
Supplementary figures and figure legends 1 

 2 

Glutamatergic neurons in the lateral periaqueductal gray mediate wakefulness 3 

and REM sleep through different pathways 4 

 5 

Yi-Qun Wang1, Lei Li1, Jian-Bo Jiang1, Sébastien Arthaud2, Pierre-Hervé Luppi2 and 6 

Zhi-Li Huang1 7 

 8 

1Department of Pharmacology, School of Basic Medical Sciences; State Key 9 

Laboratory of Medical Neurobiology and MOE Frontiers Center for Brain Science, and 10 

Institutes of Brain Science, Fudan University, Shanghai 200032, China. 2SLEEP Team, 11 

CNRS UMR 5292, INSERM U1028, Faculté de Médecine RTH Laennec, Centre de 12 

Recherche en Neurosciences de Lyon (CRNL), Université Claude Bernard Lyon 1, 13 

Lyon 69008, France.  14 

These authors contributed equally: Yi-Qun Wang, Lei Li. 15 

Correspondence and requests for materials should be addressed to Y.-Q.W. (email: 16 

yiqunwang@fudan.edu.cn), P.-H.L. (email: luppi@sommeil.univ-lyon1.fr) or Z.-L.H. 17 

(email: huangzl@fudan.edu.cn)  18 

mailto:luppi@sommeil.univ-lyon1.fr


Supplementary Figure 1 19 

 20 

Supplementary Figure 1. The neurons in the lateral periaqueductal gray (LPAG) 21 

are activated during wakefulness and rapid eye movement (REM) sleep using the 22 

system of targeted recombination in active populations (TRAP) mice. (a) A binary 23 



(i.e., tdtomato and c-Fos) expression system of TRAP in mice. TRAP requires two 24 

transgenes: one that expresses CreERT2 (i.e., tamoxifen-inducible Cre recombinase) 25 

from an activity-dependent c-Fos promoter and another that allows the expression of 26 

an effector gene (i.e., tdtomato) by means of CreERT2 recombination. Without 4-27 

hydroxytamoxifen (4-OHT), CreERT2 (blue, pacman-shaped structure) is retained in 28 

the cytoplasm of active cells, where it is expressed; thus, no recombination can occur 29 

(a, the second row). In the presence of 4-OHT, CreERT2 recombination (i.e., binding 30 

of CreERT2 to floxed alleles) can occur, which inactivates the stop codon and results 31 

in permanent expression of tdtomato (red stain, a, the first row). Non-active cells do not 32 

undergo recombination due to the absence of CreERT2 expression (pictures not shown). 33 

(b) Time sequence of experimental protocols for TRAPing. (c) The LPAG neurons are 34 

activated during wake-wake, wake-REM sleep rebound (RSR), and RSR-RSR periods. 35 

Photomicrographs illustrating the representative mCherry and c-Fos double-stained 36 

neurons in the LPAG area. Scale bar: 200 μm. (d) The pictures show the area inside the 37 

rectangle in (c) at a higher magnification. Scale bar: 40 μm. (e) The average numbers 38 

of single- and double-labelled cells in wake-wake, wake-RSR, and RSR-RSR animals 39 

are presented as Venn diagrams, whereas standard errors of the mean (SEM) are 40 

described in the Results section. Red: tdtomato; Green: c-Fos. 41 
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Supplementary Figure 2. LPAGVglut2 neuronal outputs in the brain. (a) Schematic 45 

diagram showing that Vglut2-Cre mice were injected with an AAV vector containing 46 

hrGFP, of which the expression is controlled by the Vglut2 promoter, into the lateral 47 



periaqueductal gray (LPAG). ITR: inverted terminal repeat; CMV: cytomegalovirus; 48 

Neo: neomycin-resistance gene. SV40: simian virus 40. (b) A typical brain section 49 

expressing hrGFP in the LPAGVglut2 neurons. Scale bar: 100 µm. (c) The morphology 50 

of Vglut2 neurons in the LPAG, which is magnified from the area in the white rectangle 51 

from (b). Scale bar: 100 µm. (d–i) Terminals of the LPAGVglut2 neurons were found in 52 

the subparafascicular thalamic nucleus (SPF) (d), precommissural nucleus (PrC) (e), 53 

superior cerebellar peduncle (scp) and sublaterodorsal tegmental nucleus (SLD) (f), 54 

lateral parabrachial nucleus (LPB) (g), locus coeruleus (LC) (h), and gigantocellular 55 

reticular nucleus, ventral part (GiV) (i). A small schematic diagram of a coronal brain 56 

section at the lower left corner in each panel indicates the location of the 57 

photomicrograph in the mouse brain (red rectangular area). Scale bar: 100 μm in (b–i). 58 

(j) Summary of the LPAGVglut2 neuronal outputs in the brain. 59 
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Supplementary Figure 3. Chemogenetic inhibition of the LPAGVglut2 neurons did 63 

not change the EMG amplitude during the sleep–wake cycle. (a–c) Quantification 64 

and comparison of the EMG amplitude during REM sleep (a), non- NREM sleep (b), 65 

and wakefulness (c) between vehicle and CNO groups. (d–f) The ratio of EMGT (the 66 

EMG amplitude during REM sleep (d), NREM sleep (e), and wakefulness (f) after 67 

treatment with vehicle or CNO, and EMGN (the EMG amplitude during normal sleep–68 

wake cycle) between the vehicle and CNO groups.  69 
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Supplementary Figure 4. Proposed circuitry underlying the role of the LPAGVglut2 72 

neurons in sleep–wake and immobility regulation. LPAGVglut2 neurons are essential 73 

for wakefulness associated with immobility and REM sleep. Activation of the 74 

LPAGVglut2-LC and LPAGVglut2-GiV pathways induces wakefulness and immobility, 75 

whereas activation of the LPAGVglut2-SLD pathway is essential for the promotion of 76 

REM sleep. 77 


