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Sleep is an essential biological need of all animals studied to date. The sleep disorder narcolepsy is characterized by excessive daytime
sleepiness, fragmentation of nighttime sleep, and cataplexy. Narcolepsy is caused by selective degeneration of hypothalamic hypocretin/
orexin (HCRT) neurons. In mammals, HCRT neurons primarily regulate the sleep/wake cycle, feeding, reward-seeking, and addiction.
The role of HCRT neurons in zebrafish is implicated in both sleep and wake regulation. We established a transgenic zebrafish model
enabling inducible ablation of HCRT neurons and used these animals to understand the function of HCRT neurons and narcolepsy. Loss
of HCRT neurons increased the expression of the HCRT receptor (hcrtr). Behavioral assays revealed that HCRT neuron-ablated larvae had
normal locomotor activity, but demonstrated an increase in sleep time during the day and an increased number of sleep/wake transitions
during both day and night. Mild sleep disturbance reduced sleep and increased c-fos expression in HCRT neuron-ablated larvae. Further-
more, ablation of HCRT neurons altered the behavioral response to external stimuli. Exposure to light during the night decreased
locomotor activity of wild-type siblings, but induced an opposite response in HCRT neuron-ablated larvae. Sound stimulus during the
day reduced the locomotor activity of wild-type sibling larvae, while HCRT neuron-ablated larvae demonstrated a hyposensitive re-
sponse. This study establishes zebrafish as a model for narcolepsy, and indicating a role of HCRT neurons in regulation of sleep/wake
transitions during both day and night. Our results further suggest a key role of HCRT neurons in mediating behavioral state transitions
in response to external stimuli.

Introduction
Sleep behavior is conserved in all animal species (Siegel, 2005;
Zimmerman et al., 2008) and sleep disorders represent a major
public health challenge. The sleep disorder narcolepsy is charac-
terized by excessive daytime sleepiness, fragmentation of sleep
during the night, sleep paralysis, dream-like hypnagogic halluci-
nations, and cataplexy (brief loss of muscle tone triggered by
emotional stimuli). In narcoleptic patients, hypocretin/orexin
(HCRT) neurons are lost through a highly selective neurodegen-
erative or autoimmune process (Nishino and Sakurai, 2006; Se-
hgal and Mignot, 2011). The HCRT neuropeptides are expressed
in a specific population of neurons in the lateral hypothalamus
(LH), which project widely throughout the brain and mainly

regulate the sleep/wake cycle, food intake, reward, and drug ad-
diction (de Lecea et al., 1998; Peyron et al., 1998; Sakurai et al.,
1998; Bonnavion and de Lecea, 2010).

In animal models, narcolepsy can be produced by disrupting
HCRT neurotransmission (Sakurai, 2007). HCRT receptor
(HCRTR)-deficient dogs and HCRT or HCRTR knock-out mice
display phenotypes that strongly resemble the condition in hu-
mans (Chemelli et al., 1999; Lin et al., 1999; Willie et al., 2003).
HCRT neuron-ablated transgenic mice display a similar and
sometimes even more severe phenotype. These mice exhibit
cataplexy-like behavioral arrests and poorly consolidated sleep
and wakefulness (Hara et al., 2001). Moreover, the development
of obesity in the HCRT neuron-ablated mice is different from
that of knock-out mice (Hara et al., 2005), suggesting that com-
plete loss of HCRT neuropeptides and colocalized proteins are
important to produce the full spectrum of narcolepsy symptoms.

In a variety of nonmammalian model systems, including ze-
brafish, sleep is recognized by behavioral criteria (Hendricks et
al., 2000; Shaw et al., 2000; Raizen et al., 2008; Zhdanova, 2011)
and is defined by periods of quiescence associated with a specific
posture and increased arousal threshold. In zebrafish, the neuro-
nal circuit organization and the circadian and homeostatic (com-
pensatory increased sleep following sleep deprivation) processes
that regulate sleep are largely conserved with mammals (Zh-
danova et al., 2001; Prober et al., 2006; Yokogawa et al., 2007;
Rihel et al., 2010). The zebrafish HCRT neuronal network is sim-
ple and comprises only �20 – 60 hypothalamic neurons that
project to several areas in the brain, including putative wake- and
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sleep-regulating neurons, such as the hindbrain and pineal gland,
respectively (Kaslin et al., 2004; Faraco et al., 2006; Prober et al.,
2006; Appelbaum et al., 2009, 2010). Global overexpression of
HCRT in larval zebrafish induces wakefulness (Prober et al.,
2006) and the HCRT-receptor mutant (hcrtr�/�) adult zebrafish
exhibits sleep fragmentation during the night (Yokogawa et al.,
2007). Accordingly, HCRT neurons may have a dual function in
regulating both wake and sleep consolidation (Appelbaum et al.,
2009).

To elucidate the function of HCRT neurons and to under-
stand the phenotype of narcolepsy, we established transgenic ze-
brafish that express an inducible intracellular toxin, specifically in
HCRT neurons. We found that loss of HCRT neurons increased
hcrtr expression, reduced the ability to consolidate wake or sleep,
and altered the responsiveness to external stimuli during day and
night.

Materials and Methods
Zebrafish husbandry. Adult zebrafish (Danio rerio) were reared and
maintained in fully automated zebrafish housing systems (28 �
0.5°C, pH 7.0, conductivity 300 �S; Aquazone) under 14 h light/10 h
dark cycling [LD; first light at 9:00 A.M. (zeitgeber time ZT0)]. The
embryos were generated by natural spawning and reared in egg water
(0.2 mg/L Instant Ocean, 3 g/l mM CHNaO3, and 0.15% methylene
blue dissolved in reverse osmosis purified water) under LD in a 28 �
0.5°C incubator. For whole-mount in situ hybridization (ISH) and in
vivo imaging experiments, embryos were reared in 0.2 mM
N-phenylthiourea to prevent larval pigmentation. All animal protocols
were reviewed and approved by the Bar-Ilan University Bioethics Com-
mittee and the animals were of either sex.

DNA constructs. A pT2-hcrt:nfsB-EGFP vector was generated on the
backbone of the pT2-ins:nfsB construct, kindly provided by Dr. Michael
Parsons (Pisharath et al., 2007). Enhanced green fluorescent protein
(EGFP) flanked by ClaI was amplified and subcloned downstream to the
nitroreductase gene (nfsB) to create the fusion protein nfsB-EGFP.
HCRT promoter (Faraco et al., 2006) flanked by NcoI/BamHI was am-
plified and subcloned upstream to nfsB replacing the insulin promoter.
To prepare probes for whole-mount ISH experiments, the full coding
sequences of the following genes were amplified: hcrt (DQ831346.1),
mch1 (FJ204827.1), hcrtr (EF150847.1), dat (NM_131755.1), d�h
(NM_001109694.2), tph2 (NM_214795.1), tph1 (NM_178306.2), and
th1 (NM_131149.1). All cDNA fragments were subcloned into a pCRII-
TOPO vector (Invitrogen) and served as a template to transcribe anti-
sense mRNA probes.

Transient expression assay and establishment of stable transgenic lines. In
a transient expression assay, the pT2-hcrt:nfsB-EGFP vector was diluted
to 50 ng/�l and microinjected into one-cell-stage eggs using a microma-
nipulator and PV830 Pneumatic Pico Pump (World Precision Instru-
ments). The embryos were maintained in Petri dishes and the pattern of
EGFP expression in HCRT neurons was monitored throughout develop-
ment. To generate stable transgenic Tg(hcrt:nfsB-EGFP) fish, we used the
Tol2 system (Kawakami, 2004). Capped RNA encoding transposase and
the construct pT2-hcrt:nfsB-EGFP (10 ng/�l each) were coinjected into
fertilized eggs at the one-cell stage. The injected fish were raised to adult-
hood and screened for integration of the transgene into the germline.
Transgenic EGFP-positive lines were isolated using a fluorescence stereo-
microscope. Four transgenic lines were obtained. All lines showed spe-
cific EGFP expression in the HCRT neurons. The Tg(hcrt:nfsB-EGFP)
line that showed the strongest transgene expression was used in this
study. For ablation experiments, the Tg(hcrt:EGFP) transgenic line (Ap-
pelbaum et al., 2009) was used as a control.

Nitroreductase-metronidazole-mediated HCRT-neuron ablation in lar-
vae. Targeted ablation of a specific cell population, using transgenesis of
nitroreductase (encoded by the nfsb gene) and application of the prodrug
metronidazole (MET; Sigma Aldrich), is a well established method used
in live zebrafish (Pisharath et al., 2007; Curado et al., 2008; Pisharath and
Parsons, 2009). To calibrate the timing and dose necessary to specifically

ablate HCRT neurons, homozygous Tg(hcrt:nfsB-EGFP) embryos at dif-
ferent stages [1, 24, and 48 h postfertilization (hpf)] were incubated at a
range of MET concentrations (1, 5, 10, 15, and 20 mM), for periods of 12,
24, 48, and 72 h in constant darkness. Incubation for 48 h (24 –72 hpf) in
15 mM MET was chosen as the most efficient protocol to ablate HCRT
neurons, because these conditions resulted in specific loss of EGFP fluo-
rescence with no apparent off-target effects on the larvae. In all experi-
ments, progeny from intercrosses of heterozygous Tg(hcrt:nfsB-EGFP)
transgenic fish were sorted under a fluorescent stereomicroscope, and
larvae with a robust EGFP signal and larvae lacking an EGFP signal (WT-
sibling) were used for neuron ablation and as controls, respectively. At 24
hpf, embryos were dechorionized with Pronase (Sigma Aldrich) and
neuron ablation was induced. At 48 hpf, MET-containing water was
refreshed, and at 72 hpf, larvae were washed several times to remove all
traces of MET and kept at 28 � 0.5°C in a light-controlled incubator
under LD cycle.

Whole-mount ISH. HCRT neuron-ablated and WT-sibling larvae [72
hpf and 6 days postfertilization (dpf)] were fixed in 4% paraformalde-
hyde overnight at 4°C and stored in 100% methanol. The location and
level of mRNA expression was detected by whole-mount ISH, as de-
scribed previously (Appelbaum et al., 2009). Digoxigenin-labeled full-
length antisense riboprobes for hcrt, hcrtr, mch1, tph2, tph1, dat, d�h, and
th1 were transcribed in vitro using standard reagents (Roche) and the
constructs described above.

Real-time quantitative PCR. The level of mRNA expression of hcrtr,
c-fos, and �-actin was determined using quantitative PCR assay in three
(hcrtr and �-actin) and four (c-fos and �-actin) independent experi-
ments. Total mRNA of HCRT neuron-ablated and WT-sibling 6 dpf
larvae was extracted using RNeasy Protect Mini Kit (Qiagen) according
to the manufacturer’s instructions. A similar amount of mRNA (hcrtr,
280 ng; c-fos, 300 ng) was reverse-transcribed using Oligo(dT) oligos and
SuperScript III RT (Invitrogen) according to the manufacturer’s instruc-
tions. Transcript levels were determined by Applied Biosystems 7900HT
Fast Real-Time PCR System using the KAPA SYBR FAST qPCR Kit
(Kapa Biosystems) following the manufacturer’s instructions. Triplicate
first-strand cDNA aliquots from each sample served as templates for
real-time PCR. The relative quantification of hcrtr or c-fos gene expres-
sion levels was normalized against �-actin gene and subjected to the
��CT analysis (Schmittgen and Livak, 2008).

Behavioral assays. Rhythmic activity and sleep were monitored using
video-tracking of 6 dpf larvae. To acclimate the larvae to the new envi-
ronment, 5 dpf larvae were placed, individually, into each well of a 24-
well plate filled with 2 ml of embryo water at 28 � 0.5°C under LD. To
maintain uniformity in data collection, the larvae from both genotypes
were placed alternately in adjacent wells in the 24-well plate. The 24-well
plate was positioned in the DanioVision tracking system (Noldus Infor-
mation Technology; see Fig. 6 A) 3 h before the experiment. The larvae
were illuminated with an infrared light (to continuously enable camera
detection) and with 900 lux white light (to maintain a light/dark cycle or
apply light pulse). The movement data from each larva were collected
using the EthoVision XT8 software (Noldus Information Technology),
and the detection threshold was set to detect moving black pixels.

As the application of the Noldus DanioVision tracking system in ze-
brafish larvae is novel, key system parameters were first calibrated. To
calibrate the signal-to-noise ratio and detection parameters of the sys-
tem, immobile and mobile larvae were monitored. To set the lowest
thresholds of activity for distance (measured in centimeters) and velocity
(measured in centimeters/second), the basal activity of immobile 6 dpf
larvae was measured for 10 consecutive minutes in several individual
larvae. The average values of swimming distance and velocity were de-
fined as the lowest threshold of activity and were in good agreement with
the visual observation of immobile larvae. The software parameters for
detection were set as follows: dynamic subtraction, subject is darker than
background, dark contrast 16 – 60, current frame weight 1 (gray scale
value of pixel/inch of the reference image of sample n), subject size of
minimum 1 pixel and maximum 125,000 pixels, subject contour turned
off, video sample rate of 12.5 frames per second, and no pixel smoothing.
The raw data were converted into total seconds or centimeters spent
moving per time bin for each larva according to the following parame-
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ters: distance threshold, 0.3 cm; time threshold, averaging interval 1, stop
velocity 0.59 cm/s, start velocity 0.6 cm/s. The data were analyzed using
Excel (Microsoft) to extract multiple parameters including: locomotor
activity, sleep time, and number of sleep/wake transitions.

In 24-h sleep and activity experiments, five to 10 independent experi-
ments were performed using Tg(hcrt:nfsB-EGFP) and WT-sibling larvae.
To verify that the behavioral criteria of sleep (Prober et al., 2006) are valid
in the DanioVision system, dose–response experiments of arousal
threshold were performed in WT larvae. The larvae were placed over-
night at 5 dpf in a 24-well plate filled with embryo water and, on the
following day, placed in the tracking system. During the night, 6 dpf
larvae were exposed to 1 min of light of the following intensities: 14, 18,
25, and 900 lux. Four independent assays were performed under low light
intensities, and six independent assays were performed under 900 lux
light intensity. Mild sleep-disturbance (MSD) experiments were per-
formed under constant darkness during a period of 6 h (ZT14 –ZT20).
Larvae were placed in a 24-well plate on a 3D rotator waver (speed: 5, tilt:
5; Henry Troemner), and the slow rolling of four glass marbles produced
variable levels of mild vibrations. Following MSD, sleep amount and c-fos
expression levels were measured in HCRT neuron-ablated and WT-
sibling larvae.

To further study the impact of external stimuli on larval behavior,
light/dark and sound/silence transition assays were conducted. Both
Tg(hcrt:nfsB-EGFP) and WT-sibling larvae were treated with MET at 24
hpf, as described above. Light/dark-transition assays were performed at
ZT4.5 (during the day) and ZT15 (during the night). The experiments
lasted 3 h and 10 min, and started with 30 min of light. Threshold pa-
rameters for detection were similar to the 24 h LD experiments. During
the night time, six independent assays were conducted, using Tg(hcrt:
nfsB-EGFP) and WT-sibling larvae. Sound-transition assays were per-
formed at ZT4.5 (during the day) and ZT15 (during the night) under
constant light or constant dark, respectively. The experiments lasted 90
min and started with 30 min of silence, followed by 30 min of sound, and
ended with 30 min of silence. Threshold parameters for detection of
activity were similar to the described above. Sound was produced from
Dell AY410 speakers and was controlled by the behavioral system com-
puter; intensity was maintained at 110 dB by measurement with a SL-
4030 sound-level meter (Lutron Electronic Enterprise). The speakers
were placed 5 cm away from the front of the behavior system on a sepa-
rate table to eliminate vibrations or other nonsound stimulation (see Fig.
6 A). Four independent experiments were performed using Tg(hcrt:nfsB-
EGFP) and WT-sibling larvae.

Imaging. Live 72 hpf and 6 dpf larvae were anesthetized with Tricaine
(0.01%) and placed in low-melting-point agarose (0.5–1.0%) in a spe-
cially designed chamber filled with embryo water. Confocal imaging was
performed using an LSM780 upright confocal microscope (Zeiss). An
epifluorescence stereomicroscope (Leica M167FC) was used to screen
and visualize EGFP-expressing transgenic-lines and for imaging ISH-
stained larvae. Pictures were taken using Application Suite imaging soft-
ware V3.7 (Leica). All images were processed using ImageJ (NIH) and
Adobe Photoshop software.

Statistical analysis. Comparisons of arousal threshold activity ratios
between active and sleeping larvae were performed using � 2. In quanti-
tative real-time PCR assay, hcrtr and c-fos levels were normalized by
dividing the absolute levels of each sample with the average of all WT-
sibling samples. Two-way ANOVA was used to compare the expression
level of both genotypes. In behavior experiments, repeated-measures
ANOVA with grouping factor followed by Bonferroni post hoc effects was
used to compare activity and sleep values levels of Tg(hcrt:nfsB-EGFP)
and WT-sibling larvae. To compare activity and sleep values during the
day versus the night, a mixed-effect model with repeated measures was
performed. Two-tailed Student’s t test was used to show differences in
maximum activity during the light-to-dark transition in the 24-h-activity
experiment and to show the differences in sleep time in MSD experi-
ments. In all experiments, data are presented as means � SEM. The
degree of freedom for each statistical test is indicated for each significant
value.

Results
Inducible and specific ablation of HCRT neurons in
transgenic zebrafish larvae
The zebrafish HCRT neuronal system is largely conserved with
that of mammals and is located in the LH (Kaslin et al., 2004;
Faraco et al., 2006; Prober et al., 2006; Yokogawa et al., 2007;
Appelbaum et al., 2009; Panula, 2010; Zhdanova, 2011). To
induce HCRT-neuron ablation, we used the nitroreductase-
metronidazole-based inducible cell-ablation system. In this
technique, the E. coli nitroreductase gene, nfsB, induces cell-
autonomous apoptosis in zebrafish, following treatment with
the prodrug, MET (Pisharath et al., 2007; Curado et al., 2008).
We used the zebrafish 2-kilobasepair hcrt promoter to drive the
expression of the nfsB-EGFP fusion protein specifically in HCRT
neurons. This promoter was extensively used to characterize
HCRT neuronal anatomy at high resolution, and ectopic expres-
sion of EGFP was never observed (Faraco et al., 2006; Appelbaum
et al., 2009, 2010). To generate a transgenic line, the construct
pT2-hcrt:nfsB-EGFP was coinjected with Tol2 transposase mRNA
into single-cell embryos, which produced embryos with specific
nfsB-EGFP expression in HCRT neurons. The progeny of these
founder fish were screened, and a stable Tg(hcrt:nfsB-EGFP)
transgenic line was isolated. In this line, the expression of a nfsB-
EGFP fusion protein was strong and specific to HCRT neurons
during development (Fig. 1A,E). Furthermore, under control
naive conditions (without MET), expression of nfsB-EGFP did
not affect HCRT neuron localization or projections (Fig. 1A,E),
indicating that nfsB is not toxic in the absence of MET-induced
activation.

To test the ability of nfsB to elicit MET-dependent HCRT-
neuron ablation, Tg(hcrt:nfsB-EGFP) and control Tg(hcrt:
EGFP) 24 hpf embryos were incubated for 48 h in 15 mM
MET. At 72 hpf, all Tg(hcrt:EGFP) MET-treated larvae showed
normal EGFP expression in the soma, dendrites, and axons
(Fig. 1, I vs J ). In contrast, in Tg(hcrt:nfsB-EGFP) MET-treated
larvae, EGFP expression was mostly absent in 76% of the lar-
vae (0 or 1– 4 cell bodies with weak expression; Fig. 1, A vs B).
In 24% of the larvae, we observed partial ablation, which was
indicated by weak EGFP expression in the soma of 4 –10 neu-
rons and undetectable dendrites and axons. This partial abla-
tion is typical of the nitroreductase-metronidazole-based
technique and was observed in other ablated tissues as well
(Zhao et al., 2009; Montgomery et al., 2010). To further vali-
date the efficacy of MET-induced HCRT-neuron ablation, we
performed whole-mount ISH to detect elimination of endog-
enous hcrt expression under MET treatment. While the level of
hcrt mRNA expression was normal in WT-sibling larvae (Fig.
1C), hcrt expression was absent from all or most HCRT neu-
rons (Fig. 1 D). To verify that nfsB-dependent MET treatment
had no ectopic effect outside of the targeted HCRT neurons,
we monitored the expression of the melanin-concentrating hor-
mone 1 (mch1) gene. MCH1 neurons are localized in close prox-
imity to HCRT neurons in the LH (Berman et al., 2009). In both
Tg(hcrt:nfsB-EGFP) and WT-sibling larvae, MET treatment had
no effect on MCH1 neurons (Fig. 1K,L,O,P). These results indi-
cate that MET induced nfsB-dependent specific ablation of
HCRT neurons, with no off-target effect on adjacent LH neurons.

To verify that HCRT neurons do not regenerate at 6 dpf (the
age at which all behavioral experiments were performed), hcrt
mRNA levels and EGFP expression were measured. In Tg(hcrt:
EGFP) 6 dpf larvae, MET treatment had no toxic effect on HCRT
neuron development and projections (Fig. 1, M vs N). In con-
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trast, in HCRT neuron-ablated 6 dpf larvae, the expression of hcrt
and EGFP signals was absent or restricted to only 1– 4 cell bodies,
and no dendrites or axons were observed (Fig. 1, E vs F and G vs
H). Altogether, these results show that the Tg(hcrt:nfsB-EGFP)/
MET system is able to temporally and spatially induce restricted
HCRT-neuron ablation, and these neurons do not regenerate in
developing zebrafish larvae.

HCRT-neuron ablation increases hcrtr transcription in
downstream target neurons
In mammals, the HCRT neurons project to widespread areas in
the brain, including serotonergic, noradrenergic, dopaminergic,
and histaminergic neurons. The zebrafish HCRT neurons project
toward similar brain nuclei and into the spinal cord (Kaslin et al.,
2004; Prober et al., 2006; Yokogawa et al., 2007; Appelbaum et al.,
2009; Panula, 2010). To study the effect of HCRT-neuron abla-
tion on gene expression in putative neuronal targets, we per-

formed semiquantitative whole-mount ISH of key marker genes. In
both HCRT neuron-ablated and WT-sibling 6 dpf larvae, the ex-
pression levels of tryptophan hydroxylase 1 and 2 (tph1/2, serotonin-
ergic neurons), dopamine � hydroxylase (d�h, noradrenergic
neurons), tyrosine hydroxylase 1, and dopamine transporter (th1
and dat, dopaminegic neurons) were similar (representative pictures
of th1 and tph2 are shown in Fig. 2A–D). These results show that the
loss of HCRT neurons does not affect the mRNA levels of marker
genes and suggest that the serotonergic, dopaminergic, and norad-
renergic neurons remain intact.

We next tested whether the absence of HCRT neuronal input
could affect the level of mRNA expression of the HCRT receptor
gene (hcrtr) in downstream target neurons. In zebrafish, hcrtr is
expressed in several discrete clusters of neurons in the forebrain,
midbrain, and hindbrain, as well as in neurons along the spinal
cord (Prober et al., 2006; Yokogawa et al., 2007). Whole-mount
ISH assays showed that the level of expression of hcrtr increased

Figure 1. Establishment of inducible HCRT neuron-ablated transgenic larvae. Confocal fluorescence (left) and stereomicroscopic ISH (right) imaging of representative larvae (dorsal view with
head pointing to the top). As indicated by confocal imaging of EGFP expression, MET treatment induced HCRT cell-ablation in 72 hpf and 6 dpf Tg(hcrt:nfsB-EGFP) larvae (B, F ). Hcrt (C, G, D, H ) and
mch (K, L, O, P) mRNA ISH pattern in 72 hpf and 6 dpf larvae, all with MET treatment. MET treatment caused specific cell ablation in HCRT neurons (D, H ) and had no effect on adjacent MCH neurons
(L, P). HCRT-neuron ablation was not induced in the absence of nfsB (C, G, J, N ) or MET (A, E). In A, arrows and arrowheads indicate the soma of HCRT neurons and projecting axons, respectively. In
B, D, F, and H, arrows indicate cell residues after ablation. Scale bars: A, B, E, F, I, J, M, N, 50 �m; C, D, G, H, K, L, O, P, 250 �m.
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in 72 hpf HCRT neuron-ablated larvae compared with their WT-
siblings (Fig. 2, E vs F). To quantify these expression changes,
hcrtr mRNA levels from HCRT neuron-ablated and WT-sibling 6
dpf larvae were measured using quantitative RT-PCR. We found
that the hcrtr expression level increased by 55% in HCRT neuron-
ablated larvae compared with their WT-siblings (WT: 100 � 8%;
HCRT neuron-ablated: 155 � 11%; F(1,15) � 17.30, p � 0.001,
normalized values, two-way ANOVA; Fig. 2G). These results
show that hcrtr expression is regulated by innervations of HCRT
neurons and that loss of these neurons may trigger compensatory
enhancement in hcrtr mRNA levels. Furthermore, increase of
hcrtr expression in 6 dpf HCRT neuron-ablated larvae hint at an

alteration in brain function that might result in behavioral
changes.

Locomotor activity is normal in HCRT neuron-ablated larvae
Custom-made or commercially available video-tracking systems
were previously used to monitor day and night variation in loco-
motor activity of the diurnal zebrafish larvae (Cahill et al., 1998;
Zhdanova et al., 2001; Prober et al., 2006; Yokogawa et al., 2007;
Sigurgeirsson et al., 2011). Using the Noldus Danio Vision behav-
ior system, we monitored the rhythmic activity of Tg(hcrt:nfsB-
EGFP) (n � 60) and their WT-sibling (n � 60) 6 dpf larvae
during day and night. As expected, under LD conditions, both
genotypes exhibited similar rhythmic activity that peaked during
the day (WT: F(1,778) � 1403.80; Tg(hcrt:nfsB-EGFP): F(1,1769) �
1372.05; p � 0.001 for both genotypes, mixed-effect model with
repeated measures; Fig. 3A,A’). Likewise, no differences were
found between the rhythmic activity of MET-treated HCRT
neuron-ablated (Tg(hcrt:nfsB-EGFP) � MET, n � 122) and WT-
sibling (�MET, n � 118) larvae (WT: F(1,1674) � 1797.24; HCRT
neuron-ablated larvae: F(1,1652) � 1888.58; p � 0.001 for both
genotypes, mixed-effect model with repeated measures; Fig.
3B,B’). Accordingly, the hcrt:nfsB-EGFP transgene, MET treat-
ment, and ablation of HCRT neurons each have no detectable
independent effect on larval development and rhythmic locomo-
tor activity.

Sleep is normal in Tg(hcrt:nfsB-EGFP) larvae under
naive conditions
Over a decade ago, behavioral criteria were initially established to
study sleep in the zebrafish model (Zhdanova et al., 2001). In
zebrafish larvae, sleep is defined as at least 1 min of immobility
and inactivity during this period is associated with an increased
arousal threshold. A wake state is defined as a period of at least 1
min with detectable activity (Prober et al., 2006). To verify that
these sleep parameters can be applied in the Noldus Danio Vision
behavior system, the nighttime activity of 6 dpf WT larvae was
measured before and after light stimuli of four different intensi-
ties (for details, see Materials and Methods, above). As expected,
increasing light intensities were correlated with an increasing
number of responsive larvae in both mobile and immobile larvae
(mobile: �(3)

2 � 17.03, p � 0.001; immobile: �(3)
2 � 34.77, p �

0.001, � 2 test; Table 1). At high light intensities (�25 lux), the
majority of both mobile (any detectable activity during 1 min
before the light stimulus) and immobile (inactive during 1 min
before the light stimulus) larvae responded within 1 min follow-
ing stimulus initiation. In contrast, at lower light intensities (14
and 18 lux), the number of readily responsive larvae was signifi-
cantly lower in immobile compared with mobile larvae (14 lux:
�(1)

2 � 5.98, p � 0.05; 18 lux: �(1)
2 � 12.01, p � 0.001, � 2 test;

Table 1). These results show that the arousal threshold of 1 min
immobile larvae increased, in agreement with previous observa-
tions (Prober et al., 2006). We next monitored sleep during day
and night in Tg(hcrt:nfsB-EGFP) (n � 60) and their WT-sibling
(n � 60) larvae under naive conditions (without MET treat-
ment). Both groups slept more during the night (WT: F(1,1058) �
2590.20; Tg(hcrt:nfsB-EGFP): F(1,720) � 4173.27; p � 0.001 for
both genotypes, mixed-effect model with repeated measures) and
no differences were found between the two genotypes (Fig.
4A,A’). These results show that the hcrt:nfsB-EGFP transgene
does not affect sleep in the absence of neuron ablation.

Figure 2. Loss of HCRT neurons increases hcrtr mRNA expression. Lateral view (head point-
ing to the right) of representative 6 dpf (A–D) and 72 hpf (E, F ) larvae expressing tyrosine
hydroxylase (th1), tryptophan hydroxylase 2 (tph2), and hypocretin receptor (hcrtr). Following
MET treatment, no differences were found in the expression levels and localizations of th1 (A, B)
and tph2 (C, D) in HCRT neuron-ablated larvae (Tg(hcrt:nfsB-EGFP)�MET; B, D) compared with
their WT-siblings (A, C). However, the expression of hcrtr was stronger in HCRT neuron-ablated
larvae compared with their WT-siblings (F, E). Three independent RT-PCR experiments were
performed to quantify the hcrtr mRNA expression levels in 6 dpf larvae. Endogenous hcrtr ex-
pression increased by 55% in HCRT neuron-ablated larvae compared with their WT-siblings (G).
Values are represented as means � SEM. ***p � 0.001, two-way ANOVA. Scale bar, 250 �m.
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Ablation of HCRT neurons increases sleep time and the
number of sleep/wake transitions
To understand the effect of HCRT-neuron ablation on sleep, we
monitored sleep architecture in HCRT neuron-ablated (Tg(hcrt:
nfsB-EGFP)�MET) and their WT-sibling (�MET) larvae during
day and night. Both groups slept more during the night (WT:
F(1,1792) � 2024.93; HCRT neuron-ablated larvae: F(1,2690) �
1602.93; p � 0.001 for both genotypes, mixed-effect model with
repeated measures, Fig. 4B,B’) and sleep time was significantly
increased in HCRT neuron-ablated larvae during a 24 h period
(F(1,238) � 6.74, p � 0.01, repeated-measures ANOVA; Fig. 4B).
During the day, HCRT neuron-ablated larvae slept 40% more
compared with their WT-siblings (HCRT neuron-ablated: 7.7 �
1.2 min sleep/h, n � 122; WT: 4.6 � 0.8 min sleep/h, n � 118;
F(1,238) � 6.89, p � 0.01, repeated-measures ANOVA; Fig. 4B’);
however, both genotypes demonstrated similar sleep time during
the night. These results show that loss of HCRT neurons increase
sleep time during the day.

Fragmented sleep during the night and alteration in wake con-
solidation during the day are hallmarks of narcoleptic patients
(Nishino and Sakurai, 2006). To study sleep distribution, we
monitored the number of transitions between wake and sleep
states during day and night. Under both MET and naive (without
MET) conditions, the number of sleep/wake transitions in-
creased approximately fourfold during the night compared with
the day (naive-WT: F(1,1319) � 2877.62; Tg(hcrt:nfsB-EGFP):
F(1,1182) � 4221.68; p � 0.001 for both genotypes, Fig. 4C,C’;
MET-WT: F(1,2043) � 2544.15; HCRT neuron-ablated larvae:

F(1,2690) � 1602.93; p � 0.001 for both genotypes, mixed-effect
model with repeated measures; Fig. 4D,D’). In naive conditions
(absence of ablation), the transition number was similar in both
Tg(hcrt:nfsB-EGFP) and WT-siblings during day and night (Fig.
4C,C‘). In contrast, the number of transitions significantly in-
creased (F(1,238) � 11.01, p � 0.01, repeated-measures ANOVA)
in MET-treated HCRT neuron-ablated larvae compared with
MET-treated WT-siblings during a 24 h period (Fig. 4 D). Spe-
cifically, the number of sleep/wake transitions increased by
25% and 10% during the day and night, respectively, in HCRT
neuron-ablated larvae (day-HCRT neuron-ablated: 7.1 � 0.8
transitions/h, n � 122; WT: 5.4 � 0.6 transitions/h, n � 118;
F(1,238) � 5.88, p � 0.05; night- HCRT neuron-ablated: 21.8 �
0.7 transitions/h, n � 122; WT: 19.7 � 0.8 transitions/h, n �
118; F(1,238) � 7.19, p � 0.01, repeated-measures ANOVA; Fig.
4 D’). These results show that lack of HCRT neurons causes
sleep and wake fragmentation during night and day, respec-
tively. These results further demonstrate that the function of
the zebrafish HCRT neurons is conserved with that of mam-
mals and suggest that a key role of these neurons is to regulate
behavioral state changes such as sleep and wake transitions.

Mild sleep disturbance reduces sleep time and increases c-fos
expression in HCRT neuron-ablated larvae
Since nighttime sleep is fragmented in HCRT neuron-ablated
larvae, we hypothesized that they might be sensitive to MSD. To
analyze the impact of MSD on sleep time, MET-treated 6 dpf
HCRT neuron-ablated and WT-sibling larvae were mildly dis-
turbed during a period of 6 h (ZT14 –ZT20) in constant darkness
(for details, see Materials and Methods, above; Fig. 4E). Control
groups of 6 dpf HCRT neuron-ablated and WT-sibling larvae
were undisturbed and also kept in constant darkness for 6 h
(ZT14 –ZT20). At ZT20, the sleep time of mild sleep-disturbed
and control larvae was quantified. As expected, MSD did not
affect the sleep time of WT-sibling larvae (n � 48; Fig. 4F). In
contrast, sleep time was reduced by 26% in HCRT neuron-
ablated larvae following MSD (control: 17.1 � 1.7 min sleep/h,
n � 48; MSD: 12.8 � 1.4 min sleep/h, n � 48; t(91) � 2.02, p �
0.05, Student’s t test; Fig. 4F). These results were further con-
firmed using RT-PCR quantification of the expression levels of
c-fos mRNA. This gene is a well established marker for brain
activity and wakefulness in mammals and zebrafish (Cirelli and
Tononi, 2000; Appelbaum et al., 2010). In concurrence with the
sleep-behavior results, MSD had no effect on the level of c-fos
expression in WT-sibling larvae (Fig. 4G). In contrast, the expres-

Figure 3. Similar locomotor activity in Tg(hcrt:nfsB-EGFP) and WT-sibling larvae under baseline naive conditions. Recording of locomotor activity was performed in 6 dpf larvae and continued for
24 h under 14 h light/10 h dark cycle (white and black bars represent light and dark periods, respectively). Rhythmic activity of Tg(hcrt:nfsB-EGFP) (n � 60) and WT-sibling (n � 60) larvae was
monitored in the absence of MET (A) and after MET treatment (B; Tg(hcrt:nfsB-EGFP) � MET, n � 122; WT-siblings � MET, n � 118). Bar charts (A’, B’) represent the average data for total daytime
or total nighttime for each genotype. Values are represented as means � SEM.

Table 1. Dose-response analysis of the effect of light stimuli on locomotor activity
during the night in mobile and immobile 6 dpf larvae

Light intensity
(Lux)

Number of
responsive larvae
(�0 s/min)

Number of
non-responsive larvae
(�0 s/min)

Ratio
(%)

Mobile before light stimuli
14 29 18 61.7*
18 59 32 64.8**
25 40 7 85.1
900 43 3 93.5

Immobile before light stimuli
14 18 31 36.7*
18 35 66 34.7**
25 37 12 75.5
900 18 2 90.0

*p � 0.05; **p � 0.01; �2 test.
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sion levels of c-fos increased by 41% after MSD in HCRT neuron-
ablated larvae (control: 76 � 8%, n � 60; MSD: 129 � 9%, n �
60; F(1,23) � 21.34, p � 0.001, normalized values, two-way
ANOVA; Fig. 4G). These results show that reduced sleep time is
correlative with increased c-fos expression and suggest that the
ablation of HCRT neurons cause increased sensitivity to MSD.

Ablation of HCRT neurons alters behavioral response to
external stimuli
Taking into account that cataplexy is triggered by external cues,
such as food and emotions (Nishino and Sakurai, 2006), and our
finding that HCRT neurons are important regulators during
behavioral-state transitions, we hypothesized that HCRT
neuron-ablated larvae may exhibit altered responses to sudden
changes of external stimuli. This assumption was strengthened
after close observation of the peak of activity at ZT14 (light-to-
dark transition; Fig. 5A’ representing high-resolution analysis of
20 min period that flanked ZT14 in Fig. 5A). Interestingly, HCRT

neuron-ablated larvae significantly increased their activity dur-
ing this transition period (t(218) � �3.44, p � 0.01, Student’s t
test; Fig. 5A,A’). To test the response of HCRT neuron-ablated
larvae to external stimuli, we treated both Tg(hcrt:nfsB-EGFP)
and WT-sibling larvae with MET. We then exposed the larvae to
three cycles of alternating 30 min periods of light and darkness
during the day (ZT4.5–ZT7.5) and night (ZT15–ZT18). During
the day, the larvae responded to dark stimuli with increased lo-
comotor activity, as was previously shown (Prober et al., 2006;
Emran et al., 2008), and both HCRT neuron-ablated and WT-
siblings demonstrated similar responses (data not shown). Dur-
ing the night, both genotypes responded with a burst of activity
after light-to-dark and dark-to-light transitions and maintained
similar baseline activity in the dark phase. However, when ex-
posed to 30 min of light, HCRT neuron-ablated larvae were 67%
more active compared with their WT siblings (WT: 0.39 � 0.09
cm/min; HCRT neuron-ablated: 1.2 � 0.3 cm/min; F(1,138) �
8.94, p � 0.01, repeated-measures ANOVA; Fig. 5B,C). We next

Figure 4. Fragmented and increased sleep and sensitivity to mild sleep disturbance in HCRT neuron-ablated larvae. Recording of sleep was performed in 6 dpf larvae and lasted for 24 h under 14 h
light/10 h dark cycle (white and black bars represent light and dark periods, respectively). In the absence of MET, both Tg(hcrt:nfsB-EGFP) and WT-siblings demonstrated similar sleep time during
the day and night (n � 60 for each genotype, A). However, after MET treatment (B), HCRT neuron-ablated larvae (n � 122) slept more ( p � 0.01, repeated-measures ANOVA) than WT-siblings
(n � 118). The bar charts (A’, B’) represent the average sleep for total daytime or total nighttime for each genotype. Notably, in untreated larvae, the number of sleep/wake transitions per hour is
rhythmic and similar in both Tg(hcrt:nfsB-EGFP) and WT-sibling (C). However, after MET treatment, the number of sleep/wake transitions per hour increased in HCRT neuron-ablated larvae during
the day and the night (*p � 0.05, **p � 0.01, repeated-measures ANOVA; D). The bar charts (C’, D’) represent the average sleep/wake transitions for total daytime or total nighttime for each
genotype. HCRT neuron-ablated (Tg(hcrt:nfsB-EGFP)�MET) and WT-sibling (�MET) larvae were subjected to 6 h of MSD. White and black bars represent light and dark periods, respectively, and
gray bars represent MSD (E). At ZT20 (black arrowhead, E), sleep time (F ) and c-fos (G) expression were quantified. MSD did not affect sleep time (n � 48, F ) or c-fos expression (n � 60, F ) in
WT-sibling larvae. In contrast, following MSD, HCRT neuron-ablated larvae showed reduced sleep (n � 48; *p � 0.05, Student’s t test; F ) and increased c-fos expression (n � 60, ***p � 0.001,
two-way ANOVA; G). Four independent MSD experiments were performed to quantify c-fos and sleep time. Values are represented as means � SEM.
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analyzed the average median activity dur-
ing each dark and light period. Median
activity better represents the ongoing ac-
tivity level, as bursts of activity after light/
dark transitions have a smaller effect on
the median than on the average values
(Fig. 5C). Surprisingly, during the light
period, WT-sibling larvae reduced their
median activity by 39% compared with
the dark period (dark: 0.64 � 0.1 cm/min;
light: 0.39 � 0.09 cm/min; F(1,65) � 4.42,
p � 0.05, repeated-measures ANOVA;
Fig. 5C). In contrast, HCRT neuron-
ablated larvae displayed an opposite reac-
tion and increased their activity by 53%
during the light period (dark: 0.57 � 0.06
cm/min; light: 1.2 � 0.3 cm/min; F(1,73) �
7.16, p � 0.01, repeated-measures ANOVA;
Fig. 5C). These opposite reactions to light
stimuli are clearly shown when comparing
the difference in activity between the light
and dark phase for HCRT neuron-ablated
versus WT-sibling larvae (F(1,138) � 10.32,
p � 0.01, repeated-measures ANOVA; Fig.
5D). Notably, this tendency was repeated in
all three light/dark cycles (Fig. 5D). Alto-
gether, these results show that exposure to
light during the night triggers an increase,
rather than the expected decrease, of loco-
motor activity in HCRT neuron-ablated lar-
vae. These findings suggest that HCRT
neurons mediate the behavioral response to
external stimuli such as light.

Since HCRT neuron-ablated larvae
demonstrated an altered locomotor re-
sponse to light stimuli, we asked whether
this effect is light-specific. To further in-
vestigate the behavioral response to a dif-
ferent external stimulus, we exposed the
larvae to 30 min of sound (110 dB) during
the day (ZT4.5–ZT6) and the night
(ZT15–ZT16.5) (for the detailed proto-

Figure 5. Ablation of HCRT neurons alters locomotor activity response to external light stimulus. Locomotor activity was
recorded in 6 dpf Tg(hcrt:nfsB-EGFP) and WT-sibling larvae that were treated with MET (A-D, white and black bars represent light

4

and dark periods, respectively). The rhythmic locomotor
activity of HCRT neuron-ablated and WT-siblings over 24 h
in 1 min bin resolution (A). Rectangle marks 20 min of
activity that flanked ZT14 (A’). Note that HCRT neuron-
ablated larvae increased their activity after light-to-dark
transition ( p � 0.001, Student’s t test). Recording of light/
dark transition assay was performed during 3 h under alter-
nating 30 min periods of light and darkness between ZT15–
ZT18 (B). Note the increased activity of HCRT neuron-ablated
larvae (n � 74) under 30 min of light compared with WT-
siblings (n � 66; p � 0.01, repeated-measures ANOVA).
Analysis of median value (C) reveals that WT-sibling larvae
reduced their activity ( p � 0.05, repeated-measures ANOVA),
while HCRT neuron-ablated larvae increased their activity
( p � 0.01, repeated-measures ANOVA) under the light stim-
uli. This opposite response is presented more clearly by com-
paring the difference (�) between light and dark periods in
both genotypes ( p � 0.01, repeated-measures ANOVA; D).
Different letters represent statistically significant differences.
Values are represented as means � SEM.
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col, see Materials and Methods, above; Fig. 6A). During the night,
neither HCRT neuron-ablated nor WT-siblings were affected by
sound, and both maintained their low baseline activity (data not
shown). During the daytime, both genotypes demonstrated sim-
ilar baseline locomotor activity in the first 30 min of silence (Fig.
6B). During the following 30 min, when the sound was on, both
WT-sibling and HCRT neuron-ablated larvae reduced their ac-
tivity (WT-silence: 4.59 � 0.48 cm/min; sound: 2.47 � 0.36 cm/
min; F(1,47) � 43.12, p � 0.001; HCRT neuron-ablated-silence:

4.75 � 0.56 cm/min; sound: 3.79 � 0.52
cm/min; F(1,47) � 7.93, p � 0.05,
repeated-measures ANOVA; Fig. 6B,C).
Notably, HCRT neuron-ablated larvae
were found to be less sensitive to the
sound effect and showed a 20% reduction
in their activity compared with 46% in the
WT-sibling larvae. During the next 30
min of the silence period, both HCRT
neuron-ablated and WT-sibling larvae
recovered their activity by 20% and
28%, respectively (WT-sound: 2.47 �
0.36; silence: 3.43 � 0.34 cm/min; F(1,47) �
10.90, p � 0.01; HCRT neuron-ablated-
sound: 3.79 � 0.52 cm/min; silence:
4.77 � 0.55 cm/min; F(1,47) � 9.94, p �
0.01, repeated-measures ANOVA; Fig.
6C). These results demonstrate hyposen-
sitivity of the HCRT neuron-ablated lar-
vae to sound and suggest that HCRT
neurons are involved in the mechanism
that mediates locomotor response to ex-
ternal sensory input. Taking into account
the altered response of HCRT neuron-
ablated larvae to light, we suggest that
HCRT neurons mediate behavioral state
transitions in response to external inputs.

Discussion
Soon after the discovery of HCRT neurons
(de Lecea et al., 1998; Sakurai et al., 1998), an
important function became apparent; bal-
ancing of the sleep/wake switch (Saper et al.,
2005). Indeed, the role of HCRT neurons in
regulating sleep/wake transitions is most ap-
parent in humans with narcolepsy. These
patients suffer from frequent transitions be-
tween states of sleep and wakefulness during
both day and night. In rodents, in vivo opto-
genetic experiments have demonstrated
that HCRT activity is most important in
sleep-to-wake transitions (Adamantidis et
al., 2007) and selective loss of GABA recep-
tors in HCRT neurons causes sleep and
wake fragmentation (Matsuki et al., 2009).
Our findings in zebrafish further dissect the
role of HCRT neurons in regulating sleep
and wake and show that these neurons inte-
grate external stimuli to control behavioral-
state transitions.

We established a transgenic zebrafish
that expresses a toxin in HCRT neurons,
enabling specific neuron elimination.
This fish provides an inducible and robust
genetic model of narcolepsy. Unlike other

models that specifically target the hcrt and hcrtr genes (Prober et
al., 2006; Yokogawa et al., 2007), in the HCRT neuron-ablated
fish, as in the case of humans, not only is the HCRT system
abolished, but a battery of HCRT neuron-specific genes are elim-
inated as well. The HCRT neuron-ablated fish display normal
diurnal rhythms of activity and are more active during the day
than they are at night. Similarly, the locomotor activity of human
narcoleptic patients is also not affected (Nishino and Sakurai,

Figure 6. HCRT neuron-ablated larvae are hyposensitive to external sound stimuli. Schematic diagram of the behavioral system
(A). Larvae swim in wells of a 24-well plate and are constantly monitored by an infrared (IR) camera. White light and sound are
turned on and off as required. Locomotor activity was recorded in 6 dpf Tg(hcrt:nfsB-EGFP) and WT-sibling larvae that were treated
with MET (B, C). Recording of sound/silence transition was continued for 90 min under constant white light, with alternating 30
min periods of silence and sound between ZT4.5–ZT6 (rectangle with musical note represents sound period, B). HCRT neuron-
ablated larvae (n � 48) were hyposensitive to sound stimuli compared with their WT-siblings (n � 48; p � 0.01, repeated-
measures ANOVA). These results are also presented by analysis of average activity in each 30 min period of silence or sound (C).
Different letters represent statistically significant differences. Values are represented as means � SEM.
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2006). However, HCRT-neuron elimination causes an increase
in sleep time during the day and an increase in the number of
sleep/wake transitions during both day and night. These results
support the role of HCRT in consolidating both sleep and wake-
fulness. Thus, we suggest that the activity of HCRT neurons is
most important during sleep/wake transitions throughout the
day and night. Indeed, neuroluminescence generated by ze-
brafish HCRT neurons is associated with periods of increased
locomotor activity and is most frequent during light/dark transi-
tions (Naumann et al., 2010). How the zebrafish HCRT neurons
regulate sleep/wake transitions is still not clear. In mammals, the
HCRT neurons are part of the balance system between sleep and
wake states. These neurons excite arousal nuclei, such as the locus
ceruleus, the tuberomammillary nucleus, and the raphe nucleus,
and are regulated by the sleep-promoting ventrolateral preoptic
area. Loss of HCRT neurons impairs the balance between the
sleep and wake nuclei (Saper et al., 2005; Carter et al., 2009;
Sakurai and Mieda, 2011). Similarly, in zebrafish, HCRT neurons
may regulate both arousal and sleep nuclei (Appelbaum et al.,
2009; Panula, 2010), and loss of HCRT neurons results in sleep
and wake fragmentations. Altogether, these data strongly suggest
that the HCRT neuronal network regulates behavioral state tran-
sitions such as wake and sleep. This function is mediated by
HCRT neuropeptides but probably also by other HCRT neuron-
specific factors.

Loss of HCRT neurons is responsible for narcolepsy in hu-
mans, and mutations in hcrtr2 are linked to similar symptoms in
genetically narcoleptic dogs (Lin et al., 1999; Peyron et al., 2000).
However, the effect of HCRT-neuron elimination on gene ex-
pression in HCRT neuronal targets and on the function of down-
stream sleep and wake regulatory circuits is still not clear. Our
gene-quantification experiments showed that the level of hcrtr
expression increases in HCRT neuron-ablated fish. These results
suggest a compensatory mechanism in which hcrtr levels increase
in response to the absence of HCRT-neuron innervations. Fur-
thermore, altered expression of hcrtr may hint at functional dys-
regulation in HCRT-targeted neurons, which leads to the
observed behavioral phenotype. Indeed, complex alterations in
downstream cholinergic, histaminergic, adrenergic, and mono-
aminergic neuronal systems are a feature of narcolepsy in mam-
mals (Nishino and Mignot, 1997; Nishino et al., 2001). These
changes may result from a compensatory increase in the expres-
sion of the hcrtrs (hcrtr1 and hcrtr2), although normal hcrtr
mRNA levels were found in hcrt knock-out mice (Willie et al.,
2003). In contrast to the knock-out model, ablation of the entire
set of HCRT neuron-specific genes may result in a different and
even stronger effect on hcrtr expression. This hypothesis is sup-
ported by experiments on rodents, in which the acute adminis-
tration of HCRT peptide in HCRT neuron-ablated mice
increased the arousal effects of HCRT and rescued the narcolepsy
phenotype, which is potentially mediated by increased expression
of hcrtrs (Mieda et al., 2004). These observations suggest that even
in the absence of HCRT neurons in mice and zebrafish, down-
stream neuronal targets that express hcrtr are intact and may
increase their sensitivity to HCRT signaling. Since we found an
elevation of hcrtr expression in HCRT neuron-ablated zebrafish
larvae immediately and 3 d after neuron ablation, a high level of
hcrtr expression might be an acute marker for the loss of HCRT
neurons in early stages of the disease.

To control behavior-state transitions, the HCRT neurons
should be able to sense and integrate external stimuli. We found
that relatively short and repetitive bursts of light affect HCRT
neuron-mediated activity transitions. During the night, when ze-

brafish sleep, exposure to half an hour of light reduced the aver-
age median activity of WT larvae. This behavior is intriguing, as
short light or dark pulse is known to trigger a brief elevation in
motor activity, known as escape-response, in young zebrafish
larvae (Van Epps et al., 2001; Prober et al., 2006; Emran et al.,
2008; Colwill and Creton, 2011). Similarly, we observed an in-
crease in activity immediately after light-on; however, it lasted for
only a few minutes and was then followed by a return to lower-
than-baseline activity under half an hour of light. The reduced
activity may be associated with freezing, a trademark of fear- and
anxiety-like behavior in zebrafish larvae (Colwill and Creton,
2011). Another explanation could be that, after a short burst of
activity, larvae return to sleep under light. This last scenario
seems unlikely, since zebrafish are highly sensitive to light, which
masks sleep behavior in adults (Yokogawa et al., 2007), and are
not expected to sleep more under light than under dark condi-
tions during the night. In contrast to WT larvae, HCRT neuron-
ablated larvae demonstrated an opposite response to light
stimuli. Surprisingly, under half an hour of light, HCRT neuron-
ablated larvae increased their activity above baseline. Since these
larvae display fragmented sleep and are more alert during the
night, they might be less affected by unexpected light and capable
of maintaining increase activity. This notion is supported by our
MSD experiments because, in contrast to WT-sibling, HCRT
neuron-ablated larvae reduced sleep time following MSD during
the night. An alternative intriguing explanation may involve a
direct role of HCRT neurons in mediating fear and anxiety. Ac-
cordingly, in the absence of HCRT neurons, larvae do not reduce
activity and freeze in response to brief light illumination during
the night. The neuronal pathway by which HCRT neurons regu-
late behavior in response to fear and anxiety may include the
amygdala and the paraventricular nucleus (PVN). In mammals,
the HCRT neurons receive abundant projections from the
amygdala (Winsky-Sommerer et al., 2004; Zhang et al., 2009;
Sakurai and Mieda, 2011), a key component of the fear response
pathway, and innervate the PVN (Peyron et al., 1998), which
regulates stress and anxiety via the hypothalamic-pituitary-
adrenal axis. In agreement with this idea, in HCRT knock-out
and HCRT neuron-ablated transgenic mice, emotional stresses
generate attenuated responses of locomotor activity, as well as
blood pressure, heart rate, and cardiorespiratory responses
(Kayaba et al., 2003; Furlong et al., 2009; Zhang et al., 2009). In
zebrafish, we found that deficiency in the response to external
stimuli is not specific to light and was also observed in the larvae
reaction to sound stimuli. While WT larvae significantly reduced
their activity in response to sound during the day, HCRT neuron-
ablated larvae were less sensitive and only mildly reduced their
locomotor activity. Thus, in the absence of HCRT neurons, the
ability of the larvae to perform sound-dependent behavioral-
state transitions was significantly reduced. Considering their al-
tered and opposite response to light during the night, we suggest
that HCRT neurons mediate transition of locomotor activity in
response to external stimuli.

This study establishes the HCRT neuron-ablated zebrafish as a
high-throughput vertebrate model for understanding the diverse
function of HCRT neurons and the mechanism that regulate
sleep, wake, and narcolepsy. Using this model, we found that
HCRT neurons regulate sleep and wake states and integrate ex-
ternal stimuli to control behavioral-state transitions during both
day and night. Loss of HCRT neuropeptides and other unknown
HCRT neuron-specific genes may lead to abnormal function of
the sleep and wake regulatory systems that regulate narcolepsy. In
future studies, there is a need to identify additional HCRT
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neuron-specific genes and genes with altered expression after
neuron ablation to obtain a more complete picture of the molec-
ular mechanism and circuits that regulate sleep/wake cycle and
narcolepsy. Finally, an important future direction will be to un-
derstand the neuroanatomical and functional similarities and
differences between zebrafish and mammals and to ultimately
translate these findings into large-scale pharmacological screens
for the development of therapeutic drugs for sleep disorders in
humans.
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