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Systems/Circuits

Cholinergic, Glutamatergic, and GABAergic Neurons of the
Pedunculopontine Tegmental Nucleus Have Distinct Effects
on Sleep/Wake Behavior in Mice

Daniel Kroeger,' Loris L. Ferrari,' “Gaetan Petit,"> Carrie E. Mahoney,' “Patrick M. Fuller,' Elda Arrigoni,’
and “Thomas E. Scammell!
IDepartment of Neurology, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts 02215, and 2Ecole Polytechnique

Fédérale de Lausanne, CH-1015 Lausanne, Switzerland

The pedunculopontine tegmental (PPT) nucleus has long been implicated in the regulation of cortical activity and behavioral states,
including rapid eye-movement (REM) sleep. For example, electrical stimulation of the PPT region during sleep leads to rapid awakening,
whereas lesions of the PPT in cats reduce REM sleep. Though these effects have been linked with the activity of cholinergic PPT neurons,
the PPT also includes intermingled glutamatergic and GABAergic cell populations, and the precise roles of cholinergic, glutamatergic,
and GABAergic PPT cell groups in regulating cortical activity and behavioral state remain unknown. Using a chemogenetic approach in
three Cre-driver mouse lines, we found that selective activation of glutamatergic PPT neurons induced prolonged cortical activation and
behavioral wakefulness, whereas inhibition reduced wakefulness and increased non-REM (NREM) sleep. Activation of cholinergic PPT
neurons suppressed lower-frequency electroencephalogram rhythms during NREM sleep. Last, activation of GABAergic PPT neurons
slightly reduced REM sleep. These findings reveal that glutamatergic, cholinergic, and GABAergic PPT neurons differentially influence

cortical activity and sleep/wake states.
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ignificance Statement

More than 40 million Americans suffer from chronic sleep disruption, and the development of effective treatments requires a more
detailed understanding of the neuronal mechanisms controlling sleep and arousal. The pedunculopontine tegmental (PPT) nu-
cleus has long been considered a key site for regulating wakefulness and REM sleep. This is mainly because of the cholinergic
neurons contained in the PPT nucleus. However, the PPT nucleus also contains glutamatergic and GABAergic neurons that likely
contribute to the regulation of cortical activity and sleep-wake states. The chemogenetic experiments in the present study reveal
that cholinergic, glutamatergic, and GABAergic PPT neurons each have distinct effects on sleep/wake behavior, improving our
understanding of how the PPT nucleus regulates cortical activity and behavioral states.

~
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Introduction

The pedunculopontine tegmental (PPT) and laterodorsal teg-
mental (LDT) nuclei were among the first brain regions hypoth-
esized to promote brain activation (el Mansari et al., 1989;
Steriade et al., 1990). The PPT and LDT nuclei are anatomically
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defined as clusters of large cholinergic neurons at the junction of
the midbrain and pons (Saper and Loewy, 1982; Armstrong et al.,
1983), but they also contain intermixed but separate populations
of glutamatergic and GABAergic neurons (Ford et al., 1995;
Mena-Segovia et al., 2009; Wang and Morales, 2009). PPT/LDT
neurons innervate many arousal-promoting brain regions, in-
cluding the ventral tegmental area (VTA), the lateral hypothala-
mus, the basal forebrain, the frontal cortex, and many thalamic
nuclei (Satoh and Fibiger, 1986; Woolf and Butcher, 1986; Scar-
nati et al., 1987; Hallanger and Wainer, 1988; Oakman et al.,
1995). In addition, high-frequency electrical stimulation of the
PPT in sleeping and anesthetized cats induces fast electroenceph-
alogram (EEG) patterns similar to those seen during wake (Ste-
riade et al., 1993; Seigneur et al., 2006).



Kroeger et al. @ Effects of PPT Neurons on Sleep/Wake Regulation

Just how the PPT promotes wake remains unclear. One idea
stresses the reciprocal connections to midbrain dopaminergic
nuclei, such as the substantia nigra (SN) and VTA, which receive
excitatory input from the PPT (Dautan et al., 2016) and play a key
role in modulating arousal (Eban-Rothschild et al., 2016). An-
other model stresses the influence of cholinergic PPT/LDT pro-
jections on thalamic activity (Steriade et al., 1991). During
wakefulness, acetylcholine facilitates thalamocortical signaling
by directly exciting thalamocortical relay neurons while reducing
activity in the reticular nucleus of the thalamus, which inhibits
thalamocortical neurons. At the onset of nonrapid eye movement
(NREM) sleep, reduced cholinergic activity has the opposite ef-
fects, and thalamocortical neurons are hyperpolarized, resulting
in a clock-like burst firing mode incompatible with the relay of
information to and from the cortex. In the absence of thalamic
input, cortical neurons enter a state of synchronized activity re-
sulting in the characteristic patterns of NREM sleep. PPT neu-
rons also innervate the basal forebrain, and thus the PPT is well
positioned to influence arousal through effects on a variety of
subcortical regions.

In addition to influencing wakefulness, the PPT/LDT and
other pontine regions are implicated in the control of rapid eye
movement (REM) sleep. Injection of cholinergic agonists, such as
carbachol, into the pons of cats or rats triggers a long-lasting state
very similar to REM sleep (Baghdoyan et al., 1984; Shiromani et
al., 1996; Kubin, 2001). In addition, low-amplitude electrical
stimulation of the LDT can increase REM sleep (Thakkar et al.,
1996), whereas large neurotoxic lesions that include the PPT/
LDT decrease REM sleep for several weeks in cats (Webster and
Jones, 1988). Moreover, intracellular and juxtacellular record-
ings of head-fixed cats or rats have shown that many neurons in
this area are active during REM sleep and/or wakefulness (Ste-
riade et al., 1990; Thakkar et al., 1998; Boucetta and Jones, 2009;
Boucetta et al., 2014). A recent study in transgenic mice showed
that optogenetic stimulation of cholinergic PPT and LDT neu-
rons increases the probability of entering REM sleep (Van Dort et
al., 2015). Together, these studies strongly suggest a role for PPT/
LDT neurons in REM sleep control.

However, given the cellular heterogeneity of the PPT and the
fact that previous lesion, electrical stimulation, and drug injec-
tion studies likely affected all types of PPT neurons at once, we
sought to define the specific contributions of PPT cholinergic,
glutamatergic, and GABAergic neurons to the regulation of
cortical activity and behavioral state. Based upon prior research,
we hypothesized that activation of cholinergic neurons would
increase REM sleep, whereas activation of glutamatergic and
GABAergic neurons would promote arousal. To test these hy-
potheses, we used a genetically targeted approach to map the
anatomical projections of each neuronal population and to eval-
uate the effects on sleep/wake behavior of chemogenetic manip-
ulation of each PPT neuron population.

Materials and Methods

All experimental procedures were performed in accordance with the
National Institutes of Health Guidelines, and were approved by the In-
stitutional Animal Care and Use Committee of Beth Israel Deaconess
Medical Center.

Animals. We used three different mouse lines in these experiments. To
study glutamatergic PPT neurons, we used mice expressing Cre recom-
binase exclusively in neurons producing the vesicular glutamate
transporter-2 (vGluT2-Cre mice; Vong et al., 2011); to study cholinergic
neurons, we used mice expressing Cre only in neurons producing choline
acetyltransferase (ChAT-Cre mice; Rossi et al., 2011); and to study
GABAergic neurons, we used mice expressing Cre only in neurons pro-
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ducing the vesicular GABA transporter (vGAT-Cre mice; Vong et al.,
2011). All three recombinant mouse lines shared a similar design, with
IRES-Cre inserted just downstream of the vGIuT2, ChAT, or vGAT genes.
Each line was backcrossed to C57BL/6] for >6 generations. Mice were
8-10 weeks old, male, and weighed 25-30 g at the beginning of the
behavioral experiments. After surgery, mice were singly housed at an
ambient temperature of 22 = 1°C on a 12:12 h light/dark cycle (lights on
at 6:00 A.M.) with food and water available ad libitum.

Study design. To chemogenetically activate glutamatergic, cholinergic,
or GABAergic PPT neurons, we bilaterally microinjected an AAV coding
for the Cre-dependent hM3 DREADD (designer receptors exclusively
activated by designer drugs) receptor (Alexander et al., 2009) into the
PPT of vGluT2-Cremice (n = 8), ChAT-Cre mice (n = 8),and vGAT-Cre
mice (n = 8). To chemogenetically inhibit the glutamatergic neurons, we
bilaterally microinjected an AAV coding for the Cre-dependent hM4
DREADD receptor (Armbruster et al., 2007) in an additional cohort of
vGluT2-Cre mice (n = 8). We instrumented mice for EEG and electro-
myogram (EMG) recordings and, 3 weeks later, we administered
clozapine-N-oxide (CNO, 0.3 mg/kg, i.p., in 0.5 ml of saline; Sigma-
Aldrich, #C0832-5MG) or saline (0.5 ml) in a randomized cross-over
design and recorded EEG, EMG, and video for 24 h. Based on pilot data,
we tested the vGIuT2-Cre and ChAT-Cre mouse cohorts during the light
period at 8:00 A.M. to determine whether activation of PPT glutamater-
gic or cholinergic neurons promotes wake or REM sleep. We tested
vGAT-Cre mice during both light and dark periods (8:00 A.M. and 8:00
P.M.) to assess whether activation of GABAergic PPT neurons alters
wakefulness and/or sleep. As our original dose of CNO (0.3 mg/kg) had
only small effects in vGAT-Cre mice (discussed below), we retested these
mice using a higher dose of CNO (1.0 mg/kg). As negative controls, we
tested the effects of CNO and saline in three groups of the same genotypes
(n = 61in each group) injected with a control AAV vector (see below). For
all mice, we allowed a 3—4 d washout period after each injection.

To examine the projections of PPT neurons, we used conditional antero-
grade tracing. We unilaterally microinjected an AAV coding for Cre-
dependent ChR2 conjugated to mCherry (AAV-ChR2-mCherry) in
vGluT2-Cre mice, ChAT-Cre mice, and vGAT-Cre mice (n = 2 per geno-
type), and, 6—8 weeks later, we immunostained for mCherry and mapped
the anterograde projections of each cell type. We used channelrhodopsin-2
(ChR?2) rather than hM3 for tracing as ChR2 is optimized for expression on
cell membranes and better labels long projections. Other than containing
ChR2, the AAV coding for ChR2 was identical to the AAV coding for hM3
with the same serotype and promoter. Both AAVs labeled the same target
regions, but axonal labeling was stronger with AAV-ChR2-mCherry.

Surgery. Surgical procedures and AAV injection methods were identi-
cal to those described previously (Kantor et al., 2013). In brief, we anes-
thetized mice with ketamine/xylazine (100/10 mg/kg, i.p.) and placed
them in a stereotaxic frame. In pilot studies, we determined that each
Cre line required different volumes and specific serotypes of AAV to
achieve comparable transduction rates. Therefore, we injected 15 nl of
Cre-dependent AAVS-EF1a-DIO-hM3Dq-mCherry (hereafter named
AAV-hM3-mCherry; Krashes et al., 2011) bilaterally into the PPT of
vGluT2-Cremice, 30 nl of the same AAV in vGAT-Cre mice, and 150 nl of
AAV10-EF1a-DIO-hM3Dqg-mCherry (Anaclet etal., 2014) in ChAT-Cre
mice. We injected an additional cohort of vGIuT2 mice with 30 nl of a
viral vector coding for the inhibitory hM4 receptor (AAV8-EF1a-DIO-
hM4Di-mCherry). To control for potential off-target effects of CNO,
we injected the same volumes of AAV8-EF1a-DIO-ChR2(H134R)-
mCherry (for vGluT2-Cre and vGAT-Cre mice) and AAV10-EFla-
DIO-ChR2(H134R)-mCherry (for ChAT-Cre mice; hereafter named
AAV-ChR2-mCherry) bilaterally into Cre-expressing mice (n = 6 per
line) as ChR2 and mCherry do not react to CNO. Last, we performed
unilateral injections of ChR2-mCherry AAVs in all three mouse lines
(n = 2 per line) for tracing studies. Titers for all injected viruses were
>10'? vector genomes per milliliter. The expression of mCherry was
comparable in experimental mice and controls, except that ChAT-Cre
mice had strong expression of hM3-mCherry in 20 * 5% of all cholinergic
PPT neurons, whereas the control mice had ChR2-mCherry expression in
only 5-10% of neurons. We could not reliably estimate transduction effi-
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ciency in the vGluT2-Cre and vGAT-Cre mice as in situ hybridization is
less sensitive than immunostaining.

After the AAV injections, we implanted all mice with stainless steel EEG
recording screws (1.5 mm lateral and 1 mm anterior to bregma; 1.5 mm
lateral and 3 mm posterior to bregma). For EMG recordings, we implanted
two multistranded stainless steel wires (#AS131, Cooner Wire) into the neck
extensor muscles. All leads were connected to a microstrip board and
affixed to the mouse’s head with dental cement. We administered meloxi-
cam (5 mg/kg, i.p.) to each mouse immediately after surgery and 1 d later.

EEG/EMG recordings and analysis. Two weeks after surgery, mice were
acclimated to the recording chamber and EEG/EMG cable for 1 addi-
tional week. During recordings, EEG/EMG signals were amplified and
filtered (EEG: 0.3-35 Hz; EMG: 100-300 Hz; Grass Amplifier 6SS, Grass
Instruments); and digitized at 256 Hz (VitalRecorder, Kissei Comtec)
with simultaneous infrared video recordings. We scored sleep/wake sig-
nals in 10 s epochs semiautomatically using SleepSign (Kissei Comtec)
and performed manual corrections as needed.

Additional analyses in vGluT2-Cre mice. Chemogenetic activation of
glutamatergic neurons increased wakefulness. To characterize this in de-
tail, we examined three aspects of arousal in four of the eight vGluT2-Cre
mice: specific behaviors as determined by scoring of videos; wheel run-
ning as a measure of motor activity; and open-field testing as a measure of
anxiety.

To quantify behaviors, we scored simultaneous video and EEG/EMG
recordings of vGIuT2-Cre mice during the 30—150 min period after in-
jection of CNO or saline. We scored behavior in 10 s epochs into eight
categories: sleeping (behaviorally asleep with EEG/EMG showing sleep),
exploring (actively moving around the cage), nest building (manipulat-
ing the nesting material), quiet wake (EEG/EMG signals consistent with
wake but no locomotion), grooming, feeding, drinking, and unknown
(uncategorizable behavior).

To quantify locomotor activity in vGluT2-Cre mice, we installed low-
torque, polycarbonate running wheels (Fast-Trac #K3250, Bio-Serv) in
the recording chambers and allowed mice to acclimate to the wheels for 3
weeks before experiments. We recorded wheel rotations in 15 min inter-
vals using a photodetector under each wheel.

To assess levels of anxiety, we tested vGluT2-Cre mice in an open-field
chamber (50 X 50 X 38 cm; Altech Plastics) and analyzed their position
and movements within the chamber using video tracking software
(AnyMaze, Stoelting). During week 1, mice were acclimated to the open-
field chamber in 10 min sessions on 3 nonconsecutive days to reduce the
novelty effect with exposure to the chamber. During week 2, we per-
formed the three 10 min sessions on the same days of the week under
three different conditions in a randomized order: 45 min after saline
injection, CNO (0.3 mg/kg) injection, or no injection. We analyzed each
mouse’s core point to map their track and measured total distance trav-
eled, time spent immobile, and time spent in the corners (Brunner et al.,
2014; Nguyen et al., 2014).

Additional analyses in ChAT-Cre mice. Activation of cholinergic PPT
neurons produced light sleep with frequent transitions between sleep and
wakefulness. Light NREM sleep normally occurs during state transitions
and accounts for ~5% of NREM sleep in rats (Bergmann et al., 1987).
This state has also been reported with chemogenetic activation of basal
forebrain cholinergic neurons in mice (Anaclet et al., 2015; Chen et al.,
2016). We operationally defined light NREM sleep as having EEG delta
(0.5-4 Hz) amplitude <43.5% of the mean delta amplitude during
NREM sleep across the 12 h light period after saline injection; behavior
was scored as deep NREM if delta amplitude was above this threshold.
Our threshold is based on human scoring during pilot experiments and
minimizes the classification error of epochs for both light NREM and
deep NREM sleep. In addition, we scored sleep/wake behavior for the
ChAT-Cre cohort in 4 s epochs to capture brief bouts more accurately.

To analyze how light NREM sleep differs from deep NREM sleep, we
performed a state-space analysis of the EEG data from ChAT-Cre mice
after CNO or saline injection (Gervasoni et al., 2004; Diniz Behn et al.,
2010). This method uses the EEG power spectrum to map characteristics
of sleep/wake states by plotting each epoch as a single data point in a
two-dimensional space. We first performed a feature selection analysis
(calculating the Shannon entropy, which measures the amount of infor-
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mation in each frequency bin) and identified the most informative EEG
frequencies using a Matlab script (www.mathworks.com/help/wavelet/
ref/wentropy.html). We retained features in the 0.5-5.5 Hz range and
divided these by the whole frequency range (0.5-35 Hz) yielding a power
ratio (emphasizing the selected features within the entire frequency
range), which we used to define the x-axis of the two-dimensional state
space. Finally, we defined the y-axis as the mean power of each epoch in
the 0.5-35 Hz range.

In vitro electrophysiology. For in vitro electrophysiology recordings, we
injected AAV-hM3-mCherry (bilateral injections; 100 nl) into the PPT of
vGluT2-Cre mice (n = 2; five cells), ChAT-Cre mice (n = 2; five cells),
and vGAT-Cre mice (n = 4; six cells). In pilot experiments, we found
patch-clamp recordings of PPT neurons very challenging in adult mice as
this region is heavily myelinated. Therefore, we injected AAVs in 10-d-
old mice and performed the slice recordings 11 d later. This interval was
quite adequate to identify PPT neurons expressing mCherry, but levels of
hM3-mCherry may not have been as high as in the mice used for
behavioral studies, which were tested >3 weeks after AAV injection.
As negative controls, we injected AAV-ChR2-mCherry into the PPT
of vGluT2-Cre (n = 1; four cells), ChAT-Cre (n = 1; four cells), and
vGAT-Cre (n = 1; three cells) mice of the same age.

To prepare brainstem slices for electrophysiological recordings, we anes-
thetized the mice with isoflurane (5% in pure oxygen) and transcardially
perfused them with ice-cold artificial CSF (aCSF) containing the following
(in mm): 100 N-methyl-p-glucamine (NMDG), 2.5 KCI, 20 HEPES, 1.24
NaH,PO,, 30 NaHCO;, 25 glucose, 2 thiourea, 5 Na-ascorbate, 3 Na-
pyruvate, 0.5 CaCl,, 10 MgSO,, pH 7.3 with HCI when carbogenated with
95% O, and 5% CO,. We quickly removed the brains and sectioned them
coronally (250 um thick) in ice-cold NMDG-based aCSF using a vibrating
microtome (VT1000S, Leica). Slices containing the PPT were first trans-
ferred into NMDG-based aCSF at 35°C for 5 min and then into normal aCSF
containing the following (in mm): 120 NaCl, 2.5 KCI, 10 glucose, 26
NaHCO;, 1.24 NaH,PO,, 4 CaCl,, 1.3 MgCl,, 2 thiourea, 1 Na-ascorbate, 3
Na-pyruvate, pH 7.4 when carbogenated with 95% O, and 5% CO,,
310-320 mOsm. After 10 min, we transferred the slices to the recording
chamber with normal aCSF at room temperature. We guided our recordings
using a combination of fluorescence and infrared differential interference
contrast video microscopy using a fixed-stage upright microscope (BX51WI,
Olympus America) equipped with a Nomarski water-immersion objective
(40X magnification, 0.8 numerical aperture) and IR-sensitive CCD camera
(ORCA-ER, Hamamatsu) with images displayed on a computer screen in
real time using AxioVision software (Carl Zeiss Microlmaging). We re-
corded in whole-cell current-clamp configuration using a Multiclamp 700B
amplifier (Molecular Devices), a Digidata 1322A interface, and Clampex 9.0
software (Molecular Devices). We used a pipette solution containing the
following (in mm): 120 K-gluconate, 10 KCI, 3 MgCl,, 10 HEPES, 2.5 K-
ATP, 0.5 Na-GTP (pH adjusted to 7.2 with KOH, 280 mOsm). As an objec-
tive endpoint, we analyzed the difference in resting membrane potential
(between spikes; control: 3-5 min before CNO; CNO: last 2 min of CNO
application). CNO (5 um) did not elicit membrane depolarization in the
vGAT neurons, so we tested neurons with a higher dose of CNO (15 um),
which also failed to depolarize the membrane at the cell body level.

Immunohistochemistry. After sleep recordings, we injected each mouse
with either CNO (0.3 mg/kg) or saline and 90 min later intracardially
perfused them with PBS and 10% formalin under deep anesthesia with
ketamine/xylazine (150/15 mg/kg, i.p.). We removed the brains and
stored them overnight in 10% formalin at 4°C. After cryoprotection in a
30% sucrose solution for another 24 h at 4°C, we sectioned brains at
30 wm into three series using a sliding microtome (Microm HM 440E,
GMI) with the blade cleaned with RNAseZap (Life Technologies) and
collected the sections into 1% formalin in DEPC-PBS.

To establish that AAV injections were centered on the PPT, we
mapped the distribution of mCherry-expressing neurons in one series of
sections immunolabeled for ChAT. We defined the PPT by the bound-
aries of the cholinergic population (Saper and Loewy, 1982; Armstrong et
al., 1983; Rye et al., 1987).

Immunostaining steps, such as those including PBS washes, were per-
formed as described previously (Burgess et al., 2013). In brief, we placed
brain sections in 0.3% hydrogen peroxide for 30 min and incubated them
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ChAT hM3 vGAT hM3

AAV injection sites in vGluT2-Cre, ChAT-Cre, and vGAT-Cre mice. Injections were mapped on coronal atlas drawings at three brainstem levels containing the PPT. Injection sites (gray

shading) are plotted to encompass 90% of mCherry-expressing neurons, and darker shades of gray represent overlapping injection sites across mice. The red boundary highlights the PPT as shown
in the Franklin and Paxinos (2008) mouse brain atlas, but the cholinergic PPT neurons actually extend across a larger region, as shown in VanderHorst and Ulfhake (2006). N = 8 mice per group. SC,
Superior colliculus; IC, inferior colliculus; PAG, periaqueductal gray; DR, dorsal raphe nucleus; PBG, parabigeminal nucleus; xscp, decussation of the superior cerebellar peduncle; 4N, trochlear nucleus;

5N trigeminal motor nucleus.

overnight in goat anti-ChAT antiserum (1:750; Millipore, #AB-144p).
The next day, we incubated sections for 1 h in biotinylated donkey anti-
goat IgG secondary antiserum (1:500; Jackson ImmunoResearch, #705-
065-147) followed by 2 h of incubation with a streptavidin-conjugated
fluorescent antibody (1:1000; Alexa 488, Invitrogen, #S11224). Using
native mCherry fluorescence, we mapped the distribution of mCherry-
expressing neurons in relation to the cholinergic neurons of the PPT with
a boundary that encompassed ~90% of all mCherry-containing neu-
rons. Importantly, we found that cholinergic PPT neurons extended
slightly outside the boundaries of the PPT shown in the Franklin and
Paxinos (2008) mouse brain atlas, but the distribution was quite similar
to that depicted by VanderHorst and Ulfhake (2006). In all three groups
of mice, the injection sites were centered on the pars compacta of the PPT
and extended rostrally into the pars dissipata (Fig. 1). Some vGluT2-Cre
and vGAT-Cre mice had a small number of mCherry-containing neurons
in adjacent regions, such as the retrorubral nucleus, the medial paralem-
niscal nucleus, and the rostral parabrachial nucleus, as well as in the
isthmic reticular formation. Of the eight ChAT-Cre mice included in the
analysis, seven had unilateral mCherry-expressing neurons in the fourth
motor nerve nuclei, two showed expression in the parabigeminal nu-
cleus, one mouse had expression in the fifth motor nerve nucleus, and
one mouse had expression in the LDT. For all three groups, mice were
included in the analysis only if >70% of the labeled neurons were within
the PPT.

To determine whether a comparable volume of tissue was transduced
in each mouse and between cohorts, we measured the area of mCherry-
expressing neurons on 13 adjacent sections from one series through the
PPT region. We then combined areas across all sections and calculated
the total volume of transduced neurons for each mouse using Image]
(Schneider et al., 2012). In all three lines of mice, the rostral-caudal
distribution of transduced neurons was similar, and the total volume of
transduced neurons did not differ between groups (vGluT2: 0.36 = 0.06
mm?; ChAT: 0.44 = 0.02 mm* vGAT: 0.43 * 0.09 mm?; F(, ,,, = 0.47,
p = 0.6, ANOVA).

Next, we mapped fos expression as a marker of neuronal activity in a
second series of sections. We incubated sections overnight at room tem-
perature with a rabbit anti-c-fos antibody (1:5000; Calbiochem, #IC32).

The next day, we incubated sections with biotinylated donkey anti-rabbit
secondary antiserum (1:500; Jackson ImmunoResearch, #711-065-152)
for 1 h, followed by horseradish peroxidase-conjugated avidin-biotin
complex (1:1000; Vector Labs, #PK-6100) for 1 h. We visualized fos
immunoreactivity using 0.06% DAB solution with 0.01% hydrogen per-
oxide, 0.01% nickel ammonium sulfate, and 0.005% cobalt chloride,
resulting in black nuclear labeling. We then incubated sections in rabbit
anti-DsRed primary antibody, which labels mCherry (1:500; Clontech,
#632496), followed by the same biotinylated donkey anti-rabbit second-
ary antiserum and DAB without nickel and cobalt to produce brown
labeling of mCherry-expressing neurons. We then digitized sections
using a slide-scanning microscope (VS120, Olympus). We defined the
boundaries of the PPT using adjacent sections immunolabeled for ChAT
and counted single-labeled and double-labeled neurons within the PPT.

To analyze PPT projection targets, we performed DAB immunostain-
ing on one series of brain slices (two mice per Cre line) using the same
protocol and antibodies (rabbit anti-DsRed) as above.

Fluorescence in situ hybridization. We placed one series of sections on a
shaker at room temperature in RNAlater cryoprotectant solution (Am-
bion) for 1 h and then stored them overnight at —20°C. In preparation
for the hybridization step, we rinsed the sections four times in DEPC-PBS
for 5 min per wash and then incubated the sections in hybridization
buffer [50% formamide (Fisher), 5X saline-sodium citrate (SSC) buffer
(Promega), 0.5 mg/ml t-RNA (Roche), 5% dextran (Sigma-Aldrich), 1X
Denhardt’s solution (Sigma-Aldrich), 0.1% Tween 20 (Sigma-Aldrich),
and DEPC-H,0] for 1 h at 54°C.

For vGAT fluorescence in situ hybridization (FISH), we used a
digoxigenin-labeled antisense riboprobe corresponding to the first 542
bp of exon 2 of the vGAT gene (NM_009508.2; base pairs 874-1416). We
transcribed the sequence from a plasmid (pGEM-T Easy Vector, 3557 bp
with insert), linearized it with Sacl (New England Biolabs), and tran-
scribed the riboprobe using T7 polymerase (Roche) in nucleotide
triphosphates with digoxigenin-conjugated UTP (uridine 5’'-triphos-
phate; Roche). We incubated sections in this riboprobe (300 ng/ul) at
54°C overnight. For vGluT2 FISH, we used a 458 bp fragment of the
mouse vGluT2 Exonl-4 (NM_080853.3; base pairs 829-1287) from a
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mCherry

hM3-mCherry is expressed eutopically in vGluT2-Cre, ChAT-Cre, and vGAT-Cre mice. In vGluT2-cre mice, FISH for vGluT2 mRNA colocalizes with mCherry immunostaining. In ChAT-Cre

mice, immunostaining for ChAT colocalizes with mCherry. In vGAT-Cre mice, FISH for vGAT mRNA colocalizes with mCherry. Scale bar, 100 pem.

plasmid (pGEM-T Easy Vector, 3473 bp with the vGluT2 sequence),
which we linearized, transcribed, and hybridized as above.

After hybridization, we washed the sections in 2X SSC in 50% forma-
mide for 45 min at 54°C, followed by two 30 min washes in 2X SSC. We
then eliminated nonhybridized riboprobe by washing sections twice
for 5 min at room temperature in RNase buffer (0.5 M NaCl and 10 mm
Tris-HCI) before and after a 30 min incubation at 37°C in RNase A
(50 wg/ml). Again, we washed the sections in 2X SSC (5 min at room
temperature), then two washes in SSC-50% formamide (5 min at 54°C),
followed by two washes in SSC-50% formamide in DEPC-H,O (5 min at
room temperature), and three washes in TBS (5 min at room tempera-
ture). Afterward, we incubated the sections in Blocking Reagent
(PerkinElmer, #FP1019), diluted to 5% w/v in TBS with 0.1% Tween at
54°C) for 30 min and then added anti-digoxigenin peroxidase, Fab frag-
ments (Roche, #11-207-733-910) to this blocking solution at a 1:200
dilution for overnight incubation at room temperature.

To label the riboprobes, we washed sections three times in TBS for 10
min before starting the fluorescence tyramide signal amplification.
For this, we incubated the sections for 30 min at room temperature in
biotinylated tyramide solution (PerkinElmer, #FP1019) diluted 1:50
in #FP1050 solution followed by washes in TBS for 5 min), in PBS for 1
min rinse, again in PBS for 10 min, and then in PBS containing 0.3%
Triton X-100, v/v (PBT), for 2 h, followed by incubation in streptavidin-
Alexa 488 (1:1000; Invitrogen, #S11223) in PBT for 2 h at room temper-
ature. After three further 5 min washes in PBS, we immunolabeled
sections for DsRed as described above because the FISH protocol elimi-
nated the native red fluorescence.

Validation of neurochemical specificity. We determined the neuro-
chemical phenotype of hM3-expressing neurons by processing them for
FISH (for vGluT2 or vGAT) or immunolabeling them for ChAT (n = 2
mice in each group; three sections per mouse). In addition to the specific
labeling for each cohort’s genotype (vGluT2/vGAT/ChAT) in green flu-
orescence, we also immunolabeled the same sections for mCherry with
red fluorescence to highlight transduced neurons. To estimate specificity
of mCherry expression, we counted all mCherry-labeled neurons within
the PPT and assessed whether they were also labeled for vGluT2, vGAT,

or ChAT. For vGIuT2 and vGAT mice, we defined the boundaries of the
PPT using adjacent sections immunolabeled for ChAT. Expression of
mCherry was highly eutopic in all three lines of mice: 93% (116 of 125
neurons), 91% (150 of 165 neurons), and 92% (120 of 130 neurons) of
mCherry-expressing PPT neurons contained vGluT2 mRNA, vGAT
mRNA, or ChAT in vGIuT2-Cre, vGAT-Cre,and ChAT-Cre mice, respec-
tively (Fig. 2).

Statistical analysis. We performed statistical analyses using STATA
(STATA). For comparisons of sleep/wake patterns, we performed paired,
two-tailed ¢ tests comparing the 6 h average amounts of each state after
either saline or CNO injection. If this test yielded a significant difference,
we performed a repeated-measures ANOVA on the hourly state amounts
for the 6 h after injections, followed by post hoc, paired, two-tailed Stu-
dent’s t tests per hour when appropriate. For EEG spectra across the 2 h
after injections, we performed an initial ANOVA over the entire spec-
trum (0-35 Hz), followed by post hoc, paired, two-tailed ¢ tests on indi-
vidual frequencies if the ANOVA was significant. For comparisons of in
vitro neuronal depolarization, firing frequency, video behavioral scoring,
and open-field data, we used paired two-tailed f tests. For within-subject
comparisons of non-normally distributed data, such as the analysis of
running-wheel behavior, we used the Wilcoxon sign-rank test. Group
data in the figures are shown as means * SEMs.

Results

Projections of glutamatergic PPT neurons

To map the projections of glutamatergic PPT neurons, we micro-
injected AAV-ChR2-mCherry into the PPT and immunostained
sections for mCherry. Similar to prior studies using nonselective
conventional tracers (Charara et al., 1996; Martinez-Gonzalez et
al., 2011), we found that glutamatergic PPT neurons strongly
innervated the caudal basal forebrain [substantia innominata
area (SI) and horizontal diagonal band of Broca (HDB)] and the
ventral part of the bed nucleus of stria terminalis. These cells also
mildly innervated the lateral hypothalamus (LH), supramammil-
lary area (SUM), and zona incerta, as well as the caudal part of the
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vGAT

Major axonal projections of glutamatergic, cholinergic and GABAergic PPT neurons. AL, Projections of each cell type were mapped and selected levels are shown on coronal slices:

Injection site (4, E, and /), basal forebrain area (B, F, and J), midthalamic area (C, G, and K), and mammillary region (D, H, and L). Glutamatergic PPT neurons project densely to basal forebrain
targetssuch as the SI (B), several thalamic nuclei (€), and especially to midbrain dopaminergic cell groups (D). Cholinergic PPT neurons project to some of the same targets that glutamatergic neurons
project to, but with less dense projections (E-H ). GABAergic neurons do not send long projections to these regions and most axons remain within ~200 wum of the injection site (I-L). N = 2 mice
per group. Scale barin L = 500 pm. ac, Anterior commissure; aq, aqueduct; CL, centrolateral thalamic nucleus; OC, optic chiasm; MMN, medial mammillary nucleus; PF, parafasicular thalamic
nucleus; SUM, supramammillary nucleus; VMT, ventromedial thalamic nucleus; VPM, ventral posteromedial thalamic nucleus.

globus pallidus, and thalamic nuclei [centromedial thalamic nu-
cleus (CMT), paraventricular thalamic nucleus (PVT), ventral
posteromedial thalamic nucleus, ventromedial thalamic nucleus,
parafascicular nucleus]. Axon terminals from glutamatergic PPT
neurons were dense within the subthalamic nucleus (STN), VTA,
and SN (compact part and reticular part; Fig. 3A-D). Many of
these target regions are thought to help drive arousal, suggesting
that glutamatergic PPT neurons may promote wake.

CNO activates hM3-expressing glutamatergic PPT neurons
To test whether CNO activates hM3-expressing glutamatergic
neurons in vivo, we injected AAV-hM3-mCherry into the PPT of

vGluT2-Cre mice and examined fos expression after CNO or sa-
line. Ninety minutes after injection of CNO (0.3 mg/kg) at 9:30
AM., 78% of hM3-mCherry-expressing neurons in the PPT con-
tained fos (517 of 662 mCherry neurons were fos+), whereas
only 8% of hM3-mCherry neurons contained fos after saline (25
of 305 neurons were fos+; n = 3 mice in each group, p = 0.0001;
Fig. 4A).

To assess whether CNO depolarizes glutamatergic PPT neu-
rons, we performed in vitro, patch-clamp recordings of PPT
neurons expressing hM3-mCherry. CNO (5 um) depolarized
hM3-mCherry-expressing neurons by 3.7 mV compared with
aCSF (—49.3 = 5.5vs —53.0 = 5.8 mV, n = 5 cells, p = 0.038; Fig.
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Functional validation of hM3 in each mouse line. A, (NO (0.3 mg/kg) strongly increases fos in hM3-mCherry-expressing neurons in all three lines of mice compared with saline (n = 3

mice of each line per condition). B, Sample traces of in vitro, whole-cell, current-clamp recordings of PPT neurons in vGluT2-Cre, ChAT-Cre, and vGAT-Cre mice expressing hM3-mCherry or hM4-Cherry
(vGluT2-Cre only). Application of CNO (5 gum) for 1-5 min (black bars above traces) activates glutamatergic and cholinergic PPT neurons but has no effect on GABAergic neurons. Dashed horizontal

line indicates 0 mV. **p << 0.01; ***p < 0.001: ****p < 0.0001 versus saline.

4B). In vGluT2-Cre mice injected with the control vector AAV-
ChR2-mCherry, CNO did not depolarize neurons expressing
ChR2-mCherry (n = 4 cells). Coupled with the increased expres-
sion of fos, these findings indicate that CNO excites hM3-
expressing glutamatergic PPT neurons.

Chemoactivation of hM3-expressing glutamatergic PPT
neurons increases wakefulness

To investigate the role of glutamatergic PPT neurons in the reg-
ulation of sleep/wake states, we administered CNO or saline to
eight vGluT2-Cre mice expressing hM3 in the PPT. Across the 6 h
after injection at 8:00 A.M., CNO (0.3 mg/kg) increased the av-
erage amount of wake >3-fold compared with saline (average of
81.5 * 5.7% wake vs 26.2 * 1.5%, p = 0.0001; Fig. 5). In parallel,
CNO reduced the average amounts of both NREM and REM
sleep (NREM: p = 0.0001; REM: p = 0.0001). Similarly, CNO
increased the hourly amounts of wake and decreased the
amounts of NREM and REM sleep for the first 6 h after injections
(wake: F, 0, = 88.36, p = 0.0001; NREM: F, 5, = 76.28, p =
0.0001; REM: F; 55, = 155.91, p = 0.0001). CNO increased the
latency to enter the first epoch of sleep (267.9 * 57 vs 20.1 £ 5
min with saline, p = 0.002). The EEG power spectra during
CNO-induced wake was very similar to that seen during sponta-
neous wake during the dark period. Toward the end of the CNO-
induced wake period, mice had brief intrusions of EEG delta
waves during wake, and then entered typical NREM sleep, which

gradually lengthened to the usual duration, with interspersed
periods of REM sleep.

To determine whether the observed changes could be a non-
specific effect of CNO, we repeated these experiments with six
vGluT2-Cre mice injected with AAV-ChR2-mCherry. These neg-
ative control mice had similar expression of mCherry in the PPT,
but CNO (0.3 mg/kg) did not alter wake or sleep (data not
shown). These results suggest that CNO acts selectively on the
hM3 receptors, and activation of glutamatergic PPT neurons is
sufficient to increase wakefulness during the light period.

To characterize the behaviors during arousal induced by
CNO, we analyzed home-cage behaviors using video recordings.
During the 2 h after CNO, mice spent most of their time in “quiet
wake” in the nest, but this state was uncommon after saline (54 =
11% vs 8 = 0.7%, n = 4, p = 0.03; Fig. 6A). Compared with
spontaneous behavior during the dark period, mice treated with
CNO at 8:00 A.M. exhibited much less time “exploring” (p =
0.03), “feeding” (p = 0.046), and drinking” (p = 0.01), but sim-
ilar amounts of time “nesting” (p = 0.1) and “sleep” (p = 0.37).

As prior papers have implicated the PPT in freezing/anxiety
(Podhorna and Franklin, 1999; Homs-Ormo et al., 2003) and
because mice treated with CNO had little exploratory activity, we
performed open-field testing to assess a possible increase in anx-
iety. During the light period, 45 min after CNO, saline, or no
injection, we tested mice in an open-field arena (n = 4). After
CNO, mice spent 58% more time in the corners compared with
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Figure 5.  Chemogenetic activation of glutamatergic PPT neurons increases wake. CNO substantially increases wake and re- Projections of cholinergic PPT neurons

duces NREM and REM sleep for ~7 h compared with saline (n = 8 mice). C(NO (0.3 mg/kg) and saline were injected intraperito-

neally at 8:00 A.M. **p << 0.01; ***p << 0.001 versus saline.

saline (423 = 50 vs 246 * 46 s, p = 0.017; Fig. 6B). They also
tended to spend more time immobile after CNO, but this differ-
ence was not significant (323 = 36 vs 196 = 34 s, p = 0.1). CNO
did not alter the total distance traveled (29 = 8vs34 £ 4 m,p =
0.7).

To address literature implicating the PPT in motor behaviors
and to further characterize the motor phenotype during CNO-
induced wakefulness, we introduced running wheels into the
home cages. CNO at 9:00 A.M. increased wheel running 35-fold
in the 2 h immediately after injection compared with saline
(347 = 161 vs 10 = 7 rotations/15 min, p = 0.01; Fig. 7). For
comparison, this amount of wheel running after CNO was simi-
lar to the amount the mice ran spontaneously at the beginning of
the active period from 7:00 P.M. to 9:00 P.M.

Considered together, our behavioral observations demon-
strate that chemogenetic activation of glutamatergic PPT neu-
rons produces quiet wake in the unenriched home cage, as well as
signs of mild anxiety-like behaviors on open-field testing similar
to those described by Brunner and coworkers (Brunner et al.,
2014). When mice are given access to running wheels in their
home cages, CNO induces active wakefulness with moderate
amounts of wheel running.

Inhibition of hM4-expressing glutamatergic PPT neurons
mildly reduces wakefulness during the dark period

To investigate whether CNO inhibits glutamatergic PPT neurons,
we performed in vitro patch-clamp recordings of hM4-mCherry-
expressing neurons in the PPT region. CNO (15 uM) hyperpolarized

We mapped the projections of cholinergic
PPT neurons using AAV-ChR2-mCherry
in ChAT-Cre mice, and we found a pat-
tern of projections similar to that reported
in rats (Saper and Loewy, 1982; Jones and Yang, 1985; Woolf and
Butcher, 1986; Oh et al., 1992; Fig. 3). We found occasional cho-
linergic PPT axons as far rostral as the medial and lateral sep-
tum, with moderate innervation of the ST and HDB, and fewer
fibers in the LH. The cholinergic PPT neurons also moderately
innervated many thalamic nuclei (PVT; CMT; ventral pos-
teromedial nucleus; centrolateral thalamic nucleus; parafa-
sicular thalamic nucleus; mediodorsal thalamic nucleus,
lateral part), with especially strong innervation of the anterior
half of the reticular nucleus of the thalamus (RTN) and the
anterior pretectal nucleus. Cholinergic innervation was sparse
in the STN, VTA, SN (compact and reticular parts), and SUM.
The superior colliculus was strongly innervated, and there
were scattered fibers in the lateral periaquaeductual gray, but
only sparse descending projections to the sublaterodorsal nu-
cleus. Overall, the dense thalamic and especially RTN inner-
vation suggests a role for cholinergic PPT neurons in thalamic
activation and arousal.

CNO activates hM3-expressing cholinergic PPT neurons

To investigate whether CNO activates hM3-expressing cholin-
ergic neurons in vivo, we examined the expression of fos after
CNO and saline in the PPT of ChAT-Cre mice injected with AAV-
hM3-mCherry. Ninety minutes after injection of CNO (0.3 mg/
kg) at 9:30 A.M., 52% of hM3-mCherry-expressing neurons
contained fos (279 of 537 mCherry neurons were fos+ ), whereas
only 12% contained fos after saline (37 of 290 neurons were fos+;
n = 3 in each group, p = 0.006; Fig. 4A).
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Activation of glutamatergic PPT neurons produces quiet wake and mild anxiety. 4, After injection of C(NO at 8:00 A.M., mice are mainly in quiet wake with modest amounts of time spent

exploring, grooming, or nesting from 8:30 A.M. until 10:30 A.M. After injection of saline, mice are mainly asleep with a small amount of time in quiet wake during the same time interval. For
comparison to injections in the light period, injections of saline in the dark period at 8:00 P.M. are associated with active wake behaviors, including exploring, grooming, and feeding from 8:30 P.M.
until 10:30 P.M. (n = 4 mice). B, With open-field testing, CNO increased time in the corners compared with saline or no injection (n = 4 mice). *p << 0.05.
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Figure 7.  Activation of glutamatergic PPT neurons increases wheel running. C(NO adminis-

tered at 9:00 A.M. increases wheel running for 2 h to a level similar to that seen during the dark
period (n = 4 mice). *p < 0.05 versus saline.

To investigate whether CNO depolarizes cholinergic PPT
neurons, we performed in vitro patch-clamp recordings of hM3-
mCherry-expressing neurons in the PPT region of ChAT-Cre
mice. Bath application of CNO (5 uM) depolarized hM3-
mCherry neurons by 3.7 mV compared with aCSF (—52.2 £ 5 vs
—55.9 £4mV,n = 5cells, p = 0.026; Fig. 4B). In ChAT-Cre mice
injected with AAV-ChR2-mCherry, CNO did not depolarize
neurons expressing ChR2-mCherry (n = 4 cells). These findings
demonstrate that CNO activates hM3-expressing cholinergic
PPT neurons.

Chemoactivation of hM3-expressing cholinergic PPT neurons
decreases EEG slow waves during NREM sleep

Activation of PPT cholinergic neurons with CNO did not alter
the total sleep/wake amounts, but it markedly reduced EEG slow
waves during NREM sleep. After injection of CNO (0.3 mg/kg) at

8:00 A.M., the total amounts of wake, NREM sleep, and REM
sleep did not differ between CNO and saline conditions (Fig. 9).
During NREM and REM sleep, video recordings showed typical
sleep behavior with a curled posture and eyes closed. However,
spectral analysis of the 2 h period beginning 30 min after CNO
showed a 41 £ 5% reduction in EEG power in the delta and
low-theta frequencies (0—6 Hz) during NREM sleep (Fig. 10).
Power around 7 Hz was unaffected, but intermediate frequencies
(7.5-18.5 Hz) also showed substantial reductions in power (32 =
2%). The peak EEG frequency during NREM sleep (computed in
0.5 Hz bins) was similar with CNO and saline (3.5 and 4.0 Hz,
respectively).

This NREM sleep with low-delta power resembled a lighter
stage of NREM sleep with characteristics similar to the “low-
amplitude sleep” described in rats and mice (Bergmann et al.,
1987; Anaclet et al., 2015; Chen et al., 2016), leading us to rescore
the recordings into “light NREM” and “deep NREM” sleep (see
Materials and Methods). In the 6 h after injection, CNO in-
creased the average amount of light NREM >3-fold compared
with saline (average of 11.7 & 1% light NREM vs 3.7 = 1%, p =
0.004) and decreased deep NREM sleep to 46.3 = 1.8% compared
with 57.6 = 1.2% with saline (p = 0.0009). In addition, CNO
increased the hourly amounts of light NREM sleep and decreased
the amounts of deep NREM sleep (light NREM: F, ;o = 32.87,
p = 0.0001; deep NREM: F, ;4 = 26.58, p = 0.0001), especially
in the second and third hours after injection (Fig. 9).

This shift toward light NREM sleep was accompanied by un-
stable states and more transitions between sleep and wake. Dur-
ing the 2 h period beginning 30 min after CNO/saline, deep
NREM bouts were shorter (15 = 3 vs 50 = 4 s, p = 0.0001) and
light NREM bouts were longer (7 = 1vs4 * 0.2's, p = 0.002).
Wake bouts tended to be shorter (30 = 5vs 43 = 655, p = 0.1),
while REM bouts were unchanged (61 = 7vs 64 * 35, p = 0.7).
Overall, CNO-treated mice had approximately twice as many
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to prior reports in rats and monkeys (Be-
van and Bolam, 1995; Charara et al,
1996), we found that most GABAergic ax-
ons remained within the PPT (Fig. 3I-L).
A moderate density of axons innervated
the caudal part of the retrorubal area im-
mediately lateral to the PPT, but we found
no fibers >200 wm from the injection site.
This is unlikely to be related to poor an-
terograde labeling with this vector as the
same AAV strongly labeled long projec-

tions in the ChAT-Cre and vGIluT2-Cre
mice.

CNO induces fos in hM3-expressing
GABAergic PPT neurons but does not
produce obvious depolarization

We injected AAV-hM3-mCherry into the
PPT of vGAT-Cre mice and treated them
with CNO or saline. Ninety minutes after
injection of CNO (0.3 mg/kg) at 9:30
AM., 68% of hM3-mCherry-expressing

neurons in the PPT contained fos (571 of
841 mCherry neurons were fost),
whereas only 4% expressed fos after saline
(16 of 361 neurons were fos+; n = 3 mice
in each group, p = 0.0001; Fig. 4A).

To test whether CNO depolarizes
, hM3-expressing VGAT neurons in the
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Figure 8.  Chemogenetic inhibition of glutamatergic PPT neurons mildly decreases wake and increases NREM sleep. In mice

expressing the inhibitory hM4 receptor in vGluT2 PPT neurons, CNO slightly decreased the average amount of wake and increased
NREM sleep during the 6 h after injections (n = 8 mice). CNO (1.0 mg/kg) and saline were injected intraperitoneally at 8:00 P.M.

*p < 0.05.

transitions between all four vigilance states as saline-injected
mice (487 * 42 vs 214 * 20, p = 0.0004) during the 2 h period 30
min after injection. The seemingly high numbers of transitions
even in the saline condition were a consequence of scoring be-
havior in 4 s epochs and dividing NREM sleep into two separate
states. Activation of cholinergic PPT neurons did not change the
latency to the first epoch of NREM sleep (either light or deep
NREM sleep) after injection (24.3 = 4 vs 25.7 = 4 min, p = 0.8).

Using a state-space analysis technique (see Materials and Meth-
ods), we compared vigilance states after CNO and saline. This anal-
ysis showed a substantial shift toward light NREM sleep after CNO
and a reduction in slow-frequency-rich deep NREM sleep. More-
over, the remaining deep NREM cluster in the CNO condition was
markedly reduced in amplitude (Fig. 11).

To test whether CNO nonspecifically affected cortical slow
waves, we microinjected AAV-ChR2-mCherry into the PPT of six
ChAT-Cre mice. In these negative control mice, CNO (0.3 mg/
kg) had no effect on sleep/wake states or EEG spectra compared
with saline (data not shown).

Collectively, these findings demonstrate that chemogenetic
activation of PPT cholinergic neurons reduces cortical slow
waves during NREM sleep and increases transitions between
states, but it does not alter the total amounts of sleep and wake.

Projections of GABAergic PPT neurons
We mapped the efferent projections of the GABAergic PPT neu-
rons using AAV-ChR2-mCherry in vGAT-Cre mice. In contrast

4:00 PPT, we performed in vitro recordings on
brain slices from 21-d-old mice. CNO (5
and 15 uMm) did not significantly change
the membrane potential (—50.6 £ 2.1 vs
—51.5*24mV,n = 6cells, p = 0.2) or
firing frequency (0.45 = 0.1 Hz pre-CNO
vs 0.42 = 0.5 Hz during CNO; p = 0.8;
n =5 cells) of hM3-mCherry-expressing neurons compared with
aCSF (Fig. 4B). In vGAT-Cre mice injected with AAV-ChR2-
mCherry, CNO also did not depolarize neurons expressing
ChR2-mCherry (n = 3 cells). These results suggest that CNO
activates GABAergic PPT neurons enough to induce expression
of fos but not enough to produce obvious depolarization.

Chemoactivation of hM3-expressing GABAergic PPT neurons
mildly reduces REM sleep and shortens latency to sleep onset
To examine the role of GABAergic PPT neurons in sleep/wake
modulation, we administered CNO or saline to eight vVGAT-Cre
mice expressing hM3-mCherry in GABAergic PPT neurons. In-
jection of CNO (0.3 mg/kg) early in the light period (8:00 A.M.)
did not change the amounts of wake and NREM sleep, but slightly
reduced REM sleep (average amounts in the 6 h after CNO: 5.0 =
0.3% vs saline: 6.6 = 0.7%; F, ;o) = 5.14, p = 0.04; Fig. 12).
Latency to enter NREM sleep was shorter after CNO compared
with saline (16.8 = 4 vs 32.8 = 4 min, p = 0.02). CNO did not
alter EEG spectra during NREM or REM sleep. We also examined
the effects of CNO 0.3 mg/kg in the dark period (8:00 P.M.) but
observed no change in sleep/wake behavior (n = 8).

As the excitatory effect of hM3 activation can be modest, we
repeated the experiments using a higher dose of CNO (1.0 mg/
kg). Across the 6 h after injection, CNO reduced REM sleep dur-
ing the light period (CNO: 3.7 = 0.6%; saline: 6.0 = 0.5%, p =
0.03) and during the dark period (CNO: 1.5 * 0.4%; saline: 4.3 =
0.4%, p = 0.002).
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Collectively, these findings suggest
that chemogenetic stimulation of hM3-
expressing PPT GABAergic neurons is
sufficient to induce fos and slightly reduce
REM sleep in the light and dark periods.
CNO did not depolarize GABAergic PPT
neurons, possibly due to technical reasons
discussed below.

Discussion

To investigate the roles of glutamatergic,
cholinergic, and GABAergic neurons of
the PPT, we examined the efferent projec-
tions and chemogenetically manipulated
each cell population and evaluated the ef-
fects on sleep/wake behavior. We find that
chemogenetic stimulation of glutamater-
gic PPT neurons dramatically increases
wakefulness for several hours, with behav-
ior dominated by quiet wakefulness or
moderate wheel running. Surprisingly,
activation of cholinergic PPT neurons
does not affect REM sleep, but instead
suppresses slow EEG waves during NREM
sleep, producing light and fragmented
sleep. Last, stimulation of GABAergic PPT
neurons with CNO mildly reduces REM
sleep. Overall, these results demonstrate
that each neuronal population in the PPT
contributes in a distinct and sometimes
unexpected way to the control of sleep/
wake behavior and cortical activity.

Functions of glutamatergic

PPT neurons

We find that chemogenetic activation
of glutamatergic PPT neurons increases
wake for ~7 h during the light period
when mice are normally mostly asleep.
Video analysis during this period revealed
mainly “quiet wake,” whereas “exploring”
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is the predominant behavior during spon-

taneous wake during the dark period. One

explanation for this quiet behavior after CNO is that activation of
PPT glutamatergic neurons may be sufficient to keep mice awake,
but engagement of additional arousal-promoting brain regions is
required for a higher level of arousal that spurs exploration and
other active behaviors typically seen in the dark period. In addi-
tion, circadian signals may promote foraging, feeding, and other
goal-directed behaviors during the dark period, but inhibit these
behaviors during the light period even if the mouse is awake
(Stephan and Zucker, 1972; Chou et al., 2003). The specific path-
ways through which the glutamatergic neurons promote arousal
remain unknown, but the projections to the basal forebrain and
LH may promote wake, and the projections to the VTA may
promote even higher levels of arousal under motivated conditions,
such as the presence of a running wheel (Eban-Rothschild et al.,
2016).

In their home cage, mice mainly display “quiet wake” after
CNO activation of glutamatergic PPT neurons, but in an open-
field arena, they show signs of mild anxiety, spending more time
immobile and in the corner zones of the open field. This is prob-
ably not caused by impaired mobility as the total distance traveled

was similar in all three conditions. This apparent increase in anx-
iety was unexpected as prior studies of PPT-lesioned rats showed
no change in anxiety levels in an open-field test (Podhorna and
Franklin, 1999; Homs-Ormo et al., 2003). Perhaps, activation of
glutamatergic PPT neurons amplified anxiety in the open field
simply from a high level of arousal, similar to the apparent in-
crease in anxiety induced by caffeine in rats (Ardais et al., 2014).

Chemogenetic inhibition of glutamatergic PPT neurons with
hM4 mildly reduced wakefulness with a concomitant increase in
NREM sleep. This modest reduction in wake may reflect redun-
dancy in arousal systems or incomplete inhibition of the gluta-
matergic PPT neurons.

Functions of cholinergic PPT neurons

Much research suggests that cholinergic PPT neurons promote
REM sleep (Shiromani and McGinty, 1986; Webster and Jones,
1988; Datta et al., 2001; Kubin, 2001; Van Dort et al., 2015), yet
we find that activation of cholinergic PPT neurons does not in-
crease REM sleep but instead promotes light NREM sleep. How-
ever, our results are not entirely surprising as several other studies
raise questions about whether PPT cholinergic signaling is nec-
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essary or even sufficient for the production of REM sleep. For
example, focused lesions of the PPT or LDT in rats do not de-
crease REM sleep (Deurveilher and Hennevin, 2001; Lu et al.,
2006) and cholinergic agonists often promote both wake and
REM sleep with suppression of slow-wave activity (for review, see
Grace and Horner, 2015). Microinjection of a cholinergic antag-
onist in the sublaterodorsal nucleus decreased hippocampal theta
rhythms but otherwise had no effect on REM sleep (Grace et al.,
2014). One recent study showed that photostimulation of cholin-
ergic PPT/LDT neurons increases transitions from NREM to
REM sleep, but that study used transgenic mice that express
ChR?2 in all cholinergic neurons; these mice have >50 copies of
the vesicular acetylcholine transporter (vAChT') gene, levels of
VAChT mRNA ~20 times higher than normal, and numerous
behavioral abnormalities, and they release three times as much
acetylcholine as wild-type mice (Kolisnyk et al., 2013). When
driven strongly with optogenetics, these mice may release supra-
physiological levels of acetylcholine that increase REM sleep and
produce other effects that do not occur under typical circum-
stances. Instead, our results support a model in which physiolog-
ical cholinergic signaling plays a minor role in generating REM
sleep.

We find that chemogenetic activation of cholinergic PPT neu-
rons suppresses slow waves, and this response is very similar to
that seen with chemogenetic activation of cholinergic neurons in
the basal forebrain (Anaclet et al., 2015; Chen et al., 2016). Che-
mogenetic activation mildly depolarizes neurons, enabling stron-
ger responses to incoming excitatory stimuli, but the degree of
neuronal activation is probably less than that seen with photo-
stimulation; future studies will need to establish which method
more closely reflects the natural range of activity. Our findings
support the view that by inhibiting slow thalamocortical
rhythms, cholinergic PPT neurons enable active brain states, such
as wake and REM sleep, but do not drive either state. The path-
ways through which this occurs are not yet defined, but the cho-
linergic PPT neurons may suppress slow waves through their
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strong projections to the RTN and other thalamic nuclei (Ste-
riade et al., 1990; Pita-Almenar et al., 2014).

Functions of GABAergic PPT neurons

While several authors report efferent GABAergic projections
from the wider PPT/LDT area (Bevan and Bolam, 1995; Charara
et al., 1996), a detailed analysis of only PPT GABAergic neurons
concluded that these form almost exclusively local projections
(Ford et al., 1995), which meshes well with our observations of
just local axons. Juxtacellular unit recordings of identified LDT



1364 - J. Neurosci., February 1, 2017 - 37(5):1352-1366
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maximally during wake and REM sleep,
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found that CNO strongly induced fos in <

hM3-expressing GABAergic PPT neurons  + go |

of adult mice, but we did not observe any

depolarization of these neurons in PPT 40 1

brain slices from young mice. Because the

PPT is heavily myelinated in adult mice, 20 |

we performed our electrophysiological re- CNO saline

cordings in young mice only 11 d after

AAV injections. One possible explanation REM sleep

for the lack of depolarization is that hM3 < 20

expression was too low in these young 2 0| _*

vGAT-Cre mice. Alternatively, the hM3 o\oo

receptors may have been expressed pre- 07 oo

dominantly on vGAT nerve terminals
(Mabhler et al., 2014), or stimulation by
CNO may be enough to induce fos by mo-
bilizing calcium from intracellular stores,
but not enough to produce obvious depo-
larization or GABA release. In the future,
this question could be settled with techniques such as photometry
to examine the activity of GABAergic PPT neurons in vivo after
CNO.

Figure 12.

Limitations

These experiments have a few general limitations. First, our AAV
injections induced hM3-mCherry expression in 20 = 5% of PPT
ChAT neurons, and vectors with higher transduction efficiency
might produce different effects on behavior. We think this is
unlikely as activation of even small numbers of neurons is often
sufficient to affect behavior; for example, activation of only
25% of agouti-related peptide neurons in the arcuate nucleus
markedly increases feeding (Aponte et al., 2011). Second, accu-
rate microinjections into small brainstem targets are challenging,
and our injections often transduced a small number of neurons
adjacent to the PPT. However, our AAV injections were centered
on the PPT and =70% of all transduced neurons lay within the
PPT. Third, we focused on the PPT as it is difficult to target the
LDT selectively without affecting nearby state-regulatory neu-
rons in the parabrachial nucleus, locus ceruleus, and sublat-
erodorsal nucleus. Future studies using smaller vector volumes or
intersectional genetics may help define the functions of the LDT.

Conclusions

Overall, these experiments demonstrate that the neuronal popu-
lations of the PPT have distinct efferent projections and may
differentially influence cortical activity and sleep/wake states.
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Glutamatergic PPT neurons strongly promote wakefulness, cho-
linergic neurons suppress slow cortical rhythms, and GABAergic
neurons slightly reduce REM sleep. Quite possibly, glutamatergic
and cholinergic PPT neurons work in concert to produce wake-
fulness. In future experiments, it will be important to further
investigate the nature of wakefulness induced by activation of
glutamatergic PPT neurons, and to perform a detailed mapping
of the specific inputs to each population of PPT neurons and their
projections to brain regions that regulate sleep/wake behavior.
Defining the role of specific PPT populations will lead to a better
understanding of the mechanisms regulating vigilance states and
should ultimately help identify novel targets for the treatment of
sleep/wake disorders.
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