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Study Objectives: We investigated autonomic balance and resting
metabolic rate to explore their possible involvement in obesity in hypo-
cretin/orexin-deficient narcoleptic subjects.

Methods: Resting metabolic rate (using indirect calorimetry) and variabil-
ity in heart rate and blood pressure were determined in the fasted resting
state. Subjects included 15 untreated, hypocretin-deficient male narco-
leptics and 15 male controls matched for age and body mass index.
Results: Spectral power analysis revealed greater heart rate and
blood pressure variability in hypocretin-deficient male narcoleptic pa-
tients (heart rate: p = 0.01; systolic blood pressure: p = 0.02; diastolic:
p < 0.01). The low to high frequency ratio of heart rate power did not
differ between groups (p = 0.48), nor did resting metabolic rate (con-
trols: 1767 + 226 kcal/24 h; patients: 1766 + 227 kcal/24h; p = 0.99).

Conclusions: Resting metabolic rate was not reduced in hypocretin-
deficient narcoleptic men and therefore does not explain obesity in this
group. Whether the increased heart rate and blood pressure variabil-
ity—suggesting reduced sympathetic tone—is involved in this regard
remains to be elucidated.
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arcolepsy is a sleep disorder that affects 25-50 out of

100,000 people in Western countries.' It is classically char-
acterized by the tetrad of excessive daytime sleepiness, cata-
plexy, sleep paralysis, and hypnagogic hallucinations.” Obesity
in narcolepsy was first described as early as the 1930s** and
has since been described repeatedly.>'? The discovery of hypo-
cretin/orexin deficiency in human narcolepsy with cataplexy
and the fact that hypocretin peptides may be involved in meta-
bolic control sparked renewed interest in the pathophysiology
of obesity in narcolepsy. Indeed, various observations suggest
that hypocretin deficiency is involved in the pathogenesis of
weight gain in narcoleptic patients. Increased bodyweight has
been reported in human narcolepsy as well as in the ataxin-3
hypocretin-deficient animal model of the disease.'*'* Moreover,
patients with idiopathic hypersomnia, similarly marked by ex-
cessive daytime sleepiness but exhibiting normal cerebrospinal
hypocretin levels, are not obese."?
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There is evidence that hypocretin peptides stimulate feed-
ing behavior:'"’ Injection of hypocretins into the lateral cerebral
ventricle promotes food intake in rats,'® whereas ablation of
hypocretin neurons leads to hypophagia in mice."* Accordingly,
narcoleptic humans and mice eat less than age and sex matched
controls,'>!® which clearly indicates that other components of
energy balance must drive weight gain in this disease. The ef-
fects of hypocretin peptides on wakefulness and the sympathet-
ic nervous system may be involved. Injection of hypocretins
into the lateral ventricle stimulates arousal and sympathetic ac-
tivity in rats, elevating arterial blood pressure (BP), heart rate
(HR), oxygen consumption, body temperature and plasma cat-
echolamine levels.'”?? Thus, hypocretin deficiency could pro-
mote obesity through the concerted effects of several behavioral
and neuroendocrine corollaries. It may reduce sympathetic tone
and thereby resting metabolic rate. Moreover, since adipose
tissue is innervated by both sympathetic and parasympathetic
nerves, where sympathetic inputs stimulate lipolysis and para-
sympathetic signals are anabolic, dominance of parasympa-
thetic tone could promote fat storage through direct effects on
adipocytes.** Finally, excessive daytime sleepiness may limit
physical activity, which obviously would reduce daily energy
expenditure. Thus, hypocretin deficiency may dampen sympa-
thetic tone in narcoleptic patients, and thereby reduce resting
metabolic rate and promote adipocyte lipogenesis to induce
weight gain in the face of diminished food intake.

We studied resting metabolic rate and HR and BP variability,
as a proximate measure of autonomic balance, in hypocretin-



Table 1—Narcolepsy Patient Characteristics

Metabolism and Autonomic Regulation in Narcolepsy

ID Sex Hypocretin HLA Age of Disease Current Past Medication
(CSF) (DQB1%0602) Onset (yr) Duration (yr) Medication (> 2 yr ago)
1 M N.D. + 17 54 - -
2 M N.D. + 24 9 - Methylphenidate, modafinil, selegiline,
anafranil, sodium oxybate
3 M N.D. + 7 17 - -
4 M N.D. + 33 3 Methylphenidate -
5 M N.D. ? 15 11 - -
6 M N.D. + 20 2 - Modafinil, methylphenidate
7 M N.D. + 12 46 - Methylphenidate, dexamphetamine
8 M N.D. + 10 17 - -
9 M N.D. + 16 14 - -
10 M N.D. + 8 14 - -
11 M N.D. + 21 7 - -
12 M N.D. + 31 11 - -
13 M N.D. + 19 17 - -
4 M N.D. + 10 42 - Methylphenidate
15 M N.D. + 27 3 - Methylphenidate, modafinil, tofranil

N.D. Not Detectable; Current medication was stopped at least 2 weeks before participating in the current study. ? unknown

deficient narcoleptic patients and healthy controls matched for
gender, body weight, and age. Since (lean) body mass is an
important determinant of resting metabolic rate, matching for
body weight was necessary to preclude confounding the data on
metabolic rate by anthropometric features of our volunteers. We
hypothesized that sympathetic tone and resting metabolic rate
per unit of (lean) body mass would be reduced in narcoleptic
subjects.

MATERIALS AND METHODS
Subjects

The study was approved by the local medical ethical com-
mittee. All narcoleptic patients were male and fulfilled the
ICSD-2 criteria of narcolepsy with cataplexy.?’ Patient char-
acteristics are shown in Table 1. Known reasons for obesity
other than narcolepsy formed an exclusion criterion. No pa-
tient used any medication at the time of the study. Four pa-
tients had received narcolepsy medication in the past, but at
least 2 years previous to the study. One patient had used meth-
ylphenidate until 2 weeks before participating. Hypocretin-1
was not detectable in the cerebrospinal fluid of any patient,
using a radioimmunoassay (Phoenix Pharmaceuticals, Inc.,
Belmont, CA) in duplicate 100 uL aliquots. All samples were
run in a single assay with a detection limit of 50 pg/mL and an
intra-assay variability less than 5%. We used a validated refer-
ence sample to adjust levels to previously reported values.?®
Healthy male controls were recruited using an advertisement
in a local newspaper.

Metabolic Measurements

Metabolic studies were conducted in 15 patients and 15 con-
trols. Subjects were instructed to fast and drink only water from
22:00 the night before until after the metabolic measurement
had been performed. Studies started at 09:00, when subjects
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were asked to lie down in supine position for 30 minutes. Care
was taken to keep subjects awake during this period by talking
to them. Resting metabolic rate (RMR) was measured by indi-
rect calorimetry®® using a computerized open-circuit ventilated
hood system (Oxycon B; Jaeger, Breda, The Netherlands).*
Measurements from the first 10 min of recording were not used
in the analysis as this period reflects the subjects coming to rest
and getting acquainted with the experimental conditions.

Oxygen consumption (VO,, L/min) and carbon dioxide pro-
duction (VCO, L/min) were used to calculate the respiratory
index (VCO,/VO,). RMR and carbohydrate (C) and fat (F)
combustion were calculated using the Weir formula and were ex-
pressed as kilocalories per 24 h (per kilogram body weight) and
grams per minute (per kilogram body weight) respectively.?!-*
The following formulas were used:

RMR (kcal/24h) = (3.9 x VO,) + (1.1 x VCO,) x 1.44
C (g/min) = (4.55x VCO,) = (3.21 x VO,)
F (g/min) = (1.67 x VO,) — (1.67 x VCO,)

Autonomic Measurements

Autonomic measurements were recorded simultaneously
with the metabolic measurements. These measurements were
added to the original protocol and were obtained in 9 patients
and 9 controls, i.e., a subpopulation of the subjects included
for the metabolic measurements. HR was calculated from the
ECG. Beat-to-beat arterial BP was noninvasively measured
(Finometer, TNO-Biomedical Instruments, The Netherlands).
The hand used for these finger BP measurements was held in a
constant position at heart level. Analysis of autonomic data was
restricted to the last 20 min of the recording time, as was done
for metabolic measurements.

HR and BP calculations were performed using software
written in MatLab (MatLab v7.0, Mathworks, MA, USA). HR
variability (HRV) was estimated by calculating the mean and
SD of consecutive R-R intervals and with spectral analysis
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Fig. 1a Basal Metabolic Rate
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Fig 1c. Variation in Diastolic Blood Pressure

Total Power in DBP spectrum

A
25 1
A
A
A
20
£
g 15 4 o
10 o
e}
——
o
5 1 g A
T T
Controls Patients

Fig. 1b Heart Rate Variability (HRV)
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Figure 1—Resting metabolic rate (a), heart rate variation (b), variation in systolic blood pressure (c) and variation in diastolic blood pressure
(d) estimated by total power in the SBP and DBP frequency spectrum in narcoleptic patients and controls. Bars represent means, error bars
indicate standard deviation, triangles represent patients, and circles represent controls.

performed by interpolating the series of RR intervals by cubic
splines, resampling the signal at 3 Hz and performing a fast
Fourier transformation using a Hamming window.** Power
was calculated for the very low frequency (VLF, 0-0.04 Hz),
low frequency (LF, 0.04-0.15 Hz), and high frequency (HF,
0.15-0.4 Hz) bands. Total power was calculated by adding the
VLF, LF, and HF power values. The LF/HF ratio was also
calculated.

Of note, the LF band is usually considered to represent sym-
pathetically mediated baroreflex activity, while the HF band,
largely derived from respiratory influences, mostly concerns
parasympathetic activity. Increases in total power can be caused
by a reduction in sympathetic tone.***> Although the LF/HF ra-
tio is generally used as a measure of the autonomic parasym-
pathetic-sympathetic balance,*® some authors regard it as an
indication of sympathetic activity.*’
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Mean systolic (SBP) and diastolic (DBP) BPs were calcu-
lated, and the total power in their frequency spectrum (calcu-
lated in a similar fashion as the HRV spectrum) was taken as an
estimate of variability. Note that finger BP measurement using
the aforementioned Finometer has a tendency to underestimate
BP. While this can be corrected using additional conventional
measurements,*® we chose not to do so because analyses in-
volved groupwise comparisons.

Statistics

Differences between groups were calculated using Student’s
t-test for unpaired samples. Pearson correlation coefficient was
used to evaluate potential correlations. P-values below 0.05
were considered significant.
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Figure 2—Heart Rate Variability (HRV) in the frequency domain. Example of a typical power spectrum including respiratory peak,
sympathetic component of the baroreceptor reflex and LF/HF regions for a control (left) and a narcoleptic patient (middle), and

mean spectrum for both groups (right).

RESULTS
Resting Metabolic Rate

Summarized data are shown in Table 2. Age and BMI did not
differ between groups (Figure la). There were no significant
differences in RMR, VO,, VCO,, RI and carbohydrate or fat
substrate combustion between narcoleptics and controls. RMR,
carbohydrate and fat combustion expressed per kg of body
weight were not significantly different between groups either
(Table 2).

Correlations between patient age, age of disease onset, dis-
ease duration on the one hand and RMR on the other hand were
not significant (all r < 0.22, p > 0.43). Furthermore, there was
no significant difference in RMR according to whether or not
patients had used medication in the past (p = 0.94). There was,
however, a significant correlation between disease duration and
BMI (r = 0.55, p = 0.04).

Autonomic Balance

Data are shown in Table 3. Age, BMI, mean HR, mean SBP,
and mean DBP did not differ significantly between groups.
However, HR and BP variability did differ: the total power in
the spectrum of both SBP and DBP was significantly higher in
patients than in controls (SBP: p <0.02, DBP: p <0.001; Figure
Ic and 1d). A HF peak could be identified in the HR spectra of
all subjects (Figure 2). Total power (p < 0.01), VLF power (p <
0.03), and LF power (p < 0.02) were all significantly higher in
patients than in controls. HF power also tended to be higher in
patients (p = 0.05, Figure 2). In contrast, the LF/HF ratio did not
differ between groups (p = 0.48).
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Total power did not significantly correlate with age, age of
disease onset or disease duration in patients (all r < 0.64, p >
0.09). HRV parameters did not differ between patients who
had vs. those who had not received medication in the past (p
=0.43).

DISCUSSION

The pathogenesis of obesity in narcoleptic patients remains
unexplained. Obviously, eating more or moving less are poten-
tial explanations. However, hypocretin neuron-ablated narco-
leptic mice'® and human patients'® eat less than normal controls
(total daily food intake, narcoleptic humans: 8,756 + 2,312 ki-
lojoules; controls: 10,640 £ 3,129 kJ; p <0.001, data from Lam-
mers et al.'®), which is in accordance with the orexigenic quali-
ties of hypocretin peptides. Actigraphy studies have shown that,
although periods of activity and inactivity are more scattered in
narcoleptic subjects versus controls, the total intensity of physi-
cal activity does not differ.**° Furthermore, narcoleptic sub-
jects are more obese than equally active subjects suffering from
idiopathic hypersomnia.'> Thus, hypocretin deficiency must
have other metabolic consequences to explain why narcoleptic
animals and humans are obese. Since hypocretin peptides were
shown to activate the sympathetic nervous system and increase
oxygen consumption in rats,'”** we hypothesized that hypocre-
tin deficiency would lead to a reduction of sympathetic tone and
resting metabolic rate in patients with narcolepsy.

Spectral analysis of HR and BP variability revealed higher
power in all frequency bands in narcoleptic patients, while the
LF/HF ratio did not differ from that in healthy controls. These
findings support our hypothesis that sympathetic tone is re-
duced in narcoleptic patients. However, at least one observation
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Table 2—Metabolic Measures

Controls (N =15)

male/female 15/0
Age (years) 36.3+13.8
BMI (kg/m?) 26.0+2.8
VO, (mL/min) 2509 +34.2
VCO, (mL/min) 2259 +24.6
RI 0.88 +0.06
RMR (kcal/24 h) 1767.1 +£226.5
RMR/kg 19.9+2.0
C (Carbohydrate) (g/min) 222.5+56.9
C/kg 2.5+0.6
Cin % of RMR 72.5+£18.5
F (Fat) (g/min) 41.7+£29.5
F/kg 0.5+03
F in % of RMR 30.6 £21.6

Narcolepsy (N = 15) P-value
15/0

35.6+13.8 0.89
26.8+2.3 0.42
252.4+334 0.91
220.3+31.0 0.58
0.86 +0.07 0.45
1766.5 +226.5 0.99
20.1+£2.2 0.77
191.9+£95.0 0.29
2.1+1.0 0.34
62.6+31.0 0.29
53.7+38.9 0.35
0.6+0.5 0.35
39.4+£28.5 0.35

Values in the table are means + standard deviation. T-tests were used to assess group differences; no significant differences were found. BMI,
body mass index; kcal, kilocalories; 24 h, per 24 hours; RMR, resting metabolic rate; kg, kilograms; RI, respiratory index; VO,, oxygen con-

sumption; VCO,, carbon dioxide consumption.

requires further clarification. The HF peak almost exclusively
reflects vagal effects on HR. Thus, diminution of sympathetic
tone cannot be the proximate cause of the increase of HF power
we observed. However, studies employing selective antagonists
of (para)sympathetic neurotransmitters revealed that reduction
of sympathetic tone elevates both LF and HF power,*** perhaps
because diminished sympathetic control causes larger than nor-
mal fluctuations in BP that in turn require considerable adap-
tive fluctuations of parasympathetic activity to control heart
rate in response. Thus, reduced sympathetic tone can explain
the high power in all frequency bands as well as the similarly
elevated HF power in narcoleptic patients. Furthermore, sym-
pathetic tone is already low in the supine position, so any fur-
ther decreases are not likely to affect the ratio much under these
circumstances,*** hampering a straightforward interpretation
of this ratio.’” The only finding that is not readily compatible
with decreased sympathetic tone is that mean HR was not lower
in the narcolepsy group.’**

Hypocretin deficiency may directly inhibit sympathetic ac-
tivity. Various studies have shown that the hypocretin system

Table 3—Autonomic Measures

is heavily involved in autonomic control and that hypocretins
stimulate sympathetic activity.*® Indeed, obese hypocretin neu-
ron-ablated mice have lower sympathetic vasoconstrictor out-
flow.*¢ Alternatively, narcoleptic subjects may not have been as
awake as the control subjects, although special care was taken
to keep patients alert during the measurements. Narcolepsy
is commonly seen as a loss of state boundary control, which
means that patients are unable to remain awake steadily.*> A
tendency to drift into drowsiness could lead to a higher variabil-
ity in autonomic parameters, as autonomic control differs in the
various sleep stages. The transition between wakefulness and
sleep affects the power in both the HF and the LF band.* Fre-
quent shifts from waking to drowsiness might therefore cause
increased HRV. Drowsiness would not only affect autonomic
parameters, but might also have lead to an underestimation of
the RMR in narcoleptic subjects, since RMR is lower during
sleep.** However, this would mean that the actual RMR in nar-
coleptic subjects is higher, which obviously would not explain
their obesity. We suggest that further studies should take drows-
iness into account.

Controls (N=9) Narcolepsy (N=9) P-value
male/ female 9/0 9/0
Age (years) 29.2+4.1) 32.6+£16.2 0.55
BMI (kg/m?) 24.9 +£2.6) 262+2.1 0.31
Total Power in HRV spectrum x 10*s*Hz 27.8+14.1 77.4+52.0 0.01%*
- VLF (0-0.04 Hz) x 10*s*/Hz 12.6 £8.2 30.7+22.0 0.03*
- LF (0.04-0.15 Hz) x 10*s*/Hz 9.7+55 30.6+£24.2 0.02*
- HF (0.15-0.4 Hz) x 10*s*/Hz 56+29 16.2+14.9 0.05
LF/HF Ratio 1.9+1.1 23+£1.2 0.48
Mean heart rate (BPM) 59.6 + 8.8 56.7+5.4 0.42
Mean diastolic blood pressure (DBP, mm Hg) 55.8£9.0 52.8+£6.9 0.44
Mean systolic blood pressure (SBP, mm Hg) 104.0 +13.7 99.5+17.6 0.55
Total power in SBP spectrum x 10*mm Hg?/Hz 27.5+11.1 47.7+19.7 0.02%*
Total power in DBP spectrum x 10*mm Hg?/Hz 6.8+3.5 16.7£7.9 <0.00*

Values in the table are means + standard deviation. T-tests were used to assess group differences. BMI, body mass index; HRV, heart rate vari-
ability; s, seconds; Hz, hertz, VLEF, very low frequency; LF, low frequency; HF, high frequency; BMP, beats per minute; SBP, systolic blood

pressure; DBP; diastolic blood pressure.
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Surprisingly, although sympathetic activity drives resting en-
ergy expenditure, at least in rodents, RMR was similar in nar-
coleptic patients and controls. This may also hold for hypocre-
tin-knockout mice, also having a normal RMR (C.M. Sinton,
personal communication). Some caution is necessary, inasmuch
as large numbers of subjects are required to detect small differ-
ences in energy expenditure with indirect calorimetry. None-
theless, small differences in RMR can be relevant, as they may
lead to weight gain in the long term.*' There is direct autonomic
innervation of adipose tissue,” implying that a low sympathetic
tone can directly promote fat accrual

Other studies on autonomic nervous function in narcoleptic
patients reported no abnormalities during provocations® and
no primary disturbances between 18:00 and 20:00 or during
sleep.?® An increased LF/HF ratio compared with controls was
found just before sleep onset, but this was thought to be related
to the impairment of the sleep-wake cycle in narcolepsy and
not to a primary disturbance.?” The sample of 9 patients used
for autonomic measurements in our study was relatively small,
increasing the chance of type II errors. We thus advocate repli-
cating and extending the studies on autonomic activity in nar-
coleptic patients.

In a recent study,” RMR was determined in 7 typical narco-
lepsy patients with cataplexy who were assumed to be hypocre-
tin-deficient. The control group consisted of 9 healthy controls.
RMR tended to be lower in narcoleptic patients (p = 0.07). Note
that the controls were not matched for BMI in that study. In our
larger patient and BMI-matched control sample, metabolic pa-
rameters were so similar between the two groups that increas-
ing the number of subjects is not likely to result in a significant
difference in RMR. To obtain a definite answer, a large, col-
laborative study in subjects with a broad range of BMIs should
be conducted. It would also be of interest to include leptin mea-
surements in such a study. Given the controversy in the litera-
ture, multiple measurement points over the day should then be
performed.

In conclusion, resting metabolic rate appears to be normal
in narcoleptic humans as determined by indirect calorimetry.
However, there are signs of reduced sympathetic activity, which
may lead to fat accrual through direct effects on adipocytes.
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