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Narcolepsy is characterized by chronic sleepiness and cataplexy—sudden muscle paralysis triggered by strong, positive emotions. This
condition is caused by a lack of orexin (hypocretin) signaling, but little is known about the neural mechanisms that mediate cataplexy. The
amygdala regulates responses to rewarding stimuli and contains neurons active during cataplexy. In addition, lesions of the amygdala
reduce cataplexy. Because GABAergic neurons of the central nucleus of the amygdala (CeA) target brainstem regions known to regulate
muscle tone, we hypothesized that these cells promote emotion-triggered cataplexy. We injected adeno-associated viral vectors coding
for Cre-dependent DREADDs or a control vector into the CeA of orexin knock-out mice crossed with vGAT-Cre mice, resulting in selective
expression of the excitatory hM3 receptor or the inhibitory hM4 receptor in GABAergic neurons of the CeA. We measured sleep/wake
behavior and cataplexy after injection of saline or the hM3/hM4 ligand clozapine-N-oxide (CNO) under baseline conditions and under
conditions that should elicit positive emotions. In mice expressing hM3, CNO approximately doubled the amount of cataplexy in the first
3 h after dosing under baseline conditions. Rewarding stimuli (chocolate or running wheels) also increased cataplexy, but CNO produced
no further increase. In mice expressing hM4, CNO reduced cataplexy in the presence of chocolate or running wheels. These results
demonstrate that GABAergic neurons of the CeA are sufficient and necessary for the production of cataplexy in mice, and they likely are
a key part of the mechanism through which positive emotions trigger cataplexy.
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Introduction
Narcolepsy is one of the more common sleep disorders and its
major symptoms include chronic sleepiness and cataplexy—

brief episodes of muscle weakness or complete paralysis triggered
by strong, usually positive emotions. Narcolepsy is caused by
severe and selective loss of the hypothalamic neurons producing
the orexin (hypocretin) neuropeptides (Peyron et al., 2000; Th-
annickal et al., 2000; Crocker et al., 2005). Just as in people, mice
lacking the orexin neuropeptides have severe sleepiness and their
cataplexy is increased by rewarding stimuli such as social interac-
tion, access to running wheels, or highly palatable foods such as
chocolate (Chemelli et al., 1999; Mochizuki et al., 2004; España et
al., 2007; Clark et al., 2009; Scammell et al., 2009; Novak et al.,
2012; Dubreucq et al., 2013; De Luca, 2014; Vichaya et al., 2014).

Cataplexy is thought to be driven by the same brainstem
mechanisms that produce the paralysis of rapid eye movement
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Significance Statement

Cataplexy is one of the major symptoms of narcolepsy, but little is known about how strong, positive emotions trigger these
episodes of muscle paralysis. Prior research shows that amygdala neurons are active during cataplexy and cataplexy is reduced by
lesions of the amygdala. We found that cataplexy is substantially increased by selective activation of GABAergic neurons in the
central nucleus of the amygdala (CeA). We also demonstrate that inhibition of these neurons reduces reward-promoted cataplexy.
These results build upon prior work to establish the CeA as a crucial element in the neural mechanisms of cataplexy. These results
demonstrate the importance of the CeA in regulating responses to rewarding stimuli, shedding light on the broader neurobiology
of emotions and motor control.
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(REM) sleep (Burgess and Scammell, 2012), but clinicians and
researchers have long wondered how cataplexy is triggered by
positive emotions such as those that occur when joking or unex-
pectedly meeting a friend (Overeem et al., 2011). The amygdala
plays an essential role in processing and driving emotional re-
sponses to positive stimuli (Holland and Gallagher, 1999; Paton
et al., 2006; Tye et al., 2008) and the central nucleus (CeA) and
basolateral nucleus (BLA) of the amygdala contain neurons that
fire in association with cataplexy (Gulyani et al., 2002). The CeA
is the major output nucleus of the amygdala, and GABAergic
neurons of the CeA strongly innervate and likely inhibit several
brainstem regions that normally increase muscle tone (Burgess et
al., 2013). In addition, excitotoxic lesions of the CeA and BLA
substantially reduce cataplexy in orexin knock-out (KO) mice
across a variety of conditions (Burgess et al., 2013). These find-
ings suggest that the amygdala is necessary for cataplexy, but the
specific amygdala nuclei and cell types mediating cataplexy re-
main unknown.

We hypothesized that neural signals related to positive emo-
tions promote cataplexy by activating GABAergic neurons in the
CeA. To test this idea, we investigated whether selective, chemo-
genetic activation of GABAergic CeA neurons in orexin KO mice
increases cataplexy under baseline conditions and under condi-
tions that likely elicit positive emotions. In addition, we tested
whether selective chemogenetic inhibition of these neurons re-
duces cataplexy under the same conditions.

Materials and Methods
Animals
These experiments were approved by the Institutional Animal Care and
Use Committee of Beth Israel Deaconess Medical Center and Harvard
Medical School and were performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals.

To limit gene expression to GABAergic neurons in a mouse model of
narcolepsy, we crossed recombinant mice in which the vesicular GABA/
glycine transporter gene drives expression of cre recombinase (vGAT-
IRES-cre mice) with pre-pro-orexin KO (OXKO) mice (Chemelli et al.,
1999; Mochizuki et al., 2004; Vong et al., 2011), resulting in mice
heterozygous for vGAT-cre and homozygous for the null pre-pro-orexin
gene (vGAT-cre/OXKO). We chose to use OXKO mice as a model of
narcolepsy because they consistently exhibit cataplexy. Mice lacking the
orexin neurons are also a good model of human narcolepsy, but we find
that these mice have less cataplexy than OXKO mice (although ample
cataplexy has been reported by other groups: Hara et al., 2001; Kantor et
al., 2009; Kantor et al., 2013; Black et al., 2014; Tabuchi et al., 2014). Mice
were housed on a 12/12 light/dark cycle (lights on at 0700) with constant
temperature (22 � 1.6°C) and humidity (25 � 2.2 mmHg). Regular
chow and water were available ad libitum. In all experiments, we used
male, vGAT-cre/OXKO mice that were age 14 –21 weeks and weighed
19 –28 g at the time of surgery.

Experimental design
In Experiment 1, we tested whether CeA GABAergic neurons can in-
crease cataplexy. The hM3 DREADD receptor is an engineered musca-
rinic receptor that depolarizes neurons in response to clozapine-N-oxide
(CNO) but not to acetylcholine (Armbruster et al., 2007; Sternson and Roth,
2014). We injected vGAT-cre/OXKO mice with an adeno-associated viral
(AAV) vector coding for a Cre-dependent hM3-mCherry fusion protein in a
double-floxed inverted open reading frame under the human synapsin 1
(hsyn) promoter (AAV8-hsyn-DIO-hM3(Gq)-mCherry, referred to as
AAV-hM3-mCherry; titer 2 � 10 12). Two weeks later, we implanted
mice with a polysomnogram head stage. After 10 d of recovery, we in-
jected each mouse twice with intraperitoneal saline to habituate them to
handling and injection.

We tested mice under three sequential conditions: regular chow, fol-
lowed 2 weeks later by chocolate plus regular chow, followed 3 weeks

later by ad libitum running wheel access plus regular chow. Within each
condition, we treated mice with CNO (0.3 mg/kg; 0.1 cc/10 g mouse
weight, i.p.) or saline (equivalent volume, i.p.) 15 min before lights off in
random order with at least a 3 d washout between treatments. We also
tested the effects of higher doses of CNO (0.6 and 1.0 mg/kg) and found
these had effects on cataplexy very similar to those seen with the 0.3
mg/kg dose (data not shown). For the chocolate condition, we placed a
single Hershey’s kiss (4.5– 4.7 g) in the cage at lights off, and we removed
any remaining chocolate after 24 h. We allowed at least 5 d between
chocolate doses to minimize any habituation to chocolate. For the run-
ning wheel condition, we allowed 10 d for mice to habituate to the run-
ning wheel and recorded wheel rotations using a photodetector beneath
a low-torque, polycarbonate running wheel (Fast-Trac; Bio-Serv) (Es-
paña et al., 2007). Based on the kinetics of CNO and because the amounts
of cataplexy can vary from hour to hour, our primary end points were the
amount of cataplexy and the number of cataplexy bouts in the first 3 h
after administration of CNO or saline (Alexander et al., 2009). A subset of
mice were injected with CNO or saline or given chocolate and perfused
2 h later to examine the pattern of Fos expression induced by CNO.

In Experiment 2, we tested whether CeA GABAergic neurons are nec-
essary for cataplexy. We used the hM4 DREADD receptor, an engineered
muscarinic receptor that hyperpolarizes neurons in response to CNO,
but not to acetylcholine (Armbruster et al., 2007). We injected vGAT-cre/
OXKO mice with Cre-dependent AAV8-hsyn-DIO-hM4(Gi)-mCherry (re-
ferred to as AAV-hM4-mCherry; titer 5 � 10 12) and implanted them
with a head stage for sleep recordings 2 weeks later. Testing conditions
and data analysis were the same as in Experiment 1.

In Experiment 3, we tested whether CNO itself might have any effects
on cataplexy or sleep/wake behavior by injecting a group of vGAT-cre/
OXKO mice with an AAV coding for Cre-dependent-mCherry (AAV8-
hsyn-DIO-mCherry; titer 4 � 10 12, referred to as AAV-mCherry). In
these negative control mice, surgery, testing conditions, and data analysis
were the same as in Experiments 1 and 2.

Validation of hM3 expression in vGAT neurons
To determine whether hM3 and hM4 expression was limited to GABAe-
rgic neurons of the CeA, we conducted fluorescent in situ hybridization
(FISH) against vGAT mRNA followed by immunostaining for mCherry
in three mice.

Neuronal activation with CNO
To test whether CNO activates GABAergic CeA neurons expressing hM3,
we unilaterally injected 30 nl of AAV-hM3-mCherry into three vGAT-
cre/OXKO mice. Four weeks later, we administered CNO (0.3 mg/kg,
i.p.) and perfused the mice 2 h later. We immunostained brain sections
for Fos and mCherry and counted the numbers of fluorescent single- and
double-labeled neurons in the CeA across three adjacent sections. To test
whether CNO activated a similar number of neurons as in the chocolate
condition, we injected a subset of hM3 mice with saline (n � 4) or CNO
0.3 mg/kg (n � 4) or provided access to chocolate (n � 4) 2 h before
perfusion.

Surgery
We anesthetized vGAT-cre/OXKO mice with ketamine/xylazine (100/10
mg/kg, i.p.) and placed them in a stereotaxic alignment system (model
1900; Kopf Instruments). In Experiment 1, we unilaterally or bilaterally
injected mice with 30 nl of AAV-hM3-mCherry (n � 10 and 20, respec-
tively) using an air pressure injection system and glass micropipette
(�20 �m tip diameter). In Experiment 2, we injected mice with 40 nl of
AAV-hM4-mCherry (n � 14) and injected negative control mice with 40
nl of AAV-mCherry (n � 15). Microinjections were targeted at the CeA
(AP: �1.45, ML: �2.75, DV: �4.7 from bregma). Two weeks later, we
implanted electroencephalogram (EEG) and electromyogram (EMG)
electrodes for polysomnogram recordings under ketamine/xylazine an-
esthesia. We implanted two stainless steel screws into the skull 1.5 mm
lateral and 0.5 mm rostral to bregma and 1.0 mm rostral to lambda. We
made EMG electrodes from multistranded stainless steel wire (Cooner
Wire) and placed them into the neck extensor muscles. We soldered the
electrodes to a 2 � 2 pin microstrip connector and affixed it to the skull
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with dental cement. We treated each mouse with meloxicam (5 mg/kg,
s.c.) immediately after surgery and 24 h later.

Sleep recordings and scoring
One week after implantation of EEG and EMG electrodes, we transferred
mice to recording cages in a sound-attenuated box. We attached the
recording cable to a low-torque electrical swivel that was fixed to the cage
top to allow free movement. We allowed the mice �4 d to habituate to
the recording cable and chamber. After injection of CNO or saline, we
acquired EEG/EMG and simultaneous infrared video for 48 h. The EEG/
EMG signals were amplified, filtered (high-pass, 0.3 Hz; low-pass, 1 kHz),
digitized at a sampling rate of 256 Hz, and recorded with SleepSign
software (Kissei Comtec). We used SleepSign (filter settings: EEG,
0.25– 64 Hz; EMG, 10 – 60 Hz) for preliminary, semiautomatic scoring of
wake, REM, and non-REM (NREM) sleep in 10 s epochs and then exam-
ined all epochs and made corrections when necessary. We scored cata-
plexy according to previously published criteria (Scammell et al., 2009).
Specifically, we scored behavior as cataplexy if it met four criteria: (1) the
behavior consisted of an abrupt episode of nuchal atonia lasting at least
10 s; (2) the mouse was immobile during the episode; (3) the EEG showed
high theta activity and low delta activity during the episode (Vassalli et
al., 2013); and (4) at least 40 s of wakefulness preceded the episode. We
also closely examined video recordings for any signs of freezing and saw
none under any conditions. Based on the kinetics of CNO, our primary
end points were the amount of cataplexy and the number of cataplexy
bouts in the first 3 h after administration of CNO or saline.

Histology
We deeply anesthetized mice with ketamine/xylazine (150/15 mg/kg)
and transcardially perfused them with 0.1 M PBS followed by 10% for-
malin. We stored mouse brains in 10% formalin overnight and cryopro-
tected them for at least 24 h in 20% sucrose in formalin–PBS at 4°C.
Using a freezing microtome cleaned with RNaseZap (Life Technologies),
we sectioned brains at 30 �m and collected the sections in a 1:4 series in
1% formalin in DEPC–PBS. We transferred 3 of the 4 series to PBS-azide
and stored them at 4°C. We transferred the remaining series to RNAlater
cryoprotectant solution (Ambion), left the sections on the shaker at
room temperature for 1 h, and then stored them at �20°C.

We used all four series for anatomic studies. To map AAV injection
sites, we immunostained one series for mCherry (the fluorescent marker
of hM3 and hM4 expression). To determine AAV transduction efficiency
and whether hM3-mCherry is expressed only in GABAergic neurons, we
processed a second series for fluorescence in situ hybridization (FISH) for
vGAT mRNA followed by fluorescent immunolabeling for mCherry. For
these FISH sections, we immunolabeled for mCherry because FISH reduced
the intensity of the native mCherry fluorescence. To determine whether
CNO activates neurons expressing hM3, we processed a third series of sec-
tions from hM3 mice for Fos and mCherry double-fluorescence immuno-
cytochemistry. To compare overall Fos expression across conditions, we
immunostained the fourth series for Fos using nickel–3,3�-diaminobenzidine
(DAB) in hM3 mice treated with saline, CNO, or chocolate 2 h before
perfusion.

Immunohistochemistry
Mapping AAV injection sites. To label mCherry, we incubated sections
overnight in rabbit anti-dsRed antiserum (Clontech #632496, lot #1304038,
RRID: AB_10013483; mCherry is a variant of dsRed), diluted 1:5000 in
PBT-normal horse serum (NHS) solution. We washed sections 4 times (5
min each) in PBS and incubated them for 2 h in biotinylated donkey
anti-rabbit secondary antiserum (Jackson ImmunoResearch catalog
#711065152, lot #108377, RRID: AB_2340593) diluted 1:500 in PBT–
NHS, followed by 1 h in avidin-biotin complex (Vectastain ABC Elite Kit;
Vector Laboratories) and labeled neurons brown with DAB. Dark-field
images were taken to identify anatomic landmarks and determine injec-
tion site boundaries.

Fos expression in hM3-expressing neurons. To label Fos fluorescently,
we incubated sections overnight in rabbit anti-Fos antiserum (Millipore
#PC38, lot #D00088552, RRID: AB_2106755), diluted 1:10,000 in PBT–
NHS solution. We washed sections 4 times (5 min each) in PBS. We then
incubated them for 2 h in Alexa Fluor 488-conjugated donkey anti-rabbit

secondary antiserum (Invitrogen #A21206, lot #1674651, RRID: AB_141708)
diluted 1:500 in PBT-NHS. We collected 10 1-�m-thick optical sections
using confocal microscopy of native mCherry (red) and Fos (green) at
400� magnification and collapsed these using the z-stack function of
ImageJ.

Fos expression in the CeA. To single label Fos for bright-field micros-
copy, we incubated sections overnight in rabbit anti-Fos antiserum (Mil-
lipore #ABE457, lot #2672548, RRID: AB_2631318), diluted 1:5000 in
PBT–NHS solution. We washed sections 4 times (5 min each) in PBS. We
then incubated them for 2 h in biotinylated donkey anti-rabbit secondary
antiserum diluted 1:500 in PBT–NHS, followed by 1 h in avidin-biotin
complex (Vectastain ABC Elite Kit; Vector Laboratories) and labeled
Fos-immunoreactive nuclei dark blue using DAB with 0.16% nickel.

In situ hybridization followed by immunocytochemistry
We rinsed sections 4 times (5 min each) in DEPC–PBS and incubated
them in hybridization buffer (50% formamide; 5� SSC; 0.5 mg/ml
t-RNA, Roche; 5% dextran; 1� Denhardt’s solution; 0.1% Tween 20;
DEPC–water) for 1 h at 54°C. We transcribed the digoxigenin-labeled
RNA probe (542 bp, refer to NM_009508.2, bp 875 to 1416) from a
pGEM-T Easy plasmid (with a 3557 bp insert). We linearized the plasmid
with Sac1 (New England Lab) and transcribed riboprobes with T7 poly-
merase (Roche) in the presence of digoxigenin-conjugated-UTP (Roche,
DIG RNA labeling mix). We added digoxigenin-labeled antisense vGAT
riboprobe (300 ng/�l probe) to each well and incubated the sections at
54°C overnight.

We washed the tissue in 2� SSC in 50% formamide for 45 min at 54°C,
followed by two 30 min washes in 2� SSC. We eliminated the non-
hybridized RNA probes with an RNaseA step: sections were washed 2�
(5 min each) in RNAase buffer (0.5 M NaCl and 10 mM Tris-HCl) before
and after a 30 min incubation at 37°C in RNAase A (50 �g/ml). We
washed the sections in 2� SSC (5 min), then 2� SSC-50% formamide
(5 min at 54C), followed by two 5 min washes in 1� SSC-50% forma-
mide in DEPC-H2O, and then three 5 min washes in TBS. We incubated
the sections in Boehringer blocking reagent (Roche, diluted to 5% w/v in
TBS with 0.1% Tween) at 54°C for 30 min and then incubated the tissue
with anti-digoxigenin-peroxidase antigen-binding fragments (Roche
#11-207-733-910, lot #14299300, RRID: AB_541500) at 1:200 in block-
ing reagent overnight.

We washed the sections in TBS 3 times (10 min each) in preparation
for the tyramide signal amplification step. We incubated the tissue for 30
min with biotinylated tyramide (PerkinElmer #FP1019, lot #1673734)
diluted 1:50 in amplification buffer (#FP1050). We washed the tissue in
TBS (5 min), PBS (rinse), PBS (10 min), and then PBT (2 h), and incu-
bated the tissue in streptavidin-Alexa488 (Invitrogen #S11223, lot
#1256181), diluted 1:1000 in PBT, for 2 h. To immunolabel mCherry,
we incubated the sections in rabbit anti-dsRed antiserum (Clontech
#632496, lot #1304038, RRID: AB_10013483), diluted 1:5000 in PBS with
0.25% Triton X-100 and 3% NHS for 12 h. We washed the sections 4� in
PBS and incubated them for 2 h in Alexa Fluor 555-conjugated donkey
anti-rabbit secondary antiserum (Invitrogen A31572, lot #1636859,
AB_162543) diluted 1:500 in PBT–NHS. After four washes in PBS, we
mounted the sections and coverslipped the slides with fluorescent
mounting medium (Dako #S3023).

After FISH for vGAT mRNA and immunolabeling for mCherry, sec-
tions were imaged on a confocal microscope (Zeiss, 400� magnification,
red/green, 1-�m-thick optical sections). ImageJ was used to assess neu-
ronal colocalization of vGAT (green) and mCherry (red).

Mapping of AAV injection sites
We used mCherry immunostaining and dark-field images to map injec-
tion sites to standard brain atlas levels (Franklin and Paxinos, 2008).
Injections were considered successful if they met inclusion criteria:
�85% of the mCherry neurons were within the bounds of the CeA and
the injections had to include the CeL. In Experiment 1, we bilaterally
microinjected AAV-hM3-mCherry into the CeA of 30 vGATcre/OXKO
mice. We excluded 14 mice because their injection sites did not meet the
anatomic criteria in either CeA, and we excluded two more mice because
their head stages failed before completing the experiments. Some of these
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injections hit the CeA on only one side, but CNO had identical effects in
mice with unilateral (n � 6) or bilateral (n � 8) injections; we present
these as one group in the Results. In Experiment 2, we bilaterally micro-
injected AAV-hM4-mCherry into the CeA of 12 vGAT-cre/OXKO mice
and excluded three mice because the injections did not meet the ana-
tomic criteria. In the 15 negative control mice injected with AAV-
mCherry, the injection sites of 10 mice met anatomic criteria with
bilateral expression of mCherry in the CeA.

Most injections covered the entire CeA. Some injections spread medi-
ally toward the optic tract or laterally to the intermediate fork of the
external capsule, but most injections encapsulated the stria terminalis,
remained ventral to the caudate/putamen, and were dorsal to the basal
medial amygdala (Fig. 1). A few injections spread slightly into the BLA
and parts of the globus pallidus immediately adjacent to the CeA. The
rostral– caudal distribution ranged from �0.82 mm to �1.82 mm rela-
tive to bregma.

Statistical analysis
In each experiment, we used a two-way, repeated-measures, fixed effects
ANOVA (treatment � experimental condition), followed by post hoc t
tests with Bonferroni corrections for detection of differences within the
experimental (AAV-hM3-mCherry or AAV-hM4-mCherry) and control
(AAV-mCherry) groups. For each state (wake, NREM sleep, REM sleep,
and cataplexy), we compared the total amount, bout duration, and num-
ber of bouts. Statistical analyses were performed using StatPlus (version
5.7.8) with a two-tailed � value of p 	 0.05. ANOVA results are listed in
Tables 1, 2, and 3 as (F(degrees of freedom, residual), p-value, and Bonferroni
corrections t(degrees of freedom) p-value). Data are presented as mean �
SEM.

Results
Validation of hM3 expression in vGAT neurons
Expression of the hM3 (n � 2) and hM4 (n � 1) receptors was
limited to neurons containing vGAT mRNA. Specifically, of the
109 � 12 neurons per CeA expressing mCherry, 108 � 11 also
expressed vGAT mRNA (Fig. 2A–D). Transduction efficiency
was moderate (45 � 19% of the 434 � 266 vGAT
 neurons
expressed mCherry).

Neuronal activation with CNO
Fos expression in hM3-expressing neurons
To test whether CNO activates GABAergic CeA neurons express-
ing hM3, we examined the pattern of Fos expression after CNO in
vGAT-cre/OXKO mice (n � 3) unilaterally injected with AAV-
hM3-mCherry. The CeA injected with AAV-hM3-mCherry con-
tained 90 � 11 Fos
 neurons compared with only 7 � 6 in the
contralateral, uninjected CeA (Fig. 2E,F). In addition, 68 � 17%
of the 67 � 5 mCherry
 neurons contained Fos, and 78 � 14%
of Fos
 neurons contained mCherry. This demonstrates that
CNO strongly activates GABAergic CeA neurons expressing
hM3.

Fos expression across conditions
To compare Fos expression across conditions in mice bilaterally
injected with AAV-hM3-mCherry, we perfused mice 2 h after
injection of saline (n � 4), injection of CNO 0.3 mg/kg (n � 4), or
access to chocolate (n � 4) and then counted Fos
 neurons in
the CeA. Saline injected mice had few Fos
 neurons in the CeA

Figure 1. AAV injections in the CeA. Injection sites for AAV-hM3-mCherry (6 unilateral and 8 bilateral) and AAV-hM4-mCherry (9 bilateral) were mapped to template drawings (�1.04 to �1.4
mm from bregma). Dark blue represents 1 injection site, and red represents 14 injection sites for hM3 and 9 sites for hM4. CeL, Central lateral amygdala; CeM, central medial amygdala; CeC, capsular
subdivision; fx, fornix; ic, internal capsule; opt, optic tract; st, stria terminalis, 3v, third ventricle. Scale bar, 1 mm.
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(27 � 4), CNO-injected mice had many (79 � 8), and mice with
access to chocolate had even more (97 � 5) (F(2,30) � 36.8, p �
0.0). Pairwise comparisons showed more Fos
 cells in the CeA of
mice injected with CNO than with saline (t(20) � �5.8, p � 0.0).
Mice with access to chocolate had more Fos
 neurons than those
injected with saline (t(20)� �10.5, p � 0.0) and slightly more
than mice that received CNO (t(20) � �1.87, p � 0.07). This
analysis indicates that both hM3 signaling and chocolate activate
CeA neurons.

Experiment 1: Chemogenetic activation of GABAergic
CeA neurons
Chow condition
The CeA has been implicated in the control of REM sleep (Smith
and Miskiman, 1975; Sanford et al., 2002; Xi et al., 2012), so we
first tested whether activation of GABAergic CeA neurons alters

sleep/wake architecture in vGAT-cre/
OXKO mice fed normal chow ad libitum.
In mice expressing hM3 receptors in
GABAergic neurons of the CeA (n � 14),
CNO (0.3 mg/kg, 15 min before lights off)
had no effect on basic sleep architecture.
Specifically, the amounts of wake, NREM
sleep, and REM sleep in the first 3 h after
injection were similar to those seen with
saline (Table 1). The number and dura-
tion of bouts of wake, NREM sleep, and
REM sleep were also similar after CNO
and saline injection. Mice consumed a
similar amount of chow after saline.

In contrast, CNO substantially increased
cataplexy (Fig. 3, Table 1). Injection of CNO
more than doubled the number of cataplexy
bouts compared with saline across the
first 3 h after injection (t(13) � 2.2, p �
0.03). CNO also doubled the time spent in
cataplexy (t(13) � 2.35, p � 0.02) even af-
ter normalizing for the amount of wake
(t(13) � 2.95, p � 0.004). CNO did not
alter the duration of cataplexy bouts.

Chocolate condition
Prior studies have shown that chocolate
substantially increases cataplexy in OXKO
mice (Burgess et al., 2013; Oishi et al.,
2013). To determine whether chemoge-
netic activation of CeA neurons enhances
this response, we gave mice injected with
AAV-hM3-mCherry access to chocolate
and treated them with CNO or saline.
Compared with the baseline regular chow
condition, chocolate increased the total
amount of cataplexy and the number of
cataplexy bouts �3- to 4-fold in saline-
treated mice (Table 1, t(13) � 4.9, p �
0.00002 and t(13) � 5.3, p � 3.4 � 10�6,
respectively). Chocolate also mildly in-
creased wake (t(13) � 3.8, p � 0.001),
mainly at the expense of NREM sleep (total
amount of NREM t(13) � 4.4, p � 0.0001,
NREM duration t(13) � 3.0, p � 0.01 and
NREM bouts t(13) � 3.2, p � 0.006). Mice
consumed similar amounts of chocolate
and chow after saline and CNO. Mice ate

less chow under the chocolate condition than under the chow-
only condition (t(13) � 8.05, p � 0.0 after saline and t(13) � 8.7,
p � 0.0 after CNO).

In mice with access to chocolate, CNO did not significantly
increase the amount of cataplexy or the number of cataplexy
bouts beyond the high level already seen with saline (Fig. 3).

Running wheel condition
Prior studies have shown that access to a running wheel moder-
ately increases cataplexy in OXKO mice (España et al., 2007;
Burgess et al., 2013). To determine whether chemogenetic acti-
vation of CeA neurons enhances this response, we gave mice
injected with AAV-hM3-mCherry (n � 8) access to running
wheels and treated them with CNO or saline. Compared with the
baseline chow condition, running wheels increased cataplexy in
AAV-hM3-mCherry-injected mice treated with saline (Table 1).

Figure 2. hM3 DREADD receptor (fused to mCherry) is expressed in GABAergic neurons of the CeA and increases expression of
Fos. A–D, FISH labels vGAT mRNA green and immunostaining labels mCherry red in a vGAT-cre/OXKO mouse injected with
AAV-hM3-mCherry. E, F, In an OXKO mouse unilaterally injected with AAV-hM3-mCherry (red), CNO increased the number of
Fos
 (green) neurons in the ipsilateral CeA, but Fos was uncommon in the contralateral CeA. Scale bars, 0.1 mm for A-D
and 1.0 mm for E, F.
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Specifically, running wheels approximately doubled the total
amount of cataplexy under saline treatment (t(7) � 3.0, p � 0.04)
and the number of cataplexy bouts (t(7) � 2.7, p � 0.03) com-
pared with chow.

CNO did not alter the amounts or number of bouts of wake,
NREM sleep, and REM sleep. The amounts of running were similar
after saline and CNO. Treatment with CNO did not increase cata-
plexy beyond that seen with running wheels plus saline.

Experiment 2: Chemogenetic inhibition of GABAergic
CeA neurons
Chow condition
To test whether GABAergic CeA neurons are necessary for cata-
plexy, we bilaterally injected the CeA of vGAT-cre/OXKO mice
withAAV-hM4-mCherry,resultinginmCherryexpressionthroughout
the CeA with slight extension into the BLA (Fig. 1). In mice with
bilateral hM4 expression in the CeA (n � 9), CNO had no effect

on basic sleep architecture when mice were fed regular chow
(Table 2). Mice consumed a similar amount of chow after saline
and CNO. CNO did not significantly reduce the amount of cata-
plexy or the number of cataplexy bouts (Fig. 3).

Chocolate condition
To determine whether GABAergic CeA neurons are necessary for
the increase of cataplexy in the presence of chocolate, we tested
whether inhibition of GABAergic CeA neurons reduced cata-
plexy in mice with access to chocolate. Compared with the regu-
lar chow condition, chocolate approximately tripled the total
amount of cataplexy and the number of cataplexy bouts in saline-
treated mice (Table 2, t(8) � 3.5, p � 0.003 and t(8) � 3.7, p �
0.002, respectively). As in Experiment 1, chocolate increased
wake �21% (t(8) � 3.0, p � 0.015), mainly at the expense of
NREM sleep (t(8) � 3.5, p � 0.003). Mice consumed similar
amounts of chocolate and chow after saline and CNO.

Table 1. Effects of hM3 chemogenetic activation with regular chow, chocolate, and running wheels

hM3
0 –3 h

Chow Chocolate Running wheel
Two-way ANOVA
(condition * treatment)Saline CNO Saline CNO Saline CNO

Wake % time 65 � 3 65 � 3 82 � 2 75 � 3 71 � 6 66 � 7 F(2,66) � 0.63, p � 0.53
t(13) � 3.8, p � 0.001a F(2,66) � 9, p � 0.0004

F(1,66) � 1.38, p � 0.25
Bout duration (s) 255 � 30 210 � 23 331 � 50 215 � 19* 285 � 81 209 � 42 F(2,68) � 0.7, 0.5

t(13) � 2.54, p � 0.013 F(2,68) � 0.875, 0.42
F(1,68) � 7.7, 0.007

Bout number 34 � 3 40 � 3 35 � 3 43 � 2 38 � 6 39 � 5 F(2,68) � 0.22, p � 0.805
F(2,68) � 0.2, p � 0.819
F(1,68) � 5.1, p � 0.027

NREM sleep % time 29 � 3 26 � 3 8 � 2a 14 � 4b 23 � 6 27 � 8 F(2,66) � 0.76, p � 0.4735
t(13) � 4.4, p � 0.0001 t(13) � 2.7, p � 0.025 F(2,66) � 12.87, p � 0.0

F(1,66) � 0.47, p � 0.49
Bout duration (s) 117 � 13 129 � 18 63 � 8a 79 � 12b 94 � 13 97 � 22 F(2,65) � 0.099, p � 0.91

t(13) � 3.0, p � 0.01 t(13) � 2.67, p � 0.028 F(2,65) � 8.56, p � 0.0005
F(1,65) � 0.97, p � 0.33

Bout number 29 � 3 27 � 4 12 � 3a 17 � 4 27 � 8 27 � 6 F(2,68) � 0.47, p � 0.63
t(13) � 3.2, p � 0.006 F(2,68) � 7.3, p � 0.00135

F(1,68) � 0.57, p � 0.452
REM sleep % time 4 � 0.5 3 � 0.6 1.8 � 0.4 1.8 � 0.6b 1.6 � 0.7 2.2 � 0.5 F(2,66) � 25.1, p � 0.0

t(13) � 8.8, p � 2.4E-12 F(2,66) � 22.9, p � 0.0
F(1,66) � 30.7, p � 0.0

Bout duration (s) 70 � 5 68 � 7 64 � 9 74 � 13 45 � 11 51 � 10 F(2,60) � 0.25, p � 0.78
F(2,60) � 1.66, p � 0.2
F(1,60) � 0.34, p � 0.56

Bout number 7 � 1 6 � 1 3 � 1a 3 � 2 5 � 2 5.5 � 2 F(2,68) � 0.44, p � 0.65
t(13) � 2.7, p � 0.03 F(2,68) � 4.8, p � 0.01

F(1,68) � 0.055, p � 0.82
Cataplexy % time 2.3 � 0.5 5 � 1* 8.2 � 1.0a 9.3 � 1.1b 4.5 � 0.8a,c 4.3 � 1.0d F(2,64) � 0.54, p � 0.58

t(13) � 2.35, p � 0.02 t(13) � 4.9, p � 0.2E-4 t(13) � 3.5, p � 0.004 t(7) � 3.0, p � 0.04 t(7) � 2.6, p � 0.038 F(2,64) � 18.9, p � 0.0
t(7) � 2.8, p � 0.02 F(1,64) � 6.07, p � 0.016

as % of wake 3 � 1 7 � 1* 9 � 1a 10 � 1 6 � 0.6c 6 � 1.3 F(2,68) � 0.81, p � 0.449
t(13) � 2.95, p � 0.004 t(13) � 4.63, p � 0.5E-4 t(7) � 3.2, p � 0.006 F(2,68) � 15.62, p � 0.0

F(1,68) � 11.03, p � 0.00145
Bout duration (s) 50 � 5 49 � 5 42 � 3 44 � 3 55 � 10 42 � 2 F(2,67) � 0.95, p � 0.4

F(2,67) � 0.81, p � 0.45
F(1,67) � 0.4, p � 0.52

Bout number 5 � 1 12 � 2* 22 � 3a 23 � 3b 11 � 3c 11 � 2d F(2,68) � 1.13, p � 0.33
t(13) � 2.2, p � 0.03 t(13) � 5.3, p � 3.4E-6 t(13) � 3.75, p � 0.001 t(7) � 2.7, p � 0.03 t(7) � 3.2, p � 0.0054 F(2,68) � 21.7, p � 0.0

F(1,68) � 2.97, p � 0.09
Amount consumed

in 24 h
Chow (g) 4 � 0.3 4.3 � 0.3 1.7 � 0.3a 2.1 � 0.3b F(1,52) � 0.83, p � 0.37

t(13) � 8.05, p � 0.0 t(13) � 8.7, p � 0.0 F(1,52) � 103.5, p � 0.0
F(1,52) � 0.36, p � 0.55

Chocolate (g) 2.9 � 0.1 2.9 � 0.1 F(1,26) � 0.34, p � 0.563
—
F(1,26) � 0.34, p � 0.563

Running wheel
revolutions in
first 3 h

547 � 180 482 � 131 F(1,12) � 0.07, p � 0.802
—
F(1,12) � 0.07, p � 0.802

Values show means � SEM across the 3 h period after saline or CNO. Bonferroni post hoc testing: *p 	 0.05 versus saline; ap 	 0.05 versus chow–saline; bp 	 0.05 versus chow–CNO; cp 	 0.05 versus chocolate–saline; dp 	 0.05 versus
chocolate–CNO. The order of F values is: Condition � Treatment, Condition, and Treatment.
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Treatment with CNO reduced the amount of cataplexy by
�50% (t(8) � 2.6, p � 0.012), after normalizing for the amount of
wake (t(8) � 2.7, p � 0.01) and decreased the number of cataplexy
bouts by 60% (t(8) � 3.2, p � 0.003; Fig. 3). The duration of
cataplexy bouts was similar after CNO and saline injections.
These results suggest that inhibition of GABAergic CeA neurons
reduces the high levels of cataplexy seen with chocolate, mainly
by decreasing the number of cataplexy bouts.

Running wheel condition
To determine whether CeA neurons are necessary for the high
levels of cataplexy in the presence of a running wheel, we tested

whether inhibition of GABAergic CeA neurons reduces cataplexy
in mice with access to running wheels. Compared with the base-
line chow condition, running wheels increased cataplexy �2.6-fold
in AAV-hM4-mCherry-injected mice treated with saline (n � 8)
(Table 2). Specifically, running wheels increased the total amount of
cataplexy (t(7) � 2.5, p � 0.046) and the number of cataplexy bouts
(t(7) � 2.85, p � 0.019) compared with chow. Running wheels also
moderately reduced the amount of REM sleep compared with the
baseline condition (t(7) � 3.4, p � 0.004).

CNO decreased cataplexy bouts almost 50% compared with
saline (t(7) � 2.1, p � 0.042). The amount of cataplexy was re-

Figure 3. Effects of CNO on cataplexy across experiments. Chemoactivation of GABAergic CeA neurons increased the number of cataplexy bouts and the total amount of cataplexy in the 3 h after
CNO with regular chow, but not under rewarding conditions. Chemoinhibition reduced cataplexy in the chocolate and running wheel conditions. CNO had no effect on cataplexy in negative control
mice expressing just mCherry. *p 	 0.05 versus saline; **p 	 0.01 versus saline.
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duced similarly, but the difference was not statistically signifi-
cant. CNO mildly increased the amounts of NREM and REM
sleep at the expense of wake, but the amounts of running were
unchanged.

Experiment 3: Control mice injected with AAV-mCherry
To test whether changes in cataplexy or sleep architecture were
nonspecific responses to CNO, we studied the effects of CNO in
negative control mice with bilateral injections of AAV-mCherry
into the CeA (n � 10). When fed regular chow, CNO did not alter
wake, NREM sleep, REM sleep, or cataplexy compared with sa-
line (Table 3). Mice consumed a similar amount of chow after
saline and CNO. When given chocolate or access to running
wheels, control mice had more wake and cataplexy as in Experi-
ments 1 and 2, but CNO did not alter cataplexy, sleep architec-

ture, consumption of chocolate and chow, or the amounts of
wheel running. These control experiments demonstrate that,
across all three conditions, the effects of CNO on cataplexy in
Experiments 1 and 2 are mediated by the hM3 and hM4 recep-
tors, respectively.

Discussion
These studies demonstrate that activation of GABAergic CeA
neurons increases cataplexy in OXKO mice under chow condi-
tions and inhibition of these neurons reduces the high levels of
cataplexy seen with chocolate and running wheels. It is unlikely
that these changes in cataplexy are due to nonspecific changes in
wake, NREM sleep, or REM sleep because, in general, hM3 and
hM4 signaling had little effect on sleep/wake architecture. In ad-
dition, these behavioral effects were mediated by the hM3 and

Table 2. Effects of hM4 chemogenetic inhibition with regular chow, chocolate, and running wheels

hM4
0 –3 h

Chow Chocolate Running wheel
Two-way ANOVA
(condition * treatment)Saline CNO Saline CNO Saline CNO

Wake % time 67 � 2 66 � 3 81 � 2.4a 73 � 4.8 81.3 � 3.1a 68 � 4.5* F(2,45) � 1.64, p � 0.2
t(8) � 3.0, p � 0.015 t(7) � 3.0, p � 0.013 t(7) � 2.6, p � 0.012 F(2,45) � 5.4, p � 0.008

F(1,45) � 6.3, p � 0.016
Bout duration (s) 189 � 22 195 � 21 239 � 21 234 � 38 335 � 114 206 � 25 F(2,45) � 1.1, p � 0.35

F(2,45) � 1.3, p � 0.3
F(1,45) � 0.995, p � 0.32

Bout number 44 � 4 43 � 2.5 40 � 3 40 � 4 41 � 3.5 40 � 3 F(2,45) � 0.03, p � 0.97
F(2,45) � 0.68, p � 0.51
F(1,45) � 0.14, p � 0.71

NREM sleep % time 25 � 2 27 � 3 9 � 2a 19 � 5* 13 � 3.5a 24 � 4.4* F(2,44) � 1.1, p � 0.35
t(8) � 3.5, p � 0.003 t(8) � 2.02, p � 0.048 t(7) � 2.5, p � 0.044 t(7) � 2.2, p � 0.033 F(2,44) � 6.8, p � 0.0026

F(1,44) � 6.8, p � 0.012
Bout duration (s) 72 � 4.5 73 � 6.5 47 � 5.5 58.2 � 5.9 57 � 8 76 � 13 F(2,45) � 0.63, p � 0.54

F(2,45) � 3.9, p � 0.03
F(1,45) � 3.0, p � 0.09

Bout number 38 � 3.5 39 � 3 19 � 4a 32 � 7 19 � 4.5a 31 � 4.5 F(2,45) � 1.14, p � 0.33
t(8) � 3.1, p � 0.01 t(7) � 3.1, p � 0.01 F(2,45) � 6.2, p � 0.004

F(1,45) � 5.3, p � 0.026
REM sleep % time 5.5 � 1 5.5 � 1 2 � 1a 4.5 � 1 1.1 � 0.5a 4 � 1.2* F(2,45) � 1.5, p � 0.23

t(8) � 2.7, p � 0.03 t(7) � 3.4, p � 0.004 t(7) � 2.3, p � 0.025 F(2,45) � 5.72, p � 0.006
F(1,45) � 5.83, p � 0.02

Bout duration (s) 70 � 12 75 � 9 52 � 10 66 � 10 34.3 � 8.4 63 � 10 F(2,39) � 0.9, p � 0.4
F(2,39) � 2.5, p � 0.09
F(1,39) � 2.8, p � 0.1

Bout number 11 � 2 9 � 2 5 � 2 8 � 2 3 � 1a 7 � 3 F(2,45) � 1.3, p � 0.29
t(7) � 2.8, p � 0.02 F(2,45) � 3.2, p � 0.0499

F(1,45) � 0.977, p � 0.33
Cataplexy % time 2.5 � 1 1.5 � 0.5 8 � 1a 3.8 � 2* 6.5 � 1a 3.7 � 1.1 F(2,45) � 0.75, p � 0.48

t(8) � 3.5, p � 0.003 t(8) � 2.6, p � 0.012 t(7) � 2.5, p � 0.046 F(2,45) � 7.4, p � 0.0017
F(1,45) � 8.6, p � 0.0052

as % of wake 3.6 � 1 2 � 0.6 9 � 1a 4.4 � 2* 7.2 � 1 4.6 � 1.2 F(2,45) � 0.58, p � 0.57
t(8) � 3.2, p � 0.007 t(8) � 2.7, p � 0.01 F(2,45) � 6.3, p � 0.004

F(1,45) � 9.3, p � 0.0038
Bout duration (s) 47 � 6 53 � 12 45 � 3 57 � 8 37 � 3.4 40 � 6 F(2,40) � 0.33, p � 0.72

F(2,40) � 2.1, p � 0.14
F(1,40) � 1.43, p � 0.24

Bout number 6.4 � 2 3.3 � 1 19 � 3a 8 � 4.5* 17 � 2a 9 � 2* F(2,45) � 1.16, p � 0.3
t(8) � 3.7, p � 0.002 t(8) � 3.2, p � 0.003 t(7) � 2.85, p � 0.019 t(7) � 2.1, p � 0.042 F(2,45) � 7.68, p � 0.0014

F(1,45) � 12.8, p � 0.0008
Amount

consumed
in 24 h

Chow (g) 3.5 � 0.5 4.1 � 0.8 1.6 � 0.6a 1.0 � 0.4b F(1,31) � 1.0, p � 0.32
t(8) � 3.1, p � 0.015 t(8) � 2.9, p � 0.024 F(1,31) � 15.6, p � 0.0004

F(1,31) � 0.0098, p � 0.92
Chocolate (g) 2.5 � 0.1 2.3 � 0.1 F(1,15) � 0.66, p � 0.431

—
F(1,15) � 0.66, p � 0.431

Running wheel
revolutions in
first 3 h

409 � 102 307 � 100 F(1,15) � 0.52, p � 0.481
—
F(1,15) � 0.52, p � 0.481

Values show means � SEM across the 3 h period after saline or CNO. Bonferroni post hoc testing: *p 	 0.05 versus saline; ap 	 0.05 versus chow–saline; bp 	 0.05 versus chow–CNO.
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hM4 receptors because CNO had no effect in control mice in-
jected with AAV-mCherry. Considered together, these experi-
ments demonstrate that GABAergic CeA neurons are sufficient to
increase cataplexy under basal conditions and are necessary for
cataplexy under rewarding conditions.

Role of the amygdala in positive affect and cataplexy
The amygdala plays a major role in regulating emotional re-
sponses to both positive and negative stimuli. In brief, the
amygdala receives salient sensory stimuli, processes these by in-
tranuclear and internuclear projections, and produces appropri-
ate behavioral responses mainly via projections from the CeA
(Swanson and Petrovich, 1998; Duvarci and Pare, 2014; Janak
and Tye, 2015; Namburi et al., 2015). Much amygdala research
focuses on negative emotions such as fear and anxiety, but the

amygdala also regulates emotional responses to positive stimuli
(Holland and Gallagher, 1999; Gulyani et al., 2002; Paton et al.,
2006; Tye et al., 2008). For example, amygdala activity increases
in people viewing photos of happy faces (Canli et al., 2002;
Killgore and Yurgelun-Todd, 2004; Williams et al., 2005; Sergerie
et al., 2008; but see Straube et al., 2008). In monkeys, amygdala
neurons fire faster when presented with stimuli of positive affec-
tive value (Paton et al., 2006; Belova et al., 2007; Zhang et al.,
2013). Similar increases in amygdala activity to both positive and
aversive stimuli are best explained by the intermingling of dis-
tinct neuronal populations with specific connectivity (Shabel and
Janak, 2009; Janak and Tye, 2015; Namburi et al., 2015). For
example, Namburi et al. (2015) recently showed that inhibition
of BLA neurons that target the CeM enhances reward condition-
ing and impairs fear conditioning, whereas activation of BLA

Table 3. Effects of CNO in mCherry control mice with regular chow, chocolate, and running wheels

mCherry control
0 to 3 h

Chow Chocolate Running wheel
Two-way ANOVA
(condition * treatment)Saline CNO Saline CNO Saline CNO

Wake % time 66 � 4 65 � 3 80 � 3a 79 � 3.2b 71.4 � 4.4 71 � 4 F(2,50) � 0.002, p � 0.99
t(9) � 2.6, p � 0.033 t(9) � 2.7, p � 0.28 F(2,50) � 7.15, p � 0.002

F(1,50) � 0.08, p � 0.78
Bout duration (s) 246 � 64 163 � 16 277 � 32 290 � 48 226 � 33 178 � 18 F(2,50) � 0.75, p � 0.48

F(2,50) � 2.7, p � 0.08
F(1,50) � 1.6, p � 0.22

Bout number 39 � 4 48 � 3 36 � 3 37 � 2.3 41 � 4 47 � 3 F(2,50) � 0.83, p � 0.44
F(2,50) � 3.2, p � 0.05
F(1,50) � 4.2, p � 0.046

NREM sleep % time 28 � 4 28 � 3 11 � 3a 11.4 � 3.1b 20.5 � 4.6 21 � 4 F(2,50) � 0.0017, p � 0.99
t(9) � 3.1, p � 0.009 t(9) � 3.1, p � 0.008 F(2,50) � 9.76, p � 0.0003

F(1,50) � 0.015, p � 0.90
Bout duration (s) 94 � 10 71 � 7 56 � 8.5 62 � 11.3 101 � 31 72 � 13 F(2,50) � 0.74, p � 0.48

F(2,50) � 1.9, p � 0.16
F(1,50) � 1.6, p � 0.21

Bout number 34 � 4.5 43 � 3.5 19 � 5a 19 � 4b 23 � 4 30 � 3b F(2,50) � 0.72, p � 0.49
t(9) � 3.6, p � 0.002 t(9) � 5.2, p � 0.86E-5 t(9) � 2.7, p � 0.03 F(2,50) � 19.4, p � 0.0

F(1,50) � 3.6, p � 0.065
REM sleep % time 4.4 � 0.6 5.5 � 1 2 � 1 2.5 � 1b 1.3 � 0.5a 2 � 0.5 F(2,50) � 0.2, p � 0.82

t(9) � 3.8, p � 0.0012 t(9) � 3.0, p � 0.011 F(2,50) � 13, p � 0.3E-4
F(1,50) � 1.2, p � 0.28

Bout duration (s) 77 � 8 60 � 8 63 � 13 59.4 � 8 59 � 10 41 � 8 F(2,44) � 0.25, p � 0.78
F(2,44) � 2.1, p � 0.13
F(1,44) � 3.2, p � 0.078

Bout number 7 � 1 10.6 � 2 3 � 1 5 � 1.6b 2.4 � 0.8a 4 � 1b F(2,50) � 0.3, p � 0.73
t(9) � 3.1, p � 0.009 t(9) � 2.6, p � 0.036 t(9) � 3.7, p � 0.002 F(2,50) � 11.75, p � 0.7E-4

F(1,50) � 4.0, p � 0.05
Cataplexy % time 2 � 0.5 1.7 � 0.6 7 � 1a 8 � 1.3b 6.7 � 1.2a 6.4 � 1.3b F(2,50) � 0.34, p � 0.7

t(9) � 3.6, p � 0.0025 t(9) � 4.6, p � 0.8E-4 t(9) � 3.4, p � 0.0044 t(9) � 3.5, p � 0.004 F(2,50) � 19.36, p � 0.6E-6
F(1,50) � 0.018, p � 0.9

as % of wake 3 � 0.5 2.4 � 0.7 8 � 1a 8 � 1.0b 8.4 � 1.3a 8 � 1.5b F(2,50) � 0.1, p � 0.9
t(9) � 3.5, p � 0.003 t(9) � 4.1, p � 0.0004 t(9) � 3.8, p � 0.001 t(9) � 4.1, p � 0.0004 F(2,50) � 20.4, p � 0.E-63

F(1,50) � 0.047, p � 0.83
Bout duration (s) 46 � 8 60 � 10.5 53 � 5 54 � 4.5 50 � 4 45 � 4 F(2,46) � 1.06, p � 0.36

F(2,46) � 0.5, p � 0.6
F(1,46) � 0.4, p � 0.52

Bout number 4 � 1 3.5 � 1 16 � 2a 16.6 � 3.3b 16 � 3a 16 � 3b F(2,50) � 0.01, p � 0.99
t(9) � 3.4, p � 0.0035 t(9) � 3.6, p � 0.002 t(9) � 2.7, p � 0.03 t(9) � 2.87, p � 0.018 F(2,50) � 14.0, p � 0.00

F(1,50) � 0.013, p � 0.91
Amount consumed

in 24 h
Chow (g) 3 � 1 2.5 � 1 1 � 0.4 1.6 � 0.3 F(2,37) � 0.66, p � 0.42

F(1,37) � 4.72, p � 0.037
F(1,37) � 0.01, p � 0.92

Chocolate (g) 2.7 � 0.2 2.4 � 0.2 F(1,18) � 1.48, p � 0.24
—
F(1,18) � 1.48, p � 0.24

Running wheel
revolutions in
first 3 h

499 � 132 408 � 120 F(1,18) � 0.26, p � 0.613
—
F(1,18) � 0.26, p � 0.613

Values show means � SEM across the three hour period after saline or CNO. Bonferroni post hoc testing: a, p 	 0.05 versus chow-saline; b, p 	 0.05 versus chow-CNO

Mahoney et al. • CeA GABAergic Neurons Promote Cataplexy J. Neurosci., April 12, 2017 • 37(15):3995– 4006 • 4003



neurons that target the nucleus accumbens increases nose-poke
behavior for intracranial self-stimulation but do not affect freez-
ing behavior. These responses to opposing valences may be pro-
cessed by specific amygdala pathways that reciprocally inhibit
one another; specifically, positive affect mechanisms may inhibit
anxiety-producing or fear-processing circuits (Namburi et al.,
2015).

The findings that chemogenetic activation of CeA neurons
increases cataplexy and inhibition decreases cataplexy build on a
growing body of evidence that the amygdala mediates positive
affect and is a crucial element in the neural circuitry of cataplexy.
In OXKO mice, chocolate induces Fos expression in BLA neu-
rons in proportion to the amount of cataplexy and lesions of the
amygdala reduce cataplexy across a variety of conditions (Burgess
et al., 2013; Oishi et al., 2013). In narcoleptic dogs, some CeA and
BLA neurons fire faster during cataplexy (Gulyani et al., 2002)
and, in children with narcolepsy, amygdala activity is increased
during cataplexy, as shown by functional imaging (Meletti et al.,
2015). Therefore, studies focused on gain of function, loss of
function, and spontaneous activity collectively demonstrate that
the amygdala is essential for the production of cataplexy.

Considering the role of the CeA in positive affect, we antici-
pated that activation of GABAergic CeA neurons would further
increase cataplexy in mice exposed to running wheels and choc-
olate. As shown in prior studies, we find that running wheels and
chocolate increase cataplexy, but CNO does not produce addi-
tional increases in cataplexy. Chemogenetic activation can be
limited by many factors, including transduction efficiency and
the degree of depolarization driven by hM3 signaling. We suspect
that when cataplexy-promoting CeA neurons are already strongly
activated by chocolate or running wheels, hM3 activation provides
little additional activation. In support of this idea, the number of
Fos
 neurons in the CeA with hM3 activation was less than the
number of Fos
 neurons in mice with access to chocolate. Future
gain-of-function experiments using techniques that substantially
increase neuronal activity such as optogenetics should help to
define whether the triggering of cataplexy by emotions can be
further enhanced.

Which neural pathways promote cataplexy?
Many researchers hypothesize that the atonia of cataplexy is
driven by engagement of the same brainstem mechanisms that
are active during the atonia of REM sleep (Kiyashchenko et al.,
2001; Scammell et al., 2009; Luppi et al., 2011; Peever, 2011).
During REM sleep, the sublaterodorsal nucleus (SLD) in the pons
activates premotor neurons in the medial medulla and spinal
cord that strongly inhibit motor neurons (Boissard et al., 2002;
Lu and Greco, 2006; Krenzer et al., 2011). During wakefulness,
the SLD is thought to be inhibited by the locus ceruleus (LC),
dorsal raphe (DR), and ventrolateral periaqueductal gray and
lateral pontine tegmentum (vlPAG/LDT), regions that help maintain
muscle tone and suppress REM sleep (Boissard et al., 2003; Lu
and Greco, 2006).

Just how the CeA may engage these brainstem pathways re-
mains unclear. In healthy people, heartfelt laughter can tran-
siently reduce muscle tone, perhaps via CeA signals related to
positive affect (Lammers et al., 2000). CeA neurons innervate
atonia-suppressing regions including the vlPAG/LPT, DR, and
LC, and the CeA likely promotes atonia by reducing activity in
these target regions (Rizvi et al., 1991; Burgess et al., 2013). In
addition, the CeA also lightly innervates neurons in the ventral
medial medulla (Cassell et al., 1999), which may inhibit motor
neurons directly. In narcolepsy, loss of orexin signaling enables

positive emotions to strongly activate atonia pathways. The
orexin neurons normally excite atonia-suppressing brain re-
gions, including the vlPAG/LPT, LC, and DR, and orexin neuron
activity may be especially high during positive emotions (Wu et
al., 2011; Blouin and Siegel, 2013). Cataplexy is substantially re-
duced by restoration of orexin signaling in the DR (Hasegawa et
al., 2014) or by medications that increase serotonergic and nor-
adrenergic tone (Godbout and Montplaisir, 1986; Frey and Dar-
bonne, 1994; Nishino and Mignot, 1997; Larrosa et al., 2001). In
narcolepsy, cataplexy likely occurs when signals related to posi-
tive emotions from the CeA inhibit atonia-suppressing brain re-
gions in the absence of orexin signaling.

Most likely, the CeA is not the only forebrain region that
drives emotionally triggered cataplexy. Chemogenetic inhibition
of GABAergic CeA neurons reduced cataplexy to about half its
usual amount in mice given chocolate or with access to running
wheels, but mice still had more bouts of cataplexy than seen in the
regular chow condition. Similarly, excitotoxic lesions of the
amygdala produced partial reductions in cataplexy, suggesting
that other pathways are capable of producing cataplexy (Burgess
et al., 2013).

We found that activation of GABAergic CeA neurons gener-
ally had little effect on REM sleep or other sleep stages, but inhi-
bition of these cells moderately increased NREM and REM sleep
under the chocolate and running wheel conditions. These obser-
vations fit well with prior work showing that lesions of the
amygdala in OXKO mice reduce the hyperarousal seen with
chocolate and running wheels (Burgess et al., 2013). In the pres-
ence of a rewarding stimulus, OXKO mice spend more time
awake, and reduced CeA activity under rewarding stimuli may
decrease the perceived valence of the stimulus, reducing the hy-
perarousal and enabling more NREM and REM sleep.

We found that activation or inhibition of the CeA generally
had little effect on REM sleep, yet prior work suggests that the
amygdala can influence REM sleep, especially with models of
stress. Most likely, this lack of effect is because our research fo-
cused on rewarding stimuli, whereas most prior research on the
role of the amygdala in sleep focused on stress and other negative
emotions. Substantial research shows that the CeA regulates
REM sleep under stressful conditions (Benca et al., 2000; Tang et
al., 2005; Cano et al., 2008; Liu et al., 2009). Pharmacological
inactivation of the amygdala in rats also reduces REM sleep and
wake in open-field conditions (Tang et al., 2005). Furthermore,
chair-restrained rhesus monkeys with bilateral lesions of the
amygdala had more total sleep and REM sleep than intact con-
trols (Benca et al., 2000). Differences in methods of amygdala
lesion and types of stress (i.e., inescapable vs escapable stress)
may determine whether the CeA functions to increase or decrease
REM sleep. Much prior research on stress and sleep has examined
behavior during the light period; however, we focused on the
dark period because this is when cataplexy occurs, but we also
examined hM3 activation during the light period and found no
effects on sleep architecture (data not shown). In our experi-
ments, we think that home cage conditions with little stress likely
account for the lack of effects on REM sleep.

Technical considerations
These experiments highlight the importance of the CeA in cata-
plexy, but some methodological issues should be kept in mind.
First, we assume that CNO increased or decreased the activity of
GABAergic CeA neurons and, although hM3 signaling increased
Fos in CeA neurons, we did not examine neuronal activity di-
rectly using electrophysiological techniques. Second, activation
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of CeA neurons may have been submaximal because of low trans-
duction efficiency or low copy number, resulting in low amounts
of hM3. This is unlikely to be a major concern because CNO
approximately doubled the amount of cataplexy under baseline
conditions. Nevertheless, methods that strongly activate greater
numbers of neurons might produce more cataplexy or demon-
strate an increase in cataplexy under rewarding conditions.

Future directions
These experiments demonstrate that GABAergic CeA neurons
can increase cataplexy under baseline conditions and these neu-
rons are necessary for cataplexy under rewarding conditions. In
future experiments, it will be important to determine the type of
GABAergic neurons mediating this response and to map the spe-
cific inputs to these neurons and their projections to brain re-
gions that regulate muscle tone. Defining the role of the CeA in
cataplexy should lead to novel targets for future cataplexy thera-
pies. In addition, a better understanding of how the amygdala
regulates positive affect should also provide new perspectives on
the neurobiology of addiction and mood disorders.
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