint) determines the size of the zebrafish by contrast
differences between zebrafish and background. The software records the movement of the
zebrafish and determines the activity by the number of pixels that change from one frame to
the next.
Statistical analysis
GraphPad Prism version 5.02 was used to carry out statistical analysis, including student’s ttests and data were considered significant when the calculated p-value <0.05. All data are
presented as an average ± standard error of the mean (SEM).

Results
Read-out panel based on clinical hallmarks of SFN
We used a sensory:GFP zebrafish line to quantify nerve density in zebrafish embryos. This line
allowed visualization of all sensory neurons and enabled us to study the density of sensory
neurites in zebrafish. Development of sensory neurites in the zebrafish caudal fin was
monitored during the first stages of development (Fig.1). At 48 hours post-fertilization (hpf),
marked by the red frame, a fully developed network of sensory neurites was formed (Fig.1).
Extension of this network was observed in the following stage (56 hpf Fig.1). Since retraction
of some neurites occurred at later stages (>48 hpf), all confocal recordings were performed at
48 hpf (Svoboda et al., 2001).
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Figure 1. Sensory neurite development in the caudal fin of sensory:GFP embryos at different timepoints.
Sensory neurite development in the caudal fin of sensory:GFP embryos was followed at several stages of
development (24, 36, 48, and 56 hpf). Indicated by the red frame is the developmental stage (48 hpf) that was
used to study the effect of the pathogenic p.(I228M) and p.(G856D) variant. Images represent maximal
projections of confocal recordings at 20x magnification. Scale bar indicates 100µm.

In the second read-out, we aimed at measuring the behavioral responses to increased water
temperatures. Therefore, we developed an add-on to the commercially-available behavioral
tracking device, the ZebraBox (Fig.2A,B). This add-on was developed in-house and allowed to
rapidly increase the water temperature in the water compartment containing a 48-well plate
with the zebrafish larvae (Fig.2B). A more detailed description of this module is given in the
supplemental material (Supp. Fig.1-3) To explore the dynamics of the temperature change, 6
test runs were performed without larvae (Fig.2C). Recording for 10 minutes at baseline
temperature revealed minor temperature fluctuations in the water temperature in the
compartment (28.5°C ± 0.1°C), however, the temperature inside was for all tests the same
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27.7°C ± 0.0°C. Furthermore, these pilot experiments demonstrated that we were able to
rapidly increase the water temperature (Fig.2C). Since the water in the wells is indirectly
heated by the water in the compartment, the temperature inside the wells is lower than the
water temperature in the compartment (Fig.2C).

Figure 2. Development of a temperature-controlled water compartment.
Panel A. Water reservoir and flow/temperature controller are assembled in two units. The water reservoir unit
contains a tank which feeds the water compartment. The controller unit controls flow rate, temperature and
water quality (UV sterilization). Panel B. Because two different water reservoirs like depicted in panel A can feed
the water compartment it is possible to rapidly increase or cool down the water temperature of the compartment
containing a 48-well plate (Top view and side view of the water compartment). Temperatures were measured by
the temperature sensor inside the water compartment and the temperature sensor in the well. Panel C. The
average temperature change (± SEM) in 6 different test runs after 10 minutes of recording at baseline
temperature. Greyline indicates the temperature in the water compartment and the blackline the average of the
temperatures measured inside the wells (± SEM).

In order to test our temperature set-up, we used non-injected controls (Supp. Fig.4) and a
scn8aa LOF model having a defect in the processing of sensory stimuli caused by a loss of an
endogenous zebrafish sodium channel (Low et al., 2010, Wright et al., 2010). Nebula (scn8aa
LOF) mutant zebrafish embryos were selected based on a reduced touch response at 48 hpf
and divided into two groups; homozygous mutant embryos with a diminished touch response
and heterozygous mutant and homozygous WT siblings with a normal touch response (Pineda
et al., 2005, Wright et al., 2010). At 96 hpf, these groups were transferred to the water
compartment. After an adaptation period of 30 minutes and baseline recording at 27.7°C the
larvae were exposed to the rapid temperature change with a maximum of 39.6°C ± 0.5°C. As
reported before zebrafish larvae responded to the temperature change with an increase in
swimming activity which further increased as the temperature rose (Prober et al., 2008)
(Fig.3). At all the elevated temperatures the scn8aa mutants displayed significantly decreased
activity compared to the control siblings (Fig.3). The difference in activity between mutants
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and controls became more prominent as the temperature increased further (Fig.3). For both
groups, the activity of larvae peaked during heating but then gradually declined (Fig.3). All
larvae survived the heating protocol and no defects or abnormalities were observed
afterwards.

Figure 3. Diminished temperature response at 96 hpf for homozygous scn8aa loss-of-function (LOF) mutants.
At 96 hpf zebrafish embryos of the nebula (scn8aa LOF) line, placed in a 48 well plate, were after baseline
recording exposed to an elevation of water temperature (dotted line indicates water temperature in the wells
plotted on the right y-axis). This resulted in a significantly reduced temperature response for homozygous scn8aa
mutants (grey line) compared to control: scn8aa siblings, WT and heterozygous mutant (black line). Each data
point represents the mean value (± SEM) of a total of 96 larvae. Significance was tested with an unpaired
student’s t-test (unequal variances). For all data points during the temperature increase, p-values indicated a
high level of significance (p<0.0001). Activity is presented as changes in pixels and expressed using Arbitrary Units
(AU).

Decreased nerve density in zebrafish expressing mutant SCN9A
Since SCN9A GOF variants are inherited in an autosomal dominant manner and the zebrafish
ortholog of SCN9A is unknown, we overexpressed in zebrafish either WT human SCN9A or one
of two known human pathogenic variants in the SCN9A gene, p.(I228M) and p.(G856D)
(Hoeijmakers et al., 2012b, Persson et al., 2013, Estacion et al., 2011, Faber et al., 2012a). No
developmental or morphological differences were observed in the first 4 days of development
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in zebrafish embryos expressing (mutant) human SCN9A (Supp. Fig.5). Expression of the
mutant and SCN9A-WT mRNA was confirmed by RT-PCR (Supp. Fig.6).
At 48 hpf, we observed a significantly decreased density of sensory neurites in the caudal fin
of zebrafish embryos expressing the p.(I228M) substitution (20.9% ± 2.8% n= 13) and the
p.(G856D) substitution (17.1% ± 4.6% n= 7) compared to embryos expressing the Nav1.7
wildtype protein (SCN9A-WT 33,3% ± 1.4 n= 12) (Fig.4).

Figure 4. Decreased nerve density in zebrafish embryos (48 hpf) expressing mutant human SCN9A. Analysis of
maximal projections with the ImageJ particle analyzer revealed in sensory:GFP embryos (48 hpf) expressing
SCN9A p.(I228M) (Black squares) or SCN9A p.(G856D) (Black triangles), a significantly decreased nerve density in
the tail section, when compared to embryos expressing SCN9A-WT (Black circles). Representative maximal
projections of each group are depicted in the upper panel. Each data point represents the average GFP% in the
caudal fin per zebrafish embryo and consists of the analysis of 5 independent regions. The horizontal line depicts
the mean value with SEM. Significance was tested with an unpaired student’s t-test (unequal variances).
***Indicates for both comparisons a p-value of 0.0005. nSCN9A-WT= 12, nSCN9A p.(I228M) 13, nSCN9A p.(G856D)= 7. Image
acquisition, at a magnification of 20x, was performed with a confocal microscope (DMI 4000B microscope
equipped with a TCS SPE confocal laser scanning module (Leica, Wetzlar, Germany). Scale bar indicates 100µm.
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Increased temperature-related activity in zebrafish expressing mutant SCN9A protein
Next, we determined the behavioral response of larvae (96 hpf) with overexpressed human
mutant or SCN9A-WT to the temperature change. As a result of the temperature elevation,
both groups, mutant and SCN9A-WT injected embryos, responded with an increase of their
activity (Fig.5A,C). At lower temperatures, no significant differences were observed in the
activity of larvae expressing mutant or SCN9A-WT. However, at higher temperatures,
timepoints 14 and 15 minutes, a significant increase in activity was observed for larvae
expressing the p.(I228M) variant (Fig.5A,B). In contrast, for embryos expressing the p.(G856D)
variant, we observed no significant different response to the temperature change at all time
points (Fig.5C,D). As observed for the scn8aa mutants and control siblings, the activity of
larvae declined gradually after reaching a maximum (Fig.5A,C, and Fig.3).

Figure 5. Increased activity at elevated temperatures for larvae (96 hpf) expressing the SCN9A p.(I228M)
variant. At 96 hpf, embryos expressing human (mutant) SCN9A were exposed to an elevation of water
temperature (dotted line indicates water temperature in the wells plotted on the right y-axis). This resulted in a
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significantly increased activity at elevated temperatures for larvae expressing the SCN9A p.(I228M) variant (Black
line panel A). The maximal activity at the elevated temperatures for the larvae expressing the p.(I228M) variant
is depicted in panel B. For larvae expressing the p.(G856D) variant (black line panel C) no significant differences
were observed. The maximal activity at the elevated temperatures for larvae expressing the p.(G856D) variant is
depicted in panel D. Each data point represents the mean value with SEM. (A,B) nSCN9A-WT= 92, nSCN9A p.(I228M) 96.
(C,D) nSCN9A-WT= 69, nSCN9A p.(G856D)= 68. *Significance was tested with an unpaired student’s t-test (unequal
variances) and was demonstrated for 2 time points, 14 minutes (p value 0.033) and 15 minutes (p value 0.0486)
(A). Activity is presented as changes in pixels and expressed in Arbitrary Units (AU).

Discussion
A recent study performed by our group reported a frequency of 16.7% of potentially
pathogenic genetic variants of SCN9A, SCN10A and SCN11A in a SFN patient cohort (de Greef
et al., 2017). This group contains a high number of variants with uncertain clinical significance
(VUS). Since in silico prediction algorithms are not infallible, cell electrophysiology
experiments are time-consuming and co-segregation analysis cannot provide definite
evidence, there is the need for a model to provide functional data of these genetic variants
(Waxman et al., 2014, Hoeijmakers, 2014). Furthermore, the model could allow investigating
in vivo the efficacy of available and new candidate analgesics at preclinical level.
Here, we report a zebrafish model of SFN, based on overexpression of human mutant mRNA,
providing a platform that may allow testing the pathogenicity of potentially pathogenic SCN9A
variants identified in patients.
The read-outs used in our study were based on clinical hallmarks of SFN, such as thermal
allodynia and loss of the intraepidermal nerve fiber density in a skin biopsy (IENFD) (Devigili
et al., 2008, Cazzato and Lauria, 2017, Tesfaye et al., 2010, Hoeijmakers et al., 2012a). We
included the quantification of sensory neuritis in a sensory:GFP zebrafish line and the
behavioral analysis based on the assay of swimming activity in response to the increase of
water temperature. It was performed developing a temperature-controlled water
compartment that was used as an add-on to the ZebraBox. To assess whether we were able
to reveal differences in responses to temperature changes, we used the scn8aa LOF model
with a defect in sensory perception that recapitulates the picture of congenital indifference
to pain of patients harboring LOF variants of SCN9A (Cox et al., 2010, Pineda et al., 2005). Our
assay showed a severely diminished reaction to elevated water temperatures of homozygous
mutants. This difference became more apparent at higher temperatures, demonstrating that
we were able to reveal behavioral differences in temperature response with our assay.
101

Chapter 4

Therefore, the presence of scn8aa, a key player in sodium influx, in the sensory nervous
system and a LOF of scn8aa that significantly affects the response to noxious temperatures,
suggest that scn8aa could be at least partially orthologous to SCN9A. Furthermore, these
embryos do not manifest severe motor deficits and retain the capability to swim,
demonstrated by the initial temperature response observed in our mutants. Supporting these
findings, fictive swimming could be induced in zebrafish with a LOF of scn8aa (Low et al., 2010).
To model SFN in the zebrafish we overexpressed two pathogenic human variants in SCN9A,
p.(I228M) and p.(G856D) that are known to be causative of SFN in patients. Voltage and
current clamp studies revealed that these variants modulate sensory neuron functioning
(Estacion et al., 2011, Hoeijmakers et al., 2012b, Faber et al., 2012a). Our experiments
revealed that embryos expressing the p.(I228M) or the p.(G856D) variant have a significantly
decreased density of sensory neurites in the caudal fin. These findings in zebrafish paralleled
the observations in SFN patients, harboring these variants, namely decreased IENFD and
indicates that overexpression of human variants generates a zebrafish model of SFN (Estacion
et al., 2011, Hoeijmakers et al., 2012b, Faber et al., 2012a). Further supporting our findings,
the overexpression of the p.(I288M) variant in DRG neurons was proved to induce 20%
reduction of neurite length after 3 days in culture (Persson et al., 2013). Conversely, the
p.(G856D) variant did not cause significant effects on neurite length in rodent DRG neurons
after 3 days in culture, though a significant reduction was observed after 30 days in culture
(Rolyan et al., 2016).
An explanation for the difference between these in vitro studies with rodent DRG neurons and
our results in zebrafish embryos might be found in the different types of sensory neurons.
Zebrafish have at this early developmental stage mainly RB neurons. RB neurons are an early
type of sensory neurons that are transiently present and replaced by DRG neurons (Svoboda
et al., 2001, Malafoglia et al., 2013). This transition is mediated by the apoptosis of RB neurons
that starts early in development; however, retraction of RB neurites is not reported before 48
hpf (Svoboda et al., 2001). Apoptosis in RB neurons is regulated by the electrical activity of
these neurons. A reduction of Na+-current by pharmacological inhibition (tricaine) or a genetic
loss (mao mutants) of functional sodium channels significantly reduced apoptosis and resulted
in the presence of RB neurons at later stages of development (Svoboda et al., 2001). Since
increased Na+ influx in DRG neurites expressing these variants have been associated with
injurious levels of axonal Ca2+ probably mediated by a reverse operating of the Na+/Ca2+
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exchanger, we hypothesized that increased levels of Na+ current produced by the mutant
channels could contribute to early apoptosis of RB neurons and thereby a decreased nerve
density as observed in our study (Persson et al., 2016, Persson et al., 2013, Estacion et al.,
2015). Interestingly, at 48 hpf we did not observe any differences in the number of apoptotic
RB neurons between embryos expressing SCN9A-WT and the mutant constructs (Supp. Fig. 7).
These results indicate that the decreased nerve densities are not caused by an increase of RB
neuron death at this developmental stage. However, it could be that the defects arise in earlier
developmental stages or that other mechanisms underlie our observations. Furthermore, it is
important to note that a clear functional ortholog of human SCN9A in teleost species has not
been identified to date (Widmark et al., 2011). As Nav1.7 GOF variants are inherited in an
autosomal dominant manner, we have opted for the use of an overexpression model (Faber
et al., 2012a). Besides overexpression has the main advantage to test relatively fast the effect
of VUS in comparison to the generation of genetic lines which requires raising several
generations. Therefore, this approach would allow us to provide rapidly information about the
increasing number of VUS.
The second read-out is measured at a later developmental stage (96 hpf), where DRG neurons
are gradually taking over the functions of RB neurons (Reyes et al., 2004). At this stage, we
observed an increase in temperature-related activity for larvae expressing the p.(I228M)
variant, resembling thermal allodynia observed in patients with this variant. Remarkably, for
the p.(G856D) variant which is also known to cause thermal allodynia we did not observe an
increase in temperature-related activity. These findings suggest that at this stage the p.(I228M)
mutant channels had a more pronounced effect on zebrafish DRG neuron functioning. This is
further supported by data from DRG culture studies, where the p.(I288M) variant had at
earlier stages an effect on DRG neurite length in comparison to the p.(G856D) variant (Persson
et al., 2013, Rolyan et al., 2016).
There are some caveats to this study. First, we note that Nav1.7 has been reported to be
expressed in keratinocytes of mammals (Zhao et al., 2008). The present results do not exclude
the possibility that functional Nav1.7 channels were expressed in zebrafish skin cells, in
addition to or instead of in sensory neurons. Expression in these skin cells could, in principle,
explain the behavioral findings. Furthermore, expression in skin could secondarily affect the
pattern of innervation, i.e. IENFD. Even if this is the case, however, it does not detract from
our conclusion that expression of GOF Nav1.7 mutant channels can be detected in zebrafish
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in terms of changes that mimic the morphological and clinical manifestations of SFN. Second,
our behavioral read-out demonstrated a clear increase in activity at elevated temperatures
for the p.(I228M) variant, but not for p.(G856D). Whether this reflects different functional
profiles of the two variants as documented previously (Estacion et al., 2011, Hoeijmakers et
al., 2012b) or an experimental issue such as different patterns of expression within the
zebrafish background, remains to be determined. Irrespective of this, however, we would note
that, for the p.(I228M) variant, the zebrafish model paralleled the clinical presentation on both
a morphological and behavioral basis.
In conclusion, we have successfully expressed two pathogenic SCN9A variants in an in vivo
zebrafish model. The functional consequences of these substitutions were tested in a newly
developed read-out panel based on diagnostic criteria of SFN, which revealed a significant
effect on sensory nerve density for both variants. In addition to this morphological result
which parallels the clinical profile of SFN, our observations demonstrated a significant increase
in activity at elevated temperatures for the p.(I228M) variant. Taken together, our results
suggest that zebrafish may provide a novel model for assessing the pathogenicity of VUS
substitutions identified in molecular diagnostic tests. Given the many advantages of zebrafish
as an experimental platform, our data suggest a new model for SFN that could be of interest
in studying pathophysiology and for initial screening of potential therapeutic interventions.
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Supplementary data
Supplemental Fig.1-3. Overview of the temperature-controlled module
An overview of the newly developed temperature-controlled module is depicted in Supp Fig.1.
Two liters of water is added to the reservoir which can be heated to the desired temperature
by the temperature controller (Supp. Fig.1A) and is subsequently pumped into the water
compartment. This compartment contains a holder for a multi-well microtiter plate and can
be placed in the ZebraBox system (Viewpoint, Lyon, France) (Supp. Fig.1B,C). A valve block
allows switching between both reservoirs (Supp. Fig.1C).

Supp. Fig.1. Development of a temperature-controlled water compartment. Panel A. The water reservoir
contains a tank which feeds the water compartment. The controller controls flow rate, temperature and water
quality (UV sterilization). Panel B. Because two different water reservoirs like depicted in panel A can feed the
water compartment it is possible to rapidly increase the water temperature of the compartment containing a
48-well plate (Top view water compartment). Panel C. Overview of the entire setup including the ZebraBox
(Viewpoint).

This temperature-controlled module is regulated by a specially designed application (zebravis)
that regulates; water flow velocity in the compartment (FLOW), water temperature in the
reservoirs (Temperature), and activation of the valve block (Stimulation type) (Supp. Fig.2A).
This application has been developed by Maastricht Instruments Bv. by using Labview 2015
National instruments (version 15.0.1f3). Besides, the application also allows monitoring of
flow velocity, temperatures in the water reservoirs and water compartment (Supp. Fig.2B).
The actual and desired velocities and temperatures are depicted in graphs (Left panel Supp.
Fig.2B). The corresponding values with their deviations are depicted on the right side in Supp.
Fig.2B. A log file, in text format, is created and contains for each second the temperature
during the experiment (Supp. Fig.2C)
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Supp. Fig.2. Zebrafish software that controls and monitors the temperature-controlled module (zebravis
application developed using Labview 2015). Section A. Flow = flow velocity in cm/s and was for these
experiments set at 1. Temperature = temperature in the water reservoirs and set at 29 °C and 50 °C. Stimulation
type = activation of the valve block and thereby switching between reservoirs. Section B. Graph 1 depicts the
flow (desired, velocity unit 1 and velocity unit 2) during the experiment. The water temperatures in the reservoirs
(peltier 1 and peltier 2) are visualized in Graph 2. Graph 3 depicts the signal output of the system. The values
corresponding to these graphs are depicted in the right part of section B. Section C. Start logging = is the
registration of the temperature during the experiment.

This application runs in parallel with the standard ZebraLab software developed by Viewpoint
to quantify zebrafish behavior. Therefore, the stimulation of the valve block can be regulated
in this software as a TTL driver (Supp. Fig.3). During our experiments, the light was turned off
(0%) (Supp. Fig.3A). The protocol was defined as follow: no stimulation of the valve block
indicated by 0% for 40 min (2400000ms), 30 min acclimatization and 10 min baseline
recording. During acclimatization, the water temperature in the water compartment is 28.5
°C. Activation of the valve block, switching to the reservoir with water at a high temperature
for 10 min (600000ms), was defined as 100%. An overview of the protocol is depicted below
(Supp. Fig.3B)
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Supp. Fig.3. TTL driver settings in ZebraLab (Viewpoint) activity quantification application. Section A. Initial
light level: light during the experiment and was set at 0% (off). Section B. Protocol with a total time of 50 min.
Step 1 is 40 min (2400000ms) which includes 30 min acclimatization and 10 min baseline recording. 0% indicates
no activation of the valve block. Step 2 activation (100%) of the valve block (heating) for 10 min (600000ms).
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Supplemental Fig.4
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Supp. Fig.4. Activity of non-injected zebrafish larvae at 96 hpf. At 96 hpf, non-injected larvae were exposed,
after 10 min baseline recording, to an elevation of water temperature (dotted line indicates water temperature
in the wells plotted on the right y-axis). This temperature change evoked a temperature-related response (grey
line). Each data point represents the mean value with SEM. n=31.
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Supplemental Fig.5

Supp. Fig. 5. Lateral view of zebrafish at 48 hpf (sensory:GFP) and 96 hpf (AB) expressing WT or mutant SCN9A.
Left panel. Lateral view of sensory:GFP nacre embryos at 48 hpf, injected with SCN9A-WT or mutant
(I228M/G856D) used for confocal microscopy. Right panel. Lateral view of AB larvae at 96 hpf used in our
temperature-related activity assay. At both stages, we did not observe any differences in gross morphology
between any of these conditions. Scale bar indicates 1mm.
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Supplemental Fig.6

Supp. Fig.6. Expression of WT and mutant SCN9A at 96 hpf.
Amplification of a 561bp region of the 3’ coding sequence of Human SCN9A confirmed expression in zebrafish
embryos injected with Human WT-SCN9A (lane 1), p.(I228M) (lane 2) and p.(G856D) (lane 3). No amplification
was observed in the negative controls (non-injected control lane 4 and the blank lane 5). Human WT-SCN9A
plasmid was used as a positive control (lane 6). The O’gene ruler DNA ladder Mix (Thermo Fischer Scientific) was
used as a marker (M) and has a range of 100bp to 10,000bp.
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Supplemental Fig.7

Supp. Fig.7. Apoptotic Rohon beard neurons labeled with a TUNEL staining in sensory:GFP embryos at 48 hpf.
(A) Representative z-projection of Rohon Beard neurons labeled with a TUNEL staining (RED) in sensory:GFP
embryos (GREEN). (B) For both variants SCN9A p.(I228M) (Black squares) and SCN9A p.(G856D) (Black triangles),
we did not observe any significant differences in the number of apoptotic RB neurons when compared with
SCN9A-WT (Black circles). The horizontal line depicts the mean value with SEM. nSCN9A-WT= 17, nSCN9A p.(I228M) 19,
nSCN9A p.(G856D)= 16. Image acquisition, at a magnification of 40x, was performed with a confocal microscope (DMI
4000B microscope equipped with a TCS SPE confocal laser scanning module (Leica, Wetzlar, Germany). Scale bar
indicates 10µm.
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Abstract
Variants in genes involved in mitochondrial dynamics (fusion and fission) have been implicated
in many peripheral neuropathies. We hypothesized that defects in these genes could result in
a phenotype resembling features of small-fiber neuropathy (SFN). This was investigated in
zebrafish by knocking down two genes involved in mitochondrial dynamics gdap1 (possibly
fission and motility) and opa1 (fusion) using established morpholinos. Our read-outs were
nerve density in the caudal fin and a behavioral response to temperature changes, both based
on comparable hallmarks of SFN in patients. Knockdown of gdap1 resulted in zebrafish
embryos with a reduced density of sensory neurites compared to control morpholino-injected
embryos. Furthermore, these embryos demonstrated a decreased temperature-related
activity. In contrast, a knockdown of opa1 did not affect the density of sensory neurites nor
the temperature-related activity. However, only the opa1 morphants had an effect on
mitochondrial network morphology. As we were not able to visualize the mitochondria in the
neurons, it could well be that changes in the mitochondrial network remained undetected.
Our data indicate that GDAP1 knockdown affects sensory neurite development, however, it is
unclear if a problem in mitochondrial fission and network formation is the pathophysiological
mechanism. Although we did not observe an effect of inhibiting mitochondrial fusion during
development, we still propose that genes involved in mitochondrial dynamics should be
screened for variants in patients with SFN.
Keywords: zebrafish, mitochondrial dynamics, sensory neurites, fusion, fission, small-fiber
neuropathy.
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Introduction
Mitochondrial fusion and fission also referred to as mitochondrial dynamics, are in
combination with mitochondrial transport key processes in regulating quality control,
maintenance and distribution of mitochondria in cells (Ni et al., 2015). Mitochondrial fission
results in mitochondrial division and thus the formation of new daughter mitochondria (Scott
and Youle, 2010). Generating sufficient, small mitochondria is essential to repopulate
daughter cells during cell division, but also to enable transport of mitochondria along the
extensions of developing neurons (Chen and Chan, 2017, Ishihara et al., 2009). Fission serves
also as part of the quality control system by separating damaged mitochondria that can be
removed by mitophagy (Youle and van der Bliek, 2012). The counterpart of fission,
mitochondrial fusion, leads to mitochondrial merging and allows the exchange of contents
between mitochondria (Hoppins and Nunnari, 2009). Both processes respond to metabolic or
environmental changes (Wai and Langer, 2016). Under normal conditions, a balance between
these processes is necessary to keep a healthy population of mitochondria in cells.
Mitochondrial dynamics and intracellular mitochondrial transport are important for the
distribution of healthy mitochondria along axons. Since neuronal cells require large amounts
of energy and are lengthy, they are particularly sensitive to deficiencies in these processes.
Mitochondrial fission and fusion are mechanistically complex, involving many proteins that
are required for the separation and merging of mitochondria (Fig.1) (Pareyson et al., 2015).
The possible mitochondrial fission factor GDAP1 (ganglioside-induced differentiation
associated protein-1) is a tail-anchored protein of the mitochondrial outer membrane (MOM)
consisting of 358 amino acids (Niemann et al., 2005, Pedrola et al., 2005). GDAP1 plays a role
in neuronal development, as it was upregulated during mouse brain development and it was
highly expressed in the nervous system (Liu et al., 1999, Cuesta et al., 2002). A role in fission
was proposed by Niemann et al. who demonstrated that GDAP1 overexpression resulted in
mitochondrial network fragmentation, while mitochondria were elongated in knockdown
experiments (Niemann et al., 2005). In contrast, Pla-Martín et al. did not observe an increase
in mitochondrial tubulation in a gdap1 knock-down human neuroblastoma cell line. They
reported an increase of mitochondria, however, with normal elongation indexes and a
decrease of mitochondrial interconnectivity (Pla-Martin et al., 2013). Furthermore, a zebrafish
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model with a knockdown of gdap1 revealed an important function in peripheral motor neuron
axon branching, extension, and pathfinding in the developing embryo (Gonzaga-Jauregui et
al., 2015). These data indicated a critical role for GDAP1 during neuronal development, but no
definite evidence for a role in mitochondrial fission.

Figure 1. Overview of mitochondrial fission (upper panel) and mitochondrial fusion (lower panel).
Mitochondrial fission which takes place at the ER is mediated by FIS1, MFF, GDAP1 and the recruitment of DRP1.
This will result in the formation of two daughter mitochondria. Mitochondrial fusion consists of fusion of the
Mitochondrial Outer Membrane (MOM) mediated by MFN1 and MFN2 which is followed by fusion of the
Mitochondrial Inner Membrane (MIM) mediated by OPA1 which interacts with MFN1. Adapted from: (Pareyson
et al., 2015). # Image designed with Servier Medical Art https://smart.servier.com/

Mitochondrial fusion involves both the mitochondrial outer membrane (MOM) and the
mitochondrial Inner Membrane (MIM). A key player in fusion of the MIM is OPA1, which
contributes to cristae modeling (Pernas and Scorrano, 2016). OPA1 knockdown in HeLa cells
severely affected mitochondrial functioning by disrupting the mitochondrial network,
disorganizing the cristae (Olichon et al., 2003), followed by caspase-dependent apoptosis and
cytochrome C release (Olichon et al., 2003). OPA1 is necessary for mitochondrial metabolism
in zebrafish and OPA1 knockdown affected the early development of zebrafish embryos.
These morphants displayed a variety of phenotypical aspects including a reduced touch
response (Rahn et al., 2013), indicating that OPA1 knockdown could potentially affect sensory
neurite development as well.
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Variants in genes involved in mitochondrial dynamics (fusion and fission) have been implicated
in many neurodegenerative disorders and peripheral neuropathies including, Charcot-MarieTooth disease (CMT), early-onset and progressive dominant optic atrophy, hereditary sensory
and autonomic neuropathy (Zuchner et al., 2004, Kijima et al., 2005, Cuesta et al., 2002,
Bertholet et al., 2016, Pareyson et al., 2015, Chen and Chan, 2009, Abrams et al., 2015,
Delettre et al., 2000, Waterham et al., 2007). We hypothesized that defects in these genes
could also cause small-fiber neuropathy (SFN). The clinical picture of SFN is dominated by
sensory symptoms, including neuropathic pain and altered temperature sensation, and signs
of autonomic dysfunction. For the diagnosis SFN, a decreased small-nerve fiber density in skin
biopsy and/or abnormal temperature thresholds in temperature threshold testing are
required (Hoeijmakers et al., 2012). Histologically, in SFN the thin-myelinated Aδ-fibers and
unmyelinated C-fibers are affected. Especially, small-diameter-unmyelinated-nerve fibers
appear to be susceptible for mitochondrial dysfunction, because of the high number of
mitochondria per axonal volume compared to myelinated axons (Flatters, 2015, Persson et
al., 2016). In addition, increased numbers of mitochondria are found in the free nerve endings
(Baloh, 2008). These features could contribute to a length-dependent pattern, with longer
nerve fibers being affected first, clinically reflected in sensory symptoms starting distally in the
extremities (Persson et al., 2016).
We investigated the role of opa1 and gdap1 in SFN by using established morpholinos (MO) to
knockdown these genes in zebrafish and testing the effects on mitochondrial morphology,
nerve density in the caudal fin and temperature-related activity (Rahn et al., 2013, GonzagaJauregui et al., 2015).

Methods
Zebrafish husbandry
Zebrafish (Danio rerio) were housed and raised in the zebrafish facility at Maastricht University
as previously described (Eijkenboom et al., 2019). To obtain eggs for microinjections, males
and females were placed in a breeding tank and separated by a plastic divider. The next
morning, after the lights were turned on, mating was allowed by removing the divider.
Embryos were raised in petri-dishes containing E3 water (Nusslein-Volhard and Dahm, 2002).
119

Chapter 5

O’Brien and coworkers developed and described the sensory:GFP line used in our study
(O'Brien et al., 2012). Briefly, this transgenic line makes use of the UAS/GAL4 expression
system where an enhancer of the islet-1 (isl[ss]) gene drives expression of GAL4-VP16 and
thereby activates GFP under the control of 14 copies of the Gal4 upstream activating
sequences (UAS). For all imaging studies, to avoid interference of pigmentation with the
fluorescent signal, a sensory:GFP line in a nacre background was used lacking melanophores
(Lister et al., 1999).
Morpholino injections
The gdap1 and opa1 MO were obtained from Gene Tools, LLC (Philomath, OR, USA). The
gdap1 is a splice-blocking MO and the opa1 MO targets the 5’UTR. Both MOs were injected in
the 1-or 2-cellular stage in sensory:GFP embryos or in AB wildtype (WT) embryos at a
previously reported dose (Gonzaga-Jauregui et al., 2015, Rahn et al., 2013). It is recommended
to test MOs according to the recently published guidelines (Stainier et al., 2017). Since both
MOs were already published (the phenotypes described in these papers were clear and
matched with the phenotypes we observed) and an efficient knockdown was reported, we
considered it not necessary to perform dose-response curves and rescue experiments.
Confocal imaging & quantification
At 2 days post-fertilization (dpf), gdap1, opa1 and control morphants were anesthetized using
tricaine mesylate (Saint Louis, MO, USA) and were embedded in agarose. Imaging was
performed with a DMI 4000B microscope (Leica, Wetzlar, Germany) equipped with a TCS SPE
confocal laser scanning module (Leica, Wetzlar, Germany). For the nerve density studies, the
caudal fin was imaged, with a 20x magnification, for each embryo to achieve reproducibility
between embryos. Image acquisition was performed using confocal slices of 1.01µm. To
perform noise reduction LAS X software (version 3.3) was used. Each confocal recording was
loaded in ImageJ software (version 1.50i) and z-projections were converted to 8-bit images.
After manually adjusting the threshold based on the original z-projection, nerve densities were
quantified in the caudal fin using the ImageJ Particle Analyzer. For each image, the mean pixel
value was quantified in five independent areas chosen at random in the tail section, which
were subsequently averaged. For analysis default settings of the Particle Analyzer were used
(Eijkenboom et al., 2019). To visualize mitochondrial networks in dermal cells, MO-injected
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embryos were incubated for 3,5 hours at 28.5°C with Mitotracker Orange CMTMRos (Thermo
Fisher Scientific, Waltham MA) at a concentration of 1µM which was diluted in E3 water
without the addition of methylene blue, using a 63x confocal microscope objective lens and a
1.5x digital zoom factor. 2D mitochondrial network analysis was performed blinded using a
recently published macro tool for ImageJ (MiNA v110) (Valente et al., 2017). Next, to several
image enhancing steps this macro creates a skeleton of the mitochondrial network and
calculates several factors including the number of individual structures, the number of
networks and the mean branch length of rods/branches. For a complete description of this
macro and the other parameters that are calculated, we refer to Valente et al. (Valente et al.,
2017).
ZebraBox experiments
A temperature-controlled water compartment, developed by our group in collaboration with
Maastricht Instruments BV., was used to assess temperature-related activity (Eijkenboom et
al., 2019). This water compartment was used as an add-on to a customized ZebraBox system
(Viewpoint, Lyon, France). Because the system contains 2 water reservoirs with water at a high
temperature and water at a baseline temperature (28°C), standardized temperature for
raising zebrafish embryos, we were able to rapidly increase the water temperature in the
compartment (Kimmel et al., 1995). At 4 dpf, zebrafish larvae with an AB WT background,
injected with the gdap1, opa1 or control MO were transferred to a 48 well plate containing
500µl E3. The plate containing the larvae was placed in the ZebraBox and after an adaptation
time of 30 minutes in the dark, at 28.5°C ± 0.1°C, the experimental protocol was initiated. The
protocol started with a baseline recording of 10 minutes at 28.0°C ± 0.1°C and was followed
by an increase of the water temperature with a maximum temperature of 36.5°C ± 0.4°C for
the gdap1 experiments and 35.8°C ± 0.4°C for the opa1 experiments. Since the water inside
the wells is indirectly heated by the arena, the actual temperature inside the wells is slightly
lower. Zebralab software determined the size of the zebrafish by contrast differences between
zebrafish and background. The software recorded the movement of the zebrafish and
determined the activity by the number of pixels that change from one frame to the next. This
data (changes in pixels) was expressed using Arbitrary Units (AU).
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Statistical analysis
GraphPad Prism version 5.02 was used to carry out statistical analysis (Student's t-test). Data
were considered significant when the calculated p-value <0.05. To correct for multiple testing
in the mitochondrial network studies we applied the Bonferroni correction. All data is
presented as standard error of the mean (SEM).

3. Results
Phenotype of gdap1 and opa1 morphants
Gdap1 knockdown revealed a distinct phenotype observed in 24.6% of the embryos (Fig.2A,
C). In these embryos, we observed a hammer-shaped tail (Fig.2A,C) which was not reported
before for these morphants. The opa1 morphants were classified at 2dpf in three groups;
embryos mildly affected, with as main phenotypic characteristics a curved body axis, nonaffected and severely-affected embryos (Fig.2B,D), comparable to what has been described
before (Rahn et al., 2013). The severe groups were excluded from further analysis.

Figure 2. Phenotypes at 2dpf after gdap1 and opa1 morpholino (MO) knockdown.
Overview of the phenotypes observed at 2dpf in gdap1 (A) and opa1 (B) morphants compared to control MOinjected embryos. MOs were injected at the 1- or 2-cellular stage in embryos of the sensory:GFP line. Scale bar
25µm. Percentage of each observed phenotype per MO condition (C and D). Dose 8ng gdap1 (C) n=61 and dose
8ng control MO-injected (C) embryos n=34, dose 8.5ng opa1 (D) n=100, dose 8.5ng Control MO-injected embryos
(D) n=82.
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Dermal cells of zebrafish embryos have tubular mitochondrial networks which are
fragmented after opa1 knockdown
To investigate, in vivo, the effect of a knockdown of gdap1 and opa1 on mitochondrial network
morphology, we stained the mitochondria of embryos with a distinct phenotype at 2dpf with
Mitotracker Orange CMTMRos. Mitotracker staining was only achieved in the enveloping and
basal skin layer of the embryo. For both, control and gdap1 morphants, we observed tubular
mitochondrial networks (Fig.3A), while for the opa1 morphants the mitochondrial networks
were fragmented (Fig.3A). Quantification of these images with the freely available MiNa tool
(Valente et al., 2017) demonstrated no significant differences between gdap1 and control
morphants (Fig.3B). For the opa1 morphants, we observed a significant increase in individual
mitochondria with an increase in smaller networks (Fig.3B).

Figure 3. Mitochondrial networks in gdap1 and opa1 depleted embryos. (A) Representative images of the
mitochondrial networks at 2dpf in gdap1, opa1, and control (8 and 8.5ng) morphants. Gdap1 depleted embryos
and control morphants have tubular mitochondrial networks which are highly fragmented in opa1 morphants.
Image acquisition, at a magnification of 63x and a digital zoom factor of 1.5x, was performed with a confocal
microscope (DMI 4000B microscope equipped with a TCS SPE confocal laser scanning module (Leica, Wetzlar,
Germany)). Scale bar indicates 10µm. (B) Mitochondrial networks were quantified by using the ImageJ macro
tool MiNa. No significant differences were observed between gdap1 and control morphants for the MiNa output
parameters including, the number of individual mitochondrial structures, number of mitochondrial networks and
mean length of rods/branches. In comparison to the controls, opa1 morphants have a significant increase in
individual structures, an increase of networks and a decrease in mean branch length which indicate fragmented
networks. Error bars indicate ±SEM; **p< 0.01 *** p<0.001 (unpaired student’s t-test with a Bonferroni
correction for multiple testing). ngdap1 hammer tail = 6; nOpa1 bend body axis = 3; ncontrol 8ng/8.5ng = 12.
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Nerve densities in gdap1 and opa1 morphants
Next, we assessed the effect of the gdap1 and opa1 knockdown on sensory neurite
development using the transgenic sensory:GFP zebrafish line, marking all sensory neurons.
Knocking down the mitochondrial protein gdap1 has a significant effect on the development
of sensory neurites (Fig.4A). A lower density of sensory neurites is observed in gdap1
morphants with a “hammer” tail phenotype (23.2% ± 3.0, n= 11) compared to control MOinjected embryos (35.5% ± 1.8, n= 22, p-value 0.006) and gdap1 morphants without this
phenotype (35.9% ± 2.2, n=16, p-value 0.0018) (Fig.4A,C). Between the gdap1 knockdown
without the “hammer” tail and the control-MO injected no differences in the nerve density
was observed (p-value 0.909). At 2dpf for embryos with a knockdown of opa1, no significant
differences in the density of sensory neurites (bend body axis 28.4% ± 2.5, n=8 and normal
31.2 ± 2.8, n=8) was observed compared to control MO-injected embryos (35.3 ± 2.6, n= 8)
(Fig.4B,D).

Figure 4. Reduced nerve densities at 2dpf in gdap1 and opa1 morphants. Representative maximal projections
of confocal recordings (20x magnification) of zebrafish tail sections of gdap1 (A) and opa1 (B) morphants
compared with 8ng control MO-injected embryos (A) or 8.5ng control MO-injected embryos (B). A significantly
lower nerve density in gdap1 morphants with a “hammer” tail is revealed after quantification of the nerve
densities (%GFP) in gdap1 (C) and opa1 (D) morphants by using the ImageJ particle analyzer (analyzing per
embryo 5 independent areas). Error bars indicate ±SEM; **p< 0.01 *** p<0.001 (unpaired student’s t-test). ngdap1
hammer tail
= 11; ngdap1 normal = 16; ncontrol dose 8ng = 22; nOpa1 bend body axis = 8; nOpa1 normal =8; ncontrol dose 8.5ng = 8.
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Temperature sensitivity of gdap1 and opa1 morphants
The effect of the gdap1 and opa1 knockdown on temperature sensitivity was tested in larvae
with normal morphology to avoid interference of the morphological deformities in swimming
behavior. After an adaptation time of 30 minutes and baseline recording at 28.5°C ± 0.1°C the
larvae were exposed to a rapid temperature change with a maximum temperature of 36.5°C
± 0.4°C for the gdap1 experiments and 35.8°C ± 0.4°C for the opa1 morphants (Fig.5). As
reported before, wild-type zebrafish larvae responded to the temperature change with an
increased swimming activity which further increased as the temperature rose (Prober,
Zimmerman et al. 2008). A significantly reduced temperature response for gdap1 morphants
was observed, while for opa1 morphants a similar response as control-injected larvae was
observed (Fig.5A,B). For all groups, the activity of larvae reached its maximum during heating
and subsequently declined (Fig.5A,B). All larvae survived the heating protocol and no defects
or abnormalities were observed afterwards.
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Figure 5. Decreased swimming activity at elevated temperatures for larvae with a knockdown of gdap1.
At 4dpf morphologically normal zebrafish morphants of gdap1 and opa1 or injected with the control morpholino
were exposed to an elevation of water temperature (dotted line and right y-axis) after baseline recording. This
resulted in a significantly decreased activity at elevated temperatures for larvae with a knockdown of gdap1
(greyline panel A). For larvae with a knockdown of opa1 (grey line panel B), no difference in activity was observed.
Each data point represents the mean value with SEM. (A) ngdap1 = 48, ncontrol-MO = 48. (B) nopa1= 69 , ncontrol-MO =
65.***Significance was tested with an unpaired student’s t-test (unequal variances) and was demonstrated for
3 time points, 8,9 and 10, in panel A. *** indicates p values <0.001. Activity is presented as changes in pixels and
is expressed using Arbitrary Units (AU).
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Discussion
Depletion of mitochondrial gdap1 in zebrafish affected sensory nerve density and
temperature sensitivity.
We showed that a gdap1 knockdown in zebrafish embryos caused a distinct phenotype with
a decreased sensory nerve density, but with no visible effect on mitochondrial network
morphology in dermal cells. For the subgroup, without a morphological defect in this early
stage, we did not observe a decreased density of sensory neurites. However, these embryos
had at a later developmental stage (4dpf) a diminished temperature response indicative of
having a disturbed development of dorsal root ganglia which take over the function of
processing sensory input of Rohon Beard neurons (Malafoglia et al., 2013).
GDAP1 is a tail-anchored protein located in the mitochondrial outer membrane and is highly
expressed in the nervous system (Niemann et al., 2005, Pedrola et al., 2005, Cuesta et al.,
2002). GDAP1 knockdown in an N1E-115 neuroblastoma cell line using RNAi revealed a more
tubular mitochondrial network, indicating a shift towards fusion (Niemann et al., 2005).
Mitochondrial networks in patient fibroblasts harboring a dominant missense variant were
partially fragmented and had an increase of the diameter of mitochondria (Cassereau et al.,
2009). Furthermore, several other studies described a role for GDAP1 in mitochondrial fission
(Niemann et al., 2009, Wagner et al., 2009). Knockdown studies with other fission factors
revealed a DRP1 and FIS1 dependent role for GDAP1 (Niemann et al., 2009). In contrast, PlaMartin et al. did not observe an increase in mitochondrial tubulation in a gdap1 knock-down
human neuroblastoma cell line (Pla-Martin et al., 2013). They reported an increase of
mitochondria, however, with normal elongation indexes and a decrease of mitochondrial
interconnectivity (Pla-Martin et al., 2013). This is more in line with what we observe by
staining the mitochondrial network in dermal cells of the zebrafish gdap1 knockdown model.
However, as we were not able to visualize the neurons and used zebrafish, which were only
slightly abnormal, it could well be that subtle changes in the mitochondrial network remained
undetected. These differences indicate that the exact, and maybe tissue-specific role of
GDAP1 in fission and mitochondrial network formation is more complex than anticipated.
Mitochondrial fission has been linked to neuron development before (Ishihara et al., 2009, Liu
et al., 1999). For example, overexpression of the mitochondrial fission protein DRP1 increased
neuronal differentiation (Ishihara et al., 2009). An important role for GDAP1 in neuron
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development was illustrated by the upregulation of this gene during neuronal differentiation
(Liu et al., 1999). As we provided evidence for a role of GDAP1 in sensory neuron development
at an early embryonic stage, it is possible that the defects in neuron development might
already arise at the first step of neuronal differentiation from stem cells. Neuronal stem cells
(NSC) have tubular mitochondrial networks and mainly rely on glycolytic ATP production
(Khacho et al., 2016). Glycolysis provides important building blocks for the synthesis of amino
acids, lipids and nucleic acids important for self-renewal (Chen and Chan, 2017). Interference
of mitochondrial dynamics in these uncommitted cells revealed no effect on cell number or
viability (Khacho et al., 2016). However, MFN1/2 deficiencies resulted in more fragmented
mitochondria accompanied by an enhancement of cells transitioning to a committed
progenitor state and a decrease in self-renewal, while the opposite was observed for cells with
a loss of DRP1 (Khacho et al., 2016). This increase in transitioning is associated with elevated
levels of Reactive oxygen species (ROS) and an upregulation of genes involved in neuronal
differentiation (Isl1, Olig2, Lhx5, Nkx2.1, Sim1), redox response (Aldh1l2 and Slc7a11/xCT) and
the Notch pathway (Botch/CHAC1). Since Isl1 is an important marker for sensory neurons (Sun
et al., 2008), we hypothesize that a loss of GDAP1 might additionally promote self-renewal
rather than cell differentiation in sensory neurons (Fig.6).
In addition to a limited neural differentiation, caused by a defect in mitochondrial
fragmentation, a shift towards fusion probably resulted in a disturbed transport of the unfragmented mitochondria. It has been proposed that defects in mitochondrial fission results
in mitochondrial aggregation in the soma and an abnormal distribution of mitochondria in
neurites, causing ATP depletion, disturbed Ca2+ homeostasis and a decreased lipid metabolism
(Otera et al., 2013, Pla-Martin et al., 2013, Gonzalez-Sanchez et al., 2017). Probably these local
energy deficits affect the formation of the outgrowth of sensory neurites (Fig.7). Besides the
inability of transport of these elongated organelles, a more distinct role in mitochondrial
transport has been implicated for GDAP1 since interactions with the cytoskeleton and
trafficking-associated proteins like B-tubulin, RAB6B, and caytaxin have been demonstrated
(Pla-Martin et al., 2013). In GDAP1 depleted cells, mitochondria were misallocated and were
not transported towards the subplasmalemmal domain upon ER-Ca2+ emptying and SOCE
activation, leading to defects in Ca2+ homeostasis (Pla-Martin et al., 2013, Gonzalez-Sanchez
et al., 2017). In addition, a lower number of mitochondria were co-localized with the ER in
GDAP1 depleted cells (Pla-Martin et al., 2013). The ER is an important site for mitochondrial
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fission since mitochondrial division sites are marked by ER tubules that wrap around the
mitochondria (Friedman et al., 2011). These data suggest that knockdown or loss of GDAP1
prevented the localization of mitochondria to the ER and inhibited mitochondrial fission and
transport.

Figure 6. Mitochondrial dynamics during the transition of neuronal stem cell (NSC) to committed progenitor
cell in WT and GDAP1-depleted cells. The upper panel shows the transition of NSC to committed progenitor cells
in WT cells. Mitochondrial fission initiated at the ER results in the formation of two daughter mitochondria.
Subsequently, this results in an increase in ROS production by OXPHOS which in turn leads to upregulation of
genes important in neuronal differentiation, redox response, and Notch signaling. The lower panel shows the
transition of NSC to committed progenitor cells in GDAP1-depleted cells. Knockdown (KD) of GDAP1 affects
according to the group of Nieman (Niemann et al., 2005) mitochondrial fission, we hypothesize by a defect in
transport to the ER, resulting in elongated mitochondria and no increase in ROS production and thereby a balance
towards self-renewal rather than differentiation.

Our study revealed a significantly reduced density of sensory neurites, whereas a previous
study of the same gdap1 knockdown model revealed that embryos had defects in peripheral
motor neuron axon branching, extension, and pathfinding. In this study, co-injection with MOs
at sub-effective doses, targeted towards, mfn2 and abhd12, genes also involved in peripheral
neuropathies, revealed an exacerbation of the phenotype (Gonzaga-Jauregui et al., 2015).
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Figure 7. Mitochondrial fission in differentiated sensory neurons. (A) Mitochondrial fission initiated at the ER
results in the formation of two daughter mitochondria. In order to provide energy production in the distal regions
mitochondria are normally distributed by microtubule transport along the neurites. (B) According to literature,
depletion of GDAP1 affects mitochondrial fragmentation (Niemann et al., 2005) and results in elongated
mitochondria which cannot be transported towards the most distal regions resulting in a decrease of ATP supply,
Ca2+ homeostasis and lipid metabolism which halts the outgrowth of neurites.

Based on similarities in neuroanatomical structures between zebrafish and mammals and on
the decreased temperature-related activity, our results are indicative of an altered pain
perception in gdap1-depleted zebrafish embryos (Malafoglia et al., 2013). Pathogenic variants
in GDAP1 can cause four subtypes of CMT, with a variation in inheritance pattern and
neurophysiology features (Cassereau et al., 2011). The autosomal recessive form causes a
severe early-onset of the disease and these variants result in a decreased mitochondrial fission
activity (Niemann et al., 2009, Auer-Grumbach et al., 2008, Dubourg et al., 2006). Overlap in
the phenotype of patients with CMT and SFN together with our data in zebrafish, suggest that
GDAP1 variants could play a role in the development of SFN due to a defect in sensory neuron
development at an early developmental stage (Zambelis, 2009, Laura et al., 2014, Pazzaglia et
al., 2010, Tavakoli et al., 2012). Furthermore, we expect that similar mechanisms could be
involved in the axonal nerve degeneration in patients with SFN and our model. In gdap1
morphants, we observe a neurodevelopmental defect which is possibly caused by energy
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deficits as a result of a disturbed mitochondrial distribution. It has been reported that SFN
patients, in an early stage without IENF loss, already have a reduction of mitochondria in these
nerves. Therefore, a loss of mitochondria precedes nerve degeneration (Casanova-Molla et al.,
2012). These local energy deficits could play a key role in the development of the disease.
Opa1 depletion has no effect on zebrafish embryo sensory nerve densities and temperature
sensitivity
As reported before and observed in our study zebrafish embryos with opa1 knockdown
presented with smaller eyes, reduced touch response, unlooped hearts and pericardial edema
(Rahn et al., 2013). In the current study, the opa1 morphants were categorized according to
their main characteristic feature, a severely bend body axis at 2dpf. However, a deficiency of
opa1 did not reveal any differences in sensory neurite nerve density nor an effect on
temperature sensitivity, indicating that also at a later stage in development (4dpf) there was
no effect in the sensory neurons. Our results suggest that a loss of OPA1, located in the inner
mitochondrial membrane and important in mitochondrial fusion, has no effect on the sensory
neurite development at an early developmental stage. Defects in mitochondrial fusion
promote mitochondrial fragmentation, which is driving early neuronal development without,
at this stage, a negative effect on neuronal differentiation (Khacho et al., 2016). Furthermore,
no defects in transport to the distal areas seem to occur, in line with proper fragmentation of
mitochondria. However, as we only studied one of the fusion factors during early embryonic
development, this data does not rule out a role for opa1 or fusion in general in axonal
degeneration at juvenile or adult stages in the zebrafish (Persson et al., 2016). Depletion of
the outer membrane fusion proteins MFN1 and MFN2 should confirm these observations.
In conclusion, we have demonstrated a role for gdap1, but not for opa1 in sensory neurite
development, leading to SFN characteristics in zebrafish. Our findings revealed deficient
neurodevelopment, however, we did not observe a defect in mitochondrial fission. This may
be because we could not study the mitochondrial networks in the developing neurites or
because other mechanisms could apply. Although, we do not observe an effect of interference
with mitochondrial fusion at this developmental stage, we still propose that genes involved in
mitochondrial dynamics should be screened for variants in patients with SFN.
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Small-fiber neuropathy (SFN) patients typically complain of length-dependent neuropathic
pain symptoms due to dysfunction and degeneration of thinly-myelinated Aδ and
unmyelinated C-fibers (Chapter 1). Pain symptoms can be spontaneous (e.g. burning, deep,
paroxysmal pain) and evoked by innocuous stimuli (e.g. light touch or pressure, warm and cold
water). The diagnosis of SFN is based on the characteristic clinical picture and abnormal
temperature threshold testing (TTT) and/or reduced intraepidermal nerve fiber density (IENFD)
in a skin biopsy. Gain-of-function variants in the voltage-gated sodium channel (VGSC) genes
SCN9A, SCN10A, and SCN11A, altering the sensitivity of sensory neurons, have been identified
as one of the underlying causes. It is still unknown which part of SFN can be explained by
variants in these 3 genes and exact genotype-phenotype correlations are currently lacking.
This latter aspect also requires studying the pathophysiological mechanisms not only in vitro,
but also in vivo in a whole organism model. As, current methods to classify the pathogenicity
of variants in VGSC genes unambiguously (electrophysiology) lack sufficient throughput, such
a model would preferably also have a high- or medium-throughput for variant classification.
We investigated if the zebrafish has the potential to become a model which can cover these 2
aspects and which, additionally, can be used to reveal other causes of SFN.
Specific aims of this thesis are:
1.

Define the frequency and phenotypic expression of SCN9A, SCN10A and SCN11A

pathogenic variants in a large, well-characterized cohort of 1139 SFN patients.
2.

Establish a read-out in the zebrafish that reflects important clinical aspects of SFN

and allows testing of SFN variants and study their pathophysiology.
3.

Application of the read-out panel to study other mechanisms that could be related

to the development of SFN.
The first pathogenic variants in SCN9A, causing SFN, were reported in 2012 in a small cohort
of 28 patients. Since then, pathogenic variants in SCN10A and SCN11A have been reported as
well as the cause of SFN. Our aim was to evaluate the variant frequency of SCN9A, SCN10A
and SCN11A in patients with pure SFN, and analyze patients’ clinical features (Chapter 2).
Between September 2009 and January 2017, patients, diagnosed with pure SFN at the
Maastricht University Medical Center+ (the Netherlands) were screened for SCN9A, SCN10A
and SCN11A variants. Pure SFN is defined by typical clinical symptoms in combination with an
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abnormal IENFD in skin biopsy and/or abnormal TTT, without signs of large nerve fiber damage
on neurological examination and/or NCS. Pathogenicity of variants was classified according to
the practice guidelines of the Association for Clinical Genetic Science and previously published
recommendations. Variant frequencies were determined for SCN9A, SCN10A and SCN11A.
SFN patients were grouped based on presence of VGSC variants, and the clinical features were
compared. Among 1139 SFN patients, 132 (11.6%) patients harboured 73 different (potentially)
pathogenic VGSC variants, of which 50 were novel and 22 were found in ≥1 patient. The
frequency of (potentially) pathogenic variants was 5.1% (n=58/1139) for SCN9A, 3.7%
(n=42/1139) for SCN10A, and 2.9% (n=33/1139) for SCN11A. Only erythromelalgia-like
symptoms and warmth-induced pain were significantly more common in patients harboring
VGSC variants. In 15.1% of patients with pure SFN with an underlying condition a (potentially)
pathogenic VGSC variant was found. These conditions are glucose intolerance, immunological
diseases, vitamin B12 deficiency, a history of chemotherapy, diabetes mellitus, alcohol abuse,
and a monoclonal gammopathy of undetermined significance. However, the number of
patients per specific underlying condition was too small to study potential relationships
between these conditions and particular VGSC variants. Genetic screening of SCN9A, SCN10A
and SCN11A should be considered in all patients with pure SFN, independently of clinical
features or underlying conditions. The identification of more potentially pathogenic variants
will allow more detailed correlations between VGSC and the underlying conditions. This could
help us to better understand the disease and identify patients with such condition that are at
high risk for developing a neuropathy. A drawback is that also the number of variants with
uncertain clinical significance will increase. The identification of specific variant hotspots in
these genes, the presence of the same potentially pathogenic variants in unrelated SFN
patients or segregation analysis might solve this issue for some of these variants. But,
unfortunately, current methods to demonstrate pathogenicity unambiguously, like
electrophysiology, are not always (financially) possible or able to keep up with the high
number of unclassified variants identified in these patients. Therefore, there is a need for an
(in vivo) model to confirm in a high- or medium throughput manner pathogenicity of these
variants.
The zebrafish is an excellent model for neurological diseases and many similarities between
zebrafish and mammalian neuroanatomical organization exist. The zebrafish has also proven
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to be a perfect model to test variants with uncertain clinical significance. To determine if this
is also the case for genetic variants in the VGSC genes, we performed an in silico and in vivo
analysis for orthologs with a similar function (Chapter 3). Based on functional evidence,
expression data and evolutionary comparisons, we hypothesized that scn8aa or scn1aa
possessed functions of human SCN9A. As we have developed an assay to determine
temperature sensitivity (Chapter 4) to demonstrate SFN in zebrafish, we tested zebrafish
embryos with loss-of-function variants in these 2 VGSC genes using this assay. These
experiments revealed for scn8aa, but not for scn1aa mutants a significantly diminished
temperature response. However, we were not able to rescue this phenotype by
overexpressing human WT-SCN9A. So, it could either be that another human VGSC gene, like
SCN8A, could rescue this defect, or that this experiment shows that there is no simple 1:1
relation between the zebrafish and human genes, which is also suggested by the evolutionary
comparisons. This issue could be further investigated by comparing SCN9A protein interactors
with scn1aa or scn8aa protein interactors. As we could not identify the ortholog of SCN9A,
this precludes making transgenic zebrafish models. Still, this does not mean that the human
SCN9A protein is not functional in zebrafish. We decided to overexpress human SCN9A
variants in the zebrafish and compare the outcome with the effect of the overexpression of
WT-SCN9A (Chapter 4). To assess this, we have set up a panel of two read-outs reflecting SFN
in zebrafish, being nerve density and behavioral responses (Aim 2). Nerve density was studied
using a transgenic line in which the sensory neurons are GFP-labelled. For the behavioral
experiments, a temperature-controlled water compartment was developed, which allowed
quantification of the behavioral response to temperature changes. By using these read-outs
we demonstrated that zebrafish embryos transiently overexpressing the pathogenic human
SCN9A p.(I228M) or p.(G856D) variants both have a significantly decreased density of the
small-nerve fibers. Additionally, larvae overexpressing the p.(I228M) variant displayed a
significant increase in activity induced by temperature change. As these features closely
resemble the clinical hallmarks of SFN, our data suggest that transient overexpression of
mutant human mRNA provides a model for SFN in zebrafish.
This disease model (Chapter 4) could be used for studying SFN pathophysiology in an in vivo
model and for testing therapeutic interventions. Furthermore, our data illustrate the potential
of using the zebrafish as a model for testing the pathogenicity of variants identified in patients
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with SFN (Chapter 2). Although promising, at this moment, our model is not applicable in
diagnostics yet. First of all, more known pathogenic variants (Table 1) should be included in
the assay, which will demonstrate the accuracy to predict pathogenicity of our model, based
on one of the read-outs or both. Secondly, non-pathogenic variants should be included which
would provide information about the false positive rate of our model. As injecting WT-SCN9A
cDNA does not change nerve density nor temperature sensitivity, this seems promising. If
properly validated, variants with uncertain clinical significance could be tested to define their
pathogenicity, which at first should be followed-up by additional tests to confirm or rule out
pathogenicity. At this stage we have mainly focused on SCN9A, the first VGSC gene linked to
SFN, a similar setup is possible for the two other VGSC genes (SCN10A and SCN11A) that cause
SFN. We have included a list of (pathogenic) variants that could be tested in our model (Table
1). The use of transgenic zebrafish models is another possibility. However, as indicated, due
to the evolutionary differences between human and zebrafish VGSC genes, it is not yet
possible to mimic the human variant in a zebrafish VGSC gene. Alternatively, the human gene
could be introduced in the zebrafish genome, but issues on (tissue-) specific expression levels
could remain. It is also time-consuming and could take at least 6 months for each variant,
which is not realistic in a diagnostic setting. So, at this moment, we consider overexpression
of human VGSC mutants in zebrafish embryos the best potential strategy to determine
pathogenicity at the required throughput. As pathogenic variants manifest differently among
humans this might also be the case in zebrafish. Although initially, this may seem another
concern of our strategy, it might also help identify additional risk factors, triggers or protective
factors, differently present among humans and zebrafish, which could eventually contribute
to novel targets for prevention or therapy. Besides, this could provide additional insights into
the pathophysiological mechanisms involved.
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Table 1. Variants in SCN9A, SCN10A and SCN11A to validate the zebrafish SFN model.
SCN9A variants, Chr 2, GRCh37, NM_002977.3
c. position

p. position

c.1867G>A

p.(Asp623Asn)

Classification according to
Waxman recommendations

Ref.

Pathogenic variant

(Faber et al., 2012a,
Ahn et al., 2013)

c.2159T>A

p.(Ile720Lys)

Pathogenic variant

(Faber et al., 2012a)

c.4596G>A

p.(Met1532Ile)

Probably pathogenic variant

(Faber et al., 2012a)

c.876C>T

p.(Thr292Thr)

SNP

-

c.1469G>A

p.(Ser490Asn)

SNP

-

SCN10A variants, Chr3, GRCh37,NM_006514.2
c. position

p. position

c.4984G>A

p.(Gly1662Ser)

Pathogenic variant

(Faber et al., 2012b)

c.3674T>C

p.(Ile1225Thr)

Probably pathogenic variant

-

c.3910G>A

p.(Ala1304Thr)

Probably pathogenic variant

(Faber et al., 2012b)

c.5116A>G

p.(Ile1706Val)

Probably pathogenic variant

(Huang et al., 2013)

c.2450G>A

p.(Arg817Gln)

SNP

-

c.2465C>T

p.(Ala822Val)

SNP

-

Probably pathogenic

(Huang et al., 2014)

SCN11A variants, Chr 3, GRCh37, NM_014139.2
c. position

p. position

c.1142T>C

p.(Ile381Thr)

c.2095G>A

p.(Gly699Arg)

Probably pathogenic

(Han et al., 2015)

c.3473T>C

p.(Leu1158Pro)

Probably pathogenic

(Huang et al., 2014)

c.2522G>A

p.Arg814Gln

SNP

-

c.5124A>G

p.Glu1708Glu

SNP

-

c. position, location cDNA; p. position, location in protein; VUS, variants with uncertain clinical significance; Ref,
references. SNP, single nucleotide polymorphism. Classification according to Waxman recommendations
(Waxman et al., 2014)
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As defined in aim 3, we used the zebrafish SFN read-out to explore other causes than VGSCs,
that could play a role in the development of SFN (Chapter 5). Variants in genes involved in
mitochondrial dynamics (fusion and fission) have been implicated in many peripheral
neuropathies. We hypothesized that defects in these genes could result in a phenotype
resembling features of SFN. This was investigated in zebrafish by knocking down two genes
involved in mitochondrial dynamics gdap1 (possibly fission and motility) and opa1 (fusion)
using established morpholinos. We assessed the effects with our read-out reflecting SFN in
zebrafish (Chapter 4). Knockdown of gdap1 resulted in zebrafish embryos with a reduced
density of sensory neurites compared to control morpholino-injected embryos. Furthermore,
these embryos demonstrated a decreased temperature-related activity. In contrast, a
knockdown of opa1 did not affect the density of sensory neurites nor the temperature-related
activity. However, only the opa1 morphants had an effect on mitochondrial network
morphology. As we were not able to visualize the mitochondria in the neurons, it could well
be that changes in the mitochondrial network remained undetected. Our data indicate that
GDAP1 knockdown affects sensory neurite development, however, it is unclear if a problem
in mitochondrial fission and network formation is the pathophysiological mechanism.
Although we did not observe an effect of inhibiting mitochondrial fusion during development,
we still propose that genes involved in mitochondrial dynamics should be screened for
variants in patients with SFN.
As our data show that GDAP1 can be involved in SFN, it reveals a potential novel pathological
mechanism. Based on literature, 2 mechanisms are possible. First, a loss of GDAP1 could lead
to reduced mitochondrial fission, which is a trigger of differentiation, and might promote selfrenewal rather than cell differentiation of neuronal stem cells. This increased self-renewal and
limited transitioning to a committed progenitor state was reported for neuronal stem cells
with a loss of fission (Khacho et al., 2016). Another mechanism could be the inability to
transport mitochondria, which are elongated due to reduced fission, with as consequence
local energy deficits which affect the formation and the outgrowth of sensory neurites.
Interactions between GDAP1, the cytoskeleton and trafficking-associated proteins have been
demonstrated. Furthermore, a lower number of mitochondria were co-localized with the ER
in GDAP1 depleted cells. In the current study, we visualized the mitochondrial networks of
gdap1 morphants by incubating them with Mitotracker Orange. Unfortunately, this
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compound did not pass through the skin barrier and we were only able to visualize
mitochondrial networks of epidermal cells. In these cells, we did not observe an effect after
the knockdown of gdap1. A better approach would be to study gdap1 morphants that are
injected into embryos of a transgenic line that visualizes the mitochondria in sensory neurons.
This can be achieved by crossing our sensory:GFP driver line with the reporter line MitoFish,
created by the group of Misgeld. These studies should focus on the mitochondrial networks in
the somata of sensory neurons or count the number of mitochondria in the neurites where it
is expected that morphants have tubulated mitochondrial networks and decreased numbers
of mitochondria in sensory neurites. The findings presented in chapter 5 clearly demonstrated
that with our read-out model we were able to study other mechanisms that could be related
to SFN. The broad applicability of our panel has many advantages and could help us to unravel
the underlying causes of the many SFN cases that remain idiopathic.

General discussion
Reversed-genetics: Variant-driven approaches to identify novel SFN-genes
As the majority of patients with SFN in our cohort remained idiopathic (Chapter 2),
identification of a (genetic) cause could help us to better understand the disease and could
hopefully lead to the identification of new druggable sites. Genetic screening is a promising
approach to solve these cases. Members of our group screened ±600 idiopathic SFN patients
with a targeted approach. The panel used in this approach consisted of 107 genes that could
be involved in SFN (Table 2). Furthermore, the whole exome of ±50 idiopathic SFN patients
was sequenced. This large screening has led to the identification of many potentially
pathogenic variants. A definite causal relationship between these potentially pathogenic
variants and SFN should be confirmed. However, methods to test these variants are limited.
Our in vivo model could be of great help to confirm pathogenicity of these variants and
demonstrating the involvement of these genes and processes in SFN.
We propose the following strategy to test genetic variants which can differ between gain- or
loss-of-function variants. First, we start with an evolutionary comparison to determine if the
gene family is conserved in zebrafish. If this is not the case than the zebrafish would not be
suitable to test these variants. To determine the effect of gain-of-function variants transiently
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overexpression or gene editing with CRISPR/Cas9 could be applied. Studying potential loss-offunction variants could be done in a transient manner with morpholinos and crispants or
creating a stable genetic line with CRISPR/Cas9. Alternatively, mutants with a loss-of-function
if

available

could

be

ordered

from

the

Zebrafish

Mutation

Project

(https://www.sanger.ac.uk/sanger/Zebrafish_Zmpbrowse). In the case of a duplication event,
the ortholog should be identified. After toxicity testing and phenotypic characterization, the
morphants/mutants will be tested in our read-out panel and a potential role in SFN could be
identified. To eventually test the pathogenicity of the genetic variants identified in this gene,
rescue experiments will be performed. Human mRNA containing the variants in question will
be co-injected with the morpholino or in the knockout line. Variants that are not like the WT
transcript able to rescue the phenotype should be considered potentially disease-causing.
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Actin, gamma 1

Ankyrin 3, node of Ranvier (ankyrin G)

Annexin A2

Calmodulin 1 (phosphorylase kinase, delta)

Contactin 1

Contactin 2 (axonal)

Dihydropyrimidinase-like 2

Fibroblast growth factor 12

Fibroblast growth factor 13

Fibroblast growth factor 14

Microtubule-associated protein 1B

Mitogen-activated protein kinase 1

Mitogen-activated protein kinase 14

Mitogen-activated protein kinase 3

Moesin

Neural precursor cell expressed, developmentally down-regulated
4-like, E3 ubiquitin protein ligase
Neurofascin

Neuronal cell adhesion molecule

PDZ domain containing 2

Protein kinase, c-AMP-dependent, catalytic, alpha

Protein kinase C, alpha

Protein kinase C, beta

Prostaglandin E receptor 2 (subtype EP2), 53kDa

Protein tyrosine phosphatase, receptor-type, Z polypeptide 1

Sodium channel and clathrin linker 1

SIN3 transcription regulator family member B

Solute carrier family 8 (sodium/calcium exchanger), member 1

Solute carrier family 8 (sodium/calcium exchanger), member 2

ACTG1

ANK3

ANXA2

CALM1

CNTN1

CNTN2

DPYSL2

FGF12

FGF13

FGF14

MAP1B

MAPK1

MAPK14

MAPK3

MSN

NEDD4L

NRCAM

PDZD2

PRKACA

PRKCA

PRKCB

PTGER2

PTPRZ1

SCLT1

SIN3B

SLC8A1

SLC8A2

NFASC

Advillin

Tenascin C
Tenascin R
RNA binding protein, fox-1 homolog (C. elegans) 1

SYN2
TNC
TNR
RBFOX1

Acid-sensing (proton-gated) ion channel 3
Calcium channel, voltage-dependent, T type, alpha 1H subunit
Calcium channel, voltage-dependent, gamma subunit 2
Hyperpolarization activated cyclic nucleotide-gated potassium
channel 1
Hyperpolarization activated cyclic nucleotide-gated potassium
channel 2
Potassium voltage-gated channel, shaker-related subfamily,
member 2
Potassium voltage-gated channel, shaker-related subfamily,
member 4
Potassium channel, subfamily K, member 18

ASIC3
CACNA1H
CACNG2
HCN1

Transient receptor potential cation channel, subfamily M, member 8
Transient receptor potential cation channel, subfamily V, member 1
Transient receptor potential cation channel, subfamily V, member 3

TRPM8
TRPV1
TRPV3

TRPA1

Potassium voltage-gated channel, delayed-rectifier, subfamily S,
member 1
Transient receptor potential cation channel, subfamily A, member 1

Potassium voltage-gated channel, KQT-like subfamily, member 5

Potassium voltage-gated channel, KQT-like subfamily, member 3
KCNS1

KCNQ5

KCNQ3

KCNQ2

KCNN1

KCNK18

KCNA4

KCNA2

Potassium intermediate/small conductance calcium-activated
channel, subfamily N, member 1
Potassium voltage-gated channel, KQT-like subfamily, member 2

Anoctamin 3

ANO3

HCN2

Anoctamin 1, calcium activated chloride channel

ANO1

Ion channels

Synapsin II

SPTBN4

Solute carrier family 8 (sodium/calcium exchanger), member 3
Solute carrier family 9, subfamily A (NHE9, cation proton antiporter
9), member 9
Spectrin, beta, non-erythrocytic 4

SLC9A9

Voltage-gated sodium channel interacting partner

AVIL

SLC8A3

Table 2. Panel of 107 candidate pain genes selected for selected approach.
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Serine palmitoyltransferase, long chain base subunit 1

Vascular endothelial growth factor A

WNK lysine deficient protein kinase 1

ATPase, Na+/K+ transporting, alpha 1 polypeptide

ATPase, Na+/K+ transporting, alpha 2 polypeptide

ATPase, Na+/K+ transporting, alpha 3 polypeptide

ATPase, Na+/K+ transporting, beta 1 polypeptide

5-hydroxytryptamine (serotonin) receptor 3B, ionotropic

Kv channel interacting protein 2

Purinergic receptor P2X, ligand-gated ion channel, 2

Purinergic receptor P2X, ligand-gated ion channel, 3

Purinergic receptor P2X, ligand-gated ion channel, 4

Purinergic receptor P2X, ligand-gated ion channel, 7

VEGFA

WNK1

ATP1A1

ATP1A2

ATP1A3

ATP1B1

HTR3B

KCNIP2

P2RX2

P2RX3

P2RX4

P2RX7

A kinase (PRKA) anchor protein 6

ELAV (embryonic lethal, abnormal vision, Drosophila)-like 4, ELAV
like neuron-specific RNA binding protein 4

AKAP6

ELAVL4

Co-expression

Dystrophin related protein 2

SPTLC1

Tumor suppressor candidate 5

DRP2

SEPT9

Tropomodulin 2 (neuronal)

TUSC5

Phosphoinositide-interacting regulator of transient receptor
potential channels
Septin 9

PIRT

Transmembrane protein 130

TMOD2

Opioid receptor, mu 1

OPRM1

Synaptoporin

TMEM130

Opioid receptor, kappa 1

OPRK1

SYNPR

Opioid receptor, delta 1

OPRD1

Synaptic vesicle glycoprotein 2C

Nerve growth factor (beta polypeptide)

Periaxin

SV2C

NGF

IL6

Protein phosphatase 1, regulatory (inhibitor) subunit 1C

PRX

Sodium channel, voltage-gated, type III, alpha subunit
Sodium channel, voltage-gated, type VII, alpha subunit
Sodium channel, voltage-gated, type VIII, alpha subunit
Sodium channel, voltage-gated, type IX, alpha subunit
Sodium channel, voltage-gated, type X, alpha subunit
Sodium channel, voltage-gated, type XI, alpha subunit
Sodium channel, voltage-gated, type I, beta subunit
Sodium channel, voltage-gated, type II, beta subunit
Sodium channel, voltage-gated, type III, beta subunit
Sodium channel, voltage-gated, type IV, beta subunit

SCN3A
SCN7A
SCN8A
SCN9A
SCN10A
SCN11A
SCN1B
SCN2B
SCN3B
SCN4B

Voltage-gated sodium channel alpha and beta subunit

PMP2
PPP1R1C

Inhibitor of kappa light polypeptide gene enhancer in B-cells, kinase
complex-associated protein
Interleukin 6 (interferon, beta 2)

IKBKAP

Pleckstrin homology domain containing, family A (phosphoinositide
binding specific) member 4
Peripheral myelin protein 2, myelin P2 protein

Glyoxalase I

GLO1

Neurotrophic tyrosine kinase, receptor, type 1

Galactosidase, alpha

GLA

Neurofilament, medium polypeptide

PLEKHA4

Glial fibrillary acidic protein

GFAP

Myelin protein zero

Kinesin family member 5A

NTRK1

NEFM

GTP cyclohydrolase 1

GCH1

KIF5A
MPZ

Transient receptor potential cation channel, subfamily V, member 4

Pain related

TRPV4
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Forwards genetics: Process-driven approaches to identify novel SFN pathways
Many causes and mechanisms can be involved in the development of SFN (Panel 1) (Terkelsen
et al., 2017). These can be divided into hereditary causes, metabolic causes, vitamin deficiency,
neurotoxic exposure, infections, immunological causes and idiopathic SFN (Terkelsen et al.,
2017). As we were able to demonstrate (Chapter 5) that our SFN read-out was able to explore
other causes than VGSCs, our model offers potential to further unravel some of the causes
listed in panel 1.
Panel 1. Causes of small-fiber neuropathy (adapted (Terkelsen et al., 2017))

Hereditary causes
As demonstrated in this thesis, our read-out model is a good approach to study the role of
hereditary causes in SFN. In the hereditary cases (Panel 1) where a specific gene defect has
been identified a role of SFN could be identified by a similar approach as described in the
previous section. This approach can only be applied if the gene (family) of interest is conserved
in zebrafish. In Table 3 we propose two examples (Ehlers danlos syndrome and Familial
amyloid polyneuropathy) of hereditary causes that could be tested in the zebrafish (Wenstrup
et al., 1996, Koike et al., 2004).
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Table 3. Examples of hereditary causes that could be tested with our SFN read-out model.
Hereditary causes
Ehlers danlos syndrome
Familial amyloid polyneuropathy

Gene

Conserved in

involved

zebrafish

COL5A1

Yes

TTR

Yes

Duplicated

Morpholino

Knockout

No

Yes (Minchin

ZMP:

et al., 2015)

sa37227

No

no

No

ZMP: Zebrafish Mutation Project https://www.sanger.ac.uk/resources/zebrafish/zmp/

Metabolic causes
Application of our model to study the involvement of SFN in complex disorders, like metabolic
syndrome or diabetes mellitus type 2 will be more difficult. Zebrafish models to study these
diseases can be created by a long-term induction of hyperglycemia or overfeeding of adult
zebrafish (Zang et al., 2017, Dorsemans et al., 2017). With our model, we can only perform
short-term exposure experiments (≤5dpf).Besides, during this early stage, embryos and larvae
do not require food and mainly rely on their yolk (Kimmel et al., 1995). To test the involvement
of SFN in complex chronic disorders, it would be necessary to translate our set-up to a juvenile
or adult setting. This is achievable and would require similar modifications to the ZebraCube
(ViewPoint), designed to quantify adult zebrafish behavior, as we applied to our ZebraBox
(ViewPoint). These modifications would enable us to study the effects of temperature-related
activity in adult zebrafish. Besides, an adult model will allow us to study nerve densities of Aδand C-fibers instead of RB neurons (Sneddon et al., 2003). Nerve density can be studied in a
skin biopsy after staining of the intra-epidermal nerve fibers with the PGP9.5 antibody in
zebrafish as performed in the diagnosis of SFN (McCarthy et al., 1995).
Vitamin B12 deficiency
To study the effects of a vitamin B12 deficiency in our SFN read-out model we could target
genes that are involved in vitamin B12 transport, TCN1 and TCN2 (Table 4) (Morkbak et al.,
2007, Froese and Gravel, 2010, Hall, 1977). Another approach could be by deprivation of
vitaminB12 from the diet of adult zebrafish (Hansen et al., 2013, NRC, 2011). The latter study
requires also the development of an adult zebrafish SFN read-out.
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Table 4. Examples of genes involved in vitamin B12 transport that could be tested with our SFN read-out model.
Genes involved in vitamin B12

Conserved in zebrafish

Duplicated

Morpholino

Knockout

TCN1

Yes

No

No

No

TCN2

Yes

No

No

ZMP:sa16018

transport

ZMP: Zebrafish Mutation Project https://www.sanger.ac.uk/resources/zebrafish/zmp/

Neurotoxic exposure
Since zebrafish embryos take up compounds added to the water our SFN read-out could also
be a promising model to study the effects of medications or other substances that are
considered as potentially neurotoxic (Panel 1)(Ali et al., 2011, Grisold et al., 2012, Terkelsen
et al., 2017, Mellion et al., 2014). Compounds that are not water soluble could be injected into
the yolk or the caudal vein of the larvae (Truong et al., 2011). At this stage our read-out allows
us to only study the effects of short-term exposure to these substances (≤5dpf). Long-term
exposure experiments are possible in juvenile and adult zebrafish and require also a
modification of our model for the adult stage.
Immunological causes
Several autoimmune diseases are found causative of SFN and autoantibodies have been
reported for several proteins including peripherin, myelin-associated glycoprotein, fibroblast
growth factor receptor 3 (Sene et al., 2013, Goransson et al., 2006, Barbieri et al., 1995,
Oaklander and Klein, 2013, Chamberlain et al., 2010). These findings open the perspectives of
intravenous immunoglobulin therapy in SFN patients (Dave and Smith, 2018, Liu et al., 2018).
Several studies demonstrated the involvement of several genetic factors in autoimmune
diseases like Sjogren's Syndrome and Systemic Lupus Erythematosus (Ceccarelli et al., 2016,
Bolstad and Jonsson, 2002, Ramos et al., 2010). Targeting these genes and testing morphants
in our model could lead to novel genes that could be related to the development of SFN.
However, whether this results into similar aspects as seen for an autoimmune disease should
be first investigated. Furthermore, the proteins that are attacked by autoantibodies could also
be interesting genes to knockdown and test in our SFN read-out. When we indeed find any
causality between these genes and sensory neuron loss or dysfunction they become
interesting to screen for in patients with SFN.
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Viral infections
In the past few years, the zebrafish has mainly been used to study fish viral infections (Varela
et al., 2017). However, using the zebrafish as a model to study human viral diseases has
emerged but is still limited. Until now only several models have been successfully established
(Varela et al., 2017). Since some of these viral infections are tested in larvae the effects could
be assessed with our SFN read-out model (Table 5). However, we do not expect that SFN
caused by these viruses will develop in this early larvae stage. Therefore, we would
recommend performing these experiments also in an adult setting.
Table 5. Human viral infections studied in vivo (zebrafish)
Human viral infections

Stage

Infection route

Ref.

Herpes simplex virus (HSV-1)

Adult

Intraperitoneal injection

(Burgos et al., 2008)

Larvae (3dpf)

Hindbrain or caudal vein

(Ge et al., 2015)

injection
Influenza A virus (IAV)

Larvae (3dpf)

Immersion

(Burnham et al., 2016)

Larvae (2dpf)

Caudal vein injection

(Gabor et al., 2014)

Mitochondrial dysfunction
The study on the role of mitochondria in SFN could be extended to other mitochondrial
processes than fusion and fission. A recent study reported the presence of SFN in patients
with different mitochondrial disorders (Luigetti et al., 2018). The patients reported in this
study had single mtDNA deletions and harbored variants in the mtDNA and in DNA polymerase
gamma (POLG). The effect of mtDNA depletion on SFN development could be demonstrated
by targeting genes in mitochondrial replication and maintenance like TFAM, POLG and
TWINKLE (Young and Copeland, 2016, Kang et al., 2007). Furthermore, another possibility to
study the involvement of mitochondrial disorders in SFN is by targeting the genes involved in
the mitochondrial respiratory chain. This could also be achieved by incubating embryos with
mitochondrial complex inhibitors, like rotenone (Li et al., 2003).
As described in chapter 5 we showed that knockdown of opa1, a mitochondrial fusion gene,
did not lead to a neurodevelopmental problem. Still, a defect in fusion could contribute to a
loss of the small-nerve fibers later in life. By creating a mutant line we could test this
hypothesis in a juvenile or adult stage and use an adult read-out. Furthermore, we could use
our panel to further unravel the role of mitochondrial fission defects in SFN, beyond GDAP1.
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Therapeutic screens
The zebrafish has become an excellent model for drug discovery (Yoganantharjah and Gibert,
2017, Vaz et al., 2018). One of the main advantages is the ability to screen fast compound
libraries in a vertebrate model. The establishment of our SFN read-out and the ability to create
a SFN zebrafish model allows us to test fast the efficacy and toxicity of novel compounds that
could have analgesic properties. A clear example demonstrating the possibilities of using the
zebrafish for drug screening in channelopathies has recently been demonstrated for Dravet
Syndrome. Zebrafish scn1ab loss-of-function mutants have abundant overlap in their
phenotype with patients with Dravet Syndrome which is caused by variants in SCN1A (Baraban
et al., 2013, Marini et al., 2011). Therefore, these mutants act as an excellent model to test
the effects of novel anticonvulsants and other treatment options in Dravet Syndrome
(Baraban et al., 2013, Zhang et al., 2015, Griffin et al., 2017, Sourbron et al., 2017). For example,
exposing these mutants to a ketogenic diet leads to a reduction in seizures which is also
observed in patients with Dravet Syndrome (Baraban et al., 2013). The automated tracking
devices like the ZebraBox (ViewPoint, Civrieux, France) and DanioVision (Noldus, Wageningen,
The Netherlands) that are currently available allow screening the efficacy of novel therapeutic
compounds in a medium-throughput manner. A compound screen, including 320 compounds,
identified four compounds that inhibited epileptic seizures by significantly reducing swim
velocity in mutant zebrafish by using a two-stage phenotype-based drug screening in scn1ab
mutants (Baraban et al., 2013). Electrophysiology recordings revealed that of these four
compounds, only clemizole had an actual effect on electrographic seizure events. The other
compounds rather had an effect on motor behavior and thus appeared to be “false positive”.
Clemizole is an FDA approved drug and belongs to the group of antihistamines (Baraban et al.,
2013). However, antihistamines, in general, have no effects on epileptic seizures and in some
cases can even exacerbate the disease. Therefore, these data suggest that clemizole has
another mode of action. Indeed, a radioligand binding assay revealed that clemizole has a high
affinity for serotonin receptor subunits (HTR2A and HTR2B), ion channel modulators and Gprotein-coupled receptors (Griffin et al., 2017). In line with these findings, is the capability of
the serotonin agonists fenfluramine to inhibit seizures in scn1ab zebrafish mutants (Zhang et
al., 2015, Dinday and Baraban, 2015). A recent publication by the group of Sourbon et al.
confirms the findings that serotonin plays a role in Dravet Syndrome by demonstrating that
stimulation of different serotonin receptors reduces epileptic behavior in scn1ab mutants
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(Sourbron et al., 2016). Furthermore, they report that scn1ab mutants have lower levels of
serotonin in their forebrain suggesting that serotonin plays a role in the pathophysiology of
Dravet Syndrome (Sourbron et al., 2016). Coinciding with these findings are the results of a
recent study that revealed that the serotonin receptor agonist Lorcaserin (Belviq®) reduces
the frequencies and severity of seizures in patients with Dravet Syndrome (Griffin et al., 2017).
Taken together these reports demonstrate the potential of the zebrafish as a model for drug
screening in this very drug-resistant disease (Sourbron et al., 2016, Griffin et al., 2017,
Sourbron et al., 2017, Zhang et al., 2015, Baraban et al., 2013).
To conclude, the SFN-readout panel we have developed is a promising tool for studying
processes that could be involved in SFN, like a disease with a genetic component or exposure
to compounds. However, for studying more complex disorders we need to translate our SFN
read-out and make it applicable for studies with adult zebrafish. Furthermore, another
possibility of our SFN read-out is using it to test in a fast manner the efficacy and toxicity of
novel compounds that could have analgesic properties.
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Patiënten met dunnevezel neuropathie (DVN) hebben last van een lengte afhankelijke
neuropathische pijn. Deze pijn wordt veroorzaakt door het disfunctioneren en de degeneratie
van de dun gemyeliniseerde Aδ en de niet gemyeliniseerde C-fibers (Hoofdstuk 1). Deze pijn
symptomen kunnen spontaan zijn (bijv. brandend, diep). Maar ook veroorzaakt worden door
onschuldige stimuli (bijv. lichte aanraking of druk, warm en koud water). De diagnose DVN
wordt gesteld aan de hand van het typisch klinisch beeld horend bij deze aandoening en een
afwijkende temperatuurgevoeligheid gemeten met temperatuurdrempel onderzoek en/of
een verminderd aantal dunne vezels in de huid bepaald in een huidbiopt. Genetische
varianten in SCN9A, SCN10A en SCN11A die resulteren in een Gain-of-function van het kanaal
en daardoor de gevoeligheid van de sensorische neuronen veranderen worden beschouwd als
een van de onderliggende oorzaken. Tot op heden zijn er geen data van genotype-fenotype
correlatie studies en is het nog altijd onbekend welk gedeelte van het klinisch beeld kan
worden verklaard door varianten in deze 3 genen. Dit laatst genoemde vereist ook het
bestuderen van de pathofysiologische mechanismes zowel in vitro als in vivo. Aangezien de
huidige methodes voor het classificeren van genetische varianten in deze 3 genen niet een
voldoende en efficiënte doorvoer hebben, een ideaal model hiervoor zou bij voorkeur dus een
gemiddelde of hoge doorvoer hebben voor het testen van genetische varianten, onderzoeken
we of de zebravis een geschikt model zou zijn die aan deze eisen zouden kunnen voldoen.
Daarnaast kan dergelijk model gebruikt worden voor het testen van andere mogelijke
oorzaken van de ziekte.
De specifieke doelen van deze thesis zijn:
1.

Het bepalen van de variant frequentie van SCN9A, SCN10A en SCN11A, in een grote

cohort met 1139 patiënten met DVN. Daarnaast zal er onderzocht worden of er verbanden
bestaan tussen karakteristieke symptomen van DVN en het dragen van genetische varianten
in een van deze 3 genen.
2.

Het opzetten van assays in de zebravis die overeenkomen met belangrijke klinische

aspecten van DVN en waardoor het dus mogelijk wordt om genetische varianten met dit
zebravis model te testen.
3.

Het toepassen van deze assays voor het testen van andere mechanismen die

mogelijk een rol kunnen spelen in de ontwikkeling van DVN.
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De eerste pathogene varianten in SCN9A als oorzaak van DVN werden gerapporteerd in 2012.
Deze studie beschreef een kleine cohort van 28 DVN patiënten. Sinds toen zijn ook varianten
in SCN10A en SCN11A gerapporteerd als oorzaak van DVN. Ons doel was inzicht verschaffen
in de variant frequentie van SCN9A, SCN10A en SCN11A in onze DVN patiënt populatie en het
identificeren of bepaalde karakteristieke symptomen vaker voor komen bij dragers van
genetische varianten in een van deze 3 genen (Hoofdstuk 2). Tussen September 2009 en
januari 2017 zijn patiënten met DVN in het academisch ziekenhuis in Maastricht gescreend
voor varianten in SCN9A, SCN10A en SCN11A. De aandoening DVN is gedefinieerd door een
karakteristiek klinisch beeld in combinatie met een verminderde zenuwdichtheid in een
huidbiopt en/of afwijkende waarde bij het temperatuur drempel onderzoek. Daarnaast zijn
de dikke vezels in deze patiënten niet aangedaan. Genetische varianten geïdentificeerd in
deze genen worden geclassificeerd volgens de richtlijnen beschreven door de Association for
Clinical Genetic Science en eerder gepubliceerde aanbevelingen van Waxman. In onze studie
zijn variant frequenties bepaald voor SCN9A, SCN10A and SCN11A (Hoofdstuk 2). Als volgt zijn
DVN patiënten gegroepeerd op basis van de aanwezigheid van genetische varianten en zijn de
klinische karakteristieken vergeleken. Van de 1139 DVN patienten waren er 132 (11,6%)
drager van 73 verschillende mogelijke pathogene varianten, waarvan 50 varianten nog niet
beschreven zijn en 22 in meer dan 1 patient gevonden zijn. De variant frequentie was als volgt:
5,1% (n=58/1139) in SCN9A, 3,7% (n=42/1139) in SCN10A, en 2,9% (n=33/1139) in SCN11A.
Alleen erytromelalgie en door warmte geïnduceerde pijn kwamen significant vaker voor in
patiënten drager van een natriumkanaal gen variant. Van de patiënten die naast DVN nog een
andere aandoening hadden zijn er 15,1% die ook drager zijn van een genetische variant in een
van deze 3 natriumkanalen. Deze aandoeningen waren onder andere: glucose intolerantie,
immunologische aandoeningen, vitamine B12 deficiëntie, een voorgeschiedenis van
chemotherapie, diabetes mellitus, alcohol misbruik en een monoklonale gammopathie van
onbekende betekenis. Echter, het aantal patiënten per groep was niet groot genoeg voor het
bestuderen van eventuele relaties tussen deze aandoeningen en de natrium kanaal varianten.
Wij adviseren om bij alle DVN patiënten genetische screening van SCN9A, SCN10A en SCN11A
te overwegen, onafhankelijk van klinische kenmerken of onderliggende aandoeningen. De
identificatie van meer potentiële pathogene varianten geeft ons de mogelijkheid om
correlaties te bestuderen tussen de natrium kanaal varianten en de andere onderliggende
oorzaken. Dit helpt ons om beter de ziekte te begrijpen en patienten met een dergelijke
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aandoening die een hoog risico lopen om een neuropathie te ontwikkelen te identificeren.
Een nadeel is ook dat het aantal varianten met een onzekere klinische significantie toe zal
nemen. De identificatie van specifieke hotspots in deze genen, de aanwezigheid van dezelfde
potentiële pathogene varianten in DVN patiënten of segregatie analyse kan dit probleem
oplossen voor sommige van deze varianten. Echter, de huidige methodes om pathogeniciteit
aan te tonen, zoals elektrofysiologie, zijn niet altijd (financieel) mogelijk of kunnen het hoge
aantal varianten geïdentificeerd in deze patiënten niet bijhouden. Daarom is er behoefte aan
een (in vivo) model dat in een hoge of medium doorvoer deze varianten kan testen.
De zebravis is een uitstekend model organisme voor neurologische ziekten dit mede door de
vele overeenkomsten in neuro-anatomische opbouw tussen de zebravis en zoogdieren.
Daarnaast is de zebravis een perfect model voor het testen van genetische varianten met een
onzekere klinische significantie. Om te achterhalen of de zebravis een geschikt model is voor
het testen van varianten in deze natrium kanalen hebben we als eerst de natrium kanalen in
de zebravis bestudeerd. Dit hebben we gedaan door verschillende in silico analyses uit te
voeren. In hoofdstuk 3 beschrijven we de overeenkomsten tussen de humane natriumkanalen
en de zebravis natriumkanalen. Op basis van functioneel bewijs, expressie data en
evolutionaire vergelijkingen, hebben we de hypothese opgesteld dat scn8aa of scn1aa
soortgelijke functies kunnen bezitten als humaan SCN9A . Omdat we een test hebben opgezet
waarmee we de temperatuur gevoeligheid van zebravis embryo’s kunnen bepalen en dus
symptomen van DVN kunnen aantonen (Hoofdstuk 4), hebben we zebravis embryo’s met
varianten die een loss-of-function van scn1aa/scn8aa veroorzaken getest. Deze experimenten
hebben aangetoond dat scn8aa mutanten een significant verminderde reactie op verhoogde
temperaturen hebben. Dit hebben we niet waargenomen voor mutanten met een scn1aa lossof-function variant. Echter, was het niet mogelijk om het verlies te compenseren met humaan
WT-SCN9A. Dit zou kunnen betekenen dat een ander humaan natrium kanaal, zoals SCN8A,
hiervoor wel zou kunnen compenseren of dit toont juist aan dat er geen eenduidige 1:1 relatie
bestaat tussen zebravis en de humane natrium kanalen, wat ook gesuggereerd werd door
onze evolutionaire vergelijkingen. Een manier om dit verder te ontrafelen is door onderzoek
te doen naar eiwitten die interacties aangaan met humaan SCN9A en dit te vergelijken met de
eiwitten die interacties aangaan met scn1aa of scn8aa. Omdat we de orthologen van SCN9A
niet konden identificeren, sluit dit het maken van transgene zebravismodellen uit. Echter,
betekent dit niet dat humaan SCN9A niet functioneel zou kunnen zijn in de zebravis. Daarom
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hebben we ervoor gekozen om humaan SCN9A en genetische varianten tot overexpressie te
brengen in zebravis embryo’s en de effecten te testen in onze DVN zebravis assay (Hoofdstuk
4). Deze assay bestaat uit 2 testen die overeenkomen met klinische aspecten van patiënten
met DVN (Doel 2). Als eerste test bestuderen we de zenuwdichtheid en gebruiken we de
transgene sensory:GFP zebravis lijn, waarbij alle sensorische neuronen met GFP gemarkeerd
zijn. Als tweede test bepalen we de temperatuurgevoeligheid van de zebravis larven. Voor
deze gedragsexperimenten hebben we een temperatuur gecontroleerd watercompartiment
ontwikkeld. Dit stelt ons in staat om de gedragsreactie op temperatuurveranderingen te
kwantificeren. Door deze 2 testen te gebruiken, hebben we aangetoond dat zebravis embryo's
die tijdelijk de pathogene menselijke SCN9A p. (I228M) of p. (G856D) variant tot overexpressie
brengen, beide een significant verminderde dichtheid van de dunne zenuwvezels hebben.
Bovendien vertoonden larven die de p. (I228M) variant tot overexpressie brachten een
significante toename in activiteit geïnduceerd door de temperatuursverandering. Aangezien
deze kenmerken sterk lijken op de klinische kenmerken van DVN, suggereren onze gegevens
dat tijdelijke overexpressie van mutant menselijk mRNA een model biedt voor DVN in de
zebravis.
Dit ziekte model (Hoofdstuk 4) zou kunnen gebruikt worden voor het bestuderen van de
pathofysiologie en voor het testen van therapeutische interventies. Bovendien, illustreren
onze gegevens het potentieel van het gebruik van de zebravis als een model voor het testen
van de pathogeniciteit van varianten die bij DVN-patiënten zijn geïdentificeerd (Hoofdstuk 2).
Alhoewel, deze data veel belovend zijn is dit model nog niet toepasbaar in de diagnostiek. Er
moeten eerst nog een aantal aanvullende tests worden uitgevoerd. Allereerst moeten meer
bekende pathogene varianten (Tabel 1) worden getest. Dit zal de nauwkeurigheid om de
pathogeniciteit met ons model te voorspellen aantonen, dit eventueel op basis van een of
beide testen. Ten tweede, moeten niet-pathogene varianten worden opgenomen in de
analyses dit zal informatie verschaffen over het aantal vals positieve-positieve uitkomsten.
Aangezien het injecteren van WT-SCN9A cDNA niet de zenuwdichtheid en de
temperatuurgevoeligheid verandert, lijkt dit veelbelovend. Als deze tests correct worden
gevalideerd, kunnen varianten met onzekere klinische significantie worden getest om hun
pathogeniciteit te bepalen. Deze zullen in eerste instantie moet worden opgevolgd door
aanvullende tests om pathogeniciteit te bevestigen of uit te sluiten. In dit stadium hebben we
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ons voornamelijk gericht op SCN9A, het eerste spanningsafhankelijke natriumkanaal gelinkt
aan DVN, een vergelijkbare opzet is mogelijk voor de twee andere natriumkanalen (SCN10A
en SCN11A) die ook DVN veroorzaken. We hebben een lijst met (pathogene) varianten
opgenomen die in ons model kunnen worden getest (Tabel 1). Het gebruik van transgene
zebravismodellen is een andere mogelijkheid. Zoals beschreven in deze thesis is het als gevolg
van de evolutionaire verschillen tussen de menselijke en zebravissen natriumkanalen echter
nog niet mogelijk om de menselijke variant in een zebravis natriumkanaal na te bootsen. Als
alternatief zou het menselijke gen kunnen worden geïntroduceerd in het zebravisgenoom,
maar problemen met (weefsel-) specifieke expressieniveaus zouden kunnen blijven bestaan.
Het is ook tijdrovend en zou voor elke variant ten minste zes maanden kunnen duren. Dit is
niet realistisch in de diagnostiek. Dus op dit moment beschouwen we overexpressie van
menselijke spanningsafhankelijke natriumkanaal varianten in zebravis embryo's als de beste
potentiële strategie om de pathogeniciteit te bepalen. Omdat pathogene varianten zich
verschillend manifesteren bij mensen kan dit ook het geval zijn bij de zebravis. Hoewel dit in
eerste instantie een andere zorg van onze strategie lijkt kan het ook helpen bij het
identificeren van aanvullende risicofactoren, triggers of beschermende factoren, die
verschillend aanwezig zijn bij mensen en zebravissen. Dit zou op termijn kunnen bijdragen aan
nieuwe doelen voor preventie of therapie. Bovendien zou dit aanvullende inzichten kunnen
verschaffen in de betrokken pathofysiologische mechanismen.
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Tabel 1. Varianten in SCN9A, SCN10A en SCN11A die gebruikt zouden kunnen worden om het DVN model te
valideren.
SCN9A varianten, Chr 2, GRCh37, NM_002977.3

Classificatie volgens de
Waxman recommendations

Ref.

Pathogene variant

(Faber et al., 2012a,
Ahn et al., 2013)

c. positie

p. positie

c.1867G>A

p.(Asp623Asn)

c.2159T>A

p.(Ile720Lys)

Pathogene variant

(Faber et al., 2012a)

c.4596G>A

p.(Met1532Ile)

Waarschijnlijk Pathogene
variant

(Faber et al., 2012a)

c.876C>T

p.(Thr292Thr)

SNP

-

c.1469G>A

p.(Ser490Asn)

SNP

-

Pathogene variant

(Faber et al., 2012b)

SCN10A varianten, Chr3, GRCh37,NM_006514.2
c. positie

p. positie

c.4984G>A

p.(Gly1662Ser)

c.3674T>C

p.(Ile1225Thr)

c.3910G>A

p.(Ala1304Thr)

c.5116A>G

p.(Ile1706Val)

c.2450G>A

p.(Arg817Gln)

SNP

-

c.2465C>T

p.(Ala822Val)

SNP

-

Waarschijnlijk Pathogene
variant
Waarschijnlijk Pathogene
variant
Waarschijnlijk Pathogene
variant

(Faber et al., 2012b)
(Huang et al., 2013)

SCN11A varianten, Chr 3, GRCh37, NM_014139.2
c. positie

p. positie

c.1142T>C

p.(Ile381Thr)

c.2095G>A

p.(Gly699Arg)

c.3473T>C

p.(Leu1158Pro)

c.2522G>A

p.Arg814Gln

Waarschijnlijk Pathogene
variant
Waarschijnlijk Pathogene
variant
Waarschijnlijk Pathogene
variant
SNP

c.5124A>G

p.Glu1708Glu

SNP

(Huang et al., 2014)
(Han et al., 2015)
(Huang et al., 2014)
-

c. positie, locatie cDNA; p. positie, locatie in eiwit; Ref, referenties. SNP, single nucleotide polymorphism.
Classificatie volgens de Waxman recommendations (Waxman et al., 2014)
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Zoals gedefinieerd in doel 3, hebben we onze assay gebruikt om andere mogelijke oorzaken
die een rol in de ontwikkeling van DVN zouden kunnen spelen te onderzoeken (Hoofdstuk 5).
Genetische varianten in genen die een belangrijke rol spelen in de mitochondrial dynamics
(fusion en fission) zijn de oorzaak van verschillende perifere neuropathieën. Dit heeft er ons
toe gezet om de volgende hypothese te formuleren: defecten in genen betrokken bij de
mitochondrial dynamics kunnen resulteren in fenotypische aspecten van DVN. Dit hebben we
onderzocht door twee genen die een belangrijke rol in mitochondrial dynamics spelen uit te
schakelen met morfolino’s in de zebravis. Onze eerste kandidaat was gdap1 (mogelijk fission
en motility) en de tweede kandidaat was opa1 (fusion). Na het uitschakelen van deze genen
hebben we de effecten bestudeerd met onze assays (Hoofdstuk 4). Het uitschakelen van
gdap1 resulteerde in zebravis embryo's met een verminderde dichtheid van sensorische
neurieten. Bovendien vertoonden deze embryo's een verlaagde temperatuur gerelateerde
activiteit. Daarentegen had een knockdown van opa1 geen invloed op zowel de dichtheid van
sensorische neurieten als de temperatuur gerelateerde activiteit. Echter, alleen het
uitschakelen van opa1 had een effect op de morfologie van het mitochondriële netwerk.
Omdat we de mitochondriën in de neuronen niet konden visualiseren, is het mogelijk dat
veranderingen in het mitochondriële netwerk onopgemerkt bleven.
Onze data duiden erop dat de knockdown van GDAP1 de ontwikkeling van sensorische
neurieten beïnvloedt, maar het is nog onduidelijk of een defect in mitochondrial fission het
pathofysiologische mechanisme is. Ondanks dat we geen effect na het uitschakelen van
mitochondrial fusion waarnamen, stellen we toch voor dat genen die betrokken zijn bij
mitochondrial dynamics moeten worden gescreend op varianten bij patiënten met DVN. Onze
data tonen aan dat defecten in GDAP1 een mogelijke rol kunnen spelen in de ontwikkeling van
DVN. Gebaseerd op data van de literatuur stelen we 2 mechanisme voor die onze
waarnemingen mogelijk kunnen verklaren en hierbij uitgaande dat mitochondrial fission
verstoord is. Als eerst kan een knockdown van GDAP1 resulteren in een verminderde
mitochondrial fission, welke een trigger is voor differentiatie. Dit stimuleert waarschijnlijk
zelfvernieuwing van neuronale stamcellen waardoor er een beperkte differentiatie is van deze
cellen. Deze toename in zelfvernieuwing en dus een beperkte transitie naar een committed
progenitor state was eerder waargenomen in neuronale stamcellen waarin fission
uitgeschakeld is. Een ander mechanisme zou het onvermogen kunnen zijn om mitochondria
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te transporteren. Een defect in fission resulteert namelijk in mitochondria die langwerpig zijn.
Dit transport defect heeft als gevolg dat er lokale energietekorten ontstaan die de vorming en
de uitgroei van sensorische neurieten beïnvloeden. Daarnaast zijn er interacties tussen GDAP1,
het cytoskelet en trafficking geassocieerde eiwitten aangetoond wat verder aantoont dat het
uitschakelen van gdap1 kan resulteren in een meer complex transport defect. Bovendien zijn
er in cellen met een knockout van GDAP1 minder mitochondria gecolocaliseerrd met het
endoplasmatisch reticilum, de plek waar mitochondrial fission plaats vindt. In hoofdstuk 5
hebben we Mitotracker Orange gebruikt om de mitochondriële netwerken te visualiseren in
gdap1 morphants. De experimenten met deze compound hebben ons geleerd dat deze niet
door de huid heen dringt. Waardoor het dus alleen mogelijk was om de mitochondriële
netwerken van de huid aan te kleuren. In deze cellen observeerden we geen effecten na het
uitschakelen van gdap1. Een benadering om dit in de toekomst te bestuderen zou zijn om de
gdap1 morfolino’s te injecteren in embryo's van een transgene lijn waarbij de mitochondriën
in sensorische neuronen aan gekleurd zijn. Dit kan worden bereikt door onze sensory:GFP
driver line te kruisen met de reporter lijn MitoFish. Deze transgene lijn is gemaakt door de
groep van professor Misgeld. Deze experimenten moeten zich focussen op de mitochondriële
netwerken in de somata van de sensorische neuronen of het aantal individuele mitochondriën
in de neurieten. Hierbij wordt verwacht dat de gdap1 morphants tubulaire mitochondriële
netwerken hebben in de somata en een verminderd aantal mitochondria in de sensorische
neurieten. De bevindingen gepresenteerd in hoofdstuk 5 hebben duidelijk aangetoond dat we
met onze assays andere mechanismen kunnen bestuderen die mogelijk een rol kunnen spelen
in de ontwikkeling van DVN. De brede toepasbaarheid van ons panel heeft veel voordelen. Het
zou ons ook kunnen helpen om de onderliggende oorzaken van de vele DVN gevallen die
idiopathisch blijven te ontrafelen.
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Clinical relevance
In the last few years, variants in SCN9A, SCN10A and SCN11A have been identified to be
causative of small-fiber neuropathy (SFN) (Faber et al., 2012a, Faber et al., 2012b, Huang et
al., 2014). The variant frequencies reported for these genes are based on relatively small SFN
patient cohorts making it difficult to study correlations between phenotypes and genotypes.
Insights in the variant frequency and eventually characterization of variants of Nav channels
increases the utility of genetic screening for clinical care and emphasizes the need for the
development of tailored treatments with specific sodium channel blockers. Furthermore,
certainty about the origin of symptoms, as well as, genetic counseling by which the patient
and relatives are informed about the possibility of developing and transmitting the disease, is
of great importance for patients with pure SFN.
In this thesis, we report that 11.6% of pure SFN patients harbor (potentially) pathogenic VGSC
variants and we propose that genetic screening of SCN9A, SCN10A and SCN11A should be
considered in all pure SFN patients, independently of clinical features or underlying condition.
We also showed that erythromelalgia-like symptoms and warmth-induced pain were
significantly more common in patients harboring VGSC variants. Further extending this cohort
in the near future will lead to the identification of more potentially pathogenic variants which
will allow studying detailed correlations between VGSC and the underlying conditions. This
will help us to better understand the disease and identify patients with such condition that
are at high risk for developing a neuropathy. However, a drawback is that current methods to
demonstrate pathogenicity unambiguously, like electrophysiology, are not always (financially)
possible or able to keep up with the high number of variants of uncertain clinical significance
(VUS) in these patients. The identification of hotspots in these genes, the presence of the same
potentially pathogenic variants in unrelated SFN patients or segregation analysis can solve this
issue for some of these variants, however, many will still remain VUS. To solve this problem,
we set out to develop a zebrafish model that can be of great importance in characterizing
these VUS. To assess the effects of variants we set up a panel of two read-outs reflecting SFN
in zebrafish, being nerve density and behavioral responses. Nerve density was studied using a
transgenic line in which the sensory neurons are GFP-labelled. For the behavioral experiments,
a temperature-controlled water compartment was developed, which allowed quantification
of the behavioral response to temperature changes. By overexpressing human pathogenic
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SCN9A variants and comparing the outcome with the effect of the overexpression of WTSCN9A we demonstrated that the zebrafish model has this potential of characterizing VUS in
SFN in a medium throughput manner. However, as also described in chapter 6 an extensive
validation of our model is necessary before this model can be implemented in diagnostics.
Such validation involves testing more known pathogenic variants (Table 1 Chapter 6),
demonstrating the accuracy to predict pathogenicity of our model, based on one of the readouts or both. Also, non-pathogenic variants must be included which provides information
about the false positive rate of our model. As injecting WT-SCN9A cDNA does not change nerve
density nor temperature sensitivity, this seems promising. Eventually, if properly validated,
VUS can be tested to define their pathogenicity, which at first must be followed-up by
additional tests to confirm or rule out pathogenicity. The successful establishment of our SFN
model by overexpression of SCN9A variants raises the question whether a similar model for
variants in the two other voltage-gated sodium channels (SCN10A and SCN11A) causative of
SFN can be established as well. If so, a similar approach for optimizing and validating the assays
as described for SCN9A should be followed (Table 1 Chapter 6). As described in chapter 6 the
use of transgenic zebrafish models is another possibility but has several limitations. Since the
zebrafish has proven to be an excellent model for drug discovery, our SFN zebrafish model has
the potential to test fast the efficacy and toxicity of novel compounds with potential analgesic
properties (Yoganantharjah and Gibert, 2017, Vaz et al., 2018). Therefore, our in vivo model
has the potential for identifying novel therapeutic interventions but can also support in the
development of sodium channel blockers.

Application of our read-out model to study other mechanisms involved in SFN.
We have demonstrated that our read-out panel is not only specific for SFN caused by SCN9A
variants (Chapter 5). Therefore, our panel can be used to further unravel other mechanisms
causative of SFN. There are many causes of SFN which can be divided into hereditary causes,
metabolic causes, vitamin deficiency, neurotoxic exposure, infections, immunological causes
and idiopathic SFN (Terkelsen et al., 2017). The many (genetic) tools that are nowadays
available make it possible to study these mechanisms in further detail. A loss-of-function of
the gene of interest can be studied in a transient manner (morpholinos and crispants) or
creating a stable genetic line with CRISPR/Cas9 (Stainier et al., 2017, Liu et al., 2017).
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Alternatively, a loss-of-function mutant, if available, can be ordered from the Zebrafish
Mutation Project (ZMP), which aims to create a knockout allele in every protein-coding gene
in the zebrafish genome. Although our read-out panel has many advantages, there are also
limitations to this set-up. Since our panel can only be used for larvae up to 5dpf, our model is
not applicable for studying complex chronic disorders that develop at juvenile or adult stage.
Therefore, it is necessary to translate our set-up to a juvenile or adult setting. This is possible
and requires similar modifications to the ZebraCube (Viewpoint, Lyon, France), designed to
quantify adult zebrafish behavior, as we applied to our ZebraBox (Viewpoint, Lyon, France).
These modifications will enable us to study the effects of temperature-related activity in adult
zebrafish. Besides, an adult model will allow us to study nerve densities of Aδ- and C-fibers
instead of RB neurons (Sneddon et al., 2003). Nerve density can be studied in a skin biopsy
after staining of the intra-epidermal nerve fibers with the PGP9.5 antibody in zebrafish as
performed in the diagnosis of SFN (McCarthy et al., 1995).

Application of our temperature assay to study other pain disorders.
In chapter 3, 4 and 5, we describe a temperature assay which was used to test the
temperature response of zebrafish larvae. This temperature sensitivity assay was developed
in collaboration with Maastricht Instruments and is used as an add-on to the ZebraBox system
and is currently commercially available (Fig.1) (Viewpoint, Lyon, France and Maastricht
Instruments BV., Maastricht, The Netherlands). This newly developed add-on enables us to
rapidly increase the water temperature in the water compartment and allows us to study
zebrafish behavior towards temperature response. Since SFN patients have an aberrant
temperature threshold and symptoms like thermal allodynia, we used the setup mainly in the
context of the pain-related disorder small-fiber neuropathy (Hoeijmakers et al., 2012).
However, the use of this assay is not limited to SFN and has far more potential. This assay can
be of interest to study mechanisms involved in other pain-related disorders. For instance, a
genome-wide association study has revealed that genetic variations in genes associated with
dopamine (COMT, GCH1 and DRD2) probably play a role in the development of chronic
postsurgical pain (Montes et al., 2015). To further unravel this similar (genetic) tools, as we
used to study SFN in zebrafish, can be applied to study the effect of a loss-of-function or a
gain-of-function of one of these genes in the involvement of this pain disorder.
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Figure. 1. Newly developed temperature assay which can be used as an add-on to the ZebraBox. Panel A. The
water reservoir contains a tank which feeds the water compartment. The controller controls flow rate,
temperature and water quality (UV sterilization). Panel B. Because two different water reservoirs like depicted
in panel A can feed the water compartment it is possible to rapidly increase the water temperature of the
compartment containing a 48-well plate (Top view water compartment). Panel C. Overview of the entire setup
including the ZebraBox (Viewpoint).
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Allereerst wil ik beginnen met iedereen te bedanken! De afgelopen 4,5 jaar waren een mooie
maar ook stressvolle periode. Zonder jullie ondersteuning, begeleiding en aanmoediging was
dit nooit gelukt. Heel erg bedankt!
Jo, Ik ben ontzettend dankbaar voor alles wat ik van jou heb mogen leren. Jij gaf me de vrijheid
op het lab en bood ondersteuning op de momenten dat ik deze het hardst nodig had. Door de
evolutionaire verschillen en de ongewenste recombinante waren er veel momenten tijdens
onze meetings dat we beiden met onze handen in het haar zaten of ja… dat kon natuurlijk
alleen ik. Telkens sprak je me weer moed in waardoor ik vastberaden doorging. Na eindeloze
variaties op ons kloneerprotocol is het uiteindelijk toch gelukt. Dit bracht weer nieuwe
uitdagingen met zich mee, want dat het een uitdagend project zou worden wisten we vanaf
dag 1. Mede door jouw steun, ervaring en positieve kijk op de problemen hebben we samen
deze moeilijkheden kunnen overwinnen. Daarnaast heb je me de mogelijkheid gegeven om
samen met jou onze zebravisfaciliteit op te zetten. Dit werk heb ik altijd met heel veel plezier
gedaan en ik heb er veel van geleerd. Bedankt voor deze ervaring. Ik zal nooit vergeten hoe
ontzettend trots we waren toen we onze eerste vissen in huis haalden en deze vissen konden
gaan opgroeien. Daarna zagen we de faciliteit snel groeien en kwamen er ontzettend veel
mooie lijnen in huis. Op een aantal overstromingen na ging dit best goed. Ik hoop dat dit ook
in de toekomst zo zal blijven en dat de faciliteit nog verder zal groeien. Nogmaals bedankt
voor alles!
Graag wil ik mijn waardering uitspreken voor mijn promotor Bert. Bert, heel erg bedankt voor
je begeleiding tijdens mijn PhD. Jouw inzichten, ervaring en uitgebreide kennis op het gebied
van mitochondriën hebben mij heel erg geholpen. Ik heb ontzettend veel geleerd van de
uitstekende feedback die ik van jou kreeg. Dit gaf een andere kijk op mijn data en leidde tot
interessante hypotheses. Iedere laatstejaars PhD-student weet hoe stressvol deze periode is
en dat een goede planning maken dan ontzettend moeilijk wordt. Zeker in een
researchomgeving waar kloneren of de optimalisatie van een protocol heel erg kan uitlopen.
Jouw ervaring en inzicht hebben me hierbij uitstekend geholpen. In deze periode heb je me
ook behoed voor valkuilen. Van dit allemaal heb ik veel geleerd en dit zal mij in de toekomst
zeker verder helpen. Ook waardeer ik het heel erg dat ik altijd even binnen kon lopen als ik
een vraag had. Zelfs als je op vakantie was, was je bereikbaar om advies te geven. Heel erg
bedankt!
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Ik wil ook graag mijn waardering uitspreken voor mijn andere promotor Karin. Karin, ook jij
heel erg bedankt voor je begeleiding tijdens mijn PhD. Ik kon altijd terecht voor vragen en van
jouw kennis en expertise op het gebied van DVN heb ik heel erg veel geleerd. Ik ben ontzettend
dankbaar en trots dat ik deel heb mogen uitmaken van zo’n goede onderzoeksgroep. Ook
waardeer ik de interesse die jij telkens had voor mijn werk met de zebravissen en de
mogelijkheden die je me hebt gegeven om dit te presenteren op (internationale) congressen.
Door jouw grote internationale netwerk wist je altijd wel een expert aan te bevelen die mij
verder zou kunnen helpen met de struikelblokken die je tijdens een PhD tegenkomt. Heel erg
bedankt. Verder wil ik de leden van de beoordelingscommissie (prof. dr. Joosten, prof. dr.
med. Lampert, prof. dr. Rubio Gozalbo, prof. dr. Mess en dr. Muller) bedanken voor jullie
kostbare tijd om mijn proefschrift kritisch te beoordelen.
Vanaf dag 1 van je PhD weet je dat de klok aftelt. Als eerstejaars zie je de stress bij de senior
PhD studenten. Daarom ben ik erg dankbaar dat ik dit traject heb mogen doorlopen met heel
veel leuke collega’s. De “oude” AIO kamer met Auke, Tom, Romy en Minh was een heel fijne
plek met heel veel kennis en ervaring. Auke, met jou was het altijd gezellig. We zijn beiden op
deze afdeling begonnen als stagiair. Ik zal nooit de momenten vergeten dat we om 4 uur de
magische uurtjes van Coen & Sander op het lab meezongen! Toen ik als PhD begon, was jij
expert in het zebravisveld. Ik ben dankbaar dat je al deze kennis met mij hebt willen delen. Ik
hoop dat alles goed gaat in San Diego en wens je heel veel succes. Tom, je was zelf pas een
paar maanden bezig met je promotie en kreeg toen ineens een stagiair. Je was wel een beetje
verbaast toen ik daar voor de deur van de AIO kamer stond. Dit was een fijne periode, je was
een goede begeleider en ik heb veel geleerd over de analyse van WES data. Ook heb ik er toen
een vriend bijgekregen, een trainingsmaatje! Samen hebben we vaker de hardloopschoenen
aangetrokken en de straten van Smeermaas en Maastricht onveilig gemaakt. Ook hebben we
samen geprobeerd om mijn zwemtechniek te verfijnen. Dat is toen niet helemaal zo gelukt en
is een verhaal geworden waar we vaak nog om zullen lachen. Thanks voor alle leuke
momenten kerel. Minh, I really enjoyed our time in the office together. You are a kind and
warm person. In the beginning you were shy and didn’t talk a lot. But eventually, I think when
you were completely adapted to our strange culture, you were the one that started to make
the jokes. We share many funny moments and I will never forget the days that we rode
together over the cobblestones with your old small rusty city bike. Uiteindelijk werd ik de
laatste jaar PhD student en werd onze kamer geleidelijk aan gevuld met een nieuwe lichting
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PhD students. Ruby, Leo, Somaieh en Milena, ook jullie zijn een ontzettend leuke groep
mensen waar ik veel mee heb kunnen lachen en fijn mee heb kunnen samenwerken. Ik ben
jullie erg dankbaar dat jullie me door de laatste stressvolle periodes van mijn PhD hebben
geholpen. Ook al was ik toen niet de gezelligste collega, jullie humor, gezelligheid en
optimisme waren ontzettend fijn. Daarom: 非常感謝你, Dziękuję bardzo en ﺧ�� ﻣﻤﻨﻮن. Heel
veel succes met de afronding van jullie PhD! Somaieh, heel veel succes met de Nederlands
cursus en geniet van het mooie uitzicht. Ruby, je bent een ontzettend fijne collega waar ik ook
veel heb mee kunnen lachen maar ook op de mindere momenten stond je voor me klaar. Bij
jullie, Erika, Evelien, Iris, Ellen, Janine, Barbie en Bieke kon ik altijd terecht met lab-technische
vragen maar ook voor gezelligheid. Jullie gaven ook veel kleur aan de pauzes, borrels en dagjes
uit. Dank jullie wel dames. Bieke, ook heel erg bedankt voor het snel bestellen van alle
reagentia en het regelen van de randzaken die daarom heen zitten. Ellen en Janine, heel erg
bedankt voor jullie goede zorg voor de zebravissen. Jullie ondersteuning hierin hebben me
ontzettend geholpen. Janine, als er in de toekomst nog spaaracties zijn, Amy en ik willen graag
helpen met het aanvullen van de verzameling. Ook heb ik altijd genoten van onze discussies
over wie de Mol is, maar dit jaar win ik. Eefje, je echte bijnaam ga ik hier niet gebruiken, maar
met jou en ET was het altijd gezellig op het lab; altijd wel in voor een dansje of vals mee brullen
met de radio. Rick, van jouw kennis over next generation sequencing heb ik veel mogen leren.
Ook vond ik onze discussies na de meetings heel erg fijn. Je dacht namelijk altijd mee en gaf
adviezen hoe ik een protocol het beste zou kunnen optimaliseren. Heel erg bedankt en heel
veel succes met de afronding van je boekje! Diana, Els, Henny en Rosy heel erg bedankt voor
de administratieve ondersteuning maar ook voor de gezelligheid tijdens de pauzes. Ook wil ik
heel graag mijn vroegere stagebegeleiders, Florence, Dorian, Tom en Jeroen bedanken voor
alle kennis die ze op mij hebben overgedragen. Florence, jij was mijn eerste stagebegeleider.
Wat was ik toen nog jong zeg. Dankje voor alles wat je me toen hebt geleerd. Dit is de basis
geweest voor heel veel technieken die ik heb geleerd. Ook tijdens mijn PhD kon ik altijd even
langskomen om advies te vragen of te klagen over de reviewers, bedankt daarvoor. Ik wil graag
ook alle mensen van het CPV bedanken en dan in het bijzonder Richard, Saskia en de
dierverzorgers, Rik, Clarice, Inger en Mandy. De uitstekende zorg hield de vissen in een
topconditie. Iris, Luc, Julie and Kat many thanks for your help in the lab, you really made lab
work easier. Iris het was ontzettend fijn om jou als stagiaire te mogen begeleiden. Je pikte snel
nieuwe technieken op en stond altijd klaar op de juiste momenten. Ook was het fijn om
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eindelijk iemand op de afdeling te hebben die net zoveel om Star Wars geeft als ik. Dat je
uiteindelijk terug kwam voor een tweede stage op een van mijn andere projecten vond ik een
eer. Veel succes met de afronding van je masterscriptie en May the force be with you! Luc,
ook al was je niet helemaal mijn stagiair maar toch stond je altijd klaar op het lab als ik hulp
nodig had. Heel veel succes met je PhD in Groningen. Kat and Julie, you both came at the right
moment and I am grateful for all your help in the final stages of my PhD. Kat, many thanks for
your help with the touch response assay and also for your patience and determination. Julie,
I am grateful for your help with the mitochondrial fission project. I wish you both all the best
with your PhD. Mike, ik ben erg dankbaar dat je jouw kennis en ervaring als onderzoeker met
mij gedeeld hebt. Jij bent ook de persoon geweest die me enthousiast heeft gemaakt over het
biomedische onderzoek. De interessante en leerzame rondleiding die jij gaf toen ik nog maar
een scholier was heeft ertoe geleid dat ik BML op Zuyd ben gaan studeren. Radek, heel erg
bedankt voor je hulp bij de zoektocht naar de zebravis ortholoog van SCN9A. Ook was het
altijd fijn om over onze wielrenavonturen te praten. Computer Jo, je stond altijd voor me klaar
als mijn PC weer eens kuren had. Heel erg bedankt! Patrick, many thanks for your help with
all the statistical analyses. Marc, jouw microscopie kennis en kunde hebben me enthousiast
gemaakt over de mogelijkheden van microscopie en dat is de aanzet geweest voor deze cover.
Ook was je altijd wel in voor een grapje en je was zo vriendelijk om me een grote korting te
geven op de koningsmarkt. Kevin, heel erg bedankt voor je hulp bij het maken van deze cover!
Het vereiste nogal wat doorzettingsvermogen en zebravis embryo’s voor het maken van het
perfecte plaatje! Ook toen ik je hulp nodig had bij revisies stond je voor me klaar. Heel erg
bedankt. Mieke, bij jou kan ik altijd terecht. Het maakt niet uit waarover het gaat: of het nu
een technische vraag is, of even over wielrennen te praten of mijn hart te luchten. Je stond
altijd klaar voor me. Ook bij mijn knieblessure wilde je er alles aandoen om mij te helpen. Je
hebt me ook veel geleerd over de traditionele Chinese geneeskunde. De sessies accupunctuur
waren heel cool en zal ik nooit vergeten. Heel erg bedankt voor je steun en de gezelligheid in
de afgelopen jaren. Maurice, Bianca, Eric, Isis en Amir, hoewel het altijd een flink stuk lopen
was naar jullie kantoor deed ik dat met veel plezier, want zodra ik daar aankwam was er altijd
een warm onthaal. Eric, het was ook weer fijn om een oude vriend weer terug te vinden. Ik
hoop dat we in de toekomst nog vaak bergop kunnen strijden. Bianca, heel erg bedankt voor
al je hulp met de statische analyses. Van de duidelijke en zorgvuldige uitleg die jij geeft heb ik
heel veel geleerd. Amir, ik was onder de indruk hoe snel je een nieuwe taal oppikte. Je ben
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vastberaden en staat altijd klaar om anderen te helpen, thanks. Maurice, tijdens een van de
propane meetings in Milaan heb ik je leren kennen. Het was toen een heel grote verrassing
dat jij net zo’n grote fan van Bryan Adams bent als ik. We hebben toen heel wat nummers
(vals) meegezongen. Onze vriendschap is verder gegroeid tijdens de samenwerking op ons
gedeelde paper. Het was ontzettend fijn om dit proces samen met jou te mogen doorlopen.
Van jouw uitstekende kennis van het klinisch beeld van DVN heb ik veel geleerd. Ook was je
net als Amir bereid om jezelf op te offeren voor een van mijn experimenten, thanks nog voor
het stukje huid. Ik wil je heel veel succes wensen met de afronding van je boekje! En dat we
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