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N-docosahexaenoylethanolamine
reduces neuroinflammation

and cognitive impairment

after mild traumatic brain injury
in rats

Arina |. Ponomarenko?, Anna A. Tyrtyshnaial, Evgeny A. Pislyagin?, Inessa V. Dyuizen?,
Ruslan M. Sultanov! & Igor V. Manzhulo**

At present, there is a growing interest in the study of the neurotropic activity of polyunsaturated
fatty acids ethanolamides (N-acylethanolamines). N-docosahexaenoylethanolamine (DHEA,
synaptamide) is an endogenous metabolite and structural analogue of anandamide, a widely studied
endocannabinoid derived from arachidonic acid. The results of this study demonstrate that DHEA,
when administered subcutaneously (10 mg/kg/day, 7 days), promotes cognitive recovery in rats
subjected to mild traumatic brain injury (mTBI). In the cerebral cortex of experimental animals,

we analyzed the dynamics of Iba-1-positive microglia activity changes and the expression of pro-
inflammatory markers (IL1B, IL6, CD86). We used immortalized mouse microglial cells (SIM-A9) to
assess the effects of DHEA on LPS-induced cytokines/ROS/NO/nitrite, as well as on CD206 (anti-
inflammatory microglia) and the antioxidant enzyme superoxide dismutase (SOD) production.

In vivo and in vitro experiments showed that DHEA: (1) improves indicators of anxiety and long-term
memory; (2) inhibits the pro-inflammatory microglial cells activity; (3) decrease the level of pro-
inflammatory cytokines/ROS/NO/nitrites; (4) increase CD206 and SOD production. In general, the
results of this study indicate that DHEA has a complex effect on the neuroinflammation processes,
which indicates its high therapeutic potential.

Traumatic brain injury (TBI) is defined as damage to the brain resulting from an external mechanical force,
such as rapid acceleration or deceleration, blast wave, compression, penetrating injury, blunt trauma, and can
result in temporary or permanent impairment of cognitive, physical and psychosocial functions'. According
to the clinical studies, 80-90% of all TBI cases are mild (mTBI) but have significant delayed consequences and
therefore are a serious problem of modern healthcare. The symptoms of mTBI in the acute phase are usually
transient and subtle for the patient himself, however, in some cases, they can be accompanied by a long-term
inflammatory process with a delayed outcome in cognitive dysfunction of varying severity>*. Lack of proper
and timely therapeutic treatment of mTBI can trigger such pathological conditions and processes as chronic
neuroinflammation, oxidative stress, axonal damage, impaired cognitive functions**.

In most cases, the animal model studies of mTBI are performed by the formation of a closed head injury using
a free-falling weight. Such a mechanism for the TBIs formation to the greatest extent imitates the TBIs obtained in
real conditions®. In this case, the development of a pronounced neuroinflammatory process is observed directly
under the site of the injury in the cerebral cortex. The major cell type responsible for the inflammatory response
is microglia’. Despite the large amount of experimental evidence, the mechanisms regulating microglial polarity
in TBI remain unknown. To date, it is known that the activated and reactive microglia states have a dual func-
tional organization, represented by a pro-inflammatory type (classical activation) producing TNFa, IL1p, IL6,
nitric oxide (NO) and cell surface markers CD86 and CD68 as well as an anti-inflammatory type (alternative
activation) producing IL-4, IL-10 and cell surface marker CD206%°.
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Figure 1. Behavioral effects of mTBI and DHEA treatment. (A) Testing anxiety-like behavior with the Elevated
plus-maze (EPM). (B) The effects of mTBI and DHEA treatment on long-term memory. Passive avoidance test.
(C) Spontaneous alternation rate differences in Y-maze testing. Data are presented as mean + SEM, *P<0.05,
n=14/group (one-way ANOVA, post-test Tukey). Images were prepared with using GIMP 2.10.22 software
(http://www.gimp.org/).

In this regard, the effect on microglia using pharmacological agents seems to be the most promising therapeu-
tic option in the treatment of the mTBI consequences. An important direction in this case can be the use of natu-
ral compounds derived from marine hydrobionts. A very promising compound is N-docosahexaenoylethanola-
mine (DHEA, synaptamide), an endogenous metabolite of docosahexaenoic acid (DHA)'?, which is a structural
analogue of N-arachidonylethanolamine (anandamide), a potent arachidonic acid-derived endocannabinoid''.
Despite its structural similarity to anandamide, synaptamide does not function as an endocannabinoid, mainly
due to its weak binding to cannabinoid receptors, but it possesses potent synaptogenic activity, which is why the
term “synaptamide” was coined for this metabolite'?. In recent studies, a number of data have been presented
that indicate a high biological activity of DHEA. This substance is able to penetrate the blood-brain barrier
(BBB)'* and promotes neurogenesis, neurite growth and synaptogenesis in developing neurons'*'>. DHEA also
attenuates the lipopolysaccharide-induced neuroinflammatory response and reduces the deleterious effects of
ethanol on neurogenic neural stem cell (NSC) differentiation. These actions are mediated by the specific target
receptor for synaptamide GPR110 (ADGRF1), a G-protein coupled receptor. Binding of synaptamide to GPR110
induces cAMP production and phosphorylation of protein kinase A (PKA) and the cAMP reaction binding
element protein (CREB). This signaling pathway induce the expression of neurogenic and synaptogenic genes
and suppresses the expression of pro-inflammatory genes'®. In in vitro experiments, synaptamide reduces the
LPS-induced inflammatory response, probably by inhibiting the NF-kB factor transcription. The observed effects
are similar to the previously established DHA biological activity, however, the activity of synaptamide is at least
10-100 times higher!”!8,

In this study, we test the hypothesis that DHEA improves cognitive function and mediates neuroprotective
activity after mTBI by modulating microglial and antioxidant activity. Animals were subcutaneously injected
with DHEA at a dose of 10 mg/kg daily during 7 day after mTBI.

Results

Behavioral studies.  Confirmation of the degree and nature of TBI.  The post-sham mortality rate or mTBI
was 0%. Differences in recovery time between groups were not observed. All rats regained consciousness after
injury in <5 min. The skulls were examined for obvious signs of fracture immediately after each mTBI, and the
absence of a skull fracture was confirmed by euthanasia 7 days after the mTBI. The absence of subdural and
intracerebral hemorrhages was also noted. The brains of mTBI rats were generally indistinguishable from the
brains of sham rats on gross pathological examination. The Neurological Severity Scale (NSS) was used to assess
the severity of injury immediately after mTBI induction. There were no significant differences in the distribution
of points on the NSS scale in the acute period between animals of all experimental groups (data not shown).

Anxiety. Data obtained in the elevated plus-maze (EPM) suggests that mild traumatic brain injury enhances
overall anxiety in rats. Animals after mTBI induction spend more time in closed EPM arms (80.35 +3.1%) than
sham- operated rats (58.22+7.7%). Synaptamide treatment reduced this indicator to values 62.45+5.4% for
“mTBI+DHEA” group (Fig. 1A).

Long-term memory. Study in the Passive avoidance test showed impairment of long-term memory (24 h) in
animals after mTBI. The latency before the dark compartment entering in mTBI-induced rats was significantly
reduced compared to DHEA-treated rats (35.5+10.4 s for “mTBI”, 89.56 +12.6 s for “Sham + DHEA” group and
91.07+12.5 s for “mTBI+ DHEA” group). Sham-operated animals showed a level of long-term memory similar
to DHEA-treated (71.86+11.8 s) (Fig. 1B).

Working memory. A study in the elevated Y-maze did not reveal significant differences between all experimen-
tal groups (Fig. 1C).

Synaptamide reduces microglial activity in mTBIl. The neuroinflammation that occurs in the brain
after mTBI develops mainly due to microglial cells activation and the production of pro-inflammatory cytokines.
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Figure 2. Expression of iba-1-positive microglia in the cerebral cortex in Sham, TBI and after DHEA treatment.
(A) Representative images of Iba-1 immunohistochemically-stained slides. (B) The quantitative distribution of
iba-1-positive microglia. (C) The staining area of the iba-1-positive microglia in the cerebral cortex. (D) The
cerebral cortex iba-1 expression. Data are the mean + SEM, n=7/group, *P<0.05, **P<0.01 and **P<0.001
(one-way ANOVA, post-test Tukey). Images were prepared with using GIMP 2.10.22 software (http://www.
gimp.org/).

For the immunohistochemical assessment of neuroinflammation severity within the cerebral cortex of experi-
mental rats, the microglial marker iba-1 was chosen. The area of iba-1* staining and the number of immuno-
positive cells were assessed. The concentration of the iba-1 protein in the cerebral cortex tissue was determined
using ELISA.

Normally, microglial cells have small cell bodies (9-12 microns) with a narrow rim of the cytoplasm and
several thin, long, unbranched processes. Microglia activation by mTBI is characterized by a specific change in
cells morphology namely the retraction of processes and the hypertrophy of cell bodies. The cells take on an
amoeba shape, which allows them, to migrate into the site of inflammation or injury (Fig. 2A).
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Figure 3. In vivo effect of DHEA on pro-inflammatory responses in mTBI. Level of (A) IL1p, (B) IL6, (C)
CD86 expression in the cerebral cortex. Data are the mean + SEM, n=7/group, *P<0.05, **P<0.01 and
***P<0.001 (one-way ANOVA, post-test Tukey). Images were prepared with using GIMP 2.10.22 software
(http://www.gimp.org/).

Morphometric assessment of the glial reaction dynamics in this case becomes difficult, since the pronounced
microglial activity is often accompanied by a decrease in the specific area of distribution (due to the retraction
of the processes, rounding of the soma). In our opinion, this is precisely why the morphometric assessment of
the iba-1-positive staining area in DHEA-treated animals indicates a more pronounced reaction of microglia
cells (Fig. 2C). However, quantitative analysis of iba-1-positive cells showed a decrease in their number after
DHEA treatment (Fig. 2B). Using ELISA technique, we found that in mTBI animals, the expression of the iba-1
protein increases sharply compared to the “Sham” group. Treatment of rats with DHEA for 1 week prevented
mTBI-induced Iba-1 expression increase (Fig. 2D).

Synaptamide leads to decreased neuroinflammation in mTBI. The in vivo effect of DHEA on
neuroinflammation was tested in rats one week after mTBI. Samples of the cerebral cortex were collected and
subjected to ELISA analysis for pro-inflammatory cytokines (IL1p and IL6) and the marker of pro-inflomation
activated microglia CD86. In DHEA-treated rats with mTBI, the concentration of IL6 was significantly lower
than in the mTBI group (302.4+11.8 pg/mg of protein for “mTBI+DHEA” group and 369.6+15.9 pg/mg of
protein for “mTBI” group) (Fig. 3B). In Fig. 3A, we see that trauma significantly increases the IL1p expression
level, while DHEA treatment prevented the increase (206.4 £10.7 pg/mg of protein for “mTBI+ DHEA” group,
274.5+11.3 pg/mg of protein for “mTBI” group and 225.1+11.5 pg/mg of protein for “SHAM” group) (Fig. 3A).
A similar situation was observed for CD86 accumulation. In DHEA-treated animals the concentration of CD86
was significantly lower than in non-treated animals (213.7 +39.2 pg/mg of protein for “mTBI+ DHEA” group
and 417 +24.9 pg/mg of protein for “mTBI” group) (Fig. 3C).

In vitro studies. Synaptamide has no cytotoxic effect on SIM-A9 microglial cells. ~Cell viability was deter-
mined using flow cytometry following DHEA treatment for 24 h. As shown on Fig. 5E, we did not find a decrease
in the synaptamide-treated cells viability for all tested concentrations (Fig. 5E).

Synaptamide reverse the LPS-induced microglia morphology changes. 'We found microglial morphology changes
in LPS-treated cells. In Fig. 4A we demonstrate the cells in the control wells with a rounded and fusiform shape
with a smooth surface. After 24-h incubation with LPS, microglial cells become more spread and increase in size,
which indicates their activation. Synaptamide at a concentration of 10 uM reduces the morphological signs of
activation. The number of granules in the cells decreases, the surface smoothed out and the size returns to the
control values.

Anti-inflammatory effect of synaptamide on LPS-induced microglia cells. To study DHEA anti-inflammatory
activity microglial cell culture SIM-A9 were exposed to different DHEA concentrations and subsequently acti-
vated by 1 pg/ml LPS solution. Incubation with DHEA resulted in diminished levels of reactive oxygen species
(ROS) (Fig. 4B), NO (Fig. 4C) and nitrite production level (Fig. 4D). The results of ELISA carried indicate a
significant increase in ROS, NO and nitrites production after LPS treatment.

DHEA in all concentrations reduced the ROS level by several times (from 937.2+59.89% for LPS to
233.3+21.47% for DHEA 0.01 uM). Endogenous NO production is also reduced by synaptamide, regardless
of concentration (from 246.5+6.7% for LPS to 171.9 +8.6% for DHEA 0.01 pM). The Griess method showed a
significant decrease in nitrite production only for concentrations of 1 and 10 uM compared to the level of LPS-
activated cells (from 524.9 +£4.2% for LPS to 490.1 +6.2% for DHEA 1 uM and 418.7 +10.46% for DHEA 10 pM).

To characterize the synaptamide effects on neuroinflamation, the LPS-induced IL1p and IL6 production was
measured using ELISA. LPS treatment significantly increased the expression of these cytokines compared to the
control level (Fig. 5A, B). After treatment with 0.01, 0.1 and 10 uM synaptamide, LPS-induced IL1p expression
decreased from 85.03 +3.6 to 58.16 £6.3, 52.16 £ 5.3 and 60+ 5.7 pg/mg of protein respectively (Fig. 5A). In spite
of this, the data of ELISA analysis did not show significant differences in the expression of IL6 after treatment
with DHEA in LPS-stimulated microglial cells (Fig. 5B).
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Figure 4. Inhibitory effect of DHEA on LPS-induced production of ROS, NO and nitrites in SIM-A9 microglial
cells. (A) Representative images of microglial cells exposed to LPS and DHEA. Histogram showing the level of
(B) ROS, (C) NO, (D) nitrites production in LPS-activated microglia cells treated with different concentrations
of DHEA. *Significant differences between “CTL” and “LPS”, “LPS + DHEA” at similar observation points.
*Significant differences between “LPS” and “LPS+ DHEA” at similar observation points. Data are the

mean + SEM, n=9 (number of analyzed samples), P<0.05, (one-way ANOVA, post-test Tukey). Images were
prepared with using GIMP 2.10.22 software (http://www.gimp.org/).
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Figure 5. Suppression of pro-inflammatory responses by DHEA in LPS-activated SIM-A9 microglial

cells. Level of (A) IL-1p, (B) IL6, (C) CD86, (D) CD206 expression in the microglial cells. (E) A histogram
demonstrating the absence of DHEA effect on apoptosis of microglia cells. *Significant differences between
“CTL” and “LPS”, “LPS + DHEA” at similar observation points. *Significant differences between “LPS” and
“LPS+DHEA” at similar observation points. Data are the mean+SEM, n=9 (number of analyzed samples),
P<0.05, (one-way ANOVA, post-test Tukey). Images were prepared with using GIMP 2.10.22 software (http://
www.gimp.org/).

Scientific Reports |

(2021) 11:756 | https://doi.org/10.1038/s41598-020-80818-9 nature research


http://www.gimp.org/
http://www.gimp.org/
http://www.gimp.org/

www.nature.com/scientificreports/

SOD (U/mg of protein)

e

(%]
[

F=N
1

*
*

N w
[ 1

SOD (U/mg of protein)
n

T T T
CTL 0.01 0.1 1 10 C"I'L LI;S 0.'01 0.1 1 10

DHEA (uMm) LPS+DHEA (pum)

Figure 6. DHEA increases the activity of SOD (A) and during LPS pretreatment (B). *Significant differences
between “CTL’ and “LPS’, “LPS+ DHEA” at similar observation points. *Significant differences between “LPS”
and “LPS+DHEA” at similar observation points. Data are the mean + SEM, n=9 (number of analyzed samples),
P<0.05, (one-way ANOVA, post-test Tukey). Images were prepared with using GIMP 2.10.22 software (http://
www.gimp.org/).

The expression of the pro-inflammatory microglial marker CD86 by cells also increased upon LPS treatment.
Treatment with DHEA at a concentration range from 0.01 to 10 uM reduced the expression level to the control
level (Fig. 5C). On the contrary, the expression of CD206 (marker of anti-inflammatory microglia) increased in
comparison with the control level when the cells were treated with DHEA at a concentration of 10 uM (Fig. 5D).

Synaptamide improves the antioxidant activity in microglia cells. ~Antioxidant activity was assessed both on
DHEA- and LPS-treated SIM-A9 microglial cells. DHEA treatment in all studied concentrations increased SOD
activity equally and therefore increased the antioxidant defense of cells (4.21 +0.05 U/mg for control and 5+ 0.06
U/mg of protein for cells treated with DHEA at a concentration of 10 uM) (Fig. 6A). The addition of LPS to the
culture medium significantly reduced the enzyme expression (3.68+0.07 U/mg of protein). Treatment with
DHEA in dosages from 1 to 10 uM restored SOD to almost control values (Fig. 6B).

Discussion

The results of the present study indicate that the use of DHEA leads to the development of several metabolic and
cellular events that contribute to the cognitive functions recovery in animals with mTBI. To simulate the injury,
a weight-drop model was used with a rod weighing 337 g falling from a height of 8 cm onto a previously scalped
rat skull. After injury, each animal was examined for a skull fracture; animals with open TBI were excluded from
the experiment. Immediately after injury, each animal received the first injection of DHEA (dose 10 mg/kg). In
order to determine the severity of the injury and to exclude animals subjected to a more severe TBI, the animals’
general neurological and motor functions were assessed using the NSS scale 1 h after the surgery'’. According
to the results of the NSS tests, no animals were removed from further experiment.

Mild TBI is most characterized by the absence of structural changes on conventional imaging, but by the
presence of cognitive dysfunction. While most patients recover within days or weeks of a concussion, some
people develop long-term or progressively worsening symptoms®. It was previously shown that mTBI increases
the general level of anxiety in rodents*. In our experiment, the cognitive functions of experimental animals
were assessed by three parameters: (1) anxiety levels, (2) long-term and (3) working memory state. The drug
exhibited anxiolytic activity, reducing the level of anxiety. Animals from the “mTBI+ DHEA” group spent much
less time in the closed arms of the elevated plus-maze. In our study, the passive avoidance test was used to assess
long-term memory. The memory deterioration was observed 7 days after mTBI induction. Despite the stressful
experience, animals after mTBI re-entered the dark compartment. At the same time, in animals of the “Sham”
group and DHEA-treated rats, the average latency before entering the dark section was significantly higher than
in the “mTBI” group. Thus, DHEA reversed the mTBI-induced cognitive deficits. No impairment of working
memory was observed in experimental animals. It can be assumed that a 7 days period after mTBI induction is
not enough to impair this type of memory. Previous studies show that chronic loss of working memory developed
in 8 weeks after TBI?* and continued up to 4 months®.

In TBI, both microglia and astroglia are involved in the inflammatory and reconstructive processes regulation
in the area of injury*. The pathological immune response is one of the most significant destructive processes after
TBI. It is the regulation of the immune response realized by the specific microglial activity that can become an
important therapeutic option in the TBI treatment. In TBI, the immune response is multidirectional and is medi-
ated by different activities of pro-inflammatory and anti-inflammatory types of microglia®. First type of microglia
produces pro-inflammatory cytokines (IL1p, IL-6, TNFa), chemokines (CCL2, CXCL9, CXCL10), NO and ROS,
which perform protective functions in the acute period after injury?®?’. However, dysregulated, or excessive
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pro-inflammatory processes in the brain can cause neurotoxicity due to the release of pro-inflammatory factors
and neurotoxic mediators that trigger vicious cycles of microglia-mediated neurodegeneration?®. During activa-
tion, microglia morphology transforms from branched to amoeboid form, and cells secrete pro-inflammatory
cytokines and free radicals that are cytotoxic to neurons and can contribute to the process of neurodegeneration
after TBI?. The development of neurodegenerative diseases and impaired cognitive functions in humans after
single or multiple cases of mTBI is associated precisely with excessive neuroinflammation. Studies of human
brain samples after mTBI have shown that reactive microglia are present in tissue up to 18 weeks after trauma®.
That is why it is important to consider the time course of microglia activation along these pathways. In our
study, 7 days after mTBI, an inflammatory process is also observed in the ipsilateral cerebral cortex, which is
accompanied by an increase in the number of microglia and the formation of an amoeboid morphological state.
DHEA administration reduced the number of iba-1-positive microglia to the level of sham-operated animals.
At the same time, the increase in the area of microglia staining is probably associated with the predominance
of the anti-inflammatory reactive microglia population. Previous studies have already described the special
morphological state of microgliocytes—the so-called reactive microglial cells, the morphology of which dif-
fers from the above-described resting and activated cells®. Reactive microgliocytes are rod-like cells with long
branching processes having numerous varicose dilatations. This cell type is often found in areas of axonal or
dendritic degeneration, where they transform into reactive macrophages exhibiting phagocytic activity®?. In our
study, ELISA revealed an increase in the pro-inflammatory cytokines (IL1p, IL6), as well as in the inflammatory-
activated microglia cell surface marker CD86 production within the cerebral cortex on the 7th day after mTBI.
Thus, daily administration of DHEA to animals with mTBI reduced the level of both Iba-1 + -microglia and the
pro-inflammatory microglia’s markers including IL1p, IL6 and CD86.

The results of in vitro experiments demonstrated an increase in the microglial marker CD206 level, which
indicates anti-inflammatory cell activation, and an increase in the superoxide dismutase production in microglial
cells after DHEA treatment. This further emphasizes the compound’s anti-inflammatory activity, which is likely
to underlie the cognitive improvement in experimental animals.

As noted earlier, pro-inflammatory microglial activation is usually accompanied by morphological changes, an
increase in the pro-inflammatory cytokines synthesis, and the release of NO, ROS and free radicals. DHEA treat-
ment of microglial cell culture prevented the development of all the above-mentioned LPS-mediated pathological
effects of neuroinflammation. The ability of DHEA to reduce the level of LPS-induced pro-inflammatory activity
has already been described in the literature®, but our data significantly expand the spectrum of the observed
effects. In our in vitro study using a model in which cells are first incubated for 1 h with DHEA (concentration
range from 0.01 to 10 uM) and only then are activated by LPS (1 pg/ml), we showed a decrease in LPS-induced
inflammation by inhibition of the ROS, NO, nitrite, IL1p and cell surface microglial marker CD86 production,
as well as an increase in the SOD synthesis. It is known that DHEA effectively inhibits LPS-induced expression
of pro-inflammatory cytokines by enhancing cAMP/PKA signaling, as well as suppressing the nuclear transloca-
tion of NF-kB p65.

The results of this study indicate that DHEA has a complex effect on the course of the recovery process after
mTBI, which indicates its high therapeutic potential. The mechanisms of the DHEA anti-inflammatory and
neuroprotective activity require additional detailed studies that can ensure its introduction into clinical practice
for the central nervous system pathologies treatment.

Materials and methods

N-Docosahexaenoylethanolamine. The concentrate of polyunsaturated fatty acids was obtained
according to the method Ermolenko et al.** from squid Berryteuthis magister liver. Then concentrate of poly-
unsaturated fatty acids was converted to ethyl esters and treated with ethanolamine to obtain ethanolamines of
fatty acids (United States, Patent 3,257,436). HPLC of polyunsaturated fatty acid ethanolamines was performed
on a Shimadzu LC-8A chromatograph (Shimadzu, Japan) with UV/VIS SPD-20A (205 nm). Separation was
carried out on a preparative reverse-phase column Supelco Discovery HS C-18 (Bellefonte, PA); 10 um particle
size, 250 mm x 50 mm i.d. Isocratic elution with the system ethanol/water (70:30, v/v) was used. The elution rate
was 50 ml/min. Fractions containing DHEA was collected, evaporated under vacuum and analyzed by GC and
GC-MS. DHEA was 99.4% purity and was fluid light-yellow oil with an unexpressed smell at room temperature.

Animals. Al procedures were approved by the Animal Ethics Committee at A.V. Zhirmunsky National Sci-
entific Center of Marine Biology, Far Eastern Branch of the Russian Academy of Sciences, Vladivostok, Rus-
sia, in accordance with the Guidelines for the protection of the health of laboratory animals. Male Wistar rats
(260£20 g, age 3 months), 14 in each group (“Sham’, “Sham + DHEA), “mTBI”, “mTBI+ DHEA”) were used for
experiments. The rats were kept 2-4 in a cage with unlimited access to food and water. The animals were main-
tained at constant temperature (23 +2 °C) and humidity (55+15%) with a 12-h light/dark cycle (light at 7:00
AM). The rats were handled for 5 min once a day for 5 days before the experiments.

mTBI procedure and treatments. Initially the animals were divided into 4 groups: the “Sham” group
(n=14); group “Sham + DHEA” (n=14)—animals injected with DHEA; group “mTBI” (n=14)—animals with
mild traumatic brain injury; group “mTBI+ DHEA” (n = 14)—animals injected with DHEA, with mild traumatic
brain injury. After general anesthesia with 4.5% Isofluorane in 100% oxygen (Anesthesia Systems (Harvard
Apparatus)) for approximately 1-2 min, maintained through a nose cone to minimise rats suffering during the
procedure, as described previously”. A midline incision over the skull was performed, the skin retracted, and the
skull exposed to locate the area of impact. The head was manually fixed on the bottom platform of the weight-
drop device (2700, Northeast Biomedical Inc., MA, USA). Metal rod weighting 337 g with a blunt tip of 3 mm
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Target region
BetIopion.

Lambdoid suture

Figure 7. Anatomical mapping and target area for rod impact. The blow was dealt to the right hemisphere

2 mm lateral from the midline and 4 mm forth from the lambdoid suture. The red dot indicates the place of
application of force. Institutional animal care committee permission was obtained for all experiments. Images
were prepared with using GIMP 2.10.22 software (http://www.gimp.org/).

diameter was gently advanced onto exposed rat skull at the right hemisphere 2 mm lateral from the midline and
4 mm forth from the lambdoid suture (Fig. 7). The head was held in place manually while the rod was uplifted
at the 8 cm height and held by a lever. The trauma was performed by lowering the lever and the rod free-drop
onto the rat skull”. Animals were observed for seizures (not observed) and overt signs of skull fracture after
mTBI (not observed) were assessed. In the sham groups, the animal underwent a surgical operation identical to
the one described above, with the exception of the simulation of mTBI. After surgery, the skin was sutured and
treated with an antibacterial spray to prevent infection. The animals were immediately injected subcutaneously
with DHEA or saline. They were left to recover on a warm pad until thermoregulation and an alert state was rees-
tablished. They were then returned to their home cages, with free access to food and water. Emulsion of DHEA
was prepared by dissolving in 0.9% saline. Animals were subcutaneously injected with DHEA emulsion at a
dose of 10 mg/kg daily during 7 day after mTBI. Animals in the “Sham” and “mTBI” groups were injected with
0.9% saline in the same mode. DHEA dosage was chosen using the literature data and our previously obtained
results. To date, there is no data on the use of DHEA in TBI, however, it is known that DHEA at a concentration
of 10 mg/kg has an antinociceptive effect in mice’®*”. In addition, in previous DHEA studies in a model of LPS-
induced inflammation in mice a dosage of 2 to 10 mg/kg was used®**.

Behavioral testing.  All behavioral tests were performed during the light cycle between 7:00 AM and 7:00
PM. To minimize olfactory signals, the apparatus was thoroughly cleaned with 70% ethanol after each animal.
On the day of testing, the rat was left in its home cage used for the experiment for 2 h before the start of the
behavioral study. Assessment of neurological functions using the NSS scale was performed 1 h after the surgery.
Other behavioral tests were performed from 5 to 7 days after mTBI, to eliminate the potential impact of animals’
over-testing on the results. Working memory was tested on day 5 after mTBI, anxiety-like behavior was studied
on day 6 in the morning, and the learning phase of the passive avoidance test was studied on the same day in the
evening. On day 7 before sacrifice, a passive avoidance test session was performed.

Assessment of neurological function. Gross neurological motor function was evaluated using a neurological
severity score’’. The NSS is derived from a 9-item checklist assessing: monoparesis/hemiparesis, exit circle,
startle reflex, inability to walk straight and seeking behavior. Additionally, functional tests assessed: failure to
balance for 30 s on round beam, and inability to cross a beam (1, 2 and 3 cm) without exhibiting foot faults.
Investigators were blinded to the injury status of each animal and gave each animal a score of either 1 (yes) or 0
(no) on each assessment, summing all scores for a maximum possible NSS of 9, such that scores increased with
severity of dysfunction. No animals were excluded from analysis.

Working memory. To assess working memory, a Y-maze spontaneous alternation test was performed. The
Y-maze, made of opaque acrylic glass, consisted of 3 equal arms (length: 50 cm, width: 15 cm, height: 25 cm). The
animals were alternately placed in the center of the maze and left to move freely for 5 min. To minimize audible
cues, camera observation was carried out by the operator sitting in an adjoining room. Arm entry was assessed
when the rat entered the arm with all four paws. The total number of entries into hands (N) and the number of
“correct” triplets (M, sequential selection of each of the 3 hands without repeated entries) were evaluated. The
alternation rate was calculated using the formula: R(%) = M x 100/(N-2)*. Rats with normal working memory
tend to enter different arms of the maze, i.e. the frequency of their spontaneous alternation is higher than*.

Elevated plus-maze (EPM). 'The EPM is a gold standard for testing anxiety-like behavior in rodents*'. The
elevated plus maze (Panlab/Harvard Apparatus, USA) was an apparatus consisted of two open arms (50 x 14 cm,
surrounded by a 1 cm-high border) and two closed arms (50 x 14 cm, surrounded by 30 cm-high walls), with
the two pairs of identical arms, which emerged from a central platform (14 x 14 cm), positioned opposite each
other. Each rat was placed in the center of the maze with the head pointing toward the o arms, and was then
allowed to move freely for 5 min. Video system SMART 3.0 (Panlab/Harvard Apparatus, USA) software was
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Figure 8. The approximate location of the ipsilateral cerebral cortex region where images for microglia
quantification were taken (marked in green). Images were prepared with using GIMP 2.10.22 software (http://
www.gimp.org/).

used to quantify behavior. The center of the mouse was tracked, and time spent in open, closed arms and central
zone was recorded.

In the EPM, the following parameters were measured: time spent in the open arms, closed arms, and central
platform, head dipping and risk assessments (the latter two are not reported, as no effects were seen).

Passive avoidance test. The effects of mild traumatic brain injury and DHEA treatment on long-term memory
was evaluated using a passive avoidance test*2. The testing apparatus consisted of light and dark compartments
separated by a sliding door (Panlab Harvard Apparatus, USA). In the training session, the rat was placed in the
light compartment and allowed to explore for 60 s before the sliding door was opened. When the animal entered
the dark compartment, the door was closed and 2 s later, an inescapable electric foot-shock (0.3 mA, 2 s) was
delivered. The test session was performed 24 h after the training session without the electric foot-shock. The
step-through latency for animals to enter the dark compartment was measured.

Immunohistochemistry and microscopy. Brain tissue was harvested 7 days post mTBI, rats (n="7 ani-
mals/group) were anesthetized with 4.5% isofluorane in 100% oxygen (Anesthesia Systems, Harvard Apparatus,
USA) and transcardially perfused with 20 ml of ice-cold saline followed by 20 ml of cold fixative (4% para-
formaldehyde in 0.1 M phosphate bufter (PBS), pH 7.2). The cranium was then immediately opened, the brain
removed and then fixed for 24 h at 4 °C in fresh buffered 4% paraformaldehyde. After washing in PBS, the brain
was processed and embedded in paraffin according to standard embedding methods. Paraffin sections (7 um)
were obtained from the brain segment located immediately below the target area (Bregma —4.56 mm). After
dewaxing, they were placed in H,0, (3%) for 10 min and incubated in a blocking buffer containing 2% bovine
serum albumin (SC-2323, Santa Cruz, USA) and 0.25% Triton X-100 (Gerbu, USA) in within 1 h. Incubation
with primary rabbit antibodies: iba-1, 1:1000 (ab178846, Abcam, USA) was carried out overnight at 4 °C. A
negative control (without primary antibody) was also performed. Appropriate secondary antibodies conjugated
to horseradish peroxidase (PI-1000, anti-rabbit) were used according to the manufacturer’s instructions (Vector
Laboratories, USA). After washing, sections were treated with chromogen (TL-060-QHD, Thermo Scientific,
USA) for 5-10 min to elicit the immunoperoxidase reaction. The sections were then washed with distilled water,
dehydrated and mounted onto slides using mounting medium (CS705, Dako, USA).

Images were acquired at a size of 530 x 710 um with a x20 NA 0.45 dry objective lens (Plan-Apochromat)
on a microscope (Axio Image Z2) equipped with a CCD camera (AxioCam HRc) (Carl Zeiss, Germany). For
analysis, at least 70 images ipsilateral cerebral cortex were used for each group of animals, at least two images from
one slice of the brain (Fig. 8). The number and staining area of the iba-1-positive microglia were determined in
each 10th section of the brain using Image] software (NIH, USA). The number of iba-1-positive cells/mm? was
calculated by the formula: d=(10°xn)/(Sx 7), where d—equals cell density; 10°—the coeficient converting um?
into mm?% n—the number of immunopositive cells; S—area of the cerebral cortex (um?); and 7—slice thickness
(um). The ratio of the area of the studied region of the cerebral cortex to the area of immunopositive staining
was expressed in percent. All measurements were performed by an operator blinded to the sections’ identity.

Cells for bioassay. The murine microglial cell line SIM-A9 (CRL-3265, ATCC, UK) obtained from the
American Type Culture Collection was used. Cells were cultured in standard DMEM medium containing 10%
FBS, 5% DHS and 0.5% penicillin/streptomycin at 37 °C in a humidified atmosphere with 5% CO,. For deter-
mination of ROS, NO, nitrites, SIM-A9 murine microglia were plated into 96-well microplates (1% 10* cells/
well), for determination of SOD and ELISA cell were plated into 24-well plates (1 x 10° cells/well) and incubated
at 37 °C with 5% CO, for 1 h. After adhesion the cultural medium was replaced by a medium containing solu-
tion DHEA (0.01, 0.1, 1, 10 uM). Cells were cultured for 1 h, then LPS (1 pg/ml) was added and incubated for
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24 h Cells incubated in normal medium and cells incubated in medium with LPS but no DHEA were used for
negative and positive controls, respectively. Each experiment in vitro was performed independently at least three
times.

Flow cytometry. SIM-A9 murine microglia were plated into 24-well microplates and cultured in com-
plete DMEM/F12 media and incubated at 37 °C with 5% CO, for 1 h. After adhesion the cultural medium was
replaced by a medium containing solution DHEA (0.01, 0.1, 1, 10 uM). Cells were cultured this way at 37 °C with
5% CO, for 24 h. Cells incubated in a normal culture medium without DHEA were used as negative controls.
To assess the level of apoptosis in SIM-A9 murine microglia cells we used method was based on the use of fluo-
rescent dye propidium iodide (PI, P4864, Sigma-Aldrich, USA). PI does not have any specific carriers integrated
into the membrane and is able to penetrate into the cytoplasm and nucleus only through damaged membranes;
this typically is able to take place in the final stages of apoptosis during the formation of apoptotic bodies or cell
necrosis®. Thus, living cells in the sample were not stained by PI.

Prior to the staining, the cells were treated using enzymatic dissociation by TrypLE (12604-021, Gibco, USA)
at 37 °C for 5 min, followed by centrifugation (120xg for 3 min, at 20 °C). Cell were collected for staining in
12 x75 mm cytometric tubes (110410, Globe Scientific, Paramus, NJ, USA). A total of 1 pl of propidium iodide
solution was added to 100 pl of the cell suspension (1 x 10° cells/ml) with a final concentration of 1 pg/ml. Samples
were incubated with PI for 10 min in the dark, RT, then washed once with PBS solution. Samples were analyzed
by a flow cytometer (CytoFlex, Beckman Coulter, Brea, CA, USA). At least 10,000 single cells were analyzed for
each sample. Cell aggregates were discriminated from the analysis. Analysis of the results was performed using
Kaluza software (Version 1.3, Beckman Coulter, Brea, CA, USA).

Nitric oxide. After 24-h incubation of microglia cells with LPS and DHEA, the endogenously generated
NO detection was performed. Cells were coincubated with 10 uM DAF-FM diacetate (D23844, Thermo Fisher
Scientific, USA) for 40 min at 37 °C. Prior to detection of fluorescence, cells were washed three times with PBS.
The fluorescence intensity was measured using a PHERAstar FS plate reader (BMG Labtech GmbH, Ortenberg,
Germany). Green fluorescence of cells was recorded at A, =460 nm and Aem =524 nm. Results are presented as
percentage of negative controls.

Griess. After incubating for 24 h nitrite accumulated in the culture medium was measured as an indicator of
NO production using the Griess method*:. Briefly, 100 pl of the cell culture medium were mixed with 100 pl of
Griess reagents and incubated at room temperature for 10 min and the absorbance was determined at 540 nm
with an iMark microplate absorbance reader (Bio-Rad, USA). The results were presented as a percentage of
negative control.

Reactive oxygen species. Microglial cells were incubated in a medium containing different concentra-
tions of LPS and DHEA for 24 h. For level analysis ROS formation, 20 pl of 2,7-dichlorodihydrofluorescein
diacetate solution (Molecular Probes, Eugene, OR, USA) was added to each well, such that the final concentra-
tion was 10 mM, and the plate was incubated for 10 min at 37 °C. The intensity of dichlorofluorescein fluores-
cence was measured with plate reader PHERAstar FS (BMG Labtech, Ortenberg, Germany) at A, =485 nm, and
Aem =518 nm. The data were processed by MARS Data Analysis V.3.01R2 (BMG Labtech, Ortenberg, Germany).
The results were presented as a percentage of negative control.

ELISA. To quantify the concentration of iba-1, IL1f, IL6, CD86 and CD206 in the rat cerebral cortex and
SIM-A9 murine microglia cell, an enzyme-linked immunosorbent assay was obtained. Ipsilateral cerebral cortex
harvested 7 days after mTBI (n=7 animals/group) and treated cells were homogenized on ice in the extraction
buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA, 1% Triton X- 100, and 0.5% sodium
deoxycholate), with 1 mg/ml of protease inhibitor cocktail (Complete; Sigma-Aldrich, USA) and 0.01 mg/ml
phosphatase inhibitor cocktail (P5726; Sigma-Aldrich). The rat AIF1/IBA1 ELISA kit (LS-F8398, LSBio, USA),
rat CD86 ELISA kit (RAB0887, Sigma-Aldrich, USA), rat IL-6 ELISA Kit (ab234570, Abcam, USA) and the rat
IL-1B ELISA Kit (ab255730, Abcam, USA) were used to measure protein concentrations in cerebral cortex. The
mouse IL-13 ELISA Kit (ab197742, Abcam, USA), mouse IL-6 ELISA Kit (ab100713, Abcam, USA), mouse
CD86 ELISA Kit (LS-F15288, LSBio, USA) and the mouse CD206 ELISA Kit (LS-F7148, LSBio, USA) were used
to measure protein concentrations in microglia cells. BCA protein assay kit (Pierce, Rockford, IL, USA) was
used to determine total protein concentrations. Absorbance at 450 nm was measured with an iMark microplate
absorbance reader (Bio-Rad, USA).

Evaluation of SOD enzyme activities. After coincubation with DHEA and LPS in a 24 h total SOD
activity was carried out in cell supernatants using the commercial kit (19160, Sigma Aldrich, USA), and calcu-
lated as U/1 mg of protein. The calibration curve was constructed using superoxide dismutase (59697, Sigma
Aldrich, USA).

Statistical analysis. Data were subjected to statistical analysis using one-way ANOVA tests followed by
a post hoc Tukey’s multiple comparison test. Data were shown as mean+SEM, and p <0.05 was regarded as
statistically significant*®. All statistical tests were performed using the GraphPad Prism 4.00 software (GraphPad
Software, San Diego, CA, USA).

Scientific Reports |

(2021) 11:756 | https://doi.org/10.1038/s41598-020-80818-9 nature research



www.nature.com/scientificreports/

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on reason-
able request.

Received: 23 October 2020; Accepted: 28 December 2020
Published online: 12 January 2021

References

1.

Maas, E., Robin, D. A., Austermann Hula, S. N., Freedman, S. E., Wulf, G., Ballard, K.J., Schmidt, R.A. Principles of motor learning
in treatment of motor speech disorders. Am J Speech Lang Pathol. 17(3), 277-298 (2008).

2. Blennow, K. et al. Traumatic brain injuries. Nat Rev Dis Prim. 2, 16084 (2016).

3. Wang, Y. ]. et al. The functional roles of IGF-1 variants in the susceptibility and clinical outcomes of mild traumatic brain injury.
J. Biomed. 26, 94 (2019).

4. Voormolen, D. C., Haagsma, J. A., Polinder, S., Maas, A. R,, Steyerberg, E. W., Vulekovi¢, P., Sewalt ,C. A., Gravesteijn, B. Y., Covic,
A., Andelic, N, Plass, A. M., Steinbuechel, N. V. Post-concussion symptoms in complicated vs. uncomplicated mild traumatic
brain injury patients at three and six months post-injury, results from the CENTER-TBI study. J. Clin. Med. 8(11), 1921 (2019).

5. Martini, D. N. & Broglio, S. P. Long-term effects of sport concussion on cognitive and motor performance. Int J Psychophysiol.
132(Pt A), 25-30 (2018).

6. Fehily, B. & Fitzgerald, M. Repeated mild traumatic brain injury, potential mechanisms of damage. Cell Transpl. 26, 1131-1155
(2016).

7. Madathil, S. K. et al. Astrocyte-specific overexpression of insulin-like growth factor-1 protects hippocampal neurons and reduces
behavioral deficits following traumatic brain injury in mice. PLoS ONE 8, €67204 (2013).

8. Shitaka, Y. et al. Repetitive closed-skull traumatic brain injury in mice causes persistent multifocal axonal injury and microglial
reactivity. ] Neuropathol Exp Neurol. 70(7), 551-567 (2011).

9. Kobayashi, K. et al. Minocycline selectively inhibits M1 polarization of microglia. Cell Death Dis. 4, 1-9 (2013).

10. Kim, H. Y. et al. N-docosahexaenoylethanolamide promotes development of hippocampal neurons. Biochem. J. 435, 327-336
(2011).

11. Devane, W. A. & Axelrod, J. Enzymatic synthesis of anandamide, an endogenous ligand for the cannabinoid receptor, by brain
membranes. Proc Natl Acad Sci USA 91(14), 6698-6701 (1994).

12. Kim, H. Y. & Spector, A. A. Synaptamide, endocannabinoid-like derivative of docosahexaenoic acid with cannabinoid-independent
function. Prostaglandins Leukot Essent Fatty Acids. 88(1), 121-125 (2013).

13. Sonti, S., Duclos Jr R. I., Tolia, M., Gatley, S. J. N-Docosahexaenoylethanolamine (synaptamide): Carbon-14 radiolabeling and
metabolic studies Chem. Phys. Lipids. 210, 90-97 (2018).

14. Calderon, E. & Kim, H. Y. Docosahexaenoic acid promotes neurite growth in hippocampal neurons. ] Neurochem. 90(4), 979-988
(2004).

15. Kharebava, G. et al. N-docosahexaenoylethanolamine regulates Hedgehog signaling and promotes growth of cortical axons. Biol
Open. 4(12), 1660-1670 (2015).

16. Kim, H. Y. & Spector, A. A. N-Docosahexaenoylethanolamine: a neurotrophic and neuroprotective metabolite of docosahexaenoic
acid. Mol. Aspects Med. 64, 34-44 (2018).

17. Gao, Y. & Ji, R. Chemokines, neuronal-glial interactions, and central processing of neuropathic pain. Pharm. Therapeut. 3, 56-68
(2010).

18. Calder, P. C. Omega-3 fatty acids and inflammatory processes. Nutrients. 2(3), 355-374 (2010).

19. Flierl, M. A. et al. Mouse closed head injury model induced by a weight-drop device. Nat Protoc. 4(9), 1328-1337 (2009).

20. Petraglia, A. L., Maroon, J. C. & Bailes, J. E. From the field of play to the field of combat, a review of the pharmacological manage-
ment of concussion. Neurosurgery. 70, 1520-1533 (2012).

21. Petraglia, A. L. et al. The spectrum of neurobehavioral sequelae after repetitive mild traumatic brain injury, a novel mouse model
of chronic traumatic encephalopathy. J Neurotrauma. 31(13), 1211-1224 (2014).

22. McGuirea, J. L. et al. Pioglitazone improves working memory performance when administered in chronic TBI. Neurobiol Dis. 132,
104611 (2019).

23. Hoskison, M. M. et al. Persistent working memory dysfunction following traumatic brain injury, evidence for a time-dependent
mechanism. Neuroscience. 159(2), 483-491 (2009).

24. Loane, D. ., Kumar, A. Microglia in the TBI brain, the good, the bad, and the dysregulated. Exp Neurol. 275 Pt 3(0 3), 316-327
(2016).

25. Kim, J. Y., Kim, N. & Yenari, M. A. Mechanisms and potential therapeutic applications of microglial activation after brain injury.
CNS Neurosci. Ther. 21(4), 309-319 (2015).

26. Colton, C. A. & Wilcock, D. M. Assessing activation states in microglia. Review. CNS Neurol Disord Drug Targets. 9(2), 174-191
(2010).

27. Sica, A. & Mantovani, A. Macrophage plasticity and polarization, in vivo veritas. ] Clin Invest. 122(3), 787-795 (2012).

28. Gao, H. M., Liu, B. & Hong, J. S. Critical role for microglial NADPH oxidase in rotenone-induced degeneration of dopaminergic
neurons. J. Neurosci. 23(15), 6181-6187 (2003).

29. Cacci, E., Ajmone-Cat, M. A., Anelli, T., Biagioni, S. & Minghetti, L. In vitro neuronal and glial differentiation from embryonic or
adult neural precursor cells are differently affected by chronic or acute activation of microglia. Glia. 56(4), 412-425 (2008).

30. Johnson, V. E. et al. Inflammation and white matter degeneration persist for years after a single traumatic brain injury. Brain 136(1),
28-42 (2013).

31. Ladeby, R. et al. Microglial cell population dynamics in the injured adult central nervous system. Brain Res Brain Res Rev. 48(2),
196-206 (2005).

32. Lehrmann, E., Christensen, T., Zimmer, J., Diemer, N. H. & Finsen, B. Microglial and macrophage reactions mark progressive
changes and define the penumbra in the rat neocortex and striatum after transient middle cerebral artery occlusion. J. Comp.
Neurol. 386, 461-476 (1997).

33. Park, T., Chen, H., Kevala, K., Lee, J. W. & Kim, H. Y. N-Docosahexaenoylethanolamine ameliorates LPS-induced neuroinflam-
mation via cCAMP/PKA-dependent signaling. Neuroinflammation. 13(1), 284 (2016).

34. Ermolenko, E. V., Latyshev, N. A., Sultanov, R. M. & Kasyanov, S. P. Technological approach of 1-O-alkyl-sn-glycerols separation
from Berryteuthis magister squid liver oil. J. Food. Sci. Technol. 53(3), 1722-1726 (2016).

35. Statler, K. D. et al. Isoflurane exerts neuroprotective actions at or near the time of severe traumatic brain injury. Brain Res. 1076,
216-224 (2006).

36. Paton, K. E, Shirazi, R., Vyssotcki, M. & Kivell, B. M. N-docosahexaenoyl ethanolamine (synaptamide) has antinociceptive effects
in male mice. Eurooean Journal of Pain. 24(10), 1990-1998 (2020).

37. Tyrtyshnaia, A. A. et al. N-Docosahexaenoylethanolamine attenuates neuroinflammation and improves hippocampal neurogenesis
in rats with sciatic nerve chronic constriction injury. Mar Drugs. 18, 516 (2020).

Scientific Reports | (2021) 11:756 | https://doi.org/10.1038/s41598-020-80818-9 nature research



www.nature.com/scientificreports/

38. Tyrtyshnaia, A. A., Bondar, A. V,, Konovalova, S. P,, Sultanov, R. M. & Manzhulo, I. V. N-Docosahexanoylethanolamine reduces
microglial activation and improves hippocampal plasticity in a murine model of neuroinflammation. Int ] Mol Sci. 21, 9703 (2020).

39. Miedel, C. J., Patton, J. M., Miedel, A. N., Miedel, E. S. & Levenson, J. M. Assessment of spontaneous alternation, novel object
recognition and limb clasping in transgenic mouse models of amyloid-f and Tau neuropathology. J Vis Exp. 123, 55523 (2017).

40. Hughes, R. N. The value of spontaneous alternation behavior (SAB) as a test of retention in pharmacological investigations of
memory. Neurosci Biobehav Rev. 28(5), 497-505 (2004).

41. Haller, J., Goldberg, S. R., Pelczer, K. G., Aliczki, M., Panlilio, L. V. The effects of anandamide signaling enhanced by the FAAH
inhibitor URB597 on coping styles in rats. Psychopharmacology (Berl). 230(3) (2013).

42. Ishiyama, T. et al. Lurasidone (SM-13496), a novel atypical antipsychotic drug, reverses MK-801-induced impairment of learning
and memory in the rat passive-avoidance test. Eur ] Pharmacol. 572(2-3), 160-170 (2007).

43. Rieger, A. M., Nelson, K. L., Konowalchuk, J. D. & Barreda, D. R. Modified annexin V/propidium iodide apoptosis assay for accurate
assessment of cell death. J Vis Exp. 50, 251 (2011).

44. Green, L. C., Wagner, D. A. & Glogowski, J. Analysis of nitrate, nitrite, and [**] nitrate in biological fluids. Anal Biochem. 126,
131-138 (1982).

45. Wang, X., Gao, X., Michalski, S., Zhao, S. & Chen, J. Traumatic brain injury severity affects neurogenesis in adult mouse hip-
pocampus. ] Neurotrauma. 33(8), 721-733 (2016).

Author contributions

A.P. wrote manuscript; performed the surgery, behavioral, histological experiments, and image analysis, obtaining
and processing of cell culture. .M. wrote manuscript; performed the surgery and behavioral and immunohis-
tochemical studies. A.T. performed the ELISA and SOD assays. E.P. performed the ROS and NO. R.S. produced
high-purified DHEA. I.D. image analysis. All authors contributed to data analysis, drafting or revising the article,
gave final approval of the version to be published, and agree to be accountable for all aspects of the work.

Funding
This study is supported by the Russian Science Foundation (project 17-74-20006).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.V.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:756 | https://doi.org/10.1038/s41598-020-80818-9 nature research


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	N-docosahexaenoylethanolamine reduces neuroinflammation and cognitive impairment after mild traumatic brain injury in rats
	Results
	Behavioral studies. 
	Confirmation of the degree and nature of TBI. 
	Anxiety. 
	Long-term memory. 
	Working memory. 

	Synaptamide reduces microglial activity in mTBI. 
	Synaptamide leads to decreased neuroinflammation in mTBI. 
	In vitro studies. 
	Synaptamide has no cytotoxic effect on SIM-A9 microglial cells. 
	Synaptamide reverse the LPS-induced microglia morphology changes. 
	Anti-inflammatory effect of synaptamide on LPS-induced microglia cells. 
	Synaptamide improves the antioxidant activity in microglia cells. 


	Discussion
	Materials and methods
	N-Docosahexaenoylethanolamine. 
	Animals. 
	mTBI procedure and treatments. 
	Behavioral testing. 
	Assessment of neurological function. 
	Working memory. 
	Elevated plus-maze (EPM). 
	Passive avoidance test. 

	Immunohistochemistry and microscopy. 
	Cells for bioassay. 
	Flow cytometry. 
	Nitric oxide. 
	Griess. 
	Reactive oxygen species. 
	ELISA. 
	Evaluation of SOD enzyme activities. 
	Statistical analysis. 

	Data availability
	References


