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Abnormal Activity in Reward Brain
Circuits in Human Narcolepsy With
Cataplexy
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Objective: Hypothalamic hypocretins (or orexins) regulate energy metabolism and arousal maintenance. Recent
animal research suggests that hypocretins may also influence reward-related behaviors. In humans, the loss of
hypocretin-containing neurons results in a major sleep-wake disorder called narcolepsy-cataplexy, which is associ-
ated with emotional disturbances. Here, we aim to test whether narcoleptic patients show an abnormal pattern of
brain activity during reward processing.
Methods: We used functional magnetic resonance imaging in 12 unmedicated patients with narcolepsy-cataplexy
to measure the neural responses to expectancy and experience of monetary gains and losses. We statistically
compared the patients’ data with those obtained in a group of 12 healthy matched controls.
Results and Interpretation: Our results reveal that activity in the dopaminergic ventral midbrain (ventral tegmental
area) was not modulated in narcolepsy-cataplexy patients during high reward expectancy (unlike controls), and that
ventral striatum activity was reduced during winning. By contrast, the patients showed abnormal activity increases
in the amygdala and in dorsal striatum for positive outcomes. In addition, we found that activity in the nucleus
accumbens and the ventral-medial prefrontal cortex correlated with disease duration, suggesting that an alternate
neural circuit could be privileged over the years to control affective responses to emotional challenges and
compensate for the lack of influence from ventral midbrain regions. Our study offers a detailed picture of the
distributed brain network involved during distinct stages of reward processing and shows for the first time, to our
knowledge, how this network is affected in hypocretin-deficient narcoleptic patients.
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Hypocretins (HCRT" or orexins®) are produced by spe- the anticipation of reward when playing games.® ' These

cific neurons in the hypothalamus that have extensive
projections throughout the central nervous system.>* De-
ficient HCRT transmission was found to be associated
with narcolepsy-cataplexy (NC) in humans, dogs, and
knockout mice,”® suggesting a main role for HCRT in
sleep/wake regulation and arousal-maintenance.®” Clini-
cally, human NC is characterized by excessive daytime
sleepiness, fragmented nighttime sleep, sleep onset rapid
eye movement periods, and sudden episodes of postural
muscle atonia called cataplexy.8 Cataplexy attacks are pre-
dominantly triggered by emotional experiences, including

behavioral observations suggest possible interactions be-
tween the hypothalamic HCRT system and reward brain
circuits in humans.'"'?

Recent studies in rodents provided evidence for an-
atomical and functional links between the HCRT system
and the dopamine system, the latter being critically in-
volved in reward processes and motivated behaviors.'*™">
First, hypothalamic HCRT neurons project densely to
reward-related brain regions, including the nucleus ac-
cumbens (NAcc) and the dopaminergic ventral tegmental

area (VTA).'® Second, HCRT receptors are expressed at
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FIGURE 1: Task and main functional magnetic resonance imaging contrasts. (A) lllustration of 1 trial. Each trial started with
a cue indicating how many points could be won or lost on that particular trial. The cue remained static on the screen for
1,550 milliseconds and then flickered for 1,125 milliseconds. A fixation cross was then presented during a variable interval
before a target picture was briefly shown. Participants were instructed to press a button while the target picture was on
the screen. To obtain a balanced proportion of won and lost trials in each condition, the duration of each target presen-
tation was adjusted automatically by a tracking algorithm based on the subject’s performance on the previous trial. If a trial
was successful, then the duration of the target on the next trial was shortened (—25 milliseconds) to make the trial more
difficult; if the trial was unsuccessful, then the duration of the target on the next trial was increased (+25 milliseconds). At
the end of the trial, a feedback display indicated whether the participant successfully pressed during the target presenta-
tion, as well as the current balance in points. (B) Schematic representation of the 12 main orthogonal conditions included
in our statistical model, with 4 regressors for the preparation period and 8 for the outcome period. The 3 main contrasts
of interest are illustrated as events convolved with a canonical hemodynamic response function: 1) preparation to large
versus small cues, 2) successful versus failed trials, 3) positive gains versus no positive gain. [Color figure can be viewed in
the online issue, which is available at www.interscience.wiley.com.]

Gain > No Gain

the surface of VTA dopamine neurons,'”"'® and HCRT
administration increases the firing rate of VTA neurons. '’
Third, HCRT is involved in drug-secking behaviors and

associated mesolimbic 18,20-25

dopaminergic  activity.
These recent findings in rodents suggest that the HCRT
system regulates dopamine activity in brain reward cir-
cuits and impacts on the expression of motivated behav-
iors and addiction.

Although human NC is linked to hypothalamic
HCRT depletion,™® it remains unknown whether NC pa-
tients show altered brain reward processing. Scarce behav-
joral evidence exists for reduced drug addiction in NC
patients, as these patients are often treated with addictive
amphetamine-like drugs but rarely become addicted to
these drugs.>?*2® NC patients may also present with
some psychiatric disturbances.”” In the present study, we
tested whether human NC entails a dysfunction in brain

reward circuits. We acquired whole-brain functional mag-

February, 2010

netic resonance imaging (fMRI) data in 14 unmedicated,
nondepressed patients with clear-cut cataplexy and 14
healthy matched controls (Supplementary Table). During
scanning, the subjects performed an adapted version of a
monetary incentive delay task, which is known to power-
fully activate the mesolimbic and midbrain reward system
(Materials and Methods, Fig 1).**7° As suggested by ro-
dent studies (see above), we hypothesized that HCRT de-
ficiency in NC patients might lead to altered reward-
related responses in ventral midbrain/VTA regions during
reward expectancy. We also expected that neural re-
sponses to reward experience in the mesolimbic reward
system would be affected in NC patients. Finally, based
on our recent study on humor processing in NC pa-
tients,'' we anticipated abnormal increases in amygdala
activity during positive emotions elicited by our game-like
task, that is, during winning trials associated with high
gains. By confirming the hypotheses above, our fMRI re-
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sults provide strong evidence for abnormal brain responses
to reward in NC patients, and thus suggest an implication
of HCRT activity in the regulation of brain reward func-

tion in humans.

Materials and Methods

Patients and Controls

Fourteen drug-free narcoleptic patients with clear-cut cataplexy
and 14 healthy controls matched for age, sex, handedness, and
body mass index participated in this study (Supplementary Ta-
ble and Supplementary Methods). Twelve patients (and their
matched controls) were included in the final statistical analyses.
HLA-DQB1*0602 was positive in all 12 patients. Hypocretin-1
levels (<120pg/ml) in the cerebrospinal fluid could be deter-
mined in 8 NC patients and was confirmed to be low or unde-

tectable in all of them.®>!

Experimental Paradigm

During fMRI scanning, the subjects performed a visuomotor
game-like task, in which they could win (or lose) points if they
rapidly pressed on a key while a visual target was briefly shown
(Fig 1A; Supplementary Methods). Each trial started with a
preparation period, during which the subjects saw a cue indicat-
ing the potential gain (+1 or +5 points) or potential loss (—1
or —5 points) associated with that particular trial. After a vari-
able delay, the visual target that required a rapid key press was
briefly presented on the screen. The trial ended with a feedback
display, telling the subjects whether they had won or lost the
trial. This paradigm allowed us to distinguish between a prepa-
ration period (presentation of the cue) and an outcome period
(presentation of the feedback). In addition, we could compare
trials with high and low incentives (large versus small cues), as
well as successful versus failed trials (Fig 1B). To ensure a fixed
proportion of successful trials (50—60%), a tracking algorithm
adjusted the duration of each target presentation (ie, task diffi-
culty) based on each subject’s current performance.

Magnetic Resonance Imaging Methods

We acquired fMRI data on a Philips Intera 3.0 T whole-body
system (Philips Medical Systems, Best, The Netherlands) across
4 scanning sessions (229 MRI volumes each) separated by brief
pauses (Supplementary Methods). The fMRI data were analyzed
using the standard general linear approach in SPM (www.fil.ion.
ucl.ac.uk/spm). The statistical model included 12 main regres-
sors of interest: 4 regressors corresponding to the presentation of
the 4 possible cues during the preparation period, and 8 regres-
sors corresponding to the presentation of the feedback during
the outcome period (winning or losing on the 4 different cue
types; Fig 1B). Individual contrast images between conditions of
interest were calculated and entered into random-effects group
analyses, using analyses of variance (ANOVAs) as implemented
in SPM.?> Common group effects were assessed using conjunc-
tion analyses to reveal voxels that showed significant activity in-
crease in both the patient and control populations.®® Direct

group comparisons were performed using an exclusive masking
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procedure to reveal voxels that showed increased responses for a
particular contrast in 1 population but not in the other. Using
dedicated connectivity methods, we also assessed changes in the
functional coupling between a main region of interest (ventral
midbrain/VTA region) and any other brain region as a function
of cue value.>* Finally, we tested for correlations of brain activ-
ity with clinical characteristics in NC patients (disease duration,
cataplexy, and sleep propensity scores) using regression analyses.

Results
Behavioral Results

REACTION TIMES.  We analyzed the reaction times
(RTs) on successful trials using an ANOVA, with Cue
Value (1 point, 5 points) and Cue Valence (positive, neg-
ative) as within-subject factors, and Group (NC patients,
controls) as a between-subject factor (Supplementary
Methods). This statistical analysis revealed that RTs dur-
ing the task did not differ between the groups (NC pa-
tients: 226.84 milliseconds, standard deviation [SD]
31.43; controls: 228.38 milliseconds, SD 23.36; F, ,, =
0.02, nonsignificant [ns]). RTs were also not influenced
by the value of the cue (F,,, = 0.30, ns), nor by the
valence of the cue (F,,, = 0.47, ns). There was no in-
teraction between these factors. Note that RT's also influ-
enced the duration of target presentation, because the on-
line tracking algorithm controlled the success rate on this
reaction-time task by adjusting the target duration during
the task. As expected, from the RT results, we found that
the average presentation times for the target did not differ
between NC patients and controls (F; ,, = 0.92, ns).

SUCCESSFUL TRIALS (HITS).
ber of correct responses (hits) using an ANOVA with the

We analyzed the num-

same factors as for the RTs above. There was no main
effect of Group on hit rates (patients: 57.29%, SD 11.8;
controls: 58.33%, SD 9.96; F, ,, = 0.77, ns), with both
groups achieving better scores for highest incentive trials
(1 point: 54.79%, SD 9.72; 5 points: 60.83%, SD 11.21;
Fi,, = 6.16, p < 0.05), as well as for potential losses
(gains: 55.31%, SD 10.35; losses: 60.31%, SD 10.88;
F 5, = 7.87, p < 0.01). There was a significant interac-
tion of Valence by Group (F, ,, = 6.79, p < 0.01), due
to NC patients being less successful on positive than neg-
ative trials (positive: 52.5%, SD 9.66; negative: 62.08%,
SD 11.97), unlike controls (positive: 58.13%, SD 10.5;
negative: 58.54%, SD 9.6).

FAILED TRIALS.  Failed trials in this task occurred
whenever the subject pressed the response key shortly af-
ter the target picture had disappeared from the screen
(<1,300 milliseconds after target presentation). Controls

produced more such errors than NC patients (main effect
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of Group, patients: 40.53%, SD 11.29; controls: 46.35%,
SD 8.57; F, 5, = 11.89, p < 0.01). There was no effect
of Cue Value but a main effect of Cue Valence, because
failed trials were slightly more frequent with positive than
negative cues (positive: 45.91%, SD 9.66; negative:
40.97%, SD 10.60; F, ,, = 14.64, p < 0.001). However,
this valence effect was not due to a general slowing of the
responses after positive cues, as there was no effect of Va-
lence on RTs. There was no interaction between these
factors.

Taken together, these behavioral results show that
NC patients could achieve similar reaction times as con-
trols during our game-like task, which is remarkable given
that the patients had either no chronic treatment or had
to withdraw from medication. Moreover, both popula-
tions obtained similar final outcomes, ranging from 21.5
to 24.8 points (Mann-Whitney U = 61, p = 0.52).
Mostly comparable performance for both groups ensures
that observed differences in brain activity between the
groups are not due to major differences in performance.
Importantly, the online tracking algorithm efficiently con-
trolled the proportion of successful and failed trials, as
well as their balanced distribution across conditions in
each group, which guarantees adequate statistical power
for valid inference from the fMRI results.

FMRI Results

STANDARD SPM ANALYSES.

Preparation period: brain response to high motiva-
tional cues. To identify brain regions more activated
during reward expectancy, we compared brain activity
during the presentation of large (+5/—5 points) versus
small (+1/—1 point) cue values (Fig 1B; Supplementary
Fig). Both NC patients and controls activated a network
of brain regions involved in the expectation of a reward,
including the ventral striatum (Table 1).29:30:35:36 Boehy
populations also activated the amygdala, the anterior in-
sula, and the anterior cingulate cortex, consistent with
motivational processes enhancing attention and auto-
nomic reactivity.””?® As expected from augmented visual
attention and motor preparation for the highest incentives
in this visuomotor task, both groups showed increased ac-
tivation in visual and motor regions. When directly com-
paring the groups, we found increased fMRI signal in
controls in a region of the ventral midbrain, compatible
with the VTA (—3x, —24y, —21z; Fig 2; Table 1).13’14’39
Activity increases were also observed in the medial pre-
frontal cortex and caudate nucleus, which are target re-
gions for dopaminergic VTA projections and are involved
in reward prediction.*® No such modulation of activity by
Cue Value was observed in these brain regions for NC
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patients. When comparing NC patients to controls for
the same fMRI contrast, we found increased activity in
the insula and inferior orbitofrontal cortex for higher cue

values.

Outcome period: brain response to successful trials.
To test for brain activity increases during winning on
both positively and negatively cued trials, we compared
any successful trials (ie, gains and no-losses) to failed trials
(ie, no-gains and losses) at the onset of the feedback dis-
play (Fig 1). Both NC patients and controls showed in-
creased activity in the dorsal striatum (caudate nucleus),
as well as in a limbic region corresponding to the sublen-
ticular extended amygdala (SLEA; Table 2). Group com-
parisons revealed increased activity in ventromedial pre-
frontal cortex (vmPFC) and NAcc during successful trials
in the controls only (Fig 3A). Both these regions are
known to be involved in regulating emotional processes
and reward,"**'=% and also receive dense dopaminergic
projections from the VTA.** As suggested by recent ani-
mal work,'82°722 HCRT depletion may affect dopami-
nergic modulation within brain reward networks, which
would also be consistent with the observation that the
midbrain/VTA was not responsive to highly motivating
cues in NC patients (see above). By contrast, NC patients
showed activity increases in the right dorsal striatum (pu-
tamen) and inferior lateral frontal cortex (Fig 3B).

Outcome period: brain response to successful posi-
tively cued trials. NC patients report cataplexy when
they experience strong, usually positive emotions such as
when joking or winning games.”'® Our game-like task
also elicited positive emotions, particularly when winning
on rewarded trials (ie, for actual gains on positively cued
trials). Note that this condition did not trigger cataplexy
in the patients during scanning. To assess changes in re-
gional brain activity during this positive emotional condi-
tion, we compared winning on positively cued trials to
failing on such trials (Fig 1). In both NC patients and
controls, winning on positively cued trials activated the
anterior cingulate cortex and the vmPFC, encompassing
regions involved in motivation regulation (see Table 3 for
a detailed list of activation clusters).*"*> When directly
compared to NC patients, controls showed increased ac-
tivity in the NAcc during actual gains and in the right
lateral PFC. Conversely, NC patients showed further in-
creases in amygdala/SLEA activity (Fig 4), which is in line
with our recent fMRI study using humorous stimuli.''
They also showed increased activity in the dorsal striatum
(putamen; consistent with the result of the previous con-
trast reported above).
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Regions L/R

Patients and controls (conjunction)
Occipital pole (lingual gyrus)
Frontoinsula

Putamen

Occipital cortex

SMA

Middle occipital cortex

Insula

Ventral striatcum (NAcc, putamen)
Motor cortex/precentral gyrus
Motor cortex

Amygdala

Medial PFC / ACC

Orbitofrontal cortex

Ventral striatum (NAcc)
Pre—SMA

Controls masked by patients
SMA

Cerebellum

Z-=R call enlill~-- B~ Il cullll enlill~* B~ > il enilil” Bl BN el enll o

Supramarginal gyrus

Caudate nucleus (body)

Medial PFC/ACC
Middle occipital
Ventral midbrain (including VTA)

Patients masked by controls

H oo e

Occipital cortex

Inferior/orbito frontal cortex

o e

Inferior frontal, insula

TABLE 1: Preparation Period: Brain Response to High Motivational Cues (Large > Small Cue Values)

MNI Coordinates BA Z Score
y z

—18 —87 —18 18 4.74
—30 21 3 48 4.56
—30 3 3 48 3.66
24 -99 -6 18 4.54
0 —12 60 6 4.28
—15 —-93 18 18/17 4.09
33 18 -9 47 4.04
18 6 0 — 3.98
—33 —18 66 6 3.91
—42 —15 42 6 3.91
15 -3 —12 34 391
12 51 6 10 3.85
—30 57 -6 11 3.71
—12 12 —15 25 3.36
3 27 57 6 3.27

9 -3 48 6 5.27
-6 —66 -15 — 5.26
57 —45 33 48 5.17
9 9 9 — 4.99
—12 0 15 — 3.99
-6 42 6 32 4.88
27 —81 30 19 4.85
-3 —24 -21 — 4.44
—33 —-90 3 18 3.92
48 36 —18 47 3.77
-39 33 -9 47 3.66
39 30 0 47 3.56

Stereotactic coordinates correspond to the standard MNI brain. Reported regions survived a threshold level of p < 0.001

uncorrected. Mask threshold for group comparisons was set at a conservative level of p < 0.05.

L = left; R = right; MNI = Montreal Neurological Institute; BA = Brodmann area; SMA = supplementary motor area;
NAcc = nucleus accumbens; PFC = prefrontal cortex; ACC = anterior cingulate cortex; VTA = ventral tegmental area.

FUNCTIONAL CONNECTIVITY ANALYSIS. To further
refine the functional brain network involved in the pro-
cessing of high motivational cues, we conducted a func-
tional connectivity analysis (Materials and Methods),
which revealed increased functional coupling between
midbrain/VTA and left NAcc (medial part, —3x, 12y,
—122) selectively during the presentation of large cues in
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controls. This result is in line with studies indicating that
neuronal activity in VTA and nucleus accumbens may in-
crease in proportion to the magnitude of anticipated re-
ward, 13:39:40

REGRESSION ANALYSES.

tion was whether any regional change in fMRI signal

A clinically relevant ques-

Volume 67, No. 2
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FIGURE 2: Ventral midbrain activity to large cues. (A) Increased response to large versus small cues in ventral midbrain
(including ventral tegmental area) in controls masked by narcolepsy-cataplexy (NC) patients (exclusive masking procedure;
see Materials and Methods). The statistical map is overlaid on a mean-normalized T1 structural scan; threshold p < 0.001
and mask threshold p < 0.05. (B) To visualize the precise localization of the activation peak and the absence of signal loss
in this region, the outline of the cluster of activation is overlaid on the mean-normalized echo planar imaging (EPI) images
of each population separately (controls on the left and NC patients on the right). (C) Parameter estimates extracted from
the peak of this region (—3x, —24y, —212) illustrate a selective activation for highest cue values in controls but not in NC
patients. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

TABLE 2: Outcome Period: Brain Response to Winning (Successful > Failed Trials)
Regions L/R MNI Coordinates BA Z Scores
x y z

Patients and controls (conjunction)

Amygdala/SLEA R 18 3 =15 34 3.73

Caudate nucleus (head) R 18 30 0 — 3.41

Controls masked by patients

Ventromedial PFC R 3 57 -6 10 4.08

Cerebellum L —15 =75 —-27 — 3.98

Lateral PFC L —42 48 6 46 3.98

Precuneus L —30 =75 33 19 391

Caudate nucleus (body) R 15 6 24 — 3.73

Ventral striatum (NAcc) L —-21 15 —-12 11 3.56
R 9 12 —15 25 3.54

Middle occipital cortex R 30 —78 27 19 3.51

Inferior occipital cortex R 27 —90 -6 18 3.51

Patients masked by controls

Putamen (dorsal) R 24 6 9 — 3.73

Inferior lateral frontal cortex R 45 36 9 45 3.41

Stereotactic coordinates correspond to the standard MNI brain. Reported regions survived a threshold level of p < 0.001

uncorrected. Mask threshold for group comparisons was set at a conservative level of p < 0.05.

L = left; R = right; MNI = Montreal Neurological Institute; BA = Brodmann area; SLEA = sublenticular extended amygdala;

PFC = prefrontal cortex; NAcc = nucleus accumbens.
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FIGURE 3: Brain responses to successful trials during the
outcome period. (A) Increased response to successful trials
in bilateral nucleus accumbens and in ventromedial pre-
frontal cortex for controls relative to narcolepsy-cataplexy
(NC) patients. (B) Increased functional magnetic resonance
imaging signal in the right dorsal striatum (putamen) and
in the inferior lateral frontal cortex in NC patients com-
pared with controls. Statistical maps are overlaid on mean-
normalized T1 structural scans; statistical threshold p <
0.001. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

could relate to the patients’ individual clinical character-
istics. We found that response to large cues in the left
NAcc (—9x, 12y, —6z; B> = 0.82, p < 0.001) and the
vmPFC (—3x, 42y, —12z; R* = 0.85, p < 0.001) corre-
lated positively with disease duration (Fig 5). Critically,
although activity in these regions did not reach signifi-
cance in the group of NC patients for the contrast of
interest (large versus small cue values), it was significant
in controls. This suggests a recovery of activity in these
reward-related regions for patients who had long been suf-
fering from narcolepsy.

Discussion

Recent animal studies have shown that the HCRT system
not only contributes to arousal maintenance,>” but is also
implicated in the regulation of motivated behaviors and
in rewarding effects of addictive drugs.'®**?*%¢ Because
NC patients have low or undetectable levels of HCRT,
we propose that narcolepsy with cataplexy may provide a
valid model of the pathology to test the role of HCRT in
the human reward system. The present fMRI study is the
first, to our knowledge, to assess reward-related brain re-
sponses in NC patients.
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Abnormal Reward-Related Brain Responses

in NC

A major result of our study is the lack of VTA activation
during the presentation of high-incentive cues in NC pa-
tients. This observation corroborates our initial hypothe-
sis, based on the animal literature, that HCRT deficiency
in NC patients would affect activity in ventral midbrain/
VTA regions.13 14 In addition, functional connectivity
analyses in the control group confirmed increased cou-
pling of activity between the VTA and the NAcc during
the presentation of highly motivating cues, thus substan-
tiating enhanced VTA-NAcc interplay during large-
incentive conditions. We also found that brain responses
to reward experience (ie, during successful trials) in NC
patients were affected in regions receiving dense HCRT
projections and/or those modulated by dopaminergic in-
puts from the VTA, such as the NAcc and prefrontal cor-
tex.* Taken rtogether, these results suggest that the
HCRT system, which is deficient in narcolepsy with cat-
aplexy,>®?! may contribute to the regulation of brain re-
ward functions, either via direct HRCT projections or via
a modulation of dopaminergic VTA projections.'®**~** Tt
has been proposed that the HCRT system might regulate
reward processing by increasing dopamine output via the
potentiation of glutamatergic/opioid synaptic transmission
in the VTA, which would enhance reinforcing effects of
rewards.””~* Accordingly, a dysfunction across reward-
related regions, as revealed by our fMRI study during game
playing, may limit the reinforcing effects of reward in
HCRT-deficient NC patients, and could explain why psy-

chostimulant abuse is extremely rare these patients.®**~2¢

Atypical Ventral-Dorsal Striatum Dissociation
in NC

During successful trials, NC patients showed enhanced
activity in the dorsal striatum (putamen), which is in-
volved in stimulus-action reward associations and which
mediates affective properties of outcomes in rewarding
conditions.*>*°~>% Activity increase in this region is con-
sistent with NC patients being particularly responsive to
emotionally positive contexts™'' and echoes the recent
observation by Chabas et al,”> who reported a hyperper-
fusion in this same region during a cataplectic episode.
Increased dorsal striatum activity contrasts with the lack
of response in ventral striatum (in particular the NAcc)
during winning in NC patients. However, fMRI signal in
the NAcc and the vmPFC during high-incentive cues cor-
related with the duration of narcolepsy disease in the pa-
tients (Fig 5), suggesting that some adaptive mechanisms
in patients more experienced with the disease could re-
store neural activity in these regions (in the absence of
associated VTA activation). This result is consistent with

Volume 67, No. 2
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TABLE 3: Outcome Period: Brain Response to Actual Gains on Positively Cued Trials (Gain > No Gain)

Regions L/R MNI Coordinates BA Z Scores

x y z

Patients and controls (conjunction)

ACC, ventromedial PFC R 6 36 12 24 3.68
L -9 51 9 10/32 3.3
Controls masked by patients
Lateral PFC R 51 33 24 45 3.93
Middle occipital cortex L —30 =75 33 19 3.9
Ventral striatum (NAcc) R 9 12 —15 25 3.57
Patients masked by controls
Amygdala/SLEA L —24 -3 —12 34 4.09
Putamen (dorsal) R 21 9 9 48 3.95
Amygdala L —30 —12 —27 36 3.91
Precuneus, posterior cingulate L -9 —54 21 23/30 3.87
Hippocampus L —24 —21 —15 30 3.84
R 27 —21 —15 20 3.59
Cerebellum R 21 —45 —51 — 3.76
Thalamus R 15 -9 3 — 3.72
Lateral PFC L -39 39 3 45147 3.68
R 48 39 9 45 3.35
Amygdala R 15 -3 —18 28 3.59
Putamen (ventral) R 21 12 -9 48 3.47

Stereotactic coordinates correspond to the standard MNI brain. Reported regions survived a threshold level of p < 0.001
uncorrected. Mask threshold for group comparisons was set at a conservative level of p < 0.05.

L = left; R = right; MNI = Montreal Neurological Institute; BA = Brodmann area; ACC = anterior cingulate cortex; PFC =
prefrontal cortex; NAcc = nucleus accumbens; SLEA = sublenticular extended amygdala.

A B Lett amygdala/SLEA Right amygdala/SLEA
Controls Patients Controls Patients
5 F- 20
a
4 g .L
& 4 10f
3 a
g 0
g
2 g 0
1 w4
n- L L L L L L L 1 _10 L L 1 L L L L 1
0 +1 +5 +1 +5 41 +5 +1 +5 +1 +5 +1 +5 41 45 +1 45

T-value Cue value Cue value Cue value Cue value

EI Waon . Lost

FIGURE 4: Brain responses to successful positively cued trials. (A) Increased bilateral amygdala/sublenticular extended
amygdala (SLEA) response for actual gains in narcolepsy-cataplexy (NC) patients compared with controls. (B) Parameter
estimates show a selective increase of functional magnetic resonance imaging signal in left and right amygdala/SLEA in
response to successful positively cued trials compared to failed positively cued trials in the patients but not in the controls.
Statistical maps are overlaid on mean-normalized structural scan; threshold p < 0.001. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5: Linear regression between brain responses to high motivational cues and disease duration in narcolepsy-cataplexy (NC)
patients. Positive correlation between the duration of the disease in NC patients and functional magnetic resonance imaging
response to large (vs small) cues in (A) the nucleus accumbens (* = 0.85, p < 0.001) and (B) the ventromedial prefrontal cortex
(vmPFC) (* = 0.82, p < 0.001). Plots show signal change during large versus small cues as a function of disease duration in the
left nucleus accumbens (A) and vmPFC (B). Statistical maps are overlaid on mean-normalized T1 structural scans; threshold p <
0.001. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

the patients’ reports of increased control over cataplexy
attacks with time.”* Thus, HCRT depletion may lead to
an atypical ventral-dorsal striatum dissociation during re-
ward processing, which might also reflect putative com-
pensatory mechanisms in NC patients.

Because withdrawal from amphetamine-like drugs

556 we would like to stress

may modulate striatal activity,
that only 6 out of the 12 NC patients withdrew from a
chronic treatment (modafinil, n=3; modafinil and fluox-
etine, n=1; ephedrine, n=1; clomipramine, n=1; Sup-
plementary Table). Note that modafinil has been found
to modulate many neurotransmitter systems, including
glutamate, gamma aminobutyric acid, histamine, dopa-
mine, and hypocretin activity.”” Abnormalities in striatal
activity found at the group level during reward processing
in the patient population are therefore unlikely to be due
to withdrawal from amphetamine-like drugs.

Putative Role for the HCRT System in
Affective Responses to Reward

In the present study, we used a task in which subjects could
win or lose points specifically because NC patients report
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that they may experience cataplexy when confronted with
highly positive or motivating situations, such as winning
games. When comparing winning to losing on positively
cued trials, NC patients showed increased activity in the
dorsal striatum (see previous section), as well as in bilateral
amygdala. Enhanced amygdala activity in the patients dur-
ing positive emotional signals replicates our previous fMRI
findings using humorous pictures as positive emotional
stimuli.'! We also recently reported that NC patients failed
to exhibit amygdala-dependent startle potentiation during
the presentation of unpleasant stimuli.”® These observa-
tions document abnormal emotional processing for both
positive and aversive signals in NC. The HCRT system
may modulate amygdala-mediated emotional responses ei-

ther via direct HCRT projections to the amygdala,* or

16 . . .
> which can in turn increase

via projections to the VTA,
prefrontal dopamine efflux and attenuate amygdala re-
sponse.44’45 In this context, increased vmPFC activation
during high-motivating cues in the patients with a longer
disease history could reflect a more efficient control over

affective responses to emotional signals.42’60
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Conclusions

By using a stringent and unbiased whole-brain fMRI ap-
proach and a game-like task, our study offers a detailed
picture of distributed brain regions involved during dis-
tinct stages of reward processing in both healthy controls
and unmedicated NC patients. Our fMRI data on NC
patients provide a first indication, to our knowledge, that
HCRT activity may influence brain reward function in
humans, and significantly extend existing results from an-
imal cellular neurophysiology. Our findings may also have
important clinical implications, because they suggest that
the HCRT system could become a target for future treat-
ments of addiction, which might benefit from the devel-
opment of new pharmacological tools that modulate

HCRT receptor activity in humans.®’
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