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Mild TBI Changes Brain and Plasma Neurosteroid Levels
in Mice
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Michael Schumacher,” Inga Katharina Koerte”®” and Nikolaus Plesnila'*"™*

Abstract

Mild traumatic brain injury (mTBI) accounts for 80% of all TBI, may be associated with chronic impairments,
and is difficult to diagnose due to a lack of objective markers. In this study, we investigated whether
neurosteroids can serve as blood biomarkers for mTBI. Two cohorts of C57BL/6 mice were subjected to a
model of mTBI combining impact with rotational acceleration or sham surgery. The first cohort underwent
neurological testing for anxiety, balance, and locomotion before and after mTBI. For the second cohort,
brains and plasma were collected 6 or 24 h after mTBI to measure steroid and neurosteroid levels by gas
chromatography-tandem mass spectrometry. Traumatized mice exhibited significantly prolonged wake-up
time from anesthesia, transiently increased beam-walk time, and mild astrogliosis compared with their con-
trol counterparts, but did not suffer from skull fractures, intracranial hemorrhage, or mortality.
Isopregnanolone and 3p,5a-tetrahydrodeoxycorticosterone (ISODOC) were significantly decreased by more
than 50% in brain parenchyma at 6 and 24 h after mTBI, while ISODOC was also significantly decreased in
plasma (—75%). Therefore, ISODOC may be a candidate diagnostic biomarker for mTBI.
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Introduction mild TBI (mTBI).>* mTBI results from falls, colli-
Traumatic brain injury (TBI) is a major cause of death  sions, sports, or road traffic accidents and may involve
and disability worldwide. Out of the 27-69 million a brief loss of consciousness, headaches, dizziness,
TBI cases per year? about 80% are categorized as nausea, confusion, and restlessness.>® Most symptoms

"Institute for Stroke and Dementia Research (ISD), LMU University Hospital, LMU Munich, Munich, Germany.

2cBRAIN, Department of Child and Adolescent Psychiatry, Psychosomatics and Psychotherapy, LMU University Hospital, LMU Munich, Munich, Germany.
3Graduate School of Systemic Neurosciences (GSN), LMU Munich, Munich, Germany.

“Munich Cluster for Systems Neurology (Synergy), Munich, Germany.

5U1195 INSERM and University Paris Saclay, Le Kremlin Bicetre, France.

6Psychiatry Neuroimaging Laboratory, Mass General Brigham, Harvard Medical School, Boston, Massachusetts, USA.

’German Center for Child and Adolescent Health (DZKJ), Partner site Munich, Munich, Germany.

Equal contribution.

*Address correspondence to: Nikolaus Plesnila, MD, PhD, Institute for Stroke and Dementia Research, Ludwig-Maximilians-University (LMU), Feodor-Lynen-Str. 17, 81377
Munich, Germany; E-mail: nikolaus.plesnila@med.uni-muenchen.de

© The Author(s) 2025. Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons License
[CC-BY] (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the

original work is properly cited.
39 %


mailto:nikolaus.plesnila@med.uni-muenchen.de
http://creativecommons.org/licenses/by/4.0

Umeasalugo et al.; Neurotrauma Reports 2025, 6.1
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

resolve within a few days to weeks after mTBI, but in
50% of patients these symptoms may persist beyond
12 months.” ' In pediatric mTBI, children and ado-
lescents have a higher risk of developing cognitive
and behavioral symptoms'"'? which may continue up
to 3 years following injury.'> Current tools for mTBI
diagnosis such as the Glasgow Coma Scale or Pediat-
ric Trauma Score have been laden with problems of
interobserver inconsistencies and failure to accurately
triage patients,'*'” thus the field of neurotrauma is in
need of objective diagnostic biomarkers.

mTBI may cause, among others, endocrine changes
by dysregulating the stress response,'® activating the
hypothalamo-pituitary-adrenal (HPA) axis,'” and infl-
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uencing synthesis and metabolism of steroids and neu-
rosteroids.'® Neurosteroids are endogenous steroids
synthesized de novo in the brain, which influence
neural activity ranging from neuroprotective'® > to
anti-inflammatory,” > and anxiolytic effects.**™®
Neurosteroids include progesterone and its derivatives
such as 3o,50-tetrahydroprogesterone (allopregnano-
lone, ALLOPREG) and 3a,50-tetrahydrodeoxycorti-
costerone (THDOC), and their 3f-epimers 3f,50-
tetrahydroprogesterone (isopregnanolone, ISOPREG)
and 3p,5a-tetrahydrodeoxycorticosterone (ISODOC),
respectively (Fig. 1). 3a-pregnanes like ALLOPREG
and THDOC are potent steroid modulators of the
gamma-aminobutyric acid type-A (GABA,) receptors
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FIG. 1. Schematic overview of neurosteroids. Neurosteroids include progesterone and deoxycorticosterone
(DOCQ), and their metabolites. The corresponding enzymes are also shown. Neurosteroids acting on the GABA,
receptors are indicated by boxes (green for positive modulators and yellow for negative modulators). 5a-R,
5-alpha reductase; 33-HSD, 3-hydroxysteroid dehydrogenase; 3-HSOR; 3-hydroxysteroid oxidoreductase;
200-DHP, 20a-dihydroprogesterone; 3¢:506200-HHP, 30:50¢200-hexahydroprogesterone; 35¢:200-HHP, 350200~
hexahydroprogesterone; 5¢200-THP, 5¢20x-tetrahydroprogesterone; ALLOPREG, allopregnanolone; ISOPREG,
isopregnanolone; THDOC, 3¢,50-tetrahydrodeoxycorticosterone; ISODOC, 3,5¢-tetrahydrodeoxycorticosterone.
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and play important roles in sedation and anxioly-
sis.?”?° On the contrary, 3f-pregnanes, such as ISO-
PREG and ISODOC, antagonize the effects of
ALLOPREG and THDOC on the GABA, receptors
thereby enhancing neuronal excitability.’*>* Further
work has shown that these 3f-pregnanes can also
directly and noncompetitively inhibit GABA,
receptors.”

Neurosteroids may be altered in the brain or cere-
brospinal fluid in chronic neurological conditions
such as in experimental models of Alzheimer’s pathol-
ogy’* and Parkinson’s disease®; or following acute
events such as stroke.”® In experimental TBI, studies
have directly investigated acute alterations in proges-
terone and other neurosteroids using severe, focal TBI
models with region-specific lesions, involving the
entopallium in finches,”” prefrontal cortex in rats,'®
and orbitofrontal and perirhinal cortices in female
and male mice*®*°; however, more studies on mTBI
models are needed. The therapeutic potential of neu-
rosteroids after TBI has been previously known, cul-
minating in successful phase II clinical trials using
progesterone.*”**> However, the failure of two phase
III clinical trials* suggest that more knowledge is
required regarding neurosteroids, for instance, their
endogenous activity as potential diagnostic bio-
markers in mTBI.

Based on these existing data, we hypothesized that
mTBI would lead to acute changes in local neuroste-
roid levels in the brain and that these changes would
also be reflected in plasma. To test this hypothesis, we
utilized highly sensitive gas chromatography coupled
to tandem mass spectrometry (GC-MS/MS) to evalu-
ate steroid and neurosteroid levels in the brain and
plasma of male mice after experimental mTBI.

Materials and Methods

Animals

Thirty-three male C57Bl/6 mice aged 7-8 weeks were
used for this study. They were housed in the animal
facility with a 12-h light-dark cycle and controlled
temperature of 20-23°C. Food and water were pro-
vided ad libitum in a pathogen-free unit, as defined
by the criteria of the Federation of European Labora-
tory Animal Science Associations. Ethical approval
for animal experimentation was obtained from the
Government of Upper Bavaria. All animal experi-
ments are reported in line with the ARRIVE 2.0.
guidelines.
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Experimental groups

The study included two experimental cohorts—the
neurobehavioral (Fig. 2A) and the neurosteroid
cohort (Fig. 2B). For the neurobehavioral cohort, the
mice were randomized into sham (n = 7) and mTBI
groups (n = 8) and longitudinal testing included the
neurological severity score (NSS) and beam-walk test-
ing. The neurosteroid cohort were not subjected to
any behavioral testing to minimize stress—they were
randomized into three groups: naive, 6 h, and 24 h
post-mTBI (n = 6 each).

mTBI model

We used a variant of the weight drop model described
by Kane et al.** No surgical incision or craniotomy
was performed. To deliver the impact, a steel cylinder
(90 g, 15 mm tip diameter) was dropped through a
guide tube onto the intact mouse head, between
lambda and bregma (Fig. 2C). The stage was con-
structed by two transparent plastic walls 10 cm above
a foam bed with a thin laboratory wipe taped across
them (Kimtech wipes; 20.5 X 20 cm). The mouse was
briefly anesthetized (1.5% isoflurane in air for 70 sec)
and placed prone on the stage directly under the tube.
The weight was dropped from a height of 100 cm and
a second hit was prevented by restraining the weight
with a strong fishing line. On impact, the mouse
broke the wipe, flipped 180 degrees in the anteropos-
terior axis, and landed on its back on the foam bed
10 cm below. For the sham group, the same proce-
dures were performed without dropping the weight
on the head, and the wipe was manually torn, thus
flipping the mouse onto the foam bed. Immediately
following weight drop, the time until mice recovered
from anesthesia was recorded. A mouse was judged to
have recovered when it became conscious, righted
itself, and began locomotion. The same applied for
sham mice that fell from the stage onto the foam bed.
Apnea and irregular breathing were also assessed
visually.

Neurological severity score

The NSS was used to assess motor coordination and
balance, as well as physiological behavior and alert-
ness. It consisted of 10 subtests: (a) time to exit a
circle of 30 cm diameter, (b) seeking behavior, (c)
straight walk, (d) paresis, (e) startle reflex, (f) 3 cm
beam walk, (g) 2 cm beam walk, (h) 1 cm beam walk,
(i) beam balance, and (j) round stick balance. For
every failed task, a score of 1 was assigned, therefore
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Schematic overview of the experimental protocol and weight drop model of mild traumatic
brain injury (mTBI). (A) Experimental timeline for the neurobehavioral cohort (sham n =7; TBI n = 8). (B)
Experimental timeline for the neurosteroid cohort (n = 6 per group). (C) The weight drop model of mTBI, show-
ing rotational acceleration following impact and time until recovery. NSS, neurological severity score; BW, beam
walk; WD, weight drop; IHC, immunohistochemistry; GC, gas chromatography-tandem mass spectrometry.
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the higher the total score, the greater the deficit. NSS
testing was performed at baseline, then at 6 and 24 h.

Beam walk

The beam walk test for assessing motor function was
performed as previously described.*>*® A mouse was
placed at one end of a beam (1 m long and 1 cm
wide) elevated 50 cm above the ground and allowed
to walk to the other end. The time to traverse the
beam and number of missteps were measured at base-
line, then at 6 and 24 h after mTBIL.

Magnetic resonance imaging

Structural brain damage was assessed using a 3T
Nanoscan PET-MRI scanner (Mediso Medical Imag-
ing Systems, Budapest, Hungary) 24 h after mTBI as
previously described.*” The following sequences were
obtained: coronal T2-weighted imaging (2D fast-spin
echo, repetition time [TR]/echo time [TE]=10911/
66.3 ms, averages 14, resolution 117 x 117 x 800 pm?)
and diffusion-weighted imaging (2D spin echo, 30
directions with phase reversal, TR/TE =3000/55.3 ms,
averages 4, resolution 350 x 350 x 800 um?).

Immunohistochemistry

Following behavioral testing at 24 h after mTBI,
animals were perfused transcardially with 4% para-
formaldehyde and the brains were harvested for
immunohistochemical analysis as previously described.*”
Immunohistochemical staining for astrogliosis and
microglial reactivity was carried out on free-floating
50 um coronal sections, which were blocked and
incubated in blocking buffer (0.2% bovine serum
albumin, 0.02% fish gelatin from cold water fish skin,
0.3% Triton X-100 in 0.01 M phosphate-buftered
saline [PBS], pH 7.2-7.4) with the following primary
antibodies: Iba-1 (rabbit, Fujifilm Wako, #019-19741,
1:200), glial fibrillary acidic protein (GFAP)-Cy3
(mouse, Sigma-Aldrich #2905, 1:200), and NeuN
(rabbit, Abcam, #177487, 1:100). After overnight
incubation at 4°C, the sections were washed in PBS
and incubated with the following secondary antibodies
in buffer: donkey antirabbit coupled to Alexa-Fluor
488 (Jackson, #711546152, 1:500), and donkey antirab-
bit coupled to Alexa-Fluor 594 (Jackson, #711586152,
1:500). Nuclei were stained with 4’,6-diamidino-2-phe-
nylindole (Invitrogen, #D1306, 1:10,000) in 0.01 M PBS.
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Tissue sections were imaged using confocal micros-
copy (ZEISS LSM 880, Carl Zeiss Microscopy GmbH)
with 10x and 40x magnification (depth of 8 bit).
Image analysis was performed using Image J. Regions
of interest include the cortex, hippocampus, corpus
callosum, and striatum.

Plasma and brain collection for steroid/

neurosteroid analysis

Mice were gently handled to minimize stress. After
brief isoflurane inhalation, the submandibular vein
was punctured and blood was quickly sampled in hep-
arinized Eppendorf tubes and centrifuged at 3000 x g
for 10 min at 4°C to collect plasma. After blood sam-
pling the mouse was immediately decapitated, the
brain was quickly dissected, and the left hemisphere
was weighed and frozen on dry ice. Both plasma and
brain samples were stored at —20°C until neurosteroid
analysis by GC-MS/MS.

Steroid/neurosteroid measurements by GC-MS/MS

Neurosteroids were first extracted from plasma and
brain tissue with methanol. To measure the neuroste-
roid levels, the following internal standards were
added to the extracts: 2 ng of '*Cs-50-DHP for the
analysis of 5x-dihdroprogesterone (50-DHP); 2 ng of
19 nor-progesterone for the analysis of 5x-dihydro-
deoxycorticosterone (5¢-DHDOC); 2 ng of >Cs-pro-
gesterone for the analysis of progesterone; 5 ng of
13C3—deoxycorticosterone (DOC) for the analysis of
DOGC; 2 ng of *Cs-200-DHP for the analysis of 200
dihdroprogesterone (20a-DHP); 2 ng of '*Cs-testos-
terone for the analysis of testosterone; 1 ng of “H,-
17 f-estradiol for the analysis of 17f-estradiol; 1 ng of
’C;-androstenedione for the analysis of androstene-
dione (ADIONE); 2 ng of epietiocholanolone for the
analysis of dehydroepiandrosterone (DHEA), 5a-
dihydrotestosterone (50-DHT), 3o/ f50-tetrahydrotes-
tosterone (30/f5x-THT), pregnenolone, ALLOPREG,
ISOPREG, 5¢200-tetrahydroprogesterone (50200-THP),
30/ f5020a-hexahydroprogesterone (3o/5¢200-HHP),
THDOC, and ISODOC; and 10 ng of *Hg-corticoster-
one for the analysis of corticosterone and 5u-dihydro-
corticosterone (50-DHC). Samples were purified and
fractionated by solid-phase extraction with the recycling
procedure, as described previously.*® Two fractions
were collected from the high-performance liquid
chromatography (HPLC) system: 5x-dihydroproges-
terone (5a-DHPROG) was eluted in the first HPLC
fraction (3-14 min) and was silylated with 50 pL of a
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mixture N-methyl-N-trimethylsilyltrifluoroacetamide/
ammonium iodide/dithioerythritol (1000:2:5 vol/w/w)
for 15 min at 70°C. The second fraction (14-25 min)
containing all other steroids/neurosteroids was deriv-
atized with 25 pL of heptafluorobutyric anhydride
and 25 pL of anhydrous acetone for 1 h at 20°C. All
fractions were dried under a stream of N2 and
resuspended in heptane. The GC-MS/MS analysis
was then performed using an Al 1310 autosampler,
a Trace 1310 GC, and a TSQ 8000 MS/MS (Thermo
Fisher Scientific) using argon as the collision gas.
The GC-MS/MS analytical procedure was validated
in brain and plasma of male mice, as previously
described.*®

Statistical analysis

Data are presented as means + standard error of the
mean (SEM) and » depicts the number of animals per
group. Statistical analysis was performed using
GraphPad Prism 9 software. Using the Shapiro-Wilk
test, we determined that all data were normally dis-
tributed. Wake-up time after mTBI was analyzed by
unpaired ¢ test while NSS and beam walk time were
analyzed using two-way analysis of variance
(ANOVA, with time as factor). Post-hoc Bonferroni
correction for multiple comparisons was also per-
formed. Brain and plasma neurosteroid measure-
ments were analyzed using one-way ANOVA. A p
value of < 0.05 was regarded to indicate a statistically
significant difference between groups.

Results

General well-being after mTBI

There was no mortality following mTBI. After impact,
we confirmed by visual inspection under a dissecting
microscope and with animal magnetic resonance imag-
ing that the weight drop did not cause fractures (Sup-
plementary Fig. S1A), edema, or intracranial hemor-
rhage in any of the mice (Fig. 3A).

Wake up time is significantly increased after mTBI
Following mTBI or sham injury, the mice remained
on their backs until they recovered spontaneously
from anesthesia and could move again. However, mice
subjected to mTBI had a significantly increased wake
up time when compared with their sham counterparts
(Fig. 3B; p < 0.05).
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between groups. Mean + SEM, *p < 0.05 vs. sham.
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FIG. 3. Gross pathology, wake up time, and neurological evaluation after mild traumatic brain injury
(mTBI). Weight drop caused no fractures or bleeding (A) when observed under a dissecting microscope
and by small animal magnetic resonance imaging (MRI). (B) Weight drop significantly increased wake up
time when compared with the control (p < 0.05; sham n =7; TBI n = 8). (C) Beam walk testing showed
that mTBI significantly increased the time to cross a 1 m beam at 6 h post-mTBI (p < 0.05; sham n =7;
TBI n = 8), but not at 24 h. (D, E) Astrogliosis was increased in the cortex of mTBI mice at 24 h when
compared with sham (p < 0.05; sham n = 7; TBI n = 8). Activated microglia were not significantly different
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mTBI caused transient motor deficits but not anxiety,
coordination, or balance deficits

According to the NSS, animals with mTBI did not
demonstrate significant deficits in anxiety, coordina-
tion, or balance when compared with their sham
counterparts (Supplementary Fig. S1B). Beam walk
testing, however, showed that the time needed to
cross the beam was significantly increased 6 h post-
injury compared with the control (p < 0.05). No

significant change was observed at 24 h (Fig. 3C). No
significant changes were observed in the number of
foot slips (Supplementary Fig. S1C).

mTBI leads to acute astrogliosis but not activation

of microglia

The intensity of GFAP staining was increased in
the cortex of mTBI mice when compared with the
sham group (Fig. 3D and E, upper row; p < 0.05).
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Table 1. Steroid and Neurosteroid Levels in Brain

After mTBI

Neurosteroid Naive TBI6 h TBI 24 h p value
Pregnenolone 7.45+0.82 570+ 0.73 7.74+0.82 0.037*
Progesterone 1.78£0.11 1.05+0.16 1.96+0.37 0.041*
50-DHP 63.18+ 530 58.84t512 64.69+6.72 0.760
ALLOPREG 4,09+ 0.48 3.99+0.26 3.73+£066 0.871
ISOPREG 1.20+0.17 0.67 £ 0.07 0.67 £ 0.13 0.017*
200-DHP 0.59+0.09 0.68 +£0.16 0.25+0.06 0.041
3050200-HHP 0.64 + 0.07 0.69 + 0.07 0.85+0.22 0.573
350200-HHP 0.16 +0.02 0.08 +0.01 0.08+0.03  0.020*
50200-THP 0.94+0.10 0.90 + 0.07 0.98+0.13 0.860
DOC 1.67 £0.16 1.53+0.30 1.03+£0.29 0213
THDOC 0.65+ 0.07 0.63 + 0.06 0.62+0.07 0919
1SODOC 4.65+0.70 2.73+0.32 255+0.26 0.011*
Corticosterone 79.37 £7.99 1023+ 1767 66.28+9.89 0.157
50-DHC 3.41+0.35 6.80 = 0.49 746 +£1.08 0.002**
DHEA 0.09+ 0.01 0.08 + 0.01 0.07 £ 0.01 0.263
Adione 0.13+0.08 0.11 £ 0.01 0.12+0.06  0.985
Testosterone 0.59+0.44 0.59+0.50 1.08+0.58 0.732
3050-THT 0.14£0.09 0.12 £ 0.09 0.18+0.08 0.888
3B50-THT 0.04 £ 0.03 0.02 £ 0.02 0.05+0.02 0.647
Estradiol 0.005+0.002 0.005+0.001 0.007 +£0.003 0.871

mTBI, mild traumatic brain injury; 5¢-DHP, 5a-dihydroprogesterone;
ALLOPREG, allopregnanolone; ISOPREG, isopregnanolone; 200-DHP, 20a-
dihydroprogesterone; 3050¢200-HHP, 305x200-hexahydroprogesterone;
3850200-HHP, 3/50200-hexahydroprogesterone; 5¢200-THP, 50200~
tetrahydroprogesterone; DOC, deoxycorticosterone; THDOC, 3o50-tetrahydro-
deoxycorticosterone; 1SODOC, 3f35a-tetrahydrodeoxycorticosterone; 50-DHC,
5a-dihydrocorticosterone; DHEA, dehydroepiandrosterone; Adione,
androstenedione; 3a50-THT, 3o5a-tetrahydrotestosterone; 3[£5x-THT,
3p5a-tetrahydrotestosterone. *p < 0.05, **p < 0.01.

GFAP staining in the corpus callosum and hippocampus
was not different between groups (data not shown).
Intensity for the microglial protein ibal was not changed
in the cortex (Fig. 3D and E, bottom row), hippocampus,
or striatum (data not shown).

mTBI caused significant changes in brain

neurosteroid levels

All measured neurosteroid levels in the brain are
shown in Table 1. Progesterone was not significantly
different when compared with the control (Fig. 4A,
top row). Whereas ALLOPREG and 3o5x200-HHP
showed no significant differences between groups,
their 3f-counterparts ISOPREG and 35x200-HHP
showed significantly reduced levels for the 6 and 24 h
groups when compared with naive (Fig. 4a, bottom
row; p < 0.05). The neurosteroid THDOC showed
no significant difference after mTBI while its 33-epimer ISO-
DOC was significantly reduced in the 6 and 24 h groups
compared with the naive (Fig. 4B, bottom row; p < 0.05).

mTBI caused significant changes in plasma
neurosteroid levels

All measured neurosteroid levels in plasma are shown
in Table 2. Progesterone, ALLOPREG, and ISOPREG

45

were not significantly altered after mTBI (Fig. 5A).
THDOC was significantly reduced in the 6 h group
(Fig. 5B, middle row; p < 0.05), while ISODOC was
significantly reduced in both the 6 and 24 h groups
compared with the control (Fig. 5B, bottom row; p <
0.01 and p < 0.05).

Neurosteroids more abundant in brain than in plasma
We calculated the brain—plasma ratio to evaluate the
relative abundance of neurosteroids in the brain. Val-
ues greater than 1 indicated more abundance in brain
while values less than 1 indicated more abundance in
plasma (Fig. 6). Progesterone and its reduced metabo-
lites were more abundant in the brain than plasma,
except for ALLOPREG, 305¢200-HHP, and 3 50200-
HHP, which had approximately equal concentrations
in brain and plasma (Fig. 6A). The DOC derivatives,
on the contrary, had equal brain-plasma ratios, apart
from DOC and THDOC, which were more abundant
in the brain than in plasma (Fig. 6B). Taken together,
the majority of neurosteroids were found in greater or
equal ratios in brain than in plasma.

Discussion

Our study investigated the impact of mTBI on neuro-
steroid levels in the brain and plasma of male mice.
We observed that mTBI led to significantly reduced
neurosteroid levels in brain and plasma, even in the
absence of gross brain pathology. More specifically,
we noted that the concentration of 3f-pregnanes such
as ISOPREG, 3f50200-HHP, and ISODOC were
reduced in brain while THDOC and ISODOC levels
were reduced in plasma. Because these neurosteroids
(except THDOC) are catalyzed by the same 3f-
hydroxysteroid oxidoreductase (3-HSOR) enzyme,'®*’
and because they also modulate GABA, receptors
(except 3450200-HHP),*>?! our results do not only
identify ISODOC to be a potential diagnostic blood
biomarker for mTBI but also highlight a possible
mechanism of how neurosteroids may be involved in
the pathophysiology of mTBI.

Our study utilized a murine model of weight drop
that combines impact with rotational acceleration.
Animal models of TBI are important for delineating
various aspects of the injury cascade, which may be
difficult or nearly impossible to examine in a patient
population.”® We reported physiological or functional
alterations after mTBI but no gross pathology such as
skull fracture, edema, or hemorrhage. We observed
astrogliosis in the cortex, the brain region located
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.

Steroid and neurosteroid levels in brain after mild traumatic brain injury (mTBI), measured by
gas chromatography-tandem mass spectrometry (GC-MS/MS) in naive mice (n = 6), mTBI mice at 6 h (n = 6),
and 24 h (n = 6). (A) Concentrations of progesterone and reduced metabolites. (B) Concentrations of deoxy-
corticosterone (DOC) and reduced metabolites. 3x50200-HHP, 3050200-hexahydroprogesterone; 35x200-
HHP, 3850200-hexahydroprogesterone. Mean + SEM. *p < 0.05 vs. naive; *p < 0.05 vs. TBI 6 h.

7

directly underneath the impact site, 24 h after
mTBI. Areas further away from the impact site
showed no gliosis. Microglial reactivity was not
changed in any of the investigated brain regions.
These data suggest that the activation of astrocytes
after mTBI may precede microglial activation and
may thus be the first agent of neuroinflammation.

Chronic TBI studies suggest that microglial activa-
tion persist while astrogliosis recedes. Our weight
drop model is clinically relevant as it mirrors a
population of patients with normal structural neu-
roimaging after mTBI, which may still experience
acute symptoms and are at risk for developing
chronic symptoms later on.”"?
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Table 2. Steroid and Neurosteroid Levels in Plasma After mTBI

Neurosteroid Naive TBI 6 h TBI 24 h p value
Pregnenolone 1.20+0.16 0.66+0.12 1.03+0.21 0.103
Progesterone 1.27 £0.43 0.53+0.16 1.37 £0.44 0.234
50-DHP 13.79 £ 1.00 14.14 £ 0.91 12.04 £ 0.91 0.260
ALLOPREG 3.10+ 0.40 294+ 0.21 3.26+0.34 0.785
ISOPREG 0.22 +0.05 0.15+ 0.03 0.23 £ 0.07 0.490
200-DHP 0.33+£0.01 0.24 + 0.06 0.23+0.144 0.766
3050:200-HHP 0.83 +0.04 0.73+0.14 0.81+0.203 0.866
3550200-HHP 0.19+ 0.04 0.14+0.03 0.13+0.023 0.278
50200-THP 0.56 + 0.20 0.49+0.12 0.80+0.215 0.468
DOC 0.23+0.17 1.01£0.78 0.16 £ 0.103 0.380
THDOC 0.76 £ 0.16 0.35+0.06 0.39 + 0.091 0.038*
1ISODOC 2.10+0.47 0.61+0.21 0.73+£0.171 0.004**
Corticosterone 116.50 £ 15.12 245,90 + 80.59 262.50 +70.79 0.228
50-DHC 4.45 £ 0.99 20.10 £ 847 15.74 £ 3.53 0.135
DHEA 0.01 £ 0.05 0.06 + 0.01 0.07 £ 0.014 0.634
Adione 0.18+0.14 0.17 £ 0.09 0.14+£ 0.043 0.947
Testosterone 0.94+0.77 1.32+£0.70 0.68 + 0.608 0.810
3050-THT 0.15+0.09 0.27 £ 0.08 0.11 £ 0.065 0.404
3p50-THT 0.19+0.11 0.24 + 0.09 0.11 £ 0.077 0.632
estradiol 0.020 = 0.010 0.030 £ 0.010 0.003 £+ 0.001 0.368

mTBI, mild traumatic brain injury; 50-DHP, 5a-dihydroprogesterone; ALLOPREG, allopregnanolone; ISOPREG, isopregnanolone; 20x-DHP, 200~
dihydroprogesterone; 3a50200-HHP, 325020a-hexahydroprogesterone; 35020a-HHP, 350200-hexahydroprogesterone; 50¢20a-THP, 5x¢200-tetra-
hydroprogesterone; DOC, deoxycorticosterone; THDOC, 3u5a-tetrahydrodeoxycorticosterone; ISODOC, 3f5a-tetrahydrodeoxycorticosterone; 50-
DHC, 5a-dihydrocorticosterone; DHEA, dehydroepiandrosterone; Adione, androstenedione; 3u50-THT, 3a5a-tetrahydrotestosterone; 3f50-THT,

3f5a-tetrahydrotestosterone. *p < 0.05, **p < 0.01.

When compared with control, mice with mTBI
showed an increase in wake-up time from anesthesia,
which suggests loss of consciousness during anesthe-
sia. Whereas loss of consciousness is not a strict
requirement for the diagnosis of mTBI in humans, it
is nevertheless important in our study as it confirms
immediately that an mTBI has indeed taken place.
The wake-up time is not to be confused with sponta-
neous righting reflex since wake-up time also incor-
porates motor behavior. Seeing that spontaneous
recovery may occur without cortical activity, the
wake-up time involving motor behavior is a more
robust measure of arousal.”> NSS testing showed no
anxiety or balance deficits in the injured group when
compared with the control while 1 m beam walk test-
ing showed a transient delay in crossing the beam
after mTBI. This confirms that loss of consciousness
may occur following mTBI with little or no accompa-
nying acute neuropathology.’®**>*>> Although our
findings may seem to corroborate reports regarding
mTBI mostly as a disorder of function rather than
structure,”® advanced neuroimaging such as diffu-
sion tensor and kurtosis imaging have already chal-
lenged this view.’>*”*®* mTBI may thus be more
accurately assessed as a disorder including cognitive
as well as microstructural alterations, rather than an
isolated paradigm.

Following mTBI, there was a significant reduction
in brain levels of ISOPREG, 3f,5%,200-HHP, and
ISODOC at 6 and 24 h. Since they are all catalyzed by
the same enzyme, this finding suggests that mTBI
may result in the downregulation of one specific
enzyme. An earlier study showed that an isotype of
3p-HSOR, 3p-hydroxysteroid dehydrogenase, had
significantly reduced mRNA expression in rat brain
after bilateral contusion TBL> Furthermore, ISO-
PREG and ISODOC are implicated in neuronal
(hyper-)excitability by directly antagonizing GABA
receptors,”> which seems highly likely in our study
since  ALLOPREG and THDOC levels remain
unchanged. We thus propose that enzymatic down-
regulation of 3f-HSOR and direct disinhibition of
GABAergic neuronal inhibition may be possible
mechanisms of mTBI, or a potential cerebroprotective
mechanism by a GABAergic response upregulation.
Our rationale is in line with a study that reported a
significant reduction in ISOPREG levels after TBI in
female mice.’® Reduction of brain ISOPREG levels,
however, do not seem to be a general indicator of
brain injury since ISOPREG levels increased in the
cerebral cortex of mice after experimental stroke®®
and chronic experimental autoimmune encephalomy-
elitis.®® Hence, reduction of brain ISOPREG levels seem
to be rather specific for mTBL
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FIG. 5. Steroid and neurosteroid levels in plasma after mild traumatic brain injury (mTBI), measured
by gas chromatography-tandem mass spectrometry (GC-MS/MS) in naive mice (n = 6), mTBI mice at 6 h
(n =6), and 24 h (n = 6). (A) Concentrations of progesterone and reduced metabolites. (B)
Concentrations of deoxycorticosterone (DOC) and reduced metabolites. 3¢50200-HHP, 3050200-hexahy-
droprogesterone; 350200-HHP, 355x20a-hexahydroprogesterone. Mean = SEM. *p < 0.05 vs. naive;
**p < 0.01 vs. naive.

In plasma, however, THDOC is reduced 6 h after
mTBI and ISODOC is reduced both at 6 and 24 h
after mTBI. We suggest that ISODOC acts as a nega-
tive allosteric modulator of the GABA, receptor
because THDOC is simultaneously affected. Reduc-
tion of ISODOC levels even at 24 h may stimulate the

action of the GABA, receptor leading to increased
neuronal GABAergic inhibition. Our result is in con-
trast to a study that showed a threefold increase in
plasma THDOC levels during stress,®" thus reinforc-
ing the idea that mTBI may influence neurosteroid
response quite differently from stroke or stress. Since


http://online.liebertpub.com/doi/10.1089/neur.2024.0151

Umeasalugo et al.; Neurotrauma Reports 2025, 6.1
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

49

A B / \
PROGESTERONE DIHYDRO-PROG DOC
10 10+ o
2 -
e [
© O ©
£ £ o
s 2 5| o3
o o -
o E=]
naive TBI 6hr TBI 24hr . naive TBI 6hr TBI 24hr naive TBI 6hr TBI 24hr
ALLOPREG 3a5a20a-HHP THDOC
104 10+ 10+
2 g g
e d e
© © ©
£ £ £
8 5+ 8 5 2 5 2 o
o [ [}
£ £ £
© o
£ & o g o g
0_
naive TBI 6hr TBI 24hr naive  TBI 6hr TBI 24hr naive TBI 6hr TBI 24hr
ISOPREG 3p5a20a-HHP ISODOC
151 o 10+ 10+ o (e}
10 [e]
o 10 1 ° o
z -]
E ol S B
S 5 28 e
£ 4] |o £ < 2
©
£ ole £ g ol
Jo.Cf.
T 0
naive TBI6hr TBI 24hr naive  TBI 6hr TBI 24hr

T
naive TBI6hr TBI z4hr/

/

.

FIG. 6. Brain—plasma ratio of neurosteroids after mild traumatic brain injury (mTBI). Dotted line signifies
equal brain-plasma ratio. DOC, deoxycorticosterone; 3050¢20a-HHP, 30¢54200-hexahydroprogesterone;
35x200-HHP, 35x200-hexahydroprogesterone. Mean + SEM.

7

acute stress may increase neurosteroid levels while
chronic stress leads to significant downregulation, our
data suggest a peculiar mechanism of mTBI with respect
to neurosteroid levels.

Finally, we calculated the brain-plasma neuroste-
roid ratio after mTBI. We observed that most preg-
nane neurosteroids including ISOPREG and
ISODOC were more abundant in the brain than
plasma, signifying a major local neurosteroid

activity in the brain and minimal influence from sys-
temic circulation.'® For ALLOPREG and 3/50200-
HHP, the brain levels were equal with plasma levels,
suggesting possible systemic influence, especially for
the former, which is a key player in the HPA axis
response.®>®’

Being able to measure neurosteroid changes in
plasma is critical for possible biomarker studies, thus the

optimal neurosteroid biomarker should be easily
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measurable in plasma as well as mirror the concentra-
tion in the brain. In our study, reduced ISODOC lev-
els in brain after mTBI are simultaneously reflected
in the plasma at both 6 and 24 h. Because ISODOC
appears more abundantly in the brain than in plasma,
it is most likely of cerebral origin. Further evaluation
is needed in order to effectively characterize ISODOC
as a potential diagnostic mTBI biomarker.
Limitations of the study include use of male mice
only, lack of longitudinal neurosteroid measurements,
and use of entire cerebral hemispheres for analysis.
First, we used only male mice to keep away the con-
founding factors of hormonal cycle changes in females,
thus requiring further studies including female mice.
Second, we did not perform longitudinal neurosteroid
measurements using the same animals because we
had to harvest the brains simultaneously. This aff-
orded us the opportunity to compare local neuroste-
roid activity with systemic neurosteroid response.
After this screening process, we plan simultaneous
longitudinal measurements where only the plasma
would be collected intermittently. A final limitation
was that we used the entire hemispheres for neuro-
steroid analysis, which did not allow us to investi-
gate region-specific differences in brain neurosteroid
levels. The high sensitivity inherent to the GC-MS/MS
technology, down to the attomole, will permit us to
investigate specific brain structures in the future.

Conclusions

Our study showed that the neurosteroids ISOPREG
and ISODOC, which are both synthetized by 3p-
HSOR, are significantly reduced in the brain acutely
after experimental mTBI. In plasma, ISODOC levels
are reduced also. Hence, we identified the enzyme 3 /-
HSOR to be specifically downregulated by mTBI and
its product, ISODOC, as a potential diagnostic plasma
biomarker for mTBIL

Transparency, Rigor, and Reproducibility Statement

All experiments in our study adhered to the protocols
approved by the Government of Upper Bavaria. This
included the choice of species and sex, randomization
and blinding, and group size calculation. Accordingly,
33 male wild-type C57Bl/6N mice were used in our
study—15 mice were randomized into sham (n = 7)
and mTBI (n = 8) for neurobehavioral testing (NSS
and 1 m beam walk) while 18 mice were randomized
into naive, 6 h-mTBI, and 24 h-mTBI groups for neu-
rosteroid analysis (n = 6 per group). Randomization
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was done using an online randomizing tool (https://
www.randomizer.org). mTBI was administered by
dropping a steel cylinder of 90 g on the head of a
briefly anesthetized mouse (5% isoflurane in 1 L/min
room air for 70 sec) and time until wake up from
anesthesia was assessed. Afterward, the mice were
sacrificed and brains and plasma collected for neuro-
steroid analysis using the highly specific gas chroma-
tography (Trace 1310 GC) coupled to tandem mass
spectrometer (TSQ 8000 MS/MS). All brain and
plasma samples were obtained by the experimenter.
We plan further experiments using female mice. This
article will be published under a Creative Commons
Open Access license and will be freely available upon
publication.

Acknowledgment
The authors thank the European Research Council
(ERC) for supporting the current study.

Authors’ Contributions

Conception or design of the study: K.E.U., M.S,
L.K.K.,, and N.P. Acquisition, analysis, or interpreta-
tion of the data: K.E.U., I.K,, LK.K,, and N.P. Drafting
the article or revising it critically for important intel-
lectual content: all authors. All authors gave final
approval of the current article version to be published
and agree to be accountable for all aspects of the work
in ensuring that questions related to the accuracy or
integrity of any part of the work are appropriately
investigated and resolved.

Author Disclosure Statement
There are no disclosures.

Funding Information
This work is supported by the European Research
Council (ERC) starting grant 804326 to I.K. and N.P.

Supplementary Material
Supplementary Figure S1

References

1. Dewan MC, Rattani A, Gupta S, et al. Estimating the global incidence of
traumatic brain injury. J Neurosurg 2019;130(4):1080-1097; doi: 10
.3171/2017.10.Jns17352

2. James SL, Theadom A, Ellenbogen RG, et al. Global, regional, and national
burden of traumatic brain injury and spinal cord injury, 1990-2016: A sys-
tematic analysis for the Global Burden of Disease Study 2016. Lancet Neu-
rol 2019;18(1):56-87; doi: 10.1016/51474-4422(18)30415-0

3. Cassidy JD, Carroll LJ, Peloso PM, et al; WHO Collaborating Centre Task
Force on Mild Traumatic Brain Injury. Incidence, risk factors and preven-
tion of mild traumatic brain injury: Results of the WHO collaborating


https://www.randomizer.org
https://www.randomizer.org
http://dx.doi.org/10.3171/2017.10.Jns17352
http://dx.doi.org/10.3171/2017.10.Jns17352
http://dx.doi.org/10.1016/S1474-4422(18)30415-0
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

Umeasalugo et al.; Neurotrauma Reports 2025, 6.1
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

20.

21

centre task force on mild traumatic brain injury. J Rehabil Med 2004
(43 Suppl):28-60; doi: 10.1080/16501960410023732

. Holm L, Cassidy JD, Carroll LJ, et al; Neurotrauma Task Force on Mild

Traumatic Brain Injury of the WHO Collaborating Centre. Summary of
the WHO collaborating centre for neurotrauma task force on mild trau-
matic brain injury. J Rehabil Med 2005;37(3):137-141; doi: 10.1080/
16501970510027321

. Shaw NA. The neurophysiology of concussion. Prog Neurobiol 2002;

67(4):281-344; doi: 10.1016/50301-0082(02)00018-7

. Kraus JF, Nourjah P. The epidemiology of mild, uncomplicated brain

injury. J Trauma 1988;28(12):1637-1643; doi: 10.1097/00005373-
198812000-00004

. Sigurdardottir S, Andelic N, Roe C, et al. Post-concussion symptoms

after traumatic brain injury at 3 and 12 months post-injury: A Prospec-
tive Study. Brain Inj 2009;23(6):489-497; doi: 10.1080/
02699050902926309

. Nelson LD, Temkin NR, Dikmen S, et al; and the TRACK-TBI Investigators.

Recovery after mild traumatic brain injury in patients presenting to US
Level | trauma centers: A Transforming Research and Clinical Knowledge
in Traumatic Brain Injury (TRACK-TBI) Study. JAMA Neurol 2019;76(9):
1049-1059; doi: 10.1001/jamaneurol.2019.1313

. Coffeng SM, Abdulle AE, van der Horn HJ, et al. Good health-related

quality of life in older patients one year after mTBI despite incomplete
recovery: An indication of the disability paradox? J Clin Med 2024;13(9):
2655.

. Carroll EL, Outtrim JG, Forsyth F, et al. Mild traumatic brain injury recov-

ery: A growth curve modelling analysis over 2 years. J Neurol 2020;
267(11):3223-3234; doi: 10.1007/500415-020-09979-x

. Ledoux AA, Webster RJ, Clarke AE, et al. Risk of mental health problems

in children and youths following concussion. JAMA Netw Open 2022;
5(3):2221235; doi: 10.1001/jamanetworkopen.2022.1235

. Gornall A, Takagi M, Morawakage T, et al. Mental health after paediatric

concussion: A systematic review and meta-analysis. Br J Sports Med
2021;55(18):1048-1058; doi: 10.1136/bjsports-2020-103548

. Delmonico RL, Tucker LY, Theodore BR, et al. Mild traumatic brain inju-

ries and risk for affective and behavioral disorders. Pediatrics 2024;
153(2); doi: 10.1542/peds.2023-062340

. van der Sluijs R, Lokerman RD, Waalwijk JF, et al; Pre-hospital Trauma

Triage Research Collaborative (PTTRC). Accuracy of pre-hospital trauma
triage and field triage decision rules in children (P2-T2 study): An obser-
vational study. Lancet Child Adolesc Health 2020;4(4):290-298; doi: 10
.1016/52352-4642(19)30431-6

. Alsuwais S, Alqurashi N, Body R, et al. Interobserver reliability and diag-

nostic accuracy of prehospital triage for identifying traumatic brain
injury in paediatric patients: A systematic review. Childs Nerv Syst 2024;
40(3):813-821; doi: 10.1007/500381-023-06144-3

. Marx CE, Naylor JC, Kilts JD, et al. Neurosteroids and traumatic brain

injury: translating biomarkers to therapeutics; overview and pilot inves-
tigations in Irag and Afghanistan Era veterans. In: Frontiers in Neuro-
science. (Laskowitz D, Grant G, eds.) CRC Press/Taylor and Francis
Group; 2016.

. Umminger LF, Rojczyk P, Seitz-Holland J, et al. White matter microstruc-

ture is associated with serum neuroactive steroids and psychological
functioning. J Neurotrauma 2023;40(7-8):649-664; doi: 10.1089/neu
.2022.0111

. Meffre D, Pianos A, Liere P, et al. Steroid profiling in brain and plasma of

male and pseudopregnant female rats after traumatic brain injury: Anal-
ysis by gas chromatography/mass spectrometry. Endocrinology 2007;
148(5):2505-2517; doi: 10.1210/en.2006-1678

. Borowicz KK, Piskorska B, Banach M, et al. Neuroprotective actions of

neurosteroids. Front Endocrinol (Lausanne) 2011;2:50; doi: 10.3389/
fendo.2011.00050

VanLandingham JW, Cekic M, Cutler S, et al. Neurosteroids reduce
inflammation after TBI through CD55 induction. Neurosci Lett 2007;
425(2):94-98; doi: 10.1016/j.neulet.2007.08.045

. Guennoun R, Labombarda F, Gonzalez Deniselle MC, et al. Progesterone

and allopregnanolone in the central nervous system: Response to injury
and implication for neuroprotection. J Steroid Biochem Mol Biol 2015;
146:48-61; doi: 10.1016/j.jsbmb.2014.09.001

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

51

Robertson CL, Fidan E, Stanley RM, et al. Progesterone for neuroprotec-
tion in pediatric traumatic brain injury. Pediatr Crit Care Med 2015;
16(3):236-244; doi: 10.1097/pcc.0000000000000323

Yilmaz C, Karali K, Fodelianaki G, et al. Neurosteroids as regulators of
neuroinflammation. Front Neuroendocrinol 2019;55:100788; doi: 10
.1016/j.yfrne.2019.100788

Cutler SM, Cekic M, Miller DM, et al. Progesterone improves acute recov-
ery after traumatic brain injury in the aged rat. J Neurotrauma 2007;
24(9):1475-1486; doi: 10.1089/neu.2007.0294

He J, Evans CO, Hoffman SW, et al. Progesterone and allopregnanolone
reduce inflammatory cytokines after traumatic brain injury. Exp Neurol
2004;189(2):404-412; doi: 10.1016/j.expneurol.2004.06.008

Engin E, Treit D. The anxiolytic-like effects of allopregnanolone vary as a
function of intracerebral microinfusion site: The amygdala, medial pre-
frontal cortex, or hippocampus. Behav Pharmacol 2007;18(5-6):461-470;
doi: 10.1097/FBP.0b013e3282d28f6f

Belelli D, Lambert JJ. Neurosteroids: Endogenous regulators of the
GABA(A) receptor. Nat Rev Neurosci 2005;6(7):565-575; doi: 10.1038/
nrn1703

Zhang M, Liu J, Zhou MM, et al. Anxiolytic effects of hippocampal neu-
rosteroids in normal and neuropathic rats with spared nerve injury. J
Neurochem 2017;141(1):137-150; doi: 10.1111/jnc.13965

Carver CM, Reddy DS. Neurosteroid interactions with synaptic and
extrasynaptic GABA(A) receptors: Regulation of subunit plasticity, pha-
sic and tonic inhibition, and neuronal network excitability. Psychophar-
macology (Berl) 2013;230(2):151-188; doi: 10.1007/500213-013-3276-5
Backstrom T, Bengtsson SKS, Sjostedt J, et al. Isoallopregnanolone inhib-
its estrus cycle-dependent aggressive behavior. Biomolecules 2023;
13(6); doi: 10.3390/biom13061017

Bukanova J, Solntseva E, Kondratenko R, et al. Epipregnanolone as a
positive modulator of GABAA receptor in rat cerebellar and hippocam-
pus neurons. Biomolecules 2021;11(6):791.

Backstrom T, Wahlstrom G, Wahlstrom K, et al. Isoallopregnanolone; an
antagonist to the anaesthetic effect of allopregnanolone in male rats.
Eur J Pharmacol 2005;512(1):15-21; doi: 10.1016/j.ejphar.2005.01.049
Wang M, He Y, Eisenman LN, et al. 3beta -hydroxypregnane steroids are
pregnenolone sulfate-like GABA(A) receptor antagonists. J Neurosci
2002;22(9):3366-3375; doi: 10.1523/JNEUROSCI.22-09-03366.2002
Caruso D, Barron AM, Brown MA, et al. Age-related changes in neuroac-
tive steroid levels in 3xTg-AD mice. Neurobiol Aging 2013;34(4):
1080-1089; doi: 10.1016/j.neurobiolaging.2012.10.007

Melcangi RC, Caruso D, Levandis G, et al. Modifications of neuroactive
steroid levels in an experimental model of nigrostriatal degeneration:
Potential relevance to the pathophysiology of Parkinson’s disease. J Mol
Neurosci 2012;46(1):177-183; doi: 10.1007/5s12031-011-9570-y

Zhu X, Frechou M, Liere P, et al. A role of endogenous progesterone in
stroke cerebroprotection revealed by the neural-specific deletion of its
intracellular receptors. J Neurosci 2017;37(45):10998-11020; doi: 10
.1523/JNEUROSCI.3874-16.2017

Gray SL, Soma KK, Duncan KA. Steroid profiling in brain and plasma of
adult zebra finches following traumatic brain injury. J Neuroendocrinol
2022;34(6):e13151; doi: 10.1111/jne.13151

Lopez-Rodriguez AB, Acaz-Fonseca E, Giatti S, et al. Correlation of brain
levels of progesterone and dehydroepiandrosterone with neurological
recovery after traumatic brain injury in female mice. Psychoneuroen-
docrinology 2015;56:1-11; doi: 10.1016/j.psyneuen.2015.02.018
Lopez-Rodriguez AB, Acaz-Fonseca E, Spezzano R, et al. Profiling neuro-
active steroid levels after traumatic brain injury in male mice. Endocri-
nology 2016;157(10):3983-3993; doi: 10.1210/en.2016-1316

Wright DW, Kellermann AL, Hertzberg VS, et al. ProTECT: A randomized
clinical trial of progesterone for acute traumatic brain injury. Ann Emerg
Med 2007;49(4):391-402, e1-2; doi: 10.1016/j.annemergmed.2006.07
932

Xiao G, Wei J, Yan W, et al. Improved outcomes from the administration
of progesterone for patients with acute severe traumatic brain injury: A
randomized controlled trial. Crit Care 2008;12(2):R61; doi: 10.1186/
cc6887

Aminmansour B, Nikbakht H, Ghorbani A, et al. Comparison of the
administration of progesterone versus progesterone and vitamin D in
improvement of outcomes in patients with traumatic brain injury: A


http://dx.doi.org/10.1080/16501960410023732
http://dx.doi.org/10.1080/16501970510027321
http://dx.doi.org/10.1080/16501970510027321
http://dx.doi.org/10.1016/s0301-0082(02)00018-7
http://dx.doi.org/10.1097/00005373-198812000-00004
http://dx.doi.org/10.1097/00005373-198812000-00004
http://dx.doi.org/10.1080/02699050902926309
http://dx.doi.org/10.1080/02699050902926309
http://dx.doi.org/10.1001/jamaneurol.2019.1313
http://dx.doi.org/10.1007/s00415-020-09979-x
http://dx.doi.org/10.1001/jamanetworkopen.2022.1235
http://dx.doi.org/10.1136/bjsports-2020-103548
http://dx.doi.org/10.1542/peds.2023-062340
http://dx.doi.org/10.1016/S2352-4642(19)30431-6
http://dx.doi.org/10.1016/S2352-4642(19)30431-6
http://dx.doi.org/10.1007/s00381-023-06144-3
http://dx.doi.org/10.1089/neu.2022.0111
http://dx.doi.org/10.1089/neu.2022.0111
http://dx.doi.org/10.1210/en.2006-1678
http://dx.doi.org/10.3389/fendo.2011.00050
http://dx.doi.org/10.3389/fendo.2011.00050
http://dx.doi.org/10.1016/j.neulet.2007.08.045
http://dx.doi.org/10.1016/j.jsbmb.2014.09.001
http://dx.doi.org/10.1097/pcc.0000000000000323
http://dx.doi.org/10.1016/j.yfrne.2019.100788
http://dx.doi.org/10.1016/j.yfrne.2019.100788
http://dx.doi.org/10.1089/neu.2007.0294
http://dx.doi.org/10.1016/j.expneurol.2004.06.008
http://dx.doi.org/10.1097/FBP.0b013e3282d28f6f
http://dx.doi.org/10.1038/nrn1703
http://dx.doi.org/10.1038/nrn1703
http://dx.doi.org/10.1111/jnc.13965
http://dx.doi.org/10.1007/s00213-013-3276-5
http://dx.doi.org/10.3390/biom13061017
http://dx.doi.org/10.1016/j.ejphar.2005.01.049
http://dx.doi.org/10.1523/JNEUROSCI.22-09-03366.2002
http://dx.doi.org/10.1016/j.neurobiolaging.2012.10.007
http://dx.doi.org/10.1007/s12031-011-9570-y
http://dx.doi.org/10.1523/JNEUROSCI.3874-16.2017
http://dx.doi.org/10.1523/JNEUROSCI.3874-16.2017
http://dx.doi.org/10.1111/jne.13151
http://dx.doi.org/10.1016/j.psyneuen.2015.02.018
http://dx.doi.org/10.1210/en.2016-1316
http://dx.doi.org/10.1016/j.annemergmed.2006.07.932
http://dx.doi.org/10.1016/j.annemergmed.2006.07.932
http://dx.doi.org/10.1186/cc6887
http://dx.doi.org/10.1186/cc6887
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

Umeasalugo et al.; Neurotrauma Reports 2025, 6.1
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

randomized clinical trial with placebo group. Adv Biomed Res 2012;1:
58; doi: 10.4103/2277-9175.100176

Stein DG. Embracing failure: What the Phase Ill progesterone studies
can teach about TBI clinical trials. Brain Inj 2015;29(11):1259-1272; doi:
10.3109/02699052.2015.1065344

Kane MJ, Angoa-Perez M, Briggs DI, et al. A mouse model of human
repetitive mild traumatic brain injury. J Neurosci Methods 2012;203(1):
41-49; doi: 10.1016/j.jneumeth.2011.09.003

Mao X, Terpolilli NA, Wehn A, et al. Progressive histopathological dam-
age occurring up to one year after experimental traumatic brain injury
is associated with cognitive decline and depression-like behavior. J Neu-
rotrauma 2020;37(11):1331-1341; doi: 10.1089/neu.2019.6510

Terpolilli NA, Kim SW, Thal SC, et al. Inhaled nitric oxide reduces second-
ary brain damage after traumatic brain injury in mice. J Cereb Blood
Flow Metab 2013;33(2):311-318; doi: 10.1038/jcbfm.2012.176

Ghosh M, Balbi M, Hellal F, et al. Pericytes are involved in the pathoge-
nesis of cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy. Ann Neurol 2015;78(6):887-900; doi:
10.1002/ana.24512

Liere P, Pianos A, Eychenne B, et al. Novel lipoidal derivatives of preg-
nenolone and dehydroepiandrosterone and absence of their sulfated
counterparts in rodent brain. J Lipid Res 2004;45(12):2287-2302; doi: 10
.1194/jIr.M400244-JLR200

Melcangi RC, Giatti S, Calabrese D, et al. Levels and actions of progester-
one and its metabolites in the nervous system during physiological and
pathological conditions. Prog Neurobiol 2014;113:56-69; doi: 10.1016/j
.pneurobio.2013.07.006

Wiegand TLT, Sollmann N, Bonke EM, et al. Translational neuroimaging
in mild traumatic brain injury. J Neurosci Res 2022;100(5):1201-1217;
doi: 10.1002/jnr.24840

Aubry M, Cantu R, Dvorak J, et al; Concussion in Sport (CIS) Group. Sum-
mary and agreement statement of the 1st International Symposium on
Concussion in Sport, Vienna 2001. Clin J Sport Med 2002;12(1):6-11;
doi: 10.1097/00042752-200201000-00005

McCrory P, Johnston K, Meeuwisse W, et al. Summary and agreement
statement of the 2nd International Conference on Concussion in Sport,
Prague 2004. Br J Sports Med 2005;39(Suppl 1):i78-i86; doi: 10.1136/
bjsm.2005.018614

Gao S, Calderon DP. Robust alternative to the righting reflex to assess arousal
in rodents. Sci Rep 2020;10(1):20280; doi: 10.1038/541598-020-77162-3

Main BS, Sloley SS, Villapol S, et al. A mouse model of single and repeti-
tive mild traumatic brain injury. J Vis Exp 2017(124); doi: 10.3791/55713
Dunn C, Sturdivant N, Venier S, et al. Blood-brain barrier breakdown
and astrocyte reactivity evident in the absence of behavioral changes

56.

57.

58.

59.

60.

61.

62.

63.

52

after repeated traumatic brain injury. Neurotrauma Rep 2021;2(1):
399-410; doi: 10.1089/neur.2021.0017

Harmon KG, Drezner JA, Gammons M, et al. American medical society
for sports medicine position statement: Concussion in sport. Br J Sports
Med 2013;47(1):15-26; doi: 10.1136/bjsports-2012-091941

Kikinis Z, Muehlmann M, Pasternak O, et al. Diffusion imaging of mild
traumatic brain injury in the impact accelerated rodent model: A Pilot
Study. Brain Inj 2017;31(10):1376-1381; doi: 10.1080/02699052.2017
1318450

Koerte IK, Hufschmidt J, Muehlmann M, et al. Advanced neuroimaging
of mild traumatic brain injury. In: Translational Research in Traumatic
Brain Injury. (Laskowitz D, Grant G, eds.). CRC Press/Taylor and Francis
Group: Boca Raton (FL); 2016. Frontiers in Neuroscience.

Meffre D, Delespierre B, Gouezou M, et al. 3beta-Hydroxysteroid
dehydrogenase/5-ene-4-ene isomerase mRNA expression in rat brain:
Effect of pseudopregnancy and traumatic brain injury. J Steroid Bio-
chem Mol Biol 2007;104(3-5):293-300; doi: 10.1016/j.jsbmb.2007.03.003
Caruso D, D'Intino G, Giatti S, et al. Sex-dimorphic changes in neuroac-
tive steroid levels after chronic experimental autoimmune encephalo-
myelitis. J Neurochem 2010;114(3):921-932; doi: 10.1111/j.1471-4159
.2010.06825.x

Reddy DS, Rogawski MA. Stress-induced deoxycorticosterone-derived
neurosteroids modulate GABA(A) receptor function and seizure suscep-
tibility. J Neurosci 2002;22(9):3795-3805; doi: 10.1523/JNEUROSCI.22-
09-03795.2002

Barbaccia ML, Serra M, Purdy RH, et al. Stress and neuroactive steroids.
Int Rev Neurobiol 2001;46:243-272; doi: 10.1016/50074-7742(01)46065-x
Crowley SK, Girdler SS. Neurosteroid, GABAergic and hypothalamic pitu-
itary adrenal (HPA) axis regulation: What is the current state of knowl-
edge in humans? Psychopharmacology (Berl) 2014;231(17):3619-3634;
doi: 10.1007/500213-014-3572-8

Cite this article as: Umeasalugo KE, Khalin |, Seker B, et al. Mild TBI
changes brain and plasma neurosteroid levels in mice, Neurotrauma
Reports 2025:6 (1): 39-52, doi: 10.1089/neur.2024.0151.
J
4 Abbreviations Used )
HPLC = high-performance liquid chromatography
mTBI = mild traumatic brain injury
SEM = standard error of the mean
GFAP = glial fibrillary acidic protein
\§ J
~

Publish in Neurotrauma Reports

SFotralina = Immediate, unrestricted online access
S = Rigorous peer review

= Compliance with open access mandates

= Authors retain copyright

= Highly indexed

= Targeted email marketing

liebertpub.com/neur


http://dx.doi.org/10.4103/2277-9175.100176
http://dx.doi.org/10.3109/02699052.2015.1065344
http://dx.doi.org/10.1016/j.jneumeth.2011.09.003
http://dx.doi.org/10.1089/neu.2019.6510
http://dx.doi.org/10.1038/jcbfm.2012.176
http://dx.doi.org/10.1002/ana.24512
http://dx.doi.org/10.1194/jlr.M400244-JLR200
http://dx.doi.org/10.1194/jlr.M400244-JLR200
http://dx.doi.org/10.1016/j.pneurobio.2013.07.006
http://dx.doi.org/10.1016/j.pneurobio.2013.07.006
http://dx.doi.org/10.1002/jnr.24840
http://dx.doi.org/10.1097/00042752-200201000-00005
http://dx.doi.org/10.1136/bjsm.2005.018614
http://dx.doi.org/10.1136/bjsm.2005.018614
http://dx.doi.org/10.1038/s41598-020-77162-3
http://dx.doi.org/10.3791/55713
http://dx.doi.org/10.1089/neur.2021.0017
http://dx.doi.org/10.1136/bjsports-2012-091941
http://dx.doi.org/10.1080/02699052.2017.1318450
http://dx.doi.org/10.1080/02699052.2017.1318450
http://dx.doi.org/10.1016/j.jsbmb.2007.03.003
http://dx.doi.org/10.1111/j.1471-4159.2010.06825.x
http://dx.doi.org/10.1111/j.1471-4159.2010.06825.x
http://dx.doi.org/10.1523/JNEUROSCI.22-09-03795.2002
http://dx.doi.org/10.1523/JNEUROSCI.22-09-03795.2002
http://dx.doi.org/10.1016/s0074-7742(01)46065-x
http://dx.doi.org/10.1007/s00213-014-3572-8
http://online.liebertpub.com/doi/10.1089/neur.2024.0151

