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Abstract

Background: Cataplexy, a sudden loss of muscle tone in response to strong emotions, is the most specific symptom of narcolepsy. It is

currently thought to be due to disturbed rapid eye movement (REM) sleep regulation, and portrayed as REM sleep atonia occurring at the

wrong time. However, there are several arguments against including cataplexy in the ‘state boundary control’ hypothesis. It does not explain

why cataplexy is triggered by emotions, and recent studies in narcoleptic dogs showed that REM sleep regulatory mechanisms were in fact

intact in these animals.

Methods: We review the literature on the REM sleep dissociation theory, discuss the merits and demerits of the theory, and propose an

alternative hypothesis explaining cataplexy.

Results: Cataplexy may represent an atavism (recurrence of an ancestral characteristic) of tonic immobility. Tonic immobility (TI)

denotes a condition in which an animal is rendered immobile when faced with danger. Arguments in favor of the TI hypotheses are that

it explains the emotional triggering. Furthermore, centers regulating narcolepsy and TI are both located in the lateral hypothalamic area.

Finally, several drugs known for their ameliorating effect on cataplexy reduce the frequency and duration of TI in animals.

Conclusion: Cataplexy may be due to a mechanism different from the other clinical symptoms of narcolepsy. q 2002 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The four cardinal symptoms of narcolepsy are commonly

bundled to form a ‘tetrad’ consisting of excessive daytime

sleepiness (EDS), cataplexy, hypnagogic hallucinations and

sleep paralysis [1–3]. Fragmented nighttime sleep is often

considered to be an integral fifth part of the syndrome [3,4].

The symptoms of narcolepsy are rather diverse in nature.

EDS is manifested by the tendency of patients to fall asleep

at any moment during the day, although factors that

normally increase sleepiness, such as performing boring

tasks or having eaten, facilitate this propensity. Hypnagogic

hallucinations are vivid dreamlike experiences occurring

when patients fall asleep or wake up. In sleep paralysis,

patients are frightened to find themselves unable to move

a muscle during the transition from waking to sleep or vice

versa. Cataplexy refers to attacks of flaccid muscle weak-

ness triggered by a variety of emotions such as humor or

anger.

Faced with this set of apparently bizarre and irreconcil-

able symptoms, researchers have searched for a common

pathophysiological ground. EDS and fragmented nighttime

sleep can be explained by an inability to sustain any vigi-

lance state: patients, while awake, cannot stay awake, and

when asleep, do not stay asleep. Cataplexy, hypnagogic

hallucinations and sleep paralysis have been considered as

partial manifestations of rapid eye movement (REM) sleep

occurring at the wrong time [5,6]. This ‘REM sleep disso-

ciation hypothesis’ portrays cataplexy and sleep paralysis as

aspects of the normal motor inhibition that prevents us from

acting out our dreams during REM sleep. In this view

hypnagogic hallucinations are seen as dreaming occurring

during the waking state. Broughton et al. [7] coined the term

‘loss of state boundary control’ to provide an integrative

explanation of all four symptoms of the narcoleptic tetrad.

Although the mechanism underlying the symptomatology

of narcolepsy remained unknown for a long time, tremen-

dous progress has been made in our understanding of the

neurobiology of narcolepsy in the last 2 years. A dysfunc-

tion of an unexpected duo of neurotransmitters, the hypo-

cretins, was shown to be the paramount cause of narcolepsy

in humans, dogs and mice [8–11]. The hypocretins (also

known as orexins) are neuropeptides produced by a small

number of neurons in the lateral hypothalamic area (LHA)

Sleep Medicine 3 (2002) 471–477

1389-9457/02/$ - see front matter q 2002 Elsevier Science B.V. All rights reserved.

PII: S1389-9457(02)00037-0

www.elsevier.com/locate/sleep

* Corresponding author. Tel.: 131-71-5262895; fax: 131-71-5248253.

E-mail address: j.g.van_dijk.neur@lumc.nl (J.G. van Dijk).



[12–14]. The hypocretin neurons have connections virtually

throughout the entire neuraxis [15]. This arrangement

makes the hypocretin system particularly suitable to orches-

trate various body functions, including state boundary

control [3].

Although loss of state boundary control is an elegant and

convincing explanation for EDS and fragmented nighttime

sleep, that part of the theory involving REM sleep dissocia-

tion leaves a number of questions unanswered. One of the

more obvious shortcomings is that the hypothesis does not

in any way address the triggering of cataplexy by emotional

stimuli: although dreams may cause emotions, REM sleep

itself is not brought on by emotions, so why should emotions

evoke REM sleep atonia?

In this article, we discuss the merits and demerits of the

dissociation hypothesis to explain cataplexy, and contrast

them with a novel hypothesis according to which cataplexy

may represent a recurrence (atavism) of the ancestral trait of

‘tonic immobility’. Tonic immobility (TI) denotes a condi-

tion exhibited by numerous vertebrates, in which an animal

is rendered immobile when faced with danger, i.e. because

of an emotional trigger [16,17]. The two theories will be

compared, focusing on clinical, physiological and neuro-

chemical aspects, and are followed by suggestions for

experiments to test the validity of the ‘TI hypothesis’.

2. Cataplexy

2.1. Clinical aspects

Cataplectic attacks are triggered by strong emotions,

including humor, anger and surprise [3,18]. It is interesting

to note that laughter is mentioned as the most effective

trigger throughout the literature, although strictly speaking

it is not an emotion but a motor act with profound social

functions, including the expression of humor or mirth [19].

Similarly, when patients describe the unexpected meeting of

an acquaintance evoking cataplexy, the trigger is probably

the emotion of surprise raised by the encounter rather than

the encounter itself.

Consciousness is preserved during cataplexy, so patients

are fully aware of the apprehension and even alarm the

attack can cause to bystanders as well as to themselves.

Cataplexy is not always complete, and may affect only the

muscles of the neck or the knees. Patients are always able to

breathe and move their eyes. After a short period, lasting

several seconds to a few minutes, the attack stops rather

abruptly, and patients can resume their activities.

Cataplexy also forms part of the phenotype of animals

with narcolepsy. In the well-known hereditary canine

model, cataplexy is typically brought about when animals

are confronted with pieces of palatable food, or when play-

ing together [20]. Mice rendered narcoleptic by disrupting

the hypocretin gene display cataplexy-like episodes of

abrupt motor arrest from which they recover equally

suddenly [9,21]. It is not yet clear what the triggers are in

these mice.

2.2. Neurophysiology

Several studies describe the neurophysiological features

of cataplexy, both in dogs and in man. The electroencepha-

logram (EEG) during cataplexy shows patterns of normal

wakefulness in both species [22–24]. During longer cata-

plectic attacks, the EEG may gradually show features of

REM sleep and patients may report dreaming [25], making

it difficult to distinguish cataplexy from REM sleep.

Muscle weakness is due to inhibition of motor neurons at

the spinal level, explaining why tendon reflexes are

depressed or abolished during cataplexy [23]. In addition,

there is a complete depression of the H-reflex, which tech-

nique tests the same reflex pathway using electromyography

[23].

Cataplexy seems to be associated with autonomic

changes. There usually is a marked decrease in heart rate

during cataplexy in dogs [26]. Studies in human subjects

reported a decrease in blood pressure at the onset of cata-

plexy, with a compensating tachycardia [27]. A recent

experiment using continuous polygraphy in one human

patient demonstrated that the majority of cataplectic attacks

are accompanied by bradycardia after an initial increase in

heart rate [24].

2.3. Neurochemistry and neuropharmacology

The neurochemical basis of cataplexy is complex, with

pharmacological studies indicating the involvement of

several neurotransmitter systems [28,29]. The canine

model for narcolepsy has been invaluable to elucidate the

role of the various brain regions and their interaction in the

development of cataplexy [28]. Most of the data reviewed

below have been derived from experiments in narcoleptic

dogs.

Several neuronal populations in the pontine brainstem are

crucial in the generation of cataplexy. Based on extensive

neuropharmacological and neurochemical experiments,

Nishino et al. [28] developed a model for the control of

cataplexy in which both monoaminergic and cholinergic

systems in the brainstem play a key role. In short, cataplexy

is aggravated by cholinergic activation, or deactivation of

monoaminergic (most importantly adrenergic) systems

[28,30,31]. In humans, there seems to be a similar imbal-

ance between these two neuronal populations. For example,

the alpha-1 adrenergic antagonist prazosine severely

worsens cataplexy [32,33]. Conversely, the various

substances effective in the treatment of cataplexy (such as

the tricyclic antidepressants) share the fact that they

increase norepinephrine availability [29].

Other brain regions, distinct from the brainstem, are also

involved in the modulation of cataplexy. Using local injec-

tion experiments, cholinoceptive sites in the basal forebrain/

anterior hypothalamus of narcoleptic dogs were shown to be
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very important in the modulation of cataplexy [34]. Injec-

tions with carbachol, a cholinergic agonist, in this region

aggravated cataplexy in a dose-dependent manner and could

even induce a status cataplecticus [34]. Because acetylcho-

line release in the basal forebrain is increased during

emotional stimulation [35], this region may be involved in

the emotional triggering of cataplexy [35,36].

In summary, an imbalance between pontine monoaminer-

gic and cholinergic neuronal populations is thought to

underlie the pathophysiology of cataplexy, with the choli-

noceptive sites in the basal forebrain as a possible region

involved in the emotional trigger [28,30,31,36].

3. REM sleep and the REM-dissociation hypothesis

REM sleep has fascinated clinicians and researchers since

its discovery in 1953 [37]. During REM sleep the skeletal

musculature is tonically, i.e. continuously paralyzed

[30,38]. Superimposed on this paralysis are the so-called

phasic phenomena, such as muscle twitches and bursts of

eye movements. During REM sleep we experience dreams;

more than 80% of people report dreaming when awakened

from REM sleep [39].

Normally, REM sleep occurs 90 min after sleep onset,

and thereafter recurs at approximately 90-min intervals

[39]. In narcolepsy, REM sleep typically occurs rapidly

after sleep onset. The discovery of these sleep-onset REM

periods (SOREMPs) [40,41] gave rise to the idea that narco-

lepsy is essentially a disorder of REM sleep generation.

Shortly thereafter, the REM sleep dissociation hypothesis

took shape, depicting cataplexy, hypnagogic hallucinations

and sleep paralysis as partial features of REM sleep occur-

ring during the waking state [5,6]. Cataplexy naturally

represented the inadvertent expression of REM sleep atonia

in this view. Several observations support the REM-disso-

ciation theory.

3.1. Clinical picture and neurophysiology

During REM sleep, breathing continues and ocular move-

ments occur despite the inhibition of the skeletal muscula-

ture [30,38], strongly resembling the pattern of muscle

weakness during cataplexy, where the extraocular and

respiratory muscles remain functional [25]. In addition,

the disappearance of reflexes, including the H-reflex, during

cataplexy is paralleled in REM sleep [23].

3.2. Neurochemistry and neuropharmacology

The model for the control of cataplexy, characterized by

an imbalance of pontine cholinergic and monoaminergic

systems, is strikingly similar to the model of REM sleep

regulation [28,30,38]. This neurochemical similarity is

corroborated by functional studies measuring the firing

rate of neurons in different areas of the brain. Cell groups

in the nucleus magnocellularis of the medial medulla, which

are activated during REM sleep to induce muscle weakness,

discharge at a high rate during cataplexy as well [42]. Like-

wise, neurons in the locus coeruleus that are inactive during

REM sleep cease to discharge during cataplexy [43].

Several compounds that increase adrenergic function are

known to reduce the amount of REM sleep. Examples

include tricyclic antidepressants, and monoamine oxidase

inhibitors [29,44]. These pharmacological effects further

illustrate the importance of adrenergic mechanisms in the

control of REM sleep.

4. The REM-dissociation theory revisited

The experiments described in the previous paragraph

show that cataplexy and REM sleep make use of a common

final pathway in the brainstem that generates muscle atonia.

However, cataplexy is not necessarily due to a disturbance

of REM sleep regulation per se. Although there are several

arguments against the REM-dissociation theory, which we

will outline here, very few authors have submitted the

hypothesis for discussion. In fact, no study directly addres-

sing the question of whether narcolepsy is indeed a disorder

of REM sleep regulation was available until the year 2000

(see subsequently) [45].

If a disturbance of REM sleep regulation were the prin-

ciple cause of narcolepsy, one would anticipate that the

other presumed REM-dissociation symptoms (hypnagogic

hallucinations and sleep paralysis) would also occur exclu-

sively in the narcoleptic syndrome. This is, however, not the

case; both hypnagogic hallucinations and sleep paralysis are

common in the general population [46–48]. Furthermore,

the symptoms do not even need to occur together in narco-

lepsy: although the majority of narcoleptic patients experi-

ences cataplexy, the percentage of patients with hypnagogic

hallucinations and sleep paralysis is much lower [1,49].

Additionally, there does not seem to be any relation between

the severity of cataplexy and the severity of either hypna-

gogic hallucinations or sleep paralysis (personal observa-

tion, G.J. Lammers).

A number of limitations of the REM-dissociation theory

pertain to cataplexy directly:

1. Cataplexy is typically triggered by strong emotions.

However, emotions such as humor and anger are

normally not linked to the onset of REM sleep.

2. The disappearance of the H-reflex during cataplexy has

been explained as supporting the REM-dissociation

hypothesis because REM sleep is presumed to be the

only state in which the reflex is normally inhibited

[23,50]. However, we recently showed that this is not

the case: the H-reflex disappears during laughter in cata-

plectic subjects as well as in healthy controls [51,52].

3. The cholinoceptive site in the basal forebrain, where

cataplexy can be induced in narcoleptic dogs, is located

in the anterior hypothalamus [34], a considerable
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distance away from the brainstem regions known to be

involved in the regulation of REM sleep [30,34,38]. The

involvement of forebrain structures in REM sleep regula-

tion cannot be, however, excluded [53,54].

4. Sulpiride, a dopamine D2/D3 antagonist, significantly

reduced cataplexy in narcoleptic dogs but did not cause

a reduction in the amount of REM sleep [55]. These

findings are in line with studies showing that D2/D3

agonists injected into midbrain dopaminergic nuclei

can aggravate cataplexy [56,57], although these regions

do not play a role in REM sleep regulation [58].

In a recent article Nishino et al. [45] focused directly on

REM sleep control in narcolepsy, using the canine narco-

lepsy model to study various aspects of sleep regulation.

Narcoleptic dogs showed a much more fragmented sleep

pattern than normal dogs, although the total time spent in

each vigilance state over 24 h did not differ from controls

[45]. REM sleep cyclicity shows an ultradian rhythm of

about 30 min in dogs [59]. Interestingly, the REM sleep

cycle of narcoleptic canines is intact and shows normal

intervals [45]. Moreover, during long lasting attacks of cata-

plexy elicited by carbachol injections in the basal forebrain,

bursts of REMs and other phasic REM sleep features

occurred only intermittently, following the normal 30 min

cycle [45]. In contrast to REM sleep, cataplexy did not show

any periodicity, and could be triggered at any time of the

day. From these data, the authors concluded that narcolepsy

should not be seen as a disorder of REM sleep regulation,

and that cataplexy is likely to be a pathological event

distinct from a REM-sleep phenomenon [45].

We agree with Nishino et al.’s [45] view that narcolepsy

is explained by a combination of failure to sustain vigilance

states and cataplexy. In light of the arguments described

previously, cataplexy does not seem to be governed by

REM sleep regulatory mechanisms. However, no mechan-

ism explaining the nature of cataplexy has been put forward.

We extend this dualistic view by proposing that cataplexy is

an atavistic expression of TI.

5. Tonic immobility

TI describes a response pattern characterized by severe

motor inhibition when an animal faces grave danger, such as

being held by the jaws of a predator [16,17]. Unfortunately,

the nomenclature of this reaction pattern is highly confus-

ing, with numerous terms, such as animal hypnosis, immo-

bility reflex, ‘Totstellreflex’, feigning death, playing dead

and fright paralysis, being used throughout the literature

[60]. TI is well documented across the animal kingdom,

but has been described particularly often in pigs, opossums,

chickens, and sharks [17].

5.1. Features

TI has the properties of a reflex: although complex, it is a

specific, relatively stereotyped involuntary response to

specific stimuli [16]. TI has been widely investigated, and

several paradigms have been developed to elicit the reflex,

one of which is to suddenly place an animal on its back and

restrain it in that position. The unlucky animal will become

immobile for a certain period, after which it will abruptly

revert to its normal mobile state [17]. This technique has

been used to select for breeding pigs that are less sensitive to

environmental stress [61]. In scientific research, this method

makes it possible to quantify the effects of pharmacological

interventions, for example, by measuring the duration of

induced TI [62].

Animals are fully conscious during TI, and several obser-

vations showed that they keep a check on their surroundings

during the period of immobility. TI in chickens lasted longer

in situations when there was no chance of escape compared

to those where such chances were available [63]. During TI,

opossums reacted to the approach of a dog with changes in

heart rate and twitching of the ears [64].

There are surprisingly few systematic studies evaluating

muscle tone during TI. Klemm [65] described a ‘waxy flex-

ibility’ in which there may be muscle flaccidity. However,

animals sometimes assume specific body postures during

TI, indicating that some muscles remain functional. Muscle

tone may also change. In fact, TI may begin with ‘a great

deal of muscle tone, culminating in marked flaccidity’ [65].

5.2. Neurophysiology

Studies in various animal models showed that the EEG

during TI cannot be distinguished from the normal waking

EEG [16,64]. However, animals could fall asleep in labora-

tory situations during prolonged immobility [16]. In rabbits,

easily susceptible to TI, there is a depression of both mono-

and poly-synaptic reflexes, associated with a flaccid paraly-

sis [66]. Based on both the clinical features of TI and its

neurophysiological findings, it has been proposed that the

brainstem systems involved in the generation of REM sleep

atonia are used as the effector mechanism in TI as well

[16,67,68]. TI does not merely consist of motor inhibition,

but is also associated with autonomic responses. During TI

blood pressure decreases and bradycardia usually occurs

after an initial increase in heart rate [17].

5.3. Neurochemistry and neuropharmacology

The tendency to develop TI, and the severity of the immo-

bility, are influenced by a great number of systems [65].

Many studies are hampered by differences in the classifica-

tion of immobility responses and effect parameters, but

results suggest that virtually any neurotransmitter may be

involved in the regulation of TI [65]. Several more recent

studies focused on the cholinergic system, finding that antic-

holinergics reduced and cholinomimetics increased the

severity of TI in a number of species, including birds, guinea

pigs and toads [69–71]. Moreover, experiments using loca-

lized injections of carbachol demonstrated that cholinergic
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neuronal populations in the anterior hypothalamus and basal

midbrain are very important in the induction of TI [71,72].

Interestingly, other parts of the hypothalamus, including the

LHA, are involved in the modulation of TI as well [72,73].

6. Cataplexy as an atavistic expression of TI

Although it is hard to be certain, TI has not been reported

to occur in normal, healthy humans. Certainly, the phrase ‘to

be paralyzed with fear’ suggests that a similar state may

exist in man. It is difficult to decide whether the immobility

to which this term refers is brought about by a reflex, as in

animals, or by an inability to decide on an action under

conditions of life-threatening danger. TI is not a likely

part of the behavioral repertoire of other primates since it

has never been described. Klemm [16] suggested that the

neocortex has an inhibiting influence on TI and that its

expression diminishes as the neocortex gets larger. This,

however, does not mean that the underlying reflex mechan-

ism has been eliminated from our nervous systems.

There are numerous examples of traits not normally

exhibited but cropping up occasionally, evidencing that

the trait was dormant rather than absent [74]. Such atavisms

– reappearances of ancestral characteristics – include the

presence of a tail or excessive body hair in humans. A

specific example of an atavistic form of TI is found in the

‘Arkansas Nervous Pointer Dog’ [75]. Although dogs do not

normally exhibit TI, these Pointer dogs exhibit a range of

abnormal behavior patterns, including reacting with TI to

the presence of humans [75].

We surmise that cataplexy represents an atavistic form of

TI, based on the following arguments:

1. Emotions form an important part of the triggering

mechanism in TI [16,17]. Considering the situations in

which TI occurs, fear seems to be the major emotional

trigger in animals. Cataplexy in humans is typically

brought about by other emotions, particularly humor

[18]. Although fear is not typically reported as a trigger

by patients, negative emotions such as anger and embar-

rassment have been reported [18], and there have been no

studies specifically addressing this question. Cataplexy is

quite easily evoked in canines by playing and eating or

anticipating tasty food [20], also suggesting that various

emotions play a role. We propose that an intense emotion,

or its anticipation, forms the actual trigger, with the speci-

fic type of emotion depending on the species. With regard

to the role of laughter, it is important to note that humans

are among the few species1 that overtly laugh, making it

virtually impossible to determine if humor is able to trig-

ger TI or cataplexy in animals.

2. Both TI and cataplexy make use of the brainstem regions

responsible for REM sleep atonia as a final common path-

way to induce the spinal inhibition of motor neurons

[16,30,42,67,68]. However, there are many fewer phasic

REM phenomena, such as bursts of eye movements and

muscle twitches, during TI and cataplexy compared to

REM sleep [45,67,68].

3. TI and cataplexy are both associated with bradycardia in

the majority of cases [17,24,26].

4. It is tantalizing to speculate that the hypocretin system is

involved in the suppression of TI in primates and that,

when compromised, it gives way to abnormal expressions

of TI. The hypothalamus, including the LHA, is an impor-

tant brain region involved in the generation and modula-

tion of TI [71,72,73]. We now know that the LHA, where

the hypocretin system resides, is the primary brain region

responsible for the development of narcolepsy with cata-

plexy [3,76].

5. Several studies showed the presence of a cholinoceptive

site in the basal forebrain involved in the triggering of both

TI and cataplexy. Carbachol injections in the anterior

hypothalamus of narcoleptic dogs greatly increase the

frequency and severity of cataplexy [34]. Likewise, carba-

chol injections in the anterior hypothalamus of the guinea

pig and the basal midbrain of the toad have an aggravating

effect on TI [71,72].

6. Tricyclic antidepressants and monoamine oxidase inhibi-

tors are known for their ameliorating effect on cataplexy

[29]. Both imipramine (a tricyclic antidepressant) and

iproniazid (a MAO inhibitor) greatly reduce the duration

of TI [77,78].

7. Conclusions and further consequences

The prevailing view, which holds that all symptoms of

narcolepsy are explained by a loss of state boundary control

[7], now needs revision [45]. It is necessary to adopt a

combination of at least two separate mechanisms to fully

describe the pathophysiology of narcolepsy. Although loss

of state boundary control may still be an adequate explana-

tion for EDS and fragmented nighttime sleep, cataplexy

cannot be fully described by this concept because the sites

and mechanisms triggering cataplexy and REM sleep

appear different [45]. An attractive alternative would be to

portray cataplexy as an atavistic expression of TI.

One can think of several experiments that may shed more

light on the cause of cataplexy and the possible involvement

of TI in particular. It will be necessary to obtain more

detailed information on muscle tone during TI in various

animals. In addition, studying spinal mechanisms of motor

inhibition during TI in more detail may provide profound

insight in the descending pathways involved.

The hypocretin system is an alluring candidate for regu-

lation of TI. The hypocretin neurons may directly suppress

brain areas involved in the initiation of TI, or act as a stabi-

lizing system on brain stem areas responsible for motor
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inhibition, preventing the occurrence of TI/cataplexy in

healthy people. This idea is supported by the fact that

while the vast majority of patients with cataplexy lack hypo-

cretin-1 in their spinal fluid, narcoleptic patients without

cataplexy typically show normal hypocretin levels [79],

indicating that the mechanisms of cataplexy and the other

symptoms of narcolepsy are quite dissimilar. Neurophysio-

logical and other functional studies comparing these two

groups may provide specific knowledge on the origins of

cataplexy. Furthermore, the narcoleptic animal models

could be very useful to obtain more knowledge on the possi-

ble role of the hypocretin system in the modulation of TI.

For example, narcoleptic hypocretin knockout mice [9]

might display an aggravated form of TI.

Compounds with a beneficial effect on cataplexy, such as

the tricyclic antidepressants, should be evaluated in more

detail for an effect on TI. Conversely, substances known to

aggravate cataplexy, such as alpha-1 antagonists, may have

a similar effect on TI. Measuring the effect of hypocretin

administration on the frequency or severity of TI in various

animals is another experiment that could easily be

performed.

Cataplexy remains a fascinating symptom, showing

complex interactions between systems involving emotions

and those subserving motor control. Incorporating knowl-

edge of the mechanisms regulating REM sleep, cataplexy

and TI will be very important to further understand these

diverse but related phenomena.

References

[1] Yoss RE, Daly DD. Criteria for the diagnosis of the narcoleptic

syndrome. Proc Staff Meet Mayo Clin 1957;32:320–328.

[2] Bassetti C, Aldrich MS. Narcolepsy. Neurol Clin 1996;14(3):545–

571.

[3] Overeem S, Mignot E, van Dijk JG, Lammers GJ. Narcolepsy: clin-

ical features, new pathophysiologic insights, and future perspectives.

J Clin Neurophysiol 2001;18(2):78–105.

[4] Browman CP, Gujavarty KS, Yolles SF, Mitler MM. Forty-eight-hour

polysomnographic evaluation of narcolepsy. Sleep 1986;9(1 Pt

2):183–188.

[5] Hishikawa Y, Kaneko Z. Electroencephalographic study on narco-

lepsy. Electroencephalogr clin Neurophysiol 1965;18:249–259.

[6] Roth B, Bruhova S, Lehovsky M. REM sleep and NREM sleep in

narcolepsy and hypersomnia. Electroencephalogr clin Neurophysiol

1969;26(2):176–182.

[7] Broughton R, Valley V, Aguirre M, Roberts J, Suwalski W, Dunham

W. Excessive daytime sleepiness and the pathophysiology of narco-

lepsy–cataplexy: a laboratory perspective. Sleep 1986;9(1 Pt 2):205–

215.

[8] Lin L, Faraco J, Li R, et al. The sleep disorder canine narcolepsy is

caused by a mutation in the hypocretin (orexin) receptor 2 gene. Cell

1999;98(3):365–376.

[9] Chemelli RM, Willie JT, Sinton CM, et al. Narcolepsy in orexin

knockout mice: molecular genetics of sleep regulation. Cell

1999;98(4):437–451.

[10] Nishino S, Ripley B, Overeem S, Lammers GJ, Mignot E. Hypocretin

(orexin) deficiency in human narcolepsy. Lancet 2000;355(9197):39–

40.

[11] Nishino S, Ripley B, Overeem S, et al. Low cerebrospinal fluid hypo-

cretin (orexin) and altered energy homeostasis in human narcolepsy.

Ann Neurol 2001;50(3):381–388.

[12] de Lecea L, Kilduff TS, Peyron C, et al. The hypocretins: hypothala-

mus-specific peptides with neuroexcitatory activity. Proc Natl Acad

Sci USA 1998;95(1):322–327.

[13] Sakurai T, Amemiya A, Ishii M, et al. Orexins and orexin receptors: a

family of hypothalamic neuropeptides and G protein-coupled recep-

tors that regulate feeding behavior. Cell 1998;92(4):573–585.

[14] Peyron C, Faraco J, Rogers W, et al. A mutation in a case of early

onset narcolepsy and a generalized absence of hypocretin peptides in

human narcoleptic brains. Nat Med 2000;6(9):991–997.

[15] Peyron C, Tighe DK, Den Pol AN, et al. Neurons containing hypo-

cretin (orexin) project to multiple neuronal systems. J Neurosci

1998;18(23):9996–10015.

[16] Klemm WR. Neurophysiologic studies of the immobility reflex

(‘animal hypnosis’). Neurosci Res (NY) 1971;4:165–212.

[17] Gallup Jr GG. Animal hypnosis: factual status of a fictional concept.

Psychol Bull 1974;81(11):836–853.

[18] Anic-Labat S, Guilleminault C, Kraemer HC, Meehan J, Arrigoni J,

Mignot E. Validation of a cataplexy questionnaire in 983 sleep-disor-

ders patients. Sleep 1999;22(1):77–87.

[19] Provine RR. Laughter: a scientific investigation. London: Faber and

Faber, 2000.

[20] Riehl J, Nishino S, Cederberg R, Dement WC, Mignot E. Develop-

ment of cataplexy in genetically narcoleptic Dobermans. Exp Neurol

1998;152(2):292–302.

[21] Willie JT, Chemelli RM, Xiong Y, Yanagisawa M. A behavioral

paradigm that elicits narcoleptic attacks in orexin knockout mice

[abstract]. Sleep 2000;23(Suppl 2):A91–A92.

[22] Kushida CA, Baker TL, Dement WC. Electroencephalographic corre-

lates of cataplectic attacks in narcoleptic canines. Electroencephalogr

clin Neurophysiol 1985;61(1):61–70.

[23] Guilleminault C, Wilson RA, Dement WC. A study on cataplexy.

Arch Neurol 1974;31(4):255–261.

[24] Rubboli G, d’Orsi G, Zaniboni A, et al. A video-polygraphic analysis

of the cataplectic attack. Clin Neurophysiol 2000;111(Suppl 2):S120–

S128.

[25] Guilleminault C, Gelb M. Clinical aspects and features of cataplexy.

Adv Neurol 1995;67:65–77.

[26] Siegel JM, Tomaszewski KS, Fahringer H, Cave G, Kilduff T,

Dement WC. Heart rate and blood pressure changes during sleep–

waking cycles and cataplexy in narcoleptic dogs. Am J Physiol

1989;256(1 Pt 2):H111–H119.

[27] Guilleminault C, Heinzer R, Mignot E, Black J. Investigations into the

neurologic basis of narcolepsy. Neurology 1998;50(2 Suppl 1):S8–

S15.

[28] Nishino S, Reid MS, Dement WC, Mignot E. Neuropharmacology

and neurochemistry of canine narcolepsy. Sleep 1994;17(Suppl

8):S84–S92.

[29] Nishino S, Mignot E. Pharmacological aspects of human and canine

narcolepsy. Prog Neurobiol 1997;52(1):27–78.

[30] Hishikawa Y, Shimizu T. Physiology of REM sleep, cataplexy, and

sleep paralysis. Adv Neurol 1995;67:245–271.

[31] Thorpy M. Current concepts in the etiology, diagnosis and treatment

of narcolepsy. Sleep Med 2001;2(1):5–17.

[32] Guilleminault C, Mignot E, Aldrich M, Quera-Salva MA, Tiberge M,

Partinen M. Prazosin contraindicated in patients with narcolepsy.

Lancet 1988;2(8609):511.

[33] Aldrich MS, Rogers AE. Exacerbation of human cataplexy by prazo-

sin. Sleep 1989;12(3):254–256.

[34] Nishino S, Tafti M, Reid MS, et al. Muscle atonia is triggered by

cholinergic stimulation of the basal forebrain: implication for the

pathophysiology of canine narcolepsy. J Neurosci 1995;15(7 Pt

1):4806–4814.

[35] Reid MS, Nishino S, Tafti M, Siegel JM, Dement WC, Mignot E.

Neuropharmacological characterization of basal forebrain cholinergic

S. Overeem et al. / Sleep Medicine 3 (2002) 471–477476



stimulated cataplexy in narcoleptic canines. Exp Neurol

1998;151(1):89–104.

[36] Mignot E. Pathophysiology of narcolepsy. In: Kryger MH, Roth T,

Dement W, editors. Principles and practice of sleep medicine. Phila-

delphia, PA: Saunders, 2000. pp. 663–675.

[37] Aserinsky E, Kleitman N. Regularly occurring periods of eye moti-

lity, and concomitant phenomena during sleep. Science

1953;118:273–274.

[38] Siegel JM. Brainstem mechanisms generating REM sleep. In: Kryger

MH, Roth T, Dement WC, editors. Principles and practice of sleep

medicine. Philadelpia, PA: W.B. Saunders, 2000. pp. 112–133.

[39] Dement WC, Kleitman N. Cyclic variations in EEG during sleep and

their relation to eye movements, body motility, and dreaming. Elec-

troencephalogr clin Neurophysiol 1957;9:673–690.

[40] Vogel G. Studies in psychophysiology of dreams. III. The dream of

narcolepsy. Arch Gen Psychiatry 1960;3:421–428.

[41] Rechtschaffen A, Wolpert EA, Dement WC, Mitchell SA, Fischer C.

Nocturnal sleep of narcoleptics. Electroencephalogr clin Neurophy-

siol 1963;15:599–609.

[42] Siegel JM, Nienhuis R, Fahringer HM, et al. Neuronal activity in

narcolepsy: identification of cataplexy-related cells in the medial

medulla. Science 1991;252(5010):1315–1318.

[43] Wu MF, Gulyani SA, Yau E, Mignot E, Phan B, Siegel JM. Locus

coeruleus neurons: cessation of activity during cataplexy.

Neuroscience 1999;91(4):1389–1399.

[44] Nishino S, Okura M, Mignot E. Narcolepsy: genetic predisposition

and neuropharmacological mechanisms. Sleep Med Rev

2000;4(1):57–99.

[45] Nishino S, Riehl J, Hong J, Kwan M, Reid MS, Mignot E. Is narco-

lepsy a REM sleep disorder? Analysis of sleep abnormalities in narco-

leptic Dobermans. Neurosci Res 2000;38:437–446.

[46] Ohayon MM, Priest RG, Caulet M, Guilleminault C. Hypnagogic and

hypnopompic hallucinations: pathological phenomena? Br J Psychia-

try 1996;169(4):459–467.

[47] Ohayon MM, Zulley J, Guilleminault C, Smirne S. Prevalence and

pathologic associations of sleep paralysis in the general population.

Neurology 1999;52(6):1194–1200.

[48] Ohayon MM. Prevalence of hallucinations and their pathological

associations in the general population. Psychiatry Res 2000;97(2–

3):153–164.

[49] Parkes JD. Sleep and its disorders. London: Saunders, 1985.

[50] Guilleminault C. Cataplexy. In: Guilleminault C, Dement WC,

Passouant P, editors. Narcolepsy. New York, NY: Spectrum, 1976.

pp. 125–144.

[51] Lammers GJ, Overeem S, Tijssen MA, van Dijk JG. Effects of startle

and laughter in cataplectic subjects: a neurophysiological study

between attacks. Clin Neurophysiol 2000;111(7):1276–1281.

[52] Overeem S, Lammers GJ, van Dijk JG. Weak with laughter. Lancet

1999;354(9181):838.

[53] Szymusiak R, Alam N, McGinty D. Discharge patterns of neurons in

cholinergic regions of the basal forebrain during waking and sleep.

Behav Brain Res 2000;115(2):171–182.

[54] Vazquez J, Baghdoyan HA. Basal forebrain acetylcholine release

during REM sleep is significantly greater than during waking. Am J

Physiol Regul Integr Comp Physiol 2001;280(2):R598–R601.

[55] Okura M, Riehl J, Mignot E, Nishino S. Sulpiride, a D2/D3 blocker,

reduces cataplexy but not REM sleep incanine narcolepsy. Neurop-

sychopharmacology 2000;23(5):528–538.

[56] Reid MS, Tafti M, Nishino S, Sampathkumaran R, Siegel JM, Mignot

E. Local administration of dopaminergic drugs into the ventral

tegmental area modulates cataplexy in the narcoleptic canine. Brain

Res 1996;733(1):83–100.

[57] Honda K, Riehl J, Mignot E, Nishino S. Dopamine D3 agonists into

the substantia nigra aggravate cataplexy but do not modify sleep

[corrected] [corrected and republished in NeuroReport, Nov

26;10(17):3717–24]. NeuroReport 1999;10(14):3111–3118.

[58] Miller JD, Farber J, Gatz P, Roffwarg H, German DC. Activity of

mesencephalic dopamine and non-dopamine neurons across stages of

sleep and waking in the rat. Brain Res 1983;273:133–141.

[59] Zepelin H. Mammalian sleep. In: Kryger MH, Roth T, Dement WC,

editors. Principles and practice of sleep medicine. Philadelphia, PA:

Saunders, 2000. pp. 82–92.

[60] Erhard HW, Mendl M, Cloutier R, Christiansen SB. Individual differ-

ences in tonic immobility may reflect behavioural strategies. Appl

Anim Behav Sci 1999;64:31–46.

[61] Andersen IL, Boe KE, Foerevik G, Janczak AM, Bakken M. Beha-

vioural evaluation of methods for assessing fear responses in weaned

pigs. Appl Anim Behav Sci 2000;69(3):227–240.

[62] KlemmWR.Use of the immobility reflex (‘animal hypnosis’) in neuro-

pharmacological studies. Pharmacol Biochem Behav 1976;4(1):85–

94.

[63] Ginsburg HJ. Defensive distance and immobility in young precocial

birds (Gallus gallus). Dev Psychobiol 1975;8(3):281–285.

[64] Kimble DP. Didelphid behavior. Neurosci Behav Rev

1997;21(3):361–369.

[65] Klemm WR. Drug effects on active immobility responses: what they

tell us about neurotransmitter systems and motor functions. Prog

Neurobiol 1989;32:403–422.

[66] Carli G. Depression of somatic reflexes during rabbit hypnosis. Brain

Res 1968;11:453–456.

[67] Braun CM, Pivik RT. Effects of brainstem lesions on tonic immobility

in the rabbit (Oryctolagus cuniculus). Brain Res Bull

1983;10(1):127–135.

[68] KlemmWR. Identity of sensory and motor systems that are critical to

the immobility reflex (‘animal hypnosis’). J Neurosci Res

1976;2(1):57–69.

[69] Woodruff ML, Lippincott WI. Hyperemotionality and enhanced tonic

immobility after septal lesions in the rabbit. Brain Behav Evol

1976;13(1):22–33.

[70] Hennig CW, McIntyre JF, Moriarty Jr DD, Picerno JM, Allen JL.

Differential cholinergic influences on the immobility response in

various strains of domestic fowl. Pharmacol Biochem Behav

1988;30(3):625–634.

[71] Franchi CR, Hoffmann V, Hoffmann A. Involvement of the cholinergic

system and the basal midbrain in the organization of tonic immobility in

the toad Bufo paracnemis. Physiol Behav 1994;55(5):831–837.

[72] de Oliveira L, Hoffmann A, Menescal-de-Oliveira L. Participation of

the medial and anterior hypothalamus in the modulation of tonic

immobility in guinea pigs. Physiol Behav 1997;62(5):1171–1178.

[73] de Oliveira L, Hoffmann A, Menescal-de-Oliveira L. The lateral

hypothalamus in the modulation of tonic immobility in guinea pigs.

NeuroReport 1997;8(16):3489–3493.

[74] Hall BK. Atavisms and atavistic mutations. Nat Gen 1995;10:126–

127.

[75] Reese WG, Newton JE, Angel C. Induced immobility in nervous and

normal Pointer dogs. J Nerv Ment Dis 1982;170(10):605–613.

[76] Willie JT, Chemelli RM, Sinton CM, Yanagisawa M. To eat or to

sleep? Orexin in the regulation of feeding and wakefulness. Annu Rev

Neurosci 2001;24:429–458.

[77] Liberson WT, Ellen P, Schwartz E, Wilson A, Gagnon VP. Further

studies of the effects of psychotropic drugs on the behavior of guinea

pigs and rats. J Neuropsychiatry 1962;3:298–303.

[78] Maser JD, Gallup Jr GG. Tonic immobility in the chicken: catalepsy

potentiation by uncontrollable shock and alleviation by imipramine.

Psychosom Med 1974;36(3):199–205.

[79] Bassetti CL, Gugger M, Mathis J, Sturznegger C, Radanov B, Ripley

B, Nishino S, Mignot E. Cerebrospinal fluid levels of hypocretin

(orexin) in hypersomnolent patients without cataplexy. Actas Fisio-

logia 2001;7:205.

S. Overeem et al. / Sleep Medicine 3 (2002) 471–477 477


