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The brain suprapontine mechanisms associated with human cataplexy have not been clarified. Animal data suggest that the amygdala
and the ventromedial prefrontal cortex are key regions in promoting emotion-induced cataplectic attacks. Twenty-one drug-naive
children/adolescent (13 males, mean age 11 years) with recent onset of narcolepsy type 1 (NT1) were studied with fMRI while viewing
funny videos using a “naturalistic” paradigm. fMRI data were acquired synchronously with EEG, mylohyoid muscle activity, and the
video of the patient’s face. Whole-brain hemodynamic correlates of (1) a sign of fun and amusement (laughter) and of (2) cataplexy were
analyzed and compared. Correlations analyses between these contrasts and disease-related variables and behavioral findings were
performed.

Emotion-induced laughter occurred in 16 patients, and of these 10 showed cataplexy for a total of 77 events (mean duration � 4.4 s).
Cataplexy was marked by brief losses of mylohyoid muscle tone and by the observation of episodes of facial hypotonia, jaw drop, and
ptosis. During laughter (without cataplexy) an increased hemodynamic response occurred in a bilateral network involving the motor/
premotor cortex and anterior cingulate gyrus. During cataplexy, suprapontine BOLD signal increase was present in the amygdala, frontal
operculum–anterior insular cortex, ventromedial prefrontal cortex, and the nucleus accumbens; BOLD signal increases were also ob-
served at locus ceruleus and in anteromedial pons. The comparison of cataplexy versus laugh episodes revealed the involvement of a
corticolimbic network that processes reward and emotion encompassing the anterior insular cortex, the nucleus accumbens, and the
amygdala.
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Introduction
Narcolepsy type 1 (NT1) is a rare, life-long central disorder of
excessive daytime sleepiness (EDS) that frequently arises in child-

hood or adolescence peaking at 15 years old (Dauvilliers et al.,
2007), and is prevalent between 25 and 50 people per 100,000 in
the adult population (Longstreth et al., 2007). The core NT1
symptoms are EDS, cataplexy, sleep paralysis, hallucinations, and
fragmented nocturnal sleep (American Academy of Sleep Medi-
cine, 2014). Cataplexy is pathognomonic of NT1 and is defined asReceived March 2, 2015; revised May 29, 2015; accepted July 10, 2015.
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Significance Statement

In this study we reported for the first time in humans the brain structures whose neural activity is specifically and consistently
associated with emotion-induced cataplexy. To reach this goal drug-naive children and adolescents with recent onset narcolepsy
type 1 were investigated. In narcolepsy caused by hypocretin/orexin deficiency, cataplexy is associated with a marked increase in
neural activity in the amygdala, the nucleus accumbens, and the ventromedial prefrontal cortex, which represent suprapontine
centers that physiologically process emotions and reward. These findings confirm recent data obtained in the hypocretin knock-
out mice and suggest that the absence of hypothalamic hypocretin control on mesolimbic reward centers is crucial in determining
cataplexy induced by emotions.
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sudden episodes of muscle weakness occurring during wakeful-
ness, typically triggered by strong emotions of positive valence
(most often by laughter). In addition to cataplexy, the rapid tran-
sition from wakefulness to REM sleep is the polysomnographic
marker of NT1. Patients with NT1 have difficulty in executing
daily activities, socializing, and maintaining personal relation-
ships because of cataplexy and somnolence. NT1 is caused by a
lack of wake-promoting hypocretin (orexin) signaling, resulting
from the loss of hypocretinergic neurons in the dorsolateral hy-
pothalamus and leading to reduced or absent CSF hypocretin-1
(Peyron et al., 2000; Thannickal et al., 2000). The cause of
hypocretin-producing cell loss is still under investigation and an
autoimmune mechanism is the most likely etiological hypothesis
(Partinen et al., 2014).

Cataplexy can occur with either partial or global involvement
of all skeletal muscles, except the diaphragm and extraocular
muscles (Overeem et al., 2011). Typically, partial attacks induce
slurred speech, facial weakness and twitching of the facial mus-
cles, and jaw or head dropping, whereas global attacks can lead to
generalized muscular involvement resulting in falls to the ground
(Rubboli et al., 2000; Vetrugno et al., 2010).

While brainstem mechanisms regulating cataplexy in animals
have been partly clarified, the suprapontine mechanisms that in-
duce cataplexy are largely unknown. Only recently, a key role of
the amygdala and ventomedial prefrontal cortex (VMPFC) has
been shown in the induction of emotionally triggered cataplectic
attacks in the hypocretin knock-out mice (Hcrt�/� mice; Burgess
et al., 2013; Oishi et al., 2013; Dauvilliers et al., 2014).

In humans, the existence of a link between cataplexy and emo-
tions was postulated long ago. Neuroimaging studies demon-
strated that NT1 patients have an abnormal hemodynamic
response in processing humorous or rewarding stimuli (Reiss et

al., 2008; Schwartz et al., 2008; Ponz et al., 2010b). In particular,
an increased amygdala activity compared with healthy controls
has been observed. Moreover, abnormal behavior in the subcor-
tical mesolimbic reward network (including nucleus accumbens,
ventral tegmental area, and hypothalamus) seems present in NT1
patients during high reward expectancy (Ponz et al., 2010a).

However, few studies characterized in humans the neural cor-
relates during typical cataplectic attacks induced by emotional
stimuli. In fact, only anecdotal case reports have been described,
with conflicting findings (Hong et al., 2006; Chabas et al., 2007;
Reiss et al., 2008; Dauvilliers et al., 2010). This paucity of data
reflects how difficult it is to evoke a cataplectic attack in a con-
trolled setting (such as during an fMRI experiment). Moreover,
the available data were often obtained in adult patients under
drug treatment or during cataplectic status after antidepressant
withdrawal; therefore they are not representative of genuine
emotionally triggered cataplexy.

In the attempt to fill this gap, we investigated the neural net-
works associated with laughter-induced cataplexy using the
BOLD signal changes that occurred while viewing prolonged
funny videos in a “naturalistic” fMRI paradigm in drug-naive
children and adolescents with NT1 close to disease onset.

Materials and Methods
Participants
Patients were proposed to participate in the fMRI study if the following
inclusion criteria were satisfied: (1) drug-naive children from 8 to 16
years old with NT1, (2) a diagnosis of NT1 according to the current
criteria (American Academy of Sleep Medicine, 2014), (3) proven CSF
hypocretin-1 deficiency, (4) cataplexy onset for no more than 2 years,
and (5) video documentation of cataplectic attacks during a standardized
video session (Plazzi et al., 2011; Pizza et al., 2013) no longer than 6
months before the neuroimaging experimental sessions.

From January 2014 to February 2015, 21 patients (13 males, mean age
11.3 � 2.5 years) fulfilled the inclusion criteria and agreed to participate
in the fMRI study. All subjects were right-handed (Oldfield, 1971). Table
1 reports the patients’ clinical data. All patients had a complete clinical
and neurological examination, conventional brain MRI, and underwent
a 48 h continuous polysomnographic recording followed by a standard
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Table 1. Clinical, polysomnographic, and laboratory data of investigated patients

Patient
number

Age (years)/
sex

Disease duration
(years)

Time since cataplexy
onset (years)

Cataplectic attack
frequencya

MSLT
(min) MSLT-SOREMPs

CSF Hcrt
pg/ml ESSa HLA-DQB1*0602

1 13/F 2 1 1/week–1/d 3.30 5 10.7 13 p
2 11/M 4 2 1/year–1/month 9.00 5 43.1 13 p
3 14/F 3 2 1/week–1/d 2.40 5 0 13 p
4 10/M 2 1 �1/d 1.90 4 0 21 p
5 10/F 4 2 �1/d 1.20 1 15.5 14 p
6 9/M 0 0 �1/d 1.90 5 0 16 p
7 15/M 5 2 1/week–1/d 3.30 4 0 17 p
8 9/F 0 0 �1/d 4.40 2 0 14 p
9 12/F 1 1 �1/d 1.70 3 33 10 p

10 11/F 1 1 1/week–1/d 1.00 5 0 14 p
11 11/M 3 2 �1/d 9.80 4 25 14 p
12 11/M 3 1 1/week–1/d 2.20 5 13.6 11 p
13 13/M 3 2 �1/d 13.00 4 55 19 p
14 11/F 1 1 �1/d 8.90 3 84.2 12 p
15 7/F 1 1 �1/d 9.60 1 0 20 p
16 16/M 4 2 1/week–1/d 2.40 5 0 13 p
17 14/M 2 1 �1/d 2.00 5 10.5 21 p
18 8/M 1 0 1/week–1/d 4.00 1 0 14 p
19 15/M 3 1 �1/d 7.00 3 0 12 p
20 9/M 0 1 1/week–1/d 3.50 4 20 9 p
21 8/M 2 2 �1/d 2.00 2 40 18 p

F, female; M, male; Hcrt, hypocretin-1 level in CSF (pathological levels�110 pg/ml); ESS is range 0 –24, pathological score�10; p, positive HLA-DQB1* 0602 allele. aBefore the fMRI scan sessions, the ESS score and the frequency of cataplexy
were assessed in each patient.
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five-nap Multiple Sleep Latency Test (MSLT; Littner et al., 2005) and
video recordings of cataplexy as previously described (Plazzi et al., 2011;
Pizza et al., 2013). Before each video session, patients were interviewed to
determine their humor preferences and asked to choose between various
funny videos; these were selected to best stimulate each subject. Video
recordings included a 5 min baseline followed by 30 min while subjects
were watching videos; children were sitting and/or standing for 10 – 40
min, enough time for the child to feel at ease but not long enough for the
child to feel sleepy. Two experts in the field narcolepsy (F.P. and G.P.)
independently analyzed the video recordings and rated the presence of
paroxysmal “negative” motor symptoms during emotional stimulation.
HLA-DQB1*0602 typing was conducted in all patients. Cataplexy fre-
quency was assessed and subjective sleepiness was quantified by a mod-
ified version of the Epworth Sleepiness Scale (mESS; Melendres et al.,
2004).

The study was performed according to the Declaration of Helsinki and
approved by the local ethical committee; consent was obtained from
parents and assent obtained from patients.

Polygraphic functional imaging protocol
Stimuli. To maximize the chance of recording cataplexy in a “hostile”
environment like the MRI scanner, we adopted a patient-specific proto-

col by selecting the funny videos that were previously successful in the
standardized video session. Videos were digitally recorded and edited to
remove commercials. The resulting videos were 8 min and 30 s in length.
Patients were scanned while passively viewing an entire video without
any specific task requirement. We told patients they should try to keep
their head fixed, but they could smile or even laugh if the comic was
funny, and that they did not have to suppress emotions. Two to three
videos were presented to each patient. Following the scan, each subject
was asked to rate each cartoon for humor intensity (i.e., degree of funni-
ness) on a scale of 1 to 10, with 1 and 10 as the least and most funny,
respectively. Figure 1A is a schematic representation of the fMRI
protocol.

Recordings. Data acquisition was performed in a dimly lit room during
the afternoon. Patients were asked to take a brief nap before the record-
ings to reduce sleepiness to avoid its confounding effects. Scalp EEG
(1024 Hz sampling rate) was recorded by a 32-channel MRI-compatible
EEG recording system (Micromed). EKG activity was recorded from
electrodes positioned over the chest; surface EMG was recorded from
subchin electrodes. Foam pads were used to help secure the EEG leads,
minimize motion, and improve the patient’s comfort. EEG recording
was relevant to exclude objective signs of sleepiness/sleep onset. The

Figure 1. Representation of the polygraphic fMRI protocol. A, Each fMRI run was organized in 30 s of baseline during which the patient was instructed to watch a white cross on a black screen
followed by one funny video. Each video was 8 min and 30 s and the relative fMRI scan time was 510 s. Two to three fMRI runs were repeated in each session for every patient. Baseline/laughter/
cataplexy and physiological facial movements (see Materials and Methods) were monitored throughout by a small camcorder pointing at the patient’s face. B, A 60 s representative page of
video-polygraphy (32 EEG channels plus 2 channels for EMG and ECG, respectively) recorded simultaneously during fMRI acquisitions, after off-line gradient artifact suppression and ballistocardio-
gram removal. The midline EEG electrodes (Fz, Cz, and Pz) are displayed in a bipolar montage. Surface EMG activity is recorded from the mylohyoid muscle. Note the burst of EMG activity during the
laugh and the transient loss of muscle tone during cataplexy with rapid rebound after it.
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patient was constantly observed and recorded with a small camcorder
positioned on the head coil inside the scanner pointing to the patient’s
face to obtain a split-screen video-polygraphic documentation during
the fMRI recording (Ruggieri et al., 2015). The simultaneously recorded
video during scanning allowed patients to be checked for physiological
facial movements, laughter, and the appearance of cataplexy. For the
purpose of our work, chin EMG and video recordings were essential for
recognizing the exact time and duration of each cataplectic event.

Functional data were acquired using the Philips Intera system at 3 T
and a gradient-echo echo-planar sequence from 30 axial contiguous
slices (TR � 2.000 ms, TE � 35 ms, in-plane matrix � 80 � 80, voxel
size � 3 � 3 � 3 mm) over two to three 8 min 30 s runs (255 volumes per
run) with continuous simultaneous video-polygraphic recording. A
high-resolution T1-weighted anatomic image was acquired for anatom-
ical reference and volumetric analysis. The volume consisted of 170 sag-
ittal slices (TR � 9.9 ms, TE � 4.6 ms, in plane matrix � 256 � 256, voxel
size � 1 � 1 � 1 mm).

Video-polygraphic data analysis
After off-line correction of the gradient artifacts and filtering of the EEG
signal, the EEG data were reviewed and preprocessed according to pre-
vious published methods (Avanzini et al., 2014; Vaudano et al., 2014).
EMG activity from the mylohyoid muscle was filtered between 50 and
500 Hz.

Three sleep medicine experts in NT1 (G.P., F.P., and S.V.) reviewed
the cataplexy video recordings obtained in the sleep laboratory, and they
collegially identified the main facial features and the polygraphic picture
of the cataplectic attacks for each patient. They subsequently reviewed
the video-polygraphic recordings obtained during the fMRI procedure
independently to identify the onsets and offsets of the events of interest
for the study including (1) laughter and smiles and (2) cataplectic “neg-
ative motor” phenomena. We considered “cataplectic attacks” only the
events for which the judgments of the raters were concordant. In case of
disagreement, the clinical features of cataplectic attacks of that patient, as
recorded in the sleep laboratory, were reviewed and compared with the
events recorded in the scan. Only when a consensus was reached was the
event considered a “cataplectic event” to minimize the risk of false-
positive events.

fMRI data analysis
The MATLAB 7.1 and SPM8 (Wellcome Trust Center for Neuroimaging,
University College London) software was used for whole-brain fMRI
data analysis. All functional volumes were slice-time corrected, realigned
to the first volume acquired, normalized to the MNI template, and
smoothed with 8 � 8 � 8 mm FWHM Gaussian kernel. No subject was
excluded from subsequent analysis for excessive head motion.

To provide the hemodynamic maps of “laughter” and “cataplexy,” the
fMRI data were analyzed within the GLM framework. For each EPI ses-
sion one GLM was constructed including (1) the effects of interest
(laughter and/or cataplexy), represented as blocks (with duration de-
fined by the video) convolved with canonical hemodynamic response
function; (2) the confounds, represented by 24 realignment parameters
(six scan realignment parameters from image preprocessing and a Volt-
erra expansion of these; Friston et al., 1996); and (3) the video-based
physiologic facial movements (i.e., swallowing; Chaudhary et al., 2012;
Ruggieri et al., 2015).

To further assess the influence of head motion, and especially to test if
movement affected one condition significantly more than others (i.e.,
laughter or cataplexy), we quantified head motion for each subject across
the entire scanning session by computing vector distances (derived from
the x, y, and z translational realignment corrections) between sequential
functional volumes (Moran et al., 2004). Vector distances for each time
point for each subject were then assigned to “laughter,” “cataplexy,” and
“baseline” conditions and submitted to one-way ANOVA.

Statistical parametric maps were generated from linear contrasts be-
tween conditions in each participant (laughter � baseline; cataplexy �
baseline; cataplexy � laughter). The contrast images from each subject
were then submitted to a second-level group analysis using the random-
effect approach (Friston et al., 1999).

The threshold for statistical significance was set at p � 0.05 corrected
for false discovery rate (FDR) or p � 0.001 uncorrected if the BOLD maps
did not reveal any change at the more conservative threshold. In these
uncorrected maps, an extent threshold of five contiguous voxels was
applied. The resulting statistical maps were displayed in MNI space.

Finally, we performed additional whole-brain second-level correlation
analyses to test for a linear relation between BOLD signal changes relative
to brain responses to humor and the main clinical measurements, in-
cluding age at disease onset, duration of disease, cataplexy frequency, ESS
score, mean sleep latency, and number of sleep-onset rapid eye move-
ment periods (SOREMPs) at the MSLT. We also analyzed possible cor-
relations between BOLD signal changes and the number of observed
smiles/laughter events during scanning and the postscanning ratings of
the videos. These analyses allowed us to assess whether the modulation of
brain responses to humor might relate to individual clinical characteris-
tics and to behavioral variables observed during the fMRI experiment.

Results
Behavior
We recorded 77 cataplectic events in 10 patients (Table 2 shows
the detailed behavioral results for each patient and fMRI run).
The mean duration of cataplexy was 4.4 s, ranging from 2.1 s
(Patient 17) to 5.5 s (Patients 9 and 19). Cataplexy was preceded
by signs of fun in every attack, such as a smile or laugh. The video
recordings acquired during the fMRI procedure allowed us to
recognize in each patient the typical pathological facial features
that characterize childhood cataplexy: episodes of facial hypoto-
nia, jaw drop, tongue protrusion, and ptosis (i.e., the “cataplectic
facies”; Serra et al., 2008; Plazzi et al., 2011; Pizza et al., 2013).

In these 10 patients smiles and laughter without signs of cat-
aplexy also were recorded (214 events). In the remaining 11 pa-
tients no cataplexy was observed during stimulation. Six of the
latter patients showed laughter (28 events), while five did not
show any facial display of fun and amusement.

The mean � SD of postscanning ratings of video funniness
was 7.2 � 2 for the scanning runs with emotion-induced cata-
plexy and 4.8 � 2.6 for runs without cataplexy (t � 3.56, p �
0.001). The mean number of smiles/laughter bouts was 14.7 �
8.5 in the runs with emotion-induced cataplexy and 5.5 � 4.6 in
the runs without cataplexy (t � 3.90, p � 0.001).

Video-EEG recordings showed that EEG and behavioral signs
of sleepiness and sleep never occurred during sessions. Finally, no
differences in head motion were recorded among cataplexy
(0.45 � 0.29 mm), laughter (0.42 � 0.20 mm), and baseline
vision (0.40 � 0.25 mm; F(2,22) � 0.06, p � 0.8).

Brain correlates of cataplexy
Group-level brain correlates of cataplexy were obtained by a
random-effect approach across the 10 patients with emotion-
related cataplectic events.

BOLD signal increases were observed (Fig. 2A, Table 3) in a
cortical and subcortical network that included the bilateral
(�right) insular cortex/frontal operculum, anterior cingulate
cortex, VMPFC, amygdala, posterior thalamic nuclei, and me-
solimbic reward regions including the nucleus accumbens and
ventral striatum. Moreover, brainstem BOLD signal increases
were observed in the posterolateral pontomesencephalic re-
gion (locus ceruleus) and in the anteromedial pons. Peris-
timulus time histograms (PSTHs) were calculated at the
cluster peak (sphere � 10 mm) of right amygdala, anterior
insular cortex (AIC), and VMPFC to show the time course of
the hemodynamic response (Fig. 2B). The analysis emphasizes
a prominent increase in BOLD signal in these structures with a
peak at 4 – 6 s postevent onset.
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The involvement of the amygdala, insula, and anterior cingu-
late/VMPFC, resulting from the random-effect approach, was
supported by single-subject analyses: amygdala and insula-
positive BOLD changes were detected in 8 of 10 patients (Table
4), while anterior cingulate/VMPFC BOLD increments were
found in 9 of 10 cases. Brainstem BOLD-positive signal changes
were observed in 6 of 10 patients (at p � 0.05 FDR). Using a less
conservative threshold (p � 0.001, uncorrected) they were ob-
served in every patient. Table 4 and Figure 3 detail the location of
brainstem hemodynamic modifications at single-subject and
group levels.

Brain correlates of laughter
Group-level (16 patients) brain correlates of laughter (without
cataplexy) were detected over a cortical network encompassing
bilaterally the motor–premotor cortex and the ACC (Fig. 4). No

BOLD changes were detected over the amygdala, insular cortex,
and subcortical mesolimbic reward centers (see Table 3). In a
further analysis, we considered separately the 14 runs (10 pa-
tients) during which only laughter occurred and the 15 runs (10
patients) in which laughter plus cataplexy occurred (in these runs
cataplexy was included in the model and treated as a confound).
Both analyses disclosed the involvement of a similar circuit re-
lated to laughter covering the bilateral motor network and ACC,
confirming the whole-group results. No significant differences
were detected between the two conditions at p � 0.05 corrected
for FDR and even at a less conservative threshold (p � 0.001,
uncorrected).

What distinguishes cataplexy from laughter?
When compared with laughter, cataplexy demonstrated a higher
hemodynamic demand over a network of cortical and subcortical

Table 2. Behavioral findings of NT1 patients during EEG-fMRI

Patient number
Run
number

Rating of
videos

Laughter bouts
(n)

Laughter bouts
(mean duration; s)

cataplexy attacks
(n)

Cataplexy attack
(mean duration; s)

Runs with laughter and cataplexy (n � 15)
2 1 8 22 3.5 15 3.4
4 1 10 3 4 4 5.2
6 1 8 27 5.5 6 4.2
6 2 7 6 5.8 2 4
9 1 10 5 5.1 4 5.5
13 1 7 17 4.3 6 3.2
15 1 5 16 2.2 5 4
15 2 5 17 3.2 4 3.5
16 1 7 13 4.5 6 4.5
16 2 4 2 3 4 5
17 1 9 25 3.8 3 2.1
17 2 5 30 4 4 5
19 1 8 8 5.1 4 5.5
21 1 7 16 4 6 4.4
21 2 8 10 5.2 4 6

Runs with smiles and laughter only (n � 14)
1 1 3 1 2 nr nr
1 2 2 7 2.5 nr nr
4 2 7 4 3.6 nr nr
5 2 4 7 4 nr nr
8 1 5 4 5 nr nr
8 2 4 2 2.5 nr nr
9 2 8 7 4 nr nr
11 1 3 1 3 nr nr
11 2 7 1 4 nr nr
12 1 7 1 4 nr nr
12 2 6 3 3.5 nr nr
13 2 6 16 4.5 nr nr
19 2 6 6 4.5 nr nr
20 1 9 17 3.9 nr nr

Runs with no behavioral sign of amusement (n � 13)
2 2 3 nr nr nr nr
3 1 2 nr nr nr nr
3 2 4 nr nr nr nr
5 1 4 nr nr nr nr
5 3 3 nr nr nr nr
7 1 9 nr nr nr nr
7 2 4 nr nr nr nr
10 1 1 nr nr nr nr
10 2 1 nr nr nr nr
14 1 1 nr nr nr nr
18 1 9 nr nr nr nr
18 2 8 nr nr nr nr
20 2 5 nr nr nr nr

The mean duration of laughter bouts and cataplexy attack is expressed in seconds. Rating of the videos is based on a scale of 1 to 10, where 1 is “not funny” and 10 is “most funny.” nr, Not recorded.
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regions encompassing the bilateral (�right) opercular-insular
cortex (global maxima), right amygdala, bilateral ventral stria-
tum, and right nucleus accumbens (Fig. 5, Table 3). No higher
BOLD signal increases were detected in the contrast laughter �
cataplexy.

Correlation between BOLD changes and clinical
behavioral variables
We did not disclose any significant linear relationship between
cataplexy-related BOLD changes and clinical polygraphic variables.
Similarly, we did not find any correlation between laughter-induced

BOLD changes and clinical polygraphic variables. Moreover, no sig-
nificant linear correlations were observed between the BOLD signal
changes relative to the contrasts of interest and the number of smiles/
laughter events during scanning, as well as the postscanning ratings
of the videos.

Discussion
In patients with NT1, cataplexy is most often triggered by positive
emotions such as those associated with laughter, joking, or de-
light (Overeem et al., 1999; Dauvilliers et al., 2014). For more
than 130 years this striking and odd connection to positive emo-

Figure 2. fMRI results related to cataplexy. A, Group-related (random-effect analysis) cataplexy-related BOLD findings. The BOLD changes ( p � 0.05 corrected for FDR) are displayed on the axial,
sagittal, and coronal T1-template image. See main text and Table 3 for details of activations. No decreases in BOLD signal were detected. L, left; R, right. B, PSTHs (solid black line; black error bars
represent SEM) depicting the responses in right amygdala, right insula, and VMPFC (circles). PSTH provides a finite impulse response estimate of the BOLD response locked to the onset of the
cataplectic attacks as a function of peristimulus time (time bins of 2 s, peristimulus timescale of 32 s). To derive a grand average PSTH over NT1 patients, we first computed PSTHs within each subject
and for each voxel of interest within each run, then averaged over sessions, and finally computed a grand average by computing over patients. Amy; amygdala; FG, fusiform gyrus; LC, locus ceruleus.
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tions has been recognized as a key aspect of cataplexy (Schenck et
al., 2007), but only recently the neural mechanisms through
which positive emotions trigger cataplexy have been partly clari-
fied in animal models (Burgess et al., 2013; Oishi et al., 2013;
Dauvilliers et al., 2014).

Our study shows, for the first time in humans, the brain struc-
tures whose neural activity is specifically associated with
emotion-induced cataplexy. Importantly, drug-naive children
and adolescents with recent onset NT1 help us to unravel the
cerebral correlates of genuine cataplexy before the patients adopt

Table 3. Regional brain responses to conditions of interest

Regions L/R

MNI coordinates

BA Z scorex y z

Cataplexy
AIC R 42 12 3 13 4.64
Precentral gyrus L �42 �18 42 4 4.15
Amygdala R 24 6 �16 34 4.12
Precentral gyrus R 44 �20 36 4 4.11
Anterior cingulate gyrus L �4 �22 40 24 3.88
Anterior cingulate gyrus R 2 0 42 24 3.86
Parahippocampal gyrus L �32 0 �24 34 3.82
Nucleus accumbens L �4 12 �12 — 3.70
Anterior cerebellum lobe R 38 �56 �26 — 3.62
Parahippocampal gyrus R 20 �22 �18 34 3.57
Thalamus R 8 �16 0 — 3.55
Superior temporal gyrus R 66 �34 18 42 3.42
Middle temporal gyrus R 52 2 �26 21 3.42
Locus ceruleus L �10 �28 �12 — 3.42
Locus ceruleus R 10 �28 �12 — 3.37
Supplementary motor area R 8 �16 64 6 3.37
Fusiform gyrus R 20 56 �14 20 3.37
Thalamus L �10 �10 18 — 3.33
VMPFC R 2 48 �6 10 3.22

Laughter
Precentral gyrus R 52 �14 34 4 3.93
Precentral gyrus L �48 �14 32 4 3.73
Middle cingulate gyrus L 0 10 40 24 3.64
Middle cingulate gyrus R 4 2 40 24 3.34

Cataplexy � laughter
Anterior Insular Cortex R 42 12 4 13 4.33
Inferior frontal gyrus R 24 10 �20 47 3.93
Nucleus accumbens R 6 14 �10 — 3.60
Caudate head R 14 16 �2 — 3.57
Amygdala R 24 �2 �22 34 3.50
Putamen L �28 �10 �8 — 3.44
AIC L �40 0 4 13 3.35

Reported regions survived at a threshold level of p � 0.05 corrected for FDR. L, left; R, right.

Table 4. First-level analysis results of BOLD changes related to cataplexy

Patient number

Regions of BOLD signal increase MNI coordinates (x y z)

Side Amy VMPFC ACC AIC LC Ant Pons PAG

2 L �26 2 �12 �8 48 �4 �6 46 14 �40 20 �14 — — —
R 24 2 �14 10 52 �6 12 48 8 44 28 0 — — —

4 L — — — — — — —
R 26 �4 �20 14 52 �12 20 38 2 44 24 �14 — — —

6 L — — — — — — —
R 20 2 �22 10 36 12 6 �12 34 42 32 2 6 �32 �16 — —

9 L — �4 62 �4 0 32 24 — — — —
R 28 0 �22 4 50 �4 — 36 �4 �12 — — —

13 L — — — — — — —
R 22 4 �16 8 64 �10 4 32 22 44 10 �8 — 2 �26 �32 —

15 L �22 �2 �20 — 0 20 28 — — — —
R — — 4 24 22 42 8 2 — 2 �22 �30 —

16 L — �16 58 �14 �2 2 42 — �2 �34 �30 — —
R 28 4 �16 18 48 �14 — 40 6 �8 — — —

17 L �24 �6 �6 �2 60 �6 �60 36 12 �38 �12 10 — �2 �18 �26 —
R 22 �4 �6 — — 44 �2 �10 4 �36 �16 8 �16 �24 2 �30 �6

19 L — 0 48 �8 �2 36 18 — — — —
R — — — — — — 4 �38 �4

21 L — — — — — — —
R — — — — — — —

Reported regions survived at a threshold level of p � 0.05 corrected for FDR. L, left; R, right. Amy, amygdala; LC, locus ceruleus; PAG: periaqueductal gray.
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the well known behavioral strategies (“tricks”) to avoid cataplexy
occurrence and before possible drug-induced effects (Overeem et
al., 2011). Recent observations uncovered a discrete cataplexy
phenotype in children close to disease onset. Children suffering
from NT1, indeed, can present with frequent episodes of facial
weakness (cataplectic facies) characterized by eyelid and mouth
opening superimposed with partial or global muscle atonia trig-
gered by emotions (Serra et al., 2008; Plazzi et al., 2011). This
phenotype is more evident in younger patients close to disease
onset (Plazzi et al., 2011; Pizza et al., 2013, 2014; Plazzi and Pizza,
2013) and also was reliably observed during emotional stimula-
tion in the present fMRI paradigm.

Here, we observed that when NT1 patients showed behav-
ioral signs of fun (smiles/laugh) without video-polygraphic
evidence of cataplexy, fMRI revealed the involvement of a
bilateral cortical network including the motor system and the
ACC. Notably, we did not observe the involvement of cortical–
subcortical regions that has been consistently observed in
fMRI studies investigating humor detection and appreciation
in healthy subjects, namely the mesolimbic reward areas, the
ventromedial prefrontal cortex, the temporo-occipital junc-

tion, the amygdala, and the periaqueductal gray (PAG; Goel
and Dolan, 2001; Moran et al., 2004; Bartolo et al., 2006; Wat-
son et al., 2007; Szameitat et al., 2010; Wattendorf et al., 2013).
In contrast, when cataplexy occurred neural activity increased
in a bilateral network that included cortical and subcortical
regions involved in processing saliency and emotions (Mobbs
et al., 2003; Seeley et al., 2007; Craig, 2009). In particular,
during cataplexy BOLD signal increases encompassed the
anterior insular cortex, the amygdala, the VMPFC, and the
ventral striatum. Notably, we demonstrated that the cata-
plexy-related corticolimbic network shows an increased neu-
ral activity only when the subjects experience a high level of
enjoyment. Indeed, the observed behavioral results clearly
show a significant difference in the humor appreciation scores
in the fMRI runs with cataplexy (i.e., higher scores) compared
with the ones without cataplexy (i.e., lower scores). This be-
havioral difference could also explain the absence of increased
BOLD signal in amygdala, insular cortex, and VMPFC during
episodes of laughter without cataplexy. We can therefore infer
that in NT1 cataplexy is associated with a marked increase in
neural activity in suprapontine centers that physiologically

Figure 3. Brainstem-focused BOLD signal changes in NT1 patients at single-subject (A) and group level (B; p � 0.05 corrected for FDR). See main text and Table 4 for details. LC, locus ceruleus;
Ant Pons: anteromedial pons.
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process emotions and rewards. It is probable that activity in
these centers, and especially in the amygdala, can in turn lead
to GABAergic inhibition of pontomedullary centers, which are
known to mediate REM sleep muscle atonia (Hong et al., 2006;
Dauvilliers et al., 2014). Interestingly, we also disclosed
cataplexy-related increased activity in pontomesencephalic
regions in the proximity of the locus ceruleus and midline
pontine regions that could represent the final effectors of the
brain mechanism that mediates cataplexy. Importantly, it

must be underscored that our results do not support any direct
role of the cortical (voluntary) motor system in the suprapon-
tine mechanisms leading to atonia in cataplexy. Indeed, when
comparing cataplexy versus laughter no cortical motor–pre-
motor area was observed to be involved.

Overall, our results are convergent with several lines of
evidence supporting the crucial importance of the amygdala in
cataplexy. Previous event-related functional neuroimaging
studies showed abnormal amygdala activity in adult NT1 pa-

Figure 4. fMRI results related to laughter. Group-related (random-effect analysis) laughter-related BOLD findings. The BOLD changes ( p � 0.05 corrected for FDR) are displayed on the axial,
coronal, and sagittal T1-template image. See main text and Table 3 for details of activations. No decreases in BOLD signal were detected. L, left; R, right.

Figure 5. fMRI results related to the contrast cataplexy � laughter. Group-level BOLD findings ( p � 0.05 corrected for FDR) are displayed on the axial and coronal T1-template image. L, left. See
main text and Table 3 for details of hemodynamic changes.
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tients while seeing humorous photographic images and during
aversive conditioning (Schwartz et al., 2008; Ponz et al.,
2010a,b). All these studies, which investigated different as-
pects of emotion processing in NT1 patients, showed altered
amygdala reactivity with respect to healthy volunteers. An al-
tered response to emotional stimulation in NT1 is suggested
also by neurophysiological studies disclosing a blunted auto-
nomic, muscular cognitive response to unpleasant visual and
acoustic stimuli (Tucci et al., 2003; Khatami et al., 2007). Im-
portantly, animal models of narcolepsy strongly support an
active role of amygdala neurons during cataplexy. Indeed,
electrophysiological recordings from isolated cells in narco-
leptic dogs demonstrate that increased activity of amygdala
neurons is closely associated with cataplectic attacks (Gulyani
et al., 2002), while bilateral lesions of the amygdala signifi-
cantly reduce the frequency of cataplectic attacks in Hcrt �/�

mice (Burgess et al., 2013).
Concerning the role of the ACC/VMPFC, several experi-

mental studies indicate that these regions may also play a crit-
ical role in cataplexy. Prior research suggests that these areas
are activated in association with positive emotions and in the
affective component of humor appreciation (Goel and Dolan,
2001; Craig, 2009). Activity in the ACC, as measured by PET,
is correlated with subjective feelings of happiness, and fMRI
studies show that the ACC is selectively activated by pleasur-
able visual stimuli and reward (Damasio et al., 2000; Knutson
et al., 2003; Sabatinelli et al., 2007). Importantly, in reference
to narcolepsy, the ACC/VMPFC also has an established role in
triggering cataplexy in animal models. The ingestion of palat-
able foods (for example, chocolate), which trigger cataplexy in
Hcrt �/� mice, also activates neurons in the VMPFC, while
inhibition of VMPFC neurons markedly reduces cataplectic
attacks associated with positive emotional stimuli (Oishi et al.,
2013). In addition, the ACC/VMPFC directly innervates the
amygdala, which contains neurons that are active during cat-
aplexy and innervate downstream brainstem regions involved
in the regulation of muscle tone (Oishi et al., 2013). Accord-
ingly, it has been recently reported that during cataplexy in
rodent models hypersynchronous paroxysmal EEG theta
bursts occur in the medial prefrontal cortex, and similar scalp
paroxysmal EEG activities may appear in NT1 children close
to disease onset during cataplectic events (Vassalli et al.,
2013).

In this study the anterior insular cortex–frontal operculum
region was the brain region with the highest increase of BOLD
signal in relation to cataplexy. It is plausible that the observed
insular activity represents a consequence of the autonomic
and bodily changes related to cataplexy or to the visceral re-
sponses related to the pleasurable rewarding experience that
immediately precedes/induces cataplexy. In this view, the an-
terior insular activity during cataplexy may code for the in-
teroceptive representation of the body during humor
appreciation (Moran et al., 2004; Craig, 2009). We cannot
exclude that the insular cortex can exert a direct causative
effect on the mechanisms leading to loss of muscle tone; how-
ever, no animal data presently support this hypothesis.

Finally, we observed a relatively asymmetric BOLD response
during cataplexy that involved mainly right hemisphere cortico-
limbic structures. We believe that this difference can be princi-
pally attributed to the type of material used to elicit laughs (sight
gags) rather than to the neurobiology of NT1. Indeed, whereas
studies evaluating humor detection using material for which
humor comprehension depends on language understanding

showed principally left hemisphere responses (Mobbs et al.,
2003), studies that used visual stimuli/sight gags uncovered more
bilaterally distributed networks, or right-side prevalent BOLD
responses (Watson et al., 2007).

Our findings demonstrate that the suprapontine regions
whose activity is associated with cataplexy are the ones that
physiologically process positive emotion and amusement/re-
ward. These findings are in line with the well known notion
that a sense of momentary muscle weakness associated with
laughter can occur even in healthy individuals (Overeem et al.,
1999), possibly mediated by the same neural pathway that we
observed in NT1. In healthy humans, however, orexin neurons
are active under conditions of high arousal and positive
emotions (Mileykovskiy et al., 2005; Blouin et al., 2013), and
directly innervate the ventrolateral PAG/lateral pontine teg-
mentum (Kaur et al., 2009; Dauvilliers et al., 2014). Therefore,
in normal subjects any inhibition of these brainstem regions
by the amygdala (or other suprapontine regions) would be
counterbalanced by the orexin neurons and the subsequent
monoamine activation, thus maintaining muscle tone (Bur-
gess and Scammell, 2012; Clément et al., 2012). With the loss
of orexin signaling in NT1 the inhibitory projections from the
amygdala would go unopposed, resulting in cataplexy. Nota-
bly, we did not observe any BOLD signal changes in activity of
the hypothalamic region during emotion stimulation (both
during the laugh and during cataplexy) that could be the result
of NT1 pathology.

Our study has limitations. First, to maximize the possibility
of recording cataplexy during an fMRI session we developed a
within-subject paradigm precisely tailored to the type of hu-
mor appreciated by each subject. Future studies should ad-
dress whether differences are present during laughter in NT1
patients versus healthy controls beyond the occurrence of cat-
aplexy. Indeed, our findings showed that during the laugh, in
absence of cataplexy, only the voluntary motor networks for
expressive laugh are present in NT1. The design of our exper-
iment does not evaluate if the absence of “limbic” structures
merely reflects the BOLD counterpart of a low level of humor
detection/appreciation during the majority of laugh events or
if it is related to the neurobiology of the disease. Second,
BOLD imaging tells us limited information about the causal
role of the different structures that were involved during cat-
aplexy. Nevertheless, we provided for the first time a frame-
work for the cortical and subcortical mechanisms involved in
the downstream (brainstem-mediated) occurrence of cata-
plexy by positive emotions in humans.
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