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ABSTRACT  

 

Interictal spikes (IIS) are a common type of abnormal electrical activity in animal models of 

Alzheimer’s disease (AD) and AD patients. The brain regions where IIS are largest are not known but 

are important because such data would suggest sites that contribute to IIS generation. Because 

hippocampus and cortex exhibit altered excitability in AD models, we asked where IIS are largest 

along the cortical-CA1-dentate gyrus (DG) dorso-ventral axis. Because medial septal (MS) cholinergic 

neurons are overactive when IIS typically occur, we also tested the novel hypothesis that silencing 

the medial septohippocampal cholinergic neurons selectively would reduce IIS. We used 3 models of 

AD, Tg2576 mice, presenilin 2 knockout mice, and the Ts65Dn mouse model of Down’s syndrome. 

To selectively silence MS cholinergic neurons, Tg2576 mice were bred with ChAT-Cre mice and 

offspring mice were injected in the MS with AAV encoding inhibitory designer receptors exclusively 

activated by designer drugs. We recorded EEG along the cortical-CA1-DG axis using silicon probes 

during wakefulness, slow-wave sleep (SWS) and rapid eye movement (REM) sleep.   

We detected IIS in all transgenic mice but not age-matched controls. IIS were detectable 

throughout the cortical-CA1-DG axis and were primarily during REM sleep. In all 3 models, IIS 

amplitudes were significantly greater in the DG granule cell layer vs. CA1 pyramidal layer or overlying 

cortex. Selective chemogenetic silencing of MS cholinergic neurons significantly reduced IIS 

frequency during REM sleep without affecting the overall duration or number of REM sleep bouts.  

Maximal IIS amplitude in the DG of 3 AD mouse models suggests that the DG could be one of 

the areas that contribute to IIS generation. Selectively reducing MS cholinergic tone could be a new 

strategy to reduce IIS in AD.  
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HIGHLIGHTS 

 

• Interictal spikes (IIS) occurred in 3 Alzheimer’s disease (AD) models and were most robust in 

REM sleep. 

 

• In all 3 models, the DG granule cell layer exhibited a significantly greater IIS amplitude than all 

other recording sites. 
 

• Selective chemogenetic silencing of medial septum cholinergic neurons significantly reduced 

IIS frequency during REM sleep. 
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INTRODUCTION 

 

Abnormal electrical activity is gaining attention as an underappreciated contributor to 
Alzheimer’s disease (AD) pathophysiology.1-5 Abnormal electrical activity has been reported in 
humans with AD6,7 and numerous animal models that simulate AD.8-14 Although outright seizures in 
AD may be rare,15 intermittent abnormal electrical activity is much more frequent than seizures,16 and 
may occur at earlier disease stages than seizures.11,14 Thus, targeting intermittent abnormal electrical 
activity in AD offers the opportunity to intervene early during AD progression when treatments are 
more likely to succeed.17  

One of the earliest types of abnormal electrical activity in AD models are Interictal spikes 
(IIS)1,11 and high frequency oscillations (HFOs).14 IIS in epilepsy are known to impair cognition18,19 
and they are found to do so in AD as well.16,20,21 Indeed, anti-seizure medications (ASMs) can 
improve cognition in those AD patients that show IIS in the EEG.22 Also, IIS in AD models8,10,11 and 
humans with AD6,16 are known to occur during sleep which suggests that they may impair sleep-
dependent memory consolidation.23  

Despite the robust occurrence of IIS in AD, the exact origin of IIS in AD is currently unknown. 
One of the reasons for this gap in knowledge may be related to the silent nature of IIS and thus 
undetectability using conventional (non-invasive) EEG monitoring. In this context, minimally invasive 
approaches were instrumental in pointing to the temporal lobe as one of the areas where IIS and 
seizures can be robust.6,24 A neuroimaging study in amnestic patients has provided even greater 
resolution on the possible sources of increased excitability within the hippocampus.25 Indeed, the 
study25 showed that within the hippocampus, area CA3 and the dentate gyrus (DG) were the hotspots 
of increased excitability. Nevertheless, detailed electrophysiological recordings of IIS in AD are limited 
because EEG monitoring is not common clinical practice. In this context, animal models are useful 
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 AD mouse models termed 
HFOs can be recorded primarily from the granule cell layer (GCL) of the DG.14 Here we ask whether 
the DG is one of areas where IIS 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 IIS in 3 AD mouse models each with a different causal mechanism. In all AD models, IIS 
were robust during rapid eye movement sleep (REM), a sleep stage when cholinergic tone is typically 
increased.26,27 We also found that IIS showed an amplitude gradient along the cortical-CA1-DG axis 
with IIS amplitude significantly greater in the DG GCL compared to hippocampal area CA1 and the 
overlying cortical layers.   

We next asked why IIS 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.26,27 In 
epilepsy, increased cholinergic tone is thought to facilitate epileptiform activity and seizures.28,29 In an 
AD mouse model the cholinergic antagonist atropine reduced IIS in REM sleep, however this effect 
was confounded by a parallel reduction in REM sleep duration.11 Thus, direct evidence for a possible 
contributing role of the cholinergic system on IIS 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 memory30,31 and AD 
pathophysiology,32-35 the medial septum (MS) cholinergic neurons. Importantly, we found that the 
number of IIS during REM sleep was significantly reduced upon MS cholinergic silencing compared to 
the baseline number of IIS during REM sleep. It is notable that the reduction in the number of IIS 
during REM sleep was not due to reduced REM sleep duration, or reduced number of REM bouts 
compared to baseline REM sleep.  
 In summary, our data provide novel insight into IIS generation along the cortical-CA1-DG axis 
of 3 animal models of AD. We also provide new evidence for a contributing role of MS cholinergic 
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neurons in IIS. The mechanisms generating IIS and the cholinergic control of IIS in AD are important 
because they could lead to new therapeutic strategies.  

 
MATERIALS AND METHODS 

 

I. Animal care and models 
We used 3 mouse models of AD each with a different AD causal mechanism and 

neuropathology. We refer to mice carrying a mutation (Tg2576+/-, PS2KO-/-, Ts65Dn) as transgenic 

and their wild type littermates (Tg2576-/-, PS2KO+/+, 2n, respectively) as controls. Tg2576 mice were 

bred on a C57BL6/SJL background (stock #100012, The Jackson Laboratory) and PS2KO and 

Ts65Dn mice on a C57BL/6J (stock #000664, The Jackson Laboratory) background. 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 hr 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 NYU 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. 

Tg2576 transgenic mice overexpress the human amyloid precursor protein (APP) using the 

hamster prion promoter and have the Swedish mutation (APPSwe) in APP isoform 695.36 Tg2576 

transgenic mice show memory deficits at the age of 3-4 months37 and amyloid-β (Aβ) plaques by 

611,38 and 1236,38 months of age, respectively. Tg2576 transgenic mice were 5.5±2.4 months-old 

(range 1-19 months) at the time of EEG 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=18, p=0.80).  

To test the role of medial septum (MS) cholinergic neurons in controlling IIS we crossed female 

homozygous choline acetyltransferase (ChAT) ChAT-Cre+/+ mice39 (Jax stock #006410) 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.40-42 We used 4 ChAT-Cre::Tg2576 transgenic mice and 

their ages were 9.6±3.6 months-old (range 3-16 months).    

Presenilin 2 knockout (PS2KO) mice (n=4 controls; n=5 transgenic) were used because 

mutations in the PS2 gene occur in a form of familial AD with early onset.43 PS2KO transgenic mice 

do not develop Aβ neuropathology44 which allowed us to study IIS independent of it. 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 transgenic PS2KO mice (unpaired t-test, t=0.009, df=6, p=0.99). 

The Ts65Dn model (n=5 controls; n=3 transgenic) of Down’s syndrome has a triplicated 

portion of the mouse chromosome 16 containing the APP gene.45 Ts65Dn mice show neuronal 

degeneration in the cholinergic neurons of the basal forebrain, like human AD.45 Ts65Dn transgenic 

mice were 15.6±3.0 months-old (range 3-24 months) at the time of recording and Ts65Dn control 

mice were 15.3±4.6 months-old (range 3-24 months). No statistically significant differences were 

found between control and transgenic Ts65Dn mice (Mann-Whitney U-test, U=20.5, p=0.82). There 

were no statistically significant differences in age between the controls of different mouse lines 

(Kruskal-Wallis test, H(3)=3.89, p=0.14) and no differences in transgenics of the different mouse lines 

(Kruskal-Wallis test, H(3)=4.84, p=0.08).  
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II. 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 adeno-associated virus 
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 before46). 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.    
 
III. Electrode implantation 

Mice were anesthetized with 3% isoflurane and then placed in a stereotaxic apparatus where 

anesthesia was maintained with 1-2% isoflurane and body temperature controlled as described 

above. Next, buprenorphine (0.05 mg/kg, s.c.) was injected to reduce discomfort. 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 μm diameter stainless steel (California Fine Wire). 

 

IV. Wideband electrophysiological recordings 
For EEG 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.  

EEG 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/sec) was recorded simultaneously using an 
infrared camera (#ac2000, Basler). Mice were continuously recorded for 3 consecutive days at a 
minimum. 
V. Chemogenetic silencing of MS cholinergic neurons 

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 presence of CNO, hM4D(Gi) activates inward rectifying potassium channels that hyperpolarize 
hM4D(Gi)-expressing cells.47 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.48-50  

Previous studies in mice have shown that blood plasma51 and brain50 levels of CNO peak 
within 30 min after CNO injection, and the observed effects may last for hrs.52 Thus, we injected CNO 
only once and analyzed effects for the next one hour following the 30 min waiting period necessary 
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for CNO levels to peak in plasma and brain. 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.  
 
VI. IIS detection and IIS amplitude analysis  

IIS were detected using the same criteria as described in our previous studies.11,14,53 In brief, 
we included IIS that exceeded the mean baseline by more than 5 standard deviations (SDs) during 
the same behavioral state.  

For non-chemogenetic experiments we analyzed IIS during a 24 hr recording period. During 
the 24 hr period, we noted which IIS occurred during wakefulness, slow-wave sleep (SWS) or rapid 
eye movement (REM) sleep. Sleep stages were determined using the same criteria as in our previous 
studies.14,46 The frequency of IIS per min is reported separately for each behavioral state investigated 
(wakefulness, SWS, REM sleep). For spectral analyses, we used the time-frequency function in the 
RippleLab MATLAB application54 and applied a 64-point window to visualize spectral power in the 0–
15 Hz frequency range. 

For MS chemogenetic experiments, IIS were detected using the same threshold as mentioned 
above (i.e., 5 SDs above the mean). Baseline IIS frequency was calculated during two 1 hr-long 
recording periods preceding the CNO injection and the mean number of IIS per hr is reported. After 
CNO injection, a 30 min recording period was excluded from IIS analyses to allow enough time for 
CNO levels to peak in the plasma and brain.50,51 After the 30 min waiting period following CNO 
injection, IIS were quantified from an 1 hr-long recording period.  

To quantify IIS amplitude across different recording channels (for Figs 4-6), the amplitude of 
IIS was measured at the time that IIS reached its maximum amplitude after crossing the detection 
threshold (defined above). IIS amplitude was measured for all detected IIS occurring within the 24 hr 
recording period. IIS amplitude measurements were done separately for each recording channel. We 
report the mean ± standard error of the mean (SEM) of IIS amplitude per recording channel as a 
mean per animal.  

To determine the position of each electrode relative to the cell layers we used the same 
electrophysiological landmarks as in our prior study.14 In brief, the CA1 pyramidal layer was identified 
by predominance of ripple oscillations in the 80-200 Hz frequency range.55 The CA1 stratum radiatum 
was defined by the occurrence of sharp waves.56 Electrodes in the DG were identified by the robust 
presence of fast activity in the gamma (~80-150 Hz) frequency range57 and in those DG channels the 
GCL was identified by the presence of multiunit activity.  
 
VII. 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 μm) 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) H20 for 30 sec. Then sections were stained 
with 0.25% cresyl violet (Sigma Aldrich) in ddH20 for 1.5 min followed by 30 sec in 4% acetic acid. 
Next, sections were dehydrated (70%, 95%, 100%, 100%), cleared in Xylene, and cover-slipped 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 2752x2192 pixel resolution and Infinity capture software (Olympus of America). The position of all 
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electrodes was verified and reported in supplemental figures 2-4 of Lisgaras and Scharfman 2022.14 
An additional representative example of electrode targeting is shown in Fig 1B. 

To verify the success of AAV5-hSyn-DIO-hM4D(Gi)-mCherry viral expression in MS, 3 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. Then, the slides were 
coverslipped with Citifluor antifade mounting medium (Electron Microscopy Sciences) and 
micrographs were acquired 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.40-42 We found robust AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression in MS in all 4 
mice we injected (typically 10-20 labeled cells per section). We also assessed whether expression 
occurred in areas outside MS such as in neighboring lateral septum and we did not detect expression 
there as shown in a representative example in Fig 3C.     

  
VIII. Statistics 

Data are presented as a mean ± SEM. Dots 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 not designated by a symbol in graphs but are 
reported in 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 parametric data of two 
groups were conducted using unpaired two-tailed t-tests or paired two-tailed t-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 more than 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.  
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RESULTS 

  
I. IIS is a common EEG abnormality in three mouse models of AD 

 To test whether IIS were robust in different mouse models of AD, mice were implanted with 

electrodes and after 1 week of recovery they were video-EEG recorded continuously for 3 

consecutive days (Fig 1A1-2). We used 3 different mouse models of AD, each with a different causal 

mechanism and neuropathology (see Methods). For all AD models, age-matched controls (n=14) 

were recorded alongside the transgenic mice (n=14). A representative Nissl-stained section 

confirming electrode targeting in the DG is shown in Fig 1B. Representative EEG examples from both 

the control and transgenic mice are shown in Fig 1C-E.  

We found that all transgenic mice showed IIS (n=6 Tg2576, n=5 PS2KO, n=3 Ts65Dn). An IIS 

recorded in a Tg2576 transgenic mouse is shown in Fig 1C2 and further expanded in time in the 

inset. PS2KO and Ts65Dn mice also showed IIS and representative examples are shown in Fig 1D2 

and Fig 1E2, respectively. 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, IIS were an EEG event in 

transgenic mice not the controls, and therefore were an abnormal electrical pattern.  
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Figure 1: IIS is a robust EEG abnormality in three mouse models of AD 
(A) A1. Experimental timeline of the study. Mice were implanted with a 16-channel silicon probe or a 

depth electrode and were allowed to recover from surgery for 1 week before the start of the video-
EEG recording. Following 1 week of recovery, video-EEG recording began and lasted for 3 
consecutive days. After the end of the video-EEG recording, animals were euthanized. 
A2 shows a diagram of the implant used for the EEG recordings. HPC=hippocampus; GR=ground; 
REF=reference. For simplicity, only one EEG channel is shown for each mouse and the channel 
was in the DG.   

(B) A representative Nissl-stained section confirming electrode targeting in the dentate gyrus (DG; red 
arrow) of the hippocampus. 

(C) Representative examples of EEG recordings in the DG of a Tg2576 control and transgenic 
mouse.  
C1 shows EEG in a control mouse. Note the absence of IIS. IIS were absent in all 5 control mice.   
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C2 is the same as C1 but the mouse was a Tg2576. An IIS is shown (red arrow) and it is further 
expanded in the inset. All 6 Tg2576 mice showed IIS.  

(D) Representative examples of EEG recordings in the DG of a PS2KO control and transgenic mouse.  
D1 shows EEG in a control mouse. Note the absence of IIS. IIS were absent in all 4 control mice.  
D2 is the same as D1 but the mouse was a PS2KO. An IIS is shown (red arrow) and it is further 
expanded in the inset. All 5 PS2KO mice showed IIS.  

(E) Representative examples of EEG recordings in the DG of a Ts65Dn control and transgenic 
mouse.  
E1 shows EEG in a control mouse. Note the absence of IIS. IIS were absent in all 5 control mice.   
E2 is the same as E1 but the mouse was a Ts65Dn. An IIS is shown (red arrow) and it is further 
expanded in the inset. All 3 Ts65Dn mice showed IIS. 
 

II. IIS in three AD models are robust during REM sleep 

We next asked when IIS occurred in the AD models. We analyzed IIS during different 

behavioral states including wakefulness and sleep. 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, as in our previous 

studies.11,14,46  

In all transgenic mice (n=14; n=6 Tg2576, n=5 PS2KO, n=3 Ts65Dn) IIS occurred during REM 

sleep (Fig 2A) and were absent during wakefulness (Fig 2B) or SWS (Fig 2C). None of the controls 

(n=14; n=5 Tg2576, n=4 PS2KO, n=5 Ts65Dn) showed IIS in any behavioral state (Fig 2B-D).  

We next compared IIS frequency between the different mouse lines. Kruskal-Wallis test 

revealed that IIS frequency was significantly different between mouse lines during REM sleep 

(Kruskal-Wallis test, H(3)=9.64, p=0.001; Fig 2D). Post-hoc comparisons confirmed that IIS frequency 

was significantly higher in Tg2576 transgenic mice vs. PS2KO (p=0.01; Fig 2D) or Ts65Dn (p=0.04; 

Fig 2D) transgenic mice.  
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Figure 2: IIS frequency is significantly increased during REM sleep 
(A) Theta/delta ratio (purple line) and IIS (red arrows) in a Tg2576 transgenic mouse during sleep. 

The threshold for sleep periods of increased (2 times above the baseline) theta/delta ratio is 
denoted by a dotted purple line. Note that IIS occurred during periods of theta/delta ratio 
exceeding the threshold which are consistent with REM sleep. Also note the increased theta 
power (white arrows) in the spectrogram during periods when IIS occurred. 

(B) IIS frequency during wakefulness. None of the transgenic or control mice showed IIS during 
wakefulness. Red denotes Tg2576 control (n=5) and transgenic (n=6) mice. Blue denotes PS2KO 
control (n=4) and transgenic (n=5) mice, and green Ts65Dn control (n=5) and transgenic (n=3) 
mice.  

(C) Same as in B but for SWS sleep. None of the transgenic or control mice showed IIS. 
(D) Same as in C but IIS were analyzed during REM sleep. IIS in Tg2576 transgenic mice were most 

frequent compared to PS2KO (p=0.01) or Ts65Dn (p=0.04) transgenic mice. Note than none of 
the controls showed IIS (n=14). Also, IIS were significantly more frequent in Tg2576 transgenic vs. 
control mice (Mann-Whitney U-test, U=0, p=0.004), PS2KO transgenic vs. control mice (Mann-
Whitney U-test, U=0, p=0.01) and Ts65Dn transgenic vs. control mice (Mann-Whitney U-test, U=0, 
p=0.01).    
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III. Selective chemogenetic silencing of MS cholinergic neurons significantly reduced IIS  

IIS occurred during REM sleep, a sleep period when MS cholinergic tone is increased 

compared to SWS or wakefulness.26,27 We thus asked whether IIS frequency would be affected if we 

silenced MS cholinergic neurons. To test this hypothesis, we used Tg2576 transgenic mice because 

they show significantly more IIS compared to PS2KO or Ts65Dn transgenic mice (Fig 2D). Tg2576 

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

selectively express Cre recombinase in MS cholinergic neurons.39-42 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 3A). Next, we asked whether selective chemogenetic silencing of MS cholinergic neurons 

would be sufficient to reduce the number of IIS. Thus, we used an acute chemogenetic silencing 

approach (Fig 3B) where ChAT-Cre::Tg2576 mice were recorded for a 2 hr-long baseline period and 

the number of IIS 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 post-CNO injection, which is necessary for CNO to 

peak in the brain,50 EEG was recorded for the next 1 hr. The number of IIS per hr was determined for 

this recording period.       

We first verified the success of AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression in MS (see 

Methods) and a representative example of AAV5-hSyn-DIO-hM4D(Gi)-mCherry expression is shown 

in Fig 3C. Fig 3D shows a representative baseline EEG recording with IIS. Note that IIS occurred 

when theta/delta ratio was above the threshold that we used to define REM sleep (dotted line in Fig 

3D-E). We found that within the 1 hr after CNO injection, the number of IIS occurring during REM 

sleep was markedly reduced (Fig 3E). We quantified this effect and found that the total number of IIS 

per hr was significantly lower within the 1 hr following CNO injection vs. baseline (paired t-

test, tcrit=4.59, p=0.01; Fig 3F1, n=4 mice). Indeed, during the 1 hr recording period (starting 30 min 

after CNO injection), the number of IIS was reduced by 68.1±2.8% (n=4 mice) compared to baseline 

(Fig 3F2). 

We next asked whether the reduction in the number of IIS could be explained by any effects on 

REM sleep characteristics such as duration or number of bouts. We thus compared the total duration 

of REM sleep between the two recording periods (the 1 hr baseline vs. the 1 hr starting 30 min after 

CNO). We found no statistically significant differences in total duration of REM sleep (Wilcoxon 

signed rank test, p=0.87; Fig 3G1). Similarly, we did not find any statistically significant differences in 

the number of REM bouts (paired t-test, tcrit=0.52, p=0.63; Fig 3G2) or the duration of REM bouts 

(Wilcoxon signed rank test, p=0.91; Fig 3G3) between baseline and 1 hr post-CNO injection.  
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Figure 3: IIS are significantly reduced by selective chemogenetic silencing of MS cholinergic 

neurons  

(A) Experimental timeline of the study. ChAT-Cre::Tg2576 mice were injected with AAV5-hSyn-DIO-
hM4D(Gi)-mCherry in MS and in the same surgery mice were implanted with a depth electrode in 
the DG. After 3 weeks to allow for expression of the virus and recovery from the EEG surgery, 
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mice were video-EEG recorded continuously for 3 consecutive days and then the CNO 
experiment followed. Afterwards, mice were euthanized.   

(B) Timeline of the acute CNO experiment. A 2 hr-long baseline EEG was recorded and then 3 mg/kg 
CNO was injected i.p. After waiting for 30 min, we counted IIS for the next hr and afterwards the 
mice were euthanized.  

(C) 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.      

(D) Representative example of video-EEG recorded for a baseline. Theta/delta ratio is shown in 
purple and detected IIS are noted with a red arrow. Note that IIS occurred during a period of 
increased theta/delta ratio shown by a purple dotted line. 

(E) In the same mouse as D, CNO was injected, and the recording is shown after waiting 30 min for 
CNO to reach stable brain levels.  

(F) Note the reduced number of IIS occurring during periods of increased theta/delta ratio.  
1.  The total number of IIS occurring during baseline and during the 1 hr after CNO injection are 
compared. The total number of IIS was significantly reduced post-CNO vs. baseline (paired t-
test, tcrit=4.59, p=0.01).  
2. The percent decrease in the total IIS number post-CNO vs. baseline is shown. The total number 
of IIS during 1 hr post-CNO was reduced by 68.1±2.8% compared to baseline.   

(G) Characteristics of REM sleep during the baseline and 1 hr recording period that started 30 min 
following CNO injection.  
1. The total duration of REM sleep during the baseline and 1 hr post-CNO injection is shown. We 
found no statistically significant differences in the total duration of REM sleep between baseline 
and post-CNO (Wilcoxon signed rank test, p=0.87). ns, not significant. 
2. The number of REM sleep bouts is shown. We found no statistically significantly differences 
between baseline and post-CNO (paired t-test, tcrit=0.52, p=0.63). 
3. The same as G2, but REM bout duration is shown. No statistically significant differences were 
found for REM bout duration between baseline and 1 hr post-CNO injection (Wilcoxon signed rank 
test, p=0.91).    

 

IV. IIS in AD models 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 IIS were 

consistently maximal, transgenic mice were implanted with a multi-channel linear silicon probe with 

the tip ending in the dorsal DG. The silicon probe spanned the cortical-CA1-DG axis allowing 

simultaneous recordings of IIS in the DG, CA1 and overlying cortical layers.  

A representative example of an IIS recorded from a Tg2576 transgenic mouse is shown in Fig 

4A. We found that IIS were detectable throughout the cortical-CA1-DG axis. Insets show IIS recorded 

in the DG GCL, CA1 pyramidal layer or a deep cortical layer. One-way ANOVA analysis revealed a 

statistically significant difference of IIS amplitudes for the different recording channels (F(14, 

30)=2.43, p=0.02, n=4 mice; Fig 4B). Post-hoc comparisons confirmed that IIS amplitude was 

significantly larger in the DG GCL vs. CA1 stratum radiatum (p=0.003; Fig 4B), CA1 pyramidal cell 

layer (p=0.0003; Fig 4B) or deep cortical layers (p=0.0004; Fig 4B).     
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Figure 4: IIS amplitude is maximal in the DG of Tg2576 transgenic mice 
(A) A representative IIS 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 IIS was detectable from all recording channels. Insets show an 
IIS in a deep cortical layer (top), CA1 pyramidal layer (center) and the DG GCL (bottom). 

(B) Quantification of IIS amplitude along the cortical-CA1-DG axis of Tg2576 transgenic mice (n=4 
mice). The different layers were determined based on electrophysiological landmarks such as 
predominance of ripple oscillations (80-200 Hz) in CA1 pyramidal layer and large gamma 
oscillations (~80-150 Hz) in the DG GCL (for details see Methods). One-way ANOVA revealed a 
statistically significant difference in IIS amplitudes for different recording channels (F(14, 30)=2.43, 
p=0.02). Post-hoc comparisons confirmed that IIS amplitude was significantly larger in the DG 
GCL vs. CA1 stratum radiatum (p=0.003), CA1 pyramidal cell layer (p=0.0003) or deep cortical 
layers (p=0.0004).     
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We next asked whether the maximal IIS amplitude in the GCL of Tg2576 transgenic mice was 

generalizable to other AD mouse models. To that end, we implanted PS2KO transgenic mice and we 

found that IIS in REM sleep also showed a statistically significant amplitude gradient along the 

cortical-CA1-DG axis (Kruskal-Wallis test, H(13)=22.84, p=0.02, n=4 mice; Fig 5A). Post-hoc 

comparisons, confirmed that IIS amplitude was significantly larger in the GCL compared to CA1 

pyramidal layer (p=0.01; Fig 5B) or deep cortical layers (p=0.02; Fig 5B). 

 

Figure 5: IIS amplitude is maximal in the DG of PS2KO transgenic mice 

(A) A representative IIS recorded from a PS2KO mouse is shown. Similar to Tg2576 transgenic mice, 

IIS in PS2KO transgenic mice were detectable from all recording channels. Insets show an IIS in a 

deep cortical layer (top), CA1 pyramidal layer (center) and the DG GCL (bottom).  
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(B) Quantification of IIS amplitude along the cortical-CA1-DG axis of PS2KO mice (n=4 mice). One-
way ANOVA analysis revealed a statistically significant difference for IIS amplitude and recording 
channel (Kruskal-Wallis test, H(13)=22.84, p=0.02). Post-hoc comparisons confirmed that IIS 
amplitude was significantly larger in the GCL vs. CA1 pyramidal cell layer (p=0.01) or deep cortical 
layers (p=0.02).     

 
In a third mouse model of AD, the Ts65Dn mouse, we also found a statistically significant IIS 

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 significant increase in IIS amplitude in the GCL vs. CA1 

pyramidal layer (p=0.04; Fig 6B) or deep cortical layers (p=0.03; Fig 6B). 
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Figure 6: IIS amplitude is maximal in the DG of Ts65Dn transgenic mice  

(A) A representative IIS recorded in a Ts65Dn mouse is shown. Like Tg2576 and PS2KO mice, IIS in 

Ts65Dn mice were detectable from all recording channels. Insets show IIS in a deep cortical layer 

(top), CA1 pyramidal layer (center) and the GCL (bottom).  

(B) Quantification of IIS amplitude along the cortical-CA1-DG axis of Ts65Dn transgenic mice (n=3 
mice). Friedman test revealed a statistically significant difference for IIS amplitude and recording 
channel (Friedman test(12)=25.85, p=0.007). Post-hoc comparisons confirmed that IIS amplitude 
was significantly larger in the GCL vs. CA1 pyramidal cell layer (p=0.04) or deep cortical layers 
(p=0.03). 
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DISCUSSION 

 

Summary of main findings  

The goal of this study was to understand where IIS are most robust in AD models and the role 

of MS cholinergic neurons in controlling IIS. We found that IIS is a robust EEG abnormality in 3 

mouse models of AD. We also found that IIS occurred primarily in REM sleep. Using chemogenetics, 

we confirmed that selective silencing of MS cholinergic neurons reduced IIS frequency. In addition, 

multi-channel EEG recordings revealed that IIS amplitude was maximal in the GCL relative to area 

CA1 and overlying cortex. Our findings provide substantial insight into the possible areas generating 

IIS in AD models. We also provide novel evidence for a contributing role of MS cholinergic neurons in 

IIS generation which may serve as a new strategy to abate IIS in AD models.  

 

IIS represent a common EEG disturbance in different AD mouse models  

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

known to occur in Tg2576 transgenic mice,11,14 their origin was unclear and it was also unclear 

whether PS2KO and Ts65Dn transgenic mice would show robust IIS.   

PS2KO transgenic mice are characterized by a lower seizure threshold when seizures are 

triggered using the kindling paradigm13 but spontaneous epileptiform activity has not been reported to 

date. Therefore, showing PS2KO mice have IIS is novel. It is also possible that IIS contribute to 

higher seizure susceptibility of these mice. However, IIS in epilepsy are not always considered pro-

excitatory.58-60 One additional spontaneous event we reported recently in PS2KO mice are HFOs 14 

Thus, PS2KO mice show two types of spontaneous abnormalities in the EEG, supporting the view 

that the mice have hyperexcitability. That is interesting in light of the clinical findings of PS2 mutations 

in AD, where hyperexcitability has been reported.43,61,62 

The Ts65Dn transgenic mice we recorded also showed robust IIS which has not been reported 

before. Taken together, the presence of robust IIS in 3 AD models suggests that IIS can arise for 

multiple reasons, consistent with epilepsy where IIS occur in diverse types of epilepsy. The results 

also suggest that IIS could be a promising EEG signature to consider as an outcome measure in AD. 

IIS could also be a possible treatment target in AD.43   

 

IIS were most frequent in Tg2576 transgenic mice 

Among all 3 AD mouse models we examined, we found that IIS were most frequent in Tg2576 

transgenic mice. More frequent IIS in Tg2576 mice (vs. PS2KO or Ts65Dn mice) is reminiscent of the 

higher frequency of spontaneous HFOs in Tg2576 mice we reported previously.14 Thus, both 

increased frequency of IIS and HFOs in Tg2576 mice may be related to plaque burden36 which is high 

in Tg2576 mice but not in PS2KO44 and Ts65Dn45 mice. This idea is consistent with increased 

calcium transients in neurons around plaques.63 However, IIS and HFOs can occur before 

plaques11,14 so additional mechanisms may be involved.  

Tg2576 transgenic mice are also known to experience seizures.10,11,14 Thus, frequent IIS in 

Tg2576 transgenic mice may contribute to seizures in this model. That idea is consistent with a 

previous study using APP/PS1 transgenic mice which showed that IIS frequency correlated with a 

higher seizure burden.12 

 

IIS during REM sleep and cholinergic control by medial septum 

 We found that IIS in AD models were robust in REM sleep. Acetylcholine (ACh) levels during 

REM sleep are increased to a greater extent compared to other behavioral states such as 
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wakefulness or SWS.26,27 Thus, it is possible that increased ACh levels during REM sleep may 

facilitate the occurrence of IIS. Indeed cholinergic facilitation of IIS and seizures is known to occur in 

epilepsy.28,29 In this context, our previous study has found that i.p. injection of the cholinergic 

antagonist atropine was effective in reducing IIS in REM as well as NREM (which primarily includes 

SWS).11 However, the reduction of IIS in REM by atropine was confounded by a shortening of REM 

sleep duration after atropine administration. Also, the study11 did not provide specificity for the 

involvement of MS cholinergic neurons as the current study.  

The study using atropine prompted us to use an approach that would minimize effects on REM 

such as those related to reduced REM sleep duration. We chose an acute chemogenetic approach to 

interfere with cholinergic neurotransmission minimally by selectively targeting MS cholinergic 

neurons. Using this selective approach, we found that the number of IIS was significantly reduced 

without any significant effects in REM sleep duration or the number and duration of REM sleep bouts. 

These results suggest that selectively reducing MS cholinergic tone is sufficient in reducing IIS a 

finding that further support a role of MS cholinergic neurons in IIS generation.   

Our data contrast with the widespread notion that cholinergic function should always be 
increased in  AD.64 This dominant view comes from observations of robust basal forebrain 
neurodegeneration which typically occurs late in AD progression.34,35,64,65 Thus, the late degeneration 
of MS cholinergic neurons makes it appear that ACh levels are always too low in AD, and need to be 
increased. However, it has been shown that cholinergic markers like ChAT are high in mild cognitive 
impairment (MCI;66) and early AD.67,68 In addition, increasing ACh using cholinesterase inhibitors like 
donezepil was not highly effective.69,70 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 deterioration.  
 

The DG as a possible source of IIS in AD models 

 Excitability in the DG is known to change early during AD progression. In amnestic MCI, fMRI 

showed high activity in the DG.25 In AD mouse models, markers of neuronal activity such as c-Fos 

and delta FosB were elevated in the J20 mouse model in early life.71 Reduced calbindin-D28K72 and 

increased neuropeptide Y8 in granule cells (GCs) of J20 mice is also consistent with hyperactive GCs. 

In vitro, slices of Tg2576 mice at 2-3 months of age showed increased excitability of GCs.73 In vivo, 

we showed HFOs in the DG at just 1 month of age.14  

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

showed that in all 3 AD models we tested IIS appeared to be maximal in amplitude in the GCL of the 

DG. A larger IIS amplitude would suggest that a greater number of neurons fire to produce an IIS 

compared to an IIS that is characterized by a smaller amplitude. Indeed, multiunit activity during IIS in 

epilepsy is found in brain areas where IIS are likely to be generated.74,75 If that also is true in the 

context of AD, then larger IIS amplitude in the DG would suggest that the DG could be a possible 

area that contributes to IIS generation. Overall, these results suggest that the DG may contribute to a 

larger extent to IIS compared to either area CA1 or overlying cortex where IIS appear to occur with a 

significantly lower amplitude. 

In the present study IIS amplitude gradually decreased dorsal to the GCL and that was the 

case in all 3 AD mouse models we studied. However, we cannot exclude the possibility that other 

areas we did not record from may also show robust IIS.  
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CONCLUSIONS 

 

 Showing that the DG is a location where IIS are consistently maximal in diverse AD models is 

important as it suggests the DG as a central node in the pathophysiology of AD.76 This idea is 

consistent with many observations of altered excitability in the DG in AD25 or AD mouse models.8,71-73 

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.14 

In addition, our findings pointing to the MS as a contributor to IIS activity is topical considering the 

urgent need for a better understanding of the role of subcortical structures in AD pathophysiology.77 

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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