
Treatment strategies in 
amyotrophic lateral sclerosis 

and its mimics 

Sanne Piepers



S. Piepers, Utrecht. 
The copyright of the articles that have been accepted for publication or that have already 
been published, has been transferred to the respective journals.

Cover © Pablo Picasso, Las Meninas [1957] c/o Pictoright Amsterdam 2010. The 
right of reproduction of the painting was obtained from the Picasso Museum in 
Barcelona. 

Cover design Kitty van der Veer, Proefschrift.nu
Layout Renate Siebes, Proefschrift.nu
Printed by Labor Grafimedia BV, Utrecht 
ISBN 978-90-39352878 



Treatment strategies in 
amyotrophic lateral sclerosis 

and its mimics 
Strategieën in de behandeling van 

amyotrofische laterale sclerose en van ziektes 
die op amyotrofische laterale sclerose lijken 

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan 
de Universiteit Utrecht 

op gezag van de rector magnificus, 
prof.dr. J.C. Stoof,

 ingevolge het besluit van het college voor promoties
 in het openbaar te verdedigen 

op donderdag 4 maart 2010 des middags te 4.15 uur

door

Sanneke Piepers 

geboren op 12 oktober 1976 te Purmerend



Promotoren:  Prof. dr. L.H. van den Berg
   Prof. dr. J.H.J. Wokke

Co-promotor:  Dr. W.L. van der Pol

Funding of the studies described in this thesis was kindly provided by the Prinses 
Beatrix Fonds (MAR 04-0201).

Financial support of this thesis was gratefully acknowledged and was provided by 
Stichting het Remmert Adriaan Laan Fonds, UCB Pharma, Sanofi Aventis, Boehringer 
Ingelheim, Ipsen Farmaceutica B.V., GlaxoSmithKline, Baxter B.V., and Roche B.V.



“I consider myself the luckiest man on the face of the Earth. 
And I might have been given a bad break, 

but I’ve got an awful lot to live for.”  

Lou Gehrig, at Yankee Stadium 
on Lou Gehrig Appreciation Day, July 4, 1939

Het ene moment loop je door Parijs, 
het volgende moment hapert de fijne motoriek. 

Wel een mooie uitdrukking, daar niet van. 
Fijne motoriek. 

Waar moeten we dan aan denken?

Het sluiten van een rits.

Het strikken van veters.

Het smeren van een boterham.

Het peuteren in de neus.

Het openen van een deur (met een sleutel).

Het bedienen van de knopjes van een mobiele telefoon.

Het eten van soep.

Het plukken van een dag.

Uit: Handwerk, C’est la vie, Martin Bril 
(Prometheus 2009).
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INTRODUCTION
The general aim of this thesis was to evaluate the evidence for currently applied 
treatment strategies in symptomatic treatment of amyotrophic lateral sclerosis (ALS), 
and to explore possibilities for rational treatment strategies in motor neuron disorders 
and multifocal motor neuropathy (MMN). This introduction concisely highlights the 
spectrum of motor neuron disorders.

ALS AND ITS MIMICS
Motor neuron disorders comprise a spectrum of syndromes with large variety in both 
clinical characteristics and disease course (Figure 1.1).

Amyotrophic Lateral Sclerosis

ALS is a devastating degenerative motor neuron disorder characterized by progressive 
weakness of limb, bulbar, and respiratory muscles. ALS is caused by loss of motor neurons 
in the spinal cord, brainstem, and motor cortex. Although ALS can occur at any time in 
adulthood, median disease onset is in the sixth decade. The incidence of sporadic ALS 
is between 1.5-2 per 100.000 per year. The incidence in males is higher than in females 

10

Chapter 1 Introduction

Figure 1.1 The spectrum of motor neuron disorders.



(1.6:1). 5-10% of patients have a positive family history of ALS, most commonly with 
an autsomal dominant inheritance pattern. Mutations in patients with familial ALS and 
an autosomal dominant inheritance pattern are most frequently (10-20%) found in the 
copper/zinc superoxide dismutase (SOD1) gene on chromosome 21.1 Although other 
genes than SOD1 have been associated with familial ALS, the genetic defect remains to 
be identified in the majority of cases.2-8 Median survival of ALS patients is three years 
after symptom onset and is only modestly prolonged by riluzole, an inhibitor of neuronal 
glutamate release.9, 10 More than 10 placebo controlled trials have been performed since 
the introduction of riluzole, but have failed to show an additional beneficial effect on 
disease course.11-20 The mainstay of ALS care remains, therefore, symptomatic.9 

The cause of motor neuron degeneration in ALS is unknown.9 Sporadic ALS is considered 
a complex multi-factorial disease, caused by the interaction of largely unknown genetic 
and environmental factors, including exposure to heavy metals and occupational risk 
factors.9, 21-28 Excitotoxicity and oxidative stress have been investigated as pathogenetic 
mechanisms, in particular after the finding that SOD1 mutations cause familial 
ALS. Other pathogenetic hypotheses include dysregulation of intracellular calcium 
homeostasis, axonal transport defects, and protein aggregation.29-32 The hypothesis 
that viral infections or ensuing inflammatory reactions underlie ALS pathogenesis is 
supported by the analogy of poliovirus and poliomyelitis, and the reported presence 
of enterovirus nucleid acids and reverse transcriptase activity in cerebrospinal fluid of 
ALS patients.33, 34 Genome-wide association studies have identified mutations in several 
candidate genes as risk factors for sporadic ALS and may direct future studies to dissect 
pathways in ALS pathogenesis.22-25 

Upper motor neuron disorders: primary lateral sclerosis

Primary lateral sclerosis (PLS) is a diagnosis of exclusion in patients with slowly 
progressive spinobulbar spasticity.35 PLS is considered a clinical variant of ALS, because 
PLS and ALS share a similar age at onset, male predominance, and both bulbar and spinal 
onset forms. Others argue that PLS is a separate disease, although transition of PLS to ALS 
can occur even after long-standing disease.36 Adult-onset PLS is almost always sporadic; 
it can, however, be a rare manifestation of familial ALS.37 PLS tends to follow a very 
slowly progressive course, a key distinctive clinical feature compared with ALS. Spasticity, 
quadriplegia and contractures are however progressive and death may occur due to 
dysphagia with aspiration pneumonia.35 To exclude other causes of spinobulbar spasticity, 
comprehensive clinical and laboratory examinations should be performed to rule out 
vitamin B12 deficiency, cervical and thoracic spinal cord lesions or compression, (primary 
progressive) multiple sclerosis, adrenoleukodystrophy, cerebrotendinous xantomathosis, 
HIV or HTLV-1 infection and hereditary spastic paraparesis. There is no cure for PLS, 
riluzole has not been proven effective, and treatment is symptom directed.38
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Lower motor neuron disorders: spinal muscular atrophies and MMN

Progressive (spinal) muscular atrophy is a lower motor neuron syndrome, characterized 
by progressive and generalized muscle weakness and reduced tendon reflexes.39, 40 It is 
debated whether progressive muscular atrophy is a separate disease entity, or overlaps 
with ALS since transition from progressive muscular atrophy to ALS occurs in 22% 
of patients.40 A subgroup of patients with progressive muscular atrophy have a more 
favorable disease course compared to ALS, with survival up to 30 years after onset of 
the initial signs and symptoms.40 Survival in patients with progressive muscular atrophy 
is associated with the same risk factors as ALS (decreased vital capacity, decreased 
functional scores and involvement of more than one region at diagnosis).40

Proximal spinal muscular atrophy (SMA) is an autosomal recessive disorder characterized 
by symmetrical, predominantly proximal muscle weakness that is more pronounced in 
the lower than the upper limbs, and weakness of the axial and intercostal muscles with 
sparing of the diaphragm in the more severe forms.41 SMA is caused by a deletion or a 
mutation of the telomeric form of the survival motor neuron (SMN)1 gene, located on 
chromosome 5q.42 Bulbospinal muscular atrophy (Kennedy’s syndrome) is an X-linked 
recessive lower motor neuron syndrome, caused by increased CAG repeat numbers in 
the androgen receptor gene, and characterized by bulbar and proximal weakness of the 
extremities.43 It may be confused with ALS and late onset SMA. Patients may present 
with tongue wasting and fasciculations, gynaecomastia, testicular atrophy and infertility. 
Some patients also have a primary sensory neuronopathy.43

Other, even rarer segmental lower motor neuron syndromes have been identified that 
may mimic progressive muscular atrophy.39 Juvenile muscular atrophy of the distal 
upper extremity, also known as Hirayama disease, is characterized by juvenile onset of 
weakness in the forearm(s). Disease course is usually benign, but in 21% of Caucasian 
patients the disease was reported to spread to adjacent spinal cord segments.39, 44 Flail 
arm syndrome, or brachial amyotrophic diplegia is regarded a distinct variant of motor 
neuron disorders, characterized by lower motor neuron involvement in both arms.45 Distal 
spinal muscular atrophy is characterized by symmetrical and distal muscle weakness in 
the legs more than the arms without sensory abnormalities and should be differentiated 
from hereditary motor and sensory neuropathy (Charcot-Marie-Tooth disease).39

In 1988, multifocal motor neuropathy (MMN) was identified as a treatable motor 
neuropathy that closely resembles the clinical presentation of progressive muscular 
atrophy.46, 47 MMN is characterized by slowly progressive, predominantly distal, 
asymmetrical limb weakness.48 Motor nerve conduction studies show conduction blocks 
outside the usual sites of nerve compression.49 Importantly, clinical course of MMN is 
more benign.46 It will be discussed in more detail in one of the following paragraphs.
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SYMPTOMATIC TREATMENT IN ALS
The keystone of ALS treatment remains symptomatic.15 All ALS patients eventually 
develop respiratory insufficiency. Nocturnal hypoventilation is usually the first sign of 
respiratory dysfunction. Symptoms may negatively influence quality of life long before 
respiratory failure ensues.50 Non-invasive home mechanical ventilation is a treatment 
option for (nocturnal) hypoventilation. The primary objective of non-invasive ventilation 
is symptomatic treatment of (nocturnal) hypoventilation and thereby improving quality 
of life. To evaluate evidence for effectiveness of non-invasive ventilation and effects on 
quality of life, we conducted a systematic review of the available literature (Chapter 2.1). 
After completion of this systematic review, the first randomized controlled trial on the 
effect of non-invasive ventilation on quality of life of patients with ALS was published. 
We emphasized the need of evidence-based care in ALS in an editorial highlighting 
publication of this trial (Chapter 2.2).51, 52 

The lack of effective treatment strategies may explain why some ALS patients are 
easily enticed by ill-founded reports and claims of effective experimental or alternative 
therapies. Stem cell technology is often mentioned as a promising treatment strategy 
for ALS and other incurable (neurological) diseases. Several stem cell transplantation 
techniques are being tested in laboratory models of ALS, but are far from being ready for 
clinical trials.53-55 Despite the state of art, cell transplantation therapies are offered at 
high fees. A clinic in Beijing, China, offers a transplantation procedure of fetal olfactory 
ensheathing cells that – according to their advertisement - ‘‘can prevent or reverse the 
deterioration of ALS.’’ In chapter 2.3 we describe the disease course of seven Dutch ALS 
patients who travelled to China for this experimental treatment.

THE SURVIVAL MOTOR NEURON GENE: FROM GENE TO TREATMENT 
IN SMA AND ALS
Spinal muscular atrophy: genotype – phenotype studies

The SMN genes are crucial for the function of motor neurons. The SMN genes are 
involved in RNA processing and essential for axonal outgrowth. SMN deficiency is lethal 
in mice. The human SMN locus contains two SMN genes. A homozygous deletion of 
the telomeric SMN1 gene causes SMA. The second centromeric copy (SMN2) is unique 
for humans. Although 5-10% of the individuals lack the SMN2 gene, all patients with 
SMA retain at least one SMN2 copy. The genomic sequences of SMN1 and SMN2 differ 
by only five nucleotides, but only one translationally silent C  T transition located 
within an exonic splicing region of SMN2 is functionally important. This change leads to 
frequent exon 7 skipping during splicing of SMN2-derived transcripts.56, 57 Consequently, 
the majority of transcripts from SMN2 lack exon 7. These transcripts (SMN2Δ7) encode 
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a truncated protein that is probably rapidly degraded, causing reduced levels of SMN 
protein (Figure 1.2).

SMN protein is ubiquitously expressed, and is present in both the cytoplasm and the 
nucleus of the cell body. In the nucleus, it is concentrated in punctate structures, called 
“gems” that overlap with or are closely apposed to Cajal bodies.58 Gems are similar in size 
and number to Cajal bodies and are often associated with them. Cajal bodies contain 
high levels of factors involved in transcription and processing of many types of nuclear 
RNA, such as small nuclear RNAs (snRNAs), nucleolar ribonucloproteins and the three 
eukaryotic RNA polymerases. Cajal bodies are most likely locals where the assembly and/
or modification of the nuclear transcription and RNA processing machineries take place. 
Immunofluorescence experiments showed that Gems and Cajal bodies mostly co-localize 
in some cell lines and adult tissues but are separate in fetal tissues and several types of 
cultured cells, suggesting that these structures have a dynamic functional relationship. 
It has been shown that SMN mediates the interaction between Gems and Cajal bodies.59, 

60 The SMN protein oligomerizes with a group of proteins named the Gemins and forms a 
stable complex called the SMN complex. The SMN complex interacts with several other 
proteins, many of which are components of various ribonucleoprotein complexes that are 
involved in distinct aspects of RNA processing. The SMN complex has for example a role 
in the assembly of snRNAs and controls this process.60 SMN may, therefore, contribute 
to RNA metabolism.61-64 Further investigation of the biochemical defects in the cells of 
SMA patients will hopefully elucidate the precise molecular deficiencies that lead to 
the degeneration of motor neurons. The function of SMN may be more extensive than 
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a role in RNA processing, since SMN has been shown to have functions specific for 
motor neurons. Motor neurons isolated from mice deficient Smn show shortened axons 
and small growth cones, which are deficient in β-actin messenger RNA and protein, 
suggesting that Smn facilitates the efficient transport of β-actin messenger RNA to the 
growth cones of motor neurons.65 Similarly, zebra fish deficient in SMN protein show 
a specific deficit in motor neuron axonal outgrowth.66

Several studies have shown that low SMN mRNA and protein levels correlate with SMA 
severity.67-69 SMN2 copy number variation probably determines part of the inter-individual 
differences in SMA disease severity, which ranges from intrauterine to adult onset.70-73 
According to the criteria of the international SMA consortium and to revised diagnostic 
clinical criteria, onset of SMA type 1 (Werdnig-Hoffman disease) is before 6 months. SMA 
type 1 is the most severe form with survival ranging from 7 to 66 months.73 Age at onset 
of SMA type 2 is before 18 months and patients learn to sit, but never to walk unaided. 
Patients with SMA type 3 (Kugelberg-Welander disease) learn to walk without support. 
SMA type 3 is subdivided into SMA type 3a, with disease onset before three years and 
SMA type 3b with an onset after three years. Patients with SMA type 3 have an almost 
normal life expectancy.16, 27 onset of SMA type 4 is after 30 years.70, 73-76 The natural history 
of SMA types 1-3b with childhood onset has been extensively studied.75-80 Late onset 
SMA, defined as SMA type 3b with disease onset after ten years and SMA type 4 are rare 
and the clinical course has not been studied in detail.81 Chapter 3.1 describes the disease 
course of 12 late onset SMA patients and chapter 3.2 confirms that muscle strength in 
late onset SMA decreases in a predictable sequence and magnitude.22, 82, 83

Gene – dose relation in SMA: implications for treatment

The correlation between SMN2 copy number and disease severity has been strengthened 
by observations in an SMA mouse model. Mice lacking the endogenous Smn gene, but 
carrying two copies of the human SMN2 gene develop severe spinal muscular atrophy 
and die within one week after birth, while mice with eight copies of SMN2 do not 
develop disease.84 These observations in mice and men suggest that increasing SMN 
expression levels may be an experimental treatment approach. Histone deacetylase 
(HDAC) inhibitors alter transcriptional activity of genes by modifying their chromatin 
structure. Acetylation of histon-tails relaxes chromatin conformation, which increases 
accessibility of DNA for the transcription machinery.85-87 It has been shown that HDAC 
inhibitors, such as valproic acid (VPA) and sodium phenylbutyrate, increase SMN mRNA 
and protein levels in vitro.88, 89, 90, 91 SMN mRNA levels in SMA patients, and SMN mRNA 
and protein levels in SMA carriers increased during VPA treatment.92 Other drugs than 
HDAC inhibitors may also increase SMN levels through other mechanisms.93, 94 Increasing 
SMN protein levels could be achieved by promoting exon 7 inclusion in SMN2-derived 
transcripts or by stabilizing SMN protein that arises from SMN2.93-95 Methodology 
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to quantify SMN protein could therefore be useful to assess effects of experimental 
treatment. Chapter 3.3 describes an SMN specific sandwich ELISA that was developed 
to measure SMN protein levels in small volumes of blood in SMA patients. We tested 
the usefulness of this SMN specific ELISA in a pilot study in patients with SMA who 
were treated with VPA.

SMN, SMA and ALS

Previous studies have shown that copy number variation of SMN1 and SMN2 may also 
be a disease-modifying factor in ALS.96, 97 SMN genotypes that produce less SMN protein 
are associated with susceptibility and reduced survival.98 Additionally, transcriptional 
dysfunction has been implicated in the pathogenesis of many neurodegenerative diseases 
including ALS.19, 99, 100 HDAC inhibitors are therefore considered promising candidate 
drugs for ALS treatment.19 VPA has several additional neuroprotective properties. It may 
inhibit neuronal cell death by its ability to counterbalance oxidative stress, apoptosis and 
glutamate toxicity.100-102 VPA was neuroprotective in models of Huntington disease103, 

spinal and bulbar muscular atrophy104 and Parkinson’s disease.105 The effects of VPA were 
therefore tested in several model systems for ALS and SMA.99, 106-108 Results of studies 
on the neuroprotective effect of VPA in a mouse model of ALS using double transgenic 
mice with eight SMN2 copies and mutated hSOD1 (SOD1 G93A+/- high copy SMN2+/- 

mice) are presented in chapter 3.4. Chapter 3.5 describes the effects of VPA on SMN 
mRNA and protein expression in EBV immortalized lymphocyte cell lines from SMA 
patients, heterozygote carriers of SMN1 deletions and ALS patients. To investigate the 
clinical effect of VPA, we performed a randomized controlled, sequential trial testing 
VPA against placebo in patients with ALS (Chapter 3.6).18

IMMUNE MEDIATED MECHANISMS AND IMMUNEMODULATION 
IN MOTOR NEURON DISORDERS AND MOTOR NEUROPATHY
Monoclonal gammopathy: bridging the gap between motor neuron disease and 
motor neuropathy?

Monoclonal gammopathy of undetermined significance (MGUS) is the most common 
plasma cell disorder, occurring in 3% of the population older than 50 years.109 MGUS is 
an asymptomatic premalignant disorder, defined by a serum monoclonal immunoglobulin 
concentration of 3 g/Dl or less and without signs of systemic involvement.109 Numerous 
reports suggest an association of MGUS with a wide variety of diseases, but these 
associations may be coincidental, given the relatively high prevalence of MGUS in the 
general population.110 There are disappointingly few case control studies that have firmly 
established MGUS as a risk factor for other diseases. Identification of such associations 
could clarify pathogenetic pathways of the associated disorder. 

16

Chapter 1 Introduction



17

The established association of monoclonal IgM gammopathy with symmetrical distal, 
predominantly sensory polyneuropathy illustrates that monoclonal gammopathy may 
damage neurons and axons.111 This may be caused by binding to constituents of the 
neuronal membrane, such as myelin-associated glycoprotein or gangliosides, or indirectly 
through as yet unidentified mechanisms.112-115 

Immune-mediated mechanisms have also been proposed in the pathogenesis of motor 
neuron disease.116, 33, 34 Data on the occurrence of monoclonal gammopathy in patients 
with motor neuron disease are inconsistent.117-122 An increased prevalence was found 
in some studies, but not in others.117-122 Conflicting reports may be the result of referral 
or methodological bias.117, 119-122 Despite the circumstantial evidence that B-cells and 
antibodies may be involved in MMN pathogenesis, associations with MGUS have not 
been studied in detail either, probably due to the rarity of the disorder. Chapter 4.1 
describes the results of a cohort study on the prevalence of monoclonal gammopathy 
and anti-GM1 IgG and IgM antibodies in patients with motor neuron disease, MMN, 
and controls. We screened the entire spectrum of motor neuron disorders, from PLS to 
progressive spinal muscular atrophy and segmental spinal muscular atrophy.

Multifocal motor neuropathy

MMN is characterized by slowly progressive weakness and muscle atrophy that develops 
gradually over several years.47, 123, 124 More men than women are affected, at a ratio of 
2.6:1. The mean age at onset is 40 years, with a range of 20–70 years.48, 123 Age at onset is 
between 20 and 75 years of age.48, 125 The most common initial symptoms are wrist drop, 
grip weakness, and foot drop. Weakness develops asymmetrically and is more prominent 
in the arms than in the legs. In most patients with onset in the legs, the abnormalities 
also eventually affect the arms. Symptoms and signs in the distal muscles dominate 
for a long time, but eventually weakness in proximal muscle groups may develop.123 

Other motor symptoms include muscle cramps and fasciculations in about two-thirds 
of patients. Diagnosis of MMN is supported by the finding of motor but not of sensory 
abnormalities on nerve-conduction studies.48, 123 Motor nerves characteristically show 
conduction block outside the usual sites of nerve compression.46, 126 Treatment with 
intravenously administered human immunoglobulins (IVIg) improves muscle strength in 
patients with MMN and is now the treatment of first choice in MMN.127-129, 49 In chapter 
4.2 results from a national cohort study on MMN in The Netherlands are described.

The complement system as a target for treatment of MMN

MMN pathogenesis remains largely elusive, but it may share mechanisms with 
other inflammatory neuropathies, in particular Guillain-Barré syndrome. Sera from a 
substantial subgroup of MMN patients contain high titers of IgM antibodies against 
the ganglioside GM1.130 Gangliosides are glycolipid structures that are abundantly 
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expressed in peripheral nerves.131 Anti-GM1 antibodies are also frequently detected 
in patients with Guillain-Barré syndrome, and their pathogenic effects have been 
extensively studied and documented in vitro and in animal models.132, 133, 134 Binding of 
ganglioside-specific antibodies triggers activation of the complement system, deposition 
of the membrane attack complex and altered expression of sodium channels.135-137, 138, 

139 Similar mechanisms may underlie MMN pathogenesis.140, 133, 141, 142

It is not known which of the many reported immune modulating effects of IVIg 
administration results in improved function of motor nerves in MMN patients.127, 

143 Experimental models for inflammatory neuropathy do, however, suggest that the 
complement system, anti-GM1 IgM antibodies and their interaction play an important 
role in MMN pathogenesis.135, 137, 144 We therefore studied the effects of IVIg on the 
classical pathway of the complement system and the interaction of anti-GM1 IgM 
antibodies and complement in patients with MMN receiving IVIg for the first time or 
as maintenance treatment (Chapter 4.3).

Add-on treatment in MMN patients on IVIg maintenance treatment

Treatment with IVIg improves muscle strength127-129, but the effect is short-lived and 
maintenance treatment is necessary for most patients.145, 146 Unfortunately, there are 
no obvious alternatives for IVIg. Plasmapheresis and corticosteroids, which are often 
beneficial for patients with other chronic inflammatory neuropathies, are not effective 
and may even worsen disease course.147-150 Cyclophosphamide may be effective, but side 
effects limit its use to refractory cases.46, 151, 152 Evaluation of the efficacy of adjunctive 
immunosuppressive therapy that would allow reduction of IVIg doses and associated 
high costs is needed.151 We performed a randomized placebo-controlled clinical trial to 
investigate the efficacy and safety of mycophenolate mofetil as adjunctive therapy in 
patients with MMN on IVIg maintenance treatment (Chapter 4.4).153
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AIMS OF THIS THESIS
The main goal of this thesis was to explore and develop rational treatment strategies 
for motor neuron disorders. We investigated: 

The availability of evidence for symptomatic treatment, in particular non-•	
invasive ventilation, of patients with ALS (Part 2). 

The disease course of SMA in order to select outcome measures for clinical •	
trials (Part 3).

The therapeutic potential of HDAC inhibition in SMA and ALS (Part 3).•	

The association with monoclonal gammopathy and motor neuron disorders, •	
and the possibility of similar pathogenetic mechanisms in MMN and lower 
motor neuron disease (Part 4). 

The effects of IVIg treatment on anti-GM1 IgM antibodies, the classical •	
pathway of complement, and their interaction in patients with MMN (Part 
4).

The efficacy of add-on immunosuppressive treatment with mycophenolate •	
mofetil in patients with MMN (Part 4).
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ABSTRACT

Background: Symptoms of nocturnal hypoventilation may negatively influence the quality 
of life (QoL) of ALS patients before respiratory failure ensues. Non-invasive mechanical 
ventilation (NIV) is considered a treatment option for nocturnal hypoventilation. The 
primary objective of NIV is improving quality of life (QoL). It may also prolong life with 
several months.

Objective: A systematic review of the literature was performed to analyze what is known 
of the effect of NIV on survival, QoL and other outcome measures.

Methods: A computerized literature search was performed to identify controlled 
clinical trials and observational studies of treatment of ALS – associated nocturnal 
hypoventilation from 1985 until May 2005.

Results: Twelve studies fulfilled the inclusion criteria. Four studies were retrospective, 
7 prospective and in one study randomization was used. All studies reported beneficial 
effects of NIV on all outcome measures. In 7 studies NIV was associated with prolonged 
survival in patients tolerant for NIV, 5 studies reported an improved QoL.

Conclusion: Studies on the use of NIV in ALS differ in study design and endpoint 
definitions. All studies suggest a beneficial effect on QoL and other outcome measures 
(Evidence level Class II-III). Well-designed randomized controlled trials comparing the 
effect on QoL and survival have not been performed.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is characterized by progressive degeneration of 
motor neurons in brain and spinal cord leading to progressive muscle weakness of limbs, 
bulbar or respiratory muscles.1 The worldwide incidence of ALS is 2.7-7.4 per 100.000 
per year.2 ALS can occur at any time in adulthood, with a median onset in the sixth 
decade. Fifty percent of the patients die within 3 years after the onset of symptoms, 
usually as a result of respiratory failure.3 

Nocturnal hypoventilation is usually the first sign of respiratory dysfunction.4, 5 Symptoms 
include daytime somnolence, morning headaches, concentration difficulties, nightmares 
and orthopnea and may negatively influence quality of life long before respiratory 
failure ensues.6 Non-invasive home mechanical ventilation (NIV) is a treatment option 
for nocturnal hypoventilation. The primary objective of NIV is symptomatic treatment 
of (nocturnal) hypoventilation and thereby improving quality of life (QoL). Additionally, 
NIV may prolong survival with several months. NIV is recommended by the American 
Academy of Neurology in the ALS practice parameters when forced Vital Capacity 
(fVC) falls below 50%.7 However, the frequency of NIV use by ALS patients may differ 
considerably between centers and countries.8 NIV may not be offered by caregivers, or 
accepted by patients for the fear that prolonged survival at the expense of increasing 
disability may be undesirable.

Evidence-based information regarding the effect and value of NIV for ALS patients is 
essential for both patient and caregiver. Therefore, we conducted a systematic review 
of the available literature on the effect of NIV on survival, QoL, respiratory function 
and symptoms of (nocturnal) hypoventilation.

METHODS
A computerized literature search of Medline, Pubmed and the Cochrane controlled trial 
register for the years 1985 until May 2005 was conducted by one of the researchers 
(SP). Search terms included amyotrophic lateral sclerosis in combination with MESH 
terms and text words relating to hypoventilation, possible intervention and outcome 
measures (i.e. respiratory therapy, respiratory insufficiency, palliative care, quality of life, 
survival analysis, survival rate, cognition, respiratory function, terminal care, cognition, 
respiratory function test, ventilator weaning, ventilator, intermittent positive pressure 
ventilation, artificial respiration, mechanical ventilator or respiratory ventilation). The 
full strategy is available at request. The reference lists of all reviews and primary studies 
that were identified by the computerized search were checked for additional articles. 
One reviewer (SP) read the title of all references and discarded obviously irrelevant 
studies. The abstracts of the remaining studies were screened by two reviewers (SP 
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and JPvdB) to ensure that they met the inclusion criteria, which are summarized in 
Table 2.1.1. Disagreement was resolved by discussion between the reviewers. In this 
review we used the definitions of evidence according to the American Association of 
Neurology (Table 2.1.2).7 

Study quality was judged by one of the reviewers (SP) using the following criteria: 
internal validity (trial or observational study, presence of a control group, prospective 
or retrospective design), the presence of inclusion bias, and size of study population, 
duration of follow-up period, information on respiratory signs and symptoms of 
the patients, objectivity of the outcome measure, adjustment for confounders in 
observational studies.

RESULTS
Four hundred and sixty six abstracts were screened and 12 studies met the inclusion criteria. 
The search yielded 4 retrospective observational studies9-12, 7 prospective observational 
studies5, 13-18 and one randomized controlled trial (RCT) (see Table 2.1.3).19 
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Table 2.1.1 Inclusion criteria for identified references to be included into the 
systematic review

Type of studies Observational studies
(Randomized) clinical trials

Participants Patients diagnosed with ALS

Intervention Non invasive ventilation

Outcome measures Quality of life
Survival
Respiratory function
Respiratory symptoms
Cognitive function

Table 2.1.2 Classification of evidence according to the American Association of 
Neurology

Class Definition

I Evidence provided by one or more well-designed, randomized, controlled trials

II Evidence provided by one or more well-designed, observational clinical studies with 
concurrent controls (e.g. case control and cohort studies)

III Evidence provided by expert opinion, case series, case reports and studies with historical 
control
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The studies were performed at neurological departments, specialized ALS or neuro-
muscular centers (n = 5)9, 11 or departments for respiratory medicine (n = 3)10, 12-16, 18, at 
both neurological and respiratory departments centers (n = 2)5, 17 and in one study the 
site is not mentioned.19 

Inclusion numbers varied from 12 to 122. Median duration of follow-up varied from 
1.5 to 100 months. Mean age of the patients was 59.3 years for all studies combined 
(range 55 - 62.2 years). The type of onset (bulbar or spinal) differed between studies 
and was not specified in all studies.

Three of the observational studies used control groups. Two control groups were 
composed of ALS patients with normal respiratory function, matched for age, sex and 
disease severity5, 17, and in one study the control group consisted of patients who did not 
tolerate NIV.16 The other 8 observational studies compared the symptoms of NIV and QoL 
in patients tolerant or intolerant of NIV before and after initiation of NIV treatment. 9-15, 

18 In the RCT, the control group consisted of ten patients who were included first and 
were treated with oxygen, bronchodilatores and other palliative measures; the next ten 
patients were treated with NIV.19 Therefore, this study represents Evidence Class II. 

Outcome measures

Survival Seven studies used survival as an endpoint and all reported prolonged survival 
(2 class II, 5 class III) (Table 2.1.4). Four studies measured a longer survival for patients 
who tolerated NIV compared to patients that did not.12-15 Another study suggests that 
continuous use of NIV can prolong survival for 14-17 months compared to unsuccessful 
users.9 Cumulative survival was longer in patients without bulbar symptoms treated with 
NIV compared to patients without NIV.18 One study showed prolonged survival among 
patients using NIV compared with patients using palliative treatment.19

Quality of life QoL was assessed in five studies using different questionnaires (Table 
2.1.4), and all found a positive effect (2 class II, 3 class III) (Table 2.1.4). One study 
reported improved mastery and fatigue scores as measured by the Chronic Respiratory 
Index Questionnaire (CRQ) by comparing the QoL before and after initiation of NIV.14 
Three studies used the Short Form 36 (SF-36) to measure QoL. Improvement on the vitality 
subscale of the SF-36 was observed in 2 studies.5, 16 One study reported improved mental 
health and emotional limitation domains of the SF-36 as well as fatigue and mastery 
domains of the CRQ 3-5 months after introduction of NIV. In this study compliance to 
NIV was the only independent predictor of improved QoL.15 One study documented that 
all patients reported improved QoL after introduction of NIV.10

Respiratory function Six studies examined the association between NIV and respiratory 
function (1 class II, 5 class III) (Table 2.1.4). Two studies showed that NIV had no impact 
on the rate of decline in respiratory function in patients who tolerated NIV14, 15 Patients 
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using NIV showed improvement of breathing-related arousals, measured by a reduction 
in oxygen desaturations and/or hypercapnia after introduction of NIV.11, 14 The decline in 
fVC% was significantly slower in patients who tolerated NIV,12 as compared to patients 
who did not. One study reported a non-significant amelioration of pCO2 values after 
initiation of NIV.18 Improvement of pCO2 and pO2 was observed in another study, while 
fVC% worsened.10

Respiratory symptoms Three studies reported respiratory symptoms (one class II, two 
class III) (Table 2.1.4). A significant improvement of the symptom score of the Sleep Apnea 
Quality of Life Index was found after initiation of NIV.15 In another study, three out of 
six patients on NIV showed improvement of respiratory symptoms, 5 out of 6 showed 
improvement of the respiratory symptom score.16 Another study observed reduction of 
dyspnea, headache and concentration difficulties in patients on NIV.10

Cognition Only one study examined the effect of NIV on cognitive function. A significant 
improvement on 2 (Kendrick object learning test (KOLT), list learning) of the 7 cognitive 
tests was found after initiation of NIV (class II).17 

DISCUSSION
Although all studies that were reviewed had methodological shortcomings, they seem 
to suggest that NIV leads to a longer survival time, better QoL, no decline in respiratory 
function, less respiratory symptoms and improved cognition. However meta-analysis is 
impossible, because the selected studies differ considerably in design, patient selection 
and outcome measures. A well-designed randomized controlled trial has as yet not 
been performed. The only RCT published has methodological flaws, since randomization 
was not performed correctly.19 Therefore, we should be cautious in drawing any firm 
conclusions. The reported positive effects of NIV might be attributable to publication 
bias, since negative results are less likely to be published. Our search identified several 
studies reporting negative results or limitations of NIV use in ALS, but they did not meet 
the inclusion criteria of this systematic study.20-28 The positive effect in observational 
studies may have been the result from selection bias. ALS patients treated with NIV may 
be different from those who are not with regard to characteristics influencing survival 
or quality of life. In the selected studies, no adjustment for possible confounders, such 
as severity at inclusion, or type of onset (e.g. bulbar or spinal) was performed. In the 
prospective observational studies in which QoL and symptoms were compared before 
and after initiation of NIV the reported improvement may have been caused by placebo 
effect or information bias, since the outcome was not assessed in a blinded way. 

Several studies suggest that NIV might prolong survival. It is not known whether the ALS 
phenotype influences tolerance for NIV. Intolerance might partially be attributable to 
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bulbar dysfunction, but other factors such as the rate of disease progression or coping 
strategies may influence NIV tolerance as well.7, 9, 12-14, 18, 19 These factors may influence 
survival regardless of NIV and should be adjusted for in the analysis.

As NIV is a symptomatic form of palliative treatment, the most desirable effect is 
improvement of quality of life. This endpoint has been studied in several studies. 
The positive effect measured on QoL was observed in a few domains of two QoL 
questionnaires.7, 9, 12-14, 17, 19 In another study patients simply reported improved QoL, but 
this was not documented in detail by the use of questionnaires.18 However, the severity of 
ALS symptoms may preclude QoL improvements in more than a few subscales of applied 
QoL questionnaires, which may be of significant importance for individual patients. 

No negative effect on respiratory function could be detected.10-13, 18 This may suggest that 
NIV use is safe for ALS patients. This is further emphasized by the reported prolonged 
survival rates among ALS patients using NIV. 

Nocturnal hypoventilation might influence cognitive function. A positive effect of NIV on 
cognition was reported in one study. Again, a placebo effect cannot be excluded, since 
a before-after comparison was made and an adequate control group was lacking.17

In the USA and other countries NIV is considered an effective initial therapy for 
symptomatic chronic hypoventilation.29 The recommendation for the use of NIV is based 
on Class II evidence suggesting that NIV may prolong survival and improve QoL. Class I 
evidence on the effectiveness of NIV in prolonging survival or improving quality of life 
in ALS is lacking. A randomized-controlled trial is needed to establish the effect of NIV 
on QoL and survival of ALS patients, but might be difficult to perform considering the 
widespread believes in the positive effect of NIV.
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Half of patients with amyotrophic lateral sclerosis die within 3 years of symptom onset, 
most as a result of respiratory failure.1 Because no therapeutic drug is available, treatment 
is primarily symptomatic.2 Nocturnal hypoventilation is usually the first sign of respiratory 
dysfunction and can have a negative effect on quality of life long before respiratory 
failure develops.3 Treatment options for nocturnal hypoventilation in amyotrophic lateral 
sclerosis are palliative treatment or mechanical ventilation: tracheostomal ventilation 
and non-invasive ventilation. According to widespread belief in North America and 
Europe, tracheostomal ventilation prolongs survival, but does not improve the quality of 
life of most patients with the disease.4 The primary objective of non-invasive ventilation 
is symptomatic treatment of nocturnal hypoventilation. A systematic review of published 
work on non-invasive ventilation in patients with amyotrophic lateral sclerosis lends 
support to the view that such treatment has a positive effect on all outcome measures, 
including survival and quality of life. However, all studies had important methodological 
shortcomings and none was set up as a randomised clinical trial.5

The 1999 Practice Parameters for the care of patients with amyotrophic lateral sclerosis, 
as established by the American Academy of Neurology, provide sensible guidelines on 
various features of the management of patients with the disease, including the use of 
non-invasive ventilation. Nevertheless, evidence provided by well-designed, randomised, 
controlled, clinical trials is sparse for all of these issues.2 This lack of evidence could be 
an important reason why the availability and use of non-invasive ventilation for patients 
with amyotrophic lateral sclerosis differs substantially within and between countries. 
Non-invasive ventilation might not be offered by carers or accepted by patients for the 
fear that prolonged survival at the expense of increasing disability is undesirable.6 

In this issue of The Lancet Neurology, Bourke and colleagues7 report the effects of 
treatment with non-invasive ventilation in patients with amyotrophic lateral sclerosis 
who have nocturnal hypoventilation. In this well-designed, randomised, controlled 
trial, 92 patients were regularly assessed for symptoms of respiratory insufficiency. 
When patients developed symptoms of orthopnoea, with maximum inspiratory pressure 
less than 60%, or hypercapnia they were assigned either non-invasive ventilation or 
standard care. 

Non-invasive ventilation significantly improved survival compared with standard 
treatment. Survival was significantly prolonged in patients with normal or only 
moderately impaired bulbar function. Non-invasive ventilation lengthened median 
survival in patients with normal or moderately impaired bulbar function to a greater 
extent than did riluzole, the only available evidence-based treatment for amyotrophic 
lateral sclerosis.8 In the subgroup of patients with normal or only moderately impaired 
bulbar function, the median survival in the standard treatment group (11 days) differed 
substantially from that in the non-invasive ventilation group (216 days). This finding 

42

Chapter 2.2 Evidence-based care in ALS



might suggest that regular assessments did not detect respiratory dysfunction in a 
selection of patients. Six patients allocated standard treatment died shortly after 
randomisation. Hence, the effect of non-invasive ventilation on survival might be 
overestimated. Prolonged survival in patients with poor bulbar function was not reported, 
but this subgroup analysis was clearly underpowered. 

Another shortcoming of this study lies in the fact that 51 patients enrolled in the study 
eventually did not participate in the trial. The characteristics of these patients are not 
described and selection bias might have occurred because severely impaired patients or 
patients with poor socioeconomic circumstances might have refused to participate. 

A significant improvement on various domains of quality of life was reported in patients 
treated with non-invasive ventilation compared with patients on standard treatment. 
This finding was most pronounced in the subgroup with sufficient bulbar function. 
Importantly, patients with bulbar signs treated with non-invasive ventilation also 
reported improvement on some features of quality of life. It seems reasonable to offer 
patients with poor bulbar function non-invasive ventilation until findings from new 
randomised controlled trials suggest otherwise. 

In our experience, patients with amyotrophic lateral sclerosis who have relatively slow 
disease progression, and those with spinal onset, might benefit more from treatment 
with non-invasive ventilation than patients with rapid disease progression or bulbar 
onset. Therefore, the analysis of subgroups of patients with the disease that benefit 
more from non-invasive ventilation, and the timing of introduction of this treatment in 
patients with severe bulbar impairment, should be the subject of future study. 

In conclusion, Bourke and colleagues7 produce important evidence that non-invasive 
ventilation is effective in prolonging survival with improvement in, or at least 
conservation of, quality of life in patients with amyotrophic lateral sclerosis. Despite 
some methodological concerns, this study is groundbreaking and sets an example for 
future trials to provide evidence-based care in amyotrophic lateral sclerosis. 

We have no conflicts of interest.
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ABSTRACT

Cell-based therapies may be promising options for treating ALS. These therapies aim 
at neuronal replacement or they may prevent dysfunctional motor neurons from dying. 
Conflicting results on transplantation of olfactory ensheathing cells (OECs) in ALS 
mouse models indicate that this technique is not yet ready to progress to clinical trials. 
A Chinese group has nevertheless treated ALS patients with OECs.  

We carried out a prospective study of seven patients who underwent OEC treatment in 
China, following them from four months before departure until one year after treatment. 
Muscle strength, level of daily functioning and respiratory capacity were measured at 
regular intervals. 

Three patients reported subjective positive effects directly after treatment. No individual 
objective improvement was measured, and outcome measures gradually declined in all 
patients. Two patients had severe side effects. 

Based on our findings in these ALS patients who underwent experimental OEC treatment, 
we conclude that there are no indications that this treatment is beneficial.
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INTRODUCTION
Cell-based therapies and stem cell technology may be promising options for the treatment 
of amyotrophic lateral sclerosis (ALS) and other currently incurable neurological diseases. 
These therapies aim at neuronal replacement or use embryonic or neuronal stem cells 
to prevent dysfunctional motor neurons from dying.1 Various stem cell-based therapies 
have been applied in mouse and rat models of ALS, but there is at present little consensus 
on the ideal stem cell type, age at transplantation, or route for transplantation.2-9 Some 
studies have shown an improvement of clinical parameters3-5, 7, 9, 10, but others have failed 
to show a positive effect.2, 8 

A promising approach to repairing and supporting damaged nerve cells may be the use 
of the olfactory ensheathing cell (OEC). In contrast to the rest of the nervous system, 
neurons and glial cells of the olfactory mucosa are continuously replaced during adult 
life by division of adult stem cells located in the upper nasal lining.11 Experimental 
transplantation of OECs was first applied in animal models of traumatic spinal cord 
injury and resulted in remyelination, reconnection, and recovery of function.11-13 Several 
research groups have shown an interest in applying this approach to patients with spinal 
cord injury, but there is at present no agreement on methodology for clinical use.14-16 

Claims of beneficial clinical effects lack independent confirmation.11 Studies on OEC 
treatment in ALS animal models have shown conflicting results.17, 18 One study, using 
multi-potent neural precursor cell grafts obtained from the olfactory bulb of adult 
mice, showed protection from motor neuron degeneration, improved motor function 
and extended survival time in ALS mice with mutated SOD1.17 Another study developed 
methodology to transplant OECs into SOD1-Leu126delTT mice resulting in distribution 
of OECs into the nervous system, but this study failed to show an effect on any of the 
outcome measures compared to placebo-treated mice.18 

A Chinese group has, however, reported improvement or disease stabilization in 77% of 
327 patients with ALS who were treated with injection of OECs bilaterally into the corona 
without major complications. OECs were obtained from human embryonic olfactory bulbs 
from 1-2 aborted foetuses.19 In a second small, non-blinded pilot study comparing 14 
ALS patient with OEC treatment to 20 patients who did not receive OEC treatment, seven 
patients experienced improvement, two patients were stable and five deteriorated at 
a slower rate after OEC treatment compared to the non-treated group.20 This news did 
not fail to excite Dutch ALS patients and some decided, despite the significant costs of 
travel and treatment, to travel to China. We had the opportunity to follow prospectively 
seven Dutch ALS patients who underwent OEC treatment in China.
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METHODS
Patients

Patients diagnosed with probable or definite ALS according to the revised El Escorial 
criteria who decided to undergo OEC treatment in China were invited to participate in 
this prospective cohort study.21 The study was performed at the outpatient clinic of the 
Neurology Department of the University Medical Centre, Utrecht, The Netherlands. 

Patients visited the outpatient clinic 4 months before, just before and 6 and 12 months 
after treatment (Table 2.3.1). The medical ethics committee approved the study.

Outcome measures

Manual muscle testing of 36 muscles using the MRC scale was carried out by one 
investigator (SP) who was blinded to previous assessments. Maximum score was 180. 
Respiratory function was assessed by measuring forced vital capacity (fVC) in the sitting 
position. We assessed functional impairment using the revised ALS functional rating scale 
(ALSFRS-R) which rates activities of daily living (ADL) and signs and symptoms on a 5-point 
scale (from 4 normal function to 0 unable to attempt the task, maximum value 48).

RESULTS
Patient characteristics    

Seven patients (five male and 2 female) were included in the study (Table 2.3.1). Six 
patients had spinal and one patient had bulbar disease onset. Mean age at inclusion 
was 53 (SD 9 years) and mean disease duration at inclusion was 29 months (SD 20 
months) (Table 2.3.1). 

Outcome measures    

After treatment, two patients reported improvement in speech and walking ability. 
Another patient experienced improved dexterity and stabilization of disease. One patient 
reported deterioration of speech and another patient progression of dyspnoea and 
swallowing difficulties. Two patients did not experience improvement or stabilization. 
Four months prior to treatment, the mean MRC score was 145 (SD 29), mean fVC was 82% 
(SD 20) and mean ALS FRS score was 35 (SD 6). During follow-up, all clinical outcome 
measures declined gradually (Table 2.3.1), and did not show temporary improvement 
in individual patients. Two patients reported severe adverse events: on his return, one 
patient was diagnosed with deep venous thrombosis; another (patient no. 5) developed 
respiratory insufficiency, was repatriated while being mechanically ventilated and died 
in the Intensive Care Unit of our hospital soon after his return. Two patients (patients 
nos. 3 and 5) had died 12 months after OEC treatment. 
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DISCUSSION
From our experience with seven Dutch ALS patients who underwent experimental OEC 
treatment in China, we conclude that there are no indications that this treatment is 
beneficial. We would have expected improved outcome measures in at least four of these 
patients, assuming – on the basis of previously published reports – that OEC treatment 
is successful in 50-70% of patients.19, 22 We can, however, not exclude the possibility 
that the reported improvement was temporary and no longer detectable at the first 
evaluation six months after OEC treatment. The available experimental data on OEC 
treatment in spinal cord injury suggest that it is unlikely that OEC treatment causes 
immediate beneficial effects.11 Early recovery after treatment with OECs has also been 
claimed in patients with spinal cord injury, but this cannot be explained by reconnection 
of severed axons.11 Although OECs may act as catalyst by secreting growth factors that 
stimulate regeneration or growth of axons, it seems impossible that this would lead to 
such an early recovery.14 In addition, OEC-supported remyelination might not explain 
improvement, because OEC-supported remyelination starts after at least 2–3 weeks.11 

It has been shown that local transplantation of OECs into damaged areas in the spinal 
cord of rats and dogs resulted in recovery of function.11 As motor neurons spread 
throughout the entire central nervous system, replenishment using stem cells by focal 
injection may be impractical for the treatment of ALS. It is, therefore, difficult to 
understand how focal injection of OECs into the corona radiata of ALS patients would 
result in improved function of motor neurons that are not in close proximity to the 
injection site. Wide distribution and survival for 30 days after injection into the fourth 
ventricle has been shown in SOD-1-Leu126delTT mice, but OECs did not invade the spinal 
cord parenchyma.18 This transplantation method did not, however, result in improved 
motor performance, age of symptom onset, or disease duration.18 

The results of our prospective cohort study are not in accordance with the results of 
the non-blinded, controlled pilot study published by Huang et al.22 Patients in the 
Chinese study were not randomized, but received treatment based on the moment of 
enrolment.22 Patients in the control group did not stay in China but went back to their 
home country.22 The follow-up period was short, because it was concluded that the 
risks of OEC transplantation significantly outweighed the benefits after six months, 
suggesting that it was unethical to continue the study and to withhold patients in the 
control group from treatment.22 Even if there had been a detectable, beneficial short-term 
effect on outcome in our patient group, OEC treatment failed to alter ALS disease course 
or long-term survival. In addition, two patients (17%) experienced a serious adverse 
effect, one patient dying as a result. Since it is not known whether standardized safety 
procedures were applied, patients may have been exposed to significant risks. Patients 
undergoing OECs transplantation were, for example, not HLA-matched with the donor, 
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nor did they receive immunosuppressant treatment prior to surgery. It is not known 
whether this is necessary, but one could argue that treatment based on xenografted 
cells requires immunosuppression.11, 19, 22 

Recent advances in the use of OEC technology in the ALS mouse model may represent 
the promising start of a new treatment strategy, but optimization is needed for 
successful therapy in ALS mice, and eventually in humans.18 It has been shown that 
injecting stem cells into the spinal cord of ALS patients is technically feasible and safe 
after four years of follow-up.23 The design of the study and the number of treated 
patients do not, however, allow conclusions to be drawn on efficacy or safety of OEC 
transplantation. More importantly, the experience with Dutch ALS patients once more 
shows that experimental and potentially harmful treatment should only be applied in 
well-designed randomized controlled trials.24
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ABSTRACT

Background: Spinal muscular atrophy (SMA) is caused by a homozygous deletion of the 
survival motor neuron (SMN)1 gene. The nearly identical SMN2 gene plays a disease 
modifying role. SMA is classified into four different subtypes based on age of onset 
and clinical course (SMA types 1-4). The natural history of early onset SMA types 1-3a 
has been studied extensively. Late onset SMA is rare and disease course has not been 
studied in detail.

Objective: To perform a prospective study on the clinical course and the correlation 
with SMN2 copy numbers of late onset SMA.

Methods: Patients fulfilling the diagnostic criteria for late onset SMA (types 3b and 
4) were included in the study. At inclusion and follow-up, muscle strength, respiratory 
function, functional status and quality of life were assessed. SMN2 copy number was 
determined in all patients.

Results: Twelve patients were identified and included. Six patients were siblings from 
one family, two patients were brothers from a second family and four patients were 
sporadic cases. All patients carried four copies of the SMN2 gene. Median age of 
disease onset was 22.2 years (10-37). Age of disease onset in patients from family one 
was lower as compared to the other patients. None of the outcome measures changed 
after a follow-up of 2.5 years. Five patients reported an increase in fatigue and muscle 
weakness. None of the patients showed symptoms of respiratory insufficiency.

Conclusions: This study indicates that late onset SMA is not characterized by disease 
progression and that alternative or surrogate disease markers are required for the 
design of future trials. This study confirms the finding that SMN2 copy number is a 
SMA disease course modifier.
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INTRODUCTION
Spinal muscular atrophy (SMA) is an important neuromuscular cause of infant 
mortality. The estimated incidence of SMA is 1 in 10,000. Age of onset and clinical 
course are used to distinguish four SMA types (1-4).1, 2 According to the criteria of the 
international SMA consortium and to revised diagnostic criteria, onset of SMA type 1, 
(Werdnig-Hoffman disease) is before six months. Type 1 is the most severe form with 
a median survival ranging from 7 to 66 months.3 Age at onset of SMA type 2 is before 
18 months and patients are able to sit, but will never walk unaided. Patients with SMA 
type 3, (Kugelberg-Welander disease), walk without support. The group of SMA type 
3 is subdivided into SMA type 3a, with disease onset before three years and a milder 
form, SMA type 3b with an onset after three years. Patients with SMA 3 have an almost 
normal life expectancy.1, 2 SMA type 4 becomes manifest after 30 years.1, 2, 4 The natural 
history of SMA types 1-3b with childhood onset has been extensively studied.1-7 Late 
onset SMA, defined as SMA type 3b with disease onset after ten years and SMA type 
4 are rare and the clinical course has not been studied in detail. Documenting the 
disease course of late onset SMA may be helpful in providing medical care and genetic 
counseling of SMA patients and their families. 

SMA is caused by a homozygous deletion of exon 7 (and 8) of the survival motor neuron 
(SMN)1 gene on chromosome 5q13.8 SMN2 is the centromeric, nearly identical copy 
of SMN1. Transcription of SMN2 results in relatively low amounts of functional SMN 
protein due to a C - T transition in exon 7, which disrupts an exonic splice enhancer 
site. It is estimated that SMN2 transcription generates only 10% of full-length SMN 
mRNA.8, 9 SMN2 plays a disease modifying role since the number of SMN2 copies in early 
onset SMA types 1-3a inversely correlates with severity of the SMA phenotype.3, 10, 11 
Recently it was shown that SMA type 3b and type 4 are associated with high SMN2 copy 
numbers.12 Further clarification of the genotype–phenotype correlation in late onset SMA 
may provide additional insights in the pathogenesis of SMA. 

The objective of our study was to document the clinical course and the genotype–
phenotype correlation of 12 late onset SMA patients.

METHODS
Patients

Four Dutch neuromuscular tertiary referral clinics (University Medical Centers Utrecht, 
Nijmegen, Amsterdam and Maastricht) participated in the study. All patients with the 
diagnosis of SMA type 3b and 4 with disease onset after ten years were invited and 
agreed with inclusion. All patients fulfilled the diagnostic criteria for late onset SMA 
types 3b or 4 defined by the SMA consortium and others.1, 2 Patients were examined 
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at inclusion and after a period ranging from 19 to 36 months (mean 30 months) at 
the outpatient clinic of the Department of Neurology of the University Medical Center 
Utrecht. Onset of disease was defined as the moment when the first symptom suggesting 
muscle weakness was reported. 

Outcome measures 

Manual muscle testing (MMT) of 44 muscles (Table 3.1.1) using the MRC scale was 
carried out by one investigator (FB) who was blinded to previous assessment. A pilot 
study in 20 patients with motor neuron disease showed an intra-observer variability 
of 1.5%. A mean MRC score was calculated for each patient by ascribing the following 
values to the MRC grades: MRC 5 = 7, MRC 4-5 = 6, MRC 4 = 5,  MRC 3 = 4, MRC 2 
= 3, MRC 1 = 2, MRC 0 = 1 (maximum score = 308) (Table 3.1.1). Respiratory function 
was assessed by measuring forced vital capacity (fVC) in the sitting position. Quality 
of life was documented using the short form (SF36) health survey.13 We assessed 
functional impairment using the revised ALS functional rating scale (ALSFRS-R) which 
rates activities of daily living (ADL) and signs and symptoms on a 5-point scale (from 4 
normal function to 0 unable to attempt the task, maximum value 48). The components 
of the ALS FRS group into four factors or domains, which encompass gross motor tasks 
(walking, climbing stairs, dyspnea), fine motor tasks (handwriting, feeding), motor tasks 
combining gross and fine motor function (dressing, turning in bed), bulbar functions 
(speech, salivation, swallowing and orthopnea) and respiratory function (swallowing, 
dyspnea, orthopnea, respiratory insufficiency).14

DNA analysis 

Multiplex ligation-dependent probe amplification (MLPA) has been described recently 
and was used for the detection of SMN1 and SMN2 copy numbers.15 
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Region      Muscle groups

Upper cervical       Head extension, Head flexion, Shoulder abduction, Elbow flexion

Middle cervical   Elbow extension, Wrist flexion, Wrist extension, Finger extension 

Lower cervical    Finger flexion, Finger Abduction, Thumb abduction, Thumb adduction, 
Thumb opposition

Upper lumbosacral      Hip flexion, Hip adduction

Middle lumbosacral    Hip extension, Hip abduction, Knee extension, Ankle dorsiflexion, 
Toe extension 

Lower lumbosacral         Knee flexion, Ankle plantarflexion, Toe flexion

Table 3.1.1 Categorization of muscle groups per limb region



Statistics

Differences between outcome measures at baseline and follow-up were assessed using 
the Students t-test. Correlations between disease duration and outcome measures were 
assessed using Spearman’s rank correlation test for ranked outcome measures and 
Pearson’s correlation coefficient test for continuous variables.

RESULTS
Twelve patients (7 men and 5 women) fulfilled the diagnostic criteria for SMA types 
3b or 4 (Table 3.1.2). Median disease duration from disease onset until inclusion was 
eight years (range 0 - 25 years) (Table 3.1.2). Six patients were siblings (family A), two 
patients were brothers (family B), and four patients were sporadic cases (Table 3.1.2). 
The two youngest members of family A were included to investigate whether these 
asymptomatic individuals would develop muscle weakness during follow-up. All patients 
had a homozygous deletion of exons 7 and 8 of the SMN1 gene and all carried four 
SMN2 copies (Table 3.1.2). 

Median disease onset for all patients was 20 years (range 10-34). Median age at disease 
onset in the affected sibs (family A) was 13 years (range 10-16) as compared to 27 years 
(range 13-34) in the other patients (Table 3.1.2). Ten patients reported a gradual increase 
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Table 3.1.2 Patient characteristics

Patient Family Gender Age at onset,
years

Disease duration, 
years

Follow-up,
months

Region 
of onset

SMN2 
copies

1 A M 12 0 32 Legs 4

2 A M 16 0 32 Legs 4

3 A F 14 5 31 Legs 4

4 A F 10 12 31 Legs 4

5 A F 12 12 31 Legs 4

6 A M 16 10 31 Arms 4

7 B M 13 25 28 Legs 4

8 B M 34 2 36 Legs 4

9 Sp M 28 5 19 Legs 4

10 Sp M 29 15 27 Legs 4

11 Sp F 29 3 28 Legs 4

12 Sp F 27 7 29 Legs 4



of fatigue and muscle weakness from diagnosis until inclusion. Two patients used walking 
aids (patients 6 and 8) and one patient was non-ambulatory (patient 7). The distribution 
of weakness was symmetric in a limb girdle-like pattern in all symptomatic patients. 
The upper and middle lumbosacral regions were more severely affected than the upper 
and middle cervical regions. Patient 6 reported onset of weakness in the arms.

Mean MMT score at inclusion was 294 (SD= 12). The MMT score did not correlate with 
disease duration (p = 0.1). Mean MMT was 40 (max 42, SD 2.4) in the upper cervical 
region, 54 (max 56, SD 2.2) in the middle cervical region and 69 (max 70, SD 3.8) in the 
lower cervical region. Mean MMT score was 23 (max 28, SD 4.0) in the upper lumbosacral 
region, 67 (max 70, SD 3.3) in the middle lumbosacral region and 41 (max 42, SD 1.4) in 
the lower lumbosacral region. Mean ALS FRS score at baseline was 44 (SD=3.7) and did 
not correlate with disease duration (p = 0.09). Gross motor function subscales (walking, 
climbing stairs) were reduced in nine patients, subscales encompassing fine motor tasks 
(writing, cutting food) in four patients and motor tasks encompassing combined motor 
tasks (dressing, turning in bed) in four patients (Table 3.1.3). At inclusion none of the 
patients complained of respiratory symptoms, except for patient 8 who complained of 
dyspnea during exercise (Table 3.1.3). One patient (patient 7) was treated with non-
invasive ventilation because of obstructive sleep apnea syndrome that seemed not to 
be caused by SMA. Mean fVC at inclusion was 103% (SD 12).
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Table 3.1.3 Activities of daily living measured by the ALS functional rating scale

The ALS functional rating scale rates activities of daily living and signs and symptoms on a 5-point 
scale (from 4 normal function to 0 unable to attempt the task). Data are shown as mean scores (SD).

Inclusion Follow-up

Speech 4 (0) 4 (0)

Salivation 4 (0) 4 (0)

Swallowing 4 (0) 4 (0)

Handwriting 3.6 (0.7) 3.8 (0.5)

Cutting food 3.8 (0.4) 3.8 (0.4)

Dressing and hygiene 3.8 (0.6) 3.6 (0.5)

Turning in bed 3.5 (0.5) 3.4 (0.7)

Walking 2.9 (0.9) 3.0 (0.9)

Climbing stairs 2.2 (1.5) 1.8 (1.3)

Dyspnea 3.9 (0.3) 4.0 (0)

Orthopnea 4 (0) 4.0 (0)

Respiratory insufficiency 3.9 (0.3) 3.9 (0.3)



During follow-up, the two asymptomatic members of family A (nos. 1 and 2) reported a 
postural tremor of the arms and an essential tremor of the hands as has been described 
in SMA, and started to use motorized bicycles. Deletion of exons 7 and 8 of the SMN1 
gene was confirmed in both patients. Five patients reported an increase in fatigue 
and muscle weakness, while five reported no change. Muscle strength was reassessed 
in nine patients revealing no significant change in mean MMT score (294, SD = 12). 
During follow-up, the weakness pattern did not change. Mean scores on the ALS FRS 
(Table 3.1.3) and the physical and mental component scale of the SF-36 did not change 
significantly (data not shown). None of the patients showed symptoms of respiratory 
insufficiency (Table 3.1.3). At follow up mean fVC was 98% (SD 11) (Table 3.1.3). 

DISCUSSION
This study reports the clinical course of 12 patients with late onset SMA. All symptomatic 
patients reported impairments in activities of daily living and muscle weakness. One 
patient reported disease onset in the arms, which is unusual for late onset SMA, since 
disease onset is generally described as the loss of walking ability.2, 7, 12 After a median 
follow-up of 2.5 years, none of the outcome measures showed a significant decline. 
Five patients reported subjective disease progression. Changes in MMT scores were 
between 0 and 2%, within the range of intra-observer variability.16 None of the patients 
showed symptoms of respiratory insufficiency. Functional impairments and quality of 
life did not change. 

Patients with early onset SMA type 3 show relatively rapid disease progression after 
onset, followed by periods with relative stable motor functions.2 All patients report a 
gradual decrease in motor function and functional impairments before inclusion. At 
inclusion, disease duration could not be correlated with muscle strength or the level 
of daily functioning. During follow-up the selected clinical tools failed to document 
deterioration, although subjective disease progression was often reported. Preclinical 
studies have documented that SMN protein production by the SMN2 gene may be 
augmented by inhibition of histone deacetylation17-20 and several drugs are now being 
investigated as pharmacological candidates for clinical trials in humans.21, 22 Valid, reliable 
and responsive outcome measures are needed for well-designed clinical trials to test the 
efficacy of these drugs. The remarkably slow rate of progression of late onset SMA types 
3b and 4 underlines that more sensitive tools are needed to monitor muscle strength in 
clinical trials. MMT has been shown sensitive to monitor disease progression in rapidly 
progressive disease16 but may be insufficiently sensitive in slowly progressive disease. 
Quantitative muscle testing such as maximal voluntary isometric contraction (MVIC) or 
hand-held dynamometry may be useful. An elaborated 10-point MRC scale may be more 
sensitive in detecting disease progression, but needs validation for the use in SMA.23 
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Documenting functional status in SMA is important, since all patients show limitations 
in daily functioning and the preservation or improvement is the goal for pharmacological 
intervention. The ALS FRS was used in this study because this test has been validated in 
other motor neuron disease and the scale is highly reproducible and reliable.14 Functional 
tests have been established as methods for the evaluation of patients with neuromuscular 
disease.24, 25 An expanded version of the Hammersmith functional motor scale has recently 
been developed for evaluation of ambulatory SMA patients and may be used in clinical 
trials to monitor disease course.26 Alternatively, surrogate outcome measures such as 
longitudinal MUNE or compound muscle action potential testing may be powerful tools 
in monitoring disease progression.27 Quantification of SMN protein levels may serve as 
an additional tool to monitor efficacy of pharmacological interventions.28 

The deletion of exons 7 and 8 of both SMN1 copies and the presence of four SMN2 
copies was confirmed in all patients. A recent study showed that late onset SMA is 
often associated with the presence of 4 or more SMN2 copies in patients with late onset 
SMA.12 The results of our study seem to corroborate the hypothesis that SMN2 copy 
number is a disease modifier. However, age at onset and deficits differed considerably 
between patients, despite the identical SMN2 copy number. The age at onset in the 
affected sibs from family A was lower than in most other patients. These findings suggest 
that other disease course-modifying factors than SMN2 copy number are important in 
SMA pathogenesis. 

The results of this study stress the importance of developing unambiguous outcome 
measures to test the efficacy of experimental treatment of SMA.
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TO THE EDITOR

We read the article by Deymeer et al. with interest.1 The authors document onset of 
weakness and describe progression of weakness in 10 patients with spinal muscular 
atrophy (SMA) type IIIb. 

We recently published the natural history data of 12 patients with late onset SMA types 
IIIb and IV. We could not detect deterioration of muscle strength or functional outcome 
during a mean follow-up of 2.5 years.2 According to Deymeer et al.,1 this is too short 
to detect a decline in muscle strength. Manual muscle testing (MMT) sum scores in 
our patients were lowest in muscle groups innervated by upper lumbar segments (hip 
flexors and adductors), which confirms their findings.

We were intrigued by how the muscle weakness developed in their patients, so we 
analyzed MMT sum scores of individual muscle groups in our patients. MMT sum scores 
were lowest in hip flexors (iliopsoas), followed by quadriceps femoris, yet strength in hip 
abductors, hip extensors, and hamstrings was relatively preserved. Strength of hip flexors 
was decreased in eight patients and strength of thigh adductors decreased in five. 

In the arms, MMT sum scores were lowest in deltoids and triceps and the onset of 
weakness often coincided. Weakness of deltoids preceded weakness of triceps in one 
patient. Gluteal muscle groups were spared.

Our data seem to corroborate most of the findings of Deymeer et al., with the exception 
of onset and predominance of weakness in thigh adductors and triceps muscles. The 
data generally support a segmental pattern of weakness of muscle groups in the legs. 
Alternatively, muscle dysfunction may be an additional cause of weakness in patients 
with SMA.3
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ABSTRACT

Background: Spinal Muscular Atrophy (SMA) is caused by the homozygous deletion 
of the survival motor neuron (SMN)1 gene. The nearly identical SMN2 gene produces 
only small amounts of full length mRNA and functional SMN protein, due to a point 
mutation in a critical splicing site. Increasing the production of SMN protein by histone 
deacetylase inhibiting drugs such as valproic acid (VPA) is an experimental treatment 
strategy to improve SMA disease course.

Objective: To investigate whether an SMN specific ELISA could detect changes in SMN 
protein expression in peripheral blood mononuclear cells (PBMCs) after treatment with 
VPA.

Methods: We developed an SMN ELISA using a monoclonal mouse antibody against 
human SMN as capture and a polyclonal rabbit antibody against human SMN for 
detection. Six patients with SMA types 2 and 3 participated in the study. Recombinant 
SMN calibration curves were used to calculate SMN protein levels in PBMCs before and 
after four months of VPA treatment.

Results: The SMN ELISA could detect small differences in SMN protein concentrations. 
SMN protein levels in EBV immortalised lymphocyte cell lines of SMA patients, SMA 
carriers and healthy individuals differed significantly. Mean SMN protein levels in PBMCs 
from SMA patients was 22% (SD 15%) of the values detected in PBMCs from healthy 
controls (p < 0.05). VPA treatment resulted in significantly increased SMN protein levels 
in five out of six SMA patients compared to baseline values (p < 0.05).

Conclusions: SMN protein quantification by this SMN sandwich ELISA is a useful 
additional tool for evaluating the efficacy of experimental treatment of SMA.
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INTRODUCTION
Spinal muscular atrophy (SMA) is an autosomal recessive motor neuron disease that 
represents one of the most common genetic causes of infant mortality and disability 
in children and adolescents. Age at onset of symptoms and clinical course are used for 
phenotyping of SMA types 1-4.1, 2 SMA is caused by a homozygous deletion of the survival 
motor neuron (SMN)1 gene.3 The nearly identical SMN2 gene produces low levels of 
full-length SMN mRNA due to a point mutation in a critical splicing site in exon 7.3, 4 
Most SMN2 transcripts lack exon 7 and encode a truncated, unstable protein.5

SMA severity inversely correlates with SMN2 copy number, and SMN2 copy number 
correlates with the amounts of full-length SMN protein.6-8 The correlation between 
SMA phenotype, SMN2 copy number and SMN protein levels has prompted the search 
for drugs that augment SMN production. Histone deacetylase (HDAC) inhibitors, such 
as valproic acid (VPA), have been shown to increase SMN protein and mRNA levels in 
vitro.9, 10 VPA treatment increases SMN mRNA levels in SMA patients, and SMN mRNA 
and protein levels in SMA carriers.11 

Because SMN protein level quantification techniques may be useful tools for clinical 
trials, we developed an SMN specific sandwich ELISA to measure SMN protein levels in 
small volumes of blood in SMA patients.12 We further validated the SMN specific ELISA 
in SMA patients who were treated with VPA.

MATERIALS AND METHODS
Patients

Patient characteristics are summarized in Table 3.3.1. All patients had homozygous 
deletions of exons 7 and 8 of the SMN1 gene and carried three copies of the SMN2 gene. 
SMN copy numbers were determined by multiplex ligation dependent amplification, 
as described elsewhere.13 Parents of 6 SMA patients (no. 1-6) requested their treating 
physicians to prescribe VPA. They argued that their children could not participate in 
the ongoing clinical trial in the United States and Germany designed to investigate 
the effect of VPA treatment on SMA course.14 The medical ethics committee of the 
Academic Medical Centre (Amsterdam, The Netherlands) approved of compassionate 
use of VPA. All parents were informed on possible side effects and health hazards of 
treatment with valproic acid treatment, and all parents gave written informed consent 
prior to treatment. Only patients with normal aminotransferase values were included. 
One patient (no. 7) was not treated with VPA. 

VPA (Depakine® syrup 60 mg/ml) was initiated at a dose of 20 mg/kg and administered 
twice daily (early morning and - evening). This dose was gradually increased until the 
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therapeutic range for epilepsy treatment was reached (VPA plasma level: 70-100 mg/
ml). At control visits (baseline (T0) and 13 weeks (T3) after start of treatment) patients 
were examined by their treating physician (BPT, JMC or AMD), and body weight was 
documented. Blood samples were drawn in the morning (10.00 -12.00) and used to 
determine aminotransferase concentrations, serum creatinine levels, VPA plasma levels, 
and SMN protein concentrations in lymphocytes (only at T0 and T3). Blood samples to 
measure SMN protein levels from patient 2 were collected at baseline and each month 
until three months after start of treatment. Blood samples from patient 7 (control 
patient) were taken at an interval of 3 months.

Lymphocytes from 4 healthy blood donors were obtained and isolated at 10.00 AM with 
an interval of four weeks and during one day at 10.00 AM and 16.00 AM to determine 
variation in SMN expression. All healthy blood donors had 2 SMN1 copies and 1-3 
SMN2 copies. Protein extracts from one of these healthy donors was used as control 
in experiments that were performed to determine the effect of VPA treatment in SMA 
patients. This healthy donor carried 2 SMN1 copies and 1 SMN2 copy. 

Cell isolation and protein extraction    

Blood samples (5 mL) were collected in EDTA-containing tubes. Lymphocytes were 
isolated using Lymfoprep (Axis-Shield PoC A.S., Oslo, Norway). RIPA buffer (150 mM 
NaCl, 1% triton, 20 mM Tris-HCl ph 7.5-7.8, 0.5% Deoxycholate, 0.1% SDS, 10 mM 
EDTA (pH 8)) was used for lymphocyte lysis and protein extraction. Protein lysates were 
stored at -80 °C. Protein concentrations were measured using DC Protein Assay (Bio-
Rad, Hercules, California, USA).
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Table 3.3.1 Patient characteristics of SMA patients

No. Sex SMA 
type

Age at 
inclusion

SMN2 copy 
number

% change SMN protein expression

T0 T3 Effect

1 F 3A 11.3 3 100 (4) 289 (7) +

2 F 3A 5.9 3 100 (1) 220 (4) +

3 F 2 3.0 3 100 (2) 127 (2) +

4 M 2 4.8 3 100 (9) 147 (8) +

5 F 2 16.5 3 100 (12) 232 (5) +

6 M 2 1.6 3 100 (5) 98 (3) –

7 M 3A 5.0 3 100 (3) 98 (3) –



Immortalized cell lines from SMA patients    

Epstein-Barr-virus- (EBV)-transformed lymphoid cell lines from 5 SMA patients who did 
not use VPA, 2 heterozygous carriers, and one healthy control were generated as follows. 
Peripheral blood mononuclear cells (PBMCs) were collected from whole blood by Ficoll 
density centrifugation and washed twice with 5 ml PBS. The pellet was resuspended 
in 10 ml RPMI medium containing 1 ml EBV, 1 μg/ml phytohemagglutinin, 10% fetal 
bovine serum and 1% penicillin/streptavidin and cells were incubated at 37°C with 5% 
CO2. For SMN quantification experiments, cells were lysed as described above. 

ELISA for quantification of SMN protein

Quantification of SMN protein in lymphocytes was performed by sandwich enzyme-
linked immunosorbent assay (ELISA). Fifty μl of PBS containing 20 μl/ml monoclonal 
murine IgG1 anti-human SMN (BD Biosciences, Pharmingen) was added to 96-well plates 
(NUNC, Maxisorp®, Roskilde, Denmark) and incubated overnight at 4°C. After washing six 
times with PBS, plates were incubated with 200 μl PBS containing 10% casein (Vector, 
Burlingame, USA) for 1 hour. Wells saturated with 200 μl PBS 10% casein served as 
controls for non-specific binding. A range of PBMC protein concentrations and several 
concentrations of recombinant SMN (rSMN) (Abnova, Taiwan) were added in triplicate 
for calibration experiments and were incubated for 2 hours at room temperature. In the 
following experiments, 50 μl of 150 μg/ml PBMC protein in PBS was used in triplicate, 
because this concentration allowed quantification in the linear part of the calibration 
curve. SMN concentrations in samples obtained before and after start of VPA treatment 
and a healthy control as reference were measured simultaneously in one ELISA plate. 
rSMN calibration curves were used to calculate equivalent SMN protein levels in PBMCs. 
After washing six times with PBS, wells were incubated with 50 μl of PBS -2%-casein 
containing 25 μl/ml polyclonal rabbit IgG anti-human SMN (Santa Cruz biotechnology 
Inc, Santa Cruz, USA) and incubated for one hour at room temperature. Wells were 
washed six times with PBS and incubated with peroxidase-conjugated goat IgG (H+L) 
anti-rabbit antisera (Pierce, Rockford, USA) for one hour at room temperature. Plates 
were developed using TMB (Tebu-Bio, Boechout, Belgium) and OD values at 450 nm 
were determined using an ELISA reader (Bio-Rad, Hercules, California, USA). 

Statistics    

An independent t-test was used to compare SMN protein values in cell lines of SMA 
patients, carriers and a healthy donor. A paired sample t-test was used to analyze 
differences in SMN protein levels before and after treatment with VPA. P-values ≤ 0.05 
were considered significant.
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RESULTS
Quantification of SMN protein    

The SMN-specific ELISA was sufficiently sensitive to detect rSMN concentrations as low 
as 25 ng/ml. OD values linearly increased from 25 ng/ml to 300 ng/ml (Figure 3.3.1A). 
Similar results were obtained using PBMC proteins from healthy donors (Figure 3.3.1B). 
rSMN calibration curves were used to calculate SMN protein levels in PBMCs. Day-to 
day variation in SMN expression was studied using lymphocytes from healthy blood 
donors obtained at different time points: mean OD at baseline was 0.280 (SD 0.027) 
and at follow-up 0.310 (SD 0.034). Mean day-to-day variation of the signal was 10% 
(SD 4.8%) (Figure 3.3.1C). Increases of more than 20% (mean variation ± 2*SD) of the 
SMN-specific signal in patients treated with VPA was, therefore, considered to be a 
treatment effect. 

The ELISA could detect differences in SMN protein concentrations in EBV immortalized 
cell lines from healthy individuals, SMA carriers, and SMA patients (Figure 3.3.1D). SMN 
expression in lymphocytes from patients with SMA types 1/2 was lower compared to 
SMA carriers and a healthy donor (p < 0.05). SMN protein expression in the cell line 
from an SMA type 3 patient carrying 5 SMN2 copies did not differ significantly from 
the levels in cell lines from the SMA carriers and the healthy donor. 

VPA increases SMN protein expression in SMA patients    

SMN protein expression was measured in patients treated with VPA before and after 
treatment. Mean SMN protein expression in PBMCs from SMA patients at baseline was 
22% (SD 15%) and at follow up (during VPA treatment) 30% (SD 12%) of levels in a 
sample from a representative healthy individual. VPA treatment resulted in increased 
SMN protein expression (i.e. > 2SD) in five SMA patients (patients 1-5) (p < 0.05). The 
increase in concentration ranged from 27-289% compared to baseline values (Table 
2.1.1, Figure 3.3.2). In patient two SMN protein levels were determined at multiple time 
points. Mean SMN protein level was 149% after one month 196% after two months 
and 220% after three months of VPA treatment compared to baseline. 

Side effects    

VPA was well tolerated and no serious adverse events were reported. Reversible mood 
changes were reported by the caretakers of two children during the first month of 
treatment (patients 1 and 7), while significant weight gain was reported in two other 
children (patients 2 and 5).  
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DISCUSSION
Pharmacologically increasing SMN concentrations is an important experimental 
treatment strategy for SMA. The selection of clinical outcome measures to determine 
efficacy of experimental therapy is difficult, because SMA disease course is characterized 
by periods of relatively stable or very slowly progressive disease following onset.1, 15, 16 

The SMN ELISA may therefore be a helpful additional tool to investigate experimental 
treatment effects on SMN expression. Calibration experiments with rSMN showed that 
the ELISA detects relatively small differences in SMN concentrations. Experimental 
variation and day-to-day variation was approximately 10%. PBMCs are easy to obtain, 
and although the relative numbers of lymphocytes and monocytes in PBMC fractions 
vary over time, it has been shown that this does not influence SMN levels.17 The use of 
reproducible rSMN calibration curves allows comparing results from different plates, 

Figure 3.3.2 SMN protein expression at inclusion and after three months of VPA 
treatment. Data are presented as mean recombinant SMN (ng/ml) concentration 
(+SD) from one of three representative experiments. VPA treatment resulted in 
increased SMN protein expression in five SMA patients (patients 1-5) (p < 0.05). SMN 
protein expression after VPA treatment remained stable in 1 patient (patient 6). VPA 
expression did not change in a SMA patient without VPA treatment (patient 7). At 
baseline and at follow-up SMN protein levels in all SMA patients were significantly 
lower than SMN protein levels in a healthy individual (829 ng/ml).



which may be important for high-throughput screening. SMN-specific ELISA is easier 
to use than other techniques such as Western Blot, and can be used to reliably measure 
SMN protein levels in vitro and ex vivo.12 SMN protein quantification may be more 
biologically relevant than measuring mRNA levels.6, 11, 14

SMN concentrations were reduced in PBMCs from patients with SMA type 2 and 3a. 
All patients in our study carried three SMN2 copies. Previous studies reported reduced 
SMN protein levels in leukocytes from SMA type I patients, but almost normal levels in 
leukocytes from SMA type II-III patients, who also carried 3 SMN2 copies.6, 7 This may 
be explained by differences in the methodology used, or indicate that other factors than 
SMN2 copy number, such as epigenetic effects, critically determine splicing mechanisms 
and transcription of the SMN2 gene.18, 19 Reduced SMN concentrations could also be 
detected in EBV immortalized lymphocytes from SMA patients, although the difference 
in SMN concentrations with carriers and healthy controls was smaller than in PBMCs. 
It has been observed before that differences in SMN expression are smaller when using 
cell cultures.12 In addition, EBV immortalization may change SMN transcription by as 
yet unknown mechanisms. 

Open label studies suggest that VPA treatment may increase scores on the modified 
Hammersmith Functional Motor Scale, especially in SMA type II patients younger than 
five years of age, and quantitative muscle strength in SMA III/IV patients.14, 20 Histone 
deacetylation plays an important role in SMN gene regulation and in vitro studies have 
shown that VPA alters transcriptional activity of SMN2 genes.9, 10, 21-23 VPA increases SMN 
mRNA and protein concentrations in lymphoid cell lines and fibroblasts by activating 
the SMN2 promoter through HDAC inhibition, and by improving the ratio of full length 
SMN transcript to SMN transcripts without exon 7.9, 10 VPA treatment has been shown 
to increase SMN mRNA levels in lymphocytes of patients and carriers and increase levels 
of SMN protein in SMA carriers.11 This study suggests that VPA treatment also increases 
SMN protein concentrations in the majority of SMA patients. VPA treatment did not result 
in restoration of normal SMN protein levels, and the effect size differed considerably 
between patients, despite the fact that all patients carried three SMN2 copies. Patients 
responding to VPA treatment had lower baseline SMN protein concentrations compared 
to the non-responder. This may suggest that the number of SMN2 copies does not 
determine responsiveness to VPA treatment, and that other, possibly epigenetic effects, 
may determine HDAC inhibition efficacy.19, 24, 25 

Quantification of SMN concentrations may be a useful surrogate marker for evaluating 
the efficacy of experimental treatment, such as more potent HDAC inhibitors that are 
currently being developed.26 SMN ELISA may be helpful to determine whether increasing 
SMN concentrations is a strategy that leads to clinically meaningful effects, and if so, 
which increase in SMN expression would alter SMA disease course.6
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ABSTRACT

Amyotrophic lateral sclerosis (ALS) is a fatal disease without effective treatment. 
Defective gene transcription may contribute to ALS pathogenesis. Histone deacetylation 
(HDAC) inhibiting drugs, such as valproic acid (VPA), can alter gene transcription and 
are therefore promising candidate drugs for the treatment of ALS. The survival motor 
neuron (SMN) genes are among the presumed susceptibility and disease modifying genes 
in ALS. VPA treatment may increase expression of SMN protein through HDAC inhibition 
and thereby alter ALS disease course. We therefore investigated the effect of VPA or 
placebo on motor performance, survival and motor axon count in the SOD1-G93A+/- ALS 
mouse model expressing eight copies of the human SMN2 gene, and on SMN mRNA 
and protein expression in spinal cord using quantitative PCR and an SMN specific ELISA. 
SMN protein quantification confirmed that spinal cords of SOD1-G93A+/- SMN2+/- mice 
contain significantly higher SMN protein concentrations than SOD1-G93A+/- wild types. 
VPA treatment did not increase SMN-full length, SMN truncated or murine smn mRNA 
expression, SMN protein expression or motor axon count in lumbar spinal cords, and did 
not improve survival or motor performance in SOD1-G93A+/- SMN2-/- and SOD1-G93A+/- 

SMN2+/- mice. In conclusion, overexpression of SMN and treatment with VPA does not 
alter disease course in a double transgenic ALS mouse model. These results suggest that 
more potent HDAC inhibitors are needed to change disease course in ALS.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder 
characterized by progressive weakness of limbs, bulbar and respiratory muscles. ALS is 
caused by loss of motor neurons in the spinal cord, brainstem, and motor cortex, and 
can occur at any time in adulthood. Median survival is three years after symptom onset 
and is modestly prolonged by riluzole, an inhibitor of neuronal glutamate release.1, 2 
Recently performed trials failed to show a beneficial effect on disease course and the 
mainstay of ALS care remains symptomatic.1 

Mutations in the superoxide dismutase (SOD1) gene cause approximately 10% of 
hereditary ALS cases.3 Transgenic mice expressing mutant human SOD1 (Gly93A, SOD1 
G93A mice) develop progressive weakness mimicking human ALS, and have become the 
standard model to study ALS pathogenesis and to evaluate efficacy of experimental 
drugs.4 ALS susceptibility and disease course are caused by interplay of genetic and 
environmental factors.1, 5-8 Low copy numbers of the survival motor neuron (SMN) genes 
(SMN1 and SMN2) are associated with increased susceptibility to ALS and a more 
progressive disease course.9, 10 This may be explained by the finding that SMN1 and 2 
gene copy numbers may determine SMN protein concentrations in motor neurons, which 
is important for motor neuron function and axonal sprouting.11-15 SMN is also a disease-
modifying gene in the ALS animal model, since disease course in SOD1-G93 A+/- mice 
with low smn expression was more severe than in mice with normal smn expression.16 
The genomic sequences of SMN1 and SMN2 differ by only five nucleotides, but only one 
translationally silent C  T transition located within an exonic splicing region of SMN2 
is functionally important. This change leads to frequent exon 7 skipping during splicing 
of SMN2-derived transcripts.17, 18 Consequently, the majority of transcripts from SMN2 
lack exon 7. These transcripts (SMN2Δ7) encode a truncated protein that is probably 
rapidly degraded, causing reduced levels of SMN protein.17, 18

Transcriptional dysfunction may be important in the pathogenesis of many 
neurodegenerative diseases including ALS. Histone deacetylation (HDAC) inhibiting drugs, 
such as valproic acid (VPA), can alter gene transcription and are therefore promising 
candidate drugs for the treatment of ALS.19-22 VPA and other HDAC inhibitors have been 
shown to be neuroprotective in models of Huntington disease, spinal and bulbar muscular 
atrophy and Parkinson’s disease.23, 24 Several groups reported that VPA and other HDAC 
inhibitors increased survival in the SOD1 transgenic mouse model.25, 26 VPA may have 
additional neuroprotective effects by counterbalancing oxidative stress, apoptosis and 
glutamate toxicity, which may help to prevent neuronal cell death21, 27, 28 In contrast 
to humans, mice carry only one smn gene, and its absence results in early embryonic 
lethality.29 We therefore used double transgenic SOD1-G93A+/- SMN2+/- mice to evaluate 
the effect of VPA treatment on SMN protein expression and disease course.

79

Effect of VPA on survival and m
otor perform

ance in an ALS m
ouse m

odel
Chapter 3.4



MATERIAL AND METHODS
Transgenic mice

Transgenic high copy human SOD1-G93A mice (hSOD1, registered as B6SJL-TgN(SOD1-
G93A)1Gurdl. Jackson Laboratory, Bar Harbor, ME, USA) were maintained by mating 
heterozygous SOD1-G93A males with non-transgenic B6SJL females.4 Transgenic 
high copy SMN2 mice were previously described and obtained from the department 
of neurology, University of Würzburg, Würzburg, Germany.30 Smn+/+, high copy SMN2 
(Tg line 566, registered as C57Bl/6J) were cross-bred with non-transgenic B6SJL mice, 
resulting in high copy SMN2+/- mice. Female high copy SMN2 mice were mated with 
male SOD1-G93A mice, since female SOD1-G93A mice have reduced fertility. Transgenic 
progeny were identified by hSOD1 and SMN2-specific polymerase chain reaction (PCR) 
of DNA isolated from tail tissue. Mice were identified using ear snip codes, were fed ad 
libitum and were maintained under a 12-h light/dark cycle. The animal care committee 
of the University Medical Centre Utrecht approved the experiments. 

VPA - dose response experiment 

Twelve female and twelve male SOD1-G93A-/- SMN2+/- mice, four in each group, were 
treated with placebo, 0.3%, 0.6%, 1.2%, 2.4% and 3.6% VPA (Sigma, P4543) dissolved 
in double-distilled water. Treatment was started on day 70 and continued for four weeks. 
VPA dose was gradually increased. Body weight was measured daily. After four weeks 
mice were anesthetized with Nembutal and sacrificed by decapitation. The lumbar spinal 
cord was isolated by extrusion and longitudinally cleaved for further treatment.

SMN2-mRNA quantification in lumbar spinal cord of SMN2 transgenic mice 

Lumbar spinal cord RNA was isolated using 1.0 ml TRIzol (Invitrogen, Carlsbad, CA, 
USA) for each sample according to the manufacturer’s instructions. All samples were 
treated with DNAse (Ambion, Austin, Texas, USA). 1000 ng RNA of each sample was 
reverse transcribed to cDNA (iScriptTM, BioRad, Hercules, CA, USA). Quantitative PCR 
(qPCR) was performed using the following primer sets: SMN2 forward primer 5’- 
GTACATGAGTGGCTATCATAC -3’ and SMN2 reverse primer 5’-CTATGCCAGCATTTCTCCTTA-3, 
SMN2Δ7 forward primer 5’-TCTGGACCACCAATAATTCC-3’ SMN2Δ7 reverse primer 5’-
TATGCCAGCATTTCCATATAATAG-3’, smn forward primer 5’-CACTGGCTACTATATGGGTTTC-3’, 
smn reverse primer 5-ATCTCCTGAGACAGAGCTGA-3’ and β-actin forward primer 5’-
GCTCCTCCTGAGCGCAAG-3’ and β-actin reverse primer 5’-CATCTGCTGGAAGCTGCACA-3’. 
The assay was run in triplicate (MyiQ, BioRad, Hercules, California, USA) and all 
experiments were repeated twice. PCR reaction mixtures contained primers at a 
concentration of 500 nM, PCR mix (SYBR green supermix, BioRad, Hercules, CA, USA). 
qPCR was performed as follows: 3’ 95°C, 0.45’ 60°C, 1’ 95°C, 1’55°C, for a total of 40 
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cycles. Efficiency for each primer pair was assessed and efficiency of the housekeeping 
gene β-actin was comparable to the genes of interests. The comparative Ct-method 
was used to express the amount of mRNA relative to β-actin as endogenous control 
(Applied Bioystems, user bulletin #2). 

SMN2 - protein quantification in lumbar spinal cord of SMN2 mice

Protein was extracted from lumbar spinal cord with 500 μl of 50 mM Tris-HCl, pH 7.4, 
0.5% Triton X-100, 1 mM EDTA, 1 mM EGTA, 1 mM NaVO4, 1 mM phenylmethylsulfonyl 
fluoride. Tissue was then homogenized using Ultra-Turrax and the homogenate was 
centrifuged at 10.000 * g for 30 min at 4°C. Supernatants were stored at -80ºC until 
further use. Protein concentrations in the supernatant were determined by Lowry’s 
method according to manufacturer’s prescriptions (Bio-Rad Laboratories, Hercules, 
CA, USA).

Quantification of SMN protein was performed by sandwich enzyme-linked immunosor-
bent assay (ELISA). Briefly, 50 μl of PBS containing 20 μl/ml monoclonal murine IgG1 
anti-human SMN (BD Biosciences, Pharmingen) was added to 96-well plates (NUNC, 
Maxisorp®, Roskilde, Denmark) and incubated overnight at 4°C. After washing six 
times with PBS, plates were incubated with 200 μl PBS containing 10% casein (Vector, 
Burlingame, USA) for 1 hour. Wells saturated with 200 μl PBS 10% casein served as 
controls for non-specific binding. Protein extracts (150 μg/ml) were diluted in triplicate in 
PBS and incubated for 2 hours at room temperature. In addition, several concentrations 
of recombinant SMN (rSMN) (Abnova, Taiwan) were added in triplicate as control. 
After washing six times with PBS, wells were incubated with 50 μl of PBS -2%-casein 
containing 25 μl/ml polyclonal rabbit IgG anti-human SMN (Santa Cruz biotechnology 
Inc, Santa Cruz, USA) and incubated for one hour at room temperature. Wells were 
washed six times with PBS and incubated with peroxidase-conjugated goat IgG (H+L) 
anti-rabbit antisera (Pierce, Rockford, USA) for one hour at room temperature. Plates 
were developed using TMB (Tebu-Bio, Boechout, Belgium) and OD values at 450 nm 
were determined using an ELISA reader (Bio-Rad, Hercules, California, USA). 

Immunoblot analysis

Spinal cord protein samples from four mice from each treatment group were pooled 
and used for Western Blotting. Samples were run on 10% SDS-PAGE, and transferred to 
nitrocellulose membranes (BioRad, Hercules, CA, USA). Membranes were incubated with 
mouse anti-SMN IgG antibody (BD Transduction Laboratories, San Diego, CA, USA) and 
mouse anti-human β-tubulin (Sigma, Saint Louis, USA) overnight at 4°C, followed by 
goat anti-mouse IgG (H + L), Alexa Fluor® 680-conjugated (Invitrogen, Carlsbad, CA, USA) 
for 1 hour. Dried blots were scanned on an OdysseyTM Infrared Imaging System (LI-COR, 
Lincoln, NE, USA). The intensity of bands was quantified using NIH ImageJ software. 
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In vivo effect of VPA

The effect of 0.3% VPA was investigated in 24 SOD1-G93A+/-, SMN2-/- mice (12 female 
and 12 male mice) and 24 SOD1-G93A+/-, SMN2+/- (12 female and 12 male mice). Mice 
were randomly allocated to two treatment groups: placebo and 0.3% VPA. Treatment 
was started on day 70. Bodyweight was measured daily. Animals were considered in 
the end-stage of the disease and sacrificed when they had lost ≥ 20% of bodyweight. 
Survival was defined as the duration in days between disease onset (see: analysis of 
motor function) and the moment they had lost ≥ 20% of body weight.

Analysis of motor function

Two times a week an investigator blinded to treatment determined motor performance 
using treadmill (rotarod) and pawgrip techniques.31 Measurements were started at day 
60. The time mice could stay on a mouse-specific rotarod (Columbia Instruments, Ohio), 
constantly rotating at a speed of 15 r.p.m. during a 3 minute period was recorded. Each 
animal was given three tries and the best performance was scored. Disease onset was 
defined as the moment mice could not stay on the rotarod for at least three minutes.31 

For the paw grip endurance (PaGE) test each mouse was placed on the wire-lid of a 
conventional housing cage. The lid was gently shaken to prompt the mouse to hold onto 
the grid before the lid was swiftly turned upside down. The latency until the mouse 
let go with at least both hind limbs was recorded. Each mouse was given up to three 
attempts to hold on to the inverted lid for an arbitrary maximum of 90 seconds and 
the longest latency was recorded.

Immunohistochemistry and quantification of motor axons

At 70, 90, 110, 120 days six SOD1-G93A+/- SMN2+/- mice, three male and three female, 
from each treatment group, were anaesthetized with Nembutal. Mice were perfused 
transcardially with PBS with heparin (20 IE/ml), followed by 4% paraformaldehyde 
(PFA). The spinal cord was dissected, cryoprotected in 25% sucrose and frozen with 
isopentane and liquid nitrogen. L4 ventral roots were dissected, postfixed in 1% osmium 
tetroxide in phosphate buffer, washed, dehydrated and embedded in Glycid ether 100 
(Serva, Heidelberg, Germany). Cross sections (1 μm) were stained with 0.25% toluidine 
blue in borate buffer pH 10 for 30 seconds, rinsed and dried. 

Lumbar spinal cords from one SOD1-G93A+/- SMN2-/- and one SOD1-G93A+/- SMN2+/- 

were used for immunohistochemistry. Spinal cords were prepared as describe above. 
For identification of SMN protein, 10 μm cross sections were incubated with polyclonal 
rabbit IgG anti-human SMN (Santa Cruz biotechnology Inc, Santa Cruz, USA) overnight 
at room temperature, diluted 1:300 in PBS-1%BSA and 0.1% NaN3 (PBS-BSA-Azide). 
Samples were washed with PBS and incubated with biotinylated goat-anti rabbit IgG 
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(H+L) (Vector laboratories Inc, Burlingame, CA, USA) diluted 1:200 in PBS-BSA-Azide 
for one hour at room temperature. Samples were washed and incubated with Avidin 
Biotinylated peroxidase Complex (ABC) (Vector Laboratories, Burlingame, CA, USA) 
diluted in PBS-BSA for 1 hour at room temperature. Antibodies were visualized using 
DAB-Co-Ni, and counter stained with Neutral Red.

Power analysis

The average survival time of SOD1-G93A+/- mice in our colony is 140 days. In order 
to detect a minimal difference in survival time of 14 days (10%), statistical analysis 
indicated that each experimental group should contain a minimum of six animals 
(two-tailed Student t-test, variation coefficient = 0.5, α = 0.05, and a power (1-β) of 
90%). To control for gender effects,32 and for possible dropout of animals, each group 
contained 6 female and 6 male animals.

Statistics

The effect of VPA on SMN mRNA, protein levels, and the number of motor axons was 
analyzed using linear regression analysis. Kaplan Meier survival curves were used 
to estimate survival. To estimate differences in outcome between treatment groups 
a Cox proportional hazard analysis was performed using a full factorial model with 
genotype (single transgenic/double transgenic), treatment group (VPA/placebo), and 
sex as factors. Post-hoc Bonferroni correction was used to correct for multiple testing. 
Repeated measurements analysis was performed to estimate the effect of VPA on motor 
performance measured by the PaGE test. All tests were two-sided and the significance 
level was set at 0.05. All analyses were performed using SPSS software, version 16.

RESULTS
Double transgenic mouse model

SMN protein could be detected in lumbar spinal cord of both single and double 
transgenic mice (Figure 3.4.1A and 3.4.1B). In SOD-G93A+/- SMN2+/- mice SMN protein 
was localized in high concentrations in the nucleus of motor neurons (Figure 3.4.1B). 
SMN protein quantification confirmed that spinal cords of SOD1-G93A+/- SMN2+/- contain 
significantly higher SMN protein concentrations than SOD1-G93A+/- wild types (Figure 
3.4.1C). Survival of SOD1-G93A+/- mice bred in an SMN2 background did not differ from 
SOD1-G93A+/- mice in their original background (data not shown). 

VPA - dose response experiment

After the start of treatment, SOD1-G93A-/- SMN2+/- mice treated with 2.4% and 3.6% 
VPA lost more than 10% of their bodyweight. The experiment was aborted for these 
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Figure 3.4.1 SMN protein expression is increased in motor neurons and spinal 
cords from SOD1-G93A+/- SMN2+/- mice. SMN expression is detected in motor neurons 
of the spinal lumbar cord of SOD1-G93A+/- SMN2+/- SMN (arrows, Figure 3.4.1A) 
and not in SOD1-G93A+/- SMN2-/- mice (Figure 3.4.1B). Arrows indicate high SMN 
concentrations in the nucleus. SMN protein expression in spinal cords from SOD1- 
G93A+/- SMN2+/- is significantly higher compared to SOD1-G93A+/- SMN2-/- mice. Bars 
represent representative samples with total protein concentrations of 75 μg/ml of 
spinal cord homogenate (Figure 3.4.1C). OD=optical density. SMN = survival motor 
neuron. SOD = superoxide dismutase.
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Figure 3.4.2 VPA treatment does not increase SMN mRNA expression in lumbar 
spinal cord samples. The reactions were performed in triplicate and averaged, 
and SMN Ct values were corrected for β-actin Ct values using the δCt method. Ct = 
number of cycles where signal is high enough to cross threshold. A: Mean δCt values 
smn mRNA relative to endogenous control, p = 0.52. B: Mean δCt values for SMN-fl 
mRNA relative to endogenous control, p = 0.94. C: Mean δCt values SMN-tr mRNA 
relative to endogenous control, p = 0.27.
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treatment groups. Figure 3.4.2 shows the results of quantification of smn mRNA, SMN 
full length and SMN2Δ7 by quantitative PCR after treatment of SOD1-G93A-/- SMN2+/- 

mice with increasing VPA concentrations. VPA did not change human hSMN-full length 
(p = 0.94), SMN2Δ7 (p = 0.27) and murine smn (p = 0.52) mRNA expression, relative 
to an endogenous control. The SMN full length vs. SMN2Δ7 ratio did not change after 
treatment. SMN protein expression levels were not statistically different between 
treatment groups (p = 0.95, Figure 3.4.3). 

Effect of VPA on survival and motor performance

Mean age of disease onset in the SOD1-G93A+/- SMN2-/- treatment group was 100 days 
(range 89-108) for VPA treated mice and 109 days (range 91-129) for placebo treated 
mice. Mean age of disease onset in the SOD1-G93A+/- SMN2+/- treatment group was 105 
days (range 96-113) for VPA treated mice and 104 days (range 83-122 days) for placebo 
treated mice (p = 0.09), (Figure 3.4.4). No effect of VPA on survival could be detected in 
the single and double transgenic treatment groups compared to placebo (p = 0.98) (Figure 
3.4.5). Survival did not differ between single vs. double transgenic mice (p = 0.57). VPA 
did not affect the motor performance measured by the PaGE test (p = 0.6), (Figure 3.4.6). 
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Figure 3.4.3 Mean SMN protein expression did not change after VPA treatment. 
A: SMN Western Blotting showed increased SMN expression in SOD1-G93A+/- SMN2+/- 
mice as compared to wild type, but comparable SMN signals (relative to β-tubulin) 
in mice treated with placebo or different concentrations of valproic acid. B: SMN 
protein in different treatment groups as measured with SMN specific ELISA. SMN 
protein levels did not increase after treatment (p = 0.95). Data are expressed as 
mean OD values for 4 treatment groups. OD = optical density. SMN = survival motor 
neuron. VPA = valproic acid. SOD = superoxide dismutase.
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Figure 3.4.4 Disease onset in VPA/placebo treated single transgenic SOD1-G93A+/- 

SMN2+/- and double transgenic SOD1-G93A+/- SMN2+/- mice. Disease onset was defined 
by the moment mice could no longer stay on the Rotarod for three minutes. Motor 
onset of disease symptoms did not differ between treatment groups (p = 0.09). 
SOD=superoxide dismutase. SMN = survival motor neuron. VPA = valproic acid.

Figure 3.4.5 Disease duration measured from the moment when first symptoms 
appeared, determined by the rotarod test, until death (> 20% loss of body weight). 
Survival did not differ between placebo treated SOD1-G93A+/- SMN2+/- mice compared 
to SOD1-G93A+/- SMN2-/- mice (p = 0.57). Treatment with VPA did not prolong survival 
in both VPA treated groups compared to placebo groups (p = 0.98).
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Mice in the VPA treated groups lost weight after the start of treatment. After 10 days 
they started to gain weight, until disease progressed and they started to lose weight 
again. Mice from the placebo group linearly lost weight after disease onset. 

Quantification of motor axons

After disease onset the number of motor axons decreased, but no difference between 
treatment groups was observed (p = 0.9). Mean motor axon count at 70 days of age 
was 583. At 90 days mean axon count was 379 (SD 34) in the placebo group and 424 
(SD 65) in the VPA group. At end stage of disease (120 days of age) mean axon count 
was 306 (SD 79) in the placebo group vs. 303 SD 82) in the VPA group. 

DISCUSSION
This study failed to show an effect of VPA on survival in a double transgenic SOD1-
G93A+/- SMN2+/- mouse model for ALS. We did not find evidence for increased SMN 
mRNA and protein levels after treatment with a range of VPA concentrations. Although 
SOD1-G93A+/- mice with eight copies of the SMN2 gene constitutively express increased 
levels of SMN protein in lumbar spinal cords as compared to wild type mice, this did not 
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Figure 3.4.6 Motor performance as measured by the paw grip endurance test. From 
disease onset on, the time mice could hold onto the grid decreased. No difference 
between treatment groups was observed (p = 0.6).
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increase survival. Taken together these data indicate that increasing SMN protein does 
not modify disease course in the SOD1 mouse model for ALS, and that VPA treatment 
failed to further augment SMN production or improve outcome. 

Inactivation of the smn gene in rodents leads to embryonic lethality.30 Smn-/- knock out 
mice carrying two or three SMN2 copies develop severe weakness, reminiscent of SMA. 
Smn knock out mice that express 8-16 copies of the SMN2 gene do not develop motor 
neuron disease indicating that the production of sufficient levels of SMN protein depends 
on the SMN2 copy number.30 Interestingly it has been shown that mutant SOD1 post-
translationally decreases smn protein in neuronal cell cultures expressing pathogenic 
SOD1, suggesting interactions between mutant SOD1 and SMN.16, 33 This was confirmed 
by showing enhanced phenotypic disease severity in SOD1-G93A+/- smn+/- mice.16 In the 
present study, SOD1-G93A+/- mice with high SMN2 copy numbers were not rescued from 
developing ALS, nor was their survival prolonged. This indicates that increased SMN 
production does not attenuate pathogenic mechanisms triggered by mutated SOD1, as 
has been suggested by others.34

VPA is routinely used for the treatment of epilepsy, bipolar disorders and migraine and 
has good CNS penetration in humans and in mice.35-37 VPA was selected because its HDAC 
capacity may increase SMN protein expression in addition to several neuroprotective 
mechanisms such as counterbalancing oxidative stress, spontaneous cell death and 
glutamate toxicity which may be relevant in ALS pathogenesis.20, 27, 28, 38-40 The effect 
of VPA on SMN expression in mouse models has not been evaluated before. Treatment 
was started at a dose of 0.3%. This dose has been shown effective in a mouse model 
of epilepsy and was used in a previous study showing increased survival of the ALS 
mouse model.25 To explore the optimal dose to reach levels that would induce increased 
SMN protein expression, VPA doses were gradually increased until a dose of 3.6% was 
reached. Doses > 1.2% were not tolerated and treatment was discontinued in these 
treatment groups. Treatment was started at 70 days of age, corresponding with the 
start of treatment in the survival study and continued for four weeks. Although various 
in-vitro studies showed that VPA treatment induced increased SMN expression levels 
in cultured fibroblasts from SMA patients by activation of the SMN2 promoter and by 
preventing exon 7 skipping,41, 42 we did not find evidence for increased SMN mRNA and 
protein levels in lumbar spinal cord samples after four weeks of treatment. Since each 
SMN2 copy contained a promoter site, it is unlikely that this lack of up regulation is 
a flaw of the used model. It cannot be excluded that the effects of HDAC inhibition 
induced by VPA would have become apparent in mice with no more than two SMN2 
copies. The animals in our study showed significantly increased SMN levels compared to 
wild type mice. SMN expression levels may have reached a plateau phase that precludes 
additional HDAC inhibiting effects by VPA. Alternatively, HDAC inhibition by VPA may be 
too weak to induce effects. More potent HDAC inhibitors than VPA are currently being 
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tested in SMA and ALS models.41, 43, 44 Finally, hyperacetylation by VPA was primarily 
observed in upstream transcriptional regions, rather than at the transcriptional regions 
that bind HDAC subtypes important in SMN gene silencing.22 This may suggest that 
HDAC inhibitors that are more efficient at sites where SMN expression is regulated 
may be more effective.22 In mice, changes in histone acetylation explain differences 
in smn levels between embryonic and adult life.22 The timing of HDAC inhibition may 
therefore be crucial, and early treatment may be more effective and ensure normal 
motor neuron development. 

This study does not corroborate the previously reported beneficial effects of VPA on 
survival and/or motor performance of G86R and G93A SOD1 mice.20, 25 VPA-induced 
HDAC inhibition caused reduction of oxidative stress in an ALS mouse model, although 
it failed to improve survival in these mice. These contradictory results may be explained 
by the use of different ALS mouse models (G86R vs. G93A SOD1 ALS mouse model), 
different means of VPA administration (oral vs. intraperitoneal) and VPA dosing.20, 25 In 
a more recent study, combined treatment with intraperitoneal VPA and lithium was 
more effective than VPA or lithium mono-therapy. However, the effect of VPA on onset 
of motor decline was only marginal significant and VPA did not affect mean survival 
time.45 We did not find an effect of VPA on functional and biological outcome measures, 
including motor functions using the rotarod and PaGE tests that can detect disease onset 
and disease progression, or the numbers of remaining motor axons.31, 46 Both the lack of 
a protective effect of eight SMN2 copies in SOD1-G93A+/- mice and the fact that VPA 
treatment did not increase SMN mRNA and protein expression may explain the negative 
results of a sequential randomized trial on VPA in ALS that we recently performed.47 

Riluzole increased survival in the ALS mouse model with 10%.2 We therefore considered 
a 10% survival difference of VPA compared to placebo to be clinically relevant and the 
power of our study was sufficient to detect survival differences of at least 10%. We 
feel it is unlikely that the study was underpowered to detect a clinically significant 
effect on outcome, function or motor axon count. Since gender significantly influences 
disease onset six male and six female mice were included in each group.31, 32 Gender did, 
however, not influence outcome measures in this study. 

In conclusion, SMN over-expression and VPA treatment do not alter disease course or 
prevent neurodegeneration in an ALS mouse model expressing eight copies of SMN2. 
The HDAC inhibiting effects of VPA did not increase SMN protein and mRNA expression 
in SOD1-G93A-/- SMN2+/- mice. These results suggest that more potent HDAC inhibitors 
may be more effective in changing disease course in ALS.  
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ABSTRACT

Introduction: The survival motor neuron (SMN) gene locus is essential for proper 
function of motor neurons. Spinal muscular atrophy (SMA) is caused by a homozygous 
deletion of the SMN1 gene, and severe disease course is associated with low SMN2 
copy numbers. Low copy numbers of the SMN1 and SMN2 genes are also suggested 
to increase the risk for amyotrophic lateral sclerosis (ALS) and are associated with a 
progressive disease course. Histone deacetylase (HDAC) inhibitors, such as valproic acid 
(VPA), have been shown to increase SMN protein and mRNA levels, and are candidate 
drugs for treatment of SMA and ALS. The purpose of this study was to investigate the 
effects VPA on SMN mRNA and protein expression using both an in vitro model and 
data from ALS patients who participated in a randomized clinical trial (RCT) to test 
efficacy of VPA in ALS patients.

Methods: In vitro effects of VPA on SMN mRNA and protein expression were studied 
in EBV immortalized lymphocyte cell lines of SMA patients, heterozygote carriers of 
SMN1 deletions and ALS patients. The association of SMN copy number and SMN mRNA 
and protein levels, and the effects of VPA treatment were studied in peripheral blood 
mononuclear cells (PBMCs) of ALS patients who participated in a recent RCT. SMN 
mRNA levels were quantified by PCR and SMN protein levels were determined using 
an SMN specific sandwich ELISA.

Findings: In the presence of SMN1 alleles, the number of SMN2 alleles does not 
determine SMN mRNA or protein levels. SMN mRNA and protein levels did not increase 
after VPA treatment. Survival in patients with low SMN2 copy numbers treated with 
VPA was decreased compared to patients with low SMN2 copy numbers on placebo 
treatment or to patients with high SMN2 copy numbers receiving placebo/VPA.

Interpretation: The lack of an association between the number of SMN2 copies and 
SMN mRNA and protein levels in ALS patients suggests that low SMN mRNA and protein 
levels do not explain the association of SMN2 copy number with susceptibility to disease 
course modifying effect of the SMN genes in ALS.

96

Chapter 3.5 Effect of VPA on SMN protein and mRNA levels in SMA and ALS



INTRODUCTION
Integrity of the survival motor neuron locus (SMN) on chromosome 5q is essential for 
the function of motor neurons. SMN is considered an essential part of RNA processing 
complexes, and is essential for axonal growth.1-3 The human SMN locus contains a 
telomeric copy of the SMN (SMN1) gene and a second centromeric copy (SMN2), 
which is unique for humans. SMN1 and SMN2 genes differ by only 5 nucleotides, but 
a translationally silent C  T transition located within an exonic splicing region of 
SMN2 causes frequent exon 7 skipping during splicing of SMN2-derived transcripts.4, 

5 Consequently, the majority of transcripts from SMN2 lack exon 7. These transcripts 
(SMN2Δ7) encode a truncated non-functional protein that is probably rapidly 
degraded. 

Homozygous deletion of the SMN1 gene causes the motor neuron disorder spinal 
muscular atrophy (SMA), one of the most common genetic causes of infant mortality and 
disability in children and adolescents.6 SMA severity ranges from severe with limited life 
expectancy to mild and onset can be in the neonatal period or late in adulthood. Onset 
and severity inversely correlate with SMN2 copy number, which –in turn- correlates 
with the amounts of full-length SMN protein.7-9

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder 
characterized by progressive weakness of limb, bulbar, and respiratory muscles. ALS is 
caused by loss of motor neurons in the spinal cord, brainstem, and motor cortex, and 
can occur at any time in adulthood. Sporadic ALS is considered a complex multi-factorial 
disease with interplay of genetic and environmental factors determining susceptibility 
and clinical course.10-14  Low SMN1 and SMN2 copy numbers are suggested to increase 
susceptibility to ALS and are associated with rapidly progressive disease course.15, 16 

The associations of SMN copy number with motor neuron disorders and SMN protein 
concentrations in leukocytes have prompted the search for drugs that augment SMN 
production. Histone deacetylase (HDAC) inhibitors, such as valproic acid (VPA), have 
been shown to increase SMN protein and mRNA levels in vitro.17, 18 SMN mRNA levels 
in SMA patients, and SMN mRNA and protein levels in heterozygote carriers of SMN1 
deletions increased during VPA treatment.19

The purpose of this study was to investigate the effect of VPA on SMN mRNA and 
protein expression in detail. We used EBV immortalized lymphocyte cell lines of SMA 
and ALS patients, and heterozygote carriers of SMN1 deletions to test effects of VPA 
on mRNA and protein levels in vitro, and studied the association of SMN copy numbers 
with SMN mRNA and protein levels and the effects of VPA treatment in leukocytes from 
ALS patients who participated in an randomized controlled trial (RCT) to test efficacy 
of VPA.20
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MATERIAL AND METHODS
Patients

Peripheral blood mononuclear cells (PBMC) from 3 SMA type II patients, 2 heterozygote 
carriers of SMN1 deletions, 2 ALS patients and 1 healthy donor were used to generate 
EBV-immortalized cell lines. DNA was isolated from PBMCs and SMN copy numbers 
were determined by multiplex ligation dependent amplification, as described elsewhere.21 
All SMA patients had homozygous deletions of exons 7 and 8 of the SMN1 gene and 
carried three copies of the SMN2 gene. The female SMA carrier had 1 SMN1 copy and 4 
SMN2 copies, the male SMA carrier had 1 SMN1 copy and two SMN2 copies. Both ALS 
patients had 2 SMN1 copies and 0 and 2 SMN2 copies, respectively. The healthy donor 
had 2 SMN1 copies and 1 SMN2 copy. The relation between SMN1/SMN 2 copy number, 
mRNA and protein expression, and the effect of VPA treatment on SMN expression, was 
investigated using blood samples from patients with ALS, who were included in the RCT 
on efficacy of VPA.20 The medical ethics committee of the UMC Utrecht approved the 
study. All patients gave written informed consent. 

RNA and PBMC isolation from peripheral blood 

Blood samples (10 mL) were collected in heparin-containing tubes. RNA was isolated 
from blood using RNeasy mini kit according to the manufacturers’ protocol (Qiagen, 
Netherlands). All samples were treated with DNAse (Ambion, Austin, Texas, USA). PBMCs 
were collected from whole blood by Ficoll density centrifugation (GE Healthcare Europe, 
Diegem, Belgium).

Generation of EBV immortalized cell lines and cell culture 

EBV immortalized cell lines were generated as follows. PBMCs were washed twice with 
5 ml PBS. The pellet was resuspended in 10 ml RPMI medium containing 1 ml EBV, 1 
μg/ml phytohemagglutinin, 10% fetal bovine serum and 1% penicillin/streptavidin, 
and cells were incubated at 37°C with 5% CO2 in an incubator (HERAcell 150; Thermo 
Scientific, Germany) in a humidified atmosphere. Cell growth in cultures was assessed 
twice a week and passaged as needed to maintain a concentration of 4–8×105 cells/
ml in 10 mL culture medium. Experiments to investigate the effect of VPA on SMN 
mRNA and protein exprssion were performed using dose of VPA up to 10 mM VPA. In 
each experiment 1×105 cells/mL were used for each dose of VPA. Treatment duration 
was 24 or 48 hours. 

Cell viability and VPA toxicity

To assess cell viability after the addition of VPA to EBV immortalized lymphocytes an 
Alamar Blue® assay was used according to the manufacturer’s protocol (Biosource, 
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Nivelles, Belgium). To assess cell lysis during VPA treatment lactate dehydrogenase (LDH) 
release was measured in supernatants (Boehringer, Mannheim, Germany). 

Quantification of SMN2 - mRNA

1000 ng RNA of each sample was reverse transcribed to cDNA (iScriptTM, BioRad, 
Hercules, CA, USA). Quantitative PCR (qPCR) was performed using the following 
primer sets: hSMN full length forward primer 5’-GTACATGAGTGGCTATCATAC-3’ 
and hSMN full length reverse primer 3’-CTATGCCAGCATTTCTCCTTA-5’, hSMN2Δ7 
forward primer 5’-TCTGGACCACCAATAATTCC-3’ hSMN2Δ7 reverse primer 5’-
TATGCCAGCATTTCCATATAATAG-3’, 18S forward primer 5’-GTAACCCGTTGAACCCCATT-3’ 
and reverse primer 3’-CCATCCAATCGGTAGTAGCG-5’, hSMN1 forward primer 5’-
ACTGGCTATTATATGGGTTTC-3’, hSMN1 reverse primer 3’-CTATGCCAGCATTTCTCCTTA-5’, 
hSMN2 forward primer 5’-GTACATGAGTGGCTATCATAC-3’ and hSMN2 reverse primer 
5’-CTATGCCAGCATTTCTCCTTA-3’. The assay was run in triplicate and all experiments 
were repeated twice (MyiQ, BioRad, Hercules, California, USA). PCR reaction mixtures 
contained primers at a concentration of 500 nM, PCR mix (SYBR green supermix, BioRad, 
Hercules, CA, USA). qPCR was performed as follows: 3’ 95°C, 0.45’ 60°C, 1’ 95°C, 1’55°C, 
for a total of 40 cycles. Efficiency for each primer pair was assessed and efficiency of 
the housekeeping gene 18S was comparable to the genes of interests. The threshold 
cycle (Ct) indicates the fractional cycle number at which the amount of amplified target 
reaches a fixed threshold. The comparative Ct method was used to express the amount 
of mRNA relative to 18S as endogenous control by calculating fold induction values 
(Applied Bioystems, user bulletin #2). To determine the effect of VPA on SMN mRNA 
expression, delta Ct values were calculated by subtracting the mean Ct value of 18S 
from the individual Ct values of the genes of interest for each concentration, thereby 
allowing inclusion of intra-individual variation in the analysis. 

ELISA for quantification of SMN protein

RIPA buffer (150 mM NaCl, 1% triton, 20 mM Tris-HCl ph 7.5-7.8, 0.5% Deoxycholate, 
0.1% SDS, 10 mM EDTA (pH 8)) was used for lysis of EBV immortalized PBMCs and PBMCs 
from peripheral blood. Protein concentrations were measured using DC Protein Assay 
(Bio-Rad, Hercules, California, USA). Protein lysates were stored at -80 °C until further 
use. Quantification of SMN protein in lymphocytes was performed by sandwich enzyme-
linked immunosorbent assay (ELISA). Fifty μl of PBS containing 20 μl/ml monoclonal 
murine IgG1 anti-human SMN (BD Biosciences, Pharmingen) was added to 96-well plates 
(NUNC, Maxisorp®, Roskilde, Denmark) and incubated overnight at 4°C. After washing six 
times with PBS, plates were incubated with 200 μl PBS containing 10% casein (Vector, 
Burlingame, USA) for 1 hour. Wells saturated with 200 μl PBS 10% casein served as 
controls for non-specific binding. Fifty μl of protein extracts (150 μg/ml in PBS) from 
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lymphocytes were added in triplicate and incubated for two hours at room temperature. 
This concentration allowed quantification in the linear part of the calibration curve. In 
addition, several concentrations of recombinant SMN (rSMN) (Abnova, Taiwan) were 
added in triplicate for calibration experiments. SMN concentrations were measured 
simultaneously in samples obtained before and after start of VPA treatment, and in VPA 
treated cell lines and controls. rSMN calibration curves were used to calculate SMN 
protein levels. After washing six times with PBS, wells were incubated with 50 μl of PBS 
-2%-casein containing 25 μl/ml polyclonal rabbit IgG anti-human SMN (Santa Cruz 
biotechnology Inc, Santa Cruz, USA) and incubated for one hour at room temperature. 
Wells were washed six times with PBS and incubated with peroxidase-conjugated goat 
IgG (H+L) anti-rabbit antisera (Pierce, Rockford, USA) for one hour at room temperature. 
Plates were developed using TMB (Tebu-Bio, Boechout, Belgium) and OD values at 450 
nm were determined using an ELISA reader (Bio-Rad, Hercules, California, USA).

Statistics

Linear regression analysis was performed to estimate the effect of VPA treatment on 
SMN mRNA and protein expression and cell viability and toxicity in EBV immortalized 
lymphocytes. To assess the effect of VPA on SMN mRNA and protein levels in PBMCs 
of ALS patients differences of SMN mRNA and protein levels were calculated and 
analyzed by an independent sample t-test. To estimate whether SMN2 genotype and 
SMN protein level affected the effect of VPA on survival in the Dutch VPA trial,20 a Cox 
proportional hazard analysis was performed using a full factorial model with SMN2 
genotype, treatment group, SMN2 genotype*treatment group, sex, site of onset (bulbar/
spinal) and age at onset as factors. All statistical analyses were two-tailed and a p-value 
of less than 0.05 was considered to be significant.

RESULTS
Effect of VPA on SMN mRNA and protein expression in EBV immortalized lymphocytes

EBV immortalized lymphocyte cell lines were incubated with VPA doses ranging from 
0-10 mM during 24 or 48 hours. Cell viability decreased (p = 0.002) (Figure 3.5.1A) and 
cell lysis (p = 0.05) (Figure 3.5.1B) increased at higher doses of VPA after 24 hours of 
treatment. 

SMN full length expression in SMA patient’s cell lines increased significantly after 48 
hours of treatment (p = 0.001), whereas SMN2Δ7 mRNA expression did not change (p 
= 0.52, p = 0.46 respectively) (Table 3.5.1A, B). In cell lines of heterozygous carriers of 
SMN1 deletions, SMN full length (p < 0.001) and SMN2Δ7 mRNA (p < 0.001 and p = 
0.003) increased significantly after 24 and 48 hours of VPA treatment (Table 3.5.1A, B). 
Incubation with VPA did not influence SMN full length (p = 0.23, p = 0.61) and SMN2Δ7 

100

Chapter 3.5 Effect of VPA on SMN protein and mRNA levels in SMA and ALS



101

Effect of VPA on SM
N

 protein and m
RN

A levels in SM
A and ALS

Chapter 3.5

Figure 3.5.1 Cell viability and cell lysis during incubation with valproic acid. Cell 
viability is expressed as the percentage of living cells compared to baseline (t = 
0) (Figure 3.5.1A). Figure 3.5.1B depicts % of LDH release (cell lysis) compared to 
control. Cell viability decreased significantly at increasing dose of VPA after 24 and 
48 hours of treatment (p = 0.002, p = 0.05). Figure 3.5.1B shows that LDH release 
increased at higher doses, but this failed tot reach statistical significance. VPA = 
valproic acid. LDH = lactate dehydrogenase.



mRNA (p = 0.5 and p = 0.1) expression levels in immortalized cell lines from ALS patients 
(Table 3.5.1C and 3.5.1D). SMN full length and SMN2Δ7 mRNA levels remained stable 
in the healthy donor cell line (Table 3.5.1C and 3.5.1D). We also evaluated the effect 
of VPA on SMN mRNA expression using primer pairs for SMN1 and SMN2 separately. 
Results obtained from these experiments were identical to the experiments performed 
with primer pairs for SMN full length (data not shown). 

We next evaluated the effect of VPA on SMN protein expression. Incubation with VPA 
decreased SMN protein expression in EBV immortalized lymphocytes from SMA patients 
(p = 0.002, p = 0.003) (Figures 3.5.2A-C), carriers (Figure 3.5.2D and Figure 3.5.2E), (p = 
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Table 3.5.1A SMN full length expression in EBV immortalized cell lines of SMA 
patients and carriers treated with VPA

Table 3.5.1A-D . SMN mRNA expression after exposure of EBV immortalized cell lines of three SMA 
patients, two SMA carriers, 2 ALS patients and one healthy donor, to increasing doses of VPA. The 
threshold cycle (Ct) indicates the fractional cycle number at which the amount of amplified target 
reaches a fixed threshold. SMN full length expression in SMA patient’s cell lines increased significantly 
after 48 hours of treatment (p = 0.001), whereas SMN2Δ7 mRNA expression did not change (p = 0.52, 
p = 0.46 respectively). In cell lines of SMA carriers, SMN full length (p < 0.001) and SMN2Δ7 mRNA 
(p < 0.001 and p = 0.003) increased significantly after 24 and 48 hours of VPA treatment. Incubation 
with VPA did not influence SMN full length (p = 0.23, p = 0.61) and SMN2Δ7 mRNA (p = 0.5 and p = 
0.1) expression in immortalized cell lines from ALS patients or the healthy donor (Table 3.5.1D). * = 
significant effect. SMN = survival motor neuron. VPA = valproic acid. EBV = Epstein Barr virus.

VPA concentration (mM)

0 0.1 0.5 1 5 10

SMA 
patient

24 1
(0.85-1.18)

1.18
(0.84-1.19)

0.61
(0.82-1.23)

1.43
(0.92-1.09)

1.34
(0.85-1.18)

1.47
(0.89-1.12)

48 1
(0.90-1.11)

0.78
(0.91-1.10)

1.20
(0.70-1.43)

1.04
(0.76-1.31)

1.92
(0.82-1.21)

1.67*
(0.86-1.16)

SMA
patient

24 1
(0.90-1.11)

0.96
(0.91.1.10)

0.91
(0.70-1.43)

0.80
(0.80-1.25)

0.77
(0.88-1.13)

0.94
(0.81-1.23)

48 1
(0.88-1.13)

0.78
(0.95-1.06)

0.93
(0.83-1.21)

1.38
(0.90-1.12)

1.43
(0.84-1.19)

1.08*
(0.79-1.27)

SMA
patient

24 1
(0.85-1.17)

0.93
(0.87-1.15)

0.95
(0.88-1.13)

0.78
(0.89-1.12)

0.75
(0.83-1.20)

0.90
(0.88-1.14)

48 1
(0.88-1.14)

0.82
(0.91-1.10)

0.91
(0.90-1.10)

0.94
(0.86-1.16)

1.46
(0.86-1.116)

1.32*
(0.91-1.10)

SMA 
carrrier

24 1
(0.85-1.17

1.09
(0.93-1.07)

0.89
(0.86-1.16)

1.61
(0.86-1.16)

1.53
(0.88-1.14)

1.42
(0.85-1.18)

48 1
(0.83-1.20)

0.87
(0.93-1.07)

1
(0.86-1.16)

0.83
(0.88-1.14)

1.19
(0.95-1.05)

2.76*
(0.90-1.12)

SMA 
carrier

24 1
(0.86-1.16)

0.69
(0.91-1.10)

1.22
(0.87-1.15)

1.10
(0.83-1.21)

1.72
(0.88-1.14)

2.58
(0.91-1.10)

48 1
(0.94-1.06)

1.07
(0.90-1.11)

0.70
(0.93-1.18)

1.01
(0.88-1.14)

2.58
(0.92-1.08)

3.89*
(0.93-1.07)
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0.009, p = 0.03) and the healthy control (p = 0.01 and p = 0.045) (Figure 3.5.2H) after 
24 and 48 hours of treatment. In cell lines from ALS patients SMN protein expression did 
not change after treatment (p = 0.65, p = 0.220) (Figure 3.5.2F and Figure 3.5.2G). 

Correlation of SMN genotype and SMN mRNA and protein expression

SMN mRNA expression was determined in PBMCs of 29 patients participating in the 
Dutch placebo controlled VPA trial.20 SMN genotypes were not associated with SMN 
full length or SMN2Δ7 mRNA levels (p = 0.7, p = 0.6) (Figure 3.5.3). SMN2Δ7 mRNA 
was not higher than the background in one patient with 2 SMN1 and 0 SMN2 copies 
(Figure 3.5.3). This was also reflected by a decreased SMN full length/SMN2Δ7 ratio 
(Figure 3.5.4). SMN protein levels were determined in leukocytes from 39 ALS patients 
and correlated with SMN genotype. SMN protein level was decreased in one SMA carrier 
and relatively increased in patients with high SMN copy numbers (Figure 3.5.5). Based 
on the assumption that higher SMN protein levels prolong survival and ALS patients 
with ≥ 2 SMN2 copies express higher levels of SMN protein, SMN2 copy number was 
dichotomized between copy numbers. SMN protein levels in patients carrying < 2 SMN2 
copies or ≥ 2 SMN2 copies did not differ (p = 0.8). 

Table 3.5.1B SMN2Δ7 expression in EBV immortalized cell lines treated with VPA 
of SMA patients and carriers treated with VPA

VPA concentration (mM)

0 0.1 0.5 1 5 10

SMA
patient 

24 1
(0.85-1.17)

1.09
(0.84-1.19)

0.97
(0.70-1.42)

1.06
(0.88-1.14)

1.05
(0.89-1.13)

1.11
(0.92-1.08)

48 1
(0.69-1.44)

0.82
(0.59-1.68)

1.06
(0.73-1.38)

0.70
(0.73-1.38)

0.72
(0.71-1.41)

0.85
(0.92-1.10)

SMA
patient

24 1
(0.68-1.46)

1.38
(0.67-1.85)

0.76
(0.78-1.28)

0.79
(0.88-1.13)

1.18
(0.85-1.78)

1.59
(0.82-1.21)

48 1
(0.88-1.14)

0.12
(0.94-1.06)

0.67
(0.82-1.22)

0.75
(0.93-1.07)

1.63
(0.80-1.25)

1.75
(0.71-1.41)

SMA
patient

24 1
(0.83-1.20)

0.83
(0.82-1.20)

1.01
(0.87-1.15)

0.77
(0.93-1.08)

0.89
(0.83-1.20)

1.16
(0.77-1.29)

48 1
(0.90-1.11)

0.78
(0.96-1.05)

0.89
(0.89-1.13)

0.68
(0.93-1.08)

0.87
(0.86-1.16)

0.88
(0.88-1.14)

SMA 
carrier

24 1
(0.84-1.19)

0.65
(0.97-1.04)

0.57
(0.90-1.12)

1.61
(0.82-0.80)

1.62
(0.80-1.25)

1.38*
(0.90-1.11)

48 1
(0.88-1.14)

0.34
(0.93-1.07

0.53
(0.86-1.17)

0.36
(0.89-1.11)

0.36
(0.89-1.11)

0.25*
(0.95-1.05)

SMA 
carrier

24 1
(0.84-1.19)

0.59
(0.91-1.10)

1.17
(0.88-1.36)

1.30
(0.81-1.24)

2.22
(0.86-1.16)

3.50*
(0.85-1.18)

48 1
(0.92-1.09)

1.11
(0.90-1.11)

0.89
(0.86-1.17)

0.99
(0.89-1.11)

1.45
(0.88-1.13)

1.86*
(0.96-1.04)



Effect of SMN2 genotype on survival, SMN mRNA and protein levels

VPA did not prolong survival in ALS patients participating in the Dutch VPA trial.20 Patients 
were treated with 1500 mg VPA/placebo daily. In 115 ALS patients participating in the trial, 
SMN copy numbers were determined (Table 3.5.2). Copy numbers did not differ between 
treatment groups (p = 0.62 for SMN1 and p = 0.83 for SMN2). We next evaluated whether 
SMN2 genotype or SMN protein level influenced the results of the trial. Survival in patients 
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Table 3.5.1C SMN full length expression in EBV immortalized cell lines of ALS 
patients and healthy donor treated with VPA

VPA concentration (mM)

0 2.5 5 10

ALS
0 SMN2 copies 

24 1
(0.92-1.08)

0.89
(0.59-1.22)

0.70
(0.82-1.22)

0.88
(0.63-1.57)

48 1
(0.72-1.38)

1.72
(0.76-1.33)

1.61
(0.72-1.40)

1.55 
(0.79-1.26)

ALS
2 SMN2 copies

24 1
(0.90-1.12)

1.14
(0.77-1.30)

0.73
(0.83-1.21)

0.80
(0.80-1.25)

48 1
(0.88-1.13)

0.68
(0.80-1.25)

0.97
(0.82-1.21)

1.42
(0.91-1.09)

Healthy control 24 1.0
(086-1.16)

0.97
(0.84-1.19)

0.62
(0.86-1.17)

0.57
(0.80-1.25)

48 1.0
(0.86-1.16)

0.97
(0.77-1.31

0.59
(0.49-2.21)

0.48
(0.92-1.09)

Table 3.5.1D SMN2Δ7 expression in EBV immortalized cell lines of ALS patients 
and healthy donor treated with VPA

VPA concentration (mM)

0 2.5 5 10

ALS 
0 SMN2 copies

24 1
(0.47-2.11)

1.19
(0.91-1.10)

1.17
(0.69-1.45)

1.46
(0.76-1.32)

48 1
(0.47-2.11)

0.74
(0.91-1.10)

1.0
(0.83-1.22)

0.74
(0.96-1.04)

ALS
2 SMN2 copies

24 1
(0.96-1.04)

1.62
(0.90-1.12)

1.04
(0,69-1.46)

0.91
(0.81-1.24)

48 1
(0.99-1.0)

1.55
(0.61-1.65)

1.03
(0.83-1.20)

0.97
(0.48-2.07)

Healthy control 24 1
(0.83-1.21)

0.80
(0.61-1.64)

1.46
(0.71-1.41)

1.22
(0.71-1.40)

48 1
(0.76-1.31)

0.60
(0.57-1.75)

0.87
(0.77-1.29)

0.88
(0.54-1.85)
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with < 2 SMN2 copy numbers, receiving VPA treatment was decreased compared to patients 
with < 2 SMN2 copy numbers revieving placebo and patients with ≥ SMN2 copy numbers 
receiving placebo or VPA (p = 0.04) (Figure 3.5.6). Additional analysis confirmed that this 
interaction is explained by a negative influence of VPA treatment on patients with < 2 
SMN2 copy numbers (p < 0.01). SMN protein level at baseline did, however, not influence 
survival (p = 0.16). Before and after four months of VPA treatment, SMN mRNA and SMN 
protein levels in PBMCs were determined. SMN full length (p = 0.5) (Figure 3.5.7A) and 
SMN2Δ7 mRNA (p = 0.4) remained stable after VPA treatment. SMN protein levels did 
not change after treatment in either treatment groups (p = 0.2) (Figure 3.5.7B). 
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Figure 3.5.3 Quantitative PCR results of SMN full length and SMN2Δ7 mRNA 
expression in 29 ALS patients with different SMN genotypes. The horizontal axis 
reflects SMN genotypes. Each bar represents the mean ΔCt value for SMN full length, 
respectively SMN2Δ7. Higher Ct values reflect lower mRNA levels. No differences in 
SMN full length and SMN2Δ7 mRNA expression levels could be detected for patients 
carrying 2 SMN1 and 1 or 2 SMN2 copies (p = 0.7, p = 0.6). In one patient with 0 
SMN2 copies, amplification using SMN2Δ7 specific primers did not yield Ct values 
higher than the predefined background. SMN = survival motor neuron. SMN truncated 
= SMN2Δ7. Ct = treshold cycle.



DISCUSSION
We investigated the effects of VPA on SMN mRNA and protein expression in cell lines 
and in PBMCs from patients with ALS who participated in a clinical trial, in order 
to determine whether the HDAC inhibitor VPA is a potential drug for motor neuron 
disorders. Although mRNA levels were upregulated in cell lines from SMA patients and 
carriers of SMN1 deletions, SMN protein levels were not higher after exposure to VPA 
in vitro or in vivo. 

Our findings corroborate previous reports that VPA exposure of cell lines and lymphocytes 
results in increased SMN mRNA in individuals who carry less than two SMN1 genes.17-

19 We did not observe similar effects in cell lines from patients with ALS and healthy 
controls with 2 SMN1 genes. More importantly, the increased mRNA levels did not 
result in increased SMN protein levels. There are several possible explanations for this 
finding. We cannot exclude the possibility that toxic effects of VPA or the resulting 
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Figure 3.5.4 Ratio of SMN full length/SMN2Δ7 in 29 ALS patients with different 
SMN genotypes. Each bar represents the ratio of the mean ΔCt value for SMN full 
length mRNA to SMN2Δ7 mRNA of a number of patients. Ratios did not show variation. 
Since SMN2Δ7 mRNA was not detectable in 1 patient with 0 SMN2 copies, the ratio 
of SMN full length/SMN2Δ7 ratio was decreased. SMN = survival motor neuron. SMN-
tr = SMN2Δ7.
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Figure 3.5.5 SMN protein levels in 39 ALS patients quantified by ELISA. Each 
bar represents a specific SMN genotype. Mean SMN protein levels from PBMCs 
represented as equivalents of rSMN concentrations from calibration curves in ng/ml 
are projected on the Y-axis. SMN protein level was decreased in a carrier of a SMN1 
deletion and increased in patients with high SMN copy numbers. SMN protein levels 
in patients carrying 2 SMN1 and 1 or 2 SMN2 copies did not differ (p = 0.8). After 
dichotomization of SMN2 copy numbers between copy number < 2 SMN2 copies and 
≥ 2 SMN2 copies, no difference in SMN protein expression levels was observed (p = 
0.1). rSMN = recombinant SMN. PBMCs = peripheral blood mononuclear cells.

Table 3.5.2 SMN genotypes

VPA
(n = 59)

Placebo
(n = 56)

Total
(n = 115)

SMN1 copy number
         1 0 1 (2%) 1 (1%)
         2 55 (93%) 49 (88%) 104 (90%)
         3 3 (5%) 5 (9%) 8 (7%)
         4 1 (2%) 1 (2%) 2 (2%)

SMN2 copy number
         0 4 (7%) 3 (5%) 7 (6%)
         1 21 (36%) 19 (34%) 40 (35%)
         2 32 (54%) 32 (57%) 64 (56%)
         3 2 (3%) 1 (2%) 3 (3%)
         4 0 1 (2%) 1 (0.9%)

Values are numbers (%). Because of rounding the sum of  % is not always 100%.



reduced viability of cells interfered with SMN mRNA translation. Based on the observed 
increased SMN protein expression in fibroblasts after 24 and 48 hours of treatment 
we used comparable treatment periods.17, 18 Fibroblasts, may be more resilient against 
toxic effects than lymphocytes, which would explain the reported increased SMN 
protein concentrations after VPA exposure. In theory, immortalization procedures 
may have caused an unexpected block in translation of SMN mRNA. In a previous 
study EBV immortalized lymphocyte cell lines failed to show SMN up-regulation after 
treatment with sodium phenylbutyrate, another HDAC inhibitor, suggesting that EBV 
immortalization changes the potential of HDAC inhibitors.22 Another explanation may be 
that the low correlation between mRNA and protein levels results from post-translational 
modifications, and that SMN mRNA does not adequately predict SMN protein levels.23 

It has also been suggested that methodological differences between mRNA assays and 
protein assays may cause analytical errors and may blur relevant correlations, but we 
feel this is unlikely since our SMN-specific ELISA had high sensitivity for changes in 
protein concentrations.23 
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Figure 3.5.6 Survival of patients according to SMN2 genotype and treatment 
group in the Dutch VPA trial. SMN2 copy numbers were dichotomized between 
SMN2 < 2 and SMN2 ≥ 2. Survival in patients with < 2 SMN2 copy numbers receiving 
VPA treatment was decreased and survival in patients ≥ 2 SMN2 copy numbers was 
increased, compared to the other groups, suggesting an interaction of VPA with 
SMN2 genotype (p = 0.04).
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Figure 3.5.7A Results of quantitative PCR of SMN full length mRNA expression in 
PBMCs of ALS patients after treatment with VPA/placebo. The vertical axis represents 
differences of Ct values of SMN full length before and after treatment with VPA. 
SMN full-length expression did not change for both treatment groups (p = 0.5).

Figure 3.5.7B Results of quantification of SMN protein levels in PBMCs of ALS 
patients after treatment with VPA/placebo. The vertical axis represents mean SMN 
protein levels from PBMCs represented as rSMN concentrations from calibration 
curves in ng/ml. VPA/placebo did not increase SMN protein expression levels after 
four months of treatment (p = 0.2). VPA = valproic acid. SMN = survival motor neuron. 
PBMCs = peripheral blood mononuclear cells.



SMN2 genotype in vivo did not influence survival, but an interaction of SMN2 genotype 
with treatment group (VPA/placebo) could be detected. The interaction of SMN2 genotype 
and VPA may be cumbersome to explain, because previous studies showed up regulation 
of SMN protein or mRNA expression in fibroblast cultures and leukocytes of SMA patients 
and carriers suggesting that patients with low SMN copy numbers may benefit from 
VPA.17-19 These results suggest that the HDAC inhibiting effects of VPA may act in the 
opposite direction in ALS patients with low SMN2 copy numbers. In addition, this finding 
may explain the negative results of the Dutch VPA trial.20 In the present study, SMN 
protein levels at baseline did not affect survival and SMN mRNA and protein expression 
did not change after VPA treatment.20 We previously showed that lymphocytes from 
patients with SMA types 2-3 contained higher SMN concentrations after treatment with 
VPA, but could not detect similar effects in lymphocytes from ALS patients. Apparently, 
HDAC inhibition by VPA only leads to detectable increases of SMN protein in individuals 
with one or fewer SMN1 genes.19 Other factors, yet unidentified factors, influencing 
transcription and translation may determine the susceptibility of the SMN2 gene to HDAC 
inhibtion, explaining the interaction effect on survival. Interestingly, a recently performed 
open label study on the effect of VPA in SMA suggested a potentially beneficial effect 
in a subgroup of patients, whereas this could not be detected in patients with ALS.20, 

24 More potent HDAC inhibitors have been developed, but it remains to be established 
whether their use would change ALS disease course. 

The SMN genes have been identified as susceptibility and disease modifying genes 
in ALS, since copy numbers correlate inversely with susceptibility to ALS and disease 
progression.15, 16, 25, 26 We, therefore, examined whether SMN copy numbers predicted 
SMN protein concentrations in leukocytes from ALS patients. The number of SMN1 
copies probably determines SMN protein concentrations in leukocytes, since one 
patient with a heterozygous SMN1 deletion showed lower than average SMN protein 
concentrations. Since the number of SMN2 copies was associated with disease course, 
we also investigated the effect of SMN2 copy number variation on SMN protein levels 
in leukocytes. It was previously shown that in healthy individuals, in SMA carriers and 
even in SMA patients carrying three or more SMN2 copies, SMN mRNA and protein 
levels are approximately equivalent.7 We extend this observation to patients with 
ALS, since high SMN2 copy numbers were not associated with higher SMN full length 
or SMN truncated mRNA numbers or SMN protein levels. It seems unlikely that the 
observed association of SMN2 copy number with disease course and susceptibility can 
be explained by differences in SMN2-derived mRNA and protein levels.16, 26 We cannot 
exclude the possibility that SMN levels in PBMCs do not correlate with those in motor 
neurons. Transcriptional activity or splicing activity of the SMN2 gene may be different 
in motor neurons. Another explanation may be that low SMN2 copy number may cause 
stress during development and differentiation of motor neurons. Motor neurons would 
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then remain more vulnerable to unidentified pathogenic mechanisms causing ALS in 
later life. 

In summary, EBV immortalized cell lines from individuals with normal or high SMN 
copy numbers are not ideal as in vitro model to study the effects of HDAC inhibitors in 
motor neuron disease. The negative effect of VPA on SMN mRNA and protein levels may 
explain the lack of clinical efficacy of VPA in ALS. This may suggest that more potent 
HDAC inhibitors may be more effective in future studies, although our studies may also 
suggest that HDAC inhibition may be ineffective in the presence of at least one SMN1 
copy. The lack of a gene dose relationship between SMN2 genotypes and SMN mRNA 
and protein levels in ALS patients suggests that actual SMN mRNA and protein levels 
do not explain the susceptibility or disease modifying function of the SMN genes in 
ALS.  
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ABSTRACT

Objective: To determine whether valproic acid (VPA), a histon deacetylase (HDAC) 
inhibitor that showed anti-oxidative and anti-apoptotic properties and reduced 
glutamate toxicity in preclinical studies, is safe and effective in amyotrophic lateral 
sclerosis (ALS) using a sequential trial design.

Methods: Between April 2005 and January 2007, 163 ALS patients received VPA 1500 
mg or placebo daily. Primary end point was survival. Secondary outcome measure 
was decline of functional status measured by the revised ALS functional rating scale. 
Analysis was by intention to treat and according to a sequential trial design. This trial 
was registered with ClinicalTrials.gov, number NCT00136110.

Results: VPA did not affect survival (cumulative survival probability of 0.72 in the VPA 
group (SE = 0.06) vs. 0.88 in the placebo group (SE= 0.04) at 12 months, and 0.59 in the 
VPA group (SE = 0.07) vs. 0.68 in the placebo group (SE = 0.08) at 16 months), or the rate 
of decline of functional status. VPA intake did not cause serious adverse reactions.

Interpretation: Our finding that VPA, at a dose used in epilepsy, does not show a 
beneficial effect on survival or disease progression in patients with ALS has implications 
for future trials with HDAC inhibitors in ALS and other neurodegenerative diseases. The 
use of a sequential trial design allowed inclusion of only half the number of patients 
required for a classical trial design and prevented patients from unnecessarily continuing 
potentially harmful study medication.
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INTRODUCTION
Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disorder 
characterized by progressive weakness of limb, bulbar, and respiratory muscles. ALS 
is caused by loss of motor neurons in the spinal cord, brainstem, and motor cortex, 
and can occur at any time in adulthood. Median survival is three years after symptom 
onset1 and is modestly prolonged by riluzole, an inhibitor of neuronal glutamate 
release.2 Recently performed trials failed to show a beneficial effect on disease course3-9 
and the mainstay of ALS care remains symptomatic.1 The cause of motor neuron 
degeneration in ALS is unknown, but the many possible mechanisms include oxidative 
stress, glutamate-mediated excitotoxicity, and apoptosis.1 Sporadic ALS is considered 
a complex multifactorial disease with interplay of genetic factors and environmental 
factors affecting susceptibility and its clinical expression.1, 10 Associations with allelic 
variants of genes10 and variation in copy numbers of the survival motor neuron (SMN) 
genes SMN1 and SMN2 have been reported.11, 12 SMN genotypes that produce less SMN 
protein appear to increase susceptibility and severity of ALS.13 

Transcriptional dysfunction has been implicated as being important in the pathogenesis 
of many neurodegenerative diseases including ALS14-16 and HDAC inhibitors may, 
therefore, be promising candidate drugs.14 Valproic acid (VPA) is a histon deacetylase 
(HDAC) inhibiting drug that promotes gene transcription.16, 17 It is thought to inhibit 
neuronal cell death by its ability to counterbalance oxidative stress, apoptosis and 
glutamate toxicity.16, 18, 19 In vitro and in vivo studies of spinal muscular atrophy (SMA) 
suggest that VPA increases SMN mRNA and protein expression by acting as HDAC 
inhibitor.20, 21 An important finding is that VPA and other HDAC inhibitors increased 
survival in the SOD1 transgenic mouse model of ALS,22, 23 and have also been shown 
to be neuroprotective in models of Huntington disease,24 spinal and bulbar muscular 
atrophy25 and Parkinson’s disease.26  

VPA is one of the leading drugs for the treatment of epilepsy, and is also used for 
treatment of bipolar disorders and migraine, and has well-established pharmacokinetic 
and safety profiles and good CNS penetration.27-29

Due to the progressive and fatal nature of ALS, it is important to minimize the burden 
of patient participation in ALS trials. Treatment of patients should not be delayed if a 
novel therapy is effective.7 If treatment is, on the other hand, not effective, unnecessary 
continuation of a trial should be avoided. The sequential design requires, on average, 
fewer patients than traditional trial designs of equal power, and permits discontinuation 
of a study as soon as enough evidence for a treatment effect or lack thereof is obtained.30, 

31 We performed a sequential, randomized, controlled trial (RCT) to study the safety and 
effect on survival of VPA in patients with ALS.
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PATIENTS AND METHODS
Patients

Patients fulfilling the diagnostic criteria for probable-laboratory supported, probable 
and definite ALS32 were invited to participate in the trial. Inclusion criteria were use 
of riluzole (50 mg twice daily), age between 18 and 75 years, onset of symptoms at 
least 6 months and no longer than 36 months before inclusion, a forced vital capacity 
(FVC) of at least 70% of the predicted value33, and written informed consent. Women 
of childbearing age were included if they were not lactating, if a pregnancy test was 
negative and provided they agreed to use an effective method of birth control. Patients 
were excluded if they met any of the following criteria: tracheostomal ventilation of any 
type, non-invasive ventilation more than 16 hours/day, or supplemental oxygen during 
the last three months prior to inclusion; any medical condition or intoxication known to 
have an association with motor neuron dysfunction, which might confound or obscure 
the diagnosis of ALS; presence of any concomitant life-threatening disease, or any 
disease or impairment likely to interfere with functional assessment; confirmed hepatic 
insufficiency or abnormal liver function. All patients gave written informed consent, and 
the ethics committees of the participating institutions approved the study. 

Study design 

This sequential randomized, double-blind, placebo-controlled study was conducted 
at the Departments of Neurology of the University Medical Centre Utrecht and 
Academic Medical Centre Amsterdam, which are national referral centers for ALS in 
The Netherlands, from April 2005 until January 2007. Patients were randomly assigned 
to receive either VPA, 1500 mg daily, given as 300 mg valproate sodium sustained 
release capsules (Orfiril long®), or placebo. VPA and placebo were obtained from Desitin, 
Arzneimittel, Germany, and were packed in identical capsules. Desitin was not involved 
in the study design and did not support the performance of the trial. Randomization 
was performed by one of the investigators (JHV), who was not involved in patient care 
and who had no access to the trial codes, according to the minimization method as 
described by Pocock34 with the following prognostic factors: age (< 45; ≥ 45 and ≤ 65; 
or > 65 years), site of symptom-onset (bulbar or spinal), FVC at onset (< 85%, ≥ 85%), 
and location (UMC Utrecht or AMC Amsterdam). Only the research pharmacist had 
access to the trial codes. Neither investigators, nor participants and members of the 
data and safety monitoring board were aware of group assignment until the end of the 
trial. Trial medication was packed in double-blind labeled containers and handed out 
to the patients. This trial was registered with ClinicalTrials.gov, number NCT00136110 
and was performed according to the revised CONSORT guidelines.
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Primary and secondary outcome measures 

The primary outcome measure was survival defined as the time from inclusion to death, 
tracheostomy with permanent invasive ventilation or non-invasive ventilation > 23 
hrs a day. Caregivers and/or patients were instructed to report death, or the start of 
tracheostomal ventilation and non-invasive ventilation > 23 hrs a day immediately. The 
rate of decline in daily functioning, measured by the revised ALS functional rating scale 
(ALSFRS-R), was used as a secondary outcome measure.35 The ALSFRS-R is a validated 
scale to measure daily functioning in clinical trials in ALS and has been used in other 
trials.6 

Assessments

Patients visited the hospital at four-monthly intervals, with the exception of the second 
visit, which took place two months after inclusion. At each visit, clinical evaluation and 
assessment of the ALSFRS-R, was performed. Patients who were not able to visit the 
hospital because of disease progression were called to document ALSFRS-R. At inclusion, 
respiratory function was assessed by measuring FVC in the sitting position.

Safety and compliance

At each visit a questionnaire was completed to document adverse events (nausea, 
vomiting, increased/decreased appetite, tremor, weight gain, abdominal pain, diarrhea). 
Hematological parameters (complete blood count), aminotransferase concentrations, 
alkaline phosphatase, and gamma glutamic transpeptidase were monitored at each visit. 
Serious adverse events (SAEs) were reported directly to the data and safety monitoring 
board and the ethics committees. SAEs were defined as: 1) Hepatotoxicity: liver enzymes 
5x > normal value with clinical symptoms, 2) Pancreatitis, 3) Haemorrhagic diathesis, 4) 
Leucopenia with severe clinical symptoms 5) Hospital admission and 6) Drug overdose. 
Other potential drug-related serious adverse events were recorded by the investigators 
and reported to the data and safety monitoring board. At each visit, VPA plasma levels 
were determined to monitor compliance, which were not known to the investigators 
during the trial.  

SMN genotyping

SMN genotyping was performed in 115 of 163 patients. Patients randomized at one site 
(Amsterdam) were not genotyped (n = 22) and the genotype was not obtained from a 
further 26 patients. Multiplex ligation – dependent probe amplification (MLPA) has been 
described elsewhere and was used for the detection of SMN1 and SMN2 copy number 
changes using probe mix SALSA MLPA kit P021SMA36 (MRC Holland, Amsterdam, The 
Netherlands).
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Sample size estimation

The trial was designed as a sequential trial.31 A sequential design for a clinical trial 
allows a series of interim analyses of the emerging data to be conducted, and specifies 
the circumstances under which the trial will stop or continue at each one. The trial can 
be stopped as soon as the cumulating data show efficacy or can be stopped early when 
the cumulating data show that the drug is ineffective. This implies that the total number 
of patients to be included cannot be estimated beforehand, but is determined by the 
course of the trial. Before the start of the trial, it was estimated that to detect a 15% 
increase in the cumulative survival percentage in the VPA group, assuming a cumulative 
survival percentage in the placebo group of 60% after 16 months (i.e. a hazard ratio of 
0.56), with a one-sided α-level of 0.05 and a power (1-β) of 90%, an average of 173 
patients with 56 endpoints (90th percentile = 283 patients) would be needed if the null 
hypothesis were true (i.e. no difference due to VPA), and an average of 191 patients 
with 62 endpoints (90th percentile = 311 patients) would be needed if the alternative 
hypothesis were true (treatment with VPA is superior to placebo). For comparison: the 
total fixed sample size for a classic phase II RCT evaluating VPA in ALS, based on the 
same expected difference in survival of 15% with a one-sided alpha of 0.05 and a power 
of 0.90, would be at least 336 patients with approximately 110 endpoints.

Statistical analysis

Sequential analysis and continuous monitoring of the emerging survival data was 
conducted by an independent bio-statistician (Centre for Biostatistics, Utrecht 
University).31 Based on the 15% difference in cumulative survival, the one-sided type I 
error of 0.05 and a power of 90%, monitoring boundaries were specified. These boundaries 
are determined so that the probability of falsely declaring an ineffective treatment as 
effective remains controlled at 5% and the probability of correctly declaring an effective 
treatment to be effective remains controlled at 90%, wherever the boundaries are 
crossed. These monitoring boundaries are straight lines, based on an idealized version 
of continuous monitoring (see Figure 3.6.2 for illustration). The analysis is not truly 
continuous but is performed when each new set of data, based on the occurrence of 
one or several clinical endpoints, is entered into the computer program. This (discrete) 
approximation of a truly continuous analysis is graphically depicted by the jagged 
inner lines below the upper and above the lower limit (the so-called Christmas tree 
correction). A statistic “Z” is defined to measure the treatment effect as the difference 
between the observed number of events in the control group and the expected number 
under the assumption of treatment equivalence. A positive Z-value indicates that the 
treatment is superior; a negative value indicates that the treatment is equal or inferior 
to placebo. Each new clinical endpoint or group of clinical endpoints leads to a new 
value for Z. The cumulative amount of information (concerning events) is expressed in 
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the statistic “V”. For a sequential survival analysis V is approximately equal to a quarter 
of the number of events observed. When the test statistic based on the cumulative data 
crosses the upper boundary, the null hypothesis of indifference is rejected. When the 
lower boundary is crossed, the null hypothesis is accepted (Figure 3.6.2). The estimate 
for the hazard ratio, which can be calculated after the trial has been stopped, has to be 
adjusted for the fact that the data are analyzed sequentially. PEST 4 software was used 
for the sequential analysis.47 The DSMB discussed continuation of the trial twice a year 
based on the cumulating evidence, or earlier when a boundary was crossed. 

The effect size of VPA relative to placebo was specified at 16 months to be able to 
calculate the monitoring boundaries and to determine the average number of required 
patients, thus assuming a constant proportional hazard throughout follow-up. It is 
nevertheless possible to continue monitoring patients after 16 months of follow-up. 
Data on patients reaching an endpoint after 16-months are, therefore, included in the 
sequential survival analysis. For descriptive reasons, Cox regression analysis and Kaplan-
Meier curves were computed for survival curve estimation. Differences in SMN genotypes 
were analyzed using a Chi-square test. To estimate the difference in rate of decline 
in functional status, measured by the ALSFRS-R, the longitudinal data were fitted by 
maximum likelihood using linear mixed-effects models, including time as a continuous 
variable and treatment group and also adjusting for sex and age at inclusion. A possible 
overall non-linear decline of the ALSFRS could be accounted for by also running the 
model with time as a categorical variable (visit number), since slopes between visit 
numbers are compared between treatment groups. The number of patients with adverse 
events and abnormal laboratory values were compared between groups using Fisher’s 
exact tests. All these results were analyzed on an intention to treat basis.

RESULTS
Patients

From April 2005 until January 2007, 188 patients were considered for enrolment 
(Figure 3.6.1). Twenty-five patients did not fulfill the inclusion criteria and eventually 
163 patients were randomized. Reasons for exclusion were FVC < 70% (n = 18), no 
treatment with riluzole (n = 4) and disease duration > 36 months (n = 3). Baseline 
characteristics (Table 3.6.1) and SMN genotypes (p = 0.62 for SMN1 and p = 0.83 for 
SMN2) were similar in both treatment groups. At inclusion none of the patients used 
non-invasive ventilation. Twenty-two patients (27%) from the VPA group and 14 patients 
(17%) from the placebo group discontinued trial medication (p = 0.07). Reasons for 
discontinuation of trial medication were adverse events (VPA group: n = 10, placebo 
group: n = 3), disease progression attributed to study medication (VPA group: n = 3, 
placebo group: n = 0), burden of participation (VPA group, n = 2, placebo group n = 
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4), other reasons (VPA group n=6, placebo group n=7), not known (n=1, VPA group). 
Adverse events leading to trial discontinuation were fatigue (n=2), heart burn, general 
feeling of discomfort, diarrhea (n=3), nausea, hair loss and decreased appetite in the 
VPA group, and dermatitis, oral malodor and light headedness in the placebo group. 
None of the patients was lost to follow-up and all patients were included in the final 
analysis on outcome measures. Mean period of follow-up was 12 months (range 1-18 
months) for both treatment groups. 

Figure 3.6.1 Flow chart for research subjects.
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Characteristics VPA (n = 82) Placebo (n= 81) 

Male sex 56 (68%) 52 (64%)

Age (years) 58 (26-75) 58 (32-75)

Limb onset 65 (79%) 64 (79%)

ALSFRS-R score 41 (17-48) 41 (21-48)

FVC† 93% (71-134%) 95% (70-137%)

Location
Utrecht
Amsterdam

70 (85%)
12 (15%)

71 (88%)
10 (12%)

Time from symptom onset to inclusion (years) 1∙3 (0.5-3.0) 1∙4 (0.5-3.0)

Table 3.6.1 Baseline characteristics

Data are number (%) or median (range). VPA = valproic acid. N = number. FVC = forced vital capacity. 
ALSFRS-R = revised ALS functional rating scale, revised. †Forced vital capacity (FVC) as mean 
percentage of predicted FVC.
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Figure 3.6.2 Sequential survival analysis. On the horizontal axis, the amount of 
information “V” increases as time passes and events accumulate. On the vertical 
axis, “Z” reflects the effect of VPA relative to placebo. When the sample path 
depicted by the x symbols (= values of the test statistic “Z”) crosses the upper 
(inner) boundary, the null hypothesis (i.e. no treatment effect) is rejected: the 
effect size is significant. When the test statistic crosses the lower (inner) boundary, 
it becomes highly improbable that the upper boundary of the triangle will also be 
crossed, and the null hypothesis of indifference is accepted. Crossing of the first 
bold part of the lower boundary indicates a negative effect on survival. The inner 
margins of the triangle are the true boundaries to be crossed, whereas the straight 
lines that form the upper and lower boundary are the hypothetical boundaries to 
be crossed (the so-called Christmas tree correction44) if the analysis had been truly 
sequential.



Primary outcome measure: Survival

After 41 patients had reached a clinical endpoint, the sequential monitoring indicated 
that the test statistic (reflected by the sample path of (Z, V) values, the x symbols 
in Figure 3.6.2) crossed the lower boundary and the null hypothesis of no difference 
between the two treatment arms could be accepted (Figure 3.6.2). The cumulative 
survival probability was 0.72 in the VPA group (SE = 0.06) versus 0.88 (SE = 0.04) in 
the placebo group at 12 months, and 0.59 in the VPA group (SE = 0.07) versus 0∙68 
(SE = 0.08) in the placebo group at 16 months. The adjusted Hazard Ratio was 0.65 
for placebo compared to VPA with 90%-CI (0.36 -1.20; not significant). Standard Cox 

Figure 3.6.3 Kaplan Meier survival curve of cumulative survival of VPA versus 
placebo treatment. VPA=valproic acid. While it is necessary for the definition of 
the monitoring boundaries of the sequential trial design and for determining the 
number of required patients to refer to the survival advantage at 16 months, it is 
nevertheless possible to continue monitoring patients after 16 months of follow-
up, as a constant proportional hazard is assumed throughout the follow-up. Data 
on patients reaching an endpoint after 16-months are, therefore, included in the 
sequential survival analysis.
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regression analysis after 16 months showed that the unadjusted Hazard Ratio was 0.60 
for placebo compared to VPA (95% - CI (0.30-1.2); p = 0.16) (Figure 3.6.3). Of the 41 
patients that reached a clinical endpoint, 36 patients died, three patients were on non-
invasive ventilation for more than 23 hours per day and in two patients tracheostomal 
ventilation was initiated. 

Secondary outcome measure: daily functioning

The rate of decline in daily functioning did not differ between treatment groups. Figure 
3.6.4 shows the decline of the mean ALS FRS-R for both treatment groups during the 
course of the trial. Linear mixed-effects modeling showed that the interaction term 
treatment group*time was not statistically significant (p = 0.89). Adjustment for sex 
and age at inclusion did not change the results (p = 0.90). Similar results were obtained 
by including time as a categorical variable (visit number) in the model, accounting for 
a possible overall non-linear decline in the ALSFRS. 

Figure 3.6.4 The level of daily functioning measured by the revised ALS Functional 
Rating Scale declines over time and does not significantly differ between treatment 
groups. ALSFRS-R = revised ALS functional rating scale. VPA = valproic acid.
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Adverse events

Adverse events are summarized in Table 3.6.2 and did not differ significantly between 
groups. One patient from the VPA group discontinued study medication because of 
severe cognitive impairments and behavioral disturbances that were reversible after 
discontinuation of the study medication. The data and safety committee decided that 
none of the other SAEs that were reported could be related to the use of study medication. 
Compliance to treatment was 98% in the VPA group and VPA was not detected in plasma 
from patients from the placebo group.

During the course of the trial, there was no difference between groups in the events 
of feeding tube placement, tracheostomy, or non-invasive ventilation. Two subjects 
underwent tracheostomy (one from the VPA and one from the placebo group), 23 
subjects underwent feeding tube placement (11 from the VPA and 12 from the placebo 
group) and 11 patients started non-invasive ventilation (6 from the VPA and 5 from the 
placebo group). The percentage of patients who developed abnormalities in laboratory 
safety studies was similar in both groups. 

DISCUSSION
This RCT showed that VPA, at a dose used in epilepsy, as an adjunct to riluzole does 
not improve survival in ALS, and did not attenuate disease progression as measured by 
the ALSFRS-R. VPA did not cause serious adverse events, except for reversible cognitive 
decline and mood disturbance in one patient.  

We used a sequential trial design because this design may be advantageous in ALS 
trials.30, 37 The sequential trial design has previously been used to show that treatment 

Table 3.6.2 Adverse events

Data are numbers of patients reporting adverse event (%). There were no significant differences 
between the groups.

Characteristics VPA (n = 82) Placebo (n = 81)

Diarrhoea 16 (20%) 14 (17%)

Nausea 15 (18%) 12 (15%)

Vomiting 0 3 (4%)

Abdominal pain 14 (17%) 15 (19%)

Increased appetite 19 (23%) 17 (21%)

Decreased appetite 17 (21%) 20 (25%)

Weight Gain 20 (24%) 19 (24%)

Tremor 39 (48%) 40 (50%)
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with creatine monohydrate does not alter outcome in ALS.9 Our findings in the creatine 
monohydrate trial were later confirmed in an RCT with classical design.8 The sequential 
design in the present VPA trial was based on a 15% difference in cumulative survival 
compared to 20% in the previous creatine monohydrate trial.30 Despite the search 
for a smaller effect size, the number of events necessary to cross the lower boundary 
indicating that the null hypothesis of no difference between the two treatment arms 
could be accepted, was similar: 41 events after 163 patients were included in the 
present VPA trial compared to 44 events after 159 patients were included in the creatine 
monohydrate trial.30 The nearly equal number of events is due to the survival data. The 
Kaplan-Meier curve suggests a possible harmful effect of VPA on survival. Although 
our trial was not formally powered to study a harmful effect of VPA as we used a 
one-sided instead of two-sided alpha level of 0.05, continuous monitoring in this trial 
allowed the exclusion of a negative effect of valproic acid, because the first part of 
the lower boundary, indicated in bold in Figure 3.6.2, was not crossed.31 Moreover, the 
hazard ratio adjusted for the sequential analysis or standard Cox regression analysis 
at 16 months was not significant. In addition, on-treatment analysis (patients ≤ two 
months on VPA treatment considered as placebo) using a log-rank test showed that the 
non-significant difference in survival decreased further (p = 0.2), and the functional 
scores of the ALSFRS-R showed no indication of a harmful effect of VPA also after 
taking into account a possible non-linear decline of the ALSFRS-R.6 Nevertheless, if a 
true negative effect of VPA were present, as was recently suggested for minocycline6, 
the sequential trial design, which allows continuous monitoring of the study, would 
have saved a considerable number of patients from undergoing a harmful or at least 
ineffective treatment. For this reason we did not address the possibility of a negative 
effect of VPA and did not use a two-sided alpha.

The corresponding total fixed sample size for a classic phase II RCT evaluating VPA in 
ALS, based only on the expected difference in survival of 15% with a one-sided alpha of 
0.05 and a power of 0.90, would have been at least 336 patients with approximately 110 
endpoints. A phase III trial design would require inclusion of a larger number of patients 
for a more definitive assessment of how effective a drug is based on data on survival as 
well as on rate of decline of functional scores, vital capacity or muscle strength. Recent 
phase III trials in ALS on xaliproden, pentoxifylline, TCH346 and minocycline included 
a number of patients in the range from 400 to 1210 patients.3, 6, 38, 39

A sequential trial design requires, on average, less patients than a fixed sample size 
design, although it cannot be excluded that a small survival difference between treatment 
groups would have resulted in a larger number of patients compared to a classical trial 
design.40 The sequential trial design and analysis allowed inclusion of half the fixed 
sample size and the trial could be discontinued approximately three years before the 
virtual end of a classic RCT (time to include another 160 patients is estimated to be 
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20 months plus 16 months of follow-up of the last patient) while the current trial was 
designed to detect a difference in survival (15%) which is equal to the effect of riluzole 
compared to placebo.2, 41 It is important to note that the sequential trial analysis does not 
lead to a loss of power. The risk of missing a treatment effect is not increased, because 
the boundaries of the trial design are constructed to preserve the type I error (α) and 
the power (1-β).30 Despite these advantages of sequential trial design, this analysis may 
also have shortcomings. Stopping the trial based on the results of the primary endpoint 
may provide less information on secondary endpoints and treatment differences in 
subgroups.37 Secondly, sequential trials design requires equal hazard ratios throughout 
the performance of the trial. Equal hazard ratios are obtained by inclusion of patients 
with a relative similar risk of reaching a clinical endpoint.30 We therefore included 
patients with FVC > 80% in the trial, assuming relatively non-progressed disease, and 
used the minimization method for randomization.30 

VPA was selected as candidate drug in ALS because transcriptional dysfunction may 
be important in ALS pathogenesis15, 16 and HDAC inhibiting drugs may, therefore, be 
promising candidate drugs for the treatment of ALS.14 Histon deacetylases (HDACs), 
and their antagonists, histon acetyltransferases, control the level of histon acetylation, 
a post-transcriptional modification of nucleosomal histons that influences gene 
expression.14, 17 Histon acetylation promotes gene transcription by facilitating access to 
DNA for the transcriptional protein complexes, whereas histon deacetylation promotes 
transcriptional repression.14, 17 By acting as an HDAC inhibitor VPA may influence a 
variety of intracellular signaling pathways including up-regulation of Bcl-2 protein with 
an anti-apoptotic property and inhibiting glycogen synthase kinase 3-beta, which is 
considered to promote cell survival.15 VPA-induced HDAC inhibition caused reduction of 
oxidative stress in an ALS mouse model, although it failed to improve survival in these 
mice.15 A second study showed that VPA treatment resulted in significant prolonged 
survival of ALS-like disease in experimental animals.22 These contradictory results may 
be explained by the use of different ALS mouse models (G86R22 vs. G93A15 SOD1 ALS 
mouse model), different means of VPA administration (oral22 vs. intraperitoneal15) and 
VPA dosing. 

Low copy numbers of SMN1 and SMN2 were significantly associated with the risk of 
developing ALS and low SMN2 copy numbers and the lower estimated SMN protein 
levels corresponded with poorer survival.13 SMN genotype distributions did not differ 
between treatment groups in this trial. SMN mRNA expression levels in SMA patients 
can be pharmacologically increased by HDAC inhibition and in vitro studies suggest that 
VPA increases SMN mRNA and protein expression.20, 21, 42 ALS patients probably express 
SMN concentrations within the normal range and the results of this RCT indicate that 
HDAC inhibition by VPA does not ameliorate disease course in ALS patients. 
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This study only showed that VPA at one dosage was ineffective, but that, as designed, 
this study did not address whether VPA effectively inhibited HDAC in CNS (or blood), nor 
whether different results would have been found with varying dosages. Dose-ranging 
would have added additional weight to the negative result of the trial. However, this 
would have led to a considerable extension of total trial duration in order to recruit 
the required number of extra patients. The VPA dose used in this RCT was derived from 
the therapeutic doses used in epilepsy treatment, assuming that CNS penetration 
was reached29 and based on comparable VPA doses used in mouse model and in vitro 
studies.21, 22 It may be hypothesized that the doses used were not sufficient to induce 
effects similar to those observed in vitro and in animal models.19, 21, 26 Higher VPA doses 
would probably have caused more side-effects, but might have resulted in effective 
HDAC inhibition of the SMN gene and other target genes. Assuming a U-shaped or bell-
shaped dose-response effect with low concentrations of a drug causing a protective 
effect, a lower VPA dose might have been more effective. Measuring histone acetylation 
levels might have shown that VPA may increase histone acetlyation levels without 
clinical benefit.14 Alternatively, the neuroprotective and HDAC inhibiting effects of 
VPA may have been overestimated by publication bias of positive results, or the use of 
unrepresentative experimental models, as was recently suggested.6, 7 In addition, VPA 
has been characterized as weak HDAC inhibitor17 and the use of more potent HDAC 
inhibitors may have resulted in a positive effect. Future studies may explore the potential 
of more potent HDAC inhibitors for the treatment of ALS and other neurodegenerative 
diseases. The use of a sequential trial design precludes unnecessary delay if treatment 
is effective or may prevent patients from a potentially harmful effect of experimental 
medication.
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ABSTRACT

Objective and background: Studies on the association of motor neuron disorders 
with monoclonal gammopathy have yielded inconsistent results. We investigated the 
prevalence of monoclonal gammopathy in a case-control study with patients with 
amyotrophic lateral sclerosis (ALS), lower motor neuron disorders (LMND), multifocal 
motor neuropathy (MMN) and healthy controls.

Methods: Monoclonal gammopathy was determined by immuno-electrophoresis and 
immunofixation techniques in serum from 430 controls, 445 patients with ALS, 60 
patients with primary lateral sclerosis, 137 patients with LMND including progressive 
muscular atrophy (PMA) and segmental spinal muscular atrophy, and 88 patients with 
MMN. Patients with slowly PMA were defined as patients with a disease course > 4 
years after first symptoms of weakness, or no signs of respiratory insufficiency measured 
by a vital capacity ≥ 80% during follow-up. Anti-GM1 antibody titers were determined 
by ELISA in sera from patients with monoclonal gammopathy. 

Results: Prevalence of IgM monoclonal gammopathy was increased among patients 
with slowly PMA (15%) (adjusted OR = 10.4; p < 0.001) and MMN (6%) (adjusted OR = 
5.1; p = 0.009) compared to controls (2%). Anti-GM1 IgM antibodies were present in 
sera from 16% of patients with slowly PMA and 43% of patients with MMN, but not 
in sera from other patient groups. 

Discussion: IgM monoclonal gammopathy is associated with slowly PMA and MMN. In 
both disorders prevalence of anti-GM1 IgM antibodies was increased. These findings 
may suggest that not only the clinical phenotypes, but also pathogenetic pathways of 
slowly PMA and MMN share similarities.
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INTRODUCTION
Monoclonal gammopathy of undetermined significance (MGUS) is the most common 
plasma cell disorder, occurring in 3% of the population older than 50 years.1 MGUS is 
associated with distal demyelinating polyneuropathy, and numerous reports suggest 
an association of MGUS with a wide variety of other diseases including amyotrophic 
lateral sclerosis (ALS) and lower motor neuron disorders (LMND). Another study found 
an increased incidence of lymphoma in patients with ALS, suggesting that B-cell 
proliferation may not be uncommon.2 Case reports also suggest an association of MGUS 
with multifocal motor neuropathy (MMN).3-5 The validity of these associations is uncertain, 
since large case-control studies are rare, and disease associations may be coincidental, 
given the relatively high prevalence of MGUS in the general population.6 

The causes of ALS and LMND are largely unknown. Establishing an association between 
monoclonal gammopathy and specific motor neuron disorders could help to elucidate 
specific pathogenic pathways. In patients with neuropathy associated with monoclonal 
gammopathy antibodies that bind to glycoproteins, such as myelin-associated 
glycoprotein (MAG), and glycolipids that are expressed in peripheral nerves have been 
identified. Binding of these antibodies to nerve cells may interfere with cell function 
or induce inflammatory damage to nerve cells. 

The aim of this study was to compare the prevalence of monoclonal gammopathy in 
the full spectrum of motor neuron disease, including primary lateral sclerosis (PLS), 
ALS, progressive muscular atrophy (PMA), segmental spinal muscular atrophy (SMA), 
and MMN with controls.

METHODS
Patients and controls

All patients were newly diagnosed between January 1, 1999 and February 1, 2007 at 
the motor neuron disease outpatient clinic at the University Medical Center Utrecht, 
a tertiary referral clinic in The Netherlands. Follow-up was at regular intervals of 3-6 
months. Patients were diagnosed with either ALS, rapidly PMA, slowly PMA, SMA, PLS 
or MMN. Sporadic ALS was diagnosed according to the El Escorial criteria and after 
exclusion of other disorders.7 Patients with exclusively lower motor neuron disease were 
further classified according to the criteria of sporadic lower motor neuron syndromes 
described previously.8 In summary, patients with generalized weakness (i.e patients with 
lower motor neuron weakness in more than one segment) were categorized as PMA. 
Patients with PMA were divided in two groups: PMA was defined as rapidly progressive 
when within 4 years from the time of onset 1) death or 2) weakness of respiratory 
muscles (measured as vital capacity < 80% of the reference value) had occurred. Patients 
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with PMA who did not meet these criteria were classified as slowly PMA.8 Patients with 
asymmetrical weakness of the arms, but not of other parts of the body during a follow-
up of 4 years, were classified as segmental SMA after an extensive clinical workup 
including nerve conduction studies of the arms and NMR imaging of the cervical spinal 
cord and plexus. These patients typically had weakness in distal or proximal muscle 
groups, and involvement of adjacent spinal cord segments.8 The Pringle criteria were 
used for the diagnosis of PLS.9 MMN was diagnosed using previously described criteria.10, 

11 Demographic features, age at onset, and survival were recorded. 

Controls were healthy volunteers, frequency matched for age (difference of 5 years or less) 
to patients with ALS and PMA, and sex. All controls were from Dutch ancestry, and had 
no history of neurologic disease. None of the controls had a family history of ALS. 

Laboratory examinations 

M-proteine (isotype, kappa or lambda light chain) and its concentration was determined 
by means of immunofixation and immunoelectrophoresis techniques as described 
elsewhere.12 The monoclonal B cell population was identified by a predominance of 
kappa or lambda with a ratio > 3:1. Kyle’s definition of MGUS was used.13 In selected 
sera, GM1-specific enzyme-linked immunosorbent assay (ELISA) was used to detect 
the presence of IgG and IgM anti-GM1 antibodies.14, 15 A cutoff titer of 1:400 was used 
to define positive sera, since this virtually eliminated the possibility of false positive 
titers.14

Electrophysiological studies 

Electrophysiological studies were performed in all patients. Concentric needle 
examination of 17 muscles in four regions (bulbar, cervical, thoracal, lumbosacral) was 
used to confirm the presence of segmental or generalized denervation and reinnervation. 
Extensive nerve conduction studies, including proximal nerve stimulation at Erb’s point, 
were performed according to a previously described protocol in patients with lower 
motor neuron weakness confined to arms or legs.16 Patients with abnormal sensory 
nerve conduction studies were excluded. 

Statistical analysis

The association between isotypes of monoclonal protein and motor neuron disease (ALS, 
PMA, segmental SMA, and PLS) and MMN was evaluated by logistic regression analysis. 
Chi-square test was used for univariate analysis, followed by multivariate analysis to 
adjust for potential confounders (age and sex), because controls were only age- and 
sex matched to patients with ALS and PMA. Bonferroni correction was used since six 
diagnostic groups were studied (ALS, rapid PMA, slowly PMA, segmental SMA, PLS, 
MMN), and p < 0.008 was considered statistically significant.
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RESULTS
Patients

Characteristics of patients and controls are summarized in Table 4.1.1. Mean age was 
comparable among patients with ALS and PMA and controls. Patients diagnosed with 
segmental SMA, PLS and MMN were generally younger than controls. Male gender 
predominated in patients with PMA, segmental SMA and MMN. 

Presence of monoclonal protein in serum

Table 4.1.2 summarizes and compares the presence of M-protein isotypes in serum from 
patients with motor neuron disease, MMN and controls. IgG and IgA monoclonal antibodies 
are shown in the same column, since the presence of IgA monoclonal gammopathy 
was coincidental with IgG monoclonal gammopathy in all patients. IgM monoclonal 
immunoglobulin was more common in patients with slowly PMA (15%) than in controls 
(2%) (adjusted OR = 10.4; 95% CI = 3.2-34; p < 0.001). A similar association was found 
among patients with MMN (6%; adjusted OR = 5.1; 95% CI = 1.5-17; p = 0.009). Frequency 
of the presence of IgM monoclonal gammopathy was comparable between patients with 
the rapidly progressive form of PMA (3%), ALS (1%), segmental SMA (3%), or PLS (2%) 
and controls (2%). No clinical or laboratory features were associated with the presence 
of a monoclonal gammopathy in any of the patient groups. 

Anti-GM1 IgG/IgM antibodies

Anti-GM1 IgM antibodies are relatively common in serum from patients with MMN, and 
may be associated with the presence of IgM monoclonal gammopathy.17 We therefore 
evaluated whether anti-GM1 IgG and IgM antibodies were present in available sera 
from patients with motor neuron disease with IgM monoclonal gammopathy, and PMA 
and MMN (Figure 4.1.1). Anti-GM1 IgM antibodies were not detected in sera containing 
IgM monoclonal gammopathy from 4 patients with PLS, 2 patients with segmental SMA 
and 14 with ALS patients.

In contrast, 4 of 25 sera (16%) from patients with slowly PMA contained elevated 
anti-GM1 IgM antibody titers. Three of these patients also had an IgM monoclonal 
gammopathy (titers 1:6400 and two times 1:12800). Thirty-eight of 88 sera from 
patients (43%) with MMN contained elevated anti-GM1 IgM antibody titers, including 
4 of 5 patients with IgM monoclonal gammopathy (titers 1:6400 in one and 1:51200 
in three patients). None of the 43 available sera from patients with rapidly PMA had 
elevated anti-GM1 antibody titers. 
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Table 4.1.2 Prevalence of isotypes of monoclonal gammopathy among patients 
with motor neuron disease, MMN and controls

* p < 0.05. ¶ Logistic regression showed a p < 0.05 only for differences in the prevalence of IgM among 
patients with slowly PMA and controls and MMN and controls. ALS = amyotrophic lateral sclerosis. PMA 
= progressive muscular atrophy. Segmental SMA = segmental spinal muscular atrophy. PLS = primary 
lateral sclerosis. MMN = multifocal motor neuropathy. OR = odds ratio.

IgG + IgA IgM¶

N (%) Adjusted 
OR

(95% CI) p N (%) Adjusted 
OR

(95% CI) p

Controls 23 (5) 9 (2)
ALS 19 (4) 0.8 (0.4-1.6) 0.6 5 (1) 0.5 (0.2-1.5) 0.2
PMA

Rapid progression 7 (11) 2.1 (0.8-5.3) 0.1 2 (3) 1.3 (0.3-6.1) 0.8
Slow progression 4 (10) 3 (0.95-9.8) 0.1 6 (15) 10.4 (3.2-34) < 0.001*

Segmental SMA 1 (3) 0.9 (0.1-7.6) 1.0 1 (3) 2.7 (0.3-24) 0.4
PLS 3 (5) 1.1 (0.3-3.9) 0.9 1 (2) 1 (0.1-8.5) 1.0
MMN 3 (3) 1.1 (0.3-4.0) 0.9 5 (6) 5.1 (1.5-17) 0.009*

Figure 4.1.1 Anti-GM1 IgM antibodies in patients with motor neuron disease 
and MMN. The vertical axis reflects the anti-GM1 IgM titer from 0 until 1:51200. 
The horizontal axis shows how anti-GM1 IgM antibodies are distributed among the 
spectrum of motor neuron disease compared to patients diagnosed with MMN. Anti-
GM1 IgM antibodies were absent in patients diagnosed with PLS, ALS, segmental SMA 
and rapid PMA. Anti-GM1 IgM antibodies could be detected in 16% of patients with 
slowly PMA and in 43% of patients with MMN. PLS = primary lateral sclerosis. ALS = 
amyotrophic lateral sclerosis. Segmental SMA = segmental spinal muscular atrophy. 
PMA = progressive muscular atrophy. MMN = multifocal motor neuropathy.



Characteristics of patients with slowly PMA

Characteristics of patients with slowly PMA are shown in Table 4.1.3. No significant 
differences in clinical characteristics could be detected in patients with an IgM 
monoclonal gammopathy compared to patients with an IgG or without monoclonal 
gammopathy. Two patients with IgM monoclonal gammopathy and 20 patients in the 
other group had died by September 2009 (p = 0.2). Cause of death was directly related 
to respiratory insufficiency in 15 (68%) patients. Median disease duration was 11 (range 
3-31) years for the patients with IgM monoclonal gammopathy and 16 (range 7-34) 
years for the other patients (p = 0.1). Extensive nerve conduction studies of motor nerves 
according to a previously described protocol were performed in 31 out of 39 patients with 
slowly PMA and did not show possible or definite conduction block, or nerve conduction 
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Table 4.1.3 Clinical characteristics of 39 patients with slowly PMA

Data are expressed as mean (range), or number (%). Slowly progressive PMA is defined as: a) death or 
b) comprised respiratory function (vital capacity <80% reference value) > 4 years after onset of weak-
ness. *One patient with a vital capacity of 62% was diagnosed with pulmonary obstructive disease, 
vital capacity did not deteriorate at follow-up visits. **All patients with PMA related death died of 
respiratory insufficiency. PMA = progressive muscular atrophy.

Characteristics Patients with IgM 
gammopathy 

6 (15)

Patients without or 
with IgG gammopathy 

33 (85)

Sex, female 1 (17) 8 (24)
Age onset, years 58 (34-67) 55 (18-74)
Age at inclusion, years 66 (62-73) 60 (36-77)
Site at onset (%)

Bulbar 0 (0) 0 (0)
Spinal

Cervical 4 (67) 9 (27)
Thoracal 0 (0) 1 (3)
Lumbosacral 2 (33) 19 (58)

Multiple regions 0 (0) 4 (12)
Symmetrical symptoms at onset 2 (33) 11 (33)
Symmetrical symptoms during disease course 5 (83) 25 (76)
Localization at onset

Distal only 0 (0) 3 (9)
Proximal only 0 (0) 1 (3)
Proximal and distal 6 (100) 29 (88)

Vital capacity at diagnosis 110% (98-125%) 98% (62-143%)*
Death in September 2009 2 (33) 20 (61)
Disease duration, years 11 (3-31) 16 (7-34)
Cause of death

PMA related** 1 (50) 14 (70)
PMA unrelated 1 (50) 2 (10)
Unknown 0 (0) 4 (20)



141

Association of m
onoclonal gam

m
opathy w

ith M
N

D
 and M

M
N

Chapter 4.1

slowing that would suggest a diagnosis of MMN.10, 11 A shorter protocol, consisting of 
nerve conduction of the median and ulnar, peroneal and tibial nerves was performed 
in eight patients, and did not show conduction block. Additionally, two patients had 
abnormalities during needle examination of the paraspinal muscles and six patients had 
respiratory failure suggesting a diagnosis of motor neuron disease with involvement of 
the thoracic segment. Needle examination showed generalized signs of denervation and 
reinnervation in all patients with slowly PMA. Three patients with slowly PMA received 
treatment with intravenous immunoglobulins (IVIg; cumulative dose 2.0 g/kg during 5 
consecutive days), without improvement of muscle strength. 

DISCUSSION
This study of 730 patients representing the entire spectrum of motor neuron disease and 
MMN and 430 controls, shows an increased prevalence of IgM monoclonal gammopathy 
in patients with slowly PMA and MMN, but not in ALS or rapidly PMA. Anti-GM1 IgM 
antibodies could only be detected in patients with slowly PMA and MMN, but the 
percentage of anti-GM1 IgM positive sera was lower compared to sera of MMN patients. 
These findings support the idea that slowly PMA is a distinct clinical entity, and may 
indicate that monoclonal gammopathy underlies its pathogenesis.

Although some smaller studies previously showed an increased prevalence of IgG and 
IgM monoclonal gammopathy in ALS,18-22 the prevalence of monoclonal gammopathy 
in the entire spectrum of motor neuron disease has not been studied before. One study 
of 82 patients with motor neuron disease including PLS, ALS and PMA failed to show 
an association with monoclonal gammopathy, but lacked sufficient power for analysis 
of specific subgroups.23 We here show that IgM monoclonal gammopathy is associated 
with slowly PMA, but not with other forms of MND, and with MMN. The number of 
included ALS patients (445) was larger than in previous studies and virtually excludes 
the possibility of a meaningful association with IgG/IgA or IgM monoclonal gammopathy. 
Rapidly PMA has a phenotype resembling ALS, and although frequencies of IgG/IgA 
monoclonal gammopathy were higher than in controls this failed to reach statistical 
significance.8 Segmental SMA is rare, and both the slowly progressive disease course 
that it has in common with slowly PMA and the adjusted OR in this group (2.7) may 
suggest that the number of included patients was too small to exclude the possibility 
of an association with IgM gammopathy. The association with slow progression of 
muscle weakness suggests that the presence of IgM monoclonal gammopathy may be 
a prognostic marker in patients with PMA. Moreover, in the group of 39 patients with 
slowly PMA, those with IgM monoclonal gammopathy are suggested to have longer 
disease duration, although this failed to reach a significant difference. Our findings may 
be supported by reports of increased frequencies of monoclonal gammopathy in patients 



with lower motor neuron disorders, although the lack of clinical details precludes a 
diagnosis of slowly PMA in retrospect.21, 22 The fact that patients were referred to our 
outpatient clinic for suspected motor neuron disease instead of gammopathy excludes 
the possibility of selective referral and inclusion bias. Our data also show that IgM 
monoclonal gammopathy is more common in patients with MMN, but that the large 
majority of these patients do not have MGUS.3-5 

The presence of IgM monoclonal gammopathy may suggest that some patients with 
slowly PMA suffer from an immune-mediated motor neuron disease, and the presence 
of anti-GM1 antibodies may even suggest pathogenic similarities with MMN. The 
monoclonal gammopathy may result from proliferation of autoreactive B-cell clones that 
recognize epitopes on motor neurons. Monoclonal gammopathy may also be secondary to 
abundant antigenic stimulation after motor neuron damage, but this would not explain 
the exclusive association with slowly progressive PMA. Gammopathy secondary to other 
causes cannot be excluded. Retroviral infection as a cause of motor neuron disorders has 
been suspected, and an increased prevalence of monoclonal gammopathy was observed 
in HIV-infected patients.2, 24-27 Reverse transcriptase activity of yet unidentified viruses 
in serum from patients with motor neuron disease was comparable to levels measured 
in sera of HIV patients in serum, but has been exclusively investigated in ALS.28 The 
increased prevalence of IgM monoclonal gammopathy in slowly PMA may suggest that 
retroviral involvement is more common in slowly PMA than ALS, but this remains to be 
established. Identifying IgM monoclonal gammopathy as a cause or a result of MND 
may be a first step towards development of treatment strategies. 

In sera from patients with motor neuron disease and monoclonal gammopathy the 
prevalence of anti-GM1 IgM antibodies was increased. Reported prevalence figures of 
anti-GM1 IgM antibodies range from 0-81% in patients with motor neuron disorders and 
MMN.15, 23, 29-32 This variation was mainly caused by differences in patient selection and 
differences in ELISA techniques used.15, 29-32 We used a standardized, sensitive, and highly 
specific ELISA technique that was calibrated using a panel of sera from patients with 
inflammatory neuropathy, motor neuron disease and systemic auto-immune disorders.14 

The cut-off value was selected to exclude the possibility of false-positivity. Using these 
criteria, anti-GM1 IgM antibodies were detected in sera from patients with MMN, slowly 
PMA, but not in any of the other motor neuron disease associated with monoclonal 
IgM gammopathy. Although the frequency and the anti-GM1 IgM titers were higher 
in sera from MMN patients than from patients with slowly PMA, this does not help to 
distinguish the disorders. Using an extensive nerve conduction protocol, we detected 
possible or definite conduction block in 87 out of 88 MMN patients. One patient had 
conduction slowing suggesting demyelination, and responded to treatment with IVIg. 
Three patients with slowly PMA, including one with IgM monoclonal gammopathy and 
anti-GM1 IgM, were treated with IVIg but did not respond. The distinction between 
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MMN and slowly PMA may be very difficult, and trial treatment with IVIg should be 
considered when MMN cannot be excluded. 

In summary, the presence of IgM monoclonal gammopathy is associated with slowly 
PMA and a relatively good prognosis, and with MMN. Future studies should aim at 
identifying monoclonal gammopathy as a cause or result in patients with slowly PMA 
as a first step towards new treatment strategies.
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ABSTRACT

Objective: Identification and examination of all patients with multifocal motor 
neuropathy (MMN) in The Netherlands to document the clinical spectrum, response to 
IVIg and to determine correlates of outcome.

Methods: A national case-cohort study was performed. Ninety-seven patients were 
identified; 88 participated. Logistic regression analysis was used to study determinants 
of outcome.

Results: Age at onset was younger in men than in women (38 versus 45 years, p < 0.05). 
Onset of weakness was in distal arm (61%) or distal leg (34%), and occasionally in the 
upper arm (5%). Initial diagnosis was motor neuron disease in one-third of patients. Brisk 
reflexes in weakened muscles were found in 8% of patients. Conduction blocks were 
most frequently detected in the ulnar (80%) and median (77%) nerves, but occasionally 
only between Erb and axilla (6%), or in the musculocutaneous nerve (1%). Ninety-four 
percent responded to IVIg therapy: non-responders had longer disease duration before 
the first treatment (p < 0.05). Seventy-six percent received IVIg maintenance treatment 
at time of this study (median duration 6 years; range 0-17): the median dose increased 
over the years from 12 to 17 grams per week (p < 0.01). Independent determinants of 
more severe weakness and disability were axon loss (p < 0.001; p < 0.0001) and longer 
disease duration without IVIg (p = 0.03; p = 0.07).

Conclusion: Results of this study may aid to differentiate treatable MMN from motor 
neuron disease. Early IVIg treatment may help to postpone axonal degeneration and 
permanent deficits.
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INTRODUCTION
Multifocal motor neuropathy (MMN) was first described more than 20 years ago, as a 
pure motor neuropathy with conduction block (CB) characterized by slowly progressive, 
asymmetrical weakness of limbs.1, 2 It is important to differentiate MMN from motor neuron 
disease because it is amenable to treatment and has a more favorable prognosis. Various 
open trials and four placebo-controlled trials have shown that treatment with IVIg leads 
to improvement of muscle strength in patients with MMN.3-7 Of the immunosuppressants, 
cyclophosphamide has been reported effective but has severe side effects.8 Plasmapheresis 
and corticosteroids are not effective and may even aggravate symptoms.9, 10

Several small and medium-sized cohort studies and a few elaborate reviews have 
highlighted clinical features of MMN,11-16 but the relative rarity of MMN has precluded 
detailed studies of the phenotype and correlates of outcome in larger numbers of 
patients. We, therefore, tried to identify and re-examine all patients with MMN in The 
Netherlands (population 16.4 million) to document the variety of clinical phenotypes 
and response to IVIg treatment. The relatively large number of patients enabled us to 
investigate the correlates of outcome in a multivariate analysis.

METHODS
Patients

The study had a case-cohort design and was conducted in The Netherlands from January 
until December 2007. The Medical Ethical Committee of the University Medical Center 
(UMC) Utrecht approved the protocol and all patients gave written informed consent. 
To identify MMN patients, all Dutch neurologists (~900) were asked by letter to enroll 
MMN patients for this study, a national neuromuscular database (CRAMP)17 was screened 
and patients were informed by the Dutch Neuromuscular Patient Association (VSN). 

Inclusion criteria were a diagnosis of definite, probable or possible MMN, according 
to previously published criteria.18 These criteria consist of a combination of clinical, 
laboratory and electrophysiological characteristics. In summary, all patients had slow 
or stepwise progressive limb weakness, no objective sensory abnormalities except for 
vibration sense abnormalities at onset, no bulbar signs, and no other cause of neuropathy 
or myopathy. All patients had at least one definite or probable motor CB, or slowing of 
conduction compatible with demyelination with serum IgM anti-GM1 antibodies and 
abnormal magnetic resonance (MR) imaging of the brachial plexus. Patients had normal 
sensory nerve conduction in segments with motor CB and normal sensory nerve action 
potential amplitudes on distal stimulation at the time of the first nerve conduction study. 
Patients were requested to fill out a questionnaire and to attend the outpatient clinic for 
neuromuscular disorders at the UMC Utrecht for a full neurological re-examination. 
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Questionnaires and physical examination 

All patients completed a questionnaire designed to clarify their medical history, site 
of onset of symptoms, initial diagnosis and treatment. Neurological examination 
was performed in all patients by the same investigator (E.A.C). Muscle strength was 
assessed bilaterally using a modified 10-grade scale of the Medical Research Council 
(MRC) ranging from MRC 0 (= no movement, no contraction) to 5 (= normal strength). 
Eleven muscle groups of arms and seven muscle groups of legs were tested. Weakness 
was defined as an MRC score lower than 5. The MRC sum score of each patient was 
calculated (maximum score 180). Tendon reflexes of biceps, triceps, knee and ankle 
were examined and scored as absent, normal or brisk. Sensory function was assessed 
bilaterally in arms and legs using a 128 Hz Rydel-Seiffer tuning fork for vibration 
sense.19 Vibration sense was graded as follows: normal (grade 0) or disturbed vibration 
sense at the dorsum distal interphalangeal joint of the index finger or hallux (grade 1); 
abnormal sense at the ulnar styloid process or medial malleolus (grade 2); at the medial 
humerus epicondyle or patella (grade 3) or at the acromioclavicular joint or anterior 
superior iliac spine (grade 4).20

Laboratory studies 

Serum samples were taken from all patients and were tested for IgM anti-GM1 
antibodies, using a standardized enzyme-linked immunosorbent assay (ELISA).21 Results 
of investigations of cerebrospinal fluid and MR imaging of the brachial plexus22 were 
recorded when available, but were not routinely performed for this study. 

Nerve conduction studies

Nerve conduction studies were performed and studied by one investigator (H.F.). Prior 
to investigation, the extremities were warmed in water at 37° C for 30 minutes. Motor 
nerve conduction was investigated up to Erb’s point in the median (recording m. abductor 
pollicis brevis and m. flexor carpi radialis), ulnar (recording m. abductor digiti V), radial 
(recording m. extensor carpi ulnaris) and musculocutaneous (recording m. biceps brachii) 
nerves, and up to the popliteal fossa in the peroneal (recording m. extensor digitorum 
brevis) and tibial (recording m. abductor hallucis) nerves. From each compound muscle 
action potential (CMAP) the latency, amplitude, area and duration of the negative part 
were measured. To assess CB, the CMAP on stimulation of the distal part of the segment 
with CB had to be at least 1 mV; to assess demyelinative slowing it had to be at least 
0.5 mV. Conduction abnormalities were defined as23: definite CB (segmental CMAP area 
reduction of at least 50%, or of at least 30% over 2.5 cm on inching); probable CB 
(segmental CMAP amplitude reduction of at least 30% in an arm nerve); demyelinative 
slowing (motor conduction velocity (MCV) < 75% of the lower limit of normal, distal 
motor latency (DML) or shortest F-wave latency 130% of the upper limit of normal). 
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Responses were only scored if supramaximal stimulation was possible (which is at least 
20% (for Erb’s point 30%) above the strength yielding a maximal CMAP). 

Presence of a decreased distal CMAP (distal CMAP amplitude below the lower limit of 
normal24) was scored for the median, ulnar, radial, musculocutaneous, peroneal and 
tibial nerves on both sides, and was considered to reflect axon loss.24, 25

Functional impairment and fatigue

Functional impairment was assessed using the Overall Disability Sum Score (ODSS) 
which ranks functional impairment in limbs from 0 (normal) to 5 for the arms and to 
7 for the legs.26 

Fatigue was scored using the Fatigue Severity Scale (FSS) containing nine statements that 
attempt to explore severity of fatigue.27 The patient was asked to read each statement 
and circle a number from 1 (not very appropriate) to 7 (agreement). Final scores were 
calculated by determining the mean of the responses. Severe fatigue was defined as a 
FSS score exceeding the FSS 95th percentile (= 5) in healthy controls. 

Statistical analysis and determinants of outcome

Differences were tested with the Mann-Whitney U test and the χ2 test. To identify 
determinants of outcome, logistic regression analysis was performed. More severe 
weakness was defined as lower MRC sum score than the median, and more severe 
disability as a lower than median ODSS score for arms and legs. Determinants for 
weakness and disability were first analyzed with univariate analysis. Next, multivariate 
analysis was performed to determine the independent contribution of each potential 
determinant. The determinants gender (male/female), symptom onset in a leg (yes/no), 
IgM anti-GM1 antibodies (positive/negative), MR imaging of brachial plexus (abnormal/
normal), definite CB (present/absent), severe fatigue (FSS 5 or more/FSS less than 5) 
were analyzed as dichotomous variables; age at symptom onset, years untreated (disease 
duration without IVIg), duration of IVIg treatment and axon loss (number of nerves with 
decreased distal CMAP) were analyzed as continuous variables.

RESULTS
Patients

Ninety-seven patients with MMN were identified. Eighty-eight patients (91%) agreed 
to participate and attended the UMC Utrecht. Patient characteristics are shown in Table 
4.2.1. The male to female ratio was 2.7:1. Age at onset was significantly younger in men 
(38 years) than in women (45 years) (p < 0.05). 
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Onset of muscle weakness was most frequently experienced in the distal arm (61%) 
or distal leg (34%). Muscle weakness occasionally started in the upper arm (5%), but 
never in the upper leg. Symptom onset was significantly more often in the dominant 
hand (p = 0.04).
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Table 4.2.1 Clinical features of 88 patients with MMN

Data are presented as numbers (%), unless otherwise specified. Number of patients is 88 unless 
otherwise specified: ¹ = 30 patients. ² = 54 patients. yrs = years. IVIg = intravenous immunoglobulin. 
g/L = gram per liter.

Gender (male) 64 (73)

Age at symptom onset (median, range) 40 (22-66)

Age at inclusion (median, range) 52 (27-78)

Disease duration at inclusion (median, range) 11 (2-43)

First symptom 
Reduced grip strength hand 22 (25)
Reduced dexterity hand 18 (21)
Extension weakness of fingers 14 (16)
Weakness aduction upper arm 4 (5)
Foot drop 28 (32)
Reduced mobility toes 2 (2)

Initial diagnosis
MMN 31 (35)
Motor neuron disease 28 (32)
Mononeuropathy 11 (13)
Polyneuropathy 13 (15)
Radiculopathy 2 (2)
Chronic inflammatory demyelinating neuropathy 1 (1)
Hereditary neuropathy 1 (1)
Minor stroke               1 (1)

Time from disease onset to first IVIg treatment (yrs) 5 (0-36)

Maintenance treatment IVIg 67 (76)

Cerebrospinal fluid protein >1 g/L¹ 3 (10)

Abnormal magnetic resonance imaging brachial plexus² 24 (44)

Titer serum IgM anti-GM1 antibodies 
1:400 14 (16)
1:800 9 (10)
1:1600 5 (6)
1:3200 0 (
1:6400 4 (5)
1:12800 1 (1)
1:25600 2 (2)
1:51200 3 (3)



The initial diagnosis was different from MMN in the majority of patients. The median 
delay from first symptoms to the diagnosis of MMN has decreased significantly (p < 
0.0001) since the first descriptions of MMN1, 2; from 1988 to 1995 median time to 
diagnosis was 5 years (range 1-15 years), from 1996 to 2000 3 years (range 1-10 years) 
and from 2001 to 2006 2 years (range 1-5 years). 

Weakness

The median MRC sum score was 166 (range 108-179), with a pattern of predominant 
distal weakness, more pronounced in arm than in leg muscles (Table 4.2.2). Figure 4.2.1 
shows the frequencies of patients with weakness in specific muscle groups. Finger flexors 
were relatively spared compared to other distal muscle groups in arms. Weakness of the 
upper leg was found in patients with disease duration of 20 years or longer. 
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Table 4.2.2 Severity of muscle weakness of 88 patients with MMN

Data are presented as numbers (%). MRC = MRC grade of weakest side. mean MRC grade = mean MRC 
grade of all patients.

MRC 5 MRC 4 MRC 0-3 Mean MRC grade

Upper arm
Elbow extension 61 (69%) 25 (28%) 2 (2%) 4.7
Elbow flexion 58 (66%) 27 (31%) 3 (3%) 4.6
Shoulder abduction 50 (57%) 35 (40%) 3 (3%) 4.5

Lower arm
Flexion fingers 70 (80%) 17 (19%) 1 (1%) 4.8
Wrist flexion 15 (17%) 65 (74%) 8 (9%) 4.6
Wrist extension 13 (15%) 55 (63%) 20 (23%) 3.8
Extension fingers 12 (14%) 40 (45%) 36 (41%) 3.3

Hand
Adduction thumb 34 (39%) 44 (50%) 10 (11%) 4.2
Opposition thumb 26 (30%) 46 (52%) 16 (18%) 3.9
Spreading fingers 7 (8%) 44 (50%) 40 (42%) 3.3
Abduction thumb 6 (7%) 38 (43%) 44 (50%) 2.9

Upper leg
Hip flexion 79 (90%) 9 (10%) 0 4.9
Knee flexion 79 (90%) 9 (10%) 0 4.9
Knee extension 81 (92%) 7 (8%) 0 4.9

Lower leg/ Foot
Foot plantar flexion 67 (76%) 13 (15%) 8 (9%) 4.6
Flexion toes 52 (59%) 22 (25%) 14 (16%) 4.2
Foot dorsal flexion 28 (32%) 37 (42%) 23 (26%) 3.6
Extension toes 22 (25%) 38 (43%) 28 (32%) 3.6



Tendon reflexes

Seventy-three patients (83%) had one or more absent tendon reflexes. In seven patients 
(8%) all reflexes were normal. In eight patients (9%) some or all reflexes were brisk (all 
reflexes 3 times; biceps and triceps reflexes 3 times; knee reflex 2 times); seven of these 
eight patients (8% of total) had weakness in the same segment where the tendon reflex 
was brisk. Brisk reflexes were never found exclusively in weakened muscles. 

Sensory function

Abnormal vibration sense in distal leg was found in 19 patients (22%); grade 1 in 16 
patients and grade 2 in 3 patients. The median disease duration was significantly longer 
(median 18 years, range 5-43, p < 0.02) compared to patients without sensory symptoms. 
All 19 patients had weakness of foot dorsal flexors. 

Laboratory studies

Sera from 38 patients (43%) contained IgM anti-GM1 antibodies with titers 1:400 or 
higher (Table 4.2.1). 

Nerve conduction studies

Seventy-one patients (81%) had at least one segment with definite CB, and 16 patients 
(18%) had no definite CB but at least one segment with probable CB. Six patients (7%) 
had only one definite CB (median, ulnar, radial or musculocutaneous nerve), another six 
patients (7%) had only one probable CB (ulnar or median nerve) and one patient (1%) 
had MCV and DML values compatible with demyelination but no CB (Table 4.2.3). 

CB was most often detected in the ulnar (80%) and median nerves (77%). In five patients 
(6%), CB was exclusively detected in the proximal (Erb-axilla) segment (three times 
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Figure 4.2.1 Frequencies of patients with weakness in specific muscle groups.
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in the ulnar, two times in the radial nerve), and in one patient (1%) exclusively in the 
musculocutaneous nerve. 

A decreased distal CMAP was most frequently found in the peroneal (66%) or 
median (60%) nerves followed by the tibial (47%), ulnar (37%), radial (21%) and 
musculocutaneous (10%) nerves. The number of nerves with a decreased distal CMAP 
in individual patients ranged from 0 to 10. 

Functional impairment and fatigue

Median ODSS of arms and legs combined was 4 (range 0-9). Sixteen patients (18%) 
reported minimal or no disability of the arms (ODSS 0 and 1). Fifty-four patients (61%) 
had moderate impairment of the arms (ODSS 2), whereas 18 patients (21%) reported 
severe disability (ODSS 3). Twenty-five patients (28%) had a normal function of the 
legs (ODSS 0). Walking was mildly affected in 15 patients (17%) (ODSS 1). Forty-two 
patients (48%) walked independently but had abnormal gait (ODSS 2) and 6 patients 
(7%) needed unilateral support or a wheelchair (ODSS 3 to 6). The mean response to 
the fatigue severity scale was 4.7 (range 2.7-7.0). Severe fatigue (FSS > 5) was present 
in 45 patients (51%). 

Treatment

Eighty-four patients (95%) reported that they had received a first course of IVIg at a 
cumulative dose of 2 g/kg after the diagnosis was made. Four patients had never received 
IVIg treatment, because they experienced no problems in their daily life or had limited 
weakness (MRC sum score > 178). Seventy-nine out of 84 patients (94%) responded to 
therapy, defined as an increase of ≥ 1 MRC grade in at least 2 muscle groups without 
a decrease in other muscle groups. Five patients (6%) did not respond to IVIg. Patients 
who did not respond to therapy had significantly longer disease duration before IVIg 
treatment was started (p = 0.03). 

Sixty-seven patients (76%) received IVIg maintenance treatment at time of this study. 
The median treatment duration of maintenance treatment with IVIg was 6 years (range 
0-17) and the median dose, converted to grams per week, gradually increased over the 
years from 12 to 17 grams per week (p < 0.01). Seventeen patients (19%) did not use 
maintenance treatment for the following reasons: no beneficial effect (5 patients), 
stable disease course without treatment (8 patients), a concomitant disease (bipolar 
disorder and Waldenström’s macroglobulinemia) or adverse effects (severe erythema 
and thrombo-embolic complication). Thirty-five (40%) patients had unsuccessfully used 
other immune modulating therapy than IVIg; interferon beta (20%)28, mycophenolate 
mofetil (15%)29, cyclophosphamide (3%) or prednisone (2%). 
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Correlates of outcome

Multivariate analysis showed that axon loss (p < 0.001) and longer disease duration 
without IVIg (p = 0.03) were independent determinants of more severe weakness (Table 
4.2.4). Univariate analysis suggested that more severe disability was associated with more 
axon loss (p < 0.0001), longer disease duration without IVIg (p < 0.01), symptom onset 
in a leg (p < 0.01) and presence of IgM anti-GM1 antibodies (p = 0.03), but multivariate 
analysis identified only axon loss (p < 0.0001) as an independent determinant of more 
severe disability (Table 4.2.5). 
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Table 4.2.4 Logistic regression analysis for determinants of severe weakness

Multivariate analysis was performed with selected determinants from the univariate analysis (with p ≤ 
0.1). Axon loss = number of nerves with decreased distal compound muscle action potential (minimum 
0, maximum 12). Years untreated = years without maintenance treatment with IVIg. Definite CB = 
presence of at least one definite conduction block. Severe fatigue = Fatigue Severity Score > 5. Data 
are expressed as odds ratios (95% confidence interval).

Determinant Univariate p (2-tailed) Multivariate p (2-tailed)

Axon loss 2.0 (1.5-2.8) < 0.0001 1.9 (1.3-2.7) < 0.001
Years untreated 1.1 (1.0-1.2) < 0.01 1.1 (1.0-1.3) 0.03
Symptom onset leg 2.5 (1.0-6.2) 0.06 0.9 (0.3-2.9) 0.84
Serum IgM anti-GM1 antibodies 2.6 (1.1-6.3) 0.08 1.6 (0.5-4.7) 0.41
Age at symptom onset (yrs) 1.0 (1.0-1.1) 0.41
Gender 0.9 (0.3-2.3) 0.79
Duration of IVIg treatment (yrs) 1.1 (1.0-1.2) 0.25
Abnormal magnetic resonance imaging 0.6 (0.2-1.9) 0.43
Definite CB 1.0 (0.3-2.8) 0.95
Severe fatigue 0.6 (0.3-1.5) 0.28

Table 4.2.5 Logistic regression analysis for determinants of disability

Multivariate analysis was performed with selected determinants from the univariate analysis (with p ≤ 
0.1). Axon loss = number of nerves with decreased distal compound muscle action potential (minimum 
0, maximum 12). Years untreated = years without maintenance treatment with IVIg. Definite CB = 
presence of at least one definite conduction block. Severe fatigue = Fatigue Severity Score > 5. Data 
are expressed as odds ratios (95% confidence interval).

Determinant Univariate p (2-tailed) Multivariate p (2-tailed)

Axon loss 2.3 (1.6-3.3) < 0.0001 2.1 (1.4-3.2) < 0.0001
Years untreated 1.1 (1.0-1.2) < 0.01 1.1 (1.0-1.2) 0.07
Symptom onset leg 5.0 (1.8-13.5) < 0.01 2.6 (0.8-8.9) 0.13
Serum IgM anti-GM1 antibodies 2.7 (1.1-6.4) 0.03 2.4 (0.7-8.0) 0.14
Age at symptom onset (yrs) 1.0 (0.9-1.0) 0.37
Gender 0.7 (0.3-1.8) 0.46
Duration of IVIg treatment (yrs) 1.0 (0.9-1.1) 0.83
Abnormal magnetic resonance imaging 0.9 (0.3-2.6) 0.81
Definite CB 1.0 (0.3-2.8) 0.95
Severe fatigue 1.1 (0.5-2.5) 0.84



DISCUSSION
We performed a nationwide study on MMN, and identified 97 patients in The Netherlands, 
which corresponds to a prevalence of at least 0.6 per 100.000 inhabitants.  

Our study did not only confirm that MMN is more prevalent in men than women12, 13, 16 
but also showed that symptom onset was at a significantly younger age in males. Clinical 
presentation and patterns of weakness were fairly homogeneous, with onset in distal 
muscle groups of an arm or leg in the great majority of patients. Ulnar, median, radial 
and tibial nerves are most commonly affected, with striking differences in weakness 
of muscle groups innervated by a common terminal motor nerve. For example marked 
weakness of the abductor pollicis brevis, but relatively preserved function of the flexor 
muscles of fingers 1-3 (both innervated by the median nerve), and weakness of intrinsic 
hand muscles without weakness of the flexor muscles of fingers 4 and 5 (ulnar nerve) 
were often observed. These findings suggest that pathogenic mechanisms are length-
dependent but also patchy.15, 16

Our results suggest that there are few reliable clinical hallmarks, which suggest the 
diagnosis of MMN in a patient with asymmetrical limb weakness. Briskness of reflexes, 
even in segments with weakness, does occur in some patients with MMN and does 
therefore not always differentiate MMN from motor neuron disease. Significant sensory 
disturbances from onset exclude a diagnosis of MMN, and rather suggest a diagnosis 
of Lewis-Sumner syndrome,30 but recently published studies showed reduced sensory 
nerve action potentials years after onset of MMN.31, 32 We found minor vibration sense 
disturbances at neurological examination in 22% of our MMN patients. The median 
disease duration in the subgroup of patients with sensory deficits in this study (18 years) 
and other studies was relatively long.11-13 

Nerve conduction studies are crucial to distinguish MMN from motor neuron disease, 
and from other mimics. All participating patients fulfilled the criteria for MMN that were 
published by our own group.18 In summary, patients with a clinical phenotype of MMN 
and one CB, or without CB but with characteristics of demyelination and both elevated 
IgM anti-GM1 antibodies and abnormal brachial plexus MR imaging were included. The 
use of other sets of diagnostic criteria would have resulted in the exclusion of some 
patients. Using the criteria proposed by the American Association of Electrodiagnostic 
Medicine, we would have excluded 13 patients (12 with only one CB and 1 patient with 
demyelination without CB).33 However, the findings that all 13 patients responded to 
IVIg, 7 had IgM anti-GM1 antibodies and 6 had an abnormal brachial plexus imaging 
further support the diagnosis of MMN. The use of the electrophysiological criteria of the 
European Federation of Neurological Societies/Peripheral Nerve Society Guideline34 would 
have resulted in exclusion of the only patient without CB, but with nerve conduction 
slowing suggesting demyelination, IgM anti-GM1 antibodies and abnormal brachial 
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plexus imaging. This patient responded to IVIg. This case and the use of an extensive 
nerve conduction protocol illustrate that CB can occasionally only be detected in proximal 
nerve segments or in nerves that are not routinely investigated, and that CB may also 
be absent in patients with a clinical phenotype of MMN.35, 36 These rare patients should 
not be denied a trial with IVIg.

MMN is considered as a relatively benign disease, but functional impairment can be quite 
serious. One-fifth of our patients reported severe disability of the arms, and more than 
half of MMN patients in this study reported severe fatigue. Fatigue has a comparable 
prevalence among patients with other immune-mediated disorders of the peripheral 
nervous system.37 Future studies are needed to study the origin, and possibly treatment, 
of fatigue in MMN. A relation with IVIg maintenance treatment cannot be excluded.

In order to analyze determinants of outcome, we used multivariate analysis, which 
showed that axon loss and longer disease duration without IVIg were associated with 
more severe weakness and disability. This confirms the result of a smaller scale study 
in 20 MMN patients, in which a limited number of potential determinants of outcome 
were analyzed.38 A decreased distal CMAP was used as criterion for axon loss in our 
study.24, 25 Theoretically, a decreased distal CMAP in MMN may also reflect distal CB, or 
marked slowing distal to the most distal stimulation site,39 but this was not observed 
in any of the MMN patients in contrast to patients with Guillain-Barré syndrome 
(unpublished observation). Marked distal slowing was found only in 3% of nerves in 
MMN, and is therefore not an alternative explanation of our findings.24 Previous studies 
have shown that axon loss is more extensive in patients with long disease duration 
without treatment,7, 38 and that IVIg treatment may prevent axon loss.40 Results of this 
study indicate that an early start of IVIg treatment, followed by maintenance treatment, 
is at present the only intervention that may prevent axonal degeneration and a more 
severe outcome. Elucidation of the pathogenesis of axon loss in MMN would facilitate 
the development of new treatment strategies.
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ABSTRACT

Background: Multifocal motor neuropathy (MMN) is characterized by slowly progressive 
asymmetrical limb weakness. Anti-GM1 IgM antibodies probably play a role in MMN 
pathogenesis. Treatment with immunoglobulins (IVIg) leads to improvement of muscle 
strength. It is not known which immune modulating effect improves muscle strength. 
We investigated the effects of IVIg on the titre and function of anti-GM1 IgM antibodies, 
the classical complement pathway, and their interaction.

Methods: Serum samples from six recently diagnosed and 56 MMN patients on IVIg 
maintenance treatment were collected. Anti-GM1 IgM titres and complement activating 
capacity of anti-GM1 IgM were assessed using enzyme-linked immunosorbent assay. The 
effects of IVIg on the function of the classical complement pathway were investigated 
using in vitro and ex vivo methods.

Results: Anti-GM1 IgM antibodies were detected in sera from 77% of MMN patients. 
Anti-GM1 IgM antibodies in 78% of these sera activated complement in in vitro assays. 
The addition of immunoglobulin significantly decreased complement deposition in vitro. 
IVIg treatment did not change anti-GM1 IgM titres or complement-activating properties. 
IVIg decreased serum concentrations of complement factors C1q, C4, but not C3, and 
decreased the activity of the classical pathway in serum samples from MMN patients. 
In sera from patients on IVIg maintenance therapy (0.4 g/kg administered every 2-6 
weeks) C4 and classical complement pathway activity correlated inversely with IgG 
concentrations.

Conclusions: Efficacy of IVIg treatment may be explained by the local effects resulting 
in reduced complement deposition in nerves in combination with efficient systemic 
attenuation of the classical complement pathway.

162

Chapter 4.3 Effect of IVIg on complement activity in MMN



INTRODUCTION
Multifocal motor neuropathy (MMN) is characterized by slowly progressive, predomi-
nantly distal, asymmetrical limb weakness. Age at onset is between 20 and 75 years 
of age, and men are more frequently affected than women.1, 2 Characteristically, 
motor nerves show conduction block outside the usual sites of nerve compression.3, 4 
Treatment with intravenously administered human immunoglobulins (IVIg) improves 
muscle strength5, but maintenance treatment is necessary for most patients, because 
the beneficial effects of IVIg are short-lived.6 Unfortunately, there are no obvious 
alternatives for IVIg. Plasmapheresis and corticosteroids, which are often beneficial for 
patients with other chronic inflammatory neuropathies, are not effective and may even 
worsen disease course.7-10 Cyclophosphamide may be effective, but side effects limit its 
use to refractory cases.4, 11, 12

MMN pathogenesis remains largely elusive, but it may share mechanisms with other 
inflammatory neuropathies. Sera from a substantial subgroup of MMN patients contain 
IgM antibodies against the ganglioside GM1.13 Gangliosides are glycolipid structures that 
are abundantly expressed in peripheral nerves.14 Anti-GM1 IgG antibodies are also an 
immunological characteristic of acute motor axonal neuropathy (AMAN), and are thought 
to cause weakness by interfering with the functions of the nerve and the neuromuscular 
junction upon binding to GM1 at the nodes of Ranvier, myelin and the neuromuscular 
endplate.15-17 There is evidence that similar mechanisms may underlie MMN pathogenesis. 
Injection of sera from MMN patients containing anti-GM1 antibodies into rat tibial 
nerves caused conduction block in vivo and in vitro, and serum from MMN patients 
blocked nerve conduction in the mouse phrenic nerve-diaphragm preparations.16, 18, 19, 20 
A number of pathogenic mechanisms triggered by ganglioside-specific antibodies have 
been recently elucidated. Binding of ganglioside-specific antibodies triggers activation 
of the complement system, deposition of the membrane attack complex and altered 
expression of sodium channels.21-25 

It is not known which of the reported immune modulating effects of IVIg administration 
results in improved function of motor nerves in MMN patients.5, 6 Experimental models for 
inflammatory neuropathy do, however, suggest that the complement system, anti-GM1 
IgM antibodies and their interaction play an important role in MMN pathogenesis.21, 

23, 26 In this study, we investigated the effects of IVIg on the classical pathway of the 
complement system, and on the interaction of anti-GM1 IgM antibodies and complement 
in patients with MMN receiving IVIg for the first time or as maintenance treatment.
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MATERIALS AND METHODS
Patients

Serum samples from 62 patients fulfilling the diagnostic criteria for MMN, as described 
previously, were used for this study.27, 28 Six patients with recently diagnosed MMN were 
admitted for treatment with a first course of IVIg (Gammagard, Baxter, cumulative 
dose 2.0 g/kg, administered in 5 days). Serum samples were collected before and after 
each IVIg dose. Serum samples from an additional 56 patients with MMN, treated with 
maintenance doses of IVIg (0.2-0.4 g/kg) at intervals ranging from 2-6 weeks, were 
collected during regular visits to the outpatient clinic of the Department of Neurology 
of the University Medical Centre Utrecht. Patient characteristics are summarized in 
Table 4.3.1. All patients showed clinical improvement after treatment with IVIg. Blood 
was collected in clotting tubes, centrifuged and the serum was aliquoted and stored 
at -80°C. Serum samples from 20 patients with amyotrophic lateral sclerosis (ALS) 
and 18 healthy volunteers were used as controls. Pooled healthy donor serum from 10 
individuals was used as negative control for complement activation assays and was used 
as a complement source in selected experiments. All patients gave written informed 
consent, and the local ethics committee approved the study. 

ELISA to detect anti-GM1 IgM antibodies 

Anti-GM1 IgM antibody titres were assessed using enzyme-linked immunosorbent assay 
(ELISA) as described before with minor modifications.29 In short, 100 µl of methanol, 
containing 0.25 µg GM1 (Calbiochem, San Diego, CA), was added to 96-well plates 
(NUNC, Polysorp, Roskilde, Denmark), and left to evaporate at room temperature. 
Wells were blocked with 200 µl PBS 1% BSA for 4 hours at room temperature. Wells 
saturated with PBS 1% BSA served as control for non-specific binding. Human sera 
(diluted 1:100 in PBS 1% BSA) were serially diluted in triplicate and incubated overnight 
at 4°C. After washing six times with PBS, peroxidase-conjugated rabbit anti-human 
IgM antisera (DAKO Cytomation, Glostrup, Denmark), diluted 1:1000 in PBS 1% BSA, 
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Table 4.3.1 Characteristics of MMN patients

Data are presented as median (range) or number (%).

Characteristics Newly diagnosed 
N = 6

Other 
N = 56

Age at disease onset, years 36 (28-53) 37 (22-52)

Treatment duration, months Not applicable 56 (1-93)

Male 5 (83) 53 (95) 

Disease duration until start treatment, months 6 (1-19) 12 (6-48)



were added and incubated for 3 hours at room temperature. Plates were developed 
using 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid (ABTS, Roche Diagnostics, 
Indianapolis, USA), after washing six times with PBS, and read at 405 nm using an 
ELISA reader (Multiscan RC, Thermo Labsystems). Anti-GM1 IgM titres were defined as 
the highest dilution yielding an OD of ≥ 0.05 after subtraction of background values 
(Figure 4.3.1).30

ELISA to quantify complement activation by anti-GM1 IgM antibodies 

100 µl methanol containing 2.5 µg GM1 (Calbiochem, San Diego, CA) was added to 
96-well plates (NUNC, Polysorb, Roskilde, Denmark) and left to evaporate for 4 hours 
at room temperature. Wells coated with purified IgM (Pierce, Rockford, IL) served as a 
positive control. The remaining wells and GM1-coated wells were blocked using PBS 
1% BSA (200 µl/well) for 4 hours at room temperature. Wells saturated with PBS 1% 
BSA served as a control for non-specific binding. Serum aliquots from MMN patients 
and controls were heat-inactivated (to abrogate intrinsic complement activity) for 30 
minutes at 56°C, serially diluted in PBS 1% BSA in triplicate and incubated overnight 
at 4°C. After washing six times with PBS, 50 µl of 1% pooled healthy donor serum in 
PBS (or PBS in control wells) was added as a complement source and incubated at 
37°C for 30 minutes. In select experiments, IVIg preparations (Gammagard, Baxter, 
Deerfield, USA) or albumin (Sigma, St. Louis, USA) at a final concentration of 1 g/L, or 
EDTA (25mM) were added in addition to the complement source. Plates were washed 
6 times and wells were incubated with 50 µl of rabbit anti-human-complement factor 
3c (Nordic, Tilburg, The Netherlands) diluted 1:7500 in PBS 1% BSA for 1 hour at room 
temperature. This antibody reacts with C3c, the major fragment resulting from the C3 
cleavage by C3 convertase and fragments C3b, C3bi and smaller fragments, since they 
all carry antigenic determinants of the C3c domain. After washing six times with PBS, 
50 µl of goat anti-rabbit IgG-HRP (Pierce, Rockford, USA) diluted 1:1000 in PBS 1% 
BSA was added and incubated for 1 hour at room temperature. Plates were developed 
using ABTS (Roche Diagnostics, Indianapolis, USA), after washing six times with PBS, 
and read at 405 nm using an ELISA reader (Multiscan RC, Thermo Labsystems)  (Figure 
4.3.1). Pilot studies showed that patient serum dilutions of 1:200 gave optimal and 
reproducible optical density values of complement factor 3c deposition in GM1-coated 
wells (within the linear range after subtraction of background values). OD values for 
complement activation were considered positive when they were at least ≥ 2 SD higher 
than background signals obtained with pooled healthy donor serum (Figure 4.3.1).21 

Immunoglobulin, C1, C3, and C4 concentrations in patient serum samples before and 
after IVIg treatment

Immunoglobulin M and G (IgM and IgG) and complement C1q, C3, and C4 concentrations 

165

Effect of IVIg on com
plem

ent activity in M
M

N
Chapter 4.3



in serum were determined using standard nephelometric techniques (Beckman Coulter 
Image). Complement C3 and C4 concentrations were determined according to the 
manufacturer’s instructions (Beckman Complement C3, C4). To quantify C1q serum 
levels, polyclonal rabbit anti-human C1q complement (DAKO Cytomation) in combination 
with calibrator 1 (Diasorin, Saluggia, Italy) was used. With this method, normal C1q, 
C3, and C4 serum levels ranged from 220-300 mg/L, 0.9-1.8 g/L, and 0.10-0.47 g/L, 
respectively.

Activity of the classical pathway of complement (CH50) in serum before and after 
IVIg treatment

CH50 reflects the erythrocyte lysing capacity of complement. A standard preparation 
of sheep red blood cells coated with anti-sheep erythrocyte antibody is incubated with 
several dilutions of patient serum. The reciprocal of the dilution of serum that lyses 
50% of the erythrocytes reflects activity of the classical pathway of complement and 
is expressed as percentage of values obtained with a reference serum (normal range 
75-125%).31  

ELISA to quantify intrinsic classical complement pathway activity in patient serum 
samples

An ELISA-based complement deposition assay was used to quantify intrinsic classical 
complement pathway activity in sera from patients with MMN and controls, drawn before 
and on average 12 days (SD 10 days) after treatment with IVIg. 25 µg/ml immunoglobulins 
(Gammgagard, Baxter, Deerfield, USA) was coated to 96-well plates (NUNC, Polysorb, 
Roskilde, Denmark) by overnight incubation at 4°C. After washing six times, plates were 
blocked with 200 µl PBS 1% BSA for 3 hours at room temperature. After washing six 
times with PBS, 50 µl of 1% serum from MMN and ALS patients, or healthy donors in 
PBS (or PBS without serum as negative control) was added and incubated at 37°C for 
30 minutes. Plates were washed six times and wells were incubated with 50 µl of rabbit 
anti-human-complement factor 3c (Nordic, Tilburg, The Netherlands) diluted 1:7500 in 
PBS 1% BSA for 1 hour at room temperature. After washing six times with PBS, 50 µl of 
goat anti-rabbit IgG-HRP, diluted 1:1000 in PBS 1% BSA was added and incubated for 
1 hour at room temperature. Plates were developed using ABTS (Roche Diagnostics), 
after washing six times with PBS, and read at 405 nm using an ELISA reader (Multiscan 
RC, Thermo Labsystems) (Figure 4.3.1).

Statistical analysis

Anti-GM1 IgM titres before and after treatment with a cumulative dose of 2.0 g/kg IVIg 
were analyzed using chi-square test. The effect of anti-GM1 IgM titres on complement 
activation, and of IVIg on complement component concentrations and CH50 values was 
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determined using linear regression analysis. The differences in anti-GM1 IgM-induced 
complement deposition in MMN patients and ALS patients were analyzed using an 
unpaired t test. Differences in intrinsic complement activity in sera from MMN patients, 
ALS patients and healthy controls were analyzed using one-way ANOVA. Correlations 
between CH50, IgG concentrations and complement deposition were analyzed using 
Pearson’s correlation coefficient. To determine the correlation between anti-GM1 IgM 
titres and complement activation, Spearman’s log rank test was used. A p-value < 0.05 
was considered significant.
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Figure 4.3.1 Schematic presentation of assays used to determine anti-GM1 IgM 
antibody titre, activation of complement by anti-GM1 IgM, and intrinsic activity of 
the classical pathway of complement in serum from MMN patients and controls. (I) 
96-well plates were coated with either GM1 or human IgG. (II) In select experiments, 
(heat-inactivated) serum from MMN patients and controls is added to GM1-coated 
wells, allowing anti-GM1 IgM to bind to GM1. (III) A complement source, either 
pooled serum from healthy donors (PHS), or serum from MMN patients and controls 
is added. If the classical complement pathway is activated by either anti-GM1 IgM 
or IgG directly coated in wells, this causes C3 deposition. (IV) Readout. HRP-labelled 
antibodies to human IgM or C3c are added to detect the presence of anti-GM1 IgM 
or C3c, respectively. (V) HRP is used to generate the detection signal.



RESULTS
Immunoglobulin concentrations and anti-GM1 IgM antibody titres before and after 
IVIg

In serum samples from six newly diagnosed MMN patients IgG, IgM and IgA concentrations 
were within the normal range before the start of IVIg. During IVIg treatment (2.0 g/kg, 
administered in 5 consecutive days), IgG levels increased on average 3-fold from 13.2 
g/L (± 1.78 g/L) to 34.9 g/L (± 2.67 g/L, normal value 7-16 g/L (p = 0.0001)). IgA and 
IgM concentrations did not change. Anti-GM1 IgM antibodies could be detected in five 
of the newly diagnosed MMN patients and ranged from 1:100 to 1:6400 (Table 4.3.2). 
Anti-GM1 IgM antibody titres did not change during treatment with a cumulative IVIg 
dose of 2.0 g/kg, administered on 5 consecutive days (p = 0.8).

Anti-GM1 IgM antibodies were detected in 43 out of 56 MMN patients who received IVIg 
maintenance treatment (Table 4.3.2). In 36 of these patients, anti-GM1 IgM antibodies 
could be detected before the start of IVIg treatment, and in another 20 patients during 
IVIg maintenance treatment. Paired serum samples from patients before and during 
maintenance treatment were available from 16 patients with MMN: Anti-GM1 IgM 
titres did not change during maintenance treatment (p = 0.9). Anti-GM1 IgM antibodies 
were also found in one healthy individual (1:200) and in 4 out of 20 disease controls 
(1:100 in 2 patients, 1:200 in 1 patient and 1:400 in 1 patient). 
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Table 4.3.2 Anti-GM1 IgM titres

Data are presented as numbers (%). Due to rounding, the sum of % is not always 100. Data are 
presented as values from three representative experiments.

             MMN patients Healthy controls

Titre Newly diagnosed Other

Negative 1 (17) 13 (23) 17 (94)

1:100 1 (17) 11 (20) 0

1:200 1 (17) 11 (20) 1 (6)

1:400 2 (33) 10 (18) 0

1:800 0 3 (5) 0

1:1600 0 2 (4) 0

1:3200 0 4 (7) 0

1:6400 1 (17) 2 (4) 0

Total 6 (100) 56 (100) 18 (100)
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Complement-activating capacity of anti-GM1 IgM antibodies

Thirty-one out of 40 (78%) MMN patient sera containing anti-GM1 IgM activated the 
complement system, as reflected by the deposition of C3 (Figure 4.3.2B). In contrast, 
pooled healthy donor serum did not activate complement (Figure 4.3.2A). C3 deposition 
was not detected when C1q deficient (Figure 4.3.2C) or EDTA (Figure 4.3.2D) containing 
sera from healthy donors were added as a complement source, suggesting that anti-GM1 
IgM activated the classical pathway of complement. In serum from patients without 
complement activation, anti-GM1 IgM titres were not higher than 1:100, except for one 
patient with a titre of 1:400. Complement deposition correlated significantly with anti-
GM1 IgM titres (p < 0.001) (Figure 4.3.2E). One serum sample from a patient without 
detectable anti-GM1 IgM titres activated complement. A low level of complement 
deposition could be detected in sera of only two disease controls with anti-GM1 IgM 
titres of 1:100 and 1:200. Complement activation by anti-GM1 IgM antibody containing 
sera was significantly higher and more frequently observed when using serum of MMN 
patients compared to serum of ALS patients (p = 0.001) (Figure 4.3.2F). 

The effect of IVIg therapy on the complement activating capacity of anti-GM1 IgM was 
determined using paired serum samples taken before and during treatment from 16 
MMN patients. Complement activation before and during IVIg maintenance treatment 
was similar (p = 0.8), suggesting that IVIg maintenance treatment does not alter the 
complement activating properties of anti-GM1 IgM antibodies. 

In vitro modulation of complement activity by IVIg

We next evaluated whether the addition of IVIg interferes with anti-GM1 IgM-mediated 
complement deposition in vitro. Complement deposition was reduced in the presence of 
human immunoglobulins when using the patient sera with anti-GM1 IgM titres of 1:6400 
(Figure 4.3.3A) and 1:400 (Figure 4.3.3B), but not in patient’s serum without anti-GM1 
IgM antibodies (Figure 4.3.3C). 

IVIg reduces concentrations of complement factors C1q and C4, and classical pathway 
activity in serum

IVIg administration significantly reduced C1q (p = 0.012) (Figure 4.3.4A) and C4 
concentrations (p < 0.001) (Figure 4.3.4B) as well as classical pathway activity (p = 0.02) 
(Figure 4.3.4D) in serum samples obtained during 5-day-IVIg treatment courses (cumulative 
dose 2.0 g/kg) in six newly diagnosed MMN patients. In contrast, C3 concentrations 
decreased only slightly after the first day of treatment, but remained unchanged thereafter 
(Figure 4.3.4C). 

In three patients, IgG concentrations were determined during the first five-day 
course of IVIg. There was a significant and dose-dependent inverse correlation of IgG 
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Figure 4.3.2 Anti-GM1 IgM antibodies in MMN sera activate complement via the 
classical pathway. A) Serum from healthy donors without detectable anti-GM1 IgM 
antibodies does not activate complement. B) Serum of MMN patients containing anti-
GM1 IgM antibodies was added to GM1-coated ELISA plates. After binding, pooled 
healthy donor serum (PHS) was added as a complement source. C3 deposition was 
used as a marker for complement activation. C) Addition of C1q deficient serum as 
a complement source to ELISA plates containing anti-GM1 IgM from MMN sera does 
not lead to complement deposition. D) Addition of EDTA, a Ca2+ scavenger, to the 
complement source abrogates complement deposition. E) Complement deposition 
was significantly higher in MMN patients with high anti-GM1 IgM titres (serum 
dilution 1:200). F) Complement deposition was significantly higher when using sera 
from MMN patients as compared to ALS patients (serum dilution 1:200). Data are 
presented as mean values from three independent experiments and after subtraction 
of background signals. MMN = multifocal motor neuropathy. OD = optical density. 
ELISA = enzyme-linked immuno-assay.



concentrations with C4 levels (p = 0.015), but not with C1q and C3 concentrations or 
CH50 values. 

In 53 serum samples from 39 MMN patients with IVIg maintenance therapy, C1q, C3 
and C4 concentrations were within the normal range. Median IgG concentration was 
18.7 g/L (range 12.6 – 35.6 g/L, normal values 7-16 g/L). Assays to determine intrinsic 
activity of the classical pathway of complement showed that complement deposition 
in serum from MMN patients on maintenance treatment was slightly lower (median 
optical density (OD) value 0.503, range 0.120 – 0.980) than in sera from ALS patients 
(median OD value 0.580, range 0.192 – 0.859) and healthy controls (median OD value 
0.591, range 0.167 – 0.960), but this failed to reach statistical significance (p = 0.7). 
Intrinsic classical pathway of complement activity was lower in MMN patients with 
higher IgG concentrations, since there was a significant inverse correlation with C3 
deposition (p = 0.01) (Figure 4.3.5) and C4 levels (p = 0.001).  
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Figure 4.3.3 The presence of IVIg at-
tenuates complement deposition in ELISA 
plates. 1g/L IVIg or BSA (control samples) 
was added to GM1-coated ELISA plates 
after incubation with MMN patient sera 
with anti-GM1 IgM titres of 1:6400 (A), 
1:400 (B) and 0 (C), respectively. Data 
are presented as mean values from three 
independent experiments after subtraction 
of background signals. OD = optical density, 
IVIg = intravenous immunoglobulins, BSA 
= bovine serum albumin, ELISA = enzyme-
linked immuno-assay.
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Figure 4.3.4 IVIg administration on 5 consecutive days reduces C1q concentration (A), 
C4 concentration (B) and classical pathway activity, as reflected by reduced hemolytic 
activity (D), in serum from MMN patients. C3 concentrations remained unchanged 
(C). Data are presented as mean values from three independent experiments. IVIg 
= intravenous immunoglobulins. MMN = multifocal motor neuropathy.

Figure 4.3.5 Complement activity 
of the classical pathway correlates 
with IgG levels in MMN patients 
using IVIg maintenance treatment. 
IgG concentrations in plasma 
inversely correlate with complement 
activity. Complement activity was 
on average lower in serum samples 
from MMN patients with high IgG 
concentrations. OD = optical density. 
MMN = multifocal motor neuropathy. 
IVIg = intravenous immunoglobulins. 
IgG = immunoglobulin G.



DISCUSSION
The reported immune-modulating effects of IVIg are numerous, but it is not known which 
of these effects causes improvement of muscle strength in MMN patients.5, 32 The present 
study shows that IVIg attenuates the deposition of C3 fragments after complement 
activation by anti-GM1 IgM antibodies in vitro. This local effect is further amplified 
by a systemic decrease of serum concentrations of complement factors C1q and C4, 
and consequently of classical pathway activity. Experimental models have shown that 
complement is crucial in the pathogenesis of neuropathies caused by glycolipid-specific 
antibodies.21, 23, 33, 34 Complement-induced damage to the axon, myelin sheath or Schwann 
cells can be prevented by drugs that interfere with complement deposition.24, 35 IVIg 
may represent a potent modulator of complement by exerting both systemic and local 
(i.e. in nerves) effects. It is tempting to speculate that the crucial role of complement 
in MMN pathogenesis is reflected by the poor results obtained with plasmapheresis in 
comparison with IVIg treatment. In contrast to IVIg, plasmapheresis may replenish rather 
than exhaust complement factors, thus allowing continuing deposition of complement 
factors and clinical deterioration.7, 8  

In the mouse phrenic nerve-diaphragm model, the addition of IVIg reduced binding of 
anti-GQ1b IgG and, as a result, decreased deposition of the complement membrane attack 
complex.36 Although we also observed that the addition of IVIg attenuated complement 
deposition by anti-GM1 IgM, antibody binding to GM1 did not change significantly (data 
not shown). The effect of IVIg on complement deposition may be explained by crucial 
alteration of the binding kinetics or affinity of anti-GM1 IgM antibody for its antigen 
by IVIg. Antibody affinity is an important determinant for activation of complement, 
and complement deposition triggered by antibodies binding with high affinity to their 
antigens, as mimicked by human IgM directly coated to wells, is not attenuated by the 
addition of IVIg (data not shown).37 Alternatively, IVIg may decrease the deposition of 
C3 fragments, as has also been shown in dermatomyositis.38   

We detected anti-GM1 IgM antibodies in sera of 77% of the MMN patients on IVIg 
maintenaince treatment, a relatively high percentage in comparison with other studies. 
Differences in ELISA protocols and cut-off values probably cause the wide range of anti-
GM1 IgM positive MMN patients (25% up to 85%) in the literature.13, 39-43 Using a cut-off 
value of 1:400, 44% of the sera of MMN patients, 0% of healthy controls and 5% of 
ALS controls contain anti-GM1 IgM antibodies. It is important to note that complement 
activation by anti-GM1 IgM antibodies was also significantly higher using sera with low 
anti-GM1 IgM titres from MMN patients as compared to controls with similar titres. 
Only 2 sera from disease controls showed complement activation that was just above 
background levels. This may indicate that not only titres, but also complement-activating 
properties of anti-GM1 IgM, are generally higher in MMN patients than controls.      
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In addition to local effects, 5-day treatment with IVIg at a cumulative dose of 2.0 g/kg 
causes a rapid decrease of C1q and C4 concentrations in blood, and the functional activity 
of the classical complement pathway. It is striking that, with the exception of a slight 
decrease on the first day of treatment, C3 concentrations remain virtually unchanged. 
These findings suggest that, despite IVIg-induced activation of the classical pathway 
with C1q and C4 consumption, a functional C3 convertase is not formed.44 We observed 
a similar depletion of C1q and C4, but not C3, in patients with IgG deficiency who were 
treated with IVIg (data not shown), suggesting that attenuation of the classical pathway 
is common after IVIg administration, and is not a peculiarity of inflammatory disorders 
associated with activation of the complement system. IVIg administration did not reduce 
anti-GM1 IgM titres or complement-activating properties of these antibodies in serum 
of MMN patients treated with IVIg. We, therefore, feel that it is unlikely that IVIg has 
an additional anti-idiotypic effect in MMN. Others have reported similar findings.45-48

The improvement in muscle strength after IVIg treatment wears off after several weeks 
and most patients require maintenance treatment, which generally consists of infusion of 
0.4-1.0 g/kg every 2-6 weeks. Although infusion of 0.4 g/kg IVIg reduced concentrations 
of C1q, C4 and haemolytic activity (Figure 4.3.4), C1q, C3 and C4 concentrations and the 
activity of the classical pathway of complement in serum from patients on maintenance 
treatment were within the normal range. Apparently, concentrations of complement 
factors normalize in the days to weeks after IVIg maintenance treatment. The inverse 
correlations of intrinsic activity of the classical complement pathway with IgG and C4 
concentrations in serum suggest that IVIg-induced modulation of complement function 
occurs even at normal concentrations of complement factors. Others have furthermore 
shown that the remarkable long-lasting effects of IVIg therapy are caused by prolonged 
reduction of concentrations of complex mediators of complement amplification, such 
as C3b2-containing complexes.44

Experimental drugs, which prevent complement deposition, are effective in animal 
models of antibody-mediated neuropathy.35, 49, 50 Although these experimental treatments 
remain to be tested, further attenuation of complement activation in addition to IVIg, 
may prove an effective treatment strategy for patients with MMN.
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ABSTRACT

Multifocal motor neuropathy (MMN) is an immune-mediated disorder characterized 
by slowly progressive asymmetrical limb weakness. Treatment with immunoglobulins 
(IVIg) leads to improvement of muscle strength. Anecdotal evidence suggests that 
immunosuppressive drugs as adjunctive therapy may be beneficial. Mycophenolate 
mofetil (MMF) is a potent and safe immunosuppressant. Safety and efficacy of MMF 
as adjunctive therapy for MMN patients receiving IVIg maintenance treatment were 
evaluated in a randomized controlled trial. MMN patients responding to IVIg treatment 
were eligible for randomization. Muscle strength and functional status were assessed 
at monthly intervals for one year. Three months after the start of MMF or placebo 
treatment, IVIg doses were reduced stepwise, until a deterioration of functioning or 
decline in muscle strength could be observed. An IVIg dose reduction of 50% during 
adjunctive treatment was defined as a primary endpoint. Secondary outcome measures 
were improvement in muscle strength and functional status after three months and 
reduction of anti GM1-IgM titres after 12 months of MMF treatment. Twenty-eight 
patients were randomized. One patient allocated to MMF reached the primary endpoint 
of 50% IVIg dose reduction. After 12 months IVIg reduction did not differ significantly 
between the two treatment groups. Patients did not experience drug toxicity and none 
of the patients showed significant disease progression after 12 months. Muscle strength 
and functional scores after three months and anti GM1-IgM titres after 12 months did 
not change. Adjunctive treatment of MMN patients with MMF at a dose of one gram 
twice daily is safe but does not alter disease course or allow significant reduction of 
IVIg doses.
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INTRODUCTION
Multifocal motor neuropathy (MMN) is characterized by slowly progressive, predominantly 
distal, asymmetrical limb weakness. Age at onset is between 20 and 75 years of age 
and men are more frequently affected than women.1, 2 Motor nerves show conduction 
block outside the usual sites of nerve compression.3 The presence of antiglycolipid IgM 
antibodies and the beneficial effect of immunomodulating therapy suggest that MMN is 
an immune-mediated neuropathy.1, 3, 4 Placebo-controlled studies showed that treatment 
with intravenous human immunoglobulins (IVIg) improves muscle strength of patients 
with MMN.5-7 The beneficial effect of IVIg lasts for several weeks, and repeated IVIg are 
necessary to maintain muscle strength. Maintenance IVIg treatment is expensive and 
may not prevent long-term progression of motor deficits and axonal degeneration in 
MMN.8, 9 Frequent infusions may also be burdensome to patients, but at present there is 
no therapeutic alternative to IVIg therapy. Plasma exchange is probably ineffective, and 
prednisone may worsen disease course in some patients.10, 11 Anecdotal reports suggest 
that cyclophosphamide may be effective as primary therapy3, 12 or adjunctive therapy 
to IVIg, but its toxicity may preclude long-term use in relatively young patients.13, 14 

Evaluation of the efficacy of adjunctive immunosuppressive therapy that would allow 
reduction of IVIg doses used by MMN patients is needed.10 

Mycophenolate mofetil (MMF), a morpholinoethyl ester of the active compound 
mycophenolic acid, is a potent immunosuppressive agent. It blocks purine synthesis in 
activated T and B lymphocytes and selectively inhibits their proliferation. The efficacy and 
safety of MMF in preventing rejection of renal transplants, when used in combination 
with corticosteroids and cyclosporine, has been shown in randomized, double blind 
trials.15, 16 It has no major mutagenic effect, nor does it seem to cause organ toxicity.15, 16 
Anecdotal reports and small studies suggest that MMF may be useful in the treatment of 
immune-mediated neuromuscular diseases, including immune-mediated neuropathies, 
myositis and myasthenia gravis.17-24 One small open study shows IVIg dose reductions 
of 50 to 100% in three out of four MMN patients after treatment with MMF while 
maintaining muscle strength.25

We performed a randomized placebo-controlled clinical trial to investigate the efficacy 
and safety of MMF as adjunctive therapy in patients with MMN on IVIg maintenance 
treatment.

PATIENTS AND METHODS
Patients

Patients fulfilling the diagnostic criteria for MMN as described previously26, 27, who 
experienced clinical improvement after IVIg treatment and who visited the outpatient 
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clinic of the Department for Neuromuscular Diseases of the UMC Utrecht on a regular 
basis, were invited to participate in the study. Exclusion criteria were 1) severe concurrent 
medical conditions that might interfere with treatment, 2) pregnancy, or 3) age younger 
than 18 years. The Medical Ethical Committee of the UMC Utrecht approved the protocol 
prior to the study and all patients gave written informed consent. The procedures were 
in accordance with the Helsinki declaration (1975, revised 2000). 

Study design 

This randomized, double-blind, placebo-controlled study was conducted at the 
Department of Neurology of the UMC Utrecht from June 2004 until October 2005. 
Patients were randomly assigned to receive either MMF (500 mg twice daily during 
the first week, 1000 mg twice daily thereafter) or placebo for a period of 12 months. 
MMF was obtained from Roche Pharmaceuticals, and MMF and placebo were packed in 
identical capsules. MMF was obtained free from Roche. Roche pharmaceuticals was not 
involved in the study design and did not support the performance of the trial. All patients 
received the same brand of immunoglobulins; Gammagard (Baxter). Randomization was 
performed by one of the investigators (RB), using block randomization with stratification 
for the extent of muscle weakness at baseline (treatment group A: MRC sum score ≤ 
95; treatment group B: MRC sum score > 95). After allocating the patients to one of 
the treatment groups, each patient was given a number (0 -15 to patients allocated 
to treatment group A, numbers 16-30 to patients allocated to treatment group B). 
Randomization numbers were passed on to the research pharmacist, who had randomly 
assigned MMF/placebo to corresponding numbers. Only the research pharmacist had 
access to the trial codes. Trial medication was packed in blank containers and handed out 
to the patients. Neither investigators nor participants were aware of group assignment 
until the end of the trial. Inclusion of 13 patients in both the placebo and MMF group 
allowed the detection of a 50% reduction of IVIg doses, with a two-sided α-level of 
0.05 and a power (1-β) of 80%.

Primary and secondary outcome measures 

The primary outcome measure was defined as a reduction in IVIg dose of 50% or more, 
expressed as the mean IVIg dose per week, after one year of MMF/placebo treatment. 
Secondary outcome measures were improvement in muscle strength and functional 
status after three months of MMF treatment and reduction of anti GM1-IgM titres 
after 12 months of MMF treatment. 

Functional assessments

Clinical evaluation was conducted at baseline and at 4-5 week intervals for a period 
of one year. Muscle strength and functional status were assessed at each visit. Muscle 
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strength was assessed by manual muscle testing (MMT) using the Muscle Research 
Council (MRC) scale of 15 bilateral muscle groups (shoulder abduction, elbow flexion, 
elbow extension, wrist flexion, wrist extension, finger flexion, finger spreading, and finger 
extension, hip flexion, knee extension, knee flexion, ankle dorsiflexion and ankle plantar 
flexion, toe flexion and  toe extension). Weakness was defined as an MRC score < 5.28 
MRC sum scores were calculated by summation of all MRC values (maximum score 150). 
Hand held dynamometry was performed if there was clinically appreciable weakness 
(i.e. MRC <5) in muscles for shoulder abduction, elbow flexion, elbow extension, wrist 
extension, hand grip, hip flexion, knee flexion, knee extension or ankle dorsiflexion.29 
Grip strength of the hands was measured by dynamometry. Functional impairment was 
assessed by (i) Guy’s neurological disability scale, which ranks functional impairment 
in limbs from 0 (normal functioning) to 5 (impossible to use arm or leg), (ii) the self 
evaluation scale (SES)7, which scores 5 motor activities from daily life selected by 
the patient together with the physician at baseline from 0 (normal functioning) to 5 
(impossible to perform activity), and by (iii) the nine hole peg test.30

IVIg dose reduction

Enrolled patients were treated with MMF or placebo for a period of three months prior 
to stepwise reduction of IVIg doses. All patients received IVIg maintenance treatment at 
a regular basis varying from every two to every five weeks. For each patient the mean 
IVIg dose per week was calculated. IVIg doses were reduced with 5 g per administration 
if they equalled or exceeded 15 g per week, and with 2.5 g per administration if they 
were lower than 15 g per week. Dose reduction was continued until: i) patients reported 
an increase of at least 1 point on the Guy’s Neurological Disability scale score in arms or 
legs, or an increase of 1 point of at least 2 items of the SES, or ii) dynamometry showed 
a 50% reduction in muscle strength in at least two clinically affected muscles or muscle 
groups, or iii) patients reported an unacceptable decline in daily functioning. The IVIg 
dose was then increased stepwise until muscle strength or functional status improved 
and stabilized, and a second stepwise reduction of IVIg doses was attempted. After two 
unsuccessful attempts, IVIg reduction was discontinued. If functional assessments or 
muscle strength did not improve after dose increase, patients received an IVIg loading 
dose of 1.2 g/kg in the course of three days, after which the IVIg dose used prior to clinical 
deterioration was continued and no further attempts were made to reduce dosage.  

Anti-GM1 IgM ELISA

GM1-specific antibody titres were assessed by enzyme-linked immunosorbent assay 
(ELISA) as described before, with minor modifications.31 Briefly, 100 μl methanol 
containing 2.5 μg ganglioside (Calbiochem, San Diego, SA) was added to 96% well 
plates (NUNC, Maxisorp, Roskilde, Denmark) and left to evaporate overnight at room 
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temperature. Plates were then incubated with 200 μl of a 1% bovine serum albumin 
(BSA) (Roche Diagnostics, Manheim, Germany) in phosphate buffer saline (PBS, 0,15 
M NaCl, 0,01 M NaH2PO4, pH 7,4) for 4 hours at room temperature. Wells saturated 
with 1% BSA solution served as controls throughout experiments. Patient sera (diluted 
1:100 in PBS 1%BSA) were serially diluted in triplicate and incubated overnight at 
4°C. After washing 6 times with PBS, peroxidase-conjugated rabbit anti-human IgM 
(DAKO, Danmark) diluted 1:1000 in PBS 1%BSA was added and incubated for 3 hours 
at room temperature. Plates were developed using ABTS® (Roche Diagnostics, Manheim, 
Germany) as a substrate, and read at 405 nm. Anti-GM1 antibody titres were defined 
as the dilution yielding an OD of ≥ 0.10 after subtraction of background values.

Safety

At each visit a questionnaire was completed to document adverse events. Haematological 
parameters (complete blood count), aminotransferase concentrations, alkaline 
phosphatase, gamma glutamic transpeptidase, erythrocyte sedimentation rate, serum 
creatinine, electrolytes and glucose were monitored (at 0, 1, 2, 3, 6, 9 and 12 months). 
Serious adverse events (SAEs) were reported directly to the Medical Ethical Committee. 
SAEs were defined as death or severe (life-threatening) infections and haemorrhagic 
events resulting in hospital admission, neoplasms, events resulting in disabling 
conditions, and drug overdose.

Statistical analysis

Differences in baseline characteristics of placebo- and MMF-treated patients were 
analyzed using a Chi-square test for non-continuous variables and unpaired t-tests 
for continuous variables. Unpaired t-tests were used to compare differences in IVIg 
reduction, muscle strength and functional assessments between the two groups at three 
and 12 months as compared to baseline. The paired sample t-test was used to compare 
outcome measures at baseline and at 12 months, and to compare GM1-IgM titres at 
baseline and at the end of the trial. Chi square test was used for comparison of the 
distribution of patients with and without GM1-IgM titres, the number of adverse events 
or abnormal results of ancillary examinations between groups. A p-value of < 0.05 was 
considered significant. All results were analysed on an intention to treat basis.

RESULTS
Patients

Sixty-five patients with MMN were considered for enrolment. Twenty-six patients 
were excluded because they either did not receive IVIg maintenance treatment (n=14), 
received other treatment (n=8, of which 6 on interferon β1a and 2 on immunosuppressive 
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treatment), were lost to follow-up (n=3) or had died (n=1). Another 10 patients on 
maintenance IVIg treatment refused to participate. The remaining 29 patients met 
the inclusion criteria and were invited to participate. One patient was excluded from 
randomization after enrolment, because muscle strength fluctuated considerably 
between control visits despite IVIg treatment. The remaining 28 patients were randomized 
between June 2004 and September 2004 (Figure 4.4.1). Twenty-four patients fulfilled the 
clinical criteria for definite MMN, three for probable MMN and one for possible MMN. 
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Figure 4.4.1 Trial profile. MMF = Mycophenolate mofetil.



Two patients withdrew consent after three months of trial medication: one patient in 
the MMF group due to an adverse event (flu-like symptoms) and one patient in the 
placebo group because she experienced unacceptable deterioration. None of the patients 
was lost to follow-up. Eleven patients (79%) in the placebo group and 13 (93%) in the 
MMF group were male. Mean age at disease onset was 38 (SD 9) years in the MMF 
group and 41 years (SD 12) in the placebo group. At inclusion, mean age in the MMF 
group was 50 years (SD 8) and 49 years in the placebo group (SD 8). Mean duration of 
IVIg maintenance treatment was 5.0 years (SD 2.5) in the MMF group and 4.3 years (SD 
2.5) in the placebo group. Mean IVIg dose per week in the MMF group was 15.5 gram/
week (SD 5) and 16.2 gram/week (SD 4) in the placebo group. Data on muscle strength 
and functional scores at baseline are summarized in Table 4.4.1. Baseline characteristics 
did not differ between groups. 

Primary outcome measure: IVIg reduction

Mean IVIg doses per week are summarized in Table 4.4.1. IVIg dose reduction was 
started after three months of adjunctive treatment with MMF or placebo. Six months 
after onset of treatment the mean IVIg dose was reduced to 13.7 g per week in the 
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Table 4.4.1 Effect of MMF as adjunctive treatment in patients on IVIg maintenance 
treatment

Period Inclusion 3 months 6 months 12 months

IVIg dose (g per week)
MMF 15.5 (5) 15.5 (5) 13.7 (5.5) 18.0 (10)
Placebo 16.2 (4) 17.2 (7) 13.1 (4.0) 20.2 (11)

MRC sum score
MMF 164 (13) 162 (15) 162 (15) 160 (17)
Placebo 161 (13) 163 (12) 160 (13) 163 (11)

SES
MMF 2.0 (0.7) 2.0(0.6) 1.6 (0.7) 2.1 (0.7)
Placebo 1.8 (0.8) 1.7 (0.8) 2.0 (0.6) 1.7 (0.7)

Guy’s neurological disability scale
MMF 2.4 (1.9) 2.9 (1.7) 2.9 (1.6) 3.1 (2.0)
Placebo 2.9 (1.6) 2.9 (1.5) 3.4 (1.7) 3.0 (1.5)

9HPT right hand (seconds)
MMF 24 (9) 22 (5) 24 (7) 22 (6)
Placebo 28 (10) 31 (15) 32 (15) 28 (11)

9HPT left hand (seconds)
MMF 29 (15) 28 (16) 30 (18) 27 (13)
Placebo 22 (4) 22 (4) 24 (6) 22 (3)

Data are mean (SD). MMF = mycophenolate mofetil. IVIg = intravenous immunoglobulins. SES = self-
evaluation scale. 9HPT = nine hole peg test.
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placebo group and to 13.1 g per week in the MMF group. The lowest dose was 13.1 g 
per week at six months in the placebo group and 12.3 g per week at seven months in 
the MMF group. From the seventh month on, mean IVIg doses were gradually increased 
to 20.2 g per week in the placebo group and 18.0 g per week in the MMF group at 12 
months. Mean IVIg doses or dose reduction did not differ significantly between MMF 
and placebo group at any stage of the study. 

Only one patient in the MMF group fulfilled the primary outcome measure: in this 
patient the dose was reduced by 52% from 21 g per week at baseline to 10 g per week 
at 12 months. One year after stopping MMF treatment in this patient, the IVIg dose was 
gradually increased to 13.3 g per week to maintain muscle strength.

At 12 months of treatment, mean IVIg doses per week were higher compared to baseline 
in placebo and MMF groups due to reloading of IVIg to restore deterioration of muscle 
strength and functional scores. Six months after the trial had ended, mean IVIg doses 
had returned to baseline levels (17.0 g per week for both groups). 

Secondary outcome measures: muscle strength, functional status, anti-GM1 antibody 
titres

MMF treatment adjunctive to IVIg during the first three months of the trial did not 
lead to improved muscle strength or functional status (Table 4.4.1): muscle strength 
measured by MMT and dynamometry (data not shown) did not change significantly 
nor did any of the functional impairment scores after three months. Muscle strength 
and functional impairment scores were not significantly different between placebo and 
MMF groups at any stage during the trial.

At baseline anti-GM1-IgM-titres in sera from 8 (57%) patients from the MMF group and 
8 patients (57%) from the placebo group could be detected. Anti-GM1-IgM titres in serum 
samples from 23 patients (12 patients from the MMF group, 11 patients from the placebo 
group) obtained at inclusion and at the end of the trial were determined. GM1-IgM titres 
were similar at baseline and at 12 months in placebo and MMF groups (p=0.40). 

Adverse events and side effects

Side effects are listed in Table 4.4.2. Abnormal ancillary investigations (haematological, 
hepatic or renal function) were not observed. Headache occurred significantly more 
often in the MMF group. Gastrointestinal complaints, sleep disturbance and rash 
were more frequently reported by patients treated with MMF, but this failed to reach 
statistical significance. One patient from the MMF group was diagnosed with cutaneous 
lupus erythematosus during the study. The consulting dermatologist concluded that a 
relation of lupus erythematosus onset and the use of MMF was unlikely, and the patient 
continued study medication.  



DISCUSSION
This is the first randomized placebo-controlled trial to evaluate safety and efficacy 
of adjunctive treatment with immunosuppressive drugs of MMN patients using IVIg 
maintenance therapy. The use of MMF is safe, but does not alter disease course of MMN 
patients or allow significant reduction of IVIg doses. 

MMF has been used successfully for preventing the rejection of renal, heart, or liver 
transplants and for the therapy of immune-mediated diseases. Recently, MMF has 
been used for the treatment of immune-mediated neuromuscular disorders including 
chronic inflammatory demyelinating polyneuropathy, MMN, myositis, and myasthenia 
gravis.17, 19-21, 23, 24 It is only in myasthenia gravis, however, that a small, randomized, 
double-blind, placebo-controlled study has been conducted.19 Uncontrolled studies 
have provided conflicting results regarding the efficacy of MMF treatment in MMN.25, 

32 No benefit was found in one study that treated one patient with MMN with 1000 mg 
MMF twice daily. However, this patient was refractory to various treatment regimens 
such as IVIg or plasma exchange.32 In a more recent study, four patients with MMN who 
were all on large doses of IVIg were treated with MMF in a dosage of 1000 mg twice 
daily, with the aim of reducing IVIg while maintaining a satisfactory and stable clinical 
state.25 In three of the four patients with MMN, IVIg infusion could be reduced by at 
least 50% after 2 to 4 months, while in two of these patients IVIg could eventually be 
discontinued even after one year, suggesting a beneficial effect of MMF for reducing 
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Table 4.4.2 Adverse events

Data are numbers (%). MMF = mycophenolate mofetil. * = significant difference (p < 0.001).

Adverse events MMF Placebo

Diarrhoea 3 (21%) 3 (21%)

Nausea 4 (29%) 2 (14%)

Gastrointestinal pain 5 (36%) 2 (14%)

Fever 1 (7%) 0

Flu like symptoms 5 (36%) 0

Loss of weight 0 1 (7%)

Pain, not otherwise specified 3 (21%) 5 (36%)

Headache 7 (50%) 1 (7%)*

Fear 1 (7%) 1 (7%)

Sleep disturbance 4 (29%) 2 (14%)

Rash, eczema 6 (43%) 4 (29%)



IVIg doses in MMN. The design of this study was similar to ours but patients were 
treated and the effect measured in an open fashion. In our randomized, double-blind, 
placebo-controlled trial in 28 patients with MMN, IVIg doses of only one patient could 
be reduced by 50%. In addition, no trend towards a significant effect of MMF was found 
in any of the outcome measures. 

Since MMN and many other neuromuscular disorders are relatively rare, conducting 
a placebo-controlled trial may be cumbersome and non-evidence-based experimental 
treatment tempting. The outcome of this randomized controlled clinical trial on the 
efficacy of MMF in MMN does not support the results of an uncontrolled preliminary 
study, and demonstrates the necessity of performing placebo-controlled trials in 
neuromuscular disease. MMF is currently being studied in two prospective, randomized, 
double-blind, placebo-controlled trials to better establish its role in the treatment of 
myasthenia gravis. 

Add-on therapy that allows IVIg dose reduction in MMN would reduce health care 
costs, and the patient burden of repeated infusions. This randomized controlled trial 
was designed to allow an IVIg dose reduction of 50%. Although we cannot exclude the 
possibility that MMF would allow IVIg dose reduction of less than 50%, we feel that 
only significant reductions, or an additional beneficial effect on disease course would 
justify the lifelong use of immunosuppressive drugs.33, 34 Moreover, there was no trend 
towards lower IVIg doses in patients allocated to MMF as compared to placebo. 

Treatment of kidney transplant patients with 1000 mg of MMF twice daily effectively 
suppresses B-cell and T-cell proliferation, and has relatively few side effects.15 Steady 
state MMF plasma levels are reached within 90 days after the start of treatment35, and 
beneficial effects on disease course of autoimmune disorders are observed after a median 
treatment period of 11 weeks.19, 20 It, therefore, seems unlikely that MMF treatment of 
MMN patients prior to reducing IVIg doses was too short to detect a beneficial effect 
of the combined treatment of IVIg and MMF on muscle strength or functional status. 
In addition, it seems unlikely that reduction of IVIg maintenance treatment was started 
before MMF was effective. Patients were treated with 1000 mg of MMF twice daily, 
because this dose induces plasma levels well above the minimum required plasma 
concentration in patients without immunosuppressant co-medication and with normal 
renal function.16, 35, 36 

The use of MMF did not reduce GM1-specific IgM titres in plasma of MMN patients. 
Uncontrolled studies showed that treatment of MMN patients with cyclophosphamide 
reduces GM1-specific IgM titres.37 Similarly, two studies suggested that treatment with 
MMF, 1000 mg twice daily, is associated with a reduction of acetylcholine receptor-
specific antibody titres in plasma from myasthenia gravis patients.19, 20 It is not exactly 
clear why MMF does not suppress the function of GM1-specific B-cells and plasma 
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cells. Glycolipid-specific B-cells may have lower proliferation rates than protein-specific 
B-cells, and may be less susceptible to the proliferation suppressing effects of MMN.

Clarification of MMN pathogenesis may facilitate the selection of immunosuppressive 
drugs which may have a beneficial effect on disease course. Cost-effectiveness should 
be balanced against the risks of short- and long-term toxicity. Future randomized, 
placebo-controlled trials in MMN may focus on efficacy of other immunosuppressive (e.g. 
azathioprine, methotrexate cyclophosphamide or cyclosporine) or immunomodulating 
(e.g. rituximab, or interferon β1a) drugs.
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SYMPTOMATIC TREATMENT IN ALS
Symptomatic treatment remains the only way doctors can improve quality of life of 
patients with amyotrophic lateral sclerosis (ALS), due to the lack of specific treatment. 
Although many potentially disease course-modifying strategies for ALS have been 
tested in clinical trials1-7, only riluzole has proven to extend life expectancy marginally.8 

Although symptomatic treatment may be a way to show a doctor’s good intentions, we 
know little about its efficacy and when it should be started. Evidence based symptomatic 
treatment would therefore be welcomed by patients and doctors alike. 

Probably the most important interventions are non-invasive ventilation and insertion of a 
feeding tube. At the start of this research project, the effects of non-invasive ventilation 
had not been studied systematically, although various studies suggested a positive effect 
on quality of life, survival and other outcome measures. We systematically analyzed the 
results from the available studies (Chapter 2.1), and concluded that randomized trials 
were needed to confirm the positive results from uncontrolled trails. Shortly thereafter 
a well-performed randomized controlled trial (RCT) was published which confirmed that 
treatment of respiratory insufficiency by non-invasive ventilation improves quality of 
life and prolongs survival to a greater extent than riluzole (Chapter 2.2).9 

The recently published guidelines of the American Academy of Neurology on the 
management of ALS are based on a systematic review of the literature,10, 11 and show 
that there are many questions regarding symptomatic treatment in ALS that remain to be 
answered. There is no level A evidence for the most sensitive method to detect nocturnal 
hypoventilation.10, 11 More importantly, we still do not know which subgroups of patients 
have the highest chance to benefit from non-invasive ventilation, and which patients do 
not. Non-invasive ventilation can be rather invasive in the bedroom of the patient and 
caregiver, and, unnecessary or untimely treatment should be averted. Since respiratory 
insufficiency progresses, the need of non-invasive ventilation will gradually increase, 
and eventually lead to 24-hour dependency on a respirator. It is not known whether this 
negatively influences quality of life. The question of how patients and caretakers cope 
with the decision and timing to stop non-invasive ventilation needs to be answered. 

A second important decision is whether and when feeding tubes should be inserted. 
Early insertion may expose patients to unnecessary risks, and may interfere with 
various aspects of quality of life. Late insertion may expose patients to higher risks 
of complication and underfeeding. Future trials should address these questions, and 
international collaboration of clinics specialised in ALS may be needed to enrol sufficient 
numbers of patients.  

Good care and evidence-based information on treatment options are synonymous. 
Unfortunately, the progressively disabling and fatal nature of the disease exposes ALS 
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patients to the siren song of supposedly effective therapies in the media or on websites.12, 

13 Patients should be informed about potential hazards of treatments that very likely will 
not be effective, even when patients take the initiative to be treated abroad at their own 
cost. Physicians should explain that publications suggesting positive treatment effects, 
but not fulfilling criteria for well-designed trials should be confirmed, and should not 
be used to support the frequently brought-up argument that it is unethical to withhold 
‘effective’ treatment from patients (Chapter 2.3).13

Directions of future research:

To investigate which method is most sensitive to detect nocturnal •	
hypoventilation.

To distinguish subgroups of ALS patients that benefit from non-invasive •	
ventilation.

To determine the moment non-invasive ventilation should be initiated.•	

To study the effects of non-invasive ventilation on decision making at the •	
end of life. 

To determine the optimal moment for feeding tube insertion.•	

THE SURVIVAL MOTOR NEURON GENE: FROM GENE TO TREAT-
MENT IN SMA AND ALS
Monitoring of treatment effects

Onset of spinal muscular atrophy (SMA) is most common in early childhood, and is 
characterized by not reaching motor milestones such as sitting or standing and walking. 
Children with SMA type 3 learn to walk independently, but may lose this skill later in 
life. The natural disease course of late onset SMA, i.e. with onset after the age of 10 
years, has not been described in detail due to the relative rarity of the disorder. The 
findings presented in Chapters 3.1 and 3.2 show that the disease course of late onset 
SMA is characterized by relatively stable or very slowly progressive disease following 
onset.14-17 SMA is probably not a primary neurodegenerative disease, because continuous 
deterioration of muscle weakness is uncommon, and has some characteristics of a 
developmental disorder. The relatively stable disease course complicates the selection 
of outcome measures for clinical trials. Experimental treatment of SMA focuses on 
interventions that increase survival motor neuron (SMN) protein production. Surrogate 
outcome measures therefore include techniques to quantify SMN protein concentrations. 
We developed an SMN ELISA to monitor effects of experimental treatment on SMN 
expression (Chapters 3.3, 3.4 and 3.5).18, 19 
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It should be emphasized that it remains to be established whether increasing SMN protein 
expression will result in clinical improvement or at least halt the slowly progressive disease 
course. If increasing SMN expression has a beneficial effect on disease course, the threshold 
for efficacy should be determined. Mechanisms by which SMN deficiency causes weakness 
remain to be clarified. It is for example not known why SMN deficiency selectively causes 
motor neuron death, when it is ubiquitously expressed. The hypothesis that is frequently 
quoted is that during development motor neurons and their large axons have a higher 
demand for ribonucleoprotein assembly and RNA processing. In addition, the role of SMN 
protein in motor axon outgrowth may be crucial for the function of motor neurons. 

Although it is generally accepted that SMA is characterized by death of motor neurons, 
muscle dysfunction may contribute to weakness. The results presented in Chapter 3.2 
indeed seem to suggest that development of muscle weakness follows a segmental 
pattern, but the pattern of predominantly proximal weakness is also reminiscent of 
many myopathies. Recent studies indeed favour the idea that the muscle pathology 
contributes to weakness.20, 21 SMN may be an essential sarcomeric protein, and has 
been shown to play a role in the development of the sacromere in Drosophila and 
mice through association with actin and actinin.22-25 Trichostatin A treatment of Smn 
knock-out, transgenic high copy SMN2 mice resulted in improved motor function and 
maturation of muscle fibres, suggesting that experimental therapies may act both at 
the level of the motor neuron and muscle.26, 27 

Disease models of SMA and ALS

The ideal animal model for human disease is cheap, has short generation times and can 
be used for genetic and drug experiments, and pathogenic processes and clinical signs 
should mimic human disease.28, 29 

The SMA mouse model fulfils the majority of these criteria.28 Smn-/- mice with two SMN2 
copies produce low levels of SMN protein.30 At birth these mice are indistinguishable 
from their littermates, but failure to thrive causes death within days after birth. At day 
one these mice show a normal motor neuron count, but at day five 40% of spinal and 
facial motor neurons are lost. This indicates that motor neuron loss occurs relatively 
late in the disease course. In mice expressing 50% of normal Smn protein levels, 50% 
motor neuron loss by one year of age has been observed, despite a normal life span and 
no overt clinical phenotype.30 These findings may suggest that that timing and speed of 
motor neuron loss may be more important than the actual number of motor neurons 
lost. Smn-/- mice with eight SMN2 copies do not develop SMA.30 Smn-/- mice with two 
SMN2 copies and an additional SMN2Δ7 copy display attenuated disease severity.31 
Further evidence for a functional role of SMN2Δ7 mRNA transcripts comes from 
experiments using mice, which lack exon 7 in the Smn gene (SmnΔ7). The presence of 
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SmnΔ7 extended embryonic survival in comparison with Smn-/- mice.32 SmnΔ7 mice have 
misorganized neuromuscular junctions, impaired axonal sprouting, massive accumulation 
of neurofilaments in terminal axons and a significant larger loss of motor axons than 
cell bodies. These data may also suggest that motor cell body loss in SMA is due to a 
dying back axonopathy.32 

Other SMA disease models, such as unicellular eukaryotes, nematodes, arthropods, and 
the zebrafish have been of additional value to decipher gene function and have provided 
a platform to identify and test therapeutic strategies.28

The incomplete understanding of the aetiology and pathogenesis of sporadic ALS has 
complicated the development of an animal model of ALS.29 The transgenic SOD1 mouse 
model is the most important animal model used, and mimics pathogenic processes in 
the most common form of familial ALS due to SOD1 mutations.33 Although frequently 
used, the translation of therapeutic agents that were successful in the SOD1 mouse 
model into effective treatment in humans has been disappointing, with the notable 
exception of riluzole.34 ALS due to SOD1 mutations and sporadic ALS may not share 
a final common pathway. Since reports of effective treatment could not always be 
reproduced, genetic background, epigenetic or littermate clustering may co-determine 
drug efficacy. Experimental groups are often small, and death from non-ALS related 
causes may have significant effects on the outcome of experiments.34 

We used a double transgenic SOD1-G93A+/- SMN2+/- mouse model to study the disease 
modifying effect of SMN, and possible beneficial effects of valproic acid (VPA) treatment 
(Chapter 3.4). The presence of eight SMN2 copies did not change disease course in 
SOD1 mice. We can, however, not discard the hypothesis that the SMN2 gene plays a 
disease-modifying role in sporadic ALS. SMN protein and mRNA levels were not higher 
in spinal cord after VPA treatment. This may be caused by a ‘ceiling effect’ of SMN in a 
mouse model with eight SMN2 copies that would preclude an additional increase as a 
result of histon deacetylation (HDAC) inhibition by VPA. Ideally, the experiments should 
be repeated in a SOD1-G93A+/- low copy SMN2+/- mouse model. 

The use of cell cultures may be more time and cost efficient to study the effects of potential 
drugs for SMA and ALS treatment. The use of cell cultures in SMA and ALS research by 
definition implies important differences in cell characteristics between motor neurons 
and fibroblasts and EBV immortalized cells. Fibroblast cultures or EBV immortalized 
cell lines (Chapter 3.5) may be of limited value for a large number of reasons. First, the 
growth rate in cultures does not reflect the situation in motor neurons of SMA patients. 
Secondly, tissue specific regulation of SMN gene expression has been observed, with the 
highest levels of expression detected in neuronal tissue, especially in motor neurons, 
and substantially lower levels in other tissues including fibroblasts and lymphocytes.35, 

36 Changes in mRNA transcription and protein translation after immortalization of 
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lymphocytes may change histone acetylation rendering it less susceptible to HDAC 
inhibition. Nevertheless, cell models may still serve as important proof-of-concept tools 
before drugs are tested in animal models and in randomized clinical trials.

SMN2 copy number: gene-dose relationship

The number of SMN copies correlates inversely with severity of SMA and ALS disease 
course.37-39 This association cannot be completely explained by the fact that higher 
SMN2 copy numbers are associated with increased SMN protein levels.40 SMN protein 
levels were decreased in leukocytes from patients with SMA type 2/3, while others only 
showed decreased SMN mRNA and protein levels in SMA type 1 patients (Chapter 3.3).41 
Importantly, ALS patients express SMN protein levels comparable to healthy controls, 
and SMN protein levels did not correlate with SMN2 copy numbers in the presence of 
at least one functional SMN1 allele (Chapters 3.3 and 3.5). This suggests that other 
factors may explain the association of high SMN2 copy number and relatively favourable 
disease course in patients with ALS, and possibly SMA. Epigenetic mechanisms, such 
as DNA methylation and modifications to histone proteins regulate high-order DNA 
structure and gene expression.42 Aberrant epigenetic mechanisms may be involved in 
SMN mRNA transcription in both SMA and ALS. SMN protein levels decrease after birth 
in neuronal and muscle tissues, an event that has been linked to the use of different 
transcription sites during fetal development compared to adulthood.43, 44 Insufficient 
SMN protein levels during motor neuron development and axonal outgrowth may 
compromise motor neurons in later life and make them vulnerable for exogenic factors 
involved in pathogenesis of motor neuron disease.

Effects of treatment with valproic acid

Although VPA did not induce increased SMN protein and mRNA levels in SOD1-
G93A-/- SMN2+/- mice (Chapter 3.4), or in EBV immortalized cell lines of SMA patients, 
heterozygous carriers of SMN1 deletions and ALS patients (Chapter 3.5), we observed 
increased SMN protein levels in lymphocytes of five-out-six SMA patients who were 
treated with VPA (Chapter 3.3). Similar effects were not observed in lymphocytes 
from ALS patients (Chapter 3.5) after treatment with VPA. The clinical relevance of 
up-regulation of SMN protein levels in SMA has not been established, but one open 
label trial and another small pilot study suggest that VPA may be effective in a subset 
of SMA patients.45, 46 The negative results of the RCT presented in Chapter 3.6 may be 
explained by the fact that supra-normal levels of SMN protein may not reverse motor 
neuron death in ALS. Alternatively, HDAC inhibition by VPA may have been too weak to 
induce an effect that could have ameliorated disease course in ALS patients.47 The use 
of more potent HDAC inhibitors may have resulted in a positive effect.41 HDAC inhibitors 
have the ability to induce the expression of several hundreds of genes. This may cause 
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a beneficial effect, but it is also possible that upregulation of other genes than SMN 
might even worsen disease course. HDAC inhibitors may have a role in neuroregenesis 
and regeneration, suggesting that they could ameliorate disease by both preventing 
neuronal death and enhancing brain repair.48 Future studies could, therefore, explore 
the potential of more potent HDAC inhibitors for the treatment of ALS and SMA.

Directions of future research:

To develop meaningful outcome measures for clinical trials.•	

To perform genome-wide studies of families with SMA patients and carriers •	
to understand phenotypic differences in patients with identical SMN2 copy 
number.

To study the association of SMN protein and disability.•	

To clarify the role of epigenetics in •	 SMN2 function.

To explore the efficacy of more potent HDAC inhibitors in SMA and ALS.•	

IMMUNE MEDIATED MECHANISMS AND IMMUNE-MODULATION 
IN MOTOR NEURON DISORDERS AND MOTOR NEUROPATHY
The narrowing gap between motor neuron disease and motor neuropathy

Part 4 of this thesis focuses on immune-mediated pathogenic mechanisms in multifocal 
motor neuropathy (MMN). MMN is probably the most important mimic of ALS and other 
motor neuron disorders, since it is amenable to treatment. A detailed description of 
MMN phenotypes is given in Chapter 4.2. 

Lower motor neuron disorders and MMN can be hard to distinguish, although conduction 
block can be detected in the large majority of patients when using an extensive 
nerve conduction study protocol (Chapter 4.2). It is generally assumed that MMN 
pathogenesis is immune-mediated, whereas lower motor neuron disorders are the 
result of neurodegenerative processes. The data presented in Chapter 4.1 however show 
that slowly progressive forms of muscular atrophy (PMA) may also share pathogenic 
characteristics. In addition to similar clinical phenotypes, the prevalence of IgM 
monoclonal gammopathy and anti-GM1 IgM antibodies was increased both in patients 
with slowly PMA and in patients with MMN as compared to controls. 

Although the increased prevalence of IgM monoclonal gammopathy may be secondary 
to PMA and MMN, it seems more likely that this association implies inflammatory 
pathogenic pathways.
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Correlates of outcome in MMN

Compared to ALS, patients with MMN have a better prognosis. Nevertheless, MMN is not 
a benign disorder, since a large proportion of patients reported significant impairments, 
disease progression and disability, despite intravenous immunoglobulin (IVIg) maintenance 
treatment (Chapter 4.2). A multivariate analysis of 20 patients with MMN on IVIg 
maintenance treatment, suggested that axon loss, and not conduction block, correlated 
with weakness.49 Axon loss was associated with the presence of anti-GM1 IgM antibodies 
and high anti-GM1 IgM antibody titers were correlated with severe weakness (Chapter 
4.2). These results indicate that anti-GM1 antibodies may contribute to axon loss. Anti-
GM1 IgM antibodies in sera from MMN patients are not inert antibodies, but activate 
the classical route of the complement system, in contrast to anti-GM1 antibodies in sera 
from patients with motor neuron disorders and an occasional healthy control (Chapter 
4.3). Further research may explore the correlation of anti-GM1 IgM mediated complement 
activation and the extent of axonal damage. GM1 gangliosides and voltage gated 
sodium channels co-localize at the nodes of Ranvier. Anti-GM1 IgM antibody mediated 
complement activation may result in disruption of nodal voltage gated sodium channels, 
in analogy with an animal model of acute motor axonal neuropathy.50

Why IVIg works in MMN

IVIg exerts a large series of immune modulatory effects, on both leukocytes and the humoral 
arm of the immune system.51 We explored the effect of IVIg on antibody titers, complement 
function, and the interaction of these systems. IVIg not only reduces complement deposition 
after complement activation by anti-GM1 IgM antibodies, it also exhausts the classical 
pathway, and thereby uncouples the anti-GM1 antibody-complement interaction. The 
correlation of IgG levels and complement deposition suggest that IgG levels may be 
developed as a biomarker to determine optimal dosing and treatment frequency of IVIg 
(Chapter 4.3). A central role of the complement system in MMN might explain why steroid 
treatment and plasmapheresis do not improve disease course, or may worsen it. Steroids do 
not significantly alter complement function, and plasmapheresis replenishes rather than 
exhausts complement factors. IVIg treatment may reverse conduction block and postpone 
axonal damage (Chapter 4.2). Add-on immunosuppressant therapy of MMN patients on 
IVIg maintenance treatment should aim at preventing axon loss.

New treatment strategies in MMN

All the available information seems to suggest that new treatment strategies should 
aim at reducing antibody or complement function. Monoclonal antibodies targeting 
B cells, factors involved in B cell maturation or differentiation, or against molecules 
involved in transmigration of B cells into the nervous system are the primary candidate 
drugs to treat MMN. 
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Rituximab is a monoclonal antibody directed against the surface marker of CD20 of B 
cells and their precursors. Following rituximab infusions, B cells are eliminated from 
the circulation and remain low for several weeks to months. B cell depletion is often 
accompanied by a marked reduction of IgM antibodies in serum. After treatment 
with rituximab, anti-myelin associated glycoprotein (MAG) titers were decreased by 
30-50% and clinical improvement was shown in a subset of patients with IgM anti-
MAG polyneuropathy.52, 53 In MMN, small, uncontrolled reports of the use rituximab 
have been published with conflicting results.54-56 One study showed improvement of 
muscle strength in three patients who had become less responsive to IVIg maintenance 
treatment, but another study showed no effect on outcome measures in two patients 
with the same clinical characteristics.55 Decreased anti-GM1 IgM levels and improved 
muscle strength were observed in the majority of patients, but continued treatment with 
IVIg was necessary.56-58 In one patient with MMN and anti-GM1 IgM antibodies on IVIg 
maintenance treatment, add-on rituximab treatment improved strength and allowed 
extension of intervals of IVIg administration.54 Another study could only confirm this 
in one patient, the other patient had an increased need of IVIg.59

Biologicals interfering with the function of B-cell stimulating cytokines such as B-cell 
activating factor (BAFF) and APRIL, which determine survival and proliferation of B cells in 
the periphery and in lymph nodes and spleen are an alternative treatment strategy. BCMA 
is a monoclonal antibody against APRIL and reduces plasma cells and immunoglobulin 
levels. Experience with BCMA is limited, and long-term effects are unknown.

Inhibition of complement is another strategy for treatment of MMN. The efficacy of 
complement inhibitors has been evaluated in models of antibody-mediated experimental 
neuropathy, such as the anti-GQ1b IgG model of Miller-Fisher syndrome.60, 61 The use of 
an inhibitor of C5 prevented MAC formation and showed protection of the motor nerve 
terminal against immune mediated neuropathy.60, 61 Eculizumab, a humanized monoclonal 
mAb against C5, is effective in treatment of paroxysmal nocturnal hemoglobinuria, a 
disorder caused by complement-mediated lysis of red blood cells, but the associated 
increased risk for meningococcal infection may result in serious adverse events.62, 63 

Future trials may explore the potential benefits of complement inhibition in MMN, but 
it may turn out that IVIg is an efficient complement inhibiting drug in itself.

It is not known whether sera of MMN patients contain anti-GM1 IgM antibodies before 
symptoms of polyneuropathy develop, similar to antibodies against MAG that can be 
detected in sera of patients with polyneuropathy associated with monoclonal IgM 
gammopathy long before first symptoms are noticed. If this were the case, it would 
be interesting to investigate which trigger would allow these antibodies to become 
pathogenic. Disruption of the blood-nerve barrier probably precedes binding of anti-
GM1 IgM antibodies to nerves. Anti-GM1 antibodies may facilitate disruption of the 
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blood–nerve barrier in motor nerves, as was shown in sural nerves.64 Ultrasonography 
of peripheral nerves in MMN patients showed nerve enlargements, which may suggest 
focal disruption of the blood-nerve barrier.65 Counteracting disruption of the blood-nerve 
barrier may be an alternative treatment strategy in MMN. 

Design of clinical trials in MMN

We performed the first randomized clinical trial of add-on treatment of MMN patients 
on IVIg maintenance treatment (Chapter 4.4).66, 67 There is a lack of evidence for 
efficacy of immunosuppressive therapy in MMN.67 Ideally, new drugs should be tested 
as monotherapy. Due to the rarity of MMN it is impossible to perform an adequately 
powered RCT with newly diagnosed MMN patients, even in the setting of an international 
collaboration. It is considered unethical to withdraw effective treatment, such as IVIg, 
from MMN patients.68 Trials therefore need to be designed to evaluate the effects of 
add-on therapy on clinical outcome, using outcome measures such as muscle strength, 
functional impairment, or the remaining need of IVIg. The former design may cause 
interpretational difficulties since additional clinical improvement is improbable in 
MMN patients who respond to IVIg. We therefore propose to design RCTs of add-on 
immunosuppressive treatment of MMN patients on IVG maintenance treatment by using 
IVIg dose reduction as primary endpoint.

Aims of future research:

To investigate the cause of increased anti-GM1 IgM antibody titres.•	

To study whether axonal damage correlates with anti-GM1 IgM mediated •	
complement activation.

To establish biomarkers for treatment efficacy of IVIg.•	

To evaluate treatment strategies that target B cells or complement.•	
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INTRODUCTION
This thesis explores treatment strategies of amyotrophic lateral sclerosis, lower motor 
neuron disorders and the pure motor neuropathy ‘multifocal motor neuropathy’. In 
chapter 1 (see Figure 1.1), these disorders are discussed. 

Amyotrophic lateral sclerosis (ALS) is a devastating disorder of both the central and 
peripheral nervous system. ALS leads to progressive muscle weakness of the arms, legs, 
face and trunk, as the motor neuron cells in the spinal cord and brain stem degenerate. 
Involvement of the pyramidal tract results in superposed spasticity, most notably in 
speech. On average 50% of the ALS patients will have died three years after the diagnosis, 
often of respiratory insufficiency. 

There are a number of disorders that mimic ALS, but have a different disease course. 
Progressive muscular atrophy (PMA) is a variant of sporadic ALS in which only the 
peripheral motor neurons are affected. In most patients with PMA, disease course is 
similar to ALS, but a subgroup of patients lives significantly longer. Spinal muscular 
atrophy (SMA) is another disease in which only the peripheral motor neuron is affected. 
SMA is the most common inherited cause of mortality and severe morbidity in childhood, 
and is caused by a homozygous deletion of the survival motor neuron (SMN)1 gene. The 
age when first symptoms occur and severity of symptoms are used to distinguish four 
different SMA types (SMA types 1-4). Most patients with the most severe type, SMA 
type 1, die in the first year after birth. Disease course in children with SMA (types 2-3) 
is characterized by gradually progressive weakness in many years after symptom onset. 
SMA with late onset, i.e. after 10 years of age, is rare, and its disease course has not been 
described in detail. Multifocal motor neuropathy (MMN) is a disease of the motor axon 
rather than the motor neuron, but its clinical presentation may mimic ALS, with onset 
of reduced dexterity of hands or a drop foot. Nerve conduction studies characteristically 
show conduction block. The distinction with ALS is of utmost importance since MMN is 
treatable with regular infusions of immunoglobulins (IVIg). IVIg improves muscle strength 
in almost all patients with MMN, but the effects are short-lived and permanent deficits 
may occur despite maintenance treatment. 

SYMPTOMATIC TREATMENT OF ALS
Out of more than 10 randomized clinical trials (RCT), only riluzole (Rilutek®) was shown to 
prolong the lives of ALS patients by an average of 3 months. The mainstay of treatment 
of ALS patients is therefore symptomatic, aiming at reducing excessive salivation, and 
addressing mobility and communication problems and swallowing disorders. 

Nocturnal hypoventilation is caused by weakness of the respiratory muscles, and causes 
fatigue, concentration problems, excessive daytime somnolence, reduced quality of 

208

Summary



sleep, and morning headaches. Nocturnal hypoventilation is associated with reduced 
life expectancy, and its symptoms reduce the remaining quality of life. Treatment of 
respiratory insufficiency by non-invasive mechanical ventilation must be considered. 
Non-invasive ventilation is performed through a nasal or mouth mask, and should be 
distinguished from invasive (tracheostomal) ventilation. The latter technique is rarely 
used for treatment of ALS patients in The Netherlands, because almost all patients have 
to be admitted to a specialized nursing home, and most specialists (and patients) agree 
that tracheostomal ventilation does not result in an acceptable quality of life, although 
life span is extended. 

The use of non-invasive ventilation may be a difficult choice for patients and caregivers, 
since it has a significant impact on daily life of both. It is therefore crucial that doctors 
can discuss the pros and cons with their patients using the available evidence on the 
effects of non-invasive ventilation. We therefore performed a systematic review of 
the literature to analyze and summarize the scientific evidence of the effects of this 
treatment on the quality of life. All available studies showed that non-invasive ventilation 
might have a beneficial effect on the quality of life, but well performed randomized 
controlled trials had not been conducted. Shortly after the conclusion of this systematic 
review, the results of a randomized controlled trial were published, which confirmed that 
non-invasion ventilation improves quality of life and prolongs life of ALS patients while 
maintaining quality of life. Although there are many remaining questions, including 
which subgroup(s) of patients will benefit most from non-invasive ventilation, or how 
patients and their families (should) deal with decisions to stop the use of non-invasive 
ventilation at terminal stages of the disease, this study will help physicians to guide 
ALS patients in decision-making. 

It is easy to empathize that patients with ALS, whom doctors have little more to 
offer than riluzole spiced with good intentions, resort to ‘alternative’ therapies. Such 
therapies may consist of prescribing vitamin supplements, but may also consist of risky 
invasive procedures. At the start of this decennium, the possibility of stem cell therapy 
offered by a group in Beijing that claimed immediate improvement in muscle strength 
caused a stir in the Dutch ALS community. Although these claims were not supported 
by results from RCTs, some patients decided that they would take the chance, despite 
the considerable costs (up to $20.000). We documented muscle strength and levels of 
daily functioning of 7 ALS patients before and after this treatment. None of the patients 
showed improvement in muscle strength, respiratory function and daily functioning. 
Two patients developed severe adverse reactions. Our study shows that experimental 
treatment should only take place under controlled conditions according to international 
guidelines for research with humans.
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THE SURVIVAL MOTOR NEURON GENE: FROM GENE TO TREATMENT 
IN SMA AND ALS
SMA with late onset is an ALS mimic, but little is known about its natural history. We 
therefore identified and examined the disease course of 12 SMA patients with late 
onset and concluded that disease course is comparable with the other SMA subtypes 
and is characterized by very gradual decline or stabilization after an initial phase of 
rapid decline. The slow disease progression complicates the selection of clinical outcome 
measures for clinical trials. 

SMA is caused by a homozygous deletion of the SMN1 gene on chromosome 5. The 
SMN locus contains a second SMN gene, the SMN2 gene. The SMN2 gene differs little 
from the SMN1 gene, but one difference is crucial, and results in reduced levels of 
functional SMN protein. The SMN2 gene produces only 10-30% of functional SMN 
protein as compared to the SMN1 gene. Although 5-10% of the healthy individuals 
lack the SMN2 gene, all patients with SMA retain at least 1 SMN2 copy, but more often 
carry 2-4 SMN2 copies. Since patients with SMA lack SMN1 copies, the production of 
SMN protein in SMA patients depends completely on SMN2. Studies have shown that 
SMA patients with more copies of the SMN2 gene have less severe disease. It is thought 
that SMA patients are relatively protected by a high number of SMN2 copies because 
this results in relatively high SMN protein levels. Interestingly, SMN copy number may 
also be associated with ALS. ALS patients with < 2 SMN2 copies have a less favourable 
disease course than ALS patients with ≥ 2 SMN2 copies. In summary, the SMN2 gene 
is a disease-modifying gene in SMA and ALS. 

Increasing SMN protein expression by the SMN2 gene could therefore have a positive 
effect on the course of both diseases. Valproic acid (Depakine®) has been used for decades 
as an effective drug in epilepsy, migraine and mood disorders. Up-regulation of SMN 
mRNA and protein expression by enhancing SMN2 transcription activity has been shown 
after valproic acid treatment of cell cultures of SMA patients. 

We treated 6 patients with SMA with valproic acid and studied the effect on SMN protein 
expression using an SMN specific ELISA. In leukocytes from 5 out of 6 SMA type 2/3 
patients increased SMN expression was found after treatment. The clinical significance 
of this up-regulation remains, however, unclear. Muscle strength and functional outcome 
measures did not increase after treatment. Valproic acid did not change disease course 
in patients with ALS. Although valproic acid was safe, it did not prolong life. In contrast 
to patients with SMA, treatment with valproic acid did not change SMN mRNA and 
protein expression in leukocytes of ALS patients. The reason for this difference remains 
to be established. We hypothesized that valproic acid does not further increase SMN 
protein levels in the presence of at least one SMN1 gene, and investigated the effects of 
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valproic acid in cell cultures of SMA and ALS patients. We could not detect an increase 
of SMN expression as reported previously in fibroblast cultures after treatment with 
valproic acid, in our cell model of immortalized lymphocytes. Moreover, in a double 
transgenic ALS animal model carrying both the mutated human SOD1 gene, which 
causes an ALS-like disease, in addition to eight copies of the human SMN2 gene, we 
did not observe changes in disease course and SMN mRNA and protein expression in 
motor neuron cells of the spinal cord after treatment with valproic acid. The effect of 
valproic acid on SMN expression seems for unknown reasons limited to SMA. Whether 
this effect alters disease course remains to be shown.

IMMUNE-MEDIATED MECHANISMS AND IMMUNE MODULATION 
IN MOTOR NEURON DISORDERS AND MULTIFOCAL MOTOR 
NEUROPATHY
MMN may result from an immune-mediated attack on the myelin and axons of motor 
nerves. The presence of IgM antibodies against the glycolipid (ganglioside) GM1 that 
is abundantly expressed in motor nerves and the beneficial effect of intravenous 
immunoglobulins (IVIg) support the idea that MMN is an immune-mediated neuropathy. 
Antibodies against gangliosides are also found in sera of patients with other inflammatory 
neuropathies such as the Guillain-Barré syndrome, and in some patients with ALS and 
other motor neuron disorders.

It may be hard to distinguish MMN from ALS, in particular the lower motor neuron 
variant PMA. PMA probably encompasses a number of different disorders, with 
differences in disease course and prognosis. At present, PMA with slow progression can 
not be distinguished from the variant with an ALS-like disease course. Since the disease 
course of a subset of patients with slowly PMA resembles that of MMN, we examined 
whether these disorders may share immunological characteristics. First, we examined 
whether monoclonal gammopathy of undetermined significance, a condition in which 
monoclonal IgG or IgM paraprotein can be detected in blood samples of patients, 
was more frequent in patients with ALS, PMA or MMN as compared to controls. IgM 
monoclonal gammopathy is associated with distal sensory and motor polyneuropathy, 
but there are also studies showing increased prevalence in ALS. A case-control study 
showed increased prevalence of IgM monoclonal gammopathy in patients with slowly 
PMA and MMN compared to patients with ALS, rapidly PMA and healthy controls. 
Both MMN and PMA were further characterized by an increased prevalence of anti-
GM1 IgM antibodies. These findings may suggest that immune-mediated mechanisms 
contribute to the pathogenesis of slowly PMA. Future treatment strategies in this 
subgroup of motor neuron disorders might therefore focus on immune modulation or 
immune suppression. 
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The beneficial effects of IVIg in MMN are incompletely understood, and insight in its 
immune modulating mechanisms could help to design better treatment strategies. We 
studied the effects of IVIg on the interaction of anti-GM1 IgM antibodies and the classical 
pathway of complement. The role of anti-GM1 IgM antibodies in MMN pathogenesis 
remains controversial. Some authors have argued that these antibodies do not play a role 
in MMN pathogenesis, since they can also be detected in blood from patients with other 
disorders than MMN, such as ALS. Others have pointed out that anti-GM1 antibodies 
are also a hallmark of acute motor axonal neuropathy (AMAN), a pure motor variant of 
Guillain-Barré syndrome, and that the relation with MMN should therefore be more than 
coincidental. AMAN is probably caused by binding of GM1-specific antibodies to GM1 on 
motor nerves. Experimental evidence suggests that binding of antibodies is followed by 
activation of the classical pathway of the complement system. Deposition of activated 
complement on the axon or myelin sheath may damage the nerve and thereby cause 
weakness. We therefore compared the complement-activating properties of anti-GM1 
IgM antibodies in serum from MMN patients and disease controls, and documented that 
complement activation was a characteristic of sera from MMN, but not of sera from 
other patients. The addition of IVIg reduced complement deposition significantly, and 
moreover reduced concentrations of crucial classical pathway components including 
C1q and C4 in blood of MMN patients. IVIg may thus exert both local and systemic 
effects on the classical route of the complement system, both contributing to reduced 
complement deposition in nerves. It remains to be determined whether the interplay 
of antibodies and complement are an important cause of axon loss in MMN. Axon loss 
and longer duration of illness without treatment with intravenous immunoglobulins 
were found independent determinants of severe weakness and limitations in a national 
case cohort study of 88 patients with MMN. Combined, our studies suggest that the 
prevention of further axonal damage by reducing complement activation could be an 
important future treatment strategy. 

Immune modulation in addition to IVIg was studied in patients with MMN. Several 
uncontrolled small-scale studies had suggested that add-on immunosuppressive 
treatment could reduce the dose or frequency of expensive treatment with IVIg in MMN 
patients. Mycophenolate mofetil is a relatively new immunosuppressive drug with a 
favourable safety profile. We therefore studied the safety and efficacy of mycophenolate 
mofetil in the first randomized controlled trial in MMN patients who used maintenance 
treatment with IVIg. Treatment of MMN patients with mycophenolate mofetil was safe, 
but had no effect on dose and frequency of administration of IVIg. Despite this negative 
result, the design of the study can be used for future RCTs in MMN. 
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INLEIDING
Dit proefschrift onderzoekt strategieën voor de behandeling van amyotrofische laterale 
sclerose, aandoeningen van het perifeer motorisch neuron en de zuiver motorische 
neuropathie ‘multifocale motorische neuropathie’. In hoofdstuk 1 (zie Figuur 1.1) worden 
deze stoornissen besproken. 

Amyotrofische lateraal sclerose (ALS) is één van de meest ernstige en invaliderende 
aandoeningen van het centrale en perifere zenuwstelsel. ALS leidt tot progressieve zwakte 
van spieren in armen, benen, gelaat en romp, doordat de motorische voorhoorncellen 
in het ruggenmerg, de hersenstam en de hersenen langzaam afsterven. Betrokkenheid 
van de piramidebaan veroorzaakt spasticiteit, met name in spraak. Gemiddeld 50% van 
de ALS-patiënten overlijdt ongeveer drie jaar na het stellen van de diagnose, meestal 
ten gevolge van respiratoire insufficiëntie. 

Er is een aantal aandoeningen dat op ALS lijkt, maar een ander ziektebeloop heeft. 
Progressieve musculaire atrofie (PMA) is een variant van sporadische ALS waarbij 
alleen perifere motorische neuronen worden aangedaan. Bij de meeste patiënten met 
PMA is het ziektebeloop vergelijkbaar met ALS, maar een subgroep van patiënten leeft 
aanzienlijk langer. Spinale spieratrofie (SMA) is ook een ziekte met betrokkenheid van 
alleen het perifeer motorisch neuron. SMA is echter erfelijk en de meest voorkomende 
erfelijke oorzaak van sterfte en ernstige morbiditeit op de kinderleeftijd. SMA wordt 
veroorzaakt door een homozygote deletie van het survival motor neuron (SMN)1 gen. 
De leeftijd waarop de eerste symptomen ontstaan en de ernst van de symptomen 
verschillen, en worden gebruikt om onderscheid te maken tussen vier verschillende 
typen SMA (SMA types 1-4). De meeste kinderen met SMA type 1 overlijden in het 
eerste levensjaar door respiratoire insufficiëntie. Het ziektebeloop bij kinderen met SMA 
types 2-3 wordt gekenmerkt door geleidelijk progressieve zwakte na manifestatie van 
de eerste symptomen. SMA met een laat begin, dat wil zeggen na het 10e levensjaar, is 
zeldzaam en het ziektebeloop is niet gedetailleerd beschreven. Multifocale motorische 
neuropathie (MMN) is een ziekte van het motorische axon in plaats van de motorische 
voorhoorncel, maar de klinische presentatie kan die van ALS nabootsen. Patiënten 
zijn geleidelijk minder vaardig met hun hand, of struikelen vaker door een klapvoet. 
Elektrofysiologische studies tonen blokkade van de zenuwgeleiding. Het onderscheid 
met ALS is van het allergrootste belang, aangezien MMN behandelbaar is met periodieke 
infusies met immunoglobulinen (IVIg). IVIg verbetert de spierkracht in bijna alle patiënten 
met MMN, maar de effecten zijn van beperkte duur en uiteindelijk kunnen blijvende 
beperkingen optreden, ondanks onderhoudsbehandeling. 
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SYMPTOMATISCHE BEHANDELING VAN ALS
De afgelopen jaren zijn er meer dan tien studies verricht met verschillende medicijnen 
die het doel hadden om het beloop van ALS af te remmen. Alleen het medicijn riluzole 
bleek het leven van ALS-patiënten met ongeveer drie maanden te verlengen. Gezien 
de teleurstellende uitkomsten van al deze onderzoeken en het bescheiden effect 
van riluzole, is de behandeling van ALS-patiënten gericht op symptoombestrijding 
van bijvoorbeeld overmatige speekselvloed, mobiliteitsproblemen, beperkingen in de 
communicatie en verminderde voedsel- en vochtinname door slikstoornissen. Eén van de 
belangrijkste symptomen die tijdens de ziekte ontstaan zijn symptomen van (nachtelijke) 
hypoventilatie door verminderde functie van de ademhalingsspieren. Patiënten zijn 
overdag vermoeider, vallen soms overdag zomaar in slaap en kunnen zich minder goed 
concentreren. Dit heeft een nadelige invloed op de kwaliteit van leven. Behandeling 
van ademhalingsinsufficiëntie door middel van een neus-mondmasker, non-invasieve 
beademing, kan in deze fase worden overwogen. Deze manier van beademen moet 
onderscheiden worden van invasieve, of tracheostomale beademing. Deze laatste vorm 
van beademing wordt weinig toegepast in Nederland, aangezien patiënten bijna altijd 
moeten worden opgenomen in een verpleeghuis en de meeste artsen en patiënten het 
erover eens zijn dat tracheostomale beademing het leven alleen verlengt zonder de 
kwaliteit ervan te verbeteren. 

Het doel van behandeling van (nachtelijke) hypoventilatie door non-invasieve beademing 
is verbetering van de kwaliteit van leven. Het starten van behandeling met non-invasieve 
beademing is voor patiënt en zijn naaste(n) of mantelzorger een moeilijke keuze, 
omdat het een ingrijpend effect kan hebben op het dagelijks leven van de patiënt en 
zijn naaste(n). Het is daarom belangrijk dat artsen hun patiënten zo goed mogelijk 
kunnen informeren over de effecten en gevolgen van deze behandeling. Wij hebben een 
systematische beschouwing van de literatuur verricht naar het wetenschappelijke bewijs 
voor het effect van deze behandeling op de kwaliteit van leven. Alle studies lieten zien 
dat er aanwijzingen zijn dat non-invasieve beademing een gunstig effect kan hebben 
op de kwaliteit van leven, maar een goed uitgevoerde gerandomiseerde, gecontroleerde 
studie was nog niet uitgevoerd. Kort daarop verschenen de resultaten van een dergelijke 
studie, die bevestigde dat non-invasie beademing de kwaliteit van leven van ALS-
patiënten verbetert en ook het leven verlengt met behoud van kwaliteit van leven. 
Voortaan kunnen artsen die ALS-patiënten begeleiden hun adviezen dus baseren op deze 
studies. Natuurlijk zijn er nog veel vragen op dit gebied, zoals de vraag welke subgroep 
van patiënten het meest profiteert van non-invasieve beademing, hoe je tekenen van 
hypoventilatie het beste onderzoekt en hoe patiënten en hun naasten omgaan met het 
moment waarop besloten wordt non-invasieve beademing te stoppen. 

Het is goed invoelbaar dat ALS-patiënten die te horen hebben gekregen dat ze lijden 
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aan een ongeneeslijke ziekte, waarover de reguliere gezondheidszorg weinig weet 
en waar ze weinig aan kan doen, hun toevlucht nemen tot therapieën buiten de 
gangbare paden. Niet alleen krijgen artsen veel vragen over alternatieve therapie, zoals 
vitaminesuppletie, speciale kruidenbaden of massages, door de invloed van het internet 
bereiken ook experimentele behandelingen in het buitenland Nederlandse ALS-patiënten. 
Soms zijn deze behandelingen risicovol. Een Chinese groep claimt directe verbetering in 
spierkracht en functioneren na injectie van stamcellen in de hersenen, zonder dat dit op 
een wetenschappelijk juiste manier werd onderzocht. Wij volgden zeven ALS-patiënten 
die de reis naar China ondernamen en veel geld betaalden voor deze behandeling en 
kwamen tot een andere conclusie. Geen van de patiënten liet verbetering in spierkracht, 
dagelijks functioneren en ademhalingsfunctie zien. Bij twee patiënten ontstonden 
ernstige bijwerkingen. Onze studie laat zien dat experimentele behandeling alleen moet 
plaatsvinden onder gecontroleerde omstandigheden volgens internationaal geldende 
richtlijnen voor wetenschappelijk onderzoek met mensen.

HET SURVIVAL MOTOR NEURON GEN: VAN GEN TOT BEHANDELING 
IN SMA EN ALS
Er is, in tegenstelling tot de andere SMA subtypes, weinig bekend over het natuurlijk 
beloop van SMA met een debuutleeftijd na het tiende levensjaar. Wij onderzochten het 
ziektebeloop van 12 SMA-patiënten met een ziektebegin na het tiende levensjaar en 
kwamen tot de conclusie dat het beloop vergelijkbaar is met de andere SMA subtypes. 
SMA wordt gekenmerkt door zeer geleidelijke achteruitgang of stabilisatie na een initiële 
fase met snelle achteruitgang. Daardoor is het moeilijk om reeds beschikbare klinische 
meetinstrumenten te gebruiken om het ziektebeloop vast te leggen in studies die het 
effect van een potentieel medicijn onderzoeken. 

SMA wordt veroorzaakt door een homozygote deletie van het SMN1 gen. Er bestaat 
op hetzelfde chromosoom 5 een tweede SMN gen. Het SMN2 gen verschilt weinig van 
het SMN1 gen, maar één verschil is cruciaal. Vergeleken met de SMN eiwitproductie 
door het SMN1 gen, produceert het SMN2 gen daardoor maar 10-30% functioneel 
SMN eiwit. SMA-patienten hebben geen SMN1 gen en ten minste één, maar vaak 
twee tot vier SMN2 kopieën. SMA-patiënten zijn voor de productie van het SMN eiwit 
dus volledig afhankelijk van SMN2. Studies hebben laten zien dat SMA-patiënten met 
meer kopieën van het SMN2 gen een gunstiger fenotype hebben (later ziektedebuut). 
Het idee is, dat patiënten met meer SMN2 kopieën meer SMN eiwit produceren en 
daardoor beschermd worden. Ook voor ALS zijn vergelijkbare associaties aangetoond. 
ALS-patiënten met < 2 SMN2 kopieën hadden een ongunstiger ziektebeloop dan ALS-
patiënten met ≥ 2 SMN2 kopieën. Het SMN2 gen wordt daarom omschreven als een 
ziektemodificerend gen bij SMA en ALS. Het verhogen van de SMN eiwitexpressie door 
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het SMN2 gen zou daarom een gunstig effect kunnen hebben op het beloop van beide 
aandoeningen. Valproïnezuur, ook bekend als Depakine®, is al decennia bekend als een 
effectief medicijn voor epilepsie, migraine en stemmingsstoornissen. Van valproïnezuur 
is echter in celkweken van SMA-patiënten ook aangetoond dat het de SMN mRNA en 
eiwitexpressie kan opreguleren door beïnvloeding van de transcriptie-activiteit van het 
SMN gen. Om het SMN eiwit te kunnen meten in leukocyten van patiënten ontwikkelden 
wij een ELISA. Dit stelde ons in staat om kwantitatief de hoeveelheid eiwit te meten 
en kan worden gebruikt als meetinstrument in toekomstige studies naar het effect van 
medicijnen die aangrijpen op het SMN gen. Wij behandelden zes SMA-patiënten met 
valproïnezuur en onderzochten het effect op de SMN eiwitexpressie. In leukocyten van 
vijf van de zes SMA type 2/3-patiënten die met valproïnezuur werden behandeld werd 
een verhoogde SMN expressie gevonden na behandeling. Wij onderzochten verder 
het effect van valproïnezuur in celkweken van SMA- en ALS-patiënten. Toename van 
SMN expressie in fibroblastenkweken na behandeling, zoals aangetoond in eerder 
gepubliceerde studies, konden wij in ons celmodel van geïmmortaliseerde lymfocyten 
niet bevestigen. Om de associatie tussen het SMN2 gen en ALS beter te onderzoeken 
ontwikkelden wij een dubbel transgeen ALS diermodel. Deze dieren werden zo gefokt, 
dat ze zowel het gemuteerde humane SOD1 gen droegen, waardoor de ze een ALS-achtig 
ziektebeeld ontwikkelen, als acht kopieën van het humane SMN2 gen. Het ziektebeloop 
van ALS-muizen veranderde niet na behandeling met valproïnezuur. Valproïnezuur was 
niet in staat om de SMN mRNA en eiwit spiegels in ruggenmergssamples van transgene 
ALS-muizen met acht kopieën SMN2 op te reguleren. Aangezien valproïnezuur niet 
alleen een gunstig effect zou kunnen hebben op het ALS ziektebeloop door beïnvloeding 
van de SMN expressie, maar ook via andere mechanismen neuroprotectief zou kunnen 
zijn, hebben we het effect van valproïnezuur ook onderzicht in een gerandomiseerde, 
sequentiële studie bij ALS-patiënten. Valproïnezuur was veilig, maar had helaas geen 
effect op het dagelijks functioneren, het ziektebeloop en de SMN mRNA en eiwitexpressie 
in leukocyten van ALS-patiënten. Het lijkt erop dat het effect van valproïnezuur op SMN 
expressie beperkt is tot patiënten met SMA. Het moet nog verder worden onderzocht 
of dit ook een gunstig effect heeft op het ziektebeloop.

IMMUUNGEMEDIEERDE MECHANISMEN EN MODULATIE VAN HET 
IMMUUNSYSTEEM BIJ MOTORISCHE VOORHOORNAANDOENINGEN 
EN MULTIFOCALE MOTORISCHE NEUROPATHIE
In het algemeen wordt aangenomen dat MMN een immuungemedieerde aandoening 
is en er door een immuungemedieerde aanslag op het myeline en de axonen van 
motorische zenuwen symptomen ontstaan die typisch zijn voor MMN. De aanwezigheid 
van IgM-antistoffen tegen het glycolipide (ganglioside) GM1, dat aanwezig is in 
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motorische zenuwen en het gunstige effect van intraveneuze immunoglobulinen (IVIg) 
ondersteunen het idee dat MMN een immuungemedieerde neuropathie is. Antilichamen 
tegen gangliosiden zijn ook gevonden in sera van patiënten met andere inflammatoire 
neuropathieën zoals het Guillain-Barré syndroom, en bij sommige patiënten met ALS 
en andere motor neuron aandoeningen. 

Het kan moeilijk zijn om MMN te onderscheiden van ALS, in het bijzonder van de 
variant waarbij alleen het perifeer motorisch neuron is aangedaan, PMA. PMA omvat 
waarschijnlijk een aantal verschillende aandoeningen, met verschillen in ziektebeloop en 
prognose. Op dit moment kunnen we PMA met langzame progressie niet onderscheiden 
van een variant met een ALS-achtig ziektebeloop. Aangezien het ziektebeloop van 
een subgroep van patiënten met langzame PMA lijkt op dat van patiënten met MMN, 
onderzochten we of ook PMA met langzame progressie immunologische kenmerken heeft. 
Allereerst onderzochten we of monoklonale gammopathie van onduidelijke betekenis, 
een aandoening waarbij monoklonaal IgG of IgM paraproteïne kan worden aangetoond 
in bloedmonsters van de patiënten, vaker voorkwam bij patiënten met ALS, PMA of MMN 
ten opzichte van een gezonde controlegroep. IgM monoklonale gammopathie wordt 
geassocieerd met distale sensorische en motorische polyneuropathie, maar er zijn ook 
studies waaruit toegenomen prevalentie bij ALS blijkt. Een case-control studie toonde 
toegenomen prevalentie van IgM monoklonale gammopathie bij patiënten met een 
langzame PMA en MMN vergeleken met patiënten met ALS, PMA met snelle progressie 
en gezonde controles. Zowel MMN en PMA met langzame progressie werden verder 
gekenmerkt door een toegenomen prevalentie van anti-GM1 IgM antilichamen. Deze 
bevindingen kunnen suggereren dat immuungemedieerde mechanismen bijdragen tot 
de pathogenese van PMA met langzame progressie. Toekomstige behandelstrategieën 
in deze subgroep van voorhoornaandoeningen kunnen zich daarom richten op 
immuunmodulatie of onderdrukking van het immuunsysteem. 

Het is niet bekend waarom IVIg gunstig is voor patiënten met MMN. Inzicht in 
de immuunmodulerende mechanismen van IVIg kan daarom bijdragen tot betere 
behandelstrategieën. Wij bestudeerden de effecten van IVIg op de interactie van anti-
GM1 IgM-antilichamen en de klassieke route van het complementsysteem. De rol van 
anti-GM1 IgM-antistoffen in de pathogenese van MMN blijft controversieel. Sommige 
onderzoekers hebben betoogd dat deze antistoffen geen rol spelen bij pathogenese 
van MMN, aangezien zij ook kunnen worden aangetroffen in bloed van patiënten met 
andere aandoeningen dan MMN, zoals ALS. Anderen hebben erop gewezen dat de anti-
GM1 antilichamen ook een kenmerk zijn van acute motorische axonale neuropathie 
(AMAN), een zuiver motorische variant van het Guillain-Barré syndroom, en dat de relatie 
met MMN daarom meer moet zijn dan alleen toevallig. AMAN wordt waarschijnlijk 
veroorzaakt door binding van GM1-specifieke antistoffen tegen GM1 op de motorische 
zenuwen. Experimentele gegevens wijzen erop dat de binding van antilichamen wordt 
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gevolgd door activering van de klassieke route van het complementsysteem. Depositie van 
geactiveerd complement op het axon of de myelineschede kan schade veroorzaken aan 
de zenuwen en daardoor zwakte veroorzaken. Wij vergeleken daarom de complement-
activerende eigenschappen van anti-GM1 IgM-antistoffen in serum van MMN-patiënten 
met sera van ALS-patienten (ziekte controles), en stelden vast dat complementactivatie 
een kenmerk is van sera van MMN-patiënten, maar niet van sera van patiënten met een 
andere ziekte. De toevoeging van IVIg verminderde de complementdepositie significant, 
en verlaagde bovendien concentraties van cruciale componenten van de klassieke route 
waaronder C1q en C4 in het bloed van MMN-patiënten. Zo kan IVIg door zowel lokaal 
als systemisch effecten uit te oefenen op de klassieke route van het complementsysteem 
bijdragen aan verminderde depositie van complement in zenuwen. Het is niet bekend 
of de interactie tussen antilichamen en complementactivatie een belangrijke oorzaak 
is voor axonale schade bij MMN. Axonale schade en langere duur van de ziekte zonder 
behandeling met IVIg waren namelijk onafhankelijke determinanten van ernstige zwakte 
en beperkingen in een nationale cohortstudie van 88 patiënten met MMN. Combinatie 
van de twee bovengenoemde studies suggereert echter dat het voorkomen van verdere 
axonale schade door verminderde complementactivatie een belangrijke toekomstige 
behandelingsstrategie kan zijn. 

Case-control en kleine studies suggereren dat toegevoegde immuunsuppresieve medicatie 
de benodigde hoeveelheid en de toedieningsfrequentie van IVIg bij MMN-patiënten die 
behandeld worden met IVIg zou kunnen verminderen. Mycophenolaat mofetil is een 
krachtig en veilig immuunsuppressivum. Wij deden daarom onderzoek naar de veiligheid 
en effectiviteit van mycophenolaat mofetil in een gerandomiseerde, gecontroleerde 
studie bij MMN-patiënten die ingesteld waren op IVIg onderhoudsbehandeling. 
Behandeling van MMN-patiënten met mycofenolaat mofetil was veilig, maar had geen 
effect op de noodzakelijke hoeveelheid IVIg. Ondanks dit negatieve resultaat kan de 
opzet van de studie worden gebruikt voor toekomstige gerandomiseerde, gecontroleerde 
studies in MMN. 
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Dankwoord *



Met veel plezier heb ik de afgelopen jaren samengewerkt met veel verschillende mensen. 
Op deze plaats kan ik hen daarvoor bedanken en daarvan wil ik graag gebruik maken. 

Allereerst natuurlijk Prof. dr. L.H. van den Berg, beste Leonard, ik wil je bedanken voor 
de uitgebreide mogelijkheden, de vrijheid en de prettige werkomstandigheden. Daardoor 
kon ik zó divers wetenschappelijk onderzoek doen. Je hebt altijd blijk gegeven van 
veel vertrouwen in datgene waarmee ik bezig was en was heel betrokken op cruciale 
momenten. Naast je oog voor én de hoofdlijn én het detail, waardoor niets je ontgaat en 
het resultaat altijd weer beter wordt, heb je het talent om onderzoekers te verzamelen, 
die niet alleen goed in wetenschap, maar ook hele leuke collega’s zijn. 

Prof. dr. J.H.J. Wokke, beste John, natuurlijk herinner ik me mijn sollicitatiegesprek nog 
heel goed. Ik was geen doorsnee sollicitant met een volledig Utrechtse carrière. Toch 
gaven jullie mij het vertrouwen om mijn promotieonderzoek te combineren met een 
opleiding tot neuroloog. “Of ik niet na een jaar iets anders zou willen?” was jouw vraag 
destijds. “Nee, dat weet ik zeker”, is mijn antwoord steeds gebleven. Promoveren en 
opgeleid worden in de Utrechtse (neuromusculaire) kliniek, waar velen mij voorgingen, 
is een bijzonder voorrecht. Bedankt voor het creëren van die mogelijkheid en de kritische 
vragen tijdens de afgelopen jaren.

Dr. W.L. van der Pol, lieve Ludo, vanaf het moment waarop jij me adviseerde over 
het immortaliseren van een lymfocyt veranderde er veel in mijn onderzoek. Jouw 
kennis over fundamenteel, experimenteel onderzoek gecombineerd met uitgebreide 
klinische neuromusculaire en immunologische ervaring maken dat ik mij geen betere 
co-promotor had kunnen wensen. Door jouw betrokkenheid ontstond er methodologie 
voor het SMN-onderzoek waarmee ik verder kon. Jouw hulp bij de MMN trial  was niet 
alleen heel welkom, maar gaf mij ook de kans om, met jouw ideeën, de pathogenese 
verder te onderzoeken. Bedankt voor je eindeloze geduld bij het schrijven van alle 
hoofdstukken. 

Prof. dr. J. van Gijn, beste professor van Gijn, de eerste jaren van mijn opleiding 
was u mijn opleider. Uw klinische blik, kennis in de breedste zin van het woord en 
verstandhouding met patiënten zijn een groot voorbeeld voor mij. Ik hoop dat ik de 
komende jaren nog geregeld de kans krijg om poliklinische patiënten met u te zien.  

De leden van de beoordelingscommissie, prof. dr. J.J.M. van Delden, prof. dr. P.A. van 
Doorn, prof. dr. D. Lindhout, prof. dr. E. Lindeman, en prof. dr. O. van  Nieuwenhuizen 
wil graag ik hartelijk danken voor hun deskundige en spoedige beoordeling van het 
manuscript.

Beste Marc Jansen, onvermoeibaar was je bij het opzetten van de SMN-methodologie. 
Bijzonder goede herinneringen heb ik aan de IVIg-experimenten uitgevoerd tijdens de 
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donkere dagen tussen Kerst en Oud & Nieuw, toen je zelfs riskeerde om ingesneeuwd 
te raken op de A28. Veel dank!!

De mensen van het ALS-onderzoek. Dr. Jan Veldink, de basis voor het derde deel van 
dit proefschrift werd gelegd met jouw publicaties over SMN. Je was een constante 
factor en grote hulp bij de VPA trial en bij de analyses van hoofdstukken 3.4 en 3.5. 
Veel dank daarvoor! Sonja de Jong, dankjewel voor onze duobaan bij het includeren en 
vervolgen van de patiënten, waardoor ik tijd kreeg om op het lab experimenten te doen. 
Dr. Geert-Jan Groeneveld, als eerste Utrechter die een kerstboom analyseerde, was het 
logisch dat je betrokken zou zijn bij de volgende. Bedankt voor je hulp en adviezen bij 
het opzetten! De VPA trial was niet tot stand gekomen zonder de hulp van Inge van 
Beilen, die als een spin in het web altijd bereikbaar was! Dank! In het AMC was het 
uitvoeren van de trial niet gelukt zonder de hulp van professor Marianne de Visser, 
professor Vianney de Jong, dr. Anneke van der Kooi en Dorien Standaar. In het UMC 
St. Radboud kon dat niet zonder dr. Jurgen Schelhaas en Martha Huvenaars. Hartelijk 
dank! Imke Bartelink en Esther Uijtendaal van de UMC-U apotheek: bedankt voor het 
verzorgen van al die potjes met capsules. Dr. Bart van der Worp, hartelijk dank voor 
het bewaken van de veiligheid van de trial. 

De eerste ALS-patiënten ontmoette ik in revalidatiecentrum de Hoogstraat. Professor 
Eline Lindeman, bedankt voor je liberale opstelling toen ik na een jaar de revalidatie 
vaarwel zei. Het ALS-team van de Hoogstraat gaf mij op een waardevolle manier inzicht 
in de gevolgen van deze ziekte voor de patiënt en zijn naasten thuis. 

De mensen van het SMA-onderzoek. Dr. Jan-Maarten Cobben, bedankt voor de prettige 
en heldere samenwerking, waardoor kliniek en lab bij elkaar konden komen! Dr. Henny 
Lemmink, bedankt voor het beschikbaar stellen van de SMA cellijnen. Dr. Hans Scheffer, 
bedankt voor de SMN genotyperingen van patiënten, controles en cellijnen!

De mensen van het MMN-onderzoek. Dr. Renske van den Berg-Vos, wat was ik blij met 
jouw energieke en voortvarende manier van handelen bij de CellCept trial. Geen gedoe, 
gewoon doen, dat is wat ik van je heb geleerd. Elisabeth Cats, jij nam het estafettestokje 
van me over om de immuun-pathogenese van MMN verder te onderzoeken. Het was heel 
fijn om zo een leuke, open collega erbij te krijgen. Bedankt voor je hulp en bijdragen! 
Veel succes met het afmaken van jouw projecten. Ik weet zeker dat het je glansrijk gaat 
lukken. Dr. Nina van Sorge, bedankt voor je betrokkenheid bij hoofdstuk 4.3.

De mensen van bridging the gap. Nadia Sutedja, het duurde even voor we op stoom 
waren, maar terwijl onze deadlines in onze nek hijgden kregen we het voor elkaar! Veel 
succes met het afronden van jouw manuscript! In Rotterdam werden door Elies Cats 
en Anne Thio-Gillen, onder leiding van dr. Bart Jacobs, de GM1 titers in een razend 
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tempo bepaald. Dank voor jullie welwillendheid om ons zo snel te helpen. Dr. Petra Berk, 
Chantal Cornelis en Karin Bout: veel dank voor het in vliegende vaart organiseren van 
een extra prikronde bij de mensen thuis.

De mensen van de analyses en de statistieken. Dr. Ingeborg van der Tweel was opnieuw 
onmisbaar bij de analyse en interpretatie van de data van de ALS trial. Ik dank je voor je 
haarscherpe analyses en ik denk met veel genoegen terug aan de onvermijdelijke discussie 
tussen de statisticus en de clinicus; ik heb er veel van geleerd. Dr. Sandra Kalmijn, dank 
voor je inwijding in de eerste wetenschappelijke manoeuvres die ik verrichtte! Dr. Michiel 
van der Linden, bedankt voor je adviezen bij de analyse van de MMN trial.

De labcollega’s. Beste mannen van het lab voor neuromusculaire ziekten, later beter 
bekend als het lab voor experimentele neurologie. Peter Sodaar, hartelijk dank voor het 
uitvoeren van talloze experimenten en het verwerken en opslaan van al die samples van 
patiënten die vanaf de polikliniek labwaarts gingen. Heel erg bedankt voor je trouwe 
inzet! Henk Veldman: de muizenman. Ik hoop dat je geniet van je pensionering en af en 
toe met een glimlach terugdenkt aan mijn vaardigheden bij het hanteren van levende 
muizen. Lang zat ik als enige vrouw tussen de mannen in één onderzoekerskamer die 
om klimatologische redenen een perfect model is voor “global warming”. Christiaan, 
Ewout, Frank, Hylke, Michael en Paul: bedankt voor het delen van onderzoekssuccessen 
en -teleurstellingen, maar vooral voor de ontspannen sfeer. Dr. Paul van Vught, jij bent 
mijn labmaatje van het eerste uur, toen al die anderen er nog niet waren. Even een kopje 
koffie op de trappen van het Stratenum, om weer energie te vinden voor een nieuw 
experiment. Bedankt voor je steun en kalmerende invloed! Ewout en Frank: dank voor 
jullie hulp bij figuren, Mac-weetjes en handige downloadtips. En toen kwamen er twee 
meisjes bij. Eerst Elies en later Esther Verstraete. Het was heel gezellig om samen een 
kamer te delen in IJsland! Ik hoop dat we nog vaak samen zullen werken. Veel succes 
met de derde Utrechtse kerstboom! 

De studenten. Liza, Willianne, Elke, Mandy bedankt voor jullie hulp bij het pipetteren, 
muizen trainen en statusonderzoek! Perry, je dook even onder in de SMN data met 
een bijzonder interessante relatie met valproaat als resultaat. Dat vraagt om meer 
onderzoek! Dank en veel succes! Renske, je bijdrage op de valreep was heel welkom! 
Dank! Ik vind het heel leuk dat je een nieuwe collega bent geworden! Veel succes bij 
het SMA-onderzoek en in de kliniek.

En vele anderen. Natuurlijk dank ik alle co-auteurs voor hun bijdrage aan de verschillende 
hoofdstukken. Nienke de Goeijen, een van mijn voorgangers schreef op deze plaats 
ooit dat jij altijd vrolijk bent! Dat klopt helemaal, maar even belangrijk is de cruciale 
rol die jij speelt op de ALS- en NMZ-poli, bedankt voor alles wat je altijd weer in het 
werk stelt om optimale patiëntenzorg te combineren met wetenschappelijk onderzoek! 
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Ik heb hele goede herinneringen aan mijn ALS-trialdebuut, dat ik maakte samen met 
de altijd ontspannen (en daarmee een voorbeeld) dr. Jan-Thies van Asseldonk onder de 
bezielende leiding van zuster Gerda Valk. En opnieuw weer die Haarlemmerolie! Ruth 
van der Wijngaart, het is altijd fijn om even bij je te buurten, maar intussen heb je 
wel een heleboel voor me georganiseerd, dank daarvoor! Secretaresses van de (NMZ) 
polikliniek en stafgang: bedankt voor jullie hulp bij het organiseren van de trialpoli’s en 
andere opleidings- of onderzoeksgerelateerde zaken! Bedankt voor alle belangstelling 
en het lekkers dat de werkzaamheden vergezelt!

Vele NMZ-collega’s passeerden al de revue, maar dr. Jan-Paul van den Berg, dr. 
Frans Brugman, Mark Huisman, dr. Maud Maessen, dr. Jikke-Mien Niermeijer, Jan 
Stork, Dirk Straver en Nora Visser waren op de een of andere manier betrokken bij 
NMZ-onderzoek en de -kliniek in de afgelopen jaren! Dank voor jullie belangstelling! 
De (andere) Utrechtse collega arts-assistenten werken natuurlijk niet alleen heel 
hard, maar doen er ook alles aan om de tijd op het werk en na het werk zo aangenaam 
mogelijk door te brengen. Bedankt voor alle pret op de bowlingbaan, in de zeilboot, 
tijdens jongens-tegen-de-meisjes, in de Basket, tijdens de mister Würzburg verkiezing, 
bij klaverjassen en karaoken en vooral voor alle collegialiteit op het werk!

Lieve vriendinnen Aaf, Christine, Liesbeth en Marieke, jullie vriendschap is in de 
afgelopen jaren heel belangrijk voor me geweest. Of jullie nu dichterbij of juist steeds 
verder weg gingen wonen, ik ben heel blij dat er altijd een luisterend oor was. Aaf, 
vriendinnetje vanaf de kleuterklas, ik ken niemand die me zó vaak het gevoel geeft dat 
ik net te laat ben met SMS’en, bellen en kaartjes sturen! Lieve Christine, niet meer in 
Utrecht, maar in China, ik heb bewondering voor jullie lef! Wat een eer dat je er samen 
met Vincent bij bent! Lieve Lies, jij bent juist mijn vriendinnetje dichtbij met wie ik veel 
vaker (alcoholvrije) biertjes wil drinken in Lokaal 9. Lieve Marieke, mijn vriendin vanaf 
het moment dat we van Appelscha naar Groningen fietsten. Via Groningen, Enschede 
en wat omwegen landden we uiteindelijk in het Utrechtse, waar onze levens “echt” 
werden, met alles wat daarbij hoort. Je was mijn steun toen het heel verdrietig was, 
mijn ervaringsdeskundige bij het promoveren en mijn vraagbaak bij alles waarop ik me 
verheug. Mijn dank en waardering druk ik niet alleen uit door je te vragen om me te 
vergezellen als paranimf, maar vooral in deze woorden. 

Lieve Willem en Yvonne van der Pol, jullie wisten er alles van. Dat promoveren nou 
eenmaal niet vanzelf gaat, want Ludo ging mij, een tijdje geleden alweer, voor. Dank 
voor jullie warme belangstelling voor mijn werk maar vooral voor alles wat daarbuiten 
belangrijk is.

Lieve Rogier, mijn lieve broer, die ik maar hoef te bellen of hij is er voor me, waar hij 
ook is en in welk hotel hij ook bivakkeert. Wat fijn dat ook jij achter me staat, straks. 
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Lieve papa, mama en jij bezorgden Rogier en mij een onvergetelijke, warme en veilige 
tijd thuis, waarin alles kon en bijna alles mocht. Jullie steun en stimulans om steeds 
verder te gaan, tijdens die tijd en later, hebben me gebracht tot waar ik vandaag ben. 
Wat zou mama trots zijn geweest. 

Lieve Ludo, “When it comes to luck you make your own.”* 
Dankjewel voor al het andere. 

*Lucky town, Bruce Springsteen 
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Sanne Piepers werd op 12 oktober 1976 geboren. Zij groeide op in Hilversum en deed 
daar in 1995 eindexamen aan het Gemeentelijk Gymnasium. In datzelfde jaar begon 
ze aan de studie geneeskunde aan de Rijksuniversiteit Groningen. Na een afsluitende 
onderzoeksstage naar de incidentie van hersentumoren op de kinderleeftijd in het 
Tygerberg Ziekenhuis in Kaapstad, Zuid-Afrika (prof. dr. G. Wessels), deed zij in 2000 
doctoraal examen.  Ze vervolgde haar studie met haar coschappen in het Medisch 
Spectrum Twente in Enschede. De geneeskundestudie werd afgesloten met een 
keuzestage op de afdeling neurologie van het Leijenburg Ziekenhuis in Den Haag 
(opleiders: dr. T.C.A.M. van Woerkom, dr. S.F.T.M. de Bruijn). Daar werkte ze aansluitend 
enige maanden als arts-assistent neurologie. Van 2002 tot 2003 werkte ze een jaar als 
arts in opleiding tot revalidatiearts en klinisch onderzoeker op de afdeling revalidatie van 
het UMC Utrecht en in revalidatiecentrum De Hoogstraat (opleider: prof. dr. E. Lindeman). 
In dat jaar begon ze met het onderzoek naar de effecten van non-invasieve beademing 
bij ALS-patiënten (prof. dr. L.H. van den Berg, prof. dr. E. Lindeman), dat resulteerde in 
de eerste hoofdstukken van dit proefschrift. In september 2003 werd ze aangenomen 
voor de opleiding neurologie in het UMC Utrecht (opleiders: prof. dr. J. van Gijn, prof. dr. 
J.H.J. Wokke) en startte ze met het onderzoek naar rationele behandelingsstrategieën van 
motorische voorhoornaandoeningen en multifocale motorische neuropathie, waarvan 
de resultaten in dit proefschrift staan beschreven (prof. dr. L.H. van den Berg, prof. dr. 
J.H.J. Wokke, dr. W.L. van der Pol). Tijdens deze periode werkte zij mee aan de richtlijn 
“PEG-sondeplaatsing bij ALS”, een initiatief van het ALS Centrum Nederland. Sinds 2006 
is zij lid van de Commissie Medische Ethiek van het UMC Utrecht. Zij zal de opleiding 
tot neuroloog vervolgen en deze naar verwachting in 2012 afronden.
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