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Abstract

Background: Alzheimer’s disease (AD) is a progressive neurodegenerative disorder leading to dementia, disability, and premature
death. Beta-amyloid (Af) and tau pathology are considered key components of its pathogenesis; however, the role of peripheral amyloid
load in modulating pre-existing tau pathology remains understudied. We hypothesized that peripheral amyloid load could exacerbate
tau pathology through mechanisms potentially linked to the disruption of the Akt/glycogen synthase kinase-3B-associated signaling
pathway, which could lead to increased behavioral deficits and progression of neurodegenerative changes. Objective: To evaluate
the effect of double peripheral (retro-orbital) administration of the AP isoform D7 on the behavioral phenotype, morphological signs
of tau pathology, and the expression of genes related to Akt/GSK-3B-associated signaling, neuroinflammation, and apoptosis in the
brains of P301S transgenic mice. Materials and Methods: The study included 12-week-old male P301S transgenic mice (Tg(Thy1-
MAPT*P301S)2541Godt) (n = 20, biological duplication) and wild-type C57Black6/J mice (n = 10). P301S mice received two retro-
orbital injections of isoD7-Ap into the venous sinus at a dose of 100 pg (n = 10) with a 1-month interval; control P301S mice received an
equivalent volume of water for injection (n = 10). Behavioral testing (“open field”, “novel object recognition”, “vertical pole”, “inverted
screen”) was performed at 16 and 20 weeks of age. Tau pathology was assessed immunohistochemically using AT-8 (pSer202/pThr205)
antibodies in the frontal cortex and brainstem, and amyloid deposits were assessed histologically using Congo red staining in the entorhinal
cortex and hippocampus. The expression of Aktl, Gfap, Mapt, Cdk5, Casp3, Bax, and Bcl2 genes in brain tissue was analyzed by
quantitative real-time PCR. Results: Two peripheral administrations of isoD7-Ap were not associated with further deterioration of
performance in the “open field” and “novel object recognition” tests compared to the control P301S group, which likely reflects the already
established deficit characteristic of this transgenic line. In contrast, in motor coordination tests (“vertical pole”, “inverted screen”), motor
impairments in the P301S+Af group emerged by week 16, whereas in P301S mice without amyloid load, they appeared only by week
20. Immunohistochemical analysis revealed an increase in AT-8-positive staining in the brainstem, whereas no statistically significant
differences were found between groups in the frontal cortex. Histological analysis did not reveal amyloid plaques in the entorhinal
cortex and hippocampus of P301S+Ap mice and control P301S mice. At the molecular level, the P301S+Ap group showed decreased
Aktl expression, increased Gfap and Bax expression, and decreased Bcl2 expression, with no significant changes in Mapt, Casp3, and
CdkS. This pattern is consistent with dysregulation of Akt/GSK-3f3-associated signaling, enhanced glial activation, and a pro-apoptotic
shift. Conclusions: Two peripheral administrations of isoD7-Af to P301S mice were associated with earlier development of motor
impairments, increased tau protein phosphorylation, and changes in gene expression consistent with a disrupted Akt/GSK-3B-associated
signaling pathway. These findings support the hypothesis that peripheral amyloid load can exacerbate tauopathy manifestations, and the
observed transcriptional changes are consistent with the possible involvement of the Akt/GSK-3B-associated signaling pathway, which
may represent a potential therapeutic target in AD.
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1. Introduction

According to current estimates, the number of peo-
ple suffering from neurodegenerative diseases continues to
grow steadily, reaching approximately 50 million world-
wide [1]. Alzheimer’s disease (AD) is one of the major
medical and social challenges worldwide [2]. Despite years
of research, options for disease-modifying therapy in AD
remain limited, and available clinical care largely retains
a symptomatic nature. In this regard, the search for new
pathogenetically justified approaches to the therapy and
prevention of AD remains an extremely urgent task [3].

For a long time, the “amyloid hypothesis” dominated
the scientific community, according to which the main trig-
ger mechanism of AD is the accumulation of beta-amyloid
(AP) in brain tissue — a peptide generated by proteolytic
processing of amyloid precursor protein (APP). The ac-
cumulation of toxic AP oligomers and fibrils was consid-
ered the primary cause of synaptic dysfunction and neu-
ronal death [4,5]. Despite a prolonged period of ambigu-
ous results in clinical trials of anti-amyloid drugs, in recent
years, monoclonal antibodies against A} have been intro-
duced into clinical practice, capable of slowing the clini-
cal progression of Alzheimer’s disease in its early stages.
However, their clinical effect remains moderate, and their
use is limited by several patient selection criteria and risks,
including amyloid-related imaging abnormalities (ARIA).
This indicates that the amyloid component of pathogenesis
is of fundamental importance, but it does not exhaust all
mechanisms of disease progression, including those associ-
ated with tau pathology [6,7,8].

Currently, a significant amount of data has been ac-
cumulated indicating the critical role of another patholog-
ical protein — tau. In AD, tau protein undergoes post-
translational modifications, forming intracellular neurofib-
rillary tangles, which ultimately lead to microtubule desta-
bilization, disruption of intracellular transport, and neu-
ronal death. In this regard, one of the key questions in
the pathogenesis of AD remains the mechanism of interac-
tion between extracellular AB and intracellular tau pathol-
ogy. Modern research shows that Ap oligomers can indi-
rectly trigger the cascade of pathological tau protein phos-
phorylation by activating specific kinases, including GSK-
3B [9,10,11]. Thus, a complex pathogenetic interaction is
formed, in which A acts as a trigger, and tau pathology
acts as a direct effector of neurodegeneration.

However, the role of peripheral A signaling in mod-
ulating pre-existing tau pathology has been insufficiently
studied. Of particular interest are not native forms of Ap,
but its post-translationally modified variants, specifically
AP with an isomerized aspartic acid residue at position 7
(isoD7-AB, isoAB42) (Fig. 1). It has been shown that
is0AP42 is one of the most common isoforms of AP in
amyloid plaques and possesses more pronounced neuro-
toxic properties compared to intact AB42 [12,13]. In SH-
SYS5Y neuroblastoma cells, the introduction of synthetic

1sS0AB42, unlike native AB42, was accompanied by a signif-
icantly higher level of protein phosphorylation, particularly
of tau protein, tubulins, and matrin 3, indicating the ability
of this isoform to trigger pathological processes associated
with tau dysregulation [14]. These findings formed the ba-
sis for choosing isoD7-Af as the experimental agent in the
present study.

The aim of the study was to evaluate the effect
of peripheral systemic administration of isomerized beta-
amyloid — a synthetic analogue of human A, isomerized
at the aspartic acid residue at position 7 (isoD7-AB) — on
the behavioral phenotype, morphological features of tau
pathology, and the expression of genes associated with the
Akt/GSK-3pB-associated signaling pathway, neuroinflam-
mation, and apoptosis in brain tissue of P301S transgenic
mice.

2. Materials and Methods

Three groups of 12-week-old male mice were included
in the study: the wild-type control group (C57Black6/J, n
= 10, biological duplication), which received 100 micro-
grams of phosphate-buffered saline (PBS) into the retroor-
bital venous plexus twice with an interval of 1 month; the
P301S control group, which received 100 micrograms of
PBS into the retroorbital venous plexus twice with an in-
terval of 1 month (n = 10), and the P301S + isoD7-AB
group, which received two retroorbital injections of isoD7-
AP (100 micrograms per injection, n = 10) with an interval
of 1 month. The animals and synthetic isoD7-Af peptide
were provided by the Laboratory of Modeling Neurodegen-
erative Processes, Institute of Physiologically Active Sub-
stances, Russian Academy of Sciences (Chernogolovka).
The animals were housed in the experimental-biological
clinic with SPF status (vivarium) of Belgorod State Na-
tional Research University (BelSU).

Animals were allocated to groups using simple ran-
domization. The animal housing conditions were in accor-
dance with the current sanitary rules for the design, equip-
ment, and maintenance of experimental biological clinics.
The animals were kept in groups of 10 per cage at a temper-
ature of 2022 °C, humidity of 45—65%, with a constant sup-
ply of water and food, and 12 hours of daylight (from 8 a.m.
to 8 p.m.). Laboratory animals with a “specific pathogen-
free” (SPF) status were obtained from the Research Institute
of Pharmacology of Living Systems.

Inclusion: Male P301S and C57Black6/] mice, 12
weeks old at the start of the experiment, with no visible
signs of disease, obtained from the same laboratory (IPAV
RAS). Exclusion: Animals with visible signs of disease.
Data point exclusion: None.

Animals from the corresponding group were eutha-
nized at 24 weeks of age. These animals were deeply anes-
thetized by intraperitoneal administration of 10% Zoletil
100 (containing 50 mg/mL tiletamine and 50 mg/mL zo-
lazepam, Virbac, France) at a dose of 30 mg/kg in combi-
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Fig. 1. Spontaneous isomerization of Asp7 in beta-amyloid forms a succinimide intermediate; its hydrolysis yields L-isoaspartate

(isoAsp), altering the main-chain conformation. The resulting new peptide bond alters the conformation of the main chain.

nation with 2% xylazine solution (20 mg/mL, Biogel, Be-
larus) at a dose of 12 mg/kg and achievement of the surgical
stage of anesthesia (absence of the root reflex and the state
of pinching of fingers/tail), intracardiac administration of
2% lidocaine hydrochloride solution (Grotex, Russia) at a
dose sufficient (4 mg/kg) to achieve immediate cardiac ar-
rest.

2.1 Peptide Preparation and Administration Scheme

Specially lyophilized isoD7-Ap peptide was dissolved
in sterile water and the pH of the solution was adjusted to
neutral using NaOH. The resulting solution was further di-
luted with sterile phosphate-buffered saline (PBS) to a final
peptide concentration of 1 mg/mL, and then sterilized by
steam in an autoclave at 112 °C for 10 minutes. The initial
sterile peptide solutions, intended for all subsequent exper-
iments, were prepared simultaneously according to a single
protocol and stored in aliquots of 0.5 ml at —20 °C for 1-8
months.

An additional limitation of the study is that we did
not directly assess the structural stability or aggregation
state of isoD7-Ap after autoclave sterilization. Therefore,
although the preparation protocol was based on a previ-
ously published in vivo approach, the isoD7-Af peptide
has a special thermal stability under these conditions (112
°C, 10 min is a relatively mild regime compared to 121
°C or prolonged heating). The key difference in the liter-
ature is shown due to the degradation of mature amyloid
fibrils when heated. In our case, the peptide was in an
oligomeric state (freshly dissolved) before sterilization, and
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not in the form of mature fibrils. The aggregation process
is induced after sterilization (during storage and/or admin-
istration). The thioflavin T test is a standard and sensitive
method, and if the thioflavin T fluorescence in the sterilized
samples did not differ from the control, this is evidence of
the absence of changes in B-amyloid-containing structures
in the results of S.Kumar et al. 2011 [15]. Reproducibil-
ity over time (1-8 months of storage) additionally confirms
that sterilization did not create “incorrect” aggregates unsta-
ble during storage, since the results of H.Fukuda et al. 1999
provide a valid justification that the isomeric form (isoD7)
does not change the aggregation ability [14,15,16].
Immediately before administration, an aliquot of the
stock solution was diluted with sterile physiological saline
to a concentration of 500 pg/mL. Each injection sample was
prepared immediately before administration to the animals.
The retro-orbital route of administration was chosen as
a minimally invasive method for systemic delivery of sub-
stances with rapid entry into the bloodstream, widely used
in mouse experiments. The administration was performed
twice with a 1-month interval between injections.
Intravenous injection into the retroorbital venous
plexus in mice is allowed in the absence of anesthesia. To
perform this procedure, the mouse is grabbed by the skin
of the neck with the thumb and forefinger, the other fin-
gers are securely held by the skin of the back and pressed
against the mesh for maintenance. The conjunctiva of the
inner corner of the eye is pierced with a syringe needle and
held to a depth of 1-2 mm behind the eyeball, where the
venous plexus is located. When properly inserted into the
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needle, blood flows by gravity from the retroorbital plexus
(if in doubt, a slight negative pressure can be created in the
syringe). After making sure that the location is correct, the
test drug is slowly injected. After injection, the eyeball is
lightly pressed with a sterile gauze cloth to stop the bleed-
ing. In this way, the drug can be administered with a syringe
with a volume of 1 ml and a needle No. 27-29G':. The vol-
ume of the injected drug is 200 puL/head. Throughout the
experiment, mice are kept individually in cages.

2.2 Behavioral Activity Assessment
2.2.1 Open Field Test

This testing protocol is designed to quantitatively as-
sess rodent behavioral activity, including exploratory and
locomotor activity. The assessment parameters include:
movement speed, total distance traveled, and time spent
in the central and peripheral zones of the experimental
arena. The study was conducted using an open arena (Open-
Science, Russia) measuring 50 x 50 cm with 40 cm high
walls. The experimental field was uniformly illuminated
(40 Iux). Animal movements were recorded using a video
camera positioned above the arena. The duration of each
test session was 5 minutes.

2.2.2 Novel Object Recognition Test

This test is designed to assess the selective exploratory
activity of mice, i.e., their tendency to preferentially interact
with a novel object compared to a familiar one. The study
protocol included three stages:

1. Acclimation Stage: Animals freely explored the
experimental arena (open field, white box measuring 40 x
40 x 40 cm) without any objects. Upon completion of this
stage, the animal was temporarily removed from the arena
and placed in an individual cage.

2. Familiarization Stage (or Exposure): During a set
period, each mouse was placed in the arena with two iden-
tical objects. The duration of this stage was 5 minutes, after
which the animal was returned to its cage.

3. Testing Stage (Memory Recognition): 24 hours af-
ter the familiarization stage, the ability to recognize was
assessed. The animal was placed in the arena where one
familiar object (from the previous exposure) and one novel
object were present. The obtained results regarding the total
distance and speed of the animals, preference indices, dis-
crimination indices, and an indicator of interest in the novel
object were then analyzed to further evaluate the mice’s
learning and memory abilities.

Preference index RI = Tn/(T1 + T2 + Tn + T _f), nor-
malization: the preference index ranges from —1 to +1. A
value of 0 means equal time spent with new and familiar
objects. A positive value indicates a preference for a new
object, a negative value indicates a preference for a familiar
one.

Discrimination index DI = (Tn - T_f)/(T1 + T2 + Tn
+T 6,

where:

Tn is the time of studying a new object;

T f— time to explore a familiar object;

T1 and T2 are the time spent exploring the original
objects.

Normalization: The discrimination index also varies
from —1 to +1. A positive value indicates more time spent
with a new object, a negative value indicates time spent with
a familiar object, and 0 means no preference.

Statistical basis of comparison: Analysis of variance
(ANOVA), Post-hoc tests.

The movements of the animals were recorded using
a video camera located above the arena and analyzed us-
ing the tracking software Noldus Ethovision XT (Noldus
Information Technology, Leesburg, Virginia). The follow-
ing parameters were analyzed: the total distance traveled,
the average speed, the number of visits to the center and to
the periphery, as well as the time spent in the central and
peripheral zones.

2.2.3 Vertical Pole Test

This test is necessary to assess motor coordination and
balance in animals. The trial involved determining the time
for the animal to turn on a vertical pole and the maximum
time the animal could remain on the vertical pole. The ap-
paratus consisted of a metal pole with a diameter of 1 cm
and a length of 50 cm. The animal was placed on the up-
per part of the pole with its hind paws on its surface and its
front paws on the lid. The duration of each trial was 60 sec-
onds, and the time spent on the pole was recorded. A total
of three independent trials were conducted for each animal
with 5-minute intervals between them.

2.2.4 Inverted Screen Test

This test is necessary to assess the motor activity and
endurance of animals. The animal is placed on a rectangular
wire mesh with a 0.5 cm spacing between wires, and the
mesh is inverted. The mouse hangs, clinging to the wires
of the mesh for 3 minutes. If the mouse falls, it has 2 more
attempts, and the value with the shortest retention time on
the inverted mesh wire is recorded.

All behavioral test results were statistically analyzed
using GraphPad Prism 8.0 software (Version number 8.0,
San Diego, CA, USA). For the analysis of behavioral test
data, a two-way analysis of variance (ANOVA) with fac-
tors “group” and “testin “gage” where “testing age” referred
to the two behavioral assessment time points (16 and 20
weeks) was used, followed by Tukey’s post-hoc test. The
normality of distribution was assessed using the Shapiro-
Wilk test. Values were considered statistically significant
at p <0.05.
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2.2.5 Immunohistochemical and Histological Assessment
of Brain Structures

Animals from the studied groups at the age of 24
weeks were euthanized by intracardiac injection of 2% lido-
caine hydrochloride (Grothex, Russia) after intraperitoneal
anesthesia with Zoletil 100 (Virbac, France) at a dose of
30 mg/kg in combination with xylazine (Biogel, Belarus)
at a dose of 12 mg/kg. Following this, tissue dissection was
performed.

Immediately after anesthesia, perfusion with chilled
PBS solution was carried out to remove blood from the
brain vessels and cool the tissue. The brain was rapidly dis-
sected on ice. The right hemisphere, obtained by dissection,
was fixed in Bouin’s solution (71.4% saturated picric acid,
23.8% formaldehyde, 4.8% glacial acetic acid), after which
frontal sections were prepared using a vibratome (Leica Mi-
crosystems GmbH).

A portion of the paraffinized sections was deparaf-
finized and washed in EnVision Flex buffer (1:1000 dilu-
tion) in two containers for 3 minutes. Then, the sections
were treated in Trilogy™ citrate buffer (25:500 dilution)
at 100 °C for 1 hour, cooled for 20 minutes, and repeat-
edly washed in washing buffer and distilled water for 3
minutes in two containers. Immunohistochemical staining
was performed using AT-8 monoclonal antibodies (1:1000
dilution). After this, the sections were again washed in
washing buffer and distilled water for 5 minutes. Subse-
quently, a two-component HiDef Detection™ system was
applied: first, incubation with the detection reagent for pri-
mary mouse and rabbit antibodies for 10 minutes, then with
HRP-conjugated horseradish peroxidase for 15 minutes at
room temperature. The reaction was visualized using DAB
Chromogen + DAB Buffer for 1 minute. The sections were
counterstained with Mayer’s hematoxylin for 2 minutes, de-
hydrated in 100% isopropanol in three containers for 3 min-
utes, then cleared in orthoxylene in four containers for 3
minutes. After this, the specimens were mounted under
coverslips using Vitrogel mounting medium.

The second portion of the paraffinized sections was
used for Congo Red staining. The sections were deparaf-
finized in xylene for 20 minutes, then rehydrated by sequen-
tial incubation in ethanol solutions: 10 minutes in 100%, 5
minutes in 95%, and 5 minutes in 50%, after which they
were washed three times in distilled water for 5 minutes
each. Next, the sections were stained with a 0.5% Congo
Red solution in 50% ethanol for 5 minutes and differenti-
ated in a 0.2% potassium hydroxide solution in 80% ethanol
for 1 minute. After three washes in distilled water for 5 min-
utes each, the specimens were mounted under coverslips us-
ing Glasseal mounting medium (Labico LLC, Russia) (Fig.
2).

2.3 Morphometric Analysis

The prepared slides were analyzed using a Nikon
Eclipse Ts2R microscope (Amstelveen, the Netherlands)
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equipped with a motorized stand. Panoramic visualiza-
tion of mouse brain slices in the TRITC fluorescent mode
was performed using a 10x lens using NIS Elements AR
software (version 4.6, Laboratory Imaging, Prague, Czech
Republic) with combining frames into a single compos-
ite image, overlapping 10% and automatic post-processing.
To determine AT-8 -immunostained neurons in the frontal
cortex (5300 um?) and brainstem (2300 pum?), counting
was performed manually. To determine Congo red-positive
amyloid deposits, counting was performed manually based
on a threshold brightness value relative to the baseline
brightness of amyloid deposits in intact brain tissue. Mor-
phometric data were expressed as a percentage of the Congo
red-positive deposit area within the studied region. Mor-
phometric data were expressed in % as a fraction of the area
of Congo red-positive deposits in the study area.

2.4 Relative Normalized Gene Expression Analysis

The frontal cortex of the left hemisphere of the brain
was used as the material for quantitative gene expression
analysis. After isolation, it was immediately snap-frozen in
liquid nitrogen.

Total RNA isolation was performed using the RNeasy
Kit (Qiagen, Germany) according to the manufacturer’s in-
structions. The RNA concentration at the output was mea-
sured spectrophotometrically with a NanoDrop OneC in-
strument (Thermo Scientific, USA). 1 ng of total RNA was
used for the reverse transcription reaction using the MMLV
RT kit (Evrogen, Russia). The temperature protocol was:
40 °C — 60 min, 70 °C — 10 min. After cDNA synthesis,
samples were immediately placed on ice and subsequently
subjected to analysis.

For qPCR, a ready-made mixture of 5x qPCRmix-HS
SYBR (Evrogen, Russia) with the intercalating dye Sybr
Green I was used. Primers for genes of interest (GOI)
were designed to allow simultaneous amplification under
the same temperature conditions along with a housekeeping
gene (HKG) (Table 1). Each sample was added to the plate
in three replicates, the results of which were averaged for
further calculations. Amplification was performed using a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad
Laboratories Inc., USA) according to a two-step thermal
protocol: (1) initial denaturation — 95 °C, 300 s; (2) cy-
cling denaturation — 95 °C, 5 s; (3) annealing+elongation
— 60 °C, 30 s; number of cycles 45. The specificity of
the reaction products was controlled by analysis of melting
curves (MCA): 65 °C 90 °C over 25 minutes with a step
of 0.5 °C.

The results of the PCR analysis were expressed using
the formula 2-2¢, where ACt = Ct(GOI) — Ct(Gapdh).

3. Results
3.1 Behavioral Testing Results

In the “Open Field” test, the P301S+Ap group gen-
erally did not show further deterioration of performance
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Fig. 2. Diagram illustrating the arrangement of brain sections during the preparation of immunohistochemical and histological
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Table 1. Oligonucleotide sequences for PCR analysis.

Genes Forward primer

Reverse primer

Akt1 5'-AAGGACCCTACACAGAGGCT-3'
Gfap 5'-ACAGAGGAGTGGTATCGGTCT-3’

Casp3  5-AGCTTGGAACGGTACGCTAA-3'
Bax 5'-CTACAGGGTTTCATCCAG-3'
Bel2 5'-GTGGATGACTGAGTACCT-3'
Cdk5 5'-GCCAGACTATAAGCCCTACCC-3'
Mapt 5'-TCCAACTGCTGAAGACGTGA-3'

Gapdh 5'-CCGGGGTCCCAGCTTAGGTTCA-3’

5'-AAGGTGGGCTCAGCTTCTTC-3'
5-GCGGCGATAGTCGTTAGCTT-3’
5'-GAGTCCACTGACTTGCTCCC-3'
5-CCAGTTCATCTCCAATTCG-3'
5'-CCAGGAGAAATCAAACAGAG-3'
5'-GCTGCACAGGGTTACACTTC-3’
5'-CTTCTGGGATCTCCGTGTGG-3'
5'-CGGCCAAATCCGTTCACACCGA-3’

Akt1, AKT-serine/threonine kinase 1; Gfap, glial fibrillary acidic protein; Casp3, caspase 3, apoptosis-

associated cysteine peptidase; Bax, the Bcl-2 protein family, BCL2 associated X protein; Bc/2, B-cell

lymphoma 2; Cdk5, cyclin-dependent kinase 5; Mapt, microtubule-associated protein tau; Gapdh,

glyceraldehyde-3-phosphate dehydrogenase.

compared to P301S mice without isoD7-AB administra-
tion. Significant differences were observed only at the first
time point: the number of exits to the arena periphery (p =
0.0125) and the average animal activity (p = 0.0089) were
higher than in the P301S group without amyloid load. The
C57Black6/J wild-type group maintained consistently high
levels of speed, distance, and maximum time spent in the

center of the arena throughout the experiment, indicating
a low level of anxiety and preserved exploratory behavior
(Figs. 3,4).

When assessing cognitive functions in the “Novel Ob-
ject Recognition” test, a similar trend was observed in
C57Black6/J mice: at both time points, this group demon-
strated maximal values for speed, distance, as well as pref-
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erence and discrimination indices, which were statistically
significantly higher than the corresponding indicators in
mice with tauopathy. This confirms the preserved ability
for novel object recognition in wild-type animals. In con-
trast, the experimental P301S+Ap group and the control
P301S group without amyloid load showed comparably low
indicators characterizing cognitive functions at both time
points. No statistically significant differences were found
between the P301S+Ap and P301S groups without isoD7-
AP administration in the main analyzed parameters. At the
second time point, the level of preference in the P301S+AB
group was statistically lower than in the C57Black6/J mice
(p =0.0301); a similar trend was observed for the discrim-
ination index (p < 0.0001) (Fig. 5).

More pronounced differences between groups were
observed in the motor coordination tests. In the “Vertical
Pole” test, at the first time point, mice in the P301S+AB
group required less time to turn on the vertical pole com-
pared to the control P301S group without amyloid load (p

&% IMR Press

= 0.0432), whereas at the second time point, this indicator
was comparable between the groups. This suggests an ear-
lier development of motor impairments in the P301S+Ap
group compared to P301S mice without additional amyloid
load. However, the total time spent on the vertical pole at
both time points did not differ statistically significantly be-
tween the tauopathy groups (Fig. 6).

A similar trend was observed in the “Inverted Screen”
test: 16-week-old P301S+A mice held onto the screen for
a shorter duration compared to the control P301S group
without amyloid load (p = 0.0316). At the second time
point, no statistically significant differences were found be-
tween these groups (Fig. 7).

3.2 Results of Immunohistochemical and Histological
Studies

Immunohistochemical examination of brain sections
from 24-week-old mice revealed that in the P301S+AB
group, the number of neurons with positive AT-8 im-
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munostaining in the brainstem was statistically significantly
higher than in the control P301S group without amyloid
load (p = 0.0344). No statistically significant differences
were found in the frontal cortex between these groups. In
C57Black6/] wild-type mice, neurons with positive AT-8
immunostaining were absent in the studied structures (Figs.
8,9).

Histological examination of brain sections from 24-
week-old mice revealed no Congo red-positive amyloid de-
posits in the brain regions examined (entorhinal cortex and
hippocampus) (Fig. 10).

3.3 Relative Normalized Quantitative Analysis of Gene
Expression Results

Gene expression levels in the frontal cortex of 24-
week-old mice were assessed semiquantitatively by real-
time PCR (qRT-PCR) with normalization to the reference
gene Gapdh using the 22 formula (Fig. 11). Data are pre-
sented as mean + standard deviation (mean + SD); differ-
ences were considered statistically significant at p < 0.05.
A total of seven target genes were analyzed with two types

of comparisons: P301S+Af vs P301S and P301S+AP vs
C57Black6/].

Aktl gene expression in the P301S+AB group (0.421
+ 0.091) was significantly reduced compared to both the
P301S control group (1.045 + 0.102, p < 0.01) and wild-
type C57Black6/] mice (0.978 £ 0.110, p < 0.01), indi-
cating a significant impairment of PI3K/Akt signaling fol-
lowing peripheral administration of isoD7-Af. The ex-
pression level of Gfap, a marker of astrogliosis, was sig-
nificantly higher in the P301S+AB group (1.949 + 0.208)
than in control P301S mice (0.938 + 0.229, p < 0.01) and
C57Black6/J mice (0.540 + 0.141, p <0.001), indicating an
enhanced neuroinflammatory response with isoD7-Af ad-
ministration. The expression of Casp3 in the P301S+AB
group (0.050 + 0.023) was not significantly different from
either the control P301S group (0.019 + 0.009, p = 0.808)
or C57Black6/J mice (0.011 £ 0.010, p = 0.695). However,
a trend toward increased Casp3 levels was observed in the
isoD7-Ap-treated group.

Expression of the pro-apoptotic gene Bax in the
P301S+AP group (0.995 + 0.087) was significantly higher
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than in control P301S mice (0.585 + 0.065, p < 0.01) and
C57Black6/J mice (0.514 £ 0.120, p < 0.05), reflecting an
increase in the pro-apoptotic signal under the influence of
isoD7-AB.

The expression level of the anti-apoptotic gene Bcl2
in the P301S+AP group (0.470 + 0.100) was significantly
lower than in control P301S mice (0.907 £ 0.11, p < 0.05)
and C57Black6/J mice (0.994 + 0.098, p < 0.05). Thus,
the introduction of isoD7-AB was accompanied by a shift in
the balance of apoptotic gene expression towards the pro-
apoptotic side.
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CdkS5 expression in the P301S+AB group (1.032 +
0.097) was not statistically different from either control
P301S mice (1.015+0.086, p=0.931) or C57Black6/J mice
(1.036 £ 0.109, p = 0.997).

Mapt expression in the P301S+AB group (1.962 +
0.141) was not statistically different from control P301S
mice (1.954 + 0.160, p = 0.983), but was significantly
higher than in wild-type C57Black6/J mice (0.249 + 0.243,
p < 0.001). This confirms that isoD7-AB administration
does not affect transcription of the Mapt gene itself, but is
associated with increased post-translational tau pathology.
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4. Discussion

Alzheimer’s disease is characterized by two key
pathological hallmarks: extracellular accumulation of AB
and intracellular aggregation of hyperphosphorylated tau
protein [17]. Currently, increasing evidence points to
a synergism between AP and tau pathology: the pres-
ence of AP can accelerate tau phosphorylation and spread-
ing in various experimental models. This suggests that
the observed effects are not associated with the develop-
ment of classical amyloid plaque pathology, but may in-
stead reflect the action of soluble amyloid species or the
activation of peripheral-to-central signaling mechanisms.
Therefore, the present data do not allow us to distin-
guish whether the observed effects reflect direct brain entry
of the administered peptide, actions of soluble peripheral
amyloid species, or indirect peripheral-to-central signaling
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mechanisms, including inflammatory or vascular pathways
[18,19,20,21,22,23]. However, the question of whether pe-
ripherally administered A is able to modulate pre-existing
tau pathology in the CNS without direct intracranial ac-
tion remains poorly understood. The clinical relevance of
this question is further supported by evidence of impaired
AP transport across the blood—brain barrier in AD, includ-
ing an altered balance between its entry into the brain and
clearance from the brain [24,25]. The study was conducted
exclusively on male transgenic mice of the P301S line,
since based on previously published data from Anthony M
Downs et al., 2025 [26], it was found that male and female
changes in the experiment did not depend on gender in rela-
tion to the obtained electrophysiological properties of neu-
rons (decreased excitatory inputs and kinetics of excitatory
postsynaptic current). And in a study conducted by Denise
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Fig. 8. Representative AT-8-immunostained sections of the frontal cortex and brainstem. (A,D) control P301S mice, (B,E)
C57Blacké6/J wild-type mice, and (C,F) P301S+A mice. Scale bar =200 pm.
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Fig. 9. The number of AT-8-immunostained neurons in the P301S+Ap group relative to the P301S control. Histogram showing an
increased number of AT-8 immunostained neurons in the P301S+A group compared to the control P301S group; where (A) — frontal

cortex, (B) — brainstem; ns — no statistically significant differences; * p < 0.05, ** p < 0.01.

M.O. Ramirez and co-authors in 2025 [27], found no sex
differences, since gender did not affect either the patholog-
ical tau protein or the structure of its accumulation at any
age in this mouse model. In the present study, we demon-
strated that double peripheral administration of isoD7-Af to
P301S mice was associated with earlier development of mo-
tor impairments and increased AT-8-positive tau pathology,
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primarily in the brainstem. However, no additional impair-
ment in open-field and novel object recognition tests was
observed compared to the P301S control group. This sug-
gests that, at this stage of the model, peripheral amyloid bur-
den has a greater impact on structures associated with motor
control than on cognitive functions, which are already im-
paired in animals of this line [28,29,30]. The choice of the
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Entorhinal cortex and hippocampus

Fig. 10. Representative Congo red-stained sections of the entorhinal cortex and hippocampus from (A) control P301S mice and (B)
P301S+Ap mice. Histological examination of brain sections from 24-week-old mice revealed no Congo red-positive amyloid deposits

in the entorhinal cortex or hippocampus under bright-field microscopy. Scale bar = 40 pm.
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Fig. 11. Heat map of relative gene expression levels determined by qRT-PCR in the frontal cortex of mice. The table presents
the mean relative gene expression values normalized to the reference gene Gapdh using the 22 formula for seven genes of interest
(4ktl, Gfap, Casp3, Bax, Bcl2, Cdk5, and Mapt) in two groups of mice with tauopathy: control (P301S) and with retroorbital injection
of isoD7-AP (P301S + AP); in comparison with wild-type C57Black6/] mice (genetic background). Double peripheral administration
of isoD7-Ap to P301S mice is accompanied by molecular changes consistent with possible involvement of the Akt/GSK-3B-associated
pathway, namely, decreased Akt1, increased Gfap, Bax, and decreased Bcl2, with no significant effects on Cdk5 and Mapt. The color scale
indicates the relative expression level, where dark blue (0.5 and below) means the expression level is very low relative to the housekeeping
gene Gapdh, shades from pink to bright yellow (1.0 and above) mean the expression level is moderately higher or much higher relative
to the housekeeping gene Gapdh. Asterisks mark the values of statistical significance of the difference between the experimental and
comparison (WT) groups — * (p < 0.05), ** (p <0.01), *** (p <0.001). Pound signs mark the statistical significance of the difference
between the experimental groups (P301S + AP vs P301S) — ## (p <0.01).
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isomerized form of AP is crucial. According to the litera-
ture, isoD7-AP exhibits more pronounced neurotoxic prop-
erties compared to native AP [31] and is capable of modulat-
ing amyloidogenesis in vivo [32,33]. Furthermore, isoD7-
AP has been shown to induce higher levels of protein phos-
phorylation, including tau protein, in SH-SY5Y neuroblas-
toma cells [14]. In this context, our results complement ex-
isting concepts and indicate that peripherally administered
isoD7-Ap can enhance the manifestations of tau pathology
in vivo against the background of pre-existing tauopathy.

An important observation is the absence of Congo red-
positive amyloid deposits in the studied brain regions. This
suggests that the observed effects are not associated with
the development of classical amyloid plaque pathology, but
may be due to either the effect of soluble amyloid forms or
the activation of peripheral-central signaling mechanisms.
This interpretation is consistent with data on the role of
the systemic AP pool, impaired blood-brain barrier func-
tion, and the possible involvement of vascular and trans-
port mechanisms in the maintenance of cerebral pathology
[24,25].

Molecular results are also consistent with the proposed
pathogenetic scheme. In the P301S+AP group, decreased
Aktl expression, increased Gfap and Bax expression, and
a decrease in Bcl2 were detected. Taken together, these
changes correspond to a profile that may reflect impaired
PI3K/Akt regulation, increased glial activation, and a pro-
apoptotic shift [11]. The absence of significant changes in
CdkS5 and Mapt expression makes it less likely that alter-
native mechanisms associated with increased transcription
of the tau protein itself or pronounced involvement of the
Cdk5-dependent pathway are involved [34]. The data on
Casp3 were not statistically significant and should therefore
be interpreted with caution [11].

The obtained data are generally consistent with the
idea that even a short-term increase in the amyloid signal
can have a long-term impact on the course of tau pathol-
ogy. This is consistent with the results of Selenica et al.
[23], who showed that chronic exposure to AP potentiates
tau pathology in the rTg4510 model, and changes in p-tau
and GSK-3p activity can persist even after cessation of A
administration. A similar phenomenon of long-term persis-
tence of pathological changes after modification of the amy-
loid cascade has been discussed in a clinical context [34].
Although our study did not directly assess the irreversibil-
ity of the changes, the persistence of effects several weeks
after double exposure may indicate the persistent nature of
the induced pathological shifts.

Thus, the combination of behavioral, immunohisto-
chemical, and transcriptional data supports the hypothesis
that peripheral amyloid burden can potentiate the course of
tauopathy. The obtained results also confirm the feasibility
of using peripheral administration of modified forms of Af,
including isoD7-Ap, as an experimental approach for mod-
eling “amyloid-associated signaling load” in the presence
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of pre-existing tau pathology. This approach allows us to
study the interaction of AP and tau components of neurode-
generation without creating complex dual transgenic mod-
els [3].

From a therapeutic perspective, the results support the
relevance of combined interventions targeting the amyloid
and tau components of AD pathogenesis [3]. Despite the
introduction of anti-amyloid drugs into clinical practice,
their effect remains limited [6,7]. This indicates the need
to search for additional therapeutic targets and combined
approaches aimed at both the amyloid and tau components
of pathogenesis [3,8]. In this context, the Akt/GSK-3(-
associated signaling pathway is of particular interest, as it
lies at the intersection of processes associated with amy-
loid toxicity, tau phosphorylation, neuroinflammation, and
apoptosis [11].

When interpreting the results, it is necessary to con-
sider the limitations of the study. First, transcriptional anal-
ysis does not provide direct evidence of changes in GSK-3f
activity, so the putative involvement of the Akt/GSK-3p-
associated signaling pathway is indirect [11,35]. Second,
the study did not evaluate the distribution and accumula-
tion of exogenous isoD7-Ap itself in brain tissue, leaving
the question of the ratio of direct and indirect mechanisms
of action open [22,23]. Third, the double administration
regimen used does not allow one to assess the cumulative
effects of chronic amyloid stimulation. Nevertheless, the
obtained results indicate the potential of this model for fur-
ther study of the mechanisms of AB—tau interaction and the
search for combined therapeutic strategies [3,11].

5. Conclusion

The study demonstrated that double peripheral admin-
istration of isoD7-Ap to P301S mice was associated with
earlier development of motor impairment and increased
AT-8-positive tau pathology. Molecular analysis revealed
changes in gene expression consistent with disruption of
the Akt/GSK-3f-associated signaling pathway, increased
glial activation, and the formation of a proapoptotic shift.
The persistence of these effects several weeks after double
administration may indicate the persistent nature of the in-
duced pathological changes.

These results support the hypothesis of synergism be-
tween AP and tau in the pathogenesis of neurodegenerative
diseases, as well as the concept of interaction between amy-
loid and tau components in the neurodegenerative process.
Furthermore, they indicate the possible involvement of the
Akt/GSK-3[-associated signaling pathway, which requires
further direct experimental verification. The model of pe-
ripheral administration of modified AP in the setting of ge-
netically determined tauopathy represents a valuable exper-
imental approach to study the mechanisms of interaction be-
tween these two pathological processes and to test combi-
nation therapeutic strategies directed at multiple molecular
targets.
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