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Abstract
Sleep alterations are known to occur in Alzheimer’s disease (AD), before cognitive symptoms become apparent, 
and are thought to play an important role in the pathophysiology of AD. However, knowledge on the extent of 
macro- and microstructural changes of sleep during early, presymptomatic stages of AD is limited. We hypothesize 
that Aβ-induced perturbations of neuronal activity disrupt this oscillatory activity during sleep at pre-plaque stages 
of AD. In this study, we aimed to assess hippocampal oscillatory activity during sleep at pre- and early-plaque 
stages of AD, by performing 24-hour hippocampal electrophysiological measurements in TgF344-AD rats and 
wildtype littermates at pre- and early-plaque stages of AD. To provide a mechanistic understanding, histological 
analysis was performed to quantify GABA-ergic, glutamatergic and cholinergic synapses. We observed a differential 
impact of AD on hippocampal activity during rapid eye movement (REM) and non-REM (NREM) sleep, in the 
absence of robust changes in circadian rhythm. TgF344-AD rats demonstrated increased duration of sharp wave-
ripples during NREM sleep, irrespective of age. Interestingly, a significantly decreased theta-gamma coupling was 
observed in TgF344-AD rats, prior to amyloid plaque deposition, which was partially restored at the early-plaque 
stage. The partial recovery of hippocampal activity during REM sleep coincided with an increased number of 
cholinergic synapses in the hippocampus during the early-plaque stage in TgF344-AD rats, suggestive of basal 

Partial normalization of hippocampal 
oscillatory activity during sleep in TgF344-
AD rats coincides with increased cholinergic 
synapses at early-plaque stage of Alzheimer’s 
disease
Monica van den Berg1,5* , Loran Heymans1,5, Daniëlle Toen1,5, Mohit A. Adhikari1,5, Johan Van Audekerke1,5, 
Marlies Verschuuren2,3,5, Isabel Pintelon2,3,5, Winnok H. De Vos2,3,5, Annemie Van der Linden1,5, Marleen Verhoye1,5*† 
and Georgios A. Keliris1,4,5*†

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0003-1356-270X
http://crossmark.crossref.org/dialog/?doi=10.1186/s40478-025-02016-w&domain=pdf&date_stamp=2025-5-9


Page 2 of 18Berg et al. Acta Neuropathologica Communications           (2025) 13:96 

Background
Sleep is a behavioral state characterized by relative loss 
of behavioral control and consciousness. During sleep, 
our body and brain cycle between two major phases; 
Non-rapid eye movement (NREM) sleep (75-80% of sleep 
duration and further subdivided in other sleep stages) 
that is marked by slow oscillations, and rapid eye move-
ment (REM) sleep during which our body stays paralyzed 
but brain activity, breathing, heart rate and eye move-
ments assimilate those during awake conditions. Sleep 
serves essential functions including the clearance of 
metabolites, waste-products, and toxic proteins, as well 
as promoting memory consolidation [47]. Sleep macro-
architecture, which includes parameters such as sleep 
timing, sleep duration and the amount of time spent in 
different sleep stages, profoundly changes over the lifes-
pan. Specifically, total sleep duration decreases, times 
of sleep shift, and the amount of REM sleep and NREM 
sleep decreases [55, 68]. Sleep disturbances are often 
observed in Alzheimer’s disease, a progressive neuro-
logical disorder where the accumulation of toxic pro-
teins, amyloid-beta (Aβ) and tau, lead to severe cognitive 
problems and behavioral deficits [39, 41]. AD patients 
commonly suffer with decreased amounts of REM and 
NREM sleep, as well as an increased number of awaken-
ings, which interfere with the normal function of sleep, 
thereby promoting protein aggregation and hampering 
memory function [17].

Brain regions and pathways important for sleep and 
wake regulation [10], such as the cholinergic system [88] 
and locus coeruleus [86], are affected early by Aβ and tau 
accumulation [8, 9, 87]. Moreover, Aβ-induced neuro-
nal hyperactivity has been linked to sleep-wake distur-
bances in several amyloid models of AD and in a recent 
study in AD patients [56]. Recent studies have demon-
strated that soluble Aβ interferes with sleep regulation 
inducing increased or decreased wakefulness depending 
on the oligomer species present in the brain [48, 63]. In 
addition, several studies have observed changes in sleep 
macro-architecture and brain activity during sleep (sleep 
micro-architecture), at asymptomatic stages of AD in 
humans [40] and animal models of AD [67, 91]. Under 
physiological circumstances the sleep-wake cycle modu-
lates Aβ levels in the interstitial fluid and cerebrospinal 
fluid [52]. Neuronal activity increases the generation and 
release of Aβ [19], leading to increased extracellular Aβ 

levels during wakefulness. Conversely, Aβ is cleared from 
the interstitial fluid during sleep by the enhanced activity 
of the glymphatic system [94]. These observations suggest 
a bidirectional link between sleep loss and Aβ accrual, 
wherein altered sleep macro-architecture (e.g. decreased 
total sleep time, decreased amount of NREM sleep and 
sleep fragmentation) results in increased extracellular 
Aβ levels and aggregation, which in turn further disrupts 
sleep, therefore, driving AD progression [67]. Moreover, 
subtle changes in brain activity during sleep have been 
observed, which are tightly linked to memory functions, 
such as decreased occurrences of slow oscillations [17, 
50] and altered neural activity within the hippocampus, a 
key brain region involved in memory processes [24].

Hippocampal neuronal activity during sleep underlies 
memory consolidation through specific, coordinated 
electrophysiological events such as sharp wave-ripples 
(SWR) and theta-gamma coupling. SWR during NREM 
are considered a key mechanism for memory consolida-
tion during which the excitatory input from the CA3, as 
reflected by the sharp wave, induces fast local oscilla-
tions (ripples) in the pyramidal layer of CA1 region [12]. 
Several studies observed altered properties of SWR in 
various mouse models of AD, which displayed decreased 
SWR power, decreased SWR frequency and reduced 
occurrence of ripples (for a review [70]). Theta-gamma 
coupling, mainly during REM sleep is another impor-
tant oscillatory feature implied in memory consolidation 
and synaptic plasticity [5, 21]. The modulation of differ-
ent gamma bands, namely slow gamma (30–60 Hz) and 
fast gamma (60–130 Hz) is postulated to reflect different 
memory processes. Studies have demonstrated that theta- 
slow gamma coupling oscillations is enhanced after suc-
cessful retrieval of memories in humans [59] and rodents 
[37, 80, 81]. Instead, phase amplitude coupling (PAC) 
between theta and high gamma (60–130 Hz) is thought 
to be important for sensory processing and memory 
encoding [3, 6, 60]. Alterations in theta- fast gamma cou-
pling have also been observed in people suffering from 
mild cognitive impairment (MCI) or advanced AD. MCI 
patients demonstrated with decreased theta- fast gamma 
coupling, which was correlated with decreased memory 
performance, and which further declined in patients with 
AD related dementia [32].

Hippocampal oscillations rely heavily on the delicate 
interplay of GABA-ergic, glutamatergic and cholinergic 

forebrain cholinergic compensation mechanisms. The results from this study reveal early changes in hippocampal 
activity prior to Aβ plaque deposition in AD. In addition, the current findings imply an important role of the 
cholinergic system to compensate for AD-related network alterations, thereby partially restoring sleep architecture 
and hippocampal activity.
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neurotransmission [1, 12, 15, 22, 30]. A recent study 
observed changes in oscillatory activity and brain con-
nectivity at early symptomatic stages of AD during sleep 
[56]. We hypothesize that perturbations of neurotrans-
mitter systems due to the early accumulation of soluble 
Aβ, prior to Aβ-plaque accumulation and the symptom-
atic stages of AD, could disrupt brain oscillations during 
sleep. Studies in mouse models of AD have demonstrated 
that AB induced synaptic dysfunction induced alterations 
in neural activity during sleep [46, 97, 100]. However, 
knowledge on the extent of macro- and microstructural 
changes of sleep during early, presymptomatic stages of 
AD is limited. Moreover, insights into the neurological 
and synaptic mechanisms involved in these disturbances 
are lacking.

In this study, we aimed to assess hippocampal oscilla-
tory activity during sleep at pre- and early-plaque stages 
of AD. To this end, we have performed 24-hour hippo-
campal electrophysiological measurements in 4-month-
old TgF344-AD rats, displaying soluble Aβ pathology in 
the absence of Aβ plaques, and 6-month-old TgF344-AD 
rats demonstrating hyperphosphorylated tau accumula-
tion in the locus coeruleus and hippocampal and corti-
cal Aβ plaques [84]. Moreover, we aimed to evaluate the 
contribution of AD-related neuropathological changes in 
synaptic density to changes in hippocampal oscillatory 
activity. Hence, histological analyses of GABA-ergic, glu-
tamatergic and cholinergic synapses in the hippocampus 
were performed to investigate possible disease mecha-
nisms contributing to the alterations in hippocampal 
activity during sleep.

Materials and methods
Experimental design, animals, and ethical statement
To evaluate hippocampal dysfunction and sleep dis-
turbances during early stages of AD, cross-sectional 
electrophysiological experiments were performed. All 
procedures were in accordance with the guidelines 
approved by the European Ethics Committee (decree 
2010/63/EU) and were approved by the Committee on 
Animal Care and Use at the University of Antwerp, Bel-
gium (approval number: 2019-06). Electrophysiologi-
cal experiments were performed in 4-, and 6-month-old 
TgF344-AD male rats (N = 6/N = 5) and wildtype (WT) 
male littermates (N = 5/N = 5). These timepoints were 
based on previously performed histological analyses, 
which demonstrated increased concentrations of soluble 
Aβ-species in TgF344-AD rats, in the absence of Aβ-
plaques in 4-month-old TgF344-AD rats [84]. There-
fore, we name the 4-month-old timepoint the pre-plaque 
stage. At 6 months of age, Aβ-plaques were observed in 
the cortex and hippocampus of all TgF344-AD rats, hence 
naming this the early-plaque stage (Suppl. Figure 1).

Rats were group housed prior to the electrode implan-
tation but housed separately afterwards. All animals were 
kept on a reversed, 12 h light/dark cycle, with controlled 
temperature (20–24  °C) and humidity (40–60%) condi-
tions. Standard food and water were provided ad libitum 
and cage enrichment was provided to each animal. An 
additional 24 male rats were used for histological analysis 
of pathology and synaptic markers (6 WT and 6 TgF344-
AD rats for each time point).

Chronic hippocampal electrophysiological measurements
Surgical procedure
Anesthesia was induced using 5% isoflurane (Isoflo ®, 
Abbott Laboratories) (medical air 1  L/min) and main-
tained using 2–3% isoflurane (at 1  L/min) during the 
surgery. Animals were placed in a stereotaxic frame 
and a craniotomy was made above the right dorsal hip-
pocampus (AP -3.00, ML 2.50). A 16-channel laminar 
electrode (E16 + R-150-S1-L6 NT, Atlas Neuro-engineer-
ing) with internal reference was carefully lowered (DV 
2.5–3.5 mm) into the dorsal hippocampus and the pointy 
tip feature of the electrode will penetrate the dura with-
out damaging the dura. The exact depth of the recording 
sites was identified online by the layer-specific local field 
potentials (LFP) of the hippocampus. The craniotomy 
was sealed with a sterile silicon gel (Kwik-Cast, WPI). 
Stainless steel screws were drilled into the skull overlay-
ing the olfactory bulb, frontal cortex, left hippocampus, 
and cerebellum, of which the latter served as ground 
electrode. The implant was covered in several layers of 
dental cement (Stoelting) and the wound was closed. Rats 
were treated with antibiotics until three days after the 
surgery (5 mg/kg, Enrofloxacin (Baytril®, Bayer) (in drink-
ing water) and analgesics were administered (0.05 mg/
kg Buprenorphine (Temgesic®, Indivior Europe Limited) 
subcutaneous during surgery, followed by 2 daily injec-
tions of 5 mg/kg Carprofen (Rimadil®, Pfizer) for two days 
after surgery. Rats were allowed to recover for at least 7 
days prior to the LFP recordings.

Neurophysiological data acquisition
Prior to the recordings, all animals were habituated for 
24 h to the ventilated, light-regulated recording chamber 
and recording setup. Using a wireless electrophysiology 
system (W2100 system, Multichannel systems), electro-
physiological signals (LFPs, neuronal spiking activity, and 
EMG activity) were acquired for 24  h while the animal 
was freely behaving or sleeping in its home cage. Dur-
ing these measurements, animals were maintained on 
the 12/12 h reversed light/dark cycle and had ad libitum 
access to food and water.
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Validation of electrode position
Anesthesia was induced with 5% isoflurane and was 
maintained at 2-2.5%. An electrical current (30µA, 3s) 
was applied via the electrode at the top, middle, and 
bottom channels to allow validation of the electrode 
position. Thereafter, the animals were euthanized via 
intravenous injection of 50  mg/kg pentobarbital (Dole-
thal ®, Vetoquinol, Belgium), followed by cardiac perfu-
sion with ice-cold phosphate-buffered saline (PBS) and 
4% Paraformaldehyde (Merck Millipore, Merck KGaA). 
The brains were surgically removed and postfixed for 
4–6 h using 4% PFA. A sucrose gradient was applied (5%, 
10%, and 20% Sucrose in 0.1  M PBS), after which the 
brains were snap frozen using liquid nitrogen and stored 
at -80  °C until further processing. The frozen brains of 
the animals were sliced into 12 μm thick coronal sections 
using a cryostat (Cryostar NX 70, Thermo Fisher Scien-
tific). The sections were stained with Nissl staining (Cre-
syl Violet 0.1%, Sigma-Aldrich) and studied under the 
light microscope to validate the position of the electrodes 
for each animal.

Each layer of the hippocampus has distinct functions 
and therefore, distinct oscillatory activity. The focus of 
this study is on the different layers of the CA1 region. 
Therefore, histological electrode validation was per-
formed. Based on the location of the tip of the electrode, 
and the applied lesions in the top, middle and bottom 
channel of the laminar electrode (Suppl. Figure  1), we 
could infer which channels were placed in the differ-
ent layers of CA1. These channel locations were further 
validated by the distinct oscillatory patterns of the dif-
ferent hippocampal layers, such as occurrence of sharp 
wave-ripples and theta power across different hippocam-
pal layers. This channel information was used in further 
analyses. For 2 WT animals and 2 Tg animals, histologi-
cal validation was not possible because the lesions were 
not visible under the microscope and are not shown in 
the figure. However, based on distinct oscillatory pat-
terns, mainly the presence of sharp wave ripples and 
locating the channels with the maximum amplitude of 
theta oscillations, channel location in three out of four 
animals could be inferred [13]. Hence, these animals 
were included in the data analysis. One 4-month-old 
transgenic animal was excluded from the hippocampal 
oscillatory analysis due to bad signals in the majority of 
the channels.

Analysis
Sleep architecture and fragmentation
An automated sleep scoring algorithm was used to deter-
mine vigilance states for each 10  s epoch based on the 
theta-delta ratio and EMG activity. Each 10 s epoch was 
labeled as wake, REM or NREM. Next, the automatic 
sleep scoring was checked and adjusted through visual 

inspection by two independent investigators. The scores 
of the two investigators were combined to a single score 
per animal that was used in our further analysis of sleep 
architecture. The percentage time spent in each vigilance 
state was calculated in 3 h time periods across the 24 h 
recording and sleep bout lengths during the light (inac-
tive phase, start Zeitgeber 0) and dark (active, start Zeit-
geber 12) phase of the day were derived to evaluate sleep 
fragmentation. Mean sleep bout lengths during the active 
and inactive phase and over the entire 24 h period were 
calculated for each subject. The individual sleep bout 
lengths were used in a second analysis to create a cumu-
lative probability plot and Kolmogorov-Smirnov tests 
(FDR corrected p < 0.05) were used to evaluate differ-
ences in sleep fragmentation between genotypes.

Power analysis of hippocampal LFPs
For each channel on the electrode, power spectra were 
calculated for each vigilance state using a Fast Fourier 
Transform in Brainstorm [79] using the Welch’s method 
(window size 20s, 50% overlap). Power spectra were nor-
malized to the sum of the power across all LFP frequen-
cies (0.5–250 Hz) to minimize variation in amplitude due 
to differences in the exact placement of the electrode. 
Normalized power spectra were averaged across geno-
types separately for each state. Next, power for each vigi-
lance state was calculated for specific frequency bands 
of interest, i.e., delta (0.4–4  Hz), theta (5–12  Hz), slow 
gamma (30–45 Hz), fast gamma (60–120 Hz) and sharp 
wave- ripple (120–250  Hz). The power across the three 
channels with the highest power at each frequency was 
averaged for each subject and compared between groups 
and ages.

Phase-Amplitude coupling (PAC)
The amplitude of the hippocampal gamma rhythm 
is modulated by the phase of theta, a phenomenon 
named phase-amplitude coupling (PAC). To evaluate 
the strength of the theta-gamma coupling, the modula-
tion index (MI) was used, that after bandpass filtering 
uses the phase of the slow oscillation and the amplitude 
envelope of the fast oscillation, to create a complex vec-
tor of which the length represents the amplitude of each 
fast oscillation whereas the phase of the slow oscillation 
is represented by the angle. In the case of an absence of 
PAC, these vectors form a roughly uniform circular shape 
centered around zero, however, if there is modulation, 
then the amplitude at a certain phase is higher, which will 
create a bump in the polar plot. The MI represents the 
length of this mean vector length (for a detailed descrip-
tion of calculations we refer to [16, 82]). The analysis 
of the PAC was performed on one channel, which was 
located in the pyramidal layer of the CA1, based on histo-
logical electrode validation (described in Sect. 2.3). First, 
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for each subject, a comodulogram was calculated which 
demonstrates the MI for each pair of frequencies. The 
theta band (5–12 Hz) and gamma band (30–120 Hz) were 
divided into 1 Hz bins and for each combination of theta 
and gamma frequencies the mean modulation index 
across each REM epoch was calculated and averaged 
across all REM epochs to create a subject-based comod-
ulogram. Next, a group-averaged comodulogram was 
computed in Matlab which demonstrated for each group 
the main frequencies of modulation. The main frequency 
modes of modulation were examined and were used 
to perform a time-resolved PAC (tPAC) analysis. tPAC 
computes the MI between specific frequency bands esti-
mated from the group-averaged comodulogram for each 
1-second epoch. The advantage of this method is that it 
allows a more reliable quantification of the strength of 
the PAC. The obtained MI were averaged across epochs 
for each subject and the mean was statistically compared 
between groups and ages.

Offline detection and analysis of Sharp wave-ripples
All preprocessing steps were conducted using the 
Fieldtrip toolbox [62]. First, to detect ripples in the pyra-
midal layer of CA1, the wide-band signal was band-pass 
filtered between 120 and 250  Hz using a 400th order 
Butterworth infinite response filter and was afterwards 
down-sampled to 1200 Hz. Filtered data was segmented 
based on the NREM epochs obtained in Neuroscore. The 
segmented data was z-scored, rectified and smoothed 

using a rectangular filter window with a length of 8ms, 
generating the ripple power signal [57]. SWR were iden-
tified in the channels which were placed in the pyrami-
dal layer of the CA1, based on the electrode validation 
described in 2.3.1. If the power within the ripple band 
exceeded a threshold of 4 standard deviations from the 
mean. Events were expanded until the power fell below 
2 standard deviations and events with a duration shorter 
than 30ms and/or a peak spectral frequency lower than 
140  Hz were discarded. Subsequently, a thresholding 
algorithm was applied to detect sharp waves in the stra-
tum radiatum. Signals in the channel that demonstrated 
strong sharp waves were band-pass filtered between 0.5 
and 20 Hz using a 400th order Butterworth filter. Sharp 
wave (SW) events which lasted between 20ms and 400ms 
were detected when the power of the filtered signal 
exceeded the threshold of 2.5 standard deviations from 
the mean [61]. Ripples that co-occurred with SW were 
kept for further analysis. The power in the SWR band, 
the peak spectral frequency and the duration of events 
were extracted and compared between groups and ages.

Histology
Immunofluorescence staining
To evaluate AD alterations in synaptic markers, histologi-
cal analyses were performed on cryosections as described 
in [84]. Briefly, brains were extracted, and hemispheres 
were separated. Next, left hemispheres were embedded 
in OCT-embedding medium for sectioning. At 0.4, 1.40- 
and 3.90-mm lateral from the midline, sagittal sections 
of 12 μm were made using a Leica CM1950 cryomicro-
tome (Leica BioSystems, Belgium), thaw-mounted on 
VWR Superfrost Plus micro slides (VWR, Leuven, Bel-
gium) and dried for 2 h at 37 °C. All immunohistochemi-
cal incubations were carried out at RT. Sections were 
pre-incubated for 30  min in blocking buffer containing 
1% Triton X-100 before an overnight incubation with 
the primary antibodies (Table 1). For the detection of the 
immunoreactivity, the sections were incubated for 4  h 
with the appropriate combination of fluorescent-conju-
gated secondary, followed by a nuclear counterstain using 
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich, 
Hoeilaart, Belgium) for 10  min at room temperature. 
Samples were mounted in Citifluor AF1 (EMS, Hathfield, 
USA). Respective single-labeling studies which resulted 
in comparable staining, were performed to rule out non-
specific findings resulting from the multiple-staining 
process. Negative staining controls were performed by 
substitution of non-immune sera for the primary or sec-
ondary antisera.

Image acquisition
Confocal images of immunolabeled tissue sections 
were acquired with a Perkin Elmer Ultraview Vox dual 

Table 1 Antibodies used for immunofluorescent stainings
Target Supplier Catalogue 

nr.
RRID Dilu-

tion
vGAT Synaptic Systems 131,003 AB_887869 1:200
vGLUT Synaptic Systems 135,304 AB_887878 1:200
vAChT Merck ABN100 AB_2630394 1:1000
FITC Af-
finiPure™ 
Donkey 
Anti-
Guinea 
Pig IgG 
(H + L)

Jackson 
ImmunoResearch

706-095-148 AB_2340453 1:400

Cy™5 Af-
finiPure™ 
Donkey 
Anti-
Goat IgG 
(H + L)

Jackson 
ImmunoResearch

705-175-147 AB_2340415 1:800

CyTM3- 
conju-
gated 
Fab goat 
anti-
rabbit 
IgG (GAR-
Fab-Cy3)

Jackson 
ImmunoResearch

111-167-003 AB_2313593 1:2000



Page 6 of 18Berg et al. Acta Neuropathologica Communications           (2025) 13:96 

spinning disk confocal microscope, mounted on a Nikon 
Ti body using a 40x Plan Apo objective (NA 0.95). Lasers 
with wavelength 405  nm, 488  nm, 561  nm and 640  nm 
were used in combination with a quadruple dichroic 
and 445/60–525/50–615/70–705/90nm emission filters. 
Detection was done on a Hamamatsu C9100-50 CMOS 
camera. Image acquisition was done using Volocity soft-
ware. Regions of interest were localized based on the 
DAPI staining. Per animal, 3 images were acquired on 3 
non-consecutive sections in 3 axial positions separated 
by a 2 μm spacing.

Image analysis
Image analysis of the synaptic excitatory/inhibitory ratio 
was done in FIJI image analysis software [72] as described 
in [84]. A macro script was written for FIJI image analy-
sis software [1] to detect synaptic markers and measure 
their intensity and is available on github ( h t t p  s : /  / g i t  h u  b 
. c  o m /  D e V o  s L  a b /  S y n  a p s e  D e  t e c t i o n) [89, 90]. After  m a x 
i m u m projection of the Z-stacks, synaptic marker spots 
were enhanced using a single or multi-scale Laplace fil-
ter with user-defined kernel sizes. For each marker, the 
threshold settings were kept constant for both rat groups 
and age categories studied (Table 2). A manually defined 
threshold per region was applied to segment the spots 
after which an additional max finding (and region grow-
ing) step was included to untangle clustered spots. Only 
spots that had a projected area within a specific range 
(0.20–3.00  μm) were retained. Images with more than 
10,000 spots were discarded to exclude over segmented 
images (N = 8, 5,56%).

Statistics
The statistical analysis of the data was performed using 
the JMP Pro software (Version 16, SAS Institute Inc., 
Cary, NC, 1989–2021). For the statistical analysis of the 
sleep architecture, circadian rhythmicity, power across 
different frequency bands, SWR characteristics, and 
PAC, outlier detection was performed across all sam-
ples, using principal component analysis (PCA). Mea-
surements with a Hotelling T2 statistic index, which the 
square of the Mahalanobis distance, higher than the 95% 
confidence interval were excluded. Two-way ANOVA’s 
(genotype, age, genotype*age) were performed, and mul-
tiple comparison correction was applied on the ANOVA 
outcomes (False discovery rate (FDR) correction using 

Benjamini-Hochberg procedure). In case of a signifi-
cant genotype*age interaction, post-hoc Student’s t-tests 
were performed. An FDR correction was again applied to 
correct for multiple comparisons in the post-hoc analy-
ses (FDR p < 0.05). Moreover, the Cohen’s d coefficient 
was calculated as a measure of effect size. The interac-
tion term was removed if no significant interaction was 
observed, and a two-way ANOVA (genotype, age) was 
used to evaluate genotype or age effects.

Regarding the analysis of the synaptic markers, outlier 
detection was performed using the interquartile range 
(1.5x IQR) per genotype, age, and region on all indi-
vidual images (3 per animal). Animals with less than 2 
images were excluded and the remaining images were 
averaged for each animal. A second outlier detection 
was performed on the subject averages, using principal 
component analysis, using the criteria described earlier. 
A two-way ANOVA (genotype, age, genotype*age) per 
region was used to evaluate differences in vGLUT/vGAT 
ratio and the number of cholinergic synapses. In case of 
a significant genotype*age interaction, post-hoc FDR-
corrected Student’s t-test (FDR p < 0.05) were performed. 
The interaction term was removed if no significant inter-
action was observed, and a two-way ANOVA (geno-
type, age) was used to evaluate genotype or age effects. 
Graphical representation of the data was obtained using 
GraphPad Prism (version 9.2.0 for Windows, GraphPad 
Software, San Diego, California USA, www.graphpad.
com).

Results
Evaluation of circadian rhythmicity and sleep macro-
architecture in TgF344-AD rats
Total sleep time is known to decrease while aging, a 
decline which is exacerbated in AD [17, 98]. Upon exami-
nation of total time spent in REM, NREM or wake over 
24  h, we did not observe significant age, nor genotype 
effects (Fig. 1A., Suppl. Table 1). Moreover, when evalu-
ating time spent in each vigilance state across the inac-
tive (lights on) (Fig. 1B, Suppl. Table 2) and active (lights 
off) (Fig.  1C, Suppl. Table 3) phase, we did not observe 
significant effects, suggesting that robust changes in sleep 
macro-architecture are absent in TgF344-AD rats at early 
stages of AD.

Next, we aimed to investigate if more subtle changes 
were present by dividing the 24-hour acquisitions into 

Table 2 Threshold settings fluorescent image analysis
CA1 DG
vGlut vGAT vAChT vGlut vGAT vAChT

segmentation method Multi-scale Multi-scale Multi-scale Multi-scale Multi-scale Multi-scale
Gauss/Laplace scale 2 1 1 2 1 1
Fixed threshold 7 2 3 7 3 3
Max Scale Multi 3 3 3 3 3 3

https://github.com/DeVosLab/SynapseDetection
https://github.com/DeVosLab/SynapseDetection
http://www.graphpad.com
http://www.graphpad.com
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3-hour bins and plotted the percentage time spent in 
each vigilance state across each time bin (Suppl. Fig-
ure 2). No age, nor genotype effects were observed in the 
time spent in REM sleep (Suppl. Figure 2 A, Suppl. Table 
4). During NREM sleep, we observed a genotype*age 
interaction during Z9-Z12, which is at the end of the 
inactive phase (Suppl. Figure  2B, Suppl. Table 5). Post-
hoc analysis revealed a significant genotypical difference 
at the pre-plaque stage, with TgF344-AD rats spending 

significantly less time in NREM compared to WT litter-
mates (Suppl. Table 6). This difference was not present at 
the early-plaque stage, where NREM time decreased over 
time in WT whereas NREM time was increased in the 
TgF344-AD rats over time. These changes in time spent 
in NREM were also reflected in the time spent awake, 
where a similar genotype*age interaction was observed 
during Z9-12, demonstrating a significantly higher per-
centage of time spent awake in TgF344-AD rats at the 

Fig. 1 Sleep macroarchitecture in TgF344-AD rats. A-C) Percentage time spent in REM (left) NREM (middle) and wake (right) during the total 24-hour 
acquisition (A) and during the inactive (B) and active phase (C). D-F) Mean NREM (D) and REM (F) bout lengths across 24 h. Bars represent the mean +/- 
SEM. ANOVA analysis was performed to test for statistical differences. E-G) Cumulative probability plots of NREM bout lengths (E) and REM bout lengths 
(G) for all animals within each group. The left panel shows the cumulative distribution during the pre-plaque stage, while the right plot shows the early-
plaque stage. Kolmogorov-Smirnov tests (FDR p < 0.05) were performed to evaluate if distributions were significantly different. s = seconds, WT = wildtype, 
Tg = TgF344-AD, * = p < 0.05, ** = p < 0.01, *** = p < 0.001
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pre-plaque stage. Note that given we found no significant 
changes for REM, wake and NREM are anticorrelated. 
Moreover, there was a significant increase in wakefulness 
in WT rats at the early-plaque stage (Suppl. Figure 2 C, 
Suppl. Tables 7, 8), demonstrating that the observed 
effects are dominated by changes in WT rats.

During aging, sleep becomes more fragmented, mean-
ing a higher occurrence of awakenings and therefore, 
decreased sleep bout lengths. To investigate if TgF344-
AD rats display sleep fragmentation, average duration of 
NREM and REM bouts were calculated for each subject 
(Suppl. Figure  3) and compared across groups (Fig.  1D, 
F). Statistical analysis did not reveal significant genotypi-
cal differences in NREM nor REM bout length between 
groups. However, for both REM and NREM bout length, 
age effects were observed, showing a decreased mean 
bout length at the early-plaque stage, irrespective of 
genotype (Suppl. Table 9). These results confirm our pre-
vious observation that no major changes in sleep macro-
architecture are present in TgF344-AD rats at these early 
stages.

To evaluate subtle AD-related differences in bout 
length, NREM and REM bout lengths of all subjects 
were combined in cumulative probability plots for each 
animal (Suppl. Figure 2) and for each group (Fig. 1E, G). 
NREM bout length between WT and TgF344-AD rats 
at pre- and early-plaque stages of AD was not signifi-
cantly different (ppre−plaque = 0.0832, pearly−plaque = 0.4728, 
Kolmogorov-Smirnov) (Fig. 1E). However, a significantly 
increased probability of shorter REM bouts, a signature 
of increased REM sleep fragmentation, was observed 
in TgF344-AD rats at the pre-plaque stage, but not at 
the early-plaque stage (ppre−plaque = 0.0400, pearly−plaque = 
0.2958, Kolmogorov-Smirnov) (Fig.  1G). To summarize, 
only subtle differences in sleep macro-architecture were 
observed in TgF344-AD rats at the pre-plaque stage, but 
not at the early-plaque stage.

Alterations in sleep microarchitecture during NREM sleep
Most of the studies on sleep in AD have focused on alter-
ations in brain activity during NREM sleep (sleep micro-
architecture). Aβ and hyperphosphorylated tau have 
been known to interfere with synaptic function, hence 
inducing altered oscillatory activity during NREM sleep, 
which in turn is linked to cognitive symptoms of AD 
[33, 53]. When investigating the oscillatory power dur-
ing NREM sleep in TgF344-AD rats, no significant geno-
type effects were observed in the power across different 
frequency bands (Fig. 2A, B, Suppl. Table 10). However, 
a significant age effect was observed in the delta band, 
demonstrating a decreased power at the early-plaque 
stage, irrespective of genotype.

Next, to investigate if more refined alterations in sleep 
micro-architecture were present, SWR activity was 

already altered at pre-plaque and early-plaque stages 
of AD in the TgF344-AD rats, SWR were extracted 
(Fig.  2C, cfr. Materials and Methods) and power, peak 
spectral frequency (PSF) and duration of SWR were 
examined (Fig. 2D, Suppl. Table 11). No significant geno-
type, nor age effects were observed for the power of the 
SWR PSF of the SWR (Fig.  2E). However, a genotype 
effect was observed in the duration of the SWR, dem-
onstrating a significantly increased duration of SWR in 
the TgF344-AD rats, irrespective of age (Fig.  2F). His-
tograms of the relative frequency for each duration of 
SWR demonstrated a skewed distribution, which was 
not significantly different between WT and TgF344-AD 
rats (Kolmogorov-Smirnov, FDR p < 0.05) nor across ages 
(ppre-plaque = 0.6994, pearly-plaque = 0.998) (Fig.  2G). Next, 
all SWR events were divided into short ripples (< 60 ms), 
medium ripples (60–100 ms) and long ripples (> 100 ms), 
as described in [29]. Statistical analysis was performed 
to evaluate if the increased duration was due to a shift 
in the balance between SWR duration. The results dem-
onstrated an increased fraction of long ripples (Fig. 2H, 
Suppl. Table 12) in the TgF344-AD rats, in the absence 
of genotypical differences in short and medium duration 
ripples, showing that the relative number of long dura-
tion ripples is increased at pre- and early-plaque stages of 
AD in the TgF344-AD rats (Fig. 2H).

Hippocampal excitatory/inhibitory balance in TgF344-AD 
rats
SWR events are induced by a delicate interaction 
between excitatory neurons and GABAergic interneu-
rons that, if disrupted, can lead to pathological forms 
of activity which leads to memory impairments [4, 26, 
70, 99]. Therefore, we aimed to evaluate if altered excit-
atory or inhibitory balance could be attributing to the 
increased SWR duration observed in TgF344-AD rats 
(Fig.  3A). Analysis of the excitatory/inhibitory balance 
(ratio between glutamatergic and GABA-ergic synapses) 
revealed no significant genotype, nor age effects in the 
CA1 layer and dentate gyrus of the hippocampus (Fig. 3B, 
Suppl. Table 13).

Alterations in sleep microarchitecture during REM sleep
Next, we aimed to assess if oscillatory activity during 
REM sleep was affected at pre-plaque and early-plaque 
stages of AD. When investigating alterations in the power 
of hippocampal oscillations during REM sleep, no signifi-
cant genotype effects, nor age or interaction effects were 
observed in delta, low theta, high theta, slow gamma, and 
fast gamma power in the TgF344-AD rats (Fig.  4A, B, 
Suppl. Table 14).

Alterations in synaptic function could impair theta-
gamma coupling, therefore we evaluated PAC during 
REM sleep. First, the main frequencies modulated by 
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theta frequencies were identified using a comodulogram. 
Mean comodulograms were plotted which demonstrate 
modes of coupling between theta frequencies (6.5–9 Hz) 
and fast gamma in all groups (80–100  Hz) (Fig.  4C). 
Interestingly, strong coupling was observed between 
theta (6.5–9 Hz) and slow gamma oscillations (30–45 Hz) 
mainly at the pre-plaque stage in TgF344-AD rats.

Next, to evaluate the strength of the theta-gamma 
coupling, a time-resolved PAC analysis was performed 
(Fig. 4D, E, Suppl. Table 15). A significant age*genotype 
interaction was observed in the coupling between theta 

and slow gamma frequencies. Post-hoc analysis revealed 
increased coupling strength in TgF344-AD rats during 
the pre-plaque stage, which however was normalized 
back to WT levels at the early-plaque stage indicating 
potential processes leading to a temporary (at least) res-
toration (Fig. 4D, Suppl. Table 16). When evaluating the 
coupling between theta and fast gamma frequencies, 
a significantly decreased coupling strength was pres-
ent in the TgF344-AD rats, irrespective of age (Fig.  4E, 
Suppl. Table 15). Moreover, a significant age effect was 
observed, demonstrating an increase in the strength of 

Fig. 2 Power and sharp wave-ripple activity during NREM sleep in TgF344-AD rats and wildtype littermates. A) Mean normalized power spectra during 
NREM sleep. Shading indicates SEM across the group. B) Averaged normalized power across distinct frequency bands of interest (+/- SEM). C) Illustrative 
sharp wave-ripple (SWR) of a wildtype (WT) and TgF344-AD (Tg) rat. Trace shows filtered data (120–250 Hz) of the ripple, while the bottom time-frequency 
plot demonstrates the frequency and power of the ripple. D-F) Bar plots demonstrating the mean power (D), peak spectral frequency (E) and duration 
(F) of SWR. G-H) Histograms showing the group average relative frequency of each duration of SWR at the pre-plaque stage (left) and early-plaque stage 
(right). H) Bar plots showing the ratio of short ripples (left) and long ripples (right) vs. all ripples. Bar plots show mean +/- SEM, whereas dots represent 
subject values. gen = genotype, HFO = high frequency oscillations, ms = millisecond, PSF = peak spectral frequency, Hz = Herz, V = Volt. * = p < 0.05
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PAC in the 6-month-old rats, which is mainly driven by 
an increasing MI in the TgF344-AD rats over time, sug-
gesting a partial recovery of PAC in TgF344-AD rats at 
the early-plaque stage.

Cholinergic synapses in the hippocampus
To evaluate if the observed alterations in theta-gamma 
coupling could be attributed to alterations in cholinergic 
function, histological analysis of cholinergic synapses in 
the hippocampus was performed (Fig. 5A). When statis-
tically comparing the abundance of cholinergic synapses, 
significant genotype*age effects were observed in the DG 
and in the CA1 (Fig.  5B, Suppl. Table 17). Cholinergic 
synaptic density in the CA1 region and DG was paradoxi-
cally increased at the early-plaque stage in TgF344-AD 
rats compared to WT littermates suggesting a poten-
tial compensation mechanism. Moreover, a significant 
increase in cholinergic synapses was observed over time 
in the TgF344-AD rats in both hippocampal regions, 
which was absent in WT littermates. This, together with 
the normalization of the coupling between theta and slow 
gamma in the TgF344-AD rats at this time point (see pre-
vious section), is suggestive of a compensatory mecha-
nism occurring in TgF344-AD rats at the early-plaque 
stage (Fig. 5B, Suppl. Table 18).

Discussion
The current study aimed to evaluate how hippocampal 
oscillatory activity during sleep is altered at pre-plaque 
and early-plaque stages of AD in TgF344-AD rats and 
to elucidate the contribution of AD-related altered syn-
aptic signaling to the changes in hippocampal activity. 
When investigating properties of SWRs during NREM, 
we observed an increased ripple duration in TgF344-AD 
rats, mainly at the early-plaque stage, while the power 
of the oscillations and peak spectral frequency was not 

significantly different between genotypes. During REM 
sleep, a significantly decreased PAC between theta and 
fast gamma oscillations was observed in the TgF344-AD 
rats at both ages. Interestingly, at the pre-plaque stage in 
TgF344-AD rats, a significant increase in PAC was pres-
ent between theta and slow gamma oscillations, which 
was absent at the early-plaque stage, demonstrating a 
partial normalization of hippocampal function during 
the early-plaque stage in TgF344-AD rats. The afore-
mentioned refined micro-architectural changes during 
NREM and REM sleep were observed in the absence of 
large micro-architectural changes, as power across differ-
ent frequency bands was not affected. The alterations in 
oscillatory activity during sleep coincided with changes 
in synaptic density of cholinergic synapses, but not with 
changes in glutamatergic and inhibitory synapses. Inter-
estingly, an increase of cholinergic synapses was observed 
only at 6 months of age in the hippocampus of TgF344-
AD rats suggesting a relationship to the partial normal-
ization in hippocampal oscillatory activity observed at 
this early plague stage timepoint. The changed alterations 
in hippocampal activity were observed in the absence 
of large changes in sleep macroarchitecture, where the 
amount of REM sleep and NREM sleep was not signifi-
cantly different between genotypes, and signs of NREM 
sleep fragmentation were absent. We did observe a subtle 
hint towards REM sleep fragmentation in the TgF344-
AD rats at the pre-plaque stage, but not the early-plaque 
stage.

Prior evidence of hippocampal dysfunction in TgF344-AD 
rats
TgF344-AD rats display progressive Aβ plaque accu-
mulation in the cortex and hippocampus starting 
from 6 months of age [20, 84]. Our previous studies 
have demonstrated that at 4 months of age, increased 

Fig. 3 Changes in E/I balance in TgF344-AD rats. A) Exemplary images of the glutamatergic (magenta) and GABA-ergic (yellow) synapses in the CA1 
layer of the hippocampus in wildtype littermates (WT) (left) and TgF344-AD rats (right) at the pre- and early-plaque stage. B) Group-averaged vGLUT/
vGAT ratio per region of interest. Bars represent the mean +/- SEM. ANOVA analysis was performed to test for statistical differences. DG = dentate gyrus, 
vGAT = vesicular GABA transporter, vGLUT = vesicular glutamate transporter, E/I = excitatory/inhibitory
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concentrations of soluble Aβ monomers and oligomers 
in the brains of TgF344-AD rats, in the absence of cor-
tical and hippocampal Aβ plaques [66, 71, 84], resulting 
in aberrant neural activity as measured by resting state 
functional MRI [84] and altered hippocampal activity 
in rats performing an open field task or linear track [58, 
85]. To our knowledge, our former and current study are 
one of the few electrophysiological examples performed 
at the pre-plaque stage in TgF344-AD rats as most elec-
trophysiological studies in the TgF344-AD rats have 
been performed at older ages. These studies observed 
enhanced excitability of excitatory neurons in the Den-
tate Gyrus in 6-month-old male TgF344-AD rats [73, 74], 

decreased PAC in the cortex and hippocampus of 9- to 
12-month old rats [2] and decreased rate of SWRs in 
12-month old TgF344-AD rats [78].

Power of hippocampal oscillations
In clinical en preclinical studies, alterations in power of 
slow oscillations, theta oscillations and gamma oscilla-
tions have been observed during sleep, where the direc-
tion of the changes over the course of the disease [14, 44]. 
Longitudinal studies in AD mouse models reveal initial 
increases in power of slow wave- [18, 35], theta- [35], and 
gamma power [45], followed by a significantly decreased 
power in these frequencies at more advanced AD stages. 

Fig. 4 Power and theta-gamma coupling in TgF344-AD rats during REM sleep. A) Mean normalized power spectra. Shading indicates SEM across the 
group. B) Averaged normalized power across distinct frequency bands of interest (+/- SEM). C) Comodulogram averaged across subjects demonstrating 
main frequencies of coupling. Color bar indicates the strength of the modulation index (MI) at different frequencies of theta (x-axis) and gamma (y-axis). 
D) Mean (+/- SEM) MI across subjects between theta-frequencies (6.5–9 Hz) and slow gamma frequencies (30–45 Hz). Dots represent subject MI values. 
E) Mean (+/- SEM) MI across subjects between theta frequencies (6.5-9HZ) and fast gamma frequencies 80–110 Hz. Dots represent subject MI values. 
gen = genotype, Hz = Hertz. * = p < 0.05, *** = p < 0.001
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This contrasts with our current findings, where we do not 
observe genotypical differences in power of hippocampal 
oscillations during REM, nor NREM sleep. This could be 
explained by the early disease state we are investigating. 
Our previous electrophysiological studies in TgF344-AD 
rats behaving in an open field and linear track demon-
strated decreased power in slow and fast gamma oscil-
lations at 6-months of age and decreased theta-, and 
fast gamma power at 4-months of age [28, 85]. In con-
trast, in the current study we did not observe genotypi-
cal differences in oscillatory power in the hippocampus 
during REM, nor NREM sleep, despite the fact that the 
recordings were acquired in the same animals. This could 
in part be explained by the differential impact of behav-
ioral state on hippocampal oscillatory activity [100]. Our 
results suggest that the refined changes in sleep micro-
architecture observed at the pre-plaque stage, occur in 
the absence of large-scale disruptions of hippocampal 
activity during sleep.

Hyperexcitability of the hippocampal network
Previous studies in 6-month to 8-month-old TgF344-AD 
rats did observe an increased presence of cortical high 
voltage spindles (HVS), characterized as hypersynchro-
nous, negative voltage 7–8  Hz spike–wave discharges. 
These HVS were only present during quiet wakefulness 
and were more pronounced in the frontal cortex and less 
pronounced in parietal cortex, while they were absent 
in the occipital cortex [78]. The current manuscript did 
not focus on the oscillatory activity during (quiet) wake-
fulness. However, a previous study observed early epi-
leptiform activity in a mouse AD mouse models mainly 
during REM sleep [43]. Upon inspection of the REM 
sleep data, we did not observe pronounced epileptiform 
activity (interictal spikes, HVS) in the TgF344-AD rats, 

possibly due to the early stage of AD or, though unlikely, 
because of a lack of hyperexcitability in the hippocam-
pal network. This is in line with our histological find-
ings, which do not demonstrate a significant shift in E/I 
balance in the TgF344-AD rats. However, as a previous 
electrophysiological study on brain slices demonstrated 
increased excitability of neurons within the dentate gyrus 
of the hippocampus of 6-month-old TgF344-AD rats 
[74], a thorough analysis should be performed on the 
REM sleep data to completely exclude the presence of 
hippocampal epileptiform activity.

SWR disturbances
Sharp-wave ripples during NREM are considered a key 
mechanism for memory consolidation during which the 
excitatory input from the CA3, as reflected by the sharp 
wave, induces fast local oscillations (ripples) in the pyra-
midal layer of CA1 region [12]. Several studies observed 
altered properties of SWR in various mouse models of 
AD, which displayed decreased SWR power, decreased 
SWR frequency and reduced occurrence of ripples (for 
a review [70]). These alterations were mainly attributed 
to reduced inhibitory control of the hippocampal net-
work [15, 93, 95]. Here, we did not observe genotypic 
alterations in power, nor spectral frequency of SWR in 
TgF344-AD rats, which can be the result of the different 
disease stage in the current study, since the aforemen-
tioned studies focussed on late-stage AD (e.g. late post-
plaque stages). This is in line with the histopathological 
analysis showing that the excitatory/inhibitory balance 
is not altered in TgF344-AD rats, since changes in SWR 
have been linked to changes in inhibitory function [15].

However, we did observe a significantly increased 
duration of SWR in TgF344-AD rats, irrespective of 
age, which might be indicative of an increased memory 

Fig. 5 Increased number of cholinergic synapses in hippocampus during early-plaque stage. A) Exemplary images of cholinergic synapses (grey) in 
the CA1 layer of the hippocampus in wildtype littermates (WT) (left) and TgF344-AD rats (Tg) (right) at the pre- and early-plaque stage of AD. B) Group-
averaged numbers of cholinergic synapses per region of interest. Bars represent the mean +/- SEM. Dots represent subject MI values. ANOVA analysis 
was performed to test for statistical differences. If an age*genotype interaction is observed, the results of the post-hoc FDR corrected Students T-test are 
displayed. DG = dentate gyrus, gen = genotype. ** = p < 0.01 *** = p < 0.001
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demand in AD [29]. Research indicates that learning and 
correct recall in spatial memory is associated with long 
duration SWRs. Moreover, prolongation of SWRs has 
been shown to improve working memory performance, 
whereas decreasing duration decreased performance. 
These results suggest that the observed change in the 
duration in the SWR might improve cognition. However, 
behavioral studies have demonstrated spatial memory 
impairment in 6-month-old TgF344-AD rats, suggesting 
that the increased SWR duration might not be beneficial 
[65]. Future research correlating cognition to the pres-
ence of long-duration SWRs at early stages of AD might 
provide novel insights regarding the role of SWR dis-
turbances in cognition. In contrast, several studies have 
reported decreased duration of SWRs in AD mouse mod-
els. Reduced duration of SWRs has been noted in vivo in 
12-month old anesthetized APP/PS1 mice [96] and in 
9-month-old freely behaving APP/PS1 mice displaying 
extensive cortical and hippocampal amyloid accumula-
tion and cognitive impairment from 6-month onward 
[42]. This decrease was also observed in vitro in hippo-
campal slices of 5xfAD mice [15]. On the other hand, 
no differences in SWR duration have been observed in 
freely behaving in 7-month old rTg4510 mice, a tauopa-
thy model which show extensive neurodegeneration at 
this age [93]. Differences between animal models, stage 
of AD pathology, and experimental design may account 
for these inconsistent findings. Interestingly, the current 
observation of increased SWR duration during sleep is 
also different in comparison to our findings in a previous 
study in the same animal model and disease stage, where 
we observed a decrease in ripple duration of 4-month-
old TgF344-AD rats during an exploratory task [85]. 
Hence, we conjecture that the differences may reflect that 
the observed alterations in SWR duration might also be 
dependent on behavioral state [42, 96].

Differential impact of behavioral state on hippocampal 
activity in AD
A recent paper investigated how hippocampal oscil-
latory activity was affected at late stages of AD during 
REM sleep, NREM sleep and during awake behaviors 
in APP/PS1 mice. They observed that the impact of Aβ 
aggregates on hippocampal neural activity was different 
between NREM sleep and during wake and REM sleep 
as hyperactivity was observed during NREM sleep, while 
hypoactivity was observed during REM sleep and wake 
[100]. Similarly, a study in the J20 model of AD observed 
that neuronal hyperexcitability was more prominent in 
REM sleep, compared to REM sleep [11]. In accordance 
with these findings, we have observed that hippocam-
pal oscillatory activity during explorative behavior and 
quiet wakefulness was differentially impacted in TgF344-
AD rats during the pre-plaque stage, where we observed 

decreased theta, fast gamma during quiet wakefulness, 
but not during exploration [85]. This phenomenon can 
explain the seemingly contradictory results where we do 
not observe power alterations during sleep, while we did 
observe changed oscillatory power during quiet wake-
fulness in the same cohort of rats [28, 85]. Furthermore, 
this could in part explain the contradictory findings in 
SWR duration observed in the current study [85]. More-
over, the current results demonstrate that REM sleep was 
more severely impacted than NREM sleep further con-
firming this differential impact of AD pathology on hip-
pocampal activity during different behavioral states.

Theta-gamma coupling in AD
The current study observed a significantly decreased 
theta- fast gamma coupling in TgF344-AD rats both 
at the pre- and early-plaque stage of AD. These results 
are in line with previous electrophysiological studies in 
TgF344-AD rats, which also observed decreased coupling 
strengths [77, 78]. Similar decreases were also observed 
in a variety of mouse models of AD, even before Aβ 
plaques were present in the brain [27, 54, 64, 75, 76] and 
in 9 to 12 month old TgF344-AD rats [2, 38, 77, 78], in 
agreement to the observations in the current study.

In addition, we observed an increased theta slow 
gamma coupling at the pre-plaque stage, which was 
restored to WT levels at the early-plaque stage. Bazzi-
galuppi et al. 2018 observed that PAC between theta and 
slow gamma was preserved in 6-month-old TgF344-AD 
rats, similar to the observations in the current study 
where the coupling between gamma and slow theta is 
unaltered [2]. Limited information is known about the 
function of this coupling during REM sleep. However, an 
electrophysiological study in a mouse model of impaired 
spatial memory observed an increased coupling strength 
between theta and slow gamma. Moreover, their results 
implied that theta-slow gamma coupling reflects a com-
pensatory mechanism to maintain working memory 
performance. The majority of studies in TgF344-AD rats 
did not observe working memory deficits in aged rats 
[69, 83]. Hence, the observed increased slow gamma 
coupling in the current study in TgF344-AD rats at the 
pre-plaque stage, might be contributing to the absence 
of working memory dysfunction in the rats at this age. 
Future studies correlating working memory dysfunction 
to theta-gamma coupling could provide valuable insights 
regarding the electrophysiological underpinnings of 
working memory dysfunction at early stages of AD.

Compensatory mechanisms at the early-plaque stage in 
AD
In the current study we observed robust alterations in 
REM sleep oscillatory activity during REM sleep. The 
genotypic differences observed at the pre-plaque stage 
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were larger than the differences at the early-plaque stage, 
suggesting that oscillatory activity in TgF344-AD rats was 
partially restored. Interestingly, we observed an increase 
in cholinergic synapses in the hippocampal regions of 
TgF344-AD rats, a mechanism postulated to be a sign of 
compensation for loss of cholinergic tone at earlier stages 
[25, 36, 49]. Similar increases in cholinergic synapses 
have been observed at pre-plaque stages in APP/PS1 
mice and MCI patients [23, 36].

The REM-associated alterations in hippocampal oscil-
lations in this study are strongly modulated by the cho-
linergic system [10, 34, 92], strengthening the assumption 
that compensatory mechanisms are present at 6 months 
of age in TgF344-AD rats. Similar to the observations in 
the current study, research has demonstrated that altera-
tions in theta-gamma coupling could be recovered by 
administration of cholinesterase inhibitors in aged APP/
PS1 mice [100]. In addition, donepezil, a commonly used 
acetylcholinesterase inhibitor, restored decreased theta- 
fast gamma coupling in aged TgF344-AD rats [77]. These 
results suggest that the observed increase in cholinergic 
synapses might be an important endogenous mechanism 
to slow down disease progression in AD, by restoring the 
network imbalance [7, 36]. A recent study observed early 
hyperactivity of cholinergic neurons in different mouse 
models of AD, supporting our findings of the increased 
cholinergic synapses. This study also demonstrated that 
the observed cholinergic hyperactivity contributed to the 
epileptiform hippocampal activity, which is in contrast to 
the partial restoration of hippocampal oscillatory activity 
that we observed. However, the increased activity of the 
cholinergic system at early stages of AD might be con-
tributing to the vulnerability of this system [31]. Hence, 
counteracting the early increase in cholinergic activity 
might be beneficial to prevent the degeneration of cho-
linergic neurons observed in late AD [51]. This could be 
an interesting target for future studies.

Limitations of the study
This study only included male rats, to limit sample size, 
as including females would require a larger number of 
animals. AD pathology is known to have sex-specific 
effects, as in women, AD prevalence is higher, and AD 
progression is faster. In TgF344-AD rats, male rats are 
more severely affected, as amyloidosis, synaptic dys-
function and cognitive deficits occur earlier in male 
rats, compared to females [71, 73]. For example, synap-
tic dysfunction in the perforant pathway was observed in 
6-month old male rats, whereas this was only observed 
in 9-month old female rats [73]. Moreover, within the 
females, changes in hormone levels due to the estrus 
cycle are known to interfere with hippocampal synap-
tic plasticity, hence could induce more variability in our 
dataset. Many studies used ovariectomized female rats to 

perform their electrophysiological recordings on, in order 
to avoid this modulation of synaptic plasticity by estrous 
cycle changes [33, 74]. However, given the importance of 
including both males and females to improve translation 
of the current findings, we suggest that future studies 
should include males and females, to examine if the sleep 
disturbances observed in the current study are generaliz-
able across sexes. Another limitation of the current study 
is the low sample size, which may lead to reduced statis-
tical power, and which can compromise generalizability 
of the findings. The lack of significant genotypical differ-
ences in sleep macro-architecture might be a result of this 
low sample size. Post-hoc power analyses using the effect 
sizes obtained from the current study demonstrated that, 
to find genotypical differences in sleep macro-architec-
ture, more specifically the amount of time spent in REM 
sleep, we would need almost 60 animals. Regarding the 
sleep micro-architecture, we mainly observed robust 
differences in the PAC and SWR parameters, but not 
in oscillatory power. Power analysis using the obtained 
effect sizes on fast gamma power during REM and HFO 
power during NREM demonstrated that we would need 
at least 42 or 55 subjects to observe genotypical differ-
ences in these parameters. These results indeed suggest 
that the current study mainly observed very strong AD-
related differences, but might have missed more subtle 
differences due to a lack of power. Future studies includ-
ing more subjects are recommended to confirm the cur-
rent findings. Moreover, evaluation of sleep micro-, and 
macroarchitecture at later stages of the disease, would be 
valuable.

It would be interesting to assess changes in oscillatory 
behavior between different molecular layers within the 
CA1 region, to gain more insight into the alterations syn-
aptic transmission, as different layers within CA1 have 
different in and outputs. In the current manuscript, we 
did not include this layer-specific analyses, due to the 
spacing of the electrode sites in our electrodes, which did 
not allow these types of analyses. Future studies using 
more densely spaced electrodes evaluating alterations in 
hippocampal activity within CA1 could be valuable.

A fourth limitation is that the synaptic stainings were 
performed in a separate cohort, limiting the direct cor-
relation between the number of cholinergic synapses and 
hippocampal oscillatory activity.

Conclusion
The results from the current study demonstrated subtle 
micro-architectural changes during NREM sleep, where 
the duration of SWRs was increased. Disruption of hip-
pocampal activity during REM sleep (e.g. increased theta- 
slow gamma coupling and decreased theta- fast gamma 
coupling) were observed at the pre-plaque stage, thus 
in the absence of Aβ plaques. Moreover, hippocampal 
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theta-gamma coupling was partially normalized dur-
ing the early-plaque stage. This recovery coincided with 
an increased number of cholinergic synapses in the hip-
pocampus, suggesting a role of cholinergic signaling in 
the restoration of hippocampal activity during the early-
plaque stage of AD. The changes in hippocampal activity 
during sleep preceded robust changes in sleep macroar-
chitecture, where besides a hint towards REM sleep frag-
mentation at the pre-plaque stage, time spent in different 
sleep states and NREM bout length was not different in 
TgF344-AD rats. Future studies evaluating the presence 
of early changes in sleep micro-architecture in other AD 
models or patients at risk of developing AD might lead to 
novel strategies in order to detect AD at early, presymp-
tomatic stages.
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