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Abstract: Neuropathic pain arises from damage or dysfunction of the peripheral or central ner-
vous system and manifests itself in a wide variety of sensory symptoms and cognitive disorders.
Many studies demonstrate the role of neuropathic pain-induced neuroinflammation in behavioral
disorders. For effective neuropathic pain treatment, an integrative approach is required, which
simultaneously affects several links of pathogenesis. One promising candidate for this role is synap-
tamide (N-docosahexaenoylethanolamine), which is an endogenous metabolite of docosahexaenoic
acid. In this study, we investigated the activity of synaptamide on mice behavior and hippocampal
plasticity in neuropathic pain induced by spared nerve injury (SNI). We found a beneficial effect
of synaptamide on the thermal allodynia and mechanical hyperalgesia dynamics. Synaptamide
prevented working and long-term memory impairment. These results are probably based on the
supportive effect of synaptamide on SNI-impaired hippocampal plasticity. Nerve ligation caused
microglia activation predominantly in the contralateral hippocampus, while synaptamide inhibited
this effect. The treatment reversed dendritic tree degeneration, dendritic spines density reduction on
CAl-pyramidal neurons, neurogenesis deterioration, and hippocampal long-term potentiation (LTP)
impairment. In addition, synaptamide inhibits changes in the glutamatergic receptor expression.
Thus, synaptamide has a beneficial effect on hippocampal functioning, including synaptic plasticity
and hippocampus-dependent cognitive processes in neuropathic pain.

Keywords: synaptamide; N-docosahexaenoylethanolamine; neuropathic pain; spared nerve injury;
hippocampus; neuroinflammation

1. Introduction

Neuropathic pain is a condition resulting from damage or dysfunction of the pe-
ripheral or central somatosensory system, rather than stimulation of pain receptors [1].
Difficulties in the treatment of patients with neuropathic pain are due to the heterogeneity
of the etiology, symptoms, and underlying mechanisms of this condition. Difficulties often
arise in determining the origin and exact location of the lesion or in elucidating the relation-
ship between the deterioration of the patient’s condition and the neuropathic pain present.
Causes of neuropathic pain include traumas of the central and peripheral nervous system,
and various diseases, including multiple sclerosis, diabetes, herpesvirus infection, etc. [2].
As a rule, neuropathic pain is accompanied by sensory symptoms such as causalgia-intense,
persistent burning pain, often of a lancinating nature. Causalgia is often associated with
allodynia, a condition in which pain is caused by stimuli that usually do not cause pain,
and hyperalgesia, which is characterized by increased pain when exposed to a stimulus
that usually causes minor pain [3]. Among the mechanisms for neuropathic pain develop-
ment, peripheral and central ones are distinguished. Peripheral mechanisms include direct
stimulation of sensory nerves, peripheral sensitization of nociceptors by inflammatory
mediators and biologically active substances, abnormal ectopic spontaneous activity of
damaged nerves, increased activity of adrenergic receptors on axonal membranes, etc. [4].
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Central mechanisms imply the participation of both the spinal and supraspinal centers in
the generation, processing, and transmission of the pain signal [5].

Neuroplastic processes are considered to occur in the central nervous system in neu-
ropathic pain and cause an imbalance between excitatory and inhibitory processes [6,7].
These processes are usually described by the general term "central sensitization" [8]. The in-
volvement of supraspinal centers in the processing and transmission of pain signals makes
neuropathic pain an even more complex phenomenon, including sensory-discriminatory,
affective-motivational, and cognitive-evaluative components [9]. Moreover, the lateral
pain system, which passes through the lateral nuclei of the thalamus into the primary and
secondary somatosensory cortex, is involved in the sensory-discriminatory aspects of pain
processing, providing the ability to analyze the intensity, duration, and location of pain
stimulus [10]. The medjial system, which passes through the medial nuclei of the thalamus
into the prefrontal and anterior cingulate cortex, is responsible for the affective-motivational
component, that is, it gives an idea of how unpleasant it is to feel pain [11]. The cognitive-
evaluative axis of pain is probably associated with higher brain centers responsible for
attention and memory [12]. It is well documented that neuropathic pain causes not only
sensory symptoms but also cognitive and affective dysfunctions [6]. This confirms the
involvement of higher supraspinal centers in neuropathic pain pathogenesis. Based on the
data presented in the review [9], we can conclude that the hippocampus may be involved in
various aspects of pain processing. Several studies demonstrate hippocampus-dependent
memory impairment in neuropathic pain [13-19]. With chronicity, neuropathic pain may
cause memory impairment, anxiety, depression, insomnia, etc. [20]. Many of the above
studies demonstrate the role of neuroinflammation, including microglial activation and
proinflammatory cytokine production, in the development of behavioral disorders. Thus,
for effective neuropathic pain treatment, an integrated approach that simultaneously affects
several links of pathogenesis is required. One of the promising candidates for this role
may be N-docosahexaenoylethanolamine (synaptamide), which is an endogenous metabo-
lite of docosahexaenoic acid. Synaptamide is synthesized in the body of mammals and
plays an important role in many processes, including nervous system functioning. In vitro
experiments have shown that synaptamide stimulates neuronal differentiation of neural
stem cells [21], promotes neurite growth [22,23], stimulates synapse formation in cultured
neurons [24,25], and suppresses neuroinflammation [26]. New evidence suggests nocicep-
tive effects of synaptamide in acute pain [27]. In the present study, we focused on changes
in glial, neuronal, and synaptic plasticity, which are the physiological and morphological
substrates of memory changes, in neuropathic pain and synaptamide treatment.

2. Results
2.1. Synaptamide Improves Behavioral Parameters in Neuropathic Pain

Allodynia is a condition in which pain is triggered by a stimulus that usually does
not cause pain. A similar condition is a hyperalgesia, characterized by increased pain
due to an irritant that usually causes pain. These symptoms are usually present in both
peripheral neuropathy and pain disorders of central origin [28]. In the present work, we
have studied thermal allodynia, as well as mechanical hyperalgesia in animals with spared
nerve injury (SNI), after treatment with synaptamide and vehicle. The hot plate test showed
a significantly longer period to the first paw withdrawal in synaptamide-treated animals
with SNI compared to the vehicle-treated group with SNI. This tendency became noticeable
from the 14th day (10.06 £ 2.12 vs. 24.48 + 3.14, p < 0.001), and continued until the 28th day
of observation (11.97 & 2.43 vs. 21.09 & 2.16, p < 0.001) (Figure 1a). Differences between
the groups in the time of paw withdrawal from the cold plate became noticeable 21 days
after the surgery. On day 21, the mean latency was 7.99 + 1.56—"SNI” vs. 16.99 & 2.64—
“SNI + syn”, p < 0.001, on day 28 the latency was 8.31 £ 0.70—"“SNI” vs. 14.85 + 1.53—
“SNI + syn”, p < 0.001 (Figure 1b). In the study of mechanical hyperalgesia, significant
differences in the applied pressure causing the response of the animal were observed
already on the 14th day after the surgery (294.38 & 39.02—“SNI” vs. 175.65 & 37.06—
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“SNI + syn”, p < 0.001) and continued the 28th day of observations (280.08 & 53.83—"SNI”
vs. 158.34 £ 35.95 “SNI + syn”, p < 0.001) (Figure 1c).

(b) (c)
80 » 80 w 500
g £ a00
60 £ 60 H
k] 4 300
40 S 40 s
- H = 200 I E
# & = £ P = g &
el 4 220 5 g 2 100 T -
"-_'_i-_-_—-‘_——-i ; itk £
0+ t } : i+ 30 . } : TR t 1 t !
Day7 Dayl4 Day2l Day28 & Day7 Day14 Day21l Day28 Day7 Dayl4 Day2l Day28
—o—Sham and Syn =—a=SN| SNI+Syn —e—5ham and Syn =—a=SNI SNI+Syn —e—Sham and Syn =—d=5NI SNI+Syn

25 -
W Novel

O Familiar

&

™ &
& & of

Figure 1. Effects of neuropathic pain and synaptamide therapy on behavior. (a) Hot allodynia dynamics: moment of
hind paw lifting over hot plate (+48 °C) during 1-min observation, mean SEM, n = 20 (number of animals), *** p < 0.001.
(b) Cold allodynia dynamics: the moment of hind paw lifting over the cold plate (+4 °C) during a 1-minute observation,
mean =+ standard error of the mean (SEM), n = 20 (number of animals), *** p < 0.001. (c) Mechanical hyperalgesia dynamics:
the moment of toe flexor reaction following paw compression, mean SEM, n = 20 (number of animals),*** p < 0.001,

**p <0.01, * p < 0.05 (d) Exploration time in novel objects recognition test, mean = SEM, n = 20 (number of animals),

* p < 0.05. (e) Discrimination index in novel object recognition test, mean & SEM, n = 20 (number of animals), *** p < 0.001

(compared to “Sham”), ** p < 0.01 (compared to “SNI”). (f) Spontaneous alternation rate in Y-maze, mean + SEM, n = 20
(number of animals), * p < 0.05 (compared to “Sham”), * p < 0.05, *** p < 0.001 (compared to “SNI”). (g) The number of the
arm entries in the Y-maze, mean £ SEM, n = 20 (number of animals), * p < 0.05 (compared to “SNI”), # p < 0.05 (compared

to “SNI + Syn”). SNI—spared nerve injury. Syn—synaptamide.

The influence of trauma and treatment on cognitive function, namely on long-term and
working spatial memory indicators, was also studied. Long-term memory was examined
in a novel object recognition test. The negative effect of neuropathic pain on long-term
memory has been described in many works; therefore, the beneficial effect of drugs on
this type of memory can serve as an indicator of the treatment effectiveness [16,29,30].
According to our results, the administration of synaptamide to mice prevented a recognition
index decrease (40.86 + 6.36 “SNI” vs. 65.04 & 6.06—"SNI + syn”, p < 0.01) (Figure le). In
the “SNI + Syn” group, the average time spent exploring a familiar object was significantly
lower than that of a novel one (4.88 + 1.03 familiar vs. 10.42 novel, p = 0.023), while
in the SNI group, animals spent approximately the same amount of time on the study
of the novel and familiar objects (12.71 £+ 2.21—"SNI” vs. 15.11 £ 3.53—"SNI + Syn”)
(Figure 1d). At the same time, at the familiarization session, the objects” exploration rate
by animals did not differ significantly. Since there are numerous data in the literature on
working memory impairment in neuropathic pain [31-33], we investigated the spontaneous
alternations rate in the Y-maze as an indicator of memory deficit in pain and treatment. In
untreated mice with SNI, the index of working spatial memory was significantly lower
than in synaptamide-treated animals (55.18 £ 2.95—"SNI” vs. 63.01 £ 2.81—"“SNI + Syn”,
p = 0.038) (Figure 1f). The influence of trauma and treatment on cognitive function,
namely on long-term and working spatial memory indicators, was also studied. Long-
term memory was examined in a novel object recognition test. The negative effect of
neuropathic pain on long-term memory has been described in many works; therefore, the
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beneficial effect of drugs on this type of memory can serve as an indicator of the treatment
effectiveness [16,29,30]. According to our results, the administration of synaptamide to
mice prevented a recognition index decrease (40.86 £+ 6.36—"“SNI” vs. 65.04 + 6.06—
“SNI + syn”, p < 0.01) (Figure 1e). In the “SNI + Syn” group, the average time spent
exploring a familiar object was significantly lower than that of a novel one (4.88 £ 1.03-
familiar vs. 10.42-novel, p = 0.023), while in the SNI group, animals spent approximately
the same amount of time on the study of the novel and familiar objects (12.71 + 2.21 -
”SNI” vs. 15.11 £ 3.53—"SNI + Syn”) (Figure 1d). Since there are numerous data in the
literature on working memory impairment in neuropathic pain [13,31,32], we investigated
the spontaneous alternations rate in the Y-maze as an indicator of memory deficit in
pain and treatment. In untreated mice with SNI, the index of working spatial memory
was significantly lower than in synaptamide-treated animals (55.18 4+ 2.95—"SNI” vs.
63.01 & 2.81—“SNI + Syn”, p = 0.038) (Figure 1f). The number of entries into the Y-maze
arms was used as an indicator of locomotor activity. Sciatic nerve injury did not significantly
affect this indicator, while synaptamide administered to sham-operated mice increased the
number of inputs compared to injured groups (p < 0.05) (Figure 1g).

2.2. Synaptic Plasticity in the Hippocampus upon Synaptamide Administration in
Neuropathic Pain

The long-term potentiation in the CA1 area of acute hippocampal slices was measured
to investigate hippocampal synaptic plasticity. Prior to tetanic stimulation, a steady base-
line was recorded for 60 min. Long-term potentiation in the CA1 region was generated
by tetanization of the Schaffer collateral-commissural pathway. The slope of the popu-
lation excitatory postsynaptic potential (EPSP) is reported as a mean percentage change
(Figure 2a). The normalized field EPSPs slopes in “SNI”, “SNI + Syn” and “Syn” groups
amounted 132.94 + 11.58% vs. 239.59 + 25.72% (p < 0.05) and 230.03 + 15.88 (p < 0.05)
of baseline value immediately after tetanic stimulation (Figure 2b). In 35-36 min after
tetanization EPSP slopes for “SNI”, “SNI + Syn”, and “Syn” were 119.77 + 11.80% vs.
169.34 +7.97% (p < 0.05) and 204.20 + 20.30 (p < 0.01) (Figure 2c).
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Figure 2. Synaptamide’s effect on SNI-induced long-term potentiation (LTP) inhibition. (a) Tetanus-induced LTP in the
Schaffer collateral in SNI and synaptamide-treated mouse hippocampus slices. The information is presented as a mean
percentage change in the slope of the population excitatory postsynaptic potential (EPSP). (b) The averaged initial slope,

measured immediately after LTP, %, n = 8 (number of animals per group). (c) The averaged initial slope at 35-36 min after
LTP, %, mean & SEM, n = 8 (number slices per group). * p < 0.05 (compared to “Sham”), * p < 0.05, ** p < 0.01 (compared to
“SNI”), Kruskal-Wallis test followed by Dunn’s multiple comparisons tests, * p < 0.05 (compared to “Sham”), * p < 0.05,
** p <0.01 (compared to “SNI”).
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2.3. Neuronal Tree Morphology upon Synaptamide Administration in Neuropathic Pain

The reorganization of the dendritic tree in the hippocampus is characteristic of many
pathologies accompanied by chronic stress [33]. Atrophy of hippocampal neurons is also
recorded in neuropathic pain models [34]. Changes in density, shape, and size of dendritic
spines, are accompanied by changes in memory and learning and are observed in various
neurological, mental, and neurodegenerative diseases. A change in the dendritic spines’
configuration has also been shown in neuropathic pain, which underlies the observed
changes in synaptic plasticity [35,36].

Using Sholl analysis, we identified signs of neuronal degeneration in the CA1 region
of the hippocampus in neuropathic pain. At a distance of 60 to 200 um from the soma in the
“SNI” group, there is a significant decrease in the intersections” number of pyramidal neu-
ron dendrites compared to the “Sham” group (p < 0.05) (Figure 3a). In synaptamide-treated
animals (“SNI + Syn” and “Syn”), the degree of branching did not differ significantly
from the groups with sham-operated animals (Figure 3b). For a more detailed analysis of
changes in the structure of dendrites, we compared the groups in terms of the “average
number junctions” and “total length of dendrites”. Using the Kruskal-Wallis test, we found
a significant reduction in the mean number of junctions in neuropathic pain (p = 0.037). At
the same time, the indicators of the groups “SNI + Syn” and “Syn” did not differ signifi-
cantly from the indicators of the “Sham” group (Figure 3c). Significant differences were
shown between the “SNI” and “SNI + Syn” groups (20.04 &+ 3.39 vs. 51.36 £ 5.57, p = 0.003,
respectively). In addition, the Kruskal-Wallis test followed by the Dunn’s test showed
that synaptamide also prevents an SNI-induced decrease in the total length of dendrites
(2434.26 & 210.03—“SNI” vs. 3795.62 + 348.14—"SNI + Syn”, p = 0.02) (Figure 3d).

The two-way ANOVA revealed a significant effect of synaptamide on the density of
mushroom spines in pyramidal neurons’ apical dendrites in the CA1 region (F(3, 40) = 21.215,
p <0.0001). In the group of synaptamide-treated sham-operated animals, the mushroom
spines density was significantly higher than in vehicle-treated sham-operated animals
and then in synaptamide-treated animals with SNI (5.42 4 0.52—"Sham” vs. 8.74 £ 0.73—
“Syn”, p < 0.001 and 6.35 = 0.50—"SNI + Syn”, p < 0.08). Synaptamide prevented the
decrease in the thin spines’ density observed in SNI (2.50 &= 0.39—"SNI" vs. 6.17 £ 0.69—
“SNI + Syn”, p < 0.01). A 2-way ANOVA of stubby spines density revealed no effect
of trauma and a significant effect of the treatment on this parameter (F(3, 40) = 16.59,
p <0.0001). In the synaptamide-treated groups “SNI + Syn” and “Syn” there was an
increase in the stubby spines density, compared to the vehicle-treated groups “Syn” and
“Sham” (3.77 £+ 0.45 and 3.51 + 0.45 vs. 6.05 &+ 0.45—I1 number of spines revealed a
significant effect size for both injury and synaptamide treatment (F(3, 40) = 4.14, p = 0.048
for SNI; F (3, 40) = 33.88, p < 0.001 for treatment) (Figure 3e,f).

2.4. Microglial Activity within the Hippocampus in SNI and Synaptamide Treatment

Iba-1 (ionized calcium binding adapter molecule 1) is a marker expressed by all
microglial cells. Iba-1 expression is increased in microglia activated when exposed to
any damaging factors, for example, traumatic brain injury [37], inflammation [38], or
ischemia [39]. We investigated the activity of hippocampal microglia in synaptamide-
treated SNI mice.

We found that an immunopositive staining area increase in SNI within the CA1 region
is observed both in the ipsi- (6.39 £ 0.28—“Sham” vs. 7.27 £ 0.49—"SNI”, p < 0.05) and
in the contralateral hemisphere (5.87 £ 0.43—"Sham” vs. 8.76 &+ 0.57—"“SNI”, p < 0.001).
Synaptamide down-regulated SNI-induced Iba-1 expression both in the ipsi- (7.27 £ 0.49
—“SNI” vs. 5.50 £ 0.43—"SNI + Syn”, p < 0.01) and in the contralateral hippocampus
(8.76 + 0.57—"SNI” vs. 4.48 & 0.59—"SNI + Syn”, p < 0.001). Interestingly, synaptamide
administered to sham-operated animals was able to reduce Iba-1 immunoreactivity com-
pared to controls in both the ipsi- and the contralateral hippocampus. Two-way ANOVA
showed a significant effect in the ipsilateral hippocampus for both injury (F(3, 40) = 7.12,
p = 0.01) and treatment (F(3, 40) = 13.08, p = 0.001). A significant effect was also observed in
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the contralateral hippocampus: SNI (F(3, 40) = 32.04, p < 0.001), treatment: (F (3, 40) = 71.70,
p < 0.001) (Figure 4a,b).
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Figure 3. The results of dendrite Sholl analysis and spines density measurement. (a) The number of intersections along the
apical dendritic trees at all distances from the soma in CA1 pyramidal neurons, Mean £ SEM, n = 5 (number of animals).
(b) Representative images of CA1 pyramidal neurons in the contralateral dorsal hippocampus of mice with neuropathic
pain and synaptamide treatment. (c) The number of junctions along the apical dendritic trees at all distances from the soma
of CA1 pyramidal neurons, n = 5 (number of animals). (d) The total length of apical dendrites in CAl pyramidal neurons,
n =5 (number of animals). (e) The density of dendritic spines in the apical dendrites of the CA1 pyramidal neurons. (f) The
images of CAl pyramidal neurons stained by the Golgi-Cox method, mean £ SEM, n = 10 (number of analyzed neurons per
group), * p < 0.05, ** p < 0.01, ** p < 0.001 (compared to “Sham”), * p <0.05, ** p < 0.01, *** p < 0.001 (compared to “SNI”).

We observe a similar situation in the CA3 region (Ipsilateral: 4.76 £ 0.36—"Sham” vs.
6.39 £ 0.37—"SNI”, p < 0.05; Contralateral: 4.05 £ 0.36—"“Sham” vs. 6.64 £ 0.33—"SNI”,
p < 0.001). Synaptamide was also effective in Iba-1 down-regulation in SNI both in the
ipsi- (6.39 & 0.37—"SNI” vs. 4.26 4 0.39—"SNI + Syn”, p < 0.001) and in the contralateral
hippocampus (6.64 £ 0.33-"SNI” vs. 2.61 & 0.22—"SNI + Syn”, p < 0.001). Interestingly—
that in the “SNI + Syn” group the Iba-1 level was lower than in the “Sham” group (p < 0.01).
Two-way ANOVA showed a significant effect in the ipsilateral hippocampus for both injury
(F(3,40) = 6.66, p = 0.013) and treatment (F(3, 40) = 16.45, p < 0.001). A significant effect was
also observed in the contralateral hippocampus: SNI (F(3, 40) = 7.60, p = 0.008), treatment:
(F (3, 40) = 60.81, p < 0.001) (Figure 4c,d).



Int. J. Mol. Sci. 2021, 22, 12779 7 of 22

(a) (b)

CA1 Sham$ - S8 SN R 2 08
OSham  ESNI 9

I SNI+Syn B Syn

10 ot A $
8 . ‘ LW
g6 SNJ+Syn Syn .

4 .

2 .

0 160

Ipsiateral Contralateral
(c) (d)
CA3 Sham SNI
OSham W SNI :
8 - 10 SNI+Syn B2 5Syn
o < .
o a
Z 4 SNI+Syn Syn
2
0 }
Ipsiateral Contralateral ~an
(e) (f) ; :
DG Sham ~ SNI
O Sham W SNI o S

8 T mSNI+DHEA EDHEA .., '
2 )

m- 6 ¢ L - ~ >
g4 SNI+Syn ‘ Syn

2 -

0 T T

Ipsiateral Contralateral

Figure 4. Iba-1 immunoreactivity in CA1, CA3 uDG hippocampal regions. (a) The percentage of
Iba-1 immunopositive staining area in CA1 hippocampal region. (b) Representative images of Iba-
1-positive immunostaining in CA1 hippocampal region. Scale bar — 100 um. (c) The percentage
of Iba-1 immunopositive staining area in CA3 hippocampal region. (d) Representative images of
Iba-1-positive immunostaining in CA3 hippocampal region. Scale bar — 100 um. (e) The percentage
of Iba-1 immunopositive staining area in DG hippocampal region. (f) Representative images of
Iba-1-positive immunostaining in DG hippocampal region. Scale bar — 100 um. Two-way ANOVA
with post hoc Tukey test, * p < 0.05, ** p < 0.01, * p < 0.001; * p < 0.05, ** p < 0.01, *** p < 0.001.
*-compared to “Sham”, *-compared to “SNI”.

In DG we do not observe pronounced changes in the ipsilateral hemisphere after
SNI, but in the contralateral hippocampus, the level of Ibal immunoreactivity significantly
upregulates (3.06 £ 0.35—"Sham” vs. 6.35 &= 0.39—"SNI”, p < 0.001). In the contralateral
hippocampus, the Iba-1 level reversed to the “Sham” group in synaptamide treatment
after SNI (6.35 = 0.39—"SNI” vs. 3.21 £ 0.31—"SNI + Syn”, p < 0.001). Two-way ANOVA
revealed a significant effect both for injury (F (3, 40) = 18.93, p < 0.001) and for treatment
(F(3, 40) = 15.38, p < 0.001). It is noteworthy that in the ipsilateral hippocampus, synap-
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tamide administered to sham-operated animals decreased the Iba-1 level below the “Sham”
group, p < 0.05 (Figure 4e,f).

As a second marker for microglial activity assessment in neuropathic pain and
treatment, we used CD86, which is expressed in the cells of classically activated pro-
inflammatory microglia [40]. We found no significant increase in CD86 immunoreactivity
after SNI in the CA1 region of the ipsilateral hippocampus. Nevertheless, synaptamide
reduces CD86 immunoreactivity compared to controls in both synaptamide-treated SNI
animals and sham-operated mice (5.35 £ 0.37—"”Sham” vs. 3.69 £+ 0.21—“SNI + Syn”,
p <0.01 and 4.37 £ 0.27—"Syn”, p < 0.05). Two-way ANOVA showed a significant effect
in the contralateral hippocampus for both injury (F(3, 40) = 4.09, p = 0.046) and treatment
(F(3,40) =15.42, p < 0.001). In the contralateral hippocampus, we observe a significant
increase in CD86 immunoreactivity in SNI compared to control (5.57 £+ 0.54—"“Sham”
vs. 11.95 + 1.20 —“SNI”, p < 0.001). Synaptamide down-regulated SNI-induced CD86
immunoreactivity (11.95 £ 1.20—"SNI” vs. 7.35 £ 0.78, p < 0.001). Two-way ANOVA
showed a significant effect in the contralateral hippocampus for both injury (F(3, 40) = 50.75,
p <0.001) and treatment (F(3, 40) = 20.31, p < 0.001) (Figure 5a,b).

In the CAS3 region of the ipsilateral hippocampus, synaptamide was able to reduce
the SNI-mediated increase in CD86 immunoreactivity (9.26 + 0.59—"SNI” and 6.28 £ 0.46
—"“SNI + Syn”, p < 0.001). Two-way ANOVA showed a significant effect in the contralateral
hippocampus for both injury (F(3, 40) = 65.08, p < 0.001) and treatment (F(3, 40) = 21.86,
p <0.001). In the contralateral hippocampus, the level of CD86 immunoreactivity in SNI
was significantly increased compared to control (p < 0.001), but synaptamide reversed
this indicator (15.12 £ 0.80—"SNI” vs. 9.99 + 0.16—“SNI + Syn”, p < 0.001). Two-way
ANOVA revealed a significant effect in the contralateral hippocampus for both injury
(F(3,40) = 380.71, p < 0.001) and treatment (F(3, 40) = 71.83, p < 0.001) (Figure 5c,d).

In the dentate gyrus, an increase in the CD86 immunopositive microglia level is ob-
served both in the ipsilateral and in the contralateral hippocampus, compared to the control
(p < 0.001). Synaptamide downregulated CD86 level both in the ipsi- (9.93 £ 0.60 — “SNI”
vs. 6.80 £ 0.54—"SNI + Syn”, p < 0.001) and contralateral hippocampus (14.23 & 0.87—
“SNI” vs. 10.45 + 0.99—"SNI + Syn”, p < 0.001). Two-way ANOVA showed a significant
effect in the contralateral hippocampus for both injury (F(3, 40) = 83.53, p < 0.001) and
treatment (F(3, 40) = 14.40, p < 0.001) (Figure 5e,f).

2.5. Hippocampal Neurogenesis in SNI and Synaptamide Treatment

The study of hippocampal neurogenesis in neuropathic pain and synaptamide treat-
ment was carried out using the immunohistochemical study of proliferating cell nuclear
antigen (PCNA), a marker of proliferation and reparation, and doublecortin (DCX), a
marker of newly formed neurons.

When studying the density of PCNA-positive neurons in the hippocampal dentate
gyrus subgranular zone (DG SGZ) (Figure 6a), we found that in neuropathic pain, the num-
ber of cells significantly decreases in the ipsi- (126.39 & 10.48—"Sham” vs. 35.72 £ 13.62—
“SNI”, p < 0.001) and in the contralateral hippocampus (154.49 £+ 17.40—“Sham” vs.
4426 + 13.16—"SNI”, p < 0.001). Synaptamide reversed SNI-mediated decrease in the
number of PCNA-positive cells in the ipsi- (35.72 & 13.62—"“SNI” vs. 158.72 + 24.26—
“SNI + Syn”, p <0.001) and the contralateral hippocampus (44.26 + 13.16 — "SNI” vs.
137.76 £ 14.64—"SNI + Syn”, p < 0.001). A 2-way ANOVA in the ipsilateral hippocampus
revealed a significant effect for both injury (F(3, 40) = 16.62, p < 0.001) and treatment
(F(3, 40) = 24.74, p < 0.001). A similar situation was observed in the contralateral hippocam-
pus: (F(3, 40) = 35.53, p < 0.001)-SNI, (F (3, 40) = 16.90, p < 0.001)-treatment (Figure 6b).
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Figure 5. CD86 immunoreactivity in CA1, CA3 and dentate gyrus (DG) hippocampal regions. (a) The
percentage of CD86 immunopositive staining area in CA1 hippocampal region. (b) Representative
images of CD86-positive immunostaining in CA1 hippocampal region. Scale bar—100 pum. (c) The
percentage of CD86 immunopositive staining area in CA3 hippocampal region. (d) Representative
images of CD86-positive immunostaining in CA3 hippocampal region. Scale bar—100 um. (e) The
percentage of CD86 immunopositive staining area in DG hippocampal region. (f) Representative
images of CD86-positive immunostaining in DG hippocampal region. Scale bar—100 pm. Two-
way ANOVA with post hoc Tukey test, * p < 0.05, ** p < 0.01, ** p < 0.001; * p < 0.05, ** p < 0.01,
*** p <0.001. *-compared to “Sham”, *-compared to “SNI".

There were insignificant changes in the number of DCX-positive neurons in the dentate
gyrus subgranular zone of the ipsilateral hippocampus with SNI (1331.13 £ 72.23—"“Sham”
vs. 1060.06 £ 61.00—“SNI”, p < 0.05). At the same time, in the contralateral hippocampus,
we observed a more pronounced increase in the number of DCX-positive cells compared
to control (1525.07 + 89.14—“Sham” vs. 1012.24 £+ 61.00—"“SNI”, p < 0.001). Synap-
tamide prevented SNI-mediated decrease in newly formed neurons (1012.24 £+ 61.00—
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”SNI "Vs. 1415.97 &+ 64.96—" SNI + Syn ", p < 0.001). Two-way ANOVA revealed a signif-
icant effect both for injury (F(3, 40) = 25.55, p < 0.001) and for treatment (F(3, 40) = 17.95,
p < 0.001) (Figure 6¢,d).

2.6. Neuropathic Pain and Treatment Alter the Hippocampal Level of Glutamate Receptors
and PSD-95

We found that neuropathic pain alters the hippocampal 