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ABSTRACT: We hypothesised that hypocretin (orexin) plays a role in the determination of

ventilatory chemosensitivity. 130 patients with narcolepsy–cataplexy (mean¡SD age 20¡10 yrs,

69% male) and 117 controls (22¡6.9 yrs, 62% male) were recruited and tested for human

leukocyte antigen (HLA)-DQB1*0602 status, hyperoxia hypercapnic (change in minute ventilation

(DV9E)/carbon dioxide tension (DPCO2) L?min-1?mmHg-1) and hypoxic (DV9E /change in arterial

oxygen saturation measured by probe oximetry (DSp,O2) L?min-1 per %Sp,O2) responsiveness, and

by spirometry. Hypocretin deficiency was determined either by measures of cerebrospinal fluid

hypocretin-1 (37 patients) or by positive HLA-DQB1*0602 status. All patients and 49% of controls

underwent polysomnography and multiple sleep latency testing. Despite similar spirometric

values, patients had a higher apnoea/hypopnoea index (AHI) (2.8¡5.4 versus 0.8¡1.6 h-1;

p50.03) and lower minimal oxygen saturation during sleep (87%¡7 versus 91¡4%; p50.0002),

independent of age, sex and body mass index. Patients had depressed hypoxic responsiveness

(0.13¡0.09 versus 0.19¡0.13 L?min-1 per %Sp,O2; p,0.0001), independent of AHI, but hypercapnic

responsiveness did not differ. Examined by HLA status, positive (26 out of 117) controls had

lower hypoxic but similar hypercapnic responsiveness than those marker-negative (0.13¡0.08

versus 0.20¡0.14 L?min-1 per %Sp,O2; p,0.0001). Thus, a lower hypoxic responsiveness in the

narcolepsy–cataplexy group is a result of DQB1*0602 status rather than the clinical features of

disease.
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H
ypoxic and hypercapnic sensing are
processed through neuromuscular cir-
cuits resulting in an increase or decrease

of tidal volume, respiratory frequency and
minute ventilation (V9E). Such chemosensory
reflexes operate to influence sleep apnoea,
chronic obstructive pulmonary disease (COPD),
heart failure, and acute adaptation to high
altitude [1]. A variation in chemosensitivity
across various inbred rodent strains and familial
clustering of ventilatory traits in humans pro-
vides a strong rationale for gene and protein
isolation efforts to unravel molecular mechan-
isms for these traits operating in health and
disease [2].

Hypocretin (orexin) is a hypothalamic neuro-
transmitter, which, when given intracerebroven-
tricularly in mice, promotes both wakefulness
and ventilation [3, 4]. Both hypocretin knockout
and hypocretin neuron-ablated mice show

attenuation of respiratory excitation during fight-
or-flight responses [5]. Particular to chemore-
sponsiveness, hypocretin/orexin knockout mice
have attenuated hypercapnic ventilatory responses
[6]; supplementation of hypocretin-1 or -2 partially
restores an attenuated response to hypercapnia,
while administration of hypocretin receptor-1
antagonist will reduce hypercapnic responsiveness
in wild type mice [7]. Post-hypoxic long-term
facilitation, a physiological feature that is pre-
sumed to reduce sleep apnoea, is absent in hypo-
cretin/orexin knockout mice [8].

The human model of hypocretin deficiency is
narcolepsy with cataplexy [9, 10]. This disorder is
also associated with the gene marker, human
leukocyte antigen (HLA)-DQB1*0602 [11]. This
disease is also considered to be associated with a
higher expression of sleep-disordered breathing
[12, 13]. Our primary hypothesis was that an
impaired chemoresponsiveness would be present
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in narcolepsy–cataplexy patients who are uniformly
HLADQB1*0602 positive and have low hypocretin levels
,110 pg?mL-1 in comparison to control subjects without
disease or cataplexy or the HLA marker who have normal
levels of hypocretin (over 99% .110 pg?mL-1) [9]. Results
indicate an unexpected finding that the mechanism for
differences between patients and controls in hypoxic respon-
siveness could relate to HLA marker status, rather than disease.

METHODS

Human subjects
130 patients with narcolepsy/hypocretin deficiency and/or
cataplexy were prospectively identified from successive
patients presenting at the Sleep Center, the Peking University
People’s Hospital (Beijing, China) in 2006–2007. Diagnosis of
narcolepsy with cataplexy was made using International
Classification of Sleep Disorders (ICSD)-II criteria [14]. All
patients completed a validated questionnaire predictive of
cataplexy, the Center for Narcolepsy Sleep Inventory (SSI),
a validated questionnaire predictive of cataplexy [15].
Hypocretin deficiency was documented in 37 patients (all
DQB1*0602 positive) through cerebrospinal fluid (CSF)
hypocretin-1 evaluation, while the other 93 patients were
selected based on DQB1*0602 positivity and the presence of
cataplexy, as described in HONG et al. [16]. .95% of
DQB1*0602-positive narcolepsy–cataplexy patients have hypo-
cretin deficiency [17]. Demographic and polysomnography
(PSG) results for the subjects are reported in table 1.

117 controls were willing local employees and college students,
and were recruited and selected as age- and sex-match to the
patient sample. All control subjects provided a blood sample
for DQB1*0602 typing, completed a standard sleep question-
naire, and performed spirometry and ventilatory responses. 57
of the 117 controls consented to nocturnal PSG and multiple
sleep latency testing (MSLT) testing (table 1).

Informed consent was obtained from patients and controls.
The study was approved by the institutional review board of
the People’s Hospital of Beijing University (Beijing, China).

Sleep study
Overnight nocturnal PSG was followed by MSLT the next day.
The overnight recording included electroencephalogram (EEG)
(C3/A2 and C4/A1), chin electromyography, anterior tibialis
electromyography, microphone recording for snoring, electro-
oculography, ECG, nasal–oral airflow, thoracic and abdominal
effort, and arterial oxygen saturation measured by pulse
oximetry (Sp,O2). An apnoea was defined as the cessation of
airflow at the nose and mouth lasting for o10 s, and
hypopnoea was defined as a decrease in airflow, ribcage
excursion or abdominal excursion by .50%, which was
associated with an oxygen desaturation of o4% below the
preceding baseline or with an arousal. The absence of airflow
in the upper airway with and without ribcage and abdominal
movement was defined as obstructive sleep apnoea and central
sleep apnoea (CSA), respectively; in a mixed sleep apnoea
(MSA), there were features of both central and obstructive
apnoeas/hypopnoeas in the same event. The AHI was
calculated as the number of apnoeas and hypopnoeas per
hour of total sleep time, and further examined as per hour of

rapid eye movement (REM) and non-REM time. Mean Sp,O2

and lowest Sp,O2 during sleep were also calculated.

The MSLT was performed to determine sleep latency and
probe for the presence of sleep onset REM sleep (SOREM). The
sleep latency was defined as the elapsed time from lights-out
to the first epoch scored as sleep. The REM sleep latency was
defined as the time from the beginning of sleep onset to the
first epoch of REM sleep. Sleep stages of both PSG and MSLT
were scored in 30-s epochs following the RECHTSCHAFFEN and
KALES [18] criteria. In the (unlikely) event that patients or
healthy subjects were taking drugs known to affect the MSLT,
recordings of the PSG or MSLT and ventilatory testing were
performed without these medications for o15 days.

Assessment of ventilatory responses
The studies were performed at 10:00–12:00 h. Responses to
progressive hyperoxic hypercapnia were assessed using the
rebreathing technique of READ [19]. Patients were in the
seated posture connected to the circuit, wearing a facemask.
Hypoxic testing was performed using an anaesthesiology
rebreathing circuit, with a carbon dioxide (CO2) absorbent,
placed on the inspiratory line. This set-up resulted in a falling
end-tidal CO2 value as ventilation increased. Hypoxic testing
was concluded when oxygen saturation neared 70%. V9E was
regressed linearly against the carbon dioxide tension (PCO2)
values (hypercapnic testing) or against the fall in Sp,O2 from
90% (hypoxic testing), and responsiveness reported as the
slope of the linear regression: DV9E/DPCO2 and DV9E/DSp,O2,
respectively.

DV9E/DSp,O2 and DV9E/DPCO2 values were analysed both with
and without correction by body surface area (BSA), so as to
adjust to size differences due to the range among subjects.

HLA-DQB1*0602 typing and CSF hypocretin-1 evaluation
The HLA-DQB1*0602-specific codon 9 amino acid was
determined at Beijing University using a previously described
PCR sequence-specific primer method [20]. The presence of
DQB1*0602 is reported as positive and absence as negative. In
a subset of 37 patients, CSF samples were collected by lumbar
puncture between 10:00–13:00 h. CSF samples were frozen
immediately, and subsequently kept at -80uC until measure-
ments were made. Hypocretin-1 was measured at Beijing
University using a 125I radioimmunoassay kit (Phoenix
Pharmaceuticals, Belmont, CA, USA) [9]. All samples were
measured in duplicate, averaged and compared to standard
CSF samples with known CSF hypocretin-1 levels.

Statistical analysis
Data are presented as mean¡SD. Simple comparisons were
performed using a Chi-squared or paired t-test, as appro-
priate. One-way ANOVA for repeated measures was used to
compare differences with regard to end-tidal PCO2 measures
over the course of hypoxic testing. Hypoxic and hypercapnic
responses, as well as AHI, were log-transformed to fit a
normal distribution prior to statistical analysis using paired
t-tests or multivariate analysis models (actual values are
reported, while p-values are derived from the transformed
comparisons). Differences were considered significant at
pf0.05.

SLEEP-RELATED DISORDERS F. HAN ET AL.

578 VOLUME 36 NUMBER 3 EUROPEAN RESPIRATORY JOURNAL



RESULTS

Patients with narcolepsy/hypocretin deficiency have
increased BMI and a tendency for increased sleep-
disordered breathing
Patients and age/sex-matched controls were young and most
often male (table 1). As typically reported, BMI was slightly
higher than in controls, although BSA values were similar.
None of the patients were taking medication for narcolepsy at
the time of the study. In this sample of patients, the number

with apnoea and hypopnoea was increased (table 1). The
prevalence of an AHI .5 was higher (16%) than in the those
studied in the control group (5%); the latter prevalence is
comparable to the reported value (4–5%) in older (age .30 yrs)
Chinese general population [21, 22]; 5% of narcoleptic, but no
control subjects, had an AHI .15. With regard to the type of
sleep-disordered breathing, hypopnoea and obstructive
apnoeas were commonly present, accounting for 61¡37%
and 35¡36% of the total events, respectively, and CSA and
MSA were less common (1.8¡8.8% and 6.8¡4.6%, respec-
tively) (table 1). While patients had lower minimum Sp,O2 sleep
values than controls, the baseline and mean values of Sp,O2

during sleep did not differ.

AHI was not correlated to BMI. AHI was greater in those with
narcolepsy before and after being adjusted for age, sex and
BMI (adjusted AHI 2.53¡4.23 versus 0.60¡0.54; p,0.01).
Similarly, the lowest Sp,O2 saturation in narcolepsy was still
significantly lower before and after being adjusted for age, sex,
BMI and AHI (adjusted lowest Sp,O2: 87.9¡4.7 versus 90.6¡4.7;
p,0.01). In controls who underwent PSG and MSLT testing
(n557), there was no significant difference in sleep indices
during sleep with regard to HLA status; however, those HLA-
DQB1*0602 positive had a lower AHI (0.21¡0.42 versus
1.10¡1.83; p,0.01) and higher Sp,O2 (93.2¡3.4 versus
90.1¡1.0%; p,0.05) values. These results provide evidence
consistent with impaired control of breathing during sleep and
of oxygen saturation in patients with narcolepsy–cataplexy.

Patients with narcolepsy/hypocretin deficiency have
decreased ventilatory response to hypoxia but not
hypercapnia
Spirometry values were within normal limits for controls and
patients, and there was no difference between groups. In
contrast to findings suggested by animal KO models, we found
no group differences with regard to hypercapnic responsive-
ness, but rather found significant differences in hypoxic
responsiveness (table 2 and fig. 1). Reduced hypoxic respon-
siveness in narcolepsy–cataplexy patients was unrelated to BMI,
age and sex; but hypercapnic and hypoxic responsiveness were
correlated with BSA (p,0.001). After adjustment for BSA, there
remained no difference in hypercapnic responsiveness. How-
ever, hypoxic responsiveness was different between groups.
During hypoxic rebreathing tests, end-tidal CO2 fell, on average,
from 5.4¡0.7% at 95% to 4.8¡0.6% at 75% saturation (p50.005),
indicating that the hypoxic testing was poikilocapnic. Values
were higher in narcolepsy–cataplexy versus controls at most
oxygen saturations (p50.035). For instance, at a saturation of
90%, end-tidal values for narcolepsy–cataplexy patients were
5.3¡0.5% versus 5.1¡0.7% for controls (p50.04). Despite the
higher value, the slope of the hypoxic response was lower in
narcolepsy–cataplexy versus controls (0.13¡0.09 versus 0.19¡

0.13 L?min-1 per %Sp,O2; p50.0007).

Ventilatory responses to hypoxia are decreased in relation
to HLA-DQB1*0602 status, not hypocretin deficiency
As all subjects with narcolepsy–cataplexy were also HLA-
DQB1*0602 positive and 22% of the control population was also
positive, we considered whether HLA status explained the
differences between groups. No differences between these groups
were present for hypercapnic responsiveness (1.07¡0.75 versus

TABLE 1 Demographic, clinical, sleep and ventilatory
response characteristics in narcoleptic (NC)
versus control subjects

NC Controls

Subjects n 130 117

Demographics

Age yrs 20.1¡10.0 22.0¡6.9

Males % 69 62

BMI kg?m-2 23.6¡4.3*** 21.4¡3.1

BSA m2 1.73¡0.34 1.70¡0.24

Onset age yrs 12.3¡6.5 NA

Illness duration yrs 7.8¡6.9 NA

Symptoms at interview %

Daytime sleepiness 100 0

Typical cataplexy 100 0

Polysomnography study

Sleep parameters

Sleep efficiency % 91.4¡9.3 87.1¡9.9#

Sleep latency 8.0¡10.0*** 15.1¡17.9#

REM latency 72.2¡88.1** 124.2.¡66.1#

% REM latency ,20 min 63 (48)*** 4 (7)

MSLT

Mean sleep latency 3.7¡2.1** 16.0¡3.4#

Numbers of SOREMs 4.4¡0.8*** 0.5¡0.9#

% MSL f8 min, SOREM o2 127 (97.7)*** 0 (0)

Sleep-disordered breathing

AHI events?h-1 overall 2.8¡5.4** 0.8¡1.6#

AHI .5 21 (16)*** 3 (5.3)

AHI .15 5 (4) 0 (0)

Lowest O2 % 86.7¡6.7*** 90.9¡4.1

Mean O2 % 96.3¡1.0 96.2¡1.0

OSAI/AHI % 34.5¡36.5* 17.4¡29.1

CSAI/AHI % 1.8¡8.8 2.4¡6.2

MSAI/AHI % 6.8¡46.1 7.8¡23.9

HI/AHI % 60.6¡36.8 75.4¡37.0

NREM AHI (events?h-1) 2.3¡5.2* 0.5¡1.4

REM AHI (events?h-1) 5.1¡11.9 1.6¡4.1

HLA-DQB1*0602 positive 130 (100)*** 28 (22)

CSF Hcrt level pg?mL-1 18.8¡1.70" NA

Data are presented as mean¡SD or n (%), unless otherwise stated. BMI: body

mass index; BSA: body surface area; REM: rapid eye movement; MSLT: multiple

sleep latency test; SOREM: sleep onset REM; MSL: mean sleep latency; AHI:

apnoea hypopnoea index; OSAI: obstructive sleep apnoea index; CSAI: central

sleep apnoea index; MSAI: mixed sleep apnoea index; HI: hypopnoea index;

NREM: non-REM; CSF: cerebrospinal fluid; Hcrt: hypocretin. *: p,0 05.
**: p,0.01. ***: p,0.001. #: n557. ": n528% of the sample.
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1.03¡0.74 L?min-1?mmHg-1), before or after controlling for BSA
(0.64¡0.42 versus 0.60¡0.42 L?min-1?mmHg-1) (table 2 and fig. 2).
We considered whether CO2 levels during hypoxic rebreathing
explained the results since end-tidal CO2 fell, on average, from
5.4¡0.6% at 95%, to 4.9¡0.5% at 75% saturation (p50.008).
However, end-tidal CO2 during testing was similar in HLA-

positive versus HLA-negative controls (p50.65). Therefore, the
slope of hypoxic responsiveness was lower in HLA-positive versus
HLA-negative controls (0.13¡0.08 versus 0.20¡0.14 L?min-1 per
%Sp,O2, p50.00004), an effect that remained significant after
adjustment for BSA (0.078¡0.04 versus 0.120¡0.09 L?min-1 per
%Sp,O2, p50.0001).

TABLE 2 Ventilatory responses in narcolepsy–cataplexy versus controls.

Patients Controls

Total DQ0602- DQ0602+

Subjects n 130 117 89 28

DV9E/DPCO2 L?min-1?mm Hg-1) 0.92¡0.53 1.04¡0.74 1.03¡0.74 1.07¡0.75

DV9E/DPCO2 /BSA L?min-1?mmHg-1?m-2 0.54¡0.30 0.61¡0.42 0.60¡0.42 0.64¡0.42

DV9E/DSp,O2 L?min-1 per %Sp,O2) 0.13¡0.09# 0.19¡0.13 0.20¡0.14 0.13¡0.08"

DV9E/DSp,O2/BSA (L?min-1 per %Sp,O2?m
-2) 0.08¡0.05# 0.11¡0.08 0.12¡0.09 0.08¡0.04"

Data are presented as mean¡SD. D: change in; V9E: minute ventilation; PCO2: carbon dioxide tension; BSA: body surface area; Sp,O2: oxygen saturation. #: compared with

the control, p,0.0001; ": compared with DQB1*0602-, p,0.0001.
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FIGURE 1. Comparisons between controls and patients. The a and b) hypercapnic (change in minute ventilation/change in carbon dioxide tension (DV9E/DPCO2)) and c
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10th and 90th percentiles. b and d) Curves represent the cumulative number of cases as a percentage of the total number of cases. ***: p,0.001.
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Mulitivariate analysis was conducted to assess for significant
covariates of hypoxia responses in the entire sample. Entered
into a stepwise regression analyses were age, sex, BMI, HLA
status, AHI, lowest Sp,O2, hyperecapnic responsiveness, and
hypocretin deficiency. Hypoxia responses were significantly
correlated with HLA status (independent of hypocretin status,
and without interaction by sex) (p,0.00001), and positively
correlated hypercapnia response (p,0.001). In subjects with
available sleep recordings, hypoxic responsiveness was
strongly correlated with DQB1*0602 status (p,0.0001) and
weakly but significantly correlated with hypercapnic respon-
siveness (p50.01) and AHI (p50.05).

DISCUSSION
The novel findings presented in this study are: 1) a population
difference between patients with narcolepsy–cataplexy and age-
matched controls with regard to hypoxic chemosensitivity; and
2) an association between DQB1*0602 and acute ventilatory
responsiveness to progressive hypoxia. While narcolepsy–
cataplexy patients do have different sleep values, AHI and
lowest arterial ozygen saturation (Sa,O2) were not defining
factors for the group differences in ventilatory chemosensitivity.

Contrary to results obtained in hypocretin gene knockout mice,
hypercapnia responses were not affected by disease or marker
state. Unlike knockout mice, where both the gene and protein
are absent, in patients with narcolepsy, hypocretin-1 is often
detected at some level in the CSF [9]. We suspect that the
effects of hypocretin on chemoresponsiveness, if present, are
below a threshold for detection.

Our findings implicate DQB1*0602, or a gene located nearby,
as a regulator of hypoxic responses. While DQB1*0602 is an
allele present in all patients with narcolepsy and cataplexy, it is
not a disease-defining HLA maker, as it is present in the
healthy populations [23]. Few studies hint at potential relation-
ships between immune markers and hypoxia. Microsatellite
markers within the HLA region are reported to correlate with a
blunted response to hypoxia in COPD with type II respiratory
failure [24] and with the development of altitude-induced
pulmonary oedema [25], although correlations specific for the
DQB1*0602 allele were not reported in these studies. Intercross
studies of C3H/HeJ (C3) and C57BL/6J (B6) mice have
mapped potential loci for the hypoxic effect and its modulation
by hypercapnia [26]; however, these regions are not syntenic to
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human HLA gene regions. Glomus cell quantity differ across
mice strains [27], and expression studies between high- and
low-responder strains in carotid bodies suggest a number of
potential candidates [28–30], but none reported have direct
connections to immune function. With chronic hypoxic
exposure, there is activation of the hypoxic inducible factor
pathway in the carotid body [31], and hypoxia-inducible factor
(HIF) is upstream to many cellular pathways, including some
that affect cell-mediated immunity. An association of
DQB1*0602 with hypoxic responsiveness might suggest a role
for HLA class II molecules in the pathways for oxygen sensing
and responses, but additional studies are needed to identify
the protein and its function. The region where this allele
resides contains genes not only for immune-related molecule,
but also for peptide transporters, C450 oxygen-binding
metabolic enzymes and transcription factors.

With regard to the impact of sleep-disordered breathing,
narcolepsy–cataplexy patients exhibited generally more occur-
rences, as measured by AHI, and severity, as measured by
Sa,O2. These findings establish with greater confidence the
contention that patients with narcolepsy could exhibit a higher
incidence of sleep-disordered breathing disorders than in the
general population [32, 33]. The prior literature reported on an
older patient sample compared to expected norms, suggested
the association might result from obesity, as hypocretin is a
factor in metabolism [34]. In the present study patients were
young, and the increased AHI and decreased minimal oxygen
saturation were independent of the range of BMI. This
correlation of more events with disease status may be
independent of HLA status, as we found a decrease in indices
for sleep-disordered breathing in those positive for
DQB1*0602. There may, however, be more complexity in the
relations among sleep regulation, HLA status and sleep. Two
prior reports with large numbers of subjects found significant
associations between SOREM during an MSLT and decreased
lowest nocturnal oxygen saturation during the prior nocturnal
PSG: one clinic-based study in patients with sleep apnoea
(n51,145) and another in healthy controls (n5556) [35, 36]. The
community study reported multiple SOREMs to be associated
with DQB1*0602 in males [36]. Therefore, the presence of sleep-
disordered breathing could be the result of something more
than HLA status.

The present study was conducted in a Chinese population, and
hence could be ethnically specific. As a limitation, one could
consider that this might have reduced genetic heterogeneity,
that may influence chemosensitivity, and resulted in a
haplotype inheritance that enhanced the likelihood of finding
significant correlations. Nonetheless, this study is one of the
numerically larger studies of human chemosensitivity, in the
healthy population, so it is possible but unlikely that
significance is false. We considered whether the poikilocapnic
nature of the hypoxic testing resulted in group differences, but
considered this unlikely for two reasons. First, poikilocapnic
and isocapnic hypoxic responses are similarly informative
when measured at the same time in previous studies in
humans [37]. Second, as end-tidal CO2 values were generally
higher in patients versus controls, one would expect the
interaction to enhance rather than blunt responses in the
patient group. Third, the ventilatory response to CO2 did not
associate with disease or marker status, making it less likely

that interactions resulted in a spurious finding. Studies in other
ethnic groups and of related chemosensitivity traits, such as
hypoxic short-term facilitation, are needed.

In conclusion, we found differences in hypoxic responsiveness
between controls and HLA-DQB1*0602 narcolepsy patients
with cataplexy, while hypercapnic responsiveness was unre-
lated to disease or hypocretin status. Hypoxic sensitivity
correlated weakly with higher AHI values. However, AHI
value per se did not explain the hypoxic response differences.
An association with reduced hypoxic responsiveness was
found to DQB1*0602 status in the healthy, unaffected subjects,
and thus explains the difference in hypoxic responsiveness
between groups. We propose a novel effect of HLA, or of a
gene polymorphism located nearby, on the well-known
interindividual variation in hypoxic responsiveness in the
Chinese population.

SUPPORT STATEMENT
The study was supported by research grants from National Natural
Science Foundation of China (NSFC) (C30770938, C30300120) and
Ministry of Education China (985-2-084-113) (to F. Han), National
Institutes of Health grant NIH 23734 (to E. Mignot), and the VA
Research Service (to K.P. Strohl). E. Mignot is an Howard Hughes
Medical Institute Investigator.

STATEMENT OF INTEREST
A statement of interest for K.P. Strohl can be found at www.erj.
ersjournals.com/misc/statements.dtl

ACKNOWLEDGEMENTS
The authors would like to thank B. Morgan (University of Wisconsin–
Madison, Madison, WI, USA) for her review of the manuscript.

REFERENCES
1 Weil JV. Variation in human ventilatory control-genetic influence

on the hypoxic ventilatory response. Respir Physiol Neurobiol 2003;
135: 239–246.

2 Han F, Strohl KP. Inheritance of ventilatory behavior in rodent
models. Respir Physiol 2000; 121: 247–256.

3 Young JK, Wu M, Manaye KF, et al. Orexin stimulates breath-
ing via medullary and spinal pathways. J Appl Physiol 2005; 98:
1387–1395.

4 Zhang W, Fukuda Y, Kuwaki T. Respiratory and cardiovascular
actions of orexin-A in mice. Neurosci Lett 2005; 385: 131–136.

5 Zhang W, Shimoyama M, Fukuda Y, et al. Multiple components of
the defense response depend on orexin: evidence from orexin
knockout mice and orexin neuron-ablated mice. Auton Neurosci

2006; 126–127: 139–145.

6 Nakamura A, Zhang W, Yanagisawa M, et al. Vigilance state-
dependent attenuation of hypercapnic chemoreflex and exagger-
ated sleep apnea in orexin knockout mice. J Appl Physiol 2007; 102:
241–248.

7 Deng BS, Nakamura A, Zhang W, et al. Contribution of orexin in
hypercapnic chemoreflex: evidence from genetic and pharmaco-
logical disruption and supplementation studies in mice. J Appl

Physiol 2007; 103: 1772–1779.

8 Terada J, Nakamura A, Zhang W, et al. Ventilatory long-term
facilitation in mice can be observed during both sleep and wake
periods and depends on orexin. J Appl Physiol 2008; 104: 499–507.

9 Mignot E, Lammers GJ, Ripley B, et al. The role of cerebrospinal
fluid hypocretin measurement in the diagnosis of narcolepsy and
other hypersomnias. Arch Neurol 2002; 59: 1553–1562.

SLEEP-RELATED DISORDERS F. HAN ET AL.

582 VOLUME 36 NUMBER 3 EUROPEAN RESPIRATORY JOURNAL



10 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: 991–997.

11 Mignot E, Lin L, Rogers W, et al. Complex HLA-DR and -DQ

interactions confer risk of narcolepsy–cataplexy in three ethnic

groups. Am J Hum Genet 2001; 68: 686–699.

12 Chokroverty S. Sleep apnea in narcolepsy. Sleep 1986; 9: 250–253.

13 Plazzi G, Serra L, Ferri R. Nocturnal aspects of narcolepsy with

cataplexy. Sleep Med Rev 2008; 12: 109–128.

14 The International Classification of Sleep Disorders: Diagnostic and

Coding Manual, 2nd Edn. American Academy of Sleep Medicine,

Westchester, 2005.

15 Anic-Labat S, Guilleminault C, Kraemer HC, et al. Validation of a

cataplexy questionnaire in 983 sleep-disorders patients. Sleep 1999;

22: 77–87.

16 Hong SC, Lin L, Lo B, et al. DQB1*0301 and DQB1*0601 modu-

late narcolepsy susceptibility in Koreans. Hum Immunol 2007; 68:

59–68.

17 Bourgin P, Zeitzer JM, Mignot E. CSF hypocretin-1 assessment in

sleep and neurological disorders. Lancet Neurol 2008; 7: 649–662.

18 Rechtschaffen A, Kales A. A Manual of Standardized

Terminology, Techniques and Scoring System for Sleep Stages of

Human Subjects. National Institutes of Health, Bethesda, 1968.

19 Read DJC. A clinical method for assessing the ventilation response

to CO2. Australas Ann Med 1967; 16: 20–32.

20 Mignot E, Young T, Lin L, et al. Nocturnal sleep and daytime

sleepiness in normal subjects with HLA-DQB1*0602. Sleep 1999; 22:

347–352.

21 Ip MS, Lam B, Lauder IJ, et al. A community study of sleep-

disordered breathing in middle-aged Chinese men in Hong Kong.

Chest 2001; 119: 62–69.

22 Zhang Q, He QY, Du QY, et al. [Epidemiologic study on sleep

apnea-hypopnea syndrome by home investigation in Chengde

city.] Zhonghua Jie He He Hu Xi Za Zhi 2003; 26: 273–275.

23 Gao XJ, Sun YP, An JB, et al. DNA typing for HLA-DR, and -DP

alleles in a Chinese population using the polymerase chain

reaction (PCR) and oligonucleotide probes. Tissue Antigens 1991;

38: 24–30.

24 Ji R, He Q, Zhang R, et al. A genetic study of the depressive

respiratory responses to hypoxia in chronic obstructive pulmonary

disease patients with type II respiratory failure. Zhonghua Yi Xue
Yi Chuan Xue Za Zhi 2000; 17: 173–177.

25 Hanaoka M, Kubo K, Yamazaki Y, et al. Association of high-
altitude pulmonary edema with the major histocompatibility
complex. Circulation 1998; 97: 1124–1128.

26 Tankersley CG, Broman KW. Interactions in hypoxic and
hypercapnic breathing are genetically linked to mouse chromo-
somes 1 and 5. J Appl Physiol 2004; 97: 77–84.

27 Yamaguchi S, Balbir A, Schofield B, et al. Structural and functional
differences of the carotid body between DBA/2J and A/J strains of
mice. J Appl Physiol 2003; 94: 1536–1542.

28 Balbir A, Lee H, Okumura M, et al. A search for genes that may
confer divergent morphology and function in the carotid body
between two strains of mice. Am J Physiol Lung Cell Mol Physiol

2007; 292: L704–L715.
29 Buniel M, Glazebrook PA, Ramirez-Navarro A, et al. Distribution

of voltage-gated potassium and hyperpolarization-activated chan-
nels in sensory afferent fibers in the rat carotid body. J Comp Neurol

2008; 510: 367–377.
30 Ganfornina MD, Perez-Garcia MT, Gutierrez G, et al. Comparative

gene expression profile of mouse carotid body and adrenal
medulla under physiological hypoxia. J Physiol 2005; 566: 491–503.

31 Lam SY, Liong EC, Tipoe GL, et al. Expression of HIF-2a and HIF-
3a in the rat carotid body in chronic hypoxia. Adv Exp Med Biol

2006; 580: 29–36.
32 Harsh J, Peszka J, Hartwig G, et al. Night-time sleep and daytime

sleepiness in narcolepsy. J Sleep Res 2000; 9: 309–316.
33 Sansa G, Iranzo A, Santamaria J. Obstructive sleep apnea in

narcolepsy. Sleep Med 2009; 11: 93–95.
34 Dahmen N, Bierbrauer J, Kasten M. Increased prevalence of

obesity in narcoleptic patients and relatives. Eur Arch Psychiatry
Clin Neurosci 2001; 251: 85–89.

35 Chervin RD, Aldrich MS. Sleep onset REM periods during
multiple sleep latency tests in patients evaluated for sleep apnea.
Am J Respir Crit Care Med 2000; 161: 426–431.

36 Mignot E, Lin L, Finn L, et al. Correlates of sleep-onset REM
periods during the Multiple Sleep Latency Test in community
adults. Brain 2006; 129: 1609–1623.

37 Forster HV, Dempsey JA, Birnbaum ML, et al. Effect of chronic
exposure to hypoxia on ventilatory response to CO 2 and hypoxia.
J Appl Physiol 1971; 31: 586–592.

F. HAN ET AL. SLEEP-RELATED DISORDERS

EUROPEAN RESPIRATORY JOURNAL VOLUME 36 NUMBER 3 583


