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Abstract

Narcolepsy is a chronic neurologic disease characterized by excessive daytime sleepiness and one or more of three additional symptoms

(cataplexy, or sudden loss of muscle tone; vivid hallucinations; and brief periods of total paralysis) related to the occurrence of rapid eye

movement (REM) sleep at inappropriate times. The daytime sleepiness typically presents as a sudden overwhelming urge to sleep, followed

by periods of sleep that last for seconds or minutes, or even longer. During daytime sleep episodes, patients may exhibit bautomatic

behavior,Q performing conventionalized functions (eg, taking notes), but not remembering having done so once they are awake. About 10%

of narcoleptics are members of familial clusters; however, genetic factors alone are apparently insufficient to cause the disease, inasmuch as

the most common genetic disorder, a mutation in chromosome 6 controlling the HLA antigen immune complex, although seen in 90% to

100% of patients, also occurs in as many as 50% of people without narcolepsy. A dog model of narcolepsy exhibits a mutation on

chromosome 12 that disrupts the processing of the peptide neurotransmitter hypocretin. No such mutation characterizes human narcolepsy;

however, cerebrospinal fluid (CSF) hypocretin levels are profoundly depressed in narcoleptic patients, and a specific reduction in hypocretin-

containing neurons has been described. One hypothesis concerning the pathophysiology of narcolepsy proposes that the HLA subtype

resulting from the mutation on chromosome 6 increases the susceptibility of hypocretin-containing brain neurons to immune attack. Because

hypocretin may normally participate in the maintenance of wakefulness, the loss of neurons that release this peptide might allow REM sleep

to occur at inappropriate times, ie, while the patient is awake, in contrast to its normal cyclic appearance after a period of slow-wave sleep.

The cataplexy, hallucinations, and/or paralysis associated with REM episodes normally are unnoticed—or, at least, not remembered—when

the transition to REM follows slow wave sleep, as is normally the case; however, they are remembered when, in people with narcolepsy, the

REM episode starts during a period of wakefulness. The association of narcolepsy with a deficiency in a specific neurotransmitter, in this

case, hypocretin, is reminiscent of the associations between Parkinson disease and dopamine, or early Alzheimer disease and acetylcholine.

D 2006 Elsevier Inc. All rights reserved.
1. Introduction

Narcolepsy is a chronic neurologic disease characterized

by 4 sleep-related disturbances (although only about 10% of

patients present with the full tetrad) [1-3]: excessive daytime

sleepiness, sometimes described as ban insurmountable urge

to sleepQ; total paralysis at the beginning or end of sleep;

and symptoms probably resulting from the onset of rapid

eye movement (REM) sleep episodes during periods of

wakefulness instead of, as is normally the case, during

periods of slow wave sleep. These REM-related symptoms

include, in 70% of patients [1], cataplexy (a sudden and

brief loss of muscle tone, ranging from slurring of speech to

a complete loss of posture, with full retention of conscious-

ness), often triggered by intense emotions or even laughter.
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They also less commonly include vivid hallucinations

during sleep onset or upon awakening. Daytime sleep

episodes may be associated with bautomatic behavior,Q in
which the patient continues to perform conventionalized

behaviors (eg, taking notes) but does not remember having

done so once he or she awakens. Nocturnal sleep tends to be

fragmented and is often described as not being restful,

although the total number of hours spent sleeping each day

is usually unaltered.

Narcolepsy afflicts perhaps 135000 Americans [1],

making it the third most common of the sleep disorders after

sleep apnea and the restless legs syndrome. Symptoms first

tend to appear at ages 10 to 25 years but have also been

described in children as young as 3 years; they tend to worsen

with time, sometimes decreasing in severity after age

60 years [1]. In most cases, the disease is sporadic; however,

about 10% involve familial clusters [1]. Genetic factors alone

are apparently insufficient to produce the disease, inasmuch

as the most common genetic disturbance in persons with
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narcolepsy [4,5]—a mutation on chromosome 6 affecting a

human leukocyte antigen ([HLA] DR2/DQ6 [DQB1*0602]),

seen in 90% to 100% of patients—is also found in 50% of

nonnarcoleptic subjects. The diagnosis of narcolepsy is

usually confirmed by finding abnormally timed REM

episodes on polysomnographic recordings and by the

Multiple Sleep Latency test. In that test, subjects are asked

to try to fall asleep at several times during the day; normal

individuals require, on average, 10 minutes to do so, whereas

those with narcolepsy may fall asleep in less than 5 minutes.

The treatment of narcolepsy, which often is less than fully

satisfactory, involves administering a stimulant to diminish

the daytime sleepiness and an antidepressant for the REM

sleep–associated symptoms.

1.1. Symptomatic narcolepsy

Symptoms of narcolepsy can also occur in association

with other neurologic diseases [4,6-8]. Nishino and Kan-

bayashi [4] have recently analyzed reports describing 116

such patients with bsymptomatic narcolepsy,Q including 38

with inherited disorders (such as Niemann-Pick disease), 33

with brain tumors, 19 with a history of head trauma, 10 with

multiple sclerosis, and 6 with vascular diseases. Such

patients can exhibit the full constellation of symptoms seen

in idiopathic narcolepsy, as well as the narcolepsy-associ-

ated reduction in cerebrospinal fluid (CSF) hypocretin levels

described below; both the symptoms and the reduced CSF

hypocretin tend to improve when the underlying neurologic

disease is successfully treated.
2. Hypocretin in narcolepsy

In the few years since the discovery of the 2 hypocretin

peptides in 1998 [9,10], considerable evidence, summa-

rized below, has accumulated showing that brains of most

narcoleptic patients are deficient in these compounds and

that this deficiency may be related to the pathogenesis of

the disease [3]. Narcolepsy thus becomes, along with

Parkinson disease (dopamine) and early Alzheimer disease

(acetylcholine), one of a very small number of syndromes

in which symptoms clearly seem to arise in relation to one

key neurotransmitter.

2.1. Biochemistry of hypocretin

The 2 neurotransmitter peptides, usually termed hypo-

cretins, particularly by clinical investigators, were identified

by 2 groups of investigators in 1998, based on use of a

reverse pharmacology technique to identify ligands for

G-protein–coupled receptors [9] and on identification of the

novel prepropeptide formed by a messenger RNA extracted

from rat hypothalamus [10]. The Sakurai et al [9] report also

described 2 hypocretin receptors coupled to G proteins and

the binding affinities of each for the 2 peptides, whereas the

de Lecea et al [10] report showed that hypocretins are

concentrated within synaptic vesicles and produce excitato-

ry effects when applied to cultured hypothalamic cells.
Hypocretin-1 [10] was found to contain 33 amino acids,

and hypocretin-B or hypocretin-2, 28 amino acids. Both

peptides are derived from a common 130- to 131-amino-

acid precursor, preprohypocretin [11]. Hypocretin-1 binds to

both of the hypocretin receptors, OX1R and OX2R; through

OX1R, it activates a Gq G protein, and through OX2R, both

it and hypocretin-2 activate both Gq G and Gi/Go receptors.

The ultimate effects of the hypocretins on postsynaptic

neurons apparently involve decreasing potassium conduc-

tance [12,13]. Hypocretin receptors and the terminals of

hypocretinergic neurons are abundant in rat hypothalamus,

hippocampus, locus coeruleus, raphe nuclei, and cerebral

cortex, among other brain regions [2,14].

Patch clamp recordings have shown that the neuro-

transmitters norepinephrine and serotonin tend to inhibit

hypocretin-releasing neurons, whereas acetylcholine tends to

be excitatory [15]. Moreover, the direct application of

aminomethylphenylacetic acid (AMPA) and N-methyl-d-

aspartate (NMDA) agonists excite hypocretin neurons in

mouse hypothalamus, whereas glutamate antagonists reduce

their activity [16]. Administration of glucose or leptin also

tends to inhibit these neurons, whereas ghrelin, a hormone

whose plasma levels rise with fasting, is excitatory, raising

the possibility that postprandial sleepiness results in part from

diminished hypocretin release [2].

Although there is broad agreement that the hypocretins

are somehow involved in the regulation of normal sleep and

wakefulness, their exact functions in these processes remain

unclear [17] and presently the subject of broad investigation

(cf [17-20]). Hypocretin tends to be released within the

brain at high levels during active waking and during REM

sleep, and at minimal levels during non-REM sleep [20]. Its

intracerebroventricular administration to conscious rats at

the onset of the normal sleep period causes a dose-

dependent increase in subsequent wakefulness (ie, during

the second and third hours after dosing) associated with

marked reductions in slow wave sleep and paradoxical sleep

[21]. This was interpreted as reflecting a hypocretin-induced

acceleration of locus coeruleus firing, a hypothesis consis-

tent with the association in narcolepsy (described below)

between low hypocretin levels and the inappropriate

appearance of REM sleep episodes.

2.2. Initial evidence relating hypocretin to narcolepsy

One year after the hypocretins were discovered, Lin et al

[22] identified a characteristic mutation in one of the

hypocretins in 2 canine models of human narcolepsy,

narcoleptic Doberman pinschers and Labrador retrievers,

and proposed that the sleep disorders and cataplexy observed

in these animals resulted from this mutation. A few weeks

later, Chemelli et al [23] affirmed a relationship between the

symptoms of narcolepsy and hypocretin deficiency by

describing cataplexy-like states in hypocretin-deficient

knockout mice. Then, in 2000, Nishino et al [24] reported

major deficiencies in CSF hypocretin levels among most

patients (subsequently shown to be 90% [25]) with narco-



R.J. Wurtman / Metabolism Clinical and Experimental 55 (Suppl 2) (2006) S36–S39S38
lepsy, and 2 other laboratories described the virtual absence

of hypocretin [26] and a major decrease in hypocretin-

containing neurons [27] in brains of patients with narcolepsy.

In only a single patient studied to date [26] has the

narcolepsy-related reduction in brain hypocretin been shown

to result from mutations in the gene responsible for

hypocretin production, as opposed to the loss of hypocre-

tin-producing neurons [3]. Hence, the most widely accepted

view concerning the mechanism of the hypocretin deficien-

cy is that a degenerative process, probably immune in

origin, selectively destroys hypocretin-releasing neurons,

thereby producing the clinical syndrome of narcolepsy. If

this hypothesis continues to be supported, it may lead to

attempts to prevent or treat the disease immunologically.

Moreover, narcolepsy will become one of a very few

neurologic disorders—along with Parkinson disease, Alz-

heimer disease, amyotrophic lateral sclerosis, and, possibly,

depression—to arise from the selective loss of a single

population of neurons. In support of this hypothesis, recent

studies suggest that the short-term administration of

hypocretin-A can maintain wakefulness, suppress sleep,

and inhibit attacks of cataplexy in mice made narcoleptic by

the prior ablation of orexigenic neurons [23]. Studies that

test hypocretin’s actions and its roles in narcolepsy and

normal sleep should be facilitated by the ongoing develop-

ment of nonpeptidergic hypocretin antagonists that readily

cross the blood-brain barrier [24-26,28-31].
3. Some future directions

The clear association between a deficiency in brain

hypocretin levels and symptoms of narcolepsy places these

peptides among a select group of neurotransmitters, along

with nigrostriatal dopamine and hippocampal acetylcholine,

deficiency of which can give rise to a brain disease (Parkinson

and early Alzheimer disease). It also suggests possible ways

of treating the narcolepsy (ie, with to-be-developed non-

peptide hypocretin receptor agonists capable of crossing the

blood-brain barrier) or of slowing progression of the disease

with anti-immune drugs (if the loss of the hypocretin neurons

is indeed caused by HLA antigen–related immune attack).

The actual use of hypocretin agonists may be complicated if,

eg, endogenous hypocretins suppress REM sleep onset

episodically, and not continuously; it probably would not

be desirable to suppress all REM sleep, including that which

normally occurs within periods of slow wave sleep, so the

agonists would have to be available only when the missing

hypocretin neurons would normally be firing.

In addition, recognition of this association should

facilitate the experimental analysis of sleep and wakefulness

per se: It is generally believed that humans exhibit 3 main

varieties of sleep-related behavior—wakefulness; slow

wave sleep; and REM sleep—each of which reflects the

activity of a network of brain neurons or bmodule.Q The

transition from the bwakefulness moduleQ into sleep is via

the bslow wave sleep module,Q and transitions both into and
out of the bREM sleep moduleQ also are normally via slow

wave sleep. Presumably, one or more neural switches

determine whether slow wave sleep will continue, will

segue into REM sleep, or will yield to wakefulness;

however, no such switch allows a transition from wakeful-

ness to REM sleep unless hypocretin is deficient. (Various

hypnotic drugs, particularly the benzodiazepines, also affect

the switching mechanisms, suppressing the transition from

slow wave sleep into REM sleep.)

The putative bmodulesQ underlying these 3 varieties of

sleep-related behavior remain essentially bblack boxes,Q and
before the discovery of the hypocretin-narcolepsy relation-

ship very little has been known about how the bswitchingQ
mechanisms operate. Careful analyses of the temporal

patterns of wakefulness, slow wave sleep, and REM sleep

among people or animal models with narcolepsy and among

animals with selective neurosurgical or genetic lesions of

hypocretin-secreting neurons should provide important

insights into the mechanisms underlying switching. Hypo-

cretins apparently are involved in other cyclic regulatory

processes besides sleep-wakefulness, eg, those affecting

metabolism and food consumption. When hypocretin-

releasing brain neurons are activated (during wakefulness)

and release their neurotransmitter to suppress REM onset, is

this activation cyclic, and is hypocretin release from one set

of neurons (eg, those terminating in the locus coeruleus)

paralleled by that in brain areas less associated with

behavioral activation and more with metabolism (eg, the

hypothalamus)? Or are different sets of hypocretin neurons

differentially controlled? It can be anticipated that the next

few years will see major advances in our understanding of

the basic biology of these neurons and, through this

understanding, of sleep-wakefulness in general.
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