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ABSTRACT Brain-derived neurotrophic factor (BDNF) is known to be involved in the pathogenesis of
Alzheimer’s disease (AD). However, the pharmacological use of full-length neurotrophin is limited, because
of its macromolecular protein nature. A dimeric dipeptide mimetic of the BDNF loop 1, bis-(N-monosuc-
cinyl-L-methionyl-L-serine) heptamethylene diamide (GSB-214), was designed at the Zakusov Research
Institute of Pharmacology. GSB-214 activates TrkB, PI3K/AKT, and PLC-y1 in vitro. GSB-214 exhibited
a neuroprotective activity during middle cerebral artery occlusion in rats when administered intraperitoneal-
ly (i.p.) at a dose of 0.1 mg/kg and improved memory in the novel object recognition test (0.1 and 1.0 mg/kg,
i.p.). In the present study, we investigated the effects of GSB-214 on memory in the scopolamine- and step-
tozotocin-induced AD models, with reference to activation of TrkB receptors. AD was modeled in rats using
a chronic i.p. scopolamine injection or a single streptozotocin injection into the cerebral ventricles. GSB-214
was administered within 10 days after the exposure to scopolamine at doses of 0.05, 0.1, and 1 mg/kg (i.p.)
or within 14 days after the exposure to streptozotocin at a dose of 0.1 mg/kg (i.p.). The effect of the dipeptide
was evaluated in the novel object recognition test; K252A, a selective inhibitor of tyrosine kinase receptors,
was used to reveal a dependence between the mnemotropic action and Trk receptors. GSB-214 at doses of
0.05 and 0.1 mg/kg statistically significantly prevented scopolamine-induced long-term memory impairment,
while not affecting short-term memory. In the streptozotocin-induced model, GSB-214 completely eliminated
the impairment of short-term memory. No mnemotropic effect of GSB-214 was registered when Trk recep-
tors were inhibited by K252A.

KEYWORDS brain-derived neurotrophic factor, dimeric dipeptide mimetic, Alzheimer’s disease, scopolamine,
streptozotocin, memory.

ABBREVIATIONS BDNF - brain-derived neurotrophic factor; SC — scopolamine; STZ — streptozotocin; AD —
Alzheimer’s disease.

INTRODUCTION

Alzheimer’s disease (AD) is the most common cause
of dementia, accounting for 60—80% of all dementia
cases, while no effective pathogenetic therapy exists
today for this disease [1].

Over the past two decades, regulation of the activ-
ity of neurotrophin receptors, and the brain-derived
neurotrophic factor (BDNF) in particular, has been
viewed as a new strategy for treating neurodegen-
erative diseases. BDNF maintains neuronal viability
and synaptic plasticity, playing an important role in
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the processes of learning and memory. Data indica-
tive of BDNF involvement in the pathogenesis of AD
have been published [2—4]. Reduced BDNF expression
is already observed at the early stage of the disease
and correlates with an accumulation of B-amyloid and
the hyperphosphorylated tau protein [5]. The favor-
able effects of exogenous BDNF have been demon-
strated in various AD models. BDNF ensures neuro-
nal protection under conditions of B-amyloid toxicity
both in wvitro and in vivo [6]. Insertion of the BDNF
gene within a lentiviral vector into J20 transgenic
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mice (carrying mutations in the gene encoding the
amyloid precursor protein) prevented the death of the
cells of the entorhinal cortex and improved cognitive
functions [7]. It has been shown using another genetic
model of AD (P301L mice carrying the mutant tau
protein gene) that stable human BDNF gene expres-
sion restored the BDNF level, thus preventing neu-
ronal and synaptic degeneration in the hippocampus,
as well as cognitive disorders [8]. However, the gene
therapy has such shortcomings as invasiveness, high
cost, and the risk of adverse effects related to the
pleiotropic effect of BDNF.

The clinical use of BDNF is impeded by its poor
penetration through the blood—-brain barrier and rap-
id degradation [9]. Low-molecular-weight BDNF mi-
metics with improved pharmacokinetic properties are
currently being developed [10, 11]. Activity of the
low-molecular-weight BDNF mimetic 7,8-dihydroxy-
flavone, a TrkB receptor agonist, was determined us-
ing AD models [12—14].

A dimeric dipeptide mimetic of the BDNF
loop 1, GSB-214 (bis-(N-monosuccinyl-L-methionyl-
L-serine) heptamethylene diamide), was designed
and synthesized at the Zakusov Research Institute of
Pharmacology based on the hypothesis that the most
exposed domains of the loop-like neurotrophin struc-
tures (most frequently, the central domains of their
B turns) exhibit pharmacophoric properties [15] [RU
Patent 2410392, 2011; US Patent 9683014 B2, 2017; CN
Patent 102365294 B, 2016; EU Patent 2397488, 2019;
IN Patent 296506, 2018] (Fig. 1).

Earlier, Western blotting showed that incubation
of HT-22 mouse hippocampal cells in the presence
of GSB-214 for 5-180 min results in the activation
of TrkB receptors and the conjugated PI3K/Akt and
PLC-y1 signaling pathways, but not the MAPK/ERK
signaling pathway [10]. It has been shown using
HT-22 cells that GSB-214 at micro-nanomolar con-
centrations exhibits neuroprotective activity under
oxidative stress [15].

The dipeptide GSB-214 (administered i.p. at dos-
es of 0.1-0.5 mg/kg) exhibited in vivo neuroprotec-
tive activity in a rat model of transient middle cere-
bral artery occlusion [16] and antidiabetic activity in
a streptozotocin-induced model of diabetes in mice
[17]. Taking into account the findings regarding the
similarity of the pathogenesis of diabetes and AD [18],
the antidiabetic properties of GSB-214, along with
the neuroprotective properties, indicate that there is
promise in studying the effects of the dipeptide in AD
models.

The objective of our work was to investigate the
effect of GSB-214 on memory in the scopolamine-
and streptozotocin-induced models of AD, as well as

HOOC-(CH,),-CO-Met-Ser-NH
(CH,),
HOOC(CH,) -CO-Met-Ser-NH

Fig. 1. The dimeric dipeptide mimetic of the BDNF loop 1
GSB-214

evaluate its mnemotropic activity as a function of the
activation of Trk receptors.

EXPERIMENTAL

Materials

The dipeptide GSB-214 was synthesized at the
Medicinal Chemistry Department of the Zakusov
Research Institute of Pharmacology according to
the procedure described earlier [14]; 96% chromato-
graphic purity (HPLC), [a]*, = +9.0° (0.4 in DMF),
T .. = 162-163°C. Scopolamine (Acros Organics, USA),
streptozotocin, and K252A (Sigma Aldrich, USA) were
used.

Animals

The experiments were conducted using male
Wistar rats (weight, 230-260 g) procured from
the Andreevka Branch of the Research Center for
Biomedical Technologies, the Federal Medical-
Biological Agency (FMBA). The animals were kept
in a vivarium with ad libitum feeding and access
to water and natural light—dark cycle. The behav-
ioral experiments were carried out at a time inter-
val between 10 a.m. and 2 p.m. (local time). The an-
imal experiments were carried out in compliance
with international regulations (Directive 2010/63/EU
of the European Parliament and of the Council of
the European Union of September 22, 2010, on the
protection of animals used for scientific purposes).
The experiments were approved by the Biomedical
Ethics Committee of the Zakusov Research Institute
of Pharmacology (Protocol No. 3 dated February 18,
2021).

Scopolamine-induced model of AD

The rats were randomly assigned to the following
groups: Control (n = 9), Scopolamine (SC) (n = 10),
SC + GSB-214 (0.05 mg/kg) (n = 10), SC + GSB-214
(0.1 mg/kg) (n = 9), and SC + GSB-214 (1.0 mg/kg)
(n = 10). Scopolamine in normal saline was injected i.p.
to rats at a dose of 2 mg/kg during 20 days. GSB-214
in distilled water was injected i.p. at doses of 0.05, 0.1,
and 1.0 mg/kg during 10 days after exposure to scopol-
amine. The rats in the Control group received equiva-
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Scopolamine administration

GSB-214 administration

Novel object
recognition test

Day 1-20

Day 21-30

Day 32-33

Fig. 2. The scheme of the experiment on the mnemotropic effects of GSB-214 in the scopolamine-induced AD model

Intracerebroventricular
injection of STZ

A 4

Administration of GSB-214
(started 1 h after surgery)

Novel object
recognition test

Day 1-14

Day 19-20

Fig. 3. The scheme of the experiment on the mnemotropic effects of GSB-214 in the streptozotocin-induced AD model.

STZ — Streptozotocin

lent volumes of normal saline, instead of scopolamine,
and distilled water, instead of GSB-214, according to
the same scheme. The rats in the SC group received
scopolamine and distilled water.

The novel object recognition test was carried out
on days 32—33.

The scheme of the experiment is shown in Fig. 2.

Streptozotocin-induced model of AD
The rats were randomly assigned to the following
groups: Control (n = 10), Streptozotocin (STZ) (n = 7),
and STZ + GSB-214 (0.1 mg/kg) (n = 8). STZ in cit-
rate buffer was stereotactically injected into the cer-
ebral ventricles at a dose of 3 mg/kg (AP = —1.0;
L = 1.5; depth, 3.5). The injection volume was 3 pL
per ventricle; the injection rate was 1 puL/min. One
hour after the exposure, the rats received an i.p. in-
jection of GSB-214 (0.1 mg/kg) and, then, received
injections once daily during 13 days. The rats in the
Control group were injected with equivalent volumes
of citrate buffer, instead of STZ, and distilled water,
instead of GSB-214, according to the same scheme.
The rats in the STZ group received STZ and distilled
water.

The novel object recognition test was carried out
on days 19-20. The scheme of the experiment is
shown in Fig. 3.

The novel object recognition test

This test is based on the natural rodents’ instinct to

investigate novel objects [19]. It is widely used for as-

sessing both short-term and long-term memory [20].
The test was conducted in T4 cages identical to

the home cages where the animals had been housed
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throughout the study. A rat was first placed into an
empty cage with the floor covered with sawdust for
4 min to adapt.

The familiarization phase. Two identical objects not
familiar to the rat were placed in the two nearest
corners of the cage. The time spent exploring the ob-
jects was recorded during 4 min. The rat was then
returned to its home cage.

Test. A new pair of objects was placed in the same
corners of the cage; one object was identical to those
presented to the rats during the familiarization phase,
while the other was unfamiliar. The time spent ex-
ploring the familiar and novel objects was recorded
during 4 min. The test was carried out 1 h (test 1)
and 24 h (test 2) after the familiarization phase to re-
cord the short-term and long-term memory, respec-
tively. Different unfamiliar objects were used in test
1 and test 2. Exploration was defined as sniffing, with
the distance between the animal’s snout and the ob-
ject being < 2 cm.

The discrimination index was used as the memo-
ry criterion [21]; it was calculated using the formula:
nr=(_,6 -T, )T, .+ T,) where T was the
time spent exploring a novel object and T, was the
time spent exploring a familiar object. The K values
> 0 meant that the animal remembered the object
presented to it at the familiarization phase.

Pharmacological inhibitory analysis

The rats were randomly assigned to the following
groups: Control (distilled water and 1% DMSO in nor-
mal saline, n = 12), GSB-214 0.1 mg/kg (GSB-214
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and 1% DMSO, n = 13), GSB-214 0.1 mg/kg + K252A
100 pg/kg (n = 12), and K252A 100 pg/kg (distilled
water and K252A, n = 13). GSB-214 at a dose of
0.1 mg/kg or an equivalent amount of distilled water
was administered i.p. 20 min after the i.p. injection of
K252A (100 pg/kg) in 1% DMSO or 1% DMSO. The
novel object recognition test was started after 24 h.
The dose of GSB-214 was chosen based on earlier ex-
periments [22].

Statistical analysis
Statistical analysis of the experimental data was
performed using the GraphPad Prism 8.0 software
(GraphPad Software, USA). The statistical signifi-
cance of differences in the discrimination index was
assessed using one-way ANOVA, followed by pairwise
intergroup comparisons using the Dunnett’s test or
two-factor ANOVA followed by pairwise intergroup
comparisons using the Tukey’s test.

The data were presented as the mean * standard
error of the mean. Differences were considered statis-
tically significant at p < 0.05.

RESULTS

The dipeptide GSB-214 prevents long-

term memory impairment in the
scopolamine-induced model of AD

Compared to the control group, chronic administration
of scopolamine significantly reduced the discrimina-
tion index in both test 1 (1 h after becoming famil-
iar with the objects, p = 0.0212) and test 2 (24 h after
becoming familiar with the objects, p = 0.0077), thus
indicating that short-term and long-term memory,
respectively, was impaired (Table 1). Chronic admin-
istration of GSB-214 at doses of 0.05 and 0.1 mg/kg
prevented long-term memory impairment (p = 0.0177
and 0.0304 vs. SC group, respectively), although it had
no effect on short-term memory. No activity was ob-
served for the dipeptide GSB-214 when administered
at a dose of 1.0 mg/kg (Table 1).

Hence, GSB-214 i.p. administered at doses of 0.05
and 0.1 mg/kg for 10 days proved effective against
long-term memory impairment in the scopolamine-
induced model of AD.

The dipeptide GSB-214 prevents short-term
memory impairment in a streptozotocin-

induced model of AD

In the streptozotocin-induced model of AD, we un-
covered significant memory impairment in the rats
in the STZ group 1 h after becoming familiar with
the objects (p = 0.0045), but not after 24 h (Table 2).
Therefore, in this experimentally induced model of

AD, rats experienced short-term, rather than long-
term, memory impairment, which is typical of the
early stage of the disease [23]. GSB-214 at a dose of
0.1 mg/kg yielded a statistically significant correction
of this impairment (p = 0.0032); the discrimination in-
dex in the group of animals receiving treatment was
4.8-fold higher compared to that in the STZ group
(Table 2).

Hence, the dipeptide GSB-214 completely inhibited
short-term memory impairment in the streptozotocin-
induced model of AD.

The mnemotropic activity of GSB-214

depends on the activation of Trk receptors

In order to confirm the involvement of the activa-
tion of Trk receptors in the mnemotropic effects of
GSB-214, we studied how K252A, an inhibitor of
these receptors, influences the effects of GSB-214 in
the novel object recognition test. Table 3 shows that
the dipeptide GSB-214 significantly improved long-
term memory as the discrimination index in the test
after 24 h in this case increased approximately 1.5-
fold compared to that in the control group. This ef-
fect was completely eliminated by injecting a K252A
inhibitor 20 min before the exposure to GSB-214.
K252A per se did not affect the rats’ memory. The
studied compounds were found to exhibit no effect on
the short-term memory of the rats (test 1) (Table 3).

DISCUSSION

Earlier, we had found that a single-dose BDNF di-
peptide mimetic GSB-214 administered i.p. (0.1 and
1.0 mg/kg) had a favorable effect on the long-term
memory of rats in the novel object recognition test
[22].

In this study, we investigated the mnemotropic ac-
tivity of GSB-214 in the same test in the scopolamine-
and streptozotocin-induced models of AD.

The scopolamine-induced amnesia model is com-
monly used for evaluating potential therapeutic
agents for treating AD [24-26]. Chronic exposure to
scopolamine causes cholinergic deficit that is mainly
induced by blockade of acetylcholine receptors and,
therefore, cognitive impairment [25]. In our modifi-
cation of the model [24], the impairment induced by
chronic exposure to scopolamine and its subsequent
discontinuation (see the scheme of the experiment
in Fig. 2) is attributed to the activation of feedback
mechanisms, which first increase the density and af-
finity of acetylcholine receptors and subsequently in-
duce the cholinergic deficit due to accelerated binding
of the “available” acetylcholine.

The model of AD induced by intracerebroven-
tricular injection of streptozotocin is also com-
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Table 1. The effects of GSB-214 in the scopolamine-in-
duced model of amnesia in the novel object recognition
test

Number of Discrimination index
Grou animals per
2 groupp Test 1 (1 h) | Test 2 (24 h)
Control 9 0.57 = 0.05 0.53 = 0.06
SC 10 0.3 £ 0.06° | 0.23 = 0.06™
SC+GSB-214
=+ 0. 48 = 0.04%
(0.05 mg/kg) 10 0.48 = 0.07 | 0.48 = 0.04
SC+GSB-214 4 + "
(0.1 mg/kg) 9 0.45 = 0.07 | 047 = 0.05
SC+GSB-214
1 .33 £ 0. 44 £ 0.
(1.0 mg/kg) 0 0.33 = 0.06 0 0.08

The data are presented as the mean * standard error of
the mean. "p < 0.01, ‘p < 0.05 compared to the Control
group; #¥p < 0.05 compared to the SC group (one-way
ANOVA, the Dunnett’s test).

Table 2. The effects of GSB-214 on short-term memory
in the novel object recognition test for the streptozoto-
cin-induced model of AD

Number of Discrimination index

Group animals per
group Test 1 (1 h) | Test 2 (24 h)
Control 10 0.46 = 0.07 | 0.49 = 0.05
STZ 7 0.1 = 0.08" | 0.43 %= 0.07

STZ+GSB-214
8 0.48 £ 0.07* | 0.48 = 0.03
(0.1 mg/kg)

The data are presented as the mean * standard error of
the mean. "p < 0.01 compared to the Control group;
##p < 0.01 compared to the STZ group (one-way
ANOVA, the Dunnett’s test).

Table 3. The Trk receptor inhibitor completely eliminates
the mnemotropic effect of GSB-214 on long-term memory

Number of Discrimination index
Group animals per
group Test 1 (1 h) | Test 2 (24 h)
Control 12 0.53 £+ 0.07 0.47 = 0.06
GSB-214
13 0.5 = 0.05 0.73 = 0.03
(0.1 mg/kg)
GSB-214
(0.1 mg/kg) + 12 0.53 £ 0.06 | 0.36 = 0.03##
K252A
K252A 13 0.54 £ 0.06 0.43 = 0.05

The data are presented as the mean * standard error of
the mean. “'p < 0.001 compared to the Control group;
#### < 0.0001 compared to the GSB-214 group (two-
way ANOVA, the Tukey's test).
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monly used, has been validated, and studied well
[27, 28]. Streptozotocin, a diabetogenic toxin, enters
cells by binding to glucose transporter 2, because
it is structurally similar to a sucrose molecule [28].
Intracerebral administration of streptozotocin induc-
es insulin resistance and impairs brain glucose me-
tabolism [29]. It causes neuropathological symptoms
typical of AD, such as accumulation of B-amyloid and
hyperphosphorylated tau protein, oxidative stress, as
well as neuronal and synaptic death [30—33]. Like the
scopolamine-induced model of AD, the streptozotocin-
induced model is associated with memory disorders
[31, 33].

We have revealed short-term and long-term mem-
ory impairment in the scopolamine-induced model
of AD, which is consistent with the published data
[26, 34]. The dipeptide GSB-214 eliminated only long-
term memory impairment, while having no effect on
short-term memory. This finding agrees with our ear-
lier data obtained under physiological conditions in
the novel object recognition test [22]. We assume that
the revealed effect of GSB-214 can be attributed to
the activation of the PI3K/Akt post-receptor signal-
ing pathway, which was demonstrated earlier in in
vitro experiments [10]. Serine/threonine protein ki-
nase mTOR, one of the major protein synthesis regu-
lators, is a component of the PI3K/Akt pathway [35];
it is viewed as the key factor in memory consolida-
tion and, therefore, long-term memory formation [36].
It was found, using the novel object recognition test,
that mTOR inhibition impairs long-term memory, but
not short-term memory , in rats [37]. A hypothesis
can be put forward that the effects of GSB-214 in the
scopolamine-induced model of AD are related to the
improvement of memory consolidation via the activa-
tion of the TrkB/PI3K/Akt/mTOR signaling pathway.
We have demonstrated by pharmacological inhibitory
analysis that the mnemotropic activity of GSB-214 is
caused by an activation of the Trk neurotrophin re-
ceptors with which the PI3SK/Akt/mTOR signaling
pathway is associated.

In the streptozotocin-induced model, we ob-
served only short-term memory impairment, which
can be indicative of relatively mild neurodegenera-
tive changes being characteristic of early AD [38].
GSB-214 eliminated this impairment. Since no effect
of GSB-214 on short-term memory under physiologi-
cal conditions was observed previously [22], it is fair
to assume that memory was recovered due to the
increase in neuronal viability under the exposure to
streptozotocin-induced toxicity. The neuroprotective
effects of GSB-214 were revealed earlier in in vitro
experiments [15], as well as in a rat model of ischemic
stroke induced by transient middle cerebral artery oc-
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clusion [16]. These effects, like the mnemotropic ones,
are presumably associated with the activation of the
PI3K/Akt signaling pathway. This pathway is known
to mediate neuroprotection by inhibiting pro-apop-
totic proteins and increasing the expression of anti-
apoptotic proteins [39]. PI3K/Akt was shown to me-
diate a reduction of the activity of glycogen synthase
kinase 3 (GSK-3f3), which is involved in increased
B-amyloid production and hyperphosphorylation of
the tau protein [40].

Interestingly, the previously revealed antidiabetic
activity of GSB-214 proved dependent on the activa-
tion of the PI3K/Akt pathway, as shown by a pharma-
cological inhibitory analysis [17]. Since it is well-known
that AD and diabetes mellitus have a similar pathogen-
esis [18], this fact supports the idea that the PI3K/Akt
pathway also contributes to the effects of GSB-214 in a
streptozotocin-induced model reproducing all the major
pathophysiological mechanisms of AD.

Figure 4 shows the putative mechanisms of ac-
tion of GSB-214 in AD models. Additional studies are
needed to identify the exact mechanisms of action of
GSB-214 in an experimentally induced model of AD.

Activation of the PI3K/AKT signaling pathway by
the dipeptide GSB-214, which had previously been
identified in in vitro experiments [10], may promote
neuroprotection by inhibiting pro-apoptotic proteins
and activating anti-apoptotic proteins, as well as im-
prove memory consolidation and, therefore, long-term
memory through the activation of the regulator of
mTOR protein synthesis.

GSB-214

.“.TrkB receptor
f\_PVI_3}§,L"
(Akt ) — @TOR) — Memory
Al R o consolidation
GskIN™ '
& @

/ p53f,‘-—n"|§ A)-(\/} \ Long-term
i M memory
(Bad )»+14-3-3  (NFkB) improvement
Inhibition  Activation
of pro-apoptotic  of anti-apoptotic
proteins  proteins

N

Neuroprotection

Fig. 4. The putative mechanisms of action of the BDNF
dipeptide mimetic GSB-106 in AD models

CONCLUSIONS

Therefore, the low-molecular-weight BDNF mimet-
ic GSB-214 dipeptide eliminates induced memory
impairment in rats in the scopolamine- and strepto-
zotocin-induced models of Alzheimer’s disease. The
effect of GSB-214 depends on the activation of Trk
receptors. @
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