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Abstract

Interictal spikes (I1S) are a common type of abnormal electrical activity in Alzheimer’s disease
(AD) and preclinical models. The brain regions where 1S are largest are not known but are
important because such data would suggest sites that contribute to I1S generation. Because
hippocampus and cortex exhibit altered excitability in AD models, we asked which areas dominate
the activity during 11S along the cortical-CA1-dentate gyrus (DG) dorso-ventral axis. Because
medial septal (MS) cholinergic neurons are overactive when I1S typically occur, we also tested the
novel hypothesis that silencing the MS cholinergic neurons selectively would reduce I1S.

We used mice that simulate aspects of AD: Tg2576 mice, presenilin 2 (PS2) knockout mice
and Ts65Dn mice. To selectively silence MS cholinergic neurons, Tg2576 mice were bred with
choline-acetyltransferase (ChAT)-Cre mice and offspring were injected in the MS with AAV
encoding inhibitory designer receptors exclusively activated by designer drugs (DREADDS).
We recorded local field potentials along the cortical-CA1-DG axis using silicon probes during
wakefulness, slow-wave sleep (SWS) and rapid eye movement (REM) sleep.

We detected I1S in all transgenic or knockout mice but not age-matched controls. 1S were
detectable throughout the cortical-CA1-DG axis and occurred primarily during REM sleep. In
all 3 mouse lines, 11S amplitudes were significantly greater in the DG granule cell layer vs.
CA1 pyramidal layer or overlying cortex. Current source density analysis showed robust and
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early current sources in the DG, and additional sources in CA1 and the cortex also. Selective
chemogenetic silencing of MS cholinergic neurons significantly reduced I1S rate during REM
sleep without affecting the overall duration, number of REM bouts, latency to REM sleep, or theta
power during REM. Notably, two control interventions showed no effects.

Consistent maximal amplitude and strong current sources of 1S in the DG suggest that the DG is
remarkably active during I1S. In addition, selectively reducing MS cholinergic tone, at times when
MS is hyperactive, could be a new strategy to reduce IIS in AD.

Keywords

Alzheimer’s disease; Amyloid precursor protein (APP); Presenilin 2; Down syndrome;
Cholinergic neurons; Interictal spikes; Medial septum; Septohippocampal; Sleep

1. Introduction

Abnormal electrical activity is gaining attention as an underappreciated contributor to
Alzheimer’s disease (AD) pathophysiology (Palop and Mucke, 2009; Friedman et al., 2012;
Scharfman, 2012; Edwards and Robertson, 2018; Lam and Noebels, 2020). Abnormal
electrical activity has been reported in humans with AD (Lam et al., 2017; Vossel et

al., 2017) and numerous mouse lines that simulate aspects of AD (Palop et al., 2007;
Minkeviciene et al., 2009; Bezzina et al., 2015; Kam et al., 2016; Gureviciene et al., 2019;
Beckman et al., 2020; Lisgaras and Scharfman, 2022a). Although outright seizures in AD
may be rare (Hauser et al., 1986; Scarmeas et al., 2009; Friedman et al., 2012), intermittent
abnormal electrical activity is much more frequent than seizures (Vossel et al., 2016), and
may occur at earlier disease stages than seizures (Kam et al., 2016; Lisgaras and Scharfman,
2022a). Thus, targeting intermittent abnormal electrical activity in AD offers the opportunity
to intervene early during AD progression when treatments are more likely to succeed
(Sperling et al., 2011).

One of the earliest types of abnormal electrical activity in AD models are interictal spikes
(11S; Palop and Mucke, 2009; Kam et al., 2016) and high frequency oscillations (HFOs;
Lisgaras and Scharfman, 2022a). 1S in epilepsy are known to impair cognition (Kleen et
al., 2010; Horak et al., 2017) and they are found to do so in AD as well (Sanchez et al.,
2012; Vossel et al., 2016; Horvath et al., 2021). Indeed, anti-seizure medications (ASMs)
can improve cognition in those AD patients that show IIS in the EEG (Vossel et al., 2021).
Also, IIS in preclinical investigations of AD (Palop et al., 2007; Bezzina et al., 2015; Kam
et al., 2016) and humans with AD (Vossel et al., 2016; Lam et al., 2017) are known to occur
during sleep which suggests that they may impair sleep-dependent memory consolidation
(Stickgold, 2005).

Despite the robust occurrence of 11S in AD, which areas of the brain may dominate the
activity during 1IS are currently unknown. One of the reasons for this gap in knowledge may
be related to limitations in conducting studies that are invasive, using electrodes to penetrate
different brain regions. In this context, minimally invasive approaches were instrumental

in pointing to the temporal lobe as one of the areas where 11S and seizures can be robust

Neurobiol Dis. Author manuscript; available in PMC 2023 October 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lisgaras and Scharfman Page 3

(Vossel et al., 2013; Lam et al., 2017). A neuroimaging study in amnestic patients has
provided even greater resolution on the possible sources of increased excitability within
the hippocampus (Bakker et al., 2012). Indeed, the study (Bakker et al., 2012) showed

that within the hippocampus, area CA3 and the dentate gyrus (DG) were the hotspots

of increased excitability. Nevertheless, detailed electrophysiological recordings of 11S in
AD are limited because EEG monitoring is not common clinical practice. In this context,
preclinical investigations are valuable because the circuits involved in abnormal electrical
activity could be examined in greater detail using invasive electrophysiological approaches.

We have shown that a new type of abnormal electrical activity in 3 mouse lines termed
HFOs can be recorded primarily from the granule cell layer (GCL) of the DG (Lisgaras
and Scharfman, 2022a). Here we ask whether the DG is one of the areas where IS are
most robust in amplitude compared to other regions such as area CA1 and overlying cortex.
Thus, we analyzed IIS along the cortical-CA1-DG dorso-ventral axis. We recorded IS in

3 different mouse lines each with different features relevant to AD. In all mouse lines,

I1S were robust during rapid eye movement sleep (REM), a sleep stage when cholinergic
tone is typically increased (Jasper and Tessier, 1971; Vazquez and Baghdoyan, 2001). We
also found that 1S showed an amplitude gradient along the cortical-CA1-DG axis with 1IS
amplitude significantly greater in the DG GCL compared to hippocampal area CA1 and the
overlying deep cortical layers. Notably, strong current sources were also prominent in the
DG and typically followed by additional sources in area CA1 and overlying cortex. Thus,
large 11S and early current sources in the DG suggest that the DG is remarkably active
during IIS.

We next asked why 11S occur during sleep and specifically REM sleep. REM sleep is a
sleep stage when cholinergic tone is significantly increased compared to non-REM (NREM)
sleep (Jasper and Tessier, 1971; Vazquez and Baghdoyan, 2001; Pace-Schott and Hobson,
2002). In epilepsy, increased cholinergic tone is thought to facilitate epileptiform activity
and seizures (Friedman et al., 2007; Maslarova et al., 2013; Mikroulis et al., 2018). In the
Tg2576 mouse line, the cholinergic antagonist atropine reduced I1S in REM sleep, however,
this effect coincided with a reduction in REM sleep duration (Kam et al., 2016) since
atropine has effects throughout the body. Thus, direct evidence for a possible contributing
role of the cholinergic system to IS generation is currently lacking.

Here we focused on selective targeting of the cholinergic neurons that give rise to the most
dense projection to the hippocampus and are already implicated in memory (Hasselmo and
Sarter, 2011; Zhang et al., 2021) and AD pathophysiology (Hedreen et al., 1984; Colom,
2006; Kim et al., 2019; Falangola et al., 2021), the medial septum (MS) cholinergic neurons.
Importantly, we found that the rate of 11S during REM sleep was significantly reduced upon
MS cholinergic silencing compared to baseline 11S rate during REM sleep. It is notable that
the reduction in 1IS rate during REM sleep was not due to reduced REM sleep duration,
reduced number of REM bouts or reduced theta power compared to baseline REM sleep.
Also, the latency to REM sleep was not significantly affected. Notably, two additional
control experiments did not show any statistically significant effects on 1S rate.
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In summary, our data show the remarkable dominance of the DG in IIS relative to CA1
and overlying cortex. The dominance of the DG was evident from the amplitude of the
DG 1IS and the robust and early sources in the DG by current source density analysis. The
results are surprising given the DG is relatively quiet under normal conditions (Jung and
McNaughton, 1993; Diamantaki et al., 2016; GoodSmith et al., 2017; Senzai and Buzsaki,
2017; Pofahl et al., 2021). We also present the novel finding that silencing MS cholinergic
neurons selectively can significantly reduce 1S rates. This would be particularly relevant
to disease stages when the MS cholinergic neurons appear to be hyperactive or at times

of when there is increased cholinergic tone (DeKosky et al., 2002; Kam et al., 2016). The
dominance of the DG and the cholinergic control of I1S are important because they could
lead to new therapeutic strategies.

2. Materials and methods

2.1. Animals

2.1.1. Choice of mouse lines and terminology—The mouse lines used in this study
were selected based on their relevance to AD by exhibiting some characteristics found in
AD. Below we refer to mice carrying a mutation (Tg2576*/~, Ts65Dn) as transgenic. We
refer to Presenilin 2 (PS2) knockout (PS2KO™") mice as knockout. We refer to their wild
type littermates (Tg25767/~, 2n, PS2KO*/*, respectively) as controls.

The Tg2576 mouse line (stock #1349, Taconic Biosciences; Kam et al., 2016) was

used because it is one of the most well-characterized mouse line of cerebral amyloid
overexpression (Hsiao et al., 1996). It has features of AD such as progressive amyloid-p
(AB) accumulation (Kawarabayashi et al., 2001; Ishii et al., 2014; Kam et al., 2016),
cholinergic dysfunction (Apelt et al., 2002; Klingner et al., 2003; Ohno et al., 2004), sleep
disturbances (Wisor et al., 2005; Kent et al., 2018), and cognitive impairment (Ohno et al.,
2004; Jacobsen et al., 2006; Duffy et al., 2015; Kim et al., 2021). Tg2576 transgenic mice
overexpress the human amyloid precursor protein (APP) using the hamster prion promoter
and have the Swedish mutation (APPgye) in APP isoform 695 (Hsiao et al., 1996). Tg2576
transgenic mice show memory deficits at the age of 3—-4 months (Duffy et al., 2015) and
AP plaques by 6-12 months of age (Hsiao et al., 1996; Kawarabayashi et al., 2001; Ishii
etal., 2014; Kam et al., 2016). We used a total of 15 Tg2576 mice. Specifically, we used
10 Tg2576 transgenic mice (5 males, 5 females) and 5 Tg2576 control mice (3 males, 2
females). Tg2576 transgenic mice were 5.1 + 1.9 months-old (range 1-19 months) at the
time of recording. Tg2576 control mice were 5.3 = 3.1 months-old (range 1-18 months). No
statistically significant age differences were found between control and transgenic Tg2576
mice (Mann-Whitney U'test, U = 25, p> 0.99). Although different ages were used, only 2
transgenic mice and 1 control were older than 14 months.

To test the role of MS cholinergic neurons in controlling 11S we crossed female homozygous
choline acetyltransferase (ChAT) ChAT-Cre*’* mice (Rossi et al., 2011; stock #006410,

The Jackson Laboratory) to male Tg2576 transgenic mice. This cross was used to allow

the selective expression of viral vectors in MS cholinergic neurons as per previous studies
(Vandecasteele et al., 2014; Desikan et al., 2018; Jin et al., 2019). A total of 7 ChAT-
Cre::Tg2576 mice were used. Specifically, we used 4 males and 3 females. In addition,
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we used a total of 3 Tg2576 mice (1 male, 2 females) for the control experiments where
CNO was injected in Tg2576 mice without adeno-associated virus (AAV; Fig. 9). We used
7 ChAT-Cre::Tg2576 transgenic mice and their ages were 6.6 £ 2.3 months-old (range
2-16 months). The age of Tg2576 mice that were used as controls for the CNO-injected
mice were 5.2 + 1.1 months-old (range 3—7 months). There was no statistically significant
difference between the ages of ChAT-Cre::Tg2576 transgenic mice and Tg2576 mice that
were used as CNO controls (Mann-Whitney Utest, U = 8.5, p=0.73).

Presenilin (PS2) knockout (PS2KO) mice were used to simulate reduced function of PS2,
similar to mutations of the AS2gene in a form of familial AD with early onset (Lehmann
etal., 2021). Mutations in PS2gene are linked to impaired Ca2* homeostasis and increased
neuronal excitability in mouse cell lines (Kipanyula et al., 2012) and cell lines derived

from humans with familial AD (Zatti et al., 2004; Zatti et al., 2006; Galla et al., 2020). In
addition, patients with mutation in the AS2gene experience seizures (Ezquerra et al., 2003;
Jayadev et al., 2010b; Cortini et al., 2018) and cognitive impairment (Lle6 et al., 2001;
Ezquerra et al., 2003; Jayadev et al., 2010b; Zarea et al., 2016). Also, PS2KO mice show
features of this form of AD such as hyperexcitability and behavioral impairments when aged
and challenged in the kindling paradigm (Knox et al., 2023). PS2KO mice do not develop
AP neuropathology (Herreman et al., 1999) which allowed us the valuable opportunity

to study 1S independent of it. Notably, the AS2 gene encodes the predominant form of
y-secretase in microglia, thereby allowing insight into non-neuronal contributors to AD
hyperexcitability (Jayadev et al., 2010a). We used a total of 9 PS2KO mice. Specifically, we
used 5 PS2KO (3 males, 2 females) and 4 controls (2 males, 2 females). PS2KO mice were
10.7 £ 1.9 months-old (range 6-15 months) at the time of recording. PS2KO control mice
were 10.7 = 1.9 months-old (range 6-15 months). No statistically significant age differences
were found between control and knockout mice (unpaired #test, £=0.009, df = 6, p=0.99).
Although different ages were used, only 2 knockout mice and 2 controls were older than 12
months.

The Ts65Dn mouse model of Down syndrome (stock #005252, The Jackson Laboratory)
was used as an additional model that simulates features of AD because the majority of
individuals with Down syndrome develop AD (Wisniewski et al., 1985; Head et al., 2012;
Salehi et al., 2016). The overlap with AD includes progressive amyloid accumulation (Choi
et al., 2009; Hamlett et al., 2016), cholinergic neurodegeneration (Cataldo et al., 2003;
Salehi et al., 2006; Rozalem Aranha et al., 2023), and behavioral impairment (Holtzman et
al., 1996; Escorihuela et al., 1998; Hamlett et al., 2016). Ts65Dn mice have a triplicated
portion of the mouse chromosome 16, the ortholog of human chromosome triplicated in
individuals with Down syndrome (Reinholdt et al., 2011). Thus, both mouse and human
have triplication of the APP gene (Salehi et al., 2006). We used a total of 10 Ts65Dn mice.
Specifically, we used 5 transgenic (2 males, 3 females) and 5 controls (3 males, 2 females).
Ts65Dn transgenic mice were 13.2 + 2.9 months-old (range 2—-24 months) at the time of
recording and Ts65Dn control mice were 15.3 £+ 4.6 months-old (range 3-24 months).
Although different ages were used, only 2 transgenic mice and 2 control were older than 22
months. No statistically significant differences were found between control and transgenic
Ts65Dn mice (Mann-Whitney Utest, U = 24.5, p= 0.76). There were no statistically
significant differences in age between the controls of different mouse lines (Kruskal-Wallis
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test, H(3) = 3.89, p=0.14) and no differences in transgenic or knockout mice of the different
mouse lines (Kruskal-Wallis test, H(3) = 5.96, p= 0.06).

2.1.2. Animal care—Tg2576 mice were bred on a C57BL6/SJL background (stock
#100012, The Jackson Laboratory), PS2KO on a C57BL/6J background (stock #000664,
The Jackson Laboratory) and Ts65Dn mice on a hybrid background (stock #003647, The
Jackson Laboratory). ChAT-Cre mice were maintained on a C57BL/6J background (stock
#000664, The Jackson Laboratory).

All mice were fed Purina 5001 (W.F. Fisher) with water ad libitum. Cages were filled with
corn cob bedding and there was a 12 h light:dark cycle (7:00 a.m. lights on, 7:00 p.m.
lights off). Genotyping was performed by the Mouse Genotyping Core Laboratory at New
York University Langone Medical Center or in-house. All experimental procedures were
performed in accordance with the NIH guidelines and approved by the Institutional Animal
Care and Use Committee at the Nathan Kline Institute.

2.2. Medial septum viral injections

Three weeks before the chemogenetic experiments, ChAT-Cre:: Tg2576 mice were
anesthetized with 3% isoflurane and then transferred to a stereotaxic apparatus where
anesthesia was maintained with 1-2% isoflurane. Mice were placed on a heating pad (#50—
7220F, Harvard Apparatus) with a rectal probe for control of body temperature. Next,
buprenorphine (0.05 mg/kg) was injected subcutaneously (s.c.) to reduce discomfort. One
burr hole was drilled above the MS (+0.7 mm Anterior-Posterior; A-P, 0 mm Medio-Lateral;
M-L) and 500 nL of AAV containing a modified designer receptor (hM4D) carrying

an inhibitory signaling cascade (Gi; AAV5-hSyn-DIO-hM4D(Gi)-mCherry, Addgene) was
stereotaxically injected over 10 min into the MS (=3.5 mm Dorso-Ventral; D-V, measured
from the surface of the dura as before Lisgaras and Scharfman, 2022b). The needle was
then left in place for another 10 min and it was slowly retracted to avoid backflow of the
injected virus. During the same surgery, one depth electrode was implanted in the left DG
following procedures described below. Chemogenetic experiments were conducted 3 weeks
after EEG surgery to allow for sufficient expression of the injected virus and recovery from
EEG surgery.

2.3. Electrode implantation

Mice were anesthetized, placed in a stereotaxic apparatus, and body temperature controlled
as described above. Buprenorphine (0.05 mg/kg, s.c.) was injected as described above. Two
burr holes were drilled above the cerebellum and subdural screw electrodes (2.54 mm length
stainless steel, JI Morris) were placed and stabilized using dental cement (Lang Dental) to
serve as a reference (=5.7 mm A-P, +1.25 mm M-L) and a ground (-5.7 mm A-P,—1.25 mm
M-L). Next, a burr hole was drilled over the left hippocampus (-1.9 mm A-P,—1.2 mm M-L)
and one 16-channel silicon probe (#A1x16, Neuronexus or #PLX-QP-3-16E-v2, Plexon)
was implanted in the left dorsal DG (-1.9 mm A-P,—1.2 mm M-L,-1.9 mm D-V). The mice
used for chemogenetic experiments were implanted with a single wire (instead of a silicone
probe) in the left dorsal DG (=1.9 mm A-P,—1.2 mm M-L,-1.9 mm D-V). The single wire
was 90 pm diameter stainless steel (California Fine Wire).
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2.4. Wideband electrophysiological recordings

For local field potential (LFP) recording, mice were housed in a 21 cm x 19 cm square
transparent plexiglass cage with access to food and water. A pre-amplifier (#C3335, Intan
Techologies) was connected to the probe connector or the headset (in the case of mice
recorded with a single wire) and then to a rotatory joint (Doric Lenses) via a lightweight
cable to allow unrestricted movement of the mouse.

LFP signals were recorded at 2 kHz sampling rate using a bandpass filter (0.1-500 Hz)
with either the Digital Lynx SX (Neuralynx) or an RHD interface board (#C3100, Intan
Techologies) using the same settings. High frame rate video (>30 frames/s) was recorded
simultaneously using an infrared camera (#ac2000, Basler). Mice were continuously
recorded for 3 consecutive days at a minimum.

2.5. Chemogenetic silencing of MS cholinergic neurons and control experiments

For chemogenetic silencing of hM4D(Gi)-expressing MS cholinergic neurons and their
axons, mice were injected intraperitoneally (i.p.) with CNO (3 mg/kg diluted in sterile
saline; #BML-NS105-0005, Enzo Life Sciences) to activate the inhibitory Designer
Receptors Exclusively Activated by Designer Drugs (iDREADDs). The CNO solution was
made fresh before the start of each experiment. In the presence of CNO, hM4D (Gi)
activates inward rectifying potassium channels that hyperpolarize hM4D(Gi)-expressing
cells (Zhu et al., 2016). We used a 3 mg/kg dose of CNO because it is a standard dose

used in the literature to inhibit diverse cell types with minimal to no off-target effects (Roth,
2016; Smith et al., 2016; Jendryka et al., 2019). Previous studies in mice have shown that
blood plasma (Manvich et al., 2018) and brain (Jendryka et al., 2019) levels of CNO peak
within 30 min after CNO injection, and the observed effects may last for hrs (Whissell et al.,
2016).

We used 3 different groups to test the effect of MS chemogenetic silencing on I1S during
REM sleep. In the experimental “CNO group,” we used ChAT-Cre::Tg2576 mice and
injected CNO after a baseline. Effects were analyzed from 30 to 90 min after CNO injection.
The waiting period is necessary for CNO levels to peak in the brain (Jendryka et al., 2019).
A total of 4 ChAT-Cre::Tg2576 mice (2 males; 2 females) were used for these experiments.
Notably, the mice were handled daily and were well-acclimated to the experimenter. Thus,
they did not show any signs of behavioral stress after injection that would likely influence
the experiments.

We also used two control groups. For the “Saline group” we injected the same volume of
sterile saline (0.9% NaCl) i.p. instead of injecting CNO. There were 3 ChAT-Cre::Tg2576
mice (2 males, 1 female). In an additional control group, we injected the same dose of CNO
without AAV (“no AAV, CNO group”). There were 3 Tg2576 transgenic mice (1 male, 2
females).

IIS detection, 1IS amplitude analysis and Current source density analyses

2.6.1. IIS terminology, detection, and amplitude analysis—We use the term
interictal spike (11S) because we found previously that 1S just before a seizure in Tg2576
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mice were similar in morphology to I1S in Tg2576 mice without seizures for several days
(Kam et al., 2016). Notably, seizures in Tg2576 mice can be rare, requiring continuous
video-EEG recordings >2 weeks for detection (Kam et al., 2016; Lisgaras and Scharfman,
2022a).

I1S in area CAL were distinguished from sharp waves because sharp waves appeared

well localized to CA1 stratum radiatum (SR; please see representative sharp wave in
supplemental Fig. 6 of Lisgaras and Scharfman, Epilepsia 2022 Lisgaras and Scharfman,
2022a; see also Buzsaki, 1986), whereas 1S were present in every recording channel as
shown in Figs. 4-6. Also, IS in the DG were distinguished from dentate spikes because
dentate spikes are localized (Bragin et al., 1995; Buzsaki et al., 2003; Headley et al., 2017;
Dvorak et al., 2021), and I11S were recorded in many brain areas. Also, dentate spikes are
thought to be driven by the entorhinal cortex (Bragin et al., 1995; Dvorak et al., 2021) and
CSDs of 11S did not show a contribution from the entorhinal cortex (see Fig. 8). However,
we cannot exclude the possibility that entorhinal projections contribute to IIS.

I1S were detected using the same criteria as described in our previous studies (Kam et al.,
2016; Lisgaras and Scharfman, 2022a; Lisgaras et al., 2023). In brief, we included 1IS that
exceeded the mean of the baseline noise by >5 standard deviations (SDs). The baseline was
taken from the same behavioral state as the state when I1S were recorded.

We also used a lower threshold (2 SDs) to make sure that I1S were not missed. This analysis
was done in the cortex because the cell density is lower there than the CA1 or DG cell
layers, making it more likely that small 11S might occur that might be missed if the threshold
was too high. Notably, we did not find a statistically significant difference in cortical 1IS rate
when the threshold was 2 SDs vs. 5 SDs. Specifically, 11S rate for Tg2576 mice was 6.77 +
1.25 11S/h when 2 SDs was used as threshold vs. 6.25 + 1.30 11S/h when 5 SDs was applied
as threshold (Wilcoxon signed rank test, p= 0.25; 7= 4 mice). IIS rate in cortex of PS2KO
mice was 0.09 £ 0.03 11S/h when threshold was set at 2 SDs vs. 0.06 + 0.03 11S/h when
threshold was 5 SDs (paired #test, t.;;=0.94, p=0.41; n = 4 mice). Last, IS rate in cortex
of Ts65Dn mice using 2 SDs as threshold (0.07 + 0.03 11S/h) vs. 5 SDs (0.06 £ 0.03 11S/h)
was not significantly different (paired #test, t.;;= 2.46, p=0.12; n = 4 mice).

We analyzed IIS for a 24 h recording period (except for the chemogenetics, as discussed
below). During the 24 h period, we noted which 11S occurred during wakefulness, slow-
wave sleep (SWS), or REM sleep. Awake and sleep stages were determined using the
same criteria as in our previous studies and included simultaneous analyses of LFP and
video records (Lisgaras and Scharfman, 2022a; Lisgaras and Scharfman, 2022b). In brief,
an awake state was defined by walking or other movement around the cage and the
predominance of theta rhythm (4-12 Hz) with eyes open (when the mouse was facing the
camera). SWS was characterized by the predominance of slow wave activity in the delta
(<5 Hz) frequency range and eyes were closed with no movement of the body. REM sleep
was defined by the predominance of theta rhythm (4-12 Hz) over delta and eyes closed
with no movement of the body. Specifically, a theta/delta ratio of 2 was used as threshold
to define REM sleep consistent with our previous studies (Lisgaras and Scharfman, 2022b;
Lisgaras and Scharfman, 2022a). The rate of 11S per hr is reported separately for each
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behavioral state investigated (wakefulness, SWS, REM sleep). For spectral analyses, we
used the time-frequency function in the RippleLab MATLAB application (Navarrete et al.,
2016) and applied a 640-point window to visualize spectral power in the 0-15 Hz frequency
range.

To quantify 11S amplitude across different recording channels (for Figs. 4-6), the amplitude
of 11S was measured at the time that 11S reached its maximum amplitude after crossing

the detection threshold (defined above). 11S amplitude was measured for all detected

I1S occurring within the 24 h recording period. 11S amplitude measurements were done
separately for each recording channel. We report the mean =+ standard error of the mean
(SEM) of 11S amplitude per recording channel as a mean per animal.

For MS chemogenetic experiments, 11S were detected using the same threshold as

mentioned above (i.e., 5 SDs above the mean). Baseline 1S rate was calculated during

two 1 h-long recording periods preceding the CNO injection and the mean number of IS per
min is reported. As mentioned above, the 30 min after CNO injection was excluded from 1IS
analyses. After the 30 min waiting period following CNO injection, 11S were quantified from
an 1 h-long recording period. To determine if 1S levels returned to baseline, we analyzed 1S
for an additional hr.

Theta (4-12 Hz) power during REM was quantified using Spike2 software (Cambridge
Electronic Design, UK) using a Fast Fourier Transform (FFT) with a Hanning window.
Latency to REM sleep was quantified by subtracting the time that the mouse entered the first
REM sleep (as defined above) episode from the time that CNO was injected.

2.6.2. Determination of electrode position—To determine the position of each
electrode relative to the cell layers we used a combination of methods. While recording,

we used electrophysiological landmarks as in our prior study (Lisgaras and Scharfman,
2022a). In brief, the CA1 pyramidal layer was identified by the predominance of ripple
oscillations in the 80-200 Hz frequency range and multi-unit activity (Oliva et al., 2016).
SR was defined by the decrease in ripples and units, and the occurrence of sharp waves
(Buzséki, 1986). The DG was identified by the robust presence of fast activity in the gamma
(~80-150 Hz) frequency range (Fernandez-Ruiz et al., 2021) and the GCL by the presence
of multiunit activity.

In addition, histology was used to confirm that the electrode pierced the cortical surface,
entered CALl and ended in the DG GCL (see Fig. 7A-B). Finally, we took advantage of
the knowledge that silicon probes had electrodes that were 100 um apart. Since probes
were lowered so the first electrode was in the deep cortical layers (defined by the distance
from the cortical surface), the other electrodes could be estimated as 100 um intervals deep
to the first electrode. The first electrode was placed in the deep cortical layers to allow
simultaneous recordings in those layers, CAl and the DG.

2.6.3. Current source density analyses—Current source density analyses (CSD)
were performed in NeuroScope2, an application in the MATLAB-based framework
CellExplorer (Petersen et al., 2021). In order to quantify the maximal CSD intensity, CSD
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plots were converted in grayscale and imported in FIJI. Then the mean gray value was
measured at the center of each current source in the DG, CA1 SR and cortex. The center of
each source corresponded to maximal CSD intensity in colored CSD plots.

The latency to onset of each current source was determined after converting sources to white
and the background to black. The conversion was done using a threshold that was based

on current sources in cortex, CAl and the DG. After establishing that cortical sources were
the weakest (Fig. 8B) compared to sources in CA1 and the DG, the next steps in setting

the threshold used cortical sources. Thus, the weakest value within the cortical sources was
defined (from Fig. 8B), and then it was reduced by 2 SEM of the mean intensity of all
cortical sources. This approach made it likely that even weak sources would be included. We
then converted sources above threshold to white. After conversion, we found the following

3 main sources: DG, CAL SR and cortex consistent with sources seen in colored CSD plots.
Next, we measured the latency to each white source relative to a standard reference point
(the onset of each CSD plot). The latency was measured using a free hand straight line tool
in FJI.

Histology

Mice were deeply anesthetized with isoflurane and then injected with an overdose of
urethane (2.5 g/kg, i.p., Sigma Aldrich). Mice were transcardially perfused with 10 mL

of room temperature (25 °C) saline, followed by 30 mL of cold (4 °C) 4% paraformaldehyde
(Sigma Aldrich) dissolved in 0.1 M phosphate buffer (pH = 7.4). The brain was quickly
removed and stored overnight in 4% paraformaldehyde. Coronal brain sections (50 um) were
cut using a vibratome (#Vibratome 3000, Ted Pella) and stored in cryoprotectant solution at
4 °C until use.

For Nissl stain, sections were mounted on 3% gelatin-coated slides and allowed to dry
overnight. Then slides were dehydrated in increasing concentrations of ethanol (70%, 95%,
100%, 100%) for 2.5 min each, cleared in Xylene (Sigma Aldrich), and dehydrated again
(100%, 100%, 95%, 70%) followed by hydration in double-distilled (dd) H,0 for 30 s.

Then sections were stained with 0.25% cresy! violet (Sigma Aldrich) in ddH0 for 1.5

min followed by 30 s in 4% acetic acid. Next, sections were dehydrated (70%, 95%,

100%, 100%), cleared in Xylene, and coverslipped with Permount (Electron Microscopy
Systems). Electrode placement was imaged using a microscope (#BX51, Olympus of
America) equipped with a digital camera (#Infinity3-6URC, Olympus of America) at 2752
x 2192 pixel resolution and Infinity capture software (Olympus of America). The position
of all electrodes was verified (see supplemental Figs. 2—4 of Lisgaras and Scharfman 2022
Lisgaras and Scharfman, 2022a). An additional representative example of electrode targeting
is shown in Fig. 1B. To measure GCL thickness we traced the borders of the GCL using the
freehand tool in FIJI as in our previous study (Lisgaras and Scharfman, 2022b). The border
of the GCL and hilus and border of the GCL and inner molecular layer (IML) were defined
by the point where adjacent cells became >1 GC soma width apart based on the traced
borders of GCL as before (Lisgaras and Scharfman, 2022b). Analogous measurements were
done for CA1 pyramidal cell layer (PCL) thickness. To measure thickness in both areas, we
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drew a straight line that was perpendicular to the length of the GCL or CA1 pyramidal layer
as shown in Fig. 7A-B.

To address AAV5-hSyn-DIO-hM4D(Gi)-mCherry viral expression in MS, 2 coronal brain
sections adjacent to MS injection site (approximately +0.6 to +0.8 mm A-P, 0 M-L,

-3.5 mm D-V) were mounted on 3% gelatin-coated slides and allowed to dry overnight
under minimal light exposure. Then, the slides were coverslipped with Citifluor antifade
mounting medium (Electron Microscopy Sciences), and micrographs were acquired at

4% using an epifluorescence microscope (#BX51, Olympus of America) with a digital
camera (#Infinity3-6URC, Olympus of America) and Infinity capture software (Olympus of
America). We visualized AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression using mCherry
fluorescence tag in the MS of ChAT-Cre::Tg2576 mice where Cre recombinase is known

to be expressed in ChAT+ neurons (Vandecasteele et al., 2014; Desikan et al., 2018; Jin

et al., 2019). Labeled cells were identified based on two criteria; their size was >10 pm,
consistent with a typical size of a neuron, and significantly greater mCherry signal intensity
compared to the background. In the absence of a counterstain, we used other criteria to
distinguish areas of interest (medial septum, MS; lateral septum, LS). First, we selected two
sections corresponding to the location of these areas (approximately +0.6 to +0.8 mm A-P,
-3.5 mm to —4.5 mm M-L, guided by a standard atlas (Franklin and Paxinos, 1997). Then
the high background of MS was used to distinguish MS from LS (Fig. 9E-F). We found
robust AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression in MS in all 4 mice we examined
(typically 10-20 labeled cells per section). To address the specificity of AAV5-hSyn-DIO-
hM4D (Gi)-mCherry expression for the MS, we compared the number of labeled cells per
section (as well as mean per animal) in MS and LS. As shown in Fig. 9G1-2, we found a
significantly greater number of cells in MS compared to LS (typically 0-2 labeled cells per
section) suggesting that viral expression was largely restricted to MS.

2.8. Statistics

Data are presented as a mean = SEM. Symbols indicate individual data points. Statistical
significance was set at p < 0.05 and is denoted by asterisks on all graphs. Statistical
comparisons that did not reach significance are designated by “ns” (not significant) in graphs
and the exact p values are reported in the text.

All statistical analyses were performed using Prism (Graphpad). To determine if data fit a
normal distribution, the Shapiro-Wilk test was used. Comparisons of means for parametric
data of two groups were conducted using unpaired two-tailed #tests. Comparisons of

data from one group before and after an experimental treatment were analyzed by paired
two-tailed #tests. When data did not fit a normal distribution, non-parametric statistics
were used. The non-parametric test to compare two groups was the Mann-Whitney U'test.
For comparisons of >2 groups, one-way ANOVA was used when data were parametric
and Kruskal-Wallis for non-parametric data. When a statistically significant main effect
was found by ANOVA, Bonferroni post-hoc tests were used with corrections for multiple
comparisons and for Kruskal-Wallis, Dunn’s post-hoc tests were used. For ANOVA with
repeated measures, group comparisons with missing data points (Fig. 5A) used a mixed-
effects model and Holm-Sidak’s post-hoc tests. For parametric data with two main factors,
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two-way ANOVA was performed and for non-parametric data the Friedman test was used.
When a statistically significant main effect was found, Tukey’s post-hoc tests were used with
corrections for multiple comparisons. For correlation analyses we used linear regression.
The Pearson correlation coefficient (/) was used for parametric data and Spearman rfor
non-parametric data.

3. Results

3.1. lISis arobust EEG abnormality in three mouse lines relevant to AD

To test whether 1S were robust in different mouse lines, mice were implanted with
electrodes (Fig. 1A1-2). The recordings used silicon probes for experiments without
chemogenetics or depth electrodes for chemogenetic experiments. For GCL recordings,
data were pooled from silicon probes and depth electrode recordings of the GCL. For
other locations besides the GCL, data were from silicon probes only. A representative
Nissl-stained section confirming electrode targeting in the DG is shown in Fig. 1B.

After 1 week of recovery from surgery to implant electrodes, LFPs and video were recorded
continuously for 3 consecutive days (Fig. 1A1-2). We used 3 different mouse lines, each
with a different causal mechanism and neuropathology (see Methods). For all mouse lines,
age-matched controls (/7= 14) were recorded alongside the experimental (transgenic or
knockout) mice (17 = 18). Representative LFPs from the DG of control and experimental
mice are shown in Fig. 1C-E.

We found that all transgenic and knockout mice showed I1S in the DG (n=8 Tg2576, n=5
PS2KO, n=3 Ts65Dn). An IIS recorded in a Tg2576 transgenic mouse is shown in Fig. 1C2
and expanded in time in the inset. PS2KO and Ts65Dn transgenic mice also showed 1IS and
representative examples are shown in Fig. 1D2 and Fig. 1E2, respectively. Please note that
I1S were also detectable in additional areas such as area CA1 and overlying cortex but were
smaller (see Figs. 3—6). We found that none of the age-matched controls showed IIS (n =5
Tg2576, n=4 PS2KO, n =5 Ts65Dn; Fig. 1C1, 1D1, 1E1, respectively). Thus, IS were an
EEG event in experimental mice but not controls, and therefore were an abnormal electrical
pattern.

3.2. IS are robust during REM sleep

We next asked when IIS occurred. We analyzed 11S during different behavioral states
including wakefulness and sleep, which were distinguished based on established criteria
(for details see Methods). In brief, wakefulness included times when mice were awake and
immobile and times when they were actively exploring their home cage. Sleep was divided
into SWS and REM using an elevated theta/delta ratio to define REM and no movement of
the animal, as in our previous studies (Kam et al., 2016; Lisgaras and Scharfman, 2022a;
Lisgaras and Scharfman, 2022b).

In all 18 transgenic and knockout mice (n = 8 Tg2576, n =5 PS2KO, n =5 Ts65Dn) I1S
occurred during REM sleep (Fig. 2A-C, F) and were absent in wakefulness (Fig. 2D) or
SWS (Fig. 2E). None of the 14 controls (n =5 Tg2576, n= 4 PS2KO, n =5 2n) showed IIS
in any behavioral state (Fig. 2D-F).
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We next compared IS rate between the different mouse lines. A Kruskal-Wallis test revealed
that 11S rate was significantly different between mouse lines during REM sleep (Kruskal-
Wallis test, H(3) = 12.79, p< 0.0001; Fig. 2F). Post-hoc comparisons confirmed that 11S

rate was significantly higher in Tg2576 transgenic mice vs. PS2KO (p = 0.02; Fig. 2D) or
Ts65Dn (p= 0.002; Fig. 2D) transgenic mice.

Notably, we found no sex differences in the IIS rate of Tg2576 mice (unpaired £test, tzr
=0.53, p=0.61; 4 males, 4 females). Since we did not find a statistically significant
interaction between mouse line and sex using two-way ANOVA (F(2,10) = 0.11, p=0.89),
and sample sizes of males and females in other mouse lines were small, we pooled males
and females from all mouse lines for additional analyses (9 males, 9 females). Again,

we found no statistically significant differences between males and females in 1IS rate
(Mann-Whitney Utest, U = 31.5, p=0.45).

3.3. Multi-area recording of IIS rate along the dorso-ventral cortical-CA1-DG axis

Our electrodes recorded LFPs along the dorso-ventral cortical-CA1-DG axis, allowing us
to quantify IS rate and amplitude (see Figs. 4-6) in areas besides the DG (Fig. 3A).

To quantify 11S rate in cortex and area CA1 we selected the largest I1S in cortex, CAL,
and the DG which corresponded to the deep layers, CA1 cell layer, and DG cell layer,
respectively. The position of the electrodes was estimated based on electrophysiological
landmarks, spacing between electrodes and post-mortem histological reconstruction of
electrode targeting (for details see Methods).

Similar to the results in the DG (Fig. 2), 11S in cortex were not detected during wakefulness
(Fig. 3B1) or SWS (Fig. 3B2) but were robust in REM (Fig. 3B3). One-way ANOVA
revealed that 11S rate was significantly different between mouse lines during REM sleep
(F(2, 8) = 19.25, p=0.0009; Fig. 3B3). Post-hoc comparisons showed that IS rate was
significantly higher in Tg2576 transgenic mice vs. PS2KO (p = 0.002; Fig. 3B3) or Ts65Dn
(0 =10.002; Fig. 3B3) mice, but not between PS2KO and Ts65Dn mice (p = 0.99; Fig. 3B3).
I1S rate in area CA1 was also robust in REM (Fig. 3C3). One-way ANOVA showed that the
CAL 1IS rate was significantly different between mouse lines (F(2, 8) = 19.25, p=0.0009;
Fig. 3C3). Like cortex, post-hoc comparisons revealed that CAL 1S rate was significantly
greater in Tg2576 mice compared to PS2KO (p = 0.002; Fig. 3C3), or Ts65Dn (p = 0.002;
Fig. 3C3) but PS2KO and Ts65Dn mice were not different (o= 0.99; Fig. 3C3).

Last, we compared IIS rate between the 3 different areas (cortex, area CAl and the DG) to
determine if 11S rate was different based on the area that 11S were recorded from. Notably,
we found that 1S rate was similar across the different areas in Tg2576 mice (one-way
ANOVA, F(2,13) = 1.68, p=0.22; Fig. 3D), PS2KO mice (Kruskal-Wallis test, H(3) =

0.35, p=0.35; Fig. 3E) and Ts65Dn mice (Kruskal-Wallis test, H(3) = 0.86, p= 0.31; Fig.
3F). The results are consistent with the fact that I11S in mice simulating AD are recorded
throughout the brain when they occur (Palop et al., 2007; Minkeviciene et al., 2009; Bezzina
etal., 2015; Kam et al., 2016; Gureviciene et al., 2019; Beckman et al., 2020; Lisgaras and
Scharfman, 2022a).
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3.4. IS show an amplitude gradient along the cortical-CA1-DG axis and maximal
amplitude within the DG

To test whether there was a location along the cortical-CA1-DG axis where I1S were
consistently maximal, transgenic and knockout mice were implanted with a 16-channel
linear silicon probe (see Methods) with the tip ending in the dorsal DG. The silicon probe
spanned the deep layers of the cortex to the DG GCL to capture the maximal area.

A representative example of simultaneous recordings during an 1S from a Tg2576
transgenic mouse is shown in Fig. 4A. We found that 11S were detectable throughout the
cortical-CA1-DG axis. Insets show I1S recorded in the GCL, CA1 PCL or a deep cortical
layer. One-way ANOVA revealed a statistically significant difference in 11S amplitudes for
the different recording channels (F(14, 30) = 2.43, p=0.02, n = 4 mice; Fig. 4B). Post-hoc
comparisons confirmed that 11S amplitude was significantly larger in the GCL vs. CA1 SR
(0 =0.003; Fig. 4B), CA1 PCL (p= 0.0003; Fig. 4B) or deep cortical layers (p= 0.0004;
Fig. 4B).

We next asked whether the maximal I11S amplitude in the GCL of Tg2576 transgenic mice
was generalizable to other mice that simulate aspects of AD. To that end, we implanted
PS2KO mice and we found that I1S also showed a statistically significant amplitude gradient
along the cortical-CA1-DG axis (Mixed-effects model, F(1.67, 4.88) = 68.30, p= 0.0003,

n =4 mice; Fig. 5A). Post-hoc comparisons confirmed that 11S amplitude was significantly
larger in the GCL compared to CA1 pyramidal layer (o= 0.009; Fig. 5B) or deep cortical
layers (p=0.009; Fig. 5B). IS in PS2KO mice were recorded in REM sleep, like Tg2576
mice.

In a third mouse line, the Ts65Dn mouse, we also found a statistically significant 11S
amplitude gradient along the cortical-CA1-DG axis (Friedman test, (12) = 25.85, p= 0.007,
n= 3 mice; Fig. 6A-B). Post-hoc comparisons revealed a statistically significant increase in
I1S amplitude in the GCL vs. CA1 PCL (p= 0.04; Fig. 6B) or deep cortical layers (p=0.03;
Fig. 6B).

3.5. IS amplitude and cell layer thickness are not linearly correlated

It was notable that the largest 11S were detected near the GCL. We next asked whether I1S
amplitude was correlated to areas where cell density is typically increased i.e., GCL vs. CA1
PCL. The rationale was that a dense cell layer would be more likely to exhibit large LFPs,
however it is possible that cell density may not be the only contributing factor controlling
I1S amplitude. One reason is that large 1S could be recorded in areas where cells were not
dense (Figs. 4-6), although this could be related to volume conduction. To quantitatively
address this issue, we compared I1S amplitude with cell layer thickness (Fig. 7A-B). Here
cell layer thickness is used as a proxy of cell density although it is recognized it is not the
same. Nevertheless, cell layer thickness is probably a good proxy for cell density, because
there is a fairly homogeneous density of cells in the GCL and CA1 PCL.

Mean I1S amplitude and thickness in the GCL and CA1 PCL showed that the GCL was
significantly thicker compared to the CA1 PCL, as expected (paired #test, t.;;= 4.13, p=
0.01; n=5 mice, 2 Tg2576, 2 PS2KO, 1 Ts65Dn; Fig. 7C). There was no linear correlation
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between either the GCL thickness and mean 1S amplitude in the GCL (Pearson r=-0.41,
p=0.49; Fig. 7D) or CA1 PCL thickness and mean 11S amplitude in the PCL (Pearson r=
0.02, p=0.96; Fig. 7E). When measurements of cell layer thickness from the DG and CA1
were pooled, again we did not find a statistically significant linear correlation of cell layer
thickness and 11S amplitude (Pearson r=0.30, p= 0.39; Fig. 7F). Thus, it seems unlikely
that cell layer thickness alone, and probably cell density, accounts for the large 11S amplitude
we recorded in the GCL. In summary, the large amplitude of the GCL LFP could be related
to the cell density there, and this is discussed in the Limitations section of the Discussion.
However, there are arguments against this idea, and moreover, data from CSDs support a
dominance of the DG in other ways relative to overlying CAl and cortex (see below).

3.6. IS show early and strong current sources in the DG and additional sources in CAl

and cortex

We next used current source density (CSD) analyses to map the distribution of sinks and
sources of 11S. In all mice we tested (n7=6 mice: 2 Tg2576; 2 PS2KO; 2 Ts65Dn) we

found that the DG always showed a current source during I1S (Fig. 8A1-4). Notably, current
sources in the DG remained robust over different days in the same mouse (compare Fig. 8Al
vs. 8A2). However, additional current sources were found in CA1 SR (black arrows; Fig.
8A1-4) and cortex (white arrows; Fig. 8A1-4). Regardless, the most dominant CSD pattern
of 11S consisted of current sources in all 3 areas. Therefore, next, we determined which of
the 3 source(s) dominated in intensity. We also asked which source began first because this
would suggest it was important.

To determine whether one of these sources showed stronger CSD intensity than others, we
measured the maximal intensity of current sources in the DG, CA1 SR and cortex (Fig.
8B). We found a statistically significant difference in maximal CSD intensity between the
different areas (Friedman test (3) = 8.09, p=0.009; Fig. 8B). Post-hoc comparisons showed
that the DG source was significantly stronger than the cortical source (p=0.01; Fig. 8B)
and there was a trend for the DG source to be greater than the CA1 SR source (p = 0.06;
Fig. 8B). When comparisons were made using all 11S instead of the mean per animal, all
comparisons were statistically significant (Friedman test, (3) = 27.08, p < 0.0001). Thus,
post-hoc comparisons showed a significantly greater CSD intensity in the DG compared to
cortex (p< 0.0001) and the DG was greater than CA1 (p= 0.0001). These data suggest that
the DG current sources are strongest and support the idea that the DG is dominant.

Notably, the majority of CSDs showed an early source in the DG (Fig. 8A1-4) so we next
analyzed the latency to each source. We used a threshold that allowed us to visualize even
the weakest current sources (such as those in cortex; Fig. 8C1) which was based on the
lowest maximal CSD intensity (see Methods). We found a statistically significant difference
in the latency to the onset of each current source (repeated measures ANOVA, F(1.17, 5.83)
= 6.9, p=0.03; Fig. 8C2). Post-hoc comparisons showed that current sources in the DG
were significantly earlier compared to CA1 SR (p= 0.007; Fig. 8C2) or cortex (p=0.001;
Fig. 8C2).

These data suggest that the DG could initiate the 11S and additional areas follow. This is
supported by the finding that 11S showed a local sink-source pair in the GCL/IML that
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preceded other sources such as those in CA1 SR. Thus, a simple explanation would be
that the DG triggers activity in CA1 by the trisynaptic pathway, and then cortical areas
are activated after CA1 excitation of the entorhinal cortex. The synaptic delays would

be milliseconds, consistent with the LFPs that have millisecond delays. However, when
decompressed, the onsets of the LFPs are hard to define and it is not always clear the DG
LFP begins first. These limitations are raised in the Discussion.

3.7. Selective chemogenetic inhibition of MS cholinergic neurons significantly reduced

IS rate

I1S occurred during REM sleep, a sleep period when MS cholinergic tone is markedly
increased compared to SWS or wakefulness (Jasper and Tessier, 1971; Vazquez and
Baghdoyan, 2001). Therefore, we asked whether I1S rate would be affected if we silenced
MS cholinergic neurons selectively. To test this hypothesis, we used Tg2576 transgenic mice
because they show significantly more I1S compared to PS2KO or Ts65Dn transgenic mice
(see Fig. 2F, 3B3, 3C3).

Tg2576 transgenic mice were crossed to ChAT-Cre homozygous mice so that offspring

that were positive for the Tg2576 transgene and positive for Cre (ChAT-Cre::Tg2576)

would selectively express Cre recombinase in MS cholinergic neurons (see Methods). Next,
ChAT-Cre:: Tg2576 mice were injected with AAV5-hSyn-DIO-hM4D(Gi)-mCherry in MS
and a depth electrode was implanted in the DG (Fig. 9A). Next, we asked whether selective
chemogenetic silencing of MS cholinergic neurons would be sufficient to reduce the number
of 11S. Thus, we used a chemogenetic approach (Fig. 9B) where ChAT-Cre::Tg2576 mice
were recorded for a 2 h-long baseline period and the number of IS per hr was determined.
Next, the mice were injected i.p. with a 3 mg/kg dose of CNO. Immediately after a 30 min
waiting period for CNO to peak in the brain (Jendryka et al., 2019), recordings were made
for the next 1-2 h. The number of I1S per hr was determined for the first 1 h to test the
effect of CNO, and the second 1 h was used to determine if IS rate returned to baseline.

We also conducted 2 control experiments (Fig. 9C-D). Thus, control experiments used either
saline injection in ChAT-Cre::Tg2576 mice (Control #1; Fig. 9C) or CNO in Tg2576 mice
that were not injected with AAV (Control #2; Fig. 9D).

We assessed AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression in MS using the fluorescent
tag mCherry (see Methods) and a representative example is shown in Fig. 9E. To address the
extent of mCherry expression and how restricted it was to the MS we quantified mCherry-
labeled cells in the MS and lateral septum (LS) using 2 sections per mouse (Fig. 9F). The
data showed that mCherry expression was largely restricted to MS and relatively rare in LS.
When the mean of the 2 sections was used for comparison of mice, the differences were
statistically significant (paired #test, t,;;= 7.44, p=0.005; n= 4 mice; Fig. 9G1). When
sections were compared, differences were also significant (Wilcoxon signed rank test, p=
0.008; nn= 8 sections; Fig. 9G2).

Fig. 10A shows a representative baseline recording. Note that 1S occurred when theta/delta
ratio was above the threshold to define REM sleep (dotted line in Fig. 10A-B). Within the 1
h after CNO injection, the number of 11S occurring during REM sleep was markedly reduced
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(Fig. 10A vs. 10B) compared to baseline (paired #test, t.;;= 4.59, p=0.01, n = 4 mice; Fig.
10C). This cohort of mice formed the “CNO group.”

We also used 2 control groups. The first control experiment used saline injection in ChAT-
Cre::Tg2576 mice injected with AAV5-hSyn-DIO-Hm4D(Gi)-mCherry (“Saline control
group”). There were no statistically significant differences in 1IS rate between baseline

and after saline injection (paired #test, t.,;;=0.007, p=0.95, 7= 3 mice; Fig. 10D).

The second control experiment used CNO injection in Tg2576 transgenic mice without
AAV5-hSyn-DIO-hM4D(Gi)-mCherry (“no AAV, CNO group”). There were no differences
in 11S rate between baseline and after CNO injection (paired #test, t.;;=0.31, p=0.78,n =
3 mice; Fig. 10E).

The percent changes in IS rate were significantly different between the 3 groups (CNO;
Saline control; no AAV, CNO; one-way ANOVA, F(2, 7) = 47.95, p < 0.0001; Fig. 10F).
Post-hoc comparisons revealed a significantly greater reduction in IS rate in the CNO group
(68.1 + 2.8%, n = 4 mice) compared to controls (Saline control: p=0.0003, n = 3 mice; no
AAV, CNO; p=0.0002, n = 3 mice), but not between the 2 control groups (v = 0.76; Fig.
10F).

Additional analyses examined I1S per REM sleep episode. The number of I1S per REM
sleep episode was significantly lower after CNO injection compared to baseline (Wilcoxon
signed rank test, p=0.02; Fig. 10G). In contrast, the number of I1S per REM episode did not
significantly change after saline injection (Wilcoxon signed rank test, p= 0.31; Fig. 10H).
We next compared percent change in the mean number of I11S/REM episode per animal and
found a statistically significant difference between the CNO and the Saline groups (unpaired
Etest, tp= 4.31, p=0.007; Fig. 101) similar to the effects shown for IIS rate in Fig. 10F.

3.8. MS cholinergic silencing did not significantly change REM sleep duration, number of
REM bouts, theta power during REM or latency to REM

We next asked whether the reduction in IS rate could be explained by any effects on REM
sleep characteristics such as duration, number of bouts, or theta power during REM. We
found no statistically significant differences in total duration of REM sleep between baseline
and 1 h post-injection either in mice injected with CNO (Wilcoxon signed rank test, p=
0.87; Fig. 11A1) or saline (paired £test, t,=0.13, p=0.90; Fig. 11A2). Similarly, we did
not find any statistically significant differences in the number of REM bouts in the CNO
(paired #test, t.;=0.52, p=0.63; Fig. 11B1) and the Saline-injected controls (Wilcoxon
signed rank test, p> 0.99; Fig. 11B2). The duration of REM bouts did not significantly
change either in the CNO-injected mice (Wilcoxon signed rank test, p=0.91; Fig. 11C1) or
Saline-injected controls (paired #test, t.;;= 0.28, p=0.78; Fig. 11C2). We also quantified
theta power during REM. Notably, theta power during REM did not significantly change
between baseline and after injection either in mice injected with CNO (paired #test, tz;=
0.62, p=0.57; Fig. 11D1) or saline (paired #test, t.;;= 2.06, p=0.17; Fig. 11D2). Indeed,
the percent change in theta power between baseline and after injection was not significantly
different between CNO and Saline-injected mice (paired #test, t..;= 2.64, p=0.12; Fig.
11E). These data suggest that inhibition of 1S by MS silencing was not due to a reduction in
REM or theta.
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In an additional analysis, we compared whether the total duration of REM sleep would
correlate with the total number of 1S we recorded. Indeed, we found a statistically
significant positive correlation between the total duration of REM and number of 11S during
baseline (Pearson r=0.98, p=0.01; Fig. 11F) but not after CNO (Pearson r=0.75, p

= 0.25; Fig. 11F), presumably due to the marked reduction in I1S. Last, we quantified the
latency to first REM sleep episode and asked whether it was affected by CNO injection (Fig.
11G). Notably, CNO injection did not change the latency to the first REM sleep episode
compared to Saline-injected controls (unpaired #test, t.;= 0.46, p=0.66; Fig. 11G). This
is important because a longer delay to REM sleep may contribute to sleep disturbances and
that has been proposed as a diagnostic biomarker for AD (Bliwise et al., 1989; D’Rozario et
al., 2020; Zhang et al., 2022).

3.9. Lack of rebound in IIS rate and no “ectopic” occurrence of 1IS following MS
cholinergic silencing

We next asked whether chemogenetic silencing of MS led to any side effects. We
hypothesized that potential side-effects could be a rapid increase in 1IS rate after MS
silencing and/or “ectopic” occurrence of 11S in behavioral states besides REM sleep.

We found that IS rate was significantly different between baseline, 1 h post-CNO and

2 h post-CNO (Mixed-effects model, F(2, 5) = 8.73, p=0.02; Fig. 12A-B1). Post-hoc
comparisons showed that 11S rate was significantly reduced during the 30-90 min (first hr)
after CNO injection (p= 0.03; Fig. 12B1) compared to baseline and returned to baseline
levels during the 90-150 min (second hr) post-CNO (baseline vs. 2 h; p=0.41; Fig. 12B1).
The direction of the IS rate during the first hr was a reduction and it switched to an
increase during the second hr; quantified as the percent change in 1S rate, the differences
were statistically significant (paired #test, t.;= 8.01, p=0.01; Fig. 12B2). Thus, IIS rates
decreased within 1 h while they increased within 2 h post-CNO, returning to a rate that was
not significantly different from baseline. In summary, there was no evidence of rebound.

We also checked whether I1S during the first 1 h occurred during behavioral states besides
REM because these data would suggest that there was “ectopic” occurrence of 11S. We did
not detect any I1S either during wakefulness (Fig. 12C1) or SWS (Fig. 12C1). Therefore,
MS silencing did not appear to cause “ectopic” IIS.

4. Discussion

4.1. Summary of main findings

The goal of this study was to understand sites in the brain where 1IS are robust and the role
of MS cholinergic neurons in controlling 11S. We found that IIS is a robust abnormality in

3 mouse lines that simulate features of AD. We also found that 11S occurred primarily in
REM sleep in all 3 mouse lines. Using chemogenetics, we confirmed that selective silencing
of MS cholinergic neurons reduced IIS rate. In addition, multi-channel LFP recordings
revealed that 11S amplitude was maximal in the GCL relative to area CA1 and overlying
cortex. Using CSD analyses we also found strong and early current sources in the DG

vs. CAL or cortex. Our findings are surprising in light of the studies showing that most
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granule cells (GCs) are relatively quiet in normal mice and rats (Jung and McNaughton,
1993; Diamantaki et al., 2016; GoodSmith et al., 2017; Senzai and Buzséki, 2017; Pofahl

et al., 2021). We also provide novel evidence for a contributing role of MS cholinergic
neurons in I1S generation which may serve as a new strategy to abate 11S. This idea is also
surprising given the widespread notion that the cholinergic system in AD should always be
enhanced, not depressed (Lahiri and Farlow, 2003; Trinh et al., 2003). Thus, our data suggest
an unexpected way to counteract I1S early in the disease.

IIS represent a common EEG disturbance in different mouse lines

We found that I1S occurred in all transgenic mice but not in the controls. Although I1S

are known to occur in Tg2576 transgenic mice (Kam et al., 2016; Lisgaras and Scharfman,
2022a), comparative recordings of different brain areas have not been made. Moreover, 11S
in PS2KO and Ts65Dn transgenic mice have not been studied. Therefore, our findings are
novel.

Although novel, the results are consistent with past studies. For example, PS2KO mice
have increased excitability, manifested by a lower seizure threshold when seizures are
triggered using the kindling paradigm (Beckman et al., 2020). However, spontaneous
epileptiform activity has not been reported to date. It is possible that 11S contribute

to higher seizure susceptibility of these mice. However, 1IS in epilepsy are not always
considered to promote seizures (Avoli et al., 2006; Staley and Dudek, 2006; Karoly et al.,
2016). One additional indication of hyperexcitability in PS2KO mice is HFOs, which we
reported recently (Lisgaras and Scharfman, 2022a). Thus, PS2KO mice show two types of
spontaneous abnormalities in the EEG, 11S and HFOs, supporting the view that the mice
have hyperexcitability. That is interesting in light of the clinical findings of AS2mutations
in AD, where hyperexcitability has been reported (Jayadev et al., 2010b; Zarea et al., 2016;
Lehmann et al., 2021).

The Ts65Dn transgenic mice we recorded also showed robust 1S which has not been
reported before. Taken together, the presence of robust 11S in 3 mouse lines with different
causal mechanisms suggests that 11S can arise for multiple reasons (Avoli et al., 1996; Ayala
et al., 1973; Johnston and Brown, 1981; Kokaia et al., 1994; Matsumoto and Marsan, 1964;
Muldoon et al., 2015; Schwartzkroin and Prince, 1977), consistent with epilepsy where 11S
occur in diverse types of epilepsy. It remains to be determined whether 1IS in epilepsy and
AD share similar characteristics and whether they occur in similar brain areas.

Notably, IS rate for all mouse lines was reminiscent of humans with AD. Thus, IIS rate
ranged between 0.03 and 5.18 11S/h in the study of the Vossel et al., (Vossel et al., 2016)
which overlaps significantly with 11S rate we report in the present study (PS2KO: 0.04-0.15
11S/h; Tg2576: 0.2-10 11S/h; Ts65Dn: 0.03-0.12 11S/h).

Our results also suggest that 11S could be a promising EEG signature to consider as an
outcome measure in AD. Notably, the occurrence of IIS at a range of different ages argues
against the possibility that I1S is a temporary EEG manifestation. Thus, 11S could be
considered as a biomarker in AD, as noted elsewhere (Kam et al., 2016; Lehmann et al.,
2021).
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IIS were most frequent in Tg2576 transgenic mice

Among all 3 mouse lines we examined, we found that 1S were most frequent in Tg2576
transgenic mice (vs. PS2KO or Ts65Dn mice). HFOs were also more frequent in Tg2576
mice vs. PS2KO or Ts65Dn mice (Lisgaras and Scharfman, 2022a). Higher rates of IS and
HFOs in Tg2576 mice could be due to the elevated levels of AB in Tg2576 mice (Hsiao et
al., 1996) which do not occur in PS2KO (Herreman et al., 1999) and Ts65Dn mice (Salehi
et al., 2006). This idea is consistent with a study showing increased calcium transients in
neurons around plaques, suggesting that there is hyperexcitability around plaques (Busche et
al., 2008). However, I1S and HFOs can occur before plaques are detected (Kam et al., 2016;
Lisgaras and Scharfman, 2022a) so elevated levels of oligomeric Ap might play a role in
hyperexcitability. Additional mechanisms may also be involved.

Tg2576 transgenic mice are also known to experience seizures (Bezzina et al., 2015; Kam
et al., 2016; Lisgaras and Scharfman, 2022a). Thus, frequent 11S in Tg2576 transgenic mice
may be caused or contribute to seizures in this mouse line. That idea is consistent with a
previous study using APP/PS1 transgenic mice which showed that 1S rate correlated with a
higher seizure burden (Gureviciene et al., 2019).

IIS during REM sleep and cholinergic control by the medial septum

We found that IS in the 3 mouse lines we studied were robust in REM sleep. Acetylcholine
(ACh) levels during REM sleep are increased to a greater extent compared to other
behavioral states such as wakefulness or SWS (Jasper and Tessier, 1971; Vazquez and
Baghdoyan, 2001). Thus, it is possible that increased ACh levels during REM sleep may
facilitate the occurrence of 1IS. Indeed, cholinergic facilitation of 11S and seizures is known
to occur in epilepsy (Friedman et al., 2007; Maslarova et al., 2013; Mikroulis et al., 2018).
Consistent with these data, our previous study (Kam et al., 2016) found that i.p. injection of
the cholinergic antagonist atropine reduced 1S in REM as well as NREM (which primarily
includes SWS). However, the reduction of 11S in REM by atropine was confounded by a
shortening of REM sleep duration after atropine administration. Also, the study (Kam et
al., 2016) did not provide specificity for the involvement of MS cholinergic neurons as the
current study.

The prior study using atropine prompted us to implement an approach that would minimize
effects on REM such as those related to reduced REM sleep duration. Thus, we chose

a chemogenetic approach to interfere with cholinergic neurotransmission selectively by
targeting MS cholinergic neurons. Using this selective approach, we found that the number
of 11S was significantly reduced without any significant effects in REM sleep duration or the
number and duration of REM sleep bouts. These results support a role of MS cholinergic
neurons in 1S generation.

Our data contrast with the widespread notion that cholinergic function should always be
increased in AD (Hampel et al., 2018). This dominant view stems from observations of
robust basal forebrain neurodegeneration which typically occurs late during AD progression
(Bartus et al., 1982; Hampel et al., 2018; Kim et al., 2019; Falangola et al., 2021). Thus, the
late degeneration of MS cholinergic neurons makes it appear that ACh levels are always too
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low in AD, and need to be increased. However, it has been shown that cholinergic markers
like ChAT are high in early AD stages like mild cognitive impairment (MCI; Hyman et al.,
1987; DeKosky et al., 2002; Mufson et al., 2008). In addition, increasing ACh in late stages
of AD using cholinesterase inhibitors like donezepil has not been highly effective (Lahiri
and Farlow, 2003; Trinh et al., 2003). In our view, cholinergic activity may be elevated

early and decay late in AD. Thus, silencing hyperactive MS cholinergic neurons in early AD
may be beneficial. Silencing MS cholinergic neurons may also protect them from excessive
activation and consequent deterioration.

It is also important to consider that other cholinergic nuclei may also control 1IS. For
instance, cholinergic nuclei located in brainstem may be important as they appear to
contribute to REM sleep (Van Dort et al., 2015). In addition, other systems as well as
neuropeptides that participate in sleep-wake transitions should also be considered (Saper et
al., 2001; Taheri et al., 2002).

4.5. Brain state dependence of IIS in AD: Humans vs. mice

Our data suggesting that 11S in 3 mouse lines predominantly occur in REM sleep, may
appear at odds with human AD/MCI literature suggesting that epileptiform activity only is
prevalent in NREM sleep (Vossel et al., 2016; Lam et al., 2017). However, review of the
data in the literature suggests that it may not always be the case that 1S in human AD/MCI
hardly ever occur during REM sleep.

One of the reasons to be cautious is that many studies either did not analyze REM (at

least initially; Lam et al., 2017) or did not distinguish between REM and NREM sleep
(Vossel et al., 2016; Lam et al., 2017). Indeed, in a re-analysis (Brown et al., 2018) of

the landmark foramen ovale study (Lam et al., 2017) where 11S were recorded with an
electrode penetrating the foramen ovale, NREM sleep was separated from REM and 11S
were detected in REM, but at a lower rate than I1S in NREM. A prior scalp EEG study
(Vossel et al., 2016) in humans with AD studied epileptiform activity in sleep stages =2.
Sleep stages =2 include exclusively NREM sleep and exclude REM sleep. Consequently,

a lack of distinction between different sleep stages may have given the impression that

I1S in humans with AD/MCI do not occur in REM. Notably, in Tg2576 mice there is a
predominance of IIS in REM as the present study shows, but one still can record many 1IS in
NREM, especially at ages over 7 months (Kam et al., 2016). Nevertheless, more studies are
needed to conclusively address brain state dependence of IIS in humans and animals.

Another important consideration is that humans, especially at an advanced AD stage, may
show reduced REM duration (Vitiello et al., 1984). This makes it harder to show that 11S
occur in REM. Indeed, one individual that was recorded with foramen ovale electrodes (Lam
etal., 2017) at an advanced AD stage recorded no REM sleep during the time interval of

the recording (Brown et al., 2018). Notably, a similar recording in one MCI patient that
captured REM sleep did indeed record I1S during REM (Brown et al., 2018). The duration
of EEG monitoring is also a critical factor in reliably assessing whether epileptiform activity
occurred in different behavioral states. Indeed, serial EEGs (=2) or long-term video EEG
monitoring (=24 h) are more effective at detecting epileptiform activity compared to routine
EEGs (Vossel et al., 2013). Also, using receiver operating characteristics analyses, the
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sensitivity of detecting epileptiform activity in AD is significantly increased with longer
recordings (Horvath et al., 2017) similar to epilepsy (Doppelbauer et al., 1993; Faulkner et
al., 2012). Thus, routine EEGs might have generally underestimated 11S and specifically 11S
in REM because REM is typically shorter compared to NREM (Liedorp et al., 2010).

Another important insight comes from a study looking at 11S in AD patients with and
without epilepsy as well as healthy controls (Lam et al., 2020). The study showed that 1S
were more frequent during REM and wakefulness in those AD patients that have diagnosed
epilepsy (vs. those that were not diagnosed with epilepsy). In addition, 1S during REM

and wakefulness showed both good specificity (85.7%) and sensitivity (85.7%) in predicting
clinical seizures. Interestingly these results suggesting a close relationship between 11S and
seizures are consistent with the use of 1S during REM to localize epileptogenic foci in
patients with temporal lobe epilepsy (Sammaritano et al., 1991).

To conclude, we propose a re-examination of the idea that 11S only occur in NREM
by implementing longer or repeated EEG recording and sleep staging that differentiates
between NREM and REM.

4.6. The DG as a possible source of IS

Excitability in the DG is known to change early during AD progression. For example,

in amnestic MCI, fMRI showed high activity in the DG (Bakker et al., 2012). In mice,
markers of neuronal activity such as c-Fos and AFosB were elevated in the J20 mouse line in
early life (Corbett et al., 2017). Reduced calbindin-D28K (Palop et al., 2003) and increased
neuropeptide Y (Palop et al., 2007) in GCs of J20 mice are also consistent with hyperactive
GCs. In vitro, slices of Tg2576 mice at 2—-3 months of age showed increased excitability of
GCs (Alcantara-Gonzalez et al., 2021). In APP/PS1 mice, GCs were depolarized relative to
controls (Jiang et al., 2021; Minkeviciene et al., 2009). In vivo, we showed HFOs in the DG
at just 1 month of age (Lisgaras and Scharfman, 2022a).

Our study is the first to show that the DG dominates the activity that occurs during IIS,

at least along the cortical-CA1-DG axis. We showed that in all 3 mouse lines we tested.
I1S appeared to be maximal in amplitude in the GCL and accompanied by strong current
sources there. A larger 1S amplitude would suggest that a greater number of neurons fire
to produce an 11S compared to an 1IS that is characterized by a smaller amplitude. Indeed,
multiunit activity during I1S in epilepsy is found in brain areas where 11S are likely to be
generated (Ulbert et al., 2004; Guth et al., 2021). Overall, these results suggest that the DG
may contribute to a larger extent to 11S compared to either area CA1 or overlying cortex
where I1S appear to occur with a significantly lower amplitude. Notably, we also detected
strong current sources in the DG. It was notable that the current sources in the DG and
especially the IML preceded those in CA1 as well as cortex suggesting that the DG is an
early contributor to 11S.

Relationship of IIS to dentate spikes

In normal rodents, a large spike occurs spontaneously in the DG LFP, called a dentate spike
(Bragin et al., 1995; Buzséki et al., 2003; Headley et al., 2017; Dvorak et al., 2021). It is
interesting to consider the possible relationship of 11S to dentate spikes in light of the large
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I1S in the DG in the 3 mouse lines we studied. On the one hand, 1S are distinct because they
are recorded throughout many brain regions, but the dentate spike is more localized (Bragin
et al., 1995; Buzsaki et al., 2003; Headley et al., 2017; Dvorak et al., 2021). Moreover,
previous studies suggest the entorhinal cortex drives dentate spikes (Bragin et al., 1995;
Dvorak et al., 2021) whereas our CSDs showed that a prominent DG source of the 1S was
in the inner molecular layer as well as additional sources in CA1 and cortex. Nevertheless,

it is possible that dentate spikes occur early in life and then progressively recruit other brain
regions and thus begin to have triggers other than the entorhinal cortex as pathology in the
mice develop.

4.8. Limitations and future directions

The data showing that MS silencing reduces I1S suggest that the MS could be targeted

to alleviate from I1S-related memory impairments. Although cognitive tests were not
conducted here, they could be in the future. Notably, other investigators have reported that
rats with 11S have impaired memory retrieval (Kleen et al., 2010). Also, other investigators
have reduced hyperexcitability (although not necessarily 11S) with the anticonvulsant
levetiracetam and found that cognition improved in those individuals with amnestic MCI
(Bakker et al., 2012). In this context, a recent study found that the effect of levetiracetam
was robust in those individuals with AD that showed epileptiform activity in the EEG
(Vossel et al., 2021). 1t will also be valuable to determine if MS silencing could alleviate
amyloid burden or reduce phosphorylated tau.

Other limitations include determining the exact location of electrodes. Therefore, we cannot
discount that small differences in electrode location could have influenced the results. We
also recognize some cohorts of mice were small. Therefore, we made conclusions based on
what findings were consistent across all mice.

Also, in this study, we compared sites along the cortical-CA1-DG axis. However, we
recognize that other areas of the brain may also show large IIS. It is also important to
consider that IS in the different mouse lines may not reflect the same electrophysiological
phenomenon. Indeed, in epileptic animals, 1S may be due to different mechanisms, such as
glutamatergic EPSPs underlying a paroxysmal depolarization shift (Matsumoto and Marsan,
1964; Ayala et al., 1973; Schwartzkroin and Prince, 1977; Johnston and Brown, 1981), or
GABAergic mechanisms leading to synchronization of principal cells (Kokaia et al., 1994;
Avoli et al., 1996; Muldoon et al., 2015). Future studies looking at mechanisms should also
consider the effect of the genetic background on the results and note that 11S manifestation
(such as I11S morphology) may vary with mouse line and age of the animal.

5. Conclusions

Showing that the DG is a “hotspot” where 1IS are consistently maximal and accompanied
by early current sources is important as it suggests the DG as an important node in the
pathophysiology (Ohm, 2007). Demonstration in 3 different mouse lines all with distinct
characteristics of AD makes the findings stronger and likely to be important also. The idea
that the DG has an important role in IS is consistent with many observations of altered
excitability in the DG in AD (Bakker et al., 2012) or mouse lines simulating features of AD
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(Palop et al., 2003; Palop et al., 2007; Corbett et al., 2017; Alcantara-Gonzalez et al., 2021).
Indeed, this view is also strengthened by our previous study showing that the DG is an early
contributor to increased hippocampal excitability as shown by the occurrence of DG HFOs
in vivo (Lisgaras and Scharfman, 2022a). In addition, our findings pointing to the MS as a
contributor to 1S activity is topical considering the urgent need for a better understanding
of the role of subcortical structures in AD pathophysiology (Ehrenberg et al., 2023). Future
work targeting the DG as well as the MS is warranted as it may provide new avenues for
therapeutic intervention in individuals at risk for developing AD.
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AD Alzheimer’s disease

DG Dentate gyrus
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HFOs High frequency oscillations

IS Interictal spike

MS Medial septum

NREM Non-rapid eye movement sleep

PCL Pyramidal cell layer of CA1

PS2KO Presenilin 2 knockout

REM Rapid eye movement sleep

SR Stratum radiatum of CAl

SWS Slow-wave sleep
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Fig. 1.

Y Y

1S in the DG is a robust EEG abnormality in three mouse lines.

(A

Experimental timeline of the study. Mice were implanted with a 16-channel
silicon probe (for experiments without chemogenetics) or a depth electrode (for
chemogenetics) and were allowed to recover from surgery for 1 week before the
start of LFP and video recording. Video was also used as one component of the
definition of behavioral state (see Methods). Following 1 week of recovery, LFP
recording began and lasted for 3 consecutive days. After the end of the recording,
animals were euthanized.

A diagram of the implant used for the EEG recordings. HPC = hippocampus; GR
= ground; REF = reference. For simplicity, only one recording channel is shown
for each mouse and the channel was in the GCL (note that I1S were detectable
from additional areas — see Fig. 3).
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(B) A representative Nissl-stained section confirming electrode targeting in the DG (red
arrow). The electrode track is noted by red arrows.

(C) Representative examples of recordings in the DG of a Tg2576 control and transgenic
mouse.

1 Recordings in a control mouse. Note the absence of I1S. I1S were absent in all 5
control mice.
2. The same as 1 but the mouse was a Tg2576 transgenic. An IS is shown (red

arrow) and it is expanded in the inset. All 8 Tg2576 mice showed IIS.

(D) Representative LFPs in the DG of a PS2KO control and knockout mouse.

1 Recordings in a control mouse. Note the absence of 1IS. 1S were absent in all 4
control mice.
2. The same as 1 but the mouse was a PS2KO. An 1IS is shown (red arrow) and it is

expanded in the inset. All 5 PS2KO mice showed IIS.
(E) Representative recordings in the DG of a 2n control and Ts65Dn transgenic mouse.

1 Recordings in the 2n control mouse. Note the absence of I1S. 1S were absent in
all 5 control mice.

2. The same as 1 but the mouse was the Ts65Dn transgenic. An 1IS is shown (red
arrow) and it is expanded in the inset. All 5 Ts65Dn mice showed I1S.
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I1S rate in the DG is significantly increased during REM sleep.

(A) Theta/delta ratio (purple line) and 1S (red arrows) in a Tg2576 transgenic mouse during
sleep. The threshold for sleep of increased theta/delta ratio (2 times above the baseline) is
denoted by a dotted purple line. Note that 11S occurred during periods of theta/delta ratio
exceeding the threshold. Mice showed no movement during these periods as determined by
video (see Methods). Also note the increased theta power (white arrows) in the spectrogram
during periods when IIS occurred, supporting the definition of this time as REM sleep.

(B) Same as in A, but for a PS2KO mouse showing 1S during periods of increased theta/
delta ratio.

(C) Same as in B, but for a TS65Dn mouse.

(D) 1IS rate during wakefulness. None of the transgenic or control mice showed 11S during
wakefulness. Red denotes Tg2576 control (n = 5) and transgenic (n = 8) mice. Blue denotes
PS2KO control (n = 4) and knockout (n = 5) mice, and green corresponds to 2n control (n =
5) and Ts65Dn transgenic (n = 5) mice.

(E) Same as in D but for SWS sleep. None of the transgenic, knockout, or control mice
showed IIS.

(F) Same as in E but 11S were analyzed during REM sleep. IS in Tg2576 transgenic mice
were most frequent compared to PS2KO (p = 0.02) or Ts65Dn (p = 0.002) transgenic mice.
Note that none of the controls showed IIS (n = 14). Also, 11S were significantly more
frequent in Tg2576 transgenic vs. control mice (Mann-Whitney Utest, U =0, p=0.001),
PS2KO vs. control mice (Mann-Whitney Utest, U =0, p=0.01) and Ts65Dn transgenic vs.
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control mice (Mann-Whitney Utest, U =0, p=0.007). The mean number of 1IS detected
during a 24 h session was: Tg2576: 81.54 + 29.70 events (range: 5-240); PS2KO: 1.87 +
0.05 events (range: 1-4); Ts65Dn: 1.38 + 0.04 events (range: 1-3).
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B. IIS rate in cortex
1. Wakefulness 2. Slow-wave sleep 3. REM

%Kk
%k
1.0- 1.0
104 @
0.8 0.8
5_.
£ 061 £ 067 =
%) %] %)
= 0.4 = 0.4 =
0.2 0.2- 0.11
0.0lep—ap—sr— 0.0-ep—ep—<=— 0.0
© Qo © N
Fo S S
K Q248 K P«s K Q24

D. Tg2576 E.PS2KO F. Ts65Dn

1.0 1.0 15+ 0.20- 0.20-
104 o s ns _
s Bt 5- 0.15- e 0.5
° 1041 e o o
= 0.6 = 0.6 — E = = e @ o
) ) ® 027 %) % 0101 e o o & 0.104
= 0.4 = 0.4 o L o0 — -
I‘_I 5..
0.2- 0.2- 0.1- o ° ol |® 0.05- 0.05-
| al °
0.0-—ep—ep—ep— 0.0 0.0 04 0.00H-- 0.00
/\QD [ORPR /\@ O /\Q) O ®+ N O Q;+ N O 0‘\' N O
o aF & AT Y A Eex O &ex &
Y& YL S @ < P
Fig. 3.

1S rate in cortex, CA1l and the DG.

(A) Schematic of electrode placement used for multi-area recording of I1S. 11S were

recorded simultaneously in cortex, area CA1

and the DG using 16-channel silicon probes

(n=4Tg2576, n = 4 PS2KO, n = 3 Ts65Dn). In an additional cohort of mice, I1S were
recorded using a depth electrode targeting the DG (n = 3 Tg2576, n = 2 Ts65Dn).
(B) 1S rate per hr in cortex of Tg2576 (red; n = 4), PS2KO (blue; n = 4) and Ts65Dn (green;

n = 3) mice.

1. The IS rate is shown for wakefulness.

2. The same as in 1 but for SWS.

3. The same as in 1, 2 but for REM sleep. One-way ANOVA revealed that IIS rate
was significantly different between mouse lines during REM sleep (F(2, 8) =
19.25, p=0.0009). Post-hoc comparisons showed that 11S rate was significantly
higher in Tg2576 transgenic mice vs. PS2KO (p = 0.002) or Ts65Dn (p = 0.002)
mice, but not between PS2KO and Ts65Dn mice (p = 0.99). ns = not significant.

(C) Same as in B but IS rate was measured in CA1. Similar to other areas, 11S rate in CAl
was also robust in REM. There was a statistically significant difference in I1S rate depending
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on the mouse line (one-way ANOVA; F(2, 8) = 19.25, p=0.0009). Post-hoc comparisons
showed a statistically greater IS rate in Tg2576 vs. PS2KO mice (p = 0.002), Tg2576 vs.
Ts65Dn (p= 0.002) but not between PS2KO and Ts65Dn (p = 0.99).

(D) Multi-area comparison of 1IS rate in Tg2576 transgenic mice. There was no statistically
significant difference in IS rate between the 3 different regions (one-way ANOVA; F(2, 13)
=1.68, p=0.22).

(E) Same as in D but for I1S rate in PS2KO mice. Similarly to Tg2576, 1S rate in PS2KO
mice was not significantly different between the 3 areas (Kruskal-Wallis test, H(3) = 0.35, p
=0.35).

(F) Same as in E but for IS rate in Ts65Dn mice. IS rate between the 3 areas was not
significantly different (Kruskal-Wallis test, H(3) = 0.86, p= 0.31).
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A. IS depth profile — Tg2576 B. IS amplitude quantification
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I1S amplitude is maximal in the GCL of Tg2576 transgenic mice.

(A) A representative IS recorded from a Tg2576 transgenic mouse. The recording channels
are shown with the most superficial (closer to cortex) at the top and deeper channels (closer
to the DG) at the bottom. Note that the 11S was detectable from all recording channels. Insets
show an 1IS in a deep cortical layer (top), CAL PCL (center) and the GCL (bottom). In Figs.
4-6, please note that 16-channel probes were used, but recordings from <16 channels are
shown because some channels either were noisy or not functional.

(B) Quantification of 11S amplitude along the cortical-CA1-DG axis of Tg2576 transgenic
mice (a total of 156 11S were analyzed in 4 mice during 24 h). The different layers

were determined based on several criteria (see Methods). One-way ANOVA revealed a
statistically significant difference in 11S amplitudes for different recording channels (F(14,
30) = 2.43, p=0.02). Post-hoc comparisons confirmed that 11S amplitude was significantly
larger in the GCL vs. CA1 SR (p=0.003), CA1 PCL (p=0.0003), or deep cortical layers (p
=0.0004). In Figs. 4-6, the brain section shown in the background was taken from a normal
animal and it is used only for illustration.
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B. IIS amplitude quantification
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I1S amplitude is maximal in the GCL of PS2KO mice
(A) A representative IS recorded from a PS2KO mouse is shown. Similar to Tg2576
transgenic mice, 11S in PS2KO mice were detectable from all recording channels. Insets
show an 1IS in a deep cortical layer (top), CA1 PCL (center) and the GCL (bottom).

(B) Quantification of 1S amplitude along the cortical-CA1-DG axis of PS2KO mice (a total
of 22 11S were analyzed in 4 mice during 24 h). One-way ANOVA analysis revealed a
statistically significant difference in I1S amplitude and recording channel (Mixed-effects
model, F(1.67, 4.88) = 68.30, p= 0.0003). Post-hoc comparisons confirmed that 11S
amplitude was significantly larger in the GCL vs. CA1 PCL (p = 0.009) or deep cortical

layers (p=0.009).
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A. lIS depth profile — Ts65Dn
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B. IS amplitude quantification
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11S amplitude is maximal in the GCL of Ts65Dn transgenic mice
(A) A representative 1IS recorded in a Ts65Dn mouse is shown. Like Tg2576 and PS2KO
mice, 11S in Ts65Dn mice were detectable from all recording channels. Insets show 1IS in a
deep cortical layer (top), CA1 PCL (center) and the GCL (bottom).
(B) Quantification of 1S amplitude along the cortical-CA1-DG axis of Ts65Dn transgenic
mice (a total of 16 IS were analyzed in 3 mice during 24 h). A Friedman test revealed

a statistically significant difference for I1S amplitude and recording channel (Friedman
test, (12) = 25.85, p=0.007). Post-hoc comparisons confirmed that I1S amplitude was
significantly larger in the GCL vs. CA1 PCL (p= 0.04) or deep cortical layers (p= 0.03).
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A. GCL thlckness measurement (DG) D. GCL thickness vs. IIS amplitude
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Fig. 7.

Ilg amplitude and principal cell layer thickness are not linearly correlated

(A) Quantification of GCL thickness in the DG. For GCL thickness (width in arbitrary units,
a.u.), we used the straight-line tool in FIJI to measure the thickest part of the upper blade.
The GCL/hilar border and GCL/IML border was defined as before (Lisgaras and Scharfman,
2022b; see also Methods).

(B) Same as in A, but for CA1 PCL thickness. The borders were defined in an analogous
manner.

(C) Comparison between DG GCL and CA1 PCL thickness. GCL thickness was
significantly greater than PCL thickness (paired #test, t.;;= 4.13, p=0.01; n = 5 mice).

(D) There was no statistically significant linear correlation between DG GCL thickness and
mean |1S amplitude recorded in the DG GCL (Pearson r = —=0.41, p= 0.49).

(E) There was no statistically significant linear correlation between the CA1 PCL thickness
and mean 11S amplitude recorded in the CA1 PCL (Pearson r = 0.02, p= 0.96).
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(F) Measurements from both the GCL and PCL were pooled. There was no statistically
significant linear correlation between cell layer thickness and mean I1S amplitude (Pearson r
=0.30, p=0.39).
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A. Current source density (CSD) analyses of IIS
1. Tg2576 — Day 1 2.Tg2576 — Day 2 3. PS2KO
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Fig. 8.

Current source density plots showing strong and early current sources of 11S in the DG as
well as additional sources in CA1 and cortex.

(A)

1 A CSD plot is shown for an I1S recorded in a Tg2576 mouse. There were two
current sources (yellow; red arrows) near the GCL and two additional sources
were in area CA1 SR (black arrow) and cortex (white arrow). The sources in SR
and cortex were relatively weak compared to GCL, in most cases. The depth is
shown in 100 pm increments corresponding to the distance between electrodes;
the zero point corresponds to the first electrode in the deep cortical layers.
Sources are denoted by warm colors (yellow/orange) and sinks by blue shades.

2. Same mouse as in 1 but the CSD is shown for an 1IS recorded on a different day
(Day 2). Note that the robust GCL source (red arrow) is similar to Day 1 and
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therefore reproducible. The sources in SR (black arrow) and cortex (white arrow)
were also reproducible.

Same as in 1-2 but the recordings were from a PS2KO mouse. Note a prominent
source in the DG (red arrow) and additional sources in SR (black arrow) and
cortex (white arrow).

Same as 3 but the recordings were from a Ts65Dn mouse. There were sources in
the DG, SR and cortex as for other mouse lines.

(B) Quantification of maximal CSD intensity of current sources in the DG, SR and cortex.
The max CSD intensity was significantly different between the DG, CA1 SR and cortex
(Friedman test, (3) = 8.09, p=0.009). Post-hoc comparisons showed a trend towards higher
CSD intensity in the DG vs. CAl (o= 0.06) and a statistically significant difference between
DG and cortex (p=0.01). Note that when I1S was used as the sample size unit, rather than
mice, the DG was significantly greater than both CA1 and cortex (see text). A total of 6 mice
were used (2 Tg2576; 2 PS2KO; 2 Ts65Dn) and 30 1S were analyzed in total (3-5 I1S per
mouse chosen at random, unless otherwise stated).

(©)

Methods used to quantify latency to DG, CA1 SR and cortical source in the
CSD. CSD plots were rendered black and white, and a threshold was determined
based on the minimum CSD intensity quantified in B. The intensity was further
reduced by 2 SEM to adequately capture even the weakest current sources

such as those in cortex (see Methods). In white are shown current sources that
exceeded the threshold. Purple arrows show the latency to each source relative to
the onset of each CSD plot.

We found a statistically significant difference in the latency to DG, CA1 SR
and cortical current source (repeated measures ANOVA, F(1.17, 5.83) = 6.9,
p=0.03). Post-hoc comparisons showed that current sources in the DG were
significantly earlier compared to CA1 SR (p = 0.007) or cortex (p= 0.001).
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Fig. 9.
Experimental approach for chemogenetics and confirmation of viral expression in MS.

(A) Experimental approach. ChAT-Cre::Tg2576 mice were injected with AAV5-hSyn-DI0O-
hM4D(Gi)-mCherry (AAV) in MS and in the same surgery mice were implanted with an
electrode in the DG. Mice received CNO or saline. An additional cohort of Tg2576 mice
were implanted and received CNO but no AAV was injected to serve as additional controls
(no AAV, CNO; see below). After 3 weeks to allow for expression of the virus and recovery
from surgery, mice were video-EEG recorded continuously for 3 consecutive days and then
CNO or saline was injected. Afterwards, mice were euthanized to confirm viral expression
(see Methods).
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(B) Timeline of the CNO experiments using ChAT-Cre::Tg2576 mice injected with AAV5-
hSyn-DIO-hM4D(Gi)-mCherry (AAV, CNO). A 2 h-long baseline EEG was recorded and
then 3 mg/kg CNO was injected i.p. After waiting for 30 min, we counted I1S for the next 2
h and afterwards the mice were euthanized.

(C) Same as in B but for a different cohort of ChAT-Cre::Tg2576 mice injected with AAV5-
hSyn-DIO-hM4D(Gi)-mCherry where saline was injected instead of CNO (AAV, Saline).
I1S rate was quantified for 1 h following the 30 min waiting period.

(D) Same as in C but Tg2576 mice were used. These mice were not injected with AAV but
they were injected with CNO (no AAV, CNO).

(E) Representative viral expression of AAV5-hSyn-DIO-hM4D(Gi)-mCherry in MS of a
ChAT-Cre::Tg2576 mouse. Inset shows MS at higher magnification and white arrows point
to individual cells expressing AAV5-hSyn-DIO-hM4D(Gi)-mCherry. MS = Medial septum,
LS = Lateral septum.

(F) Schematics of the brain sections used for analyses are shown. Top, a section
corresponding to approximately +0.6 mm A-P from Bregma. Bottom, a section
corresponding to approximately +0.8 mm A-P (adapted from Franklin and Paxinos, 1997).

(G)
1 The mean number of mCherry-labeled cells per animal was significantly greater
in MS vs. LS (paired #test, t. ;= 7.44, p=0.005; n = 4 mice).

2. There were significantly more mCherry-labeled cells in MS vs. LS when
comparisons were made using the number of cells per section instead of the
mean per animal (Wilcoxon signed rank test, p = 0.008; n = 8 sections from 4
mice).
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I1S rate is significantly reduced by selective chemogenetic inhibition of MS cholinergic

neurons.

(A) Representative recordings during a baseline. Theta/delta ratio is shown in purple shading
and the threshold is marked by a purple dotted line; detected I1S are noted with a black

arrow. Note that 11S occurred during a period of increased theta/delta ratio.
(B) In the same mouse as A, CNO was injected, and the recording is shown after waiting 30
min for CNO to peak in the brain. Note the reduced number of IIS.
(C) NIS rate was reduced 1 h vs. baseline (paired £test, t = 4.59, p=0.01).
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(D) Same as in C but saline was injected instead of CNO. 1IS rate did not significantly
change between baseline and after saline injection (paired #test, tz;;=0.007, p=0.95,n=3
mice).

(E) 11S rate in Tg2576 mice without AAV was not significantly affected by CNO injection
(paired £test, t.;;=0.31, p=0.78, n = 3 mice).

(F) Percent change in 1IS rate between groups (CNO; Saline control; no AAV, CNO). One-
way ANOVA showed that the percent change in IS rate was significantly different (F(2, 7)
= 47.95, p< 0.0001) between the 3 groups. Post-hoc comparisons revealed a significantly
greater reduction in 11S rate in the CNO group (68.1 + 2.8%, n = 4 mice) compared to
controls (saline injection: p=0.0003, n = 3 mice; no AAV, CNO; p=0.0002, n = 3 mice).
No statistically significant differences were found between control groups (o= 0.76).

(G) IS per REM sleep episode in the CNO group. This group was ChAT-Cre::Tg2576

and received AAV and CNO. The number of 1S per REM sleep episode was significantly
reduced between baseline and after CNO injection (Wilcoxon signed rank test, p=0.02, n =
4 mice). Comparisons were based on all REM episodes.

(H) 1IS per REM sleep episode in the Saline control group. This group was ChAT-
Cre::Tg2576 and received AAV and saline instead of CNO. The number of I1S per REM
episode did not significantly change (Wilcoxon signed rank test, p=0.31, n = 3 mice)
between baseline and after saline injection. As in G, comparisons were based on all REM
episodes. Thus, Saline controls lacked effects observed in the CNO group.

() Percent change in the mean number of IIS/REM episode per animal showed a statistically
significant difference between the CNO and Saline group (unpaired #test, t;;=4.31, p=
0.007, CNO, n = 4 mice; Saline, n = 3 mice).
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Fig. 11.

REM sleep characteristics are not compromised by MS cholinergic silencing
(A) Total REM duration.

1 The total duration of REM sleep during the 60 min (1 h) of the baseline and 30—
90 min (1 h) after CNO injection is shown. We found no statistically significant
differences between baseline and post-CNO (Wilcoxon signed rank test, p=
0.87).

2. Same as in 1 but for Saline controls. There were no significant differences

(paired #test, tz;=0.13, p=0.90).
(B) Number of REM bouts.
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1 The number of REM sleep bouts is shown for mice injected with CNO. We
found no differences between baseline and after CNO injection (paired #test, t.
=0.52, p=0.63).

2. Same as in 1 but for Saline-injected controls. We found no statistically
significant differences (Wilcoxon signed rank test, p> 0.99).

(C) REM bout duration.

1 We found no statistically significant differences for REM bout duration between
baseline and 1 h post-CNO injection (Wilcoxon signed rank test, p=0.91).

2. Same as in 1 but for Saline-injected mice. No statistically significant differences
were found (paired #test, t.;= 0.28, p=0.78).

(D) Theta power during REM sleep.

1 We found no statistically significant differences in theta power between baseline
and 1 h post-CNO injection (paired #test, t.;;= 0.62, p=0.57).

2. Same as in 1 but for Saline-injected controls. We found no differences (paired
Etest, to;= 2.06, p=0.17).

(E) Percent change in theta power. The percent change in theta power between baseline and
after injection was not significantly different between CNO and Saline-injected mice (paired
Etest, ;= 2.64, p=0.12).

(F) Correlation analyses between total REM duration and the total number of 11S during
REM. We found a statistically significant positive correlation between the total duration of
REM sleep and the total number of 11S during baseline (Pearson r=0.98, p=0.01) but not
during the 1 h after CNO (Pearson r=0.75, p=0.25), n = 4 mice.

(G) Latency to REM sleep. We found that the latency to REM sleep was not significantly
different between CNO and Saline-injected controls (unpaired #test, t.;= 0.46, p=0.66).
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Fig. 12.
Chemogenetic silencing of MS did not induce a rebound increase in 1S rate or ectopic

occurrence of 1S

(A) Timeline of IIS analyses. IS rate was quantified for 1 h during the baseline, 30-90 min
(first hr) after CNO injection and 90-150 min (second hr) post-CNO.

(B) Changes in 1IS rate following CNO injection in the CNO group. These animals were
ChAT-Cre::Tg2576 mice injected with AAV. Three out of four mice were recorded for the
second hr, so recovery in 1S rate during the second hr post-CNO was addressed only in 3
mice.

1 I1S rate was significantly different between the baseline, the first hr post-CNO
and the second hr post-CNO (Mixed-effects model, F(2, 5) = 8.73, p=0.02).
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Post-hoc comparisons showed a statistically significant difference between
baseline and the first hr post-CNO (p = 0.03). There was no difference in IIS rate
between baseline and the second hr post-CNO (p = 0.41), suggesting a recovery
of IS rate.

2. The percent change in 11S rate between the first and the second hr post-CNO was
significantly different (paired #test, t.,;;=8.01, p=0.01). The direction switched
from a decrease during the first hr post-CNO to an increase during the second hr
post-CNO (relative to baseline).

(C) Occurrence of 11S during wakefulness and SWS during the first hr after CNO injection.
1 I1S were not detected during wakefulness (n=4 mice).

2. Similar to wakefulness, 11S were not detected during SWS (n=4 mice).
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