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Abstract This study examines the excitability and

recruitment of spinal motoneurons in human sleep. The

main objective was to assess whether supraspinal inhibition

affects the different subpopulations of the compound spinal

motoneuron pool in the same way or rather in a selective

fashion in the various sleep stages. To this end, we studied

F-conduction velocities (FCV) and F-tacheodispersion

alongside F-amplitudes and F-persistence in 22 healthy

subjects in sleep stages N2, N3 (slow-wave sleep), REM

and in wakefulness. Stimuli were delivered on the ulnar

nerve, and F-waves were recorded from the first dorsal

interosseus muscle. Repeated sets of stimuli were stored to

obtain at least 15 F-waves for each state of vigilance.

F-tacheodispersion was calculated based on FCVs using

the modified Kimura formula. Confirming the only previ-

ous study, excitability of spinal motoneurons was generally

decreased in all sleep stages compared with wakefulness

as indicated by significantly reduced F-persistence and

F-amplitudes. More importantly, F-tacheodispersion showed

a narrowed range of FCV in all sleep stages, most prominently

in REM. In non-REM, this narrowed range was associated

with a shift towards significantly decreased maximal FCV

and mean FCV as well as with a trend towards lower

minimal FCV. In REM, the lowering of mean FCV was

even more pronounced, but contrary to non-REM sleep

without a shift of minimal and maximal FCV. Variations

in F-tacheodispersion between sleep stages suggest that

different supraspinal inhibitory neuronal circuits acting on the

spinal motoneuron pool may contribute to muscle hypotonia

in human non-REM sleep and to atonia in REM sleep.
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Introduction

In non-REM sleep, inhibition of the spinal motoneuron

pool physiologically reduces the number of movements

and leads to progressing muscle hypotonia. REM sleep is

characterised by a further reduction of movements and

almost complete muscle atonia (Dement and Kleitman

1957; Rechtschaffen and Kales 1968). While it seems

commonplace that humans barely move in sleep, most of

the evidence on the neuronal circuits involved in the

inhibition of spinal motoneurons in sleep relies on animal

experiments alone (for review see e.g. Chase and Morales

2005; Siegel 2005). Yet, it has not been entirely settled

whether identical inhibitory neuronal circuits also con-

tribute to muscle hypotonia in human and animal sleep

given the ample variations of sleep patterns in mammals

(Lesku et al. 2009). From a clinical perspective, abnormal

movements in human sleep such as, e.g., REM sleep

behaviour disorder (Schenck et al. 1986) or periodic limb

movements in non-REM sleep (Symonds 1953; Lugaresi

et al. 1965) are mostly bound to specific sleep stages so that

it might be assumed that distinct supraspinal and spinal

circuits are involved in the generation of movements in

sleep, be they physiological or pathological. Thus, it might

be assumed that inhibition of spinal motoneurons in human

sleep does not affect the entire pool of spinal motoneurons
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equally and to the same extent across all sleep stages, but

rather in a distinctive fashion leading to, e.g., different

phenomenologies of movements. Hence, it seems to be of

importance to assess the physiological effects of supra-

spinal inhibition in human sleep on spinal motoneurons as

the final pathway of the motor system.

Electrophysiological studies using stimulation para-

digms to investigate the excitability of spinal motoneurons

in human sleep have been generally very sparse, mostly

because subjects often wake up before a sufficient number

of stimuli can be delivered. Pivik and Mercier (1979)

demonstrated reduced excitability of spinal motoneurons in

human non-REM sleep using the H-reflex technique, a

finding that seems to correspond with muscle hypotonia

observed at the behavioural level. Ichikawa and Yokota

(1994) reproduced this finding using conventional F-wave

parameters. The latter study showed a marked reduction in

F-wave persistence (i.e. percentage of elicited F-waves in

relation to the number of stimuli delivered), reduced ampli-

tudes and prolonged latencies of F-waves. These parameters

were more prominently altered in REM compared with non-

REM sleep. However, the latter study did not address the

question whether inhibition affects different populations of

the compound spinal motoneuron pool equally.

To further investigate the recruitment patterns of the

spinal motoneuron pool in non-REM and REM sleep, we

used advanced F-wave measures such as F-conduction

velocities (FCV) and F-tacheodispersion (i.e. distribution

of F-wave responses in relation to conduction velocities)

alongside conventional F-wave parameters. The F-wave is

the antidromically elicited motor response following the

orthodromic M-wave upon supramaximal electrical stim-

ulation of peripheral nerves (Magladery and McDougal

1950; Dawson and Merton 1956). F-waves are considered

to be a general measure of excitability of the spinal

motoneuron pool (Espiritu et al. 2003), which is under the

influence of segmental reflex activity as well as supraspinal

modulation. So far, it has not been shown that reduced

excitability of spinal motoneurons in sleep is due to

intraspinal circuits so that all changes of F-wave parame-

ters in sleep must be generated supraspinally alone (Chase

and Morales 2005). As a major asset, F-wave recordings

provide insights into the heterogeneous spinal motoneuron

pool with its slower and faster conducting motoneurons

if appropriately assessed. Even under identical record-

ing conditions, consecutively recorded F-waves vary in

latency, amplitude and morphology. Thus, individual

F-waves represent different individual or small groups of

motor units of the same nerve (Chroni and Panayiotopoulos

1993). F-tacheodispersion is a measure to assess the dis-

tribution of F-conduction velocities (FCVs) of these indi-

vidual or small groups of nerve fibres estimated from significant

numbers of consecutively recorded F-waves (Chroni and

Panayiotopoulos 1993). In disease, F-tacheodispersion has

proved to be a reliable measure of how subpopulations of

the entire compound spinal motoneuron pool may become

selectively affected, e.g., in neuropathies or radiculopathies

(Chroni and Panayiotopoulos 1993).

Based on the evidence from naturally sleeping animals,

different supraspinal systems reduce the excitability of

spinal motoneurons in non-REM and in REM sleep (Chase

and Morales 2005; Chase 2008; Lai et al. 2001; Kodama

et al. 2003). Basically, inhibition of the spinal motoneuron

may be through postsynaptic inhibition or disfacilitation

(i.e. a reduction in the discharge of presynaptic excitatory

neurons). Here, we hypothesised that the effects of differ-

ent inhibitory systems in non-REM and REM sleep are

reflected in different recruitment patterns of F-waves. We

further assumed that a general shift of mean FCV

(FCVmean) without affecting the range (FCVrange) between

minimal (FCVmin) and maximal FCV (FCVmax) would be

indicative of a non-selective inhibition of the entire spinal

motoneuron pool. Alternatively, alterations in the range of

FCVs and changes in F-tacheodispersion would imply

selective inhibition of distinct spinal motoneuron popula-

tions (e.g. those which conduct fastest or more slowly).

Methods

Ethical approval

The study was approved by the Charité-Medical University

Berlin Ethics Committee and conforms to the standards set

by the Declaration of Helsinki. All subjects signed

informed consent after complete information about the

nature of the experiment.

Subjects

We examined 22 healthy drug-free, right-handed volunteers

(11 men, 11 women) aged between 21 and 39 years (mean:

27.3 years) at the Department of Neurology, Charité-Univer-

sity Medicine Berlin. Subjects had no history of neurological

disease, psychiatric disorder or sleep disturbances. Further,

they did not show symptoms of peripheral nerve disease.

Sleep stage assessment

To determine sleep stages, polysomnography (F1, F2, Fz,

Cz, O1, O2, A1 and A2 according to the 10–20 system,

EOG and submental EMG) was continuously recorded

during the experiment on a mobile device (Nihon Koden).

Thus, sleep stage assessment was continuously feasible

while performing F-wave recordings. Time constant of the

EEG recording was set at 0.3 s, low-pass-filter at 70 Hz,
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and the sampling rate was 256 Hz. Sleep stages were

scored in accordance with the modified criteria proposed

by the American Academy of Sleep Medicine (2007). The

assessment of sleep stages during the experiment was

controlled off-line by one of the investigators experienced

with sleep stage assessment (FS, PG), but who was not

participating in the respective trial.

F-wave recording

Recordings were performed using a Neuropack 8 electro-

myography (Nihon Koden�, band-pass from 3- to 3,000-Hz

sampling frequency 5,000 Hz) and stimulating surface

electrodes with the cathode placed distally. We fixated

stimulating surface electrodes at right wrist level to deliver

electrical stimuli on the ulnar nerve. Electric stimuli were

of supramaximal intensity (1.2 times of that producing a

maximal M-response in each state of vigilance, respec-

tively). The evoked muscle responses were recorded from

the 1DI muscle using surface Ag-/Ag-electrodes according

to the belly–tendon technique. We opted for a hand muscle

to record F-waves, because electrodes are less prone to get

compromised in sleep compared with those of a leg mus-

cle. Further, the level of excitability in hand muscles is

somewhat intermediate between that of different leg mus-

cles (Espiritu et al. 2003) and is therefore more represen-

tative for the overall population of spinal motoneurons.

Frequency of stimuli application was set at 0.1 Hz which

allowed us to interrupt stimulation as soon as arousal

activity changed the EEG sleep pattern. Once an arousal

occurred, stimulation was discontinued for at least 3 min.

Only after 3 min of stable sleep stage-specific EEG activ-

ity, we continued F-wave recording. We used a square

current of 0.1-ms duration (Chroni and Panayiotopoulos

1993). In order to investigate F-persistence, 50 consecutive

electrical stimuli were stored. F-persistence was then

expressed as percentage of elicited F-waves during this

series of consecutive 50 stimuli. For subsequent analysis of

F-amplitudes and different measures of F-conduction

velocity, repeated sets of electrical stimuli were stored to

obtain at least 15 F-waves in each sleep stage free of

artefacts. To obtain this number of F-waves for each sleep

stage, F-wave recordings had to be performed across all the

NREM/REM-cycles of the entire sleep period. All subjects

in whom the experiment could successfully be completed

in at least one sleep stage were also investigated in

wakefulness the next morning according to the same pro-

tocol. The temperature of the sleep laboratory was kept

constant at 25�C.

We defined F-waves as muscle compound action

potentials of at least 20-lV peak-to-peak amplitudes

(Puksa et al. 2003). F-latencies were measured at the onset

of the first deflection from baseline. For each sleep stage

and wakefulness, F-persistence, mean F-amplitude, dif-

ferent measures of F-conduction-velocities (FCVmean,

FCVmax, FCVmin and FCVrange) and F-tacheodispersion

(distribution of FCV of all F-waves) were calculated. So-

called F-wave repeaters (following F-waves with same

size, configuration and latency) were included for F-per-

sistence assessment only. FCVmax was calculated by the

formula according to Kimura (1974):

FCVmax ¼ Distance=

F-Latencymin � CMAP-Latency� 1ð Þ=2½ �:

As Chroni and Panayiotopoulos (1993) suggested FCV

of fibres other than the fastest (FCVx) was calculated using

a modified formula:

FCVx ¼ Distance=

F-Latencymin � CMAP� Latency � 1ð Þ=2½ ��

F-Latencymin � 1ð Þ= F-Latencyx � 1ð Þ

FCVrange was defined as difference between maximal and

minimal FCV (FCVmax - FCVmin). FCVmean was the

average FCV-value of all 15 F-waves included for each

state of vigilance in each subject.

Statistics

To test for significant differences between the different

sleep stages and wakefulness, the grand mean results for

each F-wave parameter (i.e. F-persistence, F-amplitudes,

FCVmean, FCVmin, FCVmin and FCVrange) were entered

into a general linear model. F-wave parameters were used

as dependent factor whereas states of vigilance (N2, N3,

REM and wakefulness) were entered as fixed factors.

When states of vigilance proofed to influence F-param-

eters significantly (p \ 0.05), post hoc multiple compar-

isons using the Tukey test were performed between sleep

stages and wakefulness as well as between individual

sleep stages.

Results

Assessment of F-persistence in a single sleep stage was

feasible when at least 50 electrical stimuli could be

delivered (see ‘‘Methods’’). Accordingly, we were able to

calculate F-persistence in 19 subjects in at least one sleep

stage (N2: n = 17; N3: n = 14; REM: n = 17). F-ampli-

tudes and FCV-measures were calculated based on the

average of 15 elicited F-waves. Thus, F-amplitudes and

FCVs could be assessed in 18 subjects in at least one sleep

stage (N2: n = 13; N3: n = 13; REM: n = 9). In one

subject, F-persistence could be assessed in N2, N3 and

REM, but the number of F-waves was too low to reach the
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number needed to calculate F-amplitudes and FCVs. In

three subjects, electrical stimulation led to recurrent

awakenings prior to reaching maximal M-response. In

order to collect a sufficient number of F-waves during

sleep, 14 subjects agreed to participate in a second night,

and 2 subjects were investigated during three nights.

Although group sizes may be equal (e.g. for F-per-

sistence, 17 subjects were included for N2 and REM),

the composition of involved subjects varies in the

respective sleep stages. As results for F-parameters

slightly vary between subjects, minor differences occur

in the averaged results for wakefulness even in groups of

equal size (e.g. F-persistence during wakefulness was

69% for those 17 subjects who could be investigated in

N2, but 70% for those 17 subjects who could be inves-

tigated in REM).

Conventional F-parameters (Figs. 1, 2)

Figure 1 shows F-wave responses to sets of 20 electrical

stimuli in a subject in whom F-waves could be obtained in

each state of vigilance (i.e. wakefulness, N2, N3, REM).

F-persistence in this individual was reduced in all sleep

stages compared with that of wakefulness with the most

prominent decrease in REM sleep (22%).

The averaged data (Fig. 2a) show that F-persistence

differs significantly depending on the state of vigilance

(F(3,17) = 38.26; p \ 0.005). Post hoc comparisons

revealed that F-persistence was significantly reduced in all

sleep stages as compared to wakefulness and between REM

and all other states of vigilance.

Also, F-amplitudes differed significantly relative to the

state of vigilance (F(3,17) = 8.98; p \ 0.005; Fig. 2b). Post

hoc comparisons showed a significant reduction in mean

F-amplitudes in all sleep stages by about a half compared

with those of the wakefulness, but not among the different

sleep stages. The decrease in N3 was more pronounced

than in N2 and equalled that in REM (N2: ratio = 0.59,

p = 0.049; N3: ratio: 0.49, p = 0.044; REM = 0.51,

p = 0.035).

F-conduction velocities and F-tacheodispersion

(Figs. 3, 4)

Figure 3 shows the distribution of conduction velocities

(F-tacheodispersion) in steps of 2 m/s for each sleep stage

awake N2

N4 REM

1 mV

10 ms

Fig. 1 F-wave responses to sets

of 20 electrical stimuli in a

single subject in whom F-waves

could be recorded in all sleep

stages (N2, N3, REM) and

wakefulness. In this single

subject, F-persistence (based on

50 consecutive stimuli) was

most markedly reduced in REM

(22%). F-persistence was 66%

in N2, 56% in N3 and 94% in

wakefulness, respectively
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compared with that of wakefulness across all subjects (N2:

n = 13; N3: n = 13; REM: n = 9). Variation coefficient in

N2 was 0.047 (vs. 0.056 in wakefulness), in N3 0.054 (vs.

0.057) and in REM 0.051 (vs. 0.054). In wakefulness, the

main share of F-waves (83.1–86.0% of all F-waves) had

conduction velocities between 62 and 72 m/s, if [10% of

all F-waves is taken as cut-off (dotted line); 10.0–10.8%

were below and 4.0–6.1% above this range. Also, in N2, a

similar proportion of F-waves as in wakefulness (87.7%)

were between 62 and 72 m/s. Conversely, in N3, only

74.6% of all F-waves were between 62 and 72 m/s. Dif-

ferent to wakefulness in N2, only 0.8% of all F-waves had

velocities above that range, and in N3, no F-wave was

recorded above 72 m/s. In N2, 12.3% were below 62 m/s

as were 24.6% in N3. In REM, only 75.0% of all F-waves

had velocities between 62 and 72 m/s, whereas 24.0% were

below and only 1.0% was above that range.

In order to describe the recruitment patterns of spinal

motoneurons more precisely, FCVmean, FCVmin, FCVmax as

well as the range (FCVrange) between FCVmax and FCVmin

were taken into account. Apart from FCVmin (F(3,17) = 1.12;

p = 0.35), all FCV-measures differed significantly in relation

to the state of vigilance (FCVmean: F(3,17) = 6.00; p \ 0.05;

FCVmax: F(3,17) = 10.18; p \ 0.005; FCVrange: F(3,17) =

6.48; p \ 0.05). Inserted boxplots in Fig. 3 show that

FCVmean was significantly reduced in all sleep stages com-

pared with wakefulness. Differences to wakefulness were

most pronounced in REM (N2 = -2.03 m/s, p \ 0.05;

N3 = -2.31 m/s, p \ 0.05; REM = -2.45 m/s, p = 0.05).

There were no significant differences between individual

sleep stages.

Boxplots in Fig. 4a show sleep stage-specific differ-

ences of FCVmax (i.e. highest FCV) compared with

wakefulness. Boxplots in Fig. 4b show sleep stage-specific

differences of FCVmin (i.e. lowest FCV) compared to

wakefulness. FCVmax was significantly reduced in all sleep

stages, but differences to wakefulness were most pro-

nounced in non-REM sleep, in particular during slow-wave

sleep (N2 = -4.15 m/s, p \ 0.005; N3 = -4.39 m/s,

p \ 0.0005; REM = -2.30 m/s, p \ 0.005). There were

no significant differences of FCVmax when sleep stages

were compared directly. Alterations in FCVmin showed

different trends comparing non-REM and REM stages;

however, results were not statistically significant. In non-

REM sleep, FCVmin was reduced compared with wake-

fulness (N2 = -1.09 m/s; N3 = -1.24 m/s). In REM

sleep, FCVmin was almost equal to wakefulness, showing a

trend towards higher values (REM = 0.77 m/s).

Figure 4c illustrates FCVrange. FCVrange was signifi-

cantly reduced in all sleep stages compared to wakefulness,

most prominently in REM sleep (N2 = 7.34 m/s, p \ 0.05;

N3 = 7.16 m/s, p \ 0.05; REM = 6.02 m/s, p \ 0.005)

without significant differences between individual sleep

stages.

Discussion

Our study shows generally reduced excitability of spinal

motoneurons in non-REM and REM sleep compared with

wakefulness. On confirming the only previous data by

Ichikawa and Yokota (1994), F-persistence was signifi-

cantly decreased in all sleep stages, however, not to the

same extent as in Ichikawa and Yokota (1994) who

showed F-persistence of 18% in N2, of 14.2% in N3 and

of 7.1% in REM. The reduction of F-persistence in REM

as well as in non-REM sleep shows that a high number of

spinal motoneurons is completely inhibited during the

entire sleep period and cannot be recruited to produce

F-waves at all.
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Fig. 2 a F-persistence in different sleep stages compared with that in

wakefulness (sleep stages correspond to grey bars, wakefulness to

white bars). F-persistence was significantly reduced in all sleep stages

as compared to wakefulness (REM vs. wakefulness: p \ 0.0005; N2 vs.

wakefulness: p \ 0.005, N3 vs. wakefulness: p \ 0.0005). In REM,

F-persistence was also significantly reduced compared with

N2 (p \ 0.005) and N3 (p \ 0.005). *p \ 0.05, **p \ 0.005. b F-ampli-

tude in different sleep stages compared to wakefulness (sleep stages

correspond to grey bars, wakefulness to white bars). As amplitudes

recorded in wakefulness varied between the three groups, ratios are

inserted below the figure. F-amplitudes were significantly decreased in

all sleep stages (N2: ratio = 0.59, p \ 0.05; N3: ratio: 0.49, p \ 0.05;

REM = 0.51, p \ 0.05; Fig. 1a). *p \ 0.05
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The latter finding has major methodological implica-

tions for the use of F-waves in sleep. Especially in REM

sleep, the number of F-waves that can be used for further

analysis is limited. For F-wave studies of the ulnar nerve in

wake subjects, Panayiotopoulos and Chroni (1996) stated a

consensus among different authors to evaluate at least 20

F-waves. Nevertheless, other authors relied on 10 F-waves

or even less in studies on healthy subjects and patients with

peripheral neuropathies and radiculopathies with reduced

F-persistence in wakefulness (Marra 1987; Shivde and

Fisher 1988; Olney and Aminoff 1990; Ropper et al. 1990).

To collect 15 F-waves in each subject as in our study

should therefore allow a representative assessment of

spinal excitability and recruitment of spinal motoneurons

in sleeping humans. The number of 50 electrical stimuli to

evaluate F-persistence in our study was even higher than

that usually recommended (Panayiotopoulos and Chroni

1996). To obtain the required numbers of stimuli and

F-waves, we had to record during different NREM-/REM-

cycles across the entire sleep period. Given these limita-

tions due to the cyclic nature of NREM/REM, variations in

F-wave responses due to circadian or intra-stage variations

of muscle tone, in particular in N2, might have escaped our

assessment (Tinguely et al. 2006; Werth et al. 2002). As

none of our subjects had exclusively been investigated

during the first or last NREM-/REM cycles, our data might

have potentially omitted variations due to the circadian

regulation of NREM-hypotonia (Tinguely et al. 2006).
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Fig. 3 F-tacheodispersion in

different sleep stages compared

to wakefulness (a: N2, b: N3, c:

REM). In wakefulness, the main

share of F-waves had

conduction velocities between

62 and 72 m/s, if[10% of all F-

waves is taken as cut-off (dotted
line). In wakefulness, between

83.1 and 86% of all F-waves

fell into this range. N2 and N3

had a different distribution as

87.7% in N2, but only 74.6% in

N3 of all F-waves were in the

range between 62 and 72 m/s. In

REM, only 75% of all F-waves

had velocities between 62 and

72 m/s. Boxplots in each

figure compare FCVmean. In all

sleep-stages, FCVmean was

significantly reduced

compared to wakefulness

(N2 = -2.03 m/s, p \ 0.05;

N3 = -2.31 m/s, p \ 0.05;

REM = -2.45 m/s, p \ 0.05).

*p \ 0.05
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However, our study design to begin with F-wave record-

ings only after a minimum of 3 min of stable sleep stages

in each individual sleep stage should have minimised

systematic influences of NREM-onset muscle hypotonia

(Werth et al. 2002).

The reduction of recruitable motoneurons in sleep leads

to differences in the recruitment patterns of spinal moto-

neurons compared with that of wakefulness. F-tacheodi-

spersion and FCV-measures indicate that different

inhibitory mechanisms act differently upon the compound

spinal motoneuron pool in non-REM and REM sleep. In

both non-REM sleep stages, the narrowing of FCVrange

correlates with a significant reduction in FCVmax as well as

FCVmean and a trend towards lower FCVmin. Therefore,

alterations in F-tacheodispersion in non-REM sleep are

mainly indicative of reduced excitability of faster con-

ducting spinal motoneurons. In REM, the reduction in

FCVrange was even more pronounced. However, differ-

ences were seen regarding the results for FCVmax and

FCVmin. Whereas FCVmax in REM sleep was not reduced

to the same extent as in both non-REM sleep stages,

FCVmin in REM even showed a trend towards higher val-

ues compared to wakefulness. This finding suggests that

not only faster but also more slowly conducting spinal

motoneurons get specifically inhibited in REM.

Advanced F-parameters confirm that reduced excitabil-

ity of spinal motoneurons does not merely follow a gradual

decline of excitable spinal motoneurons from N2 to N3 to

REM. Rather different inhibitory mechanisms seem to

critically regulate the recruitment of spinal motoneurons in

a sleep stage-specific manner. These findings parallel evi-

dence from animal models that different modes of inhibi-

tion act upon spinal motoneurons in non-REM and REM

sleep (Chase and Morales 2005; Kodama et al. 2003; Lai

et al. 2001). Electrophysiological studies in naturally

sleeping cats show a slight increase in small-amplitude

IPSPs from wakefulness to non-REM sleep acting on spinal

motoneurons (Chase and Morales 2005). These small-

amplitude IPSPs are accompanied by an increase in

membrane hyperpolarisation, rheobase current and input

resistance as well as a frequency reduction in soma-den-

dritic and axonal action potentials and a reduction in Ia

monosynaptic EPSPs (Chase et al. 1980; Chase and Mor-

ales 2005). In REM sleep, unique large-amplitude IPSPs

act additionally on spinal motoneurons leading to the

transition from muscle hypotonia during non-REM to

muscle atonia during REM sleep. Immunohistochemical

techniques have identified glycinergic inhibitory interneu-

rons located in the ventromedial medulla (Chase 2008;

Holstege 1996; Soja et al. 1986), which discharge selec-

tively during REM sleep to generate these large-amplitude

IPSPs. Glycinergic inhibition during REM sleep is also

accompanied by GABAergic inhibitory drives as well as

disfaciliation of norepinephrine and serotonin neurons that

usually impinge EPSPs on spinal motoneurons (Kodama

et al. 2003; Lai et al. 2001).

Based on our findings, it might be reasonable to assume

that REM-specific inhibitory drives act on a more extended

motoneuron population. In comparison, non-REM-related

inhibitory mechanisms predominantly target faster con-

ducting spinal motoneurons. The fact that F-waves can be

recorded at all during REM sleep may be explained by
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Fig. 4 a FCVmax (highest FCV) was significantly reduced in all sleep

stages compared with wakefulness but most pronounced in non-

REM (N2 = -4.15 m/s, p \ 0.005; N3 = -4.39 m/s, p \ 0.005,

REM = -2.30 m/s, p \ 0.005). b FCVmin (lowest FCV) showed

different trends comparing non-REM and REM stages; however, results

were not significant. In non-REM, FCVmin was reduced compared to

wakefulness (N2 = -1.09 m/s; N3 = -1.24 m/s). In REM, FCVmin

showed a trend towards higher values (REM = 0.77 m/s). c FCVrange

was significantly reduced in all sleep stages compared to wakefulness,

most prominently in REM (N2 = 7.34 m/s, p \ 0.05; N3 = 7.16 m/s,

p \ 0.05; REM = 6.02 m/s, p \ 0.005). *p = 0.05; **p = 0.005
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sustained excitatory drives on motoneurons that should also

account for phasic REM sleep phenomena like muscle

twitches and rapid eye movements (Evarts 1964; Marchi-

afava and Pompeiano 1964).

In summary, we describe two different patterns of how

inhibition of spinal motoneurons may operate in non-REM

and REM sleep, respectively. These findings might con-

tribute to further insights into the pathophysiology of sleep-

related motor disorders that may involve abnormal patterns

of motor inhibition in NREM and REM including their

potential responsiveness to pharmacological agents (e.g.

REM sleep behaviour disorder, periodic limb movements

in sleep).

Acknowledgments We thank Christine Gericke (Institute of

Biometry and Clinical Epidemiology) for her kind assistance with the

statistics.

Conflict of interest The authors have no conflicts of interests.

References

American Academy for sleep medicine (2007) The AASM manual for

the scoring of sleep and associated events. Rules, terminology

and technical specifications, Westchester

Chase MH (2008) Confirmation of the consensus that glycinergic

postsynaptic inhibition is responsible for atonia of REM sleep.

Sleep 31:1487–1491

Chase MH, Morales FR (2005) Control of motoneurons during sleep.

In: Kryger MH, Roth T, Dement WC (eds) Principles and

Practice of sleep medicine, 4th edn. W.B. Saunders Company,

Philadelphia, pp 154–168

Chase MH, Chandler SH, Nakamura Y (1980) Intracellular determi-

nation of membrane potential of trigeminal motoneurons during

sleep and wakefulness. J Neurophysiol 44:349–358

Chroni E, Panayiotopoulos CP (1993) F tacheodispersion. J Neurol

Neurosurg Psychiatry 56:1103–1108

Dawson GD, Merton PA (1956) Recurrent discharges from moto-

neurones. In: 2nd International congress of physiological

Sciences. St. Catherine Press, Brussels, pp 221–222

Dement W, Kleitman N (1957) Cyclic variations in EEG during sleep

and their relation to eye movements, body motility, and

dreaming. Electroenceph Clin Neurophysiol 9:673–690

Espiritu G, Lin C, Burke D (2003) Motoneuron excitability and the F

wave. Muscle Nerve 27:720–727

Evarts EV (1964) Temporal patterns of discharge of pyramidal tract

neurons during sleep and waking in the monkey. J Neurophysiol

27:152–171

Holstege JC (1996) The ventro-medial medullary projections to spinal

motoneurons: ultrastructure, transmitters and functional aspects.

Prog Brain Res 107:159–181

Ichikawa T, Yokota T (1994) F wave change by decreased

motoneuronal excitability: a sleep study. Bull Tokyo Med Dent

Univ 41:15–22

Kimura J (1974) F-wave velocity in the central segment of the median

and ulnar nerves: a study in normal subjects and in patients with

Charcot–Marie–Tooth disease. Neurology 24:539–546

Kodama T, Lai YY, Siegel JM (2003) Changes in inhibitory amino

acid release linked to pontine-induced atonia: an in vivo

microdialysis study. J Neurosci 23:1548–1554

Lai YY, Kodama T, Siegel JM (2001) Changes in monoamine release

in the ventral horn and hypoglossal nucleus linked to pontine

inhibition of muscle tone: an in vivo microdialysis study.

J Neurosci 21:7384–7391

Lesku JA, Roth TC 2nd, Rattenborg NC, Amlaner CJ, Lima SL

(2009) History and future of comparative analyses in sleep

research. Neurosci Biobehav Rev 33:1024–1036

Lugaresi E, Coccagna G, Tassinari CA, Ambrosetto C (1965)

Polygraphic data on motor phenomena in the restless legs

syndrome. Riv Neurol 35:550–561

Magladery JW, McDougal DB Jr (1950) Electrophysiological studies

of nerve and reflex activity in normal man, part I: identification

of certain reflexes in the electromyogram and the conduction

velocity of peripheral nerve fibres. Bull Johns Hopkins Hosp

86:265–290

Marchiafava PL, Pompeiano O (1964) Pyramidal influences on spinal

cord during desynchronized sleep. Arch Ital Biol 102:500–529

Marra TR (1987) F-wave measurements: a comparison of various

recording techniques in health and peripheral nerve disease.

Electromyogr Clin Neurophysiol 27:33–37

Olney RK, Aminoff MJ (1990) Electrodiagnostic features of the

Guillain-Barre syndrome: the relative sensitivity of different

techniques. Neurology 40:471–475

Panayiotopoulos CP, Chroni E (1996) F-waves in clinical neuro-

physiology: a review, methodological issues and overall value in

peripheral neuropathies. Electroencephal Clin Neurophysiol

101:365–374

Pivik RT, Mercier L (1979) Motoneuronal excitability during

wakefulness and non-REM sleep: H-reflex recovery function in

man. Sleep 1:357–367

Puksa L, Stalberg E, Falck B (2003) Reference values of F

wave parameters in healthy subjects. Clin Neurophysiol 114:

1079–1090

Rechtschaffen A, Kales A (1968) A manual of standardized

terminology, techniques, and scoring system for sleep stages of

human subjects. US Dept of Health, Education, and Welfare,

Bethesda

Ropper AH, Wijdicks EFM, Shahani BT (1990) Electrodiagnostic

abnormalities in 113 consecutive patients with Guillain-Barre

syndrome. Arch Neurol 47:881–887

Schenck CH, Bundlie SR, Ettinger MG, Mahowald MW (1986)

Chronic behavioral disorders of human REM sleep: a new

catagory of parasomnia. Sleep 9:293–308

Shivde AJ, Fisher MA (1988) F chronodispersion in polyneuropathy.

Muscle Nerve 11:960–961

Siegel JM (2005) REM Sleep. In: Kryger MH, Roth T, Dement WC

(eds) Principles and practice of sleep medicine, 4th edn. W.B.

Saunders Company, Philadelphia, pp 120–135

Soja PJ, Morales FR, Chase MH (1986) Effect of picrotoxin and

bicuculline on the waveform characteristics of spontaneous

IPSPs involved in motoneuron inhibition during active sleep.

Soc Neurosci Abst 12:154

Symonds CP (1953) Nocturnal myoclonus. J Neurol Neurosurg

Psychiatry 16:166–171
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