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ABSTRACT 

 Cataplexy is a hallmark of narcolepsy characterized by the sudden uncontrollable 

onset of muscle weakness or paralysis during wakefulness. It can occur spontaneously, but 

is typically triggered by positive emotions such as laughter. Although cataplexy was 

identified over 130 years ago, its neural mechanism remains unclear. Here, we show that a 

newly identified GABA circuit within the central nucleus of the amygdala (CeA) 

promotes cataplexy. We used behavioral, electrophysiological, immunohistochemical, 

and chemogenetic strategies to selectively target and manipulate CeA activity in 

narcoleptic (orexin-/-) mice to determine its functional role in controlling cataplexy. First, 

we show that chemogenetic activation of the entire CeA produces a marked increase in 

cataplexy attacks. Then, we show that GABA cells within the CeA are responsible for 

mediating this effect. To specifically manipulate GABA cells we developed a new mouse 

line that enables genetic targeting of GABA cells in orexin-/- mice. We found that 

chemogenetic activation of GABA CeA cells triggered a 253% increase in the number of 

cataplexy attacks without affecting their duration, suggesting GABA cells play a 

functional role in initiating but not maintaining cataplexy. We show that GABA cell 

activation only promotes cataplexy attacks associated with emotionally rewarding 

stimuli but not those occurring spontaneously. However, we found that chemogenetic 

inhibition of GABA CeA cells does not prevent cataplexy, suggesting these cells are not 

required for initiating cataplexy attacks. Our results indicate that the CeA promotes 

cataplexy onset, and that emotionally rewarding stimuli may trigger cataplexy by 

activating GABA cells in the CeA. 



 

SIGNIFICANCE STATEMENT 

 Although cataplexy has been closely linked to positive emotions for over 130 

years, the neural circuitry that underlies this relationship is poorly understood. Recent 

work suggests that the amygdala, a brain area important for processing emotion, may 

be part of this circuit. This study provides the first functional evidence to implicate GABA 

cells in the amygdala as regulators of cataplexy triggered by positive emotions, and 

identifies the amygdala as brain region important more for gating the entrance into 

rather than the exit from cataplexy. We also generated a new mouse model for studying 

GABA neurons in narcoleptic mice, which could serve as a useful tool for studying the 

neurobiological underpinnings of narcolepsy. 

 

INTRODUCTION 

 Narcolepsy is a sleep disorder caused by loss of hypothalamic orexin (hypocretin) 

cells (Peyron et al., 2000; Thannickal et al., 2000; Jones, 2008). It is typically 

characterized by excessive sleepiness, sleep paralysis, and hypnagogic hallucinations, 

but its pathognomonic symptom is cataplexy – the sudden involuntary onset of bilateral 

muscle paralysis or weakness during otherwise normal wakefulness (Dauvilliers et al., 

2014; Fraigne et al., 2015). Cataplexy can occur spontaneously, but it is typically 

triggered by strong positive emotions such as laughter, joking, or elation (Overeem et 

al., 2011; Dauvilliers et al., 2014). Even though the link between emotions and cataplexy 

was identified in the late 1800s (Westphal, 1877; Gélineau, 1880), the neural pathways 



through which emotions trigger cataplexy remain speculative. Here, we aimed to 

determine if the amygdala – a limbic structure involved in processing positive emotions 

(Gallagher et al., 1990; Breiter et al., 1996; Garavan et al., 2001; Paton et al., 2006; 

Murray, 2007; Tye and Janak, 2007) – plays a functional role in triggering cataplexy in 

narcoleptic mice. 

Evidence not only suggests the amygdala is involved in mediating cataplexy, but 

that it could be a neural substrate through which emotions trigger cataplexy. Functional 

imaging studies in human narcoleptics show that amygdala activity increases during 

cataplexy episodes associated with humorous stimuli (Hong et al., 2006; Meletti et al., 

2015). Unit recordings in narcoleptic dogs show that cells in the central nucleus of the 

amygdala (CeA) increase their activity during cataplexy attacks triggered by rewarding 

stimuli such as food (Gulyani et al., 2002). Lesion studies in narcoleptic (orexin-/-) mice 

show that the CeA plays a functional role in promoting cataplexy because its destruction 

reduces cataplexy attacks associated with potentially rewarding stimuli such as running 

wheels (Lett et al., 2002; Burgess et al., 2013). In addition, cell mapping studies show 

that the amygdala, and particularly GABA cells in the CeA, are anatomically connected to 

brainstem regions that are capable of triggering muscle paralysis during cataplexy 

(Davis, 1992; Sah et al., 2003; Burgess et al., 2013). 

Here, we test the hypothesis that GABA neurons in the CeA are involved in 

triggering cataplexy in narcoleptic mice. We did this using behavioral, 

electrophysiological, immunohistochemical, and chemogenetic approaches to 

determine how manipulation of GABA cells in the CeA impacts cataplexy in orexin-/- 



mice. However, in order to selectively target GABA cells we first needed to develop a 

narcoleptic mouse suited for this purpose. We did this by creating the orexin-/-,VGAT-Cre 

mouse, an orexin-/- mouse (Chemelli et al., 1999) that expresses Cre recombinase only in 

GABA neurons (Vong et al., 2011), thereby allowing us to deliver candidate proteins 

(e.g., hM3Dq receptors)(Armbruster et al., 2007) to GABA cells. After extensive 

validation, we showed that this new model experiences typical cataplexy amounts 

(relative to orexin-/- mice) and that chemogenetic approaches can be used to selectively 

target and manipulate GABA cells. Then, we showed that switching on GABA CeA cells 

triggered rapid and robust increases in cataplexy, but that chemogenetic inhibition of 

these cells did not prevent cataplexy. Our results indicate that GABA cells in the 

amygdala are important in gating the entrance into, but not the exit from, cataplexy. 

 

MATERIALS AND METHODS 

Animals 

 We used three different lines of mice in these experiments. Male wild-type (i.e., 

C57BL/6; age: 19 ± 2 weeks; mass: 25 ± 2 g) and male orexin knockout (orexin-/- on a 

C57BL/6 background; age: 13 ± 2 weeks; mass: 23 ± 1 g; founder line provided by Dr. 

Sinton & Dr. Yanagisawa) littermates were used to determine how CeA activation and 

inhibition impacts behavior. We also used a new mouse line, which we developed over 

the last 2 years. This line was developed so that GABA cells in the CeA could be 

selectively targeted using chemogenetic methods. We call these mice orexin-/-,VGAT-Cre 

mice (age: 13 ± 2 weeks; mass: 26 ± 2 g) because they were generated by crossing 



orexin-/- mice (Chemelli et al., 1999) with VGAT-Cre mice (Vong et al., 2011; on a 

C57BL/6 background; founder line provided by Dr. Adamantidis). 

Throughout experiments, mice were housed individually on a 12:12 light/dark 

cycle (lights off at 19:00) in a temperature- and humidity-controlled environment, had 

food and water available ad libitum, and had access to a running wheel. All procedures 

and experimental protocols were approved by the University of Toronto’s Local Animal 

Care Committee and were in accordance with the Canadian Council on Animal Care. 

 

Chemogenetic Methods 

 To manipulate the activity of CeA cells, we drove expression of hM3Dq or hM4Di 

receptors, which when exposed to clozapine-N-oxide (CNO) cause neuronal activation 

and inhibition respectively (Armbruster et al., 2007; Rogan and Roth, 2011). We virally 

delivered hM3Dq and hM4Di receptors using constructs obtained from the University of 

North Carolina Vector Core (Chapel Hill, NC). Constructs were packaged into adeno-

associated viruses with serotype 8 (AAV8), expressed downstream of a neuron-specific 

promoter (hSyn), and used mCherry as a reporter gene. For experiments involving 

orexin-/- mice and wild-type mice, the construct contained an excitatory hM3Dq 

receptor (AAV8/hSyn-hM3Dq-mCherry, 4.5 × 1012 particles/mL). For experiments 

involving orexin-/-,VGAT-Cre mice, the construct contained either hM3Dq (excitation 

experiments), hM3Dq (empty vector; control experiments), or hM4Di (inhibition 

experiments). To ensure cellular specificity in these mice, viral constructs were in a 

double-floxed inverted orientation (DIO) such that the genes could be expressed only in 



cells containing Cre recombinase (i.e., GABA cells) (excitation: AAV8/hSyn-DIO-hM3Dq-

mCherry, 5.7 × 1012 particles/mL; control: AAV8/hSyn-DIO-mCherry, 8.0 × 1012 

particles/mL; inhibition: AAV8/hSyn-DIO-hM4Di-mCherry, 5.3 × 1012 particles/mL). 

 

Drug Preparation 

 hM3Dq and hM4Di receptors are exclusively activated by the biologically inert 

ligand CNO. CNO injections were prepared by dissolving CNO powder (donated by Dr. 

Bryan Roth) in a sterile solution of 0.9% saline and 0.05% dimethyl sulfoxide (DMSO) 

(Sigma-Aldrich). We administered CNO i.p. in doses of 1 mg/kg for wild-type mice, or 2.5 

mg/kg and 5 mg/kg for orexin-/- and orexin-/-,VGAT-Cre mice in order to activate hM3Dq 

receptors, and 5 mg/kg for orexin-/-,VGAT-Cre mice to activate hM4Di receptors; these 

doses have been previously shown to activate hM3Dq and hM4Di receptors (Farrell and 

Roth, 2013; Li et al., 2013; Cai et al., 2014; Weber et al., 2015). Because we found no 

response difference for doses in orexin-/- mice (i.e., 2.5 mg/kg and 5mg/kg CNO all 

increased cataplexy by the same magnitude), we therefore combined these doses into a 

single CNO data set. In all cases, we compared effects of CNO injection to vehicle 

injections that contained only 0.9% saline and 0.05% DMSO, but no CNO (i.e., baseline). 

A recent study found that 5 mg/kg of CNO might be back-metabolized into clozapine 

(MacLaren et al., 2016), and that this could affect sleep-wake architecture (Sorge et al., 

2004). However, we found that CNO did not alter sleep-wake architecture in either wild 

type or orexin-/- or orexin-/-,VGAT-Cre mice compared to saline controls (Figs. 2D, 3A, 7D, 

Table 1). 



Viral Injection Surgery 

 Mice were anesthetized using isoflurane (2-5%) and secured in a stereotaxic 

frame (model 902; David Kopf Instruments). 200 nL of virus was slowly (50 nL/min) 

infused into the left and right CeA (1.35 mm posterior to bregma, ±2.75 mm lateral, 4.50 

mm ventral). This was performed through a 28-gauge cannula connected to a digital 

microinjection syringe pump (Pump 11 Elite; Harvard Apparatus). Mice were 

administered ketoprofen (5 mg/kg, s.c.) up to 48 hours after surgery and allowed to 

recover for at least 14 days. 

 

EEG and EMG Instrumentation 

At the end of this 14-day recovery period, mice underwent a second surgery 

during which electroencephalogram (EEG) and electromyogram (EMG) electrodes were 

implanted in order to identify sleep states and cataplexy. Electrodes were constructed 

from multi-stranded stainless steel wire (AS 632; Cooner Wire). For EEG recordings, we 

bilaterally implanted stainless steel screws (P0090CE125; J.I. Morris) into the frontal and 

parietal bones (1.5 mm anterior and ± 1.5 mm lateral to bregma; 2 mm posterior and ± 

2.75 mm lateral to bregma). For EMG recordings, we sutured two electrodes into the 

neck extensor muscles and two electrodes into the right masseter muscle. All EEG and 

EMG electrodes were soldered to a micro-strip connector (CLP-105-02-L-D; Electrosonic) 

that we affixed to the skull using dental cement (Ketac-cem and C&B Metabond Cement 

System; K-dental). Mice were administered ketoprofen (5 mg/kg, s.c.) up to 48 hours 

after surgery and allowed to recover for at least 14 days before experiments began. 



 

Experimental Protocols 

After the second surgery, mice were transferred into a plexi-glass recording 

chamber containing a running wheel (Bio-Serv). As mice require 10-12 days to maximize 

their wheel running (Espana et al., 2007), this provided sufficient time for them to 

habituate to the wheel prior to experiments, which began 14 days after being placed 

into the recording chamber. Orexin-/- mice experience more cataplexy when they have 

access to running wheels presumably because running-wheels represent a rewarding 

stimulus (Lett et al., 2002; Espana et al., 2007; Burgess et al., 2013). Therefore, we 

provided mice running wheels in order to study how rewarding conditions impact 

cataplexy. 

 After being transferred to the recording chamber, we gently handled mice at the 

start of the dark phase (19:00) on three separate occasions to habituate them to human 

contact. One week after being transferred to the recording chamber, we fastened a 

lightweight recording cable (CW7117; Cooner Wire) to the micro-strip connector, and 

gave mice an additional week to habituate to this cable. During this habituation period 

mice were given 3 i.p. injections of 0.3 mL of lactated ringer solution (B. Braun Medical 

Inc.) to habituate them to CNO injections. 

At the end of this week, we recorded mice up to four consecutive nights for 12 

hours each. No intervention was performed on the first night of recording so that we 

could observe the natural behavior of the mice. On the subsequent nights, we randomly 

gave mice i.p. injections of saline or CNO at the start of the dark phase (19:00). EEG, 



EMG, and video were recorded each night to observe changes in cataplexy and sleep-

wake behaviors. 

 

Data Acquisition 

 EEG and EMG signals were passed through a Super-Z Head-Stage and a BMA-400 

Bioamplifier (CWE Inc.), which amplified signals by a factor of 500. All signals were 

digitized at 1000 Hz (Spike2 Software, 1401 Interface, Cambridge Electronic Design Ltd.), 

had a DC offset applied with a time constant of 0.4 s, and were digitally filtered (EEG, 1-

100 Hz; EMG, 30-1000 Hz). In signals where electrical noise was detected, a 60 Hz Notch 

filter was applied in all recordings for that mouse. EMG signals were rectified. We 

simultaneously captured and synchronized to electrophysiological recordings to assist in 

identifying behaviors of interest. 

 

Data Analysis 

We analyzed the first 6 hours of recording for orexin-/- mice to determine the 

time course of any CNO-induced effects on cataplexy and behavior (see Fig. 1E). 

Because we found CNO effects persisted for only 3 hours after injection, all subsequent 

analyses were performed only on the first 3 hours of the recording period. We scored 

behavioral states in 5-second epochs based on EEG, EMG, and video using a custom-

made script for Spike2 (sleepscore v1.01). We identified wakefulness, non-rapid eye 

movement (NREM) sleep, and REM sleep using standard criteria described previously 

(Burgess et al., 2010; Brooks and Peever, 2012; Burgess and Peever, 2013). However, we 



did not score transitions between different states (i.e., NREM to REM sleep or REM 

sleep to wakefulness) as separate events. Instead, we scored each epoch based on the 

predominating state within it. For example, if a 5-second epoch contains more that 60% 

of a given state (e.g., REM sleep) then it is scored as REM sleep even though 40% of that 

epoch could contain either wakefulness or NREM sleep. Therefore, "bouts" of 

wakefulness, NREM or REM sleep could be as short as 5-seconds; however, this is 

exceedingly rare. 

Cataplexy was scored according to the consensus definition (Scammell et al., 

2009) and both the electrophysiological signals and video recording were used to 

determine the activity the mouse was engaged in immediately before the attack began. 

Almost all cataplexy attacks were triggered by wheel running, grooming, exploring, 

eating, or drinking. We considered cataplexy episodes without a clear preceding 

behavior spontaneous attacks and had the trigger classified as “other”. We identified 

sleep attacks on the basis of a gradual loss of neck muscle tone and the appearance of 

EEG slow waves, in addition to automatic behaviors such as chewing that were evident 

in the masseter EMG (Burgess et al., 2010). Sleep attacks progressed into either 

wakefulness, NREM sleep, or REM sleep, and the subsequent state was scored as such. 

We quantified the number and length of cataplexy attacks during both CNO and 

saline (i.e., baseline) treatments. We calculated percent time in cataplexy by summing 

the total time spent in cataplexy and dividing this value by the length of the recording 

period. The number of cataplexy episodes recorded was used to divide the total time 

spent in cataplexy to determine the average duration of episodes. We quantified muscle 



tone during cataplexy in each mouse by normalizing the average integrated EMG activity 

of the neck and masseter muscles during cataplexy to that muscle’s activity during 

NREM sleep during the saline treatment. EMG activity was quantified for each muscle 

using a custom-made Spike2 script (5s epoch analysis). We generated EEG power 

spectra during cataplexy by performing a fast Fourier transform of the EEG signal during 

cataplexy using Spike2 software. Relative power was achieved by summing the absolute 

power of 1-20 Hz and dividing the absolute power of each intermediate frequency by 

that sum. 

 

Histology, Immunohistochemistry and Fluorescence In Situ Hybridization 

 After experiments, mice were deeply anesthetized with Avertin (250 mg/kg, i.p.), 

produced from 2,2,2-tribromoethanol and 2-methyl-2-butanol (Sigma-Aldrich), and 

isoflurane. Upon loss of the foot withdrawal and righting reflexes, mice were 

immobilized and transcardially perfused with 0.1 M phosphate-buffered saline (PBS) and 

4% paraformaldehyde (PFA). The brain was isolated and immersed in 4% PFA for 24 

hours, then transferred to a 30% sucrose solution for 48 hours for cryoprotection. 

Cryoprotected brains were frozen in Tissue-Tek OCT Compound (Electron Microscopy 

Sciences) and coronally sectioned at 40 m using a cryostat (CM3050 S; Leica). eYFP 

fluorescent signal was amplified by incubating tissue in monoclonal mouse antibody 

anti-GFP (1:1000, MAB3580, Millipore) followed by Alexa488-conjugated goat anti-

mouse antibodies (1:500, 115-547-003, Jackson ImmunoResearch). Slices were 

subsequently mounted on glass slides with Permafluor and expression of mCherry or 



eYFP was visually confirmed with fluorescence microscopy. Only mice in which 

expression encompassed the CeA bilaterally were analyzed. 

For c-Fos/mCherry immunohistochemistry, mice were given either saline or 5 

mg/kg CNO injection i.p. 2 hours prior to being sacrificed, which allowed for sufficient 

activation of hM3Dq receptors and expression of c-Fos. After perfusion, cryoprotection, 

and sectioning of brain tissue, sections were washed in 0.1 M PBS, pH 7.4 (two changes), 

and then incubated in the primary antiserum for 72 hours at 4°C. For c-Fos, we used a 

rabbit polyclonal antiserum (1:5000, 26209, Immunostar) against residues 4–17 from 

human c-Fos. For mCherry, we used a polyclonal mouse antiserum (1:5000, T513, 

Signalway Antibody). Sections were then washed in PBS and incubated in biotinylated 

secondary antiserum against rabbit (1:800, BA-1000, Vector Laboratories) for 1 hour, 

washed in PBS, and incubated in avidin-biotin-horseradish peroxidase conjugate (ABC 

solution, Vector Laboratories) for 1 hour. Sections were then washed again and 

incubated in a 0.06% solution of 3,3-diaminobenzidine tetrahydrochloride containing 

nickel (DAB, purple/black staining; Vector Laboratories) plus 0.02% H2O2. Following DAB 

staining, sections were washed and then incubated in biotinylated secondary antiserum 

against mouse (1:800, BA-9200, Vector Laboratories) for 1 hour, washed in PBS, and 

incubated again in ABC solution for 1 hour. Sections were washed again, then incubated 

in NovaRed (red staining, Vector Laboratories). Tissue was mounted on glass slides with 

Permount and c-Fos/mCherry expression was examined with light microscopy. mCherry-

expressing CeA cells (i.e., mCherry-positive with or without c-fos) were counted (Cell 

Counter plug-in, ImageJ) in 3 slices for each mouse separated by 160 m. 



We used fluorescence in situ hybridization to verify that chemogenetic 

constructs were selectively targeted to GABA CeA cells. After mice were anesthetized, 

brains were immediately frozen in –30°C isopentane and stored at –80°C. Brains were 

coronally sectioned at 16 m and mounted on glass slides, which were stored at –80°C. 

Sections containing the CeA were immersed in 4% PFA for 20 min, then incubated in 0.1 

M PBS containing 0.3% H2O2 for 10 min at room temperature. Slices were acetylated for 

10 minutes using 0.1M TEA buffer containing 0.25% acetic anhydride, dehydrated with 

ethanol, then transferred to a humid chamber saturated with formamide and incubated 

in a hybridization buffer (40% formamide, 10 mM Tris-HCl, pH 8.0, 200 g/mL yeast 

tRNA, 10% dextran sulfate, 1× Denhardt’s solution, 600mM NaCl, 1mM EDTA, pH 8.0) 

for 2 hours at 56°C. Sections were next transferred to a hybridization buffer containing 

the antisense GAD67 riboprobe (1:1000) and incubated overnight at 56°C, then washed 

with serial SSC buffers under gentle agitation. Sections were next incubated in a 

blocking solution containing 4% goat serum and 0.5% blocking reagent (Roche) for 1 

hour at room temperature and then incubated in a polyclonal mouse antibody to 

mCherry (1:1000, T513, Signalway Antibody) for 36 hours at room temperature. At the 

end of this period, sections were incubated in sheep anti-DIG-POD (1:500, 

11207733910, Roche) overnight at 4°C, then washed five times for 5 minute washes in 

0.1 M PBS containing 0.1% Triton-X (PBS-T) and transferred to a solution containing the 

TSA Plus Fluorescein System (1:100, NEL741001KT, PerkinElmer) for 10 minutes. Slices 

were next incubated in Cy3-conjugated goat anti-mouse antibodies (1:200, CLCC35010, 

Cedarlane) for 3 hours at room temperature then stained with 4’,6-diamidino-2-



phenylindole (DAPI, 1:1000) for 5 minutes. Slices were left to dry overnight, then 

coverslipped with Permafluor and examined with a fluorescent microscope. mCherry-

expressing CeA cells (i.e., mCherry-positive with or without GAD67) were counted (Cell 

Counter plug-in, ImageJ) in 3 slices for each mouse separated by 160 m. 

 

Circuit-Mapping Methods 

In addition to functional studies, we also wanted to determine how GABA CeA 

neurons communicate with the downstream circuits that mediate muscle tone. We 

hypothesize that GABA CeA cells produce muscle atonia during cataplexy by projecting 

to and inhibiting GABA cells in the ventrolateral periaqueductal grey (vlPAG) and lateral 

pontine tegmentum (LPT). GABA cells in the vlPAG and LPT normally function to 

promote waking muscle tone by inhibiting atonia-generating cells in the subcoeruleus 

nucleus (SubC) (Lu et al., 2006). However, when GABA CeA cells switch on during 

cataplexy they inhibit GABA cells in the vlPAG/LPT, which in turn causes muscle atonia 

through disinhibition of SubC cells (Burgess et al., 2013).  

 To determine if GABA CeA cells project to GABA cells in the vlPAG, an AAV 

containing the sequence for a yellow fluorescent protein (rAAV5/EF1a-DIO-ChETA-eYFP, 

200 nL, 3.9 × 1012 particles/mL) was bilaterally injected into the CeA of orexin-/-,VGAT-

Cre mice. Simultaneously, another AAV containing the sequence for a red fluorescent 

protein (rAAV8/hSyn-DIO-mCherry, 200 nL, 3.7 × 1012 particles/mL) was injected into the 

vlPAG (5 mm posterior to bregma, ±0.75 mm lateral, 2.75 mm ventral). In a separate 

experimental group of orexin-/-,VGAT-Cre mice, projections from GABA CeA neurons to 



GABA neurons in the lateral pontine tegmentum (LPT) were also examined. An AAV 

vector containing the sequence for a yellow fluorescent protein (rAAV5/EF1a-DIO-

ChETA-eYFP, 200 nl, 3.9 × 1012 particles/mL) was injected into the CeA to visualize its 

axonal projections. Simultaneously, an AAV vector containing the sequence for a red 

fluorescent protein (rAAV8/hSyn-DIO-mCherry, 200 nl, 3.7 × 1012 particles/mL) was 

injected into the LPT (4.84 mm posterior to bregma, ±1.25 mm lateral, 3.50 mm ventral). 

To determine if GABA vlPAG/LPT neurons project to cells within the SubC region, a viral 

vector containing the sequence for a red fluorescent protein (rAAV8/hSyn-DIO-mCherry, 

200 nl, 3.7 × 1012 particles/mL) was bilaterally injected into the vlPAG and LPT of orexin-/-

,VGAT-Cre mice. Confocal microscopy was used to examine the projection patterns and 

locations of candidate GABA cells (i.e., CeA vlPAG/LPT and vlPAG/LPT SubC). 

Confocal microscopy was used to assess the proximity of CeA axonal terminals on GABA 

cells in both the vlPAG and LPT. 

 

Statistical Analyses 

We performed between-group comparisons between using unpaired two-tailed 

t-tests and within-group comparisons using paired two-tailed t-tests. For data that was 

not normally distributed, we instead used Mann-Whitney U or Wilcoxon signed-rank 

tests. We compared EEG power spectra using two-way repeated measures ANOVA 

within groups, or two-way ANOVA without repeated measures between groups. All 

statistical analyses were performed using GraphPad Prism (La Jolla, CA) and had a 



critical alpha value of p < 0.05 applied. All data are presented as mean + SEM unless 

otherwise indicated. 

 

RESULTS 

CeA activation exacerbates cataplexy in narcoleptic mice 

The CeA may have a pivotal role in triggering cataplexy. For example, CeA cells 

increase and decrease their discharge activity at the beginning and end of cataplexy in 

narcoleptic dogs (Gulyani et al., 2002), and CeA lesions suppress cataplexy amounts in 

orexin-/-mice (Burgess et al., 2013). Therefore, our first goal was to determine if 

activation of CeA neurons would promote cataplexy. The CeA is composed of at least 

two distinct cell populations. A minority of CeA cells are glutamatergic and have 

relatively sparse projections beyond the amygdala (Boissard et al., 2003; Xi et al., 2011), 

while the majority of CeA cells contain GABA and densely innervate multiple other brain 

regions, including those that control muscle tone (Swanson and Petrovich, 1998; Sah et 

al., 2003; Burgess et al., 2013). Instead of selectively targeting either of these cell groups 

we decided to first use a Cre-independent strategy to activate all CeA cells so that we 

could establish a functional role for the CeA in mediating cataplexy. We did this by using 

AAVs to drive bilateral hM3Dq receptor expression in CeA neurons of orexin-/- mice and 

then determined how CNO-induced activation of these receptors influenced cataplexy, 

sleep attacks, and general sleep-wake behavior. 

We successfully targeted hM3Dq receptors to cells in the left and right CeA in 5 

orexin-/- mice (Figs. 1A & B). CNO-induced activation of CeA cells had no observable 



impact on typical waking behaviors such as eating, drinking, exploring, grooming, or 

wheel running, however, it induced an intense increase in the number of cataplexy 

attacks (Figs. 1C & D). Cataplexy amounts were elevated for 3 hours following CNO 

administration, and returned to baseline levels thereafter, suggesting the stimulatory 

effects of CNO on hM3Dq receptors last about 3 hours (Fig. 1E).  

Analysis of group data (n=5) showed that CeA activation triggered up to 3.5 

times more cataplexy during the 3-hour period (paired t-test, t(4)=3.232, p=0.0319; Fig. 

1F). CeA activation exacerbated cataplexy by increasing the number of episodes (paired 

t-test, t(4)=2.811, p=0.0483; Fig. 1G), but had no impact on the length of cataplexy 

events (paired t-test, t(4)=0.2547, p=0.8115; Fig. 1H). This observation suggests that 

cells in the CeA play a functional role in initiating, but not maintaining, cataplexy.  

From a behavioral perspective, attacks were indistinguishable from typical 

baseline cataplexy in orexin-/- mice. They featured the standard hallmarks of cataplexy in 

that they were characterized by an abrupt postural collapse and a sudden loss of EMG 

tone, and the appearance of theta-rich EEG activity, both of which punctuated normal 

waking behavior (see Figs. 4A & B). Like typical baseline cataplexy, they lasted about 50s 

and ended with an abrupt and rapid return to active wakefulness (Fig. 1H). 

Although CeA activation produced attacks that were behaviorally 

indistinguishable from typical cataplexy, we nonetheless wanted to verify these events 

were indeed cataplexy and not some other form of behavioral arrest such as sleep 

attacks. To do this, we compared EEG power spectral profiles as well as levels of EMG 

tone during baseline cataplexy with that elicited during CeA activation. We quantified 



these two particular variables because murine cataplexy is characterized by both muscle 

paralysis (Burgess and Peever, 2013) and a wake-like, theta-rich cortical EEG (Vassalli et 

al., 2013). We found that CeA activation produced cataplexy episodes with levels of 

muscle tone that were comparable to those during typical baseline cataplexy (masseter 

tone: paired t-test, t(4)=0.9472, p=0.3972; neck tone: paired t-test, t(4)=0.1637, 

p=0.8779; Figs. 2A & B). We also found that EEG activity peaked in the theta band 

during baseline and CeA activation-induced cataplexy, and overall power spectral 

profiles were identical in both conditions (2-way RM ANOVA, F=3.458 × 10-4, p=0.9852; 

Fig. 2C). Together, these data suggest that the cataplexy produced by CeA activation is 

physiologically and behaviorally identical to cataplexy attacks that occur during baseline 

conditions in orexin-/- mice. 

 Because the amygdala has been implicated in sleep regulation (Smith and 

Miskiman, 1975; Calvo et al., 1996; Sanford et al., 2006), we wanted to determine if CeA 

activation would affect either sleep-wake behavior or sleep attacks, which are common 

in orexin-/- mice. Although CNO-induced CeA activation triggered marked increases in 

cataplexy, this same intervention had no measureable effect on amounts of wakefulness 

(paired t-test, t(4)=2.315, p=0.0816), NREM sleep (paired t-test, t(4)=1.1319, p=0.2576), 

or REM sleep (paired t-test, t(4)=0.6870, p=0.5299), nor did it affect sleep attacks 

(paired t-test, t(4)=2.497, p=0.0670; Fig. 2D). These findings indicate that CeA activation 

does not have broad effects on behavior; rather, its activation selectively targets the 

mechanisms mediating cataplexy. 

 



CeA activation does not cause cataplexy in wild-type mice 

 Next, we wanted to verify that cataplexy was only triggered by CeA activation in 

orexin-/- mice, and that it could not be triggered by CeA stimulation it in wild-type mice 

with an intact orexin system. Therefore, we used a Cre-independent strategy to drive 

hM3Dq expression in CeA cells of wild-type mice (n=4), and then examined how CNO-

induced activation of these cells affected behavior. Using EEG, EMG and videography, 

we found no evidence indicating that CeA activation causes cataplexy in wild-type mice. 

Unlike orexin-/- mice that experienced as many as 12 cataplexy attacks during the 3-hour 

recording period (see Fig. 1G), we saw no evidence of postural collapses or intermittent 

losses of EMG tone during waking behaviors in wild-type mice after CeA stimulation. We 

also found no evidence that CeA activation influenced the overall amount or 

architecture of sleep-wake behavior (Figs. 3A, B, & C). These findings suggest that the 

orexin system protects against cataplexy, and that CeA activation only promotes 

cataplexy in narcoleptic mice that already lack an intact orexin signalling system (see Fig. 

10). Although previous studies show that the amygdala can promote REM sleep (Calvo 

et al., 1996; Sanford et al., 2006), our results indicate that CeA activation does not affect 

sleep-wake behavior. 

 

Orexin-/- mice that express Cre in GABA neurons exhibit typical cataplexy 

 Having shown that general CeA stimulation promotes cataplexy, our next step 

was to identify which type of CeA cell is responsible for this effect. Here, we test the role 

for GABA neurons because they are the primary extrinsic pathway from the CeA, and 



they are anatomically connected to nuclei that regulate skeletal muscle tone (Swanson 

and Petrovich, 1998; Sah et al., 2003; Burgess et al., 2013) (see Fig. 10). However, to 

understand how GABA cells in the CeA regulate cataplexy, we needed to develop a new 

narcoleptic mouse line in which we could selectively target and manipulate these cells. 

To do this, we crossed orexin-/- mice with VGAT-Cre mice (Chemelli et al., 1999; Vong et 

al., 2011) to produce so-called orexin-/-,VGAT-Cre so that Cre-dependent AAVs could be 

used to deliver either hM3Dq receptors or Arch directly to GABA cells in the CeA. 

However, before using these new mice we needed to determine if they behave like 

typical orexin-/- mice, and we did this by comparing amounts of cataplexy, sleep attacks, 

NREM/REM sleep and wakefulness in orexin-/- (n=5) and orexin-/-,VGAT-Cre (n=13) mice. 

First, we showed that general sleep-wake behavior is unaffected in orexin-/-

,VGAT-Cre mice. Specifically, we found that orexin-/- and orexin-/-,VGAT-Cre mice spent 

the same amount of time in wakefulness, NREM sleep, and REM sleep, and that the 

length and number of each behavioral state was comparable (Table 1). We also found 

that the number and length of sleep attacks was similar between genotypes (Table 1). 

Together, these results suggests that orexin-/-,VGAT-Cre mice are phenotypically 

indistinguishable from orexin-/-mice. 

Next, we showed that cataplexy was behaviorally and electrophysiologically 

identical in orexin-/-,VGAT-Cre and orexin-/- mice. In both mouse lines we found that 

cataplexy occurred during active wakefulness when mice were engaged in purposeful 

activities such as wheel running, grooming, exploring, eating, and drinking. Attacks were 

characterized by abrupt postural collapse and rapid loss of EMG tone (Figs. 4A & B). 



Mice remained immobile throughout attacks, which were terminated by a swift return 

of skeletal muscle tone and resumption of prior waking activities (Figs. 4A & B). Levels 

of EMG tone and cortical EEG activity during cataplexy were similar in both orexin-/-

,VGAT-Cre and orexin-/- mice (masseter EMG: t-test, t(11)=1.525, p=0.1554; neck EMG: t-

test, t(13)=0.4438; p=0.6645; EEG: 2-way ANOVA, F=2.756 × 10-3, p=0.9582; Figs. 4C, D, 

& E). 

Both mouse lines also spent comparable amounts of time in cataplexy. During 

the 3-hour recording period orexin-/- and orexin-/-,VGAT-Cre mice spent 2.3 ± 0.5% and 

1.7 ± 0.5% of their time in cataplexy (Mann-Whitney U test, U(16)=22.50, p=0.3488; Fig. 

4F). They also had the same number of attacks that lasted for the same amount of time. 

Orexin-/- mice experienced 5 ± 1 attacks that lasted for 53 ± 8s and orexin-/-,VGAT-Cre 

mice experienced 3 ± 1 attacks that lasted for 49 ± 7s (number: Mann-Whitney U test, 

U(16)=16.50, p=0.1248; duration: t-test, t(16)=0.3527, p=0.7289; Figs. 4G & H). 

Together, these data indicate that orexin-/-,VGAT-Cre mice exhibit cataplexy that is 

behaviorally and electrophysiologically indistinguishable from that of orexin-/- mice, 

making this new mouse line useful for determining how GABA cell manipulation affects 

cataplexy. 

 

hM3Dq receptors are expressed in and activate GABA cells of the CeA 

 Our next step was to determine if Cre-dependent AAV delivery targeted GABA 

cells in the CeA. In 13 orexin-/-,VGAT-Cre mice, we successfully targeted and bilaterally 

delivered hM3Dq receptors to GABA cells in the left and right CeA (Fig. 5A). To verify the 



specificity of hM3Dq expression, we used fluorescence in situ hybridization to examine 

the distribution of GAD67 (a specific marker of GABA cells) in the CeA (Herrera et al., 

2016). We found that not only was the CeA densely populated by GAD67-positive 

neurons, but that hM3Dq receptors extensively co-localized with these cells (Fig. 5B & 

C), suggesting that our subsequent CNO manipulations would primarily target GABA 

cells in the CeA. We found that 96 ± 2% of GAD67-positive neurons expressed mCherry, 

and that 94 ± 1% of mCherry-positive cells expressed GAD67 (Fig. 5C). 

Next, we wanted to verify that CNO activates GABA CeA cells expressing hM3Dq 

receptors. We did this by immunostaining for c-fos, a marker of cell activity, in mice 

expressing hM3Dq that received either a saline or CNO injection. We found that 

following saline injection, less than 5% of mCherry-positive cells were activated (i.e., 

expressed c-fos); however, after CNO injection 83 ± 0.4% of mCherry-positive cells were 

activated (t-test, t(6)=106.8, p<0.001; Fig. 5D & E), suggesting that CNO activates 

hM3Dq receptors expressed in GABA cells of the CeA. This observation is important 

because it indicates that changes in cataplexy following chemogenetic manipulation are 

due to changes in GABA cell activity per se. 

 

GABA cells in the CeA promote cataplexy  

 Next, we aimed to determine if GABA cells in the CeA are responsible for 

promoting cataplexy. In 13 orexin-/-,VGAT-Cre mice, we successfully delivered hM3Dq 

receptors to GABA cells in both the left and right CeA (see Figs. 5A & B), and found that 

CNO-induced activation of these cells triggered a robust increase in cataplexy that was 



identical in effect to that produced by activating the entire CeA cell population. 

Cataplexy occupied 3.7 times more of the 3-hour recording period after GABA cell 

activation than it did before (paired t-test, t(12)=4.573; p=0.0006; Figs. 6A, B, & C). 

Increases in cataplexy were due to an increase in the number of attacks, rather than the 

duration of attacks. Before CeA activation mice experienced 5 ± 1 episodes in 3 hours, 

but during GABA cell stimulation they experienced 16 ± 3 arrests during the same time 

period (Wilcoxon signed-rank test, W(12)=-89; p=0.0021; Fig. 6D). In contrast, CeA 

stimulation had no effect on the length of cataplexy episodes (baseline vs. CNO: 43 ± 6s 

and 42 ± 4s; paired t-test, t(12)=0.1341, p=0.8956; Fig. 6E), suggesting that GABA CeA 

cells gate the entrance into, but not the exit from, cataplexy. 

 Once again, we wanted to confirm that the behavioral arrests produced by 

specifically activating GABA CeA cells were in fact cataplexy. While these events were 

behaviorally identical to typical baseline cataplexy, we again performed a rigorous 

comparison of the electrophysiological features that characterized these attacks. We 

found that activation of GABA CeA cells produced cataplexy attacks with levels of 

muscle tone (masseter EMG: paired t-test, t(9)=1.056 × 10-7, p=1.0000; neck EMG: 

paired t-test t(11)=0.2364, p=0.8175; Figs. 7A & B) and EEG activity (2-way RM ANOVA, 

F=0.001451, p=0.9697; Fig. 7C) indistinguishable from baseline cataplexy. These 

observations suggest that activating GABA CeA cells is capable of evoking cataplexy 

attacks. 

Next, we wanted to verify that activation of GABA CeA cells did not affect sleep-

wake behavior. We found that CNO-induced CeA stimulation had no effect on overall 



amounts of NREM sleep (paired t-test, t(12)=1.526; p=0.1529), REM sleep (Wilcoxon 

signed-rank test, W(12)=24; p=0.3804) or sleep attacks (paired t-test, t(12)=0.03691; 

p=0.9712). However, GABA cells activation did decrease amounts of wakefulness by ~7% 

(paired t-test, t(12)=3.437; p=0.0049; Fig. 7D). However, this change was actually due to 

the substantial increase in the amount of time spent in cataplexy, and this apparent 

decrease disappeared when time awake and time in cataplexy were combined (paired t-

test, t(12)=0.8996; p=0.3861; Fig. 7E). Together, these results indicate that activation of 

GABA CeA neurons promotes cataplexy, but does not influence sleep-wake activity. 

 Lastly, we needed to demonstrate that increases in cataplexy were in fact 

mediated by CNO-induced activation of hM3Dq receptors on CeA cells. To do this we 

drove bilateral expression of the physiologically inert mCherry protein in GABA CeA cells 

in orexin-/-/VGAT-Cre mice (n=6). We found that CNO application had no effect on 

cataplexy amounts in these “hM3Dq-null” mice (paired t-test, t(5)=0.8153, p=0.4520; 

Fig. 6C). CNO injection in hM3Dq-null mice had no impact on either the number (paired 

t-test, t(5)=1.360, p=0.2321) or duration (paired t-test, t(5)=1.530, p=0.1867) of 

cataplexy attacks (Fig. 6D & E). These findings demonstrate that CNO administration 

triggers cataplexy by activating GABA CeA cells through an hM3Dq-dependent 

mechanism. They also suggest that neither CNO application nor mCherry expression 

within the CeA impacts cataplexy. 

 

 

 



GABA cells in the CeA mediate cataplexy associated with rewarding stimuli 

 In narcoleptic mice cataplexy can occur spontaneously, but it is typically 

associated with positive or rewarding stimuli such as wheel running, grooming, and 

palatable food (Chemelli et al., 1999; Espana et al., 2007; Clark et al., 2009; Burgess et 

al., 2013). However, the neural mechanism by which such stimuli elicit cataplexy 

remains unidentified. Because the CeA is involved in processing positive emotions and 

rewarding stimuli and is anatomically connected to structures that mediate muscle tone 

(Murray, 2007; Burgess et al., 2013), we hypothesize that GABA CeA cells could be a 

neural substrate through which these stimuli trigger cataplexy. To test this hypothesis, 

we documented the types of behaviors that triggered cataplexy under baseline 

conditions and how they changed during GABA CeA activation in orexin-/-,VGAT-Cre 

mice. 

We found that virtually all cataplexy attacks occurred when mice were engaged 

in purposeful behaviors such as wheel running, grooming, exploring, eating, or drinking, 

and rarely occurred during non-purposeful behaviors such as sitting stationary. During 

baseline recordings, 77% of cataplexy events occurred when mice were either wheel 

running or grooming, and only 23% of events occurred spontaneously or when mice 

were exploring, eating, or drinking (data not shown). Remarkably, CeA activation almost 

exclusively triggered cataplexy attacks associated with either wheel running or 

grooming, increasing cataplexy triggered during wheel running by 385% (Wilcoxon 

signed-rank test, W(12)=-78; p=0.0025) and during grooming by 182% (paired t-test, 

t(12)=2.878; p=0.0139), with proportionally more wheel running-triggered cataplexy 



(Fig. 8A). Cataplexy associated with exploring (paired t-test, t(12)=0, p=1.0000), eating 

(Wilcoxon signed-rank test, W(12)=-34, p=0.0843), drinking (Wilcoxon signed-rank test, 

W(12)=-20, p=0.1725), and other behaviors (Wilcoxon signed-rank test, W(12)=-1, 

p=1.0000), did not change during CeA activation (Fig. 8A), suggesting that GABA CeA 

cells selectively facilitate cataplexy associated with rewarding stimuli such as wheel 

running. 

Because CeA stimulation produced the largest increase in running-triggered 

cataplexy attacks, we wanted to determine if this intervention impacted cataplexy 

expression by changing levels of wheel running activity. CeA activation did not change 

overall amounts of wheel running (paired t-test, t(12)=0.5476, p=0.5940) or the number 

of running bouts mice engaged in (Wilcoxon signed-rank test, W(12)=-54, p=0.0639; 

Figs. 8B & C). However, we found that running bouts were shortened because they were 

punctuated by more frequent cataplexy attacks during CeA activation. During baseline 

conditions, cataplexy occurred every 43 ± 13 min of wheel running, but during CeA 

activation it occurred every 10 ± 3 min of wheel running, indicating a 77% increase the 

probability of running-induced cataplexy (paired t-test, t(9)=3.138; p=0.0120; Fig. 8D). 

We therefore suggest that activation of GABA CeA neurons lowers the threshold for 

triggering cataplexy associated rewarding stimuli such as wheel running. 

 

Inactivation of GABA CeA cells does not prevent cataplexy  

Our last aim was to determine whether GABA CeA cells are required for initiating 

cataplexy. To do this, we chemogenetically inactivated these cells and examined 



cataplexy over a 3-hour period. In 5 orexin-/-,VGAT-Cre mice, we successfully delivered 

hM4Di receptors to GABA cells in both the left and right CeA (Figs. 9A & B), and found 

that CNO-induced inactivation of GABA CeA cells did not affect amounts of cataplexy. 

First, we investigated if inactivation of GABA CeA cells influenced sleep-wake behavior 

(Fig. 9C), and found that CNO-induced inhibition did not affect overall amounts of 

wakefulness (paired t-test, t(4)=1.407; p=0.2322), NREM sleep (paired t-test, t(4)=1.429; 

p=0.2263), REM sleep (paired t-test, t(4)=1.085; p=0.3388), or sleep attacks (paired t-

test, t(4)=1.320; p=0.2573). Then, we found that CeA inactivation had no effect on the 

total time spent in cataplexy across the 3-hour recording period (paired t-test, 

t(4)=1.177; p=0.3046; Fig. 9D). Neither the number of attacks (paired t-test, t(4)=1.488; 

p=0.2109; Fig. 9E) nor the duration of these attacks (paired t-test, t(4)=1.470; p=0.2155; 

Fig. 9F) were affected by CNO-induced inhibition of GABA CeA cells, suggesting that 

these cells are not required for initiating cataplexy in narcoleptic mice.  

 

GABA CeA cells are anatomically positioned to regulate cataplexy 

GABA cells in the vlPAG and LPT are important for preventing muscle atonia during 

wakefulness because lesions of these cells can cause cataplexy-like attacks of muscle atonia 

during wakefulness (Lu et al., 2006; Kaur et al., 2009). We hypothesize that during 

cataplexy, GABA CeA cells inhibit GABA cells in the vlPAG/LPT, leading to disinhibition of 

SubC neurons and consequently the generation of muscle atonia (Figs 10A & B) (Dauvilliers 

et al., 2014). Previously, we showed that GABA CeA cells innervate the vlPAG/LPT (Burgess 

et al., 2013), which function to facilitate waking muscle tone by silencing atonia-generating 



neurons in the SubC. However, it remains unclear if GABA CeA innervate bona fide GABA 

cells in the vlPAG/LPT and if GABA vlPAG/LPT cells innervate neurons in the SubC region. 

Here, we show that GABA CeA neurons do indeed project to GABA cells in the vlPAG 

and LPT. We found clear expression of eYFP (i.e., GABA CeA terminals; n=3 mice; Fig. 10C) 

within the vicinity of GABA cell bodies and dendrites in both the vlPAG and LPT (Figs. 10D-

G), which expressed mCherry. We also showed that GABA neurons in the vlPAG and LPT 

project to neurons in the SubC region (n=3 mice; Fig. 10H). Together, these data indicate 

that GABA CeA cells are anatomically positioned to regulate muscle atonia during cataplexy 

(Fig. 10A). 

 

DISCUSSION 

Our results indicate that positive stimuli may trigger cataplexy in orexin-/- mice by 

recruiting GABA CeA neurons. We found that activation of these cells increased the 

frequency of cataplexy attacks without influencing their length, demonstrating that 

GABA cells play a role in triggering, but not maintaining, cataplexy. We also found that 

GABA cell activation only promotes cataplexy associated with rewarding conditions, 

suggesting that positive stimuli trigger cataplexy by activating these cells. However, 

GABA CeA cells are not required for triggering cataplexy because their inhibition did not 

prevent cataplexy, suggesting that additional pathways are involved in controlling this 

behavior. 

 

 



The amygdala promotes cataplexy  

 Although the link between positive emotions and cataplexy was identified over 

130 years ago, the pathways by which emotions trigger cataplexy remains speculative. A 

longstanding hypothesis is that the amygdala plays a causal role in mediating cataplexy 

(Luppi et al., 2012; Dauvilliers et al., 2014; Fraigne et al., 2015). This idea stems from the 

fact that the amygdala plays a role in processing emotional stimuli (Murray, 2007; 

Bonnet et al., 2015; Janak and Tye, 2015), and that cataplexy is typically elicited by 

positive stimuli (Nishino and Mignot, 1997; Espana et al., 2007; Clark et al., 2009; 

Overeem et al., 2011). 

 Evidence indicates that the amygdala is capable of mediating cataplexy, 

especially in response to positive stimuli. Imaging studies indicate that amygdala activity 

increases during cataplexy associated with emotional stimuli in humans (Hong et al., 

2006; Meletti et al., 2015), and that the intensity of the amygdala response to positive 

stimuli is abnormally high in narcoleptics (Schwartz et al., 2008; Ponz et al., 2010), while 

amygdala discharge increases during cataplexy in narcoleptic dogs (Gulyani et al., 2002). 

These observations suggest that amygdala activity in response to positive or rewarding 

stimuli may trigger cataplexy, but it is unclear whether changes in amygdala activity are 

a cause or consequence of cataplexy. Our current indicate that the amygdala, and 

particularly the CeA, plays a role in mediating cataplexy because they show that CeA 

activation increases cataplexy in response to rewarding stimuli such as wheel-running. 

These findings also complement work demonstrating that amygdala lesions reduce 

cataplexy associated with rewarding stimuli in orexin-/- mice (Burgess et al., 2013). 



The amygdala also influences generalized arousal and motivated behaviors 

(Davis and Whalen, 2001; Sah et al., 2003; Tye and Janak, 2007; Robinson et al., 2014; 

Janak and Tye, 2015). Therefore, it is conceivable that CeA activation enhanced 

cataplexy by enhancing these phenomena. However, we found that CeA stimulation had 

no effect on sleep-wake activity or the time mice spent running on wheels (a index of 

motivated behaviors), suggesting that changes in cataplexy are primarily associated with 

augmented amygdala activity rather than secondary effects arising from behavioral 

changes associated with CeA activation. 

  

GABA cells in the CeA mediate cataplexy 

 Despite evidence suggesting the amygdala is the neural substrate through which 

emotions trigger cataplexy, the specific cellular mechanism by which the amygdala 

promotes cataplexy had, until now, remained unidentified. Our data suggest that GABA 

cells in the CeA play a permissive role in controlling cataplexy. We show that targeted 

stimulation of GABA CeA cells triggered a 3.5-fold increase in cataplexy, most of which 

were associated with rewarding conditions like wheel-running. We therefore suggest 

that GABA CeA cells represent a cellular mechanism through which positive stimuli 

trigger cataplexy. 

But, how do GABA cells in the CeA function to promote cataplexy? We 

hypothesize that they act as a “relay centre” between the cortical structures that 

interpret emotional stimuli and the brainstem circuits that generate motor paralysis 

during cataplexy. This hypothesis is based on data showing that rewarding conditions 



activate the medial prefrontal cortex (mPFC), which innervates circuits within the 

amygdala (Vertes, 2004; Etkin et al., 2011; Oishi et al., 2013). Connections between the 

mPFC and CeA are integral in promoting cataplexy because removing either of them 

suppresses cataplexy in orexin-/- mice (Burgess et al., 2013; Oishi et al., 2013). GABA 

cells, which form the primary extrinsic pathway from the CeA (Nitecka and Ben-Ari, 1987; 

Pitkanen and Amaral, 1994; Sah et al., 2003), innervate the LPT, vlPAG, and locus coeruleus 

(LC), which collectively function to facilitate waking muscle tone by silencing atonia-

generating regions in the pons (e.g., SubC). We hypothesize that positive emotions elicit 

cataplexy by activating the mPFC, which switches on GABA CeA cells that inhibit the LC, LPT, 

and vlPAG and thereby generate muscle paralysis (Fig. 10A). 

But, why does amygdala activation not cause cataplexy in individuals with an intact 

orexin system? We found that CeA activation did not trigger cataplexy in wild-type mice; its 

activation only promoted cataplexy in animals that lack orexin. We hypothesize that the 

orexin system normally protects against cataplexy so that GABA inhibition from the CeA is 

offset by excitatory signalling from the orexin neurons, which are active during rewarding 

conditions (e.g., grooming) (Lee et al., 2005; Mileykovskiy et al., 2005; Siegel and Boehmer, 

2006; Blouin et al., 2013; Giardino and de Lecea, 2014), and innervate the same structures 

as GABA CeA cells (e.g., vlPAG) (Peyron et al., 1998; Kiyashchenko et al., 2001; Mieda 

and Sakurai, 2012; Hasegawa et al., 2014). However, loss of orexin signalling in narcolepsy 

upsets this balance, so that GABA CeA cells are unopposed in inhibiting the LC, LPT and 

vlPAG, thus creating an environment conducive to cataplexy. Therefore, one of the major 



outcomes of orexin loss in narcolepsy is destabilization of the circuits that control how 

positive stimuli impact normal motor regulation. 

 

GABA cells in the CeA cells initiate cataplexy 

Our results also indicate that the CeA plays a role in triggering but not 

maintaining cataplexy because we show that CeA activation increases the frequency but 

not the duration of cataplexy attacks. If CeA activity contributes to the length of 

cataplexy, its activation should have produced status cataplecticus (prolonged periods 

of cataplexy) (Overeem et al., 2001; Dauvilliers et al., 2007; Dauvilliers et al., 2014). 

Since we found no change in the length of cataplexy episodes, our results suggest that 

the CeA acts as a cataplexy “on switch” by gating the entrance into, but not the exit 

from, cataplexy. The circuit mechanisms that function to switch off cataplexy remain 

unidentified. 

The CeA may increase the incidence of cataplexy by lowering the stimulus 

threshold for attack induction. To test this hypothesis, we examined wheel-running 

behavior in our orexin-/- mice as an index of this threshold. Although CeA activation did 

not change overall amounts of wheel-running in our mice, it significantly shortened the 

length of individual running bouts because they were punctuated by more frequent 

cataplexy attacks. Furthermore, CeA stimulation caused mice to experience cataplexy 

attacks after 77% less wheel-running compared to control conditions, suggesting that 

CeA activation lowered the threshold stimulus required to trigger cataplexy. These 

findings are consistent with the idea that the amygdala acts as a cataplexy “on switch”, 



particularly in light of observations that the amygdala response to positive emotions is 

heightened in human narcolepsy (Schwartz et al., 2008; Ponz et al., 2010) and may 

thereby predispose affected individuals to experience cataplexy. 

 

Additional circuits involved in cataplexy 

 We found that chemogenetic inhibition of GABA CeA cells did not prevent 

cataplexy, suggesting they might not be required for triggering cataplexy. However, it is 

possible that CeA inhibition did not reduce cataplexy because of a “floor-effect”. This 

idea is supported by Mahoney et al.’s (companion paper) finding that CeA inactivation 

only decreased cataplexy during stimulating conditions such as palatable foods.  This 

observation suggests that mutliple brain circuits are involved in controlling cataplexy. 

Cells in the zona incerta, laterodorsal tegmentum, and dorsal pons have been 

shown to suppress cataplexy (Burlet et al., 2002; Liu et al., 2011; Blanco-Centurion et al., 

2013; Oishi et al., 2013). Drugs that affect cholinergic tone (e.g., cholinesterase 

inhibitors) can worsen cataplexy, suggesting that cholinergic circuits may also be 

involved (Reid et al., 1994; Kalogiannis et al., 2011; Kohlmeier et al., 2013). The 

noradrenergic, serotonergic, and dopaminergic systems also play roles in modulating 

cataplexy (Mignot et al., 1988; Mieda et al., 2004; Liu et al., 2008; Burgess et al., 2010; 

Burgess and Peever, 2013; Hasegawa et al., 2014). 

Importantly, the mPFC is a critical site through which positive emotions trigger 

cataplexy. Neurons in the mPFC not only innervate the basolateral nucleus of the amygdala 

(BLA), but also melanin-concentrating hormone (MCH) cells both of which are active during 



cataplexy and innervate regions that regulate motor tone (Fig. 10; Oishi et al., 2013). 

Therefore, it is possible that cataplexy is unaffected by CeA inhibition because the mPFC still 

has control over BLA and MCH neurons, which themselves initiate cataplexy.  

 

A new resource for studying narcolepsy mechanisms 

 To identify the role of GABA CeA cells in regulating cataplexy, we developed a 

new orexin-/- mouse line that enabled selective targeting and manipulation of GABA 

cells. Detailed analysis showed that orexin-/-,VGAT-Cre mice were phenotypically 

indistinguishable from orexin-/- mice (Table 1). They experienced the same quality and 

quantity of cataplexy, as well as comparable amounts of sleep, wakefulness, and sleep 

attacks as their founder line. We showed that hM3Dq receptors could be reliably 

delivered to GABA cells, and that systemic CNO administration increased the activity of 

hM3Dq-expressing GABA cells. Because mass activation of GABA CeA cells produced 

robust and consistent increases in cataplexy, we suggest that orexin-/-,VGAT-Cre mice 

could be a valuable resource for dissecting the roles that other GABA circuits (e.g., 

vlPAG cells) play in controlling cataplexy and other features of narcolepsy such as 

sleepiness. They will also be useful for determining how GABA mechanisms influence 

other behaviors that are orexin-dependent (e.g., addiction). 

 

Conclusions 

Current data show that positive stimuli may trigger cataplexy by recruiting GABA 

CeA cells in orexin-/- mice. We propose that GABA CeA cells act as a “relay center” 



between the cortical structures that interpret emotional stimuli and the brainstem 

circuits that trigger motor paralysis during cataplexy. However, additional circuitry are 

involved in mediating cataplexy since chemogenetic inactivation of CeA cells was unable 

to prevent cataplexy. Although multiple brain circuits are clearly involved in controlling 

cataplexy, it remains unclear how they communicate with and influence one another. 

Understanding how these systems function together represents a major challenge in 

identifying circuit mechanisms of cataplexy. 

 

FIGURE CAPTIONS 

Figure 1. CeA activation exacerbates cataplexy in narcoleptic mice. A, Stereotaxic map 
displaying the location of expression of the Cre-independent hM3Dq construct in the 
CeA of 5 orexin-/- mice. B, The extent of expression was determined on the basis of 
mCherry fluorescence. A representative sample of mCherry-positive neurons is shown, 
as is a single neuron (inset). C-D, Hypnograms displaying behavioral states of orexin-/- 
mice during baseline conditions (saline) or CeA activation (CNO). E, Compared to saline 
levels of cataplexy, CNO produced increases in cataplexy that persisted for 3 hours after 
injection before returning to control levels, so this time frame was examined in detail. F, 
Following global CeA activation, a large increase in the total time spent in cataplexy was 
observed. G, This increase in cataplexy arose from an increase in the number of 
cataplexy episodes mice experienced per 3 hours recording. H, The average duration of 
cataplexy episodes did not change. BLA, basolateral nucleus of the amygdala; CeA, 
central nucleus of the amygdala; ic, internal capsule; W, wakefulness; NREM, NREM 
sleep; REM, REM sleep; SA, sleep attacks; CAT, cataplexy. *, p < 0.05 compared to saline. 
 
Figure 2. Behavioral arrests triggered by CeA activation are cataplexy. A-B, In 5 orexin-/- 
mice, activation of all CeA cells produced behavioral arrests characterized by similar 
levels of muscle tone in the masseter and neck muscles compared to typical baseline 
(i.e., saline) cataplexy. C, These arrests also had similar EEG spectral profiles to baseline 
(i.e., saline) cataplexy (data presented as mean ± SEM). D, CeA activation did not 
produce any changes in the overall amounts of wakefulness (W), NREM sleep (NREM), 
or REM sleep (REM), nor did it alter sleep attacks (inset). 
 
Figure 3. CeA activation does not alter sleep-wake architecture in wild-type mice. A, 
Bilateral activation of all CeA cells in wild-type mice (n=4) did not influence the amounts 



of time they spent in wakefulness (W), NREM sleep (NREM), or REM sleep (REM). CeA 
activation produced no differences in the B, frequency or C, duration of W, NREM, or 
REM, nor was there evidence of overt behaviours resembling cataplexy during the 3 
hour recording period. 
 
Figure 4. Orexin-/- mice that express Cre in GABA neurons (orexin-/-,VGAT-Cre mice) 
exhibit typical cataplexy. A, In orexin-/- mice, cataplexy is characterized by the abrupt 
loss of skeletal muscle tone during wakefulness and a theta-rich electroencephalogram 
(EEG). B, Magnification of boxed area in (A). Orexin-/-,VGAT-Cre mice express cataplexy 
electrophysiologically indistinguishable from that seen in conventional orexin-/- mice as 
measured by C, masseter electromyogram (EMG), D, neck EMG, and E, EEG. F-H, There 
are no significant differences in the time spent in, number of episodes per 3 hours 
recording, or average duration of cataplexy attacks of orexin-/-,VGAT-Cre mice compared 
to orexin-/- mice. A.U., arbitrary units. 
 
Figure 5. hM3Dq receptors are expressed in and activate GABA CeA cells. A, A 
stereotaxic map displaying the location of the hM3Dq construct in the CeA of 13 orexin-/-

,VGAT-Cre mice. B, The extent of expression was determined on the basis of mCherry 
fluorescence (red; single mCherry-positive neuron showed in inset), which encompassed 
the CeA where GABA cells predominate (green; single GAD67-positive neuron shown in 
inset). Most cells expressing mCherry also expressed GAD67 (orange, overlay). C, 
Quantification of the number of GAD67-positive cells which also expressed mCherry and 
number of mCherry-positive cells which also expressed GAD67. D, Expression of c-fos 
(black), a neural marker of activity, in the region of the CeA. GABA cells (red) of the CeA 
are activated by CNO as seen by the greater number of GABAergic cells expressing c-fos 
compared to saline controls. E, Quantification of the number of mCherry-positive 
neurons expressing c-fos under saline and CNO administration. BLA, basolateral nucleus 
of the amygdala; CeA, central nucleus of the amygdala; ic, internal capsule. ***, p < 
0.001. 
 
Figure 6. GABA cells in the CeA promote cataplexy. A-B, Hypnograms displaying 
behavioral states of one orexin-/-,VGAT-Cre mouse during baseline (i.e., saline) 
conditions and activation of GABA CeA cells. C, During activation of GABA CeA cells 
(denoted as “hM3Dq”), a large increase in the total time spent in cataplexy was 
observed. This same increase was not apparent in a group of 6 hM3Dq-negative orexin-/-

,VGAT-Cre mice (denoted as “mCherry”). D, This cataplexy change arose from an 
increase in the number of cataplexy episodes (per 3 hours recording) hM3Dq-expressing 
mice experienced. Mice lacking the hM3Dq receptor experienced similar numbers of 
cataplexy episodes after CNO injection. E, The average duration of cataplexy episodes 
did not change following CNO injection in hM3dq-positive and hM3Dq-negative mice. 
W, wakefulness; NREM, NREM sleep; REM, REM sleep; SA, sleep attacks; CAT, cataplexy. 
***, p < 0.001; **, p < 0.01. 
 



Figure 7. Activating GABA CeA cells produces cataplexy but does not influence sleep-
wake behavior. A-B, In 13 orexin-/-,VGAT-Cre mice, activation of GABA CeA cells 
produced behavioral arrests characterized by similar levels of muscle tone in the 
masseter and neck muscles compared to typical baseline (i.e., saline) cataplexy. C, These 
arrests also had similar EEG spectral profiles to baseline (i.e., saline) cataplexy (data 
presented as mean ± SEM), suggesting they were indeed cataplexy. D, GABA CeA 
activation did not produce any changes in the overall amounts NREM sleep (NREM), or 
REM sleep (REM), nor did it alter sleep attacks (inset), but it did decrease the amount of 
wakefulness (W) mice experienced. E, However, this decrease in wakefulness was an 
artefact resulting from mice spending significantly more of their waking time in 
cataplexy, and was nullified when time awake and time in cataplexy were combined. **, 
p < 0.01. 
 
Figure 8. GABA cells in the CeA mediate cataplexy associated with rewarding stimuli. 
A, GABA CeA activation significantly increased in the number of cataplexy episodes (per 
3 hours recording) triggered by wheel running and grooming, without influencing 
cataplexy triggered by other behaviours. B, The increase in running-triggered cataplexy 
episodes was not due to more wheel running, since mice spent the same fraction of 
their time awake engaged in this activity. C, The number of wheel running bouts did not 
change. D, GABA CeA activation caused mice to experience cataplexy after significantly 
less wheel running compared to baseline (i.e., saline) conditions, indicating a reduction 
in the stimulus threshold required to trigger cataplexy. *, p < 0.05; **, p < 0.01. 
 
Figure 9. GABA CeA cell inhibition does not affect cataplexy or sleep-wake architecture 
in orexin-/-,VGAT-Cre mice. A, Stereotaxic map displaying the location of expression of 
the Cre-dependent hM4Di construct in the CeA of 5 orexin-/-,VGAT-Cre mice. B, The 
extent of expression was determined on the basis of mCherry fluorescence. A 
representative sample of mCherry-positive neurons is shown, as is a single neuron 
(inset). C, Inhibition of GABA CeA cells (i.e., CNO) did not influence the amounts of time 
mice spent in wakefulness (W), NREM sleep (NREM), REM sleep (REM), or sleep attacks. 
D, Compared to baseline levels of cataplexy, inhibition of GABA CeA cells did not affect 
the amount of cataplexy (i.e., total time spent in cataplexy). E, Neither the number of 
cataplexy episodes nor F, the average duration of cataplexy episodes changed during 
the 3-hour recording period. BLA, basolateral nucleus of the amygdala; CeA, central 
nucleus of the amygdala; ic, internal capsule. 
 
Figure 10. Circuits controlling cataplexy. A, Positive emotions activate cortical areas 
such as the mPFC, which in turn activate the CeA. GABA cells in the CeA then inhibit 
midbrain regions including the LPT and vlPAG that normally function to inhibit the 
atonia-generating network in the brainstem (i.e., SubC). Inhibition of these midbrain 
regions disinhibits the muscle paralysis circuit during cataplexy. B, Mapping of the 
cataplexy circuit using virally tractable tracers. rAAV5/EF1a-DIO-ChETA-eYFP and 
rAAV8/hSyn-DIO-mCherry were injected into the CeA and vlPAG/LPT, respectively, of 
orexin-/-,VGAT-Cre mice. C, GABA CeA neurons expressed eYFP. D, GABA vlPAG/LPT 



neurons expressed mCherry. E, GABA vlPAG/LPT neurons expressing mCherry send 
projections to the SubC region. F. GABA CeA fibers expressing eYFP are located in the 
vicinity of a GABA vlPAG cell body expressing mCherry. G. GABA CeA fibers expressing 
eYFP are located in the vicinity of a GABA LPT cell body expressing mCherry. H. GABA 
vlPAG/LPT projections are located within the SubC region. Aq, aqueduct; CeA, central 
nucleus of the amygdala; LPT, lateral pontine tegmentum; Mo5, trigeminal motor 
nucleus; mPFC, medial prefrontal cortex; SubC, subcoeruleus; vlPAG, ventrolateral 
periaqueductal grey; ic, internal capsule. 
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 orexin-/- orexin-/-,VGAT-Cre p-value

Wake 

          Percent of time 83.65 ± 5.04 84.60 ± 2.98 0.8693

          Number of episodes 31.20 ± 5.67 33.54 ± 6.72 0.8419

          Average duration of episodes (s)
          Total time spent (min) 

342.7 ± 74.49
150.57 ± 9.08 

483.6 ± 106.1 
152.29 ± 5.36 

0.4446
0.8695 

NREM sleep 

          Percent of time 10.77 ± 3.74 10.24 ± 2.52 0.9117

          Number of episodes 25.20 ± 5.86 28.62 ± 6.87 0.7761

          Average duration of episodes (s)
          Total time spent (min) 

43.07 ± 5.41
19.38 ± 6.73 

39.04 ± 2.86 
18.43 ± 4.53 

0.4888
0.9117 

REM sleep 

          Percent of time 2.74 ± 1.39 2.36 ± 0.62 0.7766

          Number of episodes 3.40 ± 1.54 3.92 ± 1.19 0.8119

          Average duration of episodes (s)
          Total time spent (min) 

69.04 ± 24.39
4.93 ± 2.50 

65.09 ± 11.39 
4.26 ± 1.12 

0.8690
0.7798 

Sleep attacks 

          Percent of time 0.57 ± 0.35 1.06 ± 0.29 0.2498

          Number of episodes 1.60 ± 0.68 2.46 ± 0.47 0.3405

          Average duration of episodes (s)
          Total time spent (min) 

23.75 ± 8.62
1.02 ± 0.63 

47.67 ± 9.44 
1.91 ± 0.39 

0.1037
0.2468 

Table 1. Behavioural state architecture in orexin
-/-

 and orexin
-/-

,VGAT-Cre mice 






















