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Abstract: Chronic neuroinflammation is a common pathogenetic link in the development of various
neurological and neurodegenerative diseases. Thus, a detailed study of neuroinflammation and
the development of drugs that reduce or eliminate the negative effect of neuroinflammation on
cognitive processes are among the top priorities of modern neurobiology. N-docosahexanoylethanolamine
(DHEA, synaptamide) is an endogenous metabolite and structural analog of anandamide, an essential
endocannabinoid produced from arachidonic acid. Our study aims to elucidate the pharmacological
activity of synaptamide in lipopolysaccharide (LPS)-induced neuroinflammation. Memory deficits in
animals were determined using behavioral tests. To study the effects of LPS (750 µg/kg/day, 7 days)
and synaptamide (10 mg/kg/day, 7 days) on synaptic plasticity, long-term potentiation was examined
in the CA1 area of acute hippocampal slices. The Golgi–Cox method allowed us to assess neuronal
morphology. The production of inflammatory factors and receptors was assessed using ELISA and
immunohistochemistry. During the study, functional, structural, and plastic changes within the
hippocampus were identified. We found a beneficial effect of synaptamide on hippocampal synaptic
plasticity and morphological characteristics of neurons. Synaptamide treatment recovered hippocampal
neurogenesis, suppressed microglial activation, and significantly improved hippocampus-dependent
memory. The basis of the phenomena described above is probably the powerful anti-inflammatory
activity of synaptamide, as shown in our study and several previous works.

Keywords: neuroinflammation; N-docosahexanoylethanolamine; DHEA; synaptamide; long-term
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1. Introduction

Modern society is characterized by a tendency towards a growth in life expectancy and an
increase in the percentage of aged people. Aging contributes to the development of neurodegenerative
pathologies, many of which are associated with dementia. According to the World Health Organization,
there are approximately 50 million people with dementia worldwide. There are about 10 million new
cases of the disease every year (WHO Newsletter, 21 September 2020, https://www.who.int/news-
room/fact-sheets/detail/dementia). In this situation, it is very important to find new approaches for the
treatment and prevention of neurodegenerative pathologies. This demand has led to an increase in the
number of studies aimed at the treatment of cognitive disorders.

Numerous studies have found that neuroinflammation is a common component of various
neurological and neurodegenerative diseases [1]. The presence of chronic neuroinflammation is
characteristic of such diseases as Alzheimer’s [2], Parkinson’s [3], bipolar disorder [4], major depressive
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disorder [5], etc. Although a causal link between neuroinflammation and neurodegenerative disease
development requires a more detailed investigation, neuroinflammation is considered to be a major
neurodestructive factor ultimately leading to cognitive deficits. Presumably, neuroinflammation
contributes to cognitive impairment in many neurological and neurodegenerative diseases. The role of
neuroinflammation in the impairment of cognitive functions has been demonstrated recently. It was
shown that the acute neuroinflammation induced by bacterial lipopolysaccharides results in working
memory deterioration in aging mice [6,7]. Moreover, a deficiency in context-dependent recognition
of objects has been shown in acute neuroinflammation [8]. A similar decrease in long-term memory
associated with neuroinflammation was observed in the novel object recognition test with a retention
period of 24 h [9]. Thus, experimental data suggest that neuroinflammation is one of the factors leading
to cognitive impairments.

Among the possible mechanisms of neuroinflammation’s involvement in cognitive impairment,
the most evident is microglial activation. Activation of microglia in neuroinflammation leads to
oxidative and nitrosative stress development, increased release of reactive oxygen and nitrogen species,
and consequently to the damaging of mitochondria [10]. Mitochondrial damage reduces energy for
axonal and other intracellular transports, resulting in reduced synaptic plasticity. Another possible
explanation for the cognitive decline during neuroinflammation may be the phenomenon of excitotoxicity,
a pathological process leading to nerve cell damage and death by excessive NMDA- and AMPA-receptor
activation. Numerous studies emphasize the relationship between the production of proinflammatory
cytokine IL-1β and release factors associated with glutamate toxicity, such as NO-synthase and arachidonic
acid [11–15]. In addition, proinflammatory cytokines directly affect synaptic neurotransmission via GABA
and glutamatergic receptors [16,17]. Recently, we demonstrated a significant decrease in intracellular pH
during neuroinflammation [18]. Such changes may also reduce the efficiency of synaptic transmission
and synaptic plasticity, thus resulting in impairments in cognitive functions.

N-docosahexanoylethanolamine (DHEA, synaptamide) is an endogenous metabolite and a
structural analog of anandamide (N-acylethanolamine of arachidonic acid) [19]. However, despite its
structural similarity with anandamide, this docosahexaenoic acid (DHA) metabolite does not possess
endocannabinoid activity, primarily due to weak binding to cannabinoid receptors (CB), although at
the same time it exhibits biological activity that accelerates neurogenesis and synaptogenesis [20–24].
It is because of the pronounced synaptogenic activity of N-docosahexanoylethanolamine that the
term “synaptamide” was coined [25]. It is known that synaptamide is synthesized in the brain from
DHA. At the same time, the synaptamide content in the brain decreases when the DHA intake from
food is limited [19] and increases with an increase in the DHA content in the diet [26]. In this regard,
it can be assumed that the known beneficial effect of omega-3 polyunsaturated fatty acids on cognitive
functions [27] is realized through the activity of the N-acylethanolamines of these fatty acids.

Several studies have demonstrated through experiments on cell cultures the beneficial effect
of synaptamide on the processes of neurogenesis, neuritogenesis, and synaptogenesis [19,22,28].
The regulation of the neuroinflammation and neurogenesis processes by synaptamide is mainly due to
the effect on the cAMP/PKA/CREB signaling pathway. Thus, synaptamide stimulates the production
of cAMP on microglia and increases PKA and CREB cAMP-dependent phosphorylation. In addition,
a decrease in microglia activity occurs due to the inhibition of NF-κB activation. A c-AMP-dependent
CREB-mediated increase in transcriptional activity underlies the stimulation of neurogenesis, neurite
growth, and synaptogenesis by synaptamide [21]. In addition, a decrease in proinflammatory cytokine
production following synaptamide treatment has been shown in in vivo experiments [23]. Synaptamide
administration decreased lipopolysaccharide (LPS)-mediated microglial activation and expression of
pro-inflammatory cytokines, chemokines, and iNOS in rat brains. In addition, the anti-inflammatory
and analgesic activity of synaptamide in vivo was shown in a study on a rat model of sciatic nerve chronic
constriction injury [29]. DHA has a similar activity [30–32]; however, it is assumed that synaptamide
has an activity ten times higher than that of DHA [19,21]. At the same time, N-acylethanolamines
of other fatty acids do not show such activity, which emphasizes the uniqueness and specificity
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of the biological properties of synaptamide. In vitro experiments have shown that synaptamide
activity is not blocked by cyclooxygenase and lipooxygenase, but it is reduced by the fatty acid amide
hydrolase (FAAH) [33]. This fact also confirms the hypothesis that it is synaptamide that is the
main metabolite determining DHA neuroprotective activity. However, the small number of studies
devoted to synaptamide’s biological activity dictates the need for further detailed studies of such a
promising compound. Our study aims to elucidate the pharmacological activity of synaptamide in
LPS-induced neuroinflammation. This model, which mimics neuroinflammation in the development of
many neurological diseases, was used to study the effect of synaptamide on the experimental animals’
memory state and the underlying functional, morphological, and biochemical parameters.

2. Results

2.1. Synaptamide Treatment Prevents Memory Loss

We found that synaptamide treatment prevented the LPS-mediated decrease in spatial working
memory during Y-maze testing (LPS: F (3, 60) = 3.99, p = 0.049; synaptamide: F (3, 60) = 6.13, p = 0.016)
(Figure 1a). However, synaptamide treatment did not cause a significant recovery of locomotor activity,
which was reduced as a result of neuroinflammation (LPS: F (3, 60) = 19.17, p = 0.0001; synaptamide:
F (3, 60) = 0.002, p = 0.96) (Figure 1b). In addition, synaptamide improved the parameters of long-term
memory in animals with neuroinflammation, as shown in the passive avoidance test and the novel object
recognition test. For example, in synaptamide-treated animals with neuroinflammation, the step-through
latency was significantly higher than in vehicle-treated animals (81.44 ± 3.07 vs. 52.33 ± 9.63, p = 0.005).
Two-way ANOVA revealed a significant effect of both LPS stimulation and synaptamide treatment on this
indicator (LPS: F (3, 60) = 8.88, p = 0.004; synaptamide: F (3, 60) = 11.15, p = 0.001) (Figure 1c). In a novel object
recognition test, the time spent with a novel object in the “LPS” group was significantly lower than the time
in the “LPS + Syn” group (4.14 ± 1.48 vs. 12.87 ± 3.83, p = 0.047) (Figure 1d). Synaptamide administration
prevented a decrease in the recognition index in mice with neuroinflammation (LPS: F (3, 60) = 9.40,
p = 0.005; synaptamide: F (3, 60) = 4.86, p = 0.037) (Figure 1e).

2.2. Synaptamide Prevents Synaptic Plasticity Impairment

To study the effects of LPS and synaptamide treatment on synaptic plasticity, long-term potentiation
was examined in the CA1 area of mouse hippocampal slices. Stable baseline recordings were obtained
for 30 min before tetanus stimulation. Tetanic stimulation of the Schaffer collateral–commissural fibers
produced long-term potentiation of field excitatory postsynaptic potentials (EPSPs) in the CA1 area
(Figure 2a). The normalized field EPSP slopes in the “LPS” and “LPS + Syn” groups amounted to
95.40% ± 7.94% vs. 157.00% ± 19.03% (p = 0.01) of baseline values immediately after tetanus (Figure 2b).
A Kruskal–Wallis test revealed a significant overall group difference in this parameter (p < 0.001).
At 40 min after tetanization, EPSP slopes for “LPS” and “LPS + Syn” were 103.40% ± 17.62% vs.
174.33% ± 20.02% (p = 0.009) (Figure 2c). A Kruskal–Wallis test revealed a significant difference in this
parameter (p = 0.01).
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Figure 1. Behavioral effects of lipopolysaccharide (LPS) and synaptamide treatment. (a) Spontaneous
alternation rate in the Y-maze, %, mean ± SEM, n = 15 (number of animals per group). (b) Number of
arm entries in the Y-maze, %, mean ± SEM, n = 15 (number of animals per group). (c) Step-through
latency in a passive avoidance test, sec, mean ± SEM, n = 15 (number of animals per group). Two-way
ANOVA with post hoc Tukey test, * p < 0.05, ** p < 0.01, *** p < 0.001. (d) Novel object recognition
test results: objects’ exploration time, sec. t-test, mean ± SEM, n = 15 (number of animals per group),
** p < 0.01. (e) Recognition index, %, mean ± SEM, n = 15 (number of animals per group), two-way
ANOVA with post hoc Tukey test, * p < 0.05, ** p < 0.01.
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2.3. Effect of Synaptamide Treatment on LPS-Induced Dendrite Degeneration 

Sholl analysis revealed a decrease in CA1 pyramidal neuron complexity when exposed to LPS 
(Figure 3a). Thus, the degree of dendrite branching at a distance of 125–260 µm from the soma was 
significantly reduced (p < 0.05) compared to the “Veh” group. At the same time, in the “LPS + syn” 
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Figure 2. LPS-induced inhibition of long-term potentiation (LTP) is blocked by synaptamide.
(a) Neuroinflammation blocked tetanus-induced LTP in the Schaffer collateral to CA1 synapses recorded
in rat hippocampal slices, but this effect was suppressed by pretreatment of mice with synaptamide.
The data are expressed as the mean percentage change in population excitatory postsynaptic potential
(EPSP) slope. (b) The averaged initial slope measured immediately after LTP, %, n = 5 (number of
animals per group). Kruskal–Wallis test with post hoc Dunn’s test. (c) The averaged initial slope
measured at 40 min after LTP, %, mean ± SEM, n = 5 (number of animals per group). Kruskal–Wallis
test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01, *** p < 0.001.



Int. J. Mol. Sci. 2020, 21, 9703 5 of 21

2.3. Effect of Synaptamide Treatment on LPS-Induced Dendrite Degeneration

Sholl analysis revealed a decrease in CA1 pyramidal neuron complexity when exposed to LPS
(Figure 3a). Thus, the degree of dendrite branching at a distance of 125–260 µm from the soma was
significantly reduced (p < 0.05) compared to the “Veh” group. At the same time, in the “LPS + syn” group,
the degree of arborization was significantly higher than in the “LPS” group, at a distance of 130–255 µm
from the soma (p < 0.05). Synaptamide administration in vehicle-treated mice did not significantly
affect the degree of arborization (Figure 3b). A Kruskal–Wallis test revealed a significant difference
among the groups in the mean number of intersections in the CA1 pyramidal neurons’ dendritic
tree (p = 0.015). The subsequent Dunn’s test showed that synaptamide administration prevented an
LPS-mediated decrease in mean intersection number: 35.66 ± 5.52 in “LPS” vs. 67.83 ± 9.22 in “LPS
+ Syn”, p < 0.05 (Figure 3c). Synaptamide administration prevented the LPS-induced decrease in
dendrite length: 1474.32 ± 110.63 in “LPS” vs. 2345.43 ± 215.91 in “LPS + Syn”, p < 0.05 (Figure 3c).
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Figure 3. The results of a morphometric study of pyramidal CA1 neurons. (a) Representative images
of CA1 pyramidal neurons after LPS and synaptamide treatment. (b) Number of intersections along
the apical dendritic trees at all distances from the soma in CA1 pyramidal neurons after LPS and
synaptamide treatment, mean ± SEM, t-test, n = 5 (number of animals per group). (c) The total
number of intersections (left), and the total length of apical dendrites (right), mean ± SEM, n = 5
(number of animals per group), Kruskal–Wallis test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01.
(d) Representative images of CA1 pyramidal neurons’ dendritic spines. (e) Density of CA1 pyramidal
neurons’ dendritic spines: total—left, thin—middle, mushroom—right, mean ± SEM, n = 5 (number of
animals per group), Kruskal–Wallis test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01, *** p < 0.001.

A Kruskal–Wallis test showed a significant overall group difference in dendrite spine density
(p = 0.039). There was a decrease in the density of mushroom dendritic spines upon induction of
neuroinflammation, which was blocked by synaptamide treatment: 2.90 ± 0.22 in “LPS” vs. 8.799 ± 0.97
in “LPS + Syn”, p < 0.001. Synaptamide treatment not only prevented the LPS-mediated decrease in
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the number of mushroom spines but also increased the density of both thin and mushroom spines
compared to control (Veh: 4.55 ± 0.65 vs. Syn: 7.38 ± 1.04, p = 0.038—thin spines; Veh: 5.30 ± 0.48 vs.
Syn: 12.93 ± 2.17, p = 0.005—mushroom spines) (Figure 3e). Representative images of dendrites are
shown in Figure 3d.

Sholl analysis of the dentate gyrus granular neurons (Figure 4a) showed that LPS-induced
neuroinflammation reduces the number of dendritic intersections at a distance of 90–115 µm from
the soma (p < 0.05) compared to vehicle-treated animals. At the same time, synaptamide treatment
completely prevents such a decrease and contributes to an increase in the number of branches at
a distance of 110–145 µm from the soma (Figure 4b). A Kruskal–Wallis test revealed statistically
significant differences among the groups in the mean number of intersections (p = 0.02) and in the total
branch length (p = 0.005). Post hoc analysis revealed a significant difference between water-control
(“Veh” group) and synaptamide treatment in the mean number of intersections (35.5 ± 2.64—“LPS”
vs. 60.2 ± 4.54—“LPS + Syn”, p < 0.001) and the total branch length (1314.91 ± 57.27—“LPS” vs.
2091.13 ± 174.77—“LPS + Syn”, p < 0.01) (Figure 4c).
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In order to elucidate the mechanisms of synaptamide’s beneficial effects on neuronal 
morphology and synaptic spasticity in neuroinflammation, we quantified some proteins involved in 
hippocampal plasticity and neuroinflammatory processes. 

Figure 4. The results of a morphometric study of granular dentate gyrus (DG) neurons.
(a) Representative images of DG granular neurons after LPS and synaptamide treatment. (b) Number
of intersections along the dendritic trees at all distances from the soma in DG granular neurons after
LPS and synaptamide (number of animals per group). (c) The total number of intersections (left),
and the total length of apical dendrites (right), mean ± SEM, n = 5 (number of animals per group),
Kruskal–Wallis test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01. (d) Representative images of DG
granular neurons’ dendritic spines. (e) Density of DG granular neurons’ dendritic spines: total—left,
thin—middle, mushroom—right), mean ± SEM, n = 5 (number of animals per group), Kruskal–Wallis
test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01, *** p < 0.001.

A Kruskal–Wallis test revealed a significant overall group difference in dendrite spine density
(p < 0.001). There was also a decrease in the dendritic spine density in neuroinflammation, which was
blocked by synaptamide treatment: 10.47 ± 0.62 in “LPS” vs. 15.66 ± 0.72 in “LPS + Syn”, p < 0.001.
At the same time, a decrease in the number of spines during neuroinflammation was observed due to
mushroom spines, whereas the density of thin spines remained unchanged. Synaptamide treatment not
only prevented the LPS-mediated decrease in the number of mushroom spines but also increased their
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density compared to the control (Veh: 7.24 ± 0.25 vs. synaptamide: 8.71 ± 0.55, p = 0.005—mushroom
spines) (Figure 4e). Representative images of dendrites are shown in Figure 4d.

2.4. Effect of Neuroinflammation and Synaptamide Treatment on Hippocampal Protein Expression

In order to elucidate the mechanisms of synaptamide’s beneficial effects on neuronal morphology
and synaptic spasticity in neuroinflammation, we quantified some proteins involved in hippocampal
plasticity and neuroinflammatory processes.

Growing evidence suggests that the endocannabinoid signaling system plays an integral part
in the regulation of neuroinflammation processes. Microglial cells actively express CB1 receptors
that regulate the release of proinflammatory factors [34]. Using ELISA, we detected a decrease in
the level of CB1 receptors in the “LPS” group compared to the “Veh” group (100%, 2.21%—Veh vs.
89.15%, 2.75%—LPS, p < 0.05). Synaptamide treatment prevented LPS-mediated decreases in CB1
receptor density. Two-way ANOVA revealed the significance of the LPS stimulation and synaptamide
treatment effects on this indicator (LPS: F (3,40) = 7.43, p = 0.011; synaptamide: F (3, 40) = 8.58, p = 0.007)
(Figure 5a).
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(a) Quantification of CB1 expression, %. (b) Quantification of c-Fos expression, %. (c) Quantification
of NMDAR1 expression, %. (d) Quantification of NMDAR2A expression, %. (e) Quantification of
synaptophysin expression, %. (f) Quantification of IL-1β expression by ELISA, pg/1 mg of protein.
Mean ± SEM, n = 10 (number of measurements per group). Two-way ANOVA with post hoc Tukey
test, * p < 0.05, ** p < 0.01, *** p < 0.001.
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The proteins encoded by immediate early genes (IEGs), namely Arc and c-Fos, are involved in
synaptic plasticity and long-term memory formation [35]. In our study, neuroinflammation significantly
decreased the level of c-fos in the hippocampus compared to “Veh” group (100%, 2.10%—Veh vs.
82.43%, 2.92%—LPS, p < 0.01). Synaptamide treatment prevented a decrease in the level of c-fos in the
hippocampus (LPS: F (3, 40) = 14.21, p = 0.001; synaptamide: F (3, 40) = 11.05, p = 0.002) (Figure 5b).
Given the importance of glutamatergic neurotransmission in the maintenance of synaptic plasticity,
in this study we determined the expression of NMDA receptors within the hippocampus. Synaptamide
administration reverses the LPS-mediated decrease in NMDAR1 levels (80.53%, 3.80%—“LPS” vs.
91.02%, 1.66%—“LPS + Syn”, p < 0.05). Two-way ANOVA revealed the effects of both factors on the
NMDAR1 level (LPS: F (3, 40) = 21.58, p = 0.0001; synaptamide: F (3, 40) = 4.61, p = 0.039) (Figure 5c).
At the same time, we observed the opposite situation, with changes in the level of NMDAR2a—namely,
synaptamide administration prevents the LPS-mediated increase in the NMDAR2a level (115.10%,
4.21%—Veh vs. 100.72%, 2.84%—LPS, p < 0.05). Two-way ANOVA revealed the effect of both
neuroinflammation and treatment on the NMDAR2a level (LPS: F (3, 40) = 6.94, p = 0.013; synaptamide:
F (3, 40) = 5.89, p = 0.021) (Figure 5d).

To elucidate the mechanisms of synaptamide influence on LPS-mediated synaptic plasticity
impairment, we determined the production of synaptophysin (syn), a protein of presynaptic vesicles,
using ELISA. A study of hippocampal synaptophysin production showed that synaptamide treatment
prevents an increase in hippocampal syn concentration after LPS administration. Two-way ANOVA
showed a significant main effect of synaptamide treatment and LPS stimulation on syn production
(LPS: F (3, 40) = 23.04; p < 0.0001; synaptamide: F (3, 40) = 18.70, p < 0.0001) (Figure 5e).

Assuming the participation of proinflammatory microglia activation in the observed phenomena,
at the next stage, we investigated the production of proinflammatory cytokine IL-1β by ELISA and
the activity of Iba-1+ microglia immunohistochemically. A study of the proinflammatory cytokine
IL-1β production showed that synaptamide treatment prevents an increase in IL-1β hippocampal
concentration after LPS administration. Two-way ANOVA showed a significant main effect of
synaptamide treatment and LPS stimulation on IL-1β production (LPS: F (3, 40) = 5.08; p = 0.028;
synaptamide: F (3, 40) = 4.82, p = 0.032) (Figure 5f).

The immunohistochemical study of microglia activity (Figure 6a) showed an increase in Iba-1
immunostaining in CA1 (Figure 6b) area and DG (Figure 6c) within the hippocampus after LPS
administration compared to Veh (CA1: 11.16 ± 0.81—“Veh” vs. 16.35 ± 1.13—“LPS”, p < 0.001; DG:
12.35 ± 0.85—“Veh” vs. 18.24 ± 0.92—“LPS”, p < 0.001). A Kruskal–Wallis test revealed a significant
difference in Iba-1 immunoreactivity within the CA1 area (p = 0.003) (p < 0.001) (Figure 6b) and the DG
(p = 0.008) across all four groups (Figure 6c).
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Figure 6. The results of immunohistochemical quantification of Iba1-positive area in CA1 and DG
hippocampal areas. (a) Representative images of Iba1-positive immunostaining in CA1 and DG
hippocampal areas. Scale bar—100 µm. (b) Histogram demonstrating the percentage of area covered
by Iba1-positive staining in CA1 area. (c) Histogram demonstrating the percentage of area covered by
Iba1-positive staining in DG. Mean ± SEM, n = 5 (number of animals per group). Kruskal–Wallis test
with post hoc Dunn’s test, * p < 0.05, ** p < 0.01, *** p < 0.001.

Immunohistochemical detection of doublecortin (DCX, a marker of newly formed neurons) showed
a decrease in the number of DCX-positive cells in the DG subgranular zone (SGZ) of LPS-treated mice
compared to the “Veh” group (3103.43 ± 265.57—“Veh” vs. 1816.89 ± 209.58—“LPS”). Significant
differences were found between “LPS” and “LPS + Syn” groups (p < 0.01) (Figure 7a). A Kruskal–Wallis
test revealed a significant overall group difference in the number of DCX-positive cells within the
DG SGZ (p = 0.001) (Figure 7b). A similar pattern was observed for PCNA production (a marker
of proliferation and reparation) (Figure 7c). We found a decrease in the number of PCNA-positive
cells in the DG SGZ of LPS-treated mice compared to the “Veh” group (2682.33 ± 275.61—“Veh” vs.
1451.98 ± 179.28—“LPS”). Significant differences were found between “LPS” and “LPS + Syn” groups
(p < 0.001) (Figure 7d). A Kruskal–Wallis test revealed a significant overall group difference in the
number of PCNA-positive cells within the DG SGZ (p = 0.001).

Immunohistochemical study of Arc protein production in the DG SGZ (Figure 7e) revealed its
decrease in neuroinflammation, whereas synaptamide inhibits this effect (Figure 7f). A Kruskal–Wallis
test revealed a significant overall group difference in the number of Arc-positive cells (p < 0.001).



Int. J. Mol. Sci. 2020, 21, 9703 10 of 21
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 10 of 21 

 

 
Figure 7. The results of immunohistochemical quantification of protein production in the 
hippocampal DG subgranular zone (SGZ). (a) Representative images of doublecortin-positive cells in 
the DG SGZ. Scale bar—100 µm. (b) Number of doublecortin-positive cells in the DG SGZ. (c) 
Representative images of PCNA-positive cells in DG SGZ. Scale bar—100 µm. Arrows indicate 
PCNA-positive cells. (d) Number of PCNA-positive cells in the DG SGZ. (e) Representative images 
of Arc-positive cells in DG SGZ. Scale bar—100 µm. (f) Number of Arc-positive cells in the DG SGZ. 
Mean ± SEM, n = 5 (number of animals per group). Kruskal–Wallis test with post hoc Dunn’s test, * p 
< 0.05, ** p < 0.01, *** p < 0.001. 

Immunohistochemical study of Arc protein production in the DG SGZ (Figure 7e) revealed its 
decrease in neuroinflammation, whereas synaptamide inhibits this effect (Figure 7f). A Kruskal–
Wallis test revealed a significant overall group difference in the number of Arc-positive cells (p < 
0.001). 

3. Discussion 

This study demonstrated the beneficial effects of N-Docosahexanoylethanolamine 
(synaptamide) on various behavioral, morphological, and biochemical parameters in mice with LPS-
induced neuroinflammation. Studies show that the essential omega-3 polyunsaturated fatty acid 
DHA has anti-inflammatory activity through the formation of metabolites including neuroprotectins 
and resolvins [32,36]. However, recent studies demonstrate significant anti-inflammatory activity of 
such DHA derivatives as synaptamide [21,37]. At the same time, it is known that an increase in cAMP 
in immune cells reduces the production of pro-inflammatory mediators [38]. The fact that 
synaptamide increases the production of cAMP in nerve cells suggests that DHA implements most 
of its anti-inflammatory activity through its synaptamide metabolite. This hypothesis was confirmed 
in a study by Park et al. [23], in which the anti-inflammatory activity of synaptamide was studied in 
microglial cell cultures and LPS-induced neuroinflammation in mice. In addition, in cultures of 
macrophages treated with bacterial lipopolysaccharides, the ability of synaptamide to reduce the 
production of NO and MCP-1 was shown, which also confirms its anti-inflammatory properties 
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DG subgranular zone (SGZ). (a) Representative images of doublecortin-positive cells in the DG SGZ.
Scale bar—100 µm. (b) Number of doublecortin-positive cells in the DG SGZ. (c) Representative
images of PCNA-positive cells in DG SGZ. Scale bar—100 µm. Arrows indicate PCNA-positive cells.
(d) Number of PCNA-positive cells in the DG SGZ. (e) Representative images of Arc-positive cells in
DG SGZ. Scale bar—100 µm. (f) Number of Arc-positive cells in the DG SGZ. Mean ± SEM, n = 5
(number of animals per group). Kruskal–Wallis test with post hoc Dunn’s test, * p < 0.05, ** p < 0.01,
*** p < 0.001.

3. Discussion

This study demonstrated the beneficial effects of N-Docosahexanoylethanolamine (synaptamide)
on various behavioral, morphological, and biochemical parameters in mice with LPS-induced
neuroinflammation. Studies show that the essential omega-3 polyunsaturated fatty acid DHA
has anti-inflammatory activity through the formation of metabolites including neuroprotectins and
resolvins [32,36]. However, recent studies demonstrate significant anti-inflammatory activity of
such DHA derivatives as synaptamide [21,37]. At the same time, it is known that an increase in
cAMP in immune cells reduces the production of pro-inflammatory mediators [38]. The fact that
synaptamide increases the production of cAMP in nerve cells suggests that DHA implements most of
its anti-inflammatory activity through its synaptamide metabolite. This hypothesis was confirmed
in a study by Park et al. [23], in which the anti-inflammatory activity of synaptamide was studied
in microglial cell cultures and LPS-induced neuroinflammation in mice. In addition, in cultures of
macrophages treated with bacterial lipopolysaccharides, the ability of synaptamide to reduce the
production of NO and MCP-1 was shown, which also confirms its anti-inflammatory properties [23,25].
At the same time, the content of synaptamide in the brain decreases when the intake of DHA from
food is limited [19] and increases with elevated DHA consumption [26,39].

In our study, we found a beneficial effect of synaptamide on several behavioral indicators in
mice with LPS-induced neuroinflammation and tried to identify some of the mechanisms underlying
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cognitive improvement. As a result of testing in the Y-maze, we found a spatial working memory
disturbance in mice with LPS-induced neuroinflammation, which is consistent with the data in the
literature [40,41]. Furthermore, in our study, LPS-induced neuroinflammation led to a decrease in the
recognition index in the novel object recognition task, which indicates impairment of long-term memory
and is also consistent with the data in the literature [9]. These changes were accompanied by an increase
in the microglia activity within the CA1 region, a decrease in the complexity of the CA1 pyramidal
neurons’ dendritic tree, impaired hippocampal synaptic plasticity, and a hippocampal protein level
change. Synaptamide administration to the LPS-treated animals reversed the functional, morphological,
and biochemical parameters of the hippocampus that were impaired during neuroinflammation and
prevented memory impairment. LPS is known to induce cognitive abnormalities by suppressing
long-term potentiation within the hippocampus [25]. At the same time, we showed that synaptamide
treatment restored the impaired hippocampal long-term potentiation. Synaptic plasticity is affected
by a number of factors, including the state of the synapse, Ca2+ concentration, local potential of
the dendritic membrane, etc. Given the fact that synaptic plasticity can occur locally in dendrites
without the involvement of somatic output, the state of the dendritic tree is extremely important for
the information storage processes [42]. Thus, in our study, the normal level of hippocampal synaptic
plasticity may be based on the maintenance of the CA1-pyramidal neurons’ dendritic tree structure.
It is known that factors such as NO and cytokines produced by microglia upon activation can inhibit
growth and cause neurite retraction [43,44]. The major mechanism of neuronal degeneration inhibition
by synaptamide is an increase in cAMP production and CREB phosphorylation [21]. Previous studies
have shown that an increase in cAMP production by synaptamide is a consequence of GPR110 receptor
stimulation in both CNS microglia and peripheral macrophages. Increased GPR110/cAMP signaling
inhibits NF-κB transcription, which leads to a decrease in microglial activity and reduced production
of pro-inflammatory cytokines. The maintenance of the presynaptic protein synaptophysin level,
which was significantly reduced upon LPS exposure, may be involved in the maintenance of synaptic
plasticity during synaptamide treatment. Moreover, previous studies have shown that the decrease
in the synaptophysin level following LPS treatment is a microglia-dependent process [45,46]. Thus,
synaptamide-induced inhibition of microglial activity prevents a decrease in synaptophysin levels,
thus preventing presynaptic disruption and impairment of synaptic plasticity. A decrease in the
pro-inflammatory cytokine IL-1β concentration, which can directly reduce the level of synaptophysin,
also plays a role in this process [47].

Given the importance of glutamatergic neurotransmission in the maintenance of synaptic plasticity,
in this study, we determined the NMDA receptors’ expression within the hippocampus. As is well
known, glutamate, being the main excitatory neurotransmitter, plays an important role in the functioning
of the nervous system. As previously shown, in LPS-induced inflammation, synaptic plasticity is
impaired by suppression of glutamatergic transmission [47,48]. A special role in these processes is
played by the release of the pro-inflammatory cytokines IL-1β [49] and IL-6 [50,51]. Suppression of
NMDA-dependent LTP may be due to the decrease in the activity of NMDA receptors. In this study,
using ELISA, we revealed the NMDAR1 density decreases within the hippocampus following the
LPS exposure. This finding is consistent with previous studies in which chronic neuroinflammation
reduced the number of NMDAR1-immunopositive cells in the hippocampus [52]. The change in
the glutamate receptors’ density may be based on the phenomenon of excitotoxicity, which is often
observed in neuroinflammation. This phenomenon is based on the stimulation of glutamate release by
pro-inflammatory factors, which ultimately leads to hyperstimulation of glutamate receptors and the
entry of toxic Ca2+ concentrations into cells [53]. However, different subtypes of NMDA receptors have
different properties and functional activities. Thus, functional NMDA receptors are heterotetramers
consisting of two dimers containing R1 and R2 subunits. In this case, the homomers of the R2 subunits
do not form functional receptors, whereas the homomers of the R1 subunits form channels activated
by glutamate or NMDA and generating a current of very low amplitude [54]. This may explain the
multidirectional changes in the NMDAR1 and NMDAR2 density upon exposure to LPS and excess



Int. J. Mol. Sci. 2020, 21, 9703 12 of 21

glutamate production. Excessive Ca2+ entry into cells leads to the degeneration of NMDA-expressing
neurons and ultimately to a decrease in the number of functionally active NMDAR1 [52,55]. Since the
main role of NMDAR2 is to modulate the functional activity of NMDAR1, a decrease in the amount
of active NMDAR1 probably leads to disruption of glutamatergic transmission and a compensatory
increase in NMDAR2 density [54]. At the same time, in our study, neither a decrease in the NMDAR1
level nor an increase in the NMDAR2 level was observed in synaptamide-treated animals, which
was probably a consequence of the suppression of the inflammatory process within the central
nervous system.

Changes in the functioning of the glutamatergic system may be partially associated with the
observed decrease in the level of CB1 receptors within the hippocampus following LPS exposure [56].
Synaptamide neuroprotective activity is possibly CB1-mediated and associated with an increase in the
level of CB1 receptors, which control NMDAR hyperactivation and associated neuronal dysfunction.
This may be due to the fact that activated NMDARs recruit CB1 receptors, which in turn are involved in
the blocking of calcium fluxes, resulting in reduced excitotoxicity [56]. At the same time, an increase in
the CB1 receptor concentration may be due to excessive production of endocannabinoids by microglia
during neuroinflammation, and adaptation to such changes occurs at the protein level [57].

Long-term potentiation, impaired by neuroinflammation, leads to changes in the expression of
genes encoding specific proteins required for LTP maintenance and long-term memory formation [58].
These include proteins encoded by immediate early genes (IEGs), namely Arc and c-Fos, the production
of which in the hippocampus, as shown in our study, is significantly reduced upon neuroinflammation
induction. The role of these proteins in hippocampus-dependent memory formation has been shown
in several studies [59–61]. We suggest that the synaptamide-induced inhibition of neuroinflammatory
processes, preventing hyperstimulation of glutamate receptors and LTP disruption through the
maintenance of NMDAR1 levels, normalizes immediate-early gene expression and reverse long-term
memory impairments. As previously shown, Arc can alter LTP by regulating actin polymerization and
the formation of new dendritic spines [62]. In our study, Arc accumulation within the hippocampal
dentate gyrus (DG) in synaptamide-treated animals probably prevented a decrease in dendritic
spine density in the DG granular neurons. This inhibitory effect of synaptamide on the decrease
in Arc production can lead to the maintenance of normal LTP levels, dendritic spine density,
and dendritic tree morphology. Given the leading role of DG in long-term memory, including
long-term hippocampus-dependent context learning and recognition memory [63,64], we can explain
the beneficial effect of synaptamide on long-term memory indicators assessed in tests for passive
avoidance and novel object recognition. For example, in our study, synaptamide reversed the
LPS-associated decrease in PCNA and DCX in the DG subgranular zone (DG SGZ) and prevented a
decrease in the discrimination index in the NOR test. We believe that the prevention of neurogenesis
disturbances is based on a decrease in the neuroinflammation and microglial activation in the DG,
as shown in our study. It is known that the production of proinflammatory cytokines is associated
with a decrease in neurogenesis [65], whereas the production of anti-inflammatory factors usually
stimulates the proliferation of neurons in the DG SGZ [66,67]. Immediate early gene accumulation
within the hippocampus is associated with an increase in the dendritic spines’ density on pyramidal
neurons [68]. A similar situation was observed in our study, since treatment with synaptamide
prevented both a decrease in Arc production and the mushroom dendritic spines’ density on the
dendrites of granular neurons.

4. Materials and Methods

4.1. Animals and Treatments

Male C57BL/6 mice (3 months old) were used for the experiments. The mice were obtained
from the National Scientific Center of Marine Biology, Far Eastern Branch of the Russian Academy
of Sciences, Vladivostok, Russia. The animals were housed 3–4 per cage with a 12-h light/dark cycle
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and ad lib access to chow and water. The temperature (23 ◦C ± 2 ◦C) and humidity (55% ± 15%) were
constant. All experimental procedures were approved by the Animal Ethics Committee at the National
Scientific Center of Marine Biology, Far Eastern Branch, Russian Academy of Sciences (No. 2/2020,
03.02.2020) according to the Laboratory Animal Welfare guidelines and the European Communities
Council Directive 2010/63/EU.

Neuroinflammation was induced by intraperitoneal (i.p.) injections of bacterial
lipopolysaccharides (LPS, Escherichia coli O111:B4, Sigma-Aldrich, St. Louis, MO, USA). The mice
(n = 80) were divided into the following treatment groups: “Veh” (n = 20)—i.p. saline and water
by subcutaneous (s.q.) injection on the back; “LPS” (n = 20)—i.p. LPS and water by s.q. injection
on the back; “LPS + Syn” (n = 20)—i.p. LPS and synaptamide by s.q. injection on the back; “Syn”
(n = 20)—i.p. saline and synaptamide by s.q. injection. The i.p. saline or LPS (750 mg/kg) injections
were administered for seven consecutive days. The volume of the i.p.-injected substance was 100 µL.
Synaptamide was injected subcutaneously as an aqueous emulsion at a dose of 10 mg/kg daily for seven
consecutive days. The state of the emulsion was achieved by continuous shaking with a Multi-Vortex
shaker (V-32, Biosan, Latvia). The volume of the substance injected subcutaneously was 100 µL.

4.2. N-Docosahexaenoylethanolamine Preparation

N-docosahexanoylethanolamine was obtained from by-products of salmon caught in the Bering
Sea. The concentrate of polyunsaturated fatty acid was obtained according to the method of
Ermolenko et al. [69]. To obtain ethanolamines, a polyunsaturated fatty acid (PUFA) concentrate was
converted into ethyl esters and then treated with ethanolamine. HPLC of PUFA ethanolamides was
performed using a Shimadzu LC-8A chromatograph (Shimadzu, Kyoto, Japan) with UV/VIS SPD-20A
(205 nm). Separation was carried out using a Supelco Discovery HS C-18 preparative reverse phase
column (Sigma-Aldrich, Bellefonte, PA, USA); particle size 10 µm, inner diameter 250 mm × 50 mm.
Isocratic elution with ethanol/water (70:30, v/v) was used. The elution rate was 50 mL/min. Fractions
containing synaptamide were collected, evaporated in vacuo and analyzed by gas chromatography
(GC) and gas chromatography-mass spectrometry (GC-MS). Synaptamide was a light-yellow oily
liquid with a mild odor at room temperature. The purity was 99.4%.

Determination of the fatty acid ethanolamide composition as trimethylsilyl derivatives (TMS-NAE)
was performed using gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS)
methods. To obtain TMS-NAE, 50 µL of N, O-bis (trimethylsilyl) trifluoroacetamide (BSTFA) was
added to 1 mg of fatty acid ethanolamides and heated to 60 ◦C for 1 h under argon. Then 1 mL of
hexane was added and 1 µL of each silylated fraction was injected into the GC system. To determine the
composition of TMS-NAE, a Shimadzu GC-2010 plus chromatograph (Shimadzu, Kyoto, Japan) with a
Supelco SLB ™-5 ms capillary column (30 m × 0.25 mm inner diameter) was used (Sigma-Aldrich,
Bellefonte, PA, USA), along with a flame ionization detector (Shimadzu, Kyoto, Japan). The components
of the mixture were separated under certain conditions: (1) an initial temperature of 180 ◦C; (2) a
heating rate from 2 ◦C/min to 260 ◦C; (3) the temperature was maintained for 35 min. The injector
and detector temperatures were the same and amounted to 260 ◦C. GC-MS was used to identify the
TMS-NAE structures. Electronic impact spectra were recorded on a Shimadzu TQ-8040 instrument
(Shimadzu, Kyoto, Japan) with a Supelco SLB™-5 ms column (Sigma-Aldrich, Bellefonte, PA, USA) at
70 eV. The same temperature conditions were used as for gas chromatography.

4.3. Working Memory

Working memory in mice was assessed using the spontaneous alternation test in the Y-maze.
The Y-maze was made of opaque acrylic glass and was composed of 3 equal arms (length: 30 cm;
height: 40 cm; width: 10 cm). Each mouse was placed in the center of the maze and was allowed
to move freely and explore the surrounding space for 5 min. An arm entry was counted when the
animal entered the arm with all four paws. To determine the rate of spontaneous alternations, the total
number of entries (N) and the number of “correct” triplets (M, consecutive choices of each of the 3
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branches without repeated entries) were counted. The spontaneous alternation rate was calculated
using the following formula: R (%) = M × 100/(N − 2).

In addition to working memory, the animal’s locomotor activity was assessed using the Y-maze
test. To this end, the total number of entries into the maze arms were counted for each mouse.

4.4. Passive Avoidance Test

We used the passive avoidance test to assess the effects of neuroinflammation and synaptamide
treatment on the long-term memory of experimental animals [70]. The test device consisted of light and
dark chambers separated by a sliding door. During the training phase, the mice were placed into the
light chamber and allowed to move freely for 60 s before opening the sliding door. When the animal
entered the dark chamber, the door was closed, and after 2 s an electric foot-shock was produced
(0.25 mA, 2 s). The test phase was performed 24 h after training, but the electric foot-shock was not
applied. To assess long-term memory, we measured the delay time before the mice entered the dark
chamber (step-through latency).

4.5. Novel Object Recognition

The novel object recognition test was performed according to the method described by Bevins
and Besheer [71]. During the training session, each mouse was placed in the middle of the arena with 2
identical plastic objects located on the left and right sides for 10 min. The animal was then returned
to the home cage for a 24 h retention interval. For the testing session, each mouse was placed in the
middle of the arena, where one of the objects was replaced with a new one. The animal was left in the
chamber, where it could freely explore objects for 5 min. The behavior was continuously recorded using
a video camera which was placed over the apparatus. The criterion of the exploration of the object was
the location of the nose of the animals at a distance not > 2 cm from the object. The discrimination ratio
was calculated as the time spent on a new object divided by the total time spent exploring both objects.
The objects and arenas were carefully cleaned with 70% ethanol after each animal.

4.6. Electrophysiological Recording

After the behavioral test, mice were deeply anesthetized using isoflurane (Laboratories Karizoo,
S.A., Barcelona, Spain), decapitated, and brains were removed and transferred to ice-cold artificial
cerebrospinal fluid (aCSF) composed of 119 mM NaCl, 2.5 mM KCl, 2 mM MgCl2, 0.25 mM CaCl2,
26 mM NaHCO3, 1 mM NaH2PO4, and 10 mM d-glucose, pH 7.4, oxygenated with carbogen 95%
O2, 5% CO2. The hippocampus was removed and parasagittal sections with a thickness of 350 µm
were prepared using a vibratome (PELCO easiSlicer™, Ted Pella, Inc., Redding, CA, USA). The slices
were recovered for 1 h at 33 ◦C. All recordings were performed in a submersion recording chamber
perfused with aCSF (30 ◦C ± 0.5 ◦C, 2 mL/min). After placing the slices into the recording chamber,
the slices were held in place with a nylon mesh during aCSF perfusion. Hippocampal slices were
visualized using an upright microscope (Olympus BX50, Olympus, Tokyo, Japan). The recording
extracellular electrode with an outer diameter of 1.5 mm and 10 cm in length was made of borosilicate
glass (World Precision Instruments, Sarasota, FL, USA). The monopolar stimulating electrode was
made of Pl-Ir Teflon wire (75 µm in diameter, including Teflon coating). The stimuli were triggered
using National Instruments Labview (National Instruments Corporation, Austin, TX, USA) 2019
software (10 µs duration, Master8, Microprobes for Life Science, Gaithersburg, MD, USA) using an
isolating stimulator (Constant Current Stimulus Isolator, World Precision Instruments, Sarasota, FL,
USA). The recordings were made using an intracellular amplifier in bridge circuit mode (Axoclamp 2B,
Axon Instruments, Molecular Devices, LLC, Sunnyvale, CA), with a sampling rate of 15 Hz, digitized
(PCI 6154, National Instruments Corporation, Austin, TX, USA), analyzed, and filtered using National
Instruments Labview 2019 software (National Instruments Corporation, Austin, TX, USA).

The stimulating electrode was placed into the Schaffer collateral fiber tract between the CA2 and
CA1 regions. For extracellular recording of field potentials, a recording electrode was placed in the
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CA1 region in the area of the pyramidal cell dendrites at a distance of no more than 1500 µm, but not
less than 300 µm from the stimulating electrode in order to avoid direct stimulation of cells located near
the recording sites. A slice was considered suitable for recording if an extra-synaptic potential was
observed during stimulation of 0.5 mA, provided that the classic graph of input/output stimulation
currents (IO) was obtained. To stabilize the responses, stimulation with a frequency of 1 Hz, 0.4 mA
for 30 min was used. For the development of long-term post-tetanic potentiation, the amplitude of the
testing stimulus was 70% of the maximum extrasynaptic potential amplitude. LTP was obtained using
100 Hz stimulation for 1 s.

4.7. Golgi–Cox Staining

The mice were deeply anesthetized with isoflurane (Laboratories Karizoo, S.A., Barcelona, Spain)
using a rodent anesthesia vaporizer (VetFlo ™, Kent Scientific Corporation, Torrington, CT, USA),
decapitated, and brains were quickly removed from the skull, rinsed with 0.1 M PBS (+4 ◦C) and cut into
2 hemispheres. The material was stained with the FD Rapid GolgiStain™ kit (FD NeuroTechnologies,
Ellicott City, MD, USA) according to manufacturer’s instructions (http://www.fdneurotech.com/item/0/

41/0/733/FD_Rapid_GolgiStain_Kit_large). Cryomicrotome (HM 550, Thermo Scientific, Waltham, MA,
USA) was used to cut 100-µm-thick slices. Slices were mounted on gelatin-coated microscope slides,
stained, dehydrated, and covered with VectaMount™Mounting Medium (H-5000, Vector laboratories,
San Francisco, CA, USA).

4.8. Sholl Analysis

Sholl analysis [72] was performed to evaluate the effect of neuroinflammation and synaptamide
treatment on the hippocampal dendrite morphology. ImageJ software (NIH, Bethesda, MD, USA)
was used for all image processing and morphological analyses. For dendrite tracing, images for each
individual neuron were converted to 8-bit color images. Dendrites were traced using the NeuronJ plugin
(http://www.imagescience.org/meijering/software/neuronj/) as previously described [73]. Sholl analysis
was performed on the NeuronJ tracings using the Sholl Analysis plugin (http://fiji.sc/Sholl_Analysis).
For the Sholl analysis, single animals were selected as the unit of analysis (5 animals per group). For each
animal, 2–3 well-stained neurons from CA1 and DG areas were taken for evaluation. When calculating
the density of dendritic spines, one mouse (5 per group) was used as the unit of analysis. For each
mouse the evaluation was performed on 3 neurons.

4.9. ELISA

To determine the CB1, c-Fos, NMDAR1, NMDAR2a, synaptophysin, and IL-1β protein
concentration within the hippocampus, the enzyme-linked immunosorbent assay (ELISA) was
used. The rats were anesthetized with isoflurane using rodent anesthesia vaporizer (VetFlo™,
Kent Scientific Corporation, Torrington, CT, USA) and the hippocampus was quickly extracted, frozen
in liquid nitrogen, and stored at a temperature of −70 ◦C. The following primary antibodies were
used: Anti-Cannabinoid Receptor I antibody (1:200, ab23703), Recombinant Anti-c-Fos antibody
(EPR21930-238) (1:1000, ab222699), Recombinant Anti-NMDAR1 antibody (EPR2481(2)) (1:1000,
ab109182), Anti-NMDAR2A antibody (EPR2465(2)) (1:1000, ab124913), Anti-Synaptophysin antibody
(1:1000, ab14692), all of Abcam (Cambridge, UK). For IL-1β quantification IL-1 beta Mouse ELISA Kit
(BMS6002, Thermo-Fisher Scientific, Waltham, MA, USA) was used.

For analysis we used both right and left hippocampi. The samples were homogenized using a
homogenization buffer consisting of 100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, and 1 mM
EDTA, 1% Triton X-100, 0.5% sodium deoxycholate with a of protease inhibitors cocktail (cOmplete™,
Sigma-Aldrich, Bellefonte, PA, USA) incubated on ice for 15 min, centrifuged (16,000× g, 30 min,
+4 ◦C) and the supernatants were collected. A BCA Protein Assay Kit (Pierce, Rockford, IL, USA) was
used for determining protein concentration. The samples 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 obtain

http://www.fdneurotech.com/item/0/41/0/733/FD_Rapid_GolgiStain_Kit_large
http://www.fdneurotech.com/item/0/41/0/733/FD_Rapid_GolgiStain_Kit_large
http://www.imagescience.org/meijering/software/neuronj/
http://fiji.sc/Sholl_Analysis
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a 20 µg/mL concentration. Then, 100 µL of samples were added to each well of a PVC microtiter
plate (M4561-40EA, Greiner, Kremsmünster, Austria) and incubated at 4 ◦C overnight. After this,
the coating solution was removed, and the plate was washed three times by filling the wells with
200 µL PBS. To block the remaining protein-binding sites in the coated wells, 5% non-fat dry milk
(M7409-1BTL, Sigma-Aldrich, St. Louis, MO, USA) was used (2 h at room temperature). After washing,
100 µL of diluted primary antibody was added to each well. The plate was covered with an adhesive
plastic and incubated for 2 h at room temperature. After washing, 100 µL of peroxidase secondary
antibody solution (1:500, PI-1000-1, Vector laboratories, San Francisco, CA, USA) was added to each
well, and the plate was incubated for 2 h at room temperature. After washing, 50 µL of TMB solution
(3,3′,5,5′-tetramethylbenzidine, SK-4400, Vector laboratories, San Francisco, CA, USA) was added
to each well, and the plate was incubated for 30 min at room temperature before color appeared.
After sufficient color was developed, 50 µL of stop solution (1N hydrochloric acid) was added to the
wells. The absorbance was measured in an iMark plate spectrophotometer (Bio-Rad, Hercules, CA,
USA) at a wavelength of 450 nm. Each sample was analyzed twice and the results were averaged.

4.10. Immunohistochemical Studies

Brains were extracted for immunohistochemical studies on the 7th day after the start of treatment.
The mice were deeply anesthetized with isoflurane (Laboratories Karizoo, S.A., Barcelona, Spain) using
a rodent anesthesia vaporizer (VetFlo™, Kent Scientific Corporation, Torrington, CT, USA) equipped
with a rodent mask. Mice were transcardially perfused with 5 mL PBS (~4 ◦C), pH 7.2. Then the brain
was rapidly removed from the skull, divided into 2 hemispheres, and placed in 4% paraformaldehyde
for 12 h. Both hemispheres were used for immunohistochemical study. Then, the material was washed
with PBS (pH 7.2). After paraformaldehyde fixation the tissue samples were embedded in paraffin
blocks and sectioned to obtain 10 µm slices, using a Leica rotary microtome RM 2245 (Leica, Wetzlar,
Germany). The immunohistochemical method used in the study consisted of the following steps:
(1) blocking endogenous peroxidase activity: 0.3% H2O2 solution for 5 min; (2) blocking non-specific
antibody binding: 5% BSA in PBS for 1 h; (3) primary antibodies (4 ◦C, 24 h); (4) secondary antibodies
conjugated to horseradish peroxidase: anti-rabbit, 1:200, PI-1000-1; anti-mouse 1:200, PI-2000-1
(both from Vector laboratories, San Francisco, CA, USA); (5) ImmPACT™ DAB Peroxidase Substrate
chromogen (SK-4105, Vector Laboratories, San Francisco, CA, USA); (6) washing with 0.1 M PBS (pH 7.2),
dehydration and mounting in VectaMount Permanent Mounting Medium (H-5000, Vector laboratories,
San Francisco, CA, USA). The following primary polyclonal rabbit antibodies were used: anti-Iba-1
rabbit polyclonal antibodies (1:500, ab108539, Abcam, Cambridge, UK), anti-doublecortin (anti-DCX)
antibody (1:500, ab18723; Abcam, Cambridge, UK), anti-PCNA mouse monoclonal antibodies (1:500,
ab29, Abcam, Cambridge, UK), anti-Arc ab183183 rabbit monoclonal antibodies (1:200, ab183183,
Abcam, Cambridge, UK).

Images were obtained on a Zeiss Axio Imager microscope equipped with an AxioCam 503
color and AxioVision software (Carl Zeiss, Oberkochen, Germany). The images were processed
and analyzed using ImageJ software (NIH, Bethesda, MD, USA). Processing of each micrograph
included the following steps: conversion to an 8-bit image; subtracting the background (rolling ball
radius = 50); contrast enhancement. To measure the area of marker staining, the necessary area was
selected, and the percentage of the colored area was calculated. When calculating DCX-, PCNA- and
Arc-immunopositive cells/mm3, the following formula was used: d = (106

× n)/(S × l), where n is the
number of cells; S is the area of the granule cell area (µm2); l is the thickness of the slice, and 106 is the
conversion coefficient of µm2 to mm2. Counting Arc-positive cells was carried out in the granule layer
of the DG. DCX- and PCNA-positive cells were counted strictly in the DG subgranular zone (SGZ).
The quantification of Iba-1-, DCX-, PCNA-, and Arc-immunopositive cells was performed using every
4th section. All measurements were performed by an operator who was blinded to the identity of the
sections. For calculations, 5 sections were used from each animal. For statistical processing, the values
obtained for each individual animal were averaged.
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4.11. Statistical Analysis

Data are presented as the means ± SEM. ‘n’ represents the number of animals. All data were tested
for normal distribution using the Shapiro–Wilk test. Since the data obtained by the behavioral tests and
ELISA were normally distributed, they were subjected to statistical analysis using two-way ANOVA
followed by a post hoc Tukey multiple comparison test. The data obtained by the electrophysiological
recording, histology, and immunohistochemistry were subjected to statistical analysis using the
Kruskal–Wallis test with the post hoc Dunn’s multiple comparison test. A value of p < 0.05 was
considered to indicate a statistically significant difference. Sholl analysis data were subjected to
statistical analysis using a Student’s t-test. For all studies, one animal was used as the analysis unit.
All statistical tests were performed using Microsoft Excel software (Microsoft, Tulsa, OK, USA) and
GraphPad prism 4 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

N-docosahexanoylethanolamine (synaptamide) administration to animals significantly improved
hippocampus-dependent memory, prevented synaptic plasticity impairments, neuronal degeneration,
and neurogenesis deterioration. The likely basis of the phenomena described above is the powerful
anti-inflammatory activity of synaptamide, as shown in our study and several previous works.
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Abbreviations

Synaptamide N-docosahexanoylethanolamine
LPS lipopolysaccharides
DG SGZ dentate gyrus subgranular zone
DCX doublecortin
PCNA proliferating cell nuclear antigen
LTP long-term potentiation
ELISA enzyme-linked immunosorbent assay
ANOVA one-way analysis of variance
FAAH fatty acid amide hydrolase
DHA docosahexaenoic acid
CB1 cannabinoid-1 Receptor
NMDAR N-methyl-d-aspartate receptor
PBS phosphate-buffered saline
Veh vehicle
Syn Synaptophysin
aCSF artificial cerebrospinal fluid

References

1. Frank-Cannon, T.C.; Alto, L.T.; E McAlpine, F.; Tansey, M.G. Does neuroinflammation fan the flame in
neurodegenerative diseases? Mol. Neurodegener. 2009, 4, 47. [CrossRef] [PubMed]

2. Fang, F.; Lue, L.-F.; Yan, S.; Xu, H.; Luddy, J.S.; Chen, D.; Walker, D.G.; Stern, D.M.; Yan, S.; Schmidt, A.M.; et al.
RAGE-dependent signaling in microglia contributes to neuroinflammation, Aβ accumulation, and impaired
learning/memory in a mouse model of Alzheimer’s disease. FASEB J. 2009, 24, 1043–1055. [CrossRef]
[PubMed]

http://dx.doi.org/10.1186/1750-1326-4-47
http://www.ncbi.nlm.nih.gov/pubmed/19917131
http://dx.doi.org/10.1096/fj.09-139634
http://www.ncbi.nlm.nih.gov/pubmed/19906677


Int. J. Mol. Sci. 2020, 21, 9703 18 of 21

3. McGeer, P.L.; McGeer, E.G. NSAIDs and Alzheimer disease: Epidemiological, animal model and clinical
studies. Neurobiol. Aging 2007, 28, 639–647. [CrossRef] [PubMed]

4. Rao, J.S.; Harry, G.J.; Rapoport, S.I.; Kim, H.-W. Increased excitotoxicity and neuroinflammatory markers in
postmortem frontal cortex from bipolar disorder patients. Mol. Psychiatry 2009, 15, 384–392. [CrossRef]

5. Katzman, M.A.; Furtado, M.; Anand, L. Targeting the Endocannabinoid System in Psychiatric Illness.
J. Clin. Psychopharmacol. 2016, 36, 691–703. [CrossRef]

6. Chen, J.; Buchanan, J.B.; Sparkman, N.L.; Godbout, J.P.; Freund, G.G.; Johnson, R.W. Neuroinflammation and
disruption in working memory in aged mice after acute stimulation of the peripheral innate immune system.
Brain Behav. Immun. 2008, 22, 301–311. [CrossRef]

7. Murray, C.; Sanderson, D.J.; Barkus, C.; Deacon, R.M.; Rawlins, J.N.P.; Bannerman, D.M.; Cunningham, C.
Systemic inflammation induces acute working memory deficits in the primed brain: Relevance for delirium.
Neurobiol. Aging 2012, 33, 603–616. [CrossRef]

8. Czerniawski, J.; Miyashita, T.; Lewandowski, G.; Guzowski, J.F. Systemic lipopolysaccharide administration
impairs retrieval of context–object discrimination, but not spatial, memory: Evidence for selective disruption
of specific hippocampus-dependent memory functions during acute neuroinflammation. Brain Behav. Immun.
2015, 44, 159–166. [CrossRef]

9. Frühauf, P.K.S.; Ineu, R.P.; Tomazi, L.; Duarte, T.; Mello, C.F.; Rubin, M.A. Spermine reverses
lipopolysaccharide-induced memory deficit in mice. J. Neuroinflamm. 2015, 12, 3–11. [CrossRef]

10. Di Filippo, M.; Chiasserini, D.; Tozzi, A.; Picconi, B.; Calabresi, P. Mitochondria and the Link Between
Neuroinflammation and Neurodegeneration. J. Alzheimer’s Dis. 2010, 20, S369–S379. [CrossRef]

11. Dayton, E.T.; Major, E.O. Recombinant human interleukin 1β induces production of prostaglandins in
primary human fetal astrocytes and immortalized human fetal astrocyte cultures. J. Neuroimmunol. 1996, 71,
11–18. [CrossRef]

12. Stella, N.; Estellés, A.; Siciliano, J.; Tencé, M.; Desagher, S.; Piomelli, D.; Glowinski, J.; Prémont, J. Interleukin-1
Enhances the ATP-Evoked Release of Arachidonic Acid from Mouse Astrocytes. J. Neurosci. 1997, 17,
2939–2946. [CrossRef] [PubMed]

13. McCann, S.M.; Licinio, J.; Wong, M.-L.; Yu, W.H.; Karanth, S.; Rettorri, V. The nitric oxide hypothesis of aging.
Exp. Gerontol. 1999, 33, 813–826. [CrossRef]

14. Sung, C.-S.; Wen, Z.-H.; Chang, W.-K.; Ho, S.-T.; Tsai, S.-K.; Chang, Y.-C.; Wong, C.-S. Intrathecal interleukin-1β
administration induces thermal hyperalgesia by activating inducible nitric oxide synthase expression in the
rat spinal cord. Brain Res. 2004, 1015, 145–153. [CrossRef] [PubMed]

15. Ye, L.; Huang, Y.; Zhao, L.; Li, Y.; Sun, L.; Zhou, Y.; Qian, G.; Zheng, J.C. IL-1β and TNF-α induce neurotoxicity
through glutamate production: A potential role for neuronal glutaminase. J. Neurochem. 2013, 125, 897–908.
[CrossRef] [PubMed]

16. Mozrzymas, J.W. Dynamism of GABAA receptor activation shapes the “personality” of inhibitory synapses.
Neuropharmacol. 2004, 47, 945–960. [CrossRef] [PubMed]

17. Dravid, S.M.; Erreger, K.; Yuan, H.; Nicholson, K.; Le, P.; Lyuboslavsky, P.; Almonte, A.; Murray, E.; Mosley, C.;
Barber, J.; et al. Subunit-specific mechanisms and proton sensitivity of NMDA receptor channel block.
J. Physiol. 2007, 581, 107–128. [CrossRef]

18. Tyrtyshnaia, A.A.; Lysenko, L.V.; Madamba, F.; Manzhulo, I.V.; Khotimchenko, M.Y.; Kleschevnikov, A.M.
Acute neuroinflammation provokes intracellular acidification in mouse hippocampus. J. Neuroinflamm. 2016,
13, 1–11. [CrossRef]

19. Kim, H.-Y.; Spector, A.A.; Xiong, Z.-M. A synaptogenic amide N-docosahexaenoylethanolamide promotes
hippocampal development. Prostaglandins Other Lipid Mediat. 2011, 96, 114–120. [CrossRef]

20. Meijerink, J.; Balvers, M.; Witkamp, R.F. N-acyl amines of docosahexaenoic acid and other n–3 polyunsatured
fatty acids – from fishy endocannabinoids to potential leads. Br. J. Pharmacol. 2013, 169, 772–783. [CrossRef]

21. Kim, H.-Y.; Spector, A.A. N-Docosahexaenoylethanolamine: A neurotrophic and neuroprotective metabolite
of docosahexaenoic acid. Mol. Asp. Med. 2018, 64, 34–44. [CrossRef] [PubMed]

22. Rashid, M.A.; Katakura, M.; Kharebava, G.; Kevala, K.; Kim, H.-Y. N-Docosahexaenoylethanolamine is a
potent neurogenic factor for neural stem cell differentiation. J. Neurochem. 2013, 125, 869–884. [CrossRef]
[PubMed]

http://dx.doi.org/10.1016/j.neurobiolaging.2006.03.013
http://www.ncbi.nlm.nih.gov/pubmed/16697488
http://dx.doi.org/10.1038/mp.2009.47
http://dx.doi.org/10.1097/JCP.0000000000000581
http://dx.doi.org/10.1016/j.bbi.2007.08.014
http://dx.doi.org/10.1016/j.neurobiolaging.2010.04.002
http://dx.doi.org/10.1016/j.bbi.2014.09.014
http://dx.doi.org/10.1186/s12974-014-0220-5
http://dx.doi.org/10.3233/JAD-2010-100543
http://dx.doi.org/10.1016/S0165-5728(96)00111-7
http://dx.doi.org/10.1523/JNEUROSCI.17-09-02939.1997
http://www.ncbi.nlm.nih.gov/pubmed/9096130
http://dx.doi.org/10.1016/S0531-5565(98)00050-3
http://dx.doi.org/10.1016/j.brainres.2004.04.068
http://www.ncbi.nlm.nih.gov/pubmed/15223378
http://dx.doi.org/10.1111/jnc.12263
http://www.ncbi.nlm.nih.gov/pubmed/23578284
http://dx.doi.org/10.1016/j.neuropharm.2004.07.003
http://www.ncbi.nlm.nih.gov/pubmed/15555630
http://dx.doi.org/10.1113/jphysiol.2006.124958
http://dx.doi.org/10.1186/s12974-016-0747-8
http://dx.doi.org/10.1016/j.prostaglandins.2011.07.002
http://dx.doi.org/10.1111/bph.12030
http://dx.doi.org/10.1016/j.mam.2018.03.004
http://www.ncbi.nlm.nih.gov/pubmed/29572109
http://dx.doi.org/10.1111/jnc.12255
http://www.ncbi.nlm.nih.gov/pubmed/23570577


Int. J. Mol. Sci. 2020, 21, 9703 19 of 21

23. Park, T.; Chen, H.; Kevala, K.; Lee, J.-W.; Kim, H.-Y. N-Docosahexaenoylethanolamine ameliorates
LPS-induced neuroinflammation via cAMP/PKA-dependent signaling. J. Neuroinflamm. 2016, 13, 1–15.
[CrossRef]

24. McDougle, D.R.; Watson, J.E.; Abdeen, A.A.; Adili, R.; Caputo, M.P.; Krapf, J.E.; Johnson, R.W.; Kilian, K.A.;
Holinstat, M.; Das, A. Anti-inflammatoryω-3 endocannabinoid epoxides. Proc. Natl. Acad. Sci. USA 2017,
114, E6034–E6043. [CrossRef] [PubMed]

25. Kim, H.-Y.; Spector, A.A. Synaptamide, endocannabinoid-like derivative of docosahexaenoic acid with
cannabinoid-independent function. Prostaglandins, Leukot. Essent. Fat. Acids 2013, 88, 121–125. [CrossRef]

26. Wood, J.T.; Williams, J.S.; Pandarinathan, L.; Janero, D.R.; Lammi-Keefe, C.J.; Makriyannis, A. Dietary
docosahexaenoic acid supplementation alters select physiological endocannabinoid-system metabolites in
brain and plasma. J. Lipid Res. 2010, 51, 1416–1423. [CrossRef] [PubMed]

27. Yurko-Mauro, K.; McCarthy, D.; Rom, D.; Nelson, E.B.; Ryan, A.S.; Blackwell, A.; Salem, N.; Stedman, M.
MIDAS Investigators Beneficial effects of docosahexaenoic acid on cognition in age-related cognitive decline.
Alzheimer’s Dement. 2010, 6, 456–464. [CrossRef]

28. Kharebava, G.; Rashid, M.A.; Lee, J.-W.; Sarkar, S.; Kevala, K.; Kim, H.-Y. N-docosahexaenoylethanolamine
regulates Hedgehog signaling and promotes growth of cortical axons. Biol. Open 2015, 4, 1660–1670.
[CrossRef]

29. Tyrtyshnaia, A.A.; Egorova, E.L.; Starinets, A.A.; Ponomarenko, A.I.; Ermolenko, E.V.; Manzhulo, I.V.
N-Docosahexaenoylethanolamine Attenuates Neuroinflammation and Improves Hippocampal Neurogenesis
in Rats with Sciatic Nerve Chronic Constriction Injury. Mar. Drugs 2020, 18, 516. [CrossRef]

30. Kawakita, E.; Hashimoto, M.; Shido, O. Docosahexaenoic acid promotes neurogenesis in vitro and in vivo.
Neuroscience 2006, 139, 991–997. [CrossRef]

31. Cao, D.; Kevala, K.; Kim, J.; Moon, H.-S.; Jun, S.B.; Lovinger, D.; Kim, H.-Y. Docosahexaenoic acid promotes
hippocampal neuronal development and synaptic function. J. Neurochem. 2009, 111, 510–521. [CrossRef]
[PubMed]

32. Calder, P. Omega-3 Fatty Acids and Inflammatory Processes. Nutrients 2010, 2, 355–374. [CrossRef] [PubMed]
33. Sonti, S.; Duclos, R.I.; Tolia, M.; Gatley, S.J. N-Docosahexaenoylethanolamine (synaptamide): Carbon-14

radiolabeling and metabolic studies. Chem. Phys. Lipids 2018, 210, 90–97. [CrossRef] [PubMed]
34. Walter, L.; Stella, N. Cannabinoids and neuroinflammation. Br. J. Pharmacol. 2004, 141, 775–785. [CrossRef]
35. Eminatohara, K.; Eakiyoshi, M.; Okuno, H. Role of Immediate-Early Genes in Synaptic Plasticity and

Neuronal Ensembles Underlying the Memory Trace. Front. Mol. Neurosci. 2016, 8, 78. [CrossRef]
36. Orr, S.K.; Palumbo, S.; Bosetti, F.; Mount, H.T.; Kang, J.X.; Greenwood, C.E.; Ma, D.W.L.; Serhan, C.N.;

Bazinet, R.P. Unesterified docosahexaenoic acid is protective in neuroinflammation. J. Neurochem. 2013, 127,
378–393. [CrossRef]

37. Park, T.; Chen, H.; Kim, H.-Y. GPR110 (ADGRF1) mediates anti-inflammatory effects of
N-docosahexaenoylethanolamine. J. Neuroinflamm. 2019, 16, 1–13. [CrossRef]

38. Raker, V.K.; Ebecker, C.; Esteinbrink, K. The cAMP Pathway as Therapeutic Target in Autoimmune and
Inflammatory Diseases. Front. Immunol. 2016, 7, 123. [CrossRef]

39. Berger, A.; Crozier, G.; Bisogno, T.; Cavaliere, P.; Innis, S.; Di Marzo, V. Anandamide and diet: Inclusion
of dietary arachidonate and docosahexaenoate leads to increased brain levels of the corresponding
N-acylethanolamines in piglets. Proc. Natl. Acad. Sci. USA 2001, 98, 6402–6406. [CrossRef]

40. Hou, Y.; Xie, G.; Liu, X.; Li, G.; Jia, C.; Xu, J.; Wang, B. Minocycline protects against lipopolysaccharide-induced
cognitive impairment in mice. Psychopharmacol. 2015, 233, 905–916. [CrossRef]

41. Song, J.; Kang, S.M.; Lee, K.M.; Lee, J.E. The Protective Effect of Melatonin on Neural Stem Cell against
LPS-Induced Inflammation. BioMed Res. Int. 2015, 2015, 1–13. [CrossRef] [PubMed]

42. Magó, Á.; Weber, J.P.; Ujfalussy, B.B.; Makara, J.K. Synaptic Plasticity Depends on the Fine-Scale Input Pattern
in Thin Dendrites of CA1 Pyramidal Neurons. J. Neurosci. 2020, 40, 2593–2605. [CrossRef]

43. Neumann, H.; Schweigreiter, R.; Yamashita, T.; Rosenkranz, K.; Wekerle, H.; Barde, Y.-A. Tumor Necrosis
Factor Inhibits Neurite Outgrowth and Branching of Hippocampal Neurons by a Rho-Dependent Mechanism.
J. Neurosci. 2002, 22, 854–862. [CrossRef] [PubMed]

44. Clarke, D.J.; Branton, R.L. IL-1β is released from the host brain following transplantation but does not
compromise embryonic dopaminergic neuron survival. Brain Res. 2002, 952, 78–85. [CrossRef]

http://dx.doi.org/10.1186/s12974-016-0751-z
http://dx.doi.org/10.1073/pnas.1610325114
http://www.ncbi.nlm.nih.gov/pubmed/28687674
http://dx.doi.org/10.1016/j.plefa.2012.08.002
http://dx.doi.org/10.1194/jlr.M002436
http://www.ncbi.nlm.nih.gov/pubmed/20071693
http://dx.doi.org/10.1016/j.jalz.2010.01.013
http://dx.doi.org/10.1242/bio.013425
http://dx.doi.org/10.3390/md18100516
http://dx.doi.org/10.1016/j.neuroscience.2006.01.021
http://dx.doi.org/10.1111/j.1471-4159.2009.06335.x
http://www.ncbi.nlm.nih.gov/pubmed/19682204
http://dx.doi.org/10.3390/nu2030355
http://www.ncbi.nlm.nih.gov/pubmed/22254027
http://dx.doi.org/10.1016/j.chemphyslip.2017.11.002
http://www.ncbi.nlm.nih.gov/pubmed/29126855
http://dx.doi.org/10.1038/sj.bjp.0705667
http://dx.doi.org/10.3389/fnmol.2015.00078
http://dx.doi.org/10.1111/jnc.12392
http://dx.doi.org/10.1186/s12974-019-1621-2
http://dx.doi.org/10.3389/fimmu.2016.00123
http://dx.doi.org/10.1073/pnas.101119098
http://dx.doi.org/10.1007/s00213-015-4169-6
http://dx.doi.org/10.1155/2015/854359
http://www.ncbi.nlm.nih.gov/pubmed/25705693
http://dx.doi.org/10.1523/JNEUROSCI.2071-19.2020
http://dx.doi.org/10.1523/JNEUROSCI.22-03-00854.2002
http://www.ncbi.nlm.nih.gov/pubmed/11826115
http://dx.doi.org/10.1016/S0006-8993(02)03199-2


Int. J. Mol. Sci. 2020, 21, 9703 20 of 21

45. Li, Y.; Liu, L.; Barger, S.W.; Griffin, W.S.T. Interleukin-1 Mediates Pathological Effects of Microglia on Tau
Phosphorylation and on Synaptophysin Synthesis in Cortical Neurons through a p38-MAPK Pathway.
J. Neurosci. 2003, 23, 1605–1611. [CrossRef]

46. Sheppard, O.; Coleman, M.P.; Durrant, C.S. Lipopolysaccharide-induced neuroinflammation induces
presynaptic disruption through a direct action on brain tissue involving microglia-derived interleukin 1 beta.
J. Neuroinflamm. 2019, 16, 1–13. [CrossRef]

47. Wang, K.; White, T.D. The Bacterial Endotoxin Lipopolysaccharide Causes Rapid Inappropriate Excitation in
Rat Cortex. J. Neurochem. 1999, 72, 652–660. [CrossRef]

48. Jo, J.-H.; Park, E.-J.; Lee, J.-K.; Jung, M.-W.; Lee, C.-J. Lipopolysaccharide inhibits induction of long-term
potentiation and depression in the rat hippocampal CA1 area. Eur. J. Pharmacol. 2001, 422, 69–76. [CrossRef]

49. Hoshino, K.; Hasegawa, K.; Kamiya, H.; Morimoto, Y. Synapse-specific effects of IL-1β on long-term
potentiation in the mouse hippocampus. Biomed. Res. 2017, 38, 183–188. [CrossRef]

50. Bellinger, F.; Madamba, S.; Campbell, I.; Siggins, G. Reduced long-term potentiation in the dentate gyrus of
transgenic mice with cerebral overexpression of interleukin-6. Neurosci. Lett. 1995, 198, 95–98. [CrossRef]

51. Nelson, T.E.; Engberink, A.O.; Hernandez, R.; Puro, A.; Huitron-Resendiz, S.; Hao, C.; De Graan, P.;
Gruol, D.L. Altered synaptic transmission in the hippocampus of transgenic mice with enhanced central
nervous systems expression of interleukin-6. Brain Behav. Immun. 2012, 26, 959–971. [CrossRef] [PubMed]

52. Rosi, S.; Ramirez-Amaya, V.; Hauss-Wegrzyniak, B.; Wenk, G.L. Chronic brain inflammation leads to a
decline in hippocampal NMDA-R1 receptors. J. Neuroinflamm. 2004, 1, 12. [CrossRef] [PubMed]

53. Zou, J.; Crews, F. Glutamate/NMDA excitotoxicity and HMGB1/TLR4 neuroimmune toxicity converge as
components of neurodegeneration. AIMS Mol. Sci. 2015, 2, 77–100. [CrossRef]

54. Flores-Soto, M.E.; Chaparro-Huerta, V.; Escoto-Delgadillo, M.; Vázquez-Valls, E.; Gonzalez-Castañeda, R.;
Beas-Zárate, C. Estructura y función de las subunidades del receptor a glutamato tipo NMDA. Neurología
2012, 27, 301–310. [CrossRef] [PubMed]

55. Bal-Price, A.; Brown, G.C. Inflammatory Neurodegeneration Mediated by Nitric Oxide from Activated
Glia-Inhibiting Neuronal Respiration, Causing Glutamate Release and Excitotoxicity. J. Neurosci. 2001, 21,
6480–6491. [CrossRef] [PubMed]

56. Sánchez-Blázquez, P.; Rodríguez-Muñoz, M.; Garzón-Niño, J. The cannabinoid receptor 1 associates with
NMDA receptors to produce glutamatergic hypofunction: Implications in psychosis and schizophrenia.
Front. Pharmacol. 2014, 4, 169. [CrossRef]

57. Hu, H.; Ho, W.; Mackie, K.; Pittman, Q.J.; Sharkey, K.A. Brain CB1 receptor expression following
lipopolysaccharide-induced inflammation. Neuroscience 2012, 227, 211–222. [CrossRef]

58. Redondo, R.L.; Morris, R.G.M. Making memories last: The synaptic tagging and capture hypothesis. Nat. Rev.
Neurosci. 2011, 12, 17–30. [CrossRef]

59. Liu, X.; Ramirez, S.; Pang, P.T.; Puryear, C.B.; Govindarajan, A.; Deisseroth, K.; Tonegawa, S. Optogenetic
stimulation of a hippocampal engram activates fear memory recall. Nat. Cell Biol. 2012, 484, 381–385.
[CrossRef]

60. Denny, C.A.; Kheirbek, M.A.; Alba, E.L.; Tanaka, K.F.; Brachman, R.A.; Laughman, K.B.; Tomm, N.K.;
Turi, G.F.; Losonczy, A.; Hen, R. Hippocampal Memory Traces Are Differentially Modulated by Experience,
Time, and Adult Neurogenesis. Neuron 2014, 83, 189–201. [CrossRef]

61. Tanaka, K.Z.; Pevzner, A.; Hamidi, A.B.; Nakazawa, Y.; Graham, J.; Wiltgen, B.J. Cortical Representations Are
Reinstated by the Hippocampus during Memory Retrieval. Neuron 2014, 84, 347–354. [CrossRef] [PubMed]

62. Messaoudi, E.; Kanhema, T.; Soulé, J.; Tiron, A.; Dagyte, G.; Da Silva, B.; Bramham, C.R. Sustained Arc/Arg3.1
Synthesis Controls Long-Term Potentiation Consolidation through Regulation of Local Actin Polymerization
in the Dentate Gyrus In Vivo. J. Neurosci. 2007, 27, 10445–10455. [CrossRef] [PubMed]

63. Bruel-Jungerman, E.; Laroche, S.; Rampon, C. New neurons in the dentate gyrus are involved in the expression
of enhanced long-term memory following environmental enrichment. Eur. J. Neurosci. 2005, 21, 513–521.
[CrossRef] [PubMed]

64. Jessberger, S.; Clark, R.E.; Broadbent, N.J.; Clemenson, J.G.D.; Consiglio, A.; Lie, D.C.; Squire, L.R.; Gage, F.H.
Dentate gyrus-specific knockdown of adult neurogenesis impairs spatial and object recognition memory in
adult rats. Learn. Mem. 2009, 16, 147–154. [CrossRef]

http://dx.doi.org/10.1523/JNEUROSCI.23-05-01605.2003
http://dx.doi.org/10.1186/s12974-019-1490-8
http://dx.doi.org/10.1046/j.1471-4159.1999.0720652.x
http://dx.doi.org/10.1016/S0014-2999(01)01075-5
http://dx.doi.org/10.2220/biomedres.38.183
http://dx.doi.org/10.1016/0304-3940(95)11976-4
http://dx.doi.org/10.1016/j.bbi.2012.05.005
http://www.ncbi.nlm.nih.gov/pubmed/22609298
http://dx.doi.org/10.1186/1742-2094-1-12
http://www.ncbi.nlm.nih.gov/pubmed/15285803
http://dx.doi.org/10.3934/molsci.2015.2.77
http://dx.doi.org/10.1016/j.nrl.2011.10.014
http://www.ncbi.nlm.nih.gov/pubmed/22217527
http://dx.doi.org/10.1523/JNEUROSCI.21-17-06480.2001
http://www.ncbi.nlm.nih.gov/pubmed/11517237
http://dx.doi.org/10.3389/fphar.2013.00169
http://dx.doi.org/10.1016/j.neuroscience.2012.09.067
http://dx.doi.org/10.1038/nrn2963
http://dx.doi.org/10.1038/nature11028
http://dx.doi.org/10.1016/j.neuron.2014.05.018
http://dx.doi.org/10.1016/j.neuron.2014.09.037
http://www.ncbi.nlm.nih.gov/pubmed/25308331
http://dx.doi.org/10.1523/JNEUROSCI.2883-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17898216
http://dx.doi.org/10.1111/j.1460-9568.2005.03875.x
http://www.ncbi.nlm.nih.gov/pubmed/15673450
http://dx.doi.org/10.1101/lm.1172609


Int. J. Mol. Sci. 2020, 21, 9703 21 of 21

65. Vallières, L.; Campbell, I.L.; Gage, F.H.; Sawchenko, P.E. Reduced Hippocampal Neurogenesis in Adult
Transgenic Mice with Chronic Astrocytic Production of Interleukin-6. J. Neurosci. 2002, 22, 486–492.
[CrossRef]

66. Perez-Asensio, F.J.; Perpiñá, U.; Planas, A.M.; Pozas, E. Interleukin-10 regulates progenitor differentiation
and modulates neurogenesis in adult brain. J. Cell Sci. 2013, 126, 4208–4219. [CrossRef]

67. Pereira, B.C.; Da Rocha, A.; Pauli, J.R.; Ropelle, E.R.; De Souza, C.; E Cintra, D.; Sant’Ana, M.; Da Silva, A.S.
Excessive eccentric exercise leads to transitory hypothalamic inflammation, which may contribute to the low
body weight gain and food intake in overtrained mice. Neuroscience 2015, 311, 231–242. [CrossRef]

68. Chen, S.; Hillman, D.E. Transient c-fos expression and dendritic spine plasticity in hippocampal granule
cells. Brain Res. 1992, 577, 169–174. [CrossRef]

69. Ermolenko, E.V.; Latyshev, N.; Sultanov, R.; Kasyanov, S. Technological approach of 1-O-alkyl-sn-glycerols
separation from Berryteuthis magister squid liver oil. J. Food Sci. Technol. 2016, 53, 1722–1726. [CrossRef]

70. Ishiyama, T.; Tokuda, K.; Ishibashi, T.; Ito, A.; Toma, S.; Ohno, Y. Lurasidone (SM-13496), a novel
atypical antipsychotic drug, reverses MK-801-induced impairment of learning and memory in the rat
passive-avoidance test. Eur. J. Pharmacol. 2007, 572, 160–170. [CrossRef]

71. Bevins, R.A.; Besheer, J. Object recognition in rats and mice: A one-trial non-matching-to-sample learning
task to study ’recognition memory’. Nat. Protoc. 2006, 1, 1306–1311. [CrossRef] [PubMed]

72. Sholl, D.A. Dendritic organization in the neurons of the visual and motor cortices of the cat. J. Anat. 1953, 87,
387–406. [PubMed]

73. Bastian, T.W.; Duck, K.A.; Michalopoulos, G.C.; Chen, M.J.; Liu, Z.-J.; Connor, J.R.; Lanier, L.M.;
Sola-Visner, M.C.; Georgieff, M.K. Eltrombopag, a thrombopoietin mimetic, crosses the blood-brain barrier
and impairs iron-dependent hippocampal neuron dendrite development. J. Thromb. Haemost. 2017, 15,
565–574. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1523/JNEUROSCI.22-02-00486.2002
http://dx.doi.org/10.1242/jcs.127803
http://dx.doi.org/10.1016/j.neuroscience.2015.10.027
http://dx.doi.org/10.1016/0006-8993(92)90553-L
http://dx.doi.org/10.1007/s13197-015-2148-x
http://dx.doi.org/10.1016/j.ejphar.2007.06.058
http://dx.doi.org/10.1038/nprot.2006.205
http://www.ncbi.nlm.nih.gov/pubmed/17406415
http://www.ncbi.nlm.nih.gov/pubmed/13117757
http://dx.doi.org/10.1111/jth.13602
http://www.ncbi.nlm.nih.gov/pubmed/28005311
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Synaptamide Treatment Prevents Memory Loss 
	Synaptamide Prevents Synaptic Plasticity Impairment 
	Effect of Synaptamide Treatment on LPS-Induced Dendrite Degeneration 
	Effect of Neuroinflammation and Synaptamide Treatment on Hippocampal Protein Expression 

	Discussion 
	Materials and Methods 
	Animals and Treatments 
	N-Docosahexaenoylethanolamine Preparation 
	Working Memory 
	Passive Avoidance Test 
	Novel Object Recognition 
	Electrophysiological Recording 
	Golgi–Cox Staining 
	Sholl Analysis 
	ELISA 
	Immunohistochemical Studies 
	Statistical Analysis 

	Conclusions 
	References

