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The Firing of Theta State-Related Septal Cholinergic
Neurons Disrupt Hippocampal Ripple Oscillations via
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The septo-hippocampal cholinergic system is critical for hippocampal learning and memory. However, a quantitative description of
the in vivo firing patterns and physiological function of medial septal (MS) cholinergic neurons is still missing. In this study, we com-
bined optogenetics with multichannel in vivo recording and recorded MS cholinergic neuron firings in freely behaving male mice for
5.5-72 h. We found that their firing activities were highly correlated with hippocampal theta states. MS cholinergic neurons were
highly active during theta-dominant epochs, such as active exploration and rapid eye movement sleep, but almost silent during non-
theta epochs, such as slow-wave sleep (SWS). Interestingly, optogenetic activation of these MS cholinergic neurons during SWS sup-
pressed CAl ripple oscillations. This suppression could be rescued by muscarinic M, or M, receptor antagonists. These results suggest
the following important physiological function of MS cholinergic neurons: maintaining high hippocampal acetylcholine level by persis-

tent firing during theta epochs, consequently suppressing ripples and allowing theta oscillations to dominate.
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ignificance Statement

The major source of acetylcholine in the hippocampus comes from the medial septum. Early experiments found that lesions
to the MS result in the disappearance of hippocampal theta oscillation, which leads to speculation that the septo-hippocampal
cholinergic projection contributing to theta oscillation. In this article, by long-term recording of MS cholinergic neurons, we
found that they show a theta state-related firing pattern. However, optogenetically activating these neurons shows little effect
on theta rhythm in the hippocampus. Instead, we found that activating MS cholinergic neurons during slow-wave sleep could
suppress hippocampal ripple oscillations. This suppression is mediated by muscarinic M, and M, receptors.
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Introduction

Hippocampal local field potentials (LFPs) are associated with be-
havioral states. The most thoroughly studied hippocampal LFP
oscillations include theta oscillation (4-12Hz; Grastyan et al.,
1959; Jouvet, 1969; Vanderwolf, 1969; Bland, 1986), gamma
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oscillation (30-80 Hz; Bragin et al., 1995), and ripple oscillation
(100-250 Hz; Vanderwolf, 1969; Buzsdki, 1986). Theta oscillation
occurs during animal active exploration (AE) and rapid eye
movement (REM) sleep (Jouvet, 1969; Vanderwolf, 1969), repre-
senting an online encoding process of the animal (Buzsdki,
2002). High-frequency ripples are transient oscillations during
behavioral immobility and slow-wave sleep (SWS; Buzsdki et al.,
1992). Ripples are critical for memory consolidation, retrieval,
and planning (Girardeau et al., 2009; Carr et al,, 2011; Pfeiffer
and Foster, 2013). Revealing the mechanism underlying the tran-
sition between these oscillations could lead to better understand-
ing of different neural encoding schemes.

Lesion or pharmacological inactivation of medial septum and
diagonal band of Broca (MS-DBB) completely abolishes theta
throughout the hippocampus (Rawlins et al., 1979; Mizumori et
al,, 1990), which suggests that MS-DBB is critical in maintaining
hippocampal theta oscillations. Histologic studies have shown
that GABAergic neurons, cholinergic neurons, and glutamatergic
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neurons constitute the majority of MS-DBB neurons (Kiss et al.,
1990; Hajszan et al., 2004). The major source of acetylcholine
(ACh) in the hippocampus comes from the septo-hippocampal
cholinergic system (Lewis et al., 1967; Sun et al., 2014; Li et al,,
2018). Microdialysis and amperometric monitoring of hippo-
campal ACh reveal high ACh levels during theta states of the ani-
mal, in contrast to low ACh levels during non-theta states
(Marrosu et al., 1995; Zhang et al., 2010; Teles-Grilo Ruivo et al.,
2017), indicating a strong correlation between ACh and hippo-
campal theta oscillations.

Several studies have shown that ACh is involved in the transi-
tion between brain states. Activation of muscarinic ACh recep-
tors (mAChRs) eliminates sharp-wave ripples (SWRs) in the
mouse hippocampal CALl region in vitro (Norimoto et al., 2012).
Optogenetic activation of MS cholinergic neurons during SWS
suppresses hippocampal ripple oscillations (Vandecasteele et al.,
2014). Computational studies suggest an unbalanced excitation/
inhibition behind such a suppression effect (Melonakos et al.,
2019). But the neural mechanism underlying such a phenom-
enon is still elusive.

Despite the vital role of the septo-hippocampal cholinergic
system on the transition of brain states, the in vivo firing patterns
and physiological function of MS cholinergic neurons are yet to
be characterized in freely behaving mice. Recordings from MS-
DBB cholinergic neurons in head-fixed mice reveal that neurons
with slow firing kinetics show higher firing rates during SWS
than wakefulness, which is contrary to the conclusion of the ACh
concentration studies (Simon et al., 2006). In the present study,
we combined optogenetics with multichannel in vivo recordings
and recorded simultaneously in the medial septum and hippocam-
pus in choline acetyltransferase (ChAT)-channelrhodopsin-2
(ChR2)-enhanced yellow fluorescent protein (EYFP) transgenic
mice. MS cholinergic neurons were identified by optogenetic tag-
ging. We continuously recorded the activities of MS cholinergic
neurons for long periods and further explored how optogenetic
activation of MS cholinergic neurons influences hippocampal neu-
ral activities.

Materials and Methods

Subjects

ChAT-ChR2-EYFP transgenic mice were generated using a bacterial ar-
tificial chromosome (BAC) clone, as previously described (Zhao et al.,
2011). Briefly, ChR2-EYFP, which contains the H134R mutation, was
engineered into the ATG exon of the specific BAC clones through homol-
ogous recombination. ChAT-ChR2-EYFP line 6 was reported to show
strong ChR2-EYFP expression in the striatum, basal forebrain, facial nu-
cleus, trochlear nucleus, medial habenula, interpeduncular nucleus, and
various other brainstem motor nuclei. For electrophysiological recordings
from brain slices or immunostaining, we used adult ChAT-ChR2-EYFP
mice (6-12 weeks old, 18-25 g) of either sex. For recordings in vivo, we
used adult male ChAT-ChR2-EYFP mice (10-20 weeks old, 22-30 g). All
procedures were approved by the Animal Advisory Committee at East
China Normal University (No. AR201404008) and were performed in ac-
cordance with the National Institutes of Health Guidelines for the Care
and Use of Laboratory Animals.

Immunohistochemistry and confocal imaging

Anesthetized mice were perfused with 100 mm PBS, pH 7.4, followed by
cold 4% paraformaldehyde in PBS. After perfusion, the brains were
removed, fixed for another 18 h, and transferred to a 10-30% sucrose so-
lution. Finally, 30-um-thick sections were prepared on a freezing micro-
tome (Leica). Every third section was taken from the region between the
bregma + 1.2 mm and + 0.3 mm. Sections were rinsed with 0.3% Triton
X-100 in 0.1 m PBS and were blocked with 4% normal bovine serum for
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1 h, followed by incubation with primary antibodies including goat anti-
ChAT (1:200; Millipore) and mouse anti-GFP (1:500; Millipore) for 12 h
at 4°C. Sections were then washed with PBS-T and incubated with sec-
ondary antibodies including Cy3-conjugated donkey anti-goat (1:500;
Jackson ImmunoResearch) and Invitrogen Alexa Fluor 488 donkey anti-
mouse (2 mg/ml; Thermo Fisher Scientific) for 3 h at room temperature.
Finally, sections were washed and mounted with DAPI (1:50,000). Then
sections were mounted with DAPI-containing 50% glycerol. Images
were acquired by a scanning confocal microscope (AIR, Nikon
Instruments).

Brain slice preparation and electrophysiological recordings
The 300-um-thick coronal slices were cut from 6-week-old mice with a
vibratome in ice-cold cutting solution containing 87 mm NaCl, 3 mum
KCl, 0.5 mm CaCl,, 7 mm MgSOy, 1.25 mm NaH,POy,, 25 mm NaHCOs,
10 mm p-glucose, 60 mMm sucrose, 1.3 mm sodium ascorbate, and 0.6 mm
sodium pyruvate. Slices were then maintained in artificial CSF (aCSF)
containing 125 mm NaCl, 3 mm KCl, 2 mum CaCl,, 2 mm MgSO,, 1.25 mm
NaH,PO,, 25 mm NaHCO;, 10 mym D-glucose, 1.3 mym sodium ascorbate,
and 0.6 mym sodium pyruvate saturated with 95% O, and 5% CO, at 34°C
for 30 min, and then transferred into a recording chamber on an upright
fluorescent microscope. During recording, slices were submerged and
superfused (2 ml/min) with aCSF at room temperature (22-25°C).
ChR2-EYFP-expressing neurons were visualized under a fluorescent
microscope (BX51WI, Olympus) equipped with both differential inter-
ference contrast optics and a filter set for visualizing EYFP using a 40x
water-immersion objective and a charge-coupled device camera. Whole-
cell recordings were made using an electrode solution containing 125
mM K-gluconate, 2 mm KCl, 10 mm Na-phosphocreatine, 10 mm HEPES,
0.5 mm EGTA, 4 mm Mg-ATP, and 0.3 mm Na-GTP, pH 7.3 and 290
mOsm/L; in experiments recording the IPSCs, KCl was used to replace
potassium gluconate.

Microdrive array assembly

The recording microdrive array contained an optrode bundle for MS
and a tetrode bundle for CAl, adapted from our previous study (Lin et
al., 2006). The two bundles could be driven independently by rotation of
the screws, with each full turn corresponding to 280 um in depth pene-
tration. In detail, a foundation of the recording microdrive was prepared
by assembling a printed circuit board base, screws and nuts. Then two
36-pin connectors (NPD-36-VV-GS, Omnetics) were attached to the
foundation by epoxy. The tetrodes were constructed from four twisted
13-pum-diameter nichrome wires (California Fine Wire) bound together
by melting their insulation (Czurko et al., 2011), with gold-plated tips to
reduce the electrode impedance to 500-800 KQ at 1 kHz. The optrode
bundle has eight tetrodes surrounding a 200-pm-diameter optic fiber
[numerical aperture (NA)=0.39; Thorlabs]. The recording end of the
tetrodes extended ~0.5 mm beyond the tip of the optical fiber, and the
other end of the tetrodes was wired to pins of the connector.

Implantation surgery

A mouse was anesthetized with pentobarbital sodium (40 mg/kg) and
mounted into the stereotactic frame (Stoelting). The body temperature
of the mouse was kept constant by a small-animal thermoregulation de-
vice (FHC). The scalp was shaved, and the skull was exposed under anti-
septic conditions. The optrodes/tetrodes were implanted at an angle of
10° to avoid damage of the superior sagittal sinus above MS. In detail,
two positions (0.8 mm anterior and 0.6 mm lateral to bregma for MS;
and 2.3 mm posterior and 2.0 mm lateral to bregma for CAl) were
measured and marked, and then small craniotomies were made at these
positions. After removal of the dura, the wired microdrive was posi-
tioned at an angle of 10° and slowly lowered so that the optrodes and
tetrodes went through the craniotomies until the optrodes in MS
reached a depth of ~2.7 mm and the tetrodes in hippocampus reached a
depth of ~0.7 mm. The gaps between the electrodes and craniotomies
were filled with softened paraffin, and the microdrive was secured on the
skull with dental cement and screws. The ground wire was soldered to a
screw mounted on the skull above the cerebellum. A piece of copper
mesh was wrapped around the entire microdrive, serving as a Faraday
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cage as well as protecting the wires from potential scratching damage.
After surgery, animals were separately housed in plastic buckets (55 cm
diameter, 42 cm height), with free access to food and water, on a 12 h
light/dark cycle. Animals were allowed to recover for 1 week.

In vivo recording in freely behaving mice
The connectors on the microdrive were plugged into preamplifiers with
extended cables to monitor neuronal signals using the Plexon MAP sys-
tem (the optic fiber on the microdrive was connected to a laser with an
optical patch cable). To enable the mouse to move freely, a helium-filled
mylar balloon was tied to the cables for alleviating the weight of the ap-
paratus and cables. The extracellular signals from electrodes were filtered
through the preamplifiers to separate neuronal activity and local field
potentials. The spike signals (sampling at 40 kHz) and the LFP signals
(sampling at 1 kHz) were filtered online at 400-7000 and 0.7-300 Hz,
respectively. Spike waveforms, time stamps, and LFP signals were saved
to Plexon data (*.plx) files. The MS optrodes and hippocampal tetrodes
were advanced manually every day until the optrode-detected neuronal
firings responded to optical stimulation and the hippocampal tetrodes
reached the CA1 pyramidal layer, which was deduced from LFP charac-
teristics and neuronal activity patterns.

After the experiments, histologic staining of brain slices with 1% cre-
syl violet was used to confirm the electrode positions.

Optical stimulation delivery

For optical stimulation during brain slice recording, light was generated
by a 473 nm laser (Shanghai Dream Lasers Technology) and delivered
through an optical fiber (200 pm core diameter; NA =0.39; Thorlabs)
that was submerged in aCSF and placed ~300 pm above the recording
site. Square light pulses were controlled by transistor-transistor logic
(TTL) modulation.

For optical stimulation during in vivo recording, light was also gener-
ated by a 473 nm laser (Shanghai Dream Lasers Technology). Patterns of
optical stimulation were controlled by TTL modulation. Square pulses 5
ms in length were delivered at different frequency. Light power at the
end of the optrodes were ~30 mW/mm?®. For optical stimulation of fir-
ing reliability test, we used 20 pulses per train and repeated two to five
trains at each frequency. For optical stimulation of suppressing ripple
oscillations, we used 10 Hz train pulses lasting 50 s if not otherwise
mentioned.

Behavioral recording

Video recordings of animal behaviors were obtained via a ceiling mounted
camera at 30 frames per second and synchronized with electrophysiologi-
cal recordings. Most of the behaviors, such as sleeping, eating, and quiet
waking, were recorded in plastic buckets (55 cm diameter, 42 cm height)
where the mouse was held after surgery, while waking exploration experi-
ments were conducted in a square box (40 x 40 x 20 cm) enriched with
toys.

Intraperitoneal injection and microinjection

Mice were intraperitoneally injected with atropine sulfate (5mg/ml) at
25 mg/kg body weight and mecamylamine (MEGC; 2 mg/ml) at 10 mg/kg
body weight. For microinjection, a guide cannula (inner diameter = 200 um;
outer diameter =400 um) was implanted into hippocampal dorsal CAl
(anteroposterior: —2.3 mm; mediolateral: 1.2 mm; dorsoventral: —1.3 mm),
ipsilateral to the recording microdrive. A 1.5-m-long polyimide tubing
was attached to an injection cannula (inner diameter="75um; outer
diameter = 150 um), enabling the mouse to behave freely in the recording
apparatus. A 1 ul Hamilton microsyringe was connected to the other end of
the tubing. We filled the injection cannula and polyimide tubing with drug
solution before the recording started. Then we replaced the dummy in the
guide cannula with the injection cannula. Drug was injected in a 1 ul vol-
ume over a 10 min period under the control of a syringe pump (Stoelting)
while the animal was freely behaving during electrophysiological recording.
Atropine sulfate (0.5, 2.5, 5, and 10 ug; Honda et al., 2004), VU0255035 (2.5
and 5 ug; Sheffler et al., 2009; Kurowski et al., 2015; Miller et al., 2017), (S)-
(+)-dimethindene maleate (DiM; 13, 26, and 39 ug; Pfaff et al, 1995;
Lambrecht et al,, 1999; Yang et al., 2017), J104129 fumarate (25and 50 ug;
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Bader and Diener, 2015; Tsentsevitsky et al., 2017), and tropicamide (2, 4,
and 8 ug; Lazareno et al,, 1990; Hernandez et al., 1993; Veeraragavan et al.,
2011) were administered respectively in different groups. The injection can-
nula was left in place until the recording ended.

Spike sorting

Individual neurons were sorted by clustering methods in Offline Sorter
software (Plexon), performed manually in a three-dimensional feature
space.

Detection of theta, gamma, and ripple oscillations

To detect theta oscillations, a theta (5-10 Hz)/delta (2-4 Hz) ratio was
calculated by sliding a 2 s window after the original LFP was bandpass
filtered at 4-12 Hz. Epochs with more than three consecutive time win-
dows in which the ratio was >4 were identified as theta episodes
(Csicsvari et al., 1999). REM sleep was recognized by characteristic theta
oscillations and video verification of sleeping of the animal.

To detect gamma oscillations, the original LFP was digitally bandpass
filtered (30-80 Hz). Gamma power [root mean square (RMS)] of the fil-
tered signal was calculated by sliding a 25 ms window every 1 ms, and
the threshold of detecting gamma episodes was set to 2 SDs above the
background mean power (Csicsvari et al., 2003).

To detect ripple oscillations, the original LFP was digitally bandpass
filtered (100-250 Hz). The power (RMS) of the filtered signal was calcu-
lated by sliding a 10 ms window every 1 ms. Epochs with 5 SDs above
the background mean power were designated as ripple episodes. Then
the time window was moved forward and backward to detect the begin-
ning and the end of each ripple episode, the threshold was 2 SDs above
the background mean power (Csicsvari et al., 1999; Klausberger et al.,
2003).

Ripple events inhibition index was calculated as follows:

Ripple event inhibition index = (N,g — Ny ) /Noge X 100%,

where Ny is the number of ripple events in the 50 s time window before
light stimulation, and N, is the number of ripple events happened dur-
ing the 50 s light stimulation.

Power spectrum analysis

An augmented Dickey-Fuller test was applied to select stationary data
for further analysis. A power spectral density analysis was performed on
LEP signals using Welch’s averaged periodogram method with a 1024
ms nonoverlapping Hanning window (NFFT =2048). Time-frequency
representations of LFPs was performed using short-time Fourier trans-
form in overlapping 512 ms Hanning window with a step size of 50 ms
(NFFT =512). Theta power is defined as the mean LFP power in theta
band (4-12 Hz), and ripple power is the mean LFP power in ripple band
(140-250 Hz).

Ripple power inhibition index was calculated as follows:

Ripple power inhibition index = (Pot — Pon)/Pogr X 100%,

where P is the mean LFP power in ripple band (140-250 Hz) in the 50
s time window before light stimulation, and P, is the mean LFP power
in ripple band during the 50 s light stimulation period.

Theta-correlated firing analysis

Each recording was binned into 10 s windows. The theta score of LFP
and the firing rate of a cholinergic neuron were calculated within each
window. The LFP was downsampled to 200 Hz, and then a power spec-
trum analysis was performed. The theta score was defined as the ratio of
the power in theta band (4-12 Hz) to the power in slow-wave band (0.5
4Hz). The Spearman correlation coefficient was calculated between the
theta score of the LFP and the firing rate of the neuron.
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Table 1. Animal number in different experiments

Experiments n
In vivo recording of cholinergic neurons 16
Optogenetic stimulation 10
Intraperitoneal injection 6
Atropine 5
MEC 6
Hippocampal microinjection n
Atropine 5
DiM 5
Tropicamide 5
VU0255035 2
1102149 3

Phase-locking firing analysis

The theta-filtered (4-12 Hz) or gamma-filtered (30-80 Hz) LFP y(t) was
first decomposed into instantaneous amplitude p(t) and phase ¢ (t)
components as follows:

y(t) = Re(p(t)e”)

by wusing a Hilbert transform. Then, given the spike train
{ti]i = 1,2, ..., n}, the spike phase was calculated as follows:

@ = (t).

To evaluate the presence of phase locking, a Rayleigh’s test (periods
during which cells fired <50 spikes were excluded) for circular uniform-
ity was performed to compute the significance (p < 0.05) of phase lock-
ing and corresponding preferred phases (Siapas et al., 2005). The unit
phase was fit with a von Mises distribution.

Data and software availability

Data were analyzed by built-in or custom-built MATLAB (MathWorks)
scripts. The data and MATLAB scripts that support the findings of this
study are available from the corresponding authors on request.

Experimental design and statistical analyses

We used a total of 27 male ChAT-ChR2-EYFP transgenic mice in our
study. The number of mice used in different experiments is listed in
Table 1. For in vivo recording of cholinergic neurons, optogenetic stimu-
lation and intraperitoneal injection experiments, we used a total of 16
mice. They had an optrode bundle implanted in the MS and a tetrode
bundle implanted in CAIL. For the 11 mice used for microinjection, an
additional injection cannula was implanted in ipsilateral CA1. Note that
due to experimental difficulties, some mice participated in multiple
experiments (e.g., two mice injected with VU0255035 were also used for
J102149 injection). For mice that participated in multiple injections, the
interval between injections was at least 3 d.

Detailed statistical analysis can be found in the corresponding
descriptions of the results. Generally, data are presented as the mean *
SD. Comparisons between two groups were tested by ¢ test. Multiple
comparisons were conducted by Bonferroni correction or one-way
ANOVA with post hoc Holm-Sidak test. Statistical significance was set
at p << 0.05. Multiple comparisons of correlation coefficient and theta
phase locking were conducted by Pearson test and Rayleigh’s test with
Bonferroni correction; to be specific, the final p value is the largest p
value of all the individual comparisons multiplied by the number of
comparisons (Prince et al.,, 2013; Seki and Tomyta, 2019; Shen et al,,
2019). Multiple comparisons of the gamma phase locking were con-
ducted by Rayleigh’s test with false discovery rate (FDR) test. Multiple
comparisons of ripple inhibition were conducted by one-way ANOVA
with post hoc Holm-Sidak test.

Ma, Zhang etal. e In Vivo Firing Pattern of MS Cholinergic Neurons

Results

Expression and functionality of ChR2 in MS cholinergic
neurons in vitro

We first examined ChR2 expression on MS cholinergic neurons in
the constructed ChAT-ChR2-EYFP transgenic mouse. Colocalization
of ChR2-EYFP and ChAT was apparent in medial septum, with
ChR2-EYFP expressed on cell membrane and ChAT expressed in
cytoplasm (Fig. 1A). In the medial septum, a lot of cholinergic neu-
rons expressed ChR2-EYFP (72.1 = 104%), while most ChR2-
EYFP-positive neurons expressed ChAT (98.3 = 3.4%; Fig. 1B; n=5
mice). Furthermore, ChR2-ChAT coexpressing axon terminals were
present in dorsal CA1 area of the hippocampus. The most abundant
ChAT-ChR?2 innervations were in stratum pyramidale (Fig. 1C).

To test the physiological function of ChR2 on cholinergic
neurons, we first performed in vitro patch-clamp recording in
ChAT-ChR2-EYFP mouse brain slices containing the medial
septum. We recorded nine ChR2-EYFP-positive neurons from
six slices (n=3 mice). Holding the membrane potential at
—50mV in voltage-clamp mode, we observed depolarization of
the membrane potential and slow-firing activities with spike
accommodation of the neuron on 350 pA current injection (Fig.
1D), which is consistent with published results (Sotty et al., 2003;
Simon et al., 2006). We also observed large-amplitude inward
currents with peak amplitude at 532.0 * 171.4 pA when blue
light stimulation (473 nm, 10 mW/mm?) was delivered under
voltage-clamp mode (1 =4 neurons; Fig. 1E). A light stimulation
frequency of 10 Hz (5 ms pulse) faithfully induced spiking activ-
ities of the recorded neuron under current-clamp mode (Fig.
1F). The induced spikes reliably followed the light pulses at dif-
ferent light stimulation frequency under 20 Hz. The reliability of
light-evoked firing activities dropped gradually with the increase
of light stimulation frequency >20Hz (Fig. 1G). The induced fir-
ing reliability decreased to <<50% following 50 Hz light stimula-
tion (32 = 24%, n =4 neurons; Fig. 1G). In addition, the latency
of the evoked spike onset increased gradually within each train
of light pulse stimulation, with a more prolonged spike latency at
higher stimulus frequency. This could be related to the intrinsic
ChR2 light adaptation process and a decrease in membrane
repolarization level between spikes (Grossman et al., 2011).

Optogenetic tagging of MS cholinergic neurons in vivo

We customized microdrive tetrode arrays for simultaneous
optrode recording in the medial septum and tetrode recording in
the pyramidal layer of dorsal CAl area of the hippocampus in
freely behaving ChAT-ChR2-EYFP mice. Each bundle of eight
tetrodes in an array was designed to be independently drivable.
A 200-um-diameter optic fiber was assembled in the center of
the MS tetrode bundle, forming an optrode. Thus, we could
deliver light stimulation to the recorded medial septum neurons
(Fig. 2D). MS neurons were identified as cholinergic neurons
based on light-induced spike responses (Fig. 24,B).

We recorded a total of 61 neurons from the medial septum in
six male ChAT-ChR2-EYFP transgenic mice. Among these
recorded neurons, we identified seven cholinergic neurons, with
five cells recorded from five mice, respectively, and the other two
cells recorded from the other animal (Fig. 2B,E, M14SC06 and
M14SC08). The waveforms of the light-evoked spikes resembled
the waveforms of spontaneous spikes (Fig. 2B,E; Pearson test
with Bonferroni correction for seven neurons: p=5.70e-95).
Similar to our recordings from brain slices, the reliability of in
vivo light-evoked neuronal responses decreased with the progres-
sion of light stimulus frequency (Fig. 2C). The light-evoked spike
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ChR2 is strongly expressed in MS cholinergic neurons and mediates robust optogenetic activation in ChAT-ChR2-eYFP transgenic mice. A, Left, Schematic drawing shows MS in a

coronal plane. Middle, Confocal image of boxed area on the left shows that ChR2-eYFP (green) is strongly expressed in ChAT-positive neurons (red). The neuron indicated by the arrowhead is
shown at right in the high-magnification view. B, Percentages of ChAT neurons that are ChR2-eYFP positive, and vice versa (mean == SD; n=5 mice). C, Confocal image of a hippocampal cor-
onal section shows cholinergic terminals colocalized with ChR2-EYFP in the hippocampal CA1 area, with the most abundant innervations found in stratum pyramidale. D, Action potentials
induced by current injection in a ChR2-EYFP-expressing neuron from a brain slice patch-damp recording. E, Blue light-evoked photocurrent in a ChR2-positive neuron under voltage-clamp
mode (membrane potential was held at —50 mV). Inset, Average light-evoked currents in these neurons (—532 = 171.4 pA, mean = SD; n =4 neurons). F, Action potentials evoked by
10 Hz blue light pulses (5 ms pulse width) from a ChR2-positive cholinergic neuron. G, Firing fidelity of light-evoked spikes at different light stimulation frequencies (mean % SD; n =4 neu-

rons; 5 ms pulse width).

reliability was 0.35* 0.37 (n=7 neurons) under 50Hz light
stimulus frequency. Based on the optogenetic tagging results, we
confirmed that the seven neurons recorded from the medial sep-
tum of ChAT-ChR2-EYFP transgenic mice were cholinergic
neurons.

Theta state-related firing of MS cholinergic neurons in freely
behaving mice

We continuously recorded these identified MS cholinergic neu-
rons for 5.5-72 h, together with video monitoring of animal
behavior. The length of recording periods varied, because the
length of recordable periods of the neurons differed. We were
able to continuously monitor 3 MS cholinergic neurons for >24
h). Among the seven cholinergic neurons, six of them showed
similar firing patterns. Figure 3A shows continuous in vivo firing
profile of a MS cholinergic neuron in one circadian cycle (24 h).
The firing rate of this neuron never exceeded 10 Hz during any
of the indicated behavior states (2 s time bin), with the highest
firing rate at 9.5 Hz during the AE state (Fig. 3A, red star; ~12.5
h). The peak firing rates of these six MS cholinergic neurons
ranged from 7.5 to 15Hz, with an average firing rate of
10.92 * 2.87 Hz (n = 6 neurons). Large firing rate peaks occurred
during the theta-dominant periods.

MS cholinergic neurons showed tonic firing that correlated
with brain activity states. They were highly active during theta
states (average firing rate during AE: 7.33 = 1.41 Hz; average fir-
ing rate during REM sleep: 3.90 * 1.16 Hz; n=6 neurons), but
were almost silent during non-theta states (average firing rate
during SWS: 0.12 * 0.07 Hz; n = 6 neurons). They could even go
several minutes without one single spike. To evaluate the correla-
tion between cholinergic neuronal firing and hippocampal theta
states, we defined theta score as LFP theta power divided by
slow-wave power. The firing activities of MS cholinergic neurons
correlated with hippocampal LFP theta scores (Fig. 3A). Figure
3B shows enlarged views of the boxed areas in Figure 3A, which
illustrate in detail the temporal coupling between the firing of
the MS cholinergic neuron and hippocampal theta when the
behavior state of the animal changed. These state changes
include the following: quiet waking to AE (Fig. 3B, 1); AE to
quiet waking (Fig. 3B, 2); AE with wheel running (Fig. 3B, 3);
and SWS intermingled with REM sleep (Fig. 3B, 4). Further anal-
ysis revealed a strong correlation between the firing rates of the
example MS cholinergic neuron and LFP theta score (Fig. 3C;
Pearson test with Bonferroni correction for six neurons:
R=0.77 £ 0.05, p=7.72e-11). The average firing rate of the six
neurons shows a similar decreased tendency with hippocampal
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theta score (Fig. 3D). Furthermore,
the firing activities of the six MS cho-
linergic neurons were phase locked
to hippocampal theta oscillations e
(Rayleigh’s test with Bonferroni cor-
rection for six neurons: p=0.04).
Figure 3E shows phase-locked firing
of one example neuron to hippocam-
pal theta oscillation (Rayleigh’s test,
p=1.4e-29), but not to gamma oscil-
lations (Rayleigh’s test, p=0.1; Fig.
3F; Rayleigh’s test with FDR correc-
tion for six neurons: p =5.5).

MS cholinergic activation
suppressed ripple oscillation in
hippocampal CA1

We have shown that the in vivo firing
of MS cholinergic neurons is strongly
correlated with hippocampal theta
oscillations. To further investigate
this relationship, we tried to quantify
the impact of optogenetically activat-
ing MS cholinergic neurons on hip-
pocampal neuronal activities during
different behavior states. Since MS
cholinergic neurons were less active
during SWS, we first delivered 10 Hz
blue light stimulation with 5 ms
pulse width for 50 s to the MS in
ChAT-ChR2-EYFP transgenic mice

INES )

Spontaneous

during SWS. MS cholinergic neurons
were activated and fired at ~10Hz
(Fig. 4A). During the stimulation pe-
riod, there was no obvious evidence of
hippocampal theta oscillations (theta
score changed from 0.72+ 026 to
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0.75 % 0.16; n=6 mice; paired ¢ test,
p=0.74, t=0.36). But we observed a
significant change on hippocampal
theta power as it decreased from
0.59 = 0.17 to 041 = 0.12 (mean *
SD; n=6 mice; one-way ANOVA,
p=0.029, post hoc Holm-Sidak test,
p=0015, t=4.8; Fig. 4B). Interest-
ingly, hippocampal ripple oscillations
were almost completely abolished (Fig.
4A,B; mean * SD: ripple power dur-
ing SWS, 1.9e-3 * 0.7e-3 mV?; ripple
power during light stimulation peri-
ods, 0.7e-3*0.2e-3 mV?). Ripple
oscillations also diminished during the theta-dominant REM sleep
state (ripple power during REM, 1.2e-3 = 0.5e-3 mV?). With the
increase of spontaneous activities of MS cholinergic neurons as
REM sleep progresses, hippocampal ripple oscillations were gradu-
ally suppressed (Fig. 4A,B). Beginning with the transition of REM
sleep to SWS, the firing activities of MS cholinergic neurons
decreased and ripple oscillations reappeared (Fig. 4A). Additional
experiments revealed that the higher the optical stimulation fre-
quency we used, the more activated the MS cholinergic neurons
were, and hence the more suppressed the hippocampal ripple oscil-
lations were (Fig. 4CD). A stimulus frequency as low as 0.5Hz
could cause hippocampal ripple inhibition (ripple events inhibition

Figure 2.

In vivo optogenetic tagging of MS ChAT-ChR2 neurons. A, Spike activities of a representative ChAT-ChR2 neuron (yel-
low ticks) recorded with tetrodes in a freely behaving mouse. Spike waveforms of two simultaneously recorded units (yellow and
green) from one tetrode are shown. Ticks in each row represent waveform sequences recorded by one channel of the tetrode.
Light-induced spikes are illustrated in the boxed area. Calibration: 5 s. B, Cluster separation of the two neurons depicted in 4 (yel-
low and green) in a 3D feature space. Average tetrode waveforms are shown in the gray boxed area with neuron identities labeled
outside the hox. Average waveforms of spontaneous and light-induced spikes are illustrated separately at the bottom. C, Raster
plot activity of the entrained ChAT-ChR2 neuron in response to different optogenetic stimulation frequencies (5 ms pulses, blue
bars). Calibration: 20 s. D, Top left, A microdrive recording array connected to a laser generator. Enlarged box shows the tip of the
optrode. Top right, A ChAT-ChR2-EYFP mouse after recovery from electrode implantation surgery. Bottom, Electrode recording sites
revealed by Nissl staining. Red arrowheads indicate the tips of the electrode bundles. E, Spontaneous and light-induced waveforms
of six MS ChAT-ChR2 neurons recorded by tetrodes, not including the neuron shown in B (M145C06). No significant change in
waveforms is observed between spontaneous and light-induced spikes. Calibration: T ms, 0.2 mV.

index, 30 = 13%; n =7 mice). However, there was no significant dif-
ference in the suppression of ripples between stimulation frequen-
cies of 10 and 20Hz (Fig. 4D; n=7 mice; one-way ANOVA,
P =3.8e-8; post hoc Holm-Sidak test, p =0.30, t=1.79). These results
indicate that the cholinergic suppression of hippocampal ripples
depends on the light-evoked firing of MS cholinergic neurons when
the light stimulation frequency is between 0.5 and 10 Hz (Fig. 4D).
Next, we tested the impact of the light activation of MS cho-
linergic neurons on hippocampal oscillations during theta-domi-
nant AE and REM sleep states. Considering that the baseline
activities of MS cholinergic neurons are relatively higher under
these behavior states than SWS states (average firing rate during
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Figure 3.  Spontaneous in vivo Firing Pattern of MS ChAT-ChR2 Neurons. A, Twenty-four hour recording of an MS ChAT-ChR2 neuron (M135C02) shows that the ups and downs of firing activ-

ities (top, blue histogram) coincide with a theta score of the simultaneously recorded CAT LFP (top, red trace). Power spectrogram of the LFP is illustrated at the bottom. The recording started
at noon and lasted for 24 h. Four boxed areas are enlarged in B. B, Zoomed-in representations of the boxed area in A. Note the temporal coupling of neuronal firing (blue histogram) and LFP
theta score (red trace) under different behavior states. Color bars indicating different behaviors are illustrated on top of each plot. C, LFP theta score is correlated with the firing rate of the MS
ChAT-ChR2 neuron (the 24 h recording in A; Pearson test with Bonferroni correction, R=0.79, p =0). D, Mean firing rate of the six MS ChAT-ChR2 neurons and theta score of CA1 LFP during
different behavior states (each dot represents one neuron; mean = SD). G, Grooming; E, eating. Both the mean firing rate and the theta score show high values during theta dominance (AE
and REM) and low values during SWS. E, Phase relations between firing of the MS ChAT-ChR2 neuron (M135C02) and CA1 LFP theta. Bottom, Discharge frequency of the MS ChAT-ChR2 neuron
aligned to the theta trough (red line, averaged theta oscillation). Top, Preferred firing phase of the ChAT-ChR2 neuron during theta oscillation. The neuron increased its firing probability around
the trough of the theta cycle (Rayleigh’s test, p=1.4e-29). F, Same as E, but for phase relations with gamma oscillation. No significant phase locking with gamma oscillation was observed

(Rayleigh's test, p =0.1).

AE, 733 *141Hz average firing rate during REM sleep,
3.90 + 1.16 Hz), we therefore chose a higher optical stimulation fre-
quency of 20 Hz. We observed no significant impact on hippocam-
pal theta frequency or power when 20 Hz optical stimulation was
delivered either during AE (Table 2; n=9 trials; paired ¢ test: theta
frequency, p=1, t=5.57e-7; theta power, p=0.96, t=0.06) or REM
sleep (Table 2; n=9 trials; paired t test: theta frequency, p=0.27,
t=1.18; theta power, p =0.42, t=0.85). There is also no change on
gamma power during AE (Table 2; n=9 trials; paired ¢ test:
p=0.26, t=1.21) or REM state (Table 2; n=9 trials; paired ¢ test:
p=0.1, =1.86) between light-on and light-off periods.

MS cholinergic activation suppressed ripple oscillations via
muscarinic acetylcholine receptors

There are two types of acetylcholine receptors in the CNS, mus-
carinic and nicotinic ACh receptor (nAChR). To further study
the mechanism under ripple suppression effect caused by activat-
ing MS cholinergic neurons, we intraperitoneally injected the
mAChR antagonist atropine (Fig. 5A4) or the nAChR antagonist
mecamylamine (Fig. 5C). Cholinergic suppression of hippocam-
pal ripple oscillations was disrupted after intraperitoneal injec-
tion of atropine, but not of MEC (Fig. 5). Injection of atropine
decreased the ripple events inhibition index from 95 =+ 5% to
21 £ 22% (Fig. 5B; n=>5 mice; paired ¢ test: p=1.7e-3, t=7.44).
Atropine also decreased the ripple power inhibition index from
65+ 11% to 17 = 16% (Fig. 5B; n =5 mice; paired t test: p = 2.0e-
3, t=7.16). There is no significant change after intraperitoneal
injection of MEC (ripple events inhibition index changed from
86 £ 12% to 83+ 17%; Fig. 5C,D; n=6 mice; paired ¢ test:
p=0.54, t=0.65; ripple power inhibition index changed from

59 *14% to 53+ 18%, Fig. 5C,D; n=6 mice; paired ¢ test:
p=0.22, t=1.41). These results indicate that intraperitoneal
injection of atropine successfully rescued ripple oscillations from
being suppressed by light stimulation. The suppression of hippo-
campal ripples by optogenetic activation of MS cholinergic neu-
rons was mediated by mAChRs, but not nAChRs.

When intraperitoneally injected, atropine acts on the mAChRs
throughout the whole animal body. To overcome this limitation
and further confirm whether hippocampal mAChRs indeed medi-
ated the cholinergic suppression of ripple, we implanted a microin-
jection cannula in the dorsal CAl area of the hippocampus in
ChAT-ChR2-EYFP mice. Intrahippocampal injection of atropine
(10 pg/pl, 1 ul total injection volume over 10 min) also weakened
the ripple suppression effect caused by optical activation of MS cho-
linergic neurons. Furthermore, we confirmed that atropine rescue
of ripple oscillation is dose dependent, with a higher dose of atro-
pine resulting in less cholinergic suppression of ripple oscillations.
The ripple event inhibition index is 88 * 12% for control; and
83 £ 8% for 0.5ug, 65=* 19% for 2.5 ug, 26 £ 5% for 5ug, and
12 = 27% for 10 ug injection doses (n =8 trials from two mice for
each dose; one-way ANOVA, p =5.6e-6; post hoc Holm-Sidak test:
Pp=6.99¢-6, t=528 for control vs 10 ug). There is no significant
change of ripple incidence in the absence of light stimulation on at-
ropine microinjection (with a 10 ug injection dose, ripple incidence
changed from 0.36 = 0.22 Hz before atropine injection to 0.35 *+
0.16 Hz after the injection; n=15 trials from two mice; t test:
p=098,1=0.08).

MS cholinergic activation suppressed ripple oscillations via
muscarinic M, and M, receptors

mAChRs are G-protein-coupled metabotropic receptors includ-
ing five subtypes: M; to Ms. M, to M, subtypes are found in the
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Figure 4.  Light-induced MS cholinergic activities suppress CA1 ripple oscillations. A, The 900 s data show the firing activity of one MS ChAT-ChR2 neuron (top, histogram). CA1 LFP, band-

pass-filtered ripple, and normalized ripple (Ripple_N) during two different sleep stages (red, REM; gray, SWS) are listed below. The 10 Hz light stimulation was delivered during SWS (blue
bar). Note the prolonged increase of neuronal firing and the sustained suppression of ripple oscillations during the persistent light on period. Enlarged view of the pink boxed area is illustrated
below with the corresponding LFP power spectrogram at the bottom. Calibration: LFP, T mV; Ripple, 0.1 mV; Ripple_N, 0.1 mV. B, Power spectral density of CAT LFP during SWS, REM, and
light-on period. Ripple and theta power of the three stages are calculated and illustrated at the bottom (mean == SD; for ripple power, n=6 mice; one-way ANOVA, p =3.4e-3; for theta
power, n=6 mice; one-way ANOVA, p = 0.029; post hoc Holm—Sidak test, *p << 0.05, **p << 0.01). C, Higher-frequency light-induced firings of the MS cholinergic neuron lead to more sup-
pression of CA1 sharp-wave ripples, similar to A, showing firing rate of a MS ChAT-ChR2 neuron, bandpass-filtered ripple, normalized ripple, and power spectrogram of LFP under different light
stimulation frequencies (left, 1Hz middle, 5 Hz; right, 10 Hz). Light stimulation was delivered during SWS. Calibration: Ripple, 0.1 mV; Ripple_N, 0.1 mV. D, The suppression of ripple oscillation

by different light stimulation frequency (mean == SD; n=7 mice).

Table 2. Light-induced response on hippocampal theta and gamma oscillations

AE (n=12) REM (n=9)
Light on Light off Light on Light off
Theta frequency (Hz) 7431122  743£117 667035 624=*1
Theta power (mV?) 045+021 045*021 058018  0.62 =025
Gamma power (mV?) 0.03 = 0.01 0.03 = 0.01 0.04 = 0.03 0.04 = 0.03

hippocampus (Wess, 1996; Power et al.,, 2003; Tzavara et al,
2003). We thus injected M; to M, receptor antagonists into the
dorsal CA1 of the hippocampus to determine which subtypes are
involved in suppressing hippocampal ripples. After the injection
of 39 ug of M, receptor antagonist DiM, the ripple event inhibi-
tion index dropped from 94 * 6% to 25 * 65% (Fig. 6A,B; n=8
trials from five mice; one-way ANOVA, p=2.0e-4; post hoc
Holm-Sidak test: p=3.7e-3, t=3.87), then rebounded to
96 * 3% after 2 h. Accordingly, the ripple power inhibition index
decreased from 55*13% to 19+ 36%, and rebounded to
48 * 16% at the same time scale (Fig. 6A,B; n =8 trials from five
mice; one-way ANOVA, p=4.8e-3; post hoc Holm-Sidak test:
p=44e-2, t=3.04). Additional experiments revealed a dose-de-
pendent effect of DiM in rescuing hippocampal ripples (Fig. 6B).
Similarly, intrahippocampal injection of 8 ug of the muscarinic
M, receptor antagonist tropicamide resulted in a decrease of rip-
ple event inhibition index from 95 % 7% to 56 * 7% (Fig. 6C,D;
n =8 trials from five mice; one-way ANOVA, p =9.6e-3; post hoc
Holm-Sidak test: p=1.2e-2, t=3.57) and a decrease in ripple

power inhibition index from 63 = 14% to 25 * 12% (Fig. 6C,D;
n =8 trials from five mice; one-way ANOVA: p =5.5e-3; post hoc
Holm-Sidak test: p=6.3e-3, t=3.80) after the injection. Two
hours after the injection, cholinergic suppression of hippocampal
ripples recovered to the level before injection. In contrast, no sig-
nificant influence on cholinergic suppression of hippocampal
ripples was observed after intrahippocampal microinjection of
muscarinic M1 receptor antagonist VU0255035 (after a 5ug
microinjection dose, ripple events inhibition index changed from
98 & 3% to 98 £ 4%; n =8 trials from two mice for both groups;
t test: p=0.98, t=0.03) or of M3 receptor antagonist J102149 (af-
ter a 38 ug microinjection dose, ripple events inhibition index
changed from 97 = 6% to 93 & 10%; n = 8 trials from three mice
for both groups; t test: p=0.28, t=1.1).

These results suggest that muscarinic M, and M, receptors,
but not M, and Mj receptors, are involved in the suppression of
hippocampal ripples by optogenetic stimulation of MS choliner-
gic neurons.

Discussion

Combining optogenetics with multichannel in vivo recording, we
identified and continuously recorded firing activities from MS
cholinergic neurons in ChAT-ChR2-EYFP mice for a long pe-
riod of time (>24 h). We found that MS cholinergic neurons
were highly active during exploration, were less active during
REM sleep, and were almost inactive during slow-wave sleep.
Optogenetic activation of MS cholinergic neurons during SWS
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Muscarinic receptors mediate light-induced suppression of ripple oscillations. A, Intraperitoneal injection of atropine successfully rescued light-induced suppression of ripple oscilla-

tion. Top, Power spectrogram of 4000 s continuously recorded LFP (red triangle, atropine injection; blue bar, light stimulation). Bottom, Enlarged view of the pink boxed area with additional
bandpass-filtered ripple oscillation, showing the rescue effect before (left) and after (right) atropine injection. Calibration: Ripple, 0.2 mV; Ripple_N, 0.2 mV. B, Ripple inhibition is significantly
decreased after atropine injection, including ripple incidence (top) and power (bottom) inhibition (mean = SD; n=5 mice; paired ¢ test, ripple events inhibition index: **p = 1.7e-3, t =7.44;
ripple power inhibition index: **p = 2.0e-3, t=7.16). C, D, Same as A and B, but for intraperitoneal injection of MEC. MEC could not rescue the light-induced suppression of ripple oscillation
as there is no significant difference in the reduction of ripple events as well as ripple power before and after MEC injection (D; mean == SD; n = 6 mice, paired ¢ test; n.s., not significant; ripple
events inhibition index: p = 0.54, t = 0.65; ripple power inhibition index: p = 0.22, t = 1.41). Calibration: Ripple, 0.2 mV; Ripple_N, 0.2 mV.

showed a limited effect on hippocampal theta oscillations, but
suppression on ripple oscillations. This suppression effect was
mediated by mAChRs, but not nAChRs. Furthermore, we identi-
fied that muscarinic receptor subtypes M, and M, were involved
in this process.

Previous microdialysis and other studies on the concentration
of hippocampal acetylcholine revealed the following brain state-
related fluctuations of hippocampal ACh concentration: high
ACh concentration during active exploration, lower ACh con-
centration during REM sleep, and lowest ACh concentration
during SWS (Marrosu et al., 1995; Zhang et al., 2010; Teles-Grilo
Ruivo et al., 2017). MS cholinergic neurons project directly to
the hippocampus and form the major source of acetylcholine to
the hippocampus (Lewis et al., 1967; Li et al., 2018). The sleep-
wake cycle fluctuation of hippocampal ACh concentration is
caused by the firing activity of MS cholinergic neurons, which is
consistent with the firing pattern recorded in our experiments.
Furthermore, anatomic evidence shows that 93% of the choliner-
gic axon varicosities in the hippocampus are not associated with
junctional specialization, which suggests volume transmission of
ACh in these terminals, and only 7% of the cholinergic varicos-
ities form classic synapses and release ACh by wired transmis-
sion (Umbriaco et al., 1995; Descarries et al., 1997; Sarter et al,,
2009). Correspondingly, the in vivo firing patterns of the MS
cholinergic neurons that we observed show typical tonic firing

patterns, with distinct levels of tonic firing under different brain
states. These in vivo firing patterns are adapted to the physiologi-
cal function of regulating hippocampal ACh level under different
brain states. In our experiment, we also recorded one slow firing
MS cholinergic neuron (firing rates: 0.40 Hz during AE, 0.31 Hz
during REM, and 0.05Hz during SWS). A previous study in
head-fixed rats reported medial septal cholinergic cells are slow-
firing neurons with an average firing rate of 1.9 Hz in theta state
(Simon et al,, 2006). Also, an earlier study has reported long-
spike septal neurons (putative cholinergic neurons) have a mean
firing rate of 28.4 = 3.0 Hz during animal walking (Brazhnik and
Fox, 1997, 1999). These results indicate that MS cholinergic neu-
rons might have heterogeneous firing patterns.

Theta oscillation is prominent in the LFP during AE and
REM sleep stages. Thus, these behavior stages are also called
theta states (Jouvet, 1969; Vanderwolf, 1969; Buzsaki, 2002). MS
cholinergic neurons are highly active during theta states. Despite
the temporal coupling of MS cholinergic neuronal activities and
hippocampal theta oscillations, optogenetically activating MS
cholinergic neurons alone is not sufficient to artificially induce
theta oscillations. Instead, it decreased theta power and caused a
moderate increase in theta/slow oscillation ratio (theta score) in
hippocampal CA1 area (Vandecasteele et al., 2014). However, we
did not see such a moderate change in theta score. Relatively low
expression of ChR2 on MS cholinergic neurons, limited laser
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Figure 6. M, and M, muscarinic receptors mediate light-induced suppression of ripple oscillations. A, Intrahippocampal microinjection of M, muscarinic receptor antagonist DiM successfully
rescued light-induced suppression of ripple oscillations. Top, Power spectrogram of 9000 s continuously recorded CAT LFP (red triangle, DiM injection; blue bar, light stimulation). Bottom,
Enlarged view of the pink boxed area with additional bandpass-filtered ripple oscillation and normalized ripple signal showing the DiM rescue effect before injection, after injection, and after
recovery. Note the recurrence of ripple oscillations during light stimulation in the bottom middle plot. Calibration: Ripple, 0.2 mV; Ripple_N, 0.4 mV. B, Ripple inhibition is significantly
decreased after DiM injection, including ripple incidence (top; mean == SD; one-way ANOVA, p = 2.0e-4; post hoc Holm—Sidak test, *p << 0.05, **p << 0.01; n =8 trials) and ripple power inhi-
bition index (bottom; mean == SD; one-way ANOVA, p = 4.8e-3; post hoc Holm—Sidak test, *p << 0.05; n = 8 trials). Note the dose dependency of DiM on the ripple rescue effect. C, Control; R,
recovery. C, D, Same as A and B, but for intrahippocampal microinjection of M, muscarinic receptor antagonist tropicamide. Tropicamide rescued light-induced suppression of ripple oscillation
(boxed area 1 of () as there is ripple incidence after the injection (boxed area 2 of (). Ripple oscillation is reinhibited after the recovery (boxed area 3 of €) from tropicamide injection. Both rip-
ple events and power inhibition index decreased after tropicamide injection (mean = SD; post hoc Holm—Sidak test, *p << 0.05; **p << 0.01; control, 2, 4, and 8 g, n =8 trials; recovery:

n =4 trials). Calibration: Ripple, 0.05 mV; Ripple_N, 0.1 mV.

stimulation range could be possible candidate for the decrease of
hippocampal theta power on MS cholinergic stimulation.
Inhibition of hippocampal ripples by activating MS cholinergic
neurons or hippocampal muscarinic receptors has been reported
(de Sevilla et al., 2002; Norimoto et al., 2012; Vandecasteele et al.,
2014), but the underlying mechanism remains unclear. In this
study, we showed that the suppression of hippocampal ripple
oscillations by optogenetically activating MS cholinergic neurons
during SWS depends on muscarinic acetylcholine receptors, but
not nicotinic acetylcholine receptors. Further intrahippocampal
injection of various muscarinic receptor antagonists revealed
that the cholinergic suppression of ripples acted via muscarinic
M, and M, receptors, and that blocking either type of receptor
disrupted the cholinergic suppression of hippocampal ripple
oscillations.

High-frequency ripple oscillations in the CA1 region reflect
summed IPSPs in ensemble pyramidal neurons as a result of a
high-frequency barrage of interneurons. They always co-occur
with large depolarizing activities, called sharp waves, forming a
sharp wave-ripple complex (Ylinen et al, 1995). Ripples are
associated with synchronized firing of CA3 pyramidal neurons.
These synchronized activities lead to depolarization of CA1l

neurons through Schaffer collaterals, resulting in high-frequency
ripple oscillations in the LFP (Buzsaki et al, 1983, 1992;
Csicsvari et al., 2000; Sullivan et al., 2011; Fernandez-Ruiz et al.,
2012). Immunohistochemistry studies have shown that musca-
rinic M, receptors are located extensively at presynaptic termi-
nals of Schaffer collaterals (Levey et al., 1995; Rouse and Levey,
1996). Activation of M, receptors inhibits presynaptic release of
glutamate in Schaffer collaterals (Thorn et al., 2017). In vitro
brain slice recordings also indicate that the activation of CA1 M,
receptors decreases the amplitude of field EPSPs by 50% under
the same Schaffer collateral stimulus (Shirey et al., 2008). Based
on these reports, we speculate that, due to the low activity level
of MS cholinergic neurons during SWS, the muscarinic M,
receptors localized at presynaptic terminals of Schaffer collaterals
are rarely activated, leading to less inhibition on glutamate
release. The absence of inhibition allows synchronous firing of
CA3 pyramidal neurons, which leads to large synchronized
depolarization in CA1 pyramidal neurons and eventually gener-
ates ripples. However, artificially activating MS cholinergic neu-
rons by the optogenetic approach elevates the CAl ACh
concentration to or even goes beyond the physiological ACh
level during normal active exploration states. At this point, the
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Schaffer collateral M, receptors are activated substantially, inhib-
iting presynaptic release of glutamate and ultimately decreasing
the CAl field EPSP. Despite the firing activities of CA3 pyrami-
dal neurons, large-amplitude synchronized field EPSPs in CAl
are not formed; hence, ripple oscillations are suppressed. Ripples
are representative of simultaneous disinhibition of large numbers
of pyramidal neurons. This disinhibition is primarily sculpted by
interneurons. In vivo recording studies reported that firing patterns
of some hippocampal interneurons are correlated with high-fre-
quency ripple oscillations (Buzséki et al., 1992; Klausberger et al.,
2003; Wang et al, 2008). Muscarinic M, receptors are mainly
expressed presynaptically on interneuronal terminals projecting
onto the perisomatic region of pyramidal cells (Levey et al., 1995;
Rouse and Levey, 1996). Activation of G-protein-coupled G; meta-
bolic M, receptors suppresses GABA transmission (Zhang et al,,
2005, 2006). We speculate that high levels of hippocampal ACh
induced by optogenetic stimulation during SWS reduce the inhibi-
tory drive to the pyramidal cells generated by ripple-associated
interneurons, and eventually suppress ripple oscillations.

The physiological function of the septal-hippocampal cholin-
ergic system has been investigated extensively in recent years.
Hippocampal pyramidal neurons respond to transient M,
mAChR activation with biphasic responses in which inhibition is
followed by excitation, whereas prolonged M activation increases
neuron excitability (Dasari et al., 2017). Optogenetic activation of
septal cholinergic neurons evokes frequency-dependent and
behavior state-dependent responses from the noncholinergic sep-
tal neurons and hippocampal interneurons (Mamad et al., 2015).
In our study, we also recorded single-neuron activities from puta-
tive hippocampal pyramidal neurons and interneurons. For both
neuron types, they showed increased, decreased, or constant firing
rate changes (data not shown). Interestingly, we saw that more py-
ramidal neurons exhibit suppression of their firing rate compared
with those with an increased firing rate. This phenomenon of fir-
ing rate was less pronounced in interneurons. This phenomenon
by which most pyramidal neurons were suppressed during MS
ACh neuron activation was also reported in anesthetized mice
(Dannenberg et al., 2015). These results are consistent with the
reported suppression of hippocampal ripple oscillations and could
also be the underlying mechanism of such inhibition effects.

There are three major types of neurons within the MS, as fol-
lows: GABAergic interneurons, cholinergic neurons, and gluta-
matergic pyramidal neurons. These neurons form a highly
interconnected local network within the MS (Borhegyi et al,
2004; Dannenberg et al., 2015; Ledo et al., 2015; Robinson et al,,
2016). The manipulation of different types of septal neurons
shows distinct effects on hippocampal theta oscillations.
Activation of MS glutamatergic neurons strongly synchronize
hippocampal theta through excitation of local GABAergic and
cholinergic neurons within the septum (Robinson et al., 2016).
Optogenetic inhibition of MS GABAergic neurons reduces hip-
pocampal theta power and amplitude during REM sleep (Boyce
et al., 2016). Furthermore, cholinergic stimulation during SWS
completely blocks SWRs, enhances hippocampal theta rhythm,
and suppresses peri-theta frequency bands (Vandecasteele et al.,
2014). In our study, we used higher-frequency (20 Hz) optic
stimulation to intensively activate MS cholinergic neurons dur-
ing theta states, but failed to see significant changes in CA1 theta
oscillations. These results indicated that a high concentration of
ACh alone was not sufficient to generate hippocampal theta
oscillations in unanesthetized animals. ACh might enhance hip-
pocampal theta by recruiting intraseptal noncholinergic neurons
(Dannenberg et al., 2015).
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A recent study by Takécs et al. (2018) shows some very inter-
esting results. First, they show that the mouse hippocampal cho-
linergic terminals cotransmit GABA and ACh via different
synaptic vesicles. Second, optogenetic activation of MS choliner-
gic terminals in the hippocampus could suppress spontaneous
SWRs with or without ACh antagonists in the in vitro hippocam-
pal slice recording. They concluded that the GABAergic compo-
nent alone can effectively suppress hippocampal SWRs (Takécs
et al., 2018). But this suppression effect is very weak. There are
still a lot of spontaneous SWRs during the light stimulation pe-
riod. While mice were in the in vivo freely moving situation,
both the study by Vandecasteele et al. (2014) and our studies
have shown that optogenetic activation of MS cholinergic termi-
nals can completely block hippocampal SWRs. We have further
shown that hippocampal microinjection of atropine can fully res-
cue the ripple suppression effect induced by optogenetic activa-
tion of MS cholinergic inputs. This result is also different from
the in vitro slice recording of the study by Takdcs et al. (2018),
where they show no difference with bath application of AChR
blockers.

In conclusion, we found theta state-related in vivo firing pat-
terns of MS cholinergic neurons by long-period continuous
recordings. The activities of these neurons showed temporal cou-
pling with hippocampal theta oscillations. Additionally, our
experiments also revealed that one important physiological func-
tion of the high activation level of MS cholinergic neurons dur-
ing theta states, which had not been reported in previous studies,
was to suppress hippocampal ripple oscillations by activating
muscarinic M, and M, receptors to ensure theta dominance dur-
ing this stage.
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