
Early social deficits in TgF344-AD rats are accompanied by sex-specific 
parvalbumin-positive interneuron reduction and altered brain oscillations 
in the hippocampal CA2
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A B S T R A C T

Social withdrawal and deficits in social cognition are hallmarks of Alzheimer’s disease (AD). While early deficits 
in social behavior and memory have been documented in mouse AD models, they remain understudied in rat 
models. Early-stage AD is accompanied by dysfunction of parvalbumin-positive (PV+) interneurons, implicating 
their potential connection to early symptoms. In this study, we employed a 5-trial social memory task to 
investigate early deficits in social cognition in 6-month-old TgF344-AD male and female rats. We counted the 
number of PV+ interneurons and recorded local field potentials during social interactions in the hippocampal 
CA2 – a region critical for social information processing. Our results show decreased social interest and novelty 
preference in TgF344-AD male and female rats. However, reduced PV+ interneuron numbers were observed only 
in female rats and specific to the CA2 area. The electrophysiological recordings revealed reduced theta-gamma 
phase-amplitude coupling in the CA2 during direct social interactions. We conclude that deficits in social 
cognition accompany early-stage AD in TgF344-AD rats and are potentially linked to PV+ interneuron and brain 
oscillatory dysfunction in the CA2 region of the hippocampus.

1. Introduction

Social withdrawal and deficits in social cognition are key features of 
Alzheimer’s disease (AD) (Amlerova et al., 2022; Flicker et al., 1990; 
Jost and Grossberg, 1996; Mazzi et al., 2020; Nelis et al., 2011; Savaskan 
et al., 2018). Evidence suggests that social isolation not only increases 
the risk of developing dementia (Livingston et al., 2017) but can also 
accelerate AD progression (Huang et al., 2015; Dong et al., 2004). These 
social changes can, however, also be an early manifestation of the dis
ease itself. This is well-demonstrated in transgenic AD models, where 
early alterations in social behavior are observed and characterized as 
decreased social interest (Chaney et al., 2021; Kosel et al., 2019; Pie
tropaolo et al., 2012) or impaired social memory (Cheng et al., 2013; 
Deacon et al., 2009; Filali et al., 2011; Locci et al., 2021; Rey et al., 
2022).

Social interactions represent a complex form of behavior, engaging 

several brain structures critical for emotional and memory processing, 
including the prefrontal cortex, amygdala, and hippocampus (Ko, 2017). 
The coordination of these brain regions is mediated by inhibitory 
parvalbumin-positive (PV+) interneurons (Ognjanovski et al., 2017; Xia 
et al., 2017). Within the hippocampus, the inhibitory tone is enhanced 
particularly in the dorsal CA2 (dCA2), where PV+ interneurons domi
nate in the pyramidal layer and occur at higher densities than in other 
hippocampal regions (Botcher et al., 2014; Piskorowski and Chevaleyre, 
2013). The dCA2 plays a crucial role in detecting social novelty, and its 
proper function is essential for social memory processing (Hitti and 
Siegelbaum, 2014; Stevenson and Caldwell, 2014).

Post-mortem analysis of the brains of elderly AD patients revealed a 
significantly reduced number of PV+ interneurons in the CA1, CA2, and 
dentate gyrus (Brady and Mufson, 1997). Fewer PV+ interneurons were 
also found in the dCA2 of 9- to 10-month-old Tg2576 mice with human 
APPswe mutation and progressive β-amyloid plaque accumulation, 
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starting at this age (Hsiao et al., 1996; Rey et al., 2022). These mice 
showed impaired social memory, but their sociability was unaffected 
(Rey et al., 2022). Distinct alterations in PV+ interneuronal proteome 
were recently described in 3-month-old 5xFAD mice with plaque de
posits present from the 2nd month and linked to the severity of cognitive 
decline and neuropathology in AD patients (Oakley et al., 2006; Kumar 
et al., 2024). Nevertheless, evidence gathered in animal research sug
gests that PV+ interneurons might be affected sooner, even before am
yloid plaque accumulation (Černotová et al., 2023). Not much is known 
about how the pathophysiology of dCA2 affects social behaviors and 
cognition in AD. The existing findings pose intriguing questions about 
potential disruptions in social cognition and pathophysiological changes 
in the hippocampal dCA2 in the early stages.

Most of the research mentioned earlier was performed in mice. Rat 
models of AD are sparse, even though they may be more suitable for 
examining behavioral changes and early pathology – they have complex 
social behaviors (Schweinfurth, 2020) and are physiologically and 
genetically closer to humans than mice (Do Carmo and Cuello, 2013). In 
this study, we aimed to investigate early social cognition deficits in the 
TgF344-AD rat model of AD. These transgenic rats exhibit β-amyloid 
plaque accumulation, tau pathology, and progressive cognitive decline 
(Cohen et al., 2013). We tested 6-month-old male and female rats, given 
that this age can be characterized as an early-plaque stage: the cognitive 
functions are still preserved, and β-amyloid merely starts accumulating 
in the hippocampus, including dCA2 (Cohen et al., 2013). We first 
performed the 5-trial social memory task, hypothesizing that the 
TgF344-AD (= AD) rats would demonstrate decreased social interest and 
novelty preference compared to wild-type (= WT) controls. Given the 
importance of the hippocampal dCA2 in social memory processing, we 
sought to elucidate early neurophysiological alterations in this area. 
Specifically, we used immunohistological methods to quantify PV+ in
terneurons and in vivo electrophysiology to measure local field poten
tials (LFPs) in dCA2 in behaving animals during social and non-social 
tasks. We further counted the PV+ interneurons in dCA1 and basolateral 
amygdala (BLA) to compare PV+ cell densities in other brain regions.

This study provides insights into early social cognition impairments 

in TgF344-AD male and female rats and presents the first evidence for a 
sex-specific reduction in PV+ interneuron number and impaired social 
information processing in the hippocampal dCA2. Together, the results 
show that deficits in social cognition accompany early-stage AD in 
TgF344-AD rats, with potential links to PV+ interneuron dysfunction 
and impaired oscillatory coupling in the dCA2.

2. Materials and methods

2.1. Animals

Six-month-old wild-type Fisher 344 rats (WT group, N = 9 females 
and N = 10 males) and TgF344-AD rats (AD group, N = 12 females and 
N = 12 males) underwent the five-trial social memory task and the 
hidden food test. The brains of these rats were then used for immuno
histological procedures, with four additional rats (two males and two 
females) for RGS14 immunostaining of dCA2. Another cohort (WT (N =
20) and AD (N = 14) male rats) was used for in vivo electrophysiological 
recordings during resting state and the five-trial social and object 
memory tasks (Fig. 1A). The rats, obtained initially from RRRC, Mis
souri, were bred at the Animal Facility of the Institute of Physiology CAS 
and housed in pairs in a room with controlled conditions (22 ◦C, 50–60 
% humidity, 12 h light/dark cycle) and dimmed light (<50 lx) to avoid 
retinal degeneration (Semple-Rowland and Dawson, 1987). The 
TgF344-AD colony was maintained by mating transgenic hemizygotes 
with their wild-type counterparts, resulting in an approximately equal 
distribution of TgF344-AD and wild-type siblings. At the age of three 
weeks, their genotypes were determined through a PCR analysis from a 
small piece of tissue, which had been collected from the tip of the tail 
under isoflurane anesthesia. All animal experiments complied with 
ARRIVE (Animal Research: Reporting of In Vivo Experiments) guide
lines. All animal treatments were approved by the Local Animal Care 
Committee (51-2022-P) and complied with the Animal Protection Code 
of the Czech Republic and the European Community Council directive 
(2010/63/EC). Maximum efforts were made to minimize the suffering of 
animals.

Fig. 1. Schematic representation of the experimental design (A) and experimental protocol for the five-trial social and object memory tasks (B–C). A subject rat was 
introduced to the first stranger rat or unknown object in their home cage for four consecutive five-minute trials. Then, the second stranger rat or object was 
introduced for another 5 min. The inter-trial interval lasted 3 min.
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2.2. Five-trial social memory task (5TSMT)

The 5TSMT evaluates the ability to recognize familiar conspecifics. 
Briefly, a stranger rat is presented to the subject rat for four consecutive 
five-minute trials (t1–t4) (Fig. 1C). Then, a novel stranger rat is presented 
for 5 min in the fifth trial (t5). Repeated exposure to the same stranger 
rat should decrease the social interest of the subject rat (habituation). In 
contrast, subsequent exposure to another stranger rat should arouse 
natural interest due to the novelty effect (Thor and Holloway, 1982). 
Three-minute intervals between trials were used.

All rats underwent two days of habituation to the experimenter and 
experimental room. Stranger rats were additionally habituated to a 
small cage with a circular platform (12 cm in diameter) and metal bars 
(15 cm in height, 1 cm between bars) for three days (1–2 times/day with 
increasing intervals of 5–20 min). Stranger rats were always the same 
sex as the subject rats, came from a different litter, and were younger 
(two to three months) to decrease potential adult male aggressive 
behavior (Thor and Holloway, 1982). On the last day of habituation, all 
rats were placed into separate home cages (42 × 28 × 22 cm) and kept in 
isolated conditions for 72 h to increase social motivation (Toyoshima 
and Yamada, 2023). Before initiating the behavioral task, subject rats 
were habituated to the experimental room for at least 30 min and then to 
the empty small cage for 5 min. The experiment was performed in the 
rats’ home cage. The small cage with stranger rats was put on one side of 
the home cage, with free space around the cage so the subject rats could 
move around and explore (Fig. 1B). One top-view and one front-view 
camera were used for the recording of experiments (30 FPS, 1920 ×
1080 resolution). All experiments were performed between 8:30 am and 
2:00 pm in a room with dimmed light (10 lx).

2.3. Five-trial object memory task (5TOMT)

For the electrophysiological experiments, we also performed a non- 
social control test to record the activity of the hippocampal dCA2 re
gion while processing non-social stimuli. We followed the 5TSMT design 
in this task but replaced rats with objects. The first object (trials 1–4) 
was a green cup (9 cm diameter, 8 cm height) with red horizontal stripes 
and oregano odor. The second object (trial 5) was a red box (6 × 6 × 6 
cm) with yellow vertical stripes and parsley odor (Fig. 1C). Each trial 
again lasted 5 min with three-minute inter-trial intervals.

2.4. Hidden food test

The hidden food test was performed to confirm intact olfaction, 
which is crucial for social interactions and may be impaired in early- 
stage AD (Roberts et al., 2016). For this experiment, rats were kept on 
a restricted diet (85–90 % of standard weight, no food 24 h before the 
test). On the first two days, two cereal cocoa balls (BONAVITA, Czech 
Republic) were placed on each side of a home cage (42 × 28 × 22 cm) 
under the bedding to habituate the rat to the cocoa balls. On the third 
day, each rat was placed in a new cage with a 4 cm high bedding layer, 
where two cocoa balls were hidden 1 cm under the bedding at either the 
left or right side of the cage. The rats were then video-recorded with a 
front-view camera for 15 min. The test was finished after the rat had 
found the reward or after 15 min had elapsed.

2.5. Stereotaxic surgeries

For the electrophysiological experiment, male WT (N = 20) and AD 
(N = 14) rats were implanted with recording electrodes in dCA2. A 
custom-made implant consisted of two bundles of four nickel-chrome 
electrodes (0.0762 mm diameter, 0.07 mm length; CFW, USA) placed 
in 22 gauge cannulas (inner diameter 0.65 mm). The endings of the 
electrode bundles were cut diagonally to cover the shape of the dCA2 
region. Cannulas were attached to a 3D-printed plate, and electrodes 
were attached to a connector (Mill-Max, USA) using gold-plated pins 

(Neuralynx, USA). One ground and one reference screw was attached to 
the implant. The electrodes served to record hippocampal local field 
potentials (LFPs) in both hemispheres. Two additional silver wires 
(0.254 mm diameter; A-M Systems, USA) with unisolated loop-twisted 
endings were inserted bilaterally under the skin near the temporalis 
muscles for recording muscle activity.

Rats were treated with antibiotics dissolved in drinking water 
(enrofloxacin, 100 mg/ml) one week before the surgeries. The rats were 
induced to anesthesia with 5 % isoflurane and maintained at 1.2 % to 
2.5 % during surgeries. The cannulas with electrodes were inserted into 
the brain through small drilled holes in the skull at coordinates corre
sponding to the hippocampal dCA2 region (AP = − 3.5 mm, ML = ±3.7 
mm, DV = 3.5–3.6 mm from bregma, according to the brain atlas; 
Paxinos and Watson, 2007). One ground and reference screw was placed 
above the cerebellum. Two anchoring screws were additionally placed 
anteriorly to the electrodes. The implant was then attached to the screws 
and skull with methacrylate resin. The incision was sutured and treated 
with mesocain (10 mg/ml). Shortly before awakening, rats were treated 
subcutaneously with 10 % carprofen (50 mg/kg). Rats with electro
physiological implants were kept in groups of two to three in larger 
plastic cages (55 × 35 × 27 cm) to decrease the risk of implant damage. 
Antibiotics (enrofloxacin, 100 mg/l) and analgesics (ibuprofen, 100 mg/ 
l) were administered in drinking water for five days after the surgery. 
Rats were monitored daily for health status and left for complete re
covery for at least two weeks before the experiments.

2.6. Electrophysiological experiments

As only male rats of both genotypes habituated to the stranger rat in 
the 5TSMT (Fig. 3), we chose to exclude females from the electrophys
iological experiments. We recorded LFPs in the dCA2 during rats’ resting 
state (= quietly awake, resting, or in a relaxed state without active 
exploration), the 5TSMT (social variant), and 5TOMT (object variant). 
Before the start of electrophysiological recordings, rats were habituated 
to the headstage connection and free movement with the connected 
headstage cable for five days. Then, three days of experiments followed. 
On the first day, the rats were recorded for 2 h in their home cage (55 ×
35 × 27 cm). On the second day, the rats were recorded during the 
5TSMT, and on the third day, they were recorded during the 5TOMT. 
This order was valid for half of the transgenic and control rats tested. 
The other half of the rats were tested in the reverse order (object variant 
on day 2, social variant on day 3). At the end of the task, rats were al
ways left in their home cage, and the resting state LFP activity was 
recorded for an additional 2 h. Initially, we aimed to analyze the sharp- 
wave ripple incidence and characteristics during the two-hour sleep 
recordings that followed both behavioral tasks. Unfortunately, we 
observed significant signal distortion in the 150–250 Hz frequency band, 
critical for sharp-wave ripple detection. Therefore, we omitted post-task 
sleep recordings from the analysis. All rats were tested at 5.5 to 7 months 
of age.

Data from all recording electrodes were amplified (1000×) using 
Lynx-8 amplifiers (Neuralynx, USA). The signal was band-pass filtered at 
1–475 Hz at a sampling rate of 2000 Hz. A Micro 1401-3 system (CED, 
UK) recorded the neural activity.

2.7. Immunohistochemistry

Rats were perfused transcardially with 0.1 M PB, then 4 % PFA. The 
brains were carefully removed and post-fixed in 4 % PFA overnight, then 
put in 30 % sucrose + 0.1 M PB solution until sunk. Afterward, they were 
deep-frozen in dry ice. The brains were cut into 40 μm coronal slices 
using Leica cryostat and stored at − 20 ◦C for further processing.

2.7.1. PV+ interneuron immunostaining
Brains of unimplanted rats that underwent the 5TSMT and the hid

den food task were collected and used for immunostaining the 
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interneurons containing PV. One experimental batch of rats was not 
perfused after the behavioral testing, and one AD female brain was 
excluded from the count due to damage. Therefore, the final number of 
collected and stained brains was six WT males, nine AD males, seven WT 
females, and seven AD females. Diaminobenzidine tetrahydrochloride 
(DAB) staining was used to visualize PV+ interneurons. Every sixth slice 
was collected and thoroughly washed as free-floating sections in 1×
PBS. The slices were incubated in 10 % methanol, 1 % H2O2, and 1× PBS 
solution for 30 min, followed by a blocking serum (5 % bovine serum +
0.3 % Triton in 1× PBS) for another 30 min. Then, the slices were 
incubated overnight in a fresh blocking serum with anti-PV rabbit 
antibody (1:1000, #ab11427, Abcam) on a shaker at 7 ◦C. On the second 
day, the slices were washed in 1× PBS and incubated in biotinylated 
anti-rabbit antibody (1:500, #SAB4600006, Sigma Aldrich) for 2 h, then 
with ABC-HRP solution (9 μl of each component / 1 ml PBS, #PK-6100, 
Vector Laboratories) for 1 h. The staining was finalized with 4–6 min 
long incubation in DAB solution (20 mg DAB (#D5905, Sigma Aldrich) 
dissolved in 50 ml 1× PBS with 15 μl 30 % H2O2, added right before the 
staining). The slices were washed with tap water, then 1× PBS, and 
mounted on gelatin-coated slides. After drying, the slices were soaked in 
Neo-Clear and coverslipped using Neo-Mount.

2.7.2. RGS14 staining
Every sixth slice was collected and washed as free-floating sections in 

1× PBS. Antigen retrieval was performed (30 min incubation in 10 mM 
sodium citrate, pH 8.5, 80 ◦C), and slices were left to cool at room 
temperature. The slices were then incubated in a blocking serum (5 % 
bovine serum + 0.3 % Triton in 1× PBS) for 1 h, followed by overnight 
incubation with anti-RGS14 mouse antibody (1:400, #75–170, Neuro
Mab) on a shaker at 7 ◦C. On the second day, the slices were washed in 
1× PBS and incubated in the secondary antibody (1:500, #A32742, 
Invitrogen) for 2 h. The slices were washed with 1× PBS, mounted on 
gelatin-coated slides, and coverslipped using VectaShield.

2.7.3. Thioflavin S (ThioS) staining
Slices were mounted and dried on gelatinized slides. Then, they were 

washed in 70 % EtOH (3 min), 50 % EtOH (5 min), 1 % Thioflavin S 
dissolved in 50 % EtOH (11 min, #T1892, Sigma-Aldrich), 50 % EtOH 
(3 min), 70 % EtOH (5 min), ddH2O (wash), 0.1 M PB (10 min), and 
coverslipped using VectaShield.

2.7.4. Electrode placement verification
Every fourth slice was collected and processed with standard Nissl 

staining to verify the placement of recording electrodes. The exact 
location was verified according to the rat brain atlas (Paxinos and 
Watson, 2007).

2.8. Data analysis

Statistical analyses of data from behavioral experiments and all 
graphs were made in GraphPad Prism 10.4.0. Electrophysiological data 
analyses were conducted in Matlab (R2022b, Mathworks) using custom- 
made scripts. The significance level was set at p < 0.05. Unless otherwise 
stated, graph data are represented as the mean ± standard error (SEM).

2.8.1. Behavioral data analysis
The total sniffing duration of the stranger rats or objects was counted 

during the five-minute trials. Subject rats were tagged as “sniffing” when 
either poking their nose between bars in the cage with a stranger rat, 
sniffing at the stranger rat’s tail, or sniffing at the lower half of the cage. 
The behavior was not counted when the experimental rat explored the 
cage’s upper lid or cage bars. Accordingly, “sniffing” was counted when 
closely exploring the objects in the 5TOMT. The sniffing duration was 
measured from recordings taken on a front-view camera. If the experi
mental rat was not seen on the front-view camera, the analysis 
continued on the top-view camera. Behavioral data were analyzed in 

BORIS v. 7.10.5 (Friard and Gamba, 2016). The person analyzing be
haviors was blinded to the experimental group.

A robust regression and outlier removal test was performed in 
behavioral 5TSMT and 5TOMT tasks to identify outliers (Q = 1 %). 
When a rat was identified as an outlier in more than 2 trials or did not 
interact with stranger rats or objects at all, it was excluded (outliers: 1 
female AD rat in the 5TSMT; non-interacting rats in the electrophysio
logical cohort: one WT rat in the 5TSMT, two AD and two WT rats in the 
5TOMT). The male and female groups were analyzed separately. Para
metric assumptions of data were tested with the Shapiro-Wilk test for 
normality of residuals. Data sets that were not normally distributed (all 
5TSMT and 5TOMT data) were first logarithmically transformed using 
the ln(y + 10) formula. A two-way ANOVA (group × trial) was used to 
analyze the 5TSMT and 5TOMT, followed by Sidak’s multiple compar
isons test if significant. All two-way ANOVA results are reported in Supp. 
Table 5, post-hoc tests are reported in Supp. Tables 1 and 2. The data 
from the hidden food test were analyzed using the Mann-Whitney U test.

2.8.2. Immunohistochemical data analysis
ImageJ (v. 1.54f) was used to measure the brain areas, count PV+

interneurons, and evaluate the β-amyloid plaque load. The hippocampal 
dCA2 was selected based on the superimposition of RGS14 immuno
staining (Fig. 5B). For dCA1, a region of interest was chosen proximally 
from the hippocampal apex. The counting included all hippocampal 
layers from − 2.8 to − 4.08 mm AP from bregma and was performed 
manually by an experimenter. The experimenter counting the cells was 
blinded to the experimental groups. The basolateral amygdala (BLA) 
was defined according to the atlas (Paxinos and Watson, 2007), and the 
PV+ interneurons were counted at the same parameter settings using 
Yen thresholding and custom-made ImageJ macro. Six images per rat 
were analyzed for each structure (dCA2, CA1, and BLA). Cell density was 
calculated by dividing the total cell count by the counted area (PV+ cells 
/ mm3). The β-amyloid plaque load was quantified as a % fluorescent 
area in the whole dorsal hippocampus and the dCA2, using the super
imposition of RGS14 immunostaining (Fig. 7D). The % fluorescent area 
was counted at the same parameter settings using thresholding and 
custom-made ImageJ macro. The PV+ cell counts and differences in the 
β-amyloid plaque load between groups were analyzed using the un
paired t-test or the Mann-Whitney U test, depending on the normality of 
the data. The one-sample Wilcoxon test was used to analyze the β-am
yloid plaque load in WT and AD groups, specifically testing whether the 
plaque load significantly differed from zero.

2.8.3. Electrophysiological data analysis
For each animal that underwent the electrophysiological experi

ments, we chose the brain hemisphere with more accurate electrode 
placement in the dCA2 pyramidal layer and one electrode within this 
hemisphere with the best signal quality (minimal noise and recording 
artifacts) for subsequent data analysis. Nine WT and five AD rats were 
excluded from the study due to incorrect electrode placement, and three 
additional rats from the WT group were excluded for hummed electro
physiological signals. One rat from the WT group and one from the AD 
group were not recorded during the 5TSMT or 5TOMT due to technical 
issues, and, therefore, they were not included in the electrophysiological 
data analysis. In total, nine rats from the AD group and eight from the 
WT group were included in the analysis of LFPs. We analyzed data from 
one hemisphere for each rat, and it was balanced for side and genotype 
(WT: five left, three right, AD: four left, five right). The location of the 
electrodes used to analyze the electrophysiological data obtained from 
the individual included rats is illustrated in Fig. 2.

We calculated the power spectral density (PSD) to explore the neural 
dynamics and estimated theta-gamma phase-amplitude coupling (PAC) 
to compare the information processing between the WT and AD rats. We 
analyzed both parameters during the resting state (day 1 – 2 h in the 
home cage) and interactions with the stranger rats (5TSMT) or objects 
(5TOMT). Such interactions had to be at least 7 s long to be included in 
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the analysis. We evaluated the seven-second periods as sufficient to es
timate the cross-frequency PAC reliably. When multiple interactions 
occurred during a single session, we calculated the parameters for in
dividual intervals, and the weighted arithmetic means for all intervals.

We pre-processed the neural data for all analyses and used a biquad 
filter to filter the 50 Hz component (power line noise) and its higher 
harmonic frequencies. The following steps were used to calculate the 
average PSD in each frequency band (delta: 1–4 Hz, theta: 4–10 Hz, 
alpha: 10–14 Hz, beta: 14–30 Hz, low gamma: 30–55 Hz and high 
gamma: 55–100 Hz). The LFP signal was divided into 50 % overlapping 
segments. An absolute Fourier spectrum was calculated for each 
segment and then averaged to estimate the PSD. The individual seg
ments were multiplied by the Hanning window while estimating the 
PSD. Finally, the average PSD for the given frequency bands was 
calculated as the mean in these specific frequency bands.

To estimate cross-frequency interaction by PAC, we adopted the 
modulation index (MI) parametrization from Tort (Tort et al., 2008). 
The LFP signal was firstly band-pass filtered into the given frequency 
bands (theta, low gamma, high gamma) by a 20-order Butterworth 
bandpass filter. Analytical signals were obtained using the Hilbert 
transform — specifically, the instantaneous phase angle (for the lower 
frequency band) and instantaneous amplitude (for the higher band). To 
calculate the MI, all possible phases from − 180◦ to 180◦ are first divided 
into 18 bins (20◦ step), and the corresponding average instantaneous 
amplitude was computed for each bin. The obtained phase-amplitude 
distribution (histogram) was normalized, and the Shannon entropy 
was calculated. PAC is defined as a distribution that deviates signifi
cantly from a uniform distribution, which was measured by the 
Kullback-Leibler distance. Finally, MI represents the ratio between the 
Kullback-Leibler distance to a uniform distribution.

We calculated PAC by the MI separately between theta and low 
gamma activity (4–10 Hz and 30–55 Hz) and between theta and high 
gamma (4–10 Hz and 55–100 Hz) activity. Parametric assumptions of MI 
descriptors were again tested with the Shapiro-Wilk test for normality of 
residuals and Spearman’s test for heteroscedasticity. As most of the 
electrophysiological data did not meet the criteria for normal distribu
tion, we compared them using the Mann-Whitney U test.

3. Results

3.1. 5TSMT

In female rats, ANOVA results showed significant effects of trial (p <
0.0001), group (p = 0.02), and interaction (p = 0.0438). Post-hoc tests 
revealed a significantly lower investigation of the AD female group than 

the WT female group in the first (p = 0.007) and fifth (p = 0.0055) trials. 
Moreover, WT females habituated to the first stranger rat (compared to 
t1: pt2 > 0.41, pt3 = 0.0026, pt4 = 0.0087) and spent significantly more 
time sniffing the second stranger rat (pt4/5 = 0.0054). Compared to WT 
females, AD females had reduced social interest, and therefore, no 
habituation was observed (compared to t1: pt2 > 0.96, pt3 > 0.99, pt4 >

0.20). Furthermore, AD females did not increase their interest in the 
second stranger rat (pt4/5 > 0.18) (Fig. 3A).

In male rats, significant trial effect (p < 0.0001), a trend towards 
significant group (p = 0.0553) and significant interaction (p = 0.0362) 
effects were observed. Post-hoc tests revealed a significantly lower 
investigation of the AD male group compared to the WT male group in 
the first (p = 0.0124), second (p = 0.0189), and fifth (p = 0.0058) trials. 
When comparing the sniffing duration in the first trial to other trials, 
significant differences were found in both WT (pt2 = 0.041, pt3 <

0.0001, pt4 < 0.0001) and AD (pt2 = 0.024, pt3 = 0.0028, pt4 = 0.001) 
males, confirming habituation to the first stranger rat in both groups. 
However, only WT males increased their interest in the second stranger 
rat in the fifth trial (WT: pt4/t5 < 0.0001, AD: pt4/t5 = 0.63) (Fig. 3B). All 
post-hoc results are shown in Supp. Table 1.

3.2. Hidden food test

To exclude the olfactory impairment in AD rats, we evaluated if the 
rats could find hidden food equally to WT rats. One experimental batch 
was not used for this experiment. Thus, the number of tested rats was 
nine WT males, eleven AD males, eight WT females, and ten AD females. 
An unpaired t-test failed to reveal a significant difference between ge
notypes in females (p = 0.5138) or males (p = 0.669) (Fig. 4), con
firming the rats could find hidden food equally.

3.3. PV+ interneuron count

We counted the PV+ interneurons in the dCA2 to investigate if the 
decrease in social interest and social memory impairment can be re
flected in a differing number of these interneurons. The unpaired t-test 
showed that WT and AD male groups had a similar number of PV+ in
terneurons in the dCA2 (p = 0.5477), while AD females had fewer PV+
interneurons in the dCA2, compared to WT females (p = 0.0142) 
(Fig. 5A). To probe for the exclusivity of observed impairment, we 
counted the PV+ interneurons in dCA1 and BLA. There was no signifi
cant difference in the dCA1 between WT and AD females (p = 0.8746) 
nor WT and AD males (p = 0.8354) (Fig. 5C). Similarly, the number of 
PV+ interneurons did not differ in the BLA between WT and AD females 
(p = 0.3571) nor WT and AD males (p = 0.9076) (Fig. 6). This suggests 
that the impairment of PV+ interneurons is specific to the dCA2.

3.4. Amyloid plaque count

We counted the % fluorescent area in the hippocampus and the dCA2 
to confirm the amyloid pathology and evaluate potential differences 
between sexes. Statistical results confirmed amyloid pathology with an 
approximate mean of 0.24 % (females) and 0.55 % (males) in the dCA2 
(Fig. 7A) and 0.045 % in the whole hippocampus (both sexes) (Fig. 7C). 
In addition, no statistical difference was confirmed between AD females 
and males in the dCA2 (p = 0.536) (Fig. 7B).

3.5. Resting state neural activity

As only male rats of both genotypes showed habituation across the 
separate trials in previously performed 5TSMT (Fig. 3), we chose to 
exclude females from the electrophysiological experiments. We 
compared the PSD of individual frequency bands between WT and AD 
rats during the two-hour homecage recordings (day 1) to assess the ef
fect of genotype on the dynamics of the resting state neural activity. No 
statistically significant differences were found using the Mann-Whitney 

Fig. 2. Placement of electrode tips in the hippocampal dCA2 of rats included in 
the analysis (A) and a representative image of electrode placement in the dCA2, 
visualized by RGS14 staining (B). (A) Each dot represents one rat; black for WT 
(N = 8), brown for AD (N = 9). The AP coordinates of each coronal slice are 
written in blue. (B) The white arrow highlights the electrode position. Adapted 
from Paxinos and Watson (2007). (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
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U test when comparing the energy in the given frequency bands in the 
resting state between WT and AD rats (pdelta = 0.481, ptheta = 0.20, 
palpha = 0.277, pbeta = 0.673, plow gamma = 0.963, and phigh gamma =

0.673). These results suggest that the energy distributions in these fre
quency bands are similar in both groups (Fig. 8A).

To compare general information processing between WT and AD rats 
during the resting state, we analyzed the coupling between a slow 
(theta) phase and the amplitude of a faster oscillation (low gamma, high 
gamma). Mann-Whitney U test showed no differences for theta-low 
gamma MI (p = 0.20) and theta-high gamma MI (p = 0.167). These 
results suggest a similar functional interaction between theta and 
gamma bands during the resting state in both groups of rats (Fig. 8B).

3.6. Neural activity during 5TSMT and 5TOMT

Before analyzing neural activity during the behavioral tasks, we 
evaluated the behavior of WT and AD electrophysiological groups of rats 
during 5TSMT and 5TOMT. Non-significant group (p > 0.14), but sig
nificant trial (p < 0.0001) and interaction effects were revealed (p =
0.0011). In both groups, the difference of most trials from the first trial 
confirms that the subject rats habituated to the first stranger rat (WT: 
pt1/2 = 0.503, pt1/3 < 0.0001, pt1/4 < 0.0001; AD: pt1/2 = 0.1634, pt1/3 

= 0.0005, pt1/4 = 0.0147). WT rats (pt4/5 = 0.0001) but not AD rats (pt4/ 

5 > 0.99) increased the interest in the second stranger rat in the fifth trial 
(Fig. 9). As for 5TOMT, results only showed a significant effect of trial (p 
= 0.0326) but non-significant group (p > 0.73) and interaction (p >
0.92) effects (Fig. 10). All two-way ANOVA results are reported in Supp. 
Table 5, post-hoc tests are reported in Supp. Table 2.

As described in Methods, when assessing the neural activity during 
5TSMT and 5TOMT, we analyzed only substantial interaction periods to 
reflect the activity during the processing of information about stranger 
rats or objects specifically. We focused our analysis on the first and fifth 
trials in the 5TSMT and 5TOMT. The first trial provided insights into the 
rats’ initial willingness to explore the first stranger rat or object, while 
the fifth trial reflected their social or object memory retention. Trials 2–4 
were primarily utilized to habituate the rats to the presence of the first 
stranger rat or object.

We did not observe differences in the PSD of individual frequency 
bands between WT and AD rats during any of the trials, which suggests 
that the neural dynamics during interactions with novel rats or objects 
are similar in both groups (Fig. 9A + Supp. Table 3). During the first trial 
of the 5TSMT, the Mann-Whitney U test showed lower MI for theta-low 
gamma coupling in AD rats (pt1s = 0.0289) and no differences in the 
theta-high gamma MI (pt1s = 0.121) between the AD and WT groups 
(Fig. 9B). In addition, we observed equal MI for theta-low gamma 
coupling in both groups (pt5s = 0.517) but lower theta-high gamma MI 
in the AD rats during the fifth trial of the 5TSMT (pt5s = 0.0167) 
(Fig. 9C). Our results suggest impaired processing of social stimuli in the 
AD group.

On the contrary, during the first trial of the 5TOMT, the Mann- 
Whitney U test showed no differences for theta-low gamma MI (pt1o 
= 0.40) and theta-high gamma MI (pt1o > 0.99) (Fig. 10B). Similar re
sults were obtained for the fifth trial of the 5TOMT (theta-low gamma 
MI: pt5o = 0.286, and theta-high gamma MI: pt5o = 0.111) (Fig. 10C). 
These results suggest no effect of genotype on the processing of infor
mation about objects.

4. Discussion

Alterations in sociability and social cognition are well-documented 
in AD patients (Amlerova et al., 2022; Flicker et al., 1990; Jost and 
Grossberg, 1996; Mazzi et al., 2020; Nelis et al., 2011; Savaskan et al., 
2018) as well as mouse AD models (Cheng et al., 2013; Deacon et al., 

Fig. 3. Sniffing duration of stranger rats in the 5TSMT. Female rats showed significant trial, group, and interaction effects (A), while males demonstrated significant 
trial and interaction effects (B). Post-hoc analysis revealed reduced sniffing duration in AD groups compared to WT groups during trials 1 and 5 in both sexes, with 
males also showing a decrease in trial 2. All groups except AD females exhibited decreasing sniffing duration across trials 1–4, indicating normal habituation to the 
first stranger rat (detailed post-hoc results for trials are provided in the text and Supp. Table 1). When comparing sniffing durations between trials 4 and 5 (first vs. 
second stranger rat), both WT females and WT males spent significantly more time investigating the second stranger rat in trial 5, confirming a preference for social 
novelty. In contrast, AD rats showed no significant preference. Significant differences between WT and AD groups are indicated by red asterisks, while significant 
differences between trials 4 and 5 within WT groups are marked by grey asterisks. * indicates p < 0.05, ** indicates p < 0.01, **** indicates p < 0.0001. Data are 
shown as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Total time to find hidden cocoa balls in the hidden food test. There was 
no difference either between (A) WT (N = 8) and AD (N = 10) female rats or (B) 
WT (N = 9) and AD (N = 11) male rats, suggesting that olfaction is not impaired 
in early-stage AD in TgF344-AD rats. Data are shown as mean ± SEM.
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2009; Filali et al., 2011; Kosel et al., 2019; Locci et al., 2021; Pietropaolo 
et al., 2012; Rey et al., 2022), but rarely explored in rat AD models. 
Previously, our lab assessed social interaction and recognition in McGill- 
R-Thy1-APP rats, finding qualitative changes but no significant socia
bility deficits (Petrasek et al., 2018). Moreover, we showed reduced 
sociability during the simple free social interaction task in TgF344-AD 
rats at 10 and 14 months (Černotová et al., 2025).

This study is the first to evaluate social cognition in TgF344-AD rats 
at the early-plaque stage (6 months), emphasizing the hippocampal 
dCA2, a region critical for social information processing (Hitti and Sie
gelbaum, 2014; Stevenson and Caldwell, 2014). We used the 5TSMT to 
assess habituation and social novelty preference. Unlike tests allowing 
free interaction, this paradigm emphasizes the active social interest of 
the tested subject. We report robust deficits in sociability and social 
memory in the TgF344-AD rats, with a sex- and region-dependent 
reduction of PV+ interneuron number in the dCA2, and impaired 
theta-gamma phase-amplitude coupling during social interactions.

4.1. Social behavior and memory

Our findings show social interaction deficits in TgF344-AD rats. Both 
AD males and females exhibited significantly reduced social investiga
tion, aligning with previous reports of diminished sociability during the 
free-interaction social test in 9- (Chaney et al., 2021), 10- and 14-month 
old rats (Černotová et al., 2025). The AD males still habituated to the 
first stranger rat (trials 1–4), whereas AD females did not, possibly due 
to their low social interest from the test’s beginning. Social deficits in 
early-stage AD mouse models vary, with some studies reporting reduced 
interest (Cao et al., 2023; Filali et al., 2011; Pietropaolo et al., 2012) and 
others finding no differences (Kosel et al., 2019; Zhang et al., 2021). 
Thus, the animal species, transgenic background, and experimental 
conditions should be considered when investigating social deficits in AD 
models.

We also report social memory impairment in TgF344-AD rats. Unlike 
WT rats, which exhibited increased social novelty preference in the fifth 
trial, AD rats showed no such increase, indicating social recognition 
deficits (Lemaire, 2003). This aligns with most findings in various 

Fig. 5. PV+ interneuron counts in the hippocampal dCA2 (A) and dCA1 (C). Compared to WT (N = 7) females, significant PV loss was observed in AD (N = 7) 
females in the dCA2 but not in CA1. No difference was observed between WT (N = 6) and AD (N = 9) males in either dCA2 or dCA1. Representative images in B and D 
show the location of dCA2 (RGS14 staining in red). The count for each rat is a mean of 6 brain hemispheres. * indicates p < 0.05. Data are shown as mean ± SEM. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. PV+ interneuron counts in the basolateral amygdala (BLA). No difference was found between WT (N = 7) and AD (N = 7) female rats or between WT (N = 6) 
and AD (N = 9) male rats (A). A representative image of BLA from a female AD rat is shown in (B). The count for each rat is a mean of 6 brain hemispheres. Data are 
shown as mean ± SEM.
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transgenic AD mouse models (Cao et al., 2023; Filali et al., 2011; Misrani 
et al., 2021; Perusini et al., 2017; Várkonyi et al., 2022; Zhang et al., 
2021). The only exception we are aware of is a study on 5xFAD female 
mice, reporting intact social novelty preference at 6 months (Kosel et al., 
2019).

Hyposmia may accompany early-stage AD (Roberts et al., 2016) and 
negatively affect social recognition (Pena et al., 2014); surprisingly, this 
is rarely addressed in studies related to social memory. We conducted a 
hidden food test to rule out olfactory deficits as a confounder, con
firming intact olfaction in TgF344-AD rats. Previous studies showed 
olfactory impairment in AD models (Li et al., 2019; Mitrano et al., 2021; 
Saré et al., 2020). Our results contrast with that of Saré et al. (2020), 

who found genotype effects in TgF344-AD males at 6, 12, and 18 
months. The study had a smaller sample size, and most rats reached the 
maximum test duration of 900 s (3 out of 4 AD male rats at 6 months of 
age). In contrast, only 2 of 11 AD male rats in our study reached the 
maximum limit. Additionally, we used chocolate balls in the task, along 
with prior habituation. The specific food and task conditions were not 
reported in the study of Saré et al.

Anxiety and reduced exploratory drive could also affect social in
terest and recognition. Previous studies reported anxiety-like behavior 
in TgF344-AD rats (Lopez et al., 2024; Pentkowski et al., 2018; Srivas
tava et al., 2023; Tournier et al., 2021) and hypoactivity in TgF344-AD 
females (Saré et al., 2020; Srivastava et al., 2023). Indeed, our pilot 

Fig. 7. The β-amyloid plaque load in the dCA2 (A) and whole dorsal hippocampus (C), with statistical analysis confirming a significant difference from zero in AD 
rats. The % amount of plaques did not differ between male and female AD rats in the dCA2 (B). A representative image of the dorsal hippocampus is seen in (D); 
plaques are visualized in green (ThioS), and dCA2 is visualized in red (RGS14). The count for each rat is a mean of 6 brain hemispheres. * indicates p < 0.05, ** 
indicates p < 0.01. Data are shown as mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 8. Resting state neural activity. There were no differences in the power of the given frequency bands (A) or the theta-low gamma and theta-high gamma 
coupling (B) in the resting state between the WT and AD rats. Data are shown as mean ± SEM.
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experiments suggested reduced motivation to explore caged rats in other 
environments (data not shown). Social behavior was maximized by 
performing the 5TSMT in rats’ home cages. All rats in our experiment 
investigated the first stranger rat in trial 1 and had the same conditions 
for the subsequent “habituation” trials. WT rats of both sexes exhibited a 
strong preference for social novelty, confirming the reliability of our 
test. Although we cannot definitively determine whether the lack of 
social novelty preference in AD rats or habituation in AD females was 
due to anxiety, apathy, or a deficit in social recognition, our subsequent 
electrophysiological experiment revealed alterations in brain oscillatory 
patterns during social investigation, suggesting a broader impairment in 
social information processing.

4.2. PV+ interneurons

Numerous rodent studies have reported early morphological and 
functional changes in PV+ interneurons in rodent AD models 
(Černotová et al., 2023). Recent proteomic analyses by Kumar et al. 
(2024) revealed significant alterations in these interneurons, consistent 
across the 5xFAD mouse model and human AD patients. Notably, they 

found a correlation between decreased PV+ interneuron-associated 
proteins, progressing neuropathology and cognitive decline.

While PV+ interneuron dysfunction has been linked to social 
behavior deficits in autism models (Shih et al., 2023; Tatsukawa et al., 
2018), its role in AD remains unclear. Rey et al. (2022) is the only study 
to directly examine this connection, reporting social memory impair
ment and PV+ interneuron loss in the dCA2 of 9-month-old Tg2576 
mice. Restoring perineural nets of PV+ interneurons by injecting the 
growth factor neuregulin-1 to the dCA2 rescued social memory.

Our study discovered a sex- and region-specific decline in PV+ in
terneurons in the dCA2 at 6 months, with AD females showing a distinct 
reduction in PV+ interneuron cells. The specificity of this finding is 
highlighted by the absence of PV+ cell reduction in the dCA1 and BLA. 
The dCA1 is traditionally associated with object discrimination and 
spatial memory (Stackman et al., 2016), while dCA2 is critical for 
encoding social novelty and processing social memory (Hitti and Sie
gelbaum, 2014; Stevenson and Caldwell, 2014; Donegan et al., 2020). 
Although BLA is involved in social cognition, it primarily contributes to 
social exploration and determining social salience rather than discrim
ination between individuals (Fustiñana et al., 2021; Maaswinkel et al., 
1996; Song et al., 2021). Our findings suggest that PV+ interneuron loss 
in the dCA2 contributes to the reduced social interest and lack of 
habituation in AD females during the 5TSMT. This aligns with previous 
research showing GABAergic cell loss in the CA1 of 9-month-old sex- 
balanced TgF344-AD rats (Bazzigaluppi et al., 2018) and a reduced 

Fig. 9. 5TSMT behavioral results from the LFP-recorded males (A) and corre
sponding electrophysiological results in social trials 1 and 5 (B–C). There was a 
significant effect of trial and interaction in the 5TSMT (A). Habituation to the 
first stranger rat across trials was confirmed in both groups, with WT but not AD 
rats showing increased interest in the second stranger rat in the fifth trial. There 
were no differences in the PSD of individual frequency bands between WT and 
AD rats during interactions with novel rats, indicating similar neural dynamics 
in both groups (B–C). However, during the 5TSMT, AD rats exhibited lower 
theta-low gamma and theta-high gamma coupling during the first and fifth 
trials, respectively, suggesting impaired processing of social stimuli compared 
to WT rats. Significant differences between WT and AD groups are indicated by 
red asterisks, while significant differences between trials 4 and 5 within WT 
groups are marked by grey asterisks. Detailed post-hoc results for trials are 
provided in the text and Supp. Table 2. All PSD results from trials 1 and 5 are 
shown in Supp. Table 3. * indicates p < 0.05, ** indicates p < 0.01, *** in
dicates p < 0.001. Data are shown as mean ± SEM. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 10. 5TOMT behavioral results from the LFP-recorded males (A) and cor
responding electrophysiological results in object trials 1 and 5 (B–C). The 
behavioral analysis only showed a significant effect of trial but non-significant 
group and interaction effects (A). There were no differences in the PSD of in
dividual frequency bands between WT and AD rats during interactions with 
objects, indicating no genotype effect on object information processing (B–C). 
Data are shown as mean ± SEM. All PSD results from trials 1 and 5 are shown in 
Supp. Table 3.
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number of PV+ interneurons in the dCA2/3 of 9-month-old, but not 6- 
month-old males (Sun, 2023).

Our results also comply with evidence highlighting greater suscep
tibility to AD pathology in females, observed in both human (Barnes 
et al., 2005) and rodent studies (Berkowitz et al., 2018; Chaudry et al., 
2022; Jiao et al., 2016; Poon et al., 2023; Yang et al., 2018). PV+ in
terneurons are particularly vulnerable to metabolic and oxidative stress 
and hormonal fluctuations (Ruden et al., 2021; Terstege and Epp, 2023). 
While female TgF344-AD rats show higher neuronal density in the 
hippocampus at 9 months – potentially due to estrogen’s neuro
protective effects – they simultaneously display increased β-amyloid 
load and reactive microglia (Chaudry et al., 2022).

Importantly, our observation of PV+ interneuron loss appears in
dependent of the typical AD pathology. Our rats had low β-amyloid 
plaque load at 6 months, consistent with Cohen et al. (2013), and no sex 
differences in pathology at this age. Tau pathology in the hippocampus 
typically emerges later, around 16–18 months (Cohen et al., 2013; 
Rorabaugh et al., 2017; Chaney et al., 2021). Given that AD female rats 
exhibit anxiety- and depressive-like behaviors (Lopez et al., 2024; 
Pentkowski et al., 2018; Srivastava et al., 2023; Tournier et al., 2021), 
the interplay of disease progression, behavioral alterations, and hor
monal fluctuations may drive PV+ interneuron vulnerability, contrib
uting to accelerated pathology.

Our histological evaluations were performed after behavioral 
testing, which may influence PV+ interneuron expression. Donato et al. 
(2013) demonstrated that interneurons exist in low-PV to high-PV states 
depending on environmental and learning experiences, without 
affecting total cell count. We included both low-PV and high-PV cells in 
counting; thus, the reduced count of PV+ interneurons in AD female rats 
likely reflects actual numerical reduction. However, we cannot deter
mine whether this reduction is due to actual neuronal death or loss of PV 
protein expression – two distinct processes with different functional 
consequences. Loss of PV protein leads to interneuron hyperexcitability, 
whereas loss of PV+ interneurons reduces inhibition, causing hyper
excitation of brain regions (Filice et al., 2016).

Some researchers propose that PV+ interneurons initially become 
hyperexcitable, followed by chronic depletion with hypofunction, ulti
mately accelerating AD progression (Algamal et al., 2022; Hijazi et al., 
2020). Supporting this, Kumar et al. (2024) identified increased mito
chondrial, synaptic, and metabolic proteins in PV+ interneurons during 
early disease stages. While our current study does not address these 
mechanisms, it highlights the need for future research to explore PV+
interneuron hyperactivation and protein expression as potential markers 
of early AD pathophysiology.

4.3. Hippocampal oscillations

Brain oscillations play a critical role in numerous cognitive pro
cesses, which are often impaired in neurological diseases, and recent 
studies have increasingly focused on the interactions between multiple 
rhythms, particularly on the theta-gamma phase-amplitude coupling 
(PAC) – a mechanism proposed to have a key role in information pro
cessing and interregional communication (Colgin, 2015). Although the 
male AD rats in our study did not show changes in PV+ interneurons in 
the dCA2 area, they did show apparent social behavior deficits in the 
5TSMT. Therefore, it is of interest to study the electrophysiological 
patterns in the hippocampus of these rats to possibly reveal impairments 
in brain oscillations that may precede the actual loss of PV+
interneurons.

The behavior of the electrophysiological group of male rats during 
the 5TSMT was similar to that of unimplanted male AD and WT rats. 
Both genotypes showed habituation to the first stranger rat (trials 1–4), 
though only the WT group demonstrated increased interest in the second 
stranger rat in trial 5. As for 5TOMT, which was only performed in the 
electrophysiological group, the experimental rats showed substantially 
lower interest in objects than stranger rats, resulting in fewer subjects 

exploring during the 5TOMT. Since the analysis lacked statistical sig
nificance for a difference in habituation or novel object preference, we 
cannot draw firm conclusions from the behavioral results of this test. 
Despite these limitations, some lines of evidence support our conclusion 
of specific social deficits in AD rats: We observed no significant between- 
group differences in the 5TOMT, contrasting with the clear AD-related 
deficits in novel rat exploration in the 5TSMT. Moreover, the analysis 
of electrophysiological recordings confirmed preserved brain oscilla
tions during object exploration while showing distinct abnormalities in 
the social task. These findings suggest that the cognitive impairment in 
our AD model preferentially affects social processing pathways rather 
than overall novelty detection or exploratory behavior.

We note a trend towards decreased energy levels in the dCA2 activity 
in AD rats, particularly within the theta-alpha frequency bands (4–10 
and 10–13 Hz). Despite this trend, no significant differences were 
observed. Previous electrophysiological studies were conducted solely 
in the dCA1 and TgF344-AD rats at an earlier age (4–5 months) dis
played reduced power in the high theta range (8–12 Hz) during an open 
field test, potentially influenced by novelty and stress as this decrease 
was not as pronounced during a repeated test the following day (van den 
Berg et al., 2023). Furthermore, at 6 months, there was a non-significant 
trend towards reduced brainstem-elicited hippocampal theta (3–9 Hz) 
oscillations under anesthesia, with a significant decrease in the lower 
theta range (Stoiljkovic et al., 2019).

Additionally, reductions in both low (30–50 Hz) and high gamma 
(50–100 Hz) oscillations were observed during exploration on a linear 
track in 6-month-old TgF344-AD rats (Moradi et al., 2023). Although 
this study offers interesting insights, we question its statistical methods. 
As TgF344-AD rats aged, more pronounced alterations in hippocampal 
oscillations emerged. At 9 to 12 months, there was a clear decline in 
elicited hippocampal theta (3–9 Hz) oscillations under anesthesia. 
Similarly, in freely moving rats aged 9–12 months, reductions in hip
pocampal theta activity were observed (Stoiljkovic et al., 2019). In 
another study, TgF344-AD rats aged 8–9 months attenuated in the low 
gamma band (30–58 Hz) under sedation (Bazzigaluppi et al., 2018). 
These findings underscore age-related changes in hippocampal oscilla
tions in the TgF344-AD rat model. While subtle differences in PSD of 
individual brain rhythms were noted in the pre-plaque stages (≤6 
months of age) of TgF344-AD rats, clear distinctions emerged in older 
animals, particularly in hippocampal theta and gamma oscillations, 
which are crucial for cognitive functions and information processing. 
The activity of PV+ interneurons plays a key role in the generation of 
theta and gamma oscillations in the hippocampus, and changes in their 
activity can lead to changes in both rhythms as well as the coupling 
between them (Amilhon et al., 2015; Bartos et al., 2007; Park et al., 
2020). Although we did not observe changes in the number of PV+ in
terneurons in male AD rats, their activity may be altered in the early- 
stage AD, leading to subtle impairments in brain rhythm interactions, 
such as PAC between theta and gamma.

Theta-gamma PAC in the CA2 region has been shown to be crucial for 
distinguishing between novel and familiar social stimuli, as well as for 
retrieving remote social memories in mice (Laham et al., 2024). In 
addition, the inhibition of CA2 has been shown to reduce low gamma 
power in CA1, specifically during novel social but not object interactions 
(Brown et al., 2020). Consistent with the role of dCA2 in social infor
mation processing, we observed a decrease in theta-gamma PAC in 
hippocampal dCA2, specifically during direct social interactions in the 
5TSMT but not during the 5TOMT, where rats interacted with objects. 
We show reduced theta-low gamma PAC during the first trial of 5TSMT, 
which primarily addresses sociability and the willingness of rats to start 
social interactions with unfamiliar subjects, and reduced theta-high 
gamma PAC during the fifth trial of 5TSMT which reflects social mem
ory and the ability to recognize a novel rat from a familiar one.

Reduced theta-gamma PAC in dCA2 during social interactions may 
indicate impairments in synchronizing hippocampal networks essential 
for encoding and recalling social memories. Specifically, disruptions in 
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theta-low gamma PAC could reflect compromised local computations 
within dCA2, while reductions in theta-high gamma PAC might signify 
impaired communication with downstream regions, such as the pre
frontal cortex. These deficits may underlie the social memory impair
ments observed in the 5TSMT. Consistent with the role of theta-low 
gamma PAC in facilitating item-context associations (Tort et al., 2009) 
and theta-high gamma PAC in recognition memory by synchronizing 
hippocampal activity with other brain regions like the prefrontal cortex 
(Alemany-González et al., 2020). These findings suggest that theta- 
gamma PAC in dCA2 acts as a mechanistic link between hippocampal 
oscillatory dynamics and social behavior, offering a potential early 
biomarker for social deficits associated with AD pathology.

Previous studies addressed hippocampal theta-gamma PAC in 
TgF344-AD rats in the dCA1. Van den Berg et al. (2023) showed reduced 
PAC between theta (6.5–9.5 Hz) and high gamma (60–90 Hz) during 
wake immobility but not during active exploration in the open field test 
in 4- to 5-month-old TgF344-AD rats. However, only during the first day 
of an open field test, not the repeated test the day after (van den Berg 
et al., 2023). While comparable at six months, theta-gamma PAC was 
attenuated in both low (30–55 Hz) and high gamma (65–95 Hz) bands in 
12-month-old TgF344-AD rats under urethane anesthesia with elicited 
hippocampal oscillations (Stoiljkovic et al., 2019). Moradi et al. (2023)
reported a significant reduction in both low gamma (30–50 Hz) and high 
gamma (50–100 Hz) PAC in 6-month-old TgF344-AD rats. However, as 
mentioned above, we question the statistical methods used in this study. 
Specifically, their analysis was based on recording sessions rather than 
representing each animal by a single aggregate measure, which may 
have inflated the apparent sample size. Additionally, individual animals 
underwent varying numbers of recording sessions, yet all sessions were 
included in the analysis without properly accounting for this imbalance 
in the statistical test. Lastly, the average PAC of theta (3–9 Hz) to high- 
gamma (62–120 Hz) was significantly reduced in 8- to 9-month-old 
TgF344-AD rats in a sedative resting state (Bazzigaluppi et al., 2018).

In summary, the impairments in theta-gamma PAC are more evident 
in older animals when recorded during resting states and not consis
tently observable in younger (≤6 months) rats exploring an environ
ment. Impaired cross-frequency modulation of gamma amplitude by 
theta phase before Aβ accumulation in some AD mouse models 
(Goutagny et al., 2013; Ittner et al., 2014) suggests that altered theta- 
gamma PAC may represent an early biomarker in AD pathology. We 
are the first to report theta-gamma PAC measures and specific impair
ments in TgF344-AD rats during a social memory task.

Sex-specific alterations in the medial perforant pathway in 6-month- 
old males but not in females have been observed in TgF344-AD rats 
(Smith and McMahon, 2018). In contrast, we observed PV+ interneuron 
loss in the dCA2 region of 6-month-old females but not males. Inter
estingly, male rats exhibited PAC deficits in the dCA2 during social 
tasks, suggesting network-level disruptions independent of PV+ inter
neuron loss. While we did not record electrophysiological data in fe
males, similar PAC impairments may occur, given their interneuron loss. 
These findings suggest distinct, sex-specific vulnerabilities across hip
pocampal pathways, emphasizing the need to explore how different 
regions and mechanisms contribute to AD pathology.

5. Limitations of the study

A minor limitation in this study was our focus on PV+ interneuron 
counts without considering PV protein expression levels within indi
vidual cells. It would be interesting to look at how social interactions 
affect the PV amount in the cells and if this transition is somehow 
affected in AD animals. The second limitation is that the 5TOMT was 
performed only with the implanted rats. Including the 5TOMT in our 
initial behavioral experiments may have further supported the speci
ficity of the observed social deficits. However, the implanted rats 
exhibited an unexpected lack of object interaction, and it is questionable 
whether the non-implanted cohort would have shown more interest. The 

low interest of rats in objects constrained our ability to evaluate oscil
latory patterns during social versus non-social interactions in a large 
group of rats. We also limited electrophysiology to the exclusive use of 
male subjects, given their previous standard behavior in the 5TSMT. 
Including females would have been particularly valuable given the 
observed PV+ interneuron impairments, although it would likely 
require additional social testing paradigms. Future studies should 
explore broader questions about how social information is processed in 
AD, examine potential alterations in other interneuron populations, and 
investigate whether targeted modulation of associated social circuits 
could potentially ameliorate AD-related social deficits. In view of our 
results, it is essential to address further the differences between male and 
female individuals.

6. Conclusion

Our study shows that decreased social interest and social memory 
impairment belong to the first behavioral symptoms in TgF344-AD rats 
and confirms that the social deficits are similar to AD patients. Our re
sults revealed a sex- and region-specific reduction in the number of PV+
interneurons, with females being more affected and showing a decrease 
in PV+ interneurons in the hippocampal dCA2. We further showed al
terations in theta-gamma phase-amplitude coupling in the hippocampal 
dCA2 during interactions with other rats but not objects, indicating se
lective impairments in social information processing. Together, these 
results offer novel insights into the early changes in social behavior and 
dCA2 oscillations in TgF344-AD rats.
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editing, Supervision, Funding acquisition, Conceptualization. David 
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student project Grant Schemes at Charles University, reg. no. 
CZ.02.2.69/0.0/0.0/19 073/0016935. Jan Touš and Radek Janča were 
supported by the Grant Agency of the Czech Technical University in 
Prague (SGS23/170/OHK3/3T/13).
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