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Alzheimer’s disease (AD) is characterized by the progressive accumulation of beta-amyloid and impaired cognitive
function. Existing treatments are not effective enough, it’s necessary to search for new therapeutic strategies targeting key
pathogenetic mechanisms.

The aim. To investigate the therapeutic potential of intracellular and extracellular forms of heat shock protein HSP70 for
correcting cognitive deficits and reducing amyloid load in AD.

Materials and methods. The study was performed on APPswe/PS1dE9/BIg transgenic mice, modeling AD, and lines created
on their basis expressing intracellular (Tg_h) or extracellular (Tg_h_mod) forms of human HSP70. Behavioral tests were
used to assess cognitive functions: Open Field, Novel Object Recognition, Y-maze, Barnes Maze. Amyloid load was assessed
by histological method.

Results. The extracellular form of HSP70 (Tg_h_mod) significantly reduced amyloid load by 37% (p = 0.0033) and
demonstrated marked cognitive improvement — by 40-45% in the Y-maze and Barnes Maze tests, whereas the intracellular
form (Tg_h) reduced amyloidosis by 23.6% (p = 0.0273) but did not show significant memory recovery. The results indicate
that the neuroprotective effect of extracellular HSP70 is likely mediated not only by chaperone activity but also by
additional mechanisms critical for synaptic function.

Conclusion. A comparative study of the effectiveness of intracellular and extracellular forms of HSP70 in correcting both
molecular and behavioral disorders in an AD model was conducted for the first time. It was found that the modified form of
HSP70 has therapeutic potential. HSP70, especially its extracellular form, is a promising target for the development of AD
therapy, providing a comprehensive effect on amyloid pathology and cognitive functions.
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Abbreviations: AD — Alzheimer’s disease; AB — beta-amyloid; APP/PS1 — APPswe/PS1dE9/Blg; Tg_h _mod —
C57BI/6-Tg_h(HSPA1A)-/+mod; Tg_h — C57BI/6-Tg_h(HSPA1A)-/+; HSPA1A — human protein HSP70; WT — wild-type mice;

IP — preference index; ID — discrimination index.
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BonesHb Anburerimepa (BA) XxapaKTepusyeTca MpOrpeccuMpyroliMM HaKomaeHnem 6eTa-amuionga W HapylleHuem
KOFHUTUBHBIX $yHKUMIA. CyllecTBytolMe METOAbl JeYEHUA HEeAOoCTaTouHO 3dGdEKTUBHbI, YTO TpebyeT Mmowmcka HOBbIX
TepaneBTUYECKMX CTPATErNin, HanNpPaB/IeHHbIX HA K/toYeBble MaTOreHeTUYecKne MexaH13mbl.

Llenb. MccnepoBatb TepaneBTUYECKUIA NOTEHLMAN BHYTPUKIETOMHOW M BHEKNETOUYHOM dopm Besika Tennosoro woka HSP70
019 KOPPEKLUN KOTHUTUBHOTO AePULNTA U CHUKEHUA aMUNONAHOW Harpysku npu BA.

Marepuanbl U meTogbl. ViccnefoBaHne BbINOAHAAN Ha TPAHCTEHHbIX Mblwax AMHUKM APPswe/PS1dE9/Blg, mogenvpytowmx
BA, 1 CO34aHHbIX HAa UX OCHOBE /JIMHUAX, IKCMPECCUPYHOLWMX BHYTPUKAETOUHYO (Tg_h) nam BHeknetouHyto (Tg_h_mod)
dopmbl Yenoseyeckoro HSP70. [InA OLEHKU KOTHUTUBHbIX QYHKLMUA NPUMEHANN noBedeHYeckue TecTbl: OTKpbITOe nose,
PacnosHaBaHWe HOBOro 06bekTa, Y-NabupuHT, JITabupUHT BapHca. AMUAOUAHYIO Harpy3Ky OLEHWBa/NU TMCTONOTMYECKUM
MeTOZOM.

Pe3ynbratbl. BHekneTouHas ¢dopma HSP70 (Tg_h_mod) 3HauMmo cHWKana amuaouaHyro Harpysky Ha 37% (p=0.0033)
1N [EMOHCTPMPOBANA BbIPANKEHHOE KOTHUTUBHOE ynydlleHune — Ha 40-45% B Tectax Y-nabupuHT u JlabupuHT bapHca,
TOrda Kak BHyTpuKaeToyHaa dopma (Tg_h) ymeHbluiana ammnnongos Ha 23,6% (p=0,0273), HO He MOKa3blBana 3HAYMMOr0
BOCCTAHOB/IEHUA NamATU. lMonyyeHHble pe3ynbTaTbl YKas3blBAOT Ha TO, YTO HEMPOMPOTEKTOPHbIN IPPEKT BHEKNETOUYHOIO
HSP70, BepoATHO, onocpefoBaH He TO/IbKO LANepoHHOM aKTUBHOCTbIO, HO W [AOMOAHUTENbHBIMU MEXaHU3MaMK,
KPUTUYECKM BAXKHbIMU A1 CUHANTUYECKON QYHKL M.

3akntoyeHue. BrnepBble npoBefeHO cpaBHUTENbHOE MccieaoBaHWe 3PPEKTUBHOCTU BHYTPUKIETOYHOM U BHEKNETOYHOM
dopm HSP70 B KOppeKLMM KaK MOJIEKY/NAPHbIX, TaK U MOBEAEHYECKMX HapyleHuin B mogenu BA. YcrtaHoBneHo, yTo
moaubuumposaHHaa ¢opma HSP70 obnagaer TepaneBTMYECKMM noTeHumanom. HSP70, ocobeHHO ero BHEKNeToyHas
bopma, ABNAETCA MEPCNEKTUBHON MULLEHbIO A1A PaspaboTKM Tepanuu BA, oKasbiBas KOMMAEKCHOE BO34eMCTBME Ha
naToNIorNI0 aMUIOMAA N KOTHUTUBHbIE GYHKLMUMN.

KntoueBble cnoBa: 60ne3Hb Anbureimepa; HSP70; amunonaHble BAALWKN; KOTHUTUBHbIE QYHKLMKU; HEMPONPOTEKLMA
CnucoK cokpaweHuii: BA — bBonesHb Anbureimepa; AR — 6eta-amunounga; APP/PS1 — APPswe/PS1dE9/BIg;
Tg_h_mod — C57BI/6-Tg_h(HSPA1A)-/+mod; Tg_h — C57BI/6-Tg_h(HSPA1A)-/+; HSPA1A — uenoseueckuit 6enok HSP70;
WT — 6ecnopogHble mbilwn; UM — nHaeKe npeanoyuteHns; UL, — MHAEKC ANCKPUMUHALUK.

INTRODUCTION

Alzheimer’s disease (AD) remains the most

common cause of dementia worldwide, posing a
serious medical and social problem. Its pathogenesis
of extracellular

is based on the accumulation

senile plaques in the brain, consisting of beta-
(AB), and

tangles of hyperphosphorylated tau protein. These

amyloid intraneuronal neurofibrillary

processes trigger a cascade of neurodegenerative

changes, including synaptic dysfunction, chronic

neuroinflammation, and neuronal death, ultimately
leading to progressive cognitive deficits [1].
Despite

progress in understanding  the

98

molecular basis of AD (amyloid and tau pathology,
neuroinflammation), most approved drugs are only
symptomatic. There is currently no therapy capable
to slow or stop the progression of the disease,
making the investigation of approaches targeting key
pathogenetic links, such as proteostasis disruption and
the accumulation of toxic protein aggregates, highly
relevant [2, 3].

In this regard, considerable attention is paid to the
search for endogenous neuroprotective factors capable
of modulating key disease links. One such promising
agent is the 70 kDa heat shock protein — HSP70 [4, 5].

Heat shock proteins (HSPs) are involved in a wide
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range of cellular housekeeping processes, including the
folding of newly synthesized polypeptides, refolding of
metastable proteins, assembly of protein complexes,
degradation of misfolded proteins, and dissociation
of protein aggregates. Under normal conditions, HSPs
constitute 5-10 % of the total cellular protein content
and function as an integrated network to maintain
proteostasis [6]. Under extreme conditions, heat shock
transcription factors are activated in response to stress
to mitigate damage, leading to the transcription of a
large number of HSPs. Based on their primary function
as molecular chaperones (they are also involved in
numerous processes in eukaryotic cells), impaired HSP
function is linked to many diseases [7, 8].

HSP90 / HSP70 acts an important role in
maintaining the normal physiological state of
tau protein, as well as blocking its abnormal

phosphorylation and accumulation, and participates
in the pathological process associated with tau protein
and AB [9, 10].

In neurodegenerative
as AD,
disease,

pathologies such

Parkinson’s and Huntington’s
HSP70

mechanism,

disease,
acts as a primary protective

correcting protein folding (including

a-synuclein) and suppressing apoptosis.

excessive  expression can exacerbate
neuroinflammation through TLR4 activation [11,
12]. It is important to note that HSP70 functions

not only as an intracellular chaperone but also as

However,

an extracellular signaling mediator, interacting with
receptors (TLR2/4) and modulating the inflammatory
response, which is particularly significant for long-
lived neurons, ensuring their resistance to stress and
premature death [13].

HSP70 is often released from cells under stress
conditions and/or in transformed cells. According to
studies, endogenous HSPs exhibit neuroprotective
activity in rodent models of Huntington’s disease [14].

THE AIM. To determine the effect of intracellular
HSP70 on
accumulation in the brain and to evaluate its impact on

and  extracellular amyloid  plaque
cognitive functions in mice using a battery of behavioral

tests.

MATERIALS AND METHODS

Study Design
The study design and animal housing
conditions were selected in accordance with

the recommendations of the Eurasian Economic

Tom 14, Beinyck 1, 2026

Commission Board dated November 14, 2023 No. 33.
Sexually mature mice were used in the study. Starting
from week 17, behavioral screening was conducted
to identify
impairments using the following tests: Open Field,

short-term and long-term memory
Novel Object Recognition, Y-maze, and Barnes Maze.
After the tests were completed, histological analysis
of amyloid plague accumulation in the brain was

performed.

Study Conditions and Duration

Experimental and control animals were housed in
the pathogen-free vivarium of the Belgorod National
Research University under artificially regulated
light-dark cycles (12 /12 hours) at a temperature of
+22-26 °C; they had free access to food and water. The

study was conducted from January to September 2025.

Animals

The following lines were used in the study:
APPswe/PS1dE9/BIg is overexpressing human mutant APP
and PSEN1 genes cDNA; C57BI/6-Tg_h(HSPA1A)-/+mod —
expressing a modified human HSP70 protein (HSPA1A)
in milk; C57BI/6-Tg_h(HSPA1A)-/+ is expressing a
modified human HSP70 protein (HSPA1A) in cells.
Crosses between the APPswe/PS1dE9/Blg line and
the C57BI/6-Tg_h(HSPA1A)-/+mod (Tg_h_mod) and
C57BI/6-Tg_h(HSPA1A)-/+ (Tg_h) lines were used in the
experiment (n=11). Outbred mice derived from these
crosses (WT, n = 11) were as controls.

Ethics Approval

Animal experiments were conducted in accordance
with the “Rules of Laboratory Practice in the Russian
Federation” dated April 01, 2016 No. 199n. The study
was approved by the Commission for the Control of
Laboratory Animal Husbandry and Use of Belgorod

National Research  University (Expert Opinion
No. 01-01i/24 dated 09.01.2024).

Open Field Test

The animal was placed in an “Open Field”

apparatus (NPK Otkrytaya Nauka, Russia), and its
movements were recorded. The apparatus is a square
chamber with a base of 50x50 cm, made of opaque
acrylic glass. Animal behavior was assessed based
on one parameter characterizing mouse behavior —
locomotor activity. The EthoVision software (Noldus
Netherlands) allows for

Information Technology,
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automatic acquisition of selected parameters: distance Y-Maze

traveled, activity, and average speed of all movements Working memory was assessed using the

in cm/sec. Each animal was tested for 5 minutes under
40 lux (dim lighting) [15].

Novel Object Recognition Test

A simple behavioral test based on the innate
exploratory behavior of rodents. The test is divided
into three phases: habituation, training / adaptation,
and testing. On the first day of the test, the animal
was placed in an empty 50x50 cm arena to explore it
for 5 minutes under 40 lux. The second day of the test
(adaptation) involves placing the animal in the same
arena with two identical objects. On the third day
(testing) the animal was placed in the arena with one
of the familiar objects from the previous phase and
one new object [16]. The following parameters were
recorded: number of approaches to the new and old
object and time spent near them; preference index (IP),
calculated by formula 1; and discrimination index (ID),
calculated by formula 2.

Pl= (:+ T,) x 100, (1)

_Ta-To, 2
DI = To+ T, ( )

where Pl — preference index; DI — discrimination
index; T — time spent exploring the new object; T —
time spent exploring the old object.

Barnes Maze Test

This test is used to investigate spatial learning and
memory in animals. The apparatus (NPK Otkrytaya
Nauka, Russia) consists of a circular platform 122 cm
in diameter, containing 40 holes 5 cm in diameter,
one of which is an exit (shelter). Distal visual cues are
represented by 4 black and white images with different
figures and patterns, located in different cardinal
arms — North, South, West, East. Video recording is
performed for 5 minutes. Measurements include total
distance traveled by the animal, speed of movement,
and time to find the exit within the allotted period.
1-4):
acquainted with its surroundings for 3 minutes to

Training days (Days The animal gets
locate the “shelter”. Each mouse has 4 trials per day
with a 15-minute interval.

Test day (day 5): The “shelter” area is covered
by a flap. The animal remains on the platform for 5
minutes, during which time spent in the exit, number
of approaches, and time spent in this zone are

recorded [17].
100

Y-Maze Test (NPK Otkrytaya Nauka, Russia) with arm
dimensions of 32.5x8.5x15 cm (LxWxH). The test
was conducted under dim lighting (40 lux). Mice were
allowed to explore two arms of the maze for 5 minutes,
while the third arm was blocked. After a 30-minute
break between trials, a second trial was conducted,
during which animals were allowed to explore all three
arms for 5 minutes. Entry into the arm was recorded
when more than half of the mouse’s body crossed
the boundary between two others. The number of
entries and time spent in each one were recorded.
Analysis was performed in two scenarios: the entire
5-minute test duration, or the first 2 minutes of “active
exploration” [18].

Histology

Animals were subjected to terminal anesthesia;
their brains were dissected, and fixed in Carnoy’s
solution (6 parts 96% ethanol, 3 parts chloroform,
1 part glacial acetic acid) for 12 hours. The tissue was
dehydrated by sequential passage through ethanol
solutions of increasing concentration: 75 % — 1 hour,
96% (I) — 5 minutes, 96 % (Il) — 45 minutes,
100 % (1) — 5 minutes, 100 % (ll) — 45 minutes. Then,
it was incubated for 30 minutes in a mixture of 100%
ethanol—chloroform (1:1), 1 hour in chloroform (1), left
overnight in chloroform (Il), after which the tissues
were infiltrated with paraffin (3 changes of 1 hour each)
at 60°C. Paraffin sections 8 um thick were mounted on
polylysine-coated slides.

Sections were deparaffinized for 20 minutes in
xylene and rehydrated by sequential incubation in
ethanol: 10 minutes in 100 %, 5 minutes in 95 %, 5
minutes in 50 %, then washed three times in deionized
water for 5 minutes each. Sections were stained with
Congo red solution (0.5 % Congo red in 50 % ethanol)
for 5 minutes and differentiated in a 0.2 % potassium
hydroxide solution in 80 % ethanol for 1 minute,
washed three times in deionized water for 5 minutes,
and mounted using Glasseal mounting medium (Labiko
LLC, Russia) [19].

Microscopy of samples was performed using a
Nikon Eclipse Ti microscope equipped with a motorized
stage. Panoramic visualization of mouse brain sections
in TRITC fluorescence mode was performed using a
10x objective with NIS Elements AR software (version
4.6), with frame stitching, 10 % overlap, and automatic
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post-processing. The resulting images were loaded
into QuPath software (version 0.5.1) for detection and
analysis of aggregates. Object detection was based on
the threshold brightness of amyloid fluorescence spots
relative to the background brightness of intact brain
tissue. Morphometric data were expressed as %area
of plaques/mm? of cerebral cortex. After automatic
object detection, manual verification was performed to
exclude false identifications. To confirm reproducibility,
two independent researchers also performed manual
counts [20].

Statistical Analysis

Statistical analysis was performed using GraphPad
Prism Software 8.0 (“GraphPad Software Inc”,
USA). Data are presented as M + SD. Depending on
the type of distribution and equality of variances,
the significance of the results was assessed using
parametric (ANOVA, Tukey’s test) or non-parametric
(Mann-Whitney U test) criteria. An unpaired Student’s
t-test was used to identify differences in intergroup
comparisons. Differences were considered significant at
p <0.05.

RESULTS

Effect of HSP70 on Locomotor Activity

The Open Field test was used to assess general
locomotor activity. As shown in Figure 1, no statistically
significant differences were observed between the
control group and the experimental groups, indicating
no impairment of locomotor function in the animals,
which allows us to compare the results of further tests
without any adjustments [21].

Using Open Field test, we can also analyze the
anxiety states of animals by looking at the time spent in
the center versus the periphery, as these two indicators
are mutually interchangeable. We assessment the time
spent in the periphery and the number of transitions
to this zone. There were no statistically significant
differences in the number of transitions between the
two sectors, but there were differences between the
control group and the APP/PS1 group (F (3, 35) = 3.860;
p=0.0391).

Effect of HSP70 on Short-Term

Memory Formation

The Novel Object Recognition test was performed
to assess long-term memory. The perirhinal cortex is
responsible for object recognition and spatial memory;

Tom 14, Beinyck 1, 2026

impairments in its structure or function manifest as a
lack of interest in new objects [22]. Thus, we observe
that the number of approaches to the “new” toy
increases when it is replaced 24 hours after the initial
familiarization with the toys, in almost all mouse
lines except for the positive control and the double
transgenic Tg_h animals. The percentage of interest
in the new object was statistically significantly lower
between the WT group and the APP/PS1 and Tg_h
groups (F (7, 70) = 1.782; p = 0.0108 and p = 0.0319). A
significant difference can be observed in the IP, which
indicates the degree of preference for the unfamiliar
object. In the negative control and Tg_h_mod groups,
it is above 50%; in the APP/PS1 and Tg_h groups,
it differs significantly by 23% and 22% respectively
(F (3, 34) = 4.526; p = 0.0204 and p = 0.0209) from
the control group. A similar pattern is observed for
the ID (F (3, 42) = 3.874; p = 0.0368 and p = 0.0435),
indicating a decline in long-term memory functions and
physiological changes in the perirhinal cortex.

To further confirm hippocampal impairments, the
Y-Maze Test was conducted to analyze pathologies in
short-term memory formation.

Figure 3 presents data on the preference for the
new arm for exploration. Exploratory activity is driven
by the innate curiosity of rodents, who strive to explore
unvisited places. A mouse with intact working memory
and, consequently, intact prefrontal cortex functions
will remember previously visited arms and will tend to
enter the less visited arm. Spatial memory, determined
by the hippocampus, is also involved in this test by
opening a new arm half an hour after exploring two
others. As seen from the percentage of time spent by
animals exploring the new arm, the negative control
shows a typical pattern for healthy mice, with more
time spent exploring the new arm (35 %) compared
to the old one (29 %). The positive control also shows
a typical pattern for AD mice, where the total time
exploring the new arm does not exceed 20%. The
experimental Tg_h_mod line shows a similar pattern
to the negative control, while the Tg_h line, although
showing a pronounced difference in visiting the new
and old arms, exhibits a more blurred pattern of
exploration of both the “old” and “new” arms, differing
only in the time spent in the “landing” arm versus the
“new” arm. The percentage of entries into the new arm
decreases by 14 % (p = 0.0398) in the positive control
group compared to the negative control, and by 28 %
(p = 0.0099) in the Tg_h group. The Tg_h_mod group’s
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indicators increased statistically significantly by 40 %
(p =0.0156) compared to the Tg_h group.

Effect of HSP70 on Long-Term Memory Formation

The Barnes Maze test measures spatial learning
and memory. The test is based on rodents’ aversion
to open spaces, which motivates the subject to seek
shelter. The first 4 days are training days: to establish
a correct trajectory for mice in finding the “shelter”
and reduce the percentage of errors in hiding in
false shelters, mice use visual cues to develop this
trajectory. The latency to find the platform indicates
the learning speed of the mice. As shown in Figure 4,
progress in learning is observed in the positive control
only on the third day; thereafter, almost identical
parameters are observed, indicating a lack of progress
in remembering the platform’s location. The same
pattern was observed in the Tg_h group — as seen
from the graph, the learning process in both groups
occurs almost identically. The negative control shows
a typical pattern for healthy mice, with a tendency
to learn each subsequent day. The tendency for a
decrease in latency to find the platform in the Tg_h_mod
group is similar to the negative control, but there
are no statistically significant differences on the third
and fourth days. The speed of the negative control
increases daily, and the distance decreases, which fully
correlates with the tendency for reduced time to find
the platform. The positive control shows the opposite
trend with increased speed and distance in the test
and increased time to find the platform, indicating a
lack of learning in this mouse line. In the Tg_h group, a
decrease in total distance and speed in the test should
be noted, resulting in almost no change in latency to
find the shelter, but based on the overall data, it can be
concluded that the learning process in this animal line
is weakly expressed. The Tg_h_mod line shows a jump-
like change in speed and total distance on the second
day and almost unchanged values of these parameters
on days 3 and 4 of training, while we see a decrease in
latency to find the platform. Considering all the data,
high learning ability in the test can be stated.

On the fifth day of the test, we also investigated
learning and spatial memory. The latency in both
experimental groups shows an intermediate result
and does not statistically differ from the control.
The number of entries into the shelter zone shows
a statistical difference between the positive and
negative controls (p=0.0409). The total time spent

102

in the “shelter” zone in the positive control group
was statistically significantly different from the Tg_h_mod
group (p = 0.0184) and the negative control group
(p = 0.0020). Compared to the WT group, this
parameter is practically unchanged in the Tg_h group
and increases by 45% in the Tg_h_mod group.

Effect of HSP70 on Amyloid Plaque Formation

To confirm the theory of slowing AD development,
in addition to studying short-term and long-term
memory, a histological analysis of amyloid plaques
in the cortex and hippocampus of mouse brains was
performed at 5 months of age. Amyloid aggregates
are one of the most prominent markers of the disease,
and their quantity and area indicate the degree
of disease progression. Both investigated forms of
HSP70 protein significantly reduced amyloid load
compared to the control APP/PS1 group in the cerebral
cortex (Fig. 5A). The extracellular form of HSP70
showed a more pronounced effect: the difference in
mean ranks with the control was 10.00 (p = 0.0033),
whereas for the intracellular form, this value was 8.00
(p = 0.0273). Critically, a direct comparison between
the two experimental groups revealed no statistically
significant differences (mean rank difference -2.00,
p > 0.9999). This indicates that although both forms
their
anti-amyloidogenesis action likely relies on similar or

are effective in reducing plaque numbers,
overlapping molecular mechanisms.

Analysis of amyloid deposit distribution by size
revealed a selective and region-specific action of
HSP70. In the cerebral cortex, a significant reduction
under the influence of both protein forms was
observed exclusively in the pool of small plaques
with a diameter less than 100 um (p = 0.0104 for
the extracellular and p = 0.0015 for the intracellular
form). The difference between the experimental
groups was not significant (p = 0.7061). The number
(100500 um) and large (>500 um)
plaques in the cortex did not statistically differ from

of medium

the control or from each other. In the hippocampus,
the picture was different: extracellular HSP70 (Tg_h_mod)
demonstrated the most

pronounced effect,

significantly reducing the number of both small
plaques (<100 um, p = 0.0013) and large conglomerates
(>500 um, p = 0.028). The intracellular form (Tg_h)
in the hippocampus showed a tendency towards
a reduction in small deposits (p = 0.0884). These

data suggest that the neuroprotective mechanism,
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especially for extracellular HSP70, may be related not
only to a general reduction in amyloid load but also
to the selective inhibition of early aggregation stages
(small plaques) in the hippocampus, a structure crucial
for memory, which aligns with the better cognitive
performance observed in this experimental group.

Both HSP70
intracellular) reduce
compared to the APP/Ps1 control group.

variants  of (extracellular and

significantly amyloid load

DISCUSSION
The conducted study demonstrates the
comprehensive  neuroprotective effect of heat

shock protein HSP70
The obtained data not only confirm the key role of

in a transgenic AD model.

HSP70 in maintaining proteostasis but also reveal a
fundamentally important difference in the functional

consequences of expressing its intracellular and
extracellular forms. This difference places HSP70
among promising agents with a multimodal
15+
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mechanism of action, which is critically important
for the development of therapies for complex
neurodegenerative diseases.

The intriguing

is the dissociation between the effect on the

most result of the study

(amyloid plaques) and
the cognitive phenotype. Both
of HSP70 statistically significant and
comparable reduction in total amyloid load in the

neuropathological marker
investigated forms

showed a

cerebral cortex. This result is in full agreement with
the canonical chaperone function of HSP70, which
involves preventing AP peptide aggregation and
stimulating its clearance, as also described in the
literature [23]. However, a detailed analysis of plaque
distribution by size revealed important nuances:
effective reduction was observed predominantly in the
pool of small plaques (<100 um), which may indicate
that HSP70 inhibits early stages of AP aggregation or

enhances the clearance of small, potentially more toxic
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Figure 1 — Open Field Test results.
Note: A, speed of movement; B, distance traveled in 5 minutes; C, time spent in the periphery; D, number of transitions between sectors.
* — p <0.05 (Tukey’s test).
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Figure 2 — Novel Object Recognition Test Activity results.
Note: A, preference index; B, discrimination index; C, number of approaches to the new toy (1-training day, 2-test day).
* — p <0.05 (Tukey’s test).
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Figure 4 — Barnes Maze Test results.
Note: A, number of entries into the shelter zone on day 5; B, time spent in the shelter zone on day 5; C, latency to find the shelter zone from
days 1 to 4 of training. ¥ — p < 0.05; ** — p <0.01 (Kruskal-Wallis test).
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Figure 3 — Y-Maze Test “New” Arm Preference results.
Note: A, number of entries into the “new” arm; B, distribution of time spent in arms (C-new arm). * — p < 0.05;
** — p <0.01 (Kruskal-Wallis test, comparison with WT); # — p < 0.05 (Kruskal-Wallis test, comparison with Tg_h_mod).

A 25- B 15
=3 APP/Ps1
20 T = Tg_h_mod
L 10 m
. Tg_h
15- a_
10 5
5_
0 0-
v 3 = S 8 8 8
& o ml -~ q 0 '
g 5 F g g "
o = -— N
< o
[
* D
_ 80—
C 150 o { = APP/Ps1
=
- 60 Tg_h_mod
100 * = Tg_h
40-
50 »
0 04
¥ 3 < g 8 8 8
[ [e] | -~ N n n
(] £ o v b v A
o | Ll = o
o < = b5
< o
[

Figure 5 — Histology results.
Note: The figure shows the total number of amyloid plaques in the hippocampus (A) and cerebral cortex (C); distribution of amyloid deposits
by size in the hippocampus (B) and cerebral cortex (D). * — p < 0.05; ** — p < 0.01 (Kruskal-Wallis test).
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Despite  similar  anti-amyloid  efficacy, the
extracellular form of HSP70 (Tg_h_mod) demonstrated
incomparably more pronounced positive effects on
cognitive functions in all behavioral tests, reaching
levels close to the wild-type (WT) group. In contrast,
Tg_h mice expressing intracellular HSP70, although
having a lower amyloid load, showed only minor or
partial improvements in memory and learning. This
observation is of key importance — merely reducing
the number of amyloid plaques is insufficient to

restore synaptic transmission and neuronal network

functions.  Extracellular HSP70 likely mediates
additional protective mechanisms critically important
for cognitive function. Intracellular HSP70 may

directly impede the formation of AP oligomers, while
the secreted form, as shown in other studies, can
modulate neuroinflammation by interacting with

microglia, stimulating phagocytosis and amyloid
clearance [24].

The data from the Barnes Maze test are of
particular interest. The fact that the Tg_h_mod line
showed a learning dynamic comparable to the wild-
type (WT) group suggests that HSP70 supports the
functional reserves of neuronal networks responsible
for navigation and spatial memory formation. It is
known that HSP70 induction can alleviate synaptic
NMDA

in the hippocampus,

defects and improve receptor-dependent

signaling which is a key
mechanism for spatial learning [25].

Within the scope of the conducted study, the
obtained statistical data convincingly confirm the main
conclusions. In behavioral tests, the extracellular form
of HSP70 (Tg_h_mod) showed a statistically significant
advantage in restoring cognitive functions. In the
Novel Object Recognition test, the IP in this group
was significantly higher than in the APP/PS1 and Tg_h
groups — (F (3, 34) = 4.526; p = 0.0204 compared to
APP/PS1). In the Y-maze, the Tg_h _mod group not
only differed significantly from the positive control
(p = 0.0398) but also demonstrated a 40 % better
result in the percentage of entries into the new arm
compared to the Tg_h group (p = 0.0156, Kruskal-
Wallis test). In the Barnes Maze test, the time spent
in the shelter zone in Tg_h_mod was 45% longer than
in WT and statistically significantly differed from APP/
PS1 (p = 0.0184). Meanwhile, the intracellular form
(Tg_h) showed no significant improvements in most
tests compared to APP/PS1, except for a tendency
towards improvement. Histological data revealed a
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different picture: both forms of HSP70 significantly and
approximately equally reduced the total amyloid load in
the cortex compared to the APP/PS1 control (p = 0.0033
for extracellular and p = 0.0273 for intracellular form),
with no significant difference in their efficacy when
compared directly (p > 0.9999). However, analysis by
plaque size showed that in the hippocampus, only
extracellular HSP70 significantly reduced the number of
both small (<100 um, p = 0.0013) and large (>500 pm,
p =0.028) plaques.

Notably, in all cognitive tests, the Tg_h_mod line
demonstrated a more pronounced positive effect
compared to the Tg_h line [26]. This may be related
to specific expression patterns or post-translational
modifications of the protein in this model, which
enhance its stability, chaperone activity, or secretion
capacity. This observation has important practical
that the
efficacy of HSP70 can be optimized through targeted

implications,  suggesting therapeutic
modification, which is a promising arm for drug

development [27, 28].

Study Limitations

The conclusions are drawn based on a specific
transgenic mouse line that primarily models the
amyloid pathway of pathogenesis. Extrapolating
the results to sporadic forms of human AD requires
further verification. Additionally, the study involved
a transgenic animal line expressing a modified human
HSP70 protein in milk, which is a limiting factor for

projecting this effect onto an exogenous protein.

CONCLUSION

As evidenced by the behavioral tests, crossing a
mouse line with a neurodegenerative disease with
mice producing heat shock protein does not lead to
changes in locomotor function or the psychological
state of the animals. However, tests such as Novel
Object Recognition, Y-maze, and Barnes Maze show
positive changes in learning processes, short-term,
and long-term memory. The expression of extracellular
HSP70 protein shows a greater effect on the restoration
of both short-term and long-term memory, as well
as an improvement in spatial memory functions. The
expression of intracellular HSP70 protein influences
these processes to a lesser extent. Although histological
data indicate that both proteins affect the slowing of
amyloid plague formation to approximately the same
degree.
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