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Study Objectives: Narcolepsy is characterized by instability of sleep-wake, tonus, and rapid eye movement (REM) sleep regulation. It is associ-
ated with severe hypothalamic hypocretin deficiency, especially in patients with cataplexy (loss of tonus). As the hypocretin neurons coordinate and
stabilize the brain’s sleep-wake pattern, tonus, and REM flip-flop neuronal centers in animal models, we set out to determine whether hypocretin
deficiency and/or cataplexy predicts the unstable sleep-wake and REM sleep pattern of the human phenotype.

Design: We measured the frequency of transitions in patients with narcolepsy between sleep-wake states and to/from REM and NREM sleep
stages. Patients were subdivided by the presence of +/- cataplexy and +/- hypocretin-1 deficiency.

Setting: Sleep laboratory studies conducted from 2001-2011.

Patients: In total 63 narcolepsy patients were included in the study. Cataplexy was present in 43 of 63 patients and hypocretin-1 deficiency was
present in 37 of 57 patients.

Measurements and Results: Hypocretin-deficient patients with narcolepsy had a significantly higher frequency of sleep-wake transitions (P =0.014)
and of transitions to/from REM sleep (P = 0.044) than patients with normal levels of hypocretin-1. Patients with cataplexy had a significantly higher
frequency of sleep-wake transitions (P = 0.002) than those without cataplexy. A multivariate analysis showed that transitions to/from REM sleep
were predicted mainly by hypocretin-1 deficiency (P = 0.011), whereas sleep-wake transitions were predicted mainly by cataplexy (P = 0.001).
Conclusions: In human narcolepsy, hypocretin deficiency and cataplexy are both associated with signs of destabilized sleep-wake and REM sleep

control, indicating that the disorder may serve as a human model for the sleep-wake and REM sleep flip-flop switches.

Keywords: Flip-flop, hypocretin, narcolepsy, sleep transition

Citation: Sorensen GL; Knudsen S; Jennum P. Sleep transitions in hypocretin-deficient narcolepsy. SLEEP 2013;36(8):1173-1177.

INTRODUCTION

Narcolepsy with cataplexy (NC) or narcolepsy without cata-
plexy (NwC) is a neurological sleep disorder found in one in
2,000 individuals. It is characterized by instability of sleep-wake
regulation (daytime sleepiness, short sleep latency, disrupted
nocturnal sleep with awakenings) and instability of rapid eye
movement (REM) sleep regulation and motor tonus regulation,
causing hypnagogic hallucinations, sleep paralysis, cataplexy,
and REM sleep behavior disorder.'? The major pathophysiol-
ogy is loss of the sleep-wake pattern and motor tonus regulat-
ing hypocretinergic neurons in the hypothalamus,** resulting in
low or undetectable levels of cerebrospinal fluid hypocretin-1
(hert-1) in most patients with NC, but in only a small proportion
of patients with NwC.>¢ The cause of hypocretin neuron loss is
most probably autoimmunological, mainly based on a very tight
association with specific HLA-types,”® whereas the cause of
NC/NwC in patients with normal hert-1 levels remains unclear.

Wakefulness and arousals are believed to be regulated mainly
by two ascending neuron networks in the brain, referred to as
the ascending reticular activation system (ARAS).’ The first ac-
tivating neuron network consists of the pedunculopontine and
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laterodorsal tegmental nuclei in the brainstem, which are active
during wakefulness and REM sleep.'” The second activating
neuron network consists of the locus coeruleus, dorsal end me-
dian raphe nuclei, ventral periaqueductal gray matter, and tu-
beromammillary nucleus, which are active during wakefulness,
slightly active during nonrapid eye movement (NREM) sleep,
and inactive during REM sleep.!® Sleep is promoted by activa-
tion of the ventrolateral preoptic nucleus in the basal forebrain,
which acts by inhibiting hypocretin neurons and the neurons in
ARAS." The currently prevailing theory is that transition from
sleep to wakefulness and vice versa is regulated by a sleep-wake
flip-flop switch, involving the mutual inhibition of the sleep pro-
moting nuclei and the wakefulness-promoting nuclei."

The REM-NREM flip-flop switch works through another mu-
tually inhibitory system, in which gamma-aminobutyric acidergic
(GABAergic) neurons in the sublaterodorsal region fire during
REM sleep and inhibit GABAergic neurons in the ventrolateral
periaqueductal gray matter and the adjacent lateral pontine teg-
mentum that in turn fire during NREM states to inhibit REM
sleep.'® The hypocretin neurons play a central role in the coordi-
nation and stabilization of the sleep-wake and REM-NREM flip-
flop switches."" Consequently, hypocretin deficiency may be the
cause of the observed instability of the sleep-wake pattern of the
human narcoleptic phenotype. We therefore propose that instabil-
ity in these systems due to hypocretin loss may lead to sleep-wake
and NREM-REM transition instabilities. For this reason, narco-
lepsy may serve as a human model for the flip-flop switches.

METHODS

Patients
Over a 10-y period (2001-2011), patients with narcolepsy
seen at the Danish Center for Sleep Medicine, Glostrup Univer-
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Table 1—Demographic data of patients

cataplexy.

NC NwC Normal hert-1 Low hcrt-1
Number 43 20 20 37
Female/male 20/23 12/8 14/6 16/21
Age (y) 353+12.8 354+£10.6 339+99 362+12.8
BMI (kg/m?) 26.8+6.2 26.0+5.0 252+52 264 +43

Age and BMI are given as the mean + standard deviation. BMI, body mass index; hert, hypocretin-1; NC, narcolepsy with cataplexy; NwC, narcolepsy without

Table 2—Overview of cataplexy and hcrt-1 status for the included patients

Normal hert-1 Low hcrt-1 Unknown hcrt-1 level Total
NC 8 5 43
NwC 12 1 20
Total 20 6 63

hert, hypocretin-1; NC, narcolepsy with cataplexy; NwC, narcolepsy without cataplexy.

sity Hospital, were identified and consecutively included after
ethical approval (KA03119) and written informed consent had
been obtained. All patients fulfilled the International Classifica-
tion of Sleep Disorders (ICSD-2) criteria for narcolepsy,'? and
were evaluated by neurological examination, determination of
routine blood characteristics, polysomnography (PSG), the mul-
tiple sleep latency test (MSLT), and determination of hert-1 in
the cerebrospinal fluid (CSF). The hypocretin measurement pro-
tocol and definition of hert-1 deficiency used were as previously
published.® Exclusion criteria were: additional neurological and
psychiatric disorders, an apnea index > 5/h, and a periodic leg
movements during sleep index > 4/h. All patients (except three
with severe cataplexy) were free of antidepressants and stimu-
lants 7 to 14 days before inclusion; 44 of 63 were completely
drug-naive (i.e., they had never taken medication).

A total of 63 patients fulfilled the inclusion criteria. Cata-
plexy was diagnosed as previously described? and was present
in 43 of 63 patients, and hert-1 deficiency was present in 37
patients. Six patients (five of six with cataplexy) refused lum-
bar puncture. Normal hcert-1 levels were present in eight of 43
patients with cataplexy, and hert-1 deficiency was present in
seven of 20 patients without cataplexy. All patients have been
included in a previous publication by Sorensen et al."* and 34
of 63 patients have been previously featured in publications by
Knudsen et al.>® Demographic data of the patients are summa-
rized in Table 1. Table 2 gives an overview of the cataplexy and
hert-1 status for the patients in the different groups.

PSG Recordings

All patients underwent 1 night of PSG recording consisting
of electroencephalography (C3-A2, C4-Al), vertical and hori-
zontal electrooculography (EOG), surface electromyography
(EMG) of the submentalis and anterior muscles, electrocardi-
ography (ECQ), nasal airflow, thoracic respiratory effort, and
oxygen saturation. Patients were instructed not to consume any
caffeinated or alcoholic drinks for at least 6 h before the re-
cordings were made. Sleep stages and events were manually
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scored for epochs of 30 sec according to standard criteria by
experienced PSG technicians supervised by PJ'*!'5 and without
knowledge of the final diagnosis. The hypnograms and sleep
events were extracted from Nervus® (V5.5, Cephalon DK,
Norresundby, Denmark) or Somnologica Studio® (V5.1, Em-
bla, Broomfield, CO, USA), using the built-in export data tool,
and imported into the Matlab® analysis program (R2009b, The
MathWorks, Natick, MA, USA) for further processing.

Analysis of Transitions

The frequency of transitions in the hypnograms for each pa-
tient was measured as the number of transitions per h of sleep of
the investigated sleep stage. Analyzed transitions included were
transitions between wake and sleep, transitions to/from REM
sleep (hereafter noted as REM-NREM transitions), transitions to/
from NREM stage 1, 2, and 3, and transitions between all sleep
stages. Wilcoxon rank-sum tests were performed to compare the
frequencies of transitions between different narcolepsy groups.

A backward-stepwise multivariate linear regression was per-
formed to determine the relationship between transitions and
age, sex, body mass index, disease duration, disease onset, +/-
previous anticataplexy medication, +/- cataplexy, and +/- hert-1
status. The +/- anticataplexy medication indicates whether
patients were pausing with previous medication or had never
taken medication before inclusion (drug-naive).

PSG variables, including sleep latency (SL), total sleep time
(TST), sleep efficiency (SE), time from sleep onset to first ep-
och of REM sleep (REM SL), and percentage of stages 1, 2, and
3 NREM and REM sleep, were also measured. Wilcoxon rank-
sum tests were performed to evaluate between-group differenc-
es (results shown in Table 3). A significance level of P < 0.05
was chosen for all statistical tests.

RESULTS

The frequencies of sleep-wake transitions are illustrated in
the box plots in Figure 1 and means and standard deviations
(SDs) of each narcolepsy group are given in Table 4. Patients

1174 Sleep Transitions in HCRT-Deficient Narcolepsy—Sorensen et al



with narcolepsy and low hert-1 level had a significantly higher
frequency of sleep-wake transitions than patients with narco-
lepsy and normal hert-1 level (P =0.014). Patients with NC also
had a significantly higher frequency of sleep-wake transitions
than those with NwC (P = 0.002).

The frequencies of REM-NREM transitions are illustrated
in the box plots in Figure 2 and the means and SDs are given
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Figure 1—Frequency of sleep-wake transitions illustrated in box plots
for each patient group. Each box plot shows the fifth, 25®, 50", 75", and
95" percentile. Significant P values are shown. Hert, hypocretin-1; NC,
narcolepsy with cataplexy; NwC, narcolepsy without cataplexy.

in Table 4. Patients with narcolepsy and low hcrt-1 level had a
significantly higher frequency of REM-NREM transitions than
patients with narcolepsy and normal hcrt-1 level (P = 0.044).
Patients with NC also had a trend for more REM-NREM tran-
sitions than those with NwC, although this difference was not
statistically significant.
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Figure 2—Frequency of rapid eye movement-nonrapid eye movement
transitions illustrated in box plots for each patient group. Each box plot
shows the fifth, 25, 50, 75", and 95" percentile. Significant P values
are shown. Hert, hypocretin-1; NC, narcolepsy with cataplexy; NwC,
narcolepsy without cataplexy.

Table 3—Comparison of PSG variables

eye movement; SE, sleep efficiency; SL, sleep latency; TST, total sleep time.

NC NwC
TST (min) 393.0+£78.0 418.2+60.5
SL (min) 9.8+19.0 52+40
REM SL (min) 79.6 £ 157.4 62.2 £38.0
SE (%) 86.4 £12.1 92.3+8.1
Stage 1 sleep (%) 93+6.6 4844
Stage 2 sleep (%) 396+125 443+10.6
Stage 3 sleep (%) 281£13.2 288199
REM sleep (%) 238+58 229+43

Data are expressed as mean + standard deviation and P values are those corresponding to Wilcoxon rank-sum tests. eNC versus NwC. °Normal hert-1 versus
low hert-1. hert, hypocretin-1; NC, narcolepsy with cataplexy; NS, not significant; NwC, narcolepsy without cataplexy; PSG, polysomnography; REM, rapid

Normal hert-1 Low hcrt-1 P

4175+54.2 399.8+76.9 NS
10.0+12.2 8.0+£19.7 NS

118.4 £216.5 49.0 £55.2 <0.04°
88.8+15.8 89177 NS

35+20 9.9+6.7 <0.012P

41.7+£12.0 401+£119 NS
329+125 252+113 NS
218+43 245+55 NS

Table 4—Frequency of sleep transitions (mean +* standard deviation)

rapid eye movement.

NC NwC Normal hert-1 Low hert-1
Sleep-wake transitions 6.3+25 41+18 44+20 6.0+22
P 0.002 0.014
REM-NREM transitions 9.0+3.3 79+24 73117 92+32
P 0.289 0.044

P values are given for comparisons between NC and NwC and between narcolepsy with normal hcrt-1 level and narcolepsy with low hert-1 level using
Wilcoxon rank-sum tests. hert, hypocretin-1; NC, narcolepsy with cataplexy; NREM, nonrapid eye movement; NwC, narcolepsy without cataplexy; REM,
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For the other analyzed transitions (to/from NREM stage 1,
2, and 3, and transitions between all sleep stages), there was
no significance between any of the groups (results not shown).

In the multivariate analysis, the number of REM-NREM
transitions were predicted only by hert-1 deficiency (P=10.011),
whereas the number of sleep-wake transitions were predicted
only by cataplexy (P =0.001).

The values for the PSG variables are displayed in Table 3.
For patients with narcolepsy and hert-1 deficiency, the REM
SL was significantly lower (P < 0.04), and the percentage of
NREM 1 sleep was significantly higher (P < 0.01) than in pa-
tients with narcolepsy without hert-1 deficiency. The percent-
age of NREM 1 sleep was significantly higher in patients with
NC than in those with NwC (P < 0.01).

DISCUSSION

This is the first study to show that the frequency of sleep-
wake transitions and REM-NREM transitions are associated
with cataplexy and hypocretin deficiency in patients with
narcolepsy. The study documents that sleep-wake and REM-
NREM transitions are more frequent in patients with NC and
hypocretin-deficient narcolepsy. These results are consistent
with the flip-flop model of transitions proposed by Saper et al.,'!
and are consistent with a human model in which hypocretin
enforces general state stability.

Hypocretin neurons in the lateral hypothalamus reinforce the
activity in the wake-promoting projections arising from neurons
in the upper brainstem, whereas sleep is promoted by activa-
tion of the ventrolateral preoptic nucleus in the basal forebrain,
which acts by inhibiting hypocretin neurons and the neurons in
ARAS." The hypocretin neurons are therefore believed to play
an important role in sustaining wakefulness and in stabilizing
the flip-flop switch. However, other important arousal-produc-
ing neurons are present in the posterior lateral hypothalamus,
which helps maintain wakefulness when hypocretin neurons
are deficient. The hypocretin neurons may help to sustain ac-
tivity in aminergic and cholinergic arousal regions, and in the
absence of hypocretin, these arousal regions may have reduced
activity, resulting in inappropriately low thresholds to transition
into NREM sleep.'¢ In patients with narcolepsy and hypocretin
deficiency, one of the most important components in the flip-
flop switch is absent, making the switch unstable and entailing
frequent sleep/wake switches, as seen in this study.

Hypocretin neurons are also known to suppress REM sleep
by reinforcing the activity of the monoaminergic neurons in
the locus coeruleus and dorsal raphe nucleus,'”'® which in turn
activate REM sleep-suppressing neurons and inhibit REM on
neurons. It can be hypothesized that loss of hypocretin neurons
therefore also enables more frequent transitions into REM sleep
and makes the REM-NREM switch unstable. In our study we
detected that patients with narcolepsy and hert-1 deficiency had
more REM-NREM transitions than those without hert-1 defi-
ciency, and this higher frequency of REM-NREM transitions
was primarily predicted by hcrt-1 deficiency, independent of
cataplexy and other factors, supporting the theory that hypocre-
tin destabilizes the sleep stage switch.

Quantitative electroencephalographic studies suggest chang-
es in frequencies in NREM 2 sleep' as well as sleep onset®
in patients with NC. Another study has shown that the occur-
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rence of multiple spontaneous daytime sleep onset REM peri-
ods clearly identified patients with narcolepsy.”' Animal studies
support that sleep-wake transition is under control by the hypo-
cretinergic system, which facilitates wakefulness and REM-
NREM cyclicity. Studies with hypocretin-deficient knockout
mice and animals with narcolepsy have shown sleep stage
dysregulations® and considerably more transitions between
all stages.'®* As hypocretin is believed to stabilize wake and
sleep, the hypocretin deficiency in patients with narcolepsy may
cause a low threshold to transition between stages, causing the
fragmented sleep pattern seen in patients with narcolepsy. This
supports our study, showing that hypocretin-deficient patients
with narcolepsy may present sleep stage instability as com-
pared with non-hypocretin-deficient patients with narcolepsy.

One limitation of this study is that sleep-wake regulation as
determined by simple macro-sleep scoring may be too simplistic
amodel to allow the evaluation of the sleep-wake/REM-NREM
transition, because this may occur much faster and not in the 30-
sec epochs used in traditional scoring. This may in part explain
why we did not find a significant association with NREM tran-
sitions. However, to date, no reliable or validated sleep scoring
model has been developed for scoring epochs shorter than 30
sec. Alternative methods may include a quantitative measure
using a sliding window with a shorter time interval including
not only the conventional sleep stages, but also transition zones
between stages. One attempt using a state space analysis tech-
nique has been performed in orexin knockout mice,” where the
variations in the depth of sleep and the intensity of wakefulness
were measured by electroencephalographic power in the delta
and theta bands. The orexin knockout mice had an overlap be-
tween wake and REM sleep and spent more time in transition
regions causing the altered quality of sleep and wake. Varia-
tions within states and changes in transition zones may be a
reason for the more frequent changes in orexin knockout mice
and hypocretin-deficient patients with narcolepsy. We suggest
that future evaluation of sleep transition and its relation to the
hypocretinergic system should include analysis of transition
states and shorter windows used in the sleep scoring.

Another limitation is that interscorer variability was not consid-
ered and sleep scoring may have been subject to individual scor-
ing. Furthermore, only nocturnal PSGs are considered, whereas
daytime monitoring could be at least as interesting, because pa-
tients with narcolepsy have sleep episodes during daytime.

In conclusion, the current study shows that patients with
narcolepsy and hypocretin deficiency or cataplexy have more
frequent sleep-wake and REM-NREM transitions, which is
consistent with the destabilization of the flip-flop switches that
regulate sleep-wake and REM-NREM transitions due to the
loss of hypocretin neurons. The elevated frequency of REM-
NREM transitions is primarily predicted by hert-1 deficiency,
independent of cataplexy and other factors.
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