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Interleukin-6 (IL-6) is a proinflammatory cytokine that may play multiple roles in the pathogenesis of traumatic
brain injury (TBI). The present study determined time-dependent changes in IL-6 concentrations in vulnerable
brain regions, cerebrospinal fluid (CSF) samples, and plasma after normothermic TBI. Because secondary insults
are common in head injured patients, we also assessed the consequences of a post-traumatic secondary hypoxic
insult on this pleiotropic cytokine. Male Sprague-Dawley rats were intubated, anesthetized, and underwent a
moderate parasagittal fluid-percussion brain injury (1.8-2.1atm, 37°C) followed by either 30 minutes of
normoxic or hypoxic (pO,=30-40 mmHg) gas levels. Rats were sacrificed 3, 6, or 24 hours after TBI or sham-
operated procedures. Brain samples, including the ipsilateral cerebral cortex and hippocampus were dissected
and analyzed. Plasma and CSF samples were collected at similar times and stored at —80°C until analysis. IL-6
levels were significantly increased (p<0.05) at 3, 6, and 24 hours in the cerebral cortex and at 6 hours in the
hippocampus after TBL IL-6 levels in the TBI normoxic group for both structures returned to control levels by
24 hours. Plasma levels of IL-6 were elevated at all time points, while CSF levels were high at 3 and 6 hours, but
normalized by 24 hours. Post-traumatic hypoxia led to significantly elevated (p <0.05) IL-6 protein levels in the
cerebral cortex at 24 hours compared to sham-operated controls. These findings demonstrate that moderate TBI
leads to an early increase in IL-6 brain, plasma, and CSF protein levels. Secondary post-traumatic hypoxia, a
common secondary injury mechanism, led to prolonged elevations in plasma IL-6 levels that may participate in

the pathophysiology of this complicated TBI model.

Introduction

HE INFLAMMATORY RESPONSE to traumatic brain injury

(TBI) is mediated by several immune regulators, includ-
ing a number of proinflammatory cytokines (Rothwell and
Hopkins, 1995; Feuerstein et al., 1998; Lenzlinger et al., 2001;
Morganti-Kossmann et al., 2001, 2002; Lu et al., 2009; Neher
et al., 2011). The tumor necrosis factor-alpha (TNF-2), inter-
leukin-1beta (IL-f), IL-6, and transforming growth factor-f
have been identified in the cerebrospinal fluid (CSF), plasma,
or brain tissues of animals after cerebral ischemic or traumatic
insults (Taupin et al., 1993; Wang et al. 1995; Loddick et al.,
1998; Stover et al., 2000). IL-6 production has also been dem-
onstrated clinically, with ventricular CSF and plasma levels
being elevated for days following TBI (McClain et al., 1991;
Kossmann et al., 1995, 1996; Aibiki et al., 1999; Csuka et al.,
1999; Volkmar et al., 1999; Schwerdtfeger et al., 2001; Singhal
et al., 2002; Winter et al., 2002; Buttram ef al., 2007). Recent
experimental and clinical studies have reported a positive

correlation between IL-6 levels and injury severity and
prognosis (Tarkowski et al., 1995; Juttler et al., 2002;
Woiciechowsky ef al., 2002; Minambres, et al., 2003; Frugier
et al., 2010; Leyet et al., 2011).

In experimental models of cerebral ischemia/hypoxia or
TBI, early and transient profiles of IL-6 elevations have been
documented (Woodroofe et al., 1991; Taupin et al., 1993;
Maeda et al., 1994; Wang et al., 1995; Hagberg ef al., 1996; Bell
et al., 1997; Bona et al., 1999; Stover et al., 2000; Clausen et al.,
2011; Mukherjee et al., 2011). Commonly, maximum increases
in brain IL-6 occur during the first several hours after
injury, with normalization by 24 to 48 hours. In attempting
to compare these experimental data to clinical findings, it
is important to appreciate that head-injured patients com-
monly undergo multiple trauma or secondary insults, in-
cluding hypotension or hypoxia resulting in multiple organ
dysfunction (Chesnut ef al., 1993; Bardenheuer et al., 2000;
Rockswold et al., 2006; Probst et al., 2012). Thus, an important
question is whether simple or more complicated models of
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experimental TBI are most appropriate to mimic the clinical
condition and to investigate injury mechanisms and test novel
therapeutic interventions (Matsushita et al., 2001; Statler ef al.,
2001). For example, in a recent study where animals were
subjected to closed head injury, femoral fracture, and hem-
orrhagic shock, an increased inflammation, including ele-
vated blood levels of IL-6 were reported compared to animals
undergoing TBI alone (Probst et al., 2012). In clinical studies
where secondary insults may be common, IL-6 has been re-
ported to be an effective biomarker for brain injury severity
and may be predictive for a delayed increase in intracra-
nial pressure (Kim et al., 2000; Woiciechowsky et al., 2002;
Hergenroeder et al., 2010).

Secondary hypoxia caused by impact apnea and respiratory
distress are common occurrences after head injury. Secondary
hypoxia has been reported to occur in 45.6% of severely head
injured patients (Katsurada et al.,, 1973; Sinha etal., 1973;
Chesnut et al., 1993). Experimental TBI studies have consis-
tently reported the detrimental consequences of secondary
hypoxia or impact apnea on traumatic outcome (Cherian et al.,
1986; Ishige et al., 1987a, 1987b; Jenkins et al., 1989; Clark et al.,
1997; Bramlett et al., 1999a, 1999b; Matsushita et al., 2001; Gao
et al., 2010; Garman et al., 2011). In these investigations, sec-
ondary hypoxia was reported to worsen histopathological
outcome, increase brain edema, decrease cerebral perfusion,
and aggravate behavioral outcome. Although few experi-
mental studies have assessed the effects of secondary insults
on the neurochemical consequences of TBI, several experi-
mental and clinical studies suggest that this is an important
area of future investigation (Buttram et al., 2007; Frink et al.,
2009; Probst et al., 2012; Weckbach et al., 2012).

The purpose of this study was to investigate whether ex-
perimentally induced TBI accompanied by hypoxia would
alter the temporal profile of IL-6 protein levels. For this study,
we utilized a TBI model followed by a secondary hypoxic
insult that has been reported to significantly increase cortical
contusion volume under normothermic conditions (Bramlett
et al., 1999b). To this end, IL-6 levels were measured in
vulnerable brain regions, CSF, and plasma samples at 3, 6, and
24 hours after injury.

Materials and Methods
Traumatic brain injury

Forty-five male Sprague-Dawley rats weighing between
270 and 399 g were used for this experiment. The animals
were maintained on a 12-hour light/12-hour dark cycle and
given food ad libitum. The protocol for this animal study was
approved by the University of Miami Animal Care and Use
Committee and all animal procedures followed guidelines
published in the NIH Guide for the Care and Use of Laboratory
Animals. Animals were anesthetized (1% halothane, 70/30%
nitrous oxide/oxygen) 24 hours before trauma and surgically
prepared for fluid-percussion (F-P) brain injury as described
previously (Dietrich et al., 1994). Briefly, a 4.8-mm craniotomy
was made overlying the right parietal cortex (3.8 mm poste-
rior to the bregma and 2.5 mm lateral to the midline) (Zilles,
1985) and a plastic injury tube was placed over the exposed
dura. The tube was bound by adhesive and dental acrylic,
which was permitted to harden, and the scalp was then
sutured. The animal was allowed to recover before being
returned to the home cage.
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Food was withheld overnight, and on the following day, a
F-P device was used to produce experimental TBI (Dixon et al.,
1987). Intubated, anesthetized (0.5% halothane, 70/30%
nitrous oxide/oxygen) animals were subjected to a moderate
F-P injury (1.87-2.17 atm). Before trauma, the femoral artery
was cannulated to monitor blood gas levels. Brain tempera-
ture was measured with a probe in the temporalis muscle and
body temperature via the rectal probe. Both brain and body
temperature were maintained at normothermic (37°C) levels
before and after TBI.

Secondary hypoxia

After receiving a moderate F-P injury, the animals were
randomized and either maintained for 30 minutes at either
normoxic (TBI-Normoxia, n=4-9) or hypoxic (TBI-Hypoxia,
n=4-7; pO,=30-40mmHg) gas levels as previously pub-
lished (Bramlett et al., 1999a, 1999b). Hypoxia was induced by
reducing the level of oxygen (11%) and increasing the level of
nitrous oxide (56%) and the addition of nitrogen (33%) to the
gas mixture. This results in a pO, level ranging from 30 to
40 mmHg. Blood gases were measured 15 minutes before TBI
and at 10, 30, and 45 minutes post-TBI. Sham animals (1=12)
underwent all manipulations except for the actual trauma or
hypoxic insult.

Enzyme-linked immunoabsorbent assay

IL-6 protein levels in sham-operated and traumatized rats
were quantified using a commercially available enzyme-
linked immunoabsorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) by an investigator blinded to the experi-
mental groups. At 3, 6, or 24 hours after injury or sham sur-
gery, rats were deeply anesthetized and plasma and CSF
samples were obtained. CSF was drawn out of the cisterna
magna via a 27-gauge needle attached to a catheter/syringe
system. The animal was then quickly decapitated and the
brain was removed. The ipsilateral parietal cerebral cortex
overlying the site of contusion and ipsilateral hippocampus
were quickly dissected from the brain. Contralateral sam-
ples were obtained, but not analyzed in this study. All sam-
ples were immediately frozen in liquid nitrogen and were
kept frozen at —80°C until assay. Brain tissue was homoge-
nized (7 v/w ratio) for 1 minute in a homogenization buffer of
10 mM HEPES-KOH, pH 7.9 buffer containing 1.5 mM MgCl,,
10mM KCl, 0.5mM DTT, 1.0mM AEBSF, 1 :g/mL leupeptin,
1.25:g/mL pepstatin, and 0.1% Igeral. Each sample was
sonicated for 15 seconds. Homogenates were centrifuged at
12,000 g for 10 minutes at 4°C. The resulting supernatant was
removed and IL-6 levels assessed in duplicate, 50 uL aliquots,
using a specific ELISA (R&D Systems), according to the
manufacturer’s instructions. The protein level was deter-
mined by the Bradford (1976) method using reagents from
Bio-Rad (Hercules, CA). Aliquots for total protein concen-
trations were analyzed using spectrophotometric assay at
540nm in mg/mL based on a standard curve established for
bovine serum albumin.

Statistical analysis

Data were expressed as mean values*SEM. Between-
group comparisons of IL-6 data and the physiological vari-
ables were conducted using one-way ANOVA followed by
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multiple comparison procedures (the Tukey’s Test) where
appropriate. Differences were considered significant at
p<0.05.

Results
Physiological parameters

Physiological parameters were obtained for each group at
3, 6, or 24 hours after TBI/normoxia, TBI/hypoxia, or sham
surgery (Table 1). No animals were excluded due to mortality.
Baseline physiological variables before TBI were within nor-
mal ranges. No significant difference between groups was
observed in body temperature, brain temperature, or pCO,.
As expected, TBI accompanied by the hypoxic insult resulted
in a significant (p<0.05) decrease in the pO, levels and
MABP during the hypoxic period compared to sham or TBI-
Normoxia (Bramlett et al., 1999a). For example, MABP in the
6-hour TBI-Nomoxia group at 10 minutes post-TBI was
116.12+1.71 compared to TBI-Hypoxia with a MABP of
82.20+10.23. The TBI hypoxic group also showed significant
(p<0.05) reductions in pO, values. TBI-Hypoxia animals at
30 minutes postsacrificed at 6 hours had a pO, level
of 35.35+2.41 compared to TBI-Nomoxia at 123.70+3.25.
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Following the hypoxic insult, TBI-Hypoxia animals returned
to preinjury levels for MABP and pO,.

Temporal profile of IL-6 protein levels

IL-6 was detected at very low levels in the sham-operated
rat cortex, hippocampus, plasma, and CSF. Sham animals for
each structure were compared across all time points and were
not significantly different from each other (p>0.05). There-
fore, these control groups were collapsed into one sham group
for comparison to the temporal profile of both TBI groups.
Analysis of group data at each time point showed an overall
significant effect between groups in the ipsilateral cortex
(p<0.007) at 3, 6, and 24 hours and hippocampus (p <0.05) at
6 hours. Post hoc multiple comparisons within the cerebral
cortex showed significant (p <0.05) differences between both
TBI groups at 3 and 6 hours postinjury compared to sham
values (Fig. 1A). The TBI-Hypoxia group was significantly
(p<0.05) different from sham at the 24-hour time point.
Cerebral cortex peak values for IL-6 protein levels after TBI
with or without hypoxia were present at 6 hours post-trauma.
Hippocampal IL-6 data (Fig. 1B) were significantly (p<0.05)
different between sham and TBI-Nomoxia at 6 hours post-
injury. Therefore, within both cortical and subcortical brain

TaBLE 1. PHYSIOLOGICAL VARIABLES

TBI-NO TBI-HY
Sham n=>5) n=4) n=9) n=4) n=4) (n=7)
(n=12) 3 hours 6 hours 24 hours 3 hours 6 hours 24 hours
Pretrauma
MABP 115.61£3.48 119.16%£6.08 124.40+7.67 119.90+3.50 119.85+4.81 126.85+3.55 121.26£2.10
POz 133.41+6.36 141.54+10.28 127.88+9.53 140.60+8.17 130.98+11.82 139.53+9.95 130.61+9.15
pCO; 40.25+0.66 38.90+0.61 37.23+1.30 37401057 39.83+0.50 37.85+1.01 38.41+0.77
pH 7.45+0.01 7.46+0.01 7.46+0.02 7.46+0.01 7.44+0.02 7.46+0.01 7.45+0.01
Brain temp  36.86+0.05 36.88+0.06 36.80+0.04 36.81+0.06 36.98+0.09 36.68+0.08 36.79+0.08
Body temp  36.98+0.02 36.92+0.05 36.90+0.06 37.00+0.00 37.00+0.00 36.75+0.10 36.9410.04
Post-trauma (10 minutes)
MABP 114.55+2.98 111.06+3.60 116.12+1.71 110.94+3.69 85.80+2.81*° 82.20+10.23*° 94.06+5.51°
PO, 124414427 119724585 118.15+10.17 129.17+6.22 37.33+2.92*"  35.88+1.99*P 31.67+2.06™°
pCO, 3795+0.62 39.16+1.81 36.60+0.85 36.14+0.38 37.30+1.07 37.90+1.05 36.74+1.18
pH 7.46+0.01 7.4440.02 7.46+0.01 7.47+0.01 7.44+0.03 7.44+0.02 7.43+0.02
Brain temp  36.75+0.05 36.90+0.05 36.80+0.10 36.83+0.04 36.85+0.15 36.73+0.13 36.86+0.06
Body temp  36.98+0.02 37.00+0.00 36.95+0.05 37.02+0.02 36.95+0.05 36.90+0.10 37.00+0.00
Post-trauma (30 minutes)
MABP 117.73+4.22 117.13+1.61 123.70+3.25 117.32+554 80.73+3.91*° 83.35+4.38*" 85.59+3.99%°
PO, 132.40+4.72 129.50+9.12 121.30+9.83 122.19+6.23 33.05+0.81*° 35.35+2.41%P 33.43+1.41%°
pCO, 37.34+0.68 37.30+0.86 38.13+1.22 38.39+0.78 37.43+0.37 38.73+1.19 38.26%+1.79
pH 7.46+0.01 7.44+0.02 7.45+0.03 7.45+0.01 7.43+0.03 7.42+0.02 7.30+0.06*°
Brain temp  36.91+0.06 36.78+0.03 36.87+0.12 37.00+0.09 36.93+0.06 36.85+0.12 36.83+0.06
Body temp  37.00+0.00 37.00+0.00 37.00+0.00 36.99+0.01 37.00+0.00 36.95+0.05 36.96+0.04
Post-trauma (45 minutes)
MABP 116.93+3.55 117.27+3.38 123.45+2.65 116.50+2.10 108.85+1.61 112.90+5.94 116.76+2.42
POz 129.47+593 127.83+£8.65 126.70+6.60 105.80+1.50 117.08+8.24 120.28 £8.27 114.84+3.34
pCO, 37.68+2.01 38.33%+0.15 39.60+1.20 37.95+1.05 38.98+1.04 40.00+0.89 38.86+0.86
pH 7.46+0.03 7.45+0.01 7.42+0.04 7.44+0.01 7.42+0.02 7.40+0.03 7.38+0.02
Brain temp  37.03+0.09  36.93+0.12 37.05+0.05 36.90+0.10 36.85+0.09 36.93+0.08 36.80+0.05
Body temp 37.00£0.00 37.00+0.00 37.00+0.00 37.00+0.00 37.00+0.00 37.00+£0.00 36.97+0.03

Values are expressed as mean+SEM.

?p<0.05 versus Sham.

1 <0.05 versus TBI-NO.

MABP, mean arterial blood pressure; TBI, traumatic brain injury.
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FIG.1. Temporal profile of interleukin (IL)-6 in the ipsilateral cerebral cortex, hippocampus, cerebrospinal fluid (CSF), and
plasma samples. Following trauma, IL-6 levels were significantly increased at various times in the cerebral cortex and
hippocampus (A, B). Secondary hypoxia produced comparable levels of IL-6 except at the 24-hour period within the cerebral
cortex where levels remained elevated compared to sham controls. In CSF samples, levels were elevated at 3 hours and
normalized by 24 hours (C). IL-6 plasma levels showed elevations at 3 hours with prolonged elevations seen at 24 hours in
traumatic brain injury (TBI)/hypoxic animals (D). Values are expressed as mean+SEM.

structures, peak IL-6 values were present at 6 hours. CSF
samples were overall significantly (p <0.05) different between
groups (Fig. 1C) at 3 and 6 hours postinjury. Post hoc analysis
only showed significant (p <0.05) group differences at 6 hours
between TBI-Normoxia and sham. There was a moderate
variability of recorded IL-6 CSF values that was probably due
to the inability to obtain enough CSF from single animals for
analysis and resulted in a large variation in the data within
groups. Compared to brain and CSF samples, the lowest
levels of IL-6 were observed in plasma after TBI. Overall
analysis for the plasma levels was not significantly different
between groups. However, Figure 1D clearly shows a small
sustained elevation in IL-6 protein levels within the TBI-

hypoxia group over time compared to TBI-normoxia and
sham control animals although not significant.

Discussion

In the present study, we report that moderate F-P brain
injury leads to early and transient elevations in IL-6 levels
in vulnerable brain regions, plasma, and CSF samples. At
24 hours after TBI, IL-6 values had returned to the sham-
operated control levels in the cerebral cortex and hippocam-
pus. Adding a secondary hypoxic insult to the trauma altered
the IL-6 response and led to small elevations in the cerebral
cortex and plasma samples. This finding may be important
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because secondary hypoxia in the present TBI model worsens
both the histopathological and behavioral outcome (Bramlett
et al., 1999a, 1999b). Thus, IL-6 may be a marker for injury
severity and/or secondary insults under these experimental
conditions, but due to the nonsignificant elevations, these
results warrant further investigation.

IL-6 may be produced by several different cell types after
TBI or other types of acute injury (Frei ef al., 1989; Woodroofe
et al., 1991; Taupin et al., 1993; Clark et al., 1996; Hans et al.,
1999; Reyes et al., 1999; Morganti-Kossmann et al., 2007;
Suzuki et al.,2009; Luet al., 2009; Yan et al., 2012). The evidence
for local synthesis of IL-6 and other cytokines by resident
cells, including neurons, glia, and endothelial cells, has been
reported (Ott et al., 1994; Shohami et al., 1994; Morganti-
Kossmann et al., 1997; Feuerstein et al., 1998; Ghirnikar et al.,
1998; Wang et al., 2001).

Brain trauma leads to a complex inflammatory response
that includes microglial activation and the recruitment of
circulating leukocytes (Rothwell and Strijbos, 1995; Shohami
et al., 1999; Morganti-Kossmann et al., 2002). Patterns of neu-
trophil and macrophage accumulation after TBI have been
described using a variety of animal models of brain injury
(Woodroofe et al., 1991; Taupin ef al., 1993; Clark et al., 1996;
Chatzipanteli et al., 2000). Neutrophils and microglia have the
capacity to synthesize IL-6 and may also be a source of IL-6
(Woodroofe et al., 1991; Terebuh et al., 1992). In regard to the
present findings with secondary hypoxia, Bramlett et al.
(1999b) reported that this complicated TBI model leads to a
larger cortical contusion and aggravated hippocampal
damage associated with a more robust inflammatory re-
sponse. In previous studies, structural damage and an ag-
gravated inflammatory response has been correlated with
elevated IL-6 levels after brain injury (Howell et al., 2006; Yan
et al., 2012). After stroke, for example, elevated levels of IL-6
are associated with the infarct size and poor outcome (Vila
et al., 2000; Smith et al., 2004; Waje-Andreassen et al., 2005). In
this regard, IL-6 levels are considered a highly specific bio-
marker of TBI severity and long-term outcome (van Griens-
ven et al., 2003; Howell et al., 2006). In addition, IL-6 plays an
important role in activating and recruiting immune cells and
has been reported to suppress TNF-o and IL-1-f produc-
tion and stimulate nerve growth factor (NGF) production
(Kushima et al., 1992; Juttler al., 2002). In the present study, the
small elevations of cortical and plasma levels of IL-6 observed
in the traumatized animals undergoing a secondary hypoxic
insult may play a role in the aggravated immunological-
inflammatory status of the injured brain as well as a direct
consequence of the increased structural damage produced by
this complicated TBI model. However, further studies are
warranted as these data were not as robust as seen clinically or
expected in the present study.

As previously discussed, IL-6 has a multitude of actions
after brain injury ranging from neuroprotective (Nijsten et al.,
1987; Maeda et al., 1994; Carlson et al., 1999) to neurotoxic
(Campbell et al., 1993; Chiang et al., 1994; Tilg et al., 1997;
Kossmann et al., 1997; Loddick et al., 1998; Penkowa et al.,
1999, 2000, 2003). In this regard, the duality of the inflam-
matory response to TBI in terms of potential therapeutic tar-
gets has been previously recognized (Lenzlinger et al., 2001;
Morganti-Kossmann et al., 2007; Suzuki et al., 2009). While IL-
6 has been reported to stimulate NGF production by astro-
cytes (Kossmann ef al., 1996), and post-traumatic tissue repair
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(Swartz et al., 2001), other studies have reported that IL-6
aggravates blood-brain barrier (BBB) function (de Vries et al.,
1996). Recently, transgenic mouse models of TBI have been
used to investigate the importance of IL-6 on various outcome
measures (Campbell ef al., 1993; Stahel et al., 2000; Ley et al.,
2011). Campbell et al. (1993) reported that the overexpression
of IL-6, for example, was associated with sustained gliosis and
a neuronal cell loss in transgenic mice. In another study
by Stahel and et al. (2000), IL-6 knockout mice subjected to
closed head injury demonstrated a higher mortality than their
wild-type littermates, but no difference in BBB dysfunction,
number of infiltrating PMNLs, or neurological outcome
scores. IL-6 knockout mice recently reported by Ley et al.
(2011) demonstrated poor behavioral performances and ele-
vated IL-1f and HSP70 compared to wild-type mice. Also
reduced hippocampal neurogenesis in adult transgenic mice
with chronic astrocytic production of IL-6 has also been
reported (Vallieres ef al., 2002). Taken together, these ex-
perimental findings support the hypothesis of dual time-
dependent actions of IL-6 in the pathogenesis of brain injury
(Shohami et al., 1999; Stahel et al., 2000; Morganti-Kossmann
et al., 2002). Indeed, whether IL-6 and other cytokines play
a protective or detrimental role after injury is dependent
upon multiple factors, including the animal model being
investigated, injury severity, and time-dependent cellular
interactions.

Body temperature is regulated by cytokines and IL-6, a
potent endogenous pyrogen, is a major regulator of the acute
phase reaction and governs fever, anorexia, and apathy (Chai
et al., 1996; Bluthe et al., 2000; Herrmann ef al., 2003). Intra-
ventricular administration of IL-6 is reported to elevate body
temperature and reduce locomotive activity (Schobitz et al.,
1993). Recently, IL-6-deficient mice following cerebral ische-
mia have been shown to develop profound hypothermia that
was not observed in wild-type littermates (Herrmann et al.,
2003). Postischemic and traumatic temperature is known to
play a significant role in histopathological and behavioral
outcomes (Dietrich et al., 1996; Corbett and Thornhill, 2000).

In reference to this discussion, previous clinical studies have
evaluated the consequences of adult and pediatric TBI on CSF
cytokine levels, including IL-6 as an indicator of functional
outcome (Bell ef al., 1997, 1999; Singhal et al., 2002; Chiaretti
et al., 2005). Chiaretti ef al. (2005) reported that increased levels
of IL-6 were associated with a poor outcome, whereas other
studies indicated that IL-6 levels had no association with
the outcome (Bell et al., 1997, 1999; Buttram et al., 2007).
Additionally, Singhal et al. (2002) concluded that peak levels of
IL-6 were associated with a favorable outcome in adults.
Interestingly, in the study by Buttram et al. (2007), where
increased levels of IL-6 were highly variable, hypothermic
treatment did not significantly attenuate the response seen in
normothermic pediatric patients. In the present study, we also
demonstrated a high variability in our IL-6 levels measured
acutely after moderate TBI with or without hypoxia. This noted
variability may be due to several factors, including variable
responses to secondary hypoxia or other undefined biochem-
ical responses to the present complicated model of TBL

While mild reductions in temperature are protective, mild
elevations worsen the outcome (Dietrich and Bramlett, 2007).
In this study, we chose to maintain body temperature at
normothermic levels to first document the changes in IL-6
protein levels between the simple and complicated TBI
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models. Based on these findings, it would be important in
future studies to monitor spontaneous systemic and brain
temperature alterations without a strict temperature regula-
tion to determine whether prolonged elevations in cortical
IL-6 levels correlate with increased brain temperature in the
present injury model.

In this study, IL-6 levels were higher in the CSF samples,
compared to those obtained from plasma. This finding is
consistent with previous experimental and clinical studies
that have shown higher IL-6 CSF levels compared to those
reported in serum (Kossmann ef al., 1995; Hans et al., 1999).
Interestingly, levels of IL-6 in the CSF have been correlated
with concentrations of S-100 and neuron-specific enolase in
TBI patients (Pleines ef al., 2001). These biomarkers are con-
sidered to be sensitive indicators of brain damage (Kim et al.,
1996, Morganti-Kossmann et al., 2002). In our study, CSF
levels of IL-6 were elevated early after trauma, had returned
to normal levels by 24 hours, and did not differ significantly
between normoxic and hypoxic TBI rats. It may be important
in future studies to experimentally assess the relationships
between maximum levels of IL-6 in CSF samples and trauma
severity. It should also be noted that our model of secondary
hypoxia is not associated with hypercapnia, a common event
associated with hypoxia.

In summary, the present results show that experimentally
induced F-P brain injury induces significant elevations in IL-6
protein levels in vulnerable brain regions, including the ce-
rebral cortex and hippocampus. Within the cerebral cortex,
secondary hypoxia, which is known to aggravate the histo-
pathological and behavioral outcomes after TBI produced
prolonged elevations in the IL-6 protein that were signifi-
cantly different from sham-operated controls. Acute eleva-
tions in IL-6 were also seen in plasma and CSF samples.
Future studies will be aimed at clarifying the role of IL-6 in the
detrimental effects of secondary hypoxia following TBI and
the importance of this cytokine as a target for early thera-
peutic interventions (Beauchamp et al., 2008; Lu et al., 2009;
Clausen et al., 2011).
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