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Skull Fractures Induce Neuroinflammation and Worsen
Outcomes after Closed Head Injury in Mice
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Abstract

The weight-drop model is used widely to replicate closed-head injuries in mice; however, the histopathological and func-
tional outcomes may vary significantly between laboratories. Because skull fractures are reported to occur in this model, we
aimed to evaluate whether these breaks may influence the variability of the weight-drop (WD) model. Male Swiss Webster
mice underwent WD injury with either a 2 or 5 mm cone tip, and behavior was assessed at 2h and 24 h thereafter using the
neurological severity score. The expression of interleukin (IL)-6, IL-1, tumor necrosis factor-¢, matrix metalloproteinase-9,
and tissue inhibitor of metalloproteinase-1 genes was measured at 12h and 1, 3, and 14 days after injury. Before the injury,
micro-computed tomography (micro-CT) was performed to quantify skull thickness at the impact site. With a conventional
tip diameter of 2mm, 33% of mice showed fractures of the parietal bone; the 5Smm tip produced only 10% fractures.
Compared with mice without fractures, mice with fractures had a severity-dependent worse functional outcome and a more
pronounced upregulation of inflammatory genes in the brain. Older mice were associated with thicker parietal bones and
were less prone to skull fractures. In addition, mice that underwent traumatic brain injury (TBI) with skull fracture had
macroscopic brain damage because of skull depression. Skull fractures explain a considerable proportion of the variability
observed in the WD model in mice—i.e., mice with skull fractures have a much stronger inflammatory response than do mice
without fractures. Using older mice with thicker skull bones and an impact cone with a larger diameter reduces the rate of
skull fractures and the variability in this very useful closed-head TBI model.
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Introduction

TRAUMATIC BRAIN INJURY (TBI) may result from falls, motor
vehicle accidents, sports injuries, and explosions and is one of
the leading causes of neurological deficits in persons under the age
of 45. The TBI is heterogeneous with many etiologies and clinical
presentations and encompasses diffuse, focal, penetrating, or blast
injury." Diffuse axonal injury results from movement of the brain
within the skull and is related to closed-head injury (CHI), the most
common type of TBI in humans.® During the last decade, sub-
stantial attention has been paid to the study of TBI. Reproducible
animal models are crucial to clarify the biochemical/molecular
mechanisms of injury and to assess preclinical drug efficacy and
safety.

Numerous animal models have been used to study TBI, in-
cluding open and CHL.* While mechanical force is delivered to the
intact skull in CHL?* in open head injury, a craniotomy has to be
performed, and the impact is directed toward the dura mater.>® To
perform CHI, several models are used, such as variations in weight-
drop (WD),> piston-driven,®'* and blast injury'! TBI models.
The WD models that use a free falling weight are used most widely
to induce CHI.'?

Although WD models have been used for several decades, there
is a substantial difference in performance and protocols between
laboratories. For example, the weight of the falling cylinder varies
from 5g to 500g, and the drop height varies from 1cm to
167cm.'>71% As a consequence, the biochemical outcome— i.e.,
the expression of inflammatory cytokines, such as tumor necrosis
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factor (TNF)-o, interleukin (IL)-6, IL-12, and IL-1p, is highly
variable.'” 2!

Controlled cortical impact and fluid percussion injury models,
procedures that need a craniotomy, induce comparable high cyto-
kine expression.'>*>~* Because in a previous study we observed
that approximately 30% of mice experienced skull fractures after
WD injury (unpublished data), we hypothesize that injury to the
skull may be one of the main triggers for the expression of in-
flammatory genes in the brain after WD injury and may thus con-
tribute to the variability observed in this valuable TBI model.
Therefore, the aim of the present study was to compare the in-
flammatory response after WD injury in the hippocampus and
striatum of mice and correlate these findings with the presence and
severity of skull fractures.

Methods
Animals

One hundred and nine male Swiss Webster (Laboratory Animal
Centre, University of Tartu, Tartu, Estonia) 10-week-old mice
were used for the WD model and 13 male Swiss Webster 10- and
20-week-old mice were used for micro-computed tomography
(micro-CT). The mice weighed 28—46 g; all animals were housed
under standard conditions (21-23°C, 12 h light/dark cycle) with
unlimited access to standard food (Lactamin AB, Mjolby, Swe-
den) and water.

The mice were assigned randomly to one of three experimental
groups. Body weight was recorded throughout the study as a
measure of general health. The experimental design was to expose
10-week-old mice to CHI using a weight-drop device with 2 or
5 mm cone tip or sham treatment. The skull was then examined for
evidence of visible fractures, as defined below. Animals with CHI
were subdivided into non-fracture and fracture (mild, moderate,
severe) groups for comparison. The neurobehavioral status of the
mice was obtained at 2 and 24 h after injury. Blood and brain tissue
were collected at 12h or 1, 3, and 14 days post-TBI for quantitative
reverse transcription-polymerase chain reaction (RT-PCR) and
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enzyme-linked immunosorbent assay (ELISA), as described below.
Before injury, a micro-CT was performed to quantify skull thick-
ness at the impact site.

The timeline of experimental procedures is depicted in Figure 1.
All studies involving animals were reported in accordance with the
Animal Research: Reporting In Vivo Experiments guidelines.?>~°
The experimental procedures were performed in accordance with
the guidelines reported in the EU Directive 2010/63/EU and in
accordance with local laws and policies; all procedures were ap-
proved by the Latvian Animal Protection Ethical Committee of
Food and Veterinary Service in Riga, Latvia.

Chemicals

Isoflurane was purchased from Chemical Point (Deisenhofen,
Germany). Tramadol solution was purchased from KRKA (Novo
Mesto, Slovenia). Physiological saline (0.9%) was purchased from
Fresenius Kabi (Warsaw, Poland). Oxygen and nitrous oxide gases
were purchased from AGA (Riga, Latvia).

WD model

The WD model was performed as described previously.>¢
Briefly, the mice were anesthetized with 4% isoflurane in a mixture
of 50% nitrous oxide and 50% oxygen, and 2% isoflurane was
maintained during the surgical procedure using a face mask. The
depth of anesthesia was monitored by toe pinch. Before trauma
induction, the mice received a subcutaneous (SC) injection of tra-
madol (10 mg/kg). A midline longitudinal scalp incision was made,
and the skull was exposed. A cone with a tip diameter of 2 or 5 mm
was placed 2 mm posterior and lateral to bregma, and a weight of
90 g was dropped from a height of 8 cm onto the cone.

Oxygen was applied for 20-40 sec immediately after TBI. Then,
the scalp wound was closed with a polypropylene 6-0 suture
(Surgipro™ II, Covidien, Mansfield, MA), and the mice were re-
turned to their home cages with free access to water and food. Sham
animals underwent the same procedures as the animals in the TBI
group, but without the release of the weight.

Neurological severity score

sham = 24 sham = 18

TBI= 85 TBI=64 Open-field test
sham = 6 sham =6 sham =6 sham =6
TBI=10 TBI=15 TBI=15 TBI=11

Day -2 2h

Day 0

Induction of CHI Blood collection (ELISA)

sham = 24 sham=35  sham=6 sham= 6 sham= 5

X TBI =85 TBI=10 TBI=12 TBI=13 TBI= 10

micro-CT | | | 1
n=13

Brain collection (QRT-PCR)

sham= 5 sham= 6 sham= 6 sham= 5

TBI= 10 TBI=15 TBI= 15 TBI=11

Contusion surface area
|

I sham= 6 I

IBI=13

FIG. 1.

Schematic illustration of the experimental design. TBI, traumatic brain injury; CHI, closed head injury; ELISA, enzyme-

linked immunosorbent assay; micro-CT, micro-computed tomography; qRT-PCR, quantitative reverse transcription: polymerase chain

reaction. Color image is available online.
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Neurological severity score (NSS)

Behavioral testing was performed by experienced scientists
blinded to the experimental group. The neurobehavioral status of
the mice was obtained by the NSS.? The general neurological state
of the mice was evaluated at baseline and 2 h and 24 h post-injury
during the light part of the light—dark cycle. The NSS consists of
nine individual parameters, including motor function, alertness,
and physiological behavior tasks.

The following items were assessed: presence of paresis; im-
pairment of seeking behavior; absence of perceptible startle reflex;
inability to get down from a rectangle platform (34 X 27 cm); in-
ability to walk on 3-, 2-, and 1-cm wide beams; and inability to
balance on a 0.7-cm—wide beam and a 0.5 cm-diameter round beam
for at least 15 sec. If a mouse showed impairment in one of these
items, then a value of 1 was added to its NSS. Thus, higher values
for the NSS indicate more severe neurological impairment.

The severity of skull fractures was determined based on the
parameters used to evaluate skull fractures in patients with small
modifications: non (skull bone without changes/no signs of frac-
ture), mild (isolated linear fracture with no evidence of intracranial
lesion), moderate (linear depressed or diastatic fracture with min-
imal dural tear, no macroscopic evidence of hematoma or paren-
chyma injury), and severe (complicated fracture with macroscopic
intracranial lesions, including parenchyma injury and hemato-
mas).27‘28

The severity of skull fracture was evaluated immediately after
injury by macroscopic visualization, which is a rapid and simple
method. Post-mortem micro-CT analysis of the parietal bone plates
could provide more detailed results than macroscopic visualization,
however.

Open-field test

To detect the motor activity of the animals, an open-field test was
performed before and at 12h and 1, 3, and 14 days after TBI. The
test apparatus was a square arena (44 X 44 cm) with a black floor.
The moved distance and velocity in a 5-min session were recorded
and analyzed using the EthoVision video tracking system (version
XT 11.5; Noldus, Wageningen, The Netherlands).

Quantitative RT-PCR analysis

To quantify the inflammatory response, the mouse brains were
collected at 12h and 1, 3, and 14 days after trauma. Brain tissues
were collected immediately after decapitation of the animals. In-
dividual brain structures from both hemispheres were separated on
ice and snap frozen in liquid nitrogen. The brain samples were
stored at -80°C until ribonucleic acid (RNA) isolation.

Quantitative RT-PCR was performed using a previously de-
scribed method® with slight modifications. Total RNA was iso-
lated from brain tissues using an RNA mini kit (Life Technologies,
Grand Island, NY) according to the manufacturer’s instructions.
The extracted RNA was dissolved in 50 uL nuclease-free distilled
water and stored at -80°C until further analysis. First-strand com-
plementary deoxyribonucleic acid (cDNA) was synthesized using a
high-capacity cDNA reverse transcription kit (Thermo Fisher
Scientific, Waltham, MA) following the manufacturer’s protocol.

Quantitative RT-PCR analysis for IL-6, IL-1f, TNF-q, tissue
inhibitor of metalloproteinase (TIMP)-1, matrix metalloproteinase
(MMP)-9 and f-actin was performed using SYBR® Green Master
Mix (Life Technologies). The primer sequences used in this study
were as follows: IL-6 (NM_001314054.1), 5 - TCT ATA CCACTT
CAC AAG TCG GA - 3 (forward) and 5 - GAA TTG CCA TTG
CAC AACTCT TT -3 (reverse); IL-1 (NM_008361.4), 5 - GGG
CCT CAA AGG AAA GAA TC -3 (forward) and 5 — TTG CTT
GGG ATC CAC ACT CT -3 (reverse); TNF-o (NM_013693.3), 5
— CCC TCA CAC TCA GAT CAT CTT CT - 3 (forward) and 5 —
GCT ACG ACG TGG GCT ACA G - 3 (reverse); TIMP-1

297

(NM_011593.2), 5 — CAG TAA GGC CTG TAG CTG TGC -3
(forward) and 5 - AGG TGG TCT CGT TGA TTT CTG - 3 (re-
verse); MMP-9 (NM_031055.1), 5 - TCG AAG GCG ACC TCA
AGT G -3 (forward) and 5 — TTC GGT GTA GCT TTG GAT CCA
— 3 (reverse); and f-actin (NM_007393.5), 5 — CCT CTA TGC
CAA CAC AGT GC- 3 (forward) and 5 — CAT CGT ACT CCT
GCT TGC TG- 3 (reverse).

The primers were obtained from Metabion (Steinkirchen,
Germany). The relative expression levels for each gene were
calculated with the AACt method, normalized to the expression
of f-actin and compared with the age-matched sham group.

TIMP-1 and TNF-o measurement in plasma

Blood samples were collected after decapitation of the animals.
Heparin was used to prevent blood clot formation. Blood samples
were centrifuged at 3000rpm and 4°C for 10min (Heraeus™
Biofuge™ Stratos™ Centrifuge, Thermo Fisher Scientific) to sep-
arate the plasma. Plasma was stored at -80°C. The ELISA was
performed using Mouse TIMP1 SimpleStep ELISA® Kit (Abcam,
Boston, MA) and a Mouse TNF-« ELISA Kit (EMD Millipore,
Burlington, MA) following the manufacturer’s instructions.

Micro-CT analysis

The micro-CT imaging was performed before TBI. The mice
were anesthetized using 4% isoflurane in a mixture of 50% nitrous
oxide and 50% oxygen, followed by 1-1.5% isoflurane throughout
the procedure. The micro-CT scans were acquired using 30keV,
0.95mA lamp energy with an exposure time of 250 ms using a
Trifoil InSyTe FLECT® imager (Chatsworth, CA). A total of 720
projections were acquired per rotation. Three-dimensional images
on selected skull areas were reconstructed with a voxel size of 25 um
using FluoroView 1.5 and Cobra 7.12.9 software. Qualitative and
quantitative data were analyzed using VivoQuant 1.23 software.

To evaluate parietal bone thickness and density, a coronal sec-
tion was taken. The frontal plane represents the coronal plane at the
middle of the bregma and lambda sutures. By using coronal sec-
tions, the parietal bone gray scale value (radiological density) was
measured in three regions (Fig. 6B) of interest at five points in an
equal interval. The coronal skull micro-CT images were divided
into bone and non-bone regions by determining the threshold value
using the automated Otsu method.*® The gray scale values of the
mouse skull were used to evaluate bone density.>'>*

Measurement of contusion surface area

Mice were anesthetized using a combination of ketamine
(200 mg/kg) and xylazine (15 mg/kg) and perfused transcardially
with 0.01 M phosphate-buffered saline (1X PBS) for Smin at a
speed of 3 mL/min to remove blood from the tissue. Perfusion was
switched to 4% paraformaldehyde (PFA) solution in 1X PBS until
stiffening of the mouse body. The brains were dissected carefully
and fixed overnight in 4% PFA at 4°C. The dissected brains were
washed in 1X PBS, dried, and photographed using a digital camera
(Sony A900, Japan). The cortical contusion area was quantified
using ImagelJ software (version 1.52j).

Statistical analysis

The statistical calculations were performed using the GraphPad
Prism 8.1 software package (GraphPad Software, Inc., La Jolla,
CA). The Shapiro-Wilk test was used to examine the distribution of
the data. The Kruskal-Wallis test followed by the Dunn test was
used for non-normally distributed data sets. A post hoc test was
performed if analysis of variance (ANOVA) or the Kruskal-Wallis
test indicated statistically significant differences.

Time and group interactions were analyzed by using two-way
ANOVA and the Tukey test as the post hoc test for multiple
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comparisons. Student 7 test was used to compare differences be-
tween mouse weight and occurrence of fracture and differences
between parietal bone thickness and gray scale values in animals
without and with skull fractures. The Pearson correlation test was
used to analyze the correlation between parietal bone thickness and
animal weight. The p values less than 0.05 were considered sig-
nificant.

Results
Health status assessment after CHI

Two mice in the “with fracture’ group died immediately after
injury. All other mice were included in the data analysis. One
mouse in the “‘with fracture’” group had spontaneous seizures. In
animals with skull fracture, there was a minor loss of body weight
during the first three post-injury days; however, no significant
differences were observed between the groups (data not shown).
During the immediate time after injury, apnea (<3 sec) was ob-
served in three animals. The remaining animals breathed sponta-
neously during and after the procedure and were fully awake within
1 min.

NSS

The animals were divided into two groups: animals with and
without skull fractures after TBI. The NSS was significantly higher
in traumatized than in sham-operated mice at 2h and 24 h after
surgery (Fig. 2A; main effects of time [F(5, 135)=98.4, p<0.0001]
and group [F(;, 76,=25.8, p<0.0001], and interaction between time
and group [F4, 152)=26.9, p<0.0001]).

A O3 Sham 3 Without fracture W With fracture
6=

*#H i
5—
44 -
@ *
Z 3
24
14
0_
baseline 2h 24h
C 3 Sham E 2mm B Smm
6
§+ * g *
4 *
w
2 31
2-
1_
0
baseline 2h 24h
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Two hours after TBI, the average scores for animals without and
with skull fractures were 2.5+ 0.2 and 4.8 £ 0.5 points, respectively
(Fig. 2A). Twenty-four hours after TBI, the NSS for animals
without and with skull fracture was 2.9+0.2 and 4.8 +0.4 points,
respectively (Fig. 2A), and there was a significant difference be-
tween the groups (Fig. 2A). In addition, we observed that the NSS
increased significantly depending on the skull fracture severity
(Fig. 2B).

We compared the impact of cone tips on the occurrence of
fracture using a cone with a 2mm or 5Smm tip. The cone with a
2 mm tip caused skull fractures in 33% of animals, while only 10%
of animals had fractures when traumatized with the 5 mm cone
(Fig. 2D). The functional outcome was similar in mice traumatized
with the 2 or 5mm cone at 2h and 24 h after TBI (Fig. 2C; main
effects of time [F,, 34)=18.8, p<0.0001] and group [F(,, 25,=5.3,
p<0.05] and the interaction between time and group [F4, 44)=3.4,
p<0.05]).

Open-field test

The mice were tested in an open-field test to assess locomotor
activity at 12h, 1, 3, and 14 days after injury. There were no sig-
nificant differences in the distance traveled and velocity between
groups (data not shown).

Inflammation-related gene expression in the brain
after TBI

To detect the impact of skull fracture on inflammatory gene
expression in brain tissue, we measured IL-6, IL-1f, TNF-o, MMP-
9, and TIMP-1 gene expression in the hippocampus and striatum at

O2h W24h

*a

*a

Sham non mild moderate severe
Fracture
D 2 mun
33%
S
10%

FIG. 2. Functional outcome after traumatic brain injury (TBI). (A) Comparison of the neurobehavioral responses in animals without
or with skull fractures using the Neurological Severity Score (NSS). Data are shown as the mean *standard error of the mean (SEM).
(sham-operated, n=24; without fracture, n=>52; with fracture, n=33). *p<0.05 vs. sham-operated; *p <0.05 without vs. with skull
fracture (repeated measures two-way analysis of variance (ANOVA) followed by the Tukey test). (B) Relation of the severity of skull
fracture and NSS at 2h and 24 h after TBI. Data are shown as the mean with 95% confidence interval (sham-operated, n=24; non-
fracture, n=>52; mild fracture, n=7; moderate fracture, n=12; severe fracture, n=14). *p<0.05 vs. sham-operated; *p <0.05 non vs.
severe fracture (Kruskal Wallis test followed by the Dunn test). (C) NSS after TBI using 2 mm and 5 mm tips in animals without skull
fractures. Data are shown as the mean+ SEM. *p <0.05 vs. sham-operated (repeated measures two-way ANOVA followed by the Tukey
test) and (D) occurrence of fractures using cone with a 2mm or 5 mm diameter tip (sham-operated, n=5; 2mm, n=12; 5mm, n=38).



SKULL FRACTURES INDUCE NEUROINFLAMMATION

12h, 1, 3, and 14 days after TBI. For gene expression data F values,
degrees of freedom and p values are summarized in Supplementary
Table S1. A significant 71- and 90-fold increase was observed for
TIMP-1 at 12 h and 1 day after injury, respectively, in the ipsilateral
hippocampus of animals with skull fractures (Fig. 3A). In addition,
TIMP-1 was increased in the contralateral hippocampus 1 day after
injury (Fig. 3A).

The TIMP-1 mRNA expression in the ipsilateral striatum of
animals with skull fractures was increased 16- and 130-fold at 12h
and 1 day after injury, respectively (Fig. 3B). In addition, TIMP-1
mRNA was increased in the contralateral striatum at 1 and 3 days
after injury (Fig. 3B).

The TNF-oo mRNA expression in animals with skull fractures
was significantly increased 13-fold and six-fold in the ipsilateral
hippocampus at 12h and 1 day after injury, respectively (Fig. 3A).
The TNF-o« mRNA expression was significantly increased 67-
fold and five-fold in the ipsilateral and contralateral striatum,
respectively, in animals with skull fractures at 12 h after injury
(Fig. 3B). The MMP-9 gene was significantly downregulated at
12 h after trauma in the ipsilateral hippocampus of animals with
skull fractures (Fig. 3A). No differences in IL-6 gene expression
were detected between groups in the hippocampus and striatum
(Fig. 3A, B).
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Significant increase was observed for TIMP-1 mRNA at 1 day
after injury in the ipsilateral hippocampus of animals without skull
fractures (Fig. 3A). No significant changes for IL-6, IL-1f, TNF-o,
and MMP-9 gene expression were observed at 12h and 1, 3, and 14
days after TBI in animals without skull fractures (Fig. 3A, B).

The TIMP-1 and TNF-o genes showed a significant correlation
with the severity of TBI at 12 h and 24 h after injury (Fig. 4). In the
ipsilateral hippocampus, 50- and 146-fold increases in TIMP-1
gene expression were observed after moderate and severe skull
fractures, respectively (Fig. 4A). Similarly, 14- and 173-fold in-
creases in TIMP-1 gene expression in the ipsilateral striatum were
observed after moderate and severe skull fractures, respectively
(Fig. 4B). After severe skull fracture, TNF-o mRNA showed 14-
and 130-fold increases in the ipsilateral hippocampus and striatum,
respectively (Fig. 4C and 4D).

TIMP-1 and TNF-u levels in plasma

The TIMP-1 and TNF-« protein concentrations were measured in
plasma at 12h and 1, 3, and 14 days after TBI. Slightly increased
TIMP-1 plasma levels were observed in animals with fractures
(Fig. 5; main effects of time [F3 53,=6.0, p<0.01] and group [F(,, 53,
=6.6, p<0.01] and interaction between time and group [Fs s53,=1.9,
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Inflammation-related gene expression in the ipsilateral and contralateral (A) hippocampus and (B) striatum after traumatic

brain injury (TBI). Data are expressed as the mean with 95% confidence interval (n=5-9). *p <0.05 vs. sham-operated; *p <0.05 TBI
without vs. TBI with skull fracture (ordinary two-way analysis of variance followed by the Tukey test; see Supplementary Table S1 for
F values, degrees of freedom, and p values). TIMP-1, tissue inhibitor of metalloproteinase-1; TNF-o, tumor necrosis factor-o ;IL,
interleukin; MMP-9, matrixmetalloproteinase-9.
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Inflammation-related gene expression in the ipsilateral brain at 12h and 24 h after traumatic brain injury with various

severities of skull fracture. Tissue inhibitor of metalloproteinase-1 (TIMP-1) gene expression in the hippocampus (A) and striatum
(B) and tumor necrosis factor-o (TNF-o) gene expression in the hippocampus (C) and striatum (D). Data are expressed as the mean with
95% confidence interval (n=5-13). *p<0.05 vs. sham-operated; *p<0.05 vs. non-fracture; ®»<0.05 vs. mild fracture; p <0.05 vs.

moderate fracture (Kruskal-Wallis test followed by the Dunn test).

p>0.05]); however, there were no significant differences when
compared with sham-operated animals. Plasma levels of TNF-o were
not elevated after TBI (<1.5 pg/mL).

Evaluation of the skull bone by micro-CT

Micro-CT examination of the parietal bone revealed variations
in thickness and gray scale values. The average parietal bone
thickness varied from 0.17 to 0.44 mm (mean, 0.3+0.1 mm), de-
pending on the localization. The parietal bone became thinner as it
reached the sagittal suture (Fig. 6B). The lateral periphery of the
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FIG. 5. Tissue inhibitor of metalloproteinase-1 (TIMP-1) con-
centration in the plasma of animals without or with skull fractures
at 12h, 1, 3, and 14 days after traumatic brain injury (TBI). Data
are expressed as the mean * standard deviation (n=5-7). *p <0.05
vs. sham-operated (ordinary two-way analysis of variance fol-
lowed by the Tukey test).

parietal bone had a thicker structure with a higher gray scale value,
ranging from 3.7 to 10.2 (mean, 6.7 % 1.7). The parietal bone gray
scale value was higher in 20-week-old mice than in 10-week-old
mice (mean, 7.2 vs. 7.5; 10 weeks vs. 20 weeks, respectively).
Lower parietal bone gray scale values were associated significantly
with skull fracture.

Skull thickness increased proportionally with age and weight of
the animals. Parietal bone thickness correlated with animal weight
(Pearson r=0.75, p<0.01), and animal weight was inversely as-
sociated with skull fractures. Decreased parietal bone thickness and
gray scale values were significantly associated with an increased
risk of fracture (Fig. 7).

Evaluation of the contusion surface area

Macroscopic observation demonstrated that the brains of sham-
operated mice and mice that underwent TBI without skull fracture
showed no signs of cortical injury (Fig. 8). The TBI with skull
fracture resulted in mild to severe brain damage because of skull
depression (Fig. 8). In addition, skull fractures were associated with
epidural and subdural hematomas and intraparenchymal hemor-
rhage.

Discussion

A TBI is a complex and heterogeneous injury that includes he-
matomas, contusions, subarachnoid hemorrhage, hypoxia, ische-
mia, and axonal and vascular injuries. This heterogeneity is a
particular challenge when performing experimental TBI re-
search.'? The WD model is the most commonly used experimental
method to study the pathophysiology of CHIL.* Nevertheless, this
model is not well standardized and generates results with
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FIG. 6. Micro-CT image of a mouse skull with schematic illustra-
tion of the measurement parameters of mouse parietal bone thickness
and density. (A) Frontal plane at a distance between coronal suture
and lambdoid suture, which indicates the impact location (red circle)
in the weight-drop traumatic brain injury model. (B) The landmarks
shown on a coronal section of parietal bone represent thickness and
density measurement points (medial periphery—1, midline-2, and
lateral periphery—3). Color image is available online.
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substantial variability regarding histopathological, biochemical,
and functional outcomes.” '!"'>?%36-38 Qur results demonstrated
that animals experiencing skull fractures after undergoing the WD
model show a substantial inflammatory response in the brain, while
animals without skull fractures do not, thus demonstrating how
skull fractures contribute to the heterogeneity of the WD model.

When reviewing published literature (articles published on the
CHI model in PubMed from 2001 to 2018), skull fractures were
evaluated in only 18 of 97 studies (18.6%), and animals with
fractures were excluded. A significant number of studies (81.4%)
did not mention the incidence of skull fractures, showing that injury
to the skull has been neglected in most CHI experiments.

Moreover, significant heterogeneity was observed in the pa-
rameters of falling weight, drop height, and impact tip diameter
that led to different impact energies delivered to brain tissue. The
falling weight ranged from 5 to 500 g, and the drop height ranged
from 1 to 167 cm. Impact tip diameters ranged from 1 to 5 mm or
were not reported. The calculated amount of energy as a function
of the mass and height varied from 0.04 to 1.10J. Thus, these
studies do not share a common methodological indicator that
would allow a comparison of the results of experiments between
laboratories.

Our current study investigating the influence of skull frac-
tures after WD represents a first step to reduce heterogeneity in
this very useful CHI model. Skull fracture is an independent risk
factor for intracranial hemorrhage in patients with TBL>**> In-
tracranial hemorrhage is associated with increased intracranial
pressure, oxidative damage, vasogenic edema, cytotoxic edema,
heme toxicity, and iron toxicity and may thus contribute to sec-
ondary brain injury.*®

Approximately one-half of depressed skull fractures in patients
with TBI result in dural tearing, which is associated with cranial
infections.?”**® In patients, skull fracture with hemorrhage results in
increased inflammation and neuronal excitability because of the
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FIG. 7. Correlation between parietal bone thickness, mouse body weight and skull fracture. (A) Midline parietal bone thickness as a
function of animal body weight (n=13). Parietal bone thickness was measured using a Trifoil InSyTe FLECT® imager (Pearson
r=0.748, *p<0.01). (B) Difference between mouse weight and occurrence of fracture. Data were analyzed using GraphPad Prism 8.1
software (without fracture, n=>52; with fracture, n=20). *p <0.05 vs. group without fracture (Student 7 test). (C) Difference between
parietal bone thickness and (D) gray scale values in animals w1thout and with skull fracture. Parietal bone thickness and gray scale
values were measured at three points using a Trifoil InSyTe FLECT® imager. Data are shown as the mean + standard error of the mean

of five animals. *p <0.05 without vs. with fracture (Student ¢ test).
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FIG. 8. Average contusion surface area observed up to 3 days
after traumatic brain injury. Data are shown as the mean+95%
confidence interval. (sham-operated, n=6, without fracture, n==6,
with fracture, n=7). Representative images of brains are shown
under the graph. *p < 0.05 vs. sham-operated; *p <0.05 vs. without
fracture (Kruskal-Wallis test followed by the Dunn test). Color
image are available online.

toxic effects of hemoglobin breakdown and the generation of re-
active oxygen species.>®
Thus, our results demonstrating an increased neuroinflammatory
response in the brain after TBI with skull fracture are well in line
with the clinical features of TBI. Moreover, compared with animals
without fracture, TBI in animals with moderate and severe fractures
showed significant differences in responses to the NSS at 24 h but
not at 2h after TBI. Only one study reported animals with and
without skull fractures and divided these animals into separate
groups.*® There was no difference in NSS between animals with or
without skull fracture and sham-operated animals at 1h post-
injury.*® The NSS was not assessed at later time points after an
injury; thus, it is difficult to compare the impact of fracture on NSS
in this study. Moreover, skull fracture was associated with more
severe TBI outcomes, including immediate post-traumatic respi-
ratory depression, secondary rebound injury, and death in mice.
Other important factors, such as age and skull thickness, could
also influence the incidence of parietal bone fracture. Skull cortical
thickness is an important factor related to the deformation of the
skull and fracture propensity,*' and skull cortical bone density also
influences skull fracture in humans.*? Moreover, skull density is
associated with the biomechanical threshold for concussion and
may influence TBI, even without causing a skull fracture.*® We
showed that mouse parietal bone thickness and gray scale values
are effective at predicting skull fractures. Thus, mouse age and
weight should be taken into account in the design of the experiment.
It is important to acknowledge that in other CHI models, helmets
(i.e., metallic disc on the exposed skull surface) are used to reduce
the incidence of skull fractures.”>** The use of helmets helps to
disperse the impact energy delivered to the brain tissue, thereby
protecting the skull from the fractures. In the present study, the use
of a Smm cone tip reduced the incidence of skull fractures, sug-
gesting that a larger diameter should be used in the WD model.
To date, contrasting results on the neuroinflammatory response
in brain tissues have been reported after CHI in mice. Our results
clearly showed a significant increase in TNF-o and TIMP-1 gene
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expression in animals with skull fractures at 12h and 24 h after
injury, while gene expression was unchanged in animals without
fracture. We did not observe a difference in the TIMP-1 plasma
concentration between animals with or without fractures, however.

Many studies have demonstrated a significantly increased neu-
roinflammatory response in brain tissue, reaching levels greater
than physiological levels within hours of injury'®*>%; however,
only one study did not observe skull fractures.*® For example,
significantly increased brain levels of TNF-a gene and protein
expression were observed on the first day after trauma,'>*”*° while
no changes in TNF-o expression were observed in other stud-
ies.!”18%0 Interestingly, a significant increase in TNF-o expression
at 4h and 48 h after WD injury was observed using only animals
with skull fractures in a WD model.*

Moreover, there is a significant increase in IL-1, IL-6, IL-10, and
TNF-o cytokines in response to craniotomy per se compared with
those in naive animals,5 1,52 indicating that skull fractures could
cause inflammation and create outcome heterogeneity within the
groups in the WD model. Recent studies found that combined
closed-skull TBI and tibial fractures worsened outcome and in-
creased inflammation compared with mice given only a TBL>***
Similar to our findings, the levels of inflammatory cytokines, such
as IL-1p8, IL-6, and TNF-u, were not increased in isolated-TBIL.>?
Interestingly, in a recent study, muscle injury combined with TBI
did not significantly impact inflammatory cytokine expression or
functional outcome after WD-TBI,> suggesting that a concurrent
fracture rather than soft tissue injury may exacerbate neuroin-
flammation and worsen the outcomes after TBI.

Previous research demonstrated that the overexpression of TNF-
o was correlated with the severity of trauma in fluid-percussion—
induced TBL*> We observed a correlation between the levels of
TNF-o and TIMP-1 gene expression and the severity of fracture.
Moreover, TIMP-1 gene expression was elevated significantly in
the ipsilateral hippocampus and striatum during the first 3 days after
trauma with skull fracture, showing an increase of more than 100-
fold.

Previous research identified an association between serum
TIMP-1 levels and TBI severity and death.’® A previous study
demonstrated that the TIMP-1 gene is overexpressed in the brain at
12 h after middle cerebral artery occlusion, reaching a peak level at
2 days after stroke.’”>® High serum TIMP-1 levels are also asso-
ciated with a worse prognosis after stroke.’® The TIMP-1 is
constitutively expressed at a low level in many tissues, but after
tissue injury and inflammation, TIMP-1 gene expression generally
increases compared with that in healthy tissue.*¢!

Pro-inflammatory cytokines increase the expression of TIMP-1
in the brain.®* In the present study, high TIMP-1 inflammatory gene
expression was observed in the first 3 days after TBI with skull
fracture compared with the gene expression levels at 14 days after
TBI, showing an acute response to injury. Because severe skull
fracture was observed together with skull depression and bleeding,
the high TIMP-1 gene expression in the brain was probably a rapid
and acute response to the massive infiltration of proinflammatory
cytokines that occurred in the brain after dural injury and bleeding.

Conclusion

Compared with TBI without fractures, TBI with skull fractures
resulted in a more severe neurobehavioral response and a consid-
erable increase in inflammatory gene expression in brain tissue. Our
data suggest that when using the WD model, the data from animals
with skull fractures must be analyzed separately from those without
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skull fractures to reduce the heterogeneity of the model. Hetero-
geneity may also be reduced a priori by using animals with a
thicker skull bone—i.e., older mice—and by using an impact cone
with a larger diameter—i.e., 5 mm instead of 2 mm—or helmets—
i.e., metallic disc—on the skull surface.
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Altered neuronal Ca®" homeostasis and mitochondrial dysfunction play a central role in the pathogenesis of traumatic brain injury
(TBI). R-Phenibut ((3R)-phenyl-4-aminobutyric acid) is an antagonist of the a,d subunit of voltage-dependent calcium channels
(VDCC) and an agonist of gamma-aminobutyric acid B (GABA-B) receptors. The aim of this study was to evaluate the potential
therapeutic effects of R-phenibut following the lateral fluid percussion injury (latFPI) model of TBI in mice and the impact of R-
and S-phenibut on mitochondrial functionality in vitro. By determining the bioavailability of R-phenibut in the mouse brain
tissue and plasma, we found that R-phenibut (50 mg/kg) reached the brain tissue 15 min after intraperitoneal (i.p.) and peroral
(p.o.) injections. The maximal concentration of R-phenibut in the brain tissues was 0.6 ¢g/g and 0.2 ug/g tissue after i.p. and p.o.
administration, respectively. Male Swiss-Webster mice received i.p. injections of R-phenibut at doses of 10 or 50 mg/kg 2 h after
TBI and then once daily for 7 days. R-Phenibut treatment at the dose of 50 mg/kg significantly ameliorated functional deficits
after TBI on postinjury days 1, 4, and 7. Seven days after TBI, the number of Nissl-stained dark neurons (N-DNs) and
interleukin-1beta (IL-1/3) expression in the cerebral neocortex in the area of cortical impact were reduced. Moreover, the addition
of R- and S-phenibut at a concentration of 0.5 ug/ml inhibited calcium-induced mitochondrial swelling in the brain homogenate
and prevented anoxia-reoxygenation-induced increases in mitochondrial H,0O, production and the H,0,/O ratio. Taken together,
these results suggest that R-phenibut could serve as a neuroprotective agent and promising drug candidate for treating TBI

1. Introduction

Traumatic brain injury (TBI) is a leading cause of mortality
and disability among trauma-related injuries [1]. TBI can
result in temporary, long-term, and even life-long physical,
cognitive, and behavioural problems [2, 3]. Therefore, there
is an increased need for effective pharmacological approaches
for treating patients with TBI. Phenibut, a nootropic pre-
scription drug with anxiolytic activity, is used in clinical prac-
tice in Eastern European countries for the treatment of
anxiety, tics, stuttering, insomnia, dizziness, and alcohol
abstinence [4, 5]. R-Phenibut ((3R)-phenyl-4-aminobutyric

acid), which is one of the optical isomers of phenibut, binds
to gamma-aminobutyric acid B (GABA-B) receptors and the
a,0 subunit of voltage-dependent calcium channels (VDCC),
while S-phenibut binds only to the a,0 subunit of VDCC
[6-8]. Our previous studies have shown that R-phenibut treat-
ment significantly decreased the brain infarct size and
increased brain-derived neurotrophic factor and vascular
endothelial growth factor gene expression in damaged brain
tissue in an experimental stroke model [9]. The similarity of
the pathogenic mechanisms of TBI and cerebral ischaemia
indicate that therapeutic strategies that are successful in treat-
ing one may also be beneficial in treating the other [10].
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Treatment options for TBI are limited due to its complex
pathogenesis and the heterogeneity of its presentation, which
includes haematomas, contusions, hypoxia, and vascular,
axonal, and other types of central nervous system injuries
[11, 12]. Among the processes that impact TBI, the genera-
tion of reactive oxygen species (ROS) by mitochondria
occurs within the first minutes after TBI and thus leads to
the disruption of calcium ion (Ca®*) homeostasis, which is
the “final common pathway” for toxic cellular degradation
[13, 14]. Maintaining regional neuronal Ca** homeostasis
and mitochondrial function is crucial to prevent secondary
neuronal injury [15, 16]. Thus, mitochondrial-targeted drugs
and drugs acting on specific intracellular Ca*" signalling
pathways or subcellular components show promise as thera-
peutic interventions for TBI [17, 18]. In fact, upregulation of
the neuronal calcium channel @, subunit modulates the
activation of mitochondrial Ca®>* buffering in pathological
conditions [19]. There is also evidence that GABA-B receptor
agonists provide neuroprotection against N-methyl-D-
aspartate-induced neurotoxicity mediated by the mitochon-
drial permeability transition pore [20]. Since both isomers
of phenibut bind to the «,8 subunit of VDCC and only R-
phenibut binds to the GABA-B receptor, these both isomers
could be used to specify the possible molecular mechanisms
of phenibut in different experimental models.

This is the first investigation of the potential therapeutic
effects of R-phenibut following TBI in mice. In addition, to
evaluate possible molecular mechanisms underlying the
actions of R-phenibut against anoxia-reoxygenation-
induced mitochondrial damage, the effects on mitochondrial
functionality were evaluated in an in vitro model of anoxia-
reoxygenation and compared for R- and S-phenibut.

2. Materials and Methods

2.1. Animals and Treatment. Forty-eight Swiss-Webster male
mice (25-40g; Laboratory Animal Centre, University of
Tartu, Tartu, Estonia) were used in a lateral fluid percussion
injury (latFPI) model of TBI [21, 22]. Additionally, 6 Swiss-
Webster male mice were used for the preparation of brain
homogenate and the isolation of brain mitochondria for
in vitro assays. Forty-two ICR male mice (Laboratory Animal
Breeding Facility, Riga Stradins University, Latvia) were used
in a pharmacokinetic study. All animals were housed under
standard conditions (21-23°C, 12h light-dark cycle) with
unlimited access to standard food (Lactamin AB, Mjélby,
Sweden) and water in an individually ventilated cage housing
system (Allentown Inc., Allentown, New Jersey, USA). Each
cage contained bedding consisting of Eco-Pure ™ Shavings
wood chips (Datesand, Cheshire, UK), nesting material,
and wooden blocks from TAPVEI (TAPVEI, Paekna, Esto-
nia). For enrichment, a transparent tinted (red) nontoxic
durable polycarbonate safe harbour mouse retreat (Ani-
malLab, Poznan, Poland) was used. The mice were housed
with up to 5 mice per standard cage (38 x 19 x 13 cm). All
studies involving animals were reported in accordance with
the ARRIVE guidelines [23, 24]. The experimental proce-
dures were performed in accordance with the guidelines
reported in the EU Directive 2010/63/EU and in accordance
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with local laws and policies; all procedures were approved by
the Latvian Animal Protection Ethical Committee of Food
and Veterinary Service in Riga, Latvia.

The dose of R-phenibut was selected based on the previ-
ous studies, where pharmacological efficacy was observed in
dose-range between 10 and 50 mg/kg, while R-phenibut at
doses higher than 100 mg/kg showed sedative and coordina-
tion inhibitory effects [6, 8, 9]. Mice were randomly assigned
to four experimental groups: sham-operated mice, saline-
treated latFPI mice, and latFPI mice that received R-
phenibut (JSC Olainfarm, Olaine, Latvia) at a dose of
10 mg/kg or 50 mg/kg. Six mice were excluded because of a
dural breach that occurred during surgery (4 mice from the
sham-operated, 1 mouse from the control, and 1 mouse from
the R-phenibut 50 mg/kg groups), and four mice died imme-
diately after latFPI and were excluded from the study (3 mice
from the control and 1 mouse from the R-phenibut 50 mg/kg
groups). The final number of included animals per group was
as follows: sham-operated mice (n = 8), saline-treated latFPI
mice (control group, n=8), and latFPI mice that received
R-phenibut at a dose of 10mg/kg (n=12) or 50 mg/kg
(n=10). R-Phenibut and saline were initially administered
intraperitoneally (i.p.) 2h after injury and then once daily
for an additional 7 days for a total treatment period of 1 week.
During the treatment period, the animals were weighed at 0,
1, 2, 4, and 7 days after latFPI between 9:00 and 10:00 am. To
avoid the influence of subjective factors on the rating process,
all experimental procedures were performed in a blinded
fashion.

2.2. Determination of R-Phenibut in the Plasma and Brain
Tissue after p.o. and i.p. Administration. The concentrations
of R-phenibut in the brain tissue extracts and plasma were
measured by ultraperformance liquid chromatography-
tandem mass spectrometry (UPLC/MS/MS). To determine
the concentration of R-phenibut in the plasma and brain,
mice received an ip. and p.o. R-phenibut at a dose of
50 mg/kg 15 and 30 min and 1, 2, 4, 6, and 24 h (n = 3 in each
time point) before the plasma and brain tissue collection. The
blood and brain samples were prepared as described previ-
ously [25]. The chromatographic separation was performed
using an ACQUITY UPLC system (Waters, USA) on an
ACQUITY UPLC BEH Shield RP18 (1.7 ym, 2.1 x 50 mm)
(Waters) with a gradient elution from 5 to 98% acetonitrile
in 0.1% formic acid aqueous solution at a flow rate of
0.15 ml/min. The analyte was ionized by electrospray ioniza-
tion in positive ion mode on a Quattro Micro triple quadru-
pole mass spectrometer (Waters). The mass spectrometer
was set up as follows: capillary voltage of 3.3kV; source and
desolvation temperatures of 120 and 400°C, respectively.
Cone voltage was 20V, and collision energy was 18eV. R-
Phenibut analysis was performed in the MRM mode. Precur-
sor to production transition was m/zm/z 180.0—116.1. Data
acquisition and processing were performed using the Mas-
sLynx V4.1 and QuanLynxV4.1 software (Waters).

2.3. Lateral Fluid Percussion Injury-Induced Brain Trauma.
To induce TBI, the latFPI model was generated as previously
described [21, 22] with slight modifications. Mice were
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anaesthetized with 4% isoflurane contained in a mixture of
oxygen and nitrous oxide (70:30, AGA, Riga, Latvia), and
anaesthesia with 2% isoflurane (Chemical Point, Deisenho-
fen, Germany) was maintained during the surgical proce-
dures using a face mask. The depth of anaesthesia was
monitored by a toe pinch using tweezers. Before trauma
induction, mice received subcutaneous (s.c.) administration
of tramadol (KRKA, Novo Mesto, Slovenia) (10 mg/kg). Eye
cream was applied to prevent the eyes from drying out. A
midline longitudinal scalp incision was made, and the skull
was exposed. A craniectomy that was centred at 2 mm poste-
rior to bregma and 2mm right of midline was performed
using a 3 mm outer-diameter trephine. Any animal noted to
have a dural breach was euthanized and excluded from the
study. A plastic cap was attached over the craniotomy using
dental cement (Fulldent, Switzerland), and a moderate sever-
ity (1.5 £ 0.2 atm) brain injury was induced with a commer-
cially available fluid percussion device (AmScien
Instruments, Richmond, USA). Immediately after the injury,
apnoea was noted, and when spontaneous breathing
returned, anaesthesia was resumed. The cement and cap were
removed, and the skin was sutured using resorbable sutures
(6-0, silk). The animal was placed in a separate cage to allow
full recovery from anaesthesia. Sham-injured animals were
subjected to an identical procedure as the latFPI animals
except for the induction of trauma.

2.4. Neurological Severity Score (NSS). The neurobehavioural
status of mice was obtained by the NSS using the method
described previously [26]. The animals were trained on the
NSS beams and equipment prior to the baseline measure-
ments. The general neurological state of mice was evaluated
at baseline (day before latfTBI) and 1, 4, and 7 days postin-
jury before the next dose of R-phenibut or saline administra-
tion. The NSS consisted of 9 individual clinical parameters,
including motor function, alertness, and physiological behav-
iour tasks. The mice were assessed for the following items:
presence of paresis; impairment of seeking behaviour;
absence of perceptible startle reflex; inability to get down
from a rectangle platform (34 x 27 cm); inability to walk on
3,2, and 1 cm wide beams; and inability to balance on a ver-
tical beam of 7 mm width and horizontal round stick of 5 mm
diameter for 10 sec. If a mouse showed impairment on one of
these items, a value of 1 was added to its NSS score. Thus,
higher scores on the NSS indicate greater neurological
impairment.

2.5. Tissue Preparation for Histological Analysis. The animals
used for histological analysis were randomly selected from
each group. Seven days after TBI, the mice were anaesthe-
tized using i.p. administration of ketamine (200 mg/kg) and
xylazine (15 mg/kg). The depth of anaesthesia was monitored
by a toe pinch using tweezers. Animals were transcardially
perfused at a rate of 3 ml/minutes with 0.01 M phosphate-
buffered saline (PBS, pH = 7.4) for 5 minutes until the blood
was completely removed from the tissue. Perfusion was then
performed with 4% paraformaldehyde (PFA) fixative solu-
tion for 5-7 minutes until stiffening of the mouse body
occurred. After perfusion, the brains were carefully dissected

and postfixed in 4% PFA overnight at 4°C. The brains were
cryoprotected with a 10-20-30% sucrose-PBS gradient for
72 hours. Coronal sections of the brain (20 ym) were made
using a Leica CM1850 cryostat (Leica Biosystems, Buffalo
Grove, IL, United States) and mounted on Superfrost Plus
microscope slides (Thermo Scientific, Waltham, MA, United
States).

2.6. Cresyl Violet (Nissl) Staining and Interleukin-1beta (IL-
1B3) Immunofluorescence Staining. Nissl and IL-1f staining
techniques were used to evaluate neuronal cell damage.
Nissl-stained dark neurons (N-DNs) indicated the typical
morphological change in injured neurons following TBI
[27, 28]. The number of N-DNs and cells expressing IL-1
in the cerebral neocortex in the cortical impact area were
determined at day 7 after latFPI. For Nissl staining, coronal
frozen sections (20 um) of the mouse brain were used. The
sections were incubated in graded ethanol solutions (96%
ethanol for 3 minutes and 70% ethanol for 3 minutes). After
washing with distilled water for 3 minutes, the sections were
stained with 0.01% cresyl violet acetate (ACROS organics)
solution for 14 minutes. The sections were then washed with
distilled water for 3 minutes and dehydrated in ethanol. The
stained sections were coverslipped using DPX mounting
medium (Sigma-Aldrich, St. Louis, MO, United States).

For IL-1p staining, the sections were washed once with
PBS containing 0.2% Tween 20 for 5 minutes (on a rotary
shaker at 250 rpm). The antigen retrieval procedure was per-
formed with 0.05M Na citrate (pH = 6.0) containing 0.05%
Tween 20 for 30 minutes at 85°C. The sections were then
washed with PBS (0.2% Tween 20) 3 times for 5 minutes
each. Protein blocking was performed using 5% BSA solu-
tion, and the sections were incubated for 1 hour at room tem-
perature. The sections were washed with PBS (0.2% Tween
20) 3 times for 5 minutes each. The slices were incubated
with primary antibody against anti-IL-1 (1:1000; Abcam,
Cat# ab9722) for 16 h at +4°C. The antibody was diluted in
PBS containing 3% BSA and 0.3% Triton™ X-100. After
incubation with the primary antibody, the sections were
washed with PBS (0.2% Tween 20) 4 times for 5 minutes
each. The sections were subsequently incubated for 1h at
room temperature with goat anti-rabbit IgG H&L (Alexa
Fluor® 488, 1:200; Abcam, Cat# ab150077) diluted in PBS
containing 5% BSA. The sections were washed with PBS
(0.2% Tween 20) 4 times for 5 minutes each. The stained sec-
tions were mounted using Fluoromount™ aqueous mounting
medium (Sigma-Aldrich, St. Louis, MO, United States, Cat#
F4680) and finally coverslipped. Images were obtained with
a Nikon Eclipse TE300 microscope (Nikon Instruments,
Tokyo, Japan).

N-DNs were defined as hyperbasophilic neurons with a
shrunken morphology. The number of N-DNs per field of
vision was calculated in three randomly selected sections at
the epicentre of the injury. The number of N-DNs and cells
expressing IL-1f3 per field of vision were calculated using
Image] software at 10-fold magnification for N-DNs and at
4-fold magnification for IL-18. For analysis of expression of
IL-1f3, eight-bit images were generated from the pictures
and were cropped to contain the regions of interest. Images



for IL-1p staining were thresholded to select a specific signal
over the background, and the stained area for each region
was calculated and used for statistical analysis. Three individ-
ual measurements were performed for each sample. The
schematic illustration of the brain region was created using
BioRender software (https://biorender.com).

2.7. Mitochondrial Respiration and H,0, Production
Measurements. To evaluate mitochondrial functionality,
mouse brain homogenate or isolated brain mitochondria
were prepared. Briefly, brain tissues were homogenized
1:20 (w/v) in a medium containing 320mM sucrose,
10mM Tris, and 1mM EDTA (pH7.4). The homogenate
was centrifuged at 1000 g for 10 min, and the supernatant
was centrifuged at 6200 g for 10 min. The mitochondrial pel-
let obtained was washed once and resuspended in the isola-
tion medium. Mitochondrial respiration and H,0,
production measurements were performed at 37°C using
Oxygraph-2k (O2k; Oroboros Instruments, Austria) with
O2k-Fluo-Modules in MiR05Cr (110 mM sucrose, 60 1mM
K-lactobionate, 0.5mM EGTA, 3mM MgCl,, 20mM tau-
rine, 10mM KH,PO,, 20mM HEPES, pH7.1, 0.1% BSA
essentially fatty acid free, and creatine 20 mM). H,0O, flux
(ROS flux) was measured simultaneously with respirometry
in the O2k-fluorometer using the H,O,-sensitive probe
Ampliflu™ Red (AmR) [29, 30]. 10 uM AmR, 1U/ml horse
radish peroxidase (HRP), and 5 U/ml superoxide dismutase
(SOD) were added to the chamber. H,O, detection is based
on the conversion of AmR into the fluorescent resorufin. Cal-
ibrations were performed with H,O, added at 0.1 uM step.
H,O, flux was corrected for background (AmR slope before
addition of sample). H,0,/O flux ratio (%) was calculated
as H,0, flux/(0.5 O, flux).

2.8. In Vitro Anoxia-Reoxygenation Model. Mitochondrial
functionality after anoxia-reoxygenation was determined in
mouse brain tissue homogenate prepared as described previ-
ously [31]. To induce anoxia maximal respiration rate, the
sample was stimulated by the addition of substrates,
pyruvate + malate (5 + 2mM), succinate (10 mM), and ADP
(5mM), and preparation was left to consume all O, in the
respiratory chamber (within 10-20 min), thereby entering
into an anoxic state [32]. 15 minutes after anoxia, the vehicle
or R-phenibut (0.5 yg/ml) was added to the chamber and O,
was reintroduced to the chamber by opening the chamber to
achieve reoxygenation. After 8 minutes of reoxygenation, the
chamber was closed and O, flux was monitored for addi-
tional 2 minutes. At the end of the experiment, antimycin
A (2.5uM) was added to determine residual oxygen con-
sumption (ROX).

2.9. Substrate-Uncoupler-Inhibitor Titration (SUIT) Protocol.
To determine the effect of R-phenibut on mitochondrial elec-
tron transfer system functionality, mitochondria were iso-
lated from mouse brain as described previously, and
mitochondrial respiration and H,O, production measure-
ments were performed in the presence or absence of R-
phenibut at 0.5 yg/ml concentration [30]. In addition, effects
of S-phenibut (0.5 ug/ml) were tested to determine whether
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the effects of R-phenibut in mitochondria involve the
GABA-B receptor or the a,8 subunit of VDCC. Pyruvate
and malate (5mM and 2mM, respectively) were used to
determine N-pathway complex I (CI) linked LEAK (L) respi-
ration. ADP was added at 5mM concentration to determine
oxidative phosphorylation-dependent respiration (OXPHOS
state, P). Then, glutamate (10 mM) was added as an addi-
tional substrate for N-pathway. Succinate (10 mM, complex
I (CII) substrate) was added to reconstitute convergent
NS-pathway CI&II-linked respiration. Titrations with the
uncoupler CCCP (0.5-1 uM steps) were performed to deter-
mine the electron transfer system (ETS) capacity. Rotenone
(0.5uM, inhibitor of complex I) was added to determine
the ClI-linked OXPHOS capacity. Then, antimycin A
(2.5uM, inhibitor of complex III) was added to evaluate
residual (non-mitochondrial) oxygen consumption (ROX).
Oxygen fluxes were compared after correction for ROX.

2.10. Ca’*-Induced Mitochondrial Swelling Measurement.
Swelling of isolated brain mitochondria was assessed by mea-
suring changes in absorbance at 540 nm as described previ-
ously with slight modifications [33-35]. Mitochondria
(0.125mg/ml) were preincubated with R- or S- phenibut at
a concentration of 0.5 yg/ml for 15 min in a buffer containing
120 mM KCl, 10 mM Tris, 5mM KH,PO, pH 7.4, and pyru-
vate (5 mM), malate (2 mM), and ADP (5 mM) as substrates.
R- and S-enantiomers of phenibut were used to determine
whether the effects of R-phenibut on Ca**-induced mito-
chondrial swelling involve the GABA-B receptor or the «,0
subunit of VDCC. Swelling was induced by the addition of
200 uM CaCl,, and changes in absorbance were monitored
for 10 min. All experiments were performed at 37°C.

2.11. Statistical Analysis. All results are expressed as the
mean + S.E.M or S.D. (for mitochondrial studies). Health
outcomes, animal behaviour, and Ca**-induced mitochon-
drial swelling were analysed using two-way repeated-
measures analysis of variance (ANOVA). Dunnett’s post
hoc test was performed when appropriate. The histological
data and mitochondrial functionality were evaluated by
one-way ANOVA. Whenever the analysis of variance indi-
cated a significant difference, further multiple comparisons
were made using Tukey’s multiple comparison test as the
post hoc test. p values less than 0.05 were considered to be
significant. The statistical calculations were performed using
the GraphPad Prism software package (GraphPad Software,
Inc., La Jolla, California, USA).

The sample size calculations for latFPI-induced brain
trauma were based on the effects of R-phenibut in our previ-
ous experiments. For example, it was calculated that R-
phenibut demonstrates a medium effect in the ET-1-
induced middle cerebral artery occlusion model [9] and a
large effect in the formalin-induced paw-licking test [6].
Through a power calculation (using G-power software) for
a two-way ANOVA test (repeated measures), four-group
comparison, four measurements per group (0, 1, 4, and 7
days after TBI) with & =0.05, a power of 80%, and a stan-
dardized effect size Cohen’s f = 0.5, a total sample size of 8
mice per group was deemed sufficient. Since TBI-induced
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brain trauma can result in death of some animals, our sample
size of n=12 would allow identifying smaller differences,
with the same statistical power, for the same significance
level.

3. Results

3.1. R-Phenibut Crosses the Blood-Brain Barrier. As shown in
Figure 1(a), R-phenibut in plasma could be detected 15 min
after a single i.p. and p.o. injection. The maximal concentra-
tions of R-phenibut in the plasma were observed 15 min after
the ip. injection and 30min after the p.o. administration
(Figure 1(a)). The maximal concentration of R-phenibut in
the plasma after the i.p. injection was 16.8 yg/ml; at the same
time, the maximal concentration of R-phenibut in the plasma
after the p.o. injection was 24 yg/ml (see Figure 1(a)). R-
Phenibut in the plasma was not detected 24 h after both the
i.p. and p.o. injections. R-Phenibut in the brain tissue extracts
was detected already 15 min after a single i.p. and p.o. injec-
tion (Figure 1(b)). The maximal concentrations of R-
phenibut in the brain tissues were 0.64 pug/g and 0.17 ug/g tis-
sue after the i.p. and p.o. injections, respectively (Figure 1(a)).
The maximal concentrations of R-phenibut in the brain tis-
sues were observed 15min after ip. injection and 60 till
240 min after p.o. administration. 24 h after both the i.p.
and p.o. injections, R-phenibut in the brain tissues was
0.02 ug/g and 0.012 ug/g, respectively.

3.2. Health Outcome Monitoring after latFPI. The body
weight of the sham group animals was not decreased at 1,
2, 4, and 7 days after TBL. A two-way repeated-measures
ANOVA showed a significant interaction between time and
treatment (F(;, ;5 =4.6, p<0.0001) and main effects of
(F14427)=25.7,  p<0.0001) and
(F(334) = 6.7, p=0.0011). The control group animals lost sig-
nificantly more weight after TBI than the sham-operated
group animals (p < 0.05). Treatment with R-phenibut at both
doses had no effect on weight loss compared to weight loss in
the control group (Figure 2).

time treatment

3.3. R-Phenibut Treatment Improved Neurological Status
after TBI. TBI induced significant functional deficits in control
mice compared with sham-operated mice (p < 0.0001). The
average NSS in the control group was 6.1+0.4, 5.3+0.3,
and 5.0+ 0.6 on postinjury days 1, 4, and 7, respectively.
The average NSS score between baseline value and the first
day postcraniotomy in the sham-operated group was signifi-
cantly higher (p<0.01). There was a significant time x
treatment interaction observed between groups (two-way
repeated-measures ANOVA: (F(g 4y =5.7, p <0.0001) for
time x treatment interaction; (F (334 =22.2, p<0.0001) for
treatment; (F(, 70, = 161.8, p <0.0001) for time; Figure 3).
R-Phenibut treatment at a dose of 50 mg/kg significantly ame-
liorated functional deficits by 28%, 25%, and 30% after TBI on
postinjury days 1, 4, and 7, respectively (p < 0.05; Figure 3).

3.4. R-Phenibut Treatment Reduced Early Neuronal Cell
Death and Neuroinflammation in the Brain Cortex after
TBI. To assess histopathological changes in the ipsilateral

brain site, N-DNs and cells expressing IL-1 (Figure 4) were
quantified in the sham-operated, control, and R-phenibut
treatment groups 7 days after TBI. N-DNs and IL-1§-
expressing cells were found in the ipsilateral hemisphere of
control group animals (Figures 4(a) and 4(b)). Histological
analysis showed that R-phenibut treatment at a dose of
50 mg/kg significantly reduced the number of N-DNs and
cells expressing IL-1f3 in the neocortex after TBI (p < 0.05).
Significant differences were found in the N-DNs and IL-1§3-
positive cell numbers in the ipsilateral cortex around the
lesion site between the control group (9.1 + 6.4/per field of
vision for N-DNs and 379 + 82/per field of vision for IL-
1p-expressing cells) and the R-phenibut treatment group at
a dose of 50 mg/kg (3.0 + 1.9/per field of vision for N-DNs
and 246 + 31/per field of vision for IL-1f3-expressing cells; p
< 0.05; Figures 4(d) and 4(e)). There was no statistically sig-
nificant difference between the control group and the R-
phenibut treatment group at the dose of 10 mg/kg. No N-
DNs were observed in the sham-operated mice.

3.5. R-Phenibut Protects Brain Mitochondria against Anoxia-
Reoxygenation Damage. To determine whether R-phenibut-
induced neuroprotection could be a result of the preservation
of mitochondrial functionality, ROS production and the
mitochondrial respiration rate were assessed after anoxia-
reoxygenation in vitro. To better mimic the conditions
observed in wvivo, R-phenibut at the concentration of
0.5 ug/ml was added to the chamber immediately before
reoxygenation. Anoxia-reoxygenation induced 33% and
59% increases in the H,O, production rate and the H,0,/O
ratio, respectively (Figure 5). R-Phenibut treatment signifi-
cantly decreased the anoxia-reoxygenation-induced increase
in the H,O, production rate and the H,0,/O ratio
(p<0.05).

3.6. R-Phenibut Reduces ROS Production and Attenuates
Ca’*-Induced Mitochondrial Swelling. To determine whether
the protective effect of R-phenibut is related to its direct
action on mitochondria, measurements of mitochondrial res-
piration, ROS production, and Ca®*-induced swelling were
performed in isolated mouse brain mitochondria in the pres-
ence or absence of the compounds. As seen in Figure 6, R-
phenibut and S-phenibut at 0.5ug/ml did not induce any
changes in the mitochondrial respiration rate (Figure 6(a)),
while H,O, production and the H,0,/O ratio (Figures 6(b)
and 6(c)) were significantly decreased by 31-53% in the
LEAK and OXPHOS states. These results show that R-
phenibut and S-phenibut reduce ROS production without
affecting the mitochondrial electron transfer system capacities,
indicating the improvement of mitochondrial coupling. In addi-
tion, both R- and S-phenibut attenuated calcium-induced brain
mitochondrial swelling (two-way repeated-measures ANOVA:
main effect of treatment (F 4 340) =4.576, p <0.0001), time
(F(2.611,46.99) = 104.5, p < 0.0001), and interaction between treat-
ment and time (F 4 3q9) = 4.576, p < 0.0001); Figure 6(d)).

Thus, the phenibut treatment-induced protection of
mitochondria against anoxia-reoxygenation could be due to
a reduction in ROS production and the modulation of Ca**
signalling.
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F1GURE 2: Body weight changes of the sham-operated, control, and R-
phenibut treatment groups. Mice were weighed before and 1, 2, 4, and
7 days after latFPL Data are expressed as the percentage change in
body weight relative to the initial body weight of each animal (%).
Data are shown as the mean+S.E.M. (n=8—12). *Indicates a
significant difference compared to the sham-operated group (two-
way repeated-measures ANOVA followed by Dunnett’s multiple
comparison test; *P < 0.05).

4. Discussion

In the current study, we examined the effects of R-phenibut
treatment on brain trauma induced by latFPIL. For the first
time, we showed that R-phenibut could be detected in the
mouse brain 15min after a single p.o. or i.p. injection and
found in brain extracts even 24h after the administration.
The present study confirms that R-phenibut, which is an
antagonist of the «a,d subunit of VDCC and an agonist of
GABA-B receptors, improves sensorimotor functional out-
comes and significantly ameliorates brain damage and neu-
ronal death in the acute phase after TBI via mechanisms
related to Ca®" homeostasis and oxidative stress.

The binding characteristics of R-phenibut were previ-
ously investigated using radiolabeled gabapentin that was
the first ligand shown to bind to the a,8, and «a,8, subunits
with high affinity (K ;=59and 153 nM, respectively), while

NSS

Days after TBI

--g-- Sham
—0— R-Phenibut 10

—a— Control
—@— R-Phenibut 50

F1GURE 3: Effects of R-phenibut on the neurological severity score
(NSS) after TBI. R-Phenibut and saline were initially administered
i.p. 2 h after injury and then once daily for an additional 7 days
for a total treatment period of 1 week. Data are shown as the
mean+ SEM. (n=8-12). *Indicates a significant difference
compared to the control group; *indicates a significant difference
compared to the sham-operated group (two-way repeated-
measures ANOVA followed by Dunnett’s multiple comparison
test; *P < 0.05; “P < 0.01).

at the same time demonstrating no binding activity to the
a,05 and «a,8, subunits [36, 37]. The pathologies associated
with gene disruption of &,8, protein include neuropathic
pain and cardiac dysfunction, while in case of a,8, protein,
the pathologies are related to epilepsy and cerebellar ataxia
[38]. We showed previously that pharmacological activity
of R-phenibut is associated with neuropathic pain rather
than epilepsy [6]; thus, we could speculate that the effects of
R-phenibut are a,0, protein binding-related.

The a,0 subunits of VDCC are widely expressed by excit-
atory neurons in the cerebral cortex, hippocampus, and other
brain regions [39, 40]. Furthermore, the «,8 subunits of
VDCC have been shown to be involved in processes that
are not directly linked to calcium channel function, such as
synaptogenesis [41]. Other studies have reported that the
administration of VDCC ligands in rodent models of TBI
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=100 um. (b) IL-1 expression based on immunofluorescence staining in the mouse neocortex ipsilateral to the injury site. R-Phenibut
treatment at doses of 10 mg/kg and 50 mg/kg reduced the number of IL-13-positive cells. Scale bar = 250 ym. (c) Schematic illustration of
the brain region indicated in the filled area, which was selected for the quantitative analysis of cell injury. (d) Quantitative assessment of
N-DNs in the ipsilateral cortex at postinjury day 7. Data are expressed as the mean + S.E.M. (n=7 for the R-phenibut 50 mg/kg group
and n = 6 for the sham, control, and R-phenibut 10 mg/kg groups). (e) Quantitative assessment of IL-1S3-positive cells in the ipsilateral
cortex at postinjury day 7. Data are expressed as the mean + S.E.M. (n =4 for the control group and n =3 for the sham, R-phenibut 10
mg/kg, and 50 mg/kg groups). “Indicates a significant difference compared to the sham-operated group; *indicates a significant difference
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F1GURE 5: The effects of R-phenibut (0.5 pg/ml) on ROS production in an in vitro anoxia-reoxygenation model. After anoxia-reoxygenation,
the H,O, production rate (a) and H,0O,/O ratio (b) were significantly decreased in the R-phenibut group. The results are presented as the
mean +S.D. of 6 independent replicates. *Indicates a significant difference compared to normoxia; “indicates a significant difference
compared to the anoxia-reoxygenation control group (one-way ANOVA followed by Tukey’s multiple comparison test; *P < 0.05).

reduced cell death and improved cognitive function [40].
Similar to phenibut, ligands of the «,d subunit of VDCC,
such as pregabalin, at a high dose of 60 mg/kg reduce neuro-
nal loss and improve functional outcomes 24 h after trauma
in experimental models of TBI [41, 42]. Moreover, pregabalin
at a dose of 30 mg/kg has been shown to improve functional
recovery and to demonstrate anti-inflammatory and antia-
poptotic effects in a rat model of spinal cord injury [43, 44].

Cytoskeletal protein loss results in altered neuronal mor-
phology after TBI [45, 46]. N-DNs represent a typical patho-
morphological change in injured neurons after TBI, showing
abnormal basophilia and shrinkage [27, 28]. N-DNs appear
in the neocortex immediately after TBI and can be observed
even two weeks postinjury [27, 47]. In addition, IL-1 is a major
driver of the secondary neuronal injury cascade after TBI [48].
It is involved in the recruitment of other types of immune
cells, neuronal apoptosis, and blood-brain barrier disruption
after TBI [49-51]. Furthermore, IL-1f antagonism was shown
to be neuroprotective in clinical trials and in rodent models of
TBI [52-54]. The present study shows that treatment with R-
phenibut at a dose of 50 mg/kg significantly reduced the num-
ber of N-DNs and significantly reduced IL-1f3 expression in
the neocortex after TBI. The histopathological findings of the
current study revealed that R-phenibut could attenuate neuro-
nal damage, inflammation, and degeneration.

For the first time, we showed that R-phenibut limits
mitochondrial dysfunction in the brain induced by anoxia-
reoxygenation. Compared with other types of cells, neurons
are endowed with less robust antioxidant defence systems
[55]. As mitochondrial dysfunction has been shown to be
involved in TBI, perturbations in energy metabolism are
likely to contribute to the pathogenesis of TBI [56, 57]. In
TBI, oxidative cell damage is caused by an imbalance
between the production and accumulation of ROS, in which
mitochondria are the major intracellular source of ROS.
Accordingly, there is accumulating evidence that antioxidant
agents and membrane lipid peroxidation inhibitors, such as
tirilazad, U-78517F and U-83836E, are effective in treating

preclinical models of TBI [17]. Mitochondrial-targeted
drugs, such as mitoquinone and thymoquinone-containing
antioxidants, have been shown to decrease neurological defi-
cits and -amyloid-induced neurotoxicity after TBI [58, 59].
Meanwhile, the inhibition of ROS production has been
shown to inhibit secretion of IL-1f [60].

Notably, the immunosuppressant drug cyclosporine A,
which is an IL-1f3 receptor antagonist, has been shown to
decrease pathological changes in the brain after TBI by blocking
the mitochondrial permeability transition pore [61]. Our results
indicate that R-phenibut treatment improves mitochondrial
tolerance and thus protects brain energetics against anoxia-
reoxygenation damage by reducing ROS production. R-
Phenibut treatment reduces ROS production without affecting
the mitochondrial electron transfer system capacities, indicating
the improvement of mitochondrial coupling. Another study has
demonstrated that phenibut has neuroprotective effects in vitro
but does not possess antioxidant potential [62]. Perfilova et al.
recently showed that phenibut can limit heart and brain mito-
chondrial damage in rats exposed to stress [63].

To determine the molecular mechanisms underlying the
actions of R-phenibut against anoxia-reoxygenation-
induced mitochondrial damage, the activity of the R- and
S-enantiomers of racemic phenibut was compared. We found
that both R-phenibut and S-phenibut reduced mitochondrial
ROS production and inhibited Ca**-induced mitochondrial
swelling. This suggests that the protective effects of R-
phenibut in mitochondria do not involve the GABA-B recep-
tor (in contrast to R-phenibut, S-phenibut does not bind to
the GABA-B receptor) and might be mediated by the «,6,
subunit of VDCC. It was shown previously that increased
intracellular Ca**, as a result of increased activity of a,8,,
could be rapidly taken up by mitochondria and subsequently
released into the cytoplasm avoiding Ca** accumulation and
maintaining intracellular Ca** signalling [19]. This could
explain why, in the presence of R- and S-phenibut, reduced
Ca**-induced mitochondrial swelling was observed. Both
R-phenibut and S-phenibut demonstrate mitochondrial-
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F1GURE 6: The effects of R-phenibut and S-phenibut (0.5 gg/ml) on mitochondrial functionality and Ca®*-induced swelling in isolated mouse
brain mitochondria. R-Phenibut and S-phenibut did not affect the mitochondrial respiration rate (a) but significantly decreased the H,O,
production rate (b) and H,0,/O ratio (c). The results are presented as the mean + S.D. of 5 independent measurements. P: pyruvate; M:
malate; D: ADP; G: glutamate; S: succinate; U: uncoupler; Rot: rotenone; CI: complex I; CII: complex II; LEAK: substrate metabolism-
dependent state; OXPHOS: oxidative phosphorylation-dependent state; ET: electron transfer capacity state. *Indicates a significant
difference compared to the control group (one-way ANOVA followed by Tukey’s multiple comparison test, *P < 0.05). Both R-phenibut
and S-phenibut at a concentration of 0.5 ug/ml significantly attenuated Ca®*-induced swelling (d). The results are presented as the mean
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ANOVA followed by Dunnett’s multiple comparison test; *P < 0.05).

protective properties against anoxia-reoxygenation and Ca**-
induced stress. Since there is no evidence of «,8 localization in
the mitochondrial membrane, it is possible that compounds
could alter Ca" signalling pathways and protect mitochondria
by targeting mitochondrial-specific or mitochondrial-
endoplasmatic reticulum-associated Ca>* transporters.

Our study has several limitations. One of the limitations
of this study is that the level of ROS in mouse brain after
treatment of R-phenibut following TBI was not measured.
Another limitation is the increase in the NSS score between
the baseline value and the first day postcraniotomy in the
sham-operated group. The increase of the NSS score in
sham-operated mice was reported previously and can be
related to the distinct injury caused by craniotomy proce-
dures [64]. Similar to other studies, the NSS score of injured
mice showed maximum deficits on postinjury day 1 and

remained elevated at 1, 2, 4, and 7 days after latFPI [64,
65]. A potential limitation of this study is that only male mice
were used in experiments.

5. Conclusions

In conclusion, R-phenibut treatment reduces TBI-induced neu-
ronal death and improves functional recovery, suggesting its
therapeutic potential. The present study suggests that the neu-
roprotective properties of phenibut may be mediated by its
effects on mitochondrial calcium influx and ROS generation.
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Abstract: Neuroprotective effects of Sigma-1 receptor (S1R) ligands have been observed in multiple
animal models of neurodegenerative diseases. Traumatic brain injury (TBI)-related neurodegenera-
tion can induce long-lasting physical, cognitive, and behavioral disabilities. The aim of our study was
to evaluate the role of SIR in the development of neurological deficits after TBI. Adult male wild-type
CD-1 (WT) and S1R knockout (S1R-/-) mice were subjected to lateral fluid percussion injury, and
behavioral and histological outcomes were assessed for up to 12 months postinjury. Neurological
deficits and motor coordination impairment were less pronounced in SIR-/- mice with TBI than
in WT mice with TBI 24 h after injury. TBI-induced short-term memory impairments were present
in WT but not S1R-/- mice 7 months after injury. Compared to WT animals, SIR-/- mice exhibited
better motor coordination and less pronounced despair behavior for up to 12 months postinjury.
TBI induced astrocyte activation in the cortex of WT but not S1R-/- mice. S1R-/- mice presented a
significantly reduced GFAP expression in Bergmann glial cells in the molecular layer of the cerebel-
lum compared to WT mice. Our findings suggest that SIR deficiency reduces TBI-induced motor
coordination impairments by reducing GFAP expression in Bergmann glial cells in the cerebellum.

Keywords: sigma-1 receptor; traumatic brain injury; lateral fluid percussion injury; neurobehavior;
cerebellum; astrocytes

1. Introduction

Traumatic brain injury (TBI) is a complex neurodegenerative condition that is induced
by biomechanical forces applied to the brain [1]. TBI is the main injury-related cause
of permanent disability, with more than 50 million individuals suffering from TBIs each
year [2]. Brain injury is commonly viewed as an acute self-limiting problem; however, the
consequences of adult brain injuries can develop over years or even decades after the initial
insult [3,4]. TBI is considered a “biphasic injury” that is characterized by direct physical
and irreversible primary damage to the brain tissue and delayed secondary injury, which
can be prevented and reduced by therapeutic intervention [5]. In addition, the progressive,
long-lasting consequences of TBI have received increasing attention in both experimental
and clinical studies [6-8].
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Among the putative targets of neuroprotective drugs, the Sigma-1 receptor (S1R) has
attracted increasing attention as a novel molecular target for treating neurological disor-
ders [9]. SIR is a unique endoplasmic reticulum protein that is widely expressed in multiple
organs, including the central nervous system [10]. S1R has been reported to play a role in
both neurodegenerative and ischemic diseases, including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis, stroke, and TBI [9]. Genetic inactivation and phar-
macological inhibition of S1R are associated with neurodegenerative phenotypes [9,11,12].
Specific agonists of SIR have previously been shown to provide potent neuroprotection by
attenuating neurodegeneration and preventing microglial cell activation in adult animal
models of TBI and in neonatal hypoxic/ischemic brain damage [13,14]. However, SIR
antagonists also exert neuroprotective effects on experimental models of brain ischemia.
For example, mice treated with the antagonist SIRA presented significantly reduced cere-
bral infarct size and neurological deficits caused by permanent middle cerebral artery
occlusion (MCAOQ) [15]. Additionally, the nonselective S1R antagonist haloperidol induces
neuroprotection after brain ischemia [16]. Interestingly, after genetic inactivation and phar-
macological blockade of SIR, antinociceptive effects on mice with traumatic spinal cord
injury (SCI) were detected [17]. On the other hand, activation of S1R after SCI is presumed
to be detrimental for neuron survival and motor function recovery [18]. Thus, different
SIR ligands may exert various effects in a variety of neurodegenerative disease models.

The aim of this study was to investigate behavioral and histological outcomes in an S1R
knockout (S1R-/-) mouse model of lateral fluid percussion injury over a 12-month period.
We also evaluated posttraumatic behavioral and histological outcomes of pharmacological
blockade of SIR using the SIR antagonist BD-1063.

2. Results
2.1. S1R-/- Mice Exhibit Improved Acute Sensorimotor Ability and Motor Coordination following TBI

Sensorimotor function was assessed using the neurological severity score (NSS) and
rota-rod (RR) test. TBI induced significant neurological impairments in WT TBI mice
(p = 0.006) but not in S1R-/- TBI mice 24 h after injury compared to the respective sham
groups (p = 0.191, effect of group (F3,32 = 16.1; p < 0.0001), repeated measures (RM) two-
way ANOVA followed by Fisher’s least-significant difference (LSD) test, Figure 1A). In
addition, S1R-/- TBI mice exhibited a significantly decreased NSS (1.78 £ 0.57) compared
to WT TBI mice (4.20 &= 0.79) at 24 h postinjury (p = 0.024). Compared to WT sham mice,
the NSSs of WT TBI mice indicated sensorimotor deficits for up to 9 months postinjury
(p < 0.05). From the second week to 9 months postinjury, the NSS was also significantly
increased in the S1R-/- TBI group compared with the S1R-/- sham animals. No differences
were observed at 12 months postinjury across all experimental groups (p > 0.05, Figure 1A).

In the accelerating RR test, WT TBI animals spent less time on the RR 24 h after injury
compared to WT sham animals (p = 0.038, effect of group (F3,29 = 8, p = 0.0006), and time
(F4,87 =5, p = 0.002), RM two-way ANOVA followed by Fisher’s LSD test, Figure 1B). We
did not observe any impairment of motor coordination in SIR-/- TBI animals compared
to SIR-/- sham animals (p > 0.05, Figure 1B). Moreover, motor coordination was not
significantly different at any time point after injury compared to baseline values in SIR-/-
sham and TBI animals (p > 0.05). We observed impaired motor coordination in WT sham
animals starting at 6 months postinjury compared to baseline measurements (Figure 1B).
WT TBI animals spent less time on the RR starting at 24 h after injury compared to baseline
values (Figure 1B).
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Figure 1. Long-term behavioral changes after traumatic brain injury (TBI). Behavioral testing revealed functional deficits
in the (A) neurological severity score (NSS), (B) rota-rod (RR), (C—G) Barnes maze (BM), and (H) tail suspension tests.
(A) Wild-type (WT) TBI mice showed neurological deficits compared to WT sham mice 24 h after injury. WT shamn =9,
WT TBI n = 7-10, Sigma-1 receptor knockout (SIR-/-) sham n = 6-8, SIR-/- TBI n = 6-9. * p < 0.05 WT TBI vs. S1R-/- TBI,
#p < 0.05, # p < 0.01 sham vs. TBI (the black symbols represent differences between WT groups, and the red symbols
represent differences between S1R-/- groups). (B) WT TBI mice spent less time on the RR than WT sham mice 24 h after
injury. Motor coordination was impaired in the WT TBI group at all time points after injury compared to baseline values.
Motor coordination remained unaffected in S1R-/- mice after TBI. WT sham n =8, WT TBI n = 6-9, SIR-/-shamn =7,
SIR-/-TBIn=6-9. *p <0.05, ** p < 0.01, ** p < 0.001 WT TBI vs. SIR-/- TBI, " p < 0.05, " p < 0.01 WT sham vs. SIR-/- sham,
## p <0.01 WT sham vs. WT TBI, $ p < 0.05, $$ p < 0.01 WT sham vs. baseline, & p < 0.05, && p < 0.01 WT TBI vs. baseline.
In terms of BM performance, (C) all groups showed a reduced latency to find the target hole, indicating no impairments in
the learning task (C) 7 and (D) 10 months after injury. (E) During the short-term memory evaluation, WT TBI animals spent
significantly less time in the target hole than WT sham animals at 7 months postinjury. ** p < 0.01 WT TBI vs. S1R-/- TBI
##, " p <0.05 WT sham vs. SIR-/- sham, ## p < 0.01 WT sham vs. WT TBI, a p < 0.05, aa p < 0.01 7 vs. 10 months. (F) TBI
did not induce long-term memory impairments at 7 and 10 months after the injury. WT sham n =9, WT TBI n = 10, SIR-/-
sham n =7,SIR-/-TBIn =9. " p <0.05 WT sham vs. SIR-/- sham, a p < 0.05 7 vs. 10 months. (G) Heat maps representing
weighted occupancy across probe trials conducted 7 and 10 months after TBI. Warmer colors indicate longer dwelling
times. The target hole area is denoted with a black circle. (H) WT sham and TBI mice showed a time-dependent increase in
immobility time after injury. WT sham n = 8-9, WT TBI n = 6-9, SIR-/- sham n = 5-8, SIR-/- TBI n = 7-8. * p < 0.05 WT TBI
vs. SIR-/-TBI, " p < 0.05, " p < 0.01 WT sham vs. SIR-/- sham. All values are presented as means + standard errors of
the means (SEM). p values for differences between groups were calculated using repeated measures two-way analysis of
variance (RM two-way ANOVA) followed by Fisher’s least-significant difference (LSD) test.
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2.2. S1R-/- Mice Have Preserved Cognitive Ability after TBI

Spatial learning and memory function were evaluated using the Barnes maze (BM) to
test whether any long-term effects on cognitive function were present in WT and SIR-/-
mice after TBI. Learning ability was evaluated as the latency to reach the target hole over
4 learning days. Learning was unaffected in all experimental groups at 7 months (RM
two-way ANOVA, effect of time F3,87 = 37.75, p < 0.0001, effect of group F3,29 = 0.884,
p = 0.460, Figure 1C) and 10 months after injury (effect of time F3,81 = 3, p = 0.020, effect of
group F3,27 =2, p = 0.202, Figure 1D). Time spent in the target hole area, which previously
contained an escape hole, was measured 24 h (short-term memory) and 7 days (long-term
memory) after the last learning day to assess spatial memory processes. TBI induced short-
term memory impairments in WT mice (effect of group F3,24 = 7.958, p < 0.001, Figure 1E).
WT TBI animals spent significantly less time in the target hole than WT sham animals
at 7 months postinjury (p < 0.01, Figure 1E). At 10 months postinjury, WT TBI animals
appeared to perform worse than WT sham animals; however, the difference failed to reach
significance (p = 0.070, Figure 1E). Short-term memory was not impaired in S1R-/- TBI
mice compared to SIR-/- sham mice after injury (p > 0.05, Figure 1E). Long-term memory
was not affected in any experimental groups after injury (p > 0.05, Figure 1F). We also
observed that S1R-/- sham and TBI mice displayed improvements in short-term memory
function at 10 months compared to 7 months (effect of time F1,8 = 12.3, p < 0.01, SIR-/-
sham p = 0.011, TBI p < 0.01, Figure 1E), while WT sham and TBI mice performed similarly
over time (p > 0.05, Figure 1E).

Next, we used the y-maze test to evaluate spatial working memory. We did not
observe any differences in spontaneous alternations between the experimental groups
(p > 0.05, Table S1), indicating that spatial working memory was not affected after TBL

2.3. S1R-/- Mice Show Reduced Despair-like Behavior and Increased Anxiety, Regardless of
Injury Status

Depressive-like behavior was assessed using the tail suspension test (TST). A sig-
nificant effect of time on immobility in the TST was observed (RM two-way ANOVA,
F3,66 = 5.21, p = 0.004, Figure 1H). Over the course of the experiment, immobility time was
unchanged in SIR-/- sham and TBI mice (p > 0.05, Figure 1H). WT sham and TBI mice
showed a time-dependent increase in immobility time after injury. WT sham mice spent
more time in an immobile state at 10 and 12 months postinjury (p = 0.032 and p = 0.018,
respectively) than at 3 months. WT TBI mice showed a significant increase in immobility at
8 months (p = 0.032) postinjury compared to 3 months; however, at later time points, the
difference failed to reach significance. In addition, the immobility time was significantly
decreased in S1R-/- sham mice compared to WT sham mice at 3 (p = 0.047), 8 (p = 0.045)
and 12 months postinjury (p < 0.01, Figure 1H). SIR-/- TBI mice spent less time in an
immobile state than WT TBI mice at 8 months postinjury (p = 0.010, Figure 1H).

The evaluation of anxiety-like behavior by quantification of the cumulative time spent
in the closed and open quadrants showed a significant group effect (RM two-way ANOVA,
F3,34 = 4.98, p = 0.005, Table S2). Post hoc tests revealed that the WT sham and TBI groups
spent equivalent amounts of time in the open quadrants of the maze, indicating no change
in anxiety as a consequence of TBI (p > 0.05, Table S2). We observed differences between
WT and S1R-/- mice, regardless of their injury status. SIR-/- sham mice spent less time
in open quadrants than WT sham mice 1 month after the injury (p = 0.025, Table S2). By
8 months, SIR-/- sham mice tended to spend less time in open quadrants than WT sham
mice (p = 0.058). Similarly, SIR-/- TBI mice spent less time in open quadrants than WT TBI
mice at 1 (p = 0.081) and 8 months (p = 0.014) postinjury.

No significant differences were observed between experimental groups in the distance
traveled, suggesting that all groups retained similar motor activity and a similar ability to
explore the open field arena within a 12-month period after injury (p > 0.05, Table S3). In
addition, total activity did not differ between experimental groups in metabolic cages with
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running wheels (p > 0.05, Table S3). No significant changes were observed in drinking and
feeding behaviors at 1, 3, and 6 months after TBI (p > 0.05, Table S4).

2.4. S1R-/- Mice Exhibit Decreased Glial Fibrillary Acidic Protein (GFAP) Staining in the
Molecular Layer of the Cerebellum

We compared the Ibal and GFAP staining intensity between the experimental groups
of WT and SIR-/- mice to evaluate microglial (Ibal) and astrocyte (GFAP) activation 12
months after TBI (Figure 2B). We examined the cortex, hippocampus (hippocampal cornu
ammonis 3 (CA3) region), and thalamus (lateral nucleus of thalamus) as respective impact
site regions. We also evaluated the astrocyte (GFAP, Glt-1) staining intensity and number of
Purkinje cells (Calbindin D28K) in the grey matter of the cerebellum, which is associated
with motor-related and cognitive functions that were prominently affected after TBI. TBI
induced a significant increase in GFAP staining in the ipsilateral and contralateral cortex
of WT mice compared to sham mice (Mann-Whitney U-test, p = 0.015 and p = 0.015, re-
spectively, Figure 2D). S1R-/- TBI mice showed significantly decreased GFAP staining in
the contralateral cortex compared with WT TBI mice (Mann-Whitney U-test, p = 0.007,
Figure 2D). TBI induced a significant decrease in GFAP staining in the molecular layer of the
cerebellum in WT mice compared to sham mice (Mann—-Whitney U-test, p = 0.037, Figure 3B).
Surprisingly, SIR-/- animals displayed almost no GFAP staining in the molecular layer of
the cerebellum after injury (Figure 3B). GFAP staining in the cerebellum of S1R-/- mice was
significantly different from that in WT animals (p < 0.00 S1R-/- sham vs. WT sham, p = 0.019
S1R-/- TBI vs. WT TBI, Figure 3B). The intensity of GFAP staining was also significantly
decreased at baseline (before TBI) in S1R-/- mice compared to WT mice (Mann-Whitney
U-test, p < 0.001, Figure S1). There were no significant differences in Glt-1 staining intensity
and number of Purkinje cells in the grey matter of the cerebellum between experimental
groups (Mann-Whitney U-test, p > 0.05, Figure 3C,D). No differences in the Ibal staining
intensity in the cortex, hippocampus, or thalamus were observed between WT and SIR-/-
mice from either the sham or TBI groups (Figure 2C).
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Figure 2. Staining of microglia (Ibal) and astrocytes (GFAP) in WT and S1R-/- mouse brain slices at 12 months postinjury.
(A) The anatomical positions of the analyzed brain regions were validated using the Allen Mouse Brain Atlas (http:
/ /mouse.brain-map.org/static/atlas, accessed on 15 October 2021). (B) Representative images of Ibal and GFAP staining in
the cortex and hippocampus (total magnification = 40 x, scale bar = 100 pm). Measured optical densities (OD) of the staining
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intensity of (C) Ibal and (D) GFAP in the cortex, hippocampus, and thalamus between the WT and S1R-/- animal
groups. All values are presented as the means = SEM. p values for differences between groups were calculated using the
Mann-Whitney U-test, (n =5): * p <0.05 WT vs. SIR-/-, # p < 0.05 WT sham vs. WT TBL
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Figure 3. Staining of astrocytes (GFAP, Glt-1) and Purkinje cells (Calbindin D28K) in WT and S1R-/- mouse cerebellum
slices at 12 months postinjury. (A) Representative images of GFAP, Glt-1, and Calbindin D28K staining in the grey matter
of the cerebellum (total magnification = 100x, scale bar = 50 um). OD of the GFAP (B), Glt-1 (C) staining intensity in the
molecular layer of the cerebellum between the WT and SIR-/- experimental groups. (D) Total cell counts of Purkinje cells
in the molecular layer of the cerebellum between WT and SIR-/- experimental groups. (E) Anatomical positions of the
analyzed regions in the cerebellum (red arrows). All values are presented as the means :=SEM. p values for differences
between groups were calculated using the Mann-Whitney U-test, (n = 5): ** p < 0.01, *** p < 0.001 WT vs. SIR-/-, # p < 0.05
WT sham vs. WT TBIL
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2.5. Health Outcome Measures after TBI

SIR deficiency did not affect the general health condition of mice after TBI. Postinjury
apnea was not significantly different between the WT TBI (46.7 & 13.3) and S1R-/- TBI
groups (28.3 £ 6.2) (p = 0.228, Figure S2). Overall mortality was not significantly affected
by the injury (chi-square test, p = 0.175, Figure S2). After injury, the body weight was
not significantly different between experimental groups, indicating that mice maintained
good general health throughout the study (Figure 52). Posttraumatic seizure episodes were
observed in both WT (5/12) and S1R-/- (1/12) animals. The first episode of seizures in each
group was observed at 8 days postinjury. None of the sham animals displayed seizures
after the injury.

2.6. BD-1063 Does Not Influence Acute Injury Measures or Behavioral and Histological Outcomes
Following TBI

An assessment of NSS from baseline to 7 days after TBI revealed significant time
(F2,48 =5, p = 0.017) and group (F3,33 = 8, p = 0.0003) effects (RM two-way ANOVA,
followed by Fisher’s LSD test, Figure 4A). The NSS was significantly higher in TBI animals
than in sham animals at 1, 3, and 7 days postinjury. In the RR test, the TBI and TBI + BD1063
10 and 30 mg/kg groups spent similar amounts of time on the RR as the sham animals (effect
of time F2,49 = 0.2, p = 0.78 and group F3,33 =1, p = 0.35, RM two-way ANOVA, Fisher’s
LSD test, Figure 4B). BD-1063 treatment did not affect sensorimotor ability and motor
coordination. After the subcutaneous BD-1063 injection at a dose of 30 mg/kg for 7 days,
the detected concentration of the test compound in the brain was 6.3 £ 0.03 ug/g. However,
in the brain tissue, no significant differences were observed in S1R gene expression between
the BD-1063 30 mg/kg treatment (1.1-fold) and saline (1.0-fold) groups.
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Figure 4. Posttraumatic behavioral and histological outcomes after pretreatment with the S1R antagonist BD-1063. (A) TBI
mice had a significantly higher NSS up to 7 days postinjury. (B) All experimental groups spent similar time on the RR.
BD-1063 treatment did not influence behavioral outcomes after TBI. Data are presented as the means + SEM (naive n = 6,
sham n =9, TBI n = 15, BD-1063 10 mg/kg n = 7, BD-1063 30 mg/kg n = 8). p values for differences between groups were
calculated using RM two-way ANOVA followed by Fisher’s LSD test: * p < 0.05, ** p < 0.01, *** p < 0.0001 sham vs. TB. OD of
the intensity of (C) Ibal and (D) GFAP staining in the cortex, hippocampus, and thalamus. TBI induced significantly increased
staining for Ibal in the ipsilateral thalamus and for GFAP in the ipsilateral hippocampus and thalamus. (E) Representative
images of Ibal and GFAP staining at 7 days postinjury (total magnification = 40, scale bar = 100 um). Data are presented as
the means + SEM (n = 5). p values for differences between groups were calculated using the Kruskal-Wallis test followed by
Dunn'’s test: # p < 0.05 compared with the sham group, * p < 0.05 compared with the TBI group. Differences between naive
and sham groups were calculated using the Mann-Whitney U-test: " p < 0.05 compared with the naive animals.
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We performed immunohistochemical staining to assess TBI-induced activation of
microglia (Ibal) and astrocytes (GFAP) in the experimental groups (Figure 4C). The TBI
group displayed significant increases in the intensity of Ibal staining in the ipsilateral
thalamus (lateral nucleus of the thalamus, p = 0.023, Kruskal-Wallis test followed by
Dunn'’s test; Figure 4C) and GFAP staining in the ipsilateral hippocampus (hippocampal
cornu ammonis 3 (CA3) region, p = 0.018, Kruskal-Wallis test followed by Dunn’s test;
Figure 4D) and thalamus (p = 0.007, Kruskal-Wallis test followed by Dunn’s test; Figure 4D).
Increased GFAP staining was also observed in the contralateral hippocampus of the TBI
group (p = 0.0043, Kruskal-Wallis test followed by Dunn’s test; Figure 4C). Due to the
surgical procedure, sham animals presented significantly increased Ibal (Figure 4C) and
GFAP (Figure 4D) staining in the ipsilateral cortex 7 days after TBI (p = 0.015 compared
with naive animals, Mann-Whitney U-test), while no increase in staining was observed in
the hippocampus and thalamus (p > 0.05, Figure 4C,D). Treatment with BD-1063 did not
result in any significant differences in Ibal and GFAP staining in the cortex, hippocampus,
or thalamus compared with the TBI group (Figure 4C,D).

The duration of apnea and time to regain the righting reflex were equal for the TBI and
BD-1063 treatment groups (ordinary one-way ANOVA, p > 0.05). No differences in body
weight were observed between experimental groups after injury (RM two-way ANOVA,
p>0.05).

3. Discussion

In the present study, we used a lateral fluid percussion injury model of TBI to evaluate
the role of S1R in the development of neurological deficits for up to 12 months after TBI. This
model resulted in neurological and motor dysfunction in WT mice that was less pronounced
in S1R-/- mice at 24 h after injury. TBI induced long-term cognitive impairments in WT
mice but not in S1IR-/- mice. WT TBI animals displayed significantly higher astroglia-
related GFAP protein expression levels in the cortex, while GFAP protein expression levels
in both S1R-/- sham and S1R-/- TBI animals were similar to those in the WT sham group at
12 months postinjury. S1R-/- animals exhibited substantially reduced GFAP expression in
Bergmann glial cells in the molecular layer of the cerebellum compared to WT mice before
and 12 months after TBI. In addition, we observed age-related behavioral changes in WT
mice but not in S1R-/- mice. S1R-/- mice displayed preserved motor coordination and
reduced despair-like behavior compared to WT mice over a 12-month period.

TBI is a chronic health condition with serious long-term consequences such as motor
dysfunction, depression, cognitive deficits, and emotional changes [4,8,19]. Currently, no
effective treatment is available for TBI-induced deficits other than supportive therapy [20].
Therefore, research on treatments that prevent the progression of brain damage after TBI
is necessary. Drugs interacting with S1R have potential as treatments for neurological
diseases, including TBI [13,14,21]. Here, S1R deficiency was associated with improved
motor function and diminished neurological deficits in the acute phase after TBI. Previous
studies have also shown that SIR deficiency attenuates neurodegenerative processes. For
example, in the MPTP-induced Parkinsonism model, motor deficits and dopaminergic
neuron death were less pronounced in S1R-/- mice than in WT mice [22]. Another study
indicated that S1R-/- mice present reduced mechanical allodynia, macrophage/monocyte
infiltration, and levels of the chemokine CCL2 in dorsal root ganglia after spinal nerve
injury [23]. S1R deficiency alters cognitive function, especially in older mice [24], and is
associated with more pronounced learning deficits and toxicity in APPSwe AD mice [25].
In contrast, we showed no changes in the spatial learning and memory abilities of SIR-/-
mice for up to 10 months after TBI. In addition, we observed that both sham and TBI S1R-/-
mice displayed less despair behavior than WT mice over a 12-month period. Our findings
indicate an important role for SIR in the development of TBI-induced neurobehavioral
deficits in the acute and chronic phases after TBIL.

In recent years, accumulating evidence has shown that SIR is implicated in the
modulation of neuronal physiology and synaptic plasticity [26]. Various anti-inflammatory
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mechanisms have been postulated for S1R ligands that might account for their potential
neuroprotective effects [27]. Astrocytes and microglia are considered key players in the
initiation of an inflammatory response after injury [28]. Astrocytosis occurs in concert
with neuronal degeneration [29,30] and has been noted in rodents, primarily in the cortex,
within the first 24 h [31] and up to 12 months after TBI [32]. In the present study, TBI-
induced astrocyte activation in the brain tissue was reduced in S1R-/- mice, suggesting
that SIR deficiency prevents development of neurodegenerative processes in brain tissue
12 months postinjury. A recent study found that SIR deficiency reduced MPTP-induced
astrocyte activation in the substantia nigra [22]. Another study documented increased
GFAP expression in mixed astrocyte-neuronal cultures derived from S1R-/- mice, which
seemed to counterbalance the cellular response to stressful conditions. [33] Similar to
astrocytosis, in the context of many neurological disorders, chronic microglial activation
is responsible for neurodegeneration [28]. Recent studies have shown that S1R agonists
acutely decrease microglial activation following brain injury in vivo [13-15,21]. Although
microglia remain highly activated in different brain regions up to 1 year after controlled
cortical impact injury (CCI) [34], we did not observe any differences between the sham
and TBI groups in terms of microglial activation at 12 months postinjury. The discrepancy
in microglial activation might be due to the use of different types of TBI animal models.
The CCI model produces more extensive damage to brain tissue [34] than the latFPI model
used in the present study.

Impairments in motor function and coordination are common consequences of TBI
and are usually associated with injury to the sensorimotor cortex [35]. However, the cere-
bellum also plays an important role in the control and coordination of movement that may
be specifically related to motor dysfunction after TBI [36]. Here, we showed that both sham
and TBI WT mice developed impairments in motor coordination with age, while S1R-/-
mice exhibited preserved motor function. One of the possible explanations for motor
dysfunction in WT mice is increased astrocyte activation in the cerebellum. Cerebellar
astrocytosis reduces the survival of Purkinje cells, which are associated with movement and
coordination, and leads to cerebellar dysfunction and motor impairments after TBI [37-39].
Here, S1R-/- mice displayed preserved motor coordination and almost no GFAP expres-
sion in the molecular layer of the cerebellum after TBI. Similarly, GFAP expression was
substantially decreased in S1R-/- sham mice compared to WT mice. Based on localization,
GFAP-positive astrocytes are Bergmann glia [40]. Bergmann glia directly regulate Purkinje
cells and influence motor behavior [41,42]. We found no significant difference in total num-
ber of PCs in S1R-/- mice. This is in line with previous findings in which PC degeneration
and motor dysfunction was associated with both increased GFAP expression and ablation
of Bergmann glia [43—45]. Our data show that the improved motor coordination exhibited
by S1R-/- mice could be due to decreased GFAP expression in Bergmann glial cells in the
molecular layer of cerebellum. These results suggest important involvement of SIR in the
regulation of information processing in the cerebellum and control mechanisms of motor
behavior. Therefore, decreasing GFAP expression in Bergmann glia may represent a novel
therapeutic strategy for motor dysfunction during ageing.

Since S1R-/- mice showed acute improvements in neurological function after TBI,
we examined whether pharmacological treatment with an SIR antagonist influenced
behavioral and histological outcomes after injury. Treatment with BD-1063 did not affect
TBI-induced neurological deficits. Although we measured a sufficient concentration of BD-
1063 in the brain tissue (6.3 = 0.03 pg/g), no significant difference in SIR gene expression
was observed between saline- and BD-1063-treated animals. SIR agonists are able to
attenuate neurological deficits and lessen TBI-induced neurodegeneration by reducing
microglial activation following brain injury in vivo [13,14,21]. In previous studies, BD-
1063 was used to block the effect of S1IR agonists [46,47]. Recently, oral treatment with
BD-1063 induced neuroprotection in an SCI model by increasing the number of surviving
motor neurons and decreasing microglial activation in the ventral horns of L4-L5 spinal
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segments [48]. Thus, different SIR ligands may act differently and even adversely in
neuroprotection.

In conclusion, SIR deficiency led to improved neurological and motor coordination,
reduced despair-like behavior, preserved long-term cognitive function, and prevented
TBIl-induced neuroinflammation 12 months postinjury. SIR deficiency was associated with
reduced GFAP expression in Bergmann glial cells in the cerebellum. These findings suggest
a role for SIR in the pathogenesis of TBI and cerebellum-mediated motor behavior.

4. Materials and Methods
4.1. Animals and Experimental Design

Twenty-one SIR knockout (S1R-/-) male mice aged 10 weeks (Laboratorios Dr. Esteve
S.A., Barcelona, Spain) were used to explore the effects of genetic deletion of SIR on trau-
matic brain injury. SIR-/- mice on a CD-1 genetic background were generated as described
previously [49]. Twenty-two wild-type male mice (WT) aged 10 weeks (HSD:ICR(CD-1%),
ENVIGO, Venray, Netherlands) of the same genetic background as the S1R-/- mice were
used. Sixty-nine 12- to 14-week-old WT male mice were used to evaluate the effects of the
SIR antagonist BD-1063 on injury. Ten 36-week-old male Swiss-Webster mice (Laboratory
Animal Centre, University of Tartu, Tartu, Estonia) were used to investigate BD-1063 con-
centrations and SIR expression in brain tissue. Three SIR-/- mice (Laboratorios Dr. Esteve
S.A., Barcelona, Spain) and three WT males aged 10 weeks were used to evaluate astrocyte
activation in the cerebellum of intact animals. All animals were housed under standard
conditions (21-23 °C, 12 h dark-light cycle, with lights off at 8 a.m. and on at 8 p.m.)
with unlimited access to standard food (Lactamin AB, Mjolby, Sweden) and water in an
individually ventilated cage housing system (Allentown Inc., Allentown, NJ, USA). Each
cage contained EcoPure™ wood chip shavings (Datesand, Cheshire, UK), nesting material,
and wood blocks from TAPVEI (TAPVEI Paekna, Estonia). For enrichment, a transparent
tinted (red) nontoxic durable polycarbonate safe harbor mouse retreat (Animalab, Poznan,
Poland) was used. The mice were housed in groups of up to five mice per standard cage
(38 x 19 x 13 cm). All studies involving animals were reported in accordance with the
ARRIVE guidelines [50,51]. The experimental procedures were performed in accordance
with the guidelines reported in EU Directive 2010/63/EU and with local laws and policies;
all of the procedures were approved by the Latvian Animal Protection Ethical Committee
of Food and Veterinary Service in Riga, Latvia.

A subset of animals subjected to experimental lateral fluid percussion injury was
randomly separated into four experimental groups: WT sham (n = 10), S1R-/- sham (n = 10),
WT TBI (n = 12), and SIR-/- TBI (n = 12). Mice were weighed before injury (baseline
measurement), on the first day after the injury, and then weekly throughout the study as
a measure of general health. Body weight was reported as a percent change relative to
baseline. Behavioral tests were performed at baseline and 1, 7, and 14 daysand 1, 3, 6, 9,
and 12 months after injury. Mice were euthanized at 12 months postinjury, and brain tissue
was collected for histological analysis. The study design is presented in Figure 5A.

One WT mouse and two SIR-/- animals were excluded due to dural breach during the
surgical procedure. No animal subjected to sham injury was excluded. Over the 12 months
of this study, 10 mice died prematurely (WT TBI n = 3, SIR-/- TBI nn = 4, SIR-/- sham n = 3,
Figure 52). For behavioral tests, all data points (including those generated by mice that
eventually died prematurely) were included. For the histological analysis, only mice that
survived up to the 12-month time point were included, and all available brain tissues were
analyzed.

Treatment with the SIR antagonist BD-1063 was performed to evaluate the effect of
pharmacological blockade of SIR. Mice were randomly divided into five groups: naive
(n =6), sham (n = 12), TBI (n = 18), TBI + BD-1063 10 mg/kg (n = 16), and TBI + BD-1063
30 mg/kg (n = 16). The dose of BD-1063 was chosen based on previous in vivo studies [47].
Naive and sham groups received the corresponding vehicle with the same volume and
treatment regimen. BD-1063 (TOCRIS, Bristol, UK) at doses of 10 or 30 mg/kg or vehicle
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(0.9% NaCl solution) was injected subcutaneously (sc) for 6 consecutive days prior to TBL
The last injection (total of 7 injections) was administered 1 h before TBI. Mice were weighed
before (baseline measurement) and 1, 2, 3, and 7 days after injury as a measure of general
health. Body weight was reported as a percent change relative to baseline. Behavioral tests
were performed at baseline and 1, 3, and 7 days after injury. The study design is presented

/A

in Figure 5B.
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Figure 5. Schematic depicting the experimental design. (A) S1R-/- and WT mice were subjected to latFPI, and behavioral
outcomes were assessed for up to 12 months postinjury. (B) BD-1063 was administered to evaluate the effects of pharma-
cological blockade of S1R. Behavioral outcomes were evaluated for up to 7 days postinjury. Brain tissues were collected
from animals in both experiments for histological analysis at the end point. TBI—traumatic brain injury, NSS—neurological
severity score, RR—rota-rod, TSE—PhenoMaster behavioral phenotyping.

Two mice (sham n = 1, TBI n = 1) died spontaneously during the pretreatment period.
Two mice died during surgery (TBI n = 1, TBI + BD-1063 30 mg/kg n = 1). Fifteen animals
were excluded due to dural breach during the surgical procedure (shamn =2, TBI n =1, TBI
+ BD-1063 10 mg/kg n = 7, TBI + BD-1063 30 mg/kg n = 5). Four mice died after TBI (TBI +
BD-1063 10 mg/kg n = 2, TBI + BD-1063 30 mg/kg n = 2). For behavioral analyses, all data
points (including those generated by mice that died after TBI) were included. Mice were
euthanized at 7 days postinjury, and brain tissue was collected for histological analysis.
Solutions for BD-1063 injections were prepared immediately before use in sterile saline
from stock solutions with a concentration of 10 mg/mL that were previously prepared
and stored at —20 °C. All analyses were conducted by investigators blinded to the group
allocation. Behavioral tests were performed during the dark phase (from 9 a.m. to 4 p.m.).

4.2. Lateral Fluid Percussion Injury

The lateral fluid percussion injury (latFPI) model was established as previously de-
scribed [52]. Briefly, anesthesia was induced with 4% isoflurane (Chemical Point, Deisen-
hofen, Germany) contained in a mixture of oxygen and nitrous oxide (70:30, AGA, Riga,
Latvia) and maintained with 2% isoflurane using a face mask. Before trauma induction,
the mice received a sc injection of tramadol (KRKA, Novo Mesto, Slovenia) (10 mg/kg).
A craniectomy was performed using a 3 mm (outside diameter) circular trephine over
the parietal region, 2 mm posterior to bregma and 2 mm right of midline. Injury was
induced using a fluid percussion device connected to a pressure measurement instrument
(Model FP 302, AmScience Instruments, Richmond, VA, USA). The duration of apnea was
monitored immediately after the injury. Sham animals underwent the same procedures as
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the animals in the latFPI group except for the induction of trauma. Mice with weight loss
>20%, dural breech, or mortality within 24 h postinjury were excluded from the study.

4.3. Neurological Severity Score

The neurobehavioral status of the mice was assessed using the NSS as previously
described [53]. The NSS consisted of nine individual clinical parameters, including tasks
on motor function, alertness, and physiological behavior. The mice were assessed for
the following items: presence of paresis; impairment of seeking behavior; absence of
perceptible startle reflex; inability to get down a rectangle platform (34 x 27 cm); inability
to walk on 3-, 2-, and 1-cm wide beams; and inability to balance on a vertical beam of 7 mm
width and horizontal round stick of 5 mm diameter for at least 15 s. If a mouse showed
impairment on one of these items, a value of 1 was added to its NSS score. Higher scores
on the NSS thus indicate greater neurological impairment.

4.4. Rota-Rod Test

A rota-rod (Model 47600; Ugo Basile) test with slight modification was used to measure
motor coordination [54]. Briefly, mice were pretrained on the rota-rod apparatus (5 rpm)
with 2 sessions per animal, each lasting for 240 s. On the experimental day, mice were
placed on the rod with an accelerating rotating speed from 5 to 25 rpm over a period of
240 s with a 30 min rest between trials. Time spent walking on the accelerating rota-rod
before falling off was measured. The mean of two trials was calculated for each mouse.

4.5. Y-Maze Test

Working memory performance was assessed by recording spontaneous alternation
behavior in a Y-maze, as previously described [55]. The mice were individually placed
at the end of one arm in a symmetrical Y-shaped runway (arm length 35 cm, width 5 cm,
height 21 cm) and allowed to explore the maze for 5 min. A spontaneous alternation
behavior was defined as the entry into all three arms on consecutive choices in overlapping
triplet sets (i.e., ABC, BCA, CBA). The percent spontaneous alternation behavior was
calculated as the ratio of actual to possible alternations (defined as the total number of arm
entries — 2) x 100.

4.6. Tail Suspension Test

Despair-like behavior was assessed by tail suspension test, as previously described [56].
Briefly, each animal was suspended with tape (17 cm) from a horizontal rod elevated 30 cm
above a clean cage for 6 min. To prevent mice from climbing their tails, a clear hollow
cylinder (& = 4.5 cm, h = 5.5 cm) was placed around the tail before suspension. Mice were
recorded for 6 min using the digital HD video camera recorder (Handycam HDR-CX11E,
Sony Corporation, Tokyo, Japan) and immobilization was analyzed during the last 4 min.
Immobility included motionless time as well as passive swinging caused by momentum
from movement.

4.7. Open Field Test

Locomotor and anxiety-like behavior was assessed using the open-field test. The
open field was a square arena (44 x 44 cm) shielded by 30 cm high opaque walls. Square
area (20 x 20 cm) was defined as the center. The mouse was gently placed in the center
of the field and allowed to explore for 12 min. The distance traveled, velocity, and time
spent in the center were recorded and analyzed for 4 min periods using an EthoVision
video tracking system (version XT 11.5, Noldus Information Technology, Wageningen,
The Netherlands).

4.8. Elevated Zero Maze Test

Anxiety was assessed using the elevated zero maze test. The apparatus consisted of a
black circular platform (width: 4.5 cm, diameter 50 cm), placed 44 cm from the ground and
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divided into four equal quadrants. Two opposite quadrants had 15 cm high dark, opaque
walls (closed quadrants), while the other two had no walls (open quadrants). Mice were
placed in the center of open quadrant, and allowed to explore for 5 min. Time spent in
each quadrant was registered using an EthoVision video tracking system (version XT 11.5;
Noldus, Wageningen, The Netherlands).

4.9. Barnes Maze Test

Spatial learning and memory were assessed using the Barnes maze test as previously
described with slight modifications [57]. The test was performed on a brightly lit grey
circular platform (diameter 92 cm) with 20 equally spaced holes (diameter 5 cm) located
around the perimeter, an escape box fitted under in one of the holes, and visual cues in the
periphery. On the first day, the animal was placed at the center of the platform using a glass
beaker and allowed to acclimate for 2 min; the mouse was then guided to the target hole
and allowed to stay there for 1 min. Mice then underwent four days of learning consisting
of three consecutive trials separated by brief returns to their home cages. If the mouse
did not enter the escape box (defined as all four paws leaving the surface of the platform)
within the 180 s trial, the experimenter guided the mouse to the escape hole as before and
allowed it to rest for 1 min before returning the animal to its home cage. During the 90 s
probe trials (24 h and 7 days after the last learning), the escape box was removed, and the
time spent in the area of the target hole was recorded using the EthoVision (version XT
11.5; Noldus, Wageningen, The Netherlands).

4.10. TSE PhenoMaster System (Indirect Calorimetry)

The feeding and drinking behavior and locomotor activity were tested using an eight-
cage calorimetry system (PhenoMaster, TSE Systems, Bad Homburg, Germany), which
allowed continuous and undisturbed recording. Mouse behaviors were continuously
recorded for 72 h with the following measurements recorded every 15 min: water intake
(mg/kg body weight), food intake (g/kg body weight), and locomotor activity (voluntary
running wheel).

4.11. Determination of BD-1063 in the Brain Tissue Using UPLC/MS

The concentration of BD-1063 in brain tissue was measured using ultra-performance
liquid chromatography-tandem mass spectrometry (UPLCMS). BD-1063 was administered
in mice for 7 consecutive days prior to tissue collection. Animals were euthanized 1 h
after the last sc administration of BD-1063 at a dose of 30 mg/kg. Brain tissues were
collected immediately after the decapitation of animals. The brains were divided into two
hemispheres and one of the hemispheres was used for BD-1063 measurements, while the
second half was used for quantitative PCR analysis for SIR. The brain hemisphere was
homogenized in ice-cold Milli-Q water at a w/v ratio of 1:5 using bead-beating technology
(Omni Bead ruptor 24; Omni International, Kennesaw, GA, USA) in 2 mL tubes [58]. The
obtained homogenate was centrifuged at 16,500 rpm for 10 min at 4 °C. The supernatant
was then decanted, and the pellet was homogenized in the same volume of Milli-Q water
as previously used. The obtained homogenate was centrifuged at 16,500 rpm for 10 min at
4 °C. The supernatants were combined and stored at —80 °C until use.

Brain tissue extract (100 pL) was mixed with 400 pL of IS (Verapamil) solution in
acetonitrile to precipitate proteins. The tubes were vortexed to mix and centrifuged at
10,000 rpm for 10 min. A volume of 400 pL of supernatant was transferred to chromato-
graphic vial, diluted with 400 uL of 0.1% formic acid, and subjected to UPLC/MS analysis.
The calibration curve was constructed by plotting ratios of peak areas (analyte/IS) versus
BD-1063 concentration over the range of 4 to 1000 ng/mL.

UPLC was carried out using the Waters Acquity UPLC system equipped with the
Acquity BEH C18 column (2.1 x 50mm, 1.7 um). The mobile phase consisted of A (aqueous
0.1% formic acid) and B (acetonitrile) at a flow rate of 0.4 mL/min, using a gradient
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elution: initial—5% B, 2.5 min—50% B, 3.5 min—98% B, 4.5min—98% B, 4.7 min—5% B, 6
min—>5% B. The injection volume was 10 pL. The column temperature was 30 °C.

MS analysis was performed on a triple quadrupole mass spectrometer Quattro micro-
Waters in ESI positive mode using multiple reaction monitoring of two transitions for
BD-1063 from m/z 273.1 tom/z 137.1 and from m/z 273.1 to m/z 173.1 and the transition for
verapamil from m/z 455.3 to m/z 165.2 (cone voltage, 30 V; collision energy, 25 eV). The MS
conditions were as follows: desolvation gas (N2) flow, 800 L/h; desolvation temperature,
400 °C; ESI source temperature, 120 °C; and capillary voltage, 3.0 kV. Quantitative analysis
was achieved using QuanLynx4.1 software (Waters).

4.12. Quantitative PCR

Brain hemispheres were stored at —80 °C until isolation of RNA. Total RNA was
isolated, first-strand cDNA was synthesized, and quantitative PCR analysis for SiglR was
performed as described previously [59]. The primer sequences used in this study were
as follows: Sigmarl (NM_011014.3), 5'-CAT TCG GGA CGA TAC TGG-3' (forward) and
5'-CCT GGG TAG AAG ACC TCA CTT TT-3' (reverse) and Actb (NM_007393.5), 5'-CCT
CTA TGC CAA CAC AGT GC-3’ (forward) and 5'-CAT CGT ACT CCT GCT TGC TG-3
(reverse). The primers were obtained from Metabion, Germany. The relative expression
levels for each gene were calculated using the AACt method, normalized to the expression
of 3-actin, and compared to the expression levels of control group animals.

4.13. Immunohistochemistry

Mice were anesthetized using intraperitoneal administration of ketamine (200 mg/kg)
and xylazine (15 mg/kg). The depth of anesthesia was monitored by toe pinch. Animals
were transcardially perfused at a speed of 3 mL/min with 0.01 M phosphate-buffered saline
(PBS, pH =7.4) for 5 min until the blood was completely removed from the tissue. After
perfusion, brains were carefully dissected and fixed in 4% PFA overnight at 4 °C. Brains
were cryoprotected with a 10-20-30% sucrose gradient over 72 h. Coronal sections (35 um)
were cut using a Leica CM1850 cryostat (Leica Biosystems, Buffalo Grove, IL, USA).

Samples were embedded in an optimal cutting temperature compound (Tissue-Tek®
O.C.T.™ Compound, Sakura Finetek Europe B.V., Alphen aan den Rijn, The Netherlands)
and placed in a dry ice/isopropanol slurry. Frozen samples were stored at —80 °C. Coronal
sections (35 um thick) of brain were cut using a cryostat Leica CM1850 (Leica Biosystems,
Buffalo Grove, IL, USA) and stored in antifreeze buffer at —20 °C until staining was
performed. The immunohistochemistry of free-floating sections was determined based on
a method described previously [59]. The following primary antibodies were used in this
study: rabbit anti-Ibal antibody (1:2000; Abcam, Cat# ab153696, Cambridge, UK), rabbit
anti-GFAP antibody (1:2000, Abcam, Cat# ab7260, Cambridge, UK), mouse anti-Calbindin
D28K antibody (1:500, Santa Cruz Biotechnology, Cat# sc365360, Dallas, TX, USA), rabbit
anti-EAAT?2 antibody (1:5000, Abcam, Cat# ab205248, Cambridge, UK). The goat anti-rabbit
IgG (H + L) (1:1000, Invitrogen, Cat# 65-6140, Carlsbad, CA, USA) and goat anti-mouse IgG
(H + L) (1:1000, Invitrogen, Cat# 31800, Carlsbad, CA, USA) biotinylated antibodies were
used as secondary antibodies. Samples stained with biotinylated antibody and incubated
with streptavidin (HRP) (1:1000, Abcam, Cat# ab7403, Cambridge, UK) were processed
with freshly prepared DAB reagent.

Images were taken with a Nikon Eclipse TE300 microscope (Nikon Instruments,
Tokyo, Japan). Identical brain sections corresponding to identical anatomical structures
were used for the analysis. The structures were validated using Allen Mouse Brain at-
las (http://mouse.brain-map.org/static/atlas, accessed on 15 October 2021). For each
antibody staining experiment, sections from all animals were processed in the same
staining tray. Staining was quantified using Image] software (Image] v1.52a). Nega-
tive controls replacing the primary antibody with a buffer solution (TBS-T) only were
performed. Eight-bit images were generated from the pictures and were cropped to con-
tain the regions of interest. Means of optical density (OD) were used to quantify the
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staining intensity of Ibal and GFAP in specific brain structures. For OD analysis, calibra-
tion was performed in accordance with the instructions on the Image]J software website
(https://imagej.nih.gov/ij/docs/examples/calibration/, accessed on 15 October 2021).
The number of Purkinje cells (PC) in the cerebellum was assessed in 10x magnification
pictures. For each animal, six pictures of different areas of the cerebellum were taken, all
including the PC layer. The number of PCs in each picture was counted and corrected for
the length of the PC layer, which was measured by drawing a line through the PC layer
using Image] and measuring the length of the line. Two criteria were used for cell counts:
the cell body (1) was well defined (i.e., not blurred), and (2) had the general characteris-
tic morphology of a PC (i.e., round cell body approximately 25-30 pm diameter located
between the granule cell and molecular layers).

4.14. Statistical Analysis

The statistical analysis and visualization were performed using GraphPad Prism
software (GraphPad Prism Software, Inc., La Jolla, CA, USA). The data were found to be
normally distributed using the Shapiro-Wilk test. For behavioral tests, two-way mixed
design repeated measures analysis of variance was used to calculate group differences at
each time point. In all comparisons, Fisher’s least-significant difference post hoc analysis
was used when appropriate (one or both main factors were statistically significant). For
histological evaluations, the Mann-Whitney U-test or Kruskal-Wallis test with Dunn’s
post hoc test was used. For overall mortality, the chi-square test was used for comparisons
between groups. All data are presented as the means + standard errors of the means.
p values less than 0.05 were considered significant.
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As traumatic brain injury (TBI) is one of the major causes of permanent
disability, there is increasing interest in the long-term outcome of TBI.
While motor deficits, cognitive impairment and longer-term risks of
neurodegenerative disease are well-established consequences in animal
models of TBI, pain is discussed less often despite its high prevalence. The
current study addresses the need to characterize the extent of chronic pain
and long-term behavioral impairments induced by moderate lateral fluid
percussion injury (latFPI) in mice up to 12 months post-TBI and evaluates the
validity of the model. Adult male BALB/c mice were subjected to latFPI, and
the results were compared with outcomes in sham-operated mice. Mouse
behavior was assessed at 1 and 7 days and 1, 3, 6, 9, and 12 months post-
injury using sensory-motor (neurological severity score, NSS), cold (acetone)
and mechanical sensitivity (von Frey), depressive-like behavior (tail suspension),
locomotor (open field), motor coordination (rotarod) and cognitive (Morris
water maze, y-maze, passive avoidance) tests. Animals with TBI demonstrated
significantly higher NSS than the sham-operated group for up to 9 months after
the injury. Cold sensitization was significantly increased in the contralateral
hind paw in the TBI group compared to that of the sham group at 3, 6,
and 9 months after TBIl. In the von Frey test, the withdrawal threshold of
the contralateral and ipsilateral hind paws was reduced at 6 months after
TBI and lasted for up to 12 months post-injury. latFPI induced progressive
depressive-like behavior starting at 6 months post-injury. No significant deficits
were observed in memory, motor coordination or locomotion over the 12-
month assessment period. The present study demonstrates that moderate
TBI in mice elicits long-lasting impairment of sensory-motor function, results
in progressive depression and potentiates peripheral pain. Hence, the latFPI
model provides a relevant preclinical setting for the study of the link between
brain injury and chronic sequelae such as depression and peripheral pain.

long-term behavioral outcome, lateral fluid percussion injury, pain, depression,
traumatic brain injury
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Introduction

Traumatic brain injury (TBI) is one of the leading causes
of trauma-related permanent disability worldwide, especially
in people under the age of 45 (1-3). Worldwide estimates
suggest that more than 50 million new TBIs occur each
year, with approximately 70-90% of patients having mild to
moderate TBI (4). While many symptoms of mild to moderate
TBI dissipate rapidly after injury, these patients frequently
experience unusually high rates of chronic pain (5). It is widely
recognized that the experience of pain is a frequent occurrence
in TBI patients (6). In most of these instances, chronic pain is
located in the head and is associated with brain tissue damage
(7). Pain in TBI patients has also been reported in seemingly
intact body regions, such as the upper and lower limbs (7, 8).
However, chronic post-TBI pain in non-head body regions could
also be associated with local injury (e.g., fractures, wounds),
peripheral neuropathy or a related spinal injury (7). Therefore,
the anatomical source of pain in TBI patients is often not
identifiable when pain is chronic (9). To date, the mechanisms
for chronic pain in TBI patients are largely unknown (7).
Psychological disorders, including depression, following TBI
are commonly reported comorbidities of posttraumatic pain
(5). Depression and pain following TBI are believed to
exacerbate each other, and both are rooted in common biological
mechanisms, such us shared neurotransmitter pathways in
periaqueductal gray, which is a key anatomic structure in the
pain modulation system (10, 11). In animal models of TBI,
the response to the peripheral pain reflex, such as mechanical
and thermal sensitivity, has been studied up to 2 months after
controlled cortical injury (CCI) and fluid percussion injury
(FPI) (12). Only a small subset of experimental TBI models
evaluated long-term consequences after injury (>6 months after
TBI, see Supplementary Table S1). It has been demonstrated
that mice subjected to cortical impact injury (CCI), which is
often characterized by extensive brain tissue loss, demonstrate
persisting behavioral deficits, such as depressive-like behavior,
cognitive decline and motor dysfunction, up to 12 months
after injury (13-16) (see Supplementary Table S1). However,
more moderate CCI produces less extensive morphological
damage (tissue loss at the cortical region) and less prominent
behavioral deficits (17) (see Supplementary Table S1). Only a
few studies have evaluated long-term behavioral changes in rats
following FPI, mostly limited to single time points or memory
evaluation (18-20).

We recently reported that CD-1 background mice develop
neurological and cognitive impairments over a 12-month
assessment period after lateral FPI (latFPI) (21). It should be
noted that behavioral outcomes after TBI could depend on
the background strains of mice (22). Most long-term follow-
up TBI studies have been performed on C57Bl/6 background
mice. It is known that different mouse strains vary in their
inherent behavioral characteristics (23). For example, C57BL/6
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and BALB/c mice exhibit differences in anxiety-like and
depressive-like behavior, pain sensitivity, motor performance,
learning and memory (24-27). The aim of the present study
was to characterize the development of pain sensitivity and
depressive-like behavior up to 1 year after the latFPI model in
BALB/c background male mice. In addition, cognitive function,
general activity and sensorimotor and coordination abilities
were evaluated to provide a complete and relevant description
of the long-term behavioral changes induced by TBI in mice.
We found increased pain sensitivity with ongoing depressive-
like behavior up to 1 year after latFPI in mice. The assessment
and interplay between both conditions post-TBI should be more
detailly investigated in the future preclinical and clinical studies,
that may lead to the rational design of therapies that both reduce
and improve functional outcomes after TBI.

Materials and methods

Animals

Twenty male Balb/c mice (Envigo, Venray, Netherlands) 10-
week-old, weighing 20-26 g, were used in this study. All animals
were housed under standard conditions (21-23°C, 12h light-
dark cycle) with unlimited access to standard food (Lactamin
AB, Mjolby, Sweden) and water in an individually ventilated cage
housing system (Allentown Inc., Allentown, New Jersey, USA).
Each cage contained bedding of EcoPure™ Shavings wood chips
(Datesand, Cheshire, UK), nesting material and a wooden block
from TAPVEI (TAPVEI Paekna, Estonia). For the enrichment,
transparent tinted (red) non-toxic durable polycarbonate safe
harbor mouse retreat (Animalab, Poznan, Poland) was used. The
mice were housed with up to 5 mice per standard cage (38 x
19 x 13cm). All studies involving animals were reported in
accordance with the ARRIVE guidelines (28). The experimental
procedures were performed in accordance with the guidelines
reported in the EU Directive 2010/63/EU and in accordance
with local laws and policies; all procedures were approved by
the Latvian Animal Protection Ethical Committee of Food and
Veterinary Service in Riga, Latvia.

The lateral fluid percussion injury model

The lateral fluid percussion injury model was performed
as previously described (29). Briefly, mice were anesthetized
using 5% isoflurane dissolved in 100% oxygen. After the onset
of anesthesia, the concentration of isoflurane was decreased
to 2.5%.
subcutaneous administration of tramadol at a dose of 10 mg/kg

Before trauma induction, the mice received a
(KRKA, Novo Mesto, Slovenia). A craniectomy was performed

using a 3mm (outside diameter) circular trephine over the
parietal region, 2mm posterior to bregma and 2mm right of
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midline. The bone flap was gently pulled from the underlying
dura, leaving it intact. An injury hub (Leur-Loc syringe hub
cut from a 23-gauge needle) was affixed to the skull using
dental cement and then filled with sterile saline. An injury of
0.83 =+ 0.09 ATM was induced using a fluid percussion device
connected to a pressure measurement instrument (Model FP
302, AmScience Instruments, Richmond, VA, USA). Duration
of apnea was monitored immediately after the injury. After the
injury, the bone flap was put back, the wound was closed, and the
mouse was placed in an awakening cage. Sham-injured animals
underwent the same procedures as the animals in the latFPI
group, except for trauma induction.

Behavioral tests

Animals were randomly separated into two experimental
10) and latFPI (n = 10). The
body weight of the mice was measured before injury (baseline

groups, sham-operated (n =

measurement), on the first 3 days after the injury and then
weekly throughout the study as a measure of general health.
Behavioral tests were performed at baseline, 1 and 7 days, and
1, 3, 6, 9, and 12 months after the injury. Behavioral testing
was conducted by an experimenter blinded to the study group.
Tests were performed from the least aversive to the most aversive
(neurological severity score < rotarod < open-field < Y-maze
< acetone < von Frey < passive avoidance < tail suspension <
Morris water maze test) with at least 2-day intervals among
them to relieve animal’s stress. The timeline of experimental
procedures and the number of animals at each behavioral testing

time point are given in Figure 1.

Neurological severity score (NSS)

The neurobehavioral status of mice was assessed using
the NSS as previously described (29). The NSS consisted of
nine individual clinical parameters, including tasks on motor
function, alertness and physiological behavior. The mice were
assessed for the following items: the presence of paresis;
impairment of seeking behavior; absence of perceptible startle
reflex; inability to get down a rectangle platform (34 x 27 cm);
inability to walk on 3-, 2-, and 1-cm wide beams; and inability
to balance on a vertical beam of 7 mm width and a horizontal
round stick of 5 mm diameter for at least 15 s. If a mouse showed
impairment on one of these items, a value of 1 was added to
its NSS score. Higher scores on the NSS thus indicate more
significant neurological impairment.

Electronic von frey test

Mechanically evoked pain-like behavior (mechanical
sensitivity) was measured using an electronic von Frey

plantar aesthesiometer (Dynamic Plantar Aesthesiometer,
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-1dTBI'ld 7d Im 3m 6m* 9m 12m*

1 1 1 1 1 1 1 1
Nss o n o nona
Rotarod 1 11 11 1
Open field 1 1 1
von Frey 1 1 1
Acetone 1 1 1 1
TS P 1111
Y maze 1 11 1
PA I 11 1
MWM 1 11

The number of animals in each behavioral test
Sham 10 10 10 10 10 10 10 9
TBI 10 10 10 10 10 9 9 7

FIGURE 1

Experimental schedule for behavioral evaluation. Functional
deficits were assessed at multiple intervals up to 12 months
post-injury (n = 10/group). (d-days, m-months,
NSS-neurological severity score, TS-tail suspension, PA-passive
avoidance, MWM-Morris water maze). “One animal died in the
TBI group. “Two animals died in the TBI group and one animal
died in the sham group.

Model 37400-002, Ugo Basile, Gemonio VA, TItaly) as

previously described (30). During the test, the mice
were placed on a metallic grid floor in an individual
plastic observation chamber (10cm W x 10cm L x

14cm H) and allowed to habituate to the environment
for 30min. The von Frey filament was applied to the
midplantar surface of the hind paw. The withdrawal
threshold was defined as the average latency time (s)
required for causing withdrawal of the stimulated paw over
three trials.

Acetone evaporation test

Cold-evoked pain-like behavior (cold sensitivity) was
measured by applying a drop of acetone to the plantar surface
of the hind paw (31). 1 day before the experiment and on the
experimental day, mice were placed in individual plastic cages
(10cm W x 10cm L x 14 cm H) on an elevated wire mesh metal
floor and habituated for at least 30 min. On the experimental
day, acetone was loaded into a 1-ml syringe without a needle.
Air bubbles were cleared from the syringe before acetone
application. One drop of acetone (approximately 40 pl) was
applied to the paw from the bottom of the elevated cage
through the wire mesh metal floor and onto the plantar surface
of the hind paw. For 45s, the mouse was scored on lifting,
biting, and licking the paw. Each hind paw was measured twice
with an interstimulation interval of approximately 15 min. The
reaction duration was measured and analyzed as a cumulative
reaction time.
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Rotarod test

A rotarod test with slight modification was used to measure
motor coordination (32). Briefly, mice were pre-trained (5 rpm)
on the rotarod apparatus (Model 47650, Ugo Basile, Gemonio
VA, Italy) with two sessions per animal, each lasting 240s.
On an experimental day, mice were placed on the rod with
an accelerating rotating speed from 5 to 25 rpm for 240s
with a 30 min rest between trials. Time spent walking on the
accelerating rotarod before falling off was measured. The mean
of two trials was calculated for each mouse.

Passive avoidance test

The passive avoidance test was performed as previously
described (32). Briefly, on the training day, each mouse was
individually placed in the light compartment of an apparatus
with no access to the dark compartment and allowed to explore
for 60 s (Ugo Basile, Comerio, Italy). After this time, the sliding
door (4 x 4 cm) was automatically opened, and the mouse was
allowed to cross over into the dark compartment. Upon entering
the dark compartment, the door was closed, and the mouse
received a shock of 0.3 mA for 3s. After 20s, the mouse was
returned to its home cage. A retention test was performed on the
next day (24 h later) without any shock. The time to enter the
dark compartment was recorded as the retention latency. The

maximum retention latency was set at 540 s.

Y-maze test

Working memory performance was assessed by recording
spontaneous alternation behavior in a Y-maze, as previously
described (33). The experiment was conducted in a dimly red-lit
room. The mice were individually placed at the end of one arm in
a symmetrical Y-shaped runway (arm’s length 35, width 5, height
21cm) and allowed to explore the maze for 5min. The total
number and sequence of arm entries were manually recorded,
and the percentage of alternation behavior was calculated.

Morris water maze test

The Morris water maze (MWM) was used to assess spatial
cognition as previously described (34). The MWM apparatus
was a blue-painted circular fiberglass pool (height: 60 cm,
diameter: 150 cm) located in a test room surrounded by several
cues. The experiment was conducted in a dimly red-lit room.
The pool was virtually divided into four equal imaginary
quadrants identified as a target, opposite, left and right. During
the training trials, the animals were trained to find the hidden
platform in the pool for four consecutive days, four trials per
day. The mice were gently placed into the water facing the
pool wall at one of four imaginary starting positions (target,
opposite, left and right) around the perimeter of the pool.
The trials were performed for up to a maximum of 90s. If
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the mouse reached the platform within 90s, it was allowed
to remain there for 15s; if not—mouse was guided to the
platform and then allowed to rest on the platform for 15s.
The inter-trial interval was at least 20 min. After every trial,
mice were placed in a drying cage and allowed to dry before
they were returned to their home cages. The results were
expressed as latency in finding the hidden platform. Probe trials
were performed 24h and 6 days after the last training trial
with removal of the platform from the pool. All mice began
swimming from a position opposite the target quadrant and
were allowed to spend 90 s in the pool. In the probe trial, time in
the target quadrant and swimming distance were analyzed using
EthoVision video tracking system (version XT 11.5, Noldus
Information Technology, Wageningen, Netherlands).

Tail suspension test

Depression-like behavior was assessed by tail suspension
test, as previously described (21). Briefly, each animal was
suspended with tape (17 cm) from a horizontal rod elevated
30cm above a clean cage for 6 min. To prevent mice from
climbing their tails, a clear hollow cylinder (@ = 4.5cm, H
= 5.5cm) was placed around the tail before the suspension.
Mice were recorded for 6min using the digital HD video
camera recorder (Handycam HDR-CXI11E, Sony Corporation,
Tokyo, Japan), and immobilization was analyzed during the last
4 min.

Open-field test

Locomotor activity was assessed by an open-field test. The
open-field was a square arena (44 x 44 cm) shielded by 30 cm
high opaque walls. The Square area (20 x 20 cm) was defined
as the center. The mouse was gently placed in the center
of the field and allowed to explore for 12 min. The distance
traveled, velocity and time spent in the center were recorded and
analyzed for 4 min sessions using the EthoVision video tracking
system (version XT 11.5, Noldus Information Technology,
Wageningen, Netherlands).

Statistical analysis

The statistical calculations were performed using the
GraphPad Prism 8.1 software (Graph Pad Prism software,
Inc., La Jolla, CA, USA). The Shapiro-Wilk test was used to
test the distribution of the data. A two-way mixed-design
analysis of variance with repeated measures (two-way RM
ANOVA) was used to calculate group differences at each
time-point, which included one between-subjects variable
(latFPI vs. sham) and one within-subjects variable (time).
In all comparisons, Fisher Least Significant Difference
(LSD) post-hoc analysis was used when appropriate (one
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or both main factors were statistically significant). Area
under curve (AUC) values were compared with an ordinary
one-way ANOVA. Statistical outliers were identified using

10.3389/fneur.2022.985895

removed from the sham group at 3 month-time point
in acetone and MWM tests. All data are presented as
mean =+ standard error means (SEM). P-values <0.05 were

Grubbs test (o = 0.05). Two statistical outliers were considered significant.
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FIGURE 2
Neurological status of mice following latFPI. Brain-injured animals showed significant neurological impairments up to 12 months post-injury
compared to sham-operated animals (A). Motor coordination was not affected by latFPI during the 12-month assessment period (B). Data are
expressed as mean + SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001 vs. sham group (two-way RM ANOVA followed by Fisher's LSD test).
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FIGURE 3
Cold and mechanical sensitivity following latFPI in mice. The cumulative reaction time of contralateral and ipsilateral hind paw licking or shaking
in the acetone test (A) and latency of contralateral and ipsilateral hind paw withdrawal in the electronic von Frey test (B) were recorded 3, 6, 9,
and 12 months post-injury. Data are expressed as mean + SEM. *p < 0.05; **p < 0.001 contralateral latFPI vs. contralateral sham hind paw. #p <
0.05; ##p < 0.001 ipsilateral latFPI vs. ipsilateral sham hind paw (two-way RM ANOVA followed by Fisher’'s LSD test). The area under the curve
(AUC) in the acetone (C) and von Frey tests (D). The AUC was calculated over the whole post-injury period. Schematic drawing of contralateral
and ipsilateral sides. The contralateral hind paw corresponds to the opposite side of the lesion, and the ipsilateral hind paw corresponds to the
lesion side (E). Data are expressed as mean + SEM. *p < 0.05; **p < 0.01; ***p < 0.01 vs. sham group (one-way ANOVA followed by

Dunnett's test).
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Results

latFPI impairs sensorimotor ability up to
12 months post-injury

Sensorimotor function was assessed using the NSS. The
NSS was significantly higher for the latFPI group than for the
sham-operated mice up to 12 months post-injury (p < 0.0001,
Figure 2A). Brain-injured animals mostly failed in grip strength
and balance tasks. The accelerating rotarod test was used to
monitor motor coordination throughout the study. Time on
rotarod was not significantly different between latFPI and sham
animals at any time point post-injury (Figure 2B).

latFPI induces chronic cold and
mechanical sensitivity

Peripheral cold sensitivity was evaluated by acetone test. The
cumulative reaction time of the contralateral hind paw (opposite
side to the lesion) was increased in the latFPI group compared
to the sham group at 3 months (4.1 £ 0.6s vs. 2.3 £ 0.5s, p
= 0.026), 6 months (3.3 £ 0.7s vs. 1.0 £ 0.2s, p = 0.007) and
9 months post-injury (3.8 & 0.9s vs. 1.2 & 0.2s, p = 0.014,
Figure 3A). The AUC was not significantly different between
1atFPI (34 + 9 for contralateral, 27 & 10 for ipsilateral hind paw)
and sham mice (16 £ 5 for contralateral, 16 + 5 for ipsilateral
hind paw, p = 0.234, Figure 3C).

Peripheral mechanical sensitivity was evaluated by the von
Frey test. A significant decrease in the mechanical withdrawal
latency of the contralateral hind paw was observed in the latFPI
group compared to the sham group at 9 months (3.4 & 0.3 s vs.
5.9 %+ 0.7s, p = 0.001) and 12 months post-injury (2.6 & 0.4s
vs. 4.9 £ 0.4s, p = 0.0113, Figure 3B). The withdrawal latency
was also significantly decreased in the ipsilateral hind paw in
latFPI mice compared to sham mice 12 months post-injury (3.6
£0.65vs.59 £ 0.7s, p=0.0157, Figure 3B). The AUC was not
significantly different between latFPI (20 £ 3 for contralateral,
24 + 4 for ipsilateral hind paw) and sham animals (31 £ 5
for contralateral, 33 £ 5 for ipsilateral hind paw, p = 0.1627,
Figure 3D).

latFPI results in progressive
depression-like behavior

Depressive-like behavior was assessed by the tail suspension
test. Immobility time was significantly increased in the latFPI
group 6 months (94.7 & 7.9 vs. 66.4 £ 10.0, p = 0.040) and 12
months (136.8 £ 10.5 vs. 70.2 + 13.3, p = 0.001, p = 0.001) post-
injury compared to the sham group (Figure 4). Throughout the
experiment, brain-injured animals displayed significantly longer
immobility times starting at 6 months compared to 1 month
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Depressive-like behavior was determined by the time spent
immobile in the tail suspension test 1, 3, 6, 9, and 12 months
after latFPI. Data are expressed as mean + SEM. *p < 0.05, **p <
0.01 vs. sham, #p < 0.05, ##p < 0.001 compared to 1 month
(two-way RM ANOVA followed by Fisher’s LSD test).

post-injury (p = 0.009, Figure 4). Immobility time remained
unchanged over time in sham animals (Figure 4).

latFPI produces no spatial learning and
memory impairments

MWM was performed to evaluate spatial learning and
memory. During the learning trials, no differences in latency
to reach the platform were seen between groups, indicating
comparable learning of the task (data not shown). During
the probe trial, which was carried out 24 h following the last
day of learning, both groups spent a similar amount of time
in the target quadrant (Figure 5A). In addition, both groups
showed a preference for the target quadrant compared to other
quadrants of the pool (Supplementary Figure S1A), indicating
that latFPI exposure did not impair hippocampal-dependent
memory of a previously learned platform location at any time
point. At 7 days following the last day of learning, brain-injured
mice did not show a preference for any of the quadrants 3
months after injury (p > 0.05 for target vs. other quadrants,
Figure 5B). There was a trend toward decreased time spent in
the target quadrant in latFPI animals (p = 0.0565); however,
the difference failed to reach significance between groups
(mean % 54 % 6 for sham vs. 30 £ 8 for latFPI, Figure 5B).
No differences in any evaluated parameters were seen at 1-
and 6-months post-injury. There were no differences between
groups in swimming distance, suggesting no effect on enhanced
or impaired physical function that could account for group
differences (Supplementary Table S2).

Y-maze testing revealed no significant changes in
spontaneous alterations or total arm entries, indicating no
impairments in working memory (Figures 6A,B). Likewise,
there was no significant effect of injury on contextual memory
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expressed as mean + SEM for the entire 90 sec, *p < 0.05 target quadrant vs. at least 2 other quadrants (one-way ANOVA followed by Dunnett'’s

assessed by the passive avoidance test. Sham and TBI mice
exhibited a similar time to enter the dark compartment 24h
after learning up to 12 months post-injury (Figure 6D). We
observed increased step-through latency on the learning day
over time, suggesting potential habituation due to repeated
measures in the same environment (Figure 6C).

latFPI has no impact on general health
and activity

No animal subjected to sham injury was excluded. The
length of the apnea for the animals subjected to latFPI was 47.2
+ 6.7s. The body weight was slightly decreased up to 3 days
post-injury for latFPI mice compared to sham mice, but there
were no differences between groups during the whole period
(Supplementary Figure STA). Some mice were lost throughout
the year of the study, but the deaths were spontaneous
(one from the sham group and three from the TBI group)
(Supplementary Figure S1B). latFPI mice showed no locomotion
deficits within 12 months post-injury. In the open field test,
brain-injured mice were more active at 6 months post-injury
than sham mice (p = 0.004), although this effect had dissipated
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at 9 and 12 months post-injury (Supplementary Table S3). In
the Y-maze test, the number of arm entries in the latFPI group
was similar to that in the sham group (Supplementary Table S2,
Figure 6B).

Discussion

In the present study, we demonstrated that brain injury to
mice results in long-lasting and continually evolving alterations
in behavior (Figure 7). Over time, a single latFPI induced
persistent cold and mechanical peripheral pain up to 12 months
after injury. Our experimental data also revealed that TBI
increased immobility time in the tail suspension test, suggesting
the development of depression-like behavior. This is the first
study to examine the prevalence of persistent peripheral pain
over long-term follow-up in mice after experimental TBI,
suggesting that latFPI in mice provides a suitable platform to
investigate the biological mechanisms of peripheral pain and
depression following TBI.

Among the long-term consequences of TBI, one of the
most recently debated yet severely understudied is pain (7).
Pain is an acute response to brain injury and typically lasts
several weeks in patients (8). However, in a small group of

frontiersin.org


https://doi.org/10.3389/fneur.2022.985895
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org

Stelfa et al. 10.3389/fneur.2022.985895
A B
X
3 @
S 80 2 40
! £
£ S 304
2 60 EE
© G 3
o -
-5 T
e 2 104
2 ;
g_ 20 T T T T 4 0 T T T T
7] 1 3 6 12 1 3 6 12
Time after TBI, months Time after TBI, months
-e- sham = |atFPI
C D
» 250 » 400-
2 >
g 2007 £ 300-
8 mm sham @
- [}
= 150 = atfPl 500
o
£ 100 S
£ s 4
§ 50- g 100
b= ©
0- 0-
1 3 6 12 1 3 6 12
Time after TBI, months Time after TBI, months
FIGURE 6
Assessment of working and contextual memory after latFPI. Spontaneous alternation behavior (A) and the number of arm entries (B) in the
Y-maze test 1, 3, 6, and 12 months after latFPI. Latency time to enter dark compartment on the training (C) and retention day (D) in the
passive-avoidance test 1, 3, 6, 12 months after latFPI in mice. Data are expressed as mean £ SEM (two-way RM ANOVA followed by Fisher's LSD
test).
injury (5, 7). However, headache is not the only type of
pain present after TBI. Clinical studies indicate that chronic
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<\\§ days months Moreover, these studies were limited by short-term follow-up
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FIGURE 7 peripheral regions, such as hind paws (39, 42, 43). Increased

Summary of behavioral impairments following latFPI.
Neurological impairments were evaluated by neurological
severity score, depressive-like behavior by tail suspension test,
thermal and mechanical pain sensitivity by acetone and von Frey
test, respectively.

patients, pain persists beyond the healing of damaged tissue
and becomes chronic (7). The most common long-term pain
condition reported in TBI patients is a posttraumatic headache,
and in most cases, it is associated with a direct brain tissue
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mechanical sensitivity has been observed within 3 weeks
after TBI, suggesting that these animals experience acute pain
associated with disrupted communication between the brain
and spinal cord (43). Here, we showed that latFPI causes cold
and mechanical sensitization in body regions distant from the
central nervous system. Namely, mechanical sensitivity was
observed in contralateral and ipsilateral hind paws starting at
6 months after TBI. Interestingly, cold sensitivity was observed
only in the contralateral hind paw, and significant differences
were observed starting 3 months after injury. Clinical research
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shows that sensation to thermal and tactile stimulation tends
to be unilateral, mainly located on the side of the body that
was contralateral to the TBI side (8). There is evidence that the
surgical procedure per se may lead to increased pain sensitivity
in the periorbital and plantar regions in rats (12) and mice (38).
However, these findings have been observed at early time points
post-TBI and could be explained by direct tissue damage and the
inflammatory response to injury.

It is noteworthy that both pain and depression are often
cooccurring after TBI, and a significant predictor of persistent
pain in patients is an early presence of depressive symptoms
after TBI (44). Depressive-like symptoms following TBI have
commonly been reported as comorbidities of posttraumatic
pain (5, 45). In our study, moderate latFPI induced progressive
depressive-like behavior starting at 6 months post-injury. Since
the latFPI and sham groups did not differ in locomotor
activity in the open field, Y-maze or MW, the increased
immobility time in the tail suspension test reflected the increase
in depressive-like behavior. These data are consistent with
recently published results in mice suffering from progressive
and severe depression-like behavior 6 months after CCI (16).
Our previous findings revealed that moderate latFPI also induces
depressive-like behavior in male CD-1 mice (21). However,
there are also reports where depression-like behavior is not
observed within 12 months after closed head injury (46).
Our results suggest that moderate latFPI induces progressive
depression-like behavior, and this model is suitable for studying
common clinical symptoms of depression that are diagnosed
following TBI.

Assessment of learning and memory is widely used in
preclinical research to determine the duration and severity
of cognitive impairments following TBI. Cognitive deficits in
experimental TBI models have been observed up to 1 year or
longer after the initial injury (Supplementary Table S1). In these
long-term studies, cognitive impairments have been observed
after severe TBI accompanied by extensive brain tissue loss
(13, 15, 16, 47, 48). In cases where brain tissue damage is not
extensive (e.g., tissue loss in the ipsilateral cortex), cognitive
impairments are less prominent or not observed (17, 21). In
the present study, we did not observe cognitive impairments
in any of the evaluated memory tests. Hippocampal-dependent
cognitive tasks, such as spatial learning and memory, were not
affected up to 6 months post-injury. Only one study showed
that hippocampal-dependent learning tasks were affected from
2 to 12 months after latFPI in rats; however, the injury
was accompanied by progressive tissue loss resembling severe
brain injury (18). While some speculate that water maze
performance and sensitivity depend on the difficulty of the
protocol (49), we believe that the moderate latFPI model
is not suitable to study memory deficits after TBI in mice.
Furthermore, we were unable to find any differences between
the performance of injured and sham mice on the Y-maze
and passive avoidance tests, suggesting that moderate latFPI
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in the present study did not produce cognitive impairments.
It is important to note that localization of craniotomy is
crucial while performing latFPI. Even though the surgery
is performed similarly between animals, medial and rostral
shifts can worsen or lessen injury-dependent hippocampal
damage (50).

Of note, using only male mice in our study may be
considered as a limitation. The incidence of TBI is higher
in male than females, however, the consequences of those
injuries may be different for the sexes in both preclinical and
clinical studies (51). In particular, it has been reported that
women have higher risk for persistent pain and depression
after TBI (44, 52, 53). There are concerns that estrous cycle
changes may introduce variability in the development of
neurological impairments, although this has been debated.
Previous preclinical study has failed to identify sex-linked
differences in nociceptive sensitization and depressive-like
behavior after closed head injury (46, 54). However, this
should not be taken as underestimating the importance of
sex differences in preclinical TBI research and further studies
are needed.

The chronic peripheral pain and depression observed in the
present study underlie the clinical importance of severe and
long-lasting consequences after TBI. Nevertheless, pain in body
regions other than the head is often not assessed systematically
in clinical and preclinical TBI research. It is essential that this
factor is taken into consideration in evaluating posttraumatic
pain. Patients with TBI may benefit from timely assessment
and intervention to minimize the development and impact of
pain. Acute and continued pain management may be paramount
for addressing depression or other neurological impairments in
TBI patients.
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