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Abstract

In response to cell injury, the danger signal high mobility group box-1 (HMGB) is released, activating macrophages by
binding pattern recognition receptors. We investigated the role of the anti-inflammatory drug minocycline in attenuating
HMGBI translocation, microglial activation, and neuronal injury in a rat model of pediatric traumatic brain injury (TBI).
Post-natal day 17 Sprague-Dawley rats underwent moderate-severe controlled cortical impact (CCI). Animals were
randomized to treatment with minocycline (90 mg/kg, intraperitoneally) or vehicle (saline) at 10 min and 20 h after injury.
Shams received anesthesia and craniotomy. We analyzed HMGBI translocation (protein fractionation and Western
blotting), microglial activation (Iba-1 immunohistochemistry), neuronal death (Fluoro-Jade-B [FJB] immunofluores-
cence), and neuronal cell counts (unbiased stereology). Behavioral assessments included motor and Morris-water maze
testing. Nuclear to cytosolic translocation of HMGBI in the injured brain was attenuated in minocycline versus vehicle-
treated rats at 24h (p<0.001). Treatment with minocycline reduced microglial activation in the ipsilateral cortex,
hippocampus, and thalamus (p <0.05 vs. vehicle, all regions); attenuated neurodegeneration (FJB-positive neurons) at
seven days (p<0.05 vs. vehicle); and increased thalamic neuronal survival at 14 days (naive 22773 + 1012 cells/mm?, CCI
+ vehicle 11753 £464, CCI + minocycline 17047 +524; p <0.001). Minocycline-treated rats demonstrated delayed motor
recovery early after injury but had no injury effect on Morris-water maze whereas vehicle-treated rats performed worse
than sham on the final two days of testing (both p<0.05 vs. vehicle). Minocycline globally attenuated HMGBI1 trans-
location and microglial activation in injured brain in a pediatric TBI model and afforded selective thalamic neuropro-
tection. The HMGB1 translocation and thalamic injury may represent novel mechanistic and regional therapeutic targets
in pediatric TBI.
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Introduction

PEDIATRIC TRAUMATIC BRAIN INJURY (TBI) accounts for more
than 50,000 hospitalizations per year and is a leading cause of
death and permanent disability in children.' The developing brain
appears particularly susceptible to poor outcomes after TBL.>* A
dysregulated immune response observed in children after TBI*®
could result in secondary neuronal injury and contribute to
impaired neurological outcomes in children. Indeed, studies of
post-traumatic neuroinflammation have shown age-dependent dif-
ferences, with increased inflammation observed at the extremes of

age*®7; several markers of neuroinflammation have been associ-
ated with poor outcome in children with severe TBL*>%*

Damage-associated molecular patterns (DAMPs) are molecules
released from dead or stressed cells and are capable of initiating or
propagating an immune response.'® The prototypical DAMP, high
mobility group box-1 (HMGB1), is a nuclear chromatin-binding
protein that may be released to the extracellular space by traumatic
lysis or necrosis, or translocated to cytosol as a result of hyper-
acetylation and subsequently released to extracellular space.

The HMGB1 has been detected in the cerebrospinal fluid (CSF)
of adult'" and pediatric’ patients with severe TBI and appears to be
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an early inflammatory mediator, with peak levels occurring within
the first 72 h of injury."" Extracellular HMGB1 may bind to pattern-
recognition receptors such as Toll-like receptor 4 (TLR4) and
receptor for advanced glycosylation of end products (RAGE), re-
sulting in a pro-inflammatory macrophage or microglial pheno-
type.'? In children with severe TBI, the peak CSF concentration of
HMGBI1 was shown to be inversely proportional to the Glasgow
Outcome Scale (GOS) score at six months.’ Therefore, attenuating
the inflammatory response by attenuating release of HMGB1 may
be a therapeutic target after TBI.

Microglial activation may be reduced with minocycline, a
second-generation tetracycline antibiotic with anti-inflammatory
actions and favorable central nervous system penetration.'> > Stu-
dies of minocycline in adult TBI models have demonstrated reduced
neuroinflammation'*"'® and variable degrees of neuroprotection.'>~"”
Limited studies have been performed testing minocycline in pediatric
TBI models. In a neonatal repetitive injury model, minocycline
demonstrated minimal benefit and potential harm.'® A closed-head
injury model of neonatal TBI evaluating medium-dose minocycline
observed altered microglial gene expression in the treatment group
but did not evaluate functional outcomes."®

The mechanism(s) of minocycline-induced neuroprotection
have not been well established in TBI. Several in vitro and in vivo
studies evaluating ischemia-reperfusion models observed that min-
ocycline reduced translocation and extracellular HMGB1, TLR4,
and RAGE activation and signaling via nuclear factor-xB.2* It is
unclear, however, whether blocking microglial activation and
HMGBI1 translocation acutely after severe TBI in children will im-
prove outcomes by preventing secondary injury, or worsen outcomes
by impeding normal immune-mediated reparative processes.

Using a model of pediatric TBI in post-natal day (PND 17)
Sprague-Dawley rats,”> we administered high-dose minocycline
(90 mg/kg intraperitoneally [ip]) at 10 min and 20 h after controlled
cortical impact (CCI). We observed significant reduction in
HMGBI translocation to cytoplasm, attenuated microglial activa-
tion, reduced neurodegeneration in the thalamus, and improved
spatial memory acquisition.

Methods
Animals and surgical procedures

Studies were approved by the Institutional Animal Care and Use
Committee at the University of Pittsburgh. The PND 17 male
Sprague-Dawley rats (35-40 g) were purchased from Harlan (Ma-
dison, WI) and allowed to acclimate for at least one week before
injury. Animals were housed in litters with their dam in a temperature
controlled room with lighting on a 12 h day/night schedule with dams
having access to standard chow and water ad libitum.

Separate squadrons of rats were used for assessment of HMGB1
translocation (n=3-4/group, 10 rats total), seven day immunohis-
tochemical studies (n=3/group, nine rats total), and functional
outcome and 14 day histological assessment (n=10-11/group, 32
rats total).

The CCI model of TBI was performed as described previously.”
Briefly, animals were anesthetized with 2% isoflurane and 2:1 N,O/O,
blend via nosecone, then placed in a modified stereotactic frame with
ear bars to stabilize the head. Core temperature was maintained
at 37.5-38°C measured via rectal temperature probe. A 6.5-mm di-
ameter craniotomy was performed in the left parietal bone using a
high-speed air drill. The injury was performed for all experiments
using a 6-mm diameter impact tip, velocity of 4 m/sec, depth of
2.5mm, and dwell time of 50 msec. After CCI, the bone flap was
replaced and secured with Koldmount dental cement (Vernon-
Benshoff, Albany, NY). Shams received anesthesia and craniotomy
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without CCI. Pups were allowed to recover in a warmed cubicle and
subsequently transferred back to their dams.

Minocycline treatment

Rats were block randomized after CCI or sham injury to treat-
ment with minocycline or vehicle. Animals randomized to treat-
ment with minocycline (Sigma, St Louis, MO) received 0.9% saline
90 mg/kg ip at 10 min after injury and a second dose of 90 mg/kg ip
at 20 h. Rats randomized to vehicle received an equal volume of
0.9% saline ip at the same time points.

Protein fractionation and Western blotting

At 24 h after injury, PND 17 rats were anesthetized and trans-
cardially perfused with 50 mL of heparinized saline. This time
point was chosen to coincide with the peak period of HMGB1
translocation observed in other studies of brain injury.''?* The
hemisphere ipsilateral to injury was homogenized in a dounce
homogenizer with lysis buffer containing 20 mM HEPES (pH 7.8),
10mM NaCl, 1.5mM MgCl,, 1 mM ethylenediaminetetraacetic
acid, 1 mM EGTA, 250 mM sucrose, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonylfluoride, and 2 ug/mL aprotinin. The cyto-
solic fraction was isolated by differential centrifugation using
standard technique. Briefly, samples were incubated at 4°C for
30 min, then centrifuged at 3500 rpm for 15 min at 4°C to remove
nuclei and cellular debris. The supernatant was collected and
centrifuged at 48,000 rpm for 17 min at 4°C to remove the mito-
chondrial fraction. The supernatant, containing enriched cytosolic
protein, was stored at —80°C for further analysis.

Immunoblotting was performed using standard technique.
Briefly, samples were thawed and 20 pg aliquots, as determined by
bicinchoninic acid (BCA) assay, were mixed with 4 X Laemmli
Sample Buffer (BioRad, Hercules, CA), heated at 95°C for 5 min,
loaded onto pre-cast TGX 12% gels (Bio-Rad), and proteins sep-
arated electrophoretically. Transfer onto polyvinylidene fluoride
membranes (PVDF) (Millipore Immobilon, Cat#ISEQ00010,
Bedford, MA) was performed at 100V for 75min at 4°C. The
membrane was washed in Tris-buffered saline (TBS; Bio-Rad)-
0.1%-Tween-20 (TBST) and blocked 1h in TBST +5% blotting
grade milk (TBS-T/milk).

The membrane was incubated with monoclonal primary anti-
body against HMGB1 (1:1000; MAB1690, R&D systems, Min-
neapolis, MN) in TBS-T/milk overnight at 4°C, washed, and then
incubated in appropriate secondary antibody in TBS-T/milk for 2 h
at room temperature. Blots were incubated with Supersignal West
Femto Maximum Sensitivity Substrate (Thermo Scientific,
Cat#34095, Rockford, IL), imaged on BioRad Chemi Doc XRS+
imaging system, and band intensity analyzed by ImageLab soft-
ware (Version 4.0, BioRad). The membrane was then stripped with
Restore™ Western Blot Stripping Buffer (ThermoFisher Scien-
tific, Waltham, MA) according to manufacturer instructions and
reprobed for fS-actin (1:2000, Abcam, Cambridge, MA) and His-
tone H3 (1:2000, Abcam) using the methods above.

Functional outcomes

Motor function. Rats were assessed for motor function using
the beam balance and inclined plane tasks for five days after injury.
Before CCI, the rats were pre-trained to remain on a 1.5 cm wide
and 90 cm high wooden beam for 60 sec for three consecutive trials.
Testing consisted of three trials per day for five days. For the in-
clined plane, the rats were pre-trained to remain on a wide board set
to incline for 10 sec at 70 degrees for three consecutive trials. Post-
injury, animals were placed on the board at 45 degrees and the angle
was increased in 5-degree increments to a maximum angle of 80
degrees. We recorded the maximum angle at which the rat could
remain on the board for 10 sec given three attempts.
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Cognitive function. Spatial memory acquisition was assessed
using the Morris-water maze (MWM) as described previously.
Briefly, rats underwent testing on day 10—14 after injury for latency
to find the hidden platform. Probe and visible platform trials were
performed on day 14 to assess memory retention and for visual
deficits. The water maze consists of a pool that is 180cm in di-
ameter and 60 cm high. The pool was filled with water (26 £ 1°C in
temperature) to a depth of 28 cm. A platform that is 10cm in di-
ameter and set 2 cm below the surface of the water was used as the
hidden platform. The pool was located in a 2.5 % 2.5 m room with
visual cues that remained constant throughout the experiment.

Histological assessment

Seven days after CCI, rats were anesthetized and transcardially
perfused with 50 mL heparinized ice-cold saline followed by 50 mL
4% paraformaldehyde in phosphate-buffered saline. The brain was
removed and post-fixed in 4% paraformaldehyde for 24 h. Paraffin-
embedded brains were cut into 5-um coronal sections for immu-
nohistochemistry and immunofluorescence. Fluoro-Jade-B (FIB)
staining was performed by removing paraffin in a series of xylene,
immersed twice in 100% ethanol (EtOH) and 1% sodium hydroxide
(in 80% EtOH) for 90 sec, and then 70% EtOH for 30 sec. Slides
were placed on a shaker in 0.06% potassium permanganate for
10 min and washed in distilled water before immersion in a 0.006%
working solution of FIB (Histo-Chem Inc., Jefferson, AR) with
4’ 6-diamidino-2-phenylindole (Sigma, St Louis, MO) for 30 min.
Slides were imaged with a Nikon Eclipse 90i microscope.

Iba-1 immunohistochemistry was performed using standard
technique. Briefly, sections were deparaffinized and placed in 2%
H,0; for 20 min and blocked with 3% normal goat serum (Vector,
Burlingame, CA) in TBS containing 0.25% Triton X for 1h.
Sections were incubated overnight in TBS-X solution containing
rabbit anti-Iba-1 antibody (1:1000, Wako Chemicals, Osaka,
Japan). The sections were then incubated for 1 h with anti-rabbit
HRP-conjugated secondary antibody (ABC Elite Kit, Vector) and
stained with 3,3’-diaminobenzidine (DAB, Vector). Slides were
imaged using a Nikon Eclipse 90i microscope and Iba-1 positive
objects counted within the ipsilateral hippocampus, thalamus, and
cerebral cortex.

Late histological outcome. At 14 days after the insult, on
completion of MWM testing, the rats were re-anesthetized and
perfused as above. The brains were cryoprotected in 15% and 30%
sucrose solution and frozen in liquid nitrogen. Serial coronal 40 yum
thick sections were taken every 160 um through the entire contu-
sion using a cryotome, mounted on slides, and stained with cresyl
violet. Image analysis software (MCID; Imaging Research, Saint
Catherines, Ontario, Canada) was used to analyze lesion volumes
as described previously.?

To assess neuronal loss, unbiased stereology was performed to
count the total number of surviving neurons present 14 days after
injury. The two-stage combination of optical dissector and Cava-
lieri volume-point counting methods was used as described previ-
ously.? To generate an unbiased sample, every other section was
sampled from eight sections containing the dorsal hippocampus.
Stereologer software (Stereology Resource Center, Chester, MD)
was used. The optical dissector had a size of 50 x 50 um, a height of
10 um, and a guard-zone of 4 um. A grid spacing of 500 um X
500 ym in the x- and y-axis was used. The estimated number of
surviving neurons in each field was divided by the volume of the
region of interest to obtain the neuronal cellular density. Sampling
had a coefficient of error <0.1.

Statistical analysis

Statistical analysis was performed using Prism 6 (Graphpad, La
Jolla, CA). Behavioral data were analyzed by repeated measures

SIMON ET AL.

analysis of variance (ANOVA). When the overall ANOVA revealed a
significant effect, the data were further analyzed with the Fisher post-
hoc test to determine specific group differences. All other data were
analyzed by Student ¢ test. All data are presented as mean + standard
error of the mean. A p-value <0.05 was considered significant.

Results

HMGBT1 translocation after TBI in PND 17 rats
and the effect of minocycline

The nuclear protein HMGB 1 has been shown to translocate from
the nucleus to the cytoplasm in response to injury where it may be
released from cells and contribute to the pathogenesis of various
inflammatory diseases.'? Previous reports have found peak CSF
HMGBI1 concentration is associated with unfavorable neurological
outcome in children with severe TBI. We therefore investigated
HMGBI translocation in a CCI model of pediatric TBI.

The PND 17 Sprague Dawley rats were randomized to mino-
cycline 90 mg/kg ip at 10 min and 20 h after injury or an equivalent
volume of physiologic saline. At 24h after injury, animals were
sacrificed, the ipsilateral hemisphere isolated and homogenized, and
an enriched cytosolic protein fraction was obtained by differential
centrifugation. Naive animals served as control. Immunoblotting for
HMGBI1 demonstrated a significant increase in cytosolic HMGBI1 at
24h in injured animals versus control (p<0.0001) (Fig. 1).
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FIG. 1. Minocycline attenuates translocation of high mobility
group box-1 (HMGB]1) after traumatic brain injury in post-natal day
17 rats. (A) Western blot showing cytosolic fraction of homogenized
ipsilateral hemisphere (20 ug/well) from naive, controlled cortical
impact (CCI) + vehicle, and CCI + minocycline (90 mg/kg ip) treated
rats 24 h after CCL. Blots were probed for HMGBI1 with f-actin as
loading control and Histone H3 to detect nuclear protein contami-
nation. (B) Semiquantitative densitometry showing that CCI signif-
icantly increased HMGBI in cytosolic fraction, and this effect was
attenuated by treatment with minocycline. (n=3-4/group). Data
were analyzed by ¢ test. * p<0.0001 naive vs. CCI + vehicle. #
p<0.001 CCI + vehicle vs. CCI + minocycline. Graph shows mean +
standard error of the mean.
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Treatment with minocycline significantly reduced cytosolic HMGB1
in injured rats (CCI + vehicle 3.81+0.17 vs. CCI + minocycline
1.62+0.27; p<0.001). No significant difference in cytosolic
HMGBI1 was seen between naive and minocycline-treated injured
rats (naive 1.0£0.1 vs. CCI + minocycline 1.62+0.27; p=0.12). In
addition, we did not detect Histone H3 in the cytosolic fraction in-
dicating minimal nuclear protein contamination.

Microglial response after TBI in PND 17 rats
and the effect of minocycline

The peak time of the microglial response after TBI is unclear in
pediatric TBI; however, studies in adult mice with CCI have suggested
an initial peak on post-injury day 7.>" To investigate the effect of
minocycline on microglial activation after pediatric TBI, we performed
Iba-1 immunohistochemistry to identify activated microglia in PND 17
rats seven days after CCL. Iba-1 immunoreactive microglia showed a
ramified form in the naive group (Fig. 2). In injured animals, treatment
with minocycline produced a significant reduction in the number of
Iba-1 positive objects in all brain regions assessed including hippo-
campus (595+110 vs. 2341 £647), cortex (1103+181 vs. 3076 +502),
and thalamus (13481233 vs. 2679+ 149; all p<0.05 vs. vehicle). In
addition, qualitatively, the microglial morphology in minocycline-
treated animals appeared to be more ramified than in vehicle-treated rats.
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Effect of minocycline on neuronal death
after TBl in PND 17 rats

To evaluate the effect of minocycline on neurodegeneration after
pediatric TBI, we performed FJB staining on coronal sections taken
through the dorsal hippocampus in animals sacrificed seven days
after injury. Given that in CCI, the cortex is severely damaged and
results in a cavitary lesion, we focused our assessment of neuronal
death on the underlying hippocampus and thalamus. The FJB-
positive neurons were observed in both hippocampus and thalamus
seven days after CCI versus control (p <0.05). In the hippocampus,
no difference was seen in FIB-positive neurons between vehicle-
treated and minocycline-treated animals.

In contrast to the hippocampus, we observed a significantly greater
number of FJB-positive thalamic neurons in vehicle-treated animals
than in minocycline-treated rats (78+6 vs. 442+66 FIB-positive
cells; p<0.01). (Fig. 3). Thus, to further quantify the effect of min-
ocycline on neuronal degeneration in the thalamus, we performed
unbiased stereology on cresyl violet stained coronal sections taken
through the lesion in separate rats allowed to survive out tol4 days
after injury to determine the number of surviving neurons. Injured
animals had a significant decrease in thalamic neurons ipsilateral to
CCI versus naive (naive 22773+ 1012 cells/mm> vs. CCI + vehicle
11753 +£464; p<0.001). The neuronal loss after CCI was attenuated

CCI + Minocycline

B Naive
B CCI + Vehicle
Hl CCl + Minocycline

Thalamus

FIG. 2. Minocycline reduces microglial activation after traumatic brain injury in post-natal day 17 rats. (A) Rats were randomized to
treatment with minocycline (90 mg/kg) or vehicle after controlled cortical impact (CCI) with naive rats as control. At seven days after
injury, animals were sacrificed for immunohistochemistry (n=3/group). Shown are representative coronal sections at approximately
-3.0 to 4.5 mm bregma stained with anti-Iba-1. Insets include higher-magnification image of representative Iba-1 positive microglia. (B)
Quantification of Iba-1 positive objects (n=3/group). Data were analyzed by ¢ test. * p <0.05 naive vs. CCI + vehicle. # p <0.05 CCI +
vehicle vs. CCI + minocycline. Graph shows mean + standard error of the mean.
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FIG. 3. Minocycline reduces neuronal degeneration in thalamus after traumatic brain injury in post-natal day 17 rats. (A) Rats were
randomized to treatment with minocycline (90 mg/kg) or vehicle after controlled cortical impact (CCI) with naive rats as control. At seven
days after injury, animals were sacrificed for immunofluorescence (n=23/group). Shown are representative coronal sections at approximately
-3.0 to 4.5 mm bregma stained Fluoro-Jade B (FJB). (B) Quantification of FIB positive cells (n=3/group). Data were analyzed by ¢ test. *
p<0.05 naive vs. CCI + vehicle. # p<0.05 CCI + vehicle vs. CCI + minocycline. Graph shows mean + standard error of the mean.

by treatment with minocycline (CCI + vehicle 11753 £464 vs. CCI +
minocycline 17047+ 524; p <0.0001) (Fig. 4).

Contrasting the effect of minocycline on neuronal death in
thalamus, no significant difference was observed in lesion volume
(Fig. 5), reflecting largely cortical tissue loss in this model.

Effect of minocycline on functional outcome
after TBl in PND17 rats

Motor function was assessed by beam balance and incline plane
test performed on post-injury days 1-5 (Fig. 6A,B). There were no
significant effects in motor function task performance between sham
and CCl-vehicle rats at this injury level. Minocycline-treated rats
after CCI, however, showed poorer performance (reduced latency to
fall) on beam balance (day 1: 43 £3 vs. 54+ 3 sec; p <0.05 vs. sham)
and lower maximum angle on inclined plane (day 2: 65+3 vs. 75£2
degrees; p <0.05 vs. sham). The minocycline-treated group recovered
to sham-level performance by day 3 after injury.

Spatial memory acquisition was determined by MWM task on post-
injury days 10-14 (Fig. 6C). Contrasting the detrimental effect on
recovery of motor deficits in the early period after TBI, rats treated with
minocycline showed a modest beneficial effect on MWM: CCl-vehicle
treated rats exhibited a longer latency to find the hidden platform than
sham animals on MWM (day 13: 66+ 12 vs. 31+7sec | day 14:
57113 vs. 2113; all p<0.05), but there was no difference between
sham versus CCI-minocycline-treated rats on any days tested.

Discussion

In a model of pediatric TBI, we found treatment with minocy-
cline attenuated translocation of the danger signal HMGB1 into the
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FIG. 4. Increased thalamic neurons after traumatic brain injury

in post-natal day 17 rats treated with minocycline. Rats were
randomized to treatment with minocycline (90 mg/kg) or vehicle
after controlled cortical impact (CCI) with sham rats receiving
anesthesia and craniotomy without CCI. At 14 days after injury,
after completion of behavioral testing, rats were sacrificed and the
brain harvested for neuronal counts by unbiased stereology. In-
jured rats had significant reduction in thalamic neurons (naive
22773+ 1012 cells/mm® vs. CCI + vehicle 11753 +464; p<0.001).
Thalamic neuronal loss after CCI was reduced by minocycline
(CCI + vehicle 117531464 vs. CCI + minocycline 17047 +524;
p<0.0001).
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FIG. 5. No change in lesion volume after traumatic brain injury in
post-natal day 17 rats treated with minocycline. Rats were random-
ized to treatment with minocycline (90 mg/kg) or vehicle after con-
trolled cortical impact (CCI). Rats were sacrificed on day 14, and
serial sections were taken through the lesion and analyzed with MCID
image analysis software. No difference was seen between vehicle-
and minocycline-treated groups (CCI + vehicle 22.52+4.29 mm® vs.
CCI + minocycline 18.07+2.58 mm>; p=0.32)

cytoplasm and produced a global reduction in post-injury micro-
glial activation. In contrast, minocycline-induced neuroprotection
was restricted to the thalamus in this model. Consistent with
an overall beneficial effect of minocycline treatment, we also ob-
served modestly improved spatial memory acquisition assessed out
to two weeks after injury, despite delayed recovery of motor
function after TBI with minocycline treatment. This report provides
evidence for minocycline as a potential therapeutic agent for re-
ducing neuroinflammation, targeting thalamic injury, and improv-
ing cognitive outcomes in pediatric TBL

Microglia, the primary resident immune cells of the brain, be-
come activated after TBI by the release of DAMPs.'® Microglial
activation after TBI is influenced by age, with patients at the ex-
tremes of age being prone to increased microglial activation and
secondary brain injury.*?® In children with severe TBI, Newell and
associates* found increased CSF ferritin, a marker of activated
microglia and macrophages, was associated with age less than four
years and unfavorable GOS score at six months. Inhibition of mi-
croglial activation, which has been proposed as a neuroprotective
strategy, may therefore be more beneficial to younger children (and
the elderly) after TBI.

HMGBI, a prototypical DAMP, is a DNA binding protein that
may be released from the nucleus by traumatic lysis or necrotic
cell death. In addition, in response to cell stress, HMGB1 becomes
hyperacetylated and can translocate from nucleus to cytoplasm
where it is secreted or released by activation of inflammasomes
and stimulates an immune response.?’ Preventing cellular de-
pletion of HMGB1 may also be beneficial for regenerative pro-
cesses. Merianda and colleagues® observed that axonal HMGB1
translation was increased in response to injury and was required
for neurite outgrowth in dorsal root ganglion neurons. In adult
rodent models of TBI, inhibition of HMGB1-mediated inflam-
mation has been associated with decreased pro-inflammatory
cytokine expression, decreased blood-brain barrier permeability,
and improved functional outcome.!'>*3132 In children with se-
vere TBI, Au and coworkers® measured HMGB1 in ventricular
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FIG. 6. Treatment with minocycline delays motor recovery and
improves spatial memory acquisition after traumatic brain injury
in post-natal day17 rats. Rats were randomized to treatment with
minocycline (90 mg/kg) or vehicle after controlled cortical impact
(CCI) with sham rats receiving anesthesia and craniotomy without
CCI (n=10-11/group). (A) After CCI, rats treated with minocy-
cline had reduced beam balance latency (day 1: 43+3 vs.
54+£3sec; p<0.05 vs. sham) and (B) reduced maximum angle on
inclined plane (day 2: 6513 vs. 7512 degrees; p <0.05 vs. sham).
No differences in motor function were observed between sham
and CCI + vehicle groups. (C) Morris Water Maze was performed
on day 10-14 after injury. On the final two days of testing,
vehicle-treated rats had increased latency compared with shams
(day 13: 66112 vs. 31£7sec | day 14: 57+13 vs. 21£3; all
p <0.05); there was no difference between sham vs. CCIL

CSF and observed a significant inverse correlation between peak
HMGBI1 concentration and six-month GOS score.

There are several mechanisms by which minocycline may re-
duce extracelluar HMGB1.%*** Minocycline at nanomolar con-
centrations has been shown to inhibit poly(ADP-ribose)
polymerase-1 (PARP-1), an NAD-dependent DNA repair en-
zyme.*’ By blocking PARP-1 activity after TBI, minocycline may
prevent cellular necrosis and passive release of HMGB1. In addi-
tion, PARP-1 inhibition has been shown to preserve the activity of
NAD-dependent histone deacetylases, promote deacetylation of
HMGBI and retention in the nucleus.”® HMGBI release is also
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regulated by the inflammasome and pyroptosis, or caspase-1 de-
pendent cell death.

Reactive oxygen species generation is thought to be a common
pathway for multiple inflammasome triggers®’ and may be blocked
by the downstream antioxidant consequences of minocycline. In
addition, minocycline was shown in a study by Sanchez Mejia and
colleagues'® to reduce the activity of caspase-1 after TBI in adult
mice that received a similar dosing regimen to our study, except the
mice were also pre-treated with minocycline 12h before injury.
The dose used in our study, 90 mg/kg ip at 10 min and 20 h post-
injury is higher than was used in some of the neonatal and adult
models, and many different doses have been used in pre-clinical
and clinical testing with minocycline. We based the dosing regimen
on the study by Sanchez Mejia and colleagues,'® a study by Tang
and associates®® demonstrating neuroprotection after asphyxial
cardiac arrest in PND 17 rats treated with 90 mg/kg ip dose, and the
pharmacokinetic studies by Fagan and associates.*® Although ad-
ditional work needs to be done on dose response for this agent and
others targeting HMGB1, we were able to demonstrate global ef-
fects on HMGBI1 translocation and microglial response in our
model.

Our findings contribute to two recently published studies of
minocycline in neonatal TBI models. Hanlon and coworkers'®
studied minocycline in a repetitive closed-head injury model in
PND 11 rats using a dose of 45 mg/kg ip every 12 h for three days.
In contrast to our study, there was no effect of minocycline on
microglial activation in the cortex, hippocampus, or thalamus using
this dosing regimen and injury model. The investigators observed a
modest reduction in microglia in the corpus callosum that was not
associated with changes in axonal injury or MWM swim latency.
Chhor and colleagues'® used PND 7 rats in a single impact closed-
head diffuse injury model. Minocycline (45 mg/kg) was given
immediately after injury and then daily for an additional two days.
The investigators found reduced apoptotic cell death in the cortex,
hippocampus, and striatum in animals treated with minocycline
without significant change in the lesion evaluated at five days.
Although no difference was seen in the number of activated mi-
croglia, Iba-1 was assessed early (one day post-injury) which might
account for the difference with our results. Microglia were isolated
for gene expression analysis, which showed mixed results such as a
decrease in pro-inflammatory interleukin (IL)-6 gene expression
and increase in pro-inflammatory IL-1f gene expression.

Overall, these studies do not show a strong benefit for minocy-
cline treatment in the neonatal TBI population with single or re-
petitive head injury. There are important and robust age-related
differences, however, in the response to brain injury between 7 and
17 days in rats, and issues such as dosing, timing of administration,
injury severity, and brain region assessed could also impact the
findings. Indeed, findings in neonatal and pediatric brain injury
models are desperately needed to better develop age appropriate
targeted therapies for TBI.

Our data are novel in that, despite global effects on the micro-
glial response, minocycline treatment produced a selective albeit
robust attenuation of neuronal death in the thalamus. Although
MWM performance is typically associated with lesions in the
hippocampus, thalamic nuclei may also play a role and have con-
tributed to our findings.*® The thalamus is a very heterogeneous
structure, and cell death mechanisms likely differ between various
thalamic nuclei as Bramlett and coworkers*' demonstrated in a
fluid percussion model. Apoptotic cell death in the thalamus may be
delayed, peaking up to two weeks after trauma in adult mice. In the
developing rat brain, Bittigau and associates*> used TUNEL
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staining and electron microscopy to identify apoptotic cells after a
weight drop model and observed apoptotic degeneration out to five
days post-injury in the dorsolateral thalamus. These diaschisis le-
sions were described recently by Wiley and coworkers*® and may
be reversible by the antiapoptotic effects of minocycline.

Thalamic injury after TBI may lead to a condition called chronic
paroxysmal sympathetic hyperactivity (PSH). In 2014, criteria
were developed to describe PSH in survivors of severe acquired
brain injury with paroxysmal increases in sympathetic tone and
muscle rigidity.** Symptoms of PSH occur in 8-33% of adults after
TBI*® and are associated with poor outcome. Kirk and associates*®
observed a prevalence of 13% incidence in children with acquired
brain injury (10% of children with TBI) associated with longer
hospitalization and worse neurobehavioral outcomes. Whether
minocycline is able to ameliorate these symptoms by reducing
thalamic neuronal death may be an area for future research.

The clinical use of minocycline in children may be hampered by
concerns of staining dental enamel by the tetracycline class of
antibiotics. Minocycline is currently not recommended in children
until 8 years of age, when the majority of mineralization of suc-
cedaneous teeth has occurred. In an observational cohort study of
children treated with minocycline, however, Cascio and col-
leagues®’ reported no increase in incidence of enamel staining.
Alternative interventions to attenuate microglial activation and
HMGBI translocation with different side effect profiles may be
preferable in young children.

Conclusion

Our findings are consistent with minocycline reducing the neu-
roinflammatory response to pediatric TBI, including HMGB-1
translocation and microglial activation. In addition, we observed a
novel regional neuroprotective effect in the thalamus and improved
cognitive outcomes. Further study is needed to characterize each of
these effects including their mechanistic underpinning and impli-
cations to long-term outcome in pediatric TBI.
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