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Abstract

Traumatic brain injury (TBI) is a leading cause of mortality and disability. Acute postinjury insults 

after TBI, such as hypoxia, contribute to secondary brain injury and worse clinical outcomes. The 

functional and neuroinflammatory effects of brief episodes of hypoxia experienced following TBI 

have not been evaluated. Our previous studies have identified interleukin 6 (IL-6) as a potential 

mediator of mild TBI–induced pathology. In the present study, we sought to determine the effects 

of brief hypoxia on mild TBI and whether IL-6 played a role in the neuroinflammatory and 

functional deficits after injury. A murine model of mild TBI was induced by a weight drop (500 g 

from 1.5 cm). After injury, mice were exposed to immediate hypoxia (Fio2 = 15.1%) or normoxia 

(Fio2 = 21%) for 30 min. Serum and brain samples were analyzed for inflammatory cytokines 24 h 

after TBI. Neuron-specific enolase was measured as a serum biomarker of brain injury. Evaluation 

of motor coordination was performed for 5 days after TBI using a rotarod device. In some 

animals, anti–IL-6 was administered following TBI and hypoxia to neutralize systemic IL-6. Mice 

undergoing TBI had significant increases in brain injury. Exposure to brief hypoxia after TBI 

resulted in a more than 5-fold increase in serum neuron-specific enolase. This increase was 

associated with increases in serum and brain cytokine expression, suggesting that brief hypoxia 

exacerbates systemic and brain inflammation. Neutralization of IL-6 suppressed postinjury 

neuroinflammation and neuronal injury. In addition, TBI and hypoxia induced significant motor 

coordination deficits that were completely abrogated by IL-6 blockade. Exposure to hypoxia after 

TBI induces neuroinflammation and brain injury. These changes can be mitigated by 

neutralization of systemic IL-6. Interleukin 6 blockade also corrected the TBI-induced deficit in 

motor coordination. These data suggest that systemic IL-6 modulates the degree of 

neuroinflammation and contributes to reduced motor coordination after mild TBI.
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INTRODUCTION

Traumatic brain injury (TBI) is a serious public health concern for both civilian and military 

populations. In the civilian setting, there are approximately 1.7 million cases of TBI each 

year in the United States (1–3). In the military, TBI is a signature injury of the conflicts in 

the Middle East (4, 5). In both settings, a majority of the cases reported are mild TBI 

(mTBI) (6, 7). Furthermore, because of the minimal symptoms of mTBI, many cases are not 

reported. A variety of complications that often occur after TBI, including hypotension and 

hypoxia, can contribute to secondary brain injury and are associated with worse functional 

outcomes (8–10). Many patients experience brief (<30 min) episodes of hypoxia before their 

hospitalization that may be caused secondary to other injuries or medical evacuation by 

rotary wing aircraft (8). Complications from these brief hypoxic episodes include increased 

neuronal damage (11), worsened axonal pathology, exacerbated neuroinflammatory 

response (12), augmented brain edema, and sensorimotor and cognitive deficits (11, 13).

Our previous work has demonstrated that a component of the inflammatory response to 

mTBI is increased expression of the cytokine, interleukin 6 (IL-6), systemically and within 

the brain (12, 14). The expression of IL-6 in our model, as well as in various clinical studies 

of TBI, is directly associated with the degree of brain injury and outcome (14–16). However, 

there have been no studies that have examined whether IL-6 is simply a biomarker of injury 

or a mediator of the pathophysiology. In the current study, we sought to determine the 

effects of brief hypoxia on the pathophysiology of mTBI and whether IL-6 plays a 

functional role in the injury response.

METHODS

Animals

Male C57BL/6 mice (Jackson, Me) aged 8 to 10 weeks, weighing 28 to 30 g, were used in 

the experiments. Animals were acclimated for at least 1 week and were housed in controlled 

conditions with 12-h light-dark cycle. The mice had free access to water and standard chow. 

All experiments were approved by the Institutional Animal Care and Use Committee of the 

University of Cincinnati.

Head injury model

Blunt TBI was induced using a modification of our previously described model (15). 

Briefly, mice were anesthetized for 2 min with 2% isoflurane in 100% oxygen at 1 L/min. 

Animals were then placed in a prone position on a platform below the head injury device so 

that the central region between coronal and lambdoid sutures was centered beneath the 

weight drop device. Head injury was delivered by dropping a 500-mg weight from a 1.5-cm 

height. Sham-injury mice were anesthetized and positioned in the same manner as injured 

mice but were not subjected to head injury.

IL-6 neutralization—Rat monoclonal anti–IL-6 (R&D Systems, Minneapolis, Minn) was 

administered at a dose of 1 μg by intraperitoneal injection 10 min after head injury and 

immediately before hypoxia exposure (17). Control animals received 1 μg of nonspecific rat 

IgG1.
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Simulated hypoxia

Simulated hypoxia experiments were performed using a hypoxia chamber. The study 

protocols were modified using a hypoxia-altitude simulation test (18, 19). Simulation 

utilizes hypoxic gas mixtures (15.1% oxygen) representing an altitude of 8,000 ft above sea 

level (18, 19). Fifteen minutes after TBI (n = 6) or sham injury (n = 6), animals were 

exposed to 30 min of 15.1% or 21% Fio2 then recovered at room air.

Serum/tissue analysis

Animals were killed 24 h after injury. Blood samples were obtained by cardiac puncture. 

Blood was obtained by cardiac puncture, and the brain was excised by immediate 

postmortem craniectomy. Serum and left cortical brain samples were analyzed for levels of 

inflammatory cytokines using customized multiplex enzyme-linked immunosorbent assay 

(ELISA) technology (Quansys, Logan, Utah). Thirteen cytokines and chemokines were 

evaluated in the ELISA analysis, including Granulocyte-macrophage colony-stimulating 

factor, interferon γ, IL-1 α, IL-1β, IL-6, IL-10, keratinocyte-derived chemokine (KC), 

macrophage inflammatory protein-1alpha (MIP-1α), and tumor necrosis factor α. Cortical 

samples were processed as previously described and stored at −80°C until analysis (12). 

Cerebral cytokine levels were normalized to cortical protein content using a BCA Protein 

Assay Kit (Thermo Scientific, Rockford, Ill). Neuron-specific enolase (NSE) was measured 

as a serum biomarker of head injury severity using an ELISA kit (Immuno-Biological 

Laboratories, Inc, Minneapolis, Minn).

Motor evaluation

A rotarod device (IITC Life Science, Woodland Hills, Calif) was utilized to test motor 

deficits. Groups included in the experiment were sham injury (n = 6), TBI with normoxia (n 

= 8), TBI with hypoxia (n = 8), and TBI with hypoxia and anti–IL-6 (n = 8). All mice were 

trained daily for 5 consecutive days. Head injury was induced on day 6, and training 

resumed on day 7 for an additional 5 days. Mice were evaluated at two different settings: an 

initial speed of 5 revolutions/min (rpm) and accelerated to 24 rpm over 90 s, or accelerated 

to 36 rpm over 180 s. Each animal performed the task three times at each setting daily. Each 

trial on the rod was terminated when the animal fell off the rod, held on to the rod and 

completed two complete revolutions, or remained on the rod for 600 s. Mean time to trial 

termination was recorded and expressed as a ratio of daily performance to initial 

performance (ratio to baseline).

Statistical analysis

Statistical analysis was completed by using SigmaPlot (Systat Software Inc, San Jose, Calif) 

for two-tailed Student t test and one-way analysis of variance with Tukey analysis. Data are 

reported as mean ± SEM. In two instances, there were cytokine data points that appeared to 

be outliers in an otherwise normally distributed data set. For these data points, we applied 

the Grubbs test (20) to determine if they were outliers and could be excluded. P < 0.05 was 

considered significant.
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RESULTS

Brain injury and neuroinflammation caused by mTBI are exacerbated by brief hypoxia

We first evaluated the effects of brief hypoxia on brain injury induced by mTBI. Hypoxia 

alone in sham animals did not increase NSE compared with normoxic sham mice (Fig. 1). 

Under normoxic conditions, mTBI significantly increased serum NSE levels compared with 

sham animals. However, hypoxia exposure after mTBI resulted in a more than 5-fold 

increase in NSE compared with normoxic mTBI (Fig. 1).

To evaluate whether the increased brain injury observed in mice exposed to brief hypoxia 

was related to increased systemic or local (neuro)inflammation, we measured cytokine 

levels in the serum and brain tissues. In this model, we have previously shown that the 

cytokines, IL-6, KC, and MIP-1α are indicative of this response in both the periphery 

(serum) and brain environments (14, 21). Interestingly, hypoxia alone, without any mTBI, 

caused significant increases in serum levels of KC and MIP-1α, but had no effect on IL-6 

(Fig. 2) or any other cytokine in our multiplex assay (Table 1). Mild TBI under normoxic 

conditions resulted in a marked increase in serum IL-6 and increased KC to a similar degree 

as hypoxia. Mice undergoing mTBI with hypoxia had serum IL-6 levels that were the same 

as normoxic mTBI. However, mice undergoing TBI with hypoxia had greater serum levels 

of KC and MIP-1α than either hypoxia or TBI alone (Fig. 2).

In brain tissue, hypoxia alone did not cause an increase in any of these cytokines (Fig. 3). 

Mild TBI under normoxic conditions induced increases in brain IL-6 and MIP-1α, but not 

KC (Fig. 3) or any other cytokine in our multiplex assay (Table 1). Mild TBI with brief 

hypoxia showed marked increases in all three cytokines, all having significantly greater 

expression than mTBI without hypoxia (Fig. 3).

Neutralization of IL-6 reduces neuroinflammation, brain injury, and deficits in motor 
coordination

To determine if IL-6 mediates the hypoxia-induced increases in the inflammatory and injury 

responses after mTBI, we administered neutralizing antibodies to IL-6 after mTBI, but just 

before hypoxia. Treatment with anti–IL-6 abrogated increases in serum IL-6 in mice 

undergoing mTBI with brief hypoxia (Fig. 4). In addition, anti–IL-6 treatment significantly 

reduced serum levels of KC and MIP-1α induced by mTBI with hypoxia (Fig. 4). Similar 

results were observed in brain tissue, with anti–IL-6 treatment completely suppressing IL-6 

and markedly reducing KC and MIP-1α expression (Fig. 5).

We next examined whether the reduced systemic and neuroinflammation observed with 

anti–IL-6 treatment resulted in decreased brain injury. Analysis of serum NSE levels 

confirmed that treatment of mice undergoing mTBI and brief hypoxia with anti–IL-6 

reduced the amount of brain injury by more than 50% compared with the vehicle control 

group (Fig. 6). In addition to decreased brain injury, we found that neutralization of IL-6 

restored motor coordination after mTBI. As shown in Figure 7, mice undergoing mTBI with 

and without brief hypoxia had a significant deficit in motor coordination, as determined by 

time on the rotarod. Notably, treatment with anti–IL-6 restored motor coordination to a level 

indistinguishable from sham control mice (Fig. 7).
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DISCUSSION

The current study is an extension of our previous work evaluating aeromedical evacuation 

and the effects of hypobaric hypoxia on systemic and cerebral inflammatory responses (12). 

We previously demonstrated that simulated flight at 8,800 ft (hypobaric hypoxia) for 5 h 

results in an augmented brain injury if the exposure to hypobaric hypoxia occurs shortly 

after injury (12). Those studies modeled the transport of mTBI patients from the combat 

theater to regional medical centers in Europe, requiring a long period of exposure to 

hypobaric hypoxia. Our current work models more acute transport, as might occur via rotary 

wing aircraft in both military and civilian prehospital settings. To do this, we investigated 

the effects of a brief hypoxic exposure (30 min) with 15.1% oxygen, which is equivalent to 

oxygen saturations of 90%, at normobaric pressures (18, 19). This represents clinically 

relevant desaturation. Hypoxia is frequently seen before hospital admission; trauma patients 

with suspected brain injuries during helicopter transport were shown to have hypoxia 

episodes 30% of the time (8). Although our use of 30 min of hypoxia could be viewed 

clinically as a somewhat extended period, a previous study of helicopter transport of TBI 

patients showed a wide variability in the duration of hypoxia, with the average period of 

hypoxia being 17 min, but several instances of hypoxic episodes lasting 30 min or more (8). 

Furthermore, other studies have shown that 15 or 30 min of hypoxia had similar effects on 

TBI-induced neuronal cell death (22).

We found that a 30-min exposure to hypoxia leads to a robust neuroinflammatory response. 

Significant increases in brain IL-6, KC, and MIP-1α were observed after mTBI and hypoxia. 

Neuronal damage and death, evaluated by NSE, showed a significant increase after TBI/

hypoxia exposure. The combination of increased neuroinflammatory response and increased 

brain damage also leads to a greater functional deficit. These results are supported by other 

studies showing that hypoxic episodes contribute to brain inflammation and injury (22, 23). 

However, our study is unique in that it is the first to identify IL-6 as a driving factor for the 

neuroinflammatory response as well as a primary contributor to the motor coordination 

deficit that occurs after mTBI.

A recent report from our laboratory fully characterized our model of mTBI and 

demonstrated that serum IL-6 levels are increased proportionally with the degree of head 

injury (14). However, whether IL-6 was simply a biomarker of injury or an active 

participant in the resulting pathology was not determined. In this study, we directly assessed 

the role of IL-6. We found that neutralization of IL-6 mitigated the neuroinflammatory 

response, significantly reduced brain injury, and completely abrogated loss of motor 

coordination after mTBI and hypoxia. The precise mechanism by which IL-6 regulates these 

effects requires further experimentation.

The brain is thought to be immunologically privileged because of the blood-brain barrier 

(BBB). However, the breakdown of the BBB after TBI may allow leakage of some humoral 

factors as well as facilitate recruitment of immune cells. The leakage of the BBB followed 

by TBI and a hypoxic event is increased, and this may allow for more factors to cross the 

disrupted barrier (24, 25). Increased levels of proinflammatory cytokines, IL-6 and IL-8, are 

seen in human serum after TBI and have been correlated to poor outcomes (15, 16). Our 
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study clearly demonstrates a markedly increased neuroinflammatory response that is further 

exacerbated by subsequent hypoxic exposure. Neutralization of systemic IL-6 mitigates this 

response. While the cellular sources of cytokines expressed in the serum and brain tissue are 

clearly different, we posit that systemic IL-6 is able to modulate brain cytokine expression. 

Whether IL-6 leaks into the brain shortly after TBI due to transient breakdown of the BBB, 

acts on brain endothelial cells or microglial cells, or through some other mechanism to 

modulate the neuroinflammatory response remains to be determined. However, our data 

support the concept that systemic IL-6 serves as an amplification signal for the inflammatory 

response and motor coordination deficits. The fact that systemic neutralization resulted in a 

complete inhibition of brain IL-6 and complete restoration of normal motor coordination is 

supportive of this hypothesis. Additional investigation into the nature of IL-6 receptor 

location and signaling in neuronal cells may provide additional valuable insights.

In summary, the current study demonstrates that brief exposure to hypoxia after mTBI 

results in exacerbated brain inflammation and injury. Systemic neutralization of IL-6 

mitigates these effects and reverses loss of motor coordination after mTBI. The data suggest 

that IL-6 may be a rational target for therapeutic intervention in cases of mTBI.
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Fig. 1. Brain injury after TBI with or without brief hypoxia
Serum NSE was used as biochemical marker of brain injury. Serum samples were collected 

at 24 h after injury, and samples were analyzed by ELISA. Data are mean ± SEM with n = 5 

per group. *P < 0.05 compared with sham. #P < 0.05 compared with all other groups.
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Fig. 2. Systemic inflammation after TBI with or without brief hypoxia
Serum cytokines were evaluated 24 h after injury by ELISA. Data are mean ± SEM with n = 

5 per group. *P < 0.05 compared with sham. #P < 0.05 compared with all other groups.
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Fig. 3. Brain inflammation after TBI with or without brief hypoxia
Cerebral cytokines were evaluated 24 h after injury by ELISA. Data are mean ± SEM with n 

= 5 per group. *P < 0.05 compared with sham. #P < 0.05 compared with all other groups.
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Fig. 4. Effect of IL-6 neutralization on systemic inflammation after TBI and brief hypoxia
Serum cytokines were evaluated 24 h after injury by ELISA. Data are mean ± SEM with n = 

5 per group *P < 0.05 compared with sham. #P < 0.05 compared with all other groups.
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Fig. 5. Effect of IL-6 neutralization on brain inflammation after TBI and brief hypoxia
Cerebral cytokines were evaluated 24 h after injury by ELISA. Data are mean ± SEM with n 

= 5 per group. *P < 0.05 compared with sham. #P < 0.05 compared with all other groups.
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Fig. 6. Effect of IL-6 neutralization on brain injury after TBI and brief hypoxia
Serum samples were collected at 24 h after injury, and samples were analyzed by ELISA. 

Data are mean ± SEM with n = 5 per group. *P < 0.05 compared with sham. #P < 0.05 

compared with all other groups.
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Fig. 7. Effect of IL-6 neutralization on motor coordination deficits induced by mTBI with or 
without brief hypoxia
Rotarod testing was used to evaluate motor coordination. All mice were initially pretrained 

from days 1 to 5 to obtain a baseline skill level on rotarod. Mice received TBI on day 6, and 

training was resumed 24 h after injury on day 7 and continued for 5 additional days. Data 

are mean ± SEM with n = 6 per group postinjury. *P < 0.05 compared with sham. #P < 0.05 

compared with all other groups.
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Table 1

Cytokine levels in serum and brain

Cytokine

Serum Brain

Sham TBI Sham TBI

Granulocyte-macrophage colony-stimulating factor 3.3 ± 3.7 0.5 ± 1.0 15.0 ± 3.6 20.9 ± 4.1

Interferon γ 17.7 ± 7.7 14.1 ± 6.0 37.8 ± 5.2 53.7 ± 5.0

IL-1α 4.4 ± 1.7 5.7 ± 4.4 21.0 ± 2.7 63.1 ± 12.9

IL-1β 24.0 ± 14.8 21.7 ± 4.1 46.6 ± 9.3 62.9 ± 6.3

IL-10 6.7 ± 4.5 4.2 ± 4.7 15.6 ± 3.3 53.1 ± 9.9

Tumor necrosis factor α 12.6 ± 5.0 17.4 ± 13.2 17.5 ± 3.1 31.0 ± 4.9

Data are mean ± SEM with n = 5 per group.
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