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Introduction

Narcolepsy entails excessive daytime sleepiness, often asso-
ciated with sudden episodes of muscle weakness known as 
cataplexy. In 2000, human narcolepsy with cataplexy (NC) 
was linked to the loss of a restricted population of hypotha-
lamic neurons that release the neuropeptides orexin A and 
B (OX-A/B, also called hypocretin 1 and 2). These neuro-
peptides had been discovered somewhat serendipitously by 
independent groups working on rats 2 years before [15, 54]. 
The discovery of the link between OX-A/B and human NC 
was heralded, in 1999, by demonstrations that mutations of 
orexin receptor 2 (OX-R2) cause familial NC in dogs [40], 
and that the phenotype of orexin knockout mice closely 
resembles that of NC patients [9].

This review aims to provide an updated summary of 
the links between narcolepsy and autonomic dysfunction. 
Although this topic has been the subject of several recent 
reviews [7, 27, 39, 52, 64], the present paper is different in 
that it focuses on cardiovascular autonomic control from a 
translational perspective.

The first section of the review will summarize key back-
ground information on narcolepsy and the orexin system. 
The second and third sections will provide an updated over-
view of the reported links between narcolepsy and auto-
nomic dysfunction, with a focus on derangements of the 
heart rate (HR) and arterial blood pressure (ABP) during 
sleep in patients and animal models with NC. The last sec-
tion will discuss the implications of the previous sections for 
research into the links between narcolepsy and autonomic 
dysfunction.

Abstract  Narcolepsy is a rare disease that entails excessive 
daytime sleepiness, often associated with sudden episodes 
of muscle weakness known as cataplexy. Narcolepsy with 
cataplexy (NC) is due to the loss of hypothalamic neurons 
that release the neuropeptides orexin A and B. Orexin neu-
ron projections prominently target brain structures involved 
in wake-sleep state switching and the central autonomic 
network. This review provides an updated summary of the 
links between NC and autonomic cardiovascular dysfunc-
tion from a translational perspective. The available evi-
dence suggests that, compared with control subjects, the 
heart rate in patients and animal models with NC is vari-
able during wakefulness and normal to high during sleep. 
Responses of the heart rate to internal stimuli (arousal from 
sleep, leg movements during sleep, defense response) are 
blunted. These alterations result from orexin deficiency and, 
at least during wakefulness before sleep, involve decreased 
parasympathetic modulation of the heart rate. On the other 
hand, NC in patients and animal models is associated with 
a blunted fall in arterial blood pressure from wakefulness to 
sleep, and particularly to the REM state, coupled to a vari-
able decrease in arterial blood pressure during wakefulness. 
The former effect is caused, at least in part, by deranged con-
trol of the heart, whereas the latter may be due to decreased 
vasoconstrictor sympathetic activity. Systematic studies are 
warranted to help clarify whether and how the links between 
NC and autonomic dysfunction impact on the cardiovascular 
risk of patients with narcolepsy.
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What is narcolepsy?

Narcolepsy is currently diagnosed based on excessive day-
time sleepiness, with daily periods of an irrepressible need 
to sleep, short sleep latency, and periods of rapid-eye-move-
ment (REM) sleep at sleep onset [44]. Narcolepsy is further 
classified into two types, identified as narcolepsy type 1 and 
2 (NT1/2). A diagnosis of NT1 requires the occurrence of 
either cataplexy or an OX-A concentration in the cerebro-
spinal fluid (CSF) <1/3 that seen in healthy subjects. NT2 
is diagnosed in those who meet the criteria for hypersomnia 
but do not have cataplexy or a low OX-A concentration in 
the CSF. In this review, the term NC will be applied to refer 
to narcolepsy with cataplexy in animal models and human 
subjects, the latter irrespective of whether diagnosis pre-
ceded or followed the publication of the NT1/NT2 criteria 
[44]. The general term “narcolepsy” will be applied to refer 
to narcolepsy irrespective of the occurrence of cataplexy 
and/or orexin deficiency.

The exact prevalence of NT1 and NT2 is still unclear. The 
overall prevalence of narcolepsy is estimated at between 25 
and 50 per 100,000 [42], which meets the definition of a rare 
disease [47]. The incidence of narcolepsy has a major peak 
between 15 and 30 years of age [42, 75]. Narcolepsy also 
occurs in children, and its incidence in those aged 5–19 years 
has risen significantly in northern Europe since the recent 
influenza pandemic [75]. Growing evidence points to spe-
cific clinical features of NC in childhood, including rapid 
weight gain and precocious puberty [53]. On the other hand, 
narcolepsy is a life-long disease [37], and it is still unclear 
whether it entails specific clinical features in older age.

NC is accompanied by a wide and heterogeneous spec-
trum of comorbidities. NC entails a moderate tendency to 
obesity [30], which, as previously mentioned, is may be 
particularly prominent during childhood [53]. Although the 
available evidence is still not conclusive (see for example 
[73] in relation to restless legs syndrome), it suggests that 
NC also entails an increased rate of occurrence of obstruc-
tive sleep apneas [56] and periodic leg movements during 
wakefulness and sleep [13] as well as an increased preva-
lence of restless legs syndrome [51]. There is also evidence 
that NC is associated with arterial hypertension [45], par-
ticularly in elderly patients [37], and with a lower than nor-
mal nightly decrease in ABP, i.e., a nondipper ABP profile 
[12, 25, 62]. Interestingly, recent evidence suggests that the 
perioperative outcomes of patients with narcolepsy undergo-
ing surgery are more frequently complicated by emergency 
response team activations due to hemodynamic instability 
than those of matched control subjects [8].

In the general population, obesity is a powerful cardio-
vascular risk factor (particularly if it starts during childhood 
[1]), as are obstructive sleep apneas [19] and a nondipper 
ABP profile [32]. Evidence is actually accruing that the 

nocturnal values of ABP play the key role in the pathophysi-
ology of ABP-related morbidity and mortality [33]. There 
is also evidence that periodic leg movements during sleep 
and restless legs syndrome increase cardiovascular risk in 
non-narcoleptic patients [77]. Tobacco smoking is more fre-
quent in patients with NC than in control subjects [2]. The 
extent to which the combination of these factors increases 
cardiovascular risk and mortality in patients with narcolepsy 
with or without cataplexy is still a matter of debate [34, 46].

Pharmacological therapy for narcolepsy is symptomatic 
and based on several treatment options, including sodium 
oxybate to stabilize nocturnal sleep, reduce daytime sleepi-
ness, and limit cataplexy; stimulants such as modafinil, 
methylphenidate, and amphetamine to prevent excessive 
daytime sleepiness; and low-dose antidepressants such as 
venlafaxine, a serotonergic and noradrenergic reuptake 
inhibitor, to prevent cataplexy. In addition, antagonists of the 
histamine H3 receptor are a recently developed therapeutic 
option to promote wakefulness in patients with narcolepsy 
[5].

The orexin system and narcolepsy

As previously mentioned, a finding of low CSF values of 
OX-A is one of the diagnostic criteria for NT1 [44]. Orexins 
are released selectively by a population of neurons localized 
in a restricted area of the tuberal region of the hypothalamus, 
caudal to the paraventricular nucleus [50]. Orexin neurons 
project widely to the entire central nervous system, promi-
nently targeting brain structures involved in wake-sleep state 
switching [49, 57] and the central autonomic network [67] 
(Fig. 1). Through these projections, orexin neurons may thus 
play a leading role in modulating wake-sleep states and their 
effects on autonomic control [69] (Fig. 2).

Orexin neurons co-release dynorphin and glutamate, 
and potentially also nociceptin/orphanin FQ, galanin, neu-
rotensin, and γ-aminobutyric acid (GABA) [6]. All of these 
cotransmitters are likely to be lost in NC, together with orex-
ins [11, 49]. The pathophysiological basis of NT2 is much 
less clear. Experiments on rats indicate that a loss of approx-
imately 75% of orexin neurons causes only a 50% decrease 
in orexin CSF levels [22], which would not meet the criteria 
for diagnosing NT1 in humans [44]. It is therefore possible 
that a partial loss of orexin neurons underlies at least some 
of the cases of NT2, i.e., narcolepsy without cataplexy and 
with preserved CSF orexin levels.

OX-A and OX-B are produced by proteolytic cleavage of a 
precursor protein, and they bind two excitatory metabotropic 
receptors named orexin receptor 1 (OX-R1) and OX-R2 [23]. 
The ligands OX-A and OX-B are usually considered to have 
equal affinities for OX-R2, whereas OX-B is thought to be a 
much weaker ligand than OX-A for OX-R1 [38].
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The full clinical features of narcolepsy, or at least NC, 
likely result from the loss of orexin binding to both orexin 
receptors, as well as from the loss of the multiple transmit-
ters co-released by the orexin neurons. Nonetheless, as pre-
viously mentioned, orexin knockout mice, whose mutation 
prevents the production of OX-A/B but not that of the orexin 
cotransmitters, strikingly recapitulate the clinical phenotype 
of patients with NC [9]. Moreover, genetic mutations leading 
to the loss of OX-R2 are sufficient to cause core signs of NC 
in dogs [40] and mice [76]. Taken together, these pieces of 
evidence from animal models indicate that the key driving 
event in the pathophysiology of NC is the loss of OX-A/B 
binding to OX-R2.

Orexin neurons are wake-active, exhibiting a slow 
tonic firing during wakefulness that ceases during non-
REM and REM sleep, with the exception of transient dis-
charges during the latter state [72]. The estimated extra-
cellular concentration of OX-A is in the nanomolar range 
[78], approximately one order of magnitude lower than 
the concentration required for the half-maximal response 
(EC50) of orexin receptors [54]. During wakefulness, the 
orexin neuron discharge is enhanced by appetitive stimuli 
[29]. On the other hand, brain extracellular levels of OX-A 

depend loosely, if at all, on the wake-sleep state in rats 
[78] and cats [36]. OX-A levels in the lumbar CSF are 
paradoxically higher at the end of the night than in the 
afternoon in healthy subjects [24]. The mechanisms under-
lying this apparent dissociation between the state depend-
ency of orexin neuron firing and extracellular OX-A levels 
have not been elucidated. However, this dissociation may 
explain specific clinical features of NC that occur during 
sleep, such as obstructive sleep apneas [19], periodic leg 
movements during sleep [77], and a nondipper ABP profile 
[12, 25, 62].

The orexins and their receptors have been detected 
based on mRNA and/or immunohistochemistry outside 
the hypothalamus in a wide range of tissues, including 
the intestine, pancreas, adrenals, kidney, adipose tissue, 
and reproductive tract [31]. Recent data suggest that the 
OX-R2 is expressed by cardiomyocytes and regulates car-
diac function, potentially representing a therapeutic target 
for the treatment of heart failure [48]. Nonetheless, the 
sources of orexins outside the central nervous system and 
their physiological significance are still a matter of contro-
versy [38], and their involvement in the pathophysiology 
of narcolepsy is still unexplored.

Fig. 1   Schematic diagram showing a sagittal section of the human 
brainstem and diencephalon with the main projections from orexin 
(OX) neurons to components of the central autonomic network. 
A5 homonymous noradrenergic cell group of the pons, DMV dor-
sal motor nucleus of the vagus nerve, mRN medullary raphe nuclei, 
NAmb nucleus ambiguus, NTS nucleus of the solitary tract, PVN para-
ventricular nucleus of the hypothalamus, RVLM rostral ventrolateral 
medulla, RVMM rostral ventromedial medulla Reproduced from [27] 
with permission

Fig. 2   Schematic diagram showing the general central mechanisms 
by which orexin neurons may modulate both wake-sleep states and 
their effects on cardiovascular control. Please refer to the text for fur-
ther details. NTS nucleus of the solitary tract Modified from [69] with 
permission
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Narcolepsy, the orexin system, and heart rate control

Heart rate control in narcoleptic patients with cataplexy

Detailed measurements of HR in patients with NC vs. con-
trol subjects have yielded inconsistent results, spanning from 
no significant differences between patients and controls [12, 
17, 21] to decreased HR in patients during daytime wakeful-
ness [18] and increased HR in patients, particularly during 
sleep [25, 71, 74] (Table 1).

Somewhat more consistent results have been produced 
by studies of heart rate variability (HRV) in patients with 
NC (Table 1). Two studies reported alterations of HRV in 
patients with narcolepsy compared with control subjects 
selectively during wakefulness before sleep: an increased 
ratio of low-frequency to high-frequency power of HRV (LF/
HF) in patients with narcolepsy [20], and a decreased root 
mean square of successive interbeat intervals (RMSSD) in 
patients with NC [70]. Another study found increased values 
of LF/HF HRV in NC patients during morning wakefulness, 
with no further increase during the head-up tilt test [26]. 
Conversely, HRV was found to be higher in patients with NC 
than in control subjects during wakefulness in the morning 
[21]. During sleep, the HRV associated with leg movements 
and arousals [14, 71] was found to be reduced in patients 
with NC. However, indirect estimates of the central auto-
nomic control of the heart based on the relationship between 
spontaneous fluctuations of the interbeat interval and ABP 
were found to be either preserved or increased during sleep 

in patients with NC compared with control subjects, poten-
tially because of the increased occurrence rate of leg move-
ments during sleep in these patients [70].

All the clinical studies mentioned in this section were 
performed on adult subjects, and, with the exception of two 
studies [20, 71], they explicitly focused on patients with NC. 
The occurrence of alterations in the mean value of HR or 
HRV in children with NC and in patients of any age with 
NT2 (i.e., narcolepsy without cataplexy and/or with a nor-
mal CSF orexin concentration) thus warrants further studies. 
For the latter, the limited available evidence suggests that 
orexin deficiency is associated with more severe alterations 
of HRV in adult patients with narcolepsy [71].

Heart rate control in animal models of narcolepsy 
with cataplexy

Studies of animal models of narcolepsy have focused on 
models of NC with orexin deficiency and have mainly been 
performed on mice. These studies have also yielded conflict-
ing results on alterations in the control of HR compared with 
control animals. One potential confounder in these studies is 
genetic differences (the “genetic background”) other than the 
specific mutation(s) that cause orexin deficiency. To control 
the confounding effects of genetic background, most studies 
are performed on inbred mouse strains that have been mated 
using a suitable breeding scheme (usually brother × sister) 
for ≥20 consecutive generations. As a result, the genetic 
backgrounds of all the mice of a given inbred strain are 

Table 1   Summary of the discussed works on heart rate control in adult patients with narcolepsy

N narcolepsy (no explicit mention of cataplexy in the study), NC and NwC narcolepsy with and without cataplexy, respectively, ctrl healthy 
control subjects, ♂ males, W wakefulness, NREM non-rapid eye movement, REM rapid eye movement, HR heart rate, HRV HR variability, LF/
HF ratio between low-frequency and high-frequency spectral power of HRV, RMSSD root mean square of successive interbeat intervals, cBRS 
cardiac baroreflex sensitivity, PLMS periodic leg movements during sleep, ABPM ambulatory blood pressure monitoring, HUTT head-up tilt test
a These studies shared NC patients

References Subjects Mean HR HRV

[20] 10 N vs. 10 ctrl = During W, NREM sleep and REM sleep ↑ LF/HF HRV during W before sleep
[21] 15 ♂ NC vs. 15 ctrl = During morning W ↑ During morning W
[26] 10 NCa (9 ♂) vs. 18 ctrl ↑ During morning W while lying supine ↑ LF/HF HRV during morning W while supine; no 

further increase during HUTT
[14] 14 NC vs. 14 ctrl ↓ Associated with PLMS
[25] 10 NCa (9 ♂) vs. 12 ctrl ↑ During W, NREM sleep, and REM sleep
[12] 36 NC vs. 42 ctrl = During daytime and nighttime at ABPM
[70] 9 ♂ NCa vs. 9 ctrl ↑ During W, NREM sleep, and REM sleep ↓ RMSSD and ↓ cBRS during wakefulness before 

sleep; ↑ central autonomic control of HRV during 
NREM sleep

[71] 46 NC + 21 NwC vs. 22 ctrl ↓ Associated with arousals (only NC) and with PLMS
[17] 13 NC vs. 5 ctrl ↓ Relative decrease from W to NREM sleep
[18] 19 NC vs. 19 ctrl ↓ During daytime W
[74] 12 NC (11 ♂) vs. 12 ctrl ↑ During W, NREM sleep, and REM sleep; 

↓ relative increase from NREM sleep to W
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essentially identical (“pure”), and differ from those of mice 
of other inbred strains. Inbred strains are identified by unique 
combinations of letters and numbers, such as C57BL/6, 129/
SvEv, and DBA/2. However, the technical procedures for 
generating novel mouse models often yield hybrid mice with 
variable contributions of genes from two different mouse 
strains (i.e., a “mixed” genetic background). Thus, it is not 
uncommon for early studies on a new mouse mutant to be 
performed on hybrid mice, even though this affords less effi-
cient control of genetic confounders.

An early report on orexin knockout mice on a mixed 
C57BL/6–129/SvEv genetic background found no sig-
nificant difference in HR compared with wild-type mice 
throughout the light–dark cycle, but a weaker HR increase 
during the defense response, either artificial (stimula-
tion/disinhibition of the perifornical area) or spontaneous 
(resident-intruder test) [35]. These results were essentially 
replicated by the same group on transgenic orexin-ataxin-3 
mice on a mixed C57BL/6–DBA/2 genetic background, in 
which expression of the neurotoxin ataxin-3 kills orexin neu-
rons after birth [79]. No significant difference in HR during 
wakefulness and sleep was also reported by another group 
on orexin-ataxin-3 rats [58].

These results were partly challenged by a series of 
experiments performed by our group. We found that orexin 
knockout mice on a pure C57BL/6 genetic background had 
higher HR than wild-type mice during wakefulness, non-
REM sleep, and REM sleep [3]. In the same study, we found 
that orexin-ataxin-3 mice on a pure C57BL/6 genetic back-
ground had higher HR than wild-type mice during REM 
sleep, whereas this difference was not significant for orexin 
ataxin-3 mice on a mixed C57BL/6–DBA/2 genetic back-
ground [3]. We performed these experiments on young-adult 
(approx. 15 weeks of age) mice at an ambient temperature 
of 25 °C. These experimental details may be relevant in 
light of later findings from our laboratory that young-adult 
orexin-ataxin-3 mice on a mixed C57BL/6–DBA/2 genetic 
background have values of HR similar to those of wild-type 
mice at an ambient temperature of 20 °C, but values higher 
than those of wild-type mice at an ambient temperature of 
30 °C [41]. We also found that middle-aged (10–11 months 
of age) orexin-ataxin-3 mice on a pure C57BL/6 genetic 
background had higher values of HR during each wake-sleep 
state and reduced HRV during non-REM sleep compared 
with wild-type mice [65].

In mice with NC, we also found subtle alterations in HRV, 
which mostly consisted of weaker baroreflex changes in 
interbeat interval during REM sleep, associated with physio-
logical events such as spontaneous increases in ABP [41, 65, 
66]. In addition, in correspondence with spontaneous surges 
of ABP during non-REM sleep, young-adult orexin-ataxin-3 
mice on a mixed genetic background showed weaker barore-
flex changes in interbeat interval at an ambient temperature 

of 30 °C [41], whereas middle-aged orexin-ataxin-3 mice on 
a pure C57BL/6 genetic background showed weaker central 
autonomic control of the interbeat interval [65].

Overview of the link between narcolepsy with cataplexy 
and heart rate control: a translational perspective

As highlighted in the previous sections, the association 
between NC and alterations of HR control is a matter of 
controversy and inconsistency. The results of the published 
reports on this matter may be categorized into three groups. 
The first group consists of only one study in NC patients dur-
ing wakefulness, which reported lower values of HR than in 
control subjects [18]. The second group consists of studies 
on patients [12, 17, 20, 21] and animal models [3, 35, 58, 
79] with NC, which reported values of HR similar to those 
of control subjects. The last group consisted of studies on 
patients [25, 71, 74] or animal models [3, 41, 65] with NC, 
which reported values of HR higher than those in control 
subjects, particularly during sleep. This last phenomenon 
was also observed for orexin knockout mice [3], which lack 
orexin peptides with preserved hypothalamic neurons [9], 
meaning that it is caused by a lack of orexin peptides rather 
than a lack of orexin cotransmitters.

Although not yet tested systematically, genetic back-
ground [3, 41], ambient temperature [41], and age [65] may 
be significant modulators of the HR phenotype associated 
with an orexin deficiency in mice, with milder HR derange-
ments seen in younger mice, in those with a mixed genetic 
background, and at colder ambient temperatures. Weaker HR 
responses to internal stimuli are a frequent finding in mouse 
models (defense reaction [35, 79]) and patients (responses 
to arousals and leg movements [14, 71]) with NC. Subtle 
alterations of HRV were reported in mouse models [41, 65, 
66] and patients [20, 21, 70] with NC, but the findings for 
animal models did not mirror those for patients.

Potential mechanisms of heart rate control dysfunction 
in narcolepsy with cataplexy

The mechanisms responsible for the reported alterations in 
the mean values of HR and HRV in patients with NC are 
still unclear. Increases in the mean value of HR in patients 
and mice with NC [3, 25, 41, 65, 71, 74] may be caused by 
increased sympathetic tone to the heart, by decreased para-
sympathetic tone to the heart, and, possibly, by increased 
intrinsic HR [67]. Recent experimental data [43] question 
the interpretation of the LF/HF index, which was found to 
be increased during wakefulness in patients with narco-
lepsy [20, 26]. Nonetheless, the decrease in the RMSSD 
index reported during wakefulness before sleep in patients 
with NC [70] is strongly suggestive of a decrease in cardiac 
parasympathetic modulation [67]. Accordingly, spontaneous 
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cardiac baroreflex sensitivity (cBRS), which is highly 
dependent on cardiac parasympathetic modulation [68], is 
also decreased during wakefulness before sleep in patients 
with NC compared with control subjects [70]. Spontaneous 
cBRS is otherwise preserved in patients with NC during 
sleep [70] and in animal models of NC during each wake-
sleep state [41, 65, 66, 79], although one study on transgenic 
orexin-ataxin-3 rats reported reduced cBRS during REM 
sleep [58]. The available data, therefore, do not generally 
support the association of significant deficits in baroreflex 
control or cardiac vagal modulation with NC. Further stud-
ies are needed to test whether this association is specifically 
present during wakefulness before sleep.

We have previously hypothesized that the blunting of car-
diac parasympathetic modulation selectively during wake-
fulness before sleep in patients with NC [70] may be due 
to cognitive components associated with the fight against 
somnolence [80]. On the other hand, the increases in HR 
during the artificial defense response, which were found to 
be blunted in orexin-ataxin-3 mice compared with wild-type 
control mice, were abolished by beta-adrenergic blockade 
[79]. A blunted sympathetic modulation of HR in NC may 
thus underlie the blunted HR component of the defense 
reaction [35, 79], and may help to explain the blunted HR 
responses to internal stimuli such as arousals and leg move-
ments [14, 71] and spontaneous increases in ABP [41, 65, 
66].

Basic research on the effects of orexins on HR has pro-
vided insight into the mechanisms of the reported alterations 
of HR in human subjects and animal models with NC. Early 
reports indicated that orexin injection in the lateral cerebral 
ventricle increases HR in unanesthetized rats, with greater 
effects seen for OX-A than for OX-B [61]. These effects of 
orexins may underlie the reduced HR occasionally observed 
in patients with NC during wakefulness [18], but not the 
findings of increased HR in NC patients and animal models 
[3, 25, 41, 65, 74].

Nonetheless, the reported increases in HR after orexin 
injection in the cerebral ventricles likely reflect effects of 
orexins on multiple brain structures (Fig. 1) and at concen-
trations several orders of magnitude higher than physiologi-
cal concentrations [61, 78]. These issues may be relevant 
because localized microinjection of orexins in the nucleus of 
the solitary tract, which is a key structure of the central auto-
nomic network controlling HR [67], decreases HR at lower 
concentrations and increases HR at higher concentrations 
[60]. OX-A microinjection in the nucleus ambiguus, which is 
the main site of the preganglionic parasympathetic neurons 
that control HR [67], also decreases HR by increasing car-
diac parasympathetic activity [10]. This suggests that OX-A 
exerts a cardiac vagotonic effect, at least at the level of the 
nucleus ambiguus. Thus, orexin deficiency in patients with 
NC would imply a lack of this vagotonic effect, potentially 

explaining why patients with NC may show increased values 
of HR [3, 25, 41, 65, 74] and reduced cardiac vagal modula-
tion [70] compared with control subjects.

Narcolepsy with cataplexy, the orexin system, 
and the control of arterial blood pressure

Control of arterial blood pressure in narcoleptic patients 
with cataplexy

The control of ABP in patients with narcolepsy during wake-
fulness and sleep has long remained a relatively neglected 
topic, with only one published study (from 1986), which 
reported normal values of ABP during wakefulness and 
sleep in patients with NC [28]. This conclusion was first 
challenged in 2012 by a careful study performed under con-
trolled conditions with noninvasive beat-to-beat measure-
ment of ABP. This study reported a nondipper ABP profile 
(i.e., a lower than normal decrease in ABP from daytime 
to nighttime) in patients with NC compared with normal 
control subjects. However, the absolute values of ABP were 
significantly higher in patients with NC than in control sub-
jects only during REM sleep [25]. Another study published 
the same year on a larger sample of patients with NC in 
which ambulatory ABP monitoring was employed reported a 
nondipper profile of diastolic ABP in 31% of the patients vs. 
3% of healthy controls, but no significant difference between 
groups in the absolute values of diastolic ABP during day-
time and nighttime [12]. These discrepancies suggest that 
patients with NC differ from control subjects in the ability 
to modulate ABP, but these differences may be obscured 
by relatively wide between-subject differences in the 24-h 
average values of ABP.

Further support for this conclusion was provided by a 
later study of patients with NC employing beat-to-beat ABP 
monitoring, which reported that the relative decrease in ABP 
from wakefulness to non-REM sleep was significantly less 
pronounced in NC patients than in healthy controls, whereas 
the absolute values of ABP did not differ significantly 
between groups [17]. The frequent occurrence of a nondip-
per ABP pattern in patients with NC was further confirmed 
recently by a study that estimated ABP based on pulse transit 
time [62]. At variance with these results, one study reported 
lower values of ABP in patients with NC during wakefulness 
compared with control subjects [18].

On the other hand, the investigation of beat-to-beat vari-
ability of ABP within each wake-sleep state has been rela-
tively neglected in patients with narcolepsy, with one study 
[21] reporting increased ABP variability during morning 
wakefulness, and another study [70] reporting no signifi-
cant differences during wakefulness and sleep in NC patients 
compared with healthy controls. The clinical studies men-
tioned in this section are summarized in Table 2. None of 
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these studies focused on children with NC or on patients of 
any age with NT2.

Control of arterial blood pressure in animal models 
of narcolepsy with cataplexy

Studies on the control of ABP in animal models of NC 
yielded results that were broadly consistent with those 
obtained for patients. An early study on orexin knockout 
mice on a mixed C57BL/6–129/SvEv genetic background 
reported significantly lower values of ABP than in wild-
type control mice during the light period and the dark 
period, and a weaker ABP increase during the defense 
response [35]. These results were essentially confirmed 
by the same group for transgenic orexin-ataxin-3 mice on 
a mixed C57BL/6–DBA/2 genetic background [79]. Simi-
lar results were later obtained by an independent group for 
orexin-ataxin-3 rats, which showed lower values of ABP 
than wild-type controls during wakefulness and sleep, while 
the relative changes in ABP across wake-sleep transitions 
were preserved [58].

As also seen for the results on HR control, these conclu-
sions regarding the control of ABP in mouse models of NC 
were partly challenged by a series of experiments performed 
by our group. In particular, we found that young-adult orexin 
knockout mice and orexin-ataxin-3 mice on a pure C57BL/6 
genetic background had higher absolute values of ABP than 
wild-type controls during non-REM sleep and REM sleep, 
whereas young-adult orexin-ataxin-3 mice on a mixed 
C57BL/6–DBA/2 genetic background had higher absolute 
values of ABP than wild-type controls during REM sleep 
only. In each of these three strains, however, the relative 
decreases in ABP during either non-REM sleep or REM 
sleep compared to wakefulness were significantly less pro-
nounced than those in wild-type control mice [3].

We further confirmed the occurrence of blunted relative 
decreases in ABP during sleep at ambient temperatures of 

20 and 30 °C in young-adult orexin-ataxin-3 mice with a 
mixed C57BL/6–DBA/2 genetic background [41]. In that 
study, however, the absolute values of ABP during wake-
fulness were actually lower in orexin-ataxin-3 mice than in 
wild-type controls during wakefulness at an ambient tem-
perature of either 20 or 30 °C, whereas the absolute values 
of ABP during sleep did not differ between strains [41]. The 
reasons for the discrepancy in the absolute values of ABP 
of NC mice between that study [41] and our previous report 
on young-adult orexin-ataxin-3 mice on the same mixed 
C57BL/6–DBA/2 genetic background [3] may lie in subtle 
differences in the experimental protocol, including a sig-
nificantly longer postoperative recovery and the exposure 
to changes in ambient temperatures [41]. On the other hand, 
it is worth remarking that both studies [3, 41] consistently 
supported the occurrence of blunted relative changes in ABP 
between wakefulness and the sleep states in mouse models 
of NC. A later study by our group also reported blunted 
sleep-related differences of ABP in middle-aged orexin-
ataxin-3 mice with a pure C57BL/6 genetic background at 
an ambient temperature of 25 °C compared with wild-type 
controls, while the absolute values of ABP did not differ 
significantly [65].

Finally, the beat-to-beat variability of ABP within each 
wake-sleep state was investigated in three studies from our 
group [41, 65, 66]. These studies did not detect any signifi-
cant difference in the beat-to-beat variability of ABP within 
each wake-sleep state between either orexin knockout or 
orexin-ataxin-3 mice and wild-type controls.

Overview of the link between narcolepsy and the control 
of arterial blood pressure: a translational perspective

Taken together, these results on patients and animal mod-
els suggest that NC is associated with a blunted fall of 
ABP from wakefulness to sleep, and particularly to the 
REM state, coupled to a variable decrease in ABP during 

Table 2   Summary of the 
discussed works on arterial 
blood pressure control in adult 
patients with narcolepsy

NC narcolepsy with cataplexy, ♂ and ♀ male and female, respectively, ctrl. healthy control subjects, W 
wakefulness, NREM non-rapid eye movement, REM rapid eye movement, ABP arterial blood pressure, 
ABPM ambulatory blood pressure monitoring
a  These studies shared NC patients

References Subjects Mean value and variability of ABP

[28] 7 ♀ NC vs. 7 ctrl = Mean value
[21] 15 ♂ NC vs. 15 ctrl ↑ Variability during daytime W
[25] 10 NCa (9 ♂) vs. 12 ctrl ↑ Mean value during REM sleep;

nondipper ABP pattern
[12] 36 NC vs. 42 ctrl ↑ Nondipper ABP pattern at ABPM
[70] 9 ♂ NCa vs. 9 ctrl = Variability during W, NREM sleep, and REM sleep
[17] 13 NC vs. 5 ctrl ↓ Relative decrease in mean value from W to NREM sleep
[18] 19 NC vs. 19 ctrl ↓ Mean value during daytime W
[62] 8 NC Nondipper ABP pattern at ABPM in 7/8 patients
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wakefulness, likely depending on genetic background and 
other unidentified environmental or stress-related factors. 
As a result, NC may be associated with ABP values that are 
lower than normal in wakefulness [18] and normal during 
sleep [41], or normal in wakefulness and higher than normal 
during sleep [17], particularly during REM sleep [3, 25, 65] 
(Fig. 3). Since sleep mainly occurs during the nighttime in 
human subjects, blunted differences in ABP between wake-
fulness and sleep may explain, at least in part, the frequent 
occurrence of a nondipper ABP profile in patients with NC 
[12, 25, 62]. On the other hand, the beat-to-beat variability 
of ABP within each wake-sleep state does not appear to vary 
between human subjects [70] or animal models [41, 65, 66] 
with NC and control subjects.

Potential mechanisms of arterial blood pressure control 
dysfunction in narcolepsy with cataplexy

As is the case for alterations of HR, the mechanisms behind 
the reported alterations of ABP in patients and animal mod-
els with NC are still uncertain. The occurrence of lower val-
ues of ABP in either orexin knockout [35] or orexin-ataxin-3 
[79] mice was abolished by prazosin, which blocks alpha-1 
adrenergic receptors. This suggests that lower values of ABP 
in mice with NC are caused by lower sympathetic activity 
to blood vessels. Accordingly, the study of patients with NC 
that reported lower values of ABP during wakefulness also 
reported lower values of muscle sympathetic nerve activity 
in these patients [18].

In a different study, the blunted relative decrease in ABP 
from wakefulness to non-REM sleep in patients with NC was 
associated with a blunted relative decrease in HR, whereas 
the relative decreases in muscle and skin sympathetic nerve 
activities during sleep were preserved in these patients [17]. 
This mismatch between sleep-related changes in HR and 
sympathetic nerve activity to peripheral vascular beds cannot 
be parsimoniously explained based on baroreflex resetting, 
which, moreover, has never been directly demonstrated in 
patients or animal models with NC. Nonetheless, in control 
subjects, the physiological decrease in HR from wakefulness 
to non-REM sleep may help to decrease ABP by decreasing 
cardiac output [63]. Thus, the association between NC and 
a blunted decrease in ABP from wakefulness to non-REM 
sleep may be driven, at least in part, by a blunted sleep-
related decrease in HR, implicating abnormally high values 
of HR during sleep.

Both decreases in ABP during wakefulness [35] and 
blunted differences in ABP between wakefulness and sleep 
[3] have been reported in orexin knockout mice with pre-
served hypothalamic neurons. The occurrence of relatively 
high values of ABP during sleep, and particularly in REM 
sleep, compared to wakefulness is preserved in double-
mutant mice lacking orexin neurons and histamine trans-
mission [4]. This suggests that the key mechanism at stake is 
the loss of orexin transmission, as opposed to the loss of his-
tamine or of transmitters co-released by the orexin neurons.

Similarly to what was previously discussed for HR, 
injections of OX-B and (particularly) OX-A in the lateral 
cerebral ventricle increase ABP in anesthetized rats [55, 

Fig. 3   Schematic diagram showing the alterations of the control of 
arterial blood pressure (ABP) that may be associated with orexin defi-
ciency in animal models and patients with narcolepsy. In control sub-
jects (left), ABP physiologically decreases from wakefulness (W) to 
non-rapid-eye-movement sleep (NREM), and rises again during rapid-
eye-movement sleep (REM). Orexin deficiency (right) entails a vari-

able decrease in ABP during W (single arrow) coupled to a blunted 
decrease in ABP from W to NREM and (particularly) to REM (dou-
ble arrows). As a result, orexin deficiency may be associated with 
ABP values that are lower than normal in W and normal during sleep 
(a) or normal in W and higher than normal during sleep (b)
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61]. Moreover, OX-A microinjection in the rostral ventro-
lateral medulla, a key site of presympathetic neurons con-
trolling the heart and blood vessels [67] (Fig. 1), increases 
ABP by means of sympathetic activation elicited by both 
OX-R1 and OX-R2 binding [59]. A lack of these sympa-
thoexcitatory effects of orexins may explain the occurrence 
of decreased ABP in patients [18] and animal models [35, 
41, 58, 79] of NC, particularly during wakefulness.

On the other hand, orexins may exert bidirectional 
effects on ABP acting on the nucleus of the solitary tract 
[60] and the paraventricular nucleus of the hypothalamus 
[16] (Fig. 1), depending on concentration [60] and, poten-
tially, on GABAergic cotransmission [16]. The available 
evidence suggests that the nucleus of the solitary tract and 
the paraventricular nucleus of the hypothalamus play lead-
ing roles in driving the effects of sleep states on ABP [69]. 
The association between orexin deficiency and blunted 
sleep-related differences in ABP may thus be due to the 
loss of the physiological modulation exerted by orexin 
receptors on the central circuits that shape autonomic out-
flow during sleep [69].

Conclusions and suggestions for a research agenda

The theme of research on the links between narcolepsy, 
the orexin system, and autonomic dysfunction is a sub-
stantial variability between the reported results. On the 
one hand, this highlights the need for systematic reviews 
and meta-analyses, which are still lacking in this field. 
On the other hand, this variability is difficult to explain 
given the relative rarity of narcolepsy and the technical 
difficulties associated with autonomic investigation during 
spontaneous behavior. Rather, this variability suggests the 
existence of one or more biological modifiers of the effects 
of orexins on cardiovascular control, which may include 
genetic, environmental (e.g., ambient temperature, stress), 
and developmental (i.e., age-related) factors [64].

There are limited data on cardiovascular control in 
elderly patients with NC and in patients of any age with 
narcolepsy without cataplexy, and virtually no data on 
narcoleptic children. Potential differences in cardiovascu-
lar control between NC and narcolepsy without cataplexy 
also deserve closer scrutiny, as do the effects of narco-
lepsy medications on cardiovascular control. Taking into 
account the impact of obesity, sleep-disordered breath-
ing, periodic leg movements during sleep, and tobacco 
smoking may help to clarify whether and how the links 
between narcolepsy and autonomic cardiovascular dys-
function impact on the cardiovascular risk of patients with 
narcolepsy.
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