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Abstract
Background: A growing number of evidence suggest that brain derived neurotrophic factor (BDNF) and signaling at its receptor, TrkB, are involved 
in the pathogenesis of depression. Earlier, we created  dimeric dipeptides on the basis of the beta-turns of BDNF loops 1, 2 and 4 respectively 
bis-(N-monosuccinyl-L-methionyl-L-serine) heptamethylenediamide (GSB-214), bis-(N-hexanoyl-L-seryl-L-lysine) hexamethylenediamide 
(GTS-201) and bis-(N-monosuccinyl-L-seryl-L-lysine) hexamethylenediamide (GSB-106). All these dipeptides were shown to elevate the TrkB 
phosphorylation level while having different post-receptor signaling patterns. GSB-106 increased the levels of ERK and AKT kinase phosphorylation, 
whereas GTS-201 only increased the level of ERK phosphorylation and GSB-214 only increased the level of AKT phosphorylation. All dipeptides 
have demonstrated neuroprotective activity in vitro. An interesting observation was that GSB-106 exhibited significant antidepressant activity in 
the forced swimming test in mice, while GTS-201 and GSB-214 did not. These data suggests that the activation of both MAPK/ERK and PI3K/
AKT pathways are essential for the manifestation of antidepressant-like activity by BDNF mimetics. To test this assumption we studied the 
antidepressant-like activity of GSB-106, GSB-214 and GTS-201 in the social defeat model of depression in mice.
Methods: C57BL/6 mice were exposed to 10 days of social defeat stress. Dipeptides GSB-106, GSB-214 and GTS-201 were administered 
intraperitoneally (ip) immediately after the each stress exposure session. In twenty-four hours since the last injections of the drugs, the forced 
swim test was conducted.
Results: Among the studied dipeptide BDNF mimetics only GSB-106 statistically significantly attenuated the increase of immobility time in 
forced swimming test in stressed mice compared with untreated control. 
Conclusions: The antidepressant-like activity of the studied dipeptide BDNF mimetics is dependent on activation of both PI3K/AKT and MAPK/
ERK signaling cascades, whereas selective activation of PI3K/AKT or MAPK/ERK pathway does not produce antidepressant effects. 
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Background
Major depressive disorder (MDD) is a leading cause of global disease 
burden that affects over 300 million individuals worldwide [1]. 
There is a well-established body of clinical evidence implicating the 
involvement of BDNF in the pathobiology of depression [2]. BDNF has 
a role in processes such as neuronal maturation, synapse formation, 
synaptic plasticity and neurogenesis among others in the brain [2]. The 
neurotrophic hypothesis of depression claims that decreased levels 
of BDNF result into the hippocampal atrophy observed in depressed 
patients [3]. Numerous data suggests that altered BDNF level 
contributes to the atrophy, synaptic disconnection, and dysfunction of 
MDD-related circuits [3,4]. Current evidence strongly implicates BDNF-
TrkB signaling in the response to clinically used antidepressant drugs 
including ketamine [3].
BDNF exerts its main biological actions through TrkB receptors.  Binding 
of BDNF with TrkB leads to the activation of various intracellular 
signaling pathways, including the PI3K/AKT and MAPK/ERK pathways, 
which are the most critical for the biological effects of BDNF. Bioactive 
BDNF exists in a form of a noncovalently linked homodimer. Each 
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monomer contains seven beta strands connected by four hairpin 
loops, three of which are exposed outside (loops 1, 2, 4) and therefore 
may play a major role in the interaction with the receptor [5,6]. 
We hypothesized [6,7] that by interacting with the same receptor, 
different neurotrophin hairpin loops can activate various intracellular 
signaling cascades and are therefore responsible for different 
biological effects. 
To put this hypothesis to test, we designed  the dimeric dipeptides on 
the basis of the beta-turns of BDNF loops 1 (-D30-M31-S32-G33-), 2 (-V44-
S45-K46-G47-) and 4 (-D93-S94-K95-K96-), respectively bis-(N-mono-
succinyl-L-methionyl-L-serine) heptamethylenediamide (GSB-214) [6], 
bis-(N-hexanoyl-L-seryl-L-lysine) hexamethylenediamide (GTS-201)
[8,9] and bis-(N-monosuccinyl-L-seryl-L-lysine) hexamethylenediamide 
(GSB-106) [6] [Ru Patent №2410392, 2010; US Patent US 9,683,014 B2, 
2017; CN Patent CN 102365294 B, 2016]. The beta-turn sequences of 
BDNF hairpin loops were chosen as the basis of design because they 
are most likely to interact with the receptor due to their accessibility.
These compounds were constructed according to the uniform plan - 
the central fragment of beta-turn was saved, and the preceding amino 
acid residue was substituted by its bioisostere, C-terminal dimerization 
was performed using oligomethylenediamine spacer. 
It was shown by Western blot analysis that the all obtained dipeptides 
activate TrkB receptor and that they each have different post-receptor 
signaling patterns [8,10]. GSB-106 increased the levels of ERK and AKT 
kinase phosphorylation, whereas GTS-201 only increased the level 
of ERK phosphorylation and GSB-214 only increased the level of AKT 
phosphorylation. All these compounds in concentrations of 10-5–10-8 M 
protected HT22 neuronal cells from the H2O2-induced oxidative stress 
[6,8]. The neuroprotective activity of the dipeptide mimetics of BDNF 
was confirmed in an in vivo model of transient middle cerebral artery 
occlusion in rats at ip administration [10]. Pharmacokinetic studies of 
GSB-106 showed that this compound penetrate the blood-brain barrier 
(unpublished data). 
An interesting observation was that GSB-106 exhibited significant 
antidepressant activity in the forced swimming test in mice, while 
GTS-201 and GSB-214 did not [6,9,11]. These data suggests that that the 
activation of both MAPK/ERK and PI3K/AKT pathways is necessary 
for the manifestation of antidepressant activity mediated by TrkB 
receptors. 
In order to test the assumption above, in our present study we studied 
the antidepressant-like activity of GSB-106, GSB-214 and GTS-201 in a 
model of depression in mice induced by repeated social defeat stress.
Methods
Drugs: The dimeric dipeptides GSB-214 ((bis-(N-monosuccinyl-l-me-
thionyl-l-serine) heptamethylenediamide (Tm =160°C–162°C, [α]D20=-
21.75° (c=0.4%; MeOH)), GSB-106 ((bis-(N-monosuccinyl-l-seryl-l-lysine) 
hexamethylenediamide (Tm =143°C–145°C, [α]D20=-24.7° (c=0.4%; di-
methylformamide)) and GTS-201 ((bis-( N-hexanoyl-L-seryl-L-lysine) 
hexamethylenediamide ([α]D30=-21.59° (c=0.6%; MeOH)) were synthe-
sized at the V.V. Zakusov Institute of Pharmacology (Moscow, Russia).
Amitriptyline was purchased from Federal state unitary enterprise 
“Moscow Endocrine Plant” (Moscow, Russia). 
Animals: Male adult C57BL/6 mice weighing 18 - 20 g were used in the 
study. The animals were obtained from the “Stolbovaya” Central Lab-
oratory for Animal Breeding (Moscow Region, Russia). The animals 
were housed under controlled temperature of 22˚C ± 2˚C and 12 h 
light-dark cycle (lights on at 08:00 hours). All mice were maintained 
on a standard diet with food and water available ad libitum. The study 
was carried out in accordance with the Order of the Ministry of Health 

Care and Social Development of the Russian Federation № 708n of 
23.08.2010 “Approval of the Rules of Good Laboratory Practice”. All of 
the experiments were approved by the Institutional Animal Care and 
Use Committee of Zakusov Institute of Pharmacology (Moscow).
Social defeat stress: The social defeat procedure was adopted from 
the sensory contact model of social defeat stress (SDS), originally 
described by Kudryavtseva N.N. and co-workers [12]. Initially, mice were 
individually housed for 5 days to achieve abolish group effects. Then 
all individuals were randomly placed in pairs in cages separated with 
perforated Plexiglas walls, which divide the cage into two separate 
compartments to allow visual, olfactory, and auditory contact of mice 
for the 24-h period. Behavioral testing started two days after the 
animals were acclimated to the new conditions in pairs. During testing, 
the separator was removed for 10 min to allow agonistic interactions. 
During the three consecutive screening tests, the aggressor and 
defeated mice were determined.  For each stress session the defeated 
mice were exposed to aggressors for 5-10 min every day for 10 days 
in total. This treatment leads to the development of marked social 
avoidance associated with behavioral and physiological changes 
reminiscent of depressive symptoms [13].
Since the first day stress session defeated mice have been divided 
into 6 experimental groups (10 animals in each). GSB-106, GSB-
214 and GTS-201 (1 mg/kg) were administered intraperitoneally (ip) 
immediately after the each stress exposure sessions for 10 days. The 
dose was chosen based on previous in vivo studies. Stressed and non-
stressed control groups received distilled water. The classical tricyclic 
antidepressant Amitriptyline, which was used as a positive control, 
was administered ip in the same order at a dose of 10 mg/kg [14]. In 
twenty four hours since the last injections of the drugs the forced 
swim test (FST) was conducted.
Forced swim test: A modified protocol was used as described by 
Porsolt et al [15]. The FST was conducted by placing the mice in a cylinder 
(30 cm in height ×10 cm in diameter) containing 19 cm of water at 
22°C. The FST paradigm includes two sections: an initial 10-min pretest 
followed by a 5-min test 24 h later. The immobility time (including 
passive swimming) during the test was recorded. Immobilization and 
passive swimming were defined when a mouse was floating on the 
surface without struggling, making only the movements necessary to 
keep its head above the water. 

Statistical analysis: For the in-between group comparisons statis-
tical significance was assessed by the one-way analysis of variance 
(ANOVA) with Dunn’s multiple comparison test. Values of p<0.05 were 
considered to indicate statistical significance.
Results
After 10 days of stress, untreated stressed mice “SDS group” showed 
a significantly (p < 0.05) higher immobility time in the FST compared 
to the «control», non-stressed group. The data obtained are in good 
accordance with literature data and confirm the depressive-like state 
of stressed mice [16]. The administration of GSB-106  (1 mg/kg, ip) for 
10 days has significantly attenuated the increase of immobility time in 
FST by 1.4 fold (Fig.1). There was no statistically significant differences 
between “SDS+GTS-201”, “SDS+GSB-106” and the “control” 
groups. GSB-214 and GTS-201 has no effect on the immobility time. 
The administration of amitriptyline (10 mg/kg, ip) to stressed mice 
significantly decreased immobility time in the FST compared with the 
“stress” group by 1.9-fold (Fig. 1).
Thus, dipeptide GSB-106 induced an antidepressant effect in a social 
defeat stress model of depression in mice, while GSB-214 and GTS-201 
does not. 
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Discussion
Thus, earlier we created dimeric dipeptide mimetics of BDNF loops 
1, 2 and 4 [6,8]. It has been established that all these compounds 
activate the specific BDNF receptor TrkB and they each have different 
post-receptor signaling patterns. Mimetic of BDNF loop 4 (GSB-106) 
activated both the main TrkB signaling pathways - PI3K/AKT and MAPK/
ERK [10], mimetic of BDNF loop 1 (GSB-214) selectively activated PI3K/
AKT [10] and mimetic of BDNF loop 2 (GTS-201) selectively activated 
MAPK/ERK signaling [8]. 
All the BDNF mimetics obtained, with selective or nonselective 
activation of PI3K/AKT and MAPK/ERK pathways, demonstrated 
neuroprotective activity in vitro. It is widely known that PI3K/AKT and 

MAPK/ERK pathways are two major intracellular signaling networks 
activated by growth factors responsible for the cell survival [17]. It has 
been reported that NGF mediated neuroprotective signaling is most 
likely to depend on PI3K/AKT rather than MAPK/ERK signaling [18-21]. As 
for the BDNF, the majority of reports suggest that the both pathways 
are significant for neuronal survival [22-24]. The results of this study 
suggest that the PI3K/AKT and MAPK/ERK pathways play independent 
roles in neuroprotective activity associated with the activation of TrkB 
receptors.
Unlike neuroprotective properties, antidepressant-like activity in the 
forced swimming test in mice was detected only in GSB-106 [6,8,9]. The 
results of the examination of GSB-214, GTS-201 and GSB-106 in this test 
are presented in Table 1.

Group Duration of immobility, % of con-
trol group

Control 100

Imipramine, 25 mg/kg 36*

GSB-106, 0.1 mg/kg 79*

GSB-106, 1.0 mg/kg 80*

GSB-214, 0.1 mg/kg 95

GSB-214, 1.0 mg/kg 93

Control 100

Imipramine, 25 mg/kg 44*

GTS-201, 0.1 mg/kg 105

GTS-201, 1.0 mg/kg 92

Table 1: Effect of BDNF mimetics GSB-106, GSB-214 and GTS-201 (ip) on the 
duration of immobility in forced swimming test in mice [6,8,9].

* - p<0.05 comparison with the control group (Mann-Whitney U test)

The results obtained suggest that the antidepressant-like activity of 
BDNF dipeptide mimetics is dependent on activation of both the PI3K/
AKT and MAPK/ERK signaling cascades, whereas selective  activation 

of the PI3K/AKT or MAPK/ERK pathway does not produce antide-
pressant effects. These data were confirmed in the present study in a 
model of depression in mice induced by repeated social defeat stress 
(Fig.1). 

Figure 1: Effects of the dipeptides GSB-106, GSB-214 and GTS-201 in the forced swimming test in 
male mice C57Bl/6 in the social defeat model of depression.

Notes: Data are presented as mean ± SEM. * - р < 0,05 – compared with control group;  # - р < 0,05 – 
compared with sds group (one-way analysis of variance (ANOVA) with Dunn’s multiple comparison test).
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The revealed need of engaging the both PI3K/AKT and MAPK/ERK 
pathways for the manifestation of antidepressant activity by BDNF 
mimetics is in good agreement with the literature data [3, 25-27] on the 
implication of both these signaling pathways in the depression and 
treatment response. Postmortem studies have reported decreased 
levels of MEK, ERK and AKT in the hippocampus of the subjects who 
committed suicide due to depression, consistent with the hypothesis 
that the reduction of both MAPK/ERK and PI3K/AKT pathways 
contribute to depressive symptoms [3]. Inhibition of AKT or MAPK 
pathway abolishes effect of a number of antidepressants, in particular 

desipramine, paroxetine and ketamine [26,28-30]. Acute administration of 
the MAP kinases inhibitor PD184161 produces depressive-like behavior 
in C57Bl/6 mice [26]. There are literature data indicating that the both 
MAPK/ERK and PI3K/AKT pathways are essential for the regulation 
of neurogenesis and synaptogenesis [27,31], which impairments 
are considered to be among the main etiopathological factors of 
depression [32]. In this regard, it should be noted that GSB-106 was found 
to prevent stress-induced impairments of hippocampal neurogenesis 
[33] and stimulates hippocampal synaptogenesis [34] in mice. 
The patterns of signaling pathways activation of BDNF mimetics and 
their pharmacological properties are presented in Table 2.

Laboratory
code

BDNF 
loop

Protein kinases 
activation

Neuroprotective 
activity in vitro

Antidepressant-like activity in 
FST in mice

TrkB Akt Erk Forced 
swimming 
test

Social defeat 
model of 
depression

GSB-214 
[6,10]

1 + + 0 + 0 0

GTS-201 
[8,9]

2 + 0 + + 0 0

GSB-106 
[6,10]

4 + + + + + +

Table 2: Patterns of signaling pathways activation and pharmacological properties of BDNF mimetics
Notes:  (+)—positive effect, 0—no effect

The data obtained through the present study confirms our hypothesis 
[6] that by interacting with the same receptor different neurotrophin 
hairpin loops can activate   various intracellular signaling cascades 
and are therefore responsible for different biological effects. This 
hypothesis is also supported by the data we obtained earlier for NGF 
mimetics. We found out that dimeric dipeptide mimetics designed 
based on the NGF loop 1 and 4 β-turn sequences have different patterns 
of signal transduction and different profiles of biological activity [35]. 
By using these compounds, we revealed the possibility of separation 
of the neuroprotective and differentiating effects of NGF. In addition 
to that, we established that the selective activation of the PI3K/AKT 
pathway is sufficient for the manifestation of neuroprotective activity 
by NGF mimetics and is not associated with hyperalgesia, which is one 
of the main side effects of NGF, whereas the activation of the both 
PI3K/AKT and MAPK/ERK pathways generates nociceptive effects [35]. 
Conclusions
In the current study by using the social defeat model of depression in 
mice it was confirmed that the antidepressant-like activity of dipep-
tide BDNF mimetics is dependent on the activation of both PI3K/AKT 
and MAPK/ERK signaling cascades, whereas selective  activation of the 
PI3K/AKT or MAPK/ERK pathway does not produce antidepressant ef-
fects.
List of abbreviations
BDNF – brain derived growth factor
TrkB - tyrosine kinase B
ERK - extracellular signal-regulated kinase
FST – forced swim test
MAPK, MEK1, MEK2 - mitogen-activated protein kinases
NGF - nerve growth factor
PI3K - phosphatidylinositol 3-kinase
SDS - social defeat stress
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