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Abstract: Traumatic brain injury (TBI) is a major concern for public health worldwide, affecting
55 million people and being the leading cause of death and disability. To improve the outcomes
and effectiveness of treatment for these patients, we conducted a study on the potential therapeutic
use of N-docosahexaenoylethanolamine (synaptamide) in mice using the weight-drop injury (WDI)
TBI model. Our study focused on exploring synaptamide’s effects on neurodegeneration processes
and changes in neuronal and glial plasticity. Our findings showed that synaptamide could prevent
TBI-associated working memory decline and neurodegenerative changes in the hippocampus, and it
could alleviate decreased adult hippocampal neurogenesis. Furthermore, synaptamide regulated the
production of astro- and microglial markers during TBI, promoting the anti-inflammatory transfor-
mation of the microglial phenotype. Additional effects of synaptamide in TBI include stimulating
antioxidant and antiapoptotic defense, leading to the downregulation of the Bad pro-apoptotic
marker. Our data suggest that synaptamide has promising potential as a therapeutic agent to prevent
the long-term neurodegenerative consequences of TBI and improve the quality of life.

Keywords: traumatic brain injury; synaptamide; N-docosahexaenoylethanolamine (DHEA);
neuroinflammation; weight-drop injury model; hippocampus

1. Introduction

The Lancet Commission on Neurology’s 2022 report reveals that traumatic brain injury
(TBI) is a major global public health concern. TBI affects over 55 million people worldwide
and is the leading cause of death and disability. The cost associated with TBI is a staggering
USD 400 billion (GBP 350 billion) each year. TBI is not just an acute condition but also a
chronic disease that increases the risk of developing neurodegenerative diseases such as
dementia and Parkinson’s disease [1]. Although over 90% of TBI cases are classified as
“mild,” more than half of these patients do not fully recover within six months of their
injury. Therefore, improving treatment efficacy for these patients would be a significant
public health benefit [2].

Effective treatment of TBI requires an integrated approach with a focus on mental
health and long-term cognitive abnormalities. The complexity of the development mecha-
nisms of TBI-associated mental disorders means that effective treatment requires an inte-
grated approach that targets several pathogenesis links. Promising candidates for the treat-
ment of TBI consequences are highly active lipid compounds called N-acylethanolamines
of fatty acids (NAE) [3]. These endogenous metabolites and central nervous system (CNS)
mediators possess anti-inflammatory, antioxidant, and neuroprotective properties.

This category of compounds comprises several types, such as N-docosahexaenoyle-
thanolamine (DHEA), N-docosapentaenoylethanolamine (DPEA), N-eicosapentanoyle-
thanolamine (EPEA), N-stearinoylethanolamine (STEA), N-arachidonoylethanolamine
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(AEA), N-palmitoylethanolamine (PEA), N-oleoylethanolamine (OEA), and others. N-
arachidonoylethanolamine (AEA, anandamide), a metabolite ofω-6 arachidonic acid, af-
fects the central nervous system primarily through CB receptor affinities. Therefore, it falls
under the category of endocannabinoids, similar to 2-arachidonoylglycerol [4]. The activity
of other fatty acid ethanolamides is mainly realized through cannabinoid-independent
pathways. These pathways include the activation of the peroxisome-proliferator-activated
nuclear receptor-α (PPAR-α), the downregulation of NF-kB and ERK1/2-dependent signal-
ing, and the accumulation of cAMP followed by the phosphorylation of protein kinase A
(PKA) and cAMP-response-element-binding protein (CREB) [5]. In the CNS, these com-
pounds are metabolic intermediates and are synthesized “on demand”, acting as highly
active mediators and regulators of physiological processes. A recent study shows that
preventing the degradation of endogenous cannabinoid ligands after mild TBI attenuates
neuroinflammation and improves the recovery of neurobehavioral function during the first
7 days after TBI induction [6]. Due to the neuritogenic and synaptogenic activity of DHEA,
the substance was given the name “synaptamide” [7]. Synaptamide is an endogenous
GPR110 (ADGRF1) ligand, the stimulation of which at nanomolar concentrations promotes
axon growth and synaptogenesis and induces neuronal differentiation [8].

In this study, we explore the therapeutic potential of synaptamide in TBI using the
weight-drop injury model (WDI). The effect of synaptamide on the processes of neurode-
generation and concomitant changes in neuronal and glial plasticity in the hippocampus
of animals with TBI was studied. Data were obtained on the effect of synaptamide on
TBI-associated behavioral changes, degeneration of the hippocampal neurons, the pro-
cesses of glial activation, adult neurogenesis, cell apoptosis, and antioxidant protection in
case of injury.

2. Results
2.1. The Impact of Synaptamide Treatment on Behavioral Changes in TBI

On the 6th and 7th days following surgery, we conducted behavioral tests to determine
how the ventral and dorsal regions of the hippocampus were affected by TBI-related
pathology. We also examined the impact of synaptamide treatment. One of the tests we
used was the elevated plus maze, which helped us to evaluate anxiety-like behaviors that
are modulated predominantly in the ventral hippocampus [9].

In testing, we found that both TBI and treatment reduced the percentage of time spent
in the open arms of the maze and increased the proportion of time spent in the closed arms.
Moreover, a two-way analysis of variance in the percentage of time in open arms revealed
a significant effect of an injury [F(1, 36) = 6.61; p = 0.014] and treatment [F(1, 36) = 21.34;
p < 0.0001], as well as a significant effect of the interaction of these factors [F(1, 36) = 15.36;
p = 0.0003]. Analysis of the percentage of time in open arms revealed a significant effect
of an injury [F(1, 36) = 7.66; p = 0.008] and treatment [F(1, 36) = 4.54; p = 0.0039], as the
effect of the interaction of these factors was [F(1, 36) = 4.03; p = 0.05]. These data indicated
a significant effect of TBI on the degree of reduction in the percentage of time spent in
open arms (Figure 1a). We concluded that synaptamide caused the sham-operated animals
(“Sham + Syn”) to spend less time in open arms. However, in “TBI”, the number of
entries was reduced compared to the “Sham” group, and synaptamide had no effect on
this parameter. At the same time, the number of entrances to open arms did not change
significantly either in TBI or after treatment, although there was a noticeable downward
trend. However, the number of entrances to closed arms and the central part of the maze
significantly increased under the action of synaptamide for the sham-operated animals
(“Sham + Syn”) but not for the animals with TBI (“TBI + Syn”). A two-way analysis of
variance in the number of entries into the central region revealed a significant effect of
an injury [F(1, 36) = 8.89; p = 0.0049] and treatment [F(1, 36) = 20.23; p < 0.0001], as well
as a significant effect of the interaction of these factors [F(1, 36) = 4.27; p = 0.045]. Similar
effects were also found in the analysis of the number of entries into closed arms: injury
[F(1, 36) = 9.75; p = 0.003] and treatment [F(1, 36) = 31.68; p < 0.0001], as well as a significant
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effect of the interaction of these factors [F(1, 36) = 4.47; p = 0.04] (Figure 1b). Thus, testing
showed a decrease in the time spent in open arms and an increase in the time spent in
closed arms both in sham-operated mice after the administration of synaptamide and
in the animals with TBI, where synaptamide did not affect the result. At the same time,
synaptamide increased the number of entrances to open arms and the central area of the
maze only in the sham-operated animals, while TBI leveled this effect. This result is not
amenable to unambiguous interpretation, since a decrease in the open/closed arms time
ratio can mean both an increase in anxiety and a decrease in risk behavior.
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Figure 1. Behavioral changes in TBI and synaptamide treatment. (a) Percentage of time spent in
the central, open, and closed areas of the elevated plus maze. (b) Number of entrances to the
central, open, and closed areas of the elevated plus maze. (c) Spontaneous alternation rate in the
Y-maze. (d) Number of entrances to the arms of the Y-maze. The results are shown as mean ± SEM
of n = 10 independent animals. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05,
** p < 0.01, *** p < 0.001).

To investigate the involvement of the dorsal hippocampus in TBI and assess the
effects of synaptamide, we used Y-maze testing [10]. This test was performed to assess
the working spatial memory, realized through the activity of the dorsal hippocampus.
As a result, we found a decrease in the rate of spontaneous alternations in the TBI mice
(“TBI”), with synaptamide treatment preventing the decrease (“TBI + Syn”). Two-way
ANOVA revealed a significant treatment effect [F(1, 36) = 5.706; p = 0.022] and interactions
of factors [F(1, 36) = 10.71; p = 0.002] (Figure 1c). In addition to studying working memory,
the Y-maze was also used to determine locomotor activity. Two-way ANOVA revealed
a significant effect of injury [F(1, 36) = 8.009; p = 0.007] and treatment [F(1, 36) = 6.824;
p = 0.012] (Figure 1d). This result can be interpreted in such a way that synaptamide
increased locomotor activity during trauma but did not affect the sham-operated animals.

2.2. Influence of TBI and Synaptamide Treatment on the Morphology of Hippocampal Neurons

We conducted an analysis on the dendritic tree parameters in the CA1, CA3, and DG
regions of the hippocampus to understand how trauma and treatment affect neurodegener-
ation. We marked the areas where the analysis of the dendritic tree and dendritic spines of
neurons in TBI and treatment with synaptamide was performed by presenting overview
photographs. In the study, micrographs of the ventral and dorsal regions of the lateral
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hippocampus were obtained and are presented in Figure 2. The medial region of the hip-
pocampus was destroyed by TBI, but this was not the case for the lateral region. However,
degenerative changes were observed in the neurons of the lateral region. This study focused
specifically on the dorsal hippocampus, which is responsible for cognitive functions.
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Figure 2. Representative overview images of the region of the lateral ventral (a) and dorsal
(b) hippocampus of mice with TBI and treatment, where the analysis of the dendritic tree and
dendritic spines of neurons was performed. Scale bar: 200 µm.

In the apical dendrites of the CA1 region, there were significant differences in the
number of intersections between the “TBI” and “Sham” groups at a distance of 80 to 270 µm
from the soma (p < 0.05). Between the “TBI” and “Sham + Syn” groups, differences were
present at a distance of 94 to 300 µm (p < 0.05). The “TBI” and “TBI + Syn” groups had the
smallest difference interval, which was a distance from 136 to 282 µm (p < 0.05) (Figure 3a).

Two-way ANOVA of the total number of branches of the CA1 region apical dendrites
revealed a significant effect of injury [F(1, 44) = 4.497; p = 0.0433], and a significant treatment
effect was found [F(1, 44) = 4.25; p = 0.047]. Multiple comparisons revealed a significant
reduction in the number of crossings in the “TBI” vs. “Sham” group (p = 0.03). A similar
result was obtained in the analysis of the total number of intersections: a significant
effect of injury [F(1, 44) = 4.323; p = 0.0476] and a significant treatment effect were found
[F(1, 44) = 0.196; p = 0.047]. However, analysis of the maximum distances of dendrites from
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the center of the soma revealed a significant effect of both injury [F(1, 44) = 10.07, p = 0.0036]
and treatment [F(1, 44) = 10.07; p = 0.0036] (Figure 3b).
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The results are shown as mean ± SEM of n = 12 independent neurons per group. (b) Dendritic tree
analysis parameters of apical dendrites: total number of branches, total number of intersections, slab
voxels, and distance from the soma. The results are shown as mean ± SEM of n = 12 independent
neurons. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).
(c) The graph demonstrates the number of basal dendritic intersections depending on the distance
from the soma. The results are shown as mean ± SEM of n = 12 independent neurons per group.
(d) Dendritic tree analysis parameters of basal dendrites: total number of branches, total number
of intersections, slab voxels, and distance from the soma. The results are shown as mean ± SEM
of n = 12 independent neurons (four animals per group, with three well-stained neurons obtained
from one animal). Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01).
(e) Representative images of the CA1 hippocampal neurons of Golgi–Cox-stained sagittal brain
sections. Scale bar: 50 µm.

In the basal dendrites of the CA1 region, there were significant differences in the
number of intersections between the “TBI” and “Sham” groups at a distance of 36 to 70 µm
from the soma (p < 0.05). Between the “TBI” and “Sham + Syn” groups, differences were
present at a distance of 38 to 84 µm (p < 0.05). The “TBI” and “TBI + Syn” groups did not
have significant differences in the number of intersections (Figure 3c).

Two-way analysis of variance of the total number of branching of the basal dendrites
of the CA1 region revealed a significant treatment effect [F(1, 44) = 14.79; p = 0.0004], but
there was no significant effect of injury [F(1, 44) = 2.114; p = 0.1531]. A similar result
was obtained in the analysis of the slab voxels parameter, where a significant effect of
the treatment was revealed [F(1, 38) = 9.515; p = 0.0038], and there was no effect of injury
[F(1, 44) = 1.84; p = 0.1821]. Analysis of the total length of the dendrites demonstrated no
significant differences between the groups (Figure 3d). Representative images of neurons
are shown in Figure 3e.

To the greatest extent, the changes affected the dendritic morphology in the CA3
region. In the apical dendrites of the CA3 region, there were significant differences in the
number of intersections between the “TBI” and “Sham” groups at a distance of 75 to 240 µm
from the soma (p < 0.05). Between the “TBI” and “Sham + Syn” groups, differences were
present at a distance of 105 to 255 µm (p < 0.05). The “TBI” and “TBI + Syn” groups had the
smallest difference interval, which was a distance from 5 to 85 µm (p < 0.05) (Figure 4a).

Two-way ANOVA of the total number of branches of the CA1 region apical dendrites
revealed a significant effect of injury [F(1, 44) = 17.92; p = 0.0008], but there was no significant
treatment effect [F(1, 44) = 9.904; p = 0.068]. Multiple comparisons revealed a significant
reduction in the number of intersections in the “TBI” vs. “Sham” group (p = 0.004). Slab
voxels analysis reflecting the total length of the dendrites demonstrated a significant effect
of an injury [F(1, 44) = 111.5; p < 0.0001] and treatment [F(1, 28) = 18.77; p = 0.0007] for this
parameter. At the same time, trauma significantly reduced the total length of dendrites
(p < 0.001), and the drug administered to sham-operated animals increased this parameter
(p < 0.001). However, analysis of the mean maximum distance of dendrites from the
center of the soma revealed a significant effect of both injuries [F(1, 44) = 6.43, p = 0.0213]
and treatment [F(1, 44) = 35.54; p < 0.0001], as well as their interactions [F(1, 44) = 7.64,
p = 0.0133]. This indicated a favorable effect of the drug on the dendritic length. Multiple
comparisons revealed a significant reduction in the distance from the soma in the injury
animals compared to the controls (292.00 ± 23.08 in “Sham” vs. 199.00 ± 17.28 in “TBI”,
p = 0.006), while the value in the “TBI + Syn” group was significantly higher than in the
“TBI” group (352 ± 17.19 in “TBI + Syn”, p < 0.0001 compared to “TBI”) (Figure 4b).
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The results are shown as mean ± SEM of n = 12 independent neurons per group. (b) Dendritic tree
analysis parameters of apical dendrites: total number of branches, total number of intersections, slab
voxels, and distance from the soma. The results are shown as mean ± SEM of n = 12 independent
neurons. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001). (c) The graph demonstrates the number of basal dendritic intersections depending
on the distance from the soma. The results are shown as mean ± SEM of n = 12 independent neurons
per group (four animals per group, with three well-stained neurons obtained from one animal).
(d) Dendritic tree analysis parameters of basal dendrites: total number of branches, total number
of intersections, slab voxels, and distance from the soma. The results are shown as mean ± SEM
of n = 12 independent neurons. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05,
** p < 0.01). (e) Representative images of the CA1 hippocampal neurons of Golgi–Cox-stained sagittal
brain sections. Scale bar: 50 µm.

In the basal dendrites of the CA3 region, there were significant differences in the
number of intersections between the “TBI” and “Sham” groups at a distance of 65 to
155 µm from the soma (p < 0.05). Between the “TBI” and “Sham + Syn” groups, differences
were present at a distance of 55 to 150 µm (p < 0.05). The “TBI” and “TBI + Syn” groups
had no significant differences in the number of intersections (Figure 4c). Two-way ANOVA
of the total number of branching of the CA3 region basal dendrites revealed a significant
effect of injury [F(1, 44) = 13.65; p = 0.0027]; however, no significant treatment effect was
found [F(1, 44) = 0.05; p = 0.81]. A similar result was obtained in the analysis of the slab
voxels, where a significant effect of trauma was revealed [F(1, 44) = 8.972; p = 0.01]. In
addition, an effect of the interaction of the two studied factors was found [F(1, 44) = 30.97;
p < 0.0001]. It was in the absence of trauma when the drug was injected that we observed a
significant increase in the number of slab voxels compared to the control (2652.00 ± 54.48
in “Sham” vs. 3646.00 ± 216.37 in “TBI”, p = 0.02). When analyzing the length of dendrites,
expressed as the distance from the soma, we found a significant effect of the interaction
of the studied factors [F(1, 44) = 5.88; p = 0.02]. Thus, it was in trauma that we observed
a reducing effect of the drug on this parameter (190.00 ± 9.38 vs. 147 ± 20.43, p = 0.049)
(Figure 4d). Representative images of neurons are shown in Figure 4e.

In the dendrites of DG granular neurons, there were significant differences in the
number of intersections between the “TBI” and “Sham” groups at a distance of 32 to
152 µm from the soma (p < 0.05). Between the “TBI” and “Sham + Syn” groups, differences
were present at a distance of 64 to 156 µm (p < 0.05). The “TBI” and “TBI + Syn” groups
had the smallest difference interval, which was a distance from 120 to 152 µm (p < 0.05)
(Figure 5a). Representative images of neurons are shown in Figure 5b.

Two-way ANOVA of the total number of branches and number of junctions of the
DG region revealed a significant effect of injury [F(1, 44) = 11.26; p = 0.0014], but there was
no significant treatment effect in both parameters. Slab voxels analysis demonstrated a
significant effect of an injury [F(1, 44) = 10.65; p = 0.0019] and treatment [F(1, 28) = 6.17;
p = 0.0015] for this parameter. In addition, the analysis revealed a significant effect of
treatment on the dendritic length, expressed as the maximum distance from the center
of the soma [F(1, 44) = 11.91; p = 0.0021]. In addition, an effect of injury [F(1, 44) = 5.46;
p = 0.023] as well as interaction effect was found [F(1, 44) = 6.802; p = 0.0154] (Figure 5c).

Thus, the statistical analysis made it possible to draw several conclusions regarding
the effect of synaptamide on the morphology of hippocampal dendrites. In the CA1, CA3,
and DG regions, synaptamide interfered with the TBI-associated decrease in the number
of apical dendritic intersections in a certain range of distances from the soma. Treatment
with synaptamide prevented the TBI-mediated decrease in the mean maximum distance
from the soma of the CA1 region apical dendrites and DG granular neuron dendrites. In
the CA3 region, which was the most damaged during trauma, the drug did not affect this
parameter. In addition, synaptamide increased the total number of branches in the basal
dendrites of the CA1 region.
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intersections, slab voxels, and distance from the soma. The results are shown as mean ± SEM of n = 
12 independent neurons (four animals per group, with three well-stained neurons obtained from 
one animal). Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 5. Hippocampal DG granular neurons in TBI and synaptamide treatment. (a) The graph
demonstrates the number of dendritic intersections depending on the distance from the soma. The
results are shown as mean ± SEM of n = 12 independent neurons per group. (b) Representative
images of the DG granular neurons of Golgi–Cox-stained sagittal brain sections. Scale bar: 50 µm.
(c). Dendritic tree analysis parameters of apical dendrites: total number of branches, total number
of intersections, slab voxels, and distance from the soma. The results are shown as mean ± SEM of
n = 12 independent neurons (four animals per group, with three well-stained neurons obtained from
one animal). Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001).

2.3. The Impact of Trauma and Treatment on Dendritic Spine Morphology

Quantitative analysis of dendritic spines revealed a significant decrease in the total
number of spines during trauma in the CA1 region apical dendrites (2.62 ± 0.14—“Sham”
vs. 2.09 ± 0.13—“TBI”, p < 0.01). This decrease occurred mainly due to thin spines
(0.90 ± 0.12—“Sham” vs. 0.49 ± 0.06—“TBI”, p < 0.05), and the ratio of mushroom spines
did not change as a result of injury. Treatment with synaptamide prevented a decrease in
the total spine number and number of thin spines. Two-way ANOVA revealed an effect for
both injury [F(1, 32) = 4.66.1; p = 0.049] and treatment [F(1, 44) = 5.74; p = 0.01] (Figure 6a).
The basal spines did not undergo quantitative changes either during trauma or during
treatment (Figure 6b).

In the CA3 region, trauma did not affect the number of spines on the apical dendrites;
however, the drug administration significantly increased the density of the spines compared
to the control (1.67 ± 0.13—“Sham” vs. 2.56 ± 0.20—“Sham + Syn”, p < 0.001). As in the
case of the CA1 region, the increase occurred mainly due to changes in the number of
thin spines (0.35 ± 0.02—“Sham” vs. 087 ± 0.15—“Sham + Syn”, p < 0.01). Two-way
ANOVA revealed a significant treatment effect [F(1, 44) = 366.1; p < 0.0001] (Figure 6c).
When analyzing the basal spines of the CA3 region, we found that trauma significantly
reduced the total number of spines (2.78 ± 0.26—“Sham” vs. 2.20 ± 0.15—“TBI”, p < 0.001),
but the treatment did not affect their number. Two-way ANOVA revealed a significant
effect of injury [F(1, 44) = 9.306; p = 0.0057] (Figure 6d).
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Figure 6. Dendritic spines in the hippocampus CA1, CA3, and DG neurons during TBI and synap-
tamide treatment were visualized by Golgi–Cox staining. (a) Representative images demonstrating 
Figure 6. Dendritic spines in the hippocampus CA1, CA3, and DG neurons during TBI and synap-
tamide treatment were visualized by Golgi–Cox staining. (a) Representative images demonstrating
dendritic spines in the apical dendrites of hippocampal CA1 pyramidal neurons (left) and spine
number quantification per 1 µm (right), * p < 0.05, ** p < 0.01. (b) Representative images demonstrat-
ing dendritic spines in the basal dendrites of hippocampal CA1 pyramidal neurons (left) and spine
number quantification per 1 µm (right). (c) Representative images demonstrating dendritic spines in
the apical dendrites of hippocampal CA3 pyramidal neurons (left) and spine number quantification
per 1 µm (right), ** p < 0.01, *** p < 0.001, **** p < 0.0001. (d) Representative images demonstrating
dendritic spines in the basal dendrites of hippocampal CA3 pyramidal neurons (left) and spine
number quantification per 1 µm (right), * p < 0.05, ** p < 0.01, *** p < 0.001. (e) Representative images
demonstrating dendritic spines in the dendrites of hippocampal DG granular neurons (left) and spine
number quantification per 1 µm (right), ** p < 0.01, *** p < 0.001, **** p < 0.0001. The results are shown
as mean ± SEM of n = 12 independent neurons (four animals per group, with three well-stained
neurons obtained from one animal). Two-way ANOVA followed by Tukey’s post hoc test.
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In the DG region, we did not find an effect of trauma on the density of spines; however,
the drug administration significantly increased this parameter (1.49 ± 0.07—“Sham” vs.
2.35 ± 0.16—“Sham + Syn”, p < 0.0001). An increase in the density of spines occurred both
due to mushroom-shaped (0.63 ± 0.04—“Sham” vs. 1.01 ± 0.7—“Sham + Syn”, p < 0.01)
and thin spines (0.28 ± 0.04—“Sham” vs. 0.93 ± 0.05—“Sham + Syn”, p < 0.0001). In the
mushroom spines, an increase in density was observed in the synaptamide-treated TBI
group compared to the “TBI” group (p < 0.0001). Two-way ANOVA of the total spine
number revealed a significant treatment effect [F(1, 44) = 57.40; p < 0.0001] (Figure 6e).

Thus, we concluded that in the CA1 region dendrites, synaptamide was effective in
preventing the TBI-associated reduction in spine density. At the same time, in the CA3 and
DG regions, the drug increased the density of spines, regardless of the presence of TBI. The
injury itself had no significant effect on the density of spines in the CA3 and DG regions
except for the basal dendrites of the CA3 region.

2.4. The Effect of TBI and Synaptamide Treatment on the State of Hippocampal Microglia and the
Production of Pro- and Anti-Inflammatory Factors

In order to explore the effects of TBI and treatment on microglial activation within
the hippocampus, we performed an immunohistochemical analysis using the microglial
marker Iba-1. Specifically, we examined the ipsi- and contralateral hippocampus. The
accompanying Figure 7a displays sample photomicrographs of Iba-1-positive stained CA1,
CA3, and DG regions of the ipsilateral hippocampal coronal sections.
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CA3, and DG areas of ipsilateral hippocampal coronal sections. Scale bar: 100 µm. (b) Iba-1-positive 
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± SEM of n = 10 independent slices. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, 
** p < 0.01, *** p < 0.001, **** p < 0.0001). 
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tion (99.28 ± 2.05 pg/mg of protein—“TBI” vs. 108.05 ± 2.18 pg/mg of protein—“TBI + Syn”, 
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= 4.102; p = 0.048] (Figure 8d). This suggested that in the untreated animals, TBI caused a 
decrease in IL-10 production, while treatment with synaptamide prevented such a de-
crease. An increase in CD206 and IL-10 production with a simultaneous increase in Iba-1 
immunoreactivity in the synaptamide-treated TBI animals may indicate a stimulating ef-
fect of synaptamide on the polarization of microglia towards the M2 phenotype. 
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6.78; p = 0.0125] were found (Figure 8e). A similar effect was also found in the contralateral 
hippocampus, where the treatment effect was [F(1, 37) = 36.12; p < 0.0001], and the effect 
of the factors’ interaction was [F(1, 37) = 7.88; p = 0.0074] (Figure 8f). This result indicated 
that synaptamide treatment reduced the production of the pro-inflammatory cytokine IL-

Figure 7. Iba-1 immunoreactivity within the CA1, CA3, and DG hippocampal areas in TBI and
synaptamide treatment groups. (a) Representative photomicrographs of Iba-1-positive stained CA1,
CA3, and DG areas of ipsilateral hippocampal coronal sections. Scale bar: 100 µm. (b) Iba-1-positive
stained area in CA1, CA3, and DG areas of the ipsilateral hippocampus, %. (c) Iba-1-positive stained
area in CA1, CA3, and DG areas of the contralateral hippocampus, %. The results are shown as
mean ± SEM of n = 10 independent slices. Two-way ANOVA followed by Tukey’s post hoc test
(* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

We found that in the ipsilateral hippocampus, injury significantly increased Iba-1 im-
munoreactivity in the CA1 (1.59 ± 0.41—“Sham” vs. 12.94 ± 1.28—“TBI”, p < 0.0001), CA3
(2.84 ± 0.57—“Sham” vs. 28.95 ± 3.07—“TBI”, p < 0.0001) and DG (1.47 ± 0.36—“Sham”
vs. 4.92 ± 0.45—“TBI”, p < 0.0001) regions. Two-way ANOVA revealed a significant effect
of injury [F(1, 36) = 82.30; p < 0.0001]; however, no treatment effect was observed. In
the CA3 region, two-way ANOVA revealed a significant effect of injury (F(1, 36) = 102.4;
p < 0.0001) and treatment [F(1, 36) = 5.104; p = 0.0293], and it identified a significant interac-
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tion between injury and treatment [F(1, 36 = 13.15; p = 0.0008]. This result indicated that
synaptamide prevented the development of a TBI-mediated increase in Iba-1 immunoreac-
tivity. A significant effect of injury was found in the DG region [F(1, 36) = 102.40, p < 0.0001],
as was an effect of treatment [F(1, 36) = 5.104, p = 0.029,] and interaction [F(1, 36) = 13.15,
p = 0.0008]. This result reflected the dynamics of the changes in Iba-1 immunoreactivity,
since in the mice with TBI, synaptamide increased Iba-1 immunoreactivity by almost two
times (4.92 ± 0.45—“TBI” vs. 8.47 ± 0.76—“TBI + Syn”, p = 0.0011) (Figure 7b). In the
contralateral hippocampus, changes in Iba-1 immunoreactivity were not so pronounced;
however, in general, the directions of the changes were similar to those in the ipsilat-
eral hippocampus. In the CA1 and CA3 regions, synaptamide prevented an increase in
TBI-mediated immunoreactivity (Figure 7c).

We conducted a study to explore the impact of synaptamide on the Iba1-immunoreactivity
in the hippocampus. Our focus was on the production of pro-inflammatory cytokines
(IL-1β, IL-6) and anti-inflammatory factors (IL-10, CD206) within the hippocampus us-
ing ELISA. Apart from cytokines, we also examined CD206 immunoreactivity, a pro-
tein commonly found in the M2 (anti-inflammatory) macrophage population, as an anti-
inflammatory marker [11]. Two-way ANOVA of the changes in CD206 dynamics in the
ipsilateral hippocampus demonstrated a significant effect of injury [F(1, 37) = 7.22; p = 0.01]
and treatment [F(1, 37) = 7.865; p = 0.0075]. This result reflected the fact that an increase in
CD206 production occurred only in the synaptamide-treated TBI animals (104.07 ± 2.75%—
“TBI” vs. 121.65 ± 4.82%—“TBI + Syn”, p = 0.006) (Figure 8a). In the contralateral hip-
pocampus, we did not find statistically significant changes in the production (Figure 8b).
We observed a similar result for the anti-inflammatory cytokine IL-10 in the ipsilateral
hippocampus; two-way ANOVA revealed a significant treatment effect [F(1, 37) = 6.894;
p = 0.0116]. In the synaptamide-treated TBI animals, there was an increase in IL-10 pro-
duction (99.28 ± 2.05 pg/mg of protein—“TBI” vs. 108.05 ± 2.18 pg/mg of protein—
“TBI + Syn”, p = 0.0072) (Figure 8c). In the contralateral hippocampus, the analysis revealed
a significant treatment effect [F(1, 37) = 8.22; p = 0.006] and an injury/treatment interaction
[F(1, 37) = 4.102; p = 0.048] (Figure 8d). This suggested that in the untreated animals, TBI
caused a decrease in IL-10 production, while treatment with synaptamide prevented such
a decrease. An increase in CD206 and IL-10 production with a simultaneous increase in
Iba-1 immunoreactivity in the synaptamide-treated TBI animals may indicate a stimulating
effect of synaptamide on the polarization of microglia towards the M2 phenotype.

At the same time, in the sham-operated animals, synaptamide administration caused
a decrease in the production of the pro-inflammatory cytokine IL-1β (36.37 ± 1.18 pg/mg
of protein—“TBI” vs. 26.94 ± 1.71 pg/mg of protein—“TBI + Syn”, p = 0.0019). A sig-
nificant treatment effect [F(1, 37) = 11.31; p = 0.0016] and an injury/treatment interaction
[F(1, 37) = 6.78; p = 0.0125] were found (Figure 8e). A similar effect was also found in the
contralateral hippocampus, where the treatment effect was [F(1, 37) = 36.12; p < 0.0001], and
the effect of the factors’ interaction was [F(1, 37) = 7.88; p = 0.0074] (Figure 8f). This result
indicated that synaptamide treatment reduced the production of the pro-inflammatory
cytokine IL-1β in the hippocampus, but this decrease was affected by the presence or ab-
sence of trauma. Thus, in the absence of injury, we observed a more pronounced decrease,
although a significant decrease in IL-1β production was also present in the TBI animals.

At the same time, the production of another pro-inflammatory cytokine, IL-6, changed
to a different kind. Thus, TBI increased the production of IL-6, and treatment with synap-
tamide did not interfere with this effect. Two-way ANOVA revealed a significant effect
of injury [F(1, 37) = 15.95; p = 0.0002] and no treatment effect. These results explained the
increase in Iba-1 immunoreactivity in the “TBI” group (Figure 8g). At the same time, we did
not find statistically significant differences in the contralateral hippocampus (Figure 8h).
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Figure 8. Effect of synaptamide on TBI-induced production of pro- and anti-inflammatory factors,
and superoxide dismutase (SOD) activity within the hippocampus. (a) CD-206 production within
the ipsilateral hippocampus, %. (b) CD-206 production within the contralateral hippocampus, %.
(c) IL-10 production within the ipsilateral hippocampus. (d) IL-10 production within the contralateral
hippocampus, pg/1 mg of protein. (e) IL-1β production within the ipsilateral hippocampus, pg/1 mg
of protein. (f) IL-1β production within the contralateral hippocampus, pg/1 mg of protein. (g) IL-6
production within the ipsilateral hippocampus, pg/1 mg of protein. (h) IL-6 production within the
contralateral hippocampus, pg/1 mg of protein. (I) SOD activity within the ipsilateral hippocampus.
(J) SOD activity within the contralateral hippocampus. The results are shown as mean ± SEM of
n = ten independent samples (five animals per group, with two samples per one animal). Two-way
ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).

Thus, TBI is accompanied by a dynamic change in the production of pro- and anti-
inflammatory cytokines and M1-microglia polarization. The data obtained indicate that
synaptamide in TBI promotes M2 polarization of microglia, with a shift in the profile of
secreted cytokines towards the anti-inflammatory side.

Following TBI, microglia are quickly activated, producing high levels of ROS via
mitochondrial and NADPH oxidase pathways, damaging neurons and glial cells due to
oxidative stress. Oxidative stress, which occurs when there is an imbalance between the
production of reactive oxygen species (ROS) and antioxidant enzymes, is known to play
a significant role in secondary neuronal damage in TBI. A maladaptive increase in ROS
production leads to neuronal damage and apoptotic cell death [12]. In this study, we
evaluated the activity of the antioxidant enzyme superoxide dismutase (SOD) in order to
assess the antioxidant capacity of synaptamide.

In the study of SOD activity in the ipsilateral hippocampus, we found a stimulating
effect of synaptamide on the production of this enzyme. Two-way ANOVA showed a
significant effect of treatment [F(1, 36) = 11.65; p = 0.003] and an injury/treatment interaction
of injury factors [F(1, 36) = 7.02; p = 0.017] (Figure 8I). In the contralateral hippocampus,
two-way ANOVA revealed a significant effect of treatment [F(1, 36) = 8.38; p = 0.01]
(Figure 8J).

2.5. The Effect of TBI and Synaptamide Treatment on the State of Hippocampal Astroglia

Astrocytes play a crucial role in the brain, as they are involved in the formation of the
blood–brain barrier, maintaining ion balance, and regulating energy metabolism. However,
in cases of traumatic brain injury, astrocytes can have a dual effect. On the one hand, they
can form a protective astroglial scar that prevents further damage to other parts of the brain.
On the other hand, altered astrocytes may release excessive amounts of excitatory amino
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acids, leading to excitotoxicity and neuronal loss. To better understand how astrocytes
change during trauma and treatment, we utilized astrocytic markers GFAP and vimentin
in our studies [13].

GFAP is the main protein component of glial intermediate filaments, which is known
to be markedly increased in TBI. In addition, the blood level of GFAP is used as a biomarker
for the severity of brain damage [14]. A week after injury, we found increased GFAP
immunoreactivity in both the ipsi- and contralateral hippocampus (Figure 9a). However,
in the ipsilateral hippocampus, the drug prevented the development of astrogliosis to a
much lesser extent than in the contralateral one, where the immunoreactivity in the treated
animals with TBI was lower than in the animals without treatment. In the CA1 region of
the ipsilateral hippocampus, two-way ANOVA revealed a significant effect of both injury
[F(1, 36) = 64.35; p < 0.0001] and treatment [F(1, 36) = 19.09; p < 0.0001]. Interestingly, in the
synaptamide-treated sham-operated animals, immunoreactivity was two times lower than
in the sham-operated animals without treatment (18.88 ± 1.02—“Sham” vs. 9.20 ± 1.02—
“Sham + Syn”, p = 0.011). In the CA3 region, where the damage was most extensive, a
significant effect of injury was found [F(1, 36) = 24.58; p < 0.0001], but no treatment effect
was revealed. In the DG region, we identified a significant effect of injury [F(1, 36) = 32.16;
p < 0.0001] and treatment [F(1, 36) = 16.98; p = 0.0002] due to the pronounced effect of
synaptamide on the level of GFAP in the sham-operated animals (24.26 ± 1.30—“Sham” vs.
10.17 ± 2.18—“Sham + Syn”, p = 0.008) (Figure 9b).
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nificant effect of injury [F(1, 36) = 45, 67; p < 0.0001], treatment [F(1, 36) = 103.8; p < 0.0001,], 
and injury/treatment interaction [F(1, 36) = 48.48; p < 0.0001] was revealed in the CA1 re-
gion. In the CA3 region, a significant effect of injury [F(1, 36) = 88.62; p < 0.0001], treatment 
[F(1, 37) = 75, 11; p < 0.0001], and injury/treatment interaction [F(1, 36) = 32.29; p < 0.0001] 
was found. In the DG region, a significant effect of injury [F(1, 36) = 13.80; p = 0.0006], 
treatment [F(1, 37) = 18.62; p < 0.0001], and injury/treatment interaction [F(1, 36) = 23.06; p 
< 0.0001] was found (Figure 10c). 

Figure 9. GFAP immunoreactivity within the CA1, CA3, and DG hippocampal areas in TBI and
synaptamide treatment. (a) Representative photomicrographs of GFAP-positive stained CA1, CA3,
and DG areas of ipsilateral hippocampal coronal sections. Scale bar: 100 µm. (b) GFAP-positive
stained area in CA1, CA3, and DG areas of the ipsilateral hippocampus, %. (c) GFAP-positive stained
area in CA1, CA3, and DG areas of the contralateral hippocampus, %. The results are shown as
mean ± SEM of n = 10 independent slides (five animals, with two slides from one animal containing
four to five sections). Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). Another extremely important astroglial marker is vimentin, the level
of which in the brain, as with GFAP, is usually increased in TBI. In general, the pattern of vimentin
production in our model looked very similar to that of GFAP (Figure 10a). In both the ipsi- and
contralateral hippocampus, TBI caused a powerful increase in vimentin immunoreactivity. In the
CA1 region of the ipsilateral hippocampus, two-way ANOVA revealed a significant effect of injury
[F(1, 36) = 254.6; p < 0.0001] but no treatment effect. A similar picture developed in the DG region,
where the effect of trauma was significant [F(1, 36) = 78, 66; p < 0.0001]. However, in the CA3
region, synaptamide effectively prevented the TBI-induced increase in vimentin immunoreactivity. A
significant effect of injury [F(1, 36) = 106.8; p < 0.0001] and treatment [F(1, 36) = 24.77; p < 0.0001] was
found (Figure 10b).
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positive stained CA1, CA3, and DG areas of the ipsilateral hippocampus, %. (c) Vimentin-positive 
stained area in CA1, CA3, and DG areas of the contralateral hippocampus, %. The results are shown 
as mean ± SEM of n = 10 independent slides (five animals, with two slides from one animal contain-
ing four to five sections). Two-way ANOVA followed by Tukey’s post hoc test (** p < 0.01, **** p < 
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DG with immunopositive cells. We found that TBI significantly reduced the number of 
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the sham-operated animals (534.44 ± 32.77—“Sham” vs. 67.31 ± 13.98—“TBI”, p < 0.0001). 
However, synaptamide therapy was unable to prevent such a dramatic decrease in Arc 
production (77.24 ± 24.33—“TBI + Syn”). Two-way ANOVA revealed a significant effect of 
injury [F(1, 36) = 94.17; p < 0.0001] (Figure 11c). However, in the contralateral hippocam-
pus, Arc production decreased due to TBI to a lesser extent than in the ipsilateral hippo-
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Figure 10. Vimentin immunoreactivity within the CA1, CA3, and DG hippocampal areas in TBI and
synaptamide treatment. (a) Representative photomicrographs of vimentin-positive stained CA1, CA3,
and DG areas of ipsilateral hippocampal coronal sections. Scale bar: 100 µm. (b) Vimentin-positive
stained CA1, CA3, and DG areas of the ipsilateral hippocampus, %. (c) Vimentin-positive stained
area in CA1, CA3, and DG areas of the contralateral hippocampus, %. The results are shown as
mean ± SEM of n = 10 independent slides (five animals, with two slides from one animal containing
four to five sections). Two-way ANOVA followed by Tukey’s post hoc test (** p < 0.01, **** p < 0.0001).

In the contralateral hippocampus, synaptamide effectively prevented the TBI-mediated
increase in GFAP immunoreactivity. Thus, in the CA1 region, two-way ANOVA revealed a
significant effect of injury [F(1, 36) = 82.43; p < 0.0001], treatment [F(1, 36) = 75.68; p < 0.0001],
and injury/treatment interaction [F(1, 37) = 10.04; p = 0.0032]. In the synaptamide-treated
TBI animals, the GFAP level was significantly lower than in the animals without treatment
(24.26 ± 2.00—“TBI” vs. 11.04 ± 1.09—“TBI + Syn”, p < 0.0001). In the CA3 region,
two-way ANOVA revealed a significant effect of injury [F(1, 36) = 31.42; p < 0.0001],
treatment [F(1, 36) = 77.03; p < 0.0001], and injury/treatment interaction [F(1, 36) = 9.45;
p = 0.0041]. There were also injury [F(1, 37) = 9.76; p = 0.0036] and treatment [F(1, 36) = 116.3;
p < 0.0001] effects in the DG region. However, the effect of injury only appeared among
the animals treated with synaptamide. In the untreated animals, TBI did not affect GFAP
immunoreactivity (Figure 9c). The obtained data demonstrated a synaptamide-induced
decrease in GFAP immunoreactivity, mainly in the contralateral hippocampus. In the
ipsilateral hippocampus, synaptamide only modestly inhibited the increase in GFAP levels,
probably due to significant damage and astroglial scar formation.

In the contralateral hippocampus, synaptamide not only effectively prevented the TBI-
mediated decrease in vimentin immunoreactivity (“TBI”) but also reduced vimentin levels
in the sham-operated animals in the CA1 and CA3 regions (“Sham”). Thus, a significant
effect of injury [F(1, 36) = 45, 67; p < 0.0001], treatment [F(1, 36) = 103.8; p < 0.0001,], and
injury/treatment interaction [F(1, 36) = 48.48; p < 0.0001] was revealed in the CA1 region.
In the CA3 region, a significant effect of injury [F(1, 36) = 88.62; p < 0.0001], treatment
[F(1, 37) = 75, 11; p < 0.0001], and injury/treatment interaction [F(1, 36) = 32.29; p < 0.0001]
was found. In the DG region, a significant effect of injury [F(1, 36) = 13.80; p = 0.0006],
treatment [F(1, 37) = 18.62; p < 0.0001], and injury/treatment interaction [F(1, 36) = 23.06;
p < 0.0001] was found (Figure 10c).

2.6. TBI and Synaptamide Effect on Hippocampal Arc-Protein Production and Adult Neurogenesis

An activity-regulated cytoskeletal gene (Arc or Arg3.1) encodes a protein that is
expressed in the postsynaptic density (PSD) and is inherently associated with the regulation
of synaptic plasticity and, consequently, memory consolidation processes [15]. In vitro
studies have demonstrated that Arc blocking promotes neuronal death after traumatic
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neuronal injury through necroptosis and apoptosis. However, there are practically no data
in the literature on the changes in Arc protein production during TBI in vivo.

Figure 11a,b show representative images of the ipsi- and contralateral hippocampus
DG with immunopositive cells. We found that TBI significantly reduced the number of
Arc-positive neurons in the dentate gyrus of the ipsilateral hippocampus compared with
the sham-operated animals (534.44 ± 32.77—“Sham” vs. 67.31 ± 13.98—“TBI”, p < 0.0001).
However, synaptamide therapy was unable to prevent such a dramatic decrease in Arc
production (77.24 ± 24.33—“TBI + Syn”). Two-way ANOVA revealed a significant effect of
injury [F(1, 36) = 94.17; p < 0.0001] (Figure 11c). However, in the contralateral hippocampus,
Arc production decreased due to TBI to a lesser extent than in the ipsilateral hippocampus
(593.60 ± 39.42—“Sham” vs. 395.95 ± 35.00—“TBI”, p = 0.004), and treatment with synap-
tamide prevented such changes (649.64 ± 31.53—“TBI + Syn”). Two-way ANOVA revealed
a significant effect of treatment [F(1, 132) = 6.85; p = 0.009] and injury/treatment interaction
[F(1, 36) = 14.43; p = 0.0002] (Figure 11d).
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campus, %. (c) Quantification of Arc-positive cells in DG area of the ipsilateral hippocampus, %. The 
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one animal containing four to five sections). (d) Quantification of Arc-positive cells in DG area of 
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slices. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, **** p < 0.0001). 
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Two-way ANOVA showed a significant effect of injury [F(1, 36) = 29.88; p < 0.001], treat-
ment [F(1, 36) = 23.70; p < 0.001], and injury/treatment interaction [F(1, 36) = 43.15; p < 
0.001]. This result reflected the significant effect of the drug on the number of Ki-67-posi-
tive cells in the animals with TBI (Figure 12c). In the contralateral hippocampus, a signif-
icant effect of trauma was found [F(1, 36) = 16.17; p < 0.0001]. The number of Ki-67-positive 
cells was significantly higher than in the sham-operated animals (500.70 ± 85.00—“TBI” 
vs. 1216.23 ± 192.06—“TBI + Syn”, p = 0.002) (Figure 12d). 

Figure 11. Arc immunoreactivity within the DG hippocampal area in TBI and synaptamide treatment.
(a) Representative photomicrographs of Arc-positive stained DG area of ipsilateral hippocampal
coronal sections. Scale bar: 100 µm. (b) Arc-positive stained DG area of the contralateral hippocampus,
%. (c) Quantification of Arc-positive cells in DG area of the ipsilateral hippocampus, %. The results
are shown as mean ± SEM of n = 34 independent slides (five animals, with two slides from one
animal containing four to five sections). (d) Quantification of Arc-positive cells in DG area of the
contralateral hippocampus, %. The results are shown as mean ± SEM of n = 34 independent slices.
Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, **** p < 0.0001).

Adult neurogenesis is a vital aspect of the brain’s neuronal plasticity, which is ongoing
throughout life thanks to active stem cells in the hippocampus and olfactory bulbs [16].
Memory and learning are underpinned by the creation of new neurons and their integration
into neural networks in the hippocampus [17]. Neurodegenerative diseases and traumatic
brain injuries have been associated with alterations in neurogenesis levels. For instance,
TBI boosts hippocampal neurogenesis for the first 7 days after injury while simultaneously
reducing neuronal survival [18].

Figure 12a,b show representative images of the ipsi- and contralateral hippocampus
DG with Ki-67-positive cells. In our study, adult neurogenesis was assessed by quantifying
the proliferation marker Ki-67 in the hippocampal subgranular zone of the dentate gyrus
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(DG SGZ) and by doublecortin (DCX), a marker of newly formed neurons. However, in
our study, 7 days after injury, the number of Ki-67-immunopositive cells in the DG SGZ
of the ipsilateral hippocampus did not increase compared to the sham-operated animals.
However, the drug significantly increased the number of Ki-67-positive cells in the injured
animals (603.97 ± 85.00—“TBI” vs. 2101.24 ± 279.50—“TBI + Syn”, p < 0.0001). Two-
way ANOVA showed a significant effect of injury [F(1, 36) = 29.88; p < 0.001], treatment
[F(1, 36) = 23.70; p < 0.001], and injury/treatment interaction [F(1, 36) = 43.15; p < 0.001].
This result reflected the significant effect of the drug on the number of Ki-67-positive cells
in the animals with TBI (Figure 12c). In the contralateral hippocampus, a significant effect
of trauma was found [F(1, 36) = 16.17; p < 0.0001]. The number of Ki-67-positive cells
was significantly higher than in the sham-operated animals (500.70 ± 85.00—“TBI” vs.
1216.23 ± 192.06—“TBI + Syn”, p = 0.002) (Figure 12d).
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ating cells in the DG SGZ, the number of newly formed neurons in the animals with TBI 
without treatment in the ipsilateral hippocampus decreased (3777.247 ± 440.71—“Sham” 
vs. 2172.05 ± 224.66—“TBI”, p = 0.007), which indicated a decrease in the survival of neu-
rons. However, the synaptamide-treated animals with TBI did not show a decrease in the 
number of DCX-positive cells (3911.69 ± 426.61). Two-way ANOVA revealed a significant 
effect of injury [F(1, 132) = 4.24; p = 0.047], treatment [F(1, 132) = 4.91; p = 0.029], and in-
jury/treatment interaction [F(1, 132) = 5.81; p = 0.018] (Figure 13c). 

An interesting situation was observed in the contralateral hippocampus, where TBI 
in combination with synaptamide administration significantly increased the number of 
DCX-positive cells in the DG SGZ (3062.62 ± 310.87—“Sham” vs. 6643.64 ± 643.01—“TBI + 
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p < 0.0001] and injury/treatment interaction [F(1, 36) = 11.57; p = 0.0009] (Figure 13d). 

Figure 12. Ki-67 immunoreactivity within the hippocampal DG SGZ in TBI and synaptamide
treatment. (a) Representative photomicrographs of Ki-67-positive stained DG area of ipsilateral hip-
pocampal coronal sections. Scale bar: 100 µm. (b) Ki-67-positive stained DG area of the contralateral
hippocampus, %. (c) Quantification of Ki-67-positive cells in DG area of the ipsilateral hippocampus,
%. The results are shown as mean ± SEM of n = 34 independent slides (five animals, with two slides
from one animal containing four to five sections). (d) Quantification of Ki-67-positive cells in DG area
of the contralateral hippocampus, %. The results are shown as mean ± SEM of n = 34 independent
slices. Two-way ANOVA followed by Tukey’s post hoc test (** p < 0.01, **** p < 0.0001).

Figure 13a,b show representative images of the ipsi- and contralateral hippocampus
DG with DCX-positive cells. Despite the absence of a decrease in the number of prolifer-
ating cells in the DG SGZ, the number of newly formed neurons in the animals with TBI
without treatment in the ipsilateral hippocampus decreased (3777.247 ± 440.71—“Sham”
vs. 2172.05 ± 224.66—“TBI”, p = 0.007), which indicated a decrease in the survival of
neurons. However, the synaptamide-treated animals with TBI did not show a decrease
in the number of DCX-positive cells (3911.69 ± 426.61). Two-way ANOVA revealed a
significant effect of injury [F(1, 132) = 4.24; p = 0.047], treatment [F(1, 132) = 4.91; p = 0.029],
and injury/treatment interaction [F(1, 132) = 5.81; p = 0.018] (Figure 13c).
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campal coronal sections. Scale bar: 100 µm. (b) DCX-positive stained DG area of the contralateral 
hippocampus, %. (c) Quantification of DCX-positive cells in DG area of the ipsilateral hippocampus, %. 
The results are shown as mean ± SEM of n = 34 independent slides (five animals, with two slides 
from one animal containing four to five sections). (d) Quantification of DCX-positive cells in DG 
area of the contralateral hippocampus, %. The results are shown as mean ± SEM of n = 34 independ-
ent slices. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, **** p < 0.0001). 
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Figure 13. DCX immunoreactivity within the hippocampal DG SGZ in TBI and synaptamide treat-
ment. (a) Representative photomicrographs of DCX-positive stained DG area of ipsilateral hip-
pocampal coronal sections. Scale bar: 100 µm. (b) DCX-positive stained DG area of the contralateral
hippocampus, %. (c) Quantification of DCX-positive cells in DG area of the ipsilateral hippocampus,
%. The results are shown as mean ± SEM of n = 34 independent slides (five animals, with two slides
from one animal containing four to five sections). (d) Quantification of DCX-positive cells in DG area
of the contralateral hippocampus, %. The results are shown as mean ± SEM of n = 34 independent
slices. Two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, **** p < 0.0001).

An interesting situation was observed in the contralateral hippocampus, where TBI in
combination with synaptamide administration significantly increased the number of DCX-
positive cells in the DG SGZ (3062.62± 310.87—“Sham” vs. 6643.64± 643.01—“TBI + Syn”,
p < 0.0001). Two-way ANOVA revealed a significant effect of injury [F(1, 36) = 47.75;
p < 0.0001] and injury/treatment interaction [F(1, 36) = 11.57; p = 0.0009] (Figure 13d).

2.7. Anti-Apoptotic Activities of Synaptamide in TBI

Figure 14a shows representative photomicrographs of Bcl-2-positive stained CA1,
CA3, and DG areas of ipsilateral hippocampal coronal sections. The study of the anti-
apoptotic factor Bcl-2 production in the ipsilateral hippocampus revealed a significant
TBI-induced increase in Bcl-2 immunoreactivity in the CA1 (0.66 ± 0.23—“Sham” vs.
5.83 ± 0.60—“TBI”, p < 0.0001), CA3 (0.82 ± 0.23—“Sham” vs. 11.89 ± 2.00—“TBI”,
p = 0.009), and DG (1.31 ± 0.25—“Sham” vs. 7.11 ± 0.99—“TBI”, p < 0.0001) regions. Two-
way ANOVA revealed a significant effect of injury in the CA1 [F(1, 36) = 80.98; p < 0.0001],
CA3 [F(1, 36) = 83.62; p < 0.0001], and DG [F(1, 36) = 64.99; p < 0.0001] regions. At the same
time, a significant effect of treatment [F(1, 36) = 24.00; p < 0.0001] and injury/treatment
interaction [F(1, 36) = 29.81; p < 0.0001] was revealed in the CA3 region, which indicated the
inhibitory effect of synaptamide on the excessive increase in Bcl-2 production (Figure 15b).
In the contralateral hippocampus, a more moderate increase in Bcl-2 immunoreactivity
was observed, which was expressed only in the CA3 region. Two-way ANOVA revealed
a significant treatment effect [F(1, 36) = 6.68; p = 0.013], and injury/treatment interaction
[F(1, 36) = 4.77; p = 0.035] in the CA1 region; injury effect [F(1, 36) = 5.00; p = 0.03], treat-
ment [F(1, 36) = 11.71; p = 0.001], and interaction [F(1, 36) = 11.38; p = 0.001] in the CA3
region; and treatment effect [F(1, 36) = 10.50; p = 0.002] and injury/treatment interaction
[F(1, 36) = 7.114; p = 0.01] in the DG region (Figure 15c). The obtained results indicated that
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in the damaged hippocampus, synaptamide increased the production of the anti-apoptotic
factor Bcl-2, which ultimately prevented neuronal death.
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sentative photomicrographs of Bcl-2-positive stained CA1, CA3, and DG areas of ipsilateral hippo-
campal coronal sections. Scale bar: 100 µm. (b) Bcl-2-positive stained area in CA1, CA3, and DG 
areas of the ipsilateral hippocampus, %. (c) Bcl-2-positive stained area in CA1, CA3, and DG areas 
of the contralateral hippocampus, %. The results are shown as mean ± SEM of n = 10 independent 
slides (five animals, with two slides from one animal containing four to five sections). Two-way 
ANOVA followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). 

To assess the effectiveness of neuroprotective therapy with synaptamide, in addition 
to studying the production of the anti-apoptotic factor Bcl-2, we examined the production 
of the pro-apoptotic factor Bad (Figure 15a). We found a significant increase in the Bad 
production of TBI in all regions of the ipsilateral hippocampus (Figure 15b). At the same 
time, synaptamide was unable to prevent apoptotic cell death in the CA1 and CA3 regions 
of the hippocampus. Two-way analysis of variance revealed a significant effect of injury 
in both the CA1 [F(1, 36) = 7, 126; p = 0.011] and CA3 regions [F(1, 36) = 4.205; p = 0.049]. It 
was only in the DG region that treatment with synaptamide effectively prevented the TBI-
mediated decrease in Bad immunoreactivity. Two-way analysis of variance revealed a sig-
nificant effect of both injury [F(1, 36) = 11.88; p = 0.001] and treatment [F(1, 36) = 12.37; p = 
0.001] as well as an effect of the interaction of factors [F(1, 37) = 7.204; p = 0.01]. No signif-
icant increase in Bad production was observed in the contralateral hippocampus (Figure 
15c). 

 

Figure 14. Bcl-2 production within the hippocampus in TBI and synaptamide treatment. (a) Represen-
tative photomicrographs of Bcl-2-positive stained CA1, CA3, and DG areas of ipsilateral hippocampal
coronal sections. Scale bar: 100 µm. (b) Bcl-2-positive stained area in CA1, CA3, and DG areas of
the ipsilateral hippocampus, %. (c) Bcl-2-positive stained area in CA1, CA3, and DG areas of the
contralateral hippocampus, %. The results are shown as mean ± SEM of n = 10 independent slides
(five animals, with two slides from one animal containing four to five sections). Two-way ANOVA
followed by Tukey’s post hoc test (* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001).
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Taken together, the results indicated a stimulatory effect of synaptamide on the protec-
tive mechanisms of antioxidant and anti-apoptotic defenses that are impaired due to TBI.

To assess the effectiveness of neuroprotective therapy with synaptamide, in addition
to studying the production of the anti-apoptotic factor Bcl-2, we examined the production
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of the pro-apoptotic factor Bad (Figure 15a). We found a significant increase in the Bad
production of TBI in all regions of the ipsilateral hippocampus (Figure 15b). At the same
time, synaptamide was unable to prevent apoptotic cell death in the CA1 and CA3 regions
of the hippocampus. Two-way analysis of variance revealed a significant effect of injury
in both the CA1 [F(1, 36) = 7, 126; p = 0.011] and CA3 regions [F(1, 36) = 4.205; p = 0.049].
It was only in the DG region that treatment with synaptamide effectively prevented the
TBI-mediated decrease in Bad immunoreactivity. Two-way analysis of variance revealed a
significant effect of both injury [F(1, 36) = 11.88; p = 0.001] and treatment [F(1, 36) = 12.37;
p = 0.001] as well as an effect of the interaction of factors [F(1, 37) = 7.204; p = 0.01]. No
significant increase in Bad production was observed in the contralateral hippocampus
(Figure 15c).

3. Discussion

Traumatic brain injury is a multifaceted phenomenon with a complex pathogenesis
that depends on many factors and a variety of consequences in the form of cognitive,
sensory, and motor impairments. The negative consequences of TBI are not limited to
primary tissue damage but also cause secondary damage resulting from the development
of neuroinflammation, oxidative stress, and excitotoxicity [19]. These phenomena in
combination lead to the destruction and death of neurons not only directly in the focus
of damage but also in nearby tissues not affected by mechanical action. One of the most
sensitive regions suffering from secondary damage in TBI is the hippocampus, which is
involved in learning, memory consolidation, and higher nervous activity [20]. TBI is a
trigger for the activation of neuroinflammatory processes in the hippocampus, against
which the development of neuropsychic and cognitive disorders occurs long after the injury.
The long-term effects of TBI are closely associated with the development of severe mental
disorders such as post-traumatic stress disorder (PTSD) [21]. The basis of mental disorders
is a decrease in the number of functional neurons, which occurs as a result of their death [22].
Moreover, the death of newly formed neurons predominantly occurs, while mature neurons
undergo degenerative changes, including diffuse axonal damage, and there is a decrease in
the density of dendrites and dendritic spines [23]. Neurodegenerative processes inevitably
lead to a large-scale loss of synapses and intersynaptic contacts, disrupting the synaptic
plasticity and functional activity of surviving neurons [24].

We conducted a detailed study on the morphology of dendrites and dendritic spines
in hippocampal neurons that survived TBI and evaluated the effect of synaptamide on
structural neuronal plasticity. Additionally, we examined the condition of glial cells, neu-
rogenesis features, and the functionality of antioxidant and antiapoptotic systems in the
hippocampus during TBI and treatment with synaptamide. Our findings revealed a signifi-
cant reduction in the length and branching of dendrites in both pyramidal and granular
hippocampal neurons due to TBI. However, synaptamide prevented the degeneration
of CA1 and CA3 apical dendrites and DG granular neuron dendrites, preserving their
length and number of branches. Moreover, in the CA1 region, synaptamide prevented
the reduction in dendritic spine density associated with TBI while significantly increasing
the density of spines in the CA3 region and dentate gyrus, regardless of TBI presence.
Interestingly, synaptamide in the absence of injury had a marked effect on neuronal mor-
phology. For example, in the CA3 region, the studied drug increased the total length of
dendrites and the number of dendritic spines in the sham-operated animals. Moreover,
in the dentate gyrus, the drug increased the number of dendritic spines in the animals
without TBI. Our analysis of microglia activity largely explained the neuroprotective effects
of synaptamide, which has been confirmed to have anti-inflammatory properties in in vitro
and in vivo studies [25–28]. Synaptamide is a highly active compound that belongs to
the N-acyl ethanolamines of the fatty acids group. It is an endogenous metabolite and
mediator of the central nervous system. Synaptamide has been found to play a crucial
role in neuroprotective mechanisms that are activated in various pathological conditions,
including neuropathic pain [27,28] and neuroinflammatory processes in the CNS [25,26].
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Using cell cultures of mouse embryonic hippocampus, synaptamide has been shown to
stimulate neurite outgrowth, the production of synaptic proteins, and synaptogenesis.
Moreover, synaptamide exerts these effects at much lower concentrations than docosa-
hexaenoic acid, the metabolic precursor of synaptamide [29,30]. It appears that utilizing
drugs with anti-inflammatory properties may hold significant potential, as the underlying
disease process is primarily driven by destructive mechanisms related to oxidative stress
and excitotoxicity resulting from neuroinflammation.

Immediately following a traumatic brain injury (TBI), there are complex molecular
and cellular processes that cause neuroinflammation. This involves the activation of vari-
ous pro-inflammatory cytokines such as interleukin (IL)-1β, tumor necrosis factor (TNF),
IL-6, and chemokines (CCL2, IL-8/CXCL2), as well as other inflammatory mediators (cell
adhesion molecules (CAMs), prostaglandins, complements, lysophospholipids). These
factors work together to create a cascade of responses that contribute to the further acti-
vation of other factors [31,32]. After an injury, the peak of synthesis for pro-inflammatory
mediators typically occurs between 2 and 24 h. Following this peak, the synthesis of anti-
inflammatory mediators begins to alleviate immune activation. The resulting inflammatory
environment triggers the activation of resident glial cells, as well as the extravasation of
neutrophils and subsequently macrophages, which can continue for several days [33]. The
use of the universal microglia/macrophage marker Iba-1 allowed us to detect a significant
increase in microglial/macrophage activity within the hippocampus in TBI [34]. However,
synaptamide was unable to reduce the activity of microglia/macrophages in the CA1
region of the damaged hippocampus, and in the dentate gyrus it generally increased the
expression of Iba-1 compared to the “TBI” group. To explain this phenomenon, we resorted
to an enzyme immunoassay, which allowed us to determine the spectrum of pro- and
anti-inflammatory factors produced in the hippocampus, which indicates a predominant
microglial phenotype. As a result, we found that the synaptamide-induced increase in Iba-1
immunoreactivity in TBI was accompanied by the upregulation of the anti-inflammatory
cytokine IL-10 and the anti-inflammatory M2 microglia marker CD206. At the same time,
synaptamide reduced the hippocampal production of the pro-inflammatory cytokine IL-
1β, but not IL-6, mainly in the sham-operated animals. The data obtained indicated that
synaptamide in TBI promoted the M2 polarization of microglia with a shift in the profile
of secreted cytokines towards the anti-inflammatory side. However, technical limitations
made it difficult to unambiguously identify specific microglial phenotypes. A recent review
compared the results of studying the distribution of M1/M2 markers in TBI [35]. These data
should be interpreted with caution, as most studies use mixed cell populations (whole brain
homogenate) rather than isolated microglia to specifically study transcriptomic factors.
There is an ongoing debate regarding the polarization of microglia in accordance with the
M1/M2 macrophage classification. However, compelling evidence indicates that microglial
cells undergo continuous changes, resulting in a mixed M1/M2 phenotype [36].

As one of the most abundant cells in the brain, astrocytes contribute significantly to
the TBI-associated inflammatory response [37]. Astrocytes play a crucial role in maintain-
ing homeostasis by regulating the influx of immune blood cells and sequestering excess
fluid. They also offer metabolic support to neurons while preserving the integrity of the
BBB. In case of an injury, astrocytes respond promptly by activating glial fibrillar acid
protein (GFAP), vimentin, and S100, and by migrating to the injury site, while also actively
proliferating [38]. In our study, we investigated the activity of astrocytes in trauma and
treatment immunohistochemically using GFAP and vimentin markers. The data obtained
indicated a synaptamide-induced decrease in GFAP immunoreactivity, predominantly in
the contralateral hippocampus. In the CA3 area of the ipsilateral hippocampus, synap-
tamide only modestly inhibited GFAP elevation, probably due to significant damage and
astroglial scar formation. The glial scar essentially encloses the damaged area to prevent the
migration of inflammatory cells, thereby limiting the spread of neurotoxins to unaffected
areas of the brain [39]. It is worth noting that there was some regional specificity regarding
the effect of synaptamide treatment on degenerative changes in the dendrites of pyramidal
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neurons. Obviously, synaptamide was unable to prevent degenerative changes in the basal
dendrites of the CA3 region, including a decrease in the number of dendritic spines, which
was probably also associated with excessive damage to this region.

Interestingly, the studied drug significantly reduced GFAP production, predominantly
in the sham-operated animals. These data, together with the data on the behavior and
analysis of neuronal morphology, indicated the activity of the drug in the absence of TBI.
A similar picture is observed when studying the immunohistochemical distribution of
vimentin, which is produced in extremely small amounts under normal conditions, but
its level increases significantly in pathology [40,41]. Research indicates that GFAP and
vimentin serve similar roles in the formation of glial scars [40]. Extensive research is nec-
essary to fully understand this matter, but it can be inferred that synaptamide’s impact
on astrocytic activity following an injury is responsible for the drug’s neuroprotective
abilities. Previous studies have indicated that astrocytes play a crucial role in promoting
adult neurogenesis by enhancing neuronal survival [42] and promoting the proliferation of
neural stem cells in the hippocampus [43]. However, under pathological conditions such
as TBI, astrocytes may also inhibit neurogenesis. For example, blocking the production
of GFAP and vimentin by astrocytes has been shown to prevent TBI-mediated decreased
neurogenesis and impaired axon regeneration [44,45]. In our study, an increase in the num-
ber of newly formed neurons in trauma correlated with a decrease in GFAP and vimentin
immunoreactivity in the dentate gyrus of the contralateral hippocampus. In the injured
hippocampus, we did not observe a decrease in the synaptamide-induced production of
astroglial markers, but we did see a stimulating effect of the drug on neurogenesis, mainly
during injury. At the same time, synaptamide did not change the intensity of neurogenesis
in the sham-operated animals. Previous studies have demonstrated a multidirectional
change in the intensity of hippocampal neurogenesis in TBI depending on the type of
injury and time points where the measurements were made. Some studies have shown
a decrease in neurogenesis after TBI [20], while others, on the contrary, show an increase
in the generation of new neurons in response to injury [46]. The effects of changing the
level of neurogenesis can also cause many contradictions and carry both adaptive and
maladaptive consequences. For example, treatment with VEGFR2 and mTOR antagonists in
experimental TBI in mice and rats reduced neurogenesis, but at the same time it reduced the
predisposition to seizures and reduced the morphological abnormalities of newly formed
neurons [47,48], which indicates an adaptive direction of the TBI-mediated decrease in
neurogenesis. The inhibition of neurogenesis in rats and mice led to cognitive impairment
and reduced spatial memory [49,50], indicating the importance of generating new neu-
rons to overcome cognitive deficits with a decrease in neuron density due to their death.
Our study found that synaptamide had a positive impact on neurogenesis in the dorsal
hippocampus in the cases of TBI. This was accompanied by an improvement in spatial
working memory, as assessed in the Y-maze. However, we still do not fully understand
why administering synaptamide to mice with TBI resulted in increased locomotor activity.
At the same time, neurogenesis is far from the only factor that determines the presence
of cognitive deficit in TBI. An important aspect of cognitive functioning is the expression
of genes that affect memory and learning. For example, an activity-regulated cytoskele-
tal gene (Arc or Arg3.1) encodes a protein that is expressed in the postsynaptic density
(PSD) and is inherently associated with the regulation of synaptic plasticity and hence
memory consolidation processes [51]. In vitro studies show that blocking Arc promotes
neuronal death after traumatic neuronal injury through necroptosis and apoptosis [52]. The
restoration of Arc protein production under the action of synaptamide in the contralateral
hippocampus, which we found, is an important factor in maintaining the normal cognitive
status of TBI animals.

However, a very important question remains unanswered: how is the effect of synap-
tamide on the state of neurites and the production of synaptic proteins associated with the
regulation of neuronal survival and apoptotic processes. Studies show that the main partic-
ipants in the processes of apoptosis, such as caspases, pro- and anti-apoptotic proteins of
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the Bcl-2 family (Bad, Bax, Bcl-2), etc., are localized in neurites and the synaptic endings of
neurons [53]. Their presence in dendrites, axons, and synaptic junctions suggests that den-
dritic abnormalities and a loss of synapses can locally trigger apoptotic processes [54,55]. In
turn, apoptotic stimuli can trigger plastic processes in both newly formed and mature neu-
rons. In addition, TBI is known to be a trigger for energy metabolism disorders, which are
associated with mitochondrial damage, hypoxia, excitotoxicity, etc. The above factors lead
to the release of ROS by mitochondria, the release of cytochrome c, and the active synthesis
of proapoptotic proteins [56]. We suggest that the anti-inflammatory and antioxidant activ-
ity of synaptamide underlies the neuroprotective properties of the drug. Synaptamide’s
anti-inflammatory properties are achieved through a number of mechanisms, including
the activation of the peroxisome-proliferator-activated nuclear receptor-α (PPAR-α), the
downregulation of NF-kB- and ERK1/2-dependent signaling, and the accumulation of
cAMP followed by the phosphorylation of protein kinase A (PKA) and cAMP-response-
element-binding protein (CREB) [5]. A functional synaptamide receptor known as GPR 110
has recently been identified. Binding to this receptor causes cAMP accumulation, which in
turn contributes to synaptamide’s anti-neuroinflammatory properties [8]. Our theory is
that these processes work in concert to avoid neuronal damage and dendritic degeneration
and prevent cell death.

4. Materials and Methods
4.1. Animals

The study involved 3-month-old male C57Bl/6 mice reared in the vivarium of the
National Scientific Center for Marine Biology, Far Eastern Branch of the Russian Academy
of Sciences, Vladivostok, Russia. The number of mice per cage was 3–4. Mice had free
access to water and food and were kept on a 12 h light/dark cycle. The parameters of the
vivarium room were as follows: air temperature 23 ± 2 ◦C and humidity 55 ± 15%. All
manipulations and surgical procedures with animals were approved by the Animal Ethics
Committee of the National Scientific Center for Marine Biology, Far East Branch of the
Russian Academy of Sciences (No. 8/2022) by the Guidelines for the Welfare of Laboratory
Animals and Directive of the Council of the European Community 2010/63/EU.

4.2. Surgery and Treatment

For the TBI formation in mice, we used the weight-drop injury model (WDI) [57].
This model is a commonly accepted model of TBI representing a weight drop with a given
height onto the exposed animal dura. TBI induction was carried out using an IMP-1020
device (Shanghai TOW Intelligent Technology, Shanghai, China) (Figure 16a).

Before the start of the experiment, animals were anesthetized with 4.5% isoflurane in
100% oxygen through a nose cone using an inhalation anesthesia machine (VetFlo™, Kent
Scientific Corporation, Torrington, CT, USA). After reaching the stage of deep anesthesia,
a skin incision was made on the head along the midline, and the skull was exposed.
Before the formation of TBI, a craniotomy was performed with a formed cranial window
measuring 4 × 4 mm in the left hemisphere in the middle between bregma and lambda
above the area of the visual and somatosensory cortex (Figure 16b). The mouse was placed
on an aluminum plate in such a way that the weight was located directly above the cranial
window. To form a TBI, a weight of 20 g was lifted with a nylon line to a height of 10 cm
and dropped vertically through a guide tube, providing the necessary force of impact
on the open brain. After the surgery, the skin over the wound site was treated with an
antiseptic and stitched. In the sham-operated groups, craniotomy was performed followed
by skin suturing but without TBI. A homeothermic blanket was used to keep the body’s
temperature stable. The mortality rate of the mice was zero. Immediately post-surgery,
either a synaptamide emulsion or water was administered to animals in vehicle-treated
groups. Synptamide emulsion was prepared by mixing synaptamide with water to reach a
concentration of 25 mg/mL with constant vortexing (V-32, Biosan, Riga, Latvia). Ethanol
was used as an emulsion stabilizer, the amount of which was 1.5% of the injected volume.
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A similar amount of ethanol was added to the vehicle solution for Veh-treated animals.
Synaptamide was injected subcutaneously at a dose of 10 mg/kg.
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Figure 16. Characteristics of the TBI experimental model. (a) The position of the mouse in the
laboratory setup for the induction of TBI. (b) Localization of the formed cranial window. (c) Image
of the damaged area 7 days after surgery. (d) The area of damage on the hematoxylin-eosin-stained
sections was the “TBI” group. (e) The region of the hippocampus was selected for evaluation of
neurodegenerative processes in the Sholl analysis (a picture from Allen Mouse Brain Atlas, Allen
Institute, 615 Westlake Ave North, Seattle, WA, USA).

A total of 56 mice participated in the experiment, which was divided into 4 groups:
“Sham”—sham-operated vehicle-treated mice (N = 14), “Sham + Syn”—sham-operated
synaptamide-treated mice (N = 14), “TBI ”—TBI-induced vehicle-treated mice (N = 14),
and “TBI + Syn”—TBI-induced synaptamide-treated mice (N = 14). The amount of drug or
vehicle solution administered to one animal was 100 µL, and the duration of administration
was 7 days from the day of surgery. Synaptamide was obtained in the authors’ laboratory
according to the method described earlier [58].

4.3. Behavioral Studies

Behavioral experiments were performed during the light cycle between 7 a.m. and
7 p.m. Behavioral apparatuses were thoroughly cleaned after each animal to minimize
olfactory cues. Before the experiment, the mice were left for 2 h in a home cage in the room
where the experiments were carried out. Elevated plus maze testing was performed on day
6 after surgery, and Y-maze testing was performed on day 7.

4.3.1. Elevated plus Maze

The experiment used an elevated plus maze (Panlab/Harvard Apparatus, Holliston,
MA, USA) consisting of 2 closed arms (height: 15 cm, length: 30 cm, width: 5 cm) and
2 open arms (height: 1 cm, length: 30 cm, width: 5 cm). The mouse was placed on the
central platform, leaving it free to move and explore the arms. A video camera with a
video-tracking system and the SMART 3.0 software (Panlab/Harvard Apparatus, Holliston,
MA, USA) were used to track the mouse’s behavior. The time spent by the mouse in the
central part and the open and closed arms of the maze, as well as the number of entrances
to the zone of the labyrinth, was tracked and recorded. The behavioral deficits identified in
this test were interpreted as changes in the neural defense systems that make the animal
either more avoidant or more risk-averse. An increase in the number of entries and time
spent in the open arms indicated a high-risk appetite.
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4.3.2. Y-Maze

To test working spatial memory, we used a Y-maze consisting of acrylic glass with
3 identical arms. The arm parameters were as follows: length of 30 cm, width of 10 cm, and
height of 20 cm. At the beginning of testing, the mouse was placed in the center of the maze,
allowing it to move freely and explore the maze. Working spatial memory was expressed
by the coefficient of spontaneous alternation, depending on the sequence of entrances to
the arms of the maze. The presence of all 4 paws of the mouse in the arm of the maze was
considered as an entry criterion. To calculate the coefficient of spontaneous alternation,
the following formula was used: Ks = R/A (1), where Ks is the frequency of spontaneous
alternations, R is the number of consecutive entries into 3 non-repeating arms, and A is the
total number of possible alternations.

4.4. Golgi–Cox Staining

The histological Golgi–Cox staining technique was used to visualize hippocampal
neurons and subsequently obtain morphometric data. The animals were euthanized on
the 7th day after the surgery. To achieve this, mice were anesthetized with isoflurane
using a rodent anesthetic vaporizer (VetFloTM, Kent Scientific Corporation, Torrington, CT,
USA). Then, decapitation was carried out, and the brain was quickly removed and washed
with 0.1 M PBS (+4 ◦C). An extracted brain on day 7 after surgery is shown in Figure 16c.
For visual evaluation of the damaged area, 10 µm thick sections were made, followed by
hematoxylin-eosin staining (Figure 16d). The brain was placed in a pre-prepared solution,
and all subsequent staining procedures were performed according to the manufacturer’s
instructions for the FD Rapid GolgiStainTM kit (FD NeuroTechnologies, Ellicott City, MD,
USA). A cryomicrotome (HM 550; Thermo Scientific, Waltham, MA, USA) was used to
make 100 µm sections. After further processing, staining, and dehydration, sections on
gelatin-coated slides were embedded in H-5000 histological medium (Vector Laboratories,
Burlingame, CA, USA).

4.5. Sholl Analysis

To assess the state of the dendritic tree of hippocampal neurons, we used sagittal
sections of the ipsilateral hippocampus (Figure 16e). Taking into account the fact that
part of the hippocampus was destroyed during TBI, we chose for analysis the lateral part
of the dorsal hippocampus, where neurons, although having undergone degenerative
changes, were not destroyed. At the same time, in the medial part of the dorsal hip-
pocampus, the destruction of neurons was much more fatal, and, therefore, the analysis
in this area was difficult. The ImageJ (NIH, Bethesda, MD, USA) was used for image
pre-processing and subsequent morphometric studies. For dendritic tracing, a plugin
was used (NeuronJ: An ImageJ Plugin for Neurite Tracing and Analysis. Available on-
line: http://www.imagescience.org/meijering/software/neuronj/ (accessed on 20 April
2023)). To perform the Sholl analysis, a plugin was used (Sholl Analysis. Available online:
https://imagej.net/plugins/sholl-analysis (accessed on 20 April 2023)). We chose a sin-
gle neuron as an analytical unit. Per group, there were four animals. The analysis was
performed on three well-stained neurons obtained from one animal.

4.6. Immunohistochemical Studies

The brain was removed for the immunohistochemical studies on the 7th day after
TBI induction. For this, animals were anesthetized with isoflurane using a veterinary
vaporizer (VetFlo™, Kent Scientific Corporation, Torrington, CT, USA). After the animals
reached the stage of deep anesthesia, transcardial perfusion was performed sequentially
with phosphate buffer solution and 4% paraformaldehyde solution (pH 7.2, 4 ◦C). After
that, the brain was removed from the skull and immersed in a 4% paraformaldehyde
solution for 12 h for fixation. Next, the samples were washed with a phosphate buffer
solution (pH 7.2) and embedded in paraffin blocks. After paraffin blocks were obtained,
10 µm thick coronal sections were made using a rotary microtome (Leica RM 2245, Wetzlar,
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Germany). At the first stage of immunohistochemical staining, the antigen was unmasked
by incubation in 10 mM citrate buffer, pH 6, at 80 ◦C for 20 min. Endogenous peroxidase
activity was blocked using 0.3% hydrogen peroxide solution for 5 min. The preparations
were then incubated for 1 h in 5% BSA in PBS to avoid non-specific antibody binding.
Treatment with primary antibodies was carried out overnight at 4 ◦C. Treatment with
the secondary antibody anti-rabbit PI1000, 1:100 (Vector Laboratories, Burlingame, CA,
USA), labeled with peroxidase was carried out the next day for 2 h. This was followed
by a reaction with the ImmPACTTM DAB peroxidase substrate chromogen (SK-4105;
Vector Laboratories), washing in PBS, and mounting in VectaMount histological medium
(H-5000, Vector Laboratories, Burlingame, CA, USA) (H-5000; Vector Laboratories). The
following types of antibodies were used for the study: anti-Iba-1 (rabbit polyclonal, 1:500;
ab108539), anti-GFAP (rabbit polyclonal, 1:1000; ab7260), anti-Ki-67 (rabbit polyclonal,
1:1000; ab15580), anti-vimentin (rabbit monoclonal, 1:500; ab92547), anti-Ki-67 (rabbit
polyclonal, 1:1000; ab15580), anti-doublecortin (rabbit polyclonal, 1:1000; ab18723), anti-Arc
(rabbit monoclonal, 1:100; ab183183), anti-Bcl-2 (rabbit polyclonal, 1:100; ab59348), and
anti-Bad (rabbit monoclonal, 1:1000; ab32445) (all from Abcam, Cambridge, MA, USA).
Images were obtained using a Zeiss Axio Imager microscope with an AxioCam 503 camera
and the AxioVision (Zeiss, Münster, Germany). Image processing was performed using the
ImageJ NIH (Bethesda, MD, USA). Image processing included the following steps: image
conversion to 8-bit format, background removal (rolling ball radius = 50), and binarization.
To assess the state of microglia, astroglia, and the production of apoptotic markers, the
area of interest was isolated, and the % fraction of the immunostained area was calculated.
Every eight slices were used to evaluate one marker. As an analytical unit, one slide was
used, including five sections from one animal. Two glasses were taken from each animal
for analysis.

4.7. ELISA

ELISA was used to assess the production of CD206, IL-10, IL-1β, IL-6, and synap-
tophysin proteins. Animals were deeply anesthetized with isoflurane using a veterinary
vaporizer (VetFlo™, Kent Scientific Corporation, Torrington, CT, USA). The brain was
quickly removed from the skull, and the ipsi- and contralateral hippocampi were isolated
separately, frozen in liquid nitrogen, and placed in a freezer at t = −70 ◦C for storage.
For analysis, hippocampi were homogenized in a solution of the following composition:
100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA and 1 mM EDTA, 1% Triton X-100, 0.5%
sodium deoxycholate, and a mixture of protease inhibitors (cOmplete™, Sigma-Aldrich,
Bellefonte, PA, USA). The resulting homogenate was incubated on ice for 15 min, cen-
trifuged (16,000× g, 30 min, +4 ◦C), and the supernatant was collected. For the enzyme
immunoassay of cytokines IL-10, IL-1β, and IL-6, the following ready-made ELISA kits
were used according to the manufacturer’s instructions: Mouse IL-10 ELISA Kit (ab100697),
Mouse IL-1β ELISA Kit (ab197742), and Mouse IL-6 ELISA Kit (ab222503) (all from Abcam,
Cambridge, MA, USA). For the enzyme immunoassay detection of CD206 and synap-
tophysin production, the following primary antibodies were used: anti-CD206 (rabbit
polyclonal, 1:1000; ab64693) and anti-synaptophysin (rabbit polyclonal, 1:5000; ab32594).
For analysis, the resulting supernatants were diluted with bicarbonate–carbonate coating
buffer (100 mM, 3.03 g Na2CO3, 6.0 g NaHCO3, 1000 mL distilled water, pH 9.6) to reach a
concentration of 20 g/mL. Next, the samples were placed in the wells of a PVC microtiter
plate (M4561-40EA, Greiner, Kremsmünster, Austria) and left overnight at 4 ◦C. The next
day, the solution was removed from the wells, and the plate was washed 4 times with
300 µL of ELISA wash buffer. To block nonspecific binding, 5% milk powder was used,
which was added in samples of 100 µL to each well and left overnight. Next, the wells
were washed, and 100 µL samples of diluted primary antibodies were added to each and
left overnight at 4 ◦C. After washing, 100 µL samples of peroxidase-labeled secondary
antibodies (1:500, PI-1000-1, Vector Laboratories, San Francisco, CA, USA) were added to
the wells of the plate and incubated for 2 h at room temperature. After washing, 50 µL
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of TMB (3,3′,5,5′-tetramethylbenzidine, SK-4400, Vector Laboratories, San Francisco, CA,
USA) was added to the wells and incubated for 30 min until the desired degree of staining
appeared. Next, 50 µL of stop solution (1 N hydrochloric acid) was added to the wells,
giving the formation of a yellow color. Absorbance was measured at 450 nm using an
iMark plate spectrophotometer (Bio-Rad, Hercules, CA, USA). A BCA kit (Pierce, Rockford,
IL, USA) was used to measure protein concentration.

4.8. Evaluation of Superoxide Dismutase Activity

Animals were deeply anesthetized with isoflurane using a veterinary vaporizer (Vet-
Flo™, Kent Scientific Corporation, Torrington, CT, USA). The brain was quickly removed
from the skull, and the ipsi- and contralateral hippocampi were isolated separately, frozen
in liquid nitrogen, and placed in a freezer at t = −70 ◦C for storage. For analysis, hip-
pocampi were homogenized in a solution of the following composition: 100 mM Tris, pH
7.4, 150 mM NaCl, 1 mM EGTA and 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxy-
cholate, and a mixture of protease inhibitors (cOmplete™, Sigma-Aldrich, Bellefonte, PA,
USA). The resulting homogenate was incubated on ice for 15 min, centrifuged (16,000× g,
30 min, +4 ◦C), and the supernatant was collected. We used a Superoxide Dismutase Activ-
ity Assay Kit for the analysis according to the manufacturer’s instructions (CS0009-1KT, ™,
Sigma-Aldrich, Bellefonte, PA, USA). Absorbance was measured at 450 nm using an iMark
plate spectrophotometer (Bio-Rad, Hercules, CA, USA). A BCA kit (Pierce, Rockford, IL,
USA) was used to measure protein concentration.

4.9. Statistical Analysis

The results of the study are presented as mean values ± standard error of the mean.
The Shapiro–Wilk test was used to determine the normal distribution of the data. Data were
analyzed using two-way ANOVA analysis followed by Tukey’s post hoc multiple compar-
ison tests. For histological studies, 1 neuron was used as an analytical unit (12 neurons
per group). For immunohistochemical studies, 1 slide containing 4–5 sections was used
as an analytical unit (10 slides per group, with 2 slides from 1 animal). For ELISA, 1 well
of a microplate was used as a unit (10 wells per group, with 2 wells from 1 animal). The
significance level was set at p < 0.05. The Microsoft Excel (Microsoft, Redmond, WA, USA)
was used for all statistical tests.

5. Conclusions

We performed an explorative study of the pharmacological activity of synaptamide
using a mouse TBI model, which allowed us to draw several conclusions about the prospects
for further study of this compound. We studied in detail the effect of synaptamide on TBI-
associated neurodegenerative changes in the mouse hippocampus. Synaptamide was found
to inhibit the TBI-associated decrease in the length and degree of branching of pyramidal
and granular neurons’ dendrites in selected hippocampal regions. In addition, synaptamide
was effective in preventing the TBI-associated reduction in spine density. A complex study
of the microglial activity and production of pro- and anti-inflammatory factors within the
hippocampus led to the conclusion that TBI was accompanied by a dynamic change in the
production of pro- and anti-inflammatory cytokines and M1-microglia polarization. The
data obtained indicate that synaptamide in TBI promoted the M2 polarization of microglia,
with a shift in the profile of secreted cytokines towards the anti-inflammatory side. The
use of synaptamide prevented TBI-associated astroglial hyperactivation. Synaptamide was
shown to be active in the regulation of neuronal plasticity, which was expressed in the
improvement of neurogenesis changes and the production of the Arc postsynaptic density
protein, encoded by the activity-regulated cytoskeletal gene. The improvement in neuronal
plasticity was probably associated with the revealed antioxidant and anti-apoptotic activity
of synaptamide. The data obtained allow us to conclude that synaptamide is promising for
further study as a therapeutic agent to prevent the neurodegenerative consequences of TBI
and improve the quality of life.
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6. Limitations

1. The design of the study allowed us to study the effects of synaptamide in TBI in the
short term, but did not address the long-term consequences.

2. In the study of the production of pro- and anti-inflammatory microglia markers, we
used mixed cell populations (whole-hippocampus homogenate) rather than isolated
microglia to specifically study transcriptomic factors.
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