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Abstract Following mild traumatic brain injury (TBI),
patients may self-treat symptoms of concussion, including
post-traumatic headache, taking over-the-counter (OTC)
analgesics. Administering one dose of OTC analgesics
immediately following experimental brain injury mim-
ics the at-home treated population of concussed patients
and may accelerate the understanding of the relationship
between brain injury and OTC pharmacological interven-
tion. In the current study, we investigate the effect of acute
administration of OTC analgesics on neurological func-
tion and cortical cytokine levels after experimental diffuse
TBI in the mouse. Adult, male C57BL/6 mice were injured
using a midline fluid percussion (mFPI) injury model
of concussion (6—10 min righting reflex time for brain-
injured mice). Experimental groups included mFPI paired
with either ibuprofen (60 mg/kg, i.p.; n = 16), acetami-
nophen (40 mg/kg, i.p.; n = 9), or vehicle (15 % ethanol
(v/v) in 0.9 % saline; n = 13) and sham injury paired OTC
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medicine or vehicle (n = 7-10 per group). At 24 h after
injury, functional outcome was assessed using the rotarod
task and a modified neurological severity score. Following
behavior assessment, cortical cytokine levels were meas-
ured by multiplex ELISA at 24 h post-injury. To evaluate
efficacy on acute inflammation, cortical cytokine levels
were measured also at 6 h post-injury. In the diffuse brain-
injured mouse, immediate pharmacological intervention
did not attenuate or exacerbate TBI-induced functional def-
icits. Cortical cytokine levels were affected by injury, time,
or their interaction. However, levels were not affected by
treatment at 6 or 24 h post-injury. These data indicate that
acute administration of OTC analgesics did not exacerbate
or attenuate brain-injury deficits which may inform clinical
recommendations for the at-home treated mildly concussed
patient.
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Introduction

Traumatic brain injury (TBI) is a major cause of death and
disability throughout the world (Langlois et al. 2006; Reilly
2007; Roozenbeek et al. 2013). In the USA between 2002
and 2006, the Centers for Disease Control and Prevention
estimated 52,000 deaths, 275,000 hospitalizations, and
1,365,000 emergency department visits resulting from TBI
each year (Faul et al. 2010). It is also estimated that as high
as 42 % of TBIs are not included in these statistics because
1.2-4.3 million survivors of mild TBI annually do not seek
medical attention (Setnik and Bazarian 2007) and likely
self-medicate.

The mechanical forces of TBI initiate a cascade of sec-
ondary injury processes, including inflammation, which
continue for days to weeks following injury (Werner and
Engelhard 2007). In conflicting studies, cerebral inflam-
mation has been shown to contribute to either beneficial
or deleterious effects after traumatic insult [for review, see
(Morganti-Kossmann et al. 2002)]. TBI triggers a cascade
of inflammation-mediating cytokines (Morganti-Kossmann
et al. 2001; Frugier et al. 2010; Semple et al. 2010; Ziebell
and Morganti-Kossmann 2010), which can elicit a range
of responses including cell differentiation, immune acti-
vation, and cell death (Allan and Rothwell 2001). For the
present study, the midline fluid percussion injury (mFPI)
experimental model in the mouse induces multifocal neu-
ropathology with translational application to mild diffuse
TBI, or concussion. Principally in the first day after mFPI
in mice, we have reported significantly increased levels of
pro-inflammatory cytokine IL-1f in the cortex (Rowe et al.
2014b) along with acute neurological impairments mani-
fested within 1 h of injury (Rowe et al. 2014a). In diffuse
TBI, the effects of clinically relevant acute pharmacologi-
cal inhibition of inflammation on functional outcome are
not yet understood.

Secondary injury processes initiated by TBI, including
inflammation, are tractable therapeutic targets. Inflam-
mation in the wake of TBI is, in part, mediated by the
conversion of membrane-released arachidonic acid into
pro-inflammatory prostaglandins by cyclooxygenase-2
(COX-2) (Dash et al. 2000). NSAIDs are widely avail-
able over-the-counter drugs used to treat acute pain and
inflammation, with mechanisms of action to block COX-1
and/or COX-2, thereby slowing the production of prosta-
glandins (Vane 1971). Acetaminophen, on the other hand,
is presented as an analgesic with actions on cannabi-
noid receptors (Ottani et al. 2006; Dani et al. 2007), with
weaker inflammatory properties. Previous studies suggest
anti-inflammatory drugs improve outcome following brain
injury as early as 72 h post-injury (Gopez et al. 2005; Ng
et al. 2012; Thau-Zuchman et al. 2012; Chio et al. 2013;
Gatson et al. 2013). Treatment with the highly specific
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COX-2 inhibitor DFU [5,5-dimethyl-3(3-fluorophenyl)-
4(4-methylsulfonyl)phenyl-2(°H)-furanone]  administered
daily for 3 days following lateral cortical impact in rats
attenuated injury-induced prostaglandin production in
the brain and improved functional recovery measured by
the Morris water maze and neuroscore at 72 h post-injury
(Gopez et al. 2005). Carprofen, a COX-2 inhibitor, admin-
istered daily for 7 days following experimental TBI using
a closed head injury (CHI) model in mice, also improved
functional recovery (Thau-Zuchman et al. 2012). Recovery
of function measured by the NSS, however, was not present
until 72 h post-injury (Thau-Zuchman et al. 2012). Treat-
ment with anti-inflammatory minocycline for 14 days fol-
lowing CHI in mice resulted in improved NSS scores start-
ing at 72 h post-injury, with improvements lasting through
day 7 (Ng et al. 2012). These studies suggest that inhibiting
inflammation after mild to severe TBI can improve func-
tional recovery; however, there is evidence to suggest that
treatment with ibuprofen over an extended time frame may
worsen cognitive outcome. Rats which were continuously
treated with ibuprofen for 4 months following lateral fluid
percussion injury performed significantly worse in the Mor-
ris water maze than non-treated brain-injured rats (Browne
et al. 2006). Taken together, previous reports indicate that
repeated doses of OTC analgesics, depending on the time
frame, may be beneficial or detrimental to recovery from
TBI. The acute nature of neurological impairments induced
by the mFPI model necessitates acute behavioral analy-
sis to assess the effects of pharmacological intervention
(Rowe et al. 2014a). The current study delivers ibuprofen
and acetaminophen to determine whether a single treat-
ment with common over-the-counter (OTC) analgesics
after diffuse TBI promotes recovery or worsens behavioral
outcome.

The current study investigated the effects of acetami-
nophen and ibuprofen—two common analgesic drugs with
different anti-inflammatory mechanisms—on neurologi-
cal function and cortical cytokine levels after diffuse TBI
in the mouse. We hypothesized that acute pharmacologi-
cal inhibition of injury-induced inflammation will lead to a
decrease in inflammatory cytokines, possibly altering func-
tional outcome.

Methods
Animals

Male C57BL/6 mice (Harlan Laboratories, Inc., Indian-
apolis, IN) were used for all experiments (n = 57). Mice
were housed in a 12-h light/12-h dark cycle at a constant
temperature (23 °C =+ 2 °C) with food and water available
ad libitum according to the Association for Assessment and
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Accreditation of Laboratory Animal Care International.
All mice used in this study were singly housed. Mice were
acclimated to their environment following shipment for at
least 3 days prior to any experiments. After surgery, mice
were evaluated daily for postoperative care by a physical
examination and documentation of each animal’s condition.
Animal care was approved by the Institutional Animal Care
and Use Committees at St. Joseph’s Hospital and Medical
Center (Phoenix, AZ).

Midline fluid percussion injury (mFPI)

Mice (20-24 g) were subjected to midline fluid percus-
sion injury (mFPI) consistent with methods previously
described (Lifshitz 2008). Group sizes are indicated in the
“Results” section and figure legends for individual studies.
Mice were anesthetized using 5 % isoflurane in 100 % oxy-
gen for 5 min, and the head of the mouse was placed in a
stereotaxic frame with continuously delivered isoflurane at
2.5 % via nosecone. While anesthetized, body temperature
was maintained using a Deltaphase® isothermal heating
pad (Braintree Scientific Inc., Braintree, MA). A midline
incision was made exposing bregma and lambda, and fas-
cia was removed from the surface of the skull. A trephine
(3 mm outer diameter) was used for the craniotomy, cen-
tered on the sagittal suture between bregma and lambda
without disruption of the dura. An injury cap prepared from
the female portion of a Luer-Loc needle hub was fixed
over the craniotomy using cyanoacrylate gel and methyl-
methacrylate (Hygenic Corp., Akron, OH). The incision
was sutured at the anterior and posterior edges and topical
lidocaine ointment was applied. The injury cap was closed
using a Luer-Loc cap and mice were placed in a heated
recovery cage and monitored until ambulatory before being
returned to their sleep cage.

For injury induction 24 h post-surgery, mice were re-
anesthetized with 5 % isoflurane delivered for 5 min. The
cap was removed from the injury-hub assembly, and the
dura was visually inspected through the hub to make sure it
was intact with no debris. The hub was then filled with nor-
mal saline and attached to a tube connected to the male end
of the fluid percussion device (Custom Design and Fabri-
cation, Virginia Commonwealth University, Richmond,
VA). An injury of moderate severity for our injury model
(1.4 atm) was administered by releasing the pendulum onto
the fluid-filled cylinder. Sham-injured mice underwent the
same procedure except the pendulum was not released.
Mice were monitored for the presence of a forearm fenc-
ing response, and righting reflex times were recorded for
the injured mice as indicators of injury severity (Hosseini
and Lifshitz 2009). The righting reflex time is the total
time from the initial impact until the mouse spontaneously
rights itself from a supine position. The fencing response is

a tonic posturing characterized by extension and flexion of
opposite arms that has been validated as an overt indicator
of injury severity (Hosseini and Lifshitz 2009). The injury
hub was removed and the brain was inspected for uniform
herniation and integrity of the dura. The dura was intact
in all mice; none were excluded as technical failures. The
incision was cleaned using saline and closed using sutures.
Moderate brain-injured mice had righting reflex recovery
times greater than 6 min and a positive fencing response.
Sham-injured mice recovered a righting reflex within 20 s.
After spontaneously righting, mice were placed in a heated
recovery cage and monitored until ambulatory (approxi-
mately 5—15 min) before being returned to their cage. Ade-
quate measures were taken to minimize pain or discomfort.

Pharmacological intervention

All mice received either vehicle or drug treatment imme-
diately following induction of injury or sham. Drugs were
administered intraperitoneally in 100 pl of sterile vehicle
solution of normal saline and 15 % (v/v) ethanol. Drug-
treated mice received either ibuprofen (60 mg/kg; Sigma-
Aldrich, St. Louis, MO) or acetaminophen (40 mg/kg;
Sigma-Aldrich, St. Louis, MO). These doses were chosen
with respect to clinically relevant doses. Dose translations
from human to mice were based on body surface area (Rea-
gan-Shaw et al. 2008) and were maintained within the max-
imum daily dose recommended by the United States Fed-
eral Drug Administration (www.fda.gov). Both drugs were
compared to the same vehicle-treated control group treated
with normal saline and 15 % (v/v) ethanol.

Behavioral testing
Rotarod

Sensorimotor function was assessed using the Economex
Rotarod system from Columbus Instruments (Columbus,
OH). Mice were pre-trained for three consecutive days. The
first 2 days were acclimation (60 s at 4 rpm for 3 trials),
and on day three, baseline scores were collected using the
test day procedures (see below). For the test at 24 h post-
injury, mice were placed on the rod with a starting speed of
4 rpm, and rod rotation speed was continuously increased
over 5 min up to a max speed of 28 rpm, as previously pub-
lished (Bachstetter et al. 2013). The trial ended when the
mouse fell from the rod or 5 min elapsed. Two trials were
performed at each time point. Data are presented (average
of two trials) as latency to fall in seconds and total dis-
tance traveled in centimeters. Improvement in performance
is presented as the difference in each mouse’s baseline
score and test day score, where positive numbers indicate
improvement in the task.
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Neurological severity score (NSS)

Post-traumatic neurological impairments were assessed
at 24 h post-injury using an eight-point NSS paradigm
adapted from those previously used in experimental mod-
els of TBI (Chen et al. 1996; Semple et al. 2010; Pleasant
et al. 2011; Ziebell et al. 2011). One point was given for
failure on an individual task, and no points were given if a
mouse completed a task successfully. Mice were observed
for hindlimb flexion, startle reflex, and seeking behavior
(presence of these behaviors was considered successful
task completion). Mice traversed in sequence, 3-, 2-, and
1-cm beams. The beams were elevated and mice were given
1 min to travel 30 cm on the beams. The task was scored as
a success if the mouse traveled 30 cm with normal forelimb
and hindlimb position (forelimb/hindlimb did not hang
from the beam). Mice were also required to balance on a
0.5-cm beam and a 0.5-cm round rod for 3 s in a stationary
position with front paws between hind paws. Nonparamet-
ric data are presented as a composite score ranging from 0
to 8 representing performance on all tasks combined. High
final NSS scores were indicative of task failure and inter-
preted as neurological impairment.

Tissue preparation and cytokine quantification

At 6 or 24 h post-injury, mice were given an overdose of
sodium pentobarbital and transcardially perfused with ice-
cold phosphate buffered saline (PBS). Mice were decapi-
tated and the brains were dissected on ice. Cortical biop-
sies (2 mm diameter x 2 mm thickness) were taken and
snap frozen in methanol cooled over dry ice and then stored
at —80 °C. The protein levels of a panel of inflammation-
related cytokines were measured by Quansys Biosciences
Mouse Cytokine IR Q-Plex assay (Quansys Biosciences,
Logan, UT), according to manufacturer protocol. Corti-
cal biopsies were bead-homogenized using a Precellys 24
in 200 pl of ice-cold Tris-buffered lysis solution supple-
mented with protease inhibitor cocktail (Complete Pro-
tease Inhibitor Cocktail Mini Tablet, Roche Diagnostics,
Mannheim, Germany). The cortical homogenate was cen-
trifuged at 3,000 RCF for 20 min at 4 °C in a microcen-
trifuge. The resulting supernatant (25 ul) was loaded per
well of the Q-Plex plate, and cytokine levels were deter-
mined by Q-Plex assay. Cytokine levels in the cortex were
normalized to the total amount of protein in the sample,
as determined by BCA Protein Assay (Thermo Scientific,
Rockford, IL).

Statistical analysis

Data are shown as mean = SEM and analyzed using sta-
tistical software (GraphPad Prism 6). For analysis of
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behavior, uninjured shams from all drug treatment groups
were combined and used as a single control (see results).
Differences in rotarod performance following TBI were
determined by one-way analysis of variance (ANOVA) fol-
lowed by Sidak’s multiple comparisons test. Nonparametric
NSS data were analyzed by Kruskal-Wallis ANOVA, fol-
lowed by Dunn’s comparison post hoc test (see “Results”).
Differences in cytokine concentrations were analyzed by
two-way ANOVA. Statistical significance was assigned
when p < 0.05.

Results

It was not anticipated that drug treatment would change
functional outcome in the uninjured sham mice. Statistical
analyses confirmed no significant change in rotarod perfor-
mance or NSS between any sham treatment groups. Vehi-
cle-treated, ibuprofen-treated, and acetaminophen-treated
shams were combined into a single control. As anticipated,
anti-inflammatory treatment altered cytokine levels in sham
treatment groups; cytokine data were analyzed without
combining shams.

Diffuse TBI reduced motor performance on the rotarod
task regardless of pharmacological intervention

To assess motor function, we used the rotarod task as
previously published (Bachstetter et al. 2013). Across
groups, there was a significant effect on latency to stay on
the rotarod (F(3, 53) = 3.688, p = 0.0174; Fig. la; sham
n = 27, vehicle-treated injury n = 10, ibuprofen-treated
injury n = 12, acetaminophen-treated injury n = 8). Rotarod
latency was significantly reduced in vehicle-treated and ibu-
profen-treated brain-injured mice compared to sham mice at
24 h post-injury (Fig. 1a). There was no significant latency
reduction in acetaminophen-treated brain-injured mice com-
pared to shams (Fig. 1a). Further analysis of rotarod perfor-
mance confirmed the latency data with distance traveled,
showing similar significant effects on distance traveled (F(3,
53) = 3.909, p = 0.0135; Fig. 1b). Distance traveled was
significantly reduced in both vehicle and ibuprofen-treated
brain-injured mice compared to uninjured sham. There was
no difference in distance traveled by acetaminophen-treated
brain-injured mice compared to shams. To compensate for
trial-based learning, improvement in motor performance
was analyzed. Latencies (Fig. 1c) and distances (Fig. 1d)
of each mouse at 24 h post-injury were compared to their
individual baseline scores at training. Brain-injured mice
treated with vehicle and ibuprofen showed significantly
less improvement in latency to stay on the rod compared
to the improvement of uninjured shams (F(3, 53) = 4.553,
p = 0.0065; Fig. 1c). Acetaminophen-treated brain-injured
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Fig. 1 No adverse effects of pharmacological intervention on injury-
induced motor deficits on the rotarod task. a Injury significantly
impaired motor performance as indicated by reduced latency to stay
on the rotarod (mean £ SEM; F(3, 53) = 3.688, p = 0.0174), with
significant differences between vehicle-treated and ibuprofen-treated
brain-injured mice compared to uninjured shams at 24 h post-injury.
There was no significant difference between acetaminophen-treated
brain-injured mice compared to uninjured shams. b Reduced distance
traveled on the rotarod also indicated a significant injury-induced
impairment in motor function (mean + SEM; F(3, 53) = 3.909,
p = 0.0135). There was a significant difference between vehicle-
treated and ibuprofen-treated brain-injured mice compared to unin-
jured shams at 24 h post-injury. There was no difference in distance

mice did not show a difference in improvement compared
to uninjured shams (Fig. 1c). All brain-injured mice, regard-
less of treatment, showed significantly less improvement
in distance traveled compared to shams (F(3, 53) = 6.017,
p = 0.0013; Fig. 1d).

Overall, diffuse brain injury reduced motor perfor-
mance measured on the rotarod task. Acetaminophen-
treated brain-injured mice did not show injury-induced
impairments measured by latency (Fig. 1a, c) or distance
(Fig. 1b), but did have a significantly worse improvement
in distance from baseline compared to uninjured shams
(Fig. 1d). However, the acetaminophen-treated brain-
injured mice did not show significant improvements in
motor impairments compared to all other brain-injured
groups (F(2, 27) = 0.5684, p = 0.5730; Fig. la; F(2,
27) = 1.063, p = 0.03594; Fig. 1b; F(2, 27) = 0.06751,
p = 0.9349; Fig. 1c). Acute pharmacological intervention,
regardless of drug, did not exacerbate or attenuate brain-
injury-induced motor deficits.
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traveled by acetaminophen-treated brain-injured mice compared to
uninjured shams. ¢ Brain injury significantly impaired the improve-
ment in latency to stay on the rotarod from baseline (mean + SEM;
F(3, 53) = 4.553, p = 0.0065) indicated by a difference between
vehicle-treated and ibuprofen-treated brain-injured mice compared to
uninjured shams at 24 h post-injury. d Brain injury also significantly
impaired improvement in distance traveled (mean £+ SEM; F(3,
53) = 6.017, p = 0.0013) between vehicle-treated, ibuprofen-treated,
and acetaminophen-treated brain-injured mice compared to unin-
jured shams at 24 h post-injury. (Sham n = 27, vehicle-treated injury
n = 10, ibuprofen-treated injury n = 12, acetaminophen-treated
injury n = 8; *p < 0.05; **p < 0.01)

Diffuse TBI resulted in neurological impairments
regardless of pharmacological intervention

All brain-injured mice showed significant neurological
impairments measured by the NSS compared to uninjured
shams, regardless of pharmacological intervention (KW (4,
57) = 27.37, p < 0.001; Fig. 2; sham n = 27, vehicle-
treated injury n = 10, ibuprofen-treated injury n = 12,
acetaminophen-treated injury n = 8). At 24 h post-injury,
all brain-injured groups had significantly higher NSS
scores compared to uninjured shams. There was no signifi-
cant effect of post-injury pharmacological treatment.

Diffuse TBI resulted in increased cytokine levels at 6 or
24 h post-injury regardless of pharmacological intervention

Upon brain dissection, no differences in hemorrhage or

gross pathology were noted among treatment groups.
To determine the changes in the inflammatory response
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Fig. 2 No adverse effects of pharmacological intervention on injury-
induced neurological impairments. Significant neurological impair-
ments were detected between groups, as measured by modified
NSS (mean £+ SEM; KW(4, 57) = 27.37, p < 0.001). Dunn’s mul-
tiple comparisons test indicated vehicle-treated, ibuprofen-treated,
and acetaminophen-treated brain-injured mice showed significantly
higher NSS scores compared to uninjured shams 24 h post-injury.
There were no significant changes in function between any brain-
injured groups regardless of treatment. (Sham n = 27, vehicle-treated
injury n = 10, ibuprofen-treated injury n = 12, acetaminophen-
treated injury n = 8; *p < 0.05; ***p < 0.001)
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following diffuse brain injury, we measured inflammatory
cytokines in whole cortex at select time points following
injury (6, 24 h). Data from both time points and all meas-
ured analytes are presented as measured concentration
from cortical homogenate (pg/ml/mg) + SEM (Table 1).

Pro-inflammatory cytokines were found to increase by 6 h
post-injury but did not remain increased at 24 h post-injury
(Fig. 3). Anti-inflammatory cytokines were not altered at
6 h post-injury but increased by 24 h post-injury (Fig. 4).
For all analytes, effect of pharmacological treatment was
evaluated across brain-injured groups via one-way ANOVA
revealing no significant differences in OTC analgesic-
treated versus vehicle-treated groups.

Diffuse brain injury resulted in increased -corti-
cal levels of pro-inflammatory cytokines IL-6 and
TNF-o when compared to uninjured shams at 6 h post-
injury (F(1, 30) = 4.468, p = 0.0430, Fig. 3b; F(1,
30) = 6.853, p = 0.0137, Fig. 3c). Another pro-inflam-
matory cytokine, IL-la exhibited a modest increase in
response to injury which failed to reach statistical signifi-
cance (F(1, 30) = 1.192, p = 0.2837; Fig. 3a). Signifi-
cant injury effects are denoted in Fig. 3 by asterisks. No
significant injury effects were noted in pro-inflammatory
cytokine levels at 24 h post-injury. By 24 h post-injury,
IL-6 (F(1, 58) = 14.76, p = 0.0003, Fig. 3b), 1L-12
(F(1,59) = 35.61, p < 0.001, Table 1), and TNF-a (F(1,
59) = 11.38, p = 0.0013; Fig. 3c) were each decreased
compared to their respective 6-h measurements. Addi-
tionally, pro-inflammatory cytokines IL-la, IL-1PB, and
IFNy were reduced to undetectable levels at 24 h,

Table 1 Inflammation-related cytokines in the cortex at 6 and 24 h following diffuse brain injury

Sham vehicle Injury vehicle Sham ibuprofen

Injury ibuprofen Sham acetaminophen Injury acetaminophen

IL-1a 6 h 424 +33 76.1 £15.1 55.7+9.8
IL-1a24 h UD UD UD
IL-1B6h 71.2£25.7 62.9 £+ 30.1 23.1+16.2
IL-18 24 h UD UD UD

IL-26h 61.3 +£2.8 65.7+5.1 50 £4.8
IL-2 24 hf 829+£53 71.6 £7.1 74.6 £ 1.5
IL-46h UD UD UuD

IL-4 24 h 55.8 £3.0 524+ 4.6 53.1£1.0
IL-6 6 h* 208.7 £ 65.1 595.7 +198.5 953 +41.6
IL-6 24 hf 77.1 £24.5 79.1 £10.8 59.1 £11.1
IL-106h 11.6 +2.1 10.8 £ 1.1 77+£1.8
IL-10 24 h' 297+ 1.7 282+23 28.0 £ 0.6
IL-126h 296.1 +32.0 561.8 £221.2 272.6 £45.4
IL-12 24 h' 231.4 +£26.1 144.6 = 16.2 1732 +£15.7
TNF-o 6 h* 39.8£0.5 404 +0.3 392+£0.2
TNF-0 24 h 36.1 £1.9 35.1£32 33.8+0.5
IFNy 6 h 21.8+23 222432 19.0 £ 2.0
IFNy 24 h UuD UD UD

532 +5.1 40.6 +10.8 48.0 £22.5
UD UD UD

87.9 £20.4 60.2 +26.9 75.0 £29.2
UD UD UD

584 £4.8 57.0£8.5 48.1+3.5
80.6 £5.5 68.8 8.0 833 +£83
UD UD UD

57.6 £2.8 483+54 60.3 £4.9
277.6 £52.9 184.3 +46.1 255.2 +£132.7
36.9 £34.2 38.8£11.9 51.1 £ 16.4
121+ 1.6 103 £ 1.8 88+ 19
28.8 £2.3 254 £2.7 324+24
309.3 +£19.5 310.0 £41.1 254.8 = 16.1
172.2 £ 24.5 1793 £ 254 213.6 £ 18.6
403 +0.3 393 £04 40.0 £ 0.5
37.7+1.8 309 £35 392+3.0
232+2.6 22.7+5.1 220+43
UD [8)D) UD

Data are presented as concentration levels (mean pg/ml/mg £+ SEM). IL-6 and TNF-a were both significantly increased in the brain-injured
cortex at 6 h post-injury compared to uninjured shams (F(1, 30) = 4.468, * p = 0.0430; F(1, 30) = 6.853, * p = 0.0137). There were also time-
dependent decreases in IL-6 and TNF-a at 24 h post-injury compared to 6 h post-injury (F(1, 58) = 14.76, * p = 0.0003; F(1, 59) = 11.38,
p = 0.0013). There were time-dependent increases in IL-2, IL-10, and IL-12 at 24 h post-injury compared to 6 h post-injury (F(1,59) = 25.87,
7Lp < 0.0001; F(1,59) =0.1672, Tp < 0.0001; F(1,59) = 35.61, Tp < 0.001). (UD = undetectable) (6 h: sham n = 5 per treatment, injury n =7
per treatment; 24 h: sham n = 5 per treatment, injury n = 4-5 per treatment)
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Fig. 3 Diffuse brain injury increased pro-inflammatory cytokines
in the cortex at 6 h post-injury regardless of pharmacological treat-
ment. For all analytes, the effect of pharmacological treatment was
evaluated across brain-injured groups via one-way ANOVA revealing
no significant differences in OTC analgesic-treated versus vehicle-
treated groups. a IL-la was increased in the cortex following brain
injury at 6 h post-injury compared to uninjured shams but failed to
reach significance (mean £ SEM; F(1, 30) = 1.192, p = 0.2837).
Overall, IL-1a decreased 24 h post-injury to levels that were unde-
tectable (UD) preventing statistical analysis. b IL-6 was significantly
increased in the cortex following brain injury at 6 h post-injury
compared to uninjured shams (mean = SEM; F(1, 30) = 4.468,
*p = 0.0430). Though there was an evident trend of both ibupro-
fen and acetaminophen toward reduction of injury-induced IL-6

precluding statistical comparisons. Significant effects of
time between 6 and 24 h measurements are denoted in
Fig. 3 by crosses.

Ibuprofen Acetaminophen

Vehicle Ibuprofen Acetaminophen

compared to vehicle, these differences did not reach statistical sig-
nificance (F(2, 18) = 1.818, p = 0.1909). There were no significant
injury-induced changes in IL-6 at 24 h post-injury (mean + SEM;
F(1, 22) = 0.02819, p = 0.8682); however, levels were signifi-
cantly lower compared to levels at 6 h post-injury (mean £ SEM;
F(1, 58) = 14.76, Tp = 0.0003). ¢ TNF-a was significantly increased
in the cortex following brain injury at 6 h post-injury compared to
uninjured shams (mean £+ SEM; F(1, 30) = 6.853, *p = 0.0137).
There were no significant injury-induced changes in IL-6 at 24 h
post-injury (mean £+ SEM; F(1, 23) = 1.756, p = 0.1981); however,
levels were significantly lower compared to levels at 6 h post-injury
(mean £+ SEM; F(1, 59) = 11.38, Tp = 0.0013). (6 h: sham n = 5 per
treatment, injury n = 7 per treatment; 24 h: sham n = 5 per treatment,
injury n = 4-5 per treatment)

Diffuse brain injury did not alter cortical levels of anti-
inflammatory cytokines IL-4 or IL-10 when compared
to uninjured shams at 6 h post-injury (F(1, 23) = 1.047,
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Fig. 4 Neither brain injury nor pharmacological treatment altered
anti-inflammatory cytokine levels in the cortex at 6 h or 24 h post-
injury. For all analytes, effect of pharmacological treatment was
evaluated across brain-injured groups via one-way ANOVA reveal-
ing no significant differences in OTC analgesic-treated versus
vehicle-treated groups. a IL-4 was undetectable in the cortex at 6 h
post-injury, and levels were not statistically analyzed. IL-4 was pre-
sent in the cortex 24 h post-injury, and there were no significant
injury-induced changes compared to uninjured shams (mean £+ SEM;
F(1, 23) = 1.047, p = 0.3169). Overall, IL-4 increased 24 h post-

p = 0.3169; F(1, 30) = 0.2279, p = 0.6366, Fig. 4a, b) or
24 h post-injury (F(1, 23) = 0.6964, p = 0.4126, Fig. 4b).
IL-4 levels were increased at 24 h post-injury compared
to 6 h post-injury; however, 6 h IL-4 levels were undetect-
able, precluding statistical comparisons (Fig. 4a). Levels of
IL-2 and IL-10 were significantly increased at 24 h post-
injury compared to 6 h post-injury (F(1, 59) = 0.1672,
p < 0.0001, Fig. 4b; F(1,59) = 25.87, p < 0.0001, Table 1).
Significant effects of time between 6 and 24 h measure-
ments are denoted in Fig. 3 by crosses.

Discussion

In the diffuse brain-injured mouse, immediate pharmaco-
logical intervention with over-the-counter analgesics did
not adversely affect sensorimotor or neurological outcome.
A single, clinically relevant dose of ibuprofen or acetami-
nophen was hypothesized to reduce early inflammation
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injury compared to 6 h post-injury; however, levels were undetect-
able (UD) preventing statistical analysis. b There were no injured-
induced changes in IL-10 in the cortex at 6 h (mean £ SEM; F(1,
30) = 0.2279, p = 0.6366) or 24 h (mean £ SEM; F(1, 23) = 0.6964,
p = 0.4126) post-injury compared to uninjured shams. Levels of
IL-10 were significantly higher at 24 h post-injury compared to levels
at 6 h post-injury (mean & SEM; F(1, 59) = 0.1672, Tp < 0.0001).
(6 h: sham n = 5 per treatment, injury n = 7 per treatment; 24 h:
sham n = 5 per treatment, injury n = 4-5 per treatment)

leading to a worsened functional outcome. In the current
study, we show immediate treatment with ibuprofen or
acetaminophen did not impact TBI-induced functional defi-
cits measured by the rotarod and NSS. We also show drug
treatment did not alter expression of cortical cytokines at
24 h post-injury.

There is no approved pharmacological treatment for TBI
and current medical care focuses primarily on controlling
physiological parameters including intracranial pressure
and blood pressure (Wang et al. 2006), as well as pain.
Severity of TBI is categorized based on the Glasgow Coma
Scale (GCS) which reliably classifies the severity of TBI
based on clinical symptoms with a total GCS score classi-
fying their injury as mild (score: 13—15), moderate (score:
9-12) or severe (score: <9) (Prins et al. 2013). Given the
majority of human TBI encompasses mild to moder-
ate diffuse brain injury for which self-medication may be
the primary treatment, the current study sought to repli-
cate the real-life situation in which a survivor of mild TBI
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self-medicates with a single dose of an OTC analgesic. For
this study, we used a moderate severity diffuse brain injury
which in our injury model (mFPI) reflects a mild clinical
TBI (GCS 13-15). The most frequent symptom after TBI
is post-traumatic headache TBI (Theeler et al. 2013), mak-
ing ibuprofen and acetaminophen principal choices for self-
medication. Administering one dose of over-the-counter
(OTC) analgesics immediately following brain injury mim-
ics the at-home treated population of concussed patients
and may accelerate the understanding of the relationship
between brain injury and OTC pharmacological interven-
tion. Administering ibuprofen, an NSAID and COX inhibi-
tor, in opposition to administering acetaminophen, an
analgesic with weak anti-inflammatory properties allowed
for the investigation of inflammation inhibition on brain
injury-induced deficits.

While clinical and experimental data suggest the chronic
overproduction of pro-inflammatory cytokines contrib-
utes to the progression of pathology in TBI (Schmidt et al.
2005; Lloyd et al. 2008; Cao et al. 2012), the role of imme-
diate inflammation is less clear. Inflammation is critical
to the repair process and health of the organism, however,
inflammation that is excessive or prolonged can exacerbate
damage after the primary injury (Bachstetter et al. 2013).
Previous reports have shown that multiple doses of anal-
gesics can alter not only functional outcome but also cel-
lular mechanisms following experimental TBI, see review
(Rowe et al. 2013). In this study, a single dose of ibupro-
fen or acetaminophen given at the time of injury did not
attenuate or exacerbate injury-induced sensorimotor or
neurological deficits measured 24 h post-injury. Previous
studies suggest anti-inflammatory drugs can improve out-
come following brain injury as early as 72 h post-injury
(Gopez et al. 2005; Ng et al. 2012; Thau-Zuchman et al.
2012; Chio et al. 2013; Gatson et al. 2013). Treatment
with the highly specific COX-2 inhibitor DFU [5,5-dime-
thyl-3(3-fluorophenyl)-4(4-methylsulfonyl)phenyl-2(°H)-
furanone] following lateral cortical impact in rats attenu-
ated injury-induced prostaglandin production in the brain
and improved functional recovery measured by the Morris
water maze and neuroscore at 72 h post-injury (Gopez et al.
2005). Carprofen, a COX-2 inhibitor, administered follow-
ing closed head injury (CHI) in mice, also improved func-
tional recovery (Thau-Zuchman et al. 2012). Recovery of
function measured by the NSS, however, was not present
until 72 h post-injury (Thau-Zuchman et al. 2012). Treat-
ment with anti-inflammatory minocycline following CHI in
mice resulted in improved NSS scores starting at 72 h post-
injury, with improvements lasting through day 7 (Ng et al.
2012). These studies suggest that inhibiting inflammation
can improve functional recovery. While the administration
of analgesics has been primarily shown to positively influ-
ence functional outcome, these studies have incorporated

multiple dosing strategies either before or after TBI. While
the results are experimentally valid, they do not address the
situation faced by a mildly concussed individual not seek-
ing medical attention. In this scenario, an individual would
likely self-treat prominent symptoms, including headache,
with OTC analgesics immediately post-injury. Experimen-
tally, it would be expected that a single dose of OTC anal-
gesics would have less profound effects upon outcome than
a more aggressive dosing strategy.

In the current study, we found that a single dose of OTC
analgesics did not attenuate or exacerbate TBI-induced
functional deficits. Sensorimotor deficits measured by the
rotarod task were present in brain-injured groups com-
pared to uninjured shams regardless of drug treatment at
the time of injury. Similarly, brain-injured groups had neu-
rological deficits measured by a modified NSS compared
to uninjured shams regardless of drug treatment. Multiple
studies have shown analgesics to provide neuroprotection
from TBI when administered continually, such that a single
clinically relevant dose of OTC analgesics does not affect
the pathophysiological and molecular cascades induced
by diffuse brain injury. In this way, any initial inhibition
of inflammation provided by a single analgesic dose may
not prevent the development of neurological deficits by
24 h post-injury. It is also possible that the route of drug
administration used in this study reduced the bioavailabil-
ity of the compounds. Alternate administration routes could
increase the bioavailability of the drugs and should be con-
sidered for future studies, recognizing the reduced clinical
applicability. Overall, this study shows one dose of OTC
analgesics given immediately following injury does not
alter functional outcome. Given that the OTC analgesics
administered in the current study did not worsen behavio-
ral outcome, they may be safe for the clinical treatment of
post-traumatic symptoms. It is of note, though, that some
anti-inflammatory drugs, including ibuprofen, are not indi-
cated for clinical use after TBI due to their anti-coagulant
effects increasing the possibility of intracranial bleeding
(Maiese 2008).

Our experimental model of concussion has shown
increased levels of pro-inflammatory cytokines peaking
between 3 and 9 h post-injury (Bachstetter et al. 2013;
Rowe et al. 2014b). In the current study, we measured a
panel of inflammation-related interleukins at 6 and 24 h
post-injury to investigate the presence or absence of inflam-
mation following injury and at the time behavioral test-
ing was completed. Interestingly, the pattern of cytokine
levels over time reflected their functionality and immune
properties. Immune mediators that are secreted follow-
ing brain injury can be divided into subgroups: archetypal
pro-inflammatory cytokines (IL-1, TNF, IL-6), anti-inflam-
matory cytokines (IL-2, IL-4, IL-10, transforming growth
factor-beta), and the chemotactic cytokines or chemokines
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(Banchereau et al. 2012; Woodcock and Morganti-Koss-
mann 2013). Our data showed, regardless of pharmacologi-
cal treatment, pro-inflammatory cytokines were increased
in the cortex at 6 h but not 24 h post-injury. In contrast, we
found anti-inflammatory cytokines were increased in the
cortex at 24 h post-injury compared to 6 h post-injury. Our
experimental model of injury has shown injury-induced
increases in cortical chemokines with a similar time course
as the pro-inflammatory cytokines measured in this study,
reaching significant increases at 6 h post-injury (Bachstet-
ter et al. 2013). While chemokines were not measured in
the current study, based on previously reported data, we
predict similar increases occurred.

IL-1o and IL-1P are key mediators of the inflammatory
response both peripherally and centrally (Woodcock and
Morganti-Kossmann 2013). The IL-1 family of cytokines
are regulators of inflammation in relation to acute TBI
(Woodcock and Morganti-Kossmann 2013), and previ-
ous temporal associations of injury-induced cytokine lev-
els in our injury model have shown increased IL-1f peak-
ing between 3 and 9 h post-injury (Bachstetter et al. 2013;
Rowe et al. 2014b). In this study, there were increases in
production of IL-1 but the injury effect did not reach sig-
nificance. By 24 h post-injury, the IL-1 cytokines had
become undetectable supporting the role of IL-1 in acute
inflammation following TBI. IL-6 and TNF-a are also asso-
ciated with the acute immune response following TBI. Our
study measured cytokines identified as key regulators of the
acute phase response including IL-6 and TNF-a (Gabay
and Kushner 1999). We found both IL-6 and TNF-a were
significantly increased in brain-injured cortex compared to
uninjured sham at 6 h supporting their role as key regula-
tors of the acute phase response. When measured at 24 h
post-injury, there was a time-dependent reduction in pro-
inflammatory cytokines (IL-1a, IL-18, IL-6, IL-12, IFNYy)
suggesting that acute inflammation following experimental
diffuse brain injury has resolved, which may or may not
emerge at later time points.

In contrast, we found a time-dependent increase in anti-
inflammatory cytokines (IL-2, IL-4, and IL-10) at 24 h
post-injury compared to 6 h post-injury. IL-10 has been
shown to have inhibitory effects on the production of pro-
inflammatory cytokines (IL-1, IL-6, TNF-a) which sup-
ports different patterns of anti-inflammatory versus pro-
inflammatory cytokines after diffuse brain injury. IL-10
is significantly increased at 24 h post-injury which could
have inhibitory effects on the pro-inflammatory cytokines,
which further validates IL-10 inhibition of IL-18 and TNF
to dampen the inflammatory response (Woodcock and Mor-
ganti-Kossmann 2013). Overall, there were both injury-
induced and time-dependent changes in cortical cytokine
levels at both 6 and 24 h post-injury; however, there were
no alterations dependent upon pharmalogical intervention.

@ Springer

Regardless of treatment, there were no significant
reductions in cytokine levels following the administra-
tion of OTC analgesics with varying anti-inflammatory
properties. Overall, immediate pharmacological inter-
vention following brain injury did not adversely impact
functional outcome as indicated by performance on the
rotarod and NSS task. Further investigation is needed to
determine whether multiple doses of over-the-counter
analgesics attenuate injury-induced deficits. It is possible
that chronic treatment may impact the course of recovery
following TBI. Ibuprofen administered chronically over a
4-month period to rats subjected to FPI led to a decline
in cognitive function, as measured by the Morris water
maze (Browne et al. 2006). Future studies should extend
the functional evaluation beyond 24 h post-injury. It is
possible that the single dose given in this study may have
improved or worsened functional outcome at later post-
injury time points.

Conclusion

In the diffuse brain-injured mouse, immediate pharmaco-
logical intervention did not attenuate or exacerbate TBI-
induced functional deficits. Pro-inflammatory cortical
cytokine levels were increased at 6 h post-injury, and anti-
inflammatory cytokines were increased at 24 h post-injury.
We conclude that while a single dose of OTC analgesics
does not significantly inhibit the immediate injury-induced
inflammation, it does not adversely affect functional out-
come. Further investigation is needed to examine time of
drug treatment and multiple dosing.
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