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Figure 1. Chemogenetic inhibition of HA neurons induces sedation. (A) AAV-DIO-hM4Di-mCherry was injected bilaterally into the TMN area of HDC-ires-Cre mice to
generate HDC-hM4Di mice. (B) Double-label immunohistochemistry from a series of coronal sections of the TMN area from an HDC-hM4Di mouse: mCherry (Red) and
HDC (Green) con rm expression of the hM4Di-mCherry receptor in HA cells. Arrowheads indicate examples of double-labeled cells. The DAPI staining (purple) labels
all the nuclei of cells in the section, indicating that most cells in the TMN are not HDC-positive. The hM4Di-mCherry receptor is extensively transported into the axons
of HDC cells. Scale bars, 100 m.VTM = the ventral part of the tuberomammillary nucleus; DTM = the dorsal part of the tuberomammillary nucleus; 3V = 3rd ventricle.
(C) CNO given to HDC-hM4Di mice reduced locomotion. CNO was given midway through the lights-off active period. Distance traveled in total 30 min and locomotion
speed of HDC-hM4Di mice that received saline (n = 6 mice) or 1 mg/kg CNO (n = 6 mice) i.p. injections. (Distance traveled: t(5) = 3.7, paired t-test, p = 0.013; locomotion
speed: repeated measures two-way ANOVA and Bonferroni Holm post hoc test. F(1, 5) = 13.496; 5 min: t(25) = 2.69, p = 0.01; 10 min: t(25) = 4.06, p = 0.0004; 15 min:
t(25) = 2.71, p = 0.01; 20 min: t(25) = 3.15, p = 0.004; 25 min: t(25) = 2.78, p = 0.01; 30 min: t(25) = 2.11, p = 0.04. (D) CNO given to HDC-hM4Di mice evoked NREM sleep. CNO
was given midway through the lights-off active period. An individual example of EMG, wake (W), NREM sleep (N), and REM (R) sleep, and EEG delta power spectrum of
HDC-hM4Di mice that received saline or 1 mg/kg CNO i.p. injection. (E) CNO given to HDC-hM4Di mice evokes NREM sleep. The graph on the left shows the percentage
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the TMN (DTM) (Figure 1B). The Cre recombinase ensures that the
expression of the cassette encoding the hM4Di-mCherry receptor
is restricted to HA neurons. We con rmed this by double-staining
sections from the TMN area using antisera against mCherry
(which detects the hM4Di-mCherry receptor) and HDC, the unique
marker of HA neurons (Figure 1B). The hM4Di-mCherry receptor
was found abundantly expressed on axons and processes, as well
as the soma of HDC-positive neurons (Figure 1B).

We then examined the consequences of chemogenetic
inhibition of HA neurons at the behavioral level. CNO (1 mg/kg)-
injected or saline-injected HDC-hM4Di mice (the same group of
mice) were put into an open eld to test for overt sedation. After
CNO injection, HDC-hM4Di mice traveled less distance (46 — 5 vs.
27 —6 m, p=0.01) and more slowly compared with saline-injected
mice (Figure 1C). We then assessed how selectively inhibiting
HA neurons in uenced wakefulness and sleep using EEG/EMG
analysis. For HDC-hM4Di mice, saline or CNO (1 mg/kg) was given
in the middle of the lights on active period. CNO administration
to these mice (same group of mice) during their active period
signi cantly increased NREM sleep for about 5 hr compared with
saline injected mice (2.2 -0.1vs.3.2—-0.06 hr,p =0.02) (Figure 1,D
and E); however, the amount of REM sleep was the same between
the two groups (1.0 —0.01 vs. 1.1 — 0.06 hr, p = 0.15) (Figure 1E). We
further looked at the EEG power spectrum. CNO administration
to HDC-hM4Di mice substantially increased EEG delta power
(0.5 4 Hz) (32 — 3.3% vs. 37 — 3.34%, p = 0.001) and decreased EEG
power of higher frequencies (8 30 Hz) (8 14 Hz: 21 — 1.47% vs.
17 — 0.82%, p = 0.04; 14 30 Hz: 12 — 1.16% vs. 11 — 1.01%, p = 0.03)
of NREM sleep compared with saline injections (Figure 1F).

To examine the speci city of CNO s actions, we injected AAV-
DIO-mCherry into the TMN of HDC-Cre mice. CNO injection into
these HDC-mCherry mice had no effect on the amounts of sleep
or wakefulness (Figure 1G) or EEG power spectrum (Figure 1H)
compared with saline-injected mice. Note: we found that CNO
given at higher doses of 5 or 1 mg/kg to a variety of other control
mouse lines did not alter locomotion or change the amounts of
sleep wake compared with saline injections [44, 45].

Ablation of HA neurons does not affect the overt
sleep wake cycle but induces more fragmented
wakefulness and NREM sleep

We next conducted chronic lesioning experiments to access the
function of HA neurons in regulating sleep and wakefulness.
To selectively lesion HA neurons, AAV-DIO-taCasp3-TEV was
bilaterally delivered into the TMN area of adult HDC-ires-Cre
mice to generate HDC-Casp3 mice (Figure 2A). For the control
group, AAV-DIO-taCasp3-TEV was injected into the TMN area of
Cre-negative littermates. Six weeks after the AAV injections, the
ef ciency of the lesion was assessed with immunocytochemistry
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using an HDC antibody. Compared with AAV-injected Cre-
negative control animals, the number of HDC-positive cells
was substantially reduced in HDC-Casp3 mice (Figure 2B). We
mapped HDC expression in both control and HDC-Casp3 mice
throughout the entire TMN area (Figure 2, B and C). Nearly 85%
of the HDC-cells were killed in HDC-Casp3 animals (1097 — 75
vs.173 — 40, p = 7.4E-7) (Figure 2D).

We performed sleep wake recordings of control and HDC-
Casp3 mice over the 24 hr cycle. These recordings took place
6 weeks after the AAV-DIO-taCasp3-TEV injections. As found
for hdc knockout mice [46], the 24 hr spontaneous sleep wake
pattern was similar between HDC-Casp3 mice and control mice
(Figure 3, A C). Over 24 hr, the amount of wakefulness, NREM,
or REM sleep of HDC-Casp3 mice did not differ from control
littermates (AAV injected Cre-negative mice). Although the
amount of wakefulness was slightly decreased and the amount
of NREM sleep slightly increased in HDC-Casp3 mice during the
12 hr lights off period, these changes did not reach signi cance
(wake: 7.1 -0.25vs.6.4—0.26 hr,p=0.1; NREM: 4.5 -0.22 vs. 5.1 —
0.22 hr, p = 0.08) (Figure 3, A and B). Of note, the HDC-Casp3 mice
became aroused more slowly than control mice after the start of
the lights off period (from time 14:00 to 17:00).

We looked into the sleep microarchitecture of the HDC-Casp3
mice. The episode duration of wakefulness and NREM sleep
decreased in HDC-Casp3 mice, particularly during the lights
off active period (Figure 3, D and E) (wake: 6.18 — 0.74 vs. 3.7 —
0.35 min, p = 0.02; NREM: 3.98 — 0.25 vs. 2.94 — 0.2 min, p = 0.01).
The REM sleep episode duration did not differ between HDC-
Casp3 mice and control mice (1.21 — 0.09 vs. 1.13 — 0.06 min,
p = 0.52) (Figure 3F). Looking in more detail at the sleep wake
transitions, the HDC-Casp3 mice had more NREM to wake
transitions during both the lights on and lights off periods
(Figure 3, F and G) (50 — 4 vs. 80 — 6, p = 0.0009) and more wake
to NREM sleep transitions during the lights off period (Figure
2F) (64 — 5 vs. 97 — 7, p = 0.002). Finally, we assessed the EEG
power spectrum of control and HDC-Casp3 mice during each
vigilance state during the 12 hr lights on period or 12 hr

lights off period. Both delta (0.5 4 Hz) and theta power (4 8
Hz) of control mice did not differ from HDC-Casp3 mice (Figure
4). The above results suggest that the loss of HA neurons has
been compensated for the mice were not overtly sleepy, there
were no obvious effects on the amounts of sleep and wake in
the spontaneous sleep wake cycle, but HA neurons are needed
for consolidating wakefulness, otherwise NREM sleep intrudes.

Moda nil promotes wakefulness partially through
HA neurons

Using HDC-Casp3 mice, we next examined whether the wake-
promoting effect of moda nil depends on the HA system. We

and the graph on the right the total time (5 hr) of wake, NREM, and REM sleep of HDC-hM4Di mice that had received saline (n =5 mice) or CNO (n = 5 mice) injections.

[Paired t-test. Wake: t(4) = 7.28, p = 0.0018; NREM: t(4) = 6.84, p = 0.002; REM: t(4) =

1.74, p = 0.155]. Shading indicates lights off. (F) CNO given to HDC-hM4Di mice

increases NREM delta power and decreases higher frequency powers. EEG power spectrum and power of different frequencies of NREM sleep of HDC-hM4Di mice that
received saline or 1 mg/kg CNO i.p. injection. [Paired t-test. 0.5 4 Hz: t(4) = 7.61, p =0.001; 4 8 Hz: t(4) = 0.45, p = 0.67; 8 14 Hz: t(4) = 2.92, p = 0.04; 14 30 Hz: t(4) = 3.22,
p =0.03]. (G) AAV-DIO-mCherry was injected bilaterally into the TMN area of HDC-Cre mice to generate HDC-hM4Di mice. CNO given to HDC-mCherry mice did not change
total time (3, 5, or 12 hr) of wake, NREM, and REM sleep compared with saline injection. [Repeated measures two-way ANOVA and Bonferroni Holm post hoc test.
Wake: F(1, 4) = 0.066. 3 hr: t(8) = 0.04, p = 0.96; 5 hr: t(8) = 0.39, p = 0.7; 12 hr: t(8) = 2.71, p = 0.78; NREM: F(1, 4) = 0.007. 3 hr: t(8) = 0.08, p = 0.93; 5 hr: t(8) = 0.44, p = 0.66; 12
hr: t(8) = 0.58, p = 0.57; REM: F(1, 4) = 0.0006. 3 hr: t(8) = 0.15, p = 0.87; 5 hr: t(8) = 0.08, p = 0.93; 12 hr: t(8) = 0.19, p = 0.84.] All error bars represent the sem. (H) CNO given
to HDC-mCherry mice did not affect NREM delta power and higher frequency powers. EEG power spectrum and power of different frequencies of NREM sleep of HDC-
mCherry mice that received saline or 1 mg/kg CNO i.p. injection. [Paired t-test. 0.5 4 Hz: t(4) = 1.64, p = 0.17; 4 8 Hz: t(4) = 0.62, p = 0.56; 8 14 Hz: t(4) = 1.31, p = 0.25;

14 30 Hz: t(4) = 1.06, p = 0.34.]
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Figure 2. Selective genetic lesioning of HA neurons. (A) AAV-DIO-taCasp3-TEV was bilaterally injected into the TMN area of HDC-ires-Cre mice to generate HDC-Casp3
mice. To generate the controls, AAV-DIO-taCasp3-TEV was injected bilaterally into the TMN area of HDC-Cre-negative mice. (B) Casp3 ef ciently kills HDC neurons. Six
weeks after the AAV-DIO-taCasp3-TEV injections, immunohistochemistry was undertaken for HDC. lllustrative examples of HDC immunohistochemistry from a control
mouse and an HDC-Casp3 mouse coronal section for the TMN area (three representative coronal sections on the rostral caudal axis for HDC-immunostaining in the
TMN are shown). The green dots indicate neuronal cell bodies stained for HDC, 3V, third ventricle. Scale bar, 200 m. (C) Mapping the extent of HDC cell lesioning. Line
drawings of sections showing HDC-positive cells (green dots) from individual control mice (n = 4 mice, designated as mousel through to mouse 4 ) and HDC-Casp3
mice (n = 4 mice, designated as mouse 1 through to mouse 4 ) along most of the rostral caudal axis of the TMN area (bregma 1.94 to bregma 3). Few HDC-positive
cells remained in the sections from the HDC-Casp3 mice. (D) Counts of HDC cell numbers along the rostral caudal axis per section (bregma 1.94 to bregma 3) (left-
hand graph) and total HDC cell numbers of control mice (n = 6 mice) and HDC-Casp3 mice (n = 6 mice) [t(10) = 10.86, unpaired t-test, p = 7.4E-7] (right-hand graph). All

error bars represent the sem. The shaded envelopes on left-hand graph indicate sem.
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Figure 3. Ablation of HA neurons does not affect the overt sleep wake cycle but induces more fragmented wakefulness and NREM sleep. (A, B, C) Percentage and time
of wake, NREM, and REM sleep of HDC-Casp3 mice (n = 6 mice) and control mice (n = 9 mice) over the 24 hr cycle. [Unpaired t-test. Lights on: wake t(13) = 0.12, p = 0.9;
NREM t(13) = 0.3, p =0.76; REM t(13) = 0.19, p = 0.84; lights off: wake t(13) = 1.76, p = 0.1; NREM t(13) = 1.85, p =0.08; REM t(13) = 0.83, p = 0.41]. (D, E, F) Episode duration
of wake, NREM, and REM sleep of HDC-Casp3 mice (n = 6 mice) and control mice (n =9 mice) across the 24 hr cycle and lightson and lights off periods [Unpaired t-test.
Lights on: wake t(13) = 1.74, p = 0.1; NREM t(13) = 1.51, p = 0.15; REM t(13) = 0.46, p = 0.64; lights off: wake t(13) = 2.57, p = 0.02; NREM t(13) = 2.91, p = 0.01; REM t(13) = 0.64,
p = 0.52.] (G, H) Vigilance state transitions of HDC-Casp3 mice (n = 6 mice) and control mice (n = 9 mice) during the lights on and lights off periods [Unpaired t-test.
Lights off: wake to NREM t(13) = 3.69, p = 0.002; NREM to wake t(13) = 4.26, p = 9.2E-4.] All error bars represent the sem.
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Figure 4. Ablation of HA neurons does not affect the EEG power spectrum during the spontaneous sleep wake cycle. (A, B) EEG delta (0.5 4 Hz) and theta (4 8 Hz) power
of wakefulness, NREM sleep, or REM sleep of control and HDC-Casp3 mice during the 12 hr lights on period (A) or the 12 hr lights off period (B). Two-way ANOVA and
Bonferroni Holm post hoc test. (Lights on: wake t = 0.65, p = 0.51; NREM t = 1.06, p = 0.29; REM t = 0.08, p = 0.93; lights off: wake t = 0.84, p = 0.4; NREM t = 0.63, p = 0.52;

REMt= 0.16,p = 0.87.)

systemically gave moda nil or vehicle by i.p. injection to HDC-
Casp3 mice and control mice. Control mice were Cre-negative
littermates that received AAV AAV-DIO-taCasp3-TEV. We then
compared moda nil s actions on wakefulness in control mice and
HDC-Casp3 mice. In control mice, consistent with previous reports,
moda nil induced continuous wakefulness for about 7 hr with
100% wakefulness in the rst 3 hr (Figure 5, A and B); however, in
HDC-Casp3 mice, moda nil increased wakefulness for only about
4 hr (Figure 5, C and D). During the rst 8 hr, moda nil-treated
HDC-Casp3 mice had less wakefulness (6.6 — 0.46 vs. 4.9 — 0.3 hr,
p = 0.006), but more NREM sleep compared with moda nil-treated
control mice (Figure 5E) (NREM: 1.2 —0.41 vs. 2.7 —0.27 hr, p = 0.005),
but REM sleep did not alter (REM: 0.1 — 0.06 vs. 0.23 — 0.03 hr,
p = 0.08). After vehicle injection, the sleep latency in control mice
was identical to HDC-Casp3 mice (Figure 5F) (0.57 — 0.07 vs. 0.66 —
0.19 hr, p = 0.74); however, after moda nil injection, the sleep
latency of HDC-Casp3 mice was reduced by about half compared
with control mice (6.7 — 0.9 vs. 3.9 - 0.4 hr, p = 0.01) (Figure 5F).
Using chemogenetic inhibition, we further examined
whether the wake-promoting effect of moda nil depends on
the HA system. Saline and moda nil, or CNO and moda nil,
were injected into HDC-hM4Di mice. Consistent with the above
results (Figure 5), moda nil induced continuous wakefulness for
about 7 hr with nearly 100% wakefulness in the rst 3 hr (Figure
6, A and B) in saline-injected HDC-hM4Di mice; however, in

CNO-injected HDC-hM4Di mice, moda nil increased wakefulness
for only about 4 hr (Figure 6, C and D). During the rst 8 hr, CNO/
moda nil-injected HDC-hM4Di mice had less wakefulness (6.2 —
0.23 vs. 4.1 — 0.36 hr, p = 0.005), but more NREM sleep compared
with the saline/moda nil-treated control mice (Figure 4E) (1.6 —
0.21 vs. 3.4 — 0.32 hr, p = 0.005), and more REM sleep (0.1 — 0.03
vs. 0.36 — 0.04 hr, p = 0.006). After vehicle injection, the sleep
latency in saline-injected mice was identical to CNO-injected
HDC-hM4Di mice (Figure 4F) (0.65 — 0.2 vs. 0.43 - 0.09 hr,p = 0.78);
however, after moda nil injection, the sleep latency of CNO-
injected mice was reduced by about half compared with saline-
injected mice (5 - 0.9 vs. 2.34 — 0.6 hr, p = 0.02) (Figure 6F). These
results suggest that the wake-promoting effect of moda nil is
partially due to activating the HA system.

Ablation of HA neurons does not affect sleep
homeostasis after moda nil-induced wakefulness or
sleep deprivation

Finally, we tested whether HA neurons are involved in regulating
sleep homeostasis after a prolonged wakefulness by examining
the delta power of NREM sleep during the starting period (1 hr)
of recovery sleep. We rst looked at the EEG power spectrum of
control and HDC-Casp3 mice after vehicle or moda nil injection
(Figure 7A). After moda nil injection, the delta power in both
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