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Abstract

Hypocretins (orexins) are recently discovered hypothalamic neuropeptides that have been 

implicated in the etiology of narcolepsy. The normal behavioral functions of these peptides are 

unclear, although a role in feeding has been suggested. We measured hypocretin-1 (Hcrt-1) in the 

cerebrospinal fluid of dogs during a variety of behaviors. We found that 48 h without food (24 

h beyond normal 24-h fasting period) produced no significant change in Hcrt-1 levels nor did 

feeding after the deprivation. In contrast, 24 h of sleep deprivation produced on average a 70% 

increase in Hcrt-1 level compared with baseline levels. The amount of increase was correlated 

with the level of motor activity during the sleep-deprivation procedure. A 2-h period of exercise 

in the same dogs produced a 57% increase in Hcrt-1 levels relative to quiet waking levels, with 

the magnitude of the increase being highly correlated with the level of motor activity. The strong 

correlation between motor activity and Hcrt-1 release may explain some of the previously reported 

behavioral, physiological, and pathological phenomena ascribed to the Hcrt system.
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THE HYPOCRETINS (Hcrts; also known as orexins) are recently discovered peptides 

synthesized only in hypothalamic neurons (6, 44). Loss of Hcrt neurons (56) and reduced 

levels of Hcrt mRNA in the brain (42) have been shown to be linked to human narcolepsy, 

a disorder characterized by abrupt losses of muscle tone called cataplexy, a related symptom 

called sleep paralysis, overwhelming daytime sleepiness, and disrupted nighttime sleep (2). 

Null mutant mice in which the Hcrt peptides are not synthesized (6) and mice in which Hcrt 

neurons are ablated by insertion of the ataxin-3 gene (16) have symptoms of narcolepsy, as 

do dogs with mutations of the Hcrt-2 receptor (62) and rats with saporin lesions of Hcrt 

neurons (13).
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Initial work on the Hcrts emphasized their putative role in appetite control, hence the 

name orexin, from the Greek word for appetite. It was reported that intracerebroventricular 

injection increased food consumption (44). Dube et al. (8) and Sweet et al. (51) identified 

some hypothalamic sites at which microinjection of Hcrt-1 increased feeding. However, 

other studies on the appetite relations of Hcrt produced mixed results. Edwards et al. (9) 

and Ida et al. (17) found that appetite was increased by intracerebroventricular injection but 

that the effect was weak compared with that of neuropeptide Y (NPY). Yamanaka et al. (64) 

found that continuous intracerebroventricular infusion of Hcrt-1 increased feeding during the 

daytime (the normally inactive phase) but had no effect on total feeding. Similarly, Kotz 

et al. (25) reported that microinjection of Hcrt-1 into the lateral hypothalamus stimulated 

feeding during the light but not during the dark period. Conversely, it was reported that 

food deprivation raised Hcrt-1 levels during the light period but did not further elevate levels 

during the dark (12). An increase of locomotor activity associated with food deprivation (18, 

31, 33) cannot be ruled out as the cause of the raised Hcrt-1 levels. Intracerebroventricular 

injection and direct microinjection are nonphysiological means of transmitter delivery in 

terms of their concentration gradients and anatomic distribution. Consequently, behavioral 

effects produced by such means need to be confirmed with other techniques before one can 

conclude that they represent the normal function of the applied agonist.

To clarify the normal functions of Hcrts, we measured Hcrt-1 levels in the cerebrospinal 

fluid (CSF) during food deprivation, feeding, motor activity, and sleep deprivation. These 

results have been reported in preliminary form (63).

MATERIALS AND METHODS

Animals.

Seventeen adult genetically narcoleptic (mean age = 2.4 ± 0.4 yr; 12 females, 5 males) and 

seven adult normal (mean age = 2.4 ± 0.9 yr; 3 females, 4 males) Doberman pinscher dogs 

were used in this study. All the procedures were conducted in accord with the National 

Research Council Guide for the Care and Use of Laboratory Animals (38) and the American 

Physiological Society’s “Guiding Principles For Research Involving Animals and Human 

Beings” (3) and were approved by the Institutional Animal Care and Use Committee of the 

University of California at Los Angeles and the Department of Veterans Affairs.

CSF collection.

Aseptic procedures were used for CSF collection under thiopental anesthesia (12.5 mg/kg 

iv). All baseline and experimental CSF collections were done between 9 and 11 AM to 

control for circadian effects on Hcrt levels, although the dog has relatively weak circadian 

sleep, activity, and endocrine rhythms (53). Baseline CSF collections were done before 

the morning meal (food was given after the collection). CSF was collected from the 

cerebellomedullary cistern just behind the occipital protuberance. After disinfecting the 

area with applications of a surgical scrub and 70% alcohol, a 22- or 20-gauge, 1.5- or 

2.5-in. spinal needle was inserted perpendicular to the skin in the midline half-way between 

the occipital protuberance and the line joining the wings of the atlas. Once the cistern 

was punctured, 1.0 ml CSF was collected in a sterilized polypropylene vial and then 
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quickly frozen at −20°C within 5 min of the initial injection of anesthetic. Vital signs 

(electrocardiogram, oxygen saturation, respiration, and temperature) were monitored during 

and after the procedure.

Hcrt-1 was extracted from 1-ml samples with a reverse-phase SEP-PAK C18 column. 

Samples were acidified with 1% trifluoracetic acid (TFA) and loaded onto the C18 SEP-

Column (Waters, Milford, MA). The peptide was eluted with 1% TFA/40% acetonitrile. 

The eluant was then dried down and resuspended in RIA buffer before assay. The Hcrt-1, 

iodinated Hcrt-1, and Hcrt-1 antiserum were obtained from Phoenix Pharmaceuticals, Cat. 

#RK-003–30 (Belmont, CA). Hcrt-1 and Hcrt-2 are cleaved from the same precursor peptide 

and are generally thought to be found in the same neurons (7, 44). Hcrt-2 is much less stable 

than Hcrt-1 (22) and was not measured in the current study. The solid-phase peptide assay 

(32) provided an IC50 of 3.8 ± 0.7 fmol and a limit of detection of ~0.2 fmol.

Actigraphy.

The activity of the dogs was monitored continuously for 24 h/day with collar-mounted 

actigraphs (Actiwatch, Mini Mitter, Sundriver, OR) as described earlier (20). Data were 

downloaded to a personal computer and further analyzed by a program of our design. 

The program could integrate total numbers of movements above a preset amplitude for 

measurements of activity (total activity, total duration of activity/inactivity, and average 

duration of activity/inactivity bouts) in 30-s epochs. The actigraphic correlates of sleep were 

determined by simultaneous polygraphic and actigraphic monitoring (20). We found that 

sleep onset and sleep time could be identified by a reduction in actigraphic activity to <10 

actigraphic units within each 30-s epoch.

Food deprivation and intake.

Six normal dogs were used in this study. Dogs were fed daily at 9 AM with a mixture of 

Eukanuba Adult Maintenance feed (600 g) (The IAMS, Dayton, OH) and Pedigree chopped 

beef (375 g) (Kal Kan Foods, Vernon, CA) in a bowl. The 48-h food-withholding procedure 

(24 h beyond their normal 24-h fasting interval) started immediately after feeding on day 1. 

The normal morning feeding on day 2 was omitted, with continued water availability. At the 

end of food deprivation on day 3, CSF was collected between 9 and 10 AM or food was first 

reintroduced at the regular time and CSF was collected immediately (<5 min) or 30 min or 

60 min after feeding. All the dogs finished the food entirely within 1–2 min of presentation. 

CSF was collected 1 wk apart between trials.

Sleep deprivation.

A 24-h total sleep deprivation began at 9 AM after feeding. A total of 13 dogs, 7 

narcoleptics and 6 normals, was used. Both normal and narcoleptic dogs average between 9 

and 12 h of sleep over the 24-h period under ad libitum sleep conditions (20, 30). During 

sleep deprivation, dogs stayed in their home cage (3.3 × 1.1 m) during the day and in a room 

(5.5 × 3.4 m) during the night. Gentle handling, sound, or short-walk strategies were used to 

deprive them of sleep. No food was available during deprivation. The activity level of nine 

of these dogs (5 narcoleptic and 4 normals) was monitored throughout the deprivation period 

using the Actiwatch system. Four pairs of dogs (2 narcoleptic and 2 normals), one sleep 
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deprived and one yoked control, underwent sleep deprivation during which the yoked control 

was allowed to sleep whenever the sleep-deprived one was awake. In two of the pairs (both 

normals), their roles were reversed during another trial of sleep deprivation in which the 

deprived became yoked control and vice versa. The same amount of stimulation was given to 

both the sleep-deprived and the yoked control whenever the sleep-deprived one was falling 

asleep. At other times, the yoked control was allowed uninterrupted sleep. To summarize, 

one of the subjects had undergone one unpaired sleep deprivation, one was involved in two 

paired sleep deprivations (1 time as the deprived and another time as the yoked control), 

four were involved in one paired sleep deprivation, and the other three were involved in 

one unpaired sleep deprivation and two paired sleep deprivations. In all, 16 data points were 

available, not including baseline. These data points were treated as independent samples 

in the analysis. The activity measurements of three subjects during one sleep deprivation 

were unavailable due to instrumental failure; therefore 29 data points (13 deprivation plus 

16 baseline points) were used in the correlation between activity and percent total sleep and 

between activity and Hcrt-1 level. CSF was collected immediately at the end of the 24-h 

sleep-deprivation period and again at 24 and 48 h after the termination of sleep deprivation 

before the morning meal. Baseline Hcrt-1 and activity level were determined a week before 

sleep deprivation between 9 and 11 AM before the morning meal while the animals were in 

quiet waking state.

Activity.

Dogs (17 narcoleptics and 7 normals) were encouraged to run and play in an outdoor 

exercise area (26.7 × 17.7 m) for 0, 30, 60, or 120 min before CSF collection, with 

concurrent quantification of motor activity by actigraphic measurement. The 2-h exercise 

period occurred between 8 and 11 AM. No food was available during exercise. CSF 

collections for baseline and each exercise condition were done 1 wk apart. Baseline Hcrt-1 

level was determined after the animals had 2 h of quiet waking in their home cage. Their 

activity measurements were calculated in 30-, 60-, and 120-min episodes to match the 

exercise conditions. For the 30-min exercise, the dogs were released into the exercise area 

after 1.5 h of wake period in their home cage. For the 1-h exercise, the dogs were released 

into exercise area after 1 h of wake period in their home cage. For the 2-h exercise, the dogs 

were in the exercise area for the entire 2-h period.

The animals were continuously monitored to ensure that they remained awake for the entire 

2-h period in all baseline and exercise conditions. However, it was not necessary to intervene 

in any way to maintain waking during this period in either group because the sampling 

was occurring during the dog’s normal waking period. Not every dog was involved in 

every experimental manipulation. Although most normals were involved in all three exercise 

conditions, most narcoleptics were involved in one to two conditions. Overall, 46 data 

points were collected in which activity measurements were available (26 data points from 7 

normals and 20 data points from 17 narcoleptics) and included both baseline and exercise 

conditions.
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Data analysis.

Activity and sleep measurements at various times before CSF collection were calculated 

from the actogram and correlated with CSF Hcrt-1 level. Changes of Hcrt-1 level were 

analyzed with ANOVA, followed by post hoc comparisons using Fisher’s least significant 

difference (LSD) test.

RESULTS

Food deprivation and feeding.

Hcrt-1 levels were not elevated by withholding food for 48 h; there was no difference 

between baseline Hcrt-1 level and that after food deprivation (49.7 ± 3.2 vs. 45.4 ± 3.1 

fmol/ml). Hcrt-1 levels were also not significantly decreased (or increased) after feeding [P 
> 0.2, F(4,20) = 1.43, ANOVA] (Fig. 1). The baseline Hcrt-1 level was similar to that of 2- 

to 6-wk-old dogs with food available ad libitum (20). There was also no significant change 

in motor activity assessed actigraphically across these conditions [P > 0.1, F(4,20) = 2.22, 

ANOVA].

Sleep deprivation and Hcrt.

A 2 × 2 × 4 ANOVA with factors of sleep deprivation status (sleep deprived vs. yoked 

control), genetic status (normals vs. narcoleptics), and time point (baseline, immediately 

after 24-h sleep deprivation, 24 h postdeprivation, and 48 h postdeprivation) was performed. 

Total sleep deprivation for 24 h produced a significant increase in Hcrt-1 level in the 

CSF; there was a significant effect of time point [F(3,24) = 12.70, P < 0.0001]. There 

was no significant effect of deprivation status [F(1,8) = 0.35, P > 0.5]. Figure 2 shows 

the data with deprivation factor collapsed. Post hoc comparisons showed that 24-h sleep 

deprivation produced a significant increase in Hcrt-1 level in the CSF for both the normals 

and narcoleptics, compared with the baseline (P < 0.01, Fisher’s LSD). Hcrt-1 level returned 

to baseline level within 24 h after the end of sleep deprivation. There was no difference in 

the magnitude of the deprivation-induced increase between narcoleptics and normals [F(1,8) 

= 0.01, P > 0.9], with a mean increase of 70%. There was also no difference in the basal CSF 

Hcrt-1 level between narcoleptics (50.8 ± 8.1 fmol/ml) and normals (59.1 ± 10.5 fmol/ml).

Because motor activity is necessarily increased during sleep deprivation, we quantified the 

level of activity and sleep during the sleep-deprivation procedure using collar-mounted 

actigraphs. We found that activity and sleep during this procedure were significantly 

correlated with each other (r = −0.79, df = 27, P < 0.0001; Fig. 3). The amount of sleep 

during the deprivation procedure was significantly correlated with the change in Hcrt level 

(r = −0.66, df = 30, P < 0.0001; Fig. 4). This relation held for both the narcoleptic (r = 

−0.75, P < 0.02, n = 10) and normal dogs (r = −0.67, P < 0.001, n = 22). However, we also 

found that the increase in activity during the procedure was significantly correlated with the 

change in Hcrt level (r = 0.61, df = 27, P < 0.0005, last 24 h) (Fig. 5). A partial correlation 

of sleep with Hcrt level, holding activity constant, was not significant (r = −0.20, df = 27, P 
> 0.2). However, a partial correlation of activity with Hcrt level, holding sleep constant, was 

significant (r = 0.46, df = 27, P < 0.02).
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To clarify the motor role in the sleep deprivation-linked elevation of Hcrt level, we examined 

the sleep loss and activity levels in yoked pairs of sleep-deprived (n = 6) and control (n 
= 6) dogs. In these pairs, we systematically disturbed the controls in the same way the 

experimentals were disturbed but restricted this disturbance to waking periods. The activity 

levels of the yoked and experimental dogs did not differ during the procedure (t = 0.68, df 

= 10, P > 0.5; 44.6 ± 3.2 actigraph units in 10,000 in deprived vs. 40.8 ± 3.6 in controls), 

although the distribution of the activity periods differed, with the yoked animals having 

more long-duration periods of activity, corresponding to sleep. As expected, the deprived 

dogs showed significantly greater sleep loss than the yoked controls (t = 3.35, df = 10, P < 

0.01). However, the deprived and control dogs did not have a significant difference in the 

elevation of Hcrt levels during the procedure (49.4 ± 17.4 vs. 31.3 ± 18.2%, t = 0.72, df = 

10, P > 0.4), consistent with the hypothesis that motor activity was the underlying cause of 

the Hcrt elevation.

Activity and Hcrt.

To more directly test this hypothesis, we compared Hcrt levels during two types of waking 

periods. In one, the animals were monitored at a time of day during which they were 

normally spontaneously awake, to confirm that they remained awake for the 30-, 60-, or 

120-min periods. In the other waking period, elicited in a counterbalanced sequence in the 

same dogs at the same time of day, the dogs were encouraged to run in an exercise yard for 

30, 60, or 120 min. Activity was monitored in both conditions with actigraphs. The 120-min 

exercise periods produced a mean elevation of Hcrt level of over 57%, nearly as large as 

those resulting from 24 h of sleep deprivation (Fig. 6). This change in Hcrt-1 level was a 

function of the duration of activity [30, 60, or 120 min; F(3,46) = 4.00, P < 0.02] and type 

of dogs [narcoleptic vs. normal; F(1,12) = 7.40, P < 0.02]. Normal dogs showed a significant 

increase of Hcrt after 120 min of activity (P < 0.05, Fisher’s LSD). Narcoleptic dogs had a 

significant increase of Hcrt after 30, 60, and 120 min of activity (all P < 0.01, Fisher’s LSD). 

The Hcrt-1 level of the narcoleptic dogs was significantly greater than that of the normals 

after all durations of activity (all P < 0.05; Fisher’s LSD) but did not differ under baseline 

conditions.

In a further analysis, we correlated the actual motor activity, determined actigraphically 

during both baseline and exercise periods, with the Hcrt level and found a highly significant 

correlation (r = 0.53, df = 45, P < 0.0002; Fig. 7). No sleep occurred during any of the 

waking periods sampled.

Although there was no difference in age between the normal (4 males, 3 females) and 

narcoleptic (5 males, 9 females) dogs, our normal dogs were significantly heavier than the 

narcoleptics (34.7 ± 1.5 vs. 25.8 ± 1.1 kg, P < 0.0001, t-test) (Fig. 8). This relation also held 

if we restricted our comparisons to the female dogs. The normal dogs were less active than 

the narcoleptics under free running 24-h conditions, but this difference was not significant (P 
> 0.4, t = 0.76, df = 14).
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DISCUSSION

We find a major effect of motor activity on Hcrt-1 level in the CSF. Two hours of exercise 

produced a >50% elevation of Hcrt-1 levels in the CSF. We saw a similar increase in Hcrt 

level in the CSF of normal cats after exercise (24). In the current study, we see a 70% 

increase of Hcrt level after 24 h of sleep deprivation. However, the “sleep-deprivation” effect 

that we see was not correlated with the amount of sleep loss. Rather, it was correlated with 

the activity level during the deprivation procedure. Because we see a comparable increase 

in Hcrt levels relative to quiet waking levels with exercise alone, the most parsimonious 

conclusion is that the Hcrt increase observed in the sleep-deprivation procedure is linked to 

motor activity rather than sleep loss. This interpretation would be consistent with a recent 

study that found that sleep loss in the mouse and rat does not produce changes in Hcrt 

mRNA levels (55).

The largest extrahypothalamic projection of the Hcrt system terminates in the locus ceruleus 

(43) and is excitatory (4, 19). We found that microinjection of Hcrt into the locus ceruleus 

increases muscle tone in a dose-dependent manner (23). We also reported that cataplexy, 

the abrupt loss of muscle tone experienced by narcoleptics, is linked to a cessation of 

locus ceruleus activity in narcoleptic dogs (62). Although the receptor affected in canine 

narcolepsy, the Hcrt-2 subtype, is not present in the locus ceruleus (which contains the 

Hcrt-1 subtype), the dysfunctional Hcrt-2 receptors may result in abnormal activity in Hcrt 

cells, thereby affecting postsynaptic cells with both receptors types. The effectiveness of 

anti-cataplectic therapeutic agents is strongly correlated with the extent to which they act 

as noradrenergic agonists (39), suggesting that these drugs are compensating for the lack 

of Hcrt drive to the locus ceruleus. The activity of locus ceruleus and reticulospinal cells 

projecting to motoneurons excited by Hcrt is tightly linked to motor activity (23, 47, 49, 50). 

These cells may mediate aspects of the Hcrt-motor relations reported here. Hcrt-containing 

cells also project directly to the spinal cord and may thereby directly affect motoneuron 

activity (60).

Levitt and Teitelbaum (28) reported that lesion of the lateral hypothalamus, which contains a 

large portion of the Hcrt cell population, produces akinesia. They hypothesized that this lack 

of motor activation was the underlying cause of the lack of eating (aphagia) that resulted 

from the lesion. Valenstein and colleagues (35, 58, 59) showed in a series of studies that 

stimulation of the lateral hypothalamus can produce feeding. However, they found that this 

effect was best understood as a generalized motor or motivational activation, because unlike 

the effects of food deprivation, the expressed behavior depended on the consummatory 

objects placed near the animal. For example, if a wooden block was placed in the cage, it 

was gnawed on during stimulation; if water was placed in the cage, it was drunk; and if a 

female was present during stimulation of a male rat, the male attempted copulation. In the 

absence of consummatory objects, stimulation produced grooming and locomotion. In the 

context of our current results, we suggest that Hcrt release elicited by electrical stimulation 

of the hypothalamus or by application of Hcrt to projection sites by intracerebroventricular 

administration produces a motor activation that can lead to feeding (44), drinking (26), 

grooming (17), or other consummatory responses.
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Examination of Hcrt gene expression in obese mice produced an apparently paradoxical 

result. Both NPY and Hcrt have been hypothesized to increase feeding. However, whereas 

the expression of the gene for NPY, a peptide that potently increases feeding, was increased 

in these overeating animals, Hcrt gene expression was found to be significantly decreased 

(57). Cai et al. (5) found a similar downregulation of Hcrt in Zucker fatty and Zucker 

diabetic fatty (ZDF) rats. However, they found that nonobese ZDF diabetic rats had normal 

Hcrt gene expression. When treated with Rosiglitazone, which induced weight gain, the 

ZDF diabetic rats showed a significant downregulation of Hcrt gene expression. The motor 

relations we observed can explain these findings. If motor activity and Hcrt release were 

reduced in the animals that became obese, one would expect downregulation of the gene 

linked to the synthesis of the peptide.

The hypothesis that motor activity underlies previously described Hcrt relations to weight 

could be tested by carefully monitoring movement. However, most studies of Hcrt and 

feeding have not monitored movement or electromyograms. In the current study, we find 

no significant change in motor activity during our food-deprivation procedure and no 

accompanying change in Hcrt level, in clear contrast to the substantial changes in Hcrt 

level in the same dogs with relatively short periods of activity.

It would be desirable to monitor the effects on motor activity of other manipulations that 

have been found to affect the Hcrt system. For example, insulin treatment (14, 37), insulin 

secretion (40), fasting in rodents (44, 36), and gastric acid secretion (54) have been shown 

to be correlated with Hcrt levels. Careful monitoring and control of various parameters 

and correlates of motor activity during these observations are necessary to separate the 

movement correlates of Hcrt synthesis and release and other putative regulatory or metabolic 

roles.

Consistent with the relations between Hcrt release and motor activity that we see here 

are prior reports showing locomotion and grooming after intracerebroventricular (15, 17) 

and intravenous (21) injection of Hcrt. The increase in metabolic rate (29), peripheral 

norepinephrine levels, and heart rate seen after Hcrt injection (46) are also consistent with 

an underlying relation to motor activity. The observed circadian rhythms of Hcrt release (12, 

52), maximal at the times of maximal motor activity, may also be a consequence of motor 

activity rather than circadian time. Recent fos expression studies found increased labeling 

of Hcrt cells correlated with a higher percentage of wake time (10), findings that can be 

explained by the link between Hcrt release and motor activity.

Human narcoleptics have an >85% loss of Hcrt cells (56). If Hcrt were tightly linked to 

food intake, one would hypothesize that narcoleptics would be underweight. On the other 

hand, if the major link were to motor activity, one would hypothesize reduced motor activity 

(48). A recent study demonstrated that narcoleptics were not underweight but rather had a 

significantly elevated body mass index (45) despite reduced food intake (27). Reduced motor 

activity leading to reduced caloric expenditure is consistent with these findings. Similarly, 

although “knockout” mice that do not produce the peptide reduce their food intake, they 

do not have reduced weight (61). A study of mice in which the Hcrt neurons are ablated 
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postnatally by the insertion of an ataxin-3 transgene found that these mice gained weight 

despite reduced food intake (16).

Reduced motor activity may be linked to the major symptom of narcolepsy, excessive 

daytime sleepiness. Because of the arousing effect of exercise (34, 41), the impairment of a 

major motor-activating system in narcoleptics can be seen, at a behavioral level, as linked to 

periods of reduced mobility and associated loss of arousal.

Motor activity is normally linked to arousal, autonomic, and metabolic processes. 

Anatomically localized Hcrt release patterns may not parallel levels detected in the CSF. 

Therefore, the motor link emphasized here certainly does not exclude direct functional 

relations between Hcrt and these other processes. The Hcrt system is likely to have a role 

in integrating these physiological and behavioral processes through its inputs and anatomic 

projections.

Neuronal recording studies show that the majority of neurons in the perifornical regions, 

in which Hcrt neurons are concentrated, fire in bursts during motor activity (1). The 

neurotransmitter phenotype of these cells was not positively determined. We and others 

found that systemic, intracerebroventricular, and intraparenchymal injection of Hcrt 

increases motor activity (15, 17, 21, 23). Our current work shows a greater than 50% 

increase in overall brain Hcrt levels with 2 h of moderate exercise. These data indicate a 

close correlation of Hcrt level with motor activity. This pattern of change suggests that Hcrt 

is not involved in a homeostatic regulation of motor activity such that high levels of motor 

activity would inhibit Hcrt release whereas low levels of activity would disinhibit release. 

Rather, Hcrt release appears to be linked to increased movement, whether movement is 

elicited by Hcrt administration or by exercise. This is the pattern shown by reticulomotor 

and pyramidal cells (11, 49, 50). The hypothesis that Hcrt activity is linked to motor activity 

is consistent with the massive projection of Hcrt cells to monoaminergic cells that, in 

turn, project strongly to motoneurons and facilitate motor activity. The precise parameters 

and correlates of movements to which Hcrt release is most closely linked remain to be 

determined.

Finally, our demonstration that brain CSF levels are a function of prior behavior needs to 

be taken into account in evaluating the significance of Hcrt levels in humans and animals. 

Clearly, CSF Hcrt levels are not solely a “trait” variable, invariant in each individual or 

solely a function of circadian time. Rather, they are dependent on prior behavior. Similarly, 

changes in Hcrt level across development could be a consequence (or cause) of changes in 

activity levels rather than simply be age dependent. These variables need to be separated 

experimentally with careful monitoring of motor activity along with other investigated 

variables.
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Fig. 1. 
Cerebrospinal fluid (CSF) hypocretin (Hcrt)-1 level after 48 h without food (n = 6) and 

immediately (n = 5), 30 min (n = 5), or 1 h (n = 6) after eating following food deprivation 

in normal dogs. No significant changes were seen (ANOVA). Hcrt-1 level was not increased 

with food deprivation nor was it decreased with feeding.
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Fig. 2. 
Sleep deprivation induced changes in Hcrt level in CSF. Sleep deprivation was correlated 

with an increase in Hcrt-1 level. Data represent Hcrt-1 level at the termination of 24-h sleep 

deprivation (24 h SD) and at 24 h (24 h post) and 48 h (48 h post) after the sleep deprivation. 

Normal: normal dogs (n = 6); narcoleptic: narcoleptic dogs (n = 7). **P < 0.01 Fisher’s least 

significant difference (LSD) test compared with baseline.
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Fig. 3. 
Correlation of 24-h total activity level and percentage sleep time during baseline and sleep 

deprivation. Percentage of sleep is negatively correlated with increased activity in 29 runs 

with actigraph data.
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Fig. 4. 
Percentage time asleep during baseline and sleep deprivation are negatively correlated with 

Hcrt-1 level. Overall, 32 data points were collected from 9 animals in which activity 

was measured and included Hcrt-1 levels in both baseline (n = 16) and those after sleep 

deprivation (n = 16).
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Fig. 5. 
Twenty-four-hour total activity level during sleep deprivation is positively correlated with 

Hcrt-1 level (n = 29).
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Fig. 6. 
Changes in Hcrt-1 in CSF after 30–120 min of increased locomotor activity. *P < 0.05, **P 
< 0.01 Fisher’s LSD test compared with baseline. Exercise produced increased Hcrt-1 levels 

with narcoleptic dogs showing a more rapid and larger magnitude increase.
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Fig. 7. 
Hcrt-1 level during varying amounts of waking activity in non-sleep-deprived dogs. Data 

points represent Hcrt-1 levels and activity measures during both baseline and experimental 

conditions (30-, 60-, and 120-min exercise). A total of 46 data points (26 from normals and 

20 from narcoleptics) was collected in which activity was measured. CSF Hcrt-1 level is 

correlated with the amount of activity before CSF sampling.
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Fig. 8. 
Comparison of age, weight, and activity levels of narcoleptics (n = 14) and normals (n = 7) 

in the exercise study. ***P < 0.0001, t-test.
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