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Significance

Although the lateral 
hypothalamus (LH) is well-known 
to contain neurons essential to 
sustain wakefulness, the primary 
wake-promoting cells identified 
to date in this brain region are 
the hypocretin/orexin (Hcrt) 
neurons. Here, we show that LH 
Ca2+/calmodulin-dependent 
protein kinase IIα (CaMKIIα)-
expressing neurons are active 
during wakefulness and that 
chemogenetic excitation of these 
neurons induces sustained 
wakefulness and increased 
locomotor activity even in the 
absence of Hcrt signaling. 
Ablation of inhibitory LH neurons 
revealed two CaMKIIα neurons 
subpopulations: an inhibitory 
population that promotes 
locomotion and an excitatory 
population that prolongs 
wakefulness. These results 
advance our understanding of 
the circuits that regulate sleep/
wake and may lead to the 
development of new therapies to 
treat sleep/wake disorders such 
as narcolepsy.
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For nearly a century, evidence has accumulated indicating that the lateral hypothalamus 
(LH) contains neurons essential to sustain wakefulness. While lesion or inactivation of 
LH neurons produces a profound increase in sleep, stimulation of inhibitory LH neu-
rons promotes wakefulness. To date, the primary wake-promoting cells that have been 
identified in the LH are the hypocretin/orexin (Hcrt) neurons, yet these neurons have 
little impact on total sleep or wake duration across the 24-h period. Recently, we and 
others have identified other LH populations that increase wakefulness. In the present 
study, we conducted microendoscopic calcium imaging in the LH concomitant with 
EEG and locomotor activity (LMA) recordings and found that a subset of LH neurons 
that express Ca2+/calmodulin-dependent protein kinase IIα (CaMKIIα) are preferentially 
active during wakefulness. Chemogenetic activation of these neurons induced sustained 
wakefulness and greatly increased LMA even in the absence of Hcrt signaling. Few LH 
CaMKIIα-expressing neurons are hypocretinergic or histaminergic while a small but 
significant proportion are GABAergic. Ablation of LH inhibitory neurons followed by 
activation of the remaining LH CaMKIIα neurons induced similar levels of wakeful-
ness but blunted the LMA increase. Ablated animals showed no significant changes 
in sleep architecture but both spontaneous LMA and high theta (8 to 10 Hz) power 
during wakefulness were reduced. Together, these findings indicate the existence of two 
subpopulations of LH CaMKIIα neurons: an inhibitory population that promotes loco-
motion without affecting sleep architecture and an excitatory population that promotes 
prolonged wakefulness even in the absence of Hcrt signaling.

sleep | ​act​ivi​ty | hypothalamus | glutamatergic | electroencephalogram

The hypothalamus is among the most phylogenetically conserved regions in the vertebrate 
brain, reflecting its critical role in maintaining physiological and behavioral homeostasis. 
By integrating signals arising from both the brain and periphery, it governs a litany of 
behaviorally important functions essential for survival (1). The hypothalamus contains a 
diversity of neurons; at least 62 different neuronal subtypes (half of them glutamatergic) 
have been identified to date (2–4). Distinct cell types in the lateral hypothalamic area 
(LH) are central to the orchestration of sleep–wake states, feeding, energy balance, and 
social and motivated behaviors (1, 5–7). Optogenetic manipulation of some of these 
subpopulations has demonstrated their involvement in different aspects of arousal, feeding, 
and the stress response. In particular, hypocretin/orexin (Hcrt), melanin-concentrating 
hormone (MCH), and GABAergic cells in LH have been shown to participate in the 
regulation of arousal (8, 9).

For nearly a century, the LH has been thought to play a critical role in sleep–wake 
regulation (10). Lesions and acute inhibition of LH neurons are known to increase sleep 
time (11–15) while excitation produces arousal and increased activity (16–19). Several 
studies have identified wake-active neurons in the LH (20–22) but their neurochemical 
identity and specific physiological roles are unclear. Hcrt neurons have been the most 
extensively studied wake-promoting LH neuronal population to date (9, 23–29). These 
cells project to several wake-promoting areas of the brain including the basal forebrain 
(BF), the tuberomamillary nucleus (TMN), and the locus coeruleus (LC) where they can 
release the Hcrt peptides, glutamate, dynorphin, and perhaps other neurotransmitters 
(26–29). In this regard, the Hcrt neurons have been proposed to act like a stabilizer of a 
flip-flop switch that controls behavioral state (30).

Recently, optogenetic and chemogenetic studies have identified other LH neuronal 
populations that induce or prolong wakefulness including GABAergic cells (31, 32), 
peptidergic neurons (33), and Vglut2-expressing cells (34). Chemogenetic stimulation of 
LH glutamatergic neurons resulted in an impressive increase in wakefulness that persisted 
for 6 h (35), strongly resembling results that we described previously (36) and found to 
be independent of the LH populations known to be involved in locomotor activity (LMA) 
(37–40). Since glutamatergic neurons are widespread within the LH as well as throughout 
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the nervous system, a more specific neurochemical marker of these 
LH wake-promoting systems is desirable to facilitate further 
studies.

The sleep disorder Narcolepsy is widely accepted to be due to 
the extensive loss of Hcrt neurons (41–43). Although sodium salt 
of gamma-hydroxybutyrate (GHB) is an effective therapeutic for 
the treatment of narcolepsy symptomatology, the biochemical and 
neurobiological basis of its therapeutic efficacy is unknown (44). 
However, GHB has recently been shown to bind selectively to the 
hub region of calcium/calmodulin-dependent protein kinase IIα 
(CaMKIIα). CaMKIIα expression is commonly used as a marker 
for excitatory pyramidal neurons in the cortex and exhibits little 
overlap with GABAergic cells (45, 46), except in a few areas such 
as the granule cells in the olfactory bulb, cerebellar Purkinje cells, 
and some neocortical layer I cells (47). Since CaMKIIα-expressing 
neurons are primarily glutamatergic and LH glutamatergic cells are 
wake-promoting, we investigated whether CaMKIIα might be a 
more specific marker of the LH wake-promoting population. We 
find that LH CaMKIIα neurons are wake-active and that chemoge­
netic excitation of LH CaMKIIα cells induces sustained wakeful­
ness and increased LMA even in the absence of Hcrt signaling. 
Since local ablation of LH GABAergic cells reduced LMA but did 
not affect either spontaneous or CaMKIIα neuron-stimulated 
sleep/wake amounts, we suggest that only the glutamatergic LH 
population participates in regulation of sleep and wake whereas the 
GABAergic population affects LMA. These insights into LH 
wake-promoting neuronal populations could lead to identification 
of a unique therapeutic pathway for the treatment of disorders of 
excessive sleepiness such as hypersomnia and narcolepsy.

Results

Chemogenetic Activation of LH Glutamatergic Neurons Pro­
motes Sustained Wakefulness. As a first step, we sought to verify 
that activation of LH glutamatergic neurons promoted wakefulness 
as described by Wang and colleagues (35). Accordingly, we injected 
8 Vglut2-IRES-Cre mice with 100 nL of AAV8-hSyn-DIO-
hM3D(Gq)-mCherry into the LH at −1.4 mm AP, ±1.2 mm 
ML, −5.0 mm DV (from bregma). The transfection occupied most 
of the area lateral to fornix and medial to the cerebral peduncle 
(SI Appendix, Fig. S1E). To test whether the activation of these 
cells elicited wakefulness, we injected either saline (SAL) or the 
hM3Dq agonist deschloroclozapine (DCZ; Hello bio #HB8555; 
0.3 mg/kg, i.p.) (48, 49) at ZT2 in a repeated measures design 
in which all mice received both treatments at least 1 wk apart. 
DCZ-mediated activation of LH Vglut2 neurons evoked nearly 
continuous Wake for 6 h at a time of day when sleep pressure is 
very high (SI Appendix, Fig. S1A). As we showed previously for 
clozapine-N-oxide (CNO) when tested at the specific dose used at 
this particular time of day (36), DCZ had no significant effect on 
naive mice. Two-way repeated measures ANOVA (RM-ANOVA) 
confirmed a significant interaction between treatment and time 
(F(11,77) = 9.88, P < 0.001, n = 8, two-way RM-ANOVA followed 
by Bonferroni post hoc t test).

Spectral analysis of the EEG during Wake revealed a significant 
interaction between treatment and the different EEG power spec­
tral bands (F (5,35) = 7.32, P < 0.001, n = 8, two-way RM-ANOVA; 
SI Appendix, Fig. S1 C and D). The EEG frequencies were grouped 
into the following bands: delta (δ), 0.5 to 4 Hz; low theta (Lθ), 
4 to 8 Hz; high theta (Hθ), 8 to 10 Hz; low gamma (Lγ), 15 to 
50 Hz; high gamma (Hγ), 60 to 80 Hz; and very high gamma 
(Vhγ), 90 to 200 Hz. Bonferroni-corrected post hoc t tests indi­
cated that the normalized power during Wake for the Hθ (8 to 
10 Hz) and Hγ (60 to 80 Hz) bands after DCZ treatment was 

significantly increased to 145% and 180%, respectively, of their 
values after SAL treatment (SI Appendix, Fig. S1D). The increase 
of high θ power during wake (HθWP) upon activation of LH 
Vglut2 neurons persisted for several hours (SI Appendix, Fig. S1B) 
with a significant treatment x time interaction after dosing (F(11,77) 
= 3.87, P < 0.001, n = 8, two-way RM-ANOVA followed by 
Bonferroni-corrected post hoc t tests). HθWP has been identified 
as an electrophysiological marker of behavioral locomotion and 
exploration (50–52). In conjunction with elevated EMG levels, 
these results suggested that the wake-promoting effects observed 
after excitation of LH Vglut2 neurons involve increased LMA and 
are produced by glutamatergic neurons located between the fornix 
and the optic tract.

Chemogenetic Activation of LH CaMKIIα-expressing Neurons 
Promotes Sustained Wakefulness in the Absence of Hcrt 
Signaling. To determine whether the wake promotion that we 
(36) and others (35) described previously (and which is replicated 
in SI Appendix, Fig. S1) could be mediated by LH CaMKIIα-
expressing neurons and whether Hcrt signaling was involved, 
we injected 370 nL of AAV8-CaMKIIα-HA-hM3D(Gq)-
IRES-mCitrine bilaterally into the LH (−1.4 mm AP, ±1 mm 
ML, −4.8 mm DV from pia) of male C57BL6/J (WT) mice 
(8 to 12 wk of age). We have previously shown that reducing 
Hcrt neurotransmission with the dual Hcrt receptor antagonist 
almorexant (ALM) at doses of 100 to 300 mg/kg, i.p., significantly 
increased nonrapid eye movement sleep (NREM) sleep and 
decreased Wake in WT mice (36, 53). After recovery from surgery 
and acclimation to dosing and tethers, mice received either ALM 
(200 mg/kg, i.p.) or vehicle (HPMC) at ZT4 and, one hour later, 
either the hM3Dq agonist CNO (3 mg/kg, i.p.) or SAL while the 
EEG and EMG were recorded continuously from ZT3 to ZT12. 
All mice received all treatment pairings; at least 1 wk elapsed 
after CNO treatment. Although CNO at this concentration can 
present off target effects (54), we have previously shown that this 
CNO concentration did not affect wakefulness in WT mice at 
this time of day (36).

Fig. 1A illustrates that, while the combination of ALM at ZT4 
followed by SAL at ZT5 (green line) transiently reduced the 
amount of Wakefulness in comparison to the VEH–SAL combi­
nation (black line) at a time of day when sleep levels are high (in 
particular, during ZT5 and ZT9, where the X at the top of the 
graph indicates a significant hourly difference), activation of 
CaMKIIα-hM3Dq-transfected LH neurons (magenta line) pro­
duced a strong wake-promoting effect even in the presence of the 
Hcrt receptor antagonist ALM (blue line). LH CaMKIIα neuron 
activation increased wakefulness for 7 h post-CNO injection 
(magenta and blue vs. black and green lines); a significant treat­
ment × time interaction was found for the percent time spent in 
Wake during the post-dosing period (ZT5-ZT12; F(24,72) = 17.53, 
P < 0.001, n = 4, two-way RM-ANOVA). There were no differ­
ences between the ALM-CNO (blue) and VEH-CNO (magenta) 
treatments for any state during this period, indicating that block­
ade of Hcrt neurotransmission had no effect on the hourly 
amounts of wakefulness produced by activation of LH CaMKIIα 
neurons despite the fact that ALM is known to induce sleep at 
even lower doses (36, 53).

Fig. 1B presents the percentage of time spent in Wake bouts 
of different durations for the first 5 h after dosing (ZT5-10) for 
the four dosing conditions. Not surprisingly, the ALM–SAL 
combination (green line) suppressed longer Wake bouts com­
pared to the VEH–SAL combination (black line) as most of the 
time awake was spent in Wake bouts shorter than 2 min. 
Conversely, the overall Wake bout distribution was shifted toward 
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longer Wake bouts for the VEH–CNO (magenta line) and ALM–
CNO (blue line) treatments; most of the Wake time was spent 
in >64 min long bouts. Significantly more Wake time was spent 
in 64 to 240 min bin after ALM–CNO than after VEH–CNO 
(P < 0.05, n = 4, Bonferroni post hoc t test), as the VEH–CNO 
combination resulted in several Wake bouts longer than 240 min, 
indicating that Hcrt receptor blockade in the ALM–CNO com­
bination prevented the occurrence of Wake bouts longer than 4 
h. Due to the absence of sleep bouts in most mice after CNO 
injection, no statistical analyses were performed on sleep bout 
durations.

As described above for LH Vglut2 neurons, activation of LH 
CaMKIIα-hM3Dq-transfected neurons induced a large increase 
in the EEG power spectrum, especially in HθWP and >60 Hz 
ranges (Fig. 1 C–E). A strong treatment x time interaction was 
observed for HθWP after dosing (F(24,72) = 5.38, P < 0.001, n = 
4, two-way RM-ANOVA). Post hoc analysis revealed that HθWP 
after the VEH–CNO treatment (magenta) was significantly 
higher than the other three treatments during ZT5-6 (Fig. 1C) 
and that, as depicted by the symbols above the respective ZT 
intervals in Fig. 1C, both CNO-treated groups had significantly 
higher HθWP than SAL-treated subjects for 6 h after dosing, 
even in the presence of ALM (blue line). Two-way RM-ANOVA 
revealed a significant treatment x power band interaction (F(15,45) 
= 18.03, P < 0.001, n = 4), as illustrated in Fig. 1E in which the 
symbols above the bars denote significant differences between 
pairs of conditions. The normalized power for the VEH-CNO 
treatment (magenta) for the Hθ, Hγ, and Vhγ bands was 377%, 
237%, and 193% of their respective values after VEH-SAL 
treatment.

CaMKIIα-expressing Neurons in the LH Are Wake-active. Since 
chemogenetic activation of LH CaMKIIα-hM3Dq-transfected 
neurons produced sustained Wake bouts, we sought to determine 
the endogenous activity of LH CaMKIIα cells across the sleep–
wake cycle using microendoscopic Ca2+ imaging. Under isoflurane 
anesthesia, adult male (n = 2) and female (n = 2) C57BL6/J wild-
type (WT) mice were injected in the LH (−1.4 mm AP, −1.2 mm 
ML, −4.7 mm DV from pia) with 370 nL of an AAV encoding the 
calcium indicator GCaMP6f (AAV9-CamKII-GCaMP6f-WPRE) 
(55). After a 2 wk incubation period, mice were implanted with 
skull screws for EEG recording, EMG electrodes in the nuchal 
musculature and a 0.5-mm diameter gradient refractive index 
(GRIN) lens was placed over the LH. At least 2 wk after lens 
and EEG/EMG electrode implantation, imaging was performed 
in freely-moving mice through the GRIN lens coupled to a 
miniaturized integrated fluorescence microscope (56).

Fig. 2A shows a representative recording of the Ca2+ dynamics 
of 3 CaMKIIα-expressing neurons monitored across a ~2 h record­
ing session, as well as the corresponding hypnogram which depicts 
the progression of arousal states in 4-sec epochs during the record­
ing. In this example, the color of the traces represents the Z-scores 
of the Ca2+ dynamics (i.e., relative activity) during Wake (green), 
NREM sleep (blue), and rapid eye movement (REM) sleep (red). 
Fig. 2B shows the relative location of the 56 CaMKIIα neurons 
recorded in the LH of this mouse; the neurons are color-coded to 
indicate their state “preference” according to the color scheme in 
the triangle. The predominance of green with little red or blue 
denotes the skew toward greater activity during Wake for the vast 
majority of the CaMKIIα neurons recorded. In ~29% of LH 
CaMKIIα neurons, the mean Z score was significantly greater 

ZT
 3  5  7  9 11

H
ou

rly
 W

 (%
)

20

40

60

80

100

WBD (min)
  0   1   2   4   8  16  32  64 240

%
 W

 ti
m

e

20

40

60

80

ZT
 3  5  7  9 11

H
� 

W
 P

ow
er

 (�
V2 )

0

0.5

1

Frequency (Hz)
0 50 100 150 200

N
or

m
al

iz
ed

 W
 P

ow
er

0

2

4

6

8

Spectral band (Hz)
0.5-4 4-8 8-10 15-50 60-80 90-200

N
or

m
al

iz
ed

 W
 P

ow
er

0

1

2

3

4

5

6
ALM-CNO
ALM-SAL
VEH-CNO
VEH-SAL

≠
≠
≠
≠
≠
≠

ALM-CNO
ALM-SAL
VEH-CNO
VEH-SAL

A B C

D E

Fig. 1.   Chemogenetic activation of LH CaMKIIα neurons in C57BL6/J mice induces prolonged wakefulness independent of Hcrt neurotransmission. (A) Hourly 
percentage of time spent in Wake (W) in C57BL6/J mice after i.p. injection of either VEH or ALM at ZT4 followed by either SAL or CNO at ZT5. Arrows at the 
Bottom Left of the abscissa indicate the times of dosing. Symbols above each time point denote significant hourly differences between the indicated treatments 
according to the legends in panel D. (B) Time-weighted frequency histograms showing the proportion of wake bout durations from ZT5 to ZT10 collapsed into 
different duration bins, relative to the total amount of wakefulness from ZT5 to ZT10 for the different experimental treatments. (C) Time course of high θ power 
(8 to 10 Hz) during W for the four experimental treatments. (D) Normalized EEG power spectrum (0 to 200 Hz) during wakefulness (W) from ZT5 to ZT8 for the 
different experimental treatments. (E) Mean power in the EEG spectral bands after treatment (ZT5 to ZT8), normalized to baseline. Symbols above the data 
denote significant differences for the comparisons indicated in the legends in panel D (P < 0.05, n = 4, two-way RM-ANOVA followed by Bonferroni post hoc t test).
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during Wake than during NREM or REM sleep (Fig. 2C). All but 
two of the remaining cells showed a significantly greater response 
during Wake and REM than during NREM. There were too few 
epochs of REM sleep to derive a meaningful conclusion about the 
behavioral state preference of neurons during this state (three of the 
four mice didn’t show any REM epochs during the 120-min record­
ings). The durations of the recording sessions were limited by the 
technical capabilities of in vivo microendoscopic recordings con­
comitant with EEG/EMG tether recordings (e.g., implant weight, 
cell registration after prolonged periods). The mean (±SEM) 
Z-scores across all mice, each normalized to its mean Z-score during 
NREM, were 6.45 ± 0.35 for Wake, 2.72 ± 0.77 for REM, and 
1.00 ± 0.09 for NREM (Fig. 2D), all significantly different from 
each other (Bonferroni t test, P < 0.05; W: n = 131, NREM: n = 
131, REM: n = 56). These results indicate that LH CaMKIIα neu­
rons are predominantly Wake-active with, on average, more than a 
sixfold increase in Z-score during Wake compared to NREM sleep.

Most CaMKIIα-expressing Neurons in the LH Are neither 
Hypocretinergic, Histaminergic, nor GABAergic. To evaluate 
whether CaMKIIα-hM3Dq was expressed in the currently 
known LH wake-promoting neuronal populations, we performed 
double-labeled immunohistochemistry on mice that had received 
bilateral LH injections of AAV8-CaMKIIα-HA-hM3D(Gq)-
IRES-mCitrine (Fig. 1) to assess the expression of hM3Dq in LH 
Hcrt and histaminergic neurons and used a similar preparation to 
verify expression of hM3Dq in LH GABAergic cells. Mice were 
perfused transcardially with 4% paraformaldehyde and the brains 
were sectioned into 30-µm coronal slices. After immunostaining 

for Hcrt, we identified on average 987 ± 88 Hcrt neurons per 
mouse (n = 3,949 Hcrt cells in total) and found that 9.3 ± 0.5% 
of these cells were transfected with hM3Dq (n = 363 cells). Despite 
the high density of hM3Dq-mCitrine-transfected neurons in the 
LH region in which the Hcrt cells are located, the white arrows 
indicating the position of Hcrt cells in Fig. 3A illustrate the relative 
absence of overlap of these two populations.

To determine whether histaminergic neurons were transfected 
with hM3Dq, we used a rabbit anti-adenosine deaminase (ADA) 
antibody and donkey anti-rabbit Alexa Fluor 568 and counted 
the number of labeled cells. Fig. 3B shows microphotographs of 
histaminergic cells (left) and hM3Dq-mCitrine-transfected neu­
rons (right). The white arrows in both panels indicate the location 
of histaminergic cells and the pink arrows identify two double- 
labeled neurons. We found on average 95 ± 27 histaminergic cells 
per mouse (n = 378 cells in total) and that only 6 ± 3% (n = 25 
cells) were transfected with hM3Dq.

To determine whether CaMKIIα-dependent hM3Dq was ex­
pressed in LH inhibitory as well as excitatory neurons, we injected 
bilaterally 100 nL of AAV8-CaMKIIα-hM3D(Gq)-mCherry in 3 
Gad2-IRES-Cre;R26R-EYFP mice to identify the percentage of 
transfected neurons that correspond to inhibitory neurons. This 
mouse reporter has been shown to label almost all inhibitory neu­
rons with >90% of both specificity and efficiency (57). Using a 
chicken anti-GFP antibody and donkey anti-chicken Alexa Fluor 
488 to identify inhibitory neurons together with rabbit anti-red 
fluorescent protein (RFP) antibody and donkey anti-rabbit Alexa 
Fluor 568, we counted RFP-labeled cells around each bilateral injec­
tion site in four to five slices per mouse (n = 2,486 transfected cells) 
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neuron. Thus, for example, the left-most orange cell and corresponding trace had twice the average Z-score during REM than during W and a very low Z score 
during NREM. (C) Behavioral state preference (P < 0.05) of a mouse in which 56 LH CaMKIIα cells were classified by state preference as mixed W and REM sleep 
preference (n = 38 cells), only W (n = 16 cells), only REM (n = 1 cell), and mixed REM-NREM preference (n = 1 cell). (D) Population average showing mean Z-score 
across states relative to the Z-score during NREM sleep for 131 cells recorded in four mice. Asterisks denote significant difference (P < 0.05) between states 
after Bonferroni correction.
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and then determined how many of them were also GFP-labeled 
cells. We found that 20.1 ± 0.7% of RFP-labeled cells were also 
Gad2+ neurons, indicating that a minority but a significant per­
centage of LH CaMKIIα neurons are inhibitory cells. Fig. 3C 
presents microphotographs of GABAergic cells (left) and hM3Dq- 
mCherry-transfected neurons (right) showing seven double-labeled 
neurons indicated by pink arrows whereas single-labeled hM3Dq- 
transfected neurons are indicated by white arrows.

To address the possibility that the AAV8-CaMKIIα-HA- 
hM3D(Gq)-IRES-mCitrine and AAV9-CamKIIα-GCaMP6f- 
WPRE constructs that we used targeted non-CaMKIIα-expressing 
cells in the LH, we conducted a fluorescent in situ hybridization 
study in which we counted 934 mCherry-labeled cells from 3 mice 
and found that 95.6 ± 0.4% coexpressed CaMKIIα (SI Appendix, 
Fig. S2, Top row). Furthermore, we identified two subpopulations of 
CaMKIIα neurons: one in which 78.7 ± 3.7% of 708 mCherry-labeled 

HCRT-RFP

Gad2-R26-GFP

A

B

C

Fig. 3.   Transfected CaMKIIα-hM3Dq neurons in C57BL6/J mice have limited overlap with currently known W-promoting neurons. (A) Photomicrographs showing 
Hcrt neurons (Left) and CaMKIIα-hM3Dq-citrine neurons (Right). White arrows indicate the absence of overlap between the two populations. (B) Photomicrographs 
showing ADA+ neurons (Left) and CaMKIIα-hM3Dq-Citrine transfected neurons (Right) in the tuberomammillary nucleus. Two neurons are double-labeled (pink 
arrows), whereas the majority of ADA+ neurons are single-labeled (white arrows). (C) Inhibitory neurons identified in Gad2-IRES-Cre;R26R-EYFP mice after injection 
with AAV8-CaMKIIα-hM3Dq-mCherry (Right) showing seven double-labeled cells (pink arrows) among 27 single-labeled inhibitory neurons (white arrows). (Scale 
bar in C: 25 µm for A, 100 µm for B and 50 µm for C.) All images are coronal sections. The white boxes within the insets show lower magnification merged pictures 
of similar imaged areas. Scale bar of Insets in A and B corresponds to 500 μm.
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neurons coexpressed Vglut2 (SI Appendix, Fig. S2, Middle row) 
and another in which 33 ± 2.2% of 613 mCherry-labeled neurons 
expressed Vgat (SI Appendix, Fig. S2, Bottom row). These propor­
tions were similar to that described above using immuno­
histochemistry of the Gad2 promoter as a proxy for Vgat and 
assuming the absence of Gad2 as a proxy for Vglut2.

LH GABAergic Neurons Are Not Part of the Arousal Circuit but 
Are Necessary for CNO-induced Hyperactivity. Chemogenetic 
stimulation of some LH GABAergic neurons can produce arousal 
(31), while Hcrt neurons as well as LH GABAergic neurons 
directly regulate LMA (37–40). Although there is little overlap 
between inhibitory and CaMKIIα-expressing neurons in most 
cortical regions, this is not necessarily the case in other brain 
areas (47) as shown in Fig. 3C. Inhibitory neurons may also be 
a downstream target of excitatory CaMKIIα neurons or a subset 
of GABAergic LH CaMKIIα neurons could directly mediate the 
Wake-promoting effects shown in Fig. 1. To determine whether 
GABAergic neurons are necessary for the arousal triggered by LH 
CaMKIIα neuron activation, we coinjected 100 nL of a 50 to 
50 mixture of AAV8-CaMKIIα-hM3D(Gq)-mCherry and AAV-
CMV-FLEX-mCherry/DTA (Sr10) into the LH (−1.4 mm AP, 
−1.2 mm ML, −4.7 mm DV from pia) of Gad2-IRES-Cre;R26R-
EYFP (TG; n = 10) mice and WT (n = 9) littermates. Although 
this strategy resulted in expression of hM3Dq in LH CaMKIIα 
neurons in both mouse strains, the GABAergic neurons around 
the AAV-CMV-FLEX-mCherry/DTA injection site should 
be ablated by expression of Diphtheria Toxin A (DTA) in the 

Cre-expressing TG mice but not in the WT mice. This strategy 
reduced the density of inhibitory cells around the injection site 
by 64.6%, from a mean density of 800 cells/mm2 to 285.35 cells/
mm2 (SI Appendix, Fig. S3).

At least 8 wk subsequent to the AAV coinjections, mice of both 
genotypes were administered either CNO (3 mg/kg, i.p.) or SAL 
at ZT5 while EEG/EMG was recorded from ZT4–ZT12. Bonferroni- 
corrected t tests showed that CNO treatment elicited similar 
amounts of wakefulness in both TG (blue line) and WT (green 
line) mice (Fig. 4A), with no significant differences in percentage 
of Wake time for any hour. Therefore, ablation of LH inhibitory 
GABAergic neurons did not affect the wake-promoting effects of 
LH CaMKIIα neuron activation. However, Fig. 4 B–D show that 
there was a strong effect of genotype on EEG power after CNO 
treatment which was evident when HθWP, the electrophysiolog­
ical marker for behavioral locomotion and exploration(50–52), 
was quantified: Ablation of inhibitory neurons in TG mice (blue 
trace) eliminated the increase in both Hθ and Hγ that occurred 
in WT mice after CNO treatment (green trace).

We previously showed that, after LH activation, mice exhibited 
behavior similar to spontaneous wake active periods (36). To deter­
mine whether ablation of LH inhibitory cells concomitant with 
activation of LH CaMKIIα neurons affected waking activity, we 
computed the LMA speed for both genotypes of mice using a 
video tracking system (Vium, Inc., San Mateo, CA). At least 6 wk 
subsequent to AAV injection, mice were dosed with either CNO 
or SAL at ZT5 and the mean LMA speed from ZT5-ZT10 was 
compared between treatments and genotypes. In WT mice, CNO 
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Fig. 4.   Ablation of LH inhibitory neurons in TG mice affects LMA but not CaMKIIα neuron-mediated wakefulness. (A) Hourly percentage of time spent in W after 
i.p. injection of either clozapine-N-oxide (CNO) or saline (SAL) at ZT5 in Gad2-IRES-Cre (TG) and C57BL6/J (WT) mice that had been transfected with AAV8-CaMKIIα-
hM3Dq-mCherry and AAV-CMV-FLEX-DTA in the LH. (B) High θ power during W (HθWP) after i.p. injection of either CNO or SAL at ZT5 in TG and WT mice as 
indicated by the legends in A and D. (C) Normalized EEG power spectrum during W from ZT5 to ZT8 after i.p. injection of either CNO or SAL at ZT5 in TG and WT 
mice. (D) Mean normalized power during Wakefulness for EEG spectral bands in TG and WT mice after treatment with CNO or SAL. (E) Locomotor speed (mean 
± SEM in 10 min bins) in TG and WT mice after CNO or SAL injection at ZT5. (F) Mean locomotor speed for the 5 h after injection of either CNO or SAL in the four 
experimental groups. Arrows at the Bottom Left of the abscissa in A and B indicate the time of dosing at ZT5. Symbols above the data denote significant differences 
between the indicated treatments (P < 0.05, n = 9 and n = 10 for WT and TG respectively, Bonferroni post hoc t test) according to the legends in panels A and D.
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significantly increased mean LMA speed 470% from 7.7 ± 0.6 
cm/s after SAL to 36.2 ± 3.6 cm/s after CNO treatment (Bonferroni 
paired t test, P = 7.75 × 10−6, n = 9) while CNO treatment in TG 
mice significantly increased mean LMA speed 269% from 8.3 ± 
0.6 cm/s after SAL to 22.2 ± 2.1 cm/s after CNO (Bonferroni 
paired t test, P = 1.13 × 10−5, n = 10). The difference between 
genotypes in CNO-induced speed was significantly different 
(Bonferroni unpaired t test, P = 7.98 × 10−4, n = 9, 10), indicating 
that GABAergic neuron ablation in TG mice (blue trace) attenu­
ated the CNO-evoked increase in LMA speed evident in WT mice 
(green trace; Fig. 4 E and F).

Ablated as well as intact mice exhibited a relatively normal phe­
notype during spontaneous active periods as well as during 
CNO-induced hyperactivity as can be verified from the recorded 
videos of their behavior in the absence of CNO dosing (Movies S1, 
S3, S5, and S7) and 30 to 120 min after dosing (ZT6-8) (Movies 
S2, S4, S6, and S8). To further evaluate whether ablation of LH 
inhibitory cells had any effects on normal mouse behavior, LMA 
was analyzed for 24 h in undisturbed conditions and compared 
between WT and TG mice. LMA speed during the active phase 
was 68% lower in the ablated TG mice compared to the WT mice 
(unpaired t test, P = 0.047, n = 9 vs. n = 10; SI Appendix, Fig. S4).

Since LH GABAergic neuron ablation affected LMA and activity 
plays an important role in the regulation of sleep/wake, we assessed 
whether LH GABAergic neuron ablation affected the architecture 
of sleep/wake states. Despite the attenuation of LMA speed docu­
mented above, comparison of 24 h of EEG/EMG recordings in 
WT (n = 9) vs. TG mice (n = 10) failed to identify any difference 
in the hourly percentage of time or bout durations for any sleep 
state between the two genotypes other than confirmation of the 
reduction in HθWP in TG mice (SI Appendix, Fig. S5). These 
results indicate that LH inhibitory neurons are necessary for the 
increase in LMA speed observed during active Wake and suggest 
that LH inhibitory neurons do not contribute to the wake-promoting 
pathway elicited by LH-CaMKIIα activation.

Discussion

We previously showed that activation of LH neurons can induce 
arousal independent of the Hcrt neurons (36) and, in the present 
study, have sought to identify the relevant LH neuronal popula­
tion. Previous studies have shown that optogenetic or chemoge­
netic stimulation of LH Hcrt (58, 59) and LH GABAergic 
neurons (31, 32) can promote wakefulness. More recently, a pop­
ulation of LH glutamatergic neurons was shown to induce pro­
longed arousal after chemogenetic stimulation (35), an effect that 
we confirmed here.

Using calcium imaging, chemogenetic manipulations, and genet­
ically targeted cellular ablation, we have identified CaMKIIα as a 
marker for LH neurons involved in regulating behavioral states. A 
recent study (60) has shown that the CaMKIIα promoter can drive 
protein expression in cortical interneurons in which this protein 
kinase has been found to be absent both by immunolabeling (45, 
46) and RNAscope hybridization (61). Since CaMKIIα is expressed 
in inhibitory cells in the hippocampus as well as the cortex, these 
results suggest that the CaMKIIα promoter can drive the expression 
of transgenes in some non-CaMKIIα-expressing cells as well as in 
CaMKIIα-expressing cells. To address the possibility that the 
AAV-CaMKIIα constructs that we used targeted non-CaMKIIα- 
expressing cells, we conducted both immunohistochemical (Fig. 3) 
and RNAscope hybridization (SI Appendix, Fig. S2) studies and 
found that almost all hM3Dq-mCherry-labeled cells (95.6 ± 0.4%) 
coexpressed Camk2a RNA and ~20 to 30% of the cells labeled by 
the CaMKIIα promoter were GABAergic.

Our results indicate that LH CaMKIIα-expressing neurons are 
wake-active, that chemogenetic excitation of these neurons can 
induce sustained wakefulness even in absence of Hcrt signaling, that 
these wake-active, wake-promoting cells are neither hypocretinergic 
nor histaminergic, and that they can be divided into two subpop­
ulations: a glutamatergic wake-promoting population encompassing 
about 80% of these cells and a GABAergic population encompass­
ing the remaining 20%. Finally, our cellular ablation studies showed 
that the LH CaMKIIα-expressing GABAergic neurons are involved 
in LMA and the concomitant changes in EEG activity, i.e., increased 
HθWP, but they are not involved in arousal per se. Although dif­
ferent preparations, this conclusion is further supported by the 
relatively mild increase in HθWP during activation of purely glu­
tamatergic cells (145% increase; SI Appendix, Fig. S1 B–D) in con­
trast to the increase in HθWP observed after activation of LH 
CaMKIIα neurons (377%; Fig. 1 C–E).

Identification of other neurochemical markers of the CaMKIIα 
inhibitory neurons in the LH would be of great interest. MCH 
neurons in the LH have long thought to be GABAergic (62, 63); 
~98% of MCH cells express Gad1 and 21% express Gad2. 
However, Slc32a1, which encodes the vesicular GABA transporter, 
was not found in any MCH neurons (64), which raises a question 
regarding GABA release by MCH neurons. Previous studies have 
suggested that at least a subset of MCH neurons are glutamatergic 
(65, 66) and virtually all MCH cells expressed Slc17a6, which 
encodes the vesicular glutamate transporter 2 (vGlut2) (64). 
Although LH Hcrt neurons are known to be glutamatergic (26) 
and, accordingly, all Hcrt cells studied expressed Slc17a6 (64), 
surprisingly, 56% of Hcrt neurons expressed Gad1 and 16% 
expressed Gad2. Although this might suggest that a subset of Hcrt 
neurons could release GABA as well as glutamate, Vgat mRNA 
was only found in 1.5% of Hcrt neurons (64). As illustrated in 
Fig. 3A, since <10% of the Hcrt cells were transfected with hM3Dq, 
it is unlikely that Hcrt neurotransmission plays a significant role 
in the profound wake-promoting effects illustrated in Fig. 1, par­
ticularly since these effects persist in the presence of Hcrt receptor 
blockade by ALM. Since at least 15 GABAergic populations have 
been identified in the LH to date (2), there are a number of can­
didate cell types to evaluate in future studies.

The present study provides evidence that the parallel arousal path­
way which we described previously (36) is likely mediated by the 
glutamatergic neurons described by Wang and colleagues (35), 
which partially overlaps with the CaMKIIα population. The absence 
of changes in sleep architecture after LH GABAergic cell ablation 
despite a decrease in LMA contradicts the suggestion of a wake- 
promoting population of inhibitory neurons in this region (31). 
One possible explanation is that, although the Gad2-IRES-Cre mice 
express Cre in >90% of inhibitory neurons (57), the wake-promoting 
inhibitory neurons described by Venner et al. are part of the 10% 
not represented and that these cells are CaMKIIα negative. Another 
possibility is that the volume of tissue transfected by our FLEX-DTA 
AAV injection did not overlap completely with the previously 
reported GABAergic population and, since the ablation was not 
100% effective, the subset of inhibitory neurons not ablated by DTA 
was sufficient to maintain the sleep regulatory function of these cells. 
An alternative explanation, which is supported by the large increase 
in Hθ reported by Venner and colleagues after CNO dosing (31), 
is that the increase in Wake is a secondary consequence of the LMA 
increase, thereby challenging the notion that LH inhibitory neurons 
are involved in sleep/wake regulation.

Future studies will focus on the identification of even more spe­
cific molecular markers of these glutamatergic wake-promoting 
neurons than CaMKIIα, as well as the inputs to these cells. Loss  
of function experiments will be critical to determine whether 
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suppression of these neurons reproduces the lethargy observed in 
the classic studies of von Economo (10) and whether these neurons 
are indeed the key that has been missing for nearly a century to 
explain how LH contributes to the regulation of sleep and 
wakefulness.

Perspective. The prolonged wakefulness duration produced by LH 
CaMKIIα neuron activation even in the absence of Hcrt signaling 
(Fig. 1B) suggests a possible therapeutic path for treatment of one 
of the primary symptoms of the sleep disorder narcolepsy: the 
inability to sustain wakefulness for an extended period of time. 
Activating this wake-promoting population might mitigate the 
symptoms of narcolepsy and other disorders of excessive daytime 
sleepiness. Thus, the identification of distinct LH neuronal 
populations that regulate wakefulness and LMA may influence 
the development of new therapies to treat sleep-related disorders 
as well as other neurological and psychiatric diseases.

Materials and Methods

Animals. Male and female C57BL/6J (RRID:IMSR_JAX:000664), Vglut2-IRES-
Cre (RRID:IMSR_JAX:016963), Gad2-IRES-Cre (RRID:IMSR_JAX:010802) and 
R26R-EYFP reporter (RRID:IMSR_JAX:006148) mice were obtained from Jackson 
Laboratory and subsequently bred at SRI International. Mice were housed in 
standard polycarbonate cages at a constant temperature (24 ± 2 °C) and humidity 
(50 ± 20% relative humidity) with food and water ad libitum under a 12 h:12 
h light–dark cycle, with dim red lights (<2 lx) kept on at all times to facilitate 
handling mice during the dark phase. Experiments were performed on adult mice 
(>8 wk) of both sexes. All studies were conducted in accordance with the Guide 
for the Care and Use of Laboratory Animals and were approved by the Institutional 
Animal Care and Use Committee at SRI International. Every effort was made to 
minimize animal discomfort throughout these studies.

Surgical Procedures. See SI Appendix

EEG/EMG Recording. To allow acclimation to the recording apparatus, mice were 
connected to a tether that was attached to a commutator (Pinnacle Technology, 
Inc.) for at least 5 d before experiments. The commutator allowed the mice to 
move freely in their home cages. For acclimation to the dosing procedure, mice 
underwent three intraperitoneal injections of saline (SAL) on different days before 
initiation of the dosing studies. Experiments occurred no sooner than 21 d after 
the EEG/EMG implantation surgery. EEG and EMG data were collected at 800 Hz 
and digitally band passed at 0.5 to 300 Hz using a TDT RZ2 system connected to 
a 96-channel PZ2 amplifier and a low impedance RA16LI-D headstage (Tucker-
Davis Technologies). All mice underwent an undisturbed 24-h baseline recording 
in their home cages before dosing experiments.

Dosing Procedure. For chemogenetic experiments in Vglut2-IRES-Cre mice 
(SI Appendix, Fig. S1), the hM3Dq ligand deschloroclozapine (DCZ; Hello bio #: 
HB8555) was injected at 0.3 mg/kg, i.p., in physiological SAL at a concentration of 
0.03 mg/mL. For the CaMKIIα chemogenetic experiments in WT mice, the hM3Dq 
ligand CNO (catalog #4936, Tocris Bioscience) was injected 3 mg/kg, i.p. in SAL at a 
concentration of 0.5 mg/mL. To block Hcrt signaling, the dual orexin receptor antago-
nist ALM, synthesized at SRI International (53), was injected intraperitoneally at a con-
centration of 200 mg/kg in VEH consisting of 1.25% hydroxypropyl methyl cellulose 
(SKU 09963), 0.1% dioctyl sodium sulfosuccinate (SKU 323586), and 0.25% methyl 
cellulose (SKU 274429) in water (all from Sigma-Aldrich) after vortexing a 30 mg/
mL solution for 2 h. Dosing sessions were at least 4 d apart and at least 7 d elapsed 
between CNO dosings. Recordings started 1 h prior to dosing and lasted until ZT12.

Calcium Imaging. At least 2 wk after lens and EEG/EMG electrode implanta-
tion, mice were briefly restrained for attachment and focusing of the microscope, 

returned to their home cage which was placed in a recording chamber, and then 
allowed at least 1h for recovery from handling before recording began. Around 
ZT3–ZT5, concurrent recording of EEG/EMG and Ca2+ imaging at 15 fps using an 
nVista microendoscope (Inscopix, Palo Alto, CA) was initiated. Recording sessions 
lasted for 120 min during which 2 min imaging periods were interspersed with 
30 s “rest periods” to prevent overheating of tissue due to prolonged exposure to 
light during imaging. To synchronize the EEG and video recordings, a TTL signal 
pulse was recorded together with the EEG traces every time a frame was acquired 
by nVista.

Analysis of Calcium Imaging Data. See SI Appendix

LMA Data Collection and Analysis. Locomotion was monitored by a Vium 
Smart Housing system (Vium, Inc., San Mateo, CA) which continuously records and 
streams the respiratory rate and locomotion of free-moving mice in their home 
cage (67). Locomotion was exported as a .csv file in 10 min bins and processed 
with custom scripts in Python.

EEG/EMG Data Collection and Analysis. Using the criteria described previously 
(36, 68, 69), EEG/EMG data were visually scored as wake (W), NREM, or REM 
in 4-s epochs. A bout of W, NREM, or REM was defined as two consecutive 4-s 
epochs (i.e., 8 s) within the same state. This minimal bout duration was chosen 
to allow for a finer resolution of bout durations. For quantitative EEG analysis, the 
power spectrum was calculated for each 4-s artifact-free epoch using the squared 
amplitude coefficients of the fast Fourier transform and the mean power in the 
delta (δ), 0.5 to 4 Hz; low theta (Lθ), 4 to 8 Hz; high theta (Hθ), 8 to 10 Hz; low 
gamma (Lγ), 15 to 50 Hz; high gamma (Hγ), 60 to 80 Hz; and very high gamma 
(Vhγ), 90 to 200 Hz. To avoid the 60-Hz artifact, the spectral power values at 60 ± 
1 Hz and the harmonics at 120 and 180 Hz were replaced by a linear interpolation 
from the values at 59 and 61, 119 and 121, and 179 and 181 Hz. Normalized 
Wake power was obtained by dividing the mean power spectrum during Wake 
by the mean power in Wake during the same time period of a baseline recording.

Histology and Cell Counting Procedures. See SI Appendix.

Statistics. Results obtained from male mice were similar to those of female 
mice and thus data from both sexes were grouped. For statistical analysis, we 
performed two-way RM-ANOVA using Sigmaplot (Systat Software Inc.) followed 
by Bonferroni-corrected post hoc t tests to identify effects of the different treat-
ments on sleep architecture across time after dosing. For comparisons involving 
only one factor, we used the MATLAB function anova1 followed by Tukey’s post 
hoc test with Bonferroni correction to identify individual differences between two 
treatments. To compare the effect of two factors on two different populations, we 
performed an unbalanced two-way ANOVA using the MATLAB function anovan. 
For estimation of whether two datasets had the same probability distribution, 
we used the two-sample Kolmogorov–Smirnov goodness-of-fit hypothesis test 
with the MATLAB function kstest2. The Bonferroni correction was also used here 
for pairwise comparison of more than two distributions.

Data, Materials, and Software Availability. The data underlying the present 
work will be available on the National Sleep Research Resource (70) website (https://
sleepdata.org). Matlab and Python code will be available at https://github.com/.
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