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This thesis comprises a series of studies on multifocal motor neuropathy (MMN) and chronic 
inflammatory demyelinating polyneuropathy (CIDP). MMN is characterized by slowly 
progressive, asymmetric weakness of the limbs. In almost 80% of patients, the first symptoms 
appear before the age of 50 years.1 Treatment with intravenous immunoglobulin (IVIg) is 
regarded as the standard therapy for patients with MMN, leading to an improvement of muscle 
strength in 70–90% of patients.1-3 CIDP is typically characterized by more symmetrical weakness 
and sensory deficits, but compared to MMN the clinical phenotype is more heterogeneous.4 
Disease course is progressive in a majority of patients, but relapsing-remitting and monophasic 
courses are recognized as well. Immunosuppressive treatment, mainly steroids or IVIg, leads to 
significant improvement of deficits in 65–70% of patients.5 Despite treatment being available, 
up to one-fifth of MMN patients report severe disability of the arms and more than half of 
MMN and CIDP patients report severe fatigue.1, 6 In MMN, a slowly progressive weakness was 
found during long time follow-up in patients receiving IVIg treatment.7 

Pathogenesis of MMN and CIDP is unclear, but studies point to immune-mediated processes 
with involvement of humoral and cellular factors. The target of these processes is yet unknown. 
Pathological studies show both demyelination and axon loss. Conduction block is considered the 
electrophysiological hallmark of MMN, but it is frequently found in CIDP patients as well.8-11 

Axon loss was found to be the most important determinant of weakness in MMN whereas 
conduction block and axon loss were independent determinants of each other, suggesting a 
shared disease mechanism.12 This indicates that conduction block, defined as the failure of 
action potential propagation at a given site along a structurally intact axon, is an important 
factor in the development of deficits in MMN and CIDP. 

In a patient with suspected MMN or CIDP, motor nerve conduction studies are of key importance 
in the diagnostic work-up to detect signs of demyelination and, in case of MMN, conduction 
block. Nerve conduction studies provide, however, only limited insight in nerve function, 
providing information only on the number of conducting axons and the conduction velocity 
of the fastest. Measurements of nerve excitability may be used to investigate physiological and 
pathophysiological mechanisms, such as changes in resting potential or ion channel function, 
by assessing passive and active axonal membrane properties.13 

While conduction block was early recognized in MMN and CIDP, its origin is not well 
understood. Pathological studies of motor nerves in MMN patients, nerve conduction studies, 
and excitability studies suggested several mechanisms, including demyelination, Na-channel 
damage at the node of Ranvier, and permanently changed resting membrane potential.14-18 Better 
understanding of underlying disease mechanisms is needed in the search for new targets for 
therapy. Two observations in patients may point to specific mechanisms of conduction block. 
Cold paresis is suggested by complaints of increased weakness in cold and was only reported in 
single cases of MMN.19 Activity-dependent weakness, an abnormal increase in weakness during 
activity, was described in selected MMN and CIDP patients.20, 21
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The objective of this thesis is to explore mechanisms of conduction block in MMN and CIDP 
with a focus on electrophysiological techniques. Cold paresis and activity-dependent weakness 
will be studied in particular. We aim to answer the following questions:

1. Are symptoms of cold paresis common and specific for MMN?

2. Are symptoms of activity-dependent weakness common and specific for MMN 
and CIDP?

3. Do symptoms of cold paresis and activity-dependent weakness reflect an 
objective increase in weakness in MMN?

4. Do nerve conduction studies in MMN and CIDP indeed show activity-
dependent conduction block following voluntary muscle contraction?

5. How do nerve excitability indices in MMN and CIDP compare to those in 
normal subjects?

6. Does cooling induce similar changes in nerve excitability in MMN and CIDP 
compared to normal subjects?

We conclude with an extensive review on pathophysiology and symptoms in immune-mediated 
neuropathies.
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Abstract
Increased weakness during cold (cold paresis) was reported in single cases of multifocal 
motor neuropathy (MMN). This was unexpected because demyelination is a feature 
of MMN and symptoms of demyelination improve, rather than worsen, in cold. It was 
hypothesized that cold paresis in MMN does not reflect demyelination only, but may 
indicate the existence of inflammatory nerve lesions with permanently depolarized axons 
that only just conduct at normal temperature, but fail at lower temperatures. 

We investigated symptoms of cold paresis in 50 MMN patients, 48 chronic inflammatory 
demyelinating polyneuropathy (CIDP) patients, 35 progressive spinal muscular atrophy 
(PSMA) patients, and 25 chronic idiopathic axonal polyneuropathy patients. We also 
investigated symptoms of increased weakness during warmth (heat paresis). 

Cold paresis was reported more often than heat paresis. Cold paresis was most frequently 
reported in MMN. Multivariate analysis indicated that MMN patients had a 4- to 6-fold 
higher risk of reporting cold paresis than CIDP or PSMA patients. Because cold paresis 
is not consistent with demyelination, the lesions in MMN may involve other mechanisms 
than demyelination only.  

In conclusion, symptoms of cold paresis are common in peripheral nervous system 
disorders, particularly in MMN. This supports the above-described hypothesis.
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Introduction
The effect of temperature on symptoms of neurological disorders is complicated and has not 
been fully explored, neither in patients, nor in physiological research. A well-known effect is the 
worsening of symptoms in multiple sclerosis after a hot bath.1 In peripheral neuropathies similar 
effects were described. In a patient with chronic inflammatory demyelinating polyneuropathy 
(CIDP), symptoms considerably increased during fever and in seven patients with various 
demyelinating neuropathies, electrophysiological signs of conduction block increased after 
warming and decreased after cooling.2-4 This so-called heat paresis may occur in demyelinating 
disorders and is caused by an unfavorable combination of factors that block saltatory conduction 
between an active node of Ranvier and the node that is next to be activated. First, paranodal 
demyelination results in current leakage at the node-to-be-activated, so that less current is available 
to depolarize this node.5 Secondly, raising temperature will decrease sodium-channel open time 
at the active node.6, 7 This yields a further decrease in the current available to depolarize the node-
to-be-activated. If there is just sufficient current available to sustain action potential propagation 
at a demyelinated internode, an additional decrease in current due to raising temperature may, 
therefore, induce conduction block as was shown in single demyelinated internodes.8

In the authors’ experience, however, patients with peripheral nervous system disorders often 
state that weakness during cold increases. This cold paresis is not consistent with the above 
described mechanism because that would lead to less weakness in cold. Whether or not cold 
paresis is really common and if it is related to specific disorders has not been investigated. 
Furthermore, the mechanisms of cold paresis are not clear. Cold paresis was only reported in 
single cases of multifocal motor neuropathy (MMN) and in patients with Hirayama disease.9 
To explain cold paresis in MMN, Kaji hypothesized the existence of inflammatory nerve 
lesions with permanently depolarized axons that only just conduct at normal temperature.5 
At lower temperatures, Na/K-pump activity decreases due to the thermal reduction of its 
ATP-ase activity; this may cause additional depolarization, yielding depolarizing conduction 
block and weakness.5, 10, 11 Recent findings from our group supported the hypothesis of Kaji 
by showing that cooling indeed induced depolarization of human motor axons, and that this 
depolarization was best explained by decreased pump-activity.12 Since, in the future, such 
axons may possibly be saved from degeneration by neuroprotective treatment, cold paresis 
may become an important symptom.13-15

The present study was not conducted to investigate the mechanism of cold paresis but to assess if 
symptoms of cold paresis are common in MMN and if they are specific for MMN. If cold paresis 
were a common symptom, it may instigate further research into its mechanisms. If cold paresis 
were specific for MMN, it may form a clue for the pathogenesis of MMN which is currently 
unknown. We investigated the frequency of symptoms of cold paresis and heat paresis in a 
large group of patients with MMN. Control groups included CIDP, sporadic progressive spinal 
muscular atrophy (PSMA), and chronic idiopathic axonal polyneuropathy (CIAP).
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Materials and methods

Patients

A cross-sectional study was performed by sending a questionnaire to 60 patients with MMN, 
60 with CIDP, 50 with sporadic PSMA, and 35 patients with CIAP. All patients had weakness 
in arm or leg muscles on neurological examination. The questionnaire was returned by 83% 
of MMN, 80% of CIDP, 70% of PSMA, and 71% of CIAP patients. For each group, the patients 
who did not return the questionnaire did not differ significantly from the patients who returned 
the questionnaire with respect to sex, age and disease duration (data not shown). Patient 
characteristics are presented in Table 2.1. Two patients in the PSMA group had Hirayama 
disease. The patients attended the outpatient clinics of the University Medical Center in Utrecht, 
a tertiary referral center for neuromuscular disorders in The Netherlands. Diagnoses were based 
on criteria sets for MMN, CIDP, sporadic PSMA, and CIAP.16-19 In these sets the criteria for 
conduction block were adapted.16, 20 All MMN patients were on intravenous immunoglobulins 
(IVIg) maintenance treatment. Twenty-eight patients with CIDP were treated with IVIg, with 
20 patients responding favorably. Twelve patients with CIDP were treated with steroids, with 
11 patients responding favorably. Of the remaining CIDP patients, two were successfully 
treated with cyclophosphamide and six were not treated. None of the patients had concomitant 
diseases of the central or peripheral nervous system. All participants gave informed consent 
to participate in the study, which was approved by the Medical Ethical Committee of the 
University Medical Center Utrecht. 

The results of the last nerve conduction studies, performed prior to the questionnaire, were 
reviewed for presence of definite conduction block (segmental reduction in negative compound 
muscle action potential area of at least 50% in any nerve) and probable conduction block 

Table 2.1 Baseline characteristics

Patient group
Male 
(%)

Age 
(yrs)

Disease 
duration 

(yrs)
Weakness 

arm (%)
Weakness 

leg (%)
CB arm 

nerves (%)
CB leg 

nerves (%)

MMN (n=50) 82 51 (33–74) 10 (2–39) 100 68 68 24

CIDP (n=48) 58 54 (22–82) 4 (0–32) 88 96 44 19

PSMA (n=35) 86 61 (35–83) 12 (4–30) 86 51 0 0

CIAP (n=25) 80 75 (61–89) 13 (4–21) 28 100 0 0

Age and disease duration are given as median (range). Yrs = years; CB = definite conduction block; MMN = 
multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = progressive 
spinal muscular atrophy; CIAP = chronic idiopathic axonal polyneuropathy.
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(segmental reduction in negative compound muscle action potential amplitude of at least 30% 
in an arm nerve).20 Conduction studies included the median nerve (recording from the thenar 
and flexor carpi radialis muscle), ulnar nerve, radial nerve, and musculocutaneous nerve up 
to Erb’s point, and the peroneal and tibial nerves up to the knee.20 These nerves were studied 
bilaterally, except for 5 patients with CIDP and the patients with CIAP who were studied 
unilaterally. Conduction block in arm or leg nerves was found in all MMN patients, in 82% 
of CIDP patients, and in none of the PSMA or CIAP patients (Table 2.1). MMN patients had 
conduction block in arm nerves more often than CIDP patients.

Questionnaire

The questionnaire consisted of temperature-related and weakness-related items. Questions 
concerned the year preceding the questionnaire to reduce recall bias. First, we asked if 
symptoms of weakness and conditions of cooling or warming had occurred. Conditions of 
cooling included a stay in cold weather, the use of cold packs or taking a cold shower, bath or 
swim. Conditions of warming included a stay in hot weather, the use of hot packs or electric 
blankets, rinsing the hands in hot water while washing dishes or taking a warm or hot shower, 
bath or swim. If symptoms of weakness and conditions of cooling or warming had occurred, we 
asked if weakness increased during cooling (cold paresis) or warming (heat paresis). Exposure 
to cooling or warming and increase in weakness were entered as dichotomous variables. Prior 
to the study, the questionnaire was tested for inconsistencies and feasibility by a randomly 
chosen sample of 20 patients who visited our outpatient clinic for neuromuscular disorders 
with symptoms of weakness and who were not included in this study.

Statistical analysis 

We calculated the frequency of symptoms of cold (or heat) paresis in arms with established 
weakness and in legs with established weakness. We determined if: (i) exposure to cooling and 
warming differed between patient groups, and (ii) the percentage of patients with CIDP, PSMA 
or CIAP reporting symptoms of cold or heat paresis differed from the percentage of patients 
with MMN reporting symptoms of cold or heat paresis (Chi-square tests). 

Next, univariate and multivariate binary logistic regression analyses were performed. The 
determinant of interest was presence of MMN with CIDP, PSMA, and CIAP as reference groups. 
Outcome variables included: (i) symptoms of cold paresis in arms or legs, (ii) symptoms of 
cold paresis in arms, (iii) symptoms of cold paresis in legs, (iv) symptoms of heat paresis in 
arms or legs, (v) symptoms of heat paresis in arms, and (vi) symptoms of heat paresis in legs. 
Age and disease duration were assessed as continuous variables. The possible confounders sex, 
age (in years), and disease duration (in years) at the time of the questionnaire were added in 
the multivariate models. 
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Version 15.0.1 of the SPSS statistical software program (Chicago, IL, USA) was used for all 
analyses. P-values < 0.05 were considered to be significant.

Results
Exposure to cooling or warming did not differ significantly between MMN, CIDP, and PSMA, 
but CIAP patients were significantly less often exposed to cooling than MMN and PSMA 
patients (Tables 2.2a and 2.2b). Exposure to warming was more common than exposure to 
cooling and cold weather was the most common exposure to cooling. Despite this, patients 
reported cold paresis more often than heat paresis (Table 2.3). 

Cold paresis in arms or legs was reported more frequently in MMN than in CIDP, PSMA and 
CIAP (Table 2.3). Multivariate analysis showed that these differences were independent of sex, 
age, and disease duration, except for CIAP (Table 2.4). Patients with MMN had a 5-fold higher 
risk of symptoms of cold paresis than patients with CIDP, and a 6-fold higher risk than patients 
with PSMA. Multivariate analysis for symptoms of cold paresis in arms and legs separately, 
showed that these differences were still significant for the arms but not for the legs (Table 2.4). 

Table 2.2a Percentage of patients exposed to cooling

Patient group Any Bathing Weather Swimming Cold pack

MMN 96 20 96 30 20

CIDP 90 23 88 29 8

PSMA 97 17 97 26 9

CIAP 72 8 72 8 4

MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = 
progressive spinal muscular atrophy; CIAP = chronic idiopathic axonal polyneuropathy.

Table 2.2b Percentage of patients exposed to warming

Patient group Any Bathing Weather Sauna Hot pack
Electric 
blanket

Dish-
washing

MMN 100 90 82 26 12 22 62

CIDP 98 92 90 19 2 13 65

PSMA 97 97 80 20 3 14 54

CIAP 96 76 60 0 0 20 52

MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = 
progressive spinal muscular atrophy; CIAP = chronic idiopathic axonal polyneuropathy.
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Heat paresis in arms or legs was not significantly more or less frequently reported in MMN 
than in CIDP, PSMA and CIAP (Table 2.3). Neither univariate nor multivariate analysis showed 
any significant differences between MMN and the other patient groups (data not shown). 

Discussion
The present study demonstrated that cold paresis was experienced by a substantial proportion 
of patients with MMN, CIDP, PSMA and CIAP. Cold paresis was more frequently reported 
than heat paresis. Cold paresis was more frequently reported in MMN than in CIDP, PSMA, 
or CIAP. Multivariate analysis indicated that MMN patients had a 4- to 6-fold greater risk of 
experiencing cold paresis than CIDP or PSMA patients. Because MMN predominantly affects 
arm nerves, we analyzed symptoms of cold paresis in arms and legs separately; this showed 
that these differences were still significant for the arms but not for the legs.20 

Table 2.3 Percentage of patients reporting cold and heat paresis

Patient group Cold paresis P-value Heat paresis P-value

MMN 83 18

CIDP 44 <0.001 26 ns

PSMA 50 0.001 6 ns

CIAP 44 0.002 17 ns

P-values refer to comparison with MMN. MMN = multifocal motor neuropathy; CIDP = chronic inflammatory 
demyelinating polyneuropathy; PSMA = progressive spinal muscular atrophy; CIAP = chronic idiopathic axonal 
polyneuropathy; ns = not significant

Table 2.4 Risk of cold paresis in MMN versus other disorders

Patient groups Arm and leg Odds ratio P-value Arm Odds ratio P-value

MMN - CIDP Univariate 6.3 (2.4–16.6) <0.001 Univariate 6.9 (2.4–20.0) <0.001
Multivariate 4.7 (1.7–13.4) 0.003 Multivariate 5.3 (1.7–16.7) 0.005

MMN - PSMA Univariate 5.0 (1.8–13.8) 0.002 Univariate 3.4 (1.1–10.3) 0.03
Multivariate 5.7 (1.8–18.1) 0.003 Multivariate 3.8 (1.04–14.3) 0.04

MMN - CIAP Univariate 6.3 (1.9–20.8) 0.003
Multivariate 4.0 (0.4–36.5) ns

Odds ratios are given with 95% confidence intervals. Multivariate analysis was adjusted for age, sex and disease 
duration. Cold paresis in arm muscles in the CIAP group was not analyzed because only two patients had upper 
limb weakness and were exposed to cold. MMN = multifocal motor neuropathy; CIDP = chronic inflammatory 
demyelinating polyneuropathy; PSMA = progressive spinal muscular atrophy; CIAP = chronic idiopathic axonal 
polyneuropathy; ns = not significant.
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In MMN electrophysiological, pathological and immunological studies suggest that several 
mechanisms may be involved in the unique process that results in asymmetric loss of strength 
and muscular atrophy. Motor nerve conduction studies may show conduction block and slowing 
consistent with demyelination in the same segment; however, conduction velocity may also 
be normal in segments with motor conduction block.16, 20 Some pathological studies of nerve 
branches containing motor and sensory axons showed demyelination but others only showed 
loss of axons.21-24 Needle electromyography studies showed extensive neurogenic abnormalities 
in non-atrophic as well as in atrophic muscles.25 Excitability studies showed focal depolarization 
or hyperpolarization of motor axons of which the significance is not clear.26, 27 In many MMN 
patients antibodies against epitopes presented on the axolemma are found, and a recent study 
showed that these anti-GM1 antibodies are associated with loss of motor axons.28 Thus, whereas 
demyelination clearly occurs in MMN, mechanisms leading to primary axonal degeneration 
may possibly occur as well. It is not clear if the conduction block is due to unfavorable effects of 
paranodal demyelination, blocking of impulse generation at the node, or both. Because MMN 
may lead to demyelination as well as loss of motor axons, we have chosen CIDP, PSMA, and 
CIAP as control groups in order to make a comparison to peripheral nervous system disorders 
that are also characterized by weakness: CIDP is characterized mainly by demyelination of 
motor and sensory axons, PSMA by loss of motor axons, and CIAP by length-dependent loss 
of motor and sensory axons. 

Cold paresis was reported by two-thirds of patients with distal upper limb muscular atrophy 
(Hirayama disease), a disorder affecting peripheral motor neurons in the anterior horn of 
the cervical cord, which results in denervation of hand muscles.29 Nerve conduction studies 
in 11 patients with Hirayama disease, and one patient with hypothenar atrophy due to ulnar 
neuropathy, showed that cold induced excessive conduction delay and waning of the compound 
muscle action potential during 20 Hz repetitive stimulation.9, 30 These findings were attributed 
to an increased sensitivity of reinnervated muscle fibers to develop depolarizing conduction 
block in cold. 

Cold paresis in MMN was suggested to be related to the existence of inflammatory nerve 
lesions where axons are depolarized but just able to conduct impulses at ambient temperature.5 
At these lesions, thermal reduction of Na/K-pump activity due to cooling may induce further 
depolarization to a point where impulse conduction fails. Some findings may support this 
hypothesis. First, animal models of inflammatory spinal root lesions indicated that inflammation 
may induce nitric oxide-mediated mitochondrial dysfunction, energy depletion of the ATP-ase 
dependent Na/K-pump, and axonal depolarization.13 Secondly, excitability studies in MMN 
indirectly suggested that axons at the site of block may possibly be depolarized.26, 27 Thirdly, 
cooling of normal human motor axons results in their depolarization, probably due to decreased 
Na/K-pump activity.12 Some of the steps in this hypothesis were corroborated by experiments, 
but it must be emphasized, however, that its entire sequence has not been proven. Moreover, 
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some experiments were carried out in central nervous system neurons so that the results 
possibly cannot be extrapolated to peripheral motor neurons.   

Alternatively, cold paresis in MMN may be caused by development of conduction block in 
reinnervated muscle fibers due to the lower temperature.9, 30 The possibility that this mechanism, 
which may be similar to that described in Hirayama disease, occurs in MMN is supported by 
several studies. Extensive needle electromyography studies in MMN patients showed signs of 
reinnervation, indicating collateral sprouting, in non-atrophic as well as in atrophic muscles.25 
Some pathological studies of motor nerves in MMN have shown prominent loss of axons 
and little demyelination; the loss of axons may lead to collateral sprouting and reinnervated 
muscle fibers.24

In conclusion, symptoms of cold paresis occur in several peripheral nervous system disorders, 
but are considerably more common in MMN. Because the present study only assessed subjective 
symptoms of weakness, it is worthwhile to investigate if cold also induces an objective increase 
of weakness in MMN.
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Abstract
Activity-dependent weakness was reported in multifocal motor neuropathy (MMN) and 
chronic inflammatory demyelinating polyneuropathy (CIDP). This was attributed to 
activity-dependent conduction block (CB) arising in demyelinated axons. It is not known 
if activity-dependent weakness is common, nor if it is specific for MMN and CIDP. We, 
therefore, carried out an investigation by questionnaire in 64 MMN patients, 52 CIDP 
patients, 48 progressive spinal muscular atrophy (PSMA) patients, and 30 normal subjects. 
Subjects were asked if they experienced an increase in weakness when performing 10 
common tasks. The percentage of tasks causing activity-dependent weakness was higher 
in the patient groups than in normal subjects (p < 0.001). The risk of activity-dependent 
weakness exceeding that in normal subjects was 6-fold higher for each patient group when 
adjusted for sex, age and a fatigue score. With further adjustment for scores of weakness 
and axon loss, no significant differences were found between patient groups. In conclusion, 
activity-dependent weakness is frequently reported in MMN and CIDP. It is, however, 
not specific for these neuropathies since PSMA patients reported it to the same extent.
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Introduction
Activity-dependent weakness was described in selected patients with multifocal motor 
neuropathy (MMN) or chronic inflammatory demyelinating polyneuropathy (CIDP) and 
was attributed to activity-dependent conduction block (CB) arising in demyelinated axons 
with a critically impaired safety margin for impulse conduction.1, 2 It is, however, not known 
if symptoms of activity-dependent weakness are common in MMN and CIDP, nor whether 
activity-dependent weakness is specific for these neuropathies.

The present study assessed the frequency of symptoms of activity-dependent weakness in 
patients with MMN, patients with CIDP, patients with progressive spinal muscular atrophy 
(PSMA), and normal subjects. Since fatigue may be related to activity-dependent weakness, 
we also investigated symptoms of fatigue by the Fatigue Severity Scale (FSS).1-3

Methods

Subjects

For this cross-sectional study, we sent a questionnaire to 80 MMN patients, 70 CIDP patients, 
80 sporadic PSMA patients and 45 normal subjects. With the exception of 15 CIDP patients 
who attended the Erasmus Medical Center in Rotterdam, all patients attended the outpatient 
clinics of the University Medical Center in Utrecht. Both are tertiary referral centers for 
neuromuscular disorders in The Netherlands. Diagnoses were based on criteria sets for MMN, 
CIDP and sporadic PSMA.4-6 In these sets the criteria for conduction block were adapted.4, 5 All 
patients were required to have permanent weakness in arm muscles, confirmed by neurological 
examination. The questionnaire was returned by 83% of MMN, 80% of CIDP, 70% of PSMA 
patients and 67% of normal subjects. Based on what was reported in the questionnaire, four 
CIDP patients with full recovery of weakness in arm muscles after treatment and eight PSMA 
patients with complete loss of function of both arms were excluded. Subjects who did not 
return the questionnaire did not differ significantly from those who did as far as sex, age and 
disease duration are concerned (data not shown). 

Characteristics of the included patients and normal subjects are presented in Table 3.1. None had 
concomitant diseases of the central or peripheral nervous system. The MMN patients were younger 
than the CIDP and PSMA patients and normal subjects (ANOVA p < 0.01). CIDP patients were 
younger than PSMA patients (p < 0.05). To assess weakness, in each patient a Medical Research 
Council (MRC)-sumscore was calculated including arm abduction, elbow flexion and extension, 
wrist flexion and extension, finger flexion and extension, finger spreading, and thumb abduction.

All subjects gave written informed consent for the study, which was approved by the Medical 
Ethical Committee of the University Medical Center Utrecht. 
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Nerve conduction studies

The results were reviewed of the conduction studies in arm nerves, performed no more than one 
year before or after the questionnaire was sent. These included the median (recording from the 
abductor pollicis brevis and flexor carpi radialis muscles), ulnar, radial, and musculocutaneous 
nerves, all up to Erb’s point.5 This investigation was performed bilaterally in all MMN patients, 
45% of CIDP patients, and 70% of PSMA patients. In 33% of CIDP patients, the investigation 
was carried out on the median and ulnar nerves to hand muscles only. CB was considered if 
the segmental reduction in compound muscle action potential (CMAP) area was at least 50% 
and axon loss was considered if the amplitude of the CMAP on distal stimulation was below 
the lower limit of normal.5

To assess the percentage of nerves with CB and nerves with axon loss, the number of nerves 
with CBs and the number of nerves with axon loss were divided by the number of investigated 
nerves; this was done for all patients. We also assessed the CMAP-sumscore (sum of distal 
CMAP amplitudes for the thenar and hypothenar muscles on both sides) for the patients who 
were investigated bilaterally.

Questionnaire

Questions were directed at activity-dependent weakness in upper limbs. We asked if weakness 
increased or developed during each of ten tasks: writing, carrying a shopping bag, washing 
hair, using cutlery, typing, polishing shoes, fixing screws, doing needlework, playing sports, 

Table 3.1 Characteristics of patients and normal subjects at time of questionnaire

MMN CIDP PSMA Normal

Number of subjects 64 52 48 30

Median age (years) 53 60 65 60
Interquartile range 45–61 53–66 57–73 52–66

Male (%) 78 58 81 80

Median disease duration (years) 11 3 7 –
Interquartile range 7–17 1–9 2–14 –

Median % of nerves with CB 10 5 0 –

Median % of nerves with axon loss 10 5 0 –

Median CMAP-sumscore 25.5 23.6 31.6 –

MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = 
progressive spinal muscular atrophy; normal = normal subjects; CB = conduction block; interquartile range = 
interval between the 25th and 75th percentile.
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and dish-washing. All patients and normal subjects had performed at least one of these tasks. 
Fatigue was assessed by the Fatigue Severity Scale (FSS).6 Prior to the study, the questionnaire 
was tested for inconsistencies and feasibility on a randomly chosen sample of 20 patients who 
visited our outpatient clinic for neuromuscular disorders with symptoms of weakness and who 
were not included in this study.

Analysis

Per patient, the percentage of tasks causing an increase in weakness was calculated as: [number 
of tasks causing an increase in weakness x 100%] / [number of tasks performed]. The median 
percentages were compared between groups by Mann-Whitney’s U-test. Relations between 
activity-dependent weakness and other variables were assessed by Pearson’s correlation 
coefficient. 

Univariate and multivariate logistic regression analyses were performed to assess the risk 
of developing symptoms of activity-dependent weakness for the different groups. When 
patient groups and normal subjects were compared, the potential confounders age, sex, and 
FSS-score were included in the multivariate model. When the different patient groups were 
compared, MRC-sumscore and CMAP-sumscore were added to this model. Version 15.0.1 of 
the SPSS statistical software program (Chicago, IL, USA) was used for all analyses. P < 0.05 
was considered significant.

Results
Table 3.1 shows the median percentages of nerves with CB and nerves with axon loss as well 
as the median CMAP-sumscore for each patient group. 

Activity-dependent weakness was reported in all patient groups and in the normal subjects 
(Table 3.2). In all patient groups and in the normal subjects, at least 90% of subjects had 
performed at least four of the ten tasks (Table 3.3). The percentage of tasks inducing symptoms 
of weakness was, however, higher in each patient group than in the normal subjects (all p < 
0.001, Table 3.3). Activity-dependent weakness on one or more tasks was reported by 75–85% of 
patients and 40% of normal subjects. Because it was also found in normal subjects, we considered 
activity-dependent weakness as abnormal when it occurred in more than 40% of tasks. This 
equals the 95% percentile of the number of tasks causing activity-dependent weakness in the 
group of normal subjects. This abnormal activity-dependent weakness was found in 50–60% 
of patients in each group (Table 3.3).

The FSS-score was higher in patients (for each group) than in normal subjects (p < 0.02, Table 
3.3), and higher in CIDP patients than in MMN patients (p = 0.004). In each of the patient 
groups, but not in the normal subjects, the FSS-score was positively correlated with activity-
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dependent weakness. These correlations were, however, weak with values of: r = 0.44 for MMN 
(p < 0.001), r = 0.39 for CIDP (p = 0.006), r = 0.52 for PSMA (p < 0.001). A correlation between 
MRC-sumscore or CMAP-sumscore and activity-dependent weakness was not found in any 
of the patient groups.

Table 3.2 Frequency of reported activity-dependent weakness in different tasks

Performing task
Reporting 

activity-dependent weakness

MMN CIDP PSMA Normal MMN CIDP PSMA Normal

Writing 97 92 96 100 54 46 65 13

Carrying shopping bag 97 80 83 97 64 56 71 21

Hair washing 91 89 83 97 24 33 41 3

Using cutlery 94 92 90 100 37 35 42 3

Typing 86 75 70 87 41 36 46 8

Shoe polishing 69 58 51 83 27 20 25 4

Fixing screws 78 58 62 100 56 60 59 31

Doing needlework 38 28 24 30 58 50 55 0

Playing sports 44 34 34 53 43 59 65 6

Dish-washing 72 65 61 87 28 35 36 4

Left: (number of subjects performing a task) x 100% / (total number of subjects). Right: (number of subjects 
reporting increased weakness during a task) x 100% / (number of subjects performing the task). MMN = multifocal 
motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = progressive spinal 
muscular atrophy; normal = normal subjects.

Table 3.3 Activity-dependent weakness related to the number of tasks and fatigue score

MMN CIDP PSMA Normal 

At least 4 tasks performed (%) 97 92 90 100

Any activity-dependent weakness (%) 75 79 85 40

Abnormal activity-dependent weakness (%) 50 58 60 6

FSS-score 3.9 5.6 4.9 3.0

Data is expressed as percentage of subjects (row 1–3) or median score (row 4). Abnormal activity-dependent 
weakness was considered if a patient reported activity-dependent weakness in more than 40% of tasks; this 
equals the 95% percentile of the number of tasks causing activity-dependent weakness in the group of normal 
subjects. MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; 
PSMA = progressive spinal muscular atrophy; normal = normal subjects; FSS = Fatigue Severity Scale which ranges 
from 0 (no fatigue) to 7 (severe fatigue).
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Multivariate analysis showed that the odds for abnormal activity-dependent weakness were 6-7 
times higher for patients (for each group) compared to normal subjects (Table 3.4). This was 
independent of sex, age and FSS-score. Multivariate analysis of the risk of activity-dependent 
weakness revealed no significant differences between MMN and CIDP, MMN and PSMA, 
or CIDP and PSMA after adjustment for sex, age, FSS-score, MRC-sumscore, and CMAP-
sumscore (data not shown). 

Discussion
The present study assessed if activity-dependent weakness in peripheral nervous system 
disorders is common or rare, and if it is specific for demyelinating neuropathies. We investigated 
symptoms of activity-dependent weakness in large numbers of MMN, CIDP, and PSMA patients 
and in normal controls. The findings show that symptoms of activity-dependent weakness in 
MMN, CIDP and PSMA are common and reported more frequently than in normal subjects. 
The frequency of these symptoms did not differ between patient groups. Furthermore, for 
each patient group the adjusted odds ratio for abnormal activity-dependent weakness was 
six or more. Finally, symptoms of activity-dependent weakness and the FSS-score were only 
weakly correlated. The latter indicates that the terms fatigue and activity-dependent weakness 
cannot be used interchangeably, possibly because fatigue is related to psychological as well as 
neuromuscular factors.7, 8

In patients with MMN or CIDP, maximal voluntary contraction of a hand muscle resulted in a 
temporary decrease of its CMAP.1, 2, 9 This was ascribed to the development of conduction block 
in the axons that fire repetitively in order to sustain muscle contraction. The ionic concentration 
shifts caused by the firing are restored by increased activity of the sodium/potassium-pump 
activity which hyperpolarizes the axon, as the pump expels three positive sodium ions for every 

Table 3.4 Logistic regression analysis of the risk of abnormal activity-dependent weakness in patients

Patient group Univariate P-value Multivariate P-value

MMN 9.6 (2.6–34.8) 0.001 6.2 (1.6–24.6) 0.01

CIDP 12.3 (3.3–45.6) 0.000 5.7 (1.2–26.7) 0.03

PSMA 13.7 (3.6–51.7) 0.000 6.9 (1.6–29.1) 0.01

Data is presented as odds ratio (95% confidence interval) of the risk compared to normal subjects. Abnormal 
activity-dependent weakness was considered if a patient reported activity-dependent weakness in more than 
40% of tasks; this equals the 95% percentile of the number of tasks causing activity-dependent weakness in the 
group of normal subjects. Multivariate analysis was corrected for sex, age and fatigue score. MMN = multifocal 
motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; PSMA = progressive spinal 
muscular atrophy.
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two potassium ions entered.10 To depolarize these axons to threshold, a larger than normal 
potential difference has to be overcome, which requires extra current. If this is not available 
due to demyelination, conduction is blocked. The occurrence of this mechanism in peripheral 
neuropathies is, however, controversial as other nerve conduction studies in MMN and CIDP 
patients did not show activity-dependent block after muscle contraction and as stimulation of 
single demyelinated axons at physiological frequencies did not consistently induce activity-
dependent block.10-13

In this study, PSMA patients also reported activity-dependent weakness more often than normal 
subjects. This cannot be explained by the above-mentioned mechanism since demyelination 
does not occur in PSMA. It was suggested that activity-dependent weakness in PSMA may 
be related to reinnervation of previously denervated muscle fibers by collateral sprouting. In 
patients with PSMA or ALS, single fiber electromyography revealed paired blocking of single 
fiber potentials, suggesting failure of action potential propagation at the transition point from 
one axon to its many reinnervating branches.14 In patients with ALS, force declined during 
sustained muscle contraction; since CMAP-size remained stable, this was ascribed to impaired 
excitation-contraction coupling in reinnervated muscle fibers.15 The mechanisms related to 
reinnervated muscle fibers may also occur in MMN and CIDP because these disorders are also 
characterized by denervation and collateral sprouting.16-19

In conclusion, activity-dependent weakness is frequently reported by MMN and CIDP patients. 
It is, however, not specific for these neuropathies as PSMA patients reported activity-dependent 
weakness to the same extent.
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Abstract
The mechanisms causing conduction block (CB) in multifocal motor neuropathy (MMN) 
are not well understood. Two symptoms experienced by MMN patients may point to 
specific mechanisms of CB. Activity-dependent weakness may reflect rate-dependent CB in 
demyelinated axons, whereas cold paresis suggests permanently depolarized nerve lesions 
that fail to conduct at lower temperatures. We assessed the effects of activity and cooling 
on muscle force in 10 MMN patients, 10 patients with progressive spinal muscular atrophy 
(PSMA), and 10 normal controls. In each subject, muscle force was measured in 6 muscle 
groups of the arm during 60s maximal voluntary contraction (MVC). Activity-dependent 
weakness was assessed by comparing muscle force at the start and at the end of MVC, 
cold paresis was assessed by comparing start force following warming to 37°C and cooling 
to 25°C. Activity-dependent weakness in MMN was 34%, more than in normal controls 
(22%) and PSMA (25%). Following cooling, muscle strength increased in controls by 9% 
but no change was found in MMN and PSMA. This study shows that activity-dependent 
weakness indeed occurs in MMN, supporting the hypothesis that activity-dependent 
weakness reflects rate-dependent CB in demyelinated axons. As cooling had similar effects 
in MMN and PSMA, our results do not support the presence of depolarized inflammatory 
nerve lesions in MMN.
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Introduction
Multifocal motor neuropathy (MMN) is characterized by slowly progressive, asymmetrical 
weakness, predominantly in distal and upper limb muscles. Treatment courses with intravenous 
immunoglobulin (IVIg) improve muscle force in up to 90% of patients, but cannot prevent slow 
deterioration.1, 2 Electrophysiological studies show multifocal motor conduction block (CB) 
and loss of motor axons. Pure motor CB is considered to be the hallmark of MMN, although 
patients were described with a clinical picture of MMN, a beneficial response to IVIg, but 
without CB.3-6 The mechanisms giving rise to CB in MMN are not well understood. Pathological 
studies of motor nerves in MMN patients, nerve conduction studies, and excitability studies 
suggested several mechanisms, including demyelination, Na-channel damage at the node of 
Ranvier, and permanently changed resting membrane potential.5, 7-12

Two clinical symptoms that are often experienced by MMN patients may point to specific 
mechanisms of CB. Activity-dependent weakness is suggested by complaints of increased 
weakness after sustained muscle effort.13 It was considered to reflect rate-dependent block that 
may arise in demyelinated axons during sustained impulse firing.14-16 Cold paresis is suggested 
by complaints of increased weakness in cold. This is incompatible with demyelination since 
impulse propagation in demyelinated axons improves by cooling and becomes blocked by 
warming.17 Instead, it was attributed to cold block arising in axons affected by inflammatory 
nerve lesions with permanently depolarized axons that just conduct at normal temperature 
but fail to conduct at lower temperatures.18 

The present study assesses if the above described complaints of activity-dependent weakness 
and cold paresis in MMN actually reflect an objective increase in weakness. We investigated 
cohorts of patients with MMN, patients with progressive spinal muscular atrophy (PSMA), 
and normal controls. We included PSMA patients as disease controls to reveal abnormalities 
specific for MMN, since PSMA is characterized by loss of motor axons only, and MMN by loss 
of motor axons as well as mechanisms leading to CB.

Materials and methods

Patients

Ten patients with MMN and 10 disease controls with PSMA were selected from the database 
of the outpatient clinic of the University Medical Centre Utrecht, a tertiary referral centre for 
neuromuscular diseases in The Netherlands (Table 4.1). Only patients with confirmed weakness 
in the arms were invited to participate, patients with severe weakness (MRC 3 or less) in more 
than 6 muscle groups to be tested were excluded as strength testing of these muscle groups was 
not feasible. Ten subjects of similar age as the patients and without any known neurological 



Measuring activity-dependent weakness and cold paresisChapter 4

36

disease served as normal controls. All participants had to be free of cardiac or respiratory disease 
and respiratory failure leading to restrictions in daily life activities, as those conditions would 
potentially limit sustaining maximal muscle effort. MMN patients and controls were of similar 
age, but PSMA patients were slightly older. Disease duration did not differ between MMN and 
PSMA (p = 0.80) with a median duration of more than 10 years for both MMN and PSMA. 

The patients with MMN fulfilled diagnostic criteria for definite or probable MMN.10 Patients 
with PSMA fulfilled criteria for sporadic PSMA.19 All participants gave written informed 
consent for the study, which was approved by the Medical Ethical Committee of the University 
Medical Centre Utrecht.

Experimental setup

We tested the change in force of arm muscles during 60 seconds of isometric maximal voluntary 
contraction (MVC). All tests were performed by the same investigator (DS). Patients were first 
investigated following warming of the arms for 30 minutes in a water bath kept at 37°C using a 
thermostat valve, triggered by an electronic thermometer in the bath. Warming was immediately 
followed by MVC testing of the muscle groups in both arms as specified. Next, the arms were 
cooled for 45 minutes in the water bath kept at 25°C, again followed by MVC testing. At each 
temperature, MVC testing took less than 20 minutes. Warming and cooling times were based 
on experiments that assessed the time needed to attain a desired nerve temperature.20, 21 

Tests were performed bilaterally for 6 different muscle groups per arm: thumb abduction, fifth 
finger abduction, wrist flexion, wrist extension, elbow flexion, and elbow extension. Subjects were 
instructed to focus on delivering maximal force during 60 seconds and informed when 30 and 
50 seconds had passed. Subjects were blinded for the recordings during MVC testing. If a MVC 
test could not be fully completed for any reason other than fatigue, the results were discarded. 
Force was measured and recorded using a fixed myometry system available from Quantitative 
Muscle Assessment (AEVERL MEDICAL LLC, Gainesville GA, US). This system includes 
an orthopaedic traction frame, examination bench, force transducers, analog-to-digital data 

Table 4.1 Subject characteristics

Controls MMN PSMA

Age 47 (30–69) 45 (25–64) 61 (44–71)

Sex 6 male 4 female 10 male 10 male

Disease duration (years) – 13 (1–27) 12 (1–20)

Tested weak muscle groups (n) – 2.5 (1–6) 3.5 (1–6)

Data given as median (range). MMN = multifocal motor neuropathy; PSMA = progressive spinal muscular atrophy.
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acquisition equipment and software for recording and analysis of data. We added a custom-built 
device with an extra force transducer and adapted the acquisition hard- and software to allow for 
testing of wrist flexion, wrist extension, thumb abduction, and fifth finger abduction (Figure 4.1).  

We carefully positioned the investigated arm and hand to ensure optimal isolation of the muscle 
group to be tested. Muscle groups of the hand and forearm were tested with the subject seated. 
Thumb abduction was tested with the forearm and hand in the horizontal plane (supination) 
resting on a foam cushion and the radial side of the thumb resting on a metal cup mounted 
on a vertically placed load cell. Fifth finger abduction was tested with the forearm and palm of 
the hand in the vertical plane (between pronation and supination) resting on a foam cushion, 
the fifth finger resting on a metal cup mounted on a vertically placed strain gauge load cell, 
and a horizontal bar placed over the fifth finger to support the ring finger. Wrist flexion and 
extension were tested using a horizontal foam padded bar mounted on a horizontally placed 
bending beam load cell. The forearm was resting on a foam cushion, in supination for testing 
wrist flexion and in pronation for testing extension, with the padded bar placed over the hand 
such that it approximated the metacarpophalangeal joints. Elbow flexion and extension were 
tested with the subject laying supine on a height adjustable bench. A padded strap attached 
to a strain gauge load cell was fixed to the distal forearm, the strap being parallel to the upper 
arm. Strap length was adjusted such that the elbow was in 90 degrees flexion when resting on 
the bench. The strain gauge was fixed to the frame at the foot end for testing elbow flexion and 
at the head end for testing elbow extension. 

Figure 4.1 Purpose-built addition to the myometry system for recording strength of wrist flexion 
and extension, thumb abduction, and fifth finger abduction, shown here setup for testing wrist 
flexion and extension.
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Analysis

The acquisition software was set to store average force at 4 intervals during MVC: 0–5s, 2–7s, 
53–58s and 55–60s. Activity-dependent weakness was defined as the percentage decrease in 
force during 60 seconds MVC: (start force - end force) x 100% / (start force). Start force was 
defined as the average force in the 0–5s or 2–7s seconds interval. End force was defined as the 
average force in the 53–58s or 55–60s interval. In both instances the highest average force 
was selected. Comparisons of muscle strength at 37°C and 25°C were based on comparing 
start force. Comparisons of muscle strength and activity-dependent weakness between 
groups were made using Student’s t-test or Mann-Whitney U test when appropriate. Version 
20.0.0 of the statistical program SPSS was used for all analyses. P < 0.05 was considered  
significant.

Results
The maximal possible number of muscles tested was 120 muscles per group of subjects (6 
muscles per arm; 10 subjects per group). In the MMN-group 96 muscles (80%) were tested; 
24 muscles could not be tested due to severe paresis (23 muscles) or cramps (1 muscle). In 
the PSMA-group 93 muscles (78%) were tested; 27 muscles could not be tested due to severe 
paresis (26 muscles) or cramps (1 muscle). In the normal controls 118 muscles (98%) were 
tested; 2 muscles could not be tested because of cramps. Median start force at 37°C was 7 N 
more in MMN than in normal controls (p = 0.06) and 16 N more than in PSMA (p = 0.03, 
Table 4.2).

Table 4.2 Baseline force at 37°C

Controls MMN PSMA

Dig I abduction 26 (19–47) 18 (6–66) 23 (8–43)

Dig V abduction 14 (7–24) 12 (8–25) 12 (8–16)

Wrist flexion 82 (50–114) 72 (13–182) 64 (11–121)

Wrist extension 66 (35–120) 63 (10–121) 57 (10–112)

Elbow flexion 98 (62–152) 136 (31–218) 77 (15–158)

Elbow extension 76 (50–115) 99 (47–185) 87 (7–155)

All muscles 65 (7–152) 72 (6–218) 56 (8–158)

Force is given in Newtons, median (range). MMN = multifocal motor neuropathy; PSMA = progressive spinal 
muscular atrophy.
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Activity-dependent weakness

At 37°C, activity-dependent weakness in MMN patients was 12% more than in normal controls 
(95% CI 6.7–17%, p < 0.001) and 9% more than in PSMA patients (95% CI 3.0–15%, p = 0.006, 
Table 4.3). At 25°C, activity-dependent weakness in MMN patients was 10% more than in 
controls (95% CI 5.6–16%, p < 0.001) but not more than in PSMA patients (Table 4.4).  

Cold paresis

Following cooling, muscle strength increased in controls by 9% (71 vs. 65 N, p < 0.001), but did 
not change in the patient groups (0.5% increase in MMN, p = 0.80; 0.5% decrease in PSMA, 
p = 0.85). 

Table 4.3 Activity-dependent weakness at 37°C

Controls MMN PSMA

Dig I abduction 13 26 13

Dig V abduction 43 31 39

Wrist flexion 27 47 22

Wrist extension 27 38 36

Elbow flexion 5 28 18

Wlbow extension 16 28 25

All muscles 22 34 25

Activity-dependent weakness is expressed as the percentage decline in force during 60s maximal voluntary 
contraction. MMN = multifocal motor neuropathy; PSMA = progressive spinal muscular atrophy.

Table 4.4 Activity-dependent weakness at 25°C

Controls MMN PSMA

Dig I abduction 19 19 9

Dig V abduction 29 33 36

Wrist flexion 27 37 32

Wrist extension 26 40 40

Elbow flexion 2 28 20

Elbow extension 19 26 27

All muscles 21 31 27

Activity-dependent weakness is expressed as the percentage decline in force during 60s maximal voluntary 
contraction. MMN = multifocal motor neuropathy; PSMA = progressive spinal muscular atrophy.
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Discussion
The present study showed that sustained muscular effort induced a decrease in muscle force 
that was most prominent in MMN patients. This may indicate that symptoms of activity-
dependent weakness experienced by patients reflect an objective decrease in muscle force. 
Cooling did not change muscle force in both MMN and PSMA patients in contrast to normal 
controls who showed an increase in force. To our knowledge, this is the first time effects of 
activity and temperature on objectively assessed muscle strength were systematically studied. 

In the past, the symptom of activity-dependent weakness in MMN patients was attributed to 
rate-dependent block in demyelinated axons.15, 16 Rate-dependent block was shown in single, 
experimentally demyelinated axons during high frequency stimulation, both at physiological 
and non-physiological frequencies.14, 22, 23 It arises due to the combination of two factors which 
impair impulse propagation: demyelination and hyperpolarization induced by sustained 
firing.24, 25 With demyelination, the driving current, that depolarizes a node of Ranvier prior 
to impulse generation, is not concentrated at the node but also flows through the damaged 
myelin sheath. Hyperpolarization results in more driving current being required to sufficiently 
depolarize the node for impulse generation. It occurs due to increased Na/K ATP-ase activity 
which is necessary to restore ionic concentration gradients: per pump-cycle, 3 positive Na-ions 
are expelled in exchange for only 2 positive K-ions, thereby resulting in a net loss of positive 
charges at the inside of the axolemma.26 Our finding that activity-dependent weakness, assessed 
by muscle force recording, is more prominent in MMN than in PSMA supports two hypotheses: 
(i) activity-dependent weakness reflects rate-dependent block in demyelinated axons, and (ii) 
CB in MMN reflects demyelination. Our findings, however, do not exclude other factors that 
may contribute to activity-dependent weakness such as impulse blocking at distal axonal motor 
branch points or impulse blocking in muscle fibers.27, 28      

Cold paresis in MMN was first described in a patient with MMN.29 It was considered to be 
incompatible with demyelination as a possible cause of CB, since impulse propagation in 
demyelinated axons improves rather than worsens by cooling.17, 30 Instead, it was attributed to CB 
arising in axons affected by inflammatory nerve lesions that just conduct at normal temperature 
but fail to conduct at lower temperatures.31 It was hypothesized that inflammation causes lack 
of available ATP, impaired Na/K ATP-ase activity, and permanent slight depolarization. Cold 
would then yield additional depolarization because of thermal reduction of Na/K ATP-ase 
activity, the final result being marked depolarization causing CB due to transient nodal Na-
channel inactivation. This hypothesis has not been proven but some steps are supported by 
previous investigations: cold results in depolarization of normal human motor axons that was 
best explained by Na/K ATP-ase failure, inflammatory lesions decrease ATP-availability, and 
complaints of cold paresis were experienced more often by patients with MMN than by patients 
with other peripheral nervous system disorders.32-34 The present study showed that cold did 
not affect muscle force in MMN and PSMA patients so that the symptoms of cold paresis in 
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these patients cannot be ascribed to an objective decrease in muscle force. Possibly, however, 
the lack of cold-induced muscle force increase that was observed in normal controls may be 
experienced as cold paresis by patients. Nevertheless, our study does not clearly support the 
hypothesis that CB in MMN occurs due to depolarized inflammatory nerve lesions. 

Alternatively, cold paresis may arise due CB in muscle fibers because: (i) cooling results in 
decreased availability of non-inactivated muscle Na-channels, (ii) muscle fibers, reinnervated 
by collateral sprouting, may develop CB during cold, and (iii) needle EMG in MMN showed 
evidence of reinnervation of muscle fibers by collateral sprouting.35-37
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Abstract
Previous studies suggested that activity-dependent conduction block (CB) contributes 
to weakness in MMN. Obtaining more robust evidence for activity-dependent CB is 
important because it may be a novel target for pharmacological treatment strategies. We 
performed nerve conduction studies in 22 nerve segments of 19 MMN patients, before and 
immediately after 60s of maximal voluntary contraction (MVC) of the relevant muscle. 
We employed supramaximal electrical stimulation, excluded nerves with marked axonal 
loss, and adopted criteria for activity-dependent CB. Per segment the segmental area ratio 
(area proximal compound muscle action potential (CMAP) / area distal CMAP) was 
calculated and per nerve total area ratio (area CMAP at Erb’s point / area distal CMAP). 
MVC induced no changes in mean area ratios and induced no activity-dependent CB. 
In segments with CB before MVC, MVC induced increased duration prolongation. We 
conclude that in MMN, MVC induces temporal dispersion but no activity-dependent CB.
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Introduction
Multifocal motor neuropathy (MMN) is characterized by asymmetric weakness, predominantly 
in upper limb muscles.1-3 Nerve conduction studies may show multifocal motor conduction block 
(CB) in axons that are apparently not degenerated. Treatment with IVIg results in temporary 
improvement but cannot prevent slow progression of permanent weakness due to loss of motor 
axons.4 Weakness in MMN was suggested to result from loss of motor axons or CB.5,6 Some 
studies indicated that weakness in MMN may increase after sustained muscle effort.7-9 This 
phenomenon was suggested to be caused by activity-dependent CB, arising in axons that have to 
fire repetitively in order to sustain muscle contraction. After repetitive firing, ionic concentration 
gradients in the axon are restored by increased sodium/potassium-pump activity.10 Since with 
each pump-cycle, three positive sodium ions are expelled and only two positive potassium 
ions entered, axons become hyperpolarized.11 To depolarize these axons to threshold, a larger 
than normal potential difference has to be overcome, which requires extra current. If this is not 
available due to demyelination and paranodal leakage, CB may be induced.12,13 

Previous nerve conduction studies searching for activity-dependent CB in MMN have several 
shortcomings.7-9 Only one nerve segment was assessed per patient, so that it is uncertain if 
activity-dependent CB is common. Cervical magnetic stimulation was used, which may give a 
false impression of CB in the case of submaximal stimulation. Moreover, nerves with marked 
axonal loss were included, which precludes assessment of CB, and criteria for activity-dependent 
CB were not defined. 

Obtaining more robust evidence for activity-dependent CB in MMN is important because its 
finding in patients without persistent CB may support the diagnosis of MMN.8,9 Furthermore, 
modern drugs may allow pharmacological treatment of mechanisms causing activity-dependent 
CB.14 In the present study, we investigated 22 nerve segments in each of 19 MMN patients, 
employed supramaximal electrical stimulation, excluded nerves with marked axonal loss, and 
defined criteria for activity-dependent CB.

Methods

Subjects

Nineteen patients with MMN were selected from our database (Table 5.1). They had to fulfil 
criteria for definite MMN and to have at least two nerve segments with definite or probable CB.15 
All had shown improvement on intravenous immunoglobulin (IVIg) treatment. All patients 
gave informed consent to participate in this study, which was approved by the Medical Ethics 
Committee of the University Medical Centre Utrecht. One patient objected to stimulation at 
Erb’s point. 
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Five healthy subjects with median age 57 years (range 30–64), without signs or symptoms of 
neuropathy, were investigated to assess the physiological effects of sustained muscle contraction 
on nerve conduction and compound muscle action potential (CMAP) variables.

Electrophysiology

Nerve conduction studies (NCS) were performed bilaterally by the same investigator (HF) 
according to a standardized protocol using AgAgCl surface electrodes with a diameter of 9 
mm. A Viking machine (Nicolet Biomedical Inc, Madison, WI, USA) was used for all studies. 
Motor conduction was investigated in the median nerve (stimulation: wrist, elbow, axilla and 
Erb’s point; recording m. abductor pollicis brevis and m. flexor carpi radialis), ulnar nerve 
(stimulation: wrist, 5 cm below the elbow, 5 cm above the elbow, axilla and Erb’s point; recording 
m. abductor digiti V), radial nerve (stimulation: elbow, axilla and Erb’s point; recording m. 
extensor carpi ulnaris) and musculocutaneous nerve (stimulation: axilla and Erb’s point; 
recording m. biceps brachii). Prior to the investigation, the arms were warmed in water at 37°C 
for at least 30 minutes; thereafter, they were kept warm by infrared heaters.16

We measured latency, amplitude, area and duration of the total negative phase of each CMAP.17,18 
Nerves and nerve segments with distal amplitude below 0.5 mV and the elbow segment of the 
ulnar nerve were not analyzed. Responses were only scored if supramaximal stimulation was 

Table 5.1 Baseline characteristics of MMN patients

Variable
Patients
(n=19)

Gender (male/female) 13/6 

Age (y) 58 (37–73)

Disease duration (y) 8 (2–17)

Current treatment IVIg (n) 14

Current treatment ScIg (n) 1

No treatment (n) 4

Segments with definite CB, per patient (n) 2 (0–6)

Segments with probable CB, per patient (n) 3 (1–9)

Segments with definite or probable CB, per patient (n) 4 (2–13)

Segments with demyelinative slowing, per patient (n) 2 (0–12)

Nerves with axonal loss per patient (n) 1 (0–3)

Last IVIg treatment > 6 weeks (n) 5

Data given as numbers or median (range). MMN = multifocal motor neuropathy; IVIg = intravenous immunoglobulin; 
ScIg = subcutaneous immunoglobulin; CB = conduction block.
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possible (at least 20% above the strength for a maximal CMAP; at Erb’s point at least 30%). To 
obtain maximal stimulation at Erb’s point, we used a stimulator with relatively large distance 
between cathode and anode (4 cm) and applied stimulus durations up to 1 ms; this ensured 
that stimulus current could be increased by 30% in order to assess if the CMAP was truly 
maximal. In the case of CB, we ensured that the proximal CMAP did not increase after setting 
the stimulator at maximal output. 

Procedure

Each nerve was investigated before and after 60s of maximal isometric voluntary contraction 
(MVC) of the muscle from which the CMAP was recorded. NCS before MVC were started by 
distal stimulation followed by more proximal stimulation, as is usual. NCS after MVC started 
immediately after the end of MVC with stimulation at Erb’s point, followed by stimulation at 
the axilla, elbow and wrist. This ensured that short-lasting, activity-dependent CB was not 
missed. NCS after MVC took less than one minute to perform.

Definition of variables

Segmental area ratio was defined as: [area of the CMAP evoked at proximal stimulation of the 
nerve segment] / [area of the CMAP evoked at distal stimulation of the segment]. Total area 
ratio was defined as: [area of the CMAP evoked at Erb’s point] / [area of the CMAP evoked at 
the most distal site of the nerve]. Both ratios are expressed as percentages and decrease when 
more axons are blocked. CB was defined as a decreased segmental area ratio according to 
criteria which take the amount of temporal dispersion of nerve action potentials into account.19 
Segmental duration prolongation was calculated by [duration proximal CMAP - duration distal 
CMAP] x 100% / [duration distal CMAP]. This variable estimates temporal dispersion of nerve 
action potentials. Demyelinative slowing was defined as a segmental motor conduction velocity 
(CV) compatible with demyelination according to criteria established at 37°C which take the 
amplitude of the distal CMAP into account.20 Axonal loss in a nerve was considered if the 
distal CMAP amplitude was below the lower limit of normal (3.5 mV for the median nerve to 
abductor pollicis brevis muscle, 2.8 mV for the ulnar nerve and 3.0 mV for the median nerve 
to flexor carpi radialis muscle, radial and musculocutaneous nerves). 

Analysis of MVC effects 

We assessed if MVC induced: (i) a decrease in mean segmental area ratio, mean total area 
ratio, or mean Erb’s point CMAP area, (ii) an increase in the number of segments with CB, 
(iii) activity-dependent CB according to criteria described below, (iv) a decrease in motor CV, 
or (v) an increase in segmental duration prolongation. 
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Our criteria for activity-dependent CB were derived from simulation studies with surface-
recorded human motor unit potentials (MUPs).19 They require that MVC induces an additional 
decrease in segmental CMAP area ratio that is larger than can be caused by MVC-induced 
increase in temporal dispersion of nerve action potentials. The latter is estimated by measuring 
the MVC-induced increase in segmental duration prolongation. When this is zero, the criterion 
for activity-dependent CB requires that MVC induces a decrease in segmental area ratio by at 
least 25%. Criteria for activity-dependent CB become more stringent with larger values of MVC-
induced duration prolongation. We used our criteria as follows. First, we selected segments 
where MVC induced a decrease of at least 25% in segmental area ratio. Then, after waiting one 
hour, we repeated the MVC procedure in these segments in order to assess reproducibility. If 
the findings were reproducible, we applied the criterion for activity-dependent CB that was 
appropriate for the increase in duration prolongation. 

We performed subgroup analysis for: (i) segments that were characterized by CB or 
demyelinative slowing before MVC, (ii) nerves with axonal loss, and (iii) patients who had 
received their last IVIg treatment more than 6 weeks previously.

Statistical tests

Student’s paired t-test was used to compare continuous variables before and after MVC. Pearson’s 
chi-square test was used to compare categorical variables before and after MVC. P-values < 
0.05 were considered to be significant.

Results

MMN: characteristics before MVC (Table 5.1)

In the 19 patients with MMN, 172 nerves and 353 segments met our inclusion criteria. CB was 
found in 53 segments and 51 nerves of 18 patients, demyelinative slowing in 64 segments of 
16 patients, and axonal loss was found in 17 nerves of 10 patients. 

MMN: influence of MVC in all segments (Table 5.2, Figures 5.1 and 5.2)

Mean CMAP area at Erb’s point, distal CMAP area, CMAP duration at Erb’s point, and distal 
CMAP duration all increased after MVC. Remarkably, the mean values of segmental area ratio, 
segmental duration prolongation, segmental motor CV, and total area ratio did not change 
significantly.

The number of segments with CB decreased to 39 (p = 0.12); CB persisted in 28 segments, 
was newly found in 11 and disappeared in 25 segments. Segmental area ratio decreased by 
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Table 5.2 NCS in MMN: all segments and nerves

Variable Before MVC After MVC P-value

Segmental area ratio (%) 84.3 (1.0) 83.7 (1.0) 0.36

Segmental duration prolongation (%) 18 (1.7) 18 (1.7) 0.79

Segmental motor CV (m/s) 54 (0.7) 53 (0.7) 0.13

Total area ratio (%) 73.2 (1.9) 71.5 (1.9) 0.09

Erb’s point CMAP area (mVms) 31.7 (1.8) 34.4 (2.0) <0.001

Distal CMAP area (mVms) 38.6 (1.8) 42.1 (2.0) <0.001

Erb’s point CMAP duration (ms) 13.2 (0.4) 13.8 (0.5) 0.001

Distal CMAP duration (ms) 9.6 (0.3) 9.9 (0.3) <0.001

Data given as mean (SEM). NCS = nerve conduction studies; MMN = multifocal motor neuropathy; MVC = maximal 
voluntary contraction; CV = conduction velocity; CMAP = compound muscle action potential.

more than 25% in 17 segments of 11 patients and increased by more than 25% in 12 segments 
of 8 patients. Of these patients, 5 had only segments with a decrease and no segments with 
an increase, 2 patients had only segments with an increase and no segments with a decrease, 
and 6 patients had both. In the 17 segments with a decrease in segmental area ratio of more 
than 25%, measurements were repeated after waiting for at least 60 minutes. In none of these 
segments could the decrease in area ratio be reproduced, which is consistent with submaximal 
stimulation rather than activity-dependent CB. Total area ratio decreased by more than 25% 
in 8 nerves and increased by more than 25% in 11 nerves.

MMN: influence of MVC in subgroups (Table 5.3, Figure 5.3)

In segments with CB before MVC, segmental area ratio and duration prolongation increased. 
In segments with demyelinative slowing and nerves with axonal loss, no changes were found. 
In patients who received their last IVIg treatment more than 6 weeks previously, CMAP area at 
Erb’s point, distal CMAP area, CMAP duration at Erb’s point, and distal duration all increased. 
These changes were comparable to the changes found on analysis of all nerves together.

Healthy subjects: influence of MVC

Significant increases of mean values were found for CMAP area at Erb’s point (13%), distal 
CMAP area (12%), and distal CMAP duration (4%). Segmental area ratio did not decrease by 
more than 25% in any segment; in one segment it increased by more than 25%. Total area ratio 
did not decrease by more than 25% in any nerve; in one nerve it increased by more than 25%. 
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Figure 5.1 Change in segmental and total area ratio after 60s maximal voluntary contraction (MVC) 
in 19 patients with multifocal motor neuropathy. Values < 100% represent a decrease in ratio as may 
happen when MVC induces CB. Values > 100% represent an increase in ratio. Med: median nerve 
to hand, uln: ulnar nerve, mef: median nerve to forearm, rad: radial nerve, mus: musculocutaneous 
nerve, FA: forearm segment, UA: upper arm segment, SH: shoulder segment.
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Figure 5.2 Change in area of the distal compound muscle action potential (CMAP) and of the CMAP 
evoked at Erb’s point after 60s maximal voluntary contraction (MVC) in patients with multifocal motor 
neuropathy. Values < 100% represent a decrease in CMAP area after MVC, values > 100% represent 
an increase. Med: median nerve to hand, uln: ulnar nerve, mef: median nerve to forearm, rad: radial 
nerve, mus: musculocutaneous nerve.
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Discussion
Obtaining more robust evidence for the occurrence of activity-dependent CB in MMN is 
potentially important for two reasons. First, it may lead to improved diagnostic techniques: 
activity-dependent CB, shown in a patient suspected of MMN who has no evidence of 
persistent CB, may strongly support the diagnosis and subsequent treatment of MMN by 

Table 5.3 NCS in MMN: subgroups

Variable Before MVC After MVC P-value

Segments with conduction block (n=53)

Segmental area ratio (%) 50.2 (2.5) 56.3 (3.1) 0.004

Segmental duration prolongation (%) 16.8 (5.1) 25.8 (5.8) 0.01

Segmental motor CV (m/s) 48.8 (2.0) 47.9 (1.8) 0.28

Segments with demyelinative slowing (n=64)

Segmental area ratio (%) 74.6 (3.4) 75.4 (3.4) 0.71

Segmental duration prolongation (%) 29.1 (4.8) 30.9 (4.6) 0.52

Segmental motor CV (m/s) 33.0 (1.1) 33.2 (1.2) 0.70

Nerves with axonal loss (n=17)

Segmental area ratio (%) 81.3 (3.3) 79.5 (3.8) 0.54

Segmental duration prolongation (%) 28.1 (5.5) 26.1 (5.3) 0.75

Segmental motor CV (m/s) 43.9 (2.6) 43.4 (2.7) 0.72

Total area ratio (%) 72.5 (5.8) 65.4 (6.7) 0.15

CMAP area Erb’s point (mVms) 7.3 (1.9) 7.3 (1.9) 0.95

Distal CMAP area (mVms) 7.3 (1.0) 7.6 (1.1) 0.54

CMAP duration Erb’s point (ms) 17.0 (2.0) 17.5 (2.2) 0.46

Distal CMAP duration (ms) 10.4 (1.2) 11.0 (1.2) 0.24

Patients with last IVIg treatment > 6 weeks

Segmental area ratio (%) 85.2 (1.8) 84.6 (1.9) 0.68

Segmental duration prolongation (%) 16.7 (2.8) 18.8 (3.2) 0.38

Segmental motor CV (m/s) 56.8 (1.4) 56.4 (1.4) 0.61

Total area ratio (%) 73.2 (3.5) 71.6 (3.7) 0.53

CMAP area Erb’s point (mVms) 28.8 (3.5) 31.2 (3.9) 0.007

Distal CMAP area (mVms) 37.1 (3.7) 39.8 (4.1) 0.005

CMAP duration Erb’s point (ms) 11.7 (0.7) 12.6 (0.8) 0.04

Distal CMAP duration (ms) 9.3 (0.6) 9.7 (0.6) 0.03

Data given as mean (SEM). NCS = nerve conduction studies; MMN = multifocal motor neuropathy; MVC = maximal 
voluntary contraction; CV = conduction velocity; CMAP = compound muscle action potential; IVIg = intravenous 
immunoglobulins
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immunoglobulins.8,9,21,22 Secondly, modern drugs that selectively modify pump or ion-channel 
activities may allow pharmacological treatment of mechanisms causing activity-dependent CB.14  

In the present study, we searched for activity-dependent CB in a large number of nerve segments, 
employed supramaximal electrical stimulation, excluded nerves with marked axonal loss, and 
adopted criteria for activity-dependent CB. Analysis of all segments and nerves together showed 
that MVC induced an increase in both mean distal and mean proximal CMAP area and duration. 
MVC did not, however, induce a change in mean segmental or mean total CMAP ratio. In a 
minority of segments, MVC induced a decrease in segmental area ratio that fulfilled criteria 
for activity-dependent CB. This was likely due to submaximal stimulation since it could not be 
reproduced. Subgroup analysis showed that, in segments with CB, MVC induced an increase in 
segmental duration prolongation and segmental area ratio. This suggests that, in segments with 
CB, MVC induced increased temporal dispersion of nerve action potentials. It is conceivable 
that this causes additional weakness in the contracting muscle due to desynchronized motor unit 

Figure 5.3 Change in segmental area ratio after 60s maximal voluntary contraction (MVC) in patients 
with multifocal motor neuropathy, subgroup of segments with conduction block (CB) before MVC. 
Values < 100% represent a decrease in ratio as may happen when MVC induces CB. Values > 100% 
represent an increase in ratio. Med: median nerve to hand, uln: ulnar nerve, mef: median nerve to 
forearm, rad: radial nerve, mus: musculocutaneous nerve, FA: forearm segment, UA: upper arm 
segment, SH: shoulder segment.
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activation.23 Taken together, our findings indicate that MVC may induce temporal dispersion 
of nerve action potentials but not CB. 

Previous investigations in MMN patients suggested activity-dependent CB.7-9 CMAPs before 
MVC were compared with CMAPs evoked at several time points after MVC. MVC induced a 
CMAP decrease lasting up to 3 minutes after the end of MVC that was paralleled by activity-
dependent hyperpolarization.7 For several reasons the evidence that these CMAP changes 
represented activity-dependent CB is insufficient. First, in many segments, proximally-evoked 
CMAPs were already severely decreased before MVC (1mV or less), indicating that only a few 
conducting axons were left. Temporal dispersion of nerve action potentials, induced by MVC, 
may then yield phase cancellation between the MUPs contributing to the CMAP, yielding a 
decreased CMAP without increase in duration, giving the false impression that MVC induced 
CB.19 Secondly, the proximal CMAPs, from which activity-dependent changes were judged, 
were evoked by cervical magnetic stimulation in all but one segment. This carries a risk 
of being submaximal, which is further increased if activity has induced hyperpolarization 
of the axons that have to be stimulated. The MVC-induced decrease in CMAPs evoked by 
cervical magnetic stimulation, may, therefore, be due to activity-dependent hyperpolarization 
instead of CB. Thirdly, no criteria for activity-dependent CB were applied. Because MVC 
induces temporal dispersion of nerve action potentials, assessment of activity-dependent 
CB from the summated activity of several axons, as is done in CMAP-recording, requires 
criteria to distinguish temporal dispersion from CB. Activity-dependent CB was convincingly 
demonstrated by electrical stimulation in only one MMN patient with preserved proximal and 
distal CMAPs; in this patient MVC induced a temporary and marked reduction in segmental 
area ratio fulfilling our criteria.7

An additional problem in assessing activity-dependent CB by means of CMAP-recordings is that 
MVC may induce a CMAP increase. Previously, this was found only in motor neuron disease and 
normal subjects but not in MMN.9 Our study shows that MVC also induces a CMAP increase 
in MMN, both in demyelinated and non-demyelinated segments. The likely mechanism is 
increased muscle sodium/potassium-pump activity which causes hyperpolarization and larger 
action potentials in muscle fibers.24 The CMAP increase after MVC may lead to considerable 
difficulty in the assessment of activity-dependent CB since it lasts several minutes after MVC.25 
This is especially true when activity-dependent CB is assessed by monitoring changes in CMAPs 
that are evoked at a single stimulation site, as was done in previous studies.8,9 We avoided this 
problem by assessing CB from the ratio of the two CMAPs evoked at the proximal and distal 
stimulation sites of a nerve segment.

The reduction in excitability is maximal immediately after MVC.7 We, therefore, initiated 
NCS after MVC by stimulation at Erb’s point immediately after the end of MVC so that short-
lasting, activity-dependent CB was not missed. If activity-dependent CB were to last less than 
the time needed to study one nerve, it would have been overestimated because, in that case, 
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the CMAP on proximal stimulation would have been reduced more than the CMAP on distal 
stimulation. This was not observed because, after MVC, the CMAP at Erb’s point increased 
rather than decreased.

The lack of evidence for activity-dependent CB in MMN may also be related to pathophysi-
ological factors. First, electrical stimulation of single demyelinated axons to induce 
activity-dependent CB gave rise to conflicting results. In rats, ventral root stimulation at 
physiological frequencies of 10–50 Hz could give rise to blocking of impulse-transmission 
and hyperpolarization that was attributable to electrogenic pump-activity.10 Contrary to these 
findings, a comparable study showed that CB could only be induced at higher non-physiological 
frequencies of 80–100 Hz.26 Second, studies with polarizing currents suggested that motor 
axons at sites with CB were either depolarized or hyperpolarized, and excitability studies distal 
to sites with conduction block revealed hyperpolarized motor axons.27,28 It is conceivable that 
the hyperpolarization, induced by MVC, decreases the likelihood of CB in axons that are 
depolarized at rest but increases the likelihood of CB in axons that are hyperpolarized at rest. 
Since depolarizing and hyperpolarizing lesions may co-exist, MVC may fail to result in a net 
effect on conduction in a whole nerve.12 Several mechanisms were suggested to underlie these 
membrane abnormalities and CB, including paranodal demyelination, disruption of nodal 
sodium-channel clusters, dysfunction of nodal sodium-channels, and sodium/potassium-pump  
hyperactivity.12,27,29 

In conclusion, in this study we have shown that there is insufficient evidence for activity-
dependent CB in MMN. Prevention of activity-dependent hyperpolarization by pharmacological 
treatment is, therefore, not justified.
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Abstract
Previous studies suggested that activity-dependent conduction block (CB) contributes 
to weakness in chronic inflammatory demyelinating polyneuropathy (CIDP). These 
studies, however, investigated only one nerve segment per patient, employed cervical 
magnetic stimulation which may be submaximal, included nerves with extremely low 
compound muscle action potentials (CMAPs) which precludes assessment of CB, and 
lacked predefined criteria for activity-dependent CB. Obtaining more robust evidence 
for activity-dependent CB is important because it may be treated pharmacologically. We 
investigated 22 nerve segments in 18 CIDP patients, employed supramaximal electrical 
stimulation, excluded nerves with markedly reduced CMAPs, and adopted criteria for 
activity-dependent CB. Each nerve was tested before and immediately after 60 seconds 
of maximal voluntary contraction (MVC) of the relevant muscle. Per nerve segment we 
calculated segmental area ratio: (area proximal CMAP) / (area distal CMAP). Per nerve 
we calculated total area ratio: (area CMAP evoked at Erb’s point) / (area most distally 
evoked CMAP). MVC induced no change in mean area ratios and no activity-dependent 
CB according to our criteria, except for one segment. MVC induced increases in distal 
and proximal CMAP area and duration. In segments with demyelinative slowing, MVC 
induced an increase in CMAP duration prolongation. Thus, in CIDP, muscle activity 
induces virtually no CB, but it may increase temporal dispersion of nerve action potentials.
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Introduction
In patients with chronic inflammatory demyelinating polyneuropathy (CIDP) weakness was 
reported to increase after muscle contraction.1 This was suggested to be caused by activity-
dependent conduction block (CB) arising in the axons that, in order to sustain muscle 
contraction, have to fire at higher than normal frequencies. At the start of 60 seconds of maximal 
voluntary contraction of hand or upper arm muscles, axons fire with a maximal rate of 50 Hz 
and an average rate of 30 Hz, the average rate falling to 15 Hz at the end of contraction.2 Activity 
dependent CB is caused by a specific mechanism. After repetitive firing, ionic concentration 
gradients in the axon are restored by increased Na/K-pump activity. Since, with each pump-
cycle, three positive sodium ions are extruded and only two positive potassium ions are inserted, 
axons become hyperpolarized.3 To depolarize these axons to threshold, a larger than normal 
potential difference has to be overcome, which requires extra current. If this current is not 
available due to demyelination and paranodal leakage, CB is induced.4, 5

Previous nerve conduction studies searching for activity-dependent CB in CIDP had several 
shortcomings. Only one nerve segment per patient was assessed so that it is unknown if 
activity-dependent CB is common. Furthermore, cervical magnetic stimulation was applied 
which may give a false impression of CB in the case of submaximal stimulation. Also, nerves 
with markedly reduced distal compound muscle action potentials (CMAPs) were included 
which precludes proper assessment of CB. Finally, no predefined criteria for activity-dependent 
CB were given.1, 6

Given the recent interest in pharmacological treatment of activity-dependent CB, it is important 
to obtain more robust evidence whether or not it occurs in CIDP.7 We investigated 22 nerve 
segments in each of 18 CIDP patients, employed supramaximal electrical stimulation, excluded 
nerves with markedly reduced CMAPs, and defined criteria for activity-dependent CB.

Methods

Subjects

Eighteen patients with CIDP (12 male, 6 female) were selected from our local records. Median age 
was 60 (range 36–73), median disease duration was 68 months (3–343). Ten patients were treated 
with intravenous immunoglobulins (IVIg), of whom five received their last treatment more than 
6 weeks ago. Three patients were on steroid treatment and four patients were treatment naïve. 
Seventeen patients fulfilled electrodiagnostic criteria for CIDP of both the American Academy 
of Neurology and the European Federation of Neurological Societies/Peripheral Nerve Society 
(EFNS/PNS) and one patient fulfilled only the criteria of the EFNS/PNS.8, 9 To prevent testing 
patients in the recovery phase of a monophasic disease course, patients had to be dependent on 
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treatment at the time of the study or, in the case of failure of treatment or no treatment, had to 
have experienced clinical deterioration in the last 6 months. Five healthy subjects with a median 
age of 57 years (range 30–64), without signs or symptoms of neuropathy, were investigated to 
assess the physiological effects of sustained muscle contraction on CMAP variables.

The study protocol was approved by the Medical Ethics Committee of the University Medical 
Centre Utrecht. Written informed consent was obtained from all participating subjects. 

Electrophysiology

Nerve conduction studies (NCS) were performed bilaterally by the same investigator (HF) 
according to a standardized protocol using AgAgCl surface electrodes with a diameter of 9 
mm. Motor conduction was investigated in the median nerve (stimulation: wrist, elbow, axilla 
and Erb’s point; recording m. abductor pollicis brevis and m. flexor carpi radialis), ulnar nerve 
(stimulation: wrist, 5 cm below the elbow, 5 cm above the elbow, axilla and Erb’s point; recording 
m. abductor digiti V), radial nerve (stimulation: elbow, axilla and Erb’s point; recording m. 
extensor carpi ulnaris) and musculocutaneous nerve (stimulation: axilla and Erb’s point; 
recording m. biceps brachii). Prior to the investigation, the arms were warmed in water at 37°C 
for at least 30 minutes; thereafter, they were kept warm by infrared heaters.10

We measured latency, amplitude, area and duration of the total negative phase of each 
CMAP.11 Nerves and nerve segments of which the distal CMAP amplitude was below 0.5mV, 
and the elbow segment of the ulnar nerve were not analyzed. Responses were only scored if 
supramaximal stimulation was possible (at least 20% above the strength for a maximal CMAP; 
at Erb’s point at least 30%). In the case of CB, we ensured that the proximal CMAP did not 
increase after setting the stimulator at maximal output.

Procedure

Each nerve was investigated before and after 60 seconds of isometric maximal voluntary 
contraction (MVC) of the muscle from which the CMAP was recorded. NCS before MVC were 
started with distal stimulation followed by more proximal stimulation, as is usual. NCS after 
MVC started by stimulation at Erb’s point at the same moment that MVC ended, followed by 
stimulation at the axilla, elbow and wrist. This ensured that short lasting activity-dependent 
CB was not missed. NCS after MVC took less than one minute to perform. 

To obtain maximal stimulation at Erb’s point, we used a stimulator with relatively large distance 
between cathode and anode (4 cm) and applied stimulus durations up to 1 ms; this ensured 
that stimulus current could be increased by 30% in order to assess if the CMAP was truly  
maximal. 
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Definition of variables

Segmental area ratio was defined as: [area of the CMAP evoked at proximal stimulation of the 
nerve segment] / [area of CMAP evoked at distal stimulation of the segment]. Total area ratio 
was defined as: [area of the CMAP evoked at Erb’s point] / [area of the CMAP evoked at the most 
distal site of the nerve]. Both ratios are expressed as percentages and decrease when more axons 
are blocked. CB was defined according to criteria which take the amount of temporal dispersion 
into account.12 Segmental duration prolongation was calculated by [duration proximal CMAP 
- duration distal CMAP] x 100% / [duration distal CMAP]. This variable estimates temporal 
dispersion of nerve action potentials. Demyelinative slowing was defined as a segmental motor 
conduction velocity (CV) compatible with demyelination according to criteria established at 
37°C which take the amplitude of the distal CMAP into account.13 Axon loss in a nerve was 
considered if the distal CMAP amplitude was below the lower limit of normal (3.5 mV for 
the median nerve to abductor pollicis brevis muscle, 2.8 mV for the ulnar nerve and 3.0 mV 
for the median nerve to flexor carpi radialis muscle, radial and musculocutaneous nerves). 

Analysis of MVC effects 

We assessed if MVC induced: (i) a decrease in mean segmental area ratio, mean total area 
ratio, or mean Erb’s point CMAP area, (ii) an increase in the number of segments with CB, 
(iii) activity-dependent CB according to criteria described below, (iv) a decrease in motor CV, 
or (v) an increase in segmental duration prolongation.

Our criteria for activity-dependent CB were derived from our simulation studies with surface 
recorded human motor unit potentials (MUPs).12 These criteria require that MVC induces an 
additional decrease in segmental CMAP area ratio that is larger than can be caused by an MVC-
induced increase in temporal dispersion of nerve action potentials. Temporal dispersion of nerve 
action potentials was estimated by measuring the increase in segmental duration prolongation 
induced by MVC. When there is no increase in segmental duration prolongation, the criterion 
for activity-dependent CB requires that MVC induces a decrease in segmental area ratio by at 
least 25%. Our criteria for activity-dependent CB become more stringent when MVC induces 
more duration prolongation. In practice, we used our criteria as follows. First, we selected 
those nerve segments where MVC induced a decrease in segmental area ratio by at least 25%. 
Then, after waiting for one hour, we repeated the MVC procedure in these segments in order 
to assess reproducibility. If the findings were reproducible, we applied the criterion for activity-
dependent CB that was appropriate for the increase in duration prolongation induced by MVC. 

We performed subgroup analysis for: (i) segments that, before MVC, were characterized by 
definite CB or demyelinative slowing, (ii) nerves with axon loss, and (iii) patients who received 
their last IVIg treatment more than 6 weeks ago, because these patients may possibly have more 
prominent nerve dysfunction.
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Statistical tests

Student’s paired t-test (2-tailed) was used to compare continuous variables before and after 
MVC. Pearson’s chi-square test was used to compare categorical variables before and after 
MVC. P-values < 0.05 were considered to be significant.

Results

CIDP: characteristics before MVC

In the 18 patients with CIDP, 149 nerves and 285 segments met our inclusion criteria. CB was 
found in 41 segments and 38 nerves of 11 patients. The median number of CBs per patient was 
1.5 (range 0–7). Demyelinative slowing was found in 136 segments of 17 patients, the median 
number of segments per patient being 9 (range 0–15). Axon loss was found in 8 nerves of 5 
patients.

CIDP: influence of MVC in all segments (Table 6.1, Figures 6.1–6.3) 

Mean CMAP area at Erb’s point, distal CMAP area, CMAP duration at Erb’s point, and distal 
CMAP duration all increased after MVC. Remarkably, the mean values of segmental area ratio, 
total area ratio, segmental duration prolongation and segmental motor CV did not change 
significantly.

Table 6.1 Nerve conduction studies in patients with CIDP; all segments and nerves

Variable Before MVC After MVC P-value

Segments, n = 285
Segmental area ratio, % 85.1 (1.2) 85.3 (1.2) 0.86
Segmental duration prolongation, % 14.9 (1.4) 16.1 (1.5) 0.11
Segmental motor CV, m/s 42.9 (0.7) 42.3 (0.8) 0.08

Nerves, n = 149
Total area ratio, % 74.7 (2.1) 75.5 (2.1) 0.53
Erb’s point CMAP area, mVms 29.9 (1.6) 33.5 (1.8) <0.001
Distal CMAP area, mVms 36.3 (1.6) 40.9 (1.8) <0.001
Erb’s point CMAP duration, ms 12.9 (0.3) 13.6 (0.3) <0.001
Distal CMAP duration, ms 10.4 (0.3) 10.8 (0.3) <0.001

Values are expressed as mean (SEM). CIDP = chronic inflammatory demyelinating polyneuropathy; MVC = maximal 
voluntary contraction; CV = conduction velocity; CMAP = compound muscle action potential.
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Figure 6.3 Change in Erb’s point CMAP area and most distal CMAP area after MVC. The change 
in area of the CMAP evoked at Erb’s point (upper half ), and the change in area of the most distally 
evoked CMAP area (lower half ) in the 18 CIDP patients. Each circle represents one nerve. Values < 100% 
represent a decrease in CMAP area after maximal voluntary contraction, values > 100% represent an 
increase. MVC = maximal voluntary contraction; CMAP = compound muscle action potential; CIDP 
= chronic inflammatory demyelinating polyneuropathy; med = median nerve to hand, uln = ulnar 
nerve, mef = median nerve to forearm, rad = radial nerve, mus = musculocutaneous nerve.
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The number of segments with CB did not change. Segmental area ratio decreased by more than 
25% in 11 segments of 8 patients. However, it increased by more than 25% in 18 segments of 
10 patients. Of these patients, three had only segments with a decrease and no segments with 
an increase, five had only segments with an increase and no segments with a decrease, and five 
had both. In segments with a decrease in segmental area ratio of more than 25%, measurements 
were repeated after waiting for at least 60 minutes. In one segment we found a reproducible 
decrease in segmental area ratio of 46% which fulfilled our criteria for activity-dependent CB. 
In the other segments, however, the decrease in segmental area ratio could not be reproduced, 
which is consistent with submaximal stimulation rather than activity-dependent CB. Total area 
ratio decreased by more than 25% in 11 nerves and increased by more than 25% in 14 nerves.

Table 6.2 Nerve conduction studies in patients with CIDP; subgroup analysis

Variable Before MVC After MVC P-value

Segments with CB, n = 41
Segmental area ratio, % 46.8 (2.5) 50.8 (3.5) 0.21
Segmental duration prolongation, % 13.4 (3.3) 16.7 (3.1) 0.18
Segmental motor CV, m/s 38.3 (2.0) 38.8 (2.5) 0.77

Segments with demyelinative slowing, n = 136
Segmental area ratio, % 82.5 (1.8) 83.7 (1.9) 0.36
Segmental duration prolongation, % 16.6 (2.2) 19.3 (2.6) 0.02
Segmental motor CV, m/s 32.4 (0.6) 32.2 (0.6) 0.50

Nerves with axon loss, n = 8
Segmental area ratio, % 73.9 (6.0) 78.5 (5.3) 0.08
Segmental duration prolongation, % 33.5 (13.6) 44.0 (16.8) 0.07
Segmental motor CV, m/s 42.4 (3.2) 43.0 (3.2) 0.83
Total area ratio, % 51.6 (8.1) 60.8 (7.5) 0.03
Erb’s point CMAP area, mVms 3.7 (1.0) 5.2 (1.7) 0.01
Distal CMAP area, mVms 7.3 (1.9) 8.4 (2.4) 0.04
Erb’s point CMAP duration, ms 12.6 (2.3) 14.7 (2.4) 0.14
Distal CMAP duration, ms 7.8 (1.2) 8.3 (1.3) 0.36

Patients with last IVIg treatment > 6 weeks, n = 5)
Segmental area ratio, % 83.4 (0.2) 84.9 (0.2) 0.23
Segmental duration prolongation, % 11.4 (1.7) 13.4 (2.1) 0.11
Segmental motor CV, m/s 39.3 (1.5) 38.9 (1.5) 0.53
Total area ratio, % 73.4 (3.9) 75.3 (4.0) 0.21
Erb’s point CMAP area, mVms 28.0 (3.1) 32.8 (3.6) <0.001
Distal CMAP area, mVms 34.7 (2.8) 39.2 (3.2) <0.001
Erb’s point CMAP duration, ms 13.2 (0.5) 13.7 (0.6) 0.08
Distal CMAP duration, ms 11.0 (0.4) 11.3 (0.4) 0.15

Values are expressed as mean (SEM). CIDP = chronic inflammatory demyelinating polyneuropathy; MVC = maximal 
voluntary contraction; CV = conduction velocity; CMAP = compound muscle action potential; IVIg = intravenous 
immunoglobulins.



6

71

Chapter 6Activity-dependent CB in CIDP

CIDP: influence of MVC in subgroups (Table 6.2)

In segments with CB, segmental area ratio, duration prolongation and motor CV did not change. 
In segments with demyelinative slowing, segmental duration prolongation increased. In nerves 
with axon loss, total area ratio, CMAP area at Erb’s point, and distal CMAP area increased. In 
patients who received their last IVIg treatment more than 6 weeks ago, CMAP area at Erb’s 
point and distal CMAP area increased. 

Healthy subjects: influence of MVC

Significant increases in mean values were found for CMAP area at Erb’s point (13%), distal 
CMAP area (12%), and distal CMAP duration (4%). Segmental and total area ratio did not 
decrease by more than 25% in any segment; in one segment and one nerve, area ratio increased 
by more than 25%. 

Discussion
Obtaining robust evidence for activity-dependent CB in CIDP is important because it may be a 
target for novel treatment strategies. To achieve this, we investigated activity-dependent CB in a 
large number of nerve segments, employed supramaximal electrical stimulation, excluded nerves 
with marked axon loss, and adopted criteria for activity-dependent CB. Analysis of all segments 
and nerves together showed that MVC induced an increase in both mean distal and mean proximal 
CMAP area and duration. MVC did not, however, induce a change in mean segmental or mean 
total CMAP ratio. In a minority of segments MVC induced a decrease in segmental area ratio 
fulfilling criteria for activity-dependent CB, but this could be reproduced in only one segment. 
Subgroup analysis showed that MVC induced an increase in segmental duration prolongation 
in those segments with demyelinative slowing before MVC. Taken together, our findings suggest 
that MVC may increase temporal dispersion of nerve action potentials but, only rarely, CB. 

The occurrence of activity-dependent CB is not unequivocally supported by evidence from 
detailed physiological studies in single demyelinated axons, as these gave rise to conflicting 
results. In rat ventral roots, stimulation at physiological frequencies of 10–50 Hz could give rise 
to blocking of impulse transmission and hyperpolarization that was attributable to electrogenic 
pump-activity.14 Contrary to these findings, a comparable study showed that CB could only 
be induced at higher non-physiological frequencies of 80–100 Hz.15 Also, in sensory nerves of 
CIDP patients, high-frequency electrical stimulation induced a decrease in compound sensory 
nerve action potential, while in single axons it induced slowing but not CB.16 

Clinical studies searching for activity-dependent CB also do not provide sufficient evidence for 
the occurrence of activity-dependent CB. In two studies that were conducted in patients with 
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CIDP, CMAPs were evoked at a single stimulation site by electrical stimulation at the wrist or by 
magnetic cervical stimulation.1, 6 CMAPs before MVC were compared with CMAPs evoked at 
several time points after MVC. MVC induced a CMAP decrease lasting up to two minutes after 
the end of MVC that was paralleled by activity-dependent hyperpolarization. For several reasons 
it is not justified to attribute these CMAP changes to activity-dependent CB. First, in some 
nerves the CMAPs were already severely decreased (less than 1 mV) before MVC, indicating 
that only a few conducting axons were left.1, 6 Temporal dispersion of nerve action potentials, 
induced by MVC, may then yield phase cancellation between the few MUPs contributing to the 
CMAP, resulting in a decreased CMAP without increase in duration, giving the false impression 
that MVC induced CB.12 Second, the considerable risk that cervical magnetic stimulation is 
submaximal is further increased if activity has induced hyperpolarization of the axons that 
have to be stimulated. The MVC-induced decrease in CMAPs evoked by cervical magnetic 
stimulation, may therefore be due to submaximal stimulation, caused by activity-dependent 
hyperpolarization, instead of CB. The risk of submaximal stimulation in studying activity-
dependent CB is not imaginary, as in our study, despite of the taken precautions mentioned 
earlier, it occurred in a few nerves. Submaximal stimulation could only be demonstrated after 
retesting the involved nerves. Third, no predefined criteria for activity-dependent CB were 
applied. Because MVC increases temporal dispersion of nerve action potentials, assessment 
of activity-dependent CB from the summated activity of several axons, as is done in CMAP-
recording, requires criteria to distinguish temporal dispersion from CB. 

An additional problem in the assessment of activity-dependent CB by means of CMAP-
recordings is that MVC may induce a CMAP-increase. Previously, this was found only in 
motor neuron disease and normal subjects but not in CIDP.1, 17 Our study showed that MVC 
induces a CMAP-increase in CIDP as well. The CMAP-increase in CIDP was found in both 
demyelinated and non-demyelinated nerve segments. The likely mechanism for the CMAP-
increase after MVC is that MVC induces increased muscle Na/K-ATP-ase activity which causes 
hyperpolarization and larger muscle fiber action potentials.18 The CMAP increase after MVC 
may lead to considerable difficulty in assessing activity-dependent CB since it lasts several 
minutes after MVC.17 This is especially true when CB is assessed by monitoring changes in 
CMAPs that are evoked at a single stimulation site, as was done in previous studies.1, 6 We 
avoided this problem by assessing CB from the ratio of the two CMAPs evoked at the proximal 
and distal stimulation sites of a nerve segment.

The reduction in excitability is maximal immediately after MVC.6 We therefore started NCS 
after MVC by stimulation at Erb’s point immediately after the end of MVC so that short lasting 
activity-dependent CB was not missed. If activity-dependent CB were to last less than the time 
needed to study one nerve, it would have been overestimated because, in that case, the CMAP 
on proximal stimulation would have been reduced more than the CMAP on distal stimulation. 
This was not observed as, after MVC, the CMAP at Erb’s point increased rather than decreased.
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In conclusion, the available evidence from the present and previous studies suggests that 
activity-dependent CB is uncommon in CIDP. It is, however, possible that the present and 
other studies could not detect activity-dependent CB in a small number of axons because of the 
above described methodological difficulties associated with CMAP recording. Such minimal 
activity-dependent CB may possibly be detected by other methods, such as recording from 
of single axons. Our study did indicate, though, that MVC increases temporal dispersion of 
nerve action potentials. This may cause additional weakness in the contracting muscle due to 
desynchronized motor unit activation and it may be responsible for the fatigue experienced 
by these patients.19
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Abstract
Pathophysiology of multifocal motor neuropathy (MMN) and chronic inflammatory 
demyelinating polyneuropathy (CIDP) is not fully understood. Nerve excitability studies 
were performed to improve understanding of disease mechanisms, but results were difficult 
to interpret. Although cold paresis is frequently reported in MMN and was attributed to 
depolarized nerve lesions, effects of cooling on excitability were not previously studied in 
MMN and CIDP. We performed excitability studies of the median nerve at the wrist in 5 
MMN and 7 CIDP patients with nerve conduction abnormalities in the forearm segment 
and 10 normal controls. Tests were performed following warming to 37°C and cooling to 
25°C. Results in MMN and CIDP were compared with those in normal controls. Inverse 
modeling was used to interpret the results. Following warming, MMN patients showed 
fanning-out and increased accommodation of threshold electrotonus, shortened refractory 
period and increased superexcitability. In CIDP, stimulus-response slope was decreased, 
rheobase was increased, threshold electrotonus showed fanning-out and refractory period 
was shortened. Inverse modeling showed decreased fast K-conductance, increased myelin 
conductance and hyperpolarization-activated cation conductance in MMN and increased 
myelin conductance and hyperpolarization-activated cation conductance in CIDP. 
Following cooling, changes in excitability-indices were largely similar in all groups. The 
present findings support permanent axonal hyperpolarization and demyelination in MMN, 
demyelination in CIDP, and normal effects of cooling on ion-channels in both diseases.
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Introduction
Multifocal motor neuropathy (MMN) and chronic inflammatory demyelinating polyneuropathy 
(CIDP) are immune-mediated neuropathies, characterized by demyelination, conduction 
block, and axonal degeneration on pathological or electrophysiological studies. Because their 
pathophysiology is not fully understood, nerve excitability studies have been performed in 
MMN and CIDP to order assess changes in passive and active axonal membrane properties.1-7 

These studies, however, revealed results that were difficult to interpret. In MMN, abnormalities 
were compatible with axonal depolarization or hyperpolarization.3, 5 In CIDP, unspecific 
increased thresholds were shown, but the expected evidence for paranodal demyelination 
was not found.1 

Another phenomenon that is difficult to interpret is the increased weakness in cold, known as 
cold paresis. This was shown to occur considerably more often in MMN than in CIDP.8 lt was 
hypothesized that it reflected the existence of permanently depolarized axons, that were further 
depolarized by thermal reduction of Na/K ATP-ase activity, thereby inducing depolarizing 
block due to nodal Na-channel inactivation.9 Alternatively, cold paresis might originate in 
reinnervated muscle fibers with increased sensitivity to develop depolarizing conduction block 
(reviewed by Franssen and Straver).10

In the present study excitability studies were performed in MMN, CIDP, and normal controls. 
The results were interpreted by inverse modeling. We also assessed the effects of cooling on 
excitability results in order to explore mechanisms leading to cold paresis.

Methods

Subjects

Five MMN patients (4 male) with median age 55 years (range 42–67) and 7 CIDP patients (6 
male) with median age 61 years (range 38–71) were investigated (Table 7.1). All patients had 
motor nerve conduction abnormalities in the forearm segment of the right or left median nerve 
consistent with demyelinative slowing or conduction block, according to previously described 
criteria.11, 12 All patients fulfilled diagnostic criteria for MMN or CIDP.13, 14 Patients on scheduled 
intravenous immunoglobulin therapy were tested in the week preceding the treatment.

Ten normal subjects (7 female) of similar age, without signs or symptoms of neuropathy, were 
included to assess the physiological effects of cooling on nerve excitability. All subjects gave 
written informed consent for this study, which was approved by the Medical Ethical Committee 
of the University Medical Center Utrecht.
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Experimental setup

Patients were first investigated following warming of the selected arm for 30 minutes in a 
water bath kept at 37°C using a thermostat valve, triggered by an electronic thermometer in 
the bath. During excitability testing following warming, the arm was kept at 37°C by gel-filled 
compresses warmed to 37°C. Next, the same arm was cooled for 45 minutes in the water bath, 
now kept at 25°C. During excitability testing following cooling, the arm was kept at 25°C by 
gel-filled compresses cooled to 25°C. Warming and cooling times were based on experiments 
which assessed the time needed to attain a desired nerve temperature.15, 16

Nerve excitability

Nerve excitability studies were performed using Qtrac software (version 2/7/2011) written by 
Prof. H. Bostock, copyright UCL Institute of Neurology, Queen Square, London, UK. Stimuli 
were delivered by an isolated linear bipolar current stimulator (DS5 stimulator; Digitimer, UK), 
controlled by Qtrac software via a multifunction data-acquisition board (National Instruments; 

Table 7.1 Patient characteristics

CIDP (n=7) MMN (n=5)

Sex M M M M F M M M M M M F

Age (years) 61 38 64 67 54 71 43 48 42 62 67 55

Current 
treatment

N S S IVIg N IVIg N IVIg IVIg N IVIg IVIg

MRC score APB 4 5 5 5 4 5 4 5 5 5 4 5

Distal CMAP 
amplitude (mV)

3.7 11.3 11.9 5.3 11.7 12.4 5.2 9.5 4.2 3.8 7.1 8.2

CMAP dur. 
prolongation (%)

16 8 10 146 95 56 7 53 2 44 47 85

CMAP area 
decrement (%)

27 25 6 18 38 25 36 56 11 48 14 57

DML (ms) 7.2 3.8 7.0 5.5 4.9 4.6 3.9 4.0 4.7 4.1 5.0 5.2

MCV (m/s) 28 36 28 28 27 27 42 38 20 52 40 43

CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal motor neuropathy; APB = abductor 
pollicis brevis muscle; CMAP = compound muscle action potential; DML = distal motor latency; MCV = motor 
conduction velocity; N = no current treatment; S = steroids; IVIg = intravenous immunoglobulins; Bold face = 
fulfilling criteria for slowing consistent with demyelination (CMAP dur. prolongation, DML, MCV, or conduction 
block (CMAP area decrement)).  
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NI USB 6221). The stimuli were applied to the median nerve at the wrist via non-polarizable 
adhesive electrodes (Red Dot; 3M Health Care, Germany), with the anode placed 10 cm 
proximally, and displaced radially so that it did not lie over the median nerve. Compound 
muscle action potential (CMAP) was recorded from the thenar using Ag/AgCl electrodes with 
a diameter of 9 mm. The recorded signal was amplified using a Viking IV machine (Nicolet 
Instrument, Madison, Wisconsin, USA), and digitized to allow feedback to the Qtrac program.

Excitability studies allow for non-invasive assessment of passive and active properties of the 
axon membrane in humans without undue discomfort.17 At one point of a nerve, a conditioning-
stimulus is given, inducing slight subthreshold depolarization, slight hyperpolarization, or 
action potentials. At the same point, test stimuli are delivered which estimate the change 
in membrane properties induced by the conditioning stimulus. Test stimuli are delivered at 
different time intervals after the onset of the conditioning stimulus. Test stimuli estimate the 
change in membrane properties by determining threshold, defined as the test stimulus current 
necessary to evoke a target CMAP of specified amplitude. In this study target CMAP was defined 
as a CMAP with amplitude of 40% of the maximal CMAP. Threshold estimation is done by a 
procedure known as threshold tracking: at each conditioning-test stimulus interval, the software 
delivers repeated test stimuli of different currents until the exact target CMAP is obtained.   

The excitability protocol included five parts. (I) Stimulus-response (SR) curve is the relation 
between the magnitude of a short duration stimulus and the evoked CMAP amplitude. We 
delivered 1.0ms duration stimuli of increasing current until a maximal CMAP was obtained. 
We determined from the normalized SR curve: normalized SR-slope, calculated as [(stimulus 
current evoking 75% CMAP) - (stimulus current evoking 25% CMAP)]/(stimulus current 
evoking 50% CMAP). (II) Strength-duration (I-t) curve is the relation between threshold 
current (I) for test stimuli and the duration (t) of these stimuli. Values for t were: 0.2, 0.4, 0.6, 
0.8, and 1.0ms. The obtained I values were recalculated into stimulus charge (Q) values as 
I=Q/t. We determined from the linear Q-t relation: strength-duration time constant (SDTC), 
defined as the absolute value of the x-intercept, and rheobase, defined as Q-t slope.18 (III) 
Threshold electrotonus is a series of (changing) thresholds, measured during a long duration 
conditioning stimulus. Because of its long duration, the conditioning stimulus is able to 
slowly charge the large internodal axolemma, which results in a slow change in nodal resting 
membrane potential and, therefore, threshold. Conditioning stimuli were of 100ms duration 
and either 40% depolarizing, 20% depolarizing, 20% hyperpolarizing, or 40% hyperpolarizing 
of control threshold current. Threshold electrotonus variables were expressed as percentage of 
the control threshold, with positive values indicating threshold decrease and negative values 
threshold increase. We determined: threshold change at the end of the conditioning stimulus 
(TED40% end, TED20% end, TEH40% end, TEH20%end), maximal threshold decrease during 
depolarizing electrotonus (TED20% peak, TED40% peak), electrotonus accommodation 
defined as the difference between peak threshold decrease and threshold decrease at the end of 
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the depolarizing conditioning stimulus (TED40% accommodation, TED20% accommodation), 
and average threshold change following 20–40ms 40% hyperpolarizing conditioning stimulus 
(TEH40% 20–40ms). (IV) Current threshold (I/V) curve is the relation between 100ms duration 
conditioning stimuli of different current (I) and the threshold, reflecting membrane potential 
(V) at their end. Conditioning currents ranged from 50% depolarizing to 100% hyperpolarizing 
of the current needed for the target CMAP. We determined resting I/V slope (slope between 
the 10% depolarizing and 10% hyperpolarizing conditioning stimuli) and hyperpolarizing I/V 
slope (slope between the most hyperpolarizing conditioning stimuli). (V) Recovery cycle is the 
fluctuation of thresholds after a single, short supramaximal conditioning stimulus. Following 
the conditioning stimulus, it comprises: refractory period (threshold increase), superexcitability 
(threshold decrease), and subnormal period (threshold increase). We determined: refractory 
period (time of threshold increase between the 1.0ms duration conditioning stimulus and 
return of threshold to normal), superexcitability (lowest threshold after refractory period) and 
subexcitability (highest threshold after refractory period).

Inverse modeling of excitability results

We used an inverse electrically equivalent model of the human myelinated motor axon to 
interpret the results of the excitability studies. The model equations represent a single node 
and internode of a spatially uniform axon. The model belongs to the Qtrac software (written 
by Hugh Bostock, copyright UCL Institute of Neurology, London, UK). The inverse model is 
based on a forward mathematical model to simulate threshold electrotonus in human motor 
axons to which other features, obtained from voltage clamp experiments and excitability studies 
on human motor axons, were added.19-22 Each specific set of ion-channels is represented by 
an equivalent circuit, consisting of membrane capacitance and variable conductance with 
specific membrane voltage dependence. The model includes nodal transient Na-channels, 
nodal persistent Na-channels, nodal and internodal fast K-channels, nodal and internodal 
slow K-channels, nodal and internodal voltage-independent leak channels, internodal 
hyperpolarization-activated cation-channels, nodal and intermodal net outward Na/K-pump 
current, nodal and internodal membrane capacitance, myelin capacitance, myelin resistance, 
and intermodal distance.23  

The model was first optimized to obtain the best fit with the excitability results of the normal 
subjects. The resulting standard model was then fitted to: (i) the excitability results obtained in 
the MMN patients at 37°C, and (ii) the excitability results obtained in the CIDP patients at 37°C.  

The procedure for inverse modeling involved an iterative least squares algorithm. Equations 
were integrated with von Euler’s method, using a maximal integration time step of 3μs. Each 
threshold point of the standard model was optimized to fit the corresponding threshold point 
obtained in the MMN or CIDP group until the fit reached an accuracy of 0.5%. The different 
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parts of the excitability protocol were given an equal weight. The total discrepancy between the 
simulated and recorded data was computed as the weighted sum of the error terms ([xm − xn]/
sn)

2, where xm is the calculated threshold of the model, xn the mean, and sn the standard deviation 
of the recorded thresholds of each point. Up to 3 parameters could be fitted simultaneously, 
the inverse model becoming unstable with more than 3 parameters. 

Statistical analysis

Excitability indices were compared between normal controls and each patient group at 37°C 
and 25°C. In addition, for each index percentage changes following cooling were compared 
between normal controls and each patient group. Mann-Whitney U test was used to determine 
significance (p < 0.05). Version 20.0.0 of the statistical program SPSS was used for all analyses.

Results
In all normal subjects, the entire excitability protocol could be performed. In the majority of 
patients, however, the excitability protocol could not be fully completed because (i) the 40% 
depolarizing conditioning current itself generated an action potential, precluding reliable 
determination of threshold electrotonus or (ii) the requested conditioning stimuli for the 
hyperpolarizing part of the I/V relation exceeded the safety limit of the stimulator. The latter 
occurred mainly in the CIDP group following cooling. For these reasons, the 40% depolarizing 
electrotonus and hyperpolarizing part (> 70% hyperpolarization) of the I/V curve were 
discarded for all groups. Therefore, hyperpolarizing slope of the I/V curve was calculated from 
the change in threshold after the 70% and 60% hyperpolarizing conditioning stimuli. 

Excitability at 37°C (Table 7.2, Figure 7.1)

In MMN, threshold electrotonus and recovery cycle were abnormal. Threshold electrotonus 
showed that the peak value of depolarizing threshold electrotonus was more positive and that 
the early and end values of hyperpolarizing threshold electrotonus were more negative; this 
phenomenon is known as “fanning-out”. Furthermore, threshold electrotonus revealed increased 
accommodation to depolarizing conditioning stimuli. Recovery cycle showed shortened 
refractory period and abnormally large superexcitability. 

In CIDP, SR curve, strength-duration properties, threshold electrotonus, and recovery cycle 
were abnormal. Normalized SR slope was decreased, rheobase increased, threshold electrotonus 
showed fanning-out, and refractory period was shortened. 
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Excitability at 25°C (Table 7.3, Figure 7.2)

In MMN, strength-duration properties, threshold electrotonus, and recovery cycle were 
abnormal. Rheobase was increased, threshold electrotonus showed fanning-out and increased 
accommodation, and subexcitability was more positive. 

In CIDP, SR curve, strength-duration properties, and threshold electrotonus were abnormal. 
Normalized SR slope was decreased, rheobase increased, and threshold electrotonus fanned-out.  

The changes in excitability-indices following cooling from 37°C to 25°C did not differ between 
normal subjects, MMN patients and CIDP patients, except for a more prominent change in 
peak depolarizing threshold electrotonus in CIDP (Table 7.4). 

Table 7.2 Excitability at 37°C

Normal MMN P-value CIDP P-value

Slope normalized SR curve 4.3 4.0 0.95 3.1 ↓ 0.03

SDTC (ms) 0.42 0.48 0.77 0.39 0.19

Rheobase (mA) 2.9 4.4 0.17 7.6 ↑ 0.04

TED20% peak (%) 38 44 ↑ 0.008 44 ↑ 0.005

TED20% end (%) 27 27 0.68 32 ↑ 0.001

TED20% accommodation (%) 11 19 ↑ 0.005 12 0.60

TEH40% 20–40ms (%) -93 -108 ↓ 0.01 -110 ↓ 0.003

TEH40% end (%) -114 -138 0.06 -139 ↓ 0.02

TEH20% end (%) -47 -57 ↓ 0.03 -58 ↓ 0.007

Resting slope I/V curve 0.62 0.50 0.10 0.51 0.49

Slope hyperpolarizing I/V curve 0.28 0.34 0.08 0.33 0.10

Refractory period (ms) 2.9 2.5 ↓ 0.008 2.5 ↓ 0.04

Superexcitability (%) -22 -39 ↓ 0.004 -34 0.12

Subexcitability (%) 15 22 0.19 12 0.43

Data given as median per group, p-values refer to Mann-Whitney U tests comparing patient groups and normal 
subjects, significant findings in bold. Arrows indicate the direction of significant changes compared to normal 
subjects. MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; SR 
= stimulus-response; SDTC = strength-duration time constant; TED = depolarizing threshold electrotonus; TEH = 
hyperpolarizing threshold electrotonus; I/V curve = current/threshold curve. 
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Inverse modeling of excitability results obtained at 37°C

In MMN the best fit obtained by adjustment of a single parameter, was achieved by reducing 
fast internodal potassium conductance by 64%, yielding a moderate error reduction of 39%. 
Adjustment of several combinations of two parameters yielded better error reductions of up to 55%. 
The best fit, however, was obtained by simultaneous adjustment of three parameters. Reducing 
internodal K-conductance by 21%, increasing hyperpolarization-activated cation-conductance 
by 73%, and increasing myelin conductance by 24%, yielded an error reduction of 79%. 

In CIDP the best fit obtained by adjustment of a single parameter, was achieved by increasing 
myelin conductance by 19%, yielding a marked error reduction of 81%. A slightly better fit 
was obtained by simultaneous adjustment of two parameters. Increasing hyperpolarization-
activated cation-conductance by 59% and increasing myelin conductance by 29%, yielded an 
error reduction of 95%. 

Figure 7.1 Results of four components of excitability testing following warming to 37°C in normal 
subjects (dashed lines), multifocal motor neuropathy (filled circles) and chronic inflammatory 
demyelinating polyneuropathy (open circles).
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Discussion
Nerve excitability indices at 37°C were abnormal in both patient groups, with abnormalities 
being slightly different between MMN and CIDP. In MMN, threshold electrotonus showed 
fanning-out and increased accommodation to depolarizing conditioning stimuli; recovery 
cycle showed shortened refractory period and enlarged superexcitability. Inverse modeling in 
MMN showed decreased fast K-conductance, increased myelin conductance, and increased 
hyperpolarization-activated cation-conductance. In CIDP, SR-slope was decreased, rheobase 
increased, threshold electrotonus fanned-out, and refractory period shortened. Inverse 
modeling in CIDP showed increased myelin conductance and increased hyperpolarization-
activated cation-conductance. Cooling to 25°C revealed changes in excitability indices which 
were not different from those in normal subjects. 

The abnormal excitability indices in MMN are compatible with a permanently hyperpolarized 
resting membrane potential in peripheral motor axons for two reasons. First, when a continuous 

Table 7.3 Excitability at 25°C

Normal MMN P-value CIDP P-value

Slope normalized SR curve 4.7 4.6 0.77 3.4 0.007

SDTC (ms) 0.49 0.57 0.51 0.42 0.11

Rheobase (mA) 3.0 4.7 ↑ 0.001 7.8 ↑ 0.005

TED20% peak (%) 40 47 ↑ 0.005 47 ↑ 0.001

TED20% end (%) 32 36 0.51 37 ↑ 0.03

TED20% accommodation (%) 7 14 ↑ 0.003 11 0.06

TEH40% 20–40ms (%) -84 -98 ↓ 0.01 -103 ↓ 0.03

TEH40% end (%) -106 -124 ↓ 0.04 -136 ↓ 0.005

TEH20% end (%) -47 -58 ↓ 0.005 -65 ↓ 0.000

Resting slope I/V curve 0.66 0.52 0.17 0.52 0.12

Slopt hyperpolarizing I/V curve 0.20 0.25 0.05 n/a n/a

Refractory period (ms) 6.6 4.8 0.30 5.5 0.33

Superexcitability (%) -19 -23 0.36 -18 0.78

Subexcitability (%) 13 21 ↑ 0.01 10 0.61

Data given as median, p-values refer to Mann-Whitney U tests comparing patient groups and normal subjects, 
significant findings in bold. Arrows indicate the direction of significant changes compared to normal subjects. 
MMN = multifocal motor neuropathy; CIDP = chronic inflammatory demyelinating polyneuropathy; SR = 
stimulus-response; SDTC = strength-duration time constant; TED = depolarizing threshold electrotonus; TEH = 
hyperpolarizing threshold electrotonus; I/V curve = current/threshold curve.
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hyperpolarizing DC current is passed through axons during excitability testing, threshold 
electrotonus shows fanning-out and recovery cycle shows decreased refractory period and 
more marked superexcitability.24 Secondly, hyperpolarization of resting membrane potential 
was shown to induce axolemmal K-channel closure, increased axonal resistance, and increased 
change in membrane potential (and, therefore, threshold), thus explaining fanning-out.17, 

25 Furthermore, hyperpolarization decreases the number of inactivated nodal Na-channels, 
thereby leading to shortened refractory period, increased inward Na-currents and increased 
superexcitability.26, 27 Increased accommodation during depolarizing electrotonus likely occurs 
because the excess depolarization induced by the conditioning stimulus leads to increased 
K-channel activation, especially of nodal slow K-currents. The abnormalities in MMN, revealed 
by inverse modeling of excitability results, can be explained by (i) hyperpolarization, since this 
decreases K-conductances and activates the hyperpolarization-activated cation-conductance, 
and (ii) demyelination since conductance of damaged myelin increases. 

Figure 7.2 Results of four components of excitability testing following cooling to 25°C in normal 
subjects (dashed lines), multifocal motor neuropathy (filled circles) and chronic inflammatory 
demyelinating polyneuropathy (open circles).
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Importantly, the present study confirms the finding of permanent axonal hyperpolarization in 
MMN by Kiernan et al.3 The hyperpolarization may be explained by remyelination with short 
internodes since shorter internodal distance implies greater numbers of nodes, Na-channels, 
Na-influx and, consequently more electrogenic Na/K ATP-ase activity.28 Others suggested that 
the hyperpolarization, found in MMN, was secondary to an inflammatory nerve lesion with 
depolarized and blocked axons due to reduced Na/K ATP-ase activity; such a lesion would be 
inaccessible for nerve stimulation.3 The permanent depolarization at this lesion was further 
suggested to induce continuous Na-influx through persistent Na-channels and removal of 
the accumulated Na-ions at adjacent healthy parts of the axon by increased activity of the 
electrogenic Na/K-pump, thereby yielding hyperpolarization. The finding that cold paresis 
is specific for MMN supports the latter hypothesis and is not consistent with the former (see 
introduction).  

Table 7.4 Excitability changes following cooling, patient groups compared with normal subjects

Normal MMN CIDP

% change % change P-value % change P-value

Slope normalized SR curve + 16 + 14 0.59 + 10 0.27

SDTC + 2 + 1 0.86 + 14 0.32

Rheobase 0 + 29 0.13 + 5 1

TED20% peak + 3 + 2 1 + 11 0.01

TED20% end + 18 + 42 0.31 + 20 0.89

TED20% accommodation - 34 - 39 0.77 - 11 0.09

TEH40% 20–40ms - 10 - 11 0.59 - 8 0.68

TEH40% end - 8 - 6 0.95 + 1 0.17

TEH20% end + 1 + 5 0.68 + 7 0.42

Resting slope I/V curve + 3 + 9 0.59 + 1 0.17

Slope hyperpolarizing I/V curve - 22 - 28 0.45 n.a. n.a.

Refractory period + 116 + 113 0.83 + 146 0.46

Superexcitability - 20 - 42 0.71 - 42 0.39

Subexcitability - 21 + 13 0.20 - 28 0.46

Percentage changes were computed by comparing values at 25°C with values at 37°C within the groups; p-values 
refer to Mann-Whitney U tests comparing the change following cooling between MMN or CIDP patients and 
normal subjects, significant findings in bold. MMN = multifocal motor neuropathy; CIDP = chronic inflammatory 
demyelinating polyneuropathy; SDTC = strength-duration time constant; TED = depolarizing threshold 
electrotonus; TEH = hyperpolarizing threshold electrotonus; I/V curve = current/threshold curve.
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The abnormal excitability indices in CIDP can also be explained by permanent axonal hyper-
polarization because this induces increased rheobase, fanning-out of threshold electrotonus, 
and refractory period shortening. However, other features of hyperpolarization such as more 
marked superexcitability and decreased SDTC were not observed. The decreased SR-slope, as 
found in our study, may be the result of an unequal distribution of thresholds among the different 
axons within a nerve, which is consistent with some axons being demyelinated and others being 
normal.29 Previous excitability studies in CIDP also gave results that were difficult to interpret. 
These included: decreased SR slope, shortened SDTC, increased rheobase, and more negative 
thresholds during hyperpolarizing threshold electrotonus.1, 4, 6 The abnormalities in CIDP, shown 
by inverse modeling of excitability results, were best explained by demyelination since this will 
increase conductance through myelin. Possibly, hyperpolarization also plays a role because 
some excitability indices were consistent with hyperpolarization and because inverse modeling 
yielded slightly better results if hyperpolarization-activated cation-conductance was increased.   

In conclusion, the present study showed that: (i) axons in MMN are permanently hyperpolarized, 
thus providing an important confirmation of previous findings, (ii) inverse modeling of 
excitability results in MMN provided evidence for a combination of axonal hyperpolarization 
and demyelination, (iii) inverse modeling of excitability results in CIDP mainly provided 
evidence for demyelination, (iv) the reaction of ion-channels to cooling in MMN and CIDP 
was normal, suggesting that ion channel proteins remain intact in these disorders.
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Abstract
This first article of this review deals with neuroscientific aspects of immune-mediated 
demyelinating neuropathies. It describes the anatomy and physiology of normal myelinated 
axons, methods of studying peripheral nerve physiology, pathophysiological consequences 
of demyelination or damage at the node of Ranvier, and the mechanisms that may lead 
to impaired axonal membrane dysfunction or axonal degeneration. This article will be 
followed by a second that deals with clinical aspects of these neuropathies.
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Introduction
Immune-mediated demyelinating neuropathies involve the myelin sheath, the node of 
Ranvier, the molecules that connect the Schwann cell membrane to the axolemma, and 
the axon itself. These neuropathies include the Guillain-Barré syndrome (GBS) , chronic 
inflammatory demyelinating polyneuropathy (CIDP), multifocal motor neuropathy (MMN), 
anti-myelin associated glycoprotein (MAG) neuropathy, and the syndrome of polyneuropathy, 
organomegaly, endocrinopathy, M-protein, and skin changes (POEMS syndrome). The GBS 
subtypes: acute inflammatory demyelinating polyneuropathy (AIDP) and acute motor axonal 
neuropathy (AMAN) will both be discussed. The emphasis in this article will be on the 
physiological consequences of demyelination or damage at the node of Ranvier for impulse 
transmission and associated mechanisms that may lead to axonal membrane dysfunction. 
For proper understanding of these mechanisms the anatomy and physiology of the normal 
myelinated axon and studies of experimental demyelination will be discussed first. Ion-channels 
are named by the channel name (not the gene name) as given in the International Union of 
Pharmacology (IUPHAR) Compendium of Voltage-gated Ion Channels.1

The normal myelinated axon  

Axon geometry and axolemmal proteins  

A myelinated axon consists of a series of successive node-internode configurations. At an 
internode (the part of the axon between 2 adjacent nodes), the axon is surrounded by a 
myelinating Schwann cell, whereas no myelin sheath is present at the node. The internode 
between 2 successive nodes can be subdivided into paranode, juxtaparanode, standard 
internode, juxtaparanode, and paranode (Figure 8.1). The myelinated axon is not a uniform 
tube, because the diameter and surface area of the node are much smaller than those of the 
internode. The node occupies only 0.1% of the total surface area of a node and internode 
together. The juxtaparanode has a very large surface area, because it has not only the widest 
diameter but its surface is fluted as well.2 These differences in geometry are relevant for rapid 
impulse propagation.  

The node has a high density of voltage-gated Na+-channels (1000–2000/μm2) and slow K+-
channels (Figure 8.1) (reviewed by Ritchie3). The juxtaparanode contains a high density of 
voltage gated fast K+-channels. The standard internode has the largest absolute number of 
Na+-channels, fast K+-channels, and slow K+-channels, but their density is relatively low. 
The internodal Na+-channel density of <25/μm2 is therefore not sufficient to sustain action 
potential propagation. The location of Na+/K+-pumps is controversial. Early studies favored 
a nodal location, but advanced electrophysiological and immunostaining techniques suggest 
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localization in the internodal rather than the nodal membrane.4, 5 The internodal axolemma also 
contains several types of glutamate receptors, which employ signaling by second messengers 
or Ca++-ions to activate ryanodine or IP3 receptors on the axoplasmic reticulum; activation of 
these receptors releases Ca++ into the axon. Although the physiologic role of these functional 
nanocomplexes is unknown, they may be involved in intra-axonal Ca++ homeostasis.6 

The nodal Na+-channels are anchored to spectrin of the axonal cytoskeleton via ankyrin-G 
and to gliomedin of the Schwann cell microvilli via Nr-CAM and neurofascin-186.7, 8 The 
juxtaparanodal K+-channels are anchored by contactin-associated protein-2 (Caspr-2) and 
transient axonal glycoprotein 1 (TAG-1) according to a similar principle. TAG-1 is an adhesion 
molecule that is expressed on juxtaparanodal axolemma and apposing Schwann cell membrane. 
The interaction between TAG-1 on the axolemma with Caspr and TAG-1 on the Schwann cell 
membrane is crucial for clustering of juxtaparanodal Kv1.1 and 1.2 channels.9 At the paranode, 
axonal Caspr and contactin are connected to neurofascin-155 of paranodal Schwann cell loops; 
this complex forms septate-like junctions which separate the nodal Na+-channel clusters from 
the juxtaparanodal K+-channel clusters. Gangliosides are also essential for the integrity of these 

Figure 8.1 Diagram of a myelinated axon. Top: subdivision into sections with different diameters. 
Bottom: distribution of currents sustained by voltage-gated ion-channels which differ for each section; 
Nat = transient Na+-current; Nap = persistent Na+-current; Ks = slow K+-current; Kf = fast K+-current; Ih 
= hyperpolarization-activated cation-current; the Na+/K+-pump removes 3 Na+-ions from the axon in 
exchange for 2 K+-ions; BB = Barrett and Barrett resistance, which is a low resistance pathway through 
the myelin sheath.  
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junctions and ion channels, because, in GM1 and GD1a knock-out mice, paranodal loops do 
not attach to the axolemma, Na+-channels are disrupted, and K+-channels are mislocated to 
the paranode.10 

Myelin sheath geometry and Schwann cell molecules 

The myelin sheath between 2 adjacent nodes is formed by a Schwann cell that, during 
development, has rotated tens of times around the axon. At regions of compact myelin the 
opposing membranes of 1 Schwann cell are closely apposed. At regions of non-compact myelin 
the membranes are not apposed, resulting in the appearance of cytoplasm. Non-compact 
myelin occurs around the nucleus in paranodal loops and at Schmidt-Lanterman incisures. If 
a myelinating Schwann cell could be unrolled, it would form a flat trapezoid cell with an apical 
edge of 1–2 mm that is attached to the axon between 2 successive nodes and a parallel larger basal 
edge. Between these edges run broad strands of compact myelin that are separated by smaller 
strands of non-compact myelin. When rolled up, the lateral borders of the trapezoid form the 
paranodal Schwann cell loops that are attached firmly to the paranodal or myelin attachment 
section of the axolemma. Compact myelin contains the transmembrane molecules protein 
zero (P0), peripheral myelin protein-22 (PMP22), and the intracellular myelin basic protein 
(MBP). Non-compact myelin contains a limited amount of gangliosides in the membrane of 
paranodal loops and the transmembrane molecules MAG, E-cadherin, and connexin-32 (Cx32) 
(reviewed by Scherer and Willison7, 11). P0, MAG, E-cadherin, and Cx32 play a role in adhesion 
between myelin lamellae, but the function of PMP22 is unknown. The Cx32 molecules of 
adjacent myelin layers form gap-junctions and, thereby, a radial pathway through the myelin 
lamellae which allows passage of molecules smaller than 1000 Da, including ions and second 
messengers.12 The low electrical resistance of this pathway may contribute to termination of 
the action potential (see next section). 

The Schwann cell membrane expresses several types of ion channels, including different types of 
K+-channels which may pass outward or inward K+-currents (Figure 8.1).13 These K+-channels 
are found on the outer Schwann cell surface and in the Schwann cell microvilli in the myelin 
attachment section close to the fast K+-channels in the juxtaparanodal region of the axon. It is 
likely that the Schwann cell K+-channels maintain the K+-ion concentration around the node 
and in the narrow periaxonal space of the internode within certain limits. This buffering is 
necessary since, otherwise, prolonged firing (causing an increased flow of K+-ions out of the 
axon) would lead to extracellular accumulation of K+-ions, decreased potassium equilibrium 
potential (EK), and spontaneous generation of action potentials. It is likely that Na+/K+-ATPase 
is also expressed on mature myelin sheath membranes, since Na+/K+-ATPase α-subunits are part 
of the myelin proteome, ultracytochemistry showed ATPase activity that was most prominent 
in paranodal loops, and immunohistochemistry shows Na+/K+-ATPase in isolated myelin 
fractions (reviewed by Stys14).  
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Electrical properties of the axon and myelin sheath 

Experimental studies have shown that large-diameter fibers have greater myelin thickness, 
axon diameter, and internodal distance. Simulations predict that an increase in each of 
these parameters independently decreases internodal conduction time.15 This was proven 
experimentally in periaxin-null mice which have normal myelin thickness, decreased internodal 
distance, and slower internodal conduction.16

Current is defined here as a net flow of positive charges, although in axons it is actually carried 
by positive and negative ions. Current through Na+- and K+-channels is carried by positively 
charged ions, but longitudinal current inside the axon or through the myelin sheath is carried 
by positive potassium ions, negative chloride ions and, to a lesser extent, by positive sodium 
ions.17 Currents in axon physiology have many different labels but are primarily subdivided 
into ionic and capacitive. Ionic currents pass through structures with a conductance, such as 
ion-channels. For instance, an inward ionic current causes positive charges to pass through 
ion-channels into the axon, yielding a positive shift in membrane potential. Capacitive 
currents are defined as “passing through” the bilipid axon membrane. Because the membrane 
is impenetrable, however, ions do not actually pass the membrane, but accumulate on 1 side 
of it and leave it on the other side. For instance, an outward capacitive current causes positive 
charges to accumulate at the inside of the axon membrane and disappear at its outside, resulting 
in a positive shift in membrane potential. Current is also subdivided into action current (the 
inward ionic current consisting of Na+-ions passing through voltage gated Na+-channels during 
the action potential) and driving current (the outward capacitive current that depolarizes the 
node of Ranvier prior to an action potential).    

The resting membrane potential is determined largely by the equilibrium potential for K+-ions 
(EK) and to a lesser extent by the Na+/K+-pump and the equilibrium potential for sodium ions 
(ENa). Whether or not the 2-pore K+-leakage-channels TREK and TRAAK that were found 
to be transported in peripheral axons determine resting membrane potential in myelinated 
axons is unknown.18 EK arises because [Ki] is higher than [Ko] and because many K+-channels 
are still open at resting membrane potential. Due to the chemical force, K+-ions flow outward 
along their concentration gradient to produce a positively charged layer on the outside of 
the axolemma. This layer generates an opposite electrostatic force that repels positive K+-ions 
back into the axon. At EK these opposite forces are in equilibrium so that there is no net flow 
of K+-ions. EK is slightly more negative than resting membrane potential. For Na+-ions, both 
the chemical and electrical forces are inward: [Na+

o] exceeds [Na+
i], and the negative resting 

membrane potential attracts the positive sodium ions. ENa has therefore a positive value. The 
Na+/K+-pump contributes to the negative membrane potential because it is electrogenic; at each 
cycle it expels 3 Na+-ions for every 2 K+-ions brought into the axon, thereby generating a net 
outward ionic current that removes positive charges from the inside of the axon.19 In human 
axons, the resting membrane potential is -75 to -80 mV.20
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The classical model of myelin function is based on early measurements which showed that the 
sheath has a high resistance and low capacitance, so that it should be impenetrable for current 
and unable to store electrical charges.21 This model entails some unrealistic assumptions, because 
it requires that both the nodal and internodal resting membrane potential be determined 
solely by the tiny node. It also requires a considerable outward nodal leakage current that has 
to compensate for the sodium influx during the action potential, although specific leakage 
channels have never been discovered. Furthermore, it cannot explain the slow potential changes 
associated with the depolarizing afterpotential and threshold electrotonus (see the section on 
excitability studies). Investigations into the mechanisms of the depolarizing afterpotential 
showed that current may pass through relatively low resistance pathways of the myelin sheath, 
such as the Schmidt-Lanterman incisures and gap-junctions between myelin lamellae.12, 22 
These findings were incorporated into new models in which the myelin sheath still has a low 
capacitance but a low, instead of a high, resistance and in which internodal ion channels (mainly 
K+-channels) are important in the setting of internodal and nodal resting membrane potential. 
The above-mentioned slow potential changes could now be explained by currents through the 
low resistance myelin pathways that slowly change the voltage across the large capacitance of 
the internodal axolemma. 

The fact that the surface of the node is much smaller than that of the internode is highly relevant 
for fast impulse propagation, as it entails that the capacitance (i.e., the ability to store electric 
charges) of the nodal membrane is considerably smaller than the capacitance of the internodal 
membrane. Thus, when a capacitive current passes through the node, its tiny capacitance is 
charged rapidly so that a membrane potential difference is reached quickly. On the contrary, 
it takes more time for a capacitive current to reach a membrane potential difference across the 
large capacitance of the internode. 

Depolarization is a shift in membrane potential towards values that are more positive than 
resting membrane potential. Hyperpolarization is a shift towards values that are more negative, 
and repolarization is a shift from depolarization or hyperpolarization towards resting membrane 
potential. Over a wide range of membrane potential values, Na+-channel opening yields an inward 
ionic current that depolarizes membrane potential, whereas K+-channel opening yields an outward 
ionic current that repolarizes or hyperpolarizes membrane potential. Nodal Na+-channels generate 
transient and persistent currents, each of which is probably sustained by a different ortholog of 
the Nav1.6 channel subtype.23, 24 Transient Na+-channels are responsible for the action potential, 
account for 98% of Na+ currents, are closed at resting membrane potential, open for 1 to a few 
milliseconds during depolarization, and inactivate thereafter. Recovery from this fast type of 
inactivation occurs over tens of milliseconds by repolarization or hyperpolarization. Apart 
from this classical fast inactivation, Na+-channels in axons may also exhibit slow inactivation, 
recovery of which takes tens of seconds.25, 26 Persistent Na+-channels account for 2% of sodium 
currents; they activate at more negative membrane potentials and hardly inactivate, causing 
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a small persistent inward current at resting membrane potential that increases excitability. In 
myelinated mammalian axons, 3 K+-currents can be recorded, including 2 fast types (IKf1 and IKf2) 
and 1 slow (IKs) type (reviewed by Reid27). Each of these currents is activated by depolarization. 
Patch-clamping of human axon membranes showed that the K+-currents are generated by at least 
5 different K+-channel types with different but overlapping properties regarding conductance, 
membrane potential for activation, deactivation time, and inactivation time.27 Contrary to Na+-
channels, inactivation of these K+-channels is slow (ranging from milliseconds to seconds) or 
absent. IKf1 and IKf2 prevent the spread of excitation beyond the node after a single action potential. 
Unlike in amphibian axons, they are not essential for membrane repolarization in mammalian 
axons.3 IKs activates slowly after an action potential, and during short-lasting repetitive firing its 
summated effect repolarizes membrane potential so that extreme depolarization is prevented. IKf1 
and IKs are important for determining resting membrane potential and the type of accommodation 
observed in threshold electrotonus. Long-standing or extreme hyperpolarization activates a 
late inward current (Ih) that is generated by hyperpolarization-activated cyclic nucleotide-gated 
channels (HCN-channels).28, 29 Ih is carried by Na+ and K+-ions and drives membrane potential 
to less negative values, thereby preventing extreme hyperpolarization. 

Figure 8.2 Saltatory action potential propagation in a normal myelinated axon. A) At the active 
node (left), Na+-channels are opened, inducing an inward ionic (action) current. This causes a current 
circuit that leads to an outward capacitive (driving) current at the node-to-be-activated (middle). B) 
Positive charges accumulate at the inside of the node-to-be-activated and are withdrawn at its outside; 
this leads to depolarization of this node. C) As soon as the node-to-be-activated is depolarized to 
threshold, its Na+-channels open, and the outward capacitive current changes into an inward ionic 
(action) current.  
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Action potential propagation

At an active node, an action potential is initiated by depolarization, which results in opening 
of transient Na+-channels and influx of positively charged sodium ions (Figure 8.2). This is a 
regenerative process, because the influx depolarizes membrane potential and leads to more 
Na+-channel openings, sodium influx, and more depolarization. The inward ionic current at 
the active node forms part of a circuit that drops positive charges on the inside of the node 
that is next to be activated and draws positive charges from the outside of this node, thereby 
creating an outward capacitive current at the node-to-be-activated. This driving current is 
capacitive, because the Na+-channels at the node-to-be-activated are still closed. When this 
node is sufficiently depolarized by the driving current (the threshold for an action potential is 
reached after approximately 20μs of depolarization), its Na+-channels open, and the outward 
capacitive current changes into the inward ionic current of the action potential.30 

The action potential is terminated by rapid Na+-inactivation, which stops the inward ionic 
current. Furthermore, the initial depolarization at the node is reduced, because the inward 
current of the action potential not only returns through the node to be activated but also through 
the internodal membrane and low-resistance pathways through the myelin sheath. This slow 
outward capacitive current smears the positive charges that have entered during the action 
potential over the large internal surface of the internodal and, finally, the nodal membrane. 
The result is that both the node and internode become slightly depolarized, a phenomenon 
known as the depolarizing afterpotential.22 The depolarizing afterpotential subsides, because 
its depolarization activates slow K+-channels which subsequently generate the hyperpolarizing 
afterpotential. 

Physiological methods 

Experimental methods

Electrophysiological methods in animal studies that are comparable to nerve conduction studies 
(NCS) in humans include recording of mixed compound action potentials (CAPs) of nerves 
that contain motor and sensory axons, pure motor or sensory CAPs of roots, and compound 
muscle action potentials (CMAPs). 

Several techniques have been developed to study electrical activity in single myelinated axons. 
These methods employ intra- or extracellular glass pipettes to record the membrane potential 
and deliver electrical stimuli. In current-clamping, a constant current stimulus changes the 
membrane potential to enable recording of subthreshold changes in membrane potential 
(e.g., electrotonus) or action potentials. In voltage-clamping, the membrane potential is held 
at values set by the investigator, which enables recording of membrane current at different 
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imposed membrane voltages. By selective pharmacologic blockade of ion channels, current 
and conductance of specific ion-channels can be determined. Macroscopic current- or voltage-
clamping has been employed to investigate events at the node of an intact myelinated axon. 
Patch-clamping employs extremely fine micropipettes with tips of about 1μm diameter for 
current- or voltage-clamping from an intact cell body, an excised membrane patch containing 
many ion channels, or a small membrane patch containing only 1 ion channel. 

Another approach is external longitudinal current recording which records the extra-axonal 
part of the driving current loop by means of an electrode pair with a fixed distance of 70μm 
placed at the outside of a single axon in an intact nerve. A micromanipulator allows recording 
from different sites along the axon. When an action potential is evoked at a distant site and 
passes the recording site, the electrodes record the magnitude of the external longitudinal 
current. Any difference in this current between 2 recording sites reflects current that enters 
or leaves the axon. Comparing the external longitudinal current at a node and just before the 
node, reveals a sudden decrease because of the strong inward current at the node during an 
action potential. This method therefore allows assessment of internodal conduction time and 
internodal distance. 

Some of the methods in single myelinated axons are considerably more difficult to perform 
in mammalian and human fibers than in amphibian ones, because the former are extremely 
fragile and are surrounded by large amounts of connective tissue. Despite these difficulties, 
macroscopic currents in both normal human single myelinated axons and single mammalian 
axons that were demyelinated due to experimental allergic neuritis or toxic substances, have 
been characterized.31 This is of relevance because results in single myelinated amphibian or lower 
mammalian axons cannot always be extrapolated to human axons due to essential interspecies 
differences in ion channel characteristics. 

Excitability studies 

Excitability tests assess the above described passive and active properties at 1 site of the 
axolemma. By adapting experimental procedures, these properties can now be recorded 
non-invasively and with only minor discomfort in human subjects.32 Conditioning and test 
stimuli are given at a point on a nerve. The conditioning stimulus induces an action potential 
or a subthreshold change in resting membrane potential without evoking an action potential; 
the change in resting membrane potential alters voltage-gated ion channel activity. After the 
conditioning stimulus, test stimuli monitor the magnitude and time course of this change 
by determining threshold. Threshold can be defined as the current needed for a given nerve 
response, for instance a CMAP of 50% of maximal. Threshold is a surrogate marker for 
membrane potential, except in conditions with prominent Na+-channel inactivation.33 
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A typical protocol comprises 4 subtests (Figure 8.3). Strength-duration properties include 
strength-duration time constant (SDTC) and rheobase. SDTC reflects the nodal persistent 
Na+-current and the small nodal membrane capacitance. Rheobase is defined as the current of 
a stimulus with infinite duration that is just able to excite a nerve. Obviously, the requirement 
of infinite duration cannot be met in reality; moreover, strength-duration properties only hold 
true for short duration stimuli of less than 2ms. Threshold electrotonus reflects the time course 
of thresholds at several time points during a conditioning current that, due to its long duration, 
slowly changes the membrane potential of the large internodal axolemma. Depolarizing 
threshold electrotonus starts with a fast threshold decrease due to nodal depolarization 
followed by a slower decrease due to internodal depolarization and a slight increase due to 

Figure 8.3 Diagrams of motor nerve excitability tests obtained by a protocol consisting of 4 subtests. 
A: I/V relation. B: charge-duration relation. C: threshold electrotonus. D: recovery cycle. Solid line: 
normal nerve. Dotted line: depolarized nerve. Dashed line: hyperpolarized nerve.   
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depolarization-induced K+-channel activation. Hyperpolarizing threshold electrotonus starts 
with a fast threshold increase due to nodal hyperpolarization followed by a slower increase due 
to internodal hyperpolarization. I/V relation describes the relation between the magnitude of 
a long duration conditioning current (I) and the threshold at its end. The change in threshold 
reflects the induced membrane potential change (ΔV). For small conditioning currents the I/V 
relation is linear, so that ΔI/ΔV reflects the input conductance of the axon membrane. The I/V 
relation deviates from a straight line with strong depolarizing currents (due to slow K+-channel 
activation) and with strong hyperpolarizing currents (due to HCN-channel activation). Recovery 
cycle reflects the membrane potential fluctuations that follow an action potential. It is assessed 
by giving a short-duration supramaximal conditioning stimulus (evoking action potentials) and 
recording thresholds at different time intervals after the conditioning stimulus. It comprises 
successively: refractoriness (threshold increase due to transient Na+-channel inactivation), 
superexcitability (threshold decrease due to the depolarizing afterpotential), and subexcitability 
(threshold increase due to slow K+-channel activation). 

The effects of a permanently changed resting membrane potential due to nerve pathology were 
mimicked by applying a continuous DC-current during the entire excitability protocol.34 Persistent 
depolarization of resting membrane potential by a DC-current resulted in several changes. First, 
SDTC increased due to increased persistent sodium current. Second, threshold electrotonus 
showed fanning-in. This is because massive internodal K+-channel opening yields an increased 
input conductance through the axon membrane and less membrane potential change when a 
constant depolarizing or hyperpolarizing current is passed through it. Third, I/V slope became 
steeper due to the increased input conductance. Fourth, refractoriness increased due to increased 
transient Na+-channel inactivation. Fifth, superexcitability decreased because the decreased 
potential difference over the axon membrane decreases Na+-influx during an action potential, 
thereby decreasing the depolarizing afterpotential. Persistent hyperpolarization of resting 
membrane potential by a DC-current induced changes in the opposite direction (Figure 8.3). 

Experimental demyelination

Safety factor

The physiological consequences of demyelination of a single axon are slowing of internodal 
conduction time, persistent conduction block, increased refractory period, rate-dependent 
block, and warm block.35 Each of these phenomena can be explained by a reduced safety factor 
of transmission (Figure 8.4). Safety factor is the ratio: (available driving current) / (required 
driving current) for excitation of a node.36 In normal axons, it has a value of about 5 to 7, 
which is more than sufficient to sustain conduction in unfavorable physiological conditions. 
In axons affected by disease, the safety factor may be reduced by a decrease in available driving 
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current, an increase in required driving current, or both. One of the factors contributing to the 
safety factor is the high density of voltage gated Na+-channels at the node. If the safety factor is 
reduced but above unity, conduction is possible, albeit with slowed internodal conduction time. 
If it falls below unity, internodal conduction is blocked. At critically demyelinated internodes 
with a safety factor of just above 1, conduction slowing may change into conduction block if 
physiological factors cause an additional reduction in safety factor. This mechanism underlies 
rate-dependent block, warm block, and cold block, which will be discussed in the next part of 
this review.37 Causes of reduced safety factor are demyelination, nodal Na+-channel damage or 
dysfunction, depolarization, and hyperpolarization (Figures 8.4 and 8.5).

Figure 8.4 Different types of demyelination leading to reduced safety factor. A: segmental 
demyelination; the driving current leaks through the damaged myelin sheath and impairs 
depolarization of the node-to-be-activated. B: paranodal demyelination; the driving current is 
dissipated over an area consisting of the node and the denuded paranode; the large capacitance of 
this area impairs depolarization of the former nodal area. C: juxtaparanodal demyelination; the driving 
current is dissipated over a larger area consisting of the node, paranode, and juxta-paranode; the very 
large capacitance of this area impairs depolarization to a greater extent than in B; depolarization is 
additionally impaired by activation of exposed juxta-paranodal K+-channels.
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Figure 8.5 Nodal causes of reduced safety factor. A: damage to or dysfunction of Na+-channels 
causing impaired inward ionic (action) current. B: inactivation of Na+-channels in a permanently 
depolarized axon causing impaired inward ionic current. C: increased membrane potential difference 
in a permanently hyperpolarized axon; more driving current is needed to reach threshold for activation 
of Na+-channels at the node-to-be-activated.
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Paranodal and segmental demyelination 

Experimental demyelination has been induced by chemical substances such as lysolecithin, 
immunization with diphtheria toxin, injection with specific myelin peptides, or injection with 
peripheral nerve myelin homogenate, which yields the most prominent demyelination.38 The 
latter 2 models are known as experimental allergic neuritis (EAN). Pathological studies in EAN 
show a T-cell mediated response to P2, P0, or PMP22, with activated macrophages invading 
the myelin sheath and inducing demyelination. EAN is regarded by some investigators as a 
model for AIDP, because both disorders share similar pathological features.39 

Segmental demyelination leads to a decreased driving current at the node-to-be-activated, 
because part of the driving current flows outward across the damaged myelin sheath (Figure 
8.4a). Comparison of CMAPs with histopathology findings in an EAN model with predictable 
time course showed that progressive disappearance of myelin layers was associated with 
progressive conduction slowing until conduction became blocked.40, 41 Computer simulations 
of segmental demyelination showed that conduction is just possible if myelin thickness is 
2.7% of normal at 1 internode, or 4% of normal at 2 adjacent internodes.42 In the acute phase 
of complete segmental demyelination, conduction is blocked in most axons, because the Na+-
channel density of the denuded internodal membrane is not sufficient to sustain continuous 
conduction. Only in very small demyelinated axons may the low internodal Na+-channel density 
be sufficient to support continuous conduction (reviewed by Waxman et al.43). Computer 
simulations have shown that the increased internodal Na+-channel density in demyelinated 
regions is not sufficient to sustain conduction if membrane capacity at the denuded part of 
the axon is increased too much, especially where membrane capacity between myelinated and 
demyelinated regions suddenly changes; this is known as impedance mismatch.43

Paranodal demyelination also leads to dissipation of the driving current over an area comprising 
the former nodal area and the demyelinated part of the paranodal axolemma (Figure 8.4b). It 
thus takes more time for the driving current to depolarize the increased capacity of this enlarged 
area to the threshold for an action potential; as a result internodal conduction time increases 
from its normal value of 20μs to as much as 600 μs.30 If paranodal demyelination becomes more 
extensive, driving current is insufficient to depolarize the enlarged node to threshold so that 
action potential propagation is blocked. If demyelination also involves the juxtaparanode, fast 
K+-channels in that region will be exposed or dispersed to the node (Figures 8.1 and 8.4c).38, 

44 Activation of these channels by the driving current may then shorten the duration of the 
action potential or prevent reaching the threshold for an action potential so that conduction is 
blocked. Consistent with this, inhibition of fast K+-channels by application of 4-aminopyridine 
on single demyelinated mammalian motor axons resolved conduction block or increased the 
duration of action potentials in intra- or extra-axonal recordings.38, 45 Unfortunately, neither 
resolution of conduction block on NCS nor clinical improvement were observed in human 
demyelinating neuropathies following administration of 4-aminopyridine.46
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Demyelination may affect refractoriness. The refractory period is caused mainly by transient 
nodal Na+-channel inactivation following an action potential. In the absolute refractory period, 
not enough non-inactivated Na+-channels are available to generate an action potential. In the 
relative refractory period, an action potential may be generated, but the action and driving 
currents are smaller than normal because many Na+-channels are still inactivated. With 
demyelination, the absolute refractory period may be prolonged, because more driving current 
is needed to depolarize the driven node due to current leakage and increased nodal capacity. 
The refractory period was investigated in demyelinated single axons by external longitudinal 
current recording.30 Progressively decreasing the interval between 2 closely spaced stimuli 
resulted in an increased internodal conduction time for the second stimulus until conduction 
became blocked; the interstimulus interval at which this occurred was defined as the refractory 
period. This was increased from a normal value of about 1.0 ms to values ranging from 1.8–4.3 
ms in demyelinated axons. 

In single axons that were slightly demyelinated due to EAN, decreased nodal peak sodium 
currents are associated with increased membrane capacitance, suggesting dispersion of Na+-
channels following myelin loosening (Figure 8.4).44 Another study in EAN showed that, prior 
to the appearance of clinical deficits and demyelination, immunostaining of nodal Na+-channel 
clusters in spinal roots became weaker, and Na+-channel labeling became diffused into the 
paranodal membrane; whole nerve recordings showed signs of conduction block, warm block, 
and slowing.47 Thereafter Na+-channel staining became undetectable, indicating that less than 
50 channels/µm2 were present; this was associated with severe clinical signs and myelin damage 
varying from paranodal to total segmental demyelination. Computer simulations could explain 
the electrophysiological findings by diffusion of Na+-channel clusters combined with loss of 
paranodal seals between axon and Schwann cell.47

In EAN induced by whole peripheral nerve myelin, the density of the nodal adhesion molecules 
gliomedin and neurofascin became diminished, and auto-antibodies to these molecules were 
found in the earliest stage.38 This was followed by paranodal retraction leading to widened nodes, 
demyelination, disruption of nodal Na+-channel and Kv7.2 channel clusters, and mislocalization 
of juxtaparanodal Kv1.2 channels to the paranode and node (Figures 8.4 and 8.5). Nodal 
complement depositions were not detected. Clinical signs started when the adhesion molecules 
disappeared, and their severity correlated with the number of disrupted nodes. Whole nerve 
recordings showed conduction block, slowing, and an increased refractory period. Signs of 
conduction block diminished after application of the Kv1 channel blocker 4-aminopyridine, 
but not after a Kv7.2 channel blocker, suggesting that exposure of juxtaparanodal Kv1-channels 
contributed to the block. Thus, the nodal abnormalities in EAN induced by peripheral nerve 
myelin may cause a conduction deficit on top of that caused by paranodal demyelination, 
because the action current is impaired by disruption of Na+-channel clusters. The remaining 
action current is counteracted by Kv1 channels that are mislocalized at the node.
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Restoration of conduction 

Restoration of conduction after demyelination may occur by diffuse expression of Na+-channels 
on the denuded internode, formation of new Na+-channel clusters, and remyelination.    

External longitudinal current recording has shown continuous conduction along totally 
demyelinated axons 4 to 6 days after demyelination by diphtheria toxin, suggesting that 
conduction was restored by a diffuse increase in Na+-channel density on the internodal 
membrane (Figure 8.5).48 Internodal foci of increased inward current were also observed, 
suggesting clustering of Na+-channels. These results were supported by the finding of an 
increased density of particles on freeze fracture electron microscopy (likely representing 
Na+-channels) and increased Na+-channel immunoreactivity on demyelinated internodal 
membranes.43 The increased expression of voltage-gated Na+-channels along denuded 
internodes may, however, be unfavorable for axon survival (see section on axonal degeneration).

After chemical demyelination, external longitudinal current recordings show foci of inward 
current (phi-nodes) separated by 100–200 μm. Since this is the shortened internodal distance 
after remyelination, phi-nodes may represent small Na+-channel clusters out of which nodes 
will develop later.49 During recovery in EAN, broad Na+-channel aggregates appear adjacent 
to the edges of remyelinating Schwann cells (Figure 8.5).47 When these move laterally, the 
Na+-channel clusters fuse to form new nodes with shortened internodal distance; the latter 
was associated with clinical recovery.

Restoration of CMAPs evoked proximal to the lesion was associated with appearance of small 
numbers of axons encircled with 2 to 8 turns of myelin lamellae (8–20% of normal).40 When 
myelin thickness was one-third of normal, maximal conduction velocity became normal, which 
indicates that even moderate demyelination may go undetected by NCS. 

Effects of anti-ganglioside antibodies 

The finding of antibodies against gangliosides in several immune-mediated neuropathies 
prompted research into pathological mechanisms affecting the complicated fine structures 
at and around the node where gangliosides are mainly located. Gangliosides are glycolipids 
consisting of a lipid ceramide component located in the bilipid membrane and an extracellular 
sugar portion to which no, 1, or more sialic acid residues may be attached. High-resolution light 
and electron microscopy of teased fibers from rat spinal roots and sciatic nerves has shown 
gangliosides on the following structures: GM1 on nodal axolemma, paranodal axolemma, 
abaxonal Schwann cell membrane, and Schwann cell microvilli; GT1b on nodal axolemma, 
internodal axolemma, and abaxonal Schwann cell membrane; and GD1a on nodes and abaxonal 
Schwann cell membrane.50, 51 The amount of gangliosides GM1, GD1a, and GD1b in human 
roots was greater in axons than in myelin in 1 study,52 but greater in myelin in another study.53 
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Early animal studies suggested that anti-GM1 antibodies may bind to Na+-channels, resulting 
in blocking of nodal Na+-currents. Injection of anti-GM1 serum from a patient with MMN 
into rat sciatic nerve induced conduction block and increased temporal dispersion on motor 
NCS and nodal immunoglobulin deposits on immune-pathological studies; demyelination, 
however, was observed in only 6.5% of axons.54 Since the amount of CMAP reduction on 
proximal versus distal stimulation was considerable and the percentage of demyelinated axons 
small, the block was possibly not caused by demyelination but by binding of GM1-antibodies 
to nodes of Ranvier. Voltage clamping of rat myelinated single axons showed that application 
of high concentration anti-GM1 antisera without complement had little effect on Na+-currents 
but increased delayed fast outward K+-currents elicited by depolarization. Anti-GM1 antibodies 
plus active complement, however, caused both suppression of Na+-current and increase of K+-
and non-specific leakage currents.55 The effects on K+-currents were consistent with exposure 
of K+-channels due to juxtaparanodal demyelination. In neuron-like cells, application of IgG 
anti-GM1 raised in rabbits caused a reversible, substantial voltage-independent reduction in 
Na+-currents, but only in high concentrations and in the presence of complement.56 Complement 
alone, or complement and anti-GM2 or anti-GM4 had no effect. It was suggested that both GM1 
and the Na+-channel protein contain sialic acid residues so that anti-GM1 with complement 
may impair nodal Na+-channel function, leading to blocking of impulse propagation.57

Later studies, however, did not support the possibility of immune attacks on the Na+-channel 
protein itself. External longitudinal current recordings along single motor axons of intact rat 
ventral roots incubated with high-titer anti-GM1-sera obtained from patients with AMAN or 
MMN showed blocking in only 2% of fibers. In these fibers the current patterns at the site of 
block resemble those of a typical demyelinative block, characterized by intense passive outward 
currents; the current patterns did not resemble those induced by the Na+-channel blocker 
tetrodotoxin.58 Also, application of sera from 10 patients with AIDP to rat sciatic nerve induced 
conduction block in only 2 out of the 10.59 Up to 6h of incubation of desheathed sciatic nerve 
with anti-GM1 (IgM or IgG) or anti GQ1b (IgG) and complement resulted in nodal antibody 
depositions, but not in conduction block on whole nerve recordings.60 Finally, the GM1-moiety 
Gal(β1-3)GalNAc was found on human axolemma but was not obligatory co-localized with 
voltage-gated Na+- or K+-channels.50 These findings suggest that anti-GM1 in the presence of 
complement may cause demyelination or secondary reduction in Na+-currents by damage to 
the axolemma in which the Na+-channels are embedded, but it is unlikely to be directed against 
the Na+-channel protein itself.

Damage to nodal structures of axons in roots was observed in rabbits where AMAN was 
induced by subcutaneous injection of GM1 ganglioside.61 The acute phase showed disruption 
of several molecules, including nodal Na+-channel clusters, βIV spectrin in the axonal 
cytoskeleton, and axo-glial junction molecules involved in stabilizing ion-channel clusters, 
such as moesin in Schwann cell microvilli and Caspr at paranodes. The severity of these 
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abnormalities was associated with extension of membrane attack complex and complement 
deposits at the paranode. These features occurred more frequently in nodes of motor rather 
than sensory roots.62 Recovery was associated with reappearance of Na+-channel clusters on 
each side of the former nodal area. These binary clusters fused during subsequent recovery 
(Figure 8.5). Since axonal degeneration was mild, it is conceivable that the clinical signs were 
caused by conduction block arising from Na+-channel disruption and associated reduced nodal 
Na+-current density. Contrary to EAN, nodal disruption in AMAN-rabbits was complement-
dependent, as intravenous administration of a complement inhibitor decreased the number 
of nodes with Na+-channel disruption and complement deposits.63

Injection of IgG anti-GD1a or GT1b antibodies into rat sciatic nerve induced nodal IgG 
deposits, nodal complement deposits, and disruption of nodal or paranodal structures.62 
Cholinacetyltransferase (ChAT) staining, which is used to distinguish motor from sensory 
axons, showed that each of these features occurred more often in motor than in sensory nodes. 
The disruption was characterized by damage to nodal βIV spectrin, widening of the nodal gap, 
or disappearance of paranodal Caspr clusters. Serial motor conduction studies of the sciatic 
nerve revealed a temporary decrease in the amplitude of the proximally evoked CMAP with 
preserved distally evoked CMAPs. Because this was not accompanied by conduction slowing 
or temporal dispersion, it possibly reflected conduction block due to nodal dysfunction and 
not demyelination. On the other hand, injection of IgG anti-GD1b antibodies caused nodal 
disruption and complement deposits that were found more often in sensory than in motor 
nodes. Furthermore, in an acute sensory axonal neuropathy-like rabbit model induced by 
immunization with GD1b, nodes and paranodes showed disruption of Caspr and Na+-channel 
clusters together with membrane attack complex (MAC) deposits, and the disruption was more 
frequent in dorsal than ventral roots.62 These findings indicate that: (i) nodal and paranodal 
disruption is a common mechanism in animal models of axonal GBS subtypes; (ii) antibodies 
to GM1, GD1a, and GT1b affect motor axons predominantly and sensory axons to a lesser 
degree; and (iii) antibodies to GD1b affect sensory axons predominantly and motor axons to 
a lesser degree. 

The most distal part of axon branches at the neuromuscular synapse can also be affected by 
anti-ganglioside antibodies.64 Exposure of neuromuscular synapses in ex vivo mouse diaphragms 
to anti-GQ1b antibodies showed antibody binding to neuromuscular synapses and profound 
electrophysiological effects consisting of a considerable rise in miniature end plate potential 
frequency during tens of minutes and blocking of neuromuscular transmission. These effects 
were complement-dependent, and the blocking was probably the result of structural damage 
to axon terminals due to MAC formation and Ca++-mediated degeneration. Subsequent studies 
showed that antibodies to gangliosides GD3, GD1a, GM1, and GD1b elicited similar or partly 
similar effects, suggesting that some symptoms in AMAN might be caused by neuromuscular 
synapse pathology. Antibodies to GQ1b, GM1, and GD1a also inhibited evoked acetylcholine 
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release that was not complement-dependent.65 Whether or not anti-ganglioside antibodies are 
pathogenic was shown to be dependent on accessibility and density of the antigenic gangliosides 
and on endocytic processing of antibodies.64, 66 

Axonal degeneration in demyelinating neuropathies

Axonal degeneration in demyelinating neuropathies may cause permanent and severe clinical 
deficits. Unfortunately, its mechanisms in peripheral neuropathies are not well understood.14 
Nevertheless, animal studies have revealed several putative mechanisms.  

Direct injury of the nodal axolemma with subsequent axonal degeneration was suggested 
by the finding of nodal IgG deposition, complement activation, and MAC in AMAN rabbits 
and nodal IgG and complement deposits in fatal human AMAN.61, 67, 68 MAC causes 5 nm-
wide pores in the axolemma that allow water and ions, including massive amounts of Ca++, 
to enter the axon. High Ca++-concentrations activate the calpain pathway, causing proteolytic 
cleavage of neurofilaments and the intra-axonally located inactivation-gate of Na+-channels 
so that inactivation fails, although activation is still possible.69 Ex vivo incubation of mouse 
intramuscular desheathed distal myelinated motor axon bundles with anti-GD1a antibodies 
and complement resulted in nodal complement deposits, nodal MAC formation, loss of nodal 
Nav1.6, ankyrin-G and neurofascin, and loss of paranodal Caspr; juxtaparanodal Kv1.1 staining 
remained unaffected.70 Loss of Nav staining started between 15 and 30 minutes after addition 
of complement. Perineural electrophysiologic recording (a variant of external longitudinal 
current recording) showed loss of inward Na+-currents and outward K+-currents. The pathologic 
abnormalities were prevented by adding complement or calpain inhibitors. Therefore, the 
damage to nodal proteins was likely caused by a sequence of: antibodies, complement activation, 
MAC formation, Ca++-entry, and Ca++-mediated Na+-channel damage. Electrophysiologic 
dysfunction was prevented by complement inhibition but not by calpain inhibition. Despite 
prevention of Na+-channel damage by calpain inhibitors, MAC formation probably still occurred 
and caused loss of ionic concentration gradients and inability to generate action potentials. 

Inflammatory cells in demyelinating lesions produce nitric oxide (NO), a free radical and 
inflammatory mediator that may induce energy depletion of Na+/K+-ATPase by inhibiting 
mitochondrial respiration. In vitro studies have shown that, when rat dorsal root axons were 
exposed to NO and stimulated at 100 Hz, CAPs on whole nerve recording permanently 
disappeared, even after removal of NO.71 CAP disappearance was prevented by adding Na+-
channel blockers to the medium. Pathologic examination showed that administration of NO in 
vivo caused axonal degeneration that could be prevented by adding Na+-channel blockers or Na+/
Ca++-exchanger blockers. These results suggest that Na+ influx (induced by repetitive firing and 
permanent depolarization due to Na+/K+-ATPase failure) and activity of the Na+/Ca++ exchanger 
are key factors in the development of axonal degeneration. The continued Na+-influx despite 
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long-standing depolarization suggests opening of persistent Na+-channels which, contrary to 
transient Na+-channels, do not inactivate during long-standing depolarization. NO-induced 
axonal degeneration may, therefore initiate a cascade that was described in anoxia of the rat 
optic nerve. This cascade starts with Na+/K+-ATPase failure due to energy depletion. Pump 
failure results in axoplasmic Na+ accumulation and depolarization. Depolarization activates 
nodal persistent Na+-channels, yielding additional Na+-accumulation and depolarization. 
Furthermore, the Na+-accumulation induces reverse operation of the axolemmal Na+/Ca++ 

exchanger so that the excess Na+ is removed in exchange for Ca++. The resulting axoplasmic 
Ca++-accumulation will induce Ca++-mediated axonal degeneration.72 

Ca++-mediated axonal degeneration may possibly also be the result of Ca++ release from intra-
axonal stores in the axoplasmic reticulum or mitochondria.6 Activation of axolemmal glutamate 
receptors induces opening of ryanodine or IP3 receptors on the axoplasmic reticulum by several 
mechanisms so that Ca++ ions are released into the axon. Ca++ release from mitochondria may 
be induced by intra-axonal Na+ accumulation and reversal of the mitochondrial Na+/Ca++ 
exchanger.

Axonal survival may be at risk if remyelination does not occur and impulse propagation is 
restored by increased expression of Na+-channels along the entire denuded part of the axon.40, 

73 The resulting continuous conduction may result in abnormally large intra-axonal Na+ 
accumulation and Ca++-mediated axonal degeneration as described above. 

Increased packing density of axonal neurofilaments, as found in anti-MAG neuropathy, may 
result in impaired axonal transport leading to axonal degeneration, which is further described 
in the second article of this review.37 Myelinating Schwann cells were shown to transfer 
polyribosomes with mRNA to the underlying part of the axon.74 This raises the possibility 
that at least some axonal proteins are synthesized locally instead of being transported from the 
soma by axonal transport. Impairment of this mechanism due to demyelination may therefore 
contribute to axonal degeneration.  

Altered expression of Na+-channel subtypes

Changes in expression of ion channel subtypes in demyelinated axons have been found in 
animal studies and pathological studies in multiple sclerosis patients and are likely to contribute 
to axonal dysfunction and axonal degeneration in immune mediated neuropathies as well. 
In axons that were denuded due to complete demyelination, Na+-channel expression was 
upregulated, resulting in facilitation of continuous conduction. Upregulation of the normal 
subtype Nav1.6 was associated with axonal degeneration, but that of subtype Nav1.2 was not.75 
This is because, contrary to Nav1.2, Nav1.6 produces a large persistent Na+-influx that may 
induce Ca++-mediated axonal degeneration. In another animal study, upregulation of Nav1.3 and 
Nav1.7 expression in dorsal root ganglia neurons was found in a model of inflammatory pain. 
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Gating properties of these subtypes will result in a hyperexcitable state that causes spontaneous 
generation of action potentials and thus may contribute to pain in inflammation.76 Altered Na+-
channel subtype expression has not been investigated, to our knowledge, in human immune-
mediated neuropathies but investigations in hereditary neuropathies have shown that human 
peripheral neurons are capable of expressing subtypes other than Nav1.6.77

Abbreviations
AIDP: acute inflammatory demyelinating polyneuropathy
AMAN: acute motor axonal neuropathy
CAP: compound action potential
Caspr-2: contactin-associated protein-2
ChAT: cholinacetyltransferase
CIDP: chronic inflammatory demyelinating polyneuropathy
CMAP: compound muscle action potential
Cx32: connexin-32
EAN: experimental allergic neuritis
GBS: Guillain-Barré syndrome
HCN: hyperpolarization-activated cyclic nucleotide-gated
IUPHAR: International Union of Pharmacology
MAC: membrane attack complex
MAG: myelin associated glycoprotein
MBP: myelin basic protein
MMN: multifocal motor neuropathy
NCS: nerve conduction studies
NO: nitric oxide
P0: protein zero
PMP22: peripheral myelin protein-22
POEMS: polyneuropathy, organomegaly, endocrinopathy, M-protein, skin changes
SDTC: strength-duration time constant
TAG-1: transient axonal glycoprotein-13
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Abstract
The second article of this review deals with the neurological aspects of immune-mediated 
demyelinating neuropathies. It describes the relation of pathophysiology with symptoms 
and discusses the pathophysiology of specific disease entities, including Guillain-Barré 
syndrome, chronic inflammatory demyelinating polyneuropathy, multifocal motor 
neuropathy, anti-myelin associated glycoprotein neuropathy, and POEMS syndrome.
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Introduction
In the previous article, we discussed normal physiology of myelinated axons and patho-
physiology of immune-mediated neuropathies.1 The present article deals with the relation of 
pathophysiology with symptoms and specific disease entities. The latter include Guillain-Barré 
syndrome (GBS), chronic inflammatory demyelinating polyneuropathy (CIDP), multifocal 
motor neuropathy (MMN), anti-myelin associated glycoprotein (MAG) neuropathy, and 
the syndrome consisting of polyneuropathy, organomegaly, endocrinopathy, M-protein and 
skin changes (POEMS syndrome). The GBS subtypes acute inflammatory demyelinating 
polyneuropathy (AIDP) and acute motor axonal neuropathy (AMAN) will both be discussed, 
because their features overlap and because AMAN also affects paranodal myelin and molecules 
which connect terminal Schwann cell loops to the axon. Ion-channels are named by the channel 
name (not the gene name) as given in the International Union of Pharmacology (IUPHAR) 
Compendium of Voltage-gated Ion Channels.2

Relation between pathophysiology and symptoms in 
immune-mediated neuropathy

Selective involvement of motor nerve fibers and pure motor neuropathy

The selective involvement of motor axons at peripheral nerve level, such as in MMN and 
AMAN, is not well understood because individual peripheral nerve fascicles contain motor 
as well as sensory axons.3 The research to explain this selectivity was directed to differences 
in immunological and ion channel properties between motor and sensory fibers. One of the 
problems in immunological research is that motor and sensory axons can only be distinguished 
with certainty at root level. With less certainty, peripheral nerve motor axons can be identified 
by staining of cholinacetyltransferase (ChAT), which is expressed on the axolemma of motor 
axons only. ChAT expression varies, however, so that motor axons with weak staining cannot 
always be distinguished from sensory axons without staining (reviewed by Castro4). 

The amount of antigen may differ between motor and sensory axons. One study showed that 
human lumbar motor root fibers contained more GM1 than sensory root fibers, suggesting 
that motor fibers are more vulnerable to anti-ganglioside antibodies due to a higher amount 
of antigen.5 However, other studies did not confirm this difference.6-8 

Motor fibers may be selectively targeted because their gangliosides have a slightly different 
molecular composition than the same type of ganglioside in sensory fibers. The ceramide 
portion of gangliosides GM1, GD1a, and GD1b in motor roots was shown to contain less long 
chain fatty acid chains than the ceramide portion in sensory roots.9 This difference, however, 
does not immediately explain the selective motor involvement because the ceramide portion 
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lies in the bilipid membrane, whereas the antibodies bind to the extracellular sugar residues 
of gangliosides. However, the different ceramide portion in motor axons may possibly change 
the 3-D configuration of the extracellular sugar portion making it more susceptible to anti-
GM1 antibody binding. Several studies showed that ganglioside GD1a was selectively targeted 
in motor fibers. Immunostaining of cross-sectioned fibers by high affinity IgG anti-GD1a 
antibodies showed more prominent binding to human motor than to sensory roots despite the 
finding that the quantitative GD1a content was similar in motor and sensory roots.8 Also, high-
titer anti-GD1a antibodies from a patient with AMAN bound to the nodal region of human 
motor root fibers but not to that of sensory root fibers.10 Finally, motor axons in the phrenic 
nerve were more sensitive to GD1a-induced injury by membrane attack complex than sensory 
axons in the sural nerve.11 Other studies, however, did not support the predominant binding of 
anti-ganglioside antibodies to motor fibers: one study showed that anti-GM1 antibodies bound 
equally to motor and sensory root fibers and another showed that anti-GM1 antibodies from 
a GBS patient bound more strongly to purified GM1 of sensory than to that of motor roots.7, 8

Differences in biophysical properties may render motor axons more vulnerable to develop 
conduction block than sensory axons when a mixed nerve is affected by pathology. Excitability 
studies showed that motor axons have smaller strength duration time constant (SDTC) and 
larger rheobase than sensory axons.12 SDTC and rheobase are both derived from the relation 
between current strength (I) and duration (t) of stimuli evoking a predefined nerve response 
(for instance a target CMAP of 50% of maximal). On empirical grounds, the I-t relation is 
hyperbolic, revealing that stimuli with smaller I values require larger t values (and vice versa) in 
order to evoke similar nerve responses. In the I-t relation, rheobase is the theoretical I needed 
to evoke the response if t is infinitely long, although it should be stressed that strength-duration 
properties are only valid for short duration stimuli. SDTC, or chronaxie, is the value of t when 
I is twice rheobase. Because stimulus charge (Q) = I.t, the I-t relation can be recalculated into 
a Q-t relation which is linear and more convenient to analyse. SDTC is then given by the 
x-intercept and rheobase by the slope.13 SDTC reflects (i) the small capacitance of the nodal 
membrane, and (ii) the amount of persistent Na-current. 

The smaller SDTC in motor axons reflects a smaller persistent Na-current since the passive 
nodal properties are similar between motor and sensory axons.14 When the safety factor is 
reduced due to demyelination (Figure 9.1A), conduction may become blocked in motor axons 
but may just be maintained in sensory axons because their relatively large persistent Na-current 
contributes to excitability. The concept of safety factor is discussed in part I of this review.1 
Furthermore, the hyperpolarizing parts of threshold electrotonus and I/V relation reveal less 
hyperpolarization-activated cyclic nucleotide-gated (HCN) channel activity in motor than in 
sensory axons.15 Thus, when nerve pathology results in hyperpolarized axons, only motor axons 
may develop hyperpolarizing block because their hyperpolarization is less well counteracted by 
HCN-channel activity. Finally, refractoriness, superexcitability, and subexcitability are all more 
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Figure 9.1 Proposed mechanisms of conduction block in multifocal motor neuropathy (MMN). 
Dotted lines depict the failed generation of inward Na+-current at the node to-be-activated. A: 
Demyelination, leading to a reduction in driving current available at the node-to-be-activated. 
This causes block if safety factor [the ratio: (available driving current) / (required driving current for 
excitation of a node)] falls below unity. B: Abnormal resting membrane potential. Hyperpolarization 
causes an increase in required driving current and a decrease in safety factor. Depolarization will cause 
inactivation of nodal Na+-channels. C: Disruption of nodal Na+-channels, causing impaired inward 
Na+-current despite adequate nodal depolarization.
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pronounced in motor than in sensory axons.12 The mechanism of this difference is not well 
established, but as it concerns all recovery cycle parameters, its cause may lie in the initial event 
leading to the recovery cycle, i.e., the first change induced by the action potential. A possible 
factor may be the longer duration of action potentials in motor versus sensory fibers as was 
demonstrated in the frog.16 The longer duration is due to a greater amount of transient, but 
slowly inactivating, Na+-current in motor nodes so that, per action potential, more Na+-ions are 
entered in motor than in sensory axons. Whether or not the difference in action potential size 
renders motor axons more susceptible to develop conduction block in case of demyelination 
is unclear. On one hand, short lasting nerve activity leads to summation of subexcitability and 
as this is more pronounced in motor axons, short lasting activity-dependent hyperpolarization 
will therefore be greater and the safety factor smaller in motor versus sensory axons. On the 
other hand, however, the larger size of action potentials in motor axons is advantageous as this 
contributes to the safety factor.            

Rate-dependent block and activity-dependent weakness  

Decreased muscle strength in polyneuropathy is usually attributed to loss of axons or persistent 
conduction block. It is, however, difficult to ascribe weakness to one of these mechanisms 
since both may occur in patients with immune-mediated demyelinating neuropathy. For 
instance, in a group of MMN patients, loss of axons and not conduction block was the single 
independent determinant for muscle weakness, despite the fact that all patients had evidence 
of conduction block.17 To complicate matters further, other mechanisms were suggested to give 
rise to weakness as well. Increased temporal dispersion may desynchronize activation of motor 
units, thereby impairing maximal force production.18 Sustained nerve activity may induce 
blocking in axons that were not blocked during short-lasting activity. The latter mechanism, 
which will be discussed here, is known as rate-dependent block and may result in temporary 
increase in weakness following exercise and, possibly, contribute to fatigue. When single 
demyelinated motor axons are stimulated for several minutes at non-physiological frequencies 
of 80–100 Hz, internodal conduction time gradually increases until conduction becomes 
intermittent or blocked.19 This rate-dependent block was also demonstrated during stimulation 
at frequencies of 10–50 Hz, which are in the physiological range for motor axons.20, 21 Since the 
conduction failure occurred at interstimulus intervals that were considerably longer than the 
refractory period, another mechanism than that responsible for the refractory period must  
be involved. 

Sustained firing of action potentials induces several changes, each of which may cause an 
additional reduction in the already diminished safety factor of demyelinated axons. Short 
trains of 10–20 impulses cause brief hyperpolarization because the subexcitable periods after 
each action potential summate.22, 23 More prolonged repetitive firing may cause an increase 
in extra-axonal K+-concentration leading to reduced Ek and depolarization that may first 



9

125

Chapter 9Review – Part II

decrease threshold, but ultimately leads to Na+-channel inactivation and increased threshold 
(Figure 9.1B).24, 25 Sustained firing also increases intra-axonal Na+-concentration which results 
in decreased Na+-concentration gradient, decreased Na+-influx during an action potential, 
and decreased driving current.19 The most important mechanism for rate-dependent block is 
hyperpolarization induced by increased activity of the electrogenic Na+/K+-pump. The latter 
arises because the pump is driven by the large amount of Na+-ions entering the axon during 
repetitive firing. The main arguments in favor of this mechanism are that blocking did neither 
arise after replacement of Na+-ions by Li+-ions in the medium, nor after topical application of 
the Na+/K+-pump blocker ouabain.20, 21 To depolarize these hyperpolarized axons to threshold, 
a larger than normal potential difference has to be overcome, which requires extra driving 
current. In case of demyelination, this may not be available due to leakage of driving current 
so that conduction may become blocked. In normal subjects, maximal voluntary contraction 
induced excitability changes consistent with hyperpolarization (increased threshold, increased 
superexcitability, decreased SDTC), but also increased refractoriness immediately after maximal 
voluntary contraction that could not be explained by hyperpolarization.26, 27 Possibly, the 
increased refractoriness was related to transmission failure in distal axon branches. 

In MMN and CIDP patients, rate-dependent block was searched for by recording compound 
muscle action potentials (CMAPs) before maximal voluntary contraction and at several 
time points thereafter.28-31 In two studies a specially designed excitability protocol assessed 
threshold, superexcitability, and SDTC at 10s intervals to allow for accurate following of 
membrane potential changes.28, 29 Maximal voluntary contraction induced a CMAP decrease 
lasting up to three minutes. In one patient the CMAP evoked proximal to a demyelinating 
lesion was temporary abolished after maximal voluntary contraction whereas the distal CMAP 
remained unchanged.28 These findings were attributed to the above-described mechanism for 
rate-dependent block because it was paralleled by changes in excitability-indices consistent 
with rate-dependent hyperpolarization (increase in threshold and superexcitability, decrease 
in SDTC). 

These studies suffered from methodological problems, however. In most patients proximal 
CMAPs were evoked by magnetic cervical stimulation. This carries the risk of being submaximal 
and this risk is further increased if activity has induced hyperpolarization of the axons under 
investigation. The CMAP-decrease induced by maximal voluntary contraction may therefore be 
due to submaximal stimulation caused by hyperpolarization and not by rate-dependent block. 
Furthermore, criteria for rate-dependent block were not defined. Because maximal voluntary 
contraction also induces temporal dispersion of nerve action potentials, assessment of block 
from the summated activity of several axons, as is done in CMAP-recording, requires criteria 
to distinguish temporal dispersion from block.30, 32, 33 Subsequent studies of a larger number of 
nerves in patients with MMN or CIDP employed supramaximal electrical stimulation up to 
Erb’s point and adopted a predefined criterion for activity-dependent block that was based on 
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simulations.32, 33 These studies showed that maximal voluntary contraction induced an increase 
in segmental duration prolongation indicating increased temporal dispersion. Rate-dependent 
block according to the predefined criterion was not observed, except in one nerve segment of a 
patient with CIDP. In agreement with these latter studies, high-frequency electrical stimulation 
of single sensory axons in CIDP patients induced slowing but no conduction block.34 

A major problem in assessing rate-dependent block by means of CMAP recording is that 
maximal voluntary contraction may induce a CMAP-increase that lasts several minutes. 
Previously this was only observed in normal subjects and patients with motor neuron disease, 
but not in MMN or CIDP.31 Subsequent studies, however, showed that it also occurred in many 
demyelinated and non-demyelinated nerves of MMN and CIDP patients.32, 33 The most likely 
mechanism for the CMAP-increase is that voluntary muscle contraction increases muscle Na+/
K+-pump activity leading to muscle fiber hyperpolarization and larger muscle fiber action 
potentials.35 

The above-described findings raise doubt as to whether rate-dependent block is clinically 
relevant. In some single axon recordings it was only observed at axonal firing rates that do 
not occur in daily life. In clinical research rate-dependent block was usually assessed after one 
minute of maximal voluntary contraction. Again, this hardly occurs in daily life since forceful 
muscle contraction is usually maximal for only a few seconds.  

Heat block and heat paresis

It is well known that symptoms in multiple sclerosis may worsen after a hot bath.36 In 
demyelinating neuropathies similar effects were described. In a patient with CIDP, symptoms 
considerably increased during fever.37 Several studies indicated that this so-called heat paresis 
is likely caused by development of conduction block in demyelinated axons (heat block). In 
single demyelinated axons conduction was blocked by a minor temperature increase of 0.5°C 
and subsequently restored when temperature was decreased by 0.5°C.38 In seven patients with 
various demyelinating neuropathies (CIDP, MMN, or ulnar nerve entrapment at the elbow) 
neurological deficits and signs of conduction block on conventional nerve conduction studies 
(NCS) increased after warming to 40°C and decreased after cooling to 20°C.39 

Heat block is caused by the unfavorable combination of demyelination and temperature-
increase. Demyelination results in leakage of the driving current through the demyelinated part 
of the internode adjacent to the node-to-be-activated. This leakage leaves less driving current 
available to depolarize the node-to-be-activated. Temperature-increase decreases amplitude 
and duration of the action potential at the active node, so that the driving current at the 
node-to-be-activated further decreases.40 At critically demyelinated internodes, the additional 
reduction in the already diminished driving current decreases the safety factor below unity so 
that conduction will be blocked. 
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The decrease in action potential amplitude and duration occurring with temperature increase 
was attributed to several factors. Firstly, the time during which Na+-channels are open in 
response to depolarization (Na+-channel open time) is shorter. This is because the Q10 of the 
rate constant for activation of Na+-permeability is smaller than that for inactivation.41 At higher 
temperatures, therefore, Na+-activation is slightly faster, but Na+-inactivation is markedly faster, 
resulting in shortened open time and, consequently, less Na+-ions entering the axon during an 
action potential. Ultimately, this mechanism may lead to some Na+-channels entering the fast 
inactivated state before they open.42 When, however, temperature in myelinated mammalian 
axons was raised from 20°C to 37°C, peak Na+-current did not decrease but slightly increased.43 
This suggests that other mechanisms also affect driving current when temperature is changed, 
such as alterations in leakage conductance, bilipid membrane structure, axonal resistance, and 
ENa. Secondly, the capacitive current-leak across the internode increases with temperature, 
resulting in less driving current being available to depolarize the node-to-be-activated. 
Thirdly, the rate constant αn for fast K+-current activation increases more prominently with 
temperature than the rate constant αm for transient Na+-current activation. This was shown 
for both axonal and muscle currents.44, 45 It implies that temperature increase results in faster 
opening of both ion channel types, but that this effect is more prominent in K+-channels (which 
oppose the action potential) than in Na+-channels (which initiate the action potential). In 
normal mammalian myelinated axons, this difference in rate constants is irrelevant since fast 
K+-currents are mediated by juxtaparanodal K+-channels which are covered by myelin and 
which, therefore, have no role in action potential termination.46 When juxtaparanodal fast 
K+-channels are exposed by demyelination, however, they will contribute to action potential 
termination and, since this contribution increases with temperature, they contribute to  
heat block.

The blocking temperature of demyelinated axons was shown to rise after application of 
4-aminopyridine.47 This was attributed to an increase in safety factor due to augmentation 
of the driving current because this was no longer counteracted by K+-channels exposed by 
demyelination.  

In normal nerves the maximal conduction velocity increases approximately linearly with 
temperature over a wide range of temperatures until, at temperatures above 45°C, conduction 
is blocked.48 This relation is expressed by the ratio between conduction velocity increase (Δv) 
and temperature increase (ΔT). For upper limb nerves Δv/ΔT is approximately 2.2 m/s/°C.49 
In experimental and in human demyelinating neuropathies, however, the normal relation 
between conduction velocity and temperature is lost and Δv/ΔT is decreased.50, 51 Furthermore, 
the value of Δv/ΔT decreased linearly with the conduction velocity at 37°C so that markedly 
reduced conduction velocities hardly increase when temperature is increased. The relations 
between the amount of demyelination, influence of temperature, and conduction velocity were 
simulated but the determinants for the decrease in Δv/ΔT were not elucidated.52 
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Cold block and cold paresis 

Animal studies indicate that cooling of axons below 5–8°C induces conduction block.53 This 
type of block arises because, at these temperatures, nodal Na+-channel activation slows down 
considerably, yielding a reduced inward current at the active node and a decreased driving 
current at the node-to-be-activated.41 Possibly, thermal reduction in Na+/K+-pump activity 
contributes to cold block as this leads to depolarization and an increased proportion of 
inactivated Na+-channels so that it may become impossible to attain sufficient action current 
for an action potential (Figure 9.1B). Cold block in demyelinating neuropathies arises at higher 
temperatures (up to 16°C) due to the unfavorable combination of two factors leading to a 
reduced driving current: leakage through the damaged myelin and reduced action current.53 

Complaints of increased weakness during cold were reported for the first time in a case of 
MMN.54 Subsequently, symptoms of cold paresis and heat paresis were analyzed by questionnaire 
in patients with MMN, CIDP, progressive spinal muscular atrophy (PSMA), or chronic 
idiopathic axonal polyneuropathy.55 Cold paresis was experienced by a proportion of patients in 
each group and was more frequently reported than heat paresis. Most importantly, symptoms of 
cold paresis occurred most frequently in MMN (83%) and the odds to experience cold paresis 
were four to six fold greater for MMN than for CIDP or PSMA patients. As this study only 
assessed subjective symptoms of weakness, it is necessary to perform force measurements in 
order to assess if cold also induces an objective increase of weakness in MMN patients. 

Although MMN is regarded as a disorder in which demyelination plays a role, cold paresis 
cannot be explained by the above described demyelinative conduction block, since this should 
disappear in cold (see previous section on heat block). It was therefore hypothesized that cold 
paresis in MMN was not related to demyelination, but to inflammatory nerve lesions where 
axons are depolarized but just able to conduct impulses at ambient temperature. At these lesions, 
thermal reduction of Na+/K+-pump activity due to cooling may induce additional depolarization 
and depolarizing block because long-standing depolarization yields Na+-channel inactivation.54 
The hypothesis predicts that the Na+/K+-pump inhibitor digitalis will aggravate depolarization 
in MMN. In a patient with MMN, however, administration of digitalis resulted in paradoxical 
fanning-out of threshold electrotonus that is consistent with more hyperpolarization rather 
than depolarization.54 A possible explanation was that digitalis only gained access to the 
lesion site where the blood-nerve barrier is impaired and where it increased depolarization; at 
perilesional sites with intact barrier, electrogenic pump activity was increased to remove the 
increased Na+-load from the lesion site, yielding hyperpolarization. 

Some steps of the hypothesis for cold paresis were supported by experiments. Firstly, excitability 
studies revealed that stepwise cooling of the median nerve in normal subjects from 37°C to 
25°C, 20°C, and 15°C resulted in progressive axonal depolarization that was best explained by 
thermal reduction in Na+/K+-pump activity.56 Muscle strength remained normal at 25°C but 
decreased progressively with cooling from 20°C to 15°C, possibly due to impaired conduction in 
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axons or muscle fibers. Secondly, animal models of inflammatory spinal root lesions indicated 
that inflammation may induce NO-mediated mitochondrial dysfunction, energy depletion of 
the ATP-ase dependent Na+/K+-pump, and axonal depolarization.57 Thirdly, in some nerves 
of MMN patients axons may be permanently depolarized.58 

Alternatively, cold paresis may be due to cooling of muscle. In normal mammalian skeletal 
muscle fibers, cooling results in decreased availability of excitable muscle Na+-channels (which 
are of the Nav1.4 subtype, having slightly different biophysical properties than the axonal 
Nav1.6 subtype2) because the proportion of Na+-channels in the slow inactivated state increases 
with decreasing temperature.45 Among patients, two-thirds of patients with distal upper limb 
muscular atrophy (Hirayama disease) and 83% of patients with MMN reported cold paresis.55, 

59 Hirayama disease is a disorder affecting peripheral motor neurons in the anterior horn of the 
cervical cord and leading to denervation and weakness of hand muscles.59 NCS in 11 patients 
with Hirayama disease, and one patient with hypothenar atrophy due to ulnar neuropathy, 
showed that cold induced excessive conduction delay and waning of the compound muscle 
action potential during 20 Hz repetitive stimulation.60, 61 These findings were attributed to an 
increased sensitivity of reinnervated muscle fibers to develop depolarizing conduction block 
in cold. This mechanism may be related to the above described increased proportion of muscle 
Na+-channels in the slow inactivated state. The possibility that this mechanism may also occur 
in MMN is supported by extensive needle electromyography studies in 20 MMN patients 
which showed prominent signs of reinnervation consistent with collateral sprouting in most 
muscles.17 Also, pathological studies of motor nerves in MMN revealed prominent axon loss 
which may have led to collateral sprouting and reinnervated muscle fibers.62 

Findings in patients

GBS: general

GBS is a self-limiting acute neuropathy, characterized by flaccid paralysis, areflexia, ataxia, or 
sensory deficits that starts 1–3 weeks after an infection and reaches a nadir within 4 weeks; 
recovery may be complete or partial. The subtypes of GBS include AIDP, AMAN, acute motor 
and sensory axonal neuropathy (AMSAN), acute sensory axonal neuropathy (ASAN), and 
Miller-Fisher syndrome. AIDP is the major subtype of GBS in Europe and North America but 
occurs more rarely in northern China and Japan where axonal forms are found in up to half of 
the patients.63, 64 AMAN, AMSAN, and Miller-Fisher syndrome are associated with antibodies 
against peripheral nerve gangliosides. 

Electrophysiology is considered an important clinical tool for distinguishing demyelinating 
and axonal subtypes because it may reveal demyelination, loss of motor axons only, loss of 
sensory axons only, or mixed loss.65 Unfortunately, the interpretation of NCS in an acute 
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neuropathy like GBS is not straightforward. Firstly, in most criteria for GBS, except those of 
Ho et al.,63 conduction block is considered supportive of demyelination and AIDP.65-68 Short-
lasting conduction block resolving without temporal dispersion was, however, also observed 
in early stages of a GBS subtype associated with anti-ganglioside antibodies and that resembled 
AMAN.69 This suggests that the block was due to nodal Na+-channel dysfunction rather than 
demyelination. Therefore, the finding of conduction block in itself cannot be simply attributed 
to a particular subtype. Secondly, classification depends on the timing of NCS relative to disease 
onset: repeated NCS have led to reclassification in as many as 40% of patients, especially from 
AIDP to an axonal form.69, 70 Thus, classification may differ between studies employing single 
and studies employing repeated NCS. Thirdly, criteria for demyelinative slowing differed among 
studies so that these cannot always be compared. For motor conduction velocity (MCV) to 
be consistent with demyelination, values of 95%, 90%, 80%, 75%, and 70% of the lower limit 
of normal, and 60% of the normal mean were proposed for GBS.71 The 60% value is based 
on evidence obtained by determining the velocity that distinguishes hereditary axonal and 
demyelinating neuropathy or by assessing the slowest MCV occurring in lower motor neuron 
disease and assuming that MCVs below this value reflect demyelination (reviewed by Van 
Asseldonk72). Evidence for the other values cannot be traced in the literature, although their 
diagnostic value was assessed by a posteriori evaluation of the sensitivity and specificity of entire 
criteria-sets in which MCV was one of the features. This procedure is not suitable to assess 
cut-off criteria for a single NCS variable like MCV. There is, however, a need for liberal cut-
off criteria, since the evidence-based criteria may be too strict to detect slight demyelination.

The CSF of patients with unspecified GBS was shown to contain the endogenous pentapeptide 
QYNAD that, when applied to rat sciatic nerve, induced acute conduction block on whole nerve 
recording.73 Application of QYNAD to neuron-like cells shifted the steady-state inactivation 
curve of whole-cell recorded Na+-currents to more hyperpolarized membrane potentials, 
indicating decreased availability of Na+-current over a range of membrane potential values.74 
However, patch-clamping showed that QYNAD had no effect on currents generated by different 
Na+-channel subtypes, including Nav1.6 which is the most important subtype at the node of 
Ranvier.75 It is therefore unclear if QYNAD contributes to impaired impulse propagation or 
clinical deficits.  

GBS: AIDP  

Post mortem studies in AIDP showed multifocal T-lymphocyte infiltration in nerves and 
invasion of the myelin sheath by macrophages, yielding segmental demyelination and denuded 
axons.76, 77 In severe lesions, axons are damaged as well. These findings may represent cellular 
immunity in which macrophages are targeted to antigens on the Schwann cell surface by 
T-cells.65 In early stages of AIDP, however, autopsy revealed activated complement and 
membrane attack complex on outer myelin layers prior to invasion of the myelin sheath by 
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macrophages and completely demyelinated axons were scarce.78, 79 This suggests humoral 
immunity in early AIDP with binding of antibodies to Schwann cell epitopes and complement 
mediated myelin damage. The temporal evolution of GBS also suggests humoral, rather than 
cellular immunity.80 Antibodies against myelin protein zero (P0) or peripheral myelin protein 22 
(PMP22) were reported in AIDP, but only in a small proportion of patients.81 Anti-ganglioside 
antibodies were also reported in patients supposed to have AIDP but, as these were associated 
with Campylobacter jejuni (C. jejuni) infection or pure motor GBS, patients might actually 
have had AMAN.77 Increased endoneurial fluid pressure due to inflammation in nerve trunks 
likely contributes to the development of axonal degeneration in AIDP.82 

Electrophysiology performed within 2–15 days after onset may show motor conduction 
block or slowing consistent with stringent criteria for demyelination in approximately 60% of 
patients.67 Demyelinative NCS abnormalities become most prominent 4–8 weeks after onset 
and recovery starts after 6–10 weeks.66, 83 Conduction block resolves with appearance of CMAPs 
with slow initial components and increased duration on stimulation proximal to the site of 
block, consistent with remyelinating slowly conducting axons.66, 84 This sequence also occurs 
with distally evoked CMAPs, indicating restoration of demyelinative conduction block in the 
segment between distal stimulus site and the muscle.66 Axon loss, as revealed by persistent low 
distal CMAPs, may occur in severe cases. 

Excitability indices were found to be normal in AIDP.85, 86 This was unexpected since paranodal 
demyelination should have resulted in prolonged SDTC because of enlargement of the nodal 
area, and since activity of exposed juxtaparanodal fast K+-channels should have limited 
superexcitability.87 Stimulus-response curves of motor axons were normal in AIDP.88 In another 
study, using finer current-steps, stimulus-response curves were found to be abnormal but the 
subtype of GBS was not specified.89 

Recordings from single cutaneous afferents during the recovery phase showed abnormalities 
that were restricted to patients with marked clinical sensory deficits.90 Furthermore, at least 
50% of the units had to be abnormal before marked clinical symptoms occurred. Abnormal 
discharge patterns included solitary action potentials upon stimulation instead of bursts, 
failure to follow stimuli, and spontaneous activity; thresholds and conduction velocities were 
normal. It was suggested that the failure to react properly to stimuli reflected rate dependent 
block due to demyelination or remyelination and that this failure contributed to clinical sensory 
symptoms and deficits.   

GBS: AMAN 

AMAN is associated with a preceding infection by C. jejuni and IgG antibodies against 
gangliosides. Antibodies are directed against GM1 in 64% of patients, GM1b in 66%, GD1a in 
45%, and GalNac-GD1a in 33% of patients.65 Sera of some GBS patients do not react with single 
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gangliosides but only with complexes consisting of two different gangliosides, suggesting that 
these form unique conformational epitopes.91, 92 Reactive complexes included: GD1a/GD1b, 
GD1b/GT1b, GM1/GD1a, and GM1/LM1. AMAN is likely caused by antibodies against the 
bacterial wall of a specific genotype of C. jejuni that cross-react with these peripheral nerve 
gangliosides.93 Injection of rabbits with GM1 or GM1-like components of C. jejuni causes 
acute flaccid paralysis with anti-GM1 IgG antibodies and pathological findings that strongly 
resemble those in AMAN. This model is considered appropriate for the human disease.94 The 
association between C. jejuni infections and AMAN is strong but possibly not exclusive since 
a small number of these patients had an AIDP phenotype on electrophysiology.68 

Autopsy studies in fatal human AMAN showed nodal lengthening, nodal IgG and complement 
depositions, invasion of the space between nodes and Schwann cell processes by macrophages, 
and axonal degeneration; demyelination and lymphocyte infiltration were scarce.79, 95 These 
findings are consistent with antibody mediated humoral immunity rather than with cellular 
immunity. It is likely that the Fc-receptors of activated macrophages are targeted to auto-
antibodies bound to gangliosides on the axolemma. Although these findings prove that the 
immune attack is directed at the node, Schwann cells may possibly be involved as well since 
their surface expresses a small amount of GM1. 

NCS may show low CMAPs on distal stimulation and normal thresholds, which are usually 
interpreted as indicating permanent axon loss and poor prognosis. Serial studies, however, 
revealed that this vision needs to be modified. NCS, performed in the first week of GBS with IgG 
anti-ganglioside antibodies, showed decreased distal CMAPs, prolonged distal motor latency 
(DML), conduction block, and conduction slowing in forearm segments.69, 96 Thereafter, two 
patterns were observed. In some patients, distal and proximal CMAPs decreased persistently as 
is consistent with axonal degeneration; these patients had a poor outcome. In the other patients, 
however, DMLs and distal CMAP amplitudes normalized (indicating resolution of distal 
conduction block) and conduction block in the forearm disappeared without signs of temporal 
dispersion. These changes occurred within days after onset. Some of these patients were initially 
classified as having AIDP. The fast recovery was explained by temporary loss of nodal Na+-
channel function related to the auto-immune process.69 Remyelination was considered unlikely 
since, in AIDP, recovery is associated with the appearance of increased temporal dispersion 
and starts after 6 to 10 weeks.66 Axonal regeneration after distal degeneration of motor axon 
terminal branches was also considered unlikely since this starts after 2 to 4 weeks.97 

In other patients with acute motor GBS, distal CMAPs and conduction block in forearm 
and elbow segments resolved without signs of temporal dispersion, albeit after 2–5 weeks 
which is later than in Kuwabara’s patients; approximately half of these patients had anti-
ganglioside antibodies.96, 98 This pattern was labeled acute motor conduction block neuropathy 
and was considered to be related to AMAN and due to an antibody mediated attack on nodal 
gangliosides. 
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Excitability studies of the median nerve at the wrist in AMAN were normal, except for the 
recovery cycle which showed an abrupt increase in threshold at short interstimulus intervals 
of 2.0–2.5 ms without an accompanying increase in refractory period, a finding which was not 
observed in sensory axons.99, 100 When, however, refractoriness was assessed by two supramaximal 
stimuli (instead of a supramaximal conditioning stimulus followed by a test stimulus tracking 
a 40% CMAP), the duration of the refractory period was increased in AMAN.100 Abnormal 
excitability indices usually reflect axonal membrane dysfunction at the stimulus site. Because the 
recovery cycle curves in AMAN differed from those observed in other conditions with prolonged 
refractory period, such as during application of depolarizing currents, ischemia, or cooling, the 
authors suggested that they reflected conduction failure of the second impulse distal to the wrist, 
for instance in distal axon branches, rather than Na+-channel dysfunction at the wrist. It was 
considered unlikely that these changes were related to axonal degeneration, since the recovery 
cycle was normal in other diseases with axonal degeneration. Therefore, the biophysical basis of 
the abnormal recovery cycle in AMAN was assumed to be Na+-channel blocking, occupation of 
the nodal gap by invading macrophages yielding an increased resistance for nodal currents, or 
paranodal myelin detachment yielding short-circuited nodal currents.85 An argument against 
the first assumption is that Na+-channel blocking by tetrodotoxin yields abnormalities distinct 
from AMAN, including decreased refractoriness and threshold electrotonus abnormalities.101 
Furthermore, in a patient with acute motor conduction block neuropathy, excitability studies, 
including the refractory period, were completely normal.102

The effects of anti-ganglioside antibodies on the neuromuscular synapse as found in ex vivo 
studies may also occur in human GBS forms. Single fiber electromyography in patients with 
antibodies to GM1, GM2, or GD1a, or GD1b showed single impulse blocking as well as 
concomitant impulse blocking of two muscle fibers with normal or slightly increased jitter 
values. These findings are consistent with dysfunction of neuromuscular synapses and axon 
branches.103 Other types of electrophysiological abnormalities in GBS associated with several 
types of anti-ganglioside antibodies included decrement, increment, markedly increased jitter, 
and decreased CMAPs (reviewed by Plomp and Willison104). These abnormalities may reflect 
primary neuromuscular synapse pathology but may also be secondary to axonal degeneration. 

CIDP

CIDP is characterized by progressive sensorimotor, mainly motor, or purely sensory deficits 
progressing over more than two months. The course is relapsing-remitting, gradually worsening, 
or stepwise worsening. The distribution can be diffuse, mainly distal, or predominantly affecting 
upper extremities.  

Pathological studies of roots, plexuses, and nerves showed loss of myelinated fibers, onion 
bulbs, axonal degeneration, endoneurial or subperineurial edema, and infiltrates. Teased fiber 
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preparations show denuded axons, thinly myelinated axons, and paranodal demyelination.105-107 
Electron microscopy of longitudinal sections of superficial peroneal nerve axons showed 
multivesicular bodies in paranodal loops, vacuoles in Schwann cell cytoplasm, and vacuoles in 
axoplasm.108 Immunohistochemistry revealed that the normal staining of Nav and Kv7.2, the 
slow K+-channel, at the node and of contactin-associated protein-2 (Caspr-2) at the paranode 
could be lost and was replaced by spots or diffuse reactivity of Caspr-2, Nav, and Kv7.2 along 
the internodal axolemma; Caspr-2 staining was of a higher than normal intensity. These 
findings were considered to reflect loss of axon-Schwann cell contact. They resemble the focal 
expression of Nav channels observed during recovery from experimental allergic neuritis.109

The pathogenesis of CIDP is poorly understood. Cellular immunity is suggested by the finding 
that demyelination is mediated by invasion and stripping (delamination) of myelin lamellae by 
T cells and macrophages.106 Humoral immunity is suggested by the induction of demyelination 
in animals by IgG or sera from CIDP patients and by the finding of antibodies against P0, 
myelin P2 protein, PMP22, or neurofascin in a minority of patients.110-112 Myelinated nerve 
fibers of CIDP patients show immunoglobulin and complement deposits, which also indicates 
an antibody-mediated process.113

Several studies suggest that genetically determined factors in the immune system and other 
genetic factors contribute to the development of CIDP. B-cells in CIDP patients exhibited 
impaired expression of the inhibitory Fc-gamma receptor IIB, which is critical for the balance 
between tolerance and auto-immunity.114 Apoptosis of T-cells by expression of the Fas-receptor 
on their membrane was impaired in CIDP, suggesting a defect in switching off the immune 
response; the impairment was more pronounced in patients with a progressive course and 
axonal damage on needle electromyography.115 In CIDP, the SH2DA gene had a low number 
of GA repeats that may result in defective elimination of activated T-cells.116 Single nucleotide 
polymorphisms affecting the N-terminal fragment of the paranodal adhesion molecule 
transient axonal glycoprotein-1 (TAG-1) were associated with unresponsiveness to intravenous 
immunoglobulins (IVIg).117 Since TAG-1 is essential for proper location of juxtaparanodal K+-
channels and since axonal dysfunction contributes to IVIg unresponsiveness, it was suggested 
that TAG-1 mutations might unfavorably alter K+-channel distribution so that axons are less 
well protected against the effects of demyelination. In nerve biopsies of CIDP patients, several 
genes related to pain mediation, immunity, inflammation, and remyelination were up- or 
downregulated.118 In turn, inflammation may induce expression, in dorsal root ganglia, of other 
subtypes of voltage gated Na+-channel subtypes that are normally expressed.119 These alternative 
subtypes may induce abnormal firing patterns resulting in pain sensations.    

Excitability studies of the median nerve at the wrist in CIDP patients revealed increased 
thresholds in stimulus-response curves.86, 88, 120 Other excitability indices were also found to be 
altered but this was not consistent between studies. This variability may be related to differences 
in disease characteristics as threshold electrotonus abnormalities were greater in patients 
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with severe disability, long disease duration, and marked slowing on NCS.86 The abnormality 
consisted of increased threshold change in hyperpolarizing threshold electrotonus of which the 
mechanism is unknown. In two studies, SDTC was decreased and rheobase increased which 
is consistent with increased thresholds to nerve stimulation.120, 121 The decreased SDTC was, 
however, unexpected since exposure of additional axon membrane by paranodal demyelination 
would have increased nodal capacitance and, therefore, would have increased the passive 
component of SDTC. Possibly, it reflected a decrease in persistent Na+-current density due to 
nodal enlargement or short-circuiting of applied current by inflammatory edema.  

Excitability tests of motor axons at the wrist were compared before and after IVIg treatment for 
CIDP.121, 122 Immediately after IVIg infusion the following changes were noted: stimulus response 
curve thresholds decreased, SDTC shortened, accommodation during depolarizing threshold 
electrotonus increased, and absolute super- and subexcitability values decreased. During the 
weeks thereafter, these indices slowly reverted to pre-infusion values. Because the changes 
occurred too rapidly to be explained by remyelination or axonal regeneration, they may indicate 
that IVIg normalized axon membrane dysfunction by an unknown effect on ion channels and 
pumps. After an average of 15 months of IVIg courses, excitability indices approached normal 
values and weakness was improved. The excitability changes following IVIg suggest that motor 
axons were hyperpolarized prior to treatment and that IVIg shifted resting membrane potential 
towards more depolarized values. Only the short-term decrease in SDTC cannot be explained 
by a depolarizing shift in resting membrane potential because this should have increased SDTC. 
The hyperpolarization before IVIg treatment may have been caused by remyelination with short 
internodes since shorter internodal distance implies greater numbers of nodes, Na+-channels, 
Na+-influx and, consequently more electrogenic Na+/K+-pump activity.123 

To assess if conduction block can be precipitated by changing resting membrane potential in 
axons with reduced safety factor due to demyelination, excitability studies were performed in 
CIDP patients during ischemia induced by cuff-inflation and in the post-ischemic period.124 In 
CIDP, CMAPs decreased during and after ischemia. Because this was not observed in normal 
subjects, it was attributed to conduction block. Ischemia gives rise to Na+/K+-pump failure, 
loss of ionic concentration gradients, depolarization, and Na+-channel inactivation.125 The 
latter decreases safety factor because less Na+-channels are available for impulse generation. 
Release of ischemia increases Na+/K+-pump activity because the ionic imbalance drives the 
pump to restore ionic concentration gradients. As the pump is electrogenic, hyperpolarization 
ensues. Hyperpolarization also reduces safety factor because more driving current is needed 
to overcome the large potential difference and generate sufficient nodal depolarization for 
impulse generation. In normal subjects, the safety factor is sufficiently large to ensure impulse 
transmission despite these changes in resting membrane potential. In CIDP, however, the safety 
factor is already reduced due to demyelination and the additional reduction due to de- or 
hyperpolarization will induce conduction block. 



Review – Part IIChapter 9

136

MMN

MMN is characterized by asymmetric lower motor neuron weakness, often more prominent 
in upper than in lower limbs. Patients may suffer from cold paresis, heat paresis, or both 
(see above). In typical cases, motor NCS reveal conduction block, marked slowing, or both, 
whereas sensory conduction in the same nerve segment is normal.126 Whether or not the motor 
conduction block and slowing represent paranodal demyelination, segmental demyelination, 
changes in resting membrane potential, or ion channel dysfunction at the node of Ranvier has 
not been resolved (Figure 9.1).127 

Pathological studies of nerves containing motor axons were performed on biopsy specimens 
taken from forearm nerves, the brachial plexus or the obturator nerve.62, 128-130 Transverse sections 
showed thinly myelinated axons and small onion bulbs, consistent with demyelination and 
remyelination, as well as loss of myelinated axons and regenerative clusters, consistent with 
axonal degeneration and regeneration.128, 129 In one study, transverse sections and teased fiber 
preparations showed virtually no demyelination and only axonal degeneration, suggesting that 
the primary pathology in MMN affects axons rather than the myelin sheath; in two patients small 
perivascular lymphocyte infiltrates were seen, possibly reflecting an inflammatory process.62

IgM anti-antibodies against GM1 were found in 20–80% of patients with MMN, but also in 
patients with other disorders, including motor neuron disease.131 Nevertheless, anti-GM1 
antibodies may play a role in the pathogenesis of MMN because: (i) high-titer antibodies are 
specific for MMN, (ii) patients with antibodies have more weakness and evidence of axon 
loss on NCS than patients without, and (iii) most anti-GM1 containing sera of MMN patients 
activate the classical complement pathway.132, 133 Serum IgM from patients with MMN bound 
more strongly to a lipid mixture containing GM1, galactocerebroside and cholesterol than to 
GM1 alone, indicating that the lipid environment of GM1 influences its binding to IgM.134 
However, anti-GM1 antibodies cannot be detected in approximately 40% of MMN patients, so 
in these patients other antigens may be targeted.132 The IgM of some MMN patients reacted to 
disulphated heparin disaccharide but the significance of this finding is unclear as it is unknown 
where this substance is present on nerve fibers.131 

In patients with MMN, focal polarizing currents were applied at the site of conduction block and 
the effect on the CMAP evoked proximal to the block was measured.58 In two nerves the CMAP 
increased during application of a hyperpolarizing current. This was considered to be consistent 
with the disappearance of block in axons that were depolarized prior to the application of the 
polarizing currents. In three other nerves the CMAP increased after applying a depolarizing 
current, suggesting that the block was caused by focal hyperpolarization of axons. In one nerve 
the proximally evoked CMAP decreased during depolarizing as well as during hyperpolarizing 
currents, suggesting that depolarized axons and hyperpolarized axons may co-exist within 
one nerve. The latter finding illustrates the potential weakness of compound action potential 
recordings: if the axons within one nerve are affected by different disease mechanisms, the 
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net result may be no change at all, or an average change from which it is impossible to derive 
the pathophysiological events. 

Excitability studies in MMN patients, performed distal to sites with motor conduction block, 
showed fanning-out of threshold electrotonus, decreased I/V slope, decreased refractoriness, 
and increased superexcitability.135 The abnormalities resemble those encountered during 
application of hyperpolarizing current to a nerve and suggest that some axons in MMN are 
hyperpolarized. This was supported by the return to normal of variables dependent on Na+-
channel function and variables dependent on K+-channel function during application of a 
depolarizing DC-current at the site of stimulation. To explain the focal hyperpolarization, the 
following was hypothesized. At the site of the lesion with conduction block, Na+/K+-pump 
activity is blocked due to edema or antibodies; this causes permanent depolarization which, in 
turn, yields continuous Na+-influx through persistent Na+-channels; the accumulated Na+-ions 
are removed at adjacent healthy parts of the axon by increased activity of the electrogenic Na+/
K+-pump, yielding hyperpolarization distal to the lesion. Excitability tests in unaffected nerves 
of MMN patients were essentially normal, indicating that axonal membrane dysfunction is not 
generalized in MMN.136 Another study found decreased SDTC outside sites with conduction 
block, but the excitability protocol was limited and did not involve threshold tracking.137 
Following IVIg treatment, SDTC decreased and rheobase increased within 3–5 days, which 
is too early to be explained by remyelination or axonal regeneration.122 The authors suggested 
that the decrease in SDTC reflected a decrease in persistent Na+-current. Such an effect of 
IVIg may be beneficial for axonal survival because it limits intra-axonal Na+-accumulation. 
Excessive Na+-accumulation may induce reversal of the Na+/Ca++-exchanger resulting in Na+ 
being extruded from the axon in exchange for Ca++, increase in intra-axonal Ca++-concentration 
from nanomolar to micromolar values, and Ca++-mediated axonal degeneration.138 Since, 
however, not all excitability-variables were investigated, the decrease in SDTC may also have 
been secondary to a change in membrane potential. 

Anti-MAG neuropathy 

Anti-MAG neuropathy is associated with IgM-antibodies against MAG and is characterized by 
slowly progressing symmetrical sensorimotor deficits and, sometimes severe, sensory ataxia. The 
IgM is likely to be the pathogenic factor because the antibodies are directed against MAG and 
passive transfer of human IgM anti-MAG antibodies to chickens produces a neuropathy with 
the same pathological features as in humans, including demyelination, widening between myelin 
lamellae, and IgM deposits.139 A convincingly successful drug treatment is not available.140, 141 

The transmembrane glycoprotein MAG is located in non-compact myelin, including paranodal 
loops, the area apposing the axon, and alongside Schmidt-Lanterman incisures. MAG consists 
of five extracellular immunoglobulin-like domains to which sugar residues are attached, a single 
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transmembrane segment, and a cytoplasmic tail. The sugar residues form the HNK-1 epitope 
which is the antigen for anti-MAG antibodies and which is also expressed by P0, PMP22, and 
sulphated glycolipids (reviewed by Quarles and Latov142, 143). MAG has four known actions. 
Firstly, it ensures adhesion and spacing of non-compact myelin lamellae by homologous 
adhesion between extracellular MAG residues of adjacent Schwann cell membranes. Secondly, 
it maintains axon diameter by promoting attachment of negatively charged phosphate groups 
to the sidearms of medium and heavy axonal neurofilaments. The repelling forces between 
the phosphate groups induce spacing between neurofilament sidearms so that axon diameter 
is maintained (Figure 9.2). Consistent with this function, local axon diameter increases with 
the amount of MAG-expression and MAG-null mice demonstrate demyelination and small 
axon calibers.144-146 The axolemmal receptors that interact with MAG possibly include Nogo, 
neurotrophins, glycoproteins, and gangliosides (reviewed by Steck et al.147). Thirdly, MAG 
protects the axon against degeneration induced by toxic substances, possibly through signaling 

Figure 9.2 Myelin associated glycoprotein (MAG) function and axon diameter. Left: normal axon; 
by means of Schwann cell-axon signaling, MAG induces neurofilament sidearm phosphorylation; 
the negatively charged phosphate groups repel each other, ensuring neurofilament spacing and 
maintenance of axon diameter. Right: anti-MAG neuropathy; MAG function is impaired by anti-MAG 
antibodies; neurofilament sidearms are dephosphorylated resulting in neurofilament clustering and 
failure to maintain axon diameter.
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between the extracellular MAG-component and axolemmal gangliosides.148 Fourthly, in the 
mature central nervous system, it inhibits elongation of axonal growth cones during regeneration 
by signaling to receptors on the axolemma.149 Potentially, anti-MAG antibodies may impair 
any of these actions.           

Pathological studies of distal sensory lower limb nerves showed IgM deposits in the myelin 
sheath, demyelination, axon loss, and widening between myelin lamellae. The myelin widening 
increased with the depth of IgM penetration, suggesting that the antibodies cause loss of the role 
of MAG in adhesion between lamellae.150 The IgM deposits are found in non-compact myelin 
where MAG is localized, but also in compact myelin, indicating that the IgM is not only directed 
to MAG but also to other molecules bearing the HNK-1 epitope. Terminal complement was 
found near blood vessels but not in the myelin, possibly suggesting that complement is involved 
in the initial injury of the Schwann cell basement membrane, but not in demyelination.150 Sural 
nerve biopsies revealed a decreased nearest neighbor distance between axonal neurofilaments, 
consistent with impairment of the role of MAG in maintaining neurofilament phosphorylation.151 
In older studies, it was hypothesized that the primary pathology in anti-MAG neuropathy is 
axonal and, given the role of MAG in Schwann cell to axon signaling, this cannot be ruled out. 
In one patient, autopsy showed generalized IgM deposits in roots and peripheral nerves, but 
axon loss was limited to the sciatic nerve and demyelination to the sural nerve.152 These findings 
were suggested to reflect a sequence found after axonotomy in cats.153 This consisted of primary 
distal axon atrophy, followed by secondary myelin wrinkling, nodal lengthening, and internodal 
demyelination. The axonotomy model was, however, based on acute injury and it is uncertain 
if it can be applied to a chronic disorder like anti-MAG neuropathy. 

NCS in typical cases shows prolonged DMLs consistent with demyelination, less pronounced 
slowing in adjacent forearm and lower leg segments, and decreased CMAPs and sensory nerve 
action potentials in lower limbs consistent with axon loss.154 This pattern is considered unique 
for anti-MAG neuropathy as it does not occur in other demyelinating neuropathies such as 
CIDP and MMN and not in axonal neuropathies such as diabetic neuropathy where DMLs 
are not consistent with demyelination.155-157 Standardized motor and sensory NCS in nerves 
with short, medium-length and long axons, revealed that DMLs were more prolonged and 
signs of axon loss more prominent in nerves with longer axons (Figure 9.3).17 The combination 
of length dependence of both axon loss and distal demyelination was not present in disease 
controls with CIDP and normal controls. 

Length dependence, however, is known as a feature of axonal polyneuropathies where it can 
be explained by the vulnerability of longer axons for a generalized disease process. Length 
dependence of features consistent with demyelination is not well understood and several 
mechanisms were therefore proposed. In patients with anti-MAG neuropathy skin biopsies 
revealed IgM deposits in small myelinated axons that were more prominent in biopsies taken 
from the distal part of extremities than in biopsies taken from the proximal part.158 This 
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suggests that the distal part of nerve fibers is more vulnerable to anti-MAG antibodies, either 
due to a more permeable blood-nerve barrier, or due to more prominent MAG expression. 
Although it is unknown if this also holds true for large diameter motor and sensory axons, it 
may explain why the distal part of axons are predominantly affected in anti-MAG neuropathy. 
Alternatively, impairment of neurofilament phosphorylation by anti-MAG antibodies may 
cause neurofilament accumulation, which may impair axonal transport and induce axonal 
degeneration that is more prominent in more distal parts of longer axons.151 Moreover, 
neurofilament clustering may also yield an increased longitudinal intra-axonal resistance. 
Computer simulations showed that this resistance is one of the most important determinants 
for conduction velocity, so that neurofilament clustering may contribute to the distal conduction 
slowing in patients with anti-MAG neuropathy.17, 159

Figure 9.3 Relation of nerve length and normalized distal motor latency (DML) in IgM neuropathy 
and chronic inflammatory demyelinating neuropathy (CIDP). DML was measured from the median 
nerve to flexor carpi radialis muscle (short nerve length), median nerve to abductor pollicis brevis 
muscle (intermediate nerve length) and tibial nerve to abductor hallucis muscle (long nerve length). 
Nerve length dependence of DML in IgM neuropathy is more pronounced than in CIDP.
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POEMS syndrome 

The full clinical picture of POEMS syndrome comprises polyneuropathy, organomegaly, 
endocrinopathy, M-protein (IgG or IgA), skin changes, massive peripheral edema, pleural 
effusion, pulmonary hypertension, ascites, and thrombo-embolic events. The polyneuropathy 
is progressive and in approximately half of the patients it is the initial and only sign. One of 
its features is severe pain in the feet. POEMS syndrome is associated with overproduction 
of vascular endothelial growth factor (VEGF) by monoclonal plasma cells which results in 
increased elevated serum VEGF-levels, vascular permeability, and neovascularization.160 
Treatment is essential and directed at decreasing VEGF-levels by chemotherapy, autologous 
blood stem cell transplantation, or thalidomide. Untreated patients die from multi-organ failure. 

Pathological studies showed VEGF-staining in endoneurial vessels, epineurial vessels and 
Schwann cells, endoneurial edema, loss of small myelinated axons with preserved unmyelinated 
axons, segmental demyelination, widened nodal areas, loosening of inner and outer myelin 
lamellae, and decreased number of neurofilaments.161-163 The loss of small myelinated axons 
was correlated with presence of pain, suggesting loss of inhibitory functions that are normally 
mediated by myelinated axons.

NCS revealed slowing consistent with demyelination in forearm and upper arm segments and 
signs of axon loss in lower limb nerves; DMLs were less prominently slowed and conduction 
block was rare.164 Taken together, the pathological and electrophysiological findings suggest 
that POEMS syndrome predominantly affects intermediate nerve segments and nerve trunks 
by VEGF-mediated breakdown of the blood-nerve barrier. This is in contrast to some other 
immune-mediated neuropathies in which antibodies gain access to the most distal and most 
proximal parts of axons that are less well protected by the blood-nerve barrier.

Abbreviations
AIDP: acute inflammatory demyelinating polyneuropathy
AMAN: acute motor axonal neuropathy
AMSAN: acute motor and sensory axonal neuropathy
C. jejuni: Campylobacter jejuni
Caspr-2: contactin-associated protein-2
ChAT: cholinacetyltransferase
CIDP: chronic inflammatory demyelinating polyneuropathy
CMAP: compound muscle action potential
DML: distal motor latency
GBS: Guillain-Barré syndrome
HCN-channel: hyperpolarization-activated cyclic nucleotide-gated channel
IVIg: intravenous immunoglobulins
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MAG: myelin associated glycoprotein
MCV: motor conduction velocity
MMN: multifocal motor neuropathy
NCS: nerve conduction studies
P0: protein zero
PMP22: peripheral myelin protein-22
PSMA: progressive spinal muscular atrophy
SDTC: strength-duration time constant
TAG-1: transient axonal glycoprotein-1
VEGF: vascular endothelial growth factor
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Cold paresis

First described in a single patient with multifocal motor neuropathy (MMN), cold paresis was 
suggested to indicate a specific mechanism of conduction block.1 It would be incompatible 
with demyelination, since impulse propagation in demyelinated axons improves by cooling 
and becomes blocked by warming.2 Instead, it was attributed to conduction block arising in 
axons affected by inflammatory nerve lesions with permanently depolarized axons that just 
conduct at normal temperature, but fail to conduct at lower temperatures.3 To our knowledge, 
cold paresis in MMN and CIDP has not been further explored until now.

We showed in chapter 2 that MMN patients experience cold paresis more often than patients 
with other peripheral nervous system disorders including chronic inflammatory demyelinating 
polyneuropathy (CIDP) and progressive spinal muscular atrophy (PSMA). This supports a 
specific underlying mechanism in MMN, as was previously proposed. When cold paresis 
was objectively assessed during muscle force testing, muscle force in MMN did not decrease 
following cooling (chapter 4). This may, however, be compatible with cold paresis as normal 
controls showed an increase in force. As similar effects of cooling were found in MMN and 
PSMA, cold paresis may be related to reinnervated muscle fibers. The seemingly discrepant 
findings in the studies on experienced and objectively assessed cold paresis may be explained 
by dichotomous versus continuous scoring of cold paresis, differences between muscle activity 
during daily life tasks and maximal voluntary contraction, or the limited number of patients 
studied. In chapter 7, effects of cooling on nerve excitability were described, showing changes 
similar to those in normal controls in MMN and CIDP.

Taken together, the hypothesis of conduction block arising in depolarizing inflammatory nerve 
lesions in MMN is not clearly supported by our findings. Cold paresis in MMN may originate 
in the muscle fiber, as cooling increases the proportion of inactivated muscle Na-channels 
and muscle fibers reinnervated by axonal sprouting may develop conduction block during  
cold.4, 5

Activity-dependent weakness

The first studies mentioning activity-dependent weakness in MMN and CIDP were undertaken 
to examine activity-dependent conduction block in small series of patients.6, 7 The authors 
concluded that activity-dependent weakness due to conduction block did occur in MMN 
and CIDP. It was ascribed to increased activity of the electrogenic Na/K pump causing axonal 
hyperpolarization, resulting in to decreased excitability of already injured demyelinated axons. 
In two additional studies with different experimental methods, similar conclusions were 
presented. We conclude, however, that these studies suffered from methodological problems 
(chapter 5, 6).
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In chapter 3 we showed that MMN and CIDP patients report activity-dependent weakness 
more frequently than normal subjects. The fact that this was also true for patients with sporadic 
progressive spinal muscular atrophy (PSMA) suggests that mechanisms other than activity-
dependent conduction block may cause activity-dependent weakness, as demyelination does 
not occur in PSMA. Muscle strength testing during isometric maximal voluntary contraction 
(MVC) shows that activity-dependent weakness was more prominent in MMN than in PSMA 
and normal controls (chapter 4). Activity-dependent conduction block could, however, not be 
demonstrated in any of 353 nerve segments in MMN and was found in only 1 out of 285 nerve 
segments in CIDP (chapter 5 en 6). This was a striking difference with the abovementioned 
studies where it was found in a majority of investigated segments. Maximal voluntary 
contraction (MVC) did, however, induce an increase in segmental duration prolongation in 
different subgroups of segments with signs of demyelination before MVC in MMN and CIDP. 
Taken together, our findings in chapter 5 and 6 suggest that MVC may increase temporal 
dispersion of nerve action potentials but, only very rarely, conduction block. 

In conclusion, our findings suggest that activity-dependent weakness in MMN, which is 
commonly reported by patients, does not result from overt activity-dependent conduction 
block. It is unclear whether activity-dependent weakness in MMN and CIDP is the result of 
temporal dispersion of nerve action potentials, impulse blocking at distal axonal motor branch 
points, or impulse blocking in muscle fibers.8-10

Nerve excitability

As already briefly mentioned in the general introduction, nerve excitability studies assess passive 
and active membrane properties, which may provide further insight in pathophysiological 
mechanisms. The results presented in chapter 7 confirm previous findings suggesting permanent 
axonal hyperpolarization in MMN.11 This may support our findings concerning cold paresis and 
activity-dependent weakness, as hyperpolarization would protect axons from negative effects 
of depolarization when cold, but poses an extra burden on axons during activity. Findings in 
CIDP were less straightforward, which might possibly reflect the greater heterogeneity of this 
disease. At last, when interpreting results of excitability studies one must take in to account 
that only the small tested segment of the nerve is investigated, and that excitability may be 
different at another site along the same nerve. 

Future perspectives

Despite the yield of the studies presented here, mechanisms of conduction block in MMN and 
CIDP still need further clarification. A test protocol for assessment of short-term changes in 
nerve excitability would be helpful in determining effects of voluntary activity. The results 
of nerve excitability studies in general would be more informative if a more complete and 
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robust mathematical nerve model were available. Studying muscle membrane function could 
provide complementary insight in cold paresis and activity-dependent weakness. Improved 
understanding of pathogenesis of conduction block is important as it may lead to the 
development of new treatments for these incapacitating diseases.
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Multifocale motorische neuropathie (MMN) en chronische inflammatoire demyeliniserende 
polyneuropathie (CIDP) zijn verworven aandoeningen van de perifere zenuw die, ondanks 
de beschikbare behandeling, ernstige beperkingen veroorzaken in het dagelijks leven. Er zijn 
sterke aanwijzingen voor een rol van het immuunsysteem in de pathogenese. Zenuwbiopten 
tonen zowel demyelinisatie als axonale degeneratie. Geleidingsblokkade is voor MMN de 
typische bevinding bij het geleidingsonderzoek, het aantonen ervan is noodzakelijk om de 
diagnose te kunnen stellen. Ook bij CIDP komt geleidingsblokkade voor. Eerder onderzoek 
gaf sterke aanwijzingen voor een belangrijke rol van geleidingsblokkade bij het ontstaan van 
spierzwakte bij MMN. Het is niet bekend hoe geleidingsblokkade bij MMN en CIDP tot 
stand komt. Mogelijke oorzaken omvatten demyelinisatie, dysfunctie van natriumkanalen en 
een veranderde membraanpotentiaal. Een tweetal waarnemingen kan hierin mogelijk meer 
helderheid verschaffen: koude-afhankelijke zwakte en inspanningsafhankelijke zwakte. Koude-
afhankelijke zwakte, een abnormale toename van zwakte bij koude, werd beschreven in een enkel 
case report over een MMN-patiënt. Het werd toegeschreven aan gedepolariseerde axonale laesies 
waar bij blootstelling aan koude geleidingsblokkade zou ontstaan door verminderde activiteit 
van de Na+/K+-pomp. Inspanningsafhankelijke zwakte, een abnormale toename van zwakte 
bij inspanning, is beschreven bij enkele MMN- en CIDP-patiënten. Het werd toegeschreven 
aan hyperpolarisatie van gedemyeliniseerde axonen door toegenomen activiteit van de Na+/
K+-pomp. Deze hyperpolarisatie veroorzaakt een verminderde exciteerbaarheid van het axon 
leidend tot geleidingsblokkade. In dit proefschrift worden beide fenomenen verder onderzocht.

Hoofdstuk 2 omvat het vragenlijstonderzoek naar klachten van koude-afhankelijke zwakte 
bij patiënten met MMN, CIDP, progressieve spinale spieratrofie (PSMA) en chronische 
idiopathische axonale polyneuropathie. Ook werd zwakte geprovoceerd door warmte 
onderzocht. In alle groepen werd een toename van zwakte bij blootstelling aan koude vaker 
gemeld dan bij blootstelling aan warmte. Klachten van koude-afhankelijke zwakte komen veel 
voor bij MMN. 83% van de patiënten rapporteerde koude-afhankelijke zwakte, dit bleek meer 
dan in de andere groepen. Bij multivariate analyse bleek dat de odds voor het ervaren van 
koude-afhankelijke zwakte voor MMN-patiënten 4 tot 6 keer hoger waren dan voor CIDP- of 
PSMA-patiënten. Deze bevindingen pleiten mogelijk voor het bestaan van gedepolariseerde 
axonale laesies bij MMN, met het voorbehoud dat het onderzoek is gebaseerd op klachten en 
niet op geobjectiveerde toename van zwakte.

In hoofdstuk 3 wordt het onderzoek naar klachten van inspanningsafhankelijke zwakte bij 
patiënten met MMN, CIDP en PSMA en gezonde proefpersonen beschreven. Eerder werd 
inspanningsafhankelijke zwakte beschreven in kleine series MMN- en CIDP-patiënten. Met 
behulp van vragenlijsten werd het optreden van zwakte tijdens 10 verschillende handelingen 
onderzocht. 95% van de gezonde proefpersonen meldde een toename van zwakte bij 4 of 
minder handelingen. Inspanningsafhankelijke zwakte werd gedefinieerd als een toename van 
zwakte bij meer dan 4 handelingen, dit kwam voor bij minimaal 50% in elke patiëntengroep. 
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Multivariate analyse met correctie voor geslacht, leeftijd en score op de Fatigue Severity Scale 
toonde 6 keer hogere odds voor inspanningsafhankelijke zwakte bij elke patiëntengroep 
vergeleken met de gezonde proefpersonen. Er werden geen verschillen tussen de verschillende 
patiëntengroepen vastgesteld. Inspanningsafhankelijke zwakte wordt dus vaak gemeld door 
patiënten met MMN en CIDP, maar ook door PSMA-patiënten. Dit pleit tegen een relatie van 
deze klachten met demyelinisatie.

Hoofdstuk 4 beschrijft een onderzoek naar objectieve afname van spierkracht door inspanning 
en koude bij MMN-patiënten, PSMA-patiënten en gezonde proefpersonen. Spierkracht van 6 
spiergroepen in iedere arm werd gemeten gedurende 60s isometrische maximale willekeurige 
contractie (MVC) na opwarmen tot 37˚C en afkoelen tot 25˚C. Inspanningsgerelateerde 
spierzwakte werd bepaald na opwarmen door het vergelijken van de kracht bij de start en 
het einde van MVC. In de MMN-groep bedroeg de afname van kracht 34%, meer dan de 
afname in de PSMA-groep (25%) en gezonde proefpersonen (22%). Na afkoelen was er 
geen verandering van kracht in de patiëntengroepen, maar wel een toename van kracht bij 
de gezonde proefpersonen. Dit onderzoek toont aan dat inspanningsgerelateerde zwakte 
inderdaad optreedt bij MMN en steunt de hypothese dat dit gerelateerd is aan het ontwikkelen 
van geleidingsblokkade in gedemyeliniseerde axonen. De vergelijkbare resultaten bij MMN en 
PSMA na afkoelen pleiten tegen het bestaan van gedepolariseerde axonale laesies bij MMN.

Hoofdstukken 5 en 6 omvatten zenuwgeleidingsonderzoek gericht op inspanningsafhankelijke 
geleidingsblokkade bij MMN en CIDP. Voor dit onderzoek werd bij 19 MMN-patiënten en 
18 CIDP-patiënten een uitgebreid zenuwgeleidingsonderzoek van de armen verricht vóór 
en direct na 60s MVC. Zenuwen met ernstige axonale degeneratie werden niet onderzocht. 
Per segment werd de zenuwgeleiding vóór en na MVC vergeleken. In de MMN-groep werd 
geen inspanningsafhankelijke geleidingsblokkade gevonden, wel zagen we een toename van 
segmentale verlenging van de duur van de samengestelde spieractiepotentiaal (CMAP) in de 
segmenten met geleidingsblokkade vóór MVC. In de CIDP-groep werd in slechts 1 van de 
285 onderzochte segmenten inspanningsafhankelijke geleidingsblokkade aangetoond, wel was 
er een significante toename van de duur en grootte van de CMAP. Deze bevindingen pleiten 
tegen het optreden van inspanningsafhankelijke spierzwakte bij MMN en CIDP als gevolg van 
geleidingsblokkade in gedemyeliniseerde axonen. Dit is in tegenspraak met eerdere studies, 
maar die kenden methodologische tekortkomingen. Wel zijn er aanwijzingen voor een toename 
van temporele dispersie van actiepotentialen na inspanning.

In hoofdstuk 7 wordt het onderzoek naar exciteerbaarheid bij MMN en CIDP beschreven. 
Uitkomsten van dergelijk onderzoek kunnen wijzen op specifieke veranderingen in passieve 
en actieve membraaneigenschappen van axonen. Het onderzoek dat tot op heden is verricht 
liet moeilijk te interpreteren en soms tegenstrijdige resultaten zien. Wij onderzochten 5 MMN-
patiënten en 7 CIDP-patiënten na opwarmen tot 37˚C en afkoelen tot 25˚C. Bij allen was de 
onderzochte n. medianus klinisch of elektrografisch aangedaan. De controlegroep bestond uit 
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10 gezonde proefpersonen. We gebruikten een mathematisch inversmodel voor interpretatie van 
de resultaten. Onze bevindingen wijzen op het optreden van hyperpolarisatie en demyelinisatie 
bij MMN en demyelinisatie bij CIDP. De veranderingen in exciteerbaarheid na afkoeling waren 
vergelijkbaar met die bij gezonde proefpersonen.

Samengevat pleiten de bevindingen voor het bestaan van koude-afhankelijke zwakte bij MMN, 
maar niet bij CIDP. De hypothese dat deze zwakte zijn oorsprong heeft in gedepolariseerde 
axonale laesies waar geleidingsblokkade ontstaat wordt niet ondersteund. Koude-
afhankelijke zwakte bij MMN is mogelijk gerelateerd aan geleidingsblokkade in spiervezels. 
Inspanningsafhankelijke spierzwakte bij MMN en CIDP komt vaak voor, maar wordt niet 
verklaard door inspanningsafhankelijke geleidingsblokkade. Mogelijke alternatieve verklaringen 
voor dit fenomeen zijn onder andere toegenomen temporele dispersie van actiepotentialen, 
geleidingsblokkade op distale axonale vertakkingen of geleidingsblokkade in spiervezels.
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