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Abstract

Traumatic brain injury (TBI) is associated with cerebral edema, blood brain barrier breakdown, and neuroinflammation
that contribute to the degree of injury severity and functional recovery. Unfortunately, there are no effective proactive
treatments for limiting immediate or long-term consequences of TBI. Therefore, the objective of this study was to
determine the efficacy of methylene blue (MB), an antioxidant agent, in reducing inflammation and behavioral compli-
cations associated with a diffuse brain injury. Here we show that immediate MB infusion (intravenous; 15-30 minutes
after TBI) reduced cerebral edema, attenuated microglial activation and reduced neuroinflammation, and improved
behavioral recovery after midline fluid percussion injury in mice. Specifically, TBI-associated edema and inflammatory
gene expression in the hippocampus were significantly reduced by MB at 1d post injury. Moreover, MB intervention
attenuated TBI-induced inflammatory gene expression (interleukin [IL]-1, tumor necrosis factor «) in enriched microglia/
macrophages 1 d post injury. Cell culture experiments with lipopolysaccharide-activated BV2 microglia confirmed that
MB treatment directly reduced IL-1f and increased IL-10 messenger ribonucleic acid in microglia. Last, functional
recovery and depressive-like behavior were assessed up to one week after TBI. MB intervention did not prevent TBI-
induced reductions in body weight or motor coordination 1-7 d post injury. Nonetheless, MB attenuated the development
of acute depressive-like behavior at 7d post injury. Taken together, immediate intervention with MB was effective in
reducing neuroinflammation and improving behavioral recovery after diffuse brain injury. Thus, MB intervention may
reduce life-threatening complications of TBI, including edema and neuroinflammation, and protect against the devel-
opment of neuropsychiatric complications.
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Introduction

IT IS ESTIMATED that over 2.5 million individuals experience a
traumatic brain injury (TBI) each year in the United States,
costing the U.S. economy more than $75 billion annually.! These
head injuries range from mild to severe, with over 90% of head
injuries classified as mild or moderate. Although survival follow-
ing head injury has significantly improved in the last few decades,
there are no effective proactive treatment options to augment
functional recovery or prevent long-term neuropsychiatric com-
plications after TBI.

A TBI has two injury phases—a primary injury consisting of
damage done directly by the trauma, and a prolonged secondary
injury characterized by progressive tissue loss or cell death. Neu-
roinflammation, cerebral edema, and blood brain barrier break-

down are components of the prolonged secondary injury that
contribute to the timing and level of recovery, and also may in-
crease the risk for long-term cognitive deficits or depression. Al-
though the initial inflammatory response may be beneficial for
repair,”™ prolonged and elevated brain inflammation is associated
with increased excitotoxicity and cellular damage®’ and reduced
neuronal plasticity.®!' This is clinically relevant because TBI
patients often present with a loss of concentration, retrograde am-
nesia, and reduced short-term memory acutely after injury.'>"?
Development of cognitive deficits after TBI is paralleled in ro-
dent models. For example, after controlled cortical impact, rodents
have impaired performance in a range of cognitive tasks including
Morris water maze, Barnes maze, and novel object recognition.'*™'°
Increased neuroinflammation also may play a role in the develop-
ment of depression after TBL'7° We have reported that increased
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brain inflammation after a fluid percussion injury in mice was as-
sociated with the development of depressive-like behavior 7 d post-
injury.?' Increased depressive-like behavior has also been observed
in rats up to six weeks after injury*>*> and up to 90 d post-injury in a
mouse model of mild TBI.>"** Approximately 30% of patients that
suffer from a mild or moderate TBI develop symptoms of depression
within one year after injury, and this percentage rises to approxi-
mately 60% within 18 years after injury.>>>’ Thus, limiting neu-
roinflammation after injury may attenuate acute complications
including cerebral edema, and also help to prevent the development
of long-term cognitive and depressive symptoms.

Current options for TBI treatment are limited and aimed to
mitigate complications as they present, but do not treat the underlying
cause (e.g., edema, brain inﬂammation).%’30 Corticosteroid treatments
were once used clinically to suppress inflammation after TBI but are
no longer provided because they can reduce survival.>' Other anti-
inflammatory treatments, including minocycline, are only mildly ef-
fective in rodent models and need to be combined with other treatments
to lower interleukin (IL)-1/5 32734 Therefore, there is a critical need for
interventions that provide immediate benefit after brain injury by tar-
geting the physiological components of secondary injury but also help
prevent the development of long lasting neuropsychiatric problems.

The ideal intervention for clinical application would demonstrate
both safety and efficacy, be easily administered, be stable at room
temperature, have a known therapeutic dose, and result in minimal
adverse effects. Methylene blue (MB) was developed as a dye for the
textile industry but also has potent antibiotic and antioxidant prop-
erties.*>>® For instance, it is used clinically to treat nitric oxide-
induced hypotensive complications that arise from septic shock,
ischemia, and cardiopulmonary bypass.*>>"*® Moreover, in a piglet
model of cardiac arrest and resuscitation, MB infusion ameliorated
blood brain barrier permeability during reperfusion by limiting nitric
oxide metabolites.>* MB also may provide anti-inflammatory and
neuroprotective functions distinct from its antioxidant effects. In
primary microglia treated with a high dose of lipopolysaccharide
(LPS), addition of MB to the cell culture media reduced inflamma-
tory gene expression including IL-1p, IL-6, RANTES, and IL-12.

Moreover, low dose MB treatment in vivo (3 mg/kg) delayed
disease onset in a SODI mutant mouse model of amyotrophic lat-
eral sclerosis corresponding to increased neuroprotection and
neuronal survival.*® Recently, MB was reported to have neuro-
protective properties and reduced lesion size in a model of mild
controlled cortical impact injury.*' The effectiveness of MB,
however, has not been reported in the clinics after TBI, or in a
model of fluid percussion injury. MB is particularly attractive as a
TBI intervention because kinetic analysis indicates that MB rapidly
crosses the blood brain barrier and is 20 times more concentrated in
the central nervous system (CNS) than the plasma within 1h of
intravenous injection.*> Moreover, the ability of MB to target mul-
tiple physiological pathways within the brain makes it a plausible
intervention after TBI because it represents a polypharmaceutical
approach.*#*

Therefore, the objective of this study was to determine the ef-
ficacy of MB to reduce neuroinflammation and prevent the onset of
behavioral complications associated with a diffuse brain injury in
mice. To induce a diffuse TBI, midline fluid percussion injury (FPI)
was used. FPI recapitulates several relevant aspects of a human
concussion including diffuse inflammatory responses, blood brain
barrier breakdown, loss of consciousness, and mild parenchymal
hemorrhage without significant neuronal loss or tissue cavita-
tion.2!**® Here we show that intravenous (i.v.) injection of a
low dose of MB (2 mg/kg) provided within 15-30 min after TBI
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significantly improved physiological and behavioral recovery after
TBI. Specifically, MB treatment lowered TBIl-induced edema,
neuroinflammation, and microglial activation (1 d post-injury), and
prevented the development of TBI-associated depressive-like be-
havior (7 d post-injury).

Methods
Mice

Adult male BALB/c mice (three months old) were obtained from
a breeding colony kept in barrier-reared conditions in a specific-
pathogen-free facility at The Ohio State University. Mice were
individually housed in polypropylene cages for the duration of the
study and maintained at 25°C under a 12h light/12h dark cycle
with ad libitum access to water and rodent chow. All procedures
were in accordance with the National Institute of Health Guidelines
for the Care and Use of Laboratory Animals and were approved by
The Ohio State University Institutional Laboratory Animal Care
and Use Committee.

Midline fluid percussion injury

Mice received a midline diffuse TBI using an FPI apparatus
(Custom Design & Fabrication, Richmond, VA) as previously de-
scribed.* This diffuse injury occurs in the absence of a contusion,
does not induce tissue cavitation or gross neuronal loss, and causes
diffuse axonal injury in the neocortex, hippocampus, and dorso-
lateral thalamus.?!*>#7 In brief, a midline craniectomy was per-
formed with a 3 mm outer diameter trephine and a rigid Luer-loc
needle hub was secured over the craniectomy and capped. After 4—
6 h, injury was induced by imposing a 10 ms pulse of saline (1.2
atmospheres; 670-720mV) onto the dura through the injury
hub.>"3%>" All sham controls received the same procedure without
the fluid pulse. Immediately after injury, the injury hub was re-
moved, dural integrity was confirmed, and mice were evaluated for
injury severity using the self-righting test.’® Any mice with a
confirmed dura breach were euthanized immediately after injury
and excluded from the study. Self-righting inclusion criteria was
based on our previous work with BALB/c mice>': Only mice
with a moderate TBI were used: sham <60 sec; 60 sec <mild
<200 sec; 200 sec <moderate < 540 sec; severe > 540 sec.

Methylene blue injection

Fifteen to 30 min after sham or TBI, mice were administered an
i.v. tail vein injection of sterile water (control) or a low dose of MB
(2mg/kg body weight, ~80 uM). Dosage above 7mg/kg MB is
considered high dose and cytotoxic.*>* Mice were awake and
restrained during i.v. injection (<2 min) and immediately returned
to their home cage after injection. Methylene blue (1% solution,
10 mg/mL) was diluted and injected at a volume of 100 uL.*” MB
(Anmol Chemicals [Commercial Grade], Mumbai, India) was ac-
quired from by the Ohio State University Wexner Medical Center.

Edema

Edema was classified as increased water content in the brain and
was determined as previously described.>® In brief, 24 h after sham
or TBI, mice were euthanized and the rostral and caudal cortex was
dissected. Tissue was weighed and oven dried overnight at 73°C
before reweighing. Water content was determined by calculating
the ratio of weight loss to original wet weight (% water loss =[(wet
weight — dry weight)/wet weight]*100).

Isolation of brain microglia/macrophages

Brain CD11b + cells (microglia/macrc;ghages) were isolated and
enriched as previously described.?'*% In brief, whole brain
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homogenates were centrifuged and layered in a discontinuous
Percoll gradient (70/50/35/0% isotonic Percoll; GE-healthcare,
Uppsala, Sweden). Enriched CD11b+ cells were collected from
the interphase between the 70 and 50% Percoll layers. We have
previously characterized these cells as 80-90% CD11b+.%> These
cells were characterized as microglia (CD11b+/CD45lo) or mac-
rophages (CD11b+/CD45hi) based on flow cytometric gating us-
ing CD11b/CD45 labeling. In sham mice, the Percoll gradient
isolation yielded ~84% microglia and ~1.5% macrophages and
these percentages shifted to ~82% microglia and ~3% macro-
phages after TBI (data not shown).

Isolation of blood leukocytes

Whole blood was collected by cardiac puncture with EDTA
lined syringes 24 h after sham or TBI. A 30 uL aliquot of blood was
used, red blood cells were lysed, samples were washed, and re-
maining leukocytes were stained for protein expression by flow
cytometry.

BV-2 cell culture

BV-2 microglial cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) growth medium (Lonza, Walkersvill,
MD) supplemented with 10% fetal bovine serum (FBS) (GE-
healthcare Hyclone, Little Chalfont, UK) (3.7 g/L sodium bicar-
bonate, 200mM glutamine, 100 U/mL penicillin G, 100 ug/mL
streptomycin, 0.25 ug/mL fungizone) as previously described.”®
Cultures were maintained and incubated at 37°C with 95% hu-
midity and 5% CO,. Growth medium was replenished every third
day until confluence. Prior to experimentation, cells were plated at
1x10° cells per well in 24 well plates and allowed to adhere
overnight. Immediately before treatment, cells were washed three
times with serum-free DMEM medium and supplemented with
warm serum-free DMEM medium containing experimental treat-
ments. Cells were treated with saline or LPS (100 ng/mL) for 1 h.
After 1 h, water or 4.5 uM 1% MB was added to the culture media.
Twenty-four hours after saline/LPS, cells were homogenized and
ribonucleic acid (RNA) was isolated.

Flow cytometry

Enriched CD11b+ cells from the brain and leukocytes from the
blood were assayed for surface protein expression as previously
described.*""> In brief, Fc receptors were blocked with anti-CD16/
CD32 antibody (eBioscience, San Diego, CA). Cells were incu-
bated with rat anti-mouse GR-1-FITC and CD11b-APC, or CD45-
PE, Ly6C-PerCP-Cy5.5, and CD11b-APC antibodies (eBioscience,
San Diego, CA). Surface protein expression was determined using
a Becton-Dickinson FACSCaliber four color cytometer (BD,
Franklin Lakes, NJ). Ten thousand events characterized as blood
leukocytes or microglia/macrophages were recorded. For each
antibody, gating was determined based on appropriate negative
isotype stained controls from the representative cell population.
Flow data were analyzed using FlowJo software (Tree Star, San
Carlos, CA).

RNA isolation and RT-PCR

RNA was isolated from the dissected hippocampus and BV-2
microglia using the Tri-Reagent protocol according to manufac-
turer instructions (Sigma-Aldrich, St. Louis, MO). Messenger RNA
(mRNA) was isolated from enriched brain CD11b+ cells using the
PrepEase kit (Affymetrix, Santa Clara, CA) according to manu-
facturer instructions. Real-time polymerase chain reaction (RT-
PCR) was performed using the Applied Biosystems Tagman®
Assays-on-Demand™ Gene Expression protocol (Applied Bio-
systems, Carlsbad, CA) as previously described.’®>” In brief, ex-
perimental complementary deoxyribonucleic acid (cDNA) was
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amplified by RT-PCR where a target cDNA (e.g., IL-1f3, Arginase,
CCL2) and a reference cDNA (glyceraldehyde-3-phosphate de-
hydrogenase; GAPDH) were amplified simultaneously using an
oligonucleotide probe with a 5” fluorescent reporter dye (6-FAM).
Gene accession numbers are listed for each primer in Table 1.
Fluorescence was determined on an ABI PRISM 7300-sequence
detection system (Applied Biosystems, Calsbad, CA). Data were
analyzed using the comparative threshold cycle (Ct) method and
results are expressed as fold difference from GAPDH.

Behavioral assays

Rotarod. Motor coordination was assessed using the rotarod
apparatus (Rotamex, Columbus, OH) as previously described.?' In
brief, mice were acclimated to the apparatus 4 d before testing, and
were trained on the apparatus each day for 3d before testing.
Testing consisted of three trials in which mice were placed on a
stationary rod that began to rotate at 10 rpm with 0.2 rpm/sec ac-
celeration. Trials 1 and 2 were done back-to-back to prevent as-
sociations between falling and returning to the home cage, and mice
were given 10 min between Trials 2 and 3. The average time spent
on the rod before falling for the two longest trials is reported. Mice
were tested 1 h and 1d, 4d, and 7d post injury.

Tail suspension test. Depressive-like behavior was mea-
sured using the tail suspension test (TST) as previously de-
scribed.?"*® Tn brief, 7 d after sham or TBI, mice were suspended
by their tail and video recorded for 10 min. The amount of time
spent immobile was assessed by a trained observer blind to ex-
perimental conditions. Increased time spent immobile designates
an increase in depressive-like behavior. We have previously de-
termined that TBI mice have recovered to baseline motor perfor-
mance (rotarod) by 7d post-injury and do not show increased
exhaustion.”

Statistical analysis

Data were subjected to the Shapiro-Wilk test using Statistical
Analysis Systems (SAS, Cary, NC) statistical software. To deter-
mine significant main effects and interactions between main fac-
tors, data were analyzed using one-way (i.e., injury and treatment),
two-way (i.e. injury X treatment), or three-way (i.e., injury X treat-
ment X time) analysis of variance (ANOVA) using the general
linear model procedures of SAS. When appropriate, differences
between treatment means were evaluated by an F-protected #-test
using the least significant difference procedure of SAS. Edema was
evaluated using a one-tailed 7-test after ANOVA. Body mass and
rotarod data were further subjected to repeated measures ANOVA.
All data are expressed as treatment means * standard error of the
mean (SEM).

TABLE 1. GENE ACCESSION NUMBERS
FOR TAQMAN RT-PCR PROBES

RefSeq number

CDh14 NM_009841.3
IL-1p NM_008361.3
TNF-o NM_001278601.1
NM_013693.3
iNOS NM_010927.3
Argl NM_007482.3
IL-10 NM_010548.2

IL, interleukin; TNF-g, tumor necrosis factor o; iNOS, inducible nitric
oxide synthase; Argl, arginase 1.
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Results

Injury severity and righting reflex prior
to control or methylene blue intervention

We previously reported that diffuse brain injury caused transient
neuroinflammation, functional recovery deficits, and acute de-
pressive-like behavior in mice.?' Therefore, the objective of this
study was to determine the efficacy of methylene blue (MB) in
reducing acute inflammation and behavioral complications asso-
ciated with moderate TBI (1-7 d post-injury). Figure 1A shows the
experimental design in which adult male (3 months old) BALB/c
mice received a sham injury or TBI. Intervention with an i.v. in-
jection of sterile water (Con) or MB (2 mg/kg) was provided 15—
30min later. Several immune and behavioral parameters were
determined within hours to 7 d post-injury.

First, early indices (i.e., prior to intervention with Con or MB) of
injury severity were determined to confirm each group started with
the same injury. Figure 1B shows that all TBI mice received the
same electromotive force induced by the pressure wave (millivolt
[mV]) during fluid percussion. In addition, righting reflex time was
significantly increased in TBI mice, compared with sham mice
(p<0.0001), but this was not different between mice that would go
on to receive Con or MB injection (Fig. 1C). The average righting
reflex time prior to Con and MB intervention was 374.4 sec*
20.3sec (6min, 14sec) and 366.6 sec+25.5sec (6 min, 7 sec), re-
spectively. Sham mice had an average righting reflex time of ~ 25 sec
(Fig. 1C). These data indicate that both TBI groups received the same
midline fluid percussion injury prior to Con or MB intervention.

MB intervention attenuated TBI-induced
edema and neuroinflammation

In the first set of studies, mice were subjected to sham or TBI and
then administered Con or MB interventions within 15-30 min after
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injury. The brain was collected and edema was determined in the
cortex 1d post-injury. Because of the craniectomy, edema in the
midline FPI model is often difficult to detect.*® Figure 2A shows
that water accumulation was increased in the brain 1d after TBI,
though this value was not significantly different from sham mice.
Nonetheless, this slight increase in edema after TBI was not detected
in the cortex of mice that received MB intervention. In the hippo-
campus of the same mice, mRNA of several inflammatory (CD14, IL-
1, tumor necrosis factor [TNF]-o, and CCL2) and anti-inflammatory
(arginase) mediators was determined. Figure 2B through 2E show
that CD14, IL-1f, TNF-«, and CCL2 mRNA levels were increased
in the hippocampus 1d after TBI (p <0.02, for each) and expres-
sion of these markers was attenuated by MB intervention after
TBI (CD14 (F1,35=4.48; p<0.05), IL-1p (F1,38=2.32; p=0.1),
TNF-a (F1,36=7.87; p<0.001), and CCL2 (F1,36=2.89; p=0.1).

Post hoc analysis confirmed that mRNA expression of these
inflammatory mediators was significantly attenuated in the TBI-
MB group, compared with the TBI-Con group (p <0.05 for each).
The expression of these inflammatory mediators was also deter-
mined 3 d post-injury but had returned to baseline levels (data not
shown). Figure 2F shows that arginase mRNA expression also was
increased in the hippocampus 1d post-injury (p <0.002) and this
increase was unaffected by MB. IL-10 mRNA was also examined
in the hippocampus but was unaffected by either injury or MB
treatment 1 d post-injury (data not shown). Collectively, these results
indicate that immediate intervention with MB reduced the TBI-
associated increase in pro-inflammatory mediators at 1 d post-injury.

MB intervention reduced the percentage of myeloid
(CD11b+/GR1+ ) cells in circulation after TBI but had no
effect on the percent of brain-associated macrophages

Because the TBIl-associated increase in inflammatory gene
expression was reduced by MB, myeloid cell distribution (i.e.,
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FIG. 1.

Pre-Intervention

Injury severity and righting reflex prior to control or methylene blue (MB) intervention. (A) Diagram of the experimental

study design showing that mice were subjected to a sham injury (Sham) or traumatic brain injury (TBI) at day 0 and immediately (15—
30min later) provided with control of MB interventions. Rotarod acclimation and training were performed prior to injury. Several
biochemical and behavioral analyses were performed 1 h — 7 d post-injury. (B) Injury severity was determined by the electromotive force
induced by the fluid pulse onto the brain (mV; n=28-29). (C) Time for mice to self-right after sham injury or TBI. Bars represent the
mean t standard error of the mean. Means with (¥) are significantly different (p <0.05) from Sham-vehicle control (Con).
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FIG. 2. Methylene blue (MB) intervention attenuated traumatic brain injury (TBI)-induced edema and neuroinflammation. Adult male
(3 months old) BALB/c mice were subjected to sham injury (Sham) or TBI and within 15-30 min received an intravenous injection of
vehicle control (Con) or MB (2 mg/kg). The cortex and hippocampus were collected from the brain 1d post-injury. (A) Relative brain
edema was determined in the cortex (n=8-12). In the hippocampus, messenger ribonucleic acid (mRNA) expression of (B) CD14, (C)
interleukin (IL)-1/, (D) tumor necrosis factor (TNF)-o, (E) CCL2, and (F) arginase (Arg) were determined (n=4-7). Bars represent the
mean * standard error of the mean. Means with (*) are significantly different (p <0.05) from Sham-Con. Means with (#) are significantly

different (p <0.05) from TBI-Con.

monocytes and granulocytes) was determined in circulation and
brain 1d post-injury.”'** Mice were subjected to TBI and MB
intervention as described above and blood and brain were collected
1d later. Figure 3A shows representative bivariate dot plots of
CD11b/GR1 labeling in the blood. Figure 3A and Figure 3B show
that the percentage of CD11b+/GR1+ cells in circulation (neutro-
phils and activated monocytes) was increased after TBI (p<
0.008) and this was significantly attenuated by MB intervention
(F1,34=06.88; p<0.02).

Next, the percentage of macrophages associated with the brain
after TBI was determined. Figure 3C and Figure 3E show repre-
sentative bivariate dot plots of CD11b/CD45 and CD11b/Ly6C
labeling in the brain, respectively. Figure 3D and Figure 3F show
that the percentage of macrophages (CD11b+/CD45hi/Ly6Chi)
associated with the brain was increased at 1d post-injury (p<
0.0006). These data are consistent with our previous study.' This
increase in brain macrophages after TBI, however, was unaffected
by MB intervention. Overall, MB reduced the percentage of mye-
loid cells in circulation but did not influence the percentage of
myeloid cells associated with the brain after TBI.

MB reduced IL-1/ and enhanced IL-10
expression in microglia after TBI

MB attenuated the mRNA expression of inflammatory mediators
in the hippocampus after TBI but did not affect the increase in
brain-associated macrophages. Therefore, we next sought to de-
termine the influence of MB intervention on the inflammatory
profile of microglia and macrophages after TBI. In this experiment,
enriched microglia/macrophages were isolated from the whole
brain by Percoll gradient separation 1d post-injury and mRNA
levels of several inflammatory (CD14, IL-1p, and inducible nitric
oxide synthase [iINOS]) and anti-inflammatory (arginase and IL-10)
mediators were determined. Figure 4A through Figure 4C show that

CD14 (p=0.06), IL-1f (p<0.05), and iNOS (p<0.05) mRNA
levels were increased in enriched microglia/macrophages after
TBI. Moreover, MB intervention attenuated this TBI-associated
increase in CD14 (F1,35=6.51; p<0.02) and IL-1f (F1,36=8.82;
p<0.006) but had no effect on the mRNA expression of iNOS.
Figure 4D and Figure 4E show that TBI and MB also influenced the
mRNA expression of arginase and IL-10 in microglia/macrophages.

For example, arginase mRNA expression was significantly in-
creased with TBI (p <0.0001) but was restored to Sham-Con levels
with MB treatment (F1,31=17.12; p<0.0003). Moreover, IL-10
expression was not induced in microglia/macrophages 1 day after
TBI but was significantly increased in microglia/macrophages from
TBI-MB mice ( p <0.05). Collectively, immediate MB intervention
reduced TBI-associated increases in CD14, IL-1f, and arginase
mRNA expression and enhanced expression of the anti-inflammatory
mediator IL-10 in microglia/macrophages.

MB altered the immune profile
of LPS-activated BV2 microglia

Immediate intervention with MB reduced the inflammatory
profile of microglia/macrophages after TBI. Therefore, we next
sought to determine if this was a direct effect of MB on microglia
activation. To begin to address this question, BV-2 microglia were
activated with LPS in vitro, then 1h later cultures were supple-
mented with vehicle (Con) or a low dose of 1% MB (4.5 uM).
Although in vivo a dose of approximately 80 uM was used, it is
expected that as MB diffuses through the tissues, tissue-resident
cells, including microglia, would be exposed to a lower dose. Thus,
4.5 uM was selected as this dose has shown benefits in previous
cell culture models.**>*% As expected, mRNA expression of
inflammatory-associated genes (CD14, IL-1f, TNF-c, and iNOS)
were increased in BV-2 microglia 1d (24 h) after LPS (p <0.001
for each; Table 2).
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FIG. 3. Methylene blue (MB) intervention reduced the percentage of myeloid (CD11b+/GR1+) cells in circulation after traumatic
brain injury (TBI) but had no effect on the percent of brain-associated macrophages. Adult male (3 months old) BALB/c mice were
subjected to sham injury (Sham) or TBI and within 15-30 min received an intravenous injection of vehicle control (Con) or MB
(2mg/kg). At 1d post-injury, brain and blood were collected for flow cytometry analysis. (A) Representative bivariate dot plots of
CDI11b/GR1 labeling of blood leukocytes. (B) Percent CD11b+/GR1+ myeloid cells in circulation (n=8-12). (C) Representative
bivariate dot plots of CD11b/CD45 labeling of brain-associated macrophages. (D) Percent CD11b+/CD45hi macrophages associated
with the brain (n=8-12). (E) Representative bivariate dot plots from Sham and TBI of CDI11b/Ly6C labeling of brain-associated
macrophages. (F) Total relative number of Ly6Chi macrophages associated with the brain (out of 10,000 live cells; n=8-12). Bars
represent the mean *standard error of the mean. Means with (*) are significantly different (p <0.05) than Sham-Con.
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FIG. 4. Methylene blue (MB) reduced IL-1f and enhanced IL-10 expression in microglia/macrophages after traumatic brain injury
(TBI). Adult male (3 months old) BALB/c mice were subjected to sham injury (Sham) or TBI and within 15-30 min received an
intravenous injection of vehicle control (Con) or MB (2 mg/kg). At 1d post-injury, enriched brain CD11b+ cells (microglia/macro-
phages) were isolated from whole brain homogenates. The levels of messenger ribonucleic acid (mRNA) expression for (A) CD14, (B)
interleukin (IL)-1f, (C) inducible nitric oxide synthase (iNOS), (D) arginase (Arg), and (E) IL-10 were determined (n="7-10). Bars
represent the mean + standard error of the means. Means with (*) are significantly different ( p <0.05) from Sham-Con. Means with (+)

tend to be different (p=0.1) from Sham-Con.

MB treatment enhanced LPS-induced CD14 mRNA expression,
compared with LPS alone (F1,23=11.55, p<0.003) but tended to
reduce IL-1 mRNA expression (p=0.1). Although MB alone
reduced TNF-o expression, compared with saline controls
(p<0.05), there was no effect of MB after LPS on either TNF-« or
iNOS mRNA expression. MB treatment did, however, promote an
increase in anti-inflammatory gene expression after LPS. For ex-
ample, LPS significantly reduced arginase mRNA expression,
compared with saline controls (p <0.0001) but arginase levels were
partially restored by MB (F1,11=5.60; p<0.05). Moreover, the
LPS-induced increase in IL-10 mRNA expression ( p <0.0001) was

TABLE 2. MB ALTERED THE IMMUNE PROFILE
OF LPS-ACTIVATED BV2 MICROGLIA

Saline-Con ~ Saline-MB LPS-Con LPS-MB
CD14 1.07£0.16* 0.97+£0.06° 1.69+0.12° 2.97+0.35¢
IL-1  1.02£0.10* 0.52+0.16° 113.7£35.3° 74.8+6.54
TNF-z 1.00£0.04* 0.54+0.20° 6.10+1.17° 4.84+0.59¢
iNOS  1.024+0.10* 1.03+0.20* 518.4+139.1°® 551.7+91.6°
Argl 1.01£0.10* 0.91£0.04* 0.32+0.01° 0.54%0.08°
IL-10  1.03+0.11* 2.14+0.65*° 7.284+0.46° 17.85+4.05°

BV-2 microglia were cultured in vitro and treated with saline or LPS
(100ng/mL) for 1h. After 1h, control (double deionized water) or
methylene blue (MB; 4.5 uM) was added to the culture media. After 24 h,
messenger ribonucleic acid (MRNA) was isolated and gene expression of
CD14, interleukin (IL)-1p, tumor necrosis factor (TNF)-z, inducible nitric
oxide synthase (iNOS), arginase (Argl), and IL-10 was determined (two
independent experiments; n=3 per experiment). Values represent the
mean * standard error of the mean. Means with different letters (a,b,c) are
significantly different (p <0.05) from each other. Means with underlined
letters (d) tend to be different (p=0.1) from lipopolysaccharide (LPS)-
vehicle control (Con).

significantly enhanced with MB treatment (F1,23=5.24; p <0.04).
Collectively, MB directly attenuated IL-1f and augmented IL-10
mRNA expression in active BV-2 microglia.

MB intervention did not improve deficits in motor
coordination after TBI but attenuated acute
depressive-like behavior

We have previously reported that diffuse TBI resulted in tran-
sient functional deficits (body weight loss, motor coordination
deficits) that resolved within 7 d post-injury.?' Because MB inter-
vention reduced the neuroinflammatory profile of the hippocampus
and in microglia/macrophages at 1 d post-injury, the ability of MB
to improve functional recovery after TBI was assessed. Figure SA
shows that body weight was reduced after TBI (F1,35=22.79;
p<0.0001) but this reduction was unaffected by MB intervention.
Similarly, motor coordination, determined by time spent on the
accelerating rotarod task, was reduced by TBI in a time-dependent
manner (F6,126=3.17; p<0.007). For example, mice had initial
deficits in motor coordination after TBI but returned to baseline
within 4d post-injury (Fig. 5B). Immediate MB intervention,
however, did not prevent loss of motor function at 1 hour after
injury or facilitate any early recovery to baseline motor coordina-
tion (Fig. 5B). Thus, body weight loss and transient motor coor-
dination impairments associated with TBI were not influenced by a
single MB intervention.

We also have shown that following the resolution of body weight
loss and motor coordination deficits at 7 d post-injury, depressive-
like behavior is still evident in TBI mice.?! To examine behavioral
recovery with MB intervention, depressive-like behavior was de-
termined using the TST. Consistent with our previous study, de-
pressive-like behavior (i.e., increased immobility) was evident in
TBI mice at 7d post-injury compared to sham controls (Fig. 5C;
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FIG. 5. Methylene blue (MB) intervention attenuated acute depressive-like behavior 7d post-injury. Adult male (3 months old)
BALB/c mice were subjected to sham injury (Sham) or traumatic brain injury (TBI) and within 15-30 min received an intravenous
injection of vehicle control (Con) or MB (2 mg/kg). (A) Body weight was assessed every day for 7d post-injury (n=9-14). (B) Motor
coordination was determined 3 d before injury and again at 1 h, and 1, 4, and 7 d post-injury (n=4-8). (C) At 7 d post-injury, depressive-
like behavior was determined by tail suspension test (TST). Total average time spent immobile is shown for all groups (n=9-14). (D)
Total time spent immobile was plotted versus the percentage of mice that were immobile. The vertical line at 270 sec denotes that less
than 10% of sham mice were immobile for longer than 270 sec. (E) Percentage of mice from each group that were immobile for longer
than 270 sec (4.5 min) in the TST. Points and bars represent the mean * standard error of the mean. Means with (*) are significantly
different (p <0.05) than Sham-Con. Means with (#) are significantly different (p <0.05) from TBI-Con. Means with (+) tend to be

different (p=0.1) from Sham-Con.

p<0.05). After MB intervention, however, depressive-like behav-
ior in the TBI mice was attenuated to levels similar to the control
groups (Sham-Con and Sham-MB) and these levels tended to be
different from TBI-Con mice (p=0.1).

To better assess the differences in depressive-like behavior be-
tween TBI-Con and TBI-MB mice, total time spent immobile was
plotted against percentage of mice (Fig. SD). This graph illustrates
that fewer than 10% of sham mice (Sham-Con + Sham-MB) were
immobile for longer than 270 sec in the 600 sec test. Therefore, the
percentage of mice immobile for greater than 270 sec was deter-
mined for the TBI groups. Figure SE shows that ~50% of TBI-Con
mice were immobile in the TST longer than 270sec but this
was significantly attenuated by MB treatment down to ~30%
(p<0.001; Fig. SE). Taken together, acute depressive-like behav-
ior was increased by TBI (7 d post-injury) but this increase was
attenuated in mice receiving MB infusion within 30 min after TBIL.

Discussion

More than 2.5 million people in the United States experience a
TBI each year. Despite the frequency of occurrence, there are no
proactive treatments for limiting either the acute physiological or
long-term neuropsychological complications associated with TBI.
Here, we show that in a mouse model, immediate (15-30 min after
injury) intervention with MB attenuated TBI-induced edema and
neuroinflammation, and improved behavioral recovery. Specifi-
cally, a single i.v. injection of 2mg/kg MB attenuated the TBI-
induced increase in IL-1/, TNF-o, and CCL2 in the hippocampus.
Moreover, MB treatment reduced the percentage of inflammatory
myeloid cells (CD11b+/GR1+) cells in circulation at 1d post-

injury. Although MB did not reduce the percentage of brain-
associated macrophages after TBI, MB shifted the inflammatory
profile of microglia/macrophages towards less inflammatory state
with reduced IL-1f and increased IL-10 mRNA expression. Last,
immediate MB intervention protected mice from the development
of TBI-associated depressive-like behavior at 7 d post-injury.

One important aspect of this study is that a single injection of a
low dose of MB reduced TBI-associated edema 1 d after injury. It is
important to highlight that in the midline FPI model, there is less
edema than other models of TBI and this difference is related to the
craniectomy required for FPL.*® Nonetheless, water accumulation
was slightly increased in the cortices of TBI mice. These data are
consistent with a recent study showing that MB significantly at-
tenuated hyperintense lesions by MRI (associated with edema) in a
controlled cortical impact model of TBI.*! Edema increases intra-
cranial pressure (ICP), which is a primary endpoint for patients with
a TBI at a neurotrauma center.”®* This is critical issue because
higher ICP corresponds with a worse neurological outcome.*?

For example, increased ICP over 40 mm Hg is associated with a
six-fold increase in mortality compared to individuals with normal
ICP.?® Despite this fact, careful ICP monitoring and reactive treat-
ments to mitigate aberrant ICP/cerebral perfusion pressure levels
have not significantly improved neurological outcome after TBI.>’
Our data indicate that immediate intervention with MB prevented
edema associated with diffuse brain injury. These data are inter-
preted to indicate that MB intervention may help to improve survival
and neurological outcome after moderate to severe TBI.

Another major finding was that MB intervention significantly
reduced neuroinflammation after TBI. This is important because in
mild to moderate concussions in humans, loss of function is not
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related to gross neuronal loss in one particular area but rather results
from a progressive and prolonged secondary injury process in-
cluding edema and neuroinflammation, along with excitotoxicity,
production of oxygen free radicals, and blood brain barrier break-
down.®" Here, immediate MB intervention reduced mRNA levels
of pro-inflammatory mediators including IL-1f, TNF-o, and CCL2
in the hippocampus at 1d post-injury. Moreover, MB reduced the
activation profile of enriched CD11b+ microglia/macrophages
after TBI skewing cells toward an anti-inflammatory, IL-1/-/IL-
10+ phenotype. Cell culture experiments with BV-2 microglia
confirmed that MB had a direct effect on microglia and the pro-
motion of the IL-15-/IL-10+ phenotype.

Although a previous in vitro study reporting anti-inflammatory
effects of MB showed efficacy only at high doses (100 uM), that
study used a high dose of LPS and primary microglia, whereas
here the dose of LPS was ten-fold lower and BV-2 microglia
were used.*” Reducing immediate neuroinflammation also could
promote long-lasting benefits for TBI patients. We previously
published that the secondary injury after a TBI promotes the de-
velopment of a primed (major histocompatibility complex [MHC]
I1+) microglial profile at one month post-injury.' This is a key
alteration in microglia because transient activation of the innate
immune system 30d post-injury caused amplified microglia acti-
vation and the re-establishment of depressive-like behavior.?'
Therefore, immediate inflammatory events after TBI may lead to
profound alterations in microglia that persist well after the initial
inflammation has resolved. Because TBI-induced inflammatory
damage is likely the event that induces microglial priming, it is
plausible that MB intervention reduces microglial priming and
immune reactivity protecting patients from recurring depressive
symptoms. Further experimentation, however, is required to test
this hypothesis.

Increased edema and neuroinflammation after TBI involves the
recruitment of peripherally-derived myeloid cells to the CNS. 4762764
Here we show that the percentage of inflammatory, CD11b+/
GR1 + myeloid cells in circulation was significantly increased after
TBI. These data are consistent with several studies demonstrating a
robust humoral response to head trauma and trafficking of pe-
ripheral cells to the brain.***®> A potential benefit of MB inter-
vention after TBI was a decreased concentration of inflammatory
myeloid cells in circulation by 1d post-injury. This reduction in
circulating inflammatory cells may be partially responsible for
reduced edema and brain inflammation with MB treatment. It is
unclear if MB limits the release of these cells from the bone mar-
row, promotes selected apoptosis of activated myeloid cells, or
restricts the activation of monocytes limiting their expression of
GR1. Although not graphically represented, the total percentage of
CD11b+ cells was increased with TBI and returned to baseline with
MB (data not shown). These data are interpreted to indicate that MB
reduced myeloid egress from the bone marrow after TBI or induced
cellular apoptosis. Notably, the restriction in circulating CD11b+/
GR1+ cells after MB had no effect on the percentage of brain
associated CD11b+/CD45hi/Ly6Chi macrophages after TBI.

Nonetheless, there was a shift in the inflammatory profile of
these microglia/macrophages from an inflammatory IL-1/+ phe-
notype to a more anti-inflammatory IL-1-/IL-10+ phenotype with
MB intervention. In contrast, minocycline treatment after a closed
head injury in mice reduced cortical gene expression of IL-1, but
had no effect on IL-10 expression or any other inflammatory medi-
ator.’* Therefore, MB treatment uniquely drove anti-inflammatory
gene expression and significantly reduced multiple inflamma-
tory cytokines. Moreover, minocycline treatment was ineffective in
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improving neurological outcome or reducing cellular apoptosis or
lesion volume past 1 d post-injury in a closed head injury model.*
Effective minocycline treatment required multiple doses at a high
concentration to reduce inflammation and edema at 1d post-
injury.®* Here, a single dose of MB at a low dosage was effective
in reducing inflammatory myeloid cells in circulation, limiting
edema, and reducing the activation state of brain microglia and
macrophages.

A key finding in this study was that immediate MB intervention
after TBI reduced acute depressive-like behavior at 7 d post-injury.
It is important to highlight that MB intervention did not prevent
TBI-induced weight loss or transient reductions in motor coordi-
nation during the first week after injury. Thus, one interpretation is
that the antioxidant and anti-inflammatory mechanisms do not
underlie these physiological deficits. Nonetheless, the effectiveness
of MB in attenuating TBI-associated depressive-like behavior has
relevant implications for the long-term mental health outcome of
TBI patients. Mental health illness, including depression, is the
leading cause of healthy years lost in the United States.®® More-
over, rates of depression double in individuals after TBI, compared
with the general population, and risk of depression appears to in-
crease with time after injury.®’~®° Further, TBI patients are typi-
cally refractory to classical anti-depressant therapies, making
treatment more difficult.”®”" Thus, depressive-like behavior after
TBI may have a unique etiology that is more in line with the ““in-
flammatory hypothesis” of depression.'®°

In support of this idea, several basic and clinical studies have
provided evidence that increased levels of circulating and central
inflammatory cytokines cause symptoms of depression.'*-2>-26-7273
Moreover, here we show that reduced brain inflammation after MB
treatment was associated with reduced depressive-like behavior.
We also have previously reported that activation of the innate
immune response and exaggerated brain inflammation promotes
the re-establishment of depressive behavior in TBI mice.?' Con-
sidering MB is currently in clinical trial for neuropsychiatric use,*
MB provides a unique treatment option that could reduce the rate of
psychiatric complications after TBI and extend the number of
healthy years lived.58:%7475

One unexpected result was that MB treatment alone increased
some inflammatory immune markers in CD11b+ cells. For ex-
ample, MB alone increased CD14 and iNOS gene expression in
microglia/macrophages. Corresponding with these data, sham mice
that received MB had reduced rotarod performance, compared with
Sham-Con mice at 1 h post-sham injury, though the values were not
different from their baseline. It is unclear why MB alone induced
these effects but perhaps the nitric oxide-inhibiting properties
created a hypertensive environment inducing a low level of oxi-
dative stress.*>>® Alternatively, the blockade of endothelial NOS
under conditions of normal homeostasis could have resulted in a low
level of inflammatory responses and neuronal distress as consti-
tutive nitric oxide has multiple anti-inflammatory and neuropro-
tective properties.”®’” Nonetheless, these inflammatory markers
were not grossly upregulated in whole brain tissue and MB alone
had no effect on brain edema or depressive-like behavior. Thus,
these studies support the idea that MB is a safe drug at low doses
(<5mg/kg) with limited adverse effects.*>"*

It is important to discuss the relevance of the timing and mode of
MB intervention used in the current study. MB was administered
i.v. within 30min after injury. This is a relevant time point
clinically because individuals who suffer from a TBI typically
receive treatment within this time span. For example, after a life-
threatening car accident, it takes an average of 5-10min for the
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ambulance to reach an accident victim.”® Because MB is stored at
room temperature and is administered i.v., it can be provided within
minutes of head injury in the locker room, ambulance, or battle-
field. In addition, MB can be provided multiple times over a 24 h
period with minimal adverse effects (i.e., green discoloration of
urine). Indeed, a recent study demonstrated that two acute, low
doses of MB (1 mg/kg and 0.5 mg/kg) given 1 h and 3 h after a mild
controlled cortical impact injury were effective in reducing neu-
ronal cell death and lesion size.*' We understand that more basic
research is required to determine the timing, dosage, and efficacy of
MB treatment after TBI. Based on the data presented here, how-
ever, immediate MB intervention provides a plausible therapy for
head injuries in humans.

In summary, the findings presented here demonstrate a unique
role for MB in the proactive treatment of TBI with no adverse effects.
MB is safe at low doses (<5 mg/kg) and already used clinically for
other ailments, stable at room temperature, can be injected i.v., will
rapidly cross the blood brain barrier, and is inexpensive—making
this the ideal drug for the treatment of TBI. Our data in mice in-
dicate that MB intervention is a promising therapy that may reduce
life-threatening complications of TBI including cerebral edema and
neuroinflammation, and also protect against the development of
secondary and long-lasting neuropsychiatric complications.
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