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Abstract

Background: Trehalose (TRE) has demonstrated neuroprotective potential in models of Alzheimer's disease (AD)-like pathology and
has been shown to activate AMP-activated protein kinase (AMPK) and induce autophagy in hepatocytes. The molecular mechanisms
underlying the neuroprotective effects of TRE in the brain, including the involvement of AMPK signaling and autophagy, remain unclear.
Methods: AD was modeled in C57BL/6 mice by intracerebroventricular administration of the amyloid-f3 (Ap) fragment AB(25-35). The
effects of TRE treatment (a 3% water solution in drinking water for 20 days) on AD-like pathology in the brain (frontal cortex, amygdala,
and hippocampus) were assessed by immunohistochemical analysis, while cognitive function was evaluated using the passive avoidance
test. AMPK activation was assessed by measuring AMPK (p-AMPK) levels in the brain and by evaluating the effects of its inhibitor
dorsomorphin (DM; 10 mg/kg, i.p., 20 days, every other day for 20 days). Results: AB-treated mice exhibited markedly increased Ap
levels and neuroinflammatory responses in the brain, whereas levels of the autophagy marker LC3-1I and p-AMPK were moderately
reduced. TRE markedly reduced Af accumulation and neuroinflammation and restored cognitive performance to levels comparable to
those of the Control group; it also increased LC3-II immunoreactivity and p-AMPK levels in the hippocampus and amygdala. DM did not
abolish the neuroprotective effects of TRE but moderately inhibited AMPK in the hippocampus. Conclusions: Marked changes in brain
AP levels and cognitive performance were not associated with either p-AMPK or autophagy marker levels, suggesting that additional
mechanisms contribute to the neuroprotective effects of TRE in AD. Markers of autophagy initiation and AMPK activity responded
similarly to AD modeling and TRE treatment and were positively correlated in the hippocampus, suggesting a role for AMPK in the
regulation of TRE-induced hippocampal autophagy.
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1. Introduction

Neurodegeneration is closely associated with dam-
age to cellular structures and the accumulation of aber-
rant proteins (o-synuclein, amyloid-f (AP), p-tau, etc.),
which serve as markers of specific neurodegenerative dis-
eases [1,2]. This accumulation is due to a weaken-
ing of the protein quality control system, including the
ubiquitin-proteasome system and cytoprotective autophagy
[3]. Alzheimer’s disease (AD) is characterized by Ap and p-
tau accumulation and it is largely associated with decreased
autophagy activity [4,5]. Accordingly, stimulation of au-
tophagy produces a positive therapeutic effect on the course
of experimental neurodegeneration, including AD models
[6,7].

Autophagy is regulated by two pathways: mTOR-
dependent and mTOR-independent [8,9]. In mice with a
transgenic model of AD, both autophagy regulatory path-
ways appear to be impaired [10]. Moreover, activation of
autophagy through both regulatory pathways has a positive
effect on inhibiting neurodegeneration in both pharmaco-
logical and transgenic models of AD [8&,11].

The weakening of mTOR-independent autophagy
observed in AD-like pathology is largely associated
with a decrease in the activity of the multimodal
metabolic regulator AMP-activated protein kinase
AMPK [12]. In transgenic mice of the SxXFAD (B6.Cg-
Tg(APPSwWFILon,PSEN1M146LL286V)6799Vas/Mmjax)
[13] and APP/PS1 (B6.Cg-
Tg(APPswe,PSEN1dE9)85Dbo/Mmjax) [14]  strains,
the expression of p-AMPK in the brain was found to be
significantly reduced, although this decrease is not always
confirmed [15]. Normally, AMPK is activated in response
to reduced energy supply, falling ATP levels. AMPK
activation induces processes that restore energy supply,
stimulate ATP production, suppress energy-consuming
processes (including protein synthesis), reduce oxidative
stress and neuroinflammation, induce autophagy, and
generally inhibit neurodegeneration [16,17].

Disaccharide trehalose (TRE) was found to produce
a stable neuroprotective effect on the one hand and to ac-
tivate autophagy and AMPK on the other [11,18]. TRE's
multimodal therapeutic activity includes: (1) chaperone-
like properties for stabilizing protein folding, (2) activa-
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tion of mTOR-independent autophagy, (3) stimulation of
antioxidant cellular defense (including the Nrf2 factor), (4)
inhibition of neuroinflammation. The therapeutic effect of
TRE has been demonstrated in pharmacological and trans-
genic models of AD [11,19,20] and in aging mice [21]. Ac-
tivation of autophagy, decreased levels of Ap and p-tau, re-
duced neuroinflammation, attenuation of cognitive impair-
ment, and inhibition of neuronal death have been observed.

The molecular target in the action of TRE on
hepatocytes is the inhibition of the glucose transporter
GLUTS, leading to energy deprivation and AMPK acti-
vation [22,23]. However, in the brain, the involvement
of GLUTS8 and AMPK in the induction of protective au-
tophagy has not been convincingly confirmed [24]. More-
over, in the brain, the relationship between therapeutic ac-
tivation of autophagy and AMPK activity is not always
evident [17,18]. Typically, increased AMP/ADP levels
in the brain activate ATP synthesis and suppress energy-
consuming and anabolic processes [25].

However, AMPK activation may play a dual role de-
pending on the disease stage: early activation of the ki-
nase may inhibit neuroinflammation while chronic hyper-
activation may exacerbate energy crisis and jeopardize neu-
ronal viability [12,26]. A positive effect of autophagy and
AMPK activation has been demonstrated in 5XxFAD mice,
a transgenic AD model, treated with crocetin [27], or in
rats with middle cerebral artery occlusion treated with eze-
timibe [28]. Furthermore, suppression of AMPK with the
specific inhibitor dorsomorphin (DM) attenuated AMPK
activation, reduced autophagy and the therapeutic effect
[28]. AMPK is believed to mediate a link between en-
ergy metabolism disturbances and neuronal dysfunction
and neurodegeneration, suggesting that energy deficits can
lead to impairments in synaptic transmission and memory
[29,30]. Thus, AMPK activation under these conditions
may alleviate energy deficits and prevent the development
of AD-like pathology. In other studies, such a connection
is less clear. For example, TRE stimulated autophagy in
the mouse brain but had no effect on p-AMPK expression,
while exercise activated AMPK kinase but had no effect on
autophagy [24]. A similar result was obtained in SH-SY5Y
neuron-like cells in vitro [31]. It seems important to clar-
ify the relation of the neuroprotective effect of TRE with
the activation of AMPK and autophagy in brain neurons in
Vivo.

In this regard, we investigated the therapeutic effect of
TRE on protection against AD-like pathology induced by
intracerebroventricular (i.c.v.) administration of the amy-
loid fragment AB(25-35) in mice and its association with
autophagy and p-AMPK levels in the mouse brain. The
study aimed to reveal the involvement of AMPK activation
and autophagy in the neuroprotective effects of TRE against
AD-like pathology.

2. Methods

2.1 Animal Experiments

Two-month-old male C57BL/6 mice (25-30 g) from
the vivarium of the Scientific Research Institute of Neu-
rosciences and Medicine (Novosibirsk, Russia) were used.
The animals were maintained on a standard laboratory diet
under standard conditions (light-dark cycle: 14 hours of
light and 10 hours of darkness, temperature 20-22 °C, rela-
tive humidity 50-60%). Every effort was made to minimize
the number of animals used and their suffering. All exper-
imental procedures were carried out in accordance with in-
ternational standards for the care and use of laboratory an-
imals (NIH Guide, 2011). The study was approved by the
Local Ethics Committee of the Scientific Research Institute
of Neurosciences and Medicine (Protocol No. 1 dated Jan-
uary 19, 2023).

All animals were under veterinary control (including
general external examination and body weight gain) dur-
ing the experiment. The only criteria for exclusion were
obvious health problems because of surgery or intermale
fighting. All other clinically healthy male mice were in-
cluded in the study. Criteria for inclusion: clinically healthy
male mice of C57BL/6 strain, at an age of 2-2.5 m.o., and
with body mass within 25-30 g. Each group was randomly
formed (simple randomization by random number gener-
ator) into two cages of male C57BL/6 mice (N = 3—4 in
each cage) obtained from the vivarium of the Scientific Re-
search Institute of Neurosciences and Medicine (Novosi-
birsk, Russia). We did not mix mice from different cages
because of high intermale aggression in C57BL/6 males.
The initial N = 30. Five mice were excluded at an early
period of the experiment (prior to behavioral testing) be-
cause of health problems (post-surgical complications; N =
2) or essential injury (because of high intermale aggression
in C57BL/6 males; N = 3).

The animals were divided into four groups:

1. Control group: i.c.v. administration of vehicle
(sterile water). Water intake ad libitum; intraperitoneal
(i.p.) administration of DM vehicle (saline) every other day
for 20 days (N = 6).

2. AD model (AP group): i.c.v. administration of
AP(25-35). Water intake ad libitum; i.p. administration
of saline every other day for 20 days (N = 7).

3. TRE treatment (AB+TRE group): i.c.v. administra-
tion of AP(25-35). Ap-injected mice were given 3% TRE
solution (as drinking) ad libitum for 20 days; i.p. adminis-
tration of saline every other day for 20 days (N = 5).

4. AMPK inhibition (AB+TRE+DM group): i.c.v. ad-
ministration of AB(25-35). AP-injected mice were treated
with 3% TRE solution (as drinking) ad libitum for 20 days;
i.p. injections of DM (10 mg/kg) every other day for 20
days. The rationale behind the DM dosage and treatment
regimen adopted in the current study was based on previ-
ous reports [32] (N = 7).
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The treatment with TRE and DM was started 2 days
after the i.c.v. AB(25-35) administration. After the treat-
ments, the animals were subjected to behavioral testing for
8 days, and then their brains were collected for immunohis-
tochemical (IHC) analysis (see details below).

According to our previous results [33] and reports of
other groups, N = 5-8 per group is enough to evaluate be-
havioral effects in the Open Field and Passive Avoidance
tests (for the experimental design including 4 groups of
comparison and a murine model of AD). N = 3-5 is enough
to perform THC analysis. We also checked the minimal
number of animals per group using Power analysis and In-
terval estimation (STATISTICA 10.0 software (StatSoft,
Tulsa, OK, USA)) using observed F from the previous stud-
ies, confidence level = 0.95, and power goal = 0.95.

Dr. Tenditnik, who was in charge of conducting the
stereotaxic surgery and drug treatment, was aware of group
allocation during the allocation, the conduct of the experi-
ment, and biosampling. To minimise potential confounders,
we mixed the order of cages during the behavioral testing
and biosampling, i.e., we did not test 2 cages of a group suc-
cessively but the 1st cages of each group, then the other 1st
cages of each group.

The following reagents were used in the proce-
dures: Amyloid Beta-Protein Fragment 25-35 (AB(25-35);
Sigma-Aldrich, Darmstadt, Germany); D(+)-trehalose di-
hydrate (Tokyo Chemical Industry, Japan); Dorsomorphin
(Compound C) (GLPBIO, China).

2.2 Pharmacological Model of AD

A pharmacological model of AD induced by central
injection of AP(25-35) was used. AP(25-35) preparation
and the i.c.v. injections were performed according to previ-
ously published protocols [34]. The mice were anesthetized
with the veterinary drug “Zoletil 100” (Virbac, France)
in a dose of 40 mg/kg. A water solution of aggregated
APB(25-35) oligomers or vehicle was injected bilaterally us-
ing a Hamilton syringe (25 pL, model 1702 RN SYR, nee-
dle size 22s ga, needle L 51 mm (2 inch)), a micropump,
and Neurostar’s Stereo Drive motorized stereotaxis system
(Neurostar, Tiibingen, Germany). The infusion rate was 1
pL/min; the needle was left at the injection site for an ad-
ditional 5 min after the drug administration. A total of 10
pL (9.43 nmol) of the AB(25-35) solution or vehicle (ster-
ile water) was administered bilaterally (by 5 pL into each
lateral ventricle) to each mouse. The following coordinates
from the mouse brain atlas were used [35]: AP = —0.46
mm; ML = £0.9 mm; and DV = 2.5 mm from the bregma,
midline, and skull surface, respectively.

2.3 Immunohistochemical (IHC) Analysis

Mice were culled by CO, asphyxiation using a gradual
fill method for pure (100%) CO, administration (a displace-
ment rate from 30% to 70% of the chamber volume/min)
according to the AVMA Guidelines for the Euthanasia of
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Animals (2020 edition). Then five randomly selected mice
per group were transcardially perfused with phosphate-
buffered saline (PBS), followed by 4% paraformaldehyde
in PBS; then, their brains were rapidly removed and post-
fixed in PBS containing 30% sucrose at 4 °C. After im-
mersion in the embedding Tissue-Tek O.C.T. compound
(Sakura Finetek, USA), the brains were frozen and stored
at —70 °C until sectioning into 30-um-thick slices on a
cryostat, HistoSafe MicroCut — SADV (Citotest Scientific
Co., Ltd., Nanjing, Jiangsu, China). Coronal slices along
the frontal cortex [AP = 2.93 to 2.57 mm] or hippocam-
pus [AP = —1.91 to —2.45 mm] of each mouse brain were
prepared. Unstained brain sections were identified ac-
cording to the mouse brain atlas [35]. The THC analysis
was performed according to a protocol described in de-
tail previously [34]. We applied a rabbit polyclonal anti-
body (AF4650, Lot:56a9323, 1:100 dilution, Affinity Bio-
sciences Ltd., China; https://www.affbiotech.com/) as a pri-
mary antibody to detect autophagosome marker LC3-II;
a mouse monoclonal antibody (NBP2-13075, Lot: B-2,
1:1000 dilution, Novus Biologicals, Littleton, CO, USA)
as a primary antibody to detect AP load; a rabbit poly-
clonal antibody (PAC288Mu01, 1:100 dilution, Cloude-
Clone Corp., Wuhan, Hubei, China) as a primary anti-
body to detect IBA1; a rabbit polyclonal antibody against
phospho-AMPK  alpha (Thr172) (AF3423, Lot:49t6850,
1:200 dilution, Affinity Biosciences Ltd., China; https://
www.affbiotech.com/) as a primary antibody to detect p-
AMPK levels.

Fluorescently labeled Alexa Fluor 488 goat anti-rabbit
IgG (ab150077, 1:600 dilution, Abcam, Cambridge, UK),
and Alexa Fluor 568 goat anti-mouse IgG (ab175473, 1:400
dilution, Abcam, Cambridge, UK) antibodies served as the
secondary antibodies. Finally, fluorescence images were
captured with an Axioplan 2 (Carl Zeiss, Oberkochen, Ger-
many) microscope and a confocal laser scanning micro-
scope LSM 510 META (Carl Zeiss, Oberkochen, Germany)
and then analyzed in Image Pro Plus Software 6.0 (Media
Cybernetics, Rockville, MD, USA). Fluorescence intensity
associated with the expression of specific proteins (AP or
others) was measured as background-corrected integrated
optical density (IOD) with subtraction of staining signals of
the non-immunoreactive regions in the images converted to
grayscale. For AP load, we also calculated the percentage of
an area of interest occupied by AP aggregates. Fluorescence
intensity of punctate LC3-II immunostaining was measured
via subtraction of weak diffuse fluorescence of some areas
(punctate staining vs. background staining of the nonpunc-
tate regions) in the images converted to grayscale. The area
of interest size was 18,208 um? in the layer III of the frontal
cortex, in the amygdala, or dentate gyrus of the hippocam-
pus; 19,353 pm? in the CA1 area, or 26,100 um? in the CA3
area of the hippocampus. The operator was blinded to the
treatment assignment of images.
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2.4 Behavioral Testing

Each mouse was handled for 5 min/day during two
consecutive days before the behavioral testing. Prior to test-
ing, a mouse was placed individually in a clean cage (25 cm
x 40 cm x 20 cm) and transported to a dimly lit observation
room (28 lux), with sound isolation reinforced by masking
white noise of 70 dB. A test was started 10 min after estab-
lishing the habituation of a mouse to the testing conditions.
The test equipment was cleaned with 20% ethanol and thor-
oughly dried before each test trial. As we performed ob-
jective observer-independent behavioral testing with auto-
mated systems (EthoVision XT 11.5 software, Noldus IT,
Wageningen, The Netherlands) or Gemini Avoidance Sys-
tem (SanDiego Instruments, San Diego, CA, USA), blind-
ing was not applicable.

2.4.1 The Open Field Test

This test was carried out to assess locomotor and ex-
ploratory activity and anxiety. The following parameters
were measured: general locomotor activity by the total dis-
tance traveled (cm); anxiety by the time spent in the cen-
ter of the arena; vertical locomotor activity and exploratory
behavior by the number of rearing bouts. The test was
performed in an open-top transparent Plexiglas installation
with a square arena (40 x 40 x 37.5 cm) under bright il-
lumination (1000 lux) from above. Mice were placed in
the arena near the wall and their behavior was recorded
for 10 min. Animal behavior was recorded using two dig-
ital video cameras PanasonicWV-CL930 (Panasonic Sys-
tem Networks Suzhou Co. Ltd., Suzhou, China) from the
side and top. The video data were processed in the original
EthoVision XT 11.5 software (Noldus IT, Wageningen, The
Netherlands).

2.4.2 Passive Avoidance Test

Training on the passive avoidance reaction was per-
formed by a standard single-session method in an experi-
mental chamber with dark and light compartments and an
automated Gemini Avoidance System apparatus (San Diego
Instruments, CA, USA). Briefly, mice were habituated to
the apparatus the day before passive avoidance acquisition.
On the training day, mice were placed in the light compart-
ment with the tail towards the open door. After transfer to
the dark compartment, the door was closed and the mouse
received a painful electric shock (0.5 mA, 2 s). After 30 s,
the animal was transferred to the home cage. 24 h later, the
mouse was again placed in the light compartment with the
door opened for 300 s. The Gemini software Version 1.0.0
(SanDiego Instruments, San Diego, CA, USA) automati-
cally recorded the latency to enter the dark compartment,
and the data from the test served as a measure of acquisi-
tion of the conditioned passive avoidance response.

2.5 Statistics

The exact value of n in each experimental group
was: Control (N = 6), AB (N = 7), AB+TRE (N = 5),
AB+TRE+DM (N = 7) (for behavioral tests); Control (N
=3), ABp (N = 3 for LC3, AP, and IBA1 assays; N = 4
for p-AMPK assay), AB+TRE (N = 3), AB+TRE+DM (N
= 3) (for IHC analysis). STATISTICA 10.0 software (Stat-
Soft, Tulsa, OK, USA) was used to perform all the statis-
tical analyses. All the results are expressed as the mean
+ SEM. The normality of the data distribution was deter-
mined by the Shapiro-Wilk W test; homogeneity of vari-
ance was checked using the Brown—Forsythe test. Statis-
tical evaluation of data was performed: (1) by one-way
analysis of variance (ANOVA) (results of IHC analysis)
followed by Fisher’s LSD post hoc test; (2) by repeated-
measures ANOVA (results of the passive avoidance test;
with the same group factor as for results of IHC analysis as
between-subject variable and learning (training or test) as a
repeated measure) followed by Fisher’s LSD post hoc test;
(3) by Kruskal-Wallis H test followed by multiple compar-
isons of mean ranks for all groups (results of the open field
test). Correlation between LC3-II and p-AMPK expression
was estimated using the » Pearson correlation coefficient.
Differences were considered significant at p < 0.05.

3. Results

3.1 Effect of Trehalose and Dorsomorphin on Autophagic
Activity in the Brain

Autophagic activity was assessed using IHC analysis
for the autophagy marker in the frontal cortex, amygdala,
and hippocampus (Fig. 1). LC3-II is a marker of newly
formed autophagosomes and hence its levels indicate the
initial step of autophagy activation (autophagy initiation).

Significant differences between the groups were found
in the hippocampal CA3 region [F(3, 8) =4.41, p < 0.05],
dentate gyrus (DG) [F(3, 8) = 16.06, p <0.001], and amyg-
dala [F(3, 8) =4.37, p < 0.05].

LC3-II levels were reduced by approximately half in
the AP group compared to the Control group in the hip-
pocampal CA3 region, DG, and amygdala. TRE treatment
totally restored LC3-II levels to values of the Control group;
it caused approximately two—four-fold increase in the au-
tophagy marker expression compared to the AB group in
the CA3 region and DG of the hippocampus, and amygdala.
DM significantly suppressed the autophagic marker com-
pared to the AB+TRE group only in the DG (p < 0.01), al-
though there was a tendency to decrease in the amygdala (p
=0.15) and CA3 area (p = 0.2). The results indicate that the
DM inhibitory effect on autophagy associated with AMPK
kinase inactivation was weak.

3.2 Effect of Trehalose and Dorsomorphin on AMPK
Activation

In the study of AMPK activation, the levels of p-
AMPK were assessed without reference to AMPK, since
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Fig. 1. Effects of TRE (3% solution daily, 20 days) and DM (10 mg/kg, i.p., every other day, 20 days) on autophagy initiation

in the brain in mice with Ap-induced AD-like pathology. To set up a pharmacological model of AD, mice were given bilateral i.c.v.

injections of AP(25-35). The Control group received vehicle (sterile water) i.c.v. injections. The treatment with TRE and DM was started
2 days after the i.c.v. AB(25-35) administration. Abbreviations (hereinafter): CA1 — CA1 hippocampal area; CA3 — CA3 hippocampal
area; DG — Dentate Gyrus. Groups (hereinafter): Control, i.c.v. vehicle administration; Ap — AD model, i.c.v. administration of AB(25—
35); AB+TRE — TRE treatment of mice with AB(25-35) administration; AB+TRE+DM — the combined treatment with TRE and DM
of AB(25-35)-treated mice; a.u. — arbitrary units. (A) Quantitative results. The data are expressed as the mean + SEM of the values

obtained in an independent group of animals (n = 3 per group). Statistically significant differences: * p < 0.05, ** p <0.01 vs. Control
group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. AP group; $$ p <0.01 vs. AB+TRE group. (B) LC3-II immunofluorescence in the DG
of the hippocampus. Magnification: x200, bar: 50 um. TRE, trehalose; DM, dorsomorphin; DG, dentate gyrus.

the levels of total AMPK are usually stable [21]. Signifi-
cant differences between the groups were found in the hip-
pocampal CA3 region [F(3, 9) =4.24, p < 0.05], DG [F(3,
9) = 6.94, p < 0.05], and amygdala [F(3, 9) = 3.90, p <
0.05] (Fig. 2). p-AMPK expression was generally reduced
in the brain samples of the AP group compared to the Con-
trol group. TRE significantly enhanced p-AMPK expres-
sion in the brain. A substantial effect of TRE on p-AMPK
expression was observed in the CA3 area (p < 0.01) and
DG (p < 0.01) of the hippocampus and in the amygdala (p
< 0.05) in comparison with the AP group.

In the hippocampal CA3 region, DG, and amygdala,
TRE significantly restored p-AMPK expression up to Con-
trol group baseline levels, i.e., TRE treatment caused ap-
proximately a two-fold increase in p-AMPK levels com-
pared to the AP group. This result could be considered
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as a significant effect of TRE on AMPK kinase activation.
Moreover, co-administration of DM with TRE significantly
inhibited the effect of TRE in the CA3 hippocampal area
and DG (by approximately 40%). Notably, p-AMPK and
LC3-II expression significantly correlated in the CA3 hip-
pocampal area (» =0.619, p <0.05) and DG (r = 0.664, p <
0.05).

3.3 Expression of Amyloid-p in the Brain Upon the
Treatment With Trehalose and Dorsomorphin

To evaluate the impact of autophagy induction and
AMPK activation in TRE neuroprotective effects, we mea-
sured the manifestation of AD-like deficits upon the treat-
ment with TRE and DM. AB-accumulation was evaluated
in the frontal cortex, amygdala, and hippocampus (Fig.
3). There were highly significant differences between the
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Fig. 2. Effects of TRE (3% solution daily, 20 days) and DM (10 mg/kg, i.p., every other day, 20 days) on p-AMPK expression in the
brain in mice with AB-induced AD-like pathology. (A) Quantitative results. The data are expressed as the mean £ SEM of the values

obtained in an independent group of animals (n = 3—4 per group). Statistically significant differences: ** p <0.01 vs. Control group; #
p <0.05, ## p <0.01 vs. AP group; $ p <0.05 vs. AB+TRE group. (B) p-AMPK immunofluorescence in the DG of the hippocampus.

Magnification: x200, bar: 50 pm.

groups according to ANOVA both in the percentage of AB
load area in the frontal cortex [F(3, 8) =272.41, p <0.001],
CA1 hippocampal area [F(3, 8) = 22.41, p < 0.001], DG
[F(3,8)=31.03,p<0.001], and amygdala [F(3, 8)=112.71,
p <0.001] and in AP IOD in the frontal cortex [F(3, 8) =
20.77, p <0.001], CA1 hippocampal area [F(3, 8) = 10.88,
p<0.01], DG [F(3, 8)=8.61,p<0.01], and amygdala [F(3,
8)=21.54, p <0.001].

According to both indices (IOD and AP load area), A3
levels were significantly higher in the A group than in the
Control group in the frontal cortex, CA1 area and DG of the
hippocampus, and amygdala. AP load was significantly at-
tenuated by TRE treatment in the frontal cortex, CA1 area
and DG of the hippocampus, and amygdala. DM failed to
reverse the positive effects of TRE in all the brain areas ex-
amined.

3.4 Effect of Trehalose and Dorsomorphin on
Neuroinflammatory Response (Microglial Activation)
Tested by IBA1 Expression

Brain neuroinflammatory response was evaluated by
microglial activation in the frontal cortex, hippocampus,

and amygdala. The expression of the microglial marker
IBA1 varied significantly between the groups in the frontal
cortex [F(3, 8) = 6.08, p < 0.05], CA1 (SO) hippocampal
area [F(3, 8) = 11.41, p < 0.01], DG [F(3, 8) = 6.25, p
< 0.05], and amygdala [F(3, 8) = 28.52, p < 0.001] (Fig.
4). IBAL1 levels were significantly augmented in Ap group
compared to the Control group in the frontal cortex, CA1l
(SO) hippocampal area, DG, and amygdala, while TRE
treatment significantly reduced the index down to levels in
the Control group. DM failed to reverse the positive effects
of TRE in all the brain areas examined.

3.5 Effect of Trehalose and Dorsomorphin on Behavioral
Recovery

3.5.1 Passive Avoidance Test

The effects of TRE and DM on cognitive functions
were studied using the passive avoidance test (associative
learning and long-term fear memory). There were signif-
icant effects of the treatment factor [F(3, 21) = 9.86, p
< 0.001], learning factor [repeated measures; F(1, 21) =
104.27, p < 0.001], and the interaction between these fac-
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Fig. 3. Effects of TRE (3% solution daily, 20 days) and DM (10 mg/kg, i.p., every other day, 20 days) on A load in the brain in
mice with AB-induced AD-like pathology. (A) IOD (quantitative results). (B) Percentage of AP load per area (quantitative results). The
data are expressed as the mean += SEM of the values obtained in an independent group of animals (n = 3 per group). Statistically significant
differences: ** p < 0.01, *** p <0.001 vs. Control group; ## p < 0.01, ### p < 0.001 vs. AP group. (C) AP immunofluorescence in
the DG of the hippocampus. Magnification: x200, bar: 50 um. White arrows indicate AP accumulation. In the AP group, large AR

aggregates were revealed compared to weak intracellular signals in other groups. 10D, integrated optical density.

tors [F(3, 21) =8.12, p < 0.001] on step-through latency in a dark compartment during training (prior to receiving an
the passive avoidance test (Fig. 5). The latency of entering electric foot shock) did not differ significantly between the
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brain in mice with Ap-induced AD-like pathology. (A) Quantitative results. The data are expressed as the mean + SEM of the values

obtained in an independent group of animals (n = 3 per group). Statistically significant differences: * p <0.05, *** p <0.001 vs. Control

group; # p < 0.05, ## p < 0.01, ### p < 0.001 vs. AP group. Note: SO — stratum oriens, a layer where the basal dendrites of the neurons

of the hippocampal CA1 area are located. (B) IBA1 immunofluorescence in the DG of the hippocampus. Magnification: x200, bar: 50

um. White arrows indicate microglial cells. In the AP group, activated microglia with a large soma and short branches were observed

vs. microglia with a ramified morphology in other groups.

experimental groups. As evidence of learning on the test
day, 24 h after receiving the foot shock, mice of the Con-
trol group demonstrated markedly longer step-through la-
tency values than those on the training day (p < 0.001). In
contrast, step-through latency on the test day was sharply
lower in the AB-treated group than in the Control group
(» <0.001), thereby indicating memory impairment. TRE
treatment produced a recovery of the learning and memory
deficits, as evidenced by a significantly longer step-through
latency on the test day compared to the Ap-treated group (p
<0.001). DM did not block the restorative effect of TRE.

3.5.2 Open Field Test

The effects of TRE or TRE+DM co-administration
were not associated with nonspecific effects on general lo-
comotion or exploratory activity, since the open field test
did not reveal significant differences between the groups
in the distance traveled or the number of rearings (Table

1). The parameters of anxiety and emotionality also did not
differ significantly between the groups.

Effect sizes and confidence intervals are listed in Sup-
plementary Table 1. The descriptive statistics (mean +
SEM) for Figs. 1,2,3,4,5 are indicated in Supplementary
Table 2.

4. Discussion

AD pathology is associated with progressive impair-
ment of autophagy [4,5]. Importantly, autophagy is tightly
related to the removal of aberrant AP and p-tau proteins
[2,3]. Moreover, autophagy disturbances contribute in var-
ious ways to mitochondrial damage, energy deficiency, ox-
idative stress stimulation, neuroinflammation, regulatory
imbalance, and other pathological processes [6,36]. Con-
sequently, the activation of autophagy is recognized as a
promising therapeutic approach in the treatment of experi-
mental neurodegeneration [7,9]. As for the therapeutic ef-
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Table 1. Effects of TRE (3% solution daily, 20 days) and DM (10 mg/kg, i.p., every other day, 20 days) on behavior in the open
field test in mice with Ap-induced AD-like pathology.

Group .
Index Kruskal-Wallis test
Control AB AB+TRE  AB+TRE+DM
Locomotor activity (distance traveled, cm) 3563.4+331.9 3383.5+£319.2 3727.5+£368 2568.7+366 H(@3,N=24)=5.1;p>0.05
Exploratory activity (rearing, n) 69 +13.9 65+11.8 74+133 43+7.6 H@3,N=24)=44;p>0.05
Anxiety (time in the center), s 484+99 544 +7.7 385+4.1 483+128 H@B,N=24)=54;p>0.05
Emotionality (defecations, n) 1+£0.4 2+0.6 2+1.5 1+£0.4 H(3,N=24)=2.5;p>0.05

Notes: The data are expressed as the mean + SEM of the values obtained in an independent group of animals (n = 57 per group).

fect of TRE, the attention of researchers is mainly devoted
to the mTOR-independent autophagy mechanism with the
central link to AMP-activated protein kinase AMPK, which
directly transmits a signal to the autophagy regulator ULK1.
In hepatocytes, AMPK is the main regulator of au-
tophagy under the activation by TRE in vitro and in vivo
[22,23,37], while autophagic activation by TRE via the
GLUT8-AMPK-ULKI1 pathway in neurons needs to be
confirmed. At early stages of neuronal damage, AMPK
stimulation produces a positive therapeutic effect on the
restoration of hippocampal neurons and cognitive function.
This effect is usually associated with the activation of neu-
roprotective autophagy [6,38,39]. Nevertheless, the in-
volvement of AMPK in the therapeutic effect of TRE on
neurodegeneration remains questionable.
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Here, pharmacological modeling of AD resulted in
a predominantly reduced autophagy in the brain, as evi-
denced by an approximately two-fold decrease in IHC lev-
els of the LC3-II marker of the initial step of autophagy
activation (autophagy initiation) in the amygdala, CA3 re-
gion, and DG of the hippocampus. This result is consistent
with previous reports on decreased autophagy activity upon
neurodegeneration [5]. In the present study, TRE treatment
was accompanied by a significant increase in the autophagic
marker and total restoration of its levels in the amygdala,
CA3 region, and DG of the hippocampus. The observed re-
covery of the autophagy-related marker can be considered
as a positive therapeutic effect. It should be noted that au-
tophagy detection using the LC3-II marker is a combined
indicator of both autophagy pathways, so it is not possible
to distinguish the contribution of the mTOR-independent
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pathway. The impact may be estimated only by AMPK ac-
tivation, which is closely linked to the regulation of mTOR-
independent autophagy [38].

AMPK activity in the brain was monitored using anti-
bodies to the activated kinase p-AMPK without taking into
account the baseline AMPK level, given that AMPK lev-
els in the brain are typically stable and do not change sig-
nificantly [21,40]. The AD modeling caused a general de-
crease in p-AMPK expression in the brain samples of the
AP group compared to the Control group with a significant
decrease in the DG. Overall, the decrease in p-AMPK ex-
pression in the brain of mice with AD-like pathology was
less pronounced than the decrease in LC3-II levels, but the
patterns of changes were similar. Moreover, both parame-
ters responded positively and unidirectionally to TRE treat-
ment. A significant, approximately two-fold increase in
both parameters was observed in the amygdala, CA3 re-
gion, and DG of the hippocampus. Notably, p-AMPK and
LC3-II expression significantly correlated in the CA3 hip-
pocampal area and DG. Thus, TRE similarly regulated au-
tophagy initiation and AMPK kinase activation, supporting
the involvement of the GLUT8-AMPK-ULK1 pathway in
autophagy induction in the brain by TRE treatment in mice
with a pharmacological model of AD.

On the other hand, concerning the impact of au-
tophagy initiation on the neuroprotective activity of TRE,
it does not seem to be crucial. Indeed, TRE totally restored
cognitive deficits (indices of associative learning and long-
term fear memory) in AB-treated mice to levels of the Con-
trol group, which is consistent with our previous results on
the effects of TRE on the recovery of cognitive function
measured in the passive avoidance test in the models of AD
and Parkinson’s disease [41,42]. Amygdala, prefrontal cor-
tex [43], and CA1 hippocampal area [44] are considered the
main brain regions involved in learned fear. Ap-induced
cognitive impairment was associated with a pronounced ac-
cumulation of A oligomers in the frontal cortex, amygdala,
CAl area and DG of the hippocampus in mice of the AP
group. Moreover, a marked neuroinflammatory response
(microglia hyperactivation), which is known to accompany
AP load and aggravate AP oligomer-induced synaptic and
neuronal deficits was also observed in the frontal cortex,
amygdala, CA1 area and DG of the hippocampus in mice
of the AP group. TRE treatment fully reversed these amy-
loid and neuroinflammatory alterations to the levels of the
Control group, while moderate autophagy initiation under
the TRE treatment was found only in the amygdala, CA3
area and DG of the hippocampus. Thus, the results do not
provide evidence of a key role of TRE-induced autophagy
induction in the anti-AD neuroprotective effects of TRE.
Accordingly, it should be assumed that other cytoprotec-
tive mechanisms activated by TRE are also involved in the
reduction of A levels [11].

As we did not reveal a decisive contribution of au-
tophagy initiation in the neuroprotective effects of TRE
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in the pharmacological AB-induced AD murine model, a
significant impact of AMPK, a main regulator of mTOR-
independent autophagy, on TRE therapeutic effects could
not be expected. Indeed, the AMPK inhibitor DM had no
effect on the indices of therapeutic anti-AD effect (A load
or cognitive recovery). On the other hand, AMPK inhibi-
tion confirmed the involvement of the AMPK-associated
pathway in the autophagy induction by TRE treatment in
the brain in mice with a pharmacological model of AD.
DM suppressed autophagy initiation in the brain, although
a significant decrease in LC3-II levels was revealed only in
the DG. It should be noted that DM had no effect on the
expression of p-AMPK in three brain regions (frontal cor-
tex, amygdala, and CA1 hippocampal area), but it caused
a significant reduction (by approximately 40%) in the CA3
region and the DG of the hippocampus. This result may
reflect a limited attenuation of kinase activation by DM,
which is likely to be insufficient for complete AMPK in-
hibition. Other studies have shown that i.p. administra-
tion of DM to mice also resulted in a slight inhibition of
AMPK kinase in the brain (approximately 30%) [45], or
a somewhat more pronounced effect [46]. It should also
be noted that AMPK signaling is tightly involved in con-
textual fear memory formation [44]: a time-dependent de-
crease in AMPK activity was revealed after contextual fear
conditioning in the CA1 but not CA3 area of the dorsal hip-
pocampus. As all the mice in the present study underwent
contextual fear conditioning in the passive avoidance test,
oppositely directed effects of the behavioral testing proce-
dure and experimental treatment might explain the absence
of significant differences between the groups in p-AMPK
levels in the CA1 hippocampal area. We may suggest that
the regional differences observed in this study are related
to differences in cell populations and neuron populations
in particular and their sensitivity to TRE treatment due to
alterations in the GLUT8-AMPK-ULKI1 regulatory path-
way signaling. Further research is needed to disclose these
mechanisms.

5. Limitations

The limitations of the study include the limited evalu-
ation of autophagy parameters, e.g., assays for autophagic
flux were not applied. The autophagic marker LC3-1I of
newly formed autophagosomes applied here corresponds to
the initial step of autophagy activation (autophagy initia-
tion) and does not disclose further course of autophagy ac-
tivation. Assay for AMPK activation was limited to mea-
suring the p-AMPK levels and did not include evaluation of
the levels of acetyl-CoA carboxylase-P, a substrate of acti-
vated AMPK, or other molecules of the GLUT8-AMPK-
ULK1 regulatory signaling pathway. Differentiation of AP
forms was not performed. Another limitation concerns sex-
specific features and those related to familial forms of AD
as these issues were beyond the scope of the study.
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6. Conclusions

In sum, our results demonstrate a correlation between
the activation of AMPK (by p-AMPK levels) and au-
tophagy initiation (by LC3-II expression) in the hippocam-
pus. TRE similarly regulated the autophagy induction and
AMPK kinase activation, supporting the involvement of the
GLUT8-AMPK-ULK1 pathway in autophagy induction by
TRE treatment in the brain in mice with a pharmacological
model of AD. A significant neuroprotective effect of TRE
in eliminating AP accumulation and suppressing neuroin-
flammation in the frontal cortex, amygdala, and hippocam-
pus as well as in restoring cognition was observed. At the
same time, moderate TRE-induced autophagy and AMPK
responses cannot fully explain the pronounced therapeutic
effect of TRE solely through the activation of AMPK and/or
autophagy initiation. Clearly, other mechanisms should be
involved [11].

The AMPK inhibitor DM caused a significant reduc-
tion in p-AMPK levels (by approximately 40%) in the hip-
pocampus (CA3 region and DG). Oppositely directed ef-
fects of the behavioral testing procedure (contextual fear
conditioning) and experimental treatment on AMPK activ-
ity might explain the absence of significant differences be-
tween the groups in p-AMPK levels in the CA1 hippocam-
pal area. DM suppressed autophagy initiation in the brain,
although a significant decrease was revealed only in the
DG. The results also support the involvement of the AMPK-
associated pathway in autophagy induction by TRE treat-
ment in the brain in mice with a pharmacological model of
AD.
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