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Abstract 

Traumatic brain injury (TBI) is induced by external forces to the brain, and is a leading cause 

of mortality and morbidity worldwide. Although significant research efforts have been made 

to identify an effective treatment, all phase III clinical trials have been unsuccessful to date. 

These translational shortcomings are in part due to a failure to recognize and account for the 

heterogeneity of TBI. TBI is often not an isolated injury; yet the majority of preclinical research 

has utilized isolated TBI models, and how concomitant extracranial factors, such as 

extracranial trauma and aging, might influence TBI is still largely unknown. Extracranial 

trauma or aging involve a significant immune response, which is also a pathological hallmark 

of TBI. As such, this research project aims to study how these extracranial immunological 

stressors have potential to affect TBI and how this might influence future treatment strategies. 

The first study found that a concomitant bone fracture exacerbated neuroinflammation and 

other TBI-related pathological events in mice, with the pro-inflammatory cytokine interleukin 

(IL)-1b being robustly upregulated. The consequent study suggested that treatment with an IL-

1 receptor antagonist improved neurological outcomes in the combined TBI + fracture model. 

While a long-bone fracture exacerbates TBI outcomes in mice, the third study in this thesis 

found that a concomitant muscle injury did not. The final study investigated the effect of aging 

on TBI, and found that middle-aged rats had an altered neuroimmune response and worse 

functional outcomes after TBI compared to young rats. Together, this body of work generates 

significant new knowledge about the fundamental mechanisms by which extracranial variables 

such as peripheral injuries and biological age influence the neuropathological outcomes after 

neurotrauma. 
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Chapter 1 

General Introduction 
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1.1 Traumatic brain injury (TBI) 

1.1.1 The serious clinical problem of TBI

As reviewed in Sun et al., 2018, traumatic brain injury (TBI) is induced by biomechanical 

forces to the brain (Xiong et al., 2013), and is a leading cause of mortality and morbidity 

worldwide (Blennow et al., 2012). It is estimated that over 10 million people worldwide suffer 

a TBI each year (Humphreys et al., 2013). Although significant research efforts have been 

made to better understand the complex pathophysiology of TBI, apart from the therapeutic 

value of early rehabilitation (Ylvisaker et al., 2005), to date there are still no known therapeutic 

interventions to affirmatively improve long-term outcomes in TBI patients (Shultz et al., 2017; 

Stein, 2015; Xiong et al., 2013). Nevertheless, initial clinical trials have shown potential 

therapeutic value of some treatments, such as progesterone and amantadine (Giacino et al., 

2012; Stein, 2015). However, further phase III clinical trials on progesterone have ended with 

negative results (Stein, 2015), and further study is needed to affirm the therapeutic effects of 

amantadine. 

Depending on the nature and severity of the injury (i.e., focal versus diffuse; mild versus 

severe), outcomes from TBI range from transient to long-term neurological deficits (e.g., 

cognitive, emotional, and motor abnormalities) that can involve significant grey and white 

matter damage (Blennow et al., 2012). TBI is also linked to the later development of other 

neurological conditions, including posttraumatic epilepsy (Webster et al., 2017), Parkinson’s 

disease (Goldman et al., 2006; Jafari et al., 2013; Lee et al., 2012), amyotrophic lateral sclerosis 

(Chen et al., 2007; Schmidt et al., 2010), and chronic traumatic encephalopathy (McKee et al., 

2009; McKee et al., 2015).  

1.1.2 The pathophysiology of TBI 
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As reviewed in Sun et al., 2018, the brain damage induced by TBI is generally categorized as 

being caused by either primary or secondary injury mechanisms. Primary injury (e.g., focal 

contusion, hematoma and haemorrhage, and diffuse axonal injury) is the result of the direct 

mechanical insults at the moment of impact, and due to the rapid onset is largely considered 

irreversible (Blennow et al., 2012; Xiong et al., 2013). The main types of mechanical insults 

involved in TBI include acceleration/deceleration, blunt impact, penetration by a projectile, 

and blast injury (McKee and Daneshvar, 2015). The different mechanical forces directly 

influence the aftermath of TBI. For example, compared to a blunt TBI, a penetrating TBI which 

is caused by a projectile and produces a cavity in the brain, increases the risk of infection, 

probably due to the presence of contaminated foreign objects via the projectile track (Black et 

al., 2002; Kazim et al., 2011). Penetrating TBIs are also associated with a high risk of post 

posttraumatic epilepsy (Kazim et al., 2011; Raymont et al., 2010). Mild TBIs such as 

concussions are more associated with linear or rotational acceleration-deceleration, where 

diffuse axonal injury most likely plays a key role (Browne et al., 2011; Guskiewicz and 

Mihalik, 2011; Meaney and Smith, 2011). Blast head injury is caused by rapid transmission of 

an acoustic wave (McKee and Daneshvar, 2015), in which systemic response from the rest of 

the body plays an essential role (Cernak, 2010). 

The primary insult, however, also initiates a series of pathological secondary injury pathways, 

including activation of the immune system (Frugier et al., 2010; Shohami et al., 1994; Taupin 

et al., 1993), apoptosis (Miñambres et al., 2008), lipid peroxidation (Ansari et al., 2008; 

Awasthi et al., 1997), excitotoxicity (Werner and Engelhard, 2007), numerous proteopathies 

(e.g., tau, amyloid) (Blennow et al., 2012; Shultz et al., 2015; Zheng et al., 2014), and further 

injury to the blood-brain barrier (BBB) and axons (Johnson et al., 2013b; Shlosberg et al., 

2010). These secondary injury processes can occur within minutes to days after TBI, and may 

persist and contribute to chronic neurodegeneration (Blennow et al., 2012; Xiong et al., 2013). 
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1.1.3 Neuroinflammation: An influential secondary injury mechanism in TBI 

Amongst the different secondary injury mechanisms that can occur in TBI, neuroinflammation 

is perhaps the most common that is present across the various TBI sub-types. Within minutes 

after TBI, neuroinflammation is activated (Frugier et al., 2010; Shohami et al., 1994; Taupin 

et al., 1993) and can persist chronically and contributes to progressive neurodegeneration 

(Johnson et al., 2013a; Shultz et al., 2012; Xiong et al., 2018). Cytokines such as interleukin 

(IL)-1, tumour necrosis factor (TNF)-α and IL-6, are important inflammatory modulators and 

are upregulated immediately following TBI (Frugier et al., 2010; Shohami et al., 1994; Taupin 

et al., 1993). As reviewed in Sun et al., 2018, microglia are innate macrophage-like cells in the 

central nervous system (CNS) and act as the primary immune cells in response to TBI, secreting 

high levels of inflammatory cytokines, chemokines, oxidative metabolites, and other toxic 

molecules (Loane and Kumar, 2016). These factors can initiate a self-propagating cycle of 

damaging events that may cause chronic microglia activation and progressive neuronal damage 

(Block et al., 2007). Both human and animal studies suggest that following TBI, microglia can 

be chronically activated for weeks and months (Johnson et al., 2013a; Ramlackhansingh et al., 

2011; Shultz et al., 2012). For example, Johnson and colleagues (2013a) studied post-mortem 

brain samples from TBI patients and found densely packed reactive microglia in 28% of TBI 

cases involving >1-year survival  (Johnson et al., 2013a). 

Astrocytes are another important glial cell that are involved in neuroinflammation. In a normal 

brain, astrocytes provide structural scaffold for neurons and blood vessels, and contribute to 

BBB formation, whereas following TBI, astrocytes are activated which results in astrogliosis 

(Laird et al., 2008; Shultz et al., 2014; Webster et al., 2015). Activated astrocytes are a main 

source of pro-inflammatory mediators that contribute to toxicity in the injured brain (Lau and 

Yu, 2001). Furthermore, preclinical studies suggest that astrocytic glutamate transporters are 

dysregulated after TBI (Raghavendra Rao et al., 1998), and therefore may contribute to post-

4



TBI excitotoxicity. However, astrogliosis can also be beneficial after TBI by promoting the 

formation of a glial scar, which isolates the lesion and prevents further cell loss (Bush et al., 

1999; Laird et al., 2008).  

Peripheral immune factors such as circulating leukocytes are recruited across the BBB into the 

injured brain in response to TBI. Human and animal studies showed that neutrophils are 

amongst the first wave of immune cells to infiltrate the brain, peaking within approximately 24 

hours, after which macrophages become the predominant infiltrating leukocytes (Hausmann et 

al., 1999; Jin et al., 2012; Shultz et al., 2013; Soares et al., 1995). Neutrophils and macrophages 

together with the activated glial cells, exacerbate neuroinflammation. However, it is important 

to note that although inflammatory factors have been implicated in worse secondary injury 

after TBI, some extent of inflammation is beneficial to clear cellular debris, isolate the injured 

tissue, and signal the upregulation of growth factors and anti-inflammatory cytokines (Russo 

and McGavern, 2016). 

As reviewed in Sun et al., 2018, disruption to the BBB, a hallmark of TBI (Shlosberg et al., 

2010), further facilitates access for peripheral factors to enter the brain parenchyma. BBB 

breakdown after TBI can be induced directly by the initial mechanical forces, but can also be 

a result of secondary injuries such as inflammation and oxidative stress (Gu et al., 2012; Haorah 

et al., 2007; Shlosberg et al., 2010). The recruitment of peripheral leukocytes across the BBB 

may lead to further BBB disruption, and pro-inflammatory cytokines can also influence BBB 

permeability (Gu et al., 2012; Haorah et al., 2007). For example, overexpression of IL-1β in 

CNS via transgenic model or adenovirus injection in rodents showed to induce BBB 

breakdown and leukocyte recruitment (Ferrari et al., 2004; Shaftel et al., 2007). Reactive 

astrocytes and apoptosis of endothelial cells can also contribute to BBB breakdown after CNS 

injury (Argaw et al., 2012; Li et al., 2003). As such, BBB disruption after TBI is believed to 

be biphasic, with the initial onset of BBB dysfunction, due to the primary injury, occurring 
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within minutes to hours, and the second onset, due to secondary mechanisms, typically 

beginning from 3 to 7 days post-TBI (Lotocki et al., 2009). Although BBB function may be 

restored within weeks to months, impaired permeability of BBB has been reported to last for 

years (Korn et al., 2005; Tomkins et al., 2007). 

In summary, neuroinflammation involves a wide spectrum of complex cellular responses and 

is an influential secondary injury mechanism of TBI pathophysiology. Peripheral immune 

factors inherently contribute to neuroinflammation, which is facilitated by the increased BBB 

permeability after TBI. Furthermore, it is important to consider that TBI is a heterogenous 

condition, and therefore neuroinflammation can be affected by other concomitant aspects that 

modulate the immune response at the time of, or soon after TBI (McDonald et al., 2016; Sun 

et al., 2018). For example, extracranial variables such as peripheral injuries and biological 

aging influence the immune system and therefore have potential to interact with TBI 

pathobiology, particularly neuroinflammation (see Figure 1.1) (McDonald et al., 2016; Sun et 

al., 2018). In the following sections/chapters, these extracranial aspects will be further studied 

and discussed in detail.  
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Figure 1.1 The potential for extracranial trauma and aging to interact with TBI 

pathobiology. TBI can induce a complex inflammatory process that involves a number of 

cellular responses (illustrated in red). TBI is often not an isolated injury, and it is common for 

concomitant extracranial variables such as extracranial trauma (illustrated in green) and 

aging/immunosenescence (illustrated in blue) to be present. Both extracranial trauma and aging 

have significant influence on the immune system and therefore can serve as immunological 

stressors and interact with TBI pathobiology, particularly the neuroinflammation (modified 

from Sun et al., 2018). 

 

1.2 The clinical problem of multitrauma/polytrauma 
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As reviewed in Sun et al., 2018, traumatic injuries to the body are common in motor vehicle 

accidents, slips and falls, sports activities, industrial accidents, assaults, and war zones (i.e., 

events that also induce TBI; as reviewed in McDonald et al., 2016). These are high impact 

events, and therefore patients commonly suffer injury to multiple body regions - a condition 

traditionally termed multitrauma or polytrauma (MacGregor et al., 2012; Probst et al., 2009). 

Notably, amongst multitrauma/polytrauma cases, brain and extremity injuries are a common 

combination with approximately one-third of TBI patients also sustaining concurrent 

extracranial trauma (Groswasser et al., 1990; Leitgeb et al., 2013; Probst et al., 2009; Siegel et 

al., 1991; van Leeuwen et al., 2012). A limited number of clinical studies have investigated the 

effect of peripheral trauma on TBI, and suggested that peripheral injuries are associated with 

an increased risk of mortality and functional deficits in patients, particularly when severe 

extracranial injuries are combined with mild to moderate brain injury (as reviewed in 

McDonald et al., 2016). However, these initial studies have a number of issues that limit the 

ability to draw concrete conclusions regarding the effect of extracranial trauma on TBI, and 

the mechanisms underlying the potential interaction is still largely unknown.  

1.2.1 TBI and long-bone fracture 

As reviewed in Sun et al., 2018, bone fracture is one of the most common traumatic injuries 

worldwide (Charles Mock and Cherian, 2008), and often occurs concomitantly with TBI 

(Probst et al., 2009). Fracture healing involves four overlapping phases (i) an initial and often 

extensive inflammatory phase; (ii) formation of a temporary fibrous/cartilaginous bridging 

tissue known as soft callus; (iii) a subsequent replacement of this soft callus with bone (i.e., 

hard callus formation); and (iv) a prolonged period of callus remodelling that results in the 

restoration of functional bone to its pre-injured structure (Schindeler et al., 2008a). While 

fracture healing is a complex process, the inflammatory stage during fracture healing is 

substantial (Brady et al., 2016; Kelava et al., 2014). During this stage, immune cells such as 
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neutrophils and macrophages are recruited into the fracture site (reviewed in Baht et al., 2018). 

Inflammatory cytokines are also upregulated, such as IL-1, IL-6 and TNF-α, secreted by 

macrophages and other inflammatory cells, as well as mesenchymal cells (Kon et al., 2001; 

Prystaz et al., 2018). Animal studies have found that peak elevation of pro-inflammatory 

cytokines typically occurs 1-3 days post-fracture, and there is a second upregulation occurring 

3-4 weeks post-fracture during the callus remodelling phase (Dimitriou et al., 2005; Einhorn et 

al., 1995; Kon et al., 2001).  

Studies in human multitrauma patients or using animal models have found that levels of 

circulating inflammatory cytokines were elevated when TBI and peripheral bone fracture were 

combined (Beeton et al., 2004; Maegele et al., 2005; Probst et al., 2012). Considering the 

compromised BBB post-TBI, these inflammatory cytokines may have unprecedented access 

into the injured brain and modulate TBI pathology. Notably, there is some evidence that 

peripheral administration of pro-inflammatory cytokines after experimental TBI resulted in 

exacerbated TBI outcomes (Utagawa et al., 2008). Based on this rationale, Chapter 3 aimed to 

investigate whether a concurrent long-bone fracture affected TBI pathobiology by developing 

a novel mouse multitrauma model that combined TBI and tibial fracture.  

1.2.2 TBI and muscle injury 

Skeletal muscle injury is another common form of periphery trauma and often occurs in the 

presence of TBI (Järvinen et al., 2005; Smith et al., 2008). Upon injury, muscle tissue 

undergoes cell death and an inflammatory response is activated immediately (see Karalaki et 

al., 2009 for review). Study in human with exercise-induced muscle injury showed that 

neutrophils are elevated immediately in the circulation (Kanda et al., 2013), rapidly invade the 

injury area, and remain in the injured tissue for ~5 days (Fielding et al., 1993). Neutrophils 

phagocytose the necrotic debris, release pro-inflammatory cytokines, and contribute to 
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macrophage recruitment (see Smith et al., 2008 for review). Within 72 hours after injury, 

macrophages become the most common immune cells in the injury area (Nguyen et al., 2011). 

A series of pro-inflammatory cytokines and chemokines, such as IL-1β, TNF-α, IL-6, 

chemokine (C-C motif) ligand 2 (CCL2), CCL3 and CCL4, are upregulated (Ramadasan-Nair 

et al., 2014). Similar to the TBI and fracture combined setting, many of the immune cells and 

cytokines involved in muscle injury are also important modulators in TBI, and BBB disruption 

in TBI may facilitate the ability of peripheral factors to enter the brain. However, due to lack 

of studies, our understanding of muscle and TBI combined injury is limited. 

1.3 Aging/immunosenescence 

Our immune system undergoes deterioration and dysregulation with aging, termed as 

‘immunosenescence’ (Goronzy and Weyand, 2013; Shaw et al., 2013). Immunosenescence 

includes two components: diminished immunological competence in response to antigens 

(Goronzy and Weyand, 2013; Shaw et al., 2013); and elevated basal inflammation (e.g., 

elevated levels of pro-inflammatory cytokines; Shaw et al., 2013). For example, a study in 

humans found that circulating IL-6 levels increase with age (Forsey et al., 2003), which is 

associated with increased risks for subsequent cognitive decline (Weaver et al., 2002).  

Previous animal studies have suggested that aging results in a gene expression profile 

indicative of a neuroinflammatory response, oxidative stress and reduced neurotrophic support 

in the brain (Lee et al., 2000). Glial cells are particularly susceptible to senescence with age. 

Aged microglia have enlarged processes, cytoplasmic hypertrophy, and a less ramified 

appearance (see Rawji et al., 2016 for review). These features may limit the ability of microglia 

to survey and interact with the environment (Damani et al., 2011; Rawji et al., 2016). Studies 

in mice have found that young microglia were more mobile and ramified in response to 

extracellular ATP, whereas aged microglia were less ramified and had diminished phagocytosis 
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and chemotactic capability (Damani et al., 2011; Floden and Combs, 2011). Aging microglia 

have also been found to exhibit a ‘primed’ phenotype (see Niraula et al., 2017 for review), 

producing greater cytokines under normal condition, as well as in response to stimuli such as 

lipopolysaccharide (LPS) (Njie et al., 2012; Sierra et al., 2007). Similar to this, senescent 

astrocytes also skew to a phenotype that inhibit neuronal development whilst promoting 

inflammation (Bhat et al., 2012; Crowe et al., 2016; Kumar et al., 2013; Sandhir et al., 2008). 

Circulating leukocytes, such as neutrophils and macrophages, also undergo immunosenescence 

with age. Senescent neutrophils have impaired phagocytosis, decreased chemotaxis, and 

declined signal transduction (Butcher et al., 2001; Fortin et al., 2007; Niwa et al., 1989). Aged 

macrophages/monocytes have impaired phagocytosis and chemotaxis (Natrajan et al., 2015; 

Ruckh et al., 2012; Zhao et al., 2006). In contrast to glial cells, studies using cell culture 

suggested that the ability to produce inflammatory cytokines upon stimulation is deceased in 

aged macrophages/monocytes (Boehmer et al., 2005). Monocytes isolated from elderly patients 

also showed diminished inflammatory cytokines production upon stimulation (Gon et al., 

1996). 

Initial studies support the notion that age and immunosenescence are influential factors in TBI 

outcome. In TBI patients, increased age at the time of injury is directly correlated to worse 

functional outcomes and increased risk of mortality (de la Plata et al., 2008; Hukkelhoven et 

al., 2003; Sendroy-Terrill et al., 2010). Such observation has been supported by work in 

experimental models. For example, in aged mice, a moderate TBI led to delayed resolution of 

oedema, prolonged BBB disruption, elevated glia activation, worse neurodegeneration, and 

worsened motor deficits when compared to young adult mice given the injury (Onyszchuk et 

al., 2008; Sandhir et al., 2008). Moreover, microglia in aged mice also have a greater tendency 

to polarize towards an augmented M1-like phenotype post-TBI, suggested by greater IL-1β, 

TNF-α, CCL2 and CCL3 expression when compared to younger mice given TBI (Kumar et al., 
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2013). These studies indicated that immunosenescence is associated with the altered 

neuropathology and worsened outcomes in aged TBI subjects. However, current studies have 

intensively focused on glia activities and cytokine production after TBI, and the profile of 

leukocytes in the aged traumatically injured brain is poorly understood.  

1.4 Aims and hypotheses 

TBI is a serious and unaddressed medical challenge worldwide (Blennow et al., 2012). TBI 

induces a complex injury process, of which neuroinflammation plays a critical role (Xiong et 

al., 2018). However, TBI is also a highly heterogeneous condition, and therefore 

neuroinflammation can be affected by other concomitant aspects that modulate the immune 

response (McDonald et al., 2016; Sun et al., 2018). A number of extracranial factors (e.g., 

extracranial trauma and aging) have significant influence on the immune system and may 

consequently interact with TBI pathobiology, particularly neuroinflammation. (McDonald et 

al., 2016; Sun et al., 2018). To date, information related how such factors interact with TBI is 

limited, but would have important implications for intervention strategies. Therefore, the 

overarching aim of this thesis is to examine how peripheral traumas and aging affect TBI, and 

the potential role of inflammation in this process. The specific aims and hypotheses were as 

follows:  

Aim 1: Assess the influence of long-bone fracture on TBI pathophysiology in mice; 

Hypothesis 1: A concurrent long-bone fracture will exacerbate neuroinflammation and 

other TBI-related pathological events in mice given a TBI. 

Aim 2: Investigate the therapeutic effect of IL-1 receptor antagonist (IL-1ra) treatment in the 

combined TBI and fracture model in mice; 

12



Hypothesis 2: IL-1ra will reduce neuroinflammation and improve TBI outcomes in the 

mouse model of multitrauma. 

Aim 3: Assess the influence of periphery muscle injury on TBI in mice;  

Hypothesis 3: A concurrent muscle injury will exacerbate neuroinflammation and TBI-

related outcomes in mice. 

Aim 4: Investigate the influence of aging on TBI and characterise immune response after TBI 

in aged rats;  

Hypothesis 4: Aged rats given a TBI would have suppressed immune response and 

worsened TBI outcomes compared to their younger counterparts. 
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All procedures were adhered to the ARRIVE guidelines in relation to investigator blinding 

and randomisation. 

2.1 Animals 

C57BL/6 male adult mice (12 weeks old) were used in Chapters 3-5. Young (~10 weeks old) 

and middle-aged (1 year old) male inbred Wistar rats were used in Chapter 6. The selection of 

these species for each Chapter was due to their suitability for the corresponding injury models. 

All animals were housed under a 12-hour light/dark cycle with access to food and water ad 

libitum. All procedures were approved by The Florey Institute of Neuroscience and Mental 

Health Animal Ethics Committee, and were within the guidelines of the Australian Code of 

Practice for the Care and Use of Animals for Scientific Purposes by the Australian National 

Health and Medical Research Council.  

2.2 Surgeries 

2.2.1 The weight-drop mouse model of TBI 

The closed-skull weight-drop TBI method is one of the most widely used experimental TBI 

models in mice (Flierl et al., 2009; Shultz et al., 2017), and was used in Chapters 3-5. The 

model results in a mixed focal-diffuse injury pattern in the brain (Flierl et al., 2009; Shultz et 

al., 2017). The technique involves a free-falling rod dropping onto the exposed skull from a set 

height, with a constant mass of the weight (the rod; 215 g), and the severity of the injury is 

determined by the height from which the weight is dropped (Flierl et al., 2009). The mouse 

was anaesthetized with 4 % isoflurane and then placed in a nose cone that maintained the 

anaesthetic (2 % isoflurane). The mouse received 0.05 mg/kg of buprenorphine analgesic 

subcutaneously (Shultz et al., 2015). An incision was made along the midline of the scalp to 

reveal the intact skull. The mouse was then stabilized on the weight-drop device platform, and 
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the weighted-rod was released. The impact tip (blunt silicone-covered; 3 mm diameter) made 

contact onto the right hemisphere (posterior -1.5 mm, lateral -1.5 mm to Bregma). The sham 

procedure was identical to that described for the TBI, except the weighted-rod was not released. 

The scalp incision was sutured, and duration of apnea, loss of consciousness (i.e., hind-limb 

withdrawal to toe pinch), and self-righting reflex (latency to self-right) were recorded as 

indicators of acute injury severity (Shultz et al., 2015).  

A key feature of this model that is important in modelling multitrauma is that a skull fracture 

or craniotomy can be avoided, thereby eliminating this as a confounding factor in questions 

related to whether an extracranial injury exacerbates TBI. The release height of the weighted-

rod is ideally 2-3 cm to avoid head fracture, with the 2 cm release inducing a mild TBI, and 3 

cm inducing a more severe TBI in adult mice (Flierl et al., 2009).  

2.2.2 Fluid percussion injury (FPI) 

With Chapters 3-5, we found that the mouse weight-drop TBI model was relatively mild and 

did not induce robust behavioural change or pathology. In Chapter 6, to better examine how 

age affects neurological outcomes and immune response, a rat FPI model was used. First 

described in 1989 (McIntosh et al., 1989), the FPI method is one of the most intensively used 

and well-characterized animal models of TBI, generating a mixed focal-diffuse brain injury 

pattern (Shultz et al., 2017; Xiong et al., 2013). Under anaesthesia and aseptic conditions, the 

rats were given a craniotomy to expose the intact dura (5.0 mm diameter), which is centred 

over coordinates referenced to Bregma: posterior -4.5 mm, lateral -2.5 mm. A hollow plastic 

cap was attached over the craniotomy window with cyanoacrylate and dental cement to allow 

connection to the fluid percussion device. The percussion injury was induced by a hammer 

pendulum striking a reservoir filled with sterile silicon oil and thus transmitting a fluid pulse 

to the dura. The rat was given the injury at the first response of a hind-limb withdrawal to a toe 
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pinch. The hammer pendulum was released from a fixed height to introduce the assigned force 

(2.0 atm, yielding mild-moderate brain damages; McIntosh et al., 1989). The rats in the sham 

groups received identical procedures as those in the TBI groups, except they did not receive 

the fluid force (Bao et al., 2012; Shultz et al., 2013). The consistent severity of the injury was 

checked by duration of apnea, duration of unconsciousness, and latency to self-righting reflex 

(Shultz et al., 2012; Shultz et al., 2011).  

2.2.3 Tibial fracture 

In Chapters 3 & 4, a tibial fracture was introduced. Under anaesthesia (maintained by 2 % 

isoflurane), mice received a closed tibia fracture (Schindeler et al., 2008b). Firstly, an incision 

was made inferior of the right knee of the mouse. Then using a 26 G needle, an entry point into 

the medullary canal of the tibia was made, and an intramedullary rod was inserted inside the 

medullary canal (Shultz et al., 2015). A closed, noncomminuted and transverse fracture was 

generated in the tibial midshaft using three-point bending tweezers. Unlike an open fracture, 

closed fracture does not have open wound and therefore would cause minimal effect to the 

muscle. Immediately, the fracture was confirmed via X-ray (DEXCO DX-3000L, Dexcowin, 

Korea). After the fracture, a new rod was inserted, which replaced the initial rod, and remained 

in situ throughout the study (Shultz et al., 2015), as intramedullary stabilization is a common 

and useful surgical treatment for promoting long bone fracture healing in the clinical setting 

(Sadic et al. 2014). The incision was then closed using nylon suture. Sham procedure was 

identical to that described for the fracture, but no fracture was given.  

2.2.4 Cardiotoxin (CTX)-induced muscle injury 

CTX-induced muscle injury was used in Chapter 5. To induce muscle injury, the mouse 

received a single intramuscular injection of CTX (50 µl of 10 µM solution in sterile saline; 

Sigma-Aldrich, Castle Hill, Australia), which was delivered percutaneously into the right 
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hamstring (Martinez et al., 2015). Mice in the sham groups received a single intramuscular 

injection of vehicle (50 µl sterile saline). CTX induces depolarization and contraction of 

muscle cells, and consequently damages the structure of cell membranes (Chang et al., 1972; 

Hardy et al., 2016). It is one of the most common and reliable models for muscle injury (Hardy 

et al., 2016; Paiva-Oliveira et al., 2017; Ramadasan-Nair et al., 2014). 

2.3 Behavioural testing 

A number of different behavioural tests for rodents were used throughout Chapters 4-6. 

2.3.1 Composite neuroscore (Chapter 6) 

The composite neuromotor testing included contraflexion forelimb test, hindlimb flexion test, 

lateral pulsion test, and angle board stability test (Zhang et al., 2005). Each test was scored 

according to an integer scale from 0 (severely impaired) to 4 (uninjured) (Table 2.1, modified 

from Nissinen et al., 2017) The tests were performed at 2-, 4-, and 6 days post-TBI. 

During the contraflexion forelimb test, the rat was lifted by the tail and lowered down toward 

a mat for 2-3 times, and each of the left and right forelimbs was monitored and scored (Nissinen 

et al., 2017). The rat then underwent the hindlimb flexion test. The animal was pulled back 

from its tail, quickly but gently, and the hindlimbs were observed and scored (Nissinen et al., 

2017). Then the rat was pushed from its side across a vertically grooved rubber mat to test the 

resistance to pulsion (Nissinen et al., 2017). 

Finally, the rats were tested on an angle board. Rats were tested 1 day prior to injury to obtain 

a baseline value (Nissinen et al., 2017). The board was positioned at 40°, and the rat was tested 

in 3 directions (vertical, left, and right), with 3 attempts for each direction (Nissinen et al., 

2017). The rat had to stand still for 5 seconds without using its tail to hold on (Nissinen et al., 

2017). The angle was increased by 2.5°, and the maximum angle that the rat can stand on the 
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board was recorded. Each of the directions was scored by subtracting the baseline (Nissinen et 

al., 2017). 

Scoring 

Contraflexion 

forelimb 

0 = no response 

1 = some response, limb spasms, arms were perpendicular to body plane  

2 = some limb spasms, arms were extended perpendicular or parallel to body plane 

3 = arms were completely extended forward, however lacked strength 

4 = instant response, arms were extended forward in a smooth fluid motion 

Hindlimb 

flexion 

0 = no response 

1 = some response, limb flipped back but did not extend 

2 = some limb extension, feet flipped back but lacked strength 

3 = hindlimbs extended back fully and flipped back fully, but lacked strength 

4 = instant response, hindlimbs shot back and out, toes spread 

Lateral 

pulsion 

0 = no resistance, rat rolled over 

1 = minimal resistance, rat rolled over, but rightened itself slowly 

2 = minimal resistance, but rat did not roll over  

3 = strong resistance, rat did not roll over, but still can be pushed across the mat 

4 = strong resistance, gripped the mat strongly 

Angle board 0 = decreased 10° or more  

1 = decreased 7.5°  

2 = decreased 5°  

3 = decreased 2.5° 

4 = no change  

Table 2.1 Composite neuroscore (Nissinen et al., 2017). 
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2.3.2 Open field (Chapters 4-6) 

Locomotor and anxiety-like behaviour was assessed in an open field (Shultz et al., 2014) 

(Shultz et al., 2015). The open field was a circular area (100 cm diameter) which was shielded 

by walls (30 cm high). In the field, a smaller circular area (66 cm diameter) was defined as the 

middle field (Shultz et al., 2015). The animal was released in the centre of the open field and 

allowed to explore for 5 minutes (Shultz et al., 2015). Behaviour was recorded by an overhead 

camera and were objectively analysed by EthoVision® (NoldusTM, USA) tracking software. 

Distance travelled, time in the middle field, and middle field entries were calculated. 

2.3.3 Elevated-plus maze (Chapters 4-6) 

Elevated-plus maze was used to assess anxiety-like behaviour (Shultz et al., 2013; Walf and 

Frye, 2007). The maze consisted of 4 arms (2 opened and 2 closed, each 50 cm x 10 cm for 

rats, and each 30 cm x 6 cm for mice) shaped like a “plus” (50 cm high). The two closed arms 

were opposing and shielded by walls (30 cm high for rats and 15 cm high for mice). The two 

opened arms were also opposing, but were not shielded by walls. Each animal was placed in 

the centre of the plus facing an open arm and allowed to explore the maze freely for 5 minutes. 

Behaviour in the maze was recorded by an overhead camera and objectively analysed by 

EthoVision®. A percentage score was calculated as time in the open arms/(time in the open 

arms + time in the closed arms) to analyse anxiety-related behaviour, as more anxious rats 

spend less time in the open arms (Shultz et al., 2012; Shultz et al., 2013). The number of closed 

arms entries and total travel distance were calculated for the measurements of activity and 

motor function. For the definition of an entry, all four paws of a rat had to enter an arm (Shultz 

et al., 2013).  

2.3.4 Beam test (Chapter 6) 
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Sensorimotor function was analysed with the beam task (Shultz et al., 2013). The beam was 

100 cm long with one 4 cm wide edge and one 2 cm wide edge. Approximately 24 hours before 

beam testing, all rats were trained to traverse the beam from one end to the other end, with the 

first 5 trials on the 4 cm edge and then 5 trials on the 2 cm edge. Beam testing involved 10 

trials on the 2 cm wide edge, with a maximum of 1 minute for each trial. The number of slips 

and falls and beam traverse time were calculated as measures of motor function (Shultz et al., 

2013). Slips were defined as any limb slipped from the beam. When fell from the beam, the rat 

was assigned 1 minute for that trial. 

2.3.5 Rotarod (Chapters 4 & 5) 

Motor function was assessed by rotarod (Shultz et al., 2014). The rotarod (Harvard Apparatus, 

Holliston, USA) consisted of a rotating barrel with a 3 cm diameter (Shultz et al., 2015). The 

barrel was rotating at a speed of 4 rpm, and the mouse was placed on the barrel. The speed was 

accelerated gradually to 40 rpm (Shultz et al., 2015). The duration of time (up to 5 minutes) on 

the rotarod and the speed that the mouse was able to achieve were recorded. The test was 

performed for two consecutive days, with three consecutive trials each day (Shultz et al., 2015). 

2.3.6 Water maze (Chapters 4 & 6) 

Rats 

Spatial cognition was assessed using the Morris water maze (Bao et al., 2012; Morris, 1989; 

Shultz et al., 2012; Shultz et al., 2013). The test was conducted over two consecutive days and 

involved an acquisition session (day 1) and a reversal session (day 2). The water maze was set 

up with a pool (163 cm diameter) filled up with water (26-28 °C). An escape platform was 

hidden 2 cm below the water surface at a quadrant of the pool. Four different and visible cues 

were fixed around the perimeter of pool to allow the rats using as spatial orientation. The 

acquisition session consisted of 10 trials. For each trial, the rat was released at one of four pool 
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wall start locations according to a pseudo-random schedule (Shultz et al., 2015). A trial ended 

once the rat either successfully stood on the platform or 1 minute had elapsed. If the rat did not 

locate the platform within the allotted minute, the rat was guided to the platform. After ~20 

seconds on the platform, the rat was returned to its cage and placed under a heated lamp. 

Reversal testing was conducted 24 hours after water maze acquisition. All the settings remained 

the same as they were in acquisition, except that the escape platform was moved to the opposite 

quadrant.  

Behaviour in the water maze was recorded by the overhead camera and analysed by 

EthoVision®. Time to reach the platform and the number of direct and circle swims were 

calculated as measures of spatial cognition. Direct and circle swims were defined as a swim 

path to the platform from the start point without any crossing swims or with an arc not 

exceeding 360°. 

Mice 

The water maze testing protocol for mice (Minter et al., 2016; Shultz et al., 2011) was similar 

to that for rats, with the exception that mice completed 4 trials per day for 5 days, and the 

escape platform was hidden 0.5 cm below the water (opaque water for C57BL/6 mice, 21-23 

˚C) and its location was maintained throughout the testing.  

2.3.7 Y-maze (Chapter 5) 

Y-maze was used to assess spatial cognition in mice (Shultz et al., 2015). The apparatus

consisted of 3 arms (each 38 cm x 8 cm x 13 cm) and adjoined in a Y-shape (San Diego 

Instruments, San Diego, USA). A visual cue was placed at the end of each arm. Each mouse 

underwent a 15-minute training trial prior to the testing. During the training trial, one arm was 

blocked to be defined as ‘novel arm’, one arm was defined as ‘start arm’, and the other arm 

was defined as ‘old arm’ (Shultz et al., 2015). The mouse was released at the start arm and 

22



allowed to explore the maze except the novel arm. After that, the mouse was given a 2-hour 

break, and then underwent the test. During testing, the novel arm was unblocked, and the mouse 

was released at the start arm and allowed to explore the entre maze for 5 minutes (Shultz et al., 

2015). Behavior was recorded by an overhead camera. The time that the mouse spent in the 

novel arm was quantified using EthoVision®. 

2.3.8 Three-chamber task (Chapter 4) 

The three-chamber task was used to assess social interest (Nadler et al., 2004; Semple et al., 

2017). The apparatus (39 cm x 42 cm) consisted of three chambers, and the mouse was first 

given 10 minutes to habituate to the empty apparatus. Immediately following habituation, a 10-

minute test involved the mouse having a choice between spending time in the neutral chamber 

or two adjacent chambers, one containing a wire cup-enclosed stimulus mouse (age, strain and 

sex-matched) and the other containing an empty cup. A mouse exhibiting normal sociability 

typically favors proximity of the stimulus mouse in preference over the empty cup. Behaviour 

in the chambers was recorded by the overhead camera and analysed by EthoVision®. 

2.4 Magnetic resonance imaging (MRI) analysis (Chapters 4 & 6) 

MRI analysis includes ex vivo and in vivo scanning. For ex vivo scanning, anaesthetized animals 

were perfused transcardially with saline, followed by 4 % paraformaldehyde. The entire brains 

were dissected and stored in paraformaldehyde at 4 °C. Brains were embedded in agar in 50 

ml falcon tubes prior to scanning (Wortman et al., 2018). For in vivo scanning, the animal was 

fixed supinely with a stereotactic frame. The animal was under anaesthesia throughout the scan, 

the body temperature was maintained at 37 °C, and the respiration was monitored. 

For Chapter 4, MRI was performed using a 4.7 T Bruker Avance III scanner, and for Chapter 

6 using a 9.4T, Avance IIIHD scanner. A three-plane localizer sequence followed by multi-
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slice scout images in coronal, axial and sagittal planes were completed to establish the correct 

position of the brain (Shultz et al., 2015). T2
*-weighted images were obtained in the axial plane 

using a 2D rapid acquisition with relaxation enhancement (RARE) sequence with the 

corresponding parameters (see details in Chapter 4), or using a 3D multiple-gradient echo 

sequence with the corresponding parameters (see details in Chapter 6). A diffusion weighted 

image was also acquired using an echo planar sequence with the corresponding imaging 

parameters (see details in Chapter 4 & 6). 

For volumetric analysis, regions of interest (ROI), e.g., cortex, hippocampus and corpus 

callosum, were manually outlined on consecutive coronal T2-weighted images using ITK-

SNAP software (www.itksnap.org). Outlining was performed by an experimenter who was 

blinded to experimental conditions (Shultz et al., 2015; Sun et al., 2017). Volumes were 

calculated using MATLAB (Mathworks, Natick, USA) (Shultz et al., 2015). 

For Chapter 4, diffusion-weighted imaging processing was performed using MRtrix 

(www.mrtrix.org) and DTI-TK (www.dti-tk.sourceforge.net) (Wright et al., 2016a; Wright et 

al., 2016b). Spatial intensity inhomogeneity was corrected by estimating the bias field across 

the mean b0 image and images were normalized for white matter signal intensity. A study 

template image was constructed using DTI-TK and subject-to-template diffeomorphisms 

calculated for each animal. The fibre orientation distribution (FOD) was estimated for each 

brain using multi-tissue constrained spherical deconvolution with a group average response 

function (Tournier et al., 2004). Whole brain tractograms of two million streamlines were 

generated using the iFOD2 tractography algorithm and warped into template space using the 

subject-to-template diffeomorphisms (Tournier et al., 2010). Three track-weighted images 

were generated: track density image (TDI), mean curvature, and the average pathlength map 

(APM). TDI, mean curvature, and APM were then analysed using tract-based spatial statistics 

(TBSS) (Smith et al., 2006). Fractional anisotropy (FA), trace (TR), radial diffusivity (RD) and 

24



axial diffusivity (AD) images were also calculated and warped into template space using the 

subject-to-template diffeomorphisms for analysis with TBSS. Permutation testing was 

performed using randomise, with 5,000 permutations fully corrected for family-wise error and 

with threshold-free cluster enhancement (Winkler et al., 2014). 

For Chapter 6, the corpus callosum was manually outlined for each rat on the FA image and 

the mean FA value was calculated. 

2.5 Fracture biomechanics (Chapter 4) 

The biomechanical properties of healing tibial fractures was assessed using a three-point 

bending test (Brady et al., 2014). The tibias were dissected, the intramedullary rod was removed, 

and the tibia was immersed in silicone oil and stored at −20 °C. Samples were mounted on the 

three-point bending apparatus with the fulcrum directly overlying the fracture site. Each sample 

was loaded at a constant rate of 1.67 mm/s, with load and deflection data recorded continuously 

using transducers connected to an x-y plotter by preamplifiers. Peak force to failure and 

stiffness were calculated from the load deflection data. 

2.6 Brain water content analysis (Chapters 3-5) 

Brain water content was used as an indicator of brain oedema (Flierl et al., 2009; Khan et al., 

2009; Shultz et al., 2015). Anaesthetized animals were decapitated, and the brain tissue was 

dissected. Immediately, the fresh tissue was placed in a 1.5 mL tube and was weighed to obtain 

a ‘wet weight’. The tissue was then dried at 100 °C for 24 hours (alternatively, 60 °C for 72 

hours) (Flierl et al., 2009; Khan et al., 2009). Then the tissue was again weighed to obtain a 

‘dry weight’. The water content in the tissue was then calculated as water content (%) = (wet 

weight − dry weight)/wet weight. 

2.7 Evans blue extravasation (Chapter 3) 
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Evans blue extravasation was used to investigate BBB disruption (Khan et al., 2009; Radu and 

Chernoff, 2013; Shultz et al., 2015). At 24 hours after TBI, mice received 200 μL of 0.5 % 

Evans blue (Sigma, Sydney, Australia) via lateral tail intravenous injection (Shultz et al., 2015). 

After 30 minutes, mice were anaesthetized with 4 % isoflurane, and were then decapitated. The 

injured hemisphere was collected and weighed immediately. The tissue was then placed in a 

1.5 mL tube with 500 μL of formamide (Sigma) (Shultz et al., 2015). The tubes were incubated 

at 55 °C for 48 hours, and Evans blue was extracted from the tissue. The absorbencies of the 

Evans blue extract were read by BenchmarkTM Plus Microplate Spectrophotometer (Bio-Rad, 

Hercules, USA), and ng of Evans blue per mg of tissue was calculated (Shultz et al., 2015). 

2.8 Immunohistochemistry (Chapter 4) 

Anaesthetized animals were decapitated, and brains were removed and dissected, and the tissue 

was rapidly frozen in liquid nitrogen and stored at −80 °C. Frozen brain samples were sectioned 

into serial coronal brain sections (10 µm), thaw-mounted onto poly-L-lysine coated slides, and 

fixed in 4 % paraformaldehyde for 15 minutes. Sections were then washed in 0.01M phosphate 

buffered saline (PBS) (3 x 5 minutes) and blocked with peroxidase for 10 minutes. Sections 

were washed in 0.01M PBS (3 x 5 minutes) then blocked with 10 % goat serum for 30 minutes. 

Sections were then incubated with the corresponding primary antibody (see details in Chapter 

4) overnight in a humidified chamber at 4 °C. The following day, sections were washed in 

0.01M PBS (3 x 5 minutes) and incubated in peroxidase-labelled polymer conjugated 

secondary antibody for 2 hours. Sections were then washed in 0.01M PBS (3 x 5 minutes) and 

incubated with diaminobenzidine solution (Dako, CA, USA) for 5 minutes. After washing in 

distilled water, sections were dehydrated in the order of 70 % ethanol, 100 % ethanol and 

xylene. Sections were cover slipped using DPX mounting media and marked cells were 

counted using an Olympus microscope, and normalized to the area of tissue analysed. 
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2.9 Fluorescence-activated cell sorting (FACS) (Chapter 6) 

The rat was euthanized, followed by cardiac puncture blood collection, and then intracardially 

perfusion with 200 mL of chilled PBS. Ipsilateral and contralateral hemispheres, and spleen 

were then collected and stored in PBS on ice. Leukocytes were purified from blood using red 

blood cell lysis buffer (Kim et al., 2014). Spleens were mechanically dissociated and passed 

through a 70 μm filter (Falcon; BR Biosciences) to obtain a single-cell suspension, and were 

then lysed with red blood cell lysis buffer (Kim et al., 2014). Each brain hemisphere was 

enzymatically digested for 45 minutes using collagenase type IX (125 U/mL), hyaluronidase 

IS (60 U/mL) and collagenase type IS (450 U/mL) dissolved in PBS (37 °C; containing calcium 

and magnesium) (McCarthy et al., 2014). Digested samples were then passed through a 70 μm 

filter (BD Falcon, Bedford, USA) to yield a single-cell suspension (Kim et al., 2014). 

Leukocytes were then isolated from the cell suspension using a discontinuous percoll gradient 

centrifugation (30%/70% isotonic percoll; GE Healthcare) for 25 minutes (2700 rpm, room 

temperature, brake off) (McCarthy et al., 2014). Mononuclear cells were then removed from 

the 37%/70% interface and washed with PBS. The obtained cells were then stained with 

fluorophore-conjugated antibodies (see Chapter 6), and then analysed on a Cytoflex LX flow 

cytometer (Beckman Coulter).  

2.10 Western blotting (Chapters 3 & 5) 

Traditional Western blotting was used to quantify proteins in Chapter 3. Automated capillary 

Western blots using WES™ Simple Western System (ProteinSimple, San Jose, USA) was used 

in Chapter 5 when quantifying protein levels. WES™ is a relatively new system, and it features 

advantages such as faster process and lower background noise, compared to traditional Western 

blotting. 

2.10.1 Traditional Western blotting 
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Anaesthetized animals were decapitated, and brains were removed and dissected, and the tissue 

was rapidly frozen in liquid nitrogen and stored at −80 °C. Tissue samples were homogenized 

in radioimmunoprecipitation assay (RIPA) buffer using a hand-held electric homogenizer, and 

left to sit on ice for 20 minutes. Samples were then centrifuged at 1,3000 rpm at 4 °C for 20 

minutes. The lysate was collected and protein concentration was quantified using a BCA 

Protein Assay Kit (Thermo Scientific Pierce Biotechnology, San Jose, USA). The final 

concentration of the working lysate solution was 1 mg/mL. For each sample, 9 µL of the lysate 

solution was taken and added with 3 µL 4x SDS loading dye (12.5 mL 1M Tris pH 6.8, 20 mL 

glycerol, 10 mL β-mercapto-ethanol, 4 g SDS, 0.01 g bromophenol blue). To denature the 

proteins, samples were heated at 95 °C for 5 minutes. The proteins were then separated with 

SDS-polyacrylamide gel electrophoresis, and electro-blotted onto polyvinyl difluoride 

membranes. The blots were developed with the corresponding primary antibody overnight at 

4 °C (see details in Chapter 3), then incubated with the secondary antibody (see details in 

Chapter 3) at room temperature for 90 minutes. The membranes were then visualized by 

enhanced chemiluminescent substrate kit (Amersham™ ECL™ Western blotting detection 

reagents) and exposure to x-films. The mean intensity of the blots was quantified using Image 

J software, and data were normalised with loading control (see Chapter 3 for details). 

2.10.2 Automated capillary Western blots 

Sample preparation and protein concentration detection procedures were the same as the 

traditional Western blotting. Capillary Western analyses were performed by the WES™ Simple 

Western System according to the instructions provided. Samples were diluted with sample 

buffer, combined with Fluorescent Master Mix, and heated at 95 °C for 5 min for denaturation. 

The denatured samples, blocking reagent, primary antibodies, horseradish peroxidase (HRP)-

conjugated secondary antibodies and chemiluminescent substrate were then loaded into a 
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designated assay plate, and processed for automated separation electrophoresis and 

immunodetection (Lu et al., 2017). A biotinylated ladder was also loaded for each assay. 

2.11 Enzyme-linked immunosorbent assay (ELISA) (Chapters 3) 

Sample preparation and protein concentration detection procedures were the same as the 

Western blotting. The final concentration of the working lysate solution was 2 mg/mL. The 

lysate solution was then 1:1 diluted in assay diluent (PBS with 10 % FBS heat-inactivated pH 

7.0). Cytokines (see details in Chapter 3) were analysed using BD OptIEA™ ELISA kits (BD 

Biosciences, USA). A 96-well plate was coated with the appropriate capture antibody and left 

to incubate overnight at 4 °C. The plate was then aspirated, washed, and blocked with 200 

µL assay diluent at room temperature for 1 hour. 100 µL of each standard (in triplicates), 

sample (in duplicates) and control (in duplicates) were added into the appropriate wells, and 

incubated for 2 hours at room temperature. Detection antibody and enzyme reagent avidin-

HRP were then added to each well and incubated, followed by substrate solution and stop 

solution. After that, the absorbance of each well was measured at 450 nm (using wavelength 

correction of 570 nm), and Microplate Manager software was used to calculate mean cytokine 

concentrations for each sample.  

2.12 Quantitative real-time PCR (RT-qPCR) (Chapters 4-6) 

In Chapters 4 & 5, fresh brain or muscle samples were collected and stored at −80 °C. Frozen 

tissue was homogenised with PureZOLTM RNA isolation reagent, and total RNA were 

extracted using the AurumTM Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, 

USA) (McDonald et al., 2011). RNA for each sample was then reverse transcribed to cDNA. 

The primer sequences for the genes of interest are specified in the corresponding Chapters. 

qPCR was run using the iCycler iQ Multi-Colour RT-PCR detection system (using SsoFastTM 

EvaGreen®, Bio-Rad, Hercules, USA). To establish specificity of DNA products, melt-curve 
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analysis was performed. Cycle threshold (Ct) values were collected for analysis, and data was 

normalised to internal control (see Chapters 4 & 5 for details). Relative quantification of genes 

of interest mRNA expression was determined using the 2−ΔΔCt method (Livak and Schmittgen, 

2001; McDonald et al., 2011). 

Additionally, telomere analysis was performed on ear tissue in Chapter 6. Ear samples from 

rats were collected at the time of death for telomere length analysis. Genomic DNA (gDNA) 

was extracted from a small piece of ear tissue using Sigma REDExtract N-Amp Tissue PCR 

kit, according to manufacturer's protocol (Hehar and Mychasiuk, 2016; Mychasiuk et al., 2015). 

Quality and concentration of gDNA was measured using the NanoDrop 2000 (Thermo Fisher 

Scientific, Waltham, USA), and then diluted to 20 ng/μL. Each PCR reaction contained 1 μL 

of gDNA in a total volume of 20 μL using 1 × SYBR Green FastMix with Rox for qRT-PCR 

on a CFX Connect Real Time PCR Detection System (Bio-Rad) (Hehar and Mychasiuk, 2016; 

Wright et al., 2018). Primer sequences and cycling parameters were the same as described 

previously (Hehar and Mychasiuk, 2016). Absolute quantitative PCR was used to determine 

the ratio of telomeres to a single copy gene (36B4), calculated as [2Ct(telomeres)/2Ct(36B4)]−1 = 

−2−ΔCt (Hehar and Mychasiuk, 2016).Telomere length was then quantified as telomere length 

= 1910.5 (−2−ΔCt) + 4157 (Hehar and Mychasiuk, 2016). 
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Tibial Fracture Exacerbates Traumatic Brain 

Injury Outcomes and Neuroinflammation in a Novel 

Mouse Model of Multitrauma 

Chapter 3 

31



3.1 Introduction 

Multitrauma involves significant injury to at least two body regions, and is prevalent in motor 

vehicle accidents, military settings, and slips and falls (Al-Thani et al., 2014; Dobscha et al., 

2009; MacGregor et al., 2012). The combination of TBI plus bone fracture is a common form 

of multitrauma (Gennarelli et al., 1994; Gross et al., 2012; MacGregor et al., 2012). TBI is 

induced by biomechanical forces applied to the brain; it is a neurodegenerative condition and 

a leading cause of death and disability (Blennow et al., 2012; Xiong et al., 2013). Although 

initial clinical trials have shown potential therapeutic value of some treatments such as 

progesterone and amantadine (Giacino et al., 2012; Stein, 2015), further phase III clinical trials 

on progesterone have ended with negative results (Stein, 2015), and further study is needed to 

affirm the therapeutic effects of amantadine. Apart from the therapeutic value of early 

rehabilitation (Ylvisaker et al., 2005), clinically to date there is no effective drug available to 

improve long-term outcomes in TBI patients (Blennow et al., 2012; Xiong et al., 2013). This 

is in part due to a failure to recognize and account for the heterogeneity of TBI, including how 

extracranial factors can influence the aftermath of TBI. Despite the high incidence of combined 

TBI and fracture, pre-clinical TBI research commonly employs independent/isolated injury 

models that fail to incorporate the pathophysiological interactions occurring in multitrauma 

(Gennarelli et al., 1994; MacGregor et al., 2012; Maegele et al., 2005; Maegele et al., 2007).  

Neuroinflammation is an influential secondary injury mechanism of TBI pathophysiology. 

Within minutes after TBI, neuroinflammation is activated (Frugier et al., 2010; Shohami et al., 

1994; Taupin et al., 1993) and can persist chronically and contributes to progressive 

neurodegeneration (Johnson et al., 2013a; Shultz et al., 2012; Xiong et al., 2018). Bone fracture 

is known to induce a complex healing process that involves an extensive inflammatory 

response in which immune cells are activated and secrete a series of pro-inflammatory 

cytokines (Schindeler et al., 2008a). Initial studies in human multitrauma patients or using 
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animal models have found that levels of circulating inflammatory cytokines were elevated 

when TBI and peripheral bone fracture were combined (Beeton et al., 2004; Maegele et al., 

2005; Maegele et al., 2007; Probst et al., 2012). Furthermore, there is some evidence that 

peripheral administration of pro-inflammatory cytokines after experimental TBI resulted in 

exacerbated TBI outcomes (Utagawa et al., 2008). As such, this study aimed to assess the 

influence of long-bone fracture on TBI pathophysiology, with a particular focus on 

inflammation. Note that this chapter contributed to a larger study (Shultz et al., 2015 – see 

Appendix II) that aimed to investigate how a peripheral tibial fracture affected behaviour, MRI, 

and pathophysiological outcomes after TBI. The results presented in this chapter represent 

Mujun Sun’s contribution to this publication, which will be discussed in the context of other 

findings of the published paper in the Discussion section of this chapter. 

3.2 Materials and methods                  

3.2.1 Mice and experimental groups  

A total of 124 C57Bl/6 male mice were obtained from the Australian Animal Resource Centre 

for use in this study. Mice were 12 weeks of age at the time of injury, were housed individually 

under a 12-hour light/dark cycle, and were given access to food and water ad libitum. All 

procedures were approved by The Florey Institute of Neuroscience and Mental Health Animal 

Ethics Committee, and were within the guidelines of the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes by the Australian National Health and Medical 

Research Council. Mice were assigned to four experimental groups: sham-TBI and sham-

fracture (SHAM, n = 26); sham-TBI and fracture (FX, n = 26); TBI and sham-fracture (TBI, n 

= 36); and TBI and fracture (MULTI, n = 36). Mice that died immediately post-TBI (TBI = 6, 

MULTI = 6) or sustained a skull fracture (TBI = 2 and MULTI = 2) were excluded from the 
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study. Mice were euthanised at either 24 hours (n = 15/group) or 35 days post-injury for post-

mortem analysis. 

3.2.2 Multitrauma 

The mouse was first placed in an anaesthesia induction chamber containing 4 % isoflurane for 

3 minutes. Once anaesthetized, the mouse was placed in a nose cone that maintained the 

anaesthetic (2 % isoflurane). The mouse received 0.05 mg/kg of buprenorphine analgesic 

subcutaneously. To induce a tibial fracture, an incision was made inferior of the right knee of 

the mouse. Then an entry point into the medullary canal of the tibia was made using a 26 G 

needle, and an intramedullary rod (000 stainless steel insect pin, 0.25 mm diameter) was 

inserted inside the medullary canal. A closed, noncomminuted and transverse fracture was 

generated in the tibial midshaft using three-point bending tweezers. Unlike an open fracture, 

closed fracture does not have open wound and therefore would cause minimal effect to the 

muscle. Immediately, the fracture was confirmed via X-ray (DEXCO DX-3000L, Dexcowin, 

Korea). After the fracture, a new rod was inserted, which replaced the initial rod, and remained 

in situ throughout the study, as intramedullary stabilization is a common and useful surgical 

treatment for promoting long bone fracture healing in the clinical setting (Sadic et al. 2014). 

The incision was then closed using nylon suture. Sham injury for the fracture procedure 

consisted of the incision and suturing, but no fracture was given. After a total surgery/

anaesthesia duration of 20 minutes (i.e., immediately following the tibial fracture), a weight-

drop device was used to induce a closed-skull TBI (Flierl et al., 2009). The technique 

involves a free-falling rod dropping onto the exposed skull from a set height, with a 

constant mass of the weight (215 g), and the severity of the injury is determined by the 

height from which the weight is dropped (Flierl et al., 2009). The mouse was removed 

from the nose cone and an incision was made along the midline of the scalp to reveal the 

intact skull. The mouse was then stabilized on the weight-drop device platform. The 

weighted-rod was released from a distance of 2 cm, and the 

34



impact tip made contact between the sagittal and coronal suture. The rod was retracted 

immediately after the impact occurred, and the scalp incision was sutured. The sham procedure 

was identical to that described for the TBI, except the weighted-rod was not released. The scalp 

incision was sutured, and duration of apnea, loss of consciousness (i.e., hind-limb withdrawal 

to toe pinch), and self-righting reflex (latency to self-right) were recorded as indicators of acute 

injury severity (Table 3.1).  

 SHAM FX TBI MULTI 

Apnea (s) 0 0 32.5±4.1*  25.1±3.0* 

Hindlimb reflex (s) 42.0±3.9 38.4±4.9 183.4±18.0* 191.7±23.7* 

Self-righting reflex (s) 68.9±5.0 66.3±6.3 277.3±20.7* 261.5±27.9* 

Table 3.1 Acute injury measures. The TBI and MULTI groups had significantly longer apnea, 

unconsciousness, and self-righting reflex times (seconds ± SEM) than the SHAM and FX 

groups. There were no statistically significant differences between TBI and MULTI. *Greater 

than SHAM and FX, p < 0.05 (Shultz et al., 2015). 

 

3.2.3 Brain water content analysis 

Brain water content was used as an indicator of oedema (Flierl et al., 2009; Khan et al., 2009). 

Anaesthetized animals were decapitated, and the brain tissue was dissected. Immediately, the 

fresh tissue was placed in a 1.5 mL tube and was weighed to obtain a ‘wet weight’. The tissue 

was then dried at 60 °C for 72 hours (Khan et al., 2009). Then the tissue was again weighed to 

obtain a ‘dry weight’. The water content in the tissue was then calculated as water content (%) 

= (wet weight − dry weight)/wet weight. 
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3.2.4 Evans blue extravasation 

Evans blue extravasation was used to investigate BBB disruption (Khan et al., 2009; Radu and 

Chernoff, 2013). At 24 hours after TBI, mice received 200 μL of 0.5 % Evans blue (Sigma, 

Sydney, Australia) via lateral tail intravenous injection. After 30 minutes, mice were 

anaesthetized with 4 % isoflurane, and were then decapitated. The ipsilateral hemisphere was 

collected and weighed immediately. The tissue was then placed in a 1.5 mL tube with 500 μL 

of formamide (Sigma). The tubes were incubated at 55 °C for 48 hours, and Evans blue was 

extracted from the tissue. The absorbencies of the Evans blue extract were read by 

BenchmarkTM Plus Microplate Spectrophotometer (Bio-Rad, Hercules, USA), and ng of Evans 

blue per mg of tissue was calculated. 

3.2.5 Western blotting  

Anaesthetized animals were decapitated, and brains were removed and dissected, and the 

ipsilateral cortex directly under the impact site was rapidly frozen in liquid nitrogen and stored 

at −80 °C. Tissue samples were homogenized in RIPA buffer using a hand-held electric 

homogenizer, and left to sit on ice for 20 minutes. Samples were then centrifuged at 1,3000 

rpm at 4 °C for 20 minutes. The lysate was collected and protein concentration was quantified 

using a BCA Protein Assay Kit (Thermo Scientific Pierce Biotechnology, San Jose, USA). The 

final concentration of the working lysate solution was 1 mg/mL. For each sample, 9 µL of the 

lysate solution was taken and added with 3 µL 4x SDS loading dye (12.5 mL 1M Tris pH 6.8, 

20 mL glycerol, 10 mL β-mercapto-ethanol, 4 g SDS, 0.01 g bromophenol blue). To denature 

the proteins, samples were heated at 95 °C for 5 minutes. The proteins were then separated 

with SDS-polyacrylamide gel electrophoresis, and electro-blotted onto polyvinyl difluoride 

membranes. The blots on polyvinyl difluoride were developed with anti-GFAP (1 : 10,000; 

Cell Signaling Technology, Beverly, USA), anti-neutrophil (1 : 500; Abcam, Melbourne, 

36



Australia), and loading control anti-GAPDH (1 : 1,000; Santa Cruz Biotechnology Inc., 

Scoresby, Australia) primary antibodies overnight at 4°C, then incubated with secondary 

antibodies (Dako, Sydney, Australia; Abcam) of respective animal species conjugated to HRP 

at room temperature for 90 minutes. The membranes were then visualized by enhanced 

chemiluminescent substrate kit (Amersham™ ECL™ Western blotting detection reagents) and 

exposure to x-films. The mean intensity of the blots was quantified using Image J software 

(National Institutes of Health, Bethesda, USA). 

3.2.6 ELISA 

Sample preparation and protein concentration detection procedures were the same as the 

Western blotting. The final concentration of the working lysate solution was 2 mg/mL. The 

lysate solution was then 1:1 diluted in assay diluent (PBS with 10 % FBS heat-inactivated pH 

7.0). Inflammatory cytokines IL-1β, IL-6, and TNF-α were analysed using BD OptIEA™ 

ELISA kits (BD Biosciences, USA). A 96-well plate was coated with the appropriate capture 

antibody and left to incubate overnight at 4 °C. The plate was then aspirated, washed, and 

blocked with 200 µL assay diluent at room temperature for 1 hour. 100 µL of each standard 

(in triplicates), sample (in duplicates) and control (in duplicates) were added into the 

appropriate wells, and incubated for 2 hours at room temperature. Detection antibody and 

enzyme reagent avidin-HRP were then added to each well and incubated, followed by substrate 

solution and stop solution. After that, the absorbance of each well was measured at 450 nm 

(using wavelength correction of 570 nm), and Microplate Manager software was used to 

calculate mean cytokine concentrations for each sample.  

3.2.7 Statistical analysis  
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All outcomes were analysed with SPSS 21.0 software (IBM Corp, Armonk, USA) using one-

way analysis of variance (ANOVA). Newman–Keuls post hoc comparisons were carried out 

when appropriate. Statistical significance was set at p ≤ 0.05. 

3.3 Results 

3.3.1 Multitrauma exacerbated brain oedema 

There was a significant injury effect in brain water content at 24 hours post-injury (F3,20 = 

42.263, p < 0.001; Figure 3.1). Post hoc analysis indicated that MULTI mice had significantly 

increased water content than all other groups (p < 0.05). TBI mice had increased water content 

when compared to SHAM and FX groups (p < 0.05). 

                                    

                                              

Figure 3.1 Multitrauma exacerbated brain oedema. MULTI mice had significantly 

increased water content than all other groups, indicating exacerbated oedema. TBI mice had 

increased water content when compared to SHAM and FX groups. ***Greater than all other 

groups, **Greater than SHAM and FX groups, p < 0.05 (Shultz et al., 2015). 

 

3.3.2 Multitrauma exacerbated BBB disruption 
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There was a significant injury effect in Evans blue levels at 24 hours post-injury (F3,20 = 20.201, 

p < 0.001; Figure 3.2). Post hoc analysis indicated that MULTI mice had significantly 

increased Evans blue extravasation in brain tissue than all other groups (p < 0.01). The TBI 

group was not differ from SHAM or FX group on the measure of Evans blue levels (p > 0.05). 

Figure 3.2 Multitrauma exacerbated BBB disruption. MULTI mice had significantly 

increased Evans blue extravasation in brain tissue than all other groups. ***Greater than all 

other groups, p < 0.05 (Shultz et al., 2015). 

3.3.3 Multitrauma increased neutrophil expression 

There was a significant injury effect in neutrophil expression at 24 hours post-injury (F3,19 = 

4.976, p < 0.01; Figure 3.3). Post hoc analysis indicated that MULTI mice had significantly 

increased neutrophil expression than SHAM and FX mice at 24 hours after injury (p < 0.05). 

The TBI group was not differ from SHAM or FX group on the measure of neutrophil 

expression at 24 hours after injury (p > 0.05). There were no significant findings at 35 days 

post-injury (F3,15 = 0.008, p > 0.05). 
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Figure 3.3 Multitrauma increased neutrophil expression. At 24 hours after injury, MULTI 

mice had significantly increased neutrophil expression in the brain tissue than SHAM and FX 

groups. **Greater than SHAM and FX groups, p < 0.05 (Shultz et al., 2015). 

3.3.4 Multitrauma increased GFAP expression 

There were significant injury effects in GFAP expression, a marker for astrogliosis, in brain 

tissue at both 24 hours (F3,19 = 6.440, p < 0.005) and 35 days post-injury (F3,15 = 3.834, p < 0.05; 

Figure 3.4). Post hoc analysis indicated that MULTI mice had significantly increased GFAP 

expression than SHAM and FX mice at both timepoints, whereas TBI mice only had increased 

GFAP expression compared to FX mice at 24 hours post-injury (p < 0.05). 
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Figure 3.4 Multitrauma increased GFAP expression. At both 24 hours and 35 days post-

injury, MULTI mice had significantly increased expression of the astrogliosis marker GFAP 

in the brain tissue, compared to SHAM and FX groups. TBI mice had increased GFAP 

expression compared with FX mice at 24 hours post-injury. **Greater than SHAM and FX 

groups, *Greater than FX group, p < 0.05 (Shultz et al., 2015). 

 

3.3.5 Multitrauma increased brain tissue concentration of IL-1β 

There were significant injury effects in the levels of IL-1β at both 24 hours (F3,34 = 3.999, p < 

0.05) and 35 days post-injury (F3,39 = 5.921, p < 0.05; Figure 3.5). Post-hoc indicated that at 

both timepoints, IL-1β levels was significantly increased in the brain tissue of MULTI mice, 

compared to all other groups (p < 0.05). There were no significant findings on the measures of 

IL-6 and TNF-α (p > 0.05; Figure 3.5). 
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Figure 3.5 Multitrauma increased brain tissue concentration of IL-1β. (A) At both 24 

hours and 35 days post-injury, IL-1β levels was significantly increased in the brain tissue of 

MULTI mice, compared to all other groups. There were no significant findings on the measures 

of IL-6 (B) and TNF-α (C). ***Greater than all other groups, p < 0.05 (Shultz et al., 2015). 
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3.4 Discussion 

This study investigated how a concomitant peripheral fracture affects neuroinflammation and 

other TBI-related pathological events in mice. Compared to the mice that were given an 

isolated TBI, multitrauma mice had increased neutrophil infiltration at 24 hours, and increased 

levels of IL-1β and astrogliosis at 24 hours and 35 days after injury. These results suggest that 

multitrauma resulted in an augmented neuroinflammatory response at both acute and chronic 

stages of TBI. Previous studies have demonstrated that combined experimental TBI and tibial 

fracture increase levels of circulating inflammatory cytokines (Maegele et al., 2005; Maegele 

et al., 2007), and that TBI induces damage to the BBB and results in increased migration of 

peripheral immune factors into the brain (Algattas and Huang, 2013; Blennow et al., 2012; 

Laird et al., 2008; Shultz et al., 2013; Xiong et al., 2013). Therefore, the exacerbated 

neuroinflammation in the multitrauma mice may be related to a compromised BBB caused by 

TBI combined with the fracture-induced inflammation (Shultz et al., 2015).  

As alluded to in the introduction, these findings were part of a larger published study that found 

that the presence of the tibial fracture also worsened long-term TBI outcomes, including 

enlarged brain ventricles, diffusion abnormalities in cortex and hippocampus, and impulsive-

like behaviour (Shultz et al., 2015). As such, the pathophysiological findings reported in this 

Chapter may have contributed to the worse MRI and behaviour outcomes reported in the 

publication (Shultz et al., 2015). Specifically, MRI analysis found that multitrauma mice had 

enlarged lateral ventricles compared to the TBI only mice. In light of our findings of worse 

BBB damage in the multitrauma mice, enlargement of brain ventricles may occur due to the 

accumulation of blood products and consequent disruption of cerebrospinal fluid circulation 

(Shultz et al., 2015). Only in the multitrauma mice, diffusion tensor imaging indicated 

decreased mean diffusivity in the cortex and hippocampus. Mean diffusivity measures the 

ability of water to move freely in a structure, which can be affected by physical barriers within 
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the structure (Shultz et al., 2015). Such physical barriers could be a glial scar (Budde et al., 

2011), and given that the multitrauma mice had exacerbated astrogliosis, it is therefore 

reasonable to speculate that glial scaring contributed to the decreased diffusivity in the brains 

of multitrauma mice (Shultz et al., 2015). These brain damage identified on MRI, along with 

the different pathophysiological findings (e.g., BBB disruption, edema, inflammation), may 

have contributed to the behavior abnormalities in multitrauma mice, though further studies are 

required to determine the exact underlying mechanism (Shultz et al., 2015).  

One of the most striking findings was that IL-1β, a potent pro-inflammatory factor that is 

upregulated after TBI, was greatly exacerbated in the multitrauma mice and may underlie much 

of the consequent inflammation. IL-1 is one of the key mediators of immune response (Allan 

et al., 2005), and implicated in BBB dysfunction, leukocyte infiltration, and cerebral oedema 

development after TBI (Ferrari et al., 2004; Lazovic et al., 2005; Proescholdt et al., 2002; 

Quagliarello et al., 1991; Shaftel et al., 2007). Consistent with these previous findings, here 

multitrauma mice showed exacerbated BBB damage, oedema and neutrophil infiltration, 

accompanied with the greatly upregulated IL-1β. Also, IL-1β is known to activate astrocytes 

(Moynagh, 2005), and therefore may contribute to astrogliosis. In turn, activated astrocytes can 

produce and exacerbate the levels of IL-1β (Lau and Yu, 2001). Taken together, it is likely that 

IL-1 may play a critical/central role in this multitrauma setting, and therefore the worsened 

TBI outcomes in multitrauma might be mitigated with a treatment that blocks the biological 

functions of IL-1 (Allan et al., 2005). For example, anakinra is a commercially available IL-

1ra treatment, and has progressed into clinical trials in TBI patients and showed safe and good 

brain penetrance (Helmy et al., 2014). Also, many preclinical studies have suggested that IL-

1ra is a promising candidate for TBI treatment (Jones et al., 2005; Sanderson et al., 1999; 

Tehranian et al., 2002).  
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There are limitations and other considerations that must be acknowledged in the interpretation 

of these findings. For example, the present study did not perform histologic analysis. While 

Western blot quantified markers for astrocytes and neutrophils, it cannot provide information 

such as the morphology and distribution of these cells. Also, there are a number of other factors 

that may be modulated in the multitrauma setting. For example, a study on human patients 

reported elevated growth factor levels in multitrauma patients (Zhuang and Li, 2013), thus 

future studies can investigate whether these growth factors can have an effect on TBI. Finally, 

the magnitude of the fracture may influence the consequent inflammatory response (Pasquale 

et al., 1996), and it would be of interest to examine how fractures to different bones affect TBI 

outcome. Also, the current study used a fixated fracture model, and while intramedullary 

nailing is the standard form of clinical care for long bone fracture, a fracture model without 

intramedullary rod would be of interest, to represent fracture patients that were not treated with 

intramedullary stabilization. 

3.5 Conclusion 

This study investigated how the presence of a concomitant fracture affected TBI 

pathophysiology, with a focus on neuroinflammation, using a novel mouse model involving 

the combined injuries of tibial fracture and closed-skull TBI. The study discovered that mice 

afflicted with both a tibial fracture and TBI had exacerbated neuroinflammation, oedema, and 

BBB disruption (Shultz et al., 2015). As reported in the larger published study, these 

pathophysiological findings were also coupled with worse MRI and behaviour outcomes in the 

multitrauma mice. Although future studies are required, these findings may have important 

implications in guiding therapeutic interventions. 
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Chapter 4 

Treatment with an Interleukin-1 Receptor 

Antagonist Mitigates Neuroinflammation and Brain 

Damage After Polytrauma 
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Traumatic brain injury (TBI) and long bone fracture are common in polytrauma. This injury combination
in mice results in elevated levels of the pro-inflammatory cytokine interleukin-1b (IL-1b) and exacer-
bated neuropathology when compared to isolated-TBI. Here we examined the effect of treatment with
an IL-1 receptor antagonist (IL-1ra) in mice given a TBI and a concomitant tibial fracture (i.e., poly-
trauma). Adult male C57BL/6 mice were given sham-injuries or polytrauma and treated with saline-
vehicle or IL-1ra (100 mg/kg). Treatments were subcutaneously injected at 1, 6, and 24 h, and then once
daily for one week post-injury. 7–8 mice/group were euthanized at 48 h post-injury. 12–16 mice/group
underwent behavioral testing at 12 weeks post-injury and MRI at 14 weeks post-injury before being
euthanized at 16 weeks post-injury. At 48 h post-injury, markers for activated microglia and astrocytes,
as well as neutrophils and edema, were decreased in polytrauma mice treated with IL-1ra compared to
polytrauma mice treated with vehicle. At 14 weeks post-injury, MRI analysis demonstrated that IL-1ra
treatment after polytrauma reduced volumetric loss in the injured cortex and mitigated track-
weighted MRI markers for axonal injury. As IL-1ra (Anakinra) is approved for human use, it may represent
a promising therapy in polytrauma cases involving TBI and fracture.

Crown Copyright � 2017 Published by Elsevier Inc. All rights reserved.
1. Introduction

Polytrauma involves significant injury to at least two body
regions and is a common consequence of motor vehicle accidents,
slips and falls, industrial accidents, and war (McDonald et al.,
2016). The combination of traumatic brain injury (TBI) plus
extracranial injury (ECI) is a common form of polytrauma, and
cases involving significant TBI result in the highest risk of mortality
amongst polytrauma patients (Pape et al., 2010; McDonald et al.,
2016).

TBI is a leading cause of death and disability worldwide
(Blennow et al., 2012). TBI involves a heterogeneous, complex
and evolving pathophysiology, including primary and secondary
injury mechanisms (Blennow et al., 2012). Primary injury involves
direct tissue damage by mechanical forces at the moment of
impact, and may include blood-brain barrier (BBB) disruption,
necrosis and axonal shearing (Blennow et al., 2012). The primary
injury also initiates secondary injury processes including neuroin-
flammation, cerebral edema, oxidative stress, apoptosis and fur-
ther BBB breakdown (Blennow et al., 2012). Secondary injury
processes can occur within minutes to hours after TBI, and may
persist into chronic stages and contribute to neurodegeneration
(Blennow et al., 2012; Shultz et al., 2015b).

BBB disruption in TBI provides unprecedented access for
peripheral factors to enter the brain, and the migration of periph-
eral factors into the injured brain can impact neuropathology
(Hang et al., 2004; Utagawa et al., 2008). Because ECI (e.g., long
bone fracture) results in robust biological responses (e.g., systemic
inflammation), the potential for peripheral involvement in the

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbi.2017.08.005&domain=pdf
http://dx.doi.org/10.1016/j.bbi.2017.08.005
mailto:sshultz@unimelb.edu.au
http://dx.doi.org/10.1016/j.bbi.2017.08.005
http://www.sciencedirect.com/science/journal/08891591
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pathobiology of TBI may be substantially greater in polytrauma
patients than for those with isolated-TBI (McDonald et al., 2016).
For example, there is some evidence that a concomitant ECI can
negatively impact functional outcomes in TBI patients (van
Leeuwen et al., 2012; Leitgeb et al., 2013; Lingsma et al., 2013).
Furthermore, our group recently reported that mice given a con-
comitant TBI and tibial fracture had increased neuroinflammation,
BBB disruption, edema, brain damage, and behavioral deficits com-
pared to mice given an isolated-TBI. Notably, these changes
occurred in the presence of increased interleukin-1b (IL-1b) levels
in the brain (Shultz et al., 2015a).

IL-1b is a key pro-inflammatory cytokine both centrally and
peripherally (Allan et al., 2005; Webster et al., 2017). IL-1b produc-
tion is highly upregulated post-TBI, stimulates astrocytes, micro-
glia and neurons, and modulates neuroinflammation (Ciallella
et al., 2002; Allan et al., 2005; Semple et al., 2010). IL-1b is also
implicated in other injury mechanisms occurring in TBI, such as
edema, neuronal hyperexcitability and cell death (Allan et al.,
2005; Lazovic et al., 2005). The type 1 IL-1 receptor (IL-1R) medi-
ates the biological functions of IL-1b, and the endogenous IL-1
receptor antagonist (IL-1ra) competes with IL-1b for IL-1R binding
(Allan et al., 2005). Previous rodent studies demonstrate improved
outcomes from experimental brain injury after treatment with
recombinant IL-1ra, in mice over-expressing IL-1ra, and in mice
lacking the IL-1R (Sanderson et al., 1999; Tehranian et al., 2002;
Lazovic et al., 2005). Because our previous findings implicate
IL-1b as an important pathophysiological factor involved in the
interactive effects of TBI and ECI, here we assessed the therapeutic
effects of a clinically approved IL-1ra, Anakinra, in a polytrauma
model featuring closed-skull TBI and concomitant tibial fracture.
2. Materials and methods

2.1. Mice

C57BL/6 male mice (n = 96) were obtained from the Australia
Animal Resource Centre, and housed individually under a 12-h
light/dark cycle with access to food and water ad libitum. Mice
were 12 weeks of age at the time of injury. All procedures were
comply with the ARRIVE guidelines, were approved by The Florey
Institute of Neuroscience and Mental Health Animal Ethics Com-
mittee, and were within the guidelines of the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes
by the Australian National Health and Medical Research Council.

2.2. Experimental groups

Mice were randomly assigned to one of four experimental
groups: sham-injuries + vehicle treatment (SHAM+VEH); sham-
injuries + IL-1ra treatment (SHAM+IL-1ra); TBI + fracture + vehicle
treatment (POLY+VEH); and TBI + fracture + IL-1ra treatment
(POLY+IL-1ra). Mice that died immediately after polytrauma
(n = 9, 15.8%mortality rate) were excluded from the study. A subset
of mice were euthanized at 48 h post-injury, and the remaining
mice were euthanized at 16 weeks post-injury after behavioral
testing and in vivo MRI. The number of mice/group for the 48-h
recovery experiments was: SHAM+VEH, n = 8; SHAM+IL-1ra,
n = 7; POLY+VEH, n = 8; POLY+IL-1ra, n = 8. The number of mice/-
group for the long-recovery experiments was: SHAM+VEH, n = 12;
SHAM+IL-1ra, n = 12; POLY+VEH, n = 16; POLY+IL-1ra, n = 16.

2.3. Polytrauma

The polytrauma model featuring a concomitant closed-skull TBI
and tibial fracture was performed as previously described (Flierl
Downloaded for Anonymous User (n/a) at University of Melbo
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et al., 2009; Shultz et al., 2015a; Brady et al., 2016). Each mouse
was placed in an anesthesia induction chamber containing 4%
isoflurane for 2 min. Once anesthetized, mice were placed in a nose
cone that maintained the anesthetic (2% isoflurane). All mice
received 0.05 mg/kg of buprenorphine analgesic subcutaneously.
To induce a tibial fracture, an incision was made inferior of the
right knee of the mouse. An entry point into the medullary canal
of the tibia was made using a 26 G needle, and an intramedullary
rod (000 stainless steel insect pin, 0.25 mm diameter) was inserted
inside the medullary canal. A fracture was generated in the tibial
midshaft, and visualised via X-ray (DEXCO DX-3000L; DEXCOWIN,
Korea) to confirm a transverse, non-comminuted fracture. The ini-
tial intramedullary rod was removed and a new rod (00 stainless
steel insect pin, 0.3 mm diameter) was inserted that remained
in situ for the remainder of the study. Sham-injury for the fracture
procedure consisted of the same procedures, except no fracture
was inflicted. After a total surgery/anesthesia duration of 10 min
(i.e., immediately following the tibial fracture), a weight-drop
device was used to induce a closed-skull TBI. The weight-drop
device consisted of a guided- and weighted-rod with a blunt
silicone-covered impact tip (3 mm diameter). The mouse was
removed from the nose cone and an incision was made along the
midline of the scalp to reveal the skull surface. The mouse was then
stabilized on the weight-drop device platform, the weighted-rod
was released from a distance of 2.5 cm, and the impact tip made
contact between the sagittal and coronal suture of the right hemi-
sphere (i.e., directly above the primary somatosensory cortex;
1.5 mm posterior, and 1.5 mm lateral relative to Bregma;
Franklin & Paxinos, 2007). The rod was retracted immediately after
the impact occurred, and the scalp incision was sutured. The sham
TBI procedure was identical to that described for the TBI procedure,
except the weighted-rod was not released. Duration of apnea, loss
of consciousness (i.e., hind-limb withdrawal to toe pinch), and self-
righting reflex were recorded as indicators of acute injury severity
(Table 1) (Shultz et al., 2014, 2015b).

2.4. IL-1ra treatment

Mice were injected subcutaneously with recombinant human
IL-1ra (100 mg/kg, Anakinra, Kineret�, Swedish Orphan Biovitrum,
Sweden) or saline-vehicle at 1, 6, and 24 h post-injury, and then
once daily for one week post-injury. This dose and treatment
length is similar to previous experimental brain injury studies that
have found neuroprotective effects with IL-1ra treatment
(Sanderson et al., 1999; Greenhalgh et al., 2010). Furthermore,
the initial clinical trial with Anakinra in TBI patients (Helmy
et al., 2014) used the same dose and administration method, and
a similar treatment length (i.e., 5 days). Mice that were euthanized
at 48 h post-injury received their last treatment 2 h before
euthanasia.

2.5. Quantitative real-time PCR (RT-qPCR)

At either 48 h or 16 weeks post-injury (i.e., after behavioral
testing and MRI), mice (6–8/group/recovery time) were briefly
anesthetized with isoflurane and decapitated. The ipsilateral
somatosensory cortex directly under the impact site was rapidly
dissected, frozen in liquid nitrogen, and stored at –80 �C for RT-
qPCR. Frozen tissue was homogenised with PureZOLTM RNA isola-
tion reagent, and total RNA were extracted using the AurumTM

Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, USA)
(McDonald et al., 2011). 600 ng of RNA for each sample was then
reverse transcribed to cDNA. Primers were made commercially
by GeneWorks Pty Ltd (Adelaide, SA, Australia). The primer
sequences for the genes of interest are summarized in Table 2,
and included markers for microglia/macrophages and reactive
urne from ClinicalKey.com.au by Elsevier on July 01, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.
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Table 1
Acute injury measures. The POLY groups had significantly longer apnea, unconsciousness (i.e., hindlimb withdrawal reflex to toe pinch), and self-righting reflex times
(seconds ± SEM) than the SHAM groups. There were no statistically significant differences between the two POLY groups. * = POLY groups different than SHAM groups, p < 0.01.

SHAM + VEH SHAM + IL-1ra POLY + VEH POLY + IL-1ra

Apnea (sec) 0.0 0.0 22.21 ± 2.66* 21.96 ± 2.23*

Hindlimb (sec) 30.95 ± 3.92 31.74 ± 2.75 156.13 ± 14.04* 159.50 ± 16.74*

Self-righting (sec) 41.80 ± 3.71 42.90 ± 3.23 222.54 ± 24.46* 224.13 ± 24.50*

Table 2
RT-qPCR markers. Genes of interest included the pan-macrophage marker ionized calcium binding adaptor molecule 1 (Iba1); the pro-inflammatory microglia/macrophage (i.e.,
M1) markers CD16, CD32, CCL2, CCL4, CCL7, CCL12, and IL-1b; the anti-inflammatory microglia/macrophage (i.e., M2) markers IL-4 Ra, CD36, dual specificity protein phosphatase
1 (DUSP1), and transforming growth factor-b1 (TGF-b1); and the reactive astrocyte markers glial fibrillary acidic protein (GFAP), lipocalin-2 (Lcn2), and vimentin.

Gene Forward primer sequence 50–30 Reverse primer sequence 50–30

Microglia/Macrophage Markers
Iba1 GGATTTGCAGGGAGGAAAA TGGGATCATCGAGGAATTG

Pro-inflammatory
CD16 TTTGGACACCCAGATGTTTCAG GTCTTCCTTGAGCACCTGGATC
CD32 AATCCTGCCGTTCCTACTGATC GTGTCACCGTGTCTTCCTTGAG
CCL2 CAAGATGATCCCAATGAGTAG TTGGTGACAAAAACTACAGC
CCL4 GGTATTCCTGACCAAAAGAG TCCAAGTCACTCATGTACTC
CCL7 CAGAAGGATCACCAGTAGTCGG ATAGCCTCCTCGACCCACTTCT
CCL12 CAGTCCTCAGGTATTGGCTGGA TCCTTGGGGTCAGCACAGAT
IL-1b TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG

Anti-inflammatory
IL-4Ra CAGATCCCAGATACTCACTG AGTAACAGAACAGGCAAAAC
CD36 GGACATTGAGATTCTTTTCCTCTG GCAAAGGCATTGGCTGGAAGAAC
DUSP1 CAACCACAAGGCAGACATCAGC GTAAGCAAGGCAGATGGTGGCT
TGF-b1 TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA

Astrogliosis Markers
GFAP TCCTGGAACAGCAAAACAAG CAGCCTCAGGTTGGTTTCAT
Lcn2 CCCCATCTCTGCTCACTGTC TTTTTCTGGACCGCATTG
Vimentin GGCTGCCAACCGGAACAA CGCTCCAGGGACTCGTTA
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astrocytes (Ekmark-Lewén et al., 2010; Jang et al., 2013; Morganti
et al., 2016; Sandhir et al., 2008; Wang et al., 2013). qPCR was run
using the iCycler iQ Multi-Colour RT-PCR detection system (using
SsoFastTM EvaGreen�, Bio-Rad, Hercules, USA). To establish speci-
ficity of DNA products, melt-curve analysis was performed. Cycle
threshold (Ct) values were collected for analysis, and data was nor-
malised to internal control glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; forward, 50-ATGACATCAAGAAGGTGGTG-30;
reverse, 50-CATACCAGGAAATGAGCTTG-30). Relative quantification
of genes of interest mRNA expression was determined using the
2�DDCt method (McDonald et al., 2011).
2.6. Immunohistochemistry

To identify neutrophils in the injured cortex, myeloperoxidase
(MPO)-positive cells were counted in the same mice described
for RT-qPCR (5–6 mice/group/recovery time; Brait et al., 2011).
Frozen brain samples were sectioned into serial coronal brain sec-
tions (10 mm), thaw-mounted onto poly-L-lysine coated slides, and
fixed in 4% paraformaldehyde for 15 min. Sections were then
washed in 0.01 M PBS (3 � 5 min) and blocked with peroxidase
(Dako, CA, USA) for 10 min. Sections were washed in 0.01 M PBS
(3 � 5 min) then blocked with 10% goat serum for 30 min. Sections
were then incubated with a polyclonal goat anti-MPO antibody
(1:100, Abcam, Cambridge, UK) overnight in a humidified chamber
at 4�C. The following day, sections were washed in 0.01 M PBS
(3 � 5 min) and incubated in peroxidase-labelled polymer conju-
gated goat anti-rabbit immunoglobulin (Dako, CA, USA) for 2 h.
Brain sections were then washed in 0.01 M PBS (3 � 5 min) and
incubated with diaminobenzidine solution (Dako, CA, USA) for
5 min. After washing in distilled water, sections were dehydrated
Downloaded for Anonymous User (n/a) at University of Melbourn
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in the order of 70% ethanol, 100% ethanol and xylene. Sections
were cover slipped using DPX mounting media and MPO-positive
cells were counted using an Olympus microscope, and normalized
to the area of tissue analyzed.
2.7. Cerebral edema analysis

Brain water content was assessed as an indicator of cerebral
edema in the same mice that were used for RT-qPCR (6–8/group;
Flierl et al., 2009). The cortex immediately adjacent (i.e., anterior)
to the impact site, as well as the equivalent cortex from the con-
tralateral hemisphere, were rapidly dissected, immediately
weighed (wet weight), and then dried at 100 �C for 24 h. The tissue
was again weighed (dry weight), and the following formula was
used to determine brain water content: water content (%) = (wet
weight � dry weight)/wet weight.
2.8. Behavioral testing

Mice underwent behavioral testing beginning at 12-weeks post-
injury. With the exception of the rotarod, all tests were recorded by
an overhead camera and objectively analyzed by Ethovision track-
ing software (EthoVision�, Noldus, USA). Testing was conducted by
an investigator blinded to experimental conditions.

Open field was used to assess locomotor and anxiety-like
behavior (Shultz et al., 2012, 2014). The open field was a circular
arena (100 cm diameter) shielded by 30 cm high walls. A circular
area (66 cm diameter) in the arena was defined as the middle field.
The mouse was released in the center and allowed to explore for
5 min. Distance travelled, time in the middle field, and middle field
entries were calculated.
e from ClinicalKey.com.au by Elsevier on July 01, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.
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Anxiety-like behavior was assessed using the elevated-plus
maze (San Diego Instruments, USA) (Shultz et al., 2012). The maze
consisted of 2 opposing opened arms and 2 opposing closed arms
(30 cm � 6 cm) shaped like a ‘‘plus”. The closed arms were
shielded by walls (15 cm high), while the opened arms were not.
Each mouse was placed in the center of the maze facing an open
arm and allowed to explore for 5 min. The proportion of time spent
in the open arms and total distance travelled were calculated.

Motor function was assessed by the rotarod (Harvard Appara-
tus, Holliston, USA) (Shultz et al., 2014). The apparatus consisted
of a rotating barrel (3 cm diameter) divided by walls into four
equal lanes (5 cm width). Three trials were performed each day
for two consecutive days. For each trial, the mouse was placed
on the rotating barrel with a start speed of 0.0027 g, and the speed
accelerated to 0.27 g over a 5-min period (i.e. 4 to 40 r.p.m.). The
duration of time on the rotarod was recorded.

The water maze was used to assess spatial cognition (Shultz
et al., 2011; Minter et al., 2016). The apparatus consisted of a cir-
cular pool (1.63 m diameter) filled with opaque water (21–23 �C).
An escape platform was hidden 0.5 cm below the water surface
in a quadrant of the pool and this location was maintained
throughout testing. Visible cues were fixed around the perimeter
of pool. Mice completed 4 trials/day for 5 days with a maximum
trial duration of 60 s. Each trial started as the mouse was released
at one of four randomized points, and ended when the mouse
located the platform, or 60 s had elapsed in which case the exper-
imenter would guide the mouse to the platform. Search time
required for each trial was calculated.

The three-chamber task was used to assess social interest
(Nadler et al., 2004; Semple et al., 2017). The apparatus
(39 cm � 42 cm) consisted of three chambers, and the test mouse
was first given 10 min to habituate in the empty apparatus. Imme-
diately following habituation, a 10 min test involved the test
mouse having a choice between spending time in the central (neu-
tral) chamber or two adjacent chambers, one containing a wire
cup-enclosed stimulus mouse (age, strain and sex-matched) and
the other containing an empty cup. A mouse exhibiting normal
sociability favors proximity of the stimulus mouse in preference
over the empty cup.
2.9. MRI acquisition

Following behavioral testing (i.e., 14 weeks post-injury), mice
underwent in vivo MRI scanning under isoflurane anesthetic (2%)
(Shultz et al., 2015a). MRI was performed using a 4.7 Tesla Bruker
Avance III scanner fitted with a BGA12S2 actively shielded gradient
set and cryogenically cooled surface coil (Bruker Biospec, Ettlingen,
Germany). A three-plane localizer sequence followed by
multi-slice scout images in coronal, axial and sagittal planes were
completed to establish the correct position of the mouse brain. A
T2-weighted image was obtained in the axial plane using a 2 D
rapid acquisition with relaxation enhancement (RARE) sequence
with the following imaging parameters: repetition time (TR)
= 12,000 ms; effective echo time (TEeff) = 40 ms; RARE factor = 8;
field of view (FOV) = 19.2 � 19.2 mm2; matrix size = 160 � 160;
spatial resolution = 120 � 120 lm2; number of slices = 64; slice
thickness = 120 lm; and number of excitations = 4. A diffusion-
weighted image was also acquired in the axial plane using an echo
planar imaging sequence with the following imaging parameters:
TR = 7,500 ms; TE = 37 ms; shots = 2; FOV = 24.0 � 16.0 mm2;
matrix size = 96 � 64; spatial resolution = 250 � 250 lm2; number
of slices = 30; and slice thickness = 250 lm. Diffusion weighting
was performed with diffusion duration = 6 ms, diffusion gradient
separation = 15 ms and b-value = 3,000 s/mm2 in 126 non-
collinear directions with 4 non-diffusion (b0) images.
Downloaded for Anonymous User (n/a) at University of Melbo
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2.10. MRI analyses

For volumetric analysis, regions of interest (ROI) including cor-
tex, hippocampus and corpus callosum were outlined in each
hemisphere on 15 consecutive coronal T2-weighted images using
ITK-SNAP software (www.itksnap.org) by an experimenter who
was blinded to experimental conditions (Shultz et al., 2014,
2015a). The first image outlined contained the most anterior por-
tion of the hippocampus (i.e., approximately -.9 mm from Bregma),
with the consequent images posterior to this. Therefore, the ROIs
encompassed the impact site of the weight-drop. Volumes were
calculated using MATLAB (Mathworks, Natick, USA).

Diffusion-weighted imaging processing was performed using
MRtrix (www.mrtrix.org) and DTI-TK (www.dti-tk.sourceforge.
net) (Wright et al., 2016a,b). Spatial intensity inhomogeneity was
corrected by estimating the bias field across the mean b0 image
and images were normalized for white matter signal intensity. A
study template image was constructed using DTI-TK and subject-
to-template diffeomorphisms calculated for each mouse. The fibre
orientation distribution (FOD) was estimated for each mouse brain
using multi-tissue constrained spherical deconvolution with a
group average response function (Tournier et al., 2004). Whole
brain tractograms of two million streamlines were generated using
the iFOD2 tractography algorithm and warped into template space
using the subject-to-template diffeomorphisms (Tournier et al.,
2010). Three track-weighted images were generated: track density
image (TDI), mean curvature, and the average pathlength map
(APM). TDI, mean curvature, and APM were then analyzed using
tract-based spatial statistics (TBSS) (Smith et al., 2006). Fractional
anisotropy (FA), trace (TR), radial diffusivity (RD) and axial diffu-
sivity (AD) images were also calculated and warped into template
space using the subject-to-template diffeomorphisms for analysis
with TBSS. Permutation testing was performed using randomise,
with 5,000 permutations fully corrected for family-wise error and
with threshold-free cluster enhancement (Winkler et al., 2014).
2.11. Fracture biomechanics

The effect of IL-1ra treatment on the biomechanical properties
of healing tibial fractures was assessed using a three-point bending
test in the POLY groups at 16 weeks post-injury (Brady et al., 2014).
The tibias were dissected, the intramedullary rod was removed,
and the tibia was immersed in silicone oil, and stored at –20 �C.
Samples were mounted on the three-point bending apparatus with
the fulcrum directly overlying the fracture site. Each sample was
loaded at a constant rate of 1.67 mm/s, with load and deflection
data recorded continuously using transducers connected to an
x–y plotter by preamplifiers. There were no significant findings
on bone fracture site biomechanical properties including peak
force to failure and stiffness (data not shown).
2.12. Statistical analysis

All outcomes, with the exception of TBSS testing (see ‘‘MRI anal-
yses” section), were analyzed with SPSS 24.0 software (IBM Corp,
Armonk, USA). Biomechanical fracture properties were analyzed
using Welch’s t-test. Water maze, rotarod, and three-chamber
social task was analyzed by mixed-design analysis of variance
(ANOVA), with injury and treatment as between-subjects factors
and day or chamber as within-subjects factor. All other outcomes
were analyzed by two-way ANOVA, with injury and treatment as
between-subjects factors. Bonferroni post hoc comparisons were
carried out when appropriate. Statistical significance was set as
p � 0.05.
urne from ClinicalKey.com.au by Elsevier on July 01, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.

50

http://www.itksnap.org
http://www.mrtrix.org
http://www.dti-tk.sourceforge.net
http://www.dti-tk.sourceforge.net


M. Sun et al. / Brain, Behavior, and Immunity 66 (2017) 359–371 363
3. Results

3.1. Effect of IL-1ra treatment on markers for microglia/macrophages
after polytrauma

There was a significant treatment⁄injury interaction on gene
expression of the pan-macrophage marker Iba1 (F1,26 = 6.012,
p < 0.05) in the injured cortex at 48 h post-injury. Post hoc analyses
indicated that the POLY+VEH mice had increased mRNA levels of
Iba1 in the ipsilateral cortex compared to all other groups
(p < 0.01, Fig. 1A), whereas the POLY+IL-1ra mice did not signifi-
cantly differ from SHAM groups. There were also significant main
effects for injury (F1,26 = 27.373, p < 0.001) and treatment
(F1,26 = 8.740, p < 0.01) at 48 h post-injury.

There were significant treatment⁄injury interactions on
gene expression of the pro-inflammatory (i.e., M1)
microglial/macrophage markers CD16 (F1,26 = 6.463, p < 0.05,
Fig. 1B) and CD32 (F1,26 = 4.997, p < 0.05, Fig. 1C), in the injured cor-
tex at 48 h post-injury. Post hoc analyses indicated that the POLY
+VEHmice had increasedmRNA levels of CD16 and CD32 compared
to all other groups (p < 0.01), whereas the POLY+IL-1ra mice did not
significantly differ from SHAM groups. At 48 h post-injury, there
was also a significant main effect for injury on gene expression of
the pro-inflammatory microglia/macrophage markers CCL2
(F1,26 = 9.066, p < 0.01; Fig. 1D), CCL4 (F1,26 = 11.412, p < 0.01;
Fig. 1E), CCL7 (F1,26 = 11.943, p < 0.01; Fig. 1F), CCL12
(F1,26 = 8.281, p < 0.01; Fig. 1G), CD16 (F1,26 = 26.978, p < 0.001),
and CD32 (F1,26 = 18.579, p < 0.001). There was also a significant
main effect for treatment on gene expression of the pro-
inflammatory microglia/macrophage markers IL-1b (F1,26 = 4.774,
p < 0.05; Fig. 1H), CD16 (F1,26 = 7.762, p < 0.05), and CD32
(F1,26 = 6.534, p < 0.05) in the injured cortex at 48 h post-injury.

There was a significant treatment⁄injury interaction
on gene expression of the anti-inflammatory (i.e., M2)
microglial/macrophage marker IL-4 Ra (F1,26 = 5.589, p < 0.05,
Fig. 2A). Post hoc analyses indicated that the POLY+VEH mice had
increased mRNA levels of IL-4 Ra compared to all other groups
(p < 0.01), whereas the POLY+IL-1ra mice did not significantly dif-
fer from SHAM groups. There were also significant main effects
for injury (F1,26 = 8.398, p < 0.01) and treatment (F1,26 = 4.462,
p < 0.05) on IL-4 Ra gene expression levels at 48 h post-injury.
There was also a significant main effect for injury on gene expres-
sion of the anti-inflammatory microglial/macrophage markers
CD36 (F1,26 = 7.857, p < 0.01; Fig. 2B), DUSP1 (F1,26 = 5.574,
p < 0.05; Fig. 2C), and TGF-b1 (F1,26 = 16.310, p < 0.001; Fig. 2D) in
the injured cortex at 48 h post-injury. There were no significant
findings at 16 weeks post-injury.
3.2. Effect of IL-1ra treatment on markers for astrocyte activation after
polytrauma

There was a significant treatment⁄injury interaction on gene
expression of the activated astrocyte marker Lcn2 (F1,26 = 4.397,
p < 0.05) in the injured cortex at 48 h post-injury. Post hoc analyses
indicated that the POLY+VEH mice had significantly increased
mRNA levels of Lcn2 in the ipsilateral cortex compared to all other
groups (p < 0.01, Fig. 3A), whereas the POLY+IL-1ra mice did not
significantly differ from SHAM groups. There were also significant
main effects for injury (F1,26 = 10.909, p < 0.01) and treatment
(F1,26 = 4.834, p < 0.05) on Lcn2 at 48 h post-injury.

A significant main effect for injury on mRNA levels of GFAP
(F1,26 = 16.149, p < 0.001, Fig. 3B) and vimentin (F1,26 = 10.108,
p < 0.01, Fig. 3C) in the injured cortex was also found at 48 h
post-injury, with POLY mice having increased GFAP and vimentin.
There were no significant findings at 16 weeks post-injury.
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3.3. IL-1ra treatment reduced neutrophils in the injured cortex after
polytrauma

There was a significant treatment⁄injury interaction on the
number of MPO-positive neutrophils/mm2 (F1,18 = 4.473, p < 0.05)
in the injured cortex at 48 h post-injury. Post hoc analyses indi-
cated that the POLY+VEH mice had significantly increased MPO-
positive neutrophils/mm2 compared to all other groups (p < 0.01,
Fig. 4E), whereas the POLY+IL-1ra mice did not significantly differ
from SHAM groups. There were no significant findings at 16 weeks
post-injury.

3.4. IL-1ra treatment reduced cerebral edema after polytrauma

There was a significant treatment⁄injury interaction
(F1,27 = 5.593, p < 0.05) on the measure of brain water content in
the ipsilateral cortex at 48 h post-injury. Post hoc analyses indi-
cated that the POLY+VEH mice had significantly increased brain
water content in the injured cortex compared to all other groups
(p < 0.01, Fig. 5A), whereas the POLY+IL-1ra mice did not signifi-
cantly differ from SHAM groups. There were also significant main
effects for injury (F1,27 = 13.989, p < 0.01) and treatment
(F1,27 = 5.747, p < 0.05) on brain water content at 48 h post-
injury. There were no significant findings at 16 weeks post-injury.

3.5. There was no effect of injury or treatment on behavioral measures

There were no statistically significant findings between the
experimental groups on any of the behavioral measures (Fig. 6).
However, all mice spent longer on the rotarod as testing pro-
gressed (F1,52 = 59.226, p < 0.001, Fig. 6B), preferred the stimulus
mouse chamber over the empty chamber during the three-
chamber social task (F1,52 = 87.729, p < 0.001, Fig. 6C), and had
shorter search latencies in the water maze as testing progressed
(F4,208 = 44.590, p < 0.001, Fig. 6D).

3.6. IL-1ra treatment reduced brain atrophy after polytrauma

MRI was used to assess ROI volumes at 14 weeks post-injury
(Fig. 7A). There was a significant treatment⁄injury interaction
(F1,52 = 9.545, p < 0.01) on ipsilateral cortex volume. Post hoc anal-
yses indicated that the POLY+VEH group had significantly reduced
volume of ipsilateral cortex compared to all other groups (p < 0.05,
Fig. 7B), whereas the POLY+IL-1ra mice did not significantly differ
from SHAM groups. There was also a significant main effect for
injury (F1,52 = 17.226, p < 0.001) on ipsilateral cortex volume.

There was also a significant treatment⁄injury interaction
(F1,52 = 4.811, p < 0.05) on ipsilateral hippocampus volume. Post
hoc analyses indicated that POLY+VEH mice had significantly
reduced volume of ipsilateral hippocampus compared to SHAM
+VEH (p < 0.01, Fig. 7D), whereas the POLY+IL-1ra mice did not sig-
nificantly differ from SHAM+VEH. There was also a significant main
effect for injury (F1,52 = 6.384, p < 0.05) on ipsilateral hippocampus
volume.

A significant main effect for injury was also found on ipsilateral
(F1,52 = 19.269, p < 0.001, Fig. 7F) and contralateral (F1,52 = 4.739,
p < 0.05, Fig. 7G) corpus callosum volumes, with POLY mice having
significantly less volume compared to SHAM mice.

3.7. IL-1ra treatment mitigated white matter damage after
polytrauma

TBSS analyses of track-weighted imaging and DTI measures
assessed markers of white matter integrity at 14 weeks post-
injury. When compared to POLY+VEH mice, POLY+IL-1ra mice
had significantly increased APM in bilateral corpus callosum, fim-
e from ClinicalKey.com.au by Elsevier on July 01, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.

51



Fig. 1. IL-1ra treatment reduced gene expression of pro-inflammatorymicroglia/macrophagemarkers after polytrauma. At 48 h post-injury, POLY + VEHmice had significantly
increasedmRNA levels of the pan-macrophagemarker Iba1 (A), as well as the pro-inflammatorymicroglial/macrophagemarkers CD16 (B) and CD32 (C), in the ipsilateral cortex
compared to all other groups. The POLYmice also had significantly increasedmRNA levels of the pro-inflammatorymicroglial/macrophagemarkers CCL2 (D), CCL4 (E), CCL7 (F),
and CCL12 (G) in the ipsilateral cortex at 48 h post-injury compared to SHAM mice. The IL-1ra treated mice had significantly decreased mRNA levels of the pro-inflammatory
marker IL-1b (H) in the ipsilateral cortex at 48 hpost-injury compared toVEH-treatedmice. No statistically significant findingswere found at 16 weeks post-injury. *** = different
than all other groups, p < 0.01. * = different than SHAM, p < 0.05. # = different than VEH-treated, p < 0.05. Results are relative to SHAM + VEH for each time-point. Error bars
indicate SEM.
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Fig. 2. IL-1ra treatment reduced gene expression of anti-inflammatory microglia/macrophage markers after polytrauma. At 48 h post-injury, POLY + VEH mice had
significantly increased mRNA levels of the anti-inflammatory microglial/macrophage marker IL-4 Ra (A) in the ipsilateral cortex compared to all other groups. The POLY mice
also had significantly increased mRNA levels of the anti-inflammatory microglial/macrophage markers CD36 (B), DUSP1 (C), and TGF-b1 (D) in the injured cortex at 48 h post-
injury. No statistically significant findings were found at 16 weeks post-injury. *** = different than all other groups, p < 0.01. * = different than SHAM, p < 0.05. Results are
relative to SHAM + VEH for each time-point. Error bars indicate SEM.

Fig. 3. Effect of IL-1ra treatment on gene expression of reactive astrocyte markers after polytrauma. (A) At 48 h post-injury, POLY + VEH mice had increased mRNA levels of
Lcn2, a marker of activated astrocytes, in the ipsilateral cortex compared to all other groups. POLY mice had significantly increased mRNA levels of GFAP (B) and vimentin (C)
in the ipsilateral cortex compared to SHAM mice at 48 h post-injury. There were no statistically significant findings on the measures of Lcn2, GFAP, or vimentin gene
expression at 16 weeks post-injury. *** = different than all other groups, p < 0.01; * = POLY significantly different than SHAM, p < 0.01. Results are relative to SHAM + VEH for
each time-point. Error bars indicate SEM.
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bria, internal capsule, optic track and cerebral peduncle, and ipsi-
lateral external capsule (Fig. 8A); significantly increased curvature
in ipsilateral corpus callosum, internal capsule, external capsule,
optic track and cerebral peduncle (Fig. 8B); and significantly
increased TDI in ipsilateral internal capsule and cerebral peduncle,
and contralateral optic track (Fig. 8C). These findings suggested
increased white matter integrity in the POLY+IL-1ra mice.
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4. Discussion

TBI and fracture are common components of polytrauma
(Groswasser et al., 1990), and clinical studies have reported that
�40% of TBI patients experienced ECI (Siegel et al., 1991; Leitgeb
et al., 2013). We recently demonstrated that this injury combina-
tion in mice results in elevated IL-1b levels and exacerbated neu-
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Fig. 5. IL-1ra treatment reduced cerebral edema after polytrauma. (A) At 48 h post-
injury, POLY + VEH mice had significantly elevated water content in the ipsilateral
cortex, a marker of cerebral edema, compared to all other groups. (B) There were no
significant differences in the contralateral cortex at 48 h. *** = different than all other
groups, p < 0.01. Error bars indicate SEM.

Fig. 4. IL-1ra treatment reduced neutrophils after polytrauma. Representative
images of MPO-positive neutrophils (see arrows) in SHAM + VEH (A), SHAM + IL-1ra
(B), POLY + VEH (C), and POLY + IL-1ra (D) mice. Scale bar = 100 lm. At 48 h post-
injury, POLY + VEH mice had an increased number of MPO-positive neutrophils/
mm2 in the ipsilateral cortex compared to all other groups (E). There were no
statistically significant findings at 16 weeks post-injury. *** = different than all other
groups, p < 0.05. Error bars indicate SEM.
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ropathology when compared to isolated-TBI (Shultz et al., 2015a).
Therefore, here we examined the effect of treatment with the
IL-1ra, Anakinra, in mice given a TBI and tibial fracture. We found
that POLY+IL-1ra mice had reduced expression of markers
associated with pro- (i.e., M1) and anti-inflammatory (i.e., M2)
microglia/macrophages, as well as astrogliosis at 48 h post-injury
compared to POLY+VEH mice. There was also a significant reduc-
tion in the number of MPO-positive neutrophils and cerebral
edema in the injured cortex of POLY+IL-1ra mice compared to
POLY+VEH mice at 48 h after polytrauma. At 14 weeks post-
injury, in vivoMRI indicated that IL-1ra treatment after polytrauma
significantly reduced volumetric loss in the injured cortex and
mitigated track-weighted MRI markers for axonal injury. We also
tested the biomechanical properties of the healing tibial fractures
and found that they were unaffected by IL-1ra at 16 weeks post-
injury. Together these findings suggest that IL-1b/IL-1R signalling
may be an important modulator of neuropathology in polytrauma
involving TBI and fracture, and that treatment with IL-1ra may be a
safe and effective treatment to improve neurological outcomes in
individuals who suffer this injury combination.
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4.1. IL-1b/IL-1R signalling in the neuropathology of polytrauma

IL-1b is a major pro-inflammatory cytokine that can be pro-
duced by neurons, microglia, astrocytes, endothelial cells, and
peripheral leukocytes, is rapidly and highly upregulated after both
TBI and fracture, and can signal/activate a number of cells (e.g.,
microglia, astrocytes, leukocytes) via the IL-1R to promote neu-
roinflammation (Allan et al., 2005; Webster et al., 2017). We have
previously shown that brain levels of IL-1b after a TBI are exacer-
bated by a concomitant fracture, and that this is associated with
elevated neuroinflammation and worsened outcomes relative to
an isolated-TBI. Neuroinflammation is a common secondary injury
mechanism in TBI that has been associated with other pathophys-
iological mechanisms (e.g., edema, BBB breakdown, and apoptosis)
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Fig. 6. MRI volumetric analyses. (A) Representative T2-weighted MRI images of coronal brain slices at the level of injury (white arrow indicates the injury location) at
14 weeks post-injury from each of the four groups. (B) POLY + VEH mice had significantly reduced volume of ipsilateral cortex compared to the other groups. (D) POLY + VEH
mice had significantly reduced volume of ipsilateral hippocampus compared to SHAM + VEH, whereas the POLY + IL-1ra mice did not significantly differ from SHAM + VEH.
POLY mice had significantly reduced volume of ipsilateral (F) and contralateral (G) corpus callosum compared to SHAM mice. No significant differences were found in the
contralateral cortex (C) and contralateral hippocampus (E). *** = different than all other groups, p < 0.05; * = POLY + VEH different than SHAM + VEH, p < 0.01; # = POLY
different than SHAM, p < 0.05. Error bars indicate SEM.
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and chronic neurological consequences including neurodegenera-
tive disease (Kumar and Loane 2012; Hellewell et al., 2016). Neu-
trophil infiltration, microglia/macrophage activation, and
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astrogliosis are all hallmarks of the neuroinflammatory response
after TBI, and each can produce molecules that further perpetuate
neuroinflammation and contribute to neurotoxic effects (Kumar
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Fig. 7. Track-weighted imaging analyses. TBSS analyses of the track-weighted imaging measures APM (A), mean curvature (B), and TDI (C) were completed to assess markers
of white matter integrity at 14 weeks post-injury. When compared to POLY + VEH mice, POLY + IL-1ra mice had significantly increased APM in bilateral corpus callosum,
fimbria, internal capsule, optic track and cerebral peduncle, and ipsilateral external capsule (A, red-yellow voxels = p < 0.05); significantly increased curvature in ipsilateral
corpus callosum, internal capsule, external capsule, optic track and cerebral peduncle (B, blue voxels = p < 0.05); and significantly increased TDI in ipsilateral internal capsule
and cerebral peduncle, and contralateral optic track (C, green voxels = p < 0.05). These findings suggested increased white matter integrity in the POLY + IL-1ra mice.

Fig. 8. Behavioral testing. At 12 weeks post-injury there were no statistically significant differences between any of the experimental groups found on the time in the middle
area of the open field (A), the time spent on the rotarod (B), the time spent in the stimulus mouse chamber (black) relative to the empty chamber (white) in the three-chamber
social task (C), the search time required to locate the platform during water maze testing across consecutive testing days (D). For B and D: Black line = SHAM; Blue
line = POLY; Solid line = VEH; Dotted line = IL-1ra. Error bars indicate SEM.
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and Loane, 2012). Consistent with our previous findings, here we
found evidence of a robust neuroinflammatory response after poly-
trauma, as indicated by an increased number of neutrophils, and
elevated gene expression of markers for microglia and astrocyte
activation at 48 h post-injury. Supporting a central role for IL-1b
in this process, we found that treatment with IL-1ra after poly-
trauma significantly attenuated many of these effects.
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A particularly interesting finding relates to the markers used to
assess microglia activation/phenotype. Here we found that poly-
trauma increased the gene expression of markers that have previ-
ously been associated with M1 (i.e., pro-inflammatory) and M2
(i.e., anti-inflammatory) microglia/macrophage activation
(Ekmark-Lewén et al., 2010; Jang et al., 2013; Sandhir et al.,
2008; Wang et al., 2013), and that IL-1ra treatment after poly-
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trauma mitigated this effect. Although this finding appears some-
what counterintuitive (i.e., polytrauma increased anti-
inflammatory markers and an anti-inflammatory IL-1ra treatment
decreased anti-inflammatory markers), it is important to note that
M1 and M2 polarization are concurrent following TBI; that there
are temporal complexities involved in this process; that the classi-
fication of microglia as M1/pro-inflammatory versus M2/anti-
inflammatory is now recognized to be oversimplified and has
shifted to a spectrum-like profile; and that future research is still
required to characterize and understand the various roles of differ-
ent inflammatory factors throughout the inflammatory process
(Morganti et al., 2016; Ransohoff, 2016).

Cerebral edema is another common acute event after TBI that
contributes to neuropathology and poor outcomes, and has been
linked to IL-1R-mediated neuroinflammation (Lazovic et al.,
2005). Consistent with our previous studies, here we found that
polytrauma induced significant cerebral edema at 48 h post-
injury. While the precise mechanisms linking IL-1b and edema for-
mation remain to be elucidated, our finding that IL-1ra treatment
significantly reduced edema after polytrauma aligns with other
studies reporting that the modulation of IL-1R signalling can atten-
uate cerebral edema after brain injury (Yang et al., 1997; Masada
et al., 2001; Lazovic et al., 2005).

In vivo MRI is a clinically relevant method that allows for the
assessment of brain injury. Brain atrophy is common after TBI,
including mild to moderate TBI (MacKenzie et al., 2002). At
14 weeks post-injury an ROI-based analysis of structural
T2-weighted MRI revealed that the POLY+VEH group had less
ipsilateral cortex volume compared to all other groups, and less
ipsilateral hippocampus volume relative to the SHAM+VEH group.
Importantly, the volumes of the ipsilateral cortex and hippocam-
pus of POLY+IL-1ra mice did not differ from sham-injured mice.
Because axonal injury is common in TBI, we further assessed this
with diffusion MRI markers. Track-weighted imaging analysis is a
relatively new diffusion MRI that provides a number of measures
(Wright et al., 2016b, 2017). APM represents the average length
of tracks passing through each voxel, curvature map represents
the average curvature of all tracks passing a voxel, and TDI repre-
sents the density of tracks passing through each voxel. Decreases in
these measures, as seen in POLY+VEHmice, are indicators of axonal
injury. In contrast, POLY+IL-1ra mice had increased track-weighted
measure values in white matters areas such as corpus callosum,
fimbria, internal capsule, external capsule, optic track, and cerebral
peduncle, when compared to POLY+VEH mice, suggesting that
IL-1ra treatment mitigated axonal injury after polytrauma.

As neuroinflammation and edema are important contributors to
neuropathology after TBI, it is possible that the attenuation of
these mechanisms by IL-1ra treatment contributed to the
improved long-term neuropathological outcomes in the
POLY+IL-1ra mice in this study. However, it is also possible that
IL-1ra exerted protection via other pathways related to
IL-1b/IL-1R signalling, such as cell death, BBB breakdown, and neu-
ronal hyperexcitability (Allan et al., 2005), and future studies
should explore this. While IL-1ra mitigated much of the inflamma-
tion after polytrauma, there was still some evidence for increased
gene expression of markers for activated microglia and astrocyte in
the POLY+IL-1ra group, and this might have contributed to loss of
corpus callosum volume in these mice. Alternatively atrophy of the
corpus callosum in the POLY+IL-1ra mice might be accounted for
by irreversible damage at the moment of impact, or other
secondary injury mechanisms involved in TBI.

There are some limitations that should be considered when
interpreting the findings. The acute post-mortem studies involved
a single recovery time (i.e., 48 h post-injury). 48 h was chosen
in an attempt to efficiently assess a number of different
inflammatory/pathological processes at a single acute post-injury
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time. However, because there are temporal complexities with
these processes it is likely that our study did not capture each of
the peak activation periods (Webster et al., 2017), and future
post-mortem studies should include additional post-injury times.
Another limitation is that some of the RT-qPCR markers associated
with different microglia/macrophage phenotypes and reactive
astrocytes are non-specific. For example, although Lcn2 is
expressed by astrocytes and is a mediator of astrogliosis (Jang
et al., 2013), it is also expressed by endothelial cells and neu-
trophils under inflammatory conditions (Jin et al., 2014). Therefore,
considering that neutrophils were also found to be affected by
injury and treatment in a manner similar to Lcn2, it is possible that
both neutrophils and astrocytes contributed to the Lcn2 changes
observed. Therefore, conclusions made regarding Lcn2 and other
non-specific markers must be made with caution, and future stud-
ies are required to determine the exact cellular sources of these
markers as well as IL-1b. The current study also found no differ-
ences between the groups at 12 weeks post-injury on behavioral
measures. This may be due to a number of factors including the
sensitivity of the behavioral measures, the recovery time tested,
and/or the relatively mild nature of the TBI administered in this
polytrauma model (Shultz et al., 2011; Wright et al., 2016b). More
specifically, the behavioral assessment we used may have lacked
sensitivity to detect subtler functional deficits, or failed to measure
an outcome that was affected by the injury (e.g., post-traumatic
epilepsy; Diamond et al., 2015; Liu et al., 2016). Furthermore, the
neurological consequences observed in the POLY+VEH mice were
mild in comparison to those produced by more severe models
(e.g., fluid percussion injury or controlled cortical impact; Shultz
et al., 2015b; Semple et al., 2017), thus IL-1ra treatment may have
functional benefits had a more severe model with clear behavioral
deficits been utilized. In regards to the timing of behavioral testing,
previous studies have demonstrated that neuroinflammation and
associated degeneration can occur in the chronic post-TBI period
(Ramlackhansingh et al., 2011). Therefore, it is possible functional
deficits may have eventually manifested in the POLY+VEH mice
had a longer recovery period been tested in this study. Further-
more, the IL-1ra treatment may have increased the rate of recovery
had acute or sub-acute time-points been tested. Taken together,
future studies could administer a more severe TBI, incorporate
behavioral outcomes with increased sensitivity, or test at different
post-injury time-points to further evaluate the benefit of IL-1ra on
functional outcomes after polytrauma and better characterize
recovery in this model.

4.2. The clinical application of IL-1ra treatment?

Anakinra is a commercially-available, FDA-approved human
recombinant IL-1ra, that has progressed to a phase II, open label,
randomized-control clinical trials in severe TBI (Helmy et al.,
2014, 2016). In this trial, 20 severe TBI patients (i.e., GCS < 8) were
recruited in the first 24 h after injury, monitored for 6 h, and then
randomized 1:1 to receive either Anakinra treatment or control.
Anakinra (100 mg) was delivered via subcutaneous injection, with
four further doses given at 24 h intervals. Control patients were
monitored and sampled in an identical manner but received no
drug. Results from this study indicated that Anakinra is safe and
has good brain penetrance. Specifically, the mean concentrations
of IL-1ra in treated versus controls 6 h after treatment onset was
243 ng/mL vs 67 pg/mL in plasma and 123.6 pg/mL vs 27.6 pg/mL
in brain microdialysate (Helmy et al., 2016). Although our current
study was limited in that no blood was collected from the mice,
and brain tissue was not analysed for IL-1ra levels, previous rodent
brain injury studies have consistently reported good IL-1ra brain
penetrance using doses similar to those in our current study
(Greenhalgh et al., 2010). The lack of blood collection also pre-
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vented us from examining the impact of the treatment on circulat-
ing inflammatory markers that may have contributed to the neuro-
logical changes observed.

The initial clinical trial has also found that IL-1ra treatment can
modify neuroinflammation in TBI patients (Helmy et al., 2014,
2016). Of particular interest, in the first 48 h after injury the TBI
patients treated with Anakinra had increased levels of cytokines
(e.g., MCP-1, GM-CSF, IL-1) typically associated with an M1
microglia/pro-inflammatory response, whereas the control TBI
patients had increased levels of cytokines (e.g., IL-4, IL-10, MDC)
typically associated with an M2 microglia/anti-inflammatory
response. Similar to our study, the supposed anti-inflammatory
IL-1ra treatment had a somewhat counterintuitive effect – in this
case the treated patients had increased levels of M1 markers. Con-
sistent with our earlier discussion related to M1/M2 classification,
the authors of the clinical trial emphasized that a simple pro- ver-
sus anti-inflammatory categorization is no longer valid and that
inflammatory factors can play a range of roles after injury, both
toxic and protective.

Still, the clinical trial findings are somewhat inconsistent with
the findings from the current study, as the POLY+IL-1ra mice had
decreased levels of M1 markers 48 h post-injury. There are a num-
ber of reasons that might account for this. The clinical trial initiated
the Anakinra treatment > 6 h post-injury versus 1 h post-injury in
the current study. Considering the temporal complexities related
to the expression of different inflammatory factors, that the same
inflammatory factor may have a different function/effect at differ-
ent times, and inter-species temporal differences in regards to
inflammation, the timing of the treatment and analysis may have
contributed to the contrasting M1 findings. The clinical trial also
involved patients at the most severe end of the TBI spectrum, with
predominantly diffuse injury patterns, and the microdialysis cathe-
ter was intentionally placed away from any focal injuries. Con-
versely, our study involved a relatively mild and focal injury
pattern, and the analysis involved tissue directly beneath the
impact site. Therefore, it is possible that the injury pattern (e.g.,
diffuse versus focal) and brain region examined may affect inflam-
matory outcomes. The clinical trial also had a highly heteroge-
neous TBI population relative to our preclinical study. For
example, age and biological sex can affect inflammatory factors,
and the clinical trial involved male and female participants that
ranged from 18 to 61 years of age, whereas our study included only
young adult males. Furthermore, the clinical trial did not differen-
tiate between TBI with or without extracranial injury, whereas the
current study was only done in mice given polytrauma.

Related to this, whether IL-1ra treatment may be more suitable
in polytrauma versus isolated TBI is an important question. Unfor-
tunately, because the current study failed to incorporate isolated
TBI groups, we were unable to compare the effects of IL-1ra treat-
ment in these two settings. However, the findings from our previ-
ous paper and/or the current study do indicate that polytrauma
results in exacerbated IL-1b and related pathology compared to
an isolated TBI, and that IL-1ra treatment mitigates the effects of
polytrauma. Based on these findings, it is possible that TBI patients
presenting with polytrauma may have an increased likelihood of
experiencing IL-1R-mediated pathophysiology, and that this pro-
cess may be heightened or prolonged, relative to an isolated TBI.
Considering the heterogeneous nature of TBI, polytrauma patients
may represent a readily identifiable subgroup of TBI patients that
are likely to benefit from IL-1ra treatment. This does not imply that
IL-1ra is a less appropriate treatment for isolated TBI that involves
IL-1R-mediated pathophysiology, nor are we aware of any evi-
dence that indicates that the two scenarios warrant a different
IL-1ra treatment strategy. These are important questions that
should be examined in future studies.
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Finally, it is important to discuss the therapeutic window of IL-
1ra treatment after TBI. Because IL-1b is rapidly upregulated after
TBI, it is likely that the optimal treatment window is in the acute
period of TBI, which may limit this treatment strategy to the emer-
gency setting. However, our previous study with this polytrauma
model found that IL-1b levels were increased for at least 1 month
post-injury (Shultz et al., 2015a,b), and other studies have reported
chronic neuroinflammation in TBI patients (Ramlackhansingh
et al., 2011). Therefore, it is possible that delayed treatment with
IL-1ra may be beneficial in some circumstances, although future
studies are required to examine this.

4.3. Conclusions

IL-1ra treatment after polytrauma reduced inflammation and
edema at 48 h post-injury, and mitigated damage to the injured
cortex and white matter at 14 weeks post-injury. Anakinra is a
commercially-available, FDA-approved human recombinant IL-
1ra, that has progressed to phase II clinical trials in TBI patients.
However, there have been many translational failures in TBI drug
discovery, which may be in part due to the heterogeneity and tem-
poral complexities of TBI pathophysiology. For example, not all TBI
patients will experience a robust inflammatory response, and the
therapeutic window to target IL-1b may be short-lived. Therefore,
IL-1ra may only be appropriate for TBI patients that have a strong,
exacerbated, or prolonged neuroinflammatory response that
actively involves IL-1b. Such a response may be related to genetics,
TBI mechanics/severity, or the presence of an ECI. Although future
studies are required to examine the influence of ECIs on TBI pathol-
ogy and functional recovery, and how IL-1ra modifies these out-
comes, in patients, such endeavours are warranted considering
our findings here, the high incidence of concomitant TBI + ECI,
and the lack of effective intervention.
Conflict of interest

The authors declare no conflict of interest.

Acknowledgment

This work was supported by grants to SRS from the National
Health and Medical Research Council (grant number 1062653)
and to SJM from La Trobe University (RFA Understanding Disease),
as well as fellowships to SRS and BDS from NHMRC. We acknowl-
edge the scientific and technical assistance of the animal MRI facil-
ity at the Florey Institute of Neuroscience and Mental Health, a
node of the National Imaging Facility.

References

Allan, S.M., Tyrrell, P.J., Rothwell, N.J., 2005. Interleukin-1 and neuronal injury. Nat.
Rev.Immunol. 5, 629–640.

Blennow, K., Hardy, J., Zetterberg, H., 2012. The neuropathology and neurobiology of
traumatic brain injury. Neuron 76, 886–899.

Brady, R.D., Grills, B.L., Church, J.E., Walsh, N.C., McDonald, A.C., Agoston, D.V., Sun,
M., O’Brien, T.J., Shultz, S.R., McDonald, S.J., 2016. Closed head experimental
traumatic brain injury increases size and bone volume of callus in mice with
concomitant tibial fracture. Sci. Rep. http://dx.doi.org/10.1038/srep34491.

Brady, R.D., Grills, B.L., Schuijers, J.A., Ward, A.R., Tonkin, B.A., Walsh, N.C.,
McDonald, S.J., 2014. Thymosin b4 administration enhances fracture healing
in mice. J. Orthop. Res. 32, 1277–1282.

Brait, V.H., Rivera, J., Broughton, B.R., Lee, S., Drummond, G.R., Sobey, C.G., 2011.
Chemokine-related gene expression in the brain following schemic stroke: no
role for CXCR2 in outcome. Brain Res. 1372, 169–179.

Ciallella, J.R., Ikonomovic, M.D., Paljug, W.R., Wilbur, Y.I., Dixon, C.E., Kochanek, P.M.,
Marion, D.W., DeKosky, S.T., 2002. Changes in expression of amyloid precursor
protein and interleukin-1b after experimental traumatic brain injury in rats. J.
Neurotrauma 19, 1555–1567.
urne from ClinicalKey.com.au by Elsevier on July 01, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.

58

http://refhub.elsevier.com/S0889-1591(17)30393-8/h0005
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0005
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0010
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0010
http://dx.doi.org/10.1038/srep34491
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0020
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0020
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0020
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0025
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0025
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0025
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0030
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0030
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0030
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0030


M. Sun et al. / Brain, Behavior, and Immunity 66 (2017) 359–371 371
Diamond, M.L., Ritter, A.C., Failla, M.D., Boles, J.A., Conley, Y.P., Kochanek, P.M.,
Wagner, A.K., 2015. IL-1b associations with posttraumatic epilepsy
development: a genetics and biomarker cohort study. Epilepsia 56, 991–1001.

Ekmark-Lewén, S., Lewén, A., Israelsson, C., Li, G.L., Farooque, M., Olsson, Y., Ebendal,
T., Hillered, L., 2010. Vimentin and GFAP responses in astrocytes after contusion
trauma to the murine brain. Restor. Neurol. Neurosci. 28, 311–321.

Flierl, M.A., Stahel, P.F., Beauchamp, K.M., Morgan, S.J., Smith, W.R., Shohami, E.,
2009. Mouse closed head injury model induced by a weight-drop device. Nat.
Protoc. 4, 1328–1337.

Franklin, K.B.J., Paxinos, G., 2007. The Mouse Brain in Stereotaxic Coordinates.
Elsevier, New York.

Greenhalgh, A., Galea, J., Denes, A., Tyrrell, P., Rothwell, N.J., 2010. Rapid brain
penetration of interleukin-1 receptor antagonist in rat cerebral ischaemia:
pharmacokinetics, distribution, protection. Br. J. Pharmacol. 160, 153–159.

Groswasser, Z., Cohen, M., Blankstein, E., 1990. Polytrauma associated with
traumatic brain injury: incidence, nature and impact on rehabilitation
outcome. Brain Inj. 4, 161–166.

Hang, C., Shi, J., Tian, J., Li, J., Wu, W., Yin, H., 2004. Effect of systemic LPS injection on
cortical NF-jB activity and inflammatory response following traumatic brain
injury in rats. Brain Res. 1026, 23–32.

Hellewell, S., Semple, B.D., Morganti-Kossmann, M.C., 2016. Therapies negating
neuroinflammation after brain trauma. Brain Res. 1640, 36–56.

Helmy, A., Guilfoyle, M.R., Carpenter, K.L., Pickard, J.D., Menon, D.K., Hutchinson, P.J.,
2014. Recombinant human interleukin-1 receptor antagonist in severe
traumatic brain injury: a phase II randomized control trial. J. Cereb. Blood
Flow Metab. 34, 845–851.

Helmy, A., Guilfoyle, M.R., Carpenter, K.L., Pickard, J.D., Menon, D.K., Hutchinson, P.J.,
2016. Recombinant human interleukin-1 receptor antagonist promotes M1
microglia biased cytokines and chemokines following human traumatic brain
injury. J. Cereb. Blood Flow Metab. 36, 1434–1448.

Jang, E., Kim, J.H., Lee, S., Kim, J.H., Seo, J.W., Jin, M., Lee, M.G., Jang, I.S., Lee, W.H.,
Suk, K., 2013. Phenotypic polarization of activated astrocytes: the critical role of
lipocalin-2 in the classical inflammatory activation of astrocytes. J. Immunol.
191, 5204–5219.

Jin, M., Kim, J.-H., Jang, E., Lee, Y.M., Han, H.S., Woo, D.K., Park, D.H., Kook, H., Suk, K.,
2014. Lipocalin-2 deficiency attenuates neuroinflammation and brain injury
after transient middle cerebral artery occlusion in mice. J. Cereb. Blood Flow
Metab. 34, 1306–1314.

Kumar, A., Loane, D.J., 2012. Neuroinflammation after traumatic brain injury:
opportunities for therapeutic intervention. Brain Behav. Immun. 26, 1191–
1201.

Lazovic, J., Basu, A., Lin, H.W., Rothstein, R.P., Krady, J.K., Smith, M.B., Levison, S.W.,
2005. Neuroinflammation and both cytotoxic and vasogenic edema are reduced
in interleukin-1 type 1 receptor-deficient mice conferring neuroprotection.
Stroke 36, 2226–2231.

Leitgeb, J., Mauritz, W., Brazinova, A., Majdan, M., Wilbacher, I., 2013. Impact of
concomitant injuries on outcomes after traumatic brain injury. Arch. Orthop.
Trauma Surg. 133, 659–668.

Lingsma, H., Andriessen, T.M., Haitsema, I., Horn, J., van der Naalt, J., Franschman, G.,
Maas, A.I., Vos, P.E., Steyerberg, E.W., 2013. Prognosis in moderate and severe
traumatic brain injury: external validation of the IMPACT models and the role of
extracranial injuries. J. Trauma Acute Care Surg. 74, 639–646.

Liu, S.J., Zheng, P., Wright, D.K., Dezsi, G., Braine, E., Nguyen, T., Corcoran, N.M.,
Johnston, L.A., Hovens, C.M., Mayo, J.N., Hudson, M., Shultz, S.R., Jones, N.C.,
O’Brien, T.J., 2016. Sodium selenate retards epileptogenesis in acquired epilepsy
models reversing changes in protein phosphatase 2A and hyperphosphorylated
tau. Brain 139, 1919–1938.

MacKenzie, J.D., Siddiqi, F., Babb, J.S., Bagley, L.J., Mannon, L.J., Sinson, G.P.,
Grossman, R.I., 2002. Brain atrophy in mild or moderate traumatic brain
injury: a longitudinal quantitative analysis. AJNR Am. J. Neuroradiol. 23, 1509–
1515.

Masada, T., Hua, Y., Xi, G., Yang, G.Y., Hoff, J.T., Keep, R.F., 2001. Attenuation of
intracerebral hemorrhage and thrombin-induced brain edema by
overexpression of interleukin-1 receptor antagonist. J. Neurosurg. 95, 680–686.

McDonald, S.J., Dooley, P.C., McDonald, A.C., Djouma, E., Schuijers, J.A., Ward, A.R.,
Grills, B.L., 2011. a1 adrenergic receptor agonist, phenylephrine, actively
contracts early rat rib fracture callus ex vivo. J. Orthop. Res. 29, 740–745.

McDonald, S.J., Sun, M., Agoston, D.V., Shultz, S.R., 2016. The effect of concomitant
peripheral injury on traumatic brain injury pathobiology and outcome. J.
Neuroinflammation. http://dx.doi.org/10.1186/s12974-016-0555-1.

Minter, M.R., Moore, Z., Zhang, M., Brody, K.M., Jones, N.C., Shultz, S.R., Taylor, J.M.,
Crack, P.J., 2016. Deletion of the type-1 interferon receptor in APP SWE/PS1 DE9
mice preserves cognitive function and alters glial phenotype. Acta Neuropathol.
Commun. http://dx.doi.org/10.1186/s40478-016-0341-4.

Morganti, J.M., Riparip, L.-K., Rosi, S., 2016. Call off the dog (ma): M1/M2
polarization is concurrent following traumatic brain injury. PLoS One. http://
dx.doi.org/10.1371/journal.pone.0148001.

Nadler, J., Moy, S., Dold, G., Simmons, N., Perez, A., Young, N., Barbaro, R., Piven, J.,
Magnuson, T., Crawley, J., 2004. Automated apparatus for quantitation of social
approach behaviors in mice. Genes Brain Behav. 3, 303–314.

Pape, H.-C., Peitzman, A., Schwab, C.W., Giannoudis, P.V., 2010. Damage control
management in the polytrauma patient. Springer, New York.

Ramlackhansingh, A.F., Brooks, D.J., Greenworld, R.J., Bose, S.K., Turkheimer, F.E.,
Kinnunen, K.M., Gentleman, S., Heckemann, R.A., Gunanayagam, K., Gelosa, G.,
Sharp, D.J., 2011. Inflammation after trauma: microglial activation and
traumatic brain injury. Ann. Neurol. 70, 374–383.
Downloaded for Anonymous User (n/a) at University of Melbourn
For personal use only. No other uses without permission. C
Ransohoff, R.M., 2016. A polarizing question: do M1 and M2 microglia exist? Nat.
Neurosci. 19, 987–991.

Sanderson, K.L., Raghupathi, R., Saatman, K.E., Martin, D., Miller, G., McIntosh, T.K.,
1999. Interleukin-1 receptor antagonist attenuates regional neuronal cell death
and cognitive dysfunction after experimental brain injury. J. Cereb. Blood Flow
Metab. 19, 1118–1125.

Sandhir, R., Onyszchuk, G., Berman, N.E., 2008. Exacerbated glial response in the
aged mouse hippocampus following controlled cortical impact injury. Exp.
Neurol. 213, 372–380.

Semple, B.D., Bye, N., Rancan, M., Ziebell, J.M., Morganti-Kossmann, M.C., 2010. Role
of CCL2 (MCP-1) in traumatic brain injury (TBI): evidence from severe TBI
patients and CCL2�/� mice. J. Cereb. Blood Flow Metab. 30, 769–782.

Semple, B.D., Dixit, S., Shultz, S.R., Boon, W.C., O’Brien, T.J., 2017. Sex-dependent
changes in neuronal morphology and psychosocial behaviors after pediatric
brain injury. Behav. Brain Res. 319, 48–62.

Shultz, S.R., Bao, F., Omana, V., Chiu, C., Brown, A., Cain, D.P., 2012. Repeated mild
lateral fluid percussion brain injury in the rat causes cumulative long-term
behavioral impairments, neuroinflammation, and cortical loss in an animal
model of repeated concussion. J. Neurotrauma 29, 281–294.

Shultz, S.R., MacFabe, D.F., Foley, K.A., Taylor, R., Cain, D.P., 2011. A single mild fluid
percussion injury induces short-term behavioral and neuropathological
changes in the Long-Evans rat: Support for an animal model of concussion.
Behav. Brain Res. 224, 326–335.

Shultz, S.R., Sun, M., Wright, D.K., Brady, R.D., Liu, S., Beynon, S., Schmidt, S.F., Kaye,
A.H., Hamilton, J.A., O’Brien, T.J., 2015a. Tibial fracture exacerbates traumatic
brain injury outcomes and neuroinflammation in a novel mouse model of
multitrauma. J. Cereb. Blood Flow Metab. 35, 1339–1347.

Shultz, S.R., Tan, X.L., Wright, D.K., Liu, S.J., Semple, B.D., Johnston, L., Jones, N.C.,
Cook, A.D., Hamilton, J.A., O’Brien, T.J., 2014. Granulocyte-macrophage colony-
stimulating factor is neuroprotective in experimental traumatic brain injury. J.
Neurotrauma 31, 976–983.

Shultz, S.R., Wright, D.K., Zheng, P., Stuchbery, R., Liu, S., Sashindranath, M., Medcalf,
R.L., Johnston, L.A., Hovens, C.M., Jones, N.C., 2015b. Sodium selenate reduces
hyperphosphorylated tau and improves outcomes after traumatic brain injury.
Brain 138, 1297–1313.

Siegel, J.H., Gens, D.R., Mamantov, T., Geisler, F.H., Goodarzi, S., MacKenzie, E.J.,
1991. Effect of associated injuries and blood volume replacement on death,
rehabilitation needs, and disability in blunt traumatic brain injury. Crit. Care
Med. 19, 1252–1265.

Smith, S.M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T.E., Mackay, C.
E., Watkins, K.E., Ciccarelli, O., Cader, M.Z., Matthews, P.M., 2006. Tract-based
spatial statistics: voxelwise analysis of multi-subject diffusion data.
Neuroimage 31, 1487–1505.

Tehranian, R., Andell-Jonsson, S., Beni, S.M., Yatsiv, I., Shohami, E., Bartfai, T.,
Lundkvist, J., Iverfeldt, K., 2002. Improved recovery and delayed cytokine
induction after closed head injury in mice with central overexpression of the
secreted isoform of the interleukin-1 receptor antagonist. J. Neurotrauma 19,
939–951.

Tournier, J.D., Calamante, F., Gadian, D.G., Connelly, A., 2004. Direct estimation of
the fiber orientation density function from diffusion-weighted MRI data using
spherical deconvolution. Neuroimage. 23, 1176–1185.

Tournier, J.D., Calamante, F., Connelly, A., 2010. Improved probabilistic streamlines
tractography by 2nd order integration over fibre orientation distributions. Proc.
18th Annual Meeting of the Intl. Soc. Mag. Reson. Med. 1670.

Utagawa, A., Truettner, J.S., Dietrich, W.D., Bramlett, H.M., 2008. Systemic
inflammation exacerbates behavioral and histopathological consequences of
isolated traumatic brain injury in rats. Exp. Neurol. 211, 283–291.

van Leeuwen, N., Lingsma, H.F., Perel, P., Lecky, F., Roozenbeek, B., Lu, J., Shakur, H.,
Weir, J., Steyerberg, E.W., Maas, A.I., 2012. Prognostic value of major
extracranial injury in traumatic brain injury: an individual patient data meta-
analysis in 39,274 patients. Neurosurgery 70, 811–818.

Wang, G., Zhang, J., Hu, X., Zhang, L., Mao, L., Jiang, X., Liou, A.K., Leak, R.K., Gao, Y.,
Chen, J., 2013. Microglia/macrophage polarization dynamics in white matter
after traumatic brain injury. J. Cereb. Blood Flow Metab. 33, 1864–1874.

Webster, K.M., Sun, M., Crack, P., O’Brien, T.J., Shultz, S.R., Semple, B.D., 2017.
Inflammation in epileptogenesis after traumatic brain injury. J.
Neuroinflammation. http://dx.doi.org/10.1186/s12974-016-0786-1.

Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E., 2014.
Permutation inference for the general linear model. Neuroimage 92, 381–397.

Wright, D.K., Johnston, L., Kershaw, J., Ordidge, R., O’Brien, T.J., Shultz, S.R., 2017.
Changes in apparent fibre density and track-weighted imaging metrics in white
matter following experimental traumatic brain injury. J. Neurotrauma. http://
dx.doi.org/10.1089/neu.2016.4730.

Wright, D.K., Liu, S., van der Poel, C., McDonald, S.J., Brady, R.D., Taylor, L., Yang, L.,
Gardner, A.J., Ordidge, R., O’Brien, T.J., Johnston, L.A., Shultz, S.R., 2016a.
Traumatic brain injury results in cellular, structural and functional changes
resembling motor neuron disease. Cereb. Cortex. http://dx.doi.org/10.1093/
cercor/bhw254.

Wright, D.K., Trezise, J., Kamnaksh, A., Bekdash, R., Johnston, L.A., Ordidge, R.,
Semple, B.D., Gardner, A.J., Stanwell, P., O’Brien, T.J., Agoston, D.V., Shultz, S.R.,
2016b. Behavioral, blood, and magnetic resonance imaging biomarkers of
experimental mild traumatic brain injury. Rep. Sci. http://dx.doi.org/10.1038/
srep28713.

Yang, G.Y., Zhao, Y.J., Davidson, B.L., Betz, A.L., 1997. Overexpression of interleukin-1
receptor antagonist in the mouse brain reduces ischemic brain injury. Brain Res.
751, 181–188.

59
e from ClinicalKey.com.au by Elsevier on July 01, 2018.
opyright ©2018. Elsevier Inc. All rights reserved.

http://refhub.elsevier.com/S0889-1591(17)30393-8/h0035
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0035
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0035
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0040
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0040
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0040
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0050
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0050
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0050
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0055
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0055
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0060
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0060
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0060
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0065
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0065
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0065
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0070
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0070
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0070
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0075
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0075
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0080
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0080
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0080
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0080
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0085
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0085
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0085
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0085
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0090
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0090
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0090
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0090
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0095
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0095
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0095
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0095
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0100
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0100
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0100
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0105
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0105
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0105
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0105
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0110
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0110
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0110
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0115
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0115
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0115
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0115
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0120
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0120
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0120
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0120
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0120
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0125
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0125
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0125
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0125
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0130
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0130
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0130
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0135
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0135
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0135
http://dx.doi.org/10.1186/s12974-016-0555-1
http://dx.doi.org/10.1186/s40478-016-0341-4
http://dx.doi.org/10.1371/journal.pone.0148001
http://dx.doi.org/10.1371/journal.pone.0148001
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0155
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0155
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0155
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0160
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0160
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0165
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0165
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0165
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0165
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0170
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0170
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0175
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0175
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0175
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0175
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0180
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0180
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0180
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0185
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0185
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0185
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0185
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0185
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0190
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0190
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0190
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0195
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0195
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0195
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0195
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0200
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0200
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0200
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0200
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0205
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0205
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0205
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0205
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0210
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0210
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0210
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0210
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0215
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0215
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0215
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0215
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0220
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0220
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0220
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0220
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0225
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0225
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0225
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0225
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0230
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0230
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0230
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0230
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0230
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0235
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0235
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0235
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0245
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0245
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0245
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0250
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0250
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0250
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0250
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0255
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0255
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0255
http://dx.doi.org/10.1186/s12974-016-0786-1
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0265
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0265
http://dx.doi.org/10.1089/neu.2016.4730
http://dx.doi.org/10.1089/neu.2016.4730
http://dx.doi.org/10.1093/cercor/bhw254
http://dx.doi.org/10.1093/cercor/bhw254
http://dx.doi.org/10.1038/srep28713
http://dx.doi.org/10.1038/srep28713
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0285
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0285
http://refhub.elsevier.com/S0889-1591(17)30393-8/h0285


Chapter 5 

A Concomitant Muscle Injury Does Not Worsen 

Traumatic Brain Injury Outcomes in Mice 

60



A concomitant muscle injury does not worsen traumatic brain injury outcomes in mice 

Authors: Mujun Sun1, Rhys D. Brady2, Chris van der Poel3, Danielle Apted3, Bridgette D. 

Semple1,2, Jarrod E. Church3, Terence J. O’Brien1,2, Stuart J. McDonald3#, Sandy R. 

Shultz1,2#*  

Affiliations:  

1 Department of Medicine, The Royal Melbourne Hospital, The University of Melbourne, 

VIC, 3052, Australia 

2 Departments of Neuroscience and Medicine, Central Clinical School, Monash University, 

VIC, 3004, Australia 

3 Department of Physiology, Anatomy and Microbiology, La Trobe University, VIC, 3086, 

Australia 

# Authors contributed equally to this work 

* To whom correspondence should be addressed:

Associate Professor Sandy R Shultz 

Departments of Neuroscience & Medicine,  

Central Clinical School,  

Monash University,  

Melbourne, VIC, 3004, Australia 

Phone: +61 3 99030268; Fax: +61 3 93471863 

E-mail address: sandy.shultz@monash.edu

Running title: Concomitant TBI and muscle injury  

Words of main manuscript: 4176; number of tables: 2; number of figures: 6. 

61



Abstract 

Traumatic brain injury (TBI) often involves multitrauma in which concurrent extracranial 

injury occurs. We previously demonstrated that a long bone fracture exacerbates 

neuroinflammation and functional outcomes in mice given a TBI. Whether other forms of 

concomitant peripheral trauma that are common in the TBI setting, such as skeletal muscle 

injury, have similar effects is unknown. As such, here we developed a novel mouse 

multitrauma model by combining a closed-skull TBI with a cardiotoxin (CTX)-induced muscle 

injury to investigate whether muscle injury affects TBI outcomes. Adult male mice were 

assigned to four groups: sham-TBI + sham-muscle injury (SHAM); sham-TBI + CTX-muscle 

injury (CTX); TBI + sham-muscle injury (TBI); TBI + CTX-muscle injury (MULTI). Some 

mice were euthanized at 24 h post-injury to assess neuroinflammation and cerebral edema. The 

remaining mice underwent behavioral testing after a 30-day recovery period, and were 

euthanized at 35 days post-injury for post-mortem analysis. At 24 h post-injury, both TBI and 

MULTI mice had elevated edema, increased expression of GFAP (i.e., a marker for reactive 

astrocytes), and increased mRNA levels of inflammatory chemokines. There was also an effect 

of injury on cytokine levels at 35 days post-injury. However, the TBI and MULTI mice did not 

significantly differ on any of the measures assessed. These initial findings suggest that a 

concomitant muscle injury does not significantly affect preclinical TBI outcomes. Future 

studies should investigate the combination of different injury models, additional outcomes, and 

other post-injury time points.  

Key words: polytrauma, weight-drop, cardiotoxin, neuroinflammation, cytokines 
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1 Introduction 

Traumatic brain injury (TBI) is caused by external forces applied to the brain and is a common 

consequence of motor vehicle accidents, sports, slips and falls, industrial accidents, and war 

(Blennow et al., 2012). TBI is a leading cause of death and disability worldwide and involves 

a complex pathophysiology that includes primary and secondary injury pathways (Blennow et 

al., 2012; Xiong et al., 2013). Primary injury involves direct tissue damage caused by 

mechanical forces at the moment of impact. The primary injury also initiates a series of 

secondary injury processes, which include neuroinflammation (Shultz et al., 2015; Webster et 

al., 2015; Sun et al., 2017), oxidative stress (Awasthi et al., 1997; Ansari et al., 2008), apoptosis 

(Miñambres et al., 2008), and further blood-brain barrier (BBB) damage (Shlosberg et al., 

2010). These secondary injuries occur within minutes to hours after TBI, and may persist into 

chronic stages and contribute to neurodegeneration (Blennow et al., 2012; Xiong et al., 2013). 

Due to the high-impact nature of TBI-inducing accidents, approximately one-third of TBI 

patients sustain a concomitant extracranial trauma, otherwise known as multitrauma or 

polytrauma (Groswasser et al., 1990; Siegel et al., 1991; Probst et al., 2009; van Leeuwen et 

al., 2012; Leitgeb et al., 2013). For example, significant skeletal muscle injury often occurs in 

the presence of TBI (Järvinen et al., 2005; Smith et al., 2008). Muscle injury involves 

degeneration and regeneration of myofibers, during which the inflammatory process is of 

particular importance (Karalaki et al., 2009; Paiva-Oliveira et al., 2017). Human studies have 

found that neutrophils are rapidly upregulated in circulation and at the lesion site after muscle 

injury (Fielding et al., 1993). Using cardiotoxin (CTX) to induce a muscle injury in an 

experimental mouse model, neutrophils were observed to accumulate in the injured muscle for 

at least three days after injury, and macrophages began to accumulate at approximately three 

days post-injury (Nguyen et al., 2011). Pro-inflammatory cytokines have also been found to be 
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up-regulated in injured muscle during the first week after CTX injection in mice (Ramadasan-

Nair et al., 2014). 

Notably, many of the immune cells and cytokines involved in skeletal muscle injury are also 

important modulators in TBI pathology, and BBB disruption in TBI may facilitate the ability 

of peripheral factors to enter the brain (McDonald et al., 2016; Sun et al., 2018). However, 

most pre-clinical TBI studies have utilized independent ‘single-hit’ injury models that do not 

account for concomitant injuries, and their potential interactive pathophysiologies, that 

frequently occur with TBI (McDonald et al., 2016; Shultz et al., 2017; Sun et al., 2018). Of 

relevance, we have previously demonstrated that a concurrent long bone fracture worsens TBI 

outcomes in mice, and that this was associated with an exacerbated and prolonged 

neuroinflammatory response (Shultz et al., 2015; Sun et al., 2017). It therefore stands to reason 

that other concomitant extracranial injuries, such as muscle injury, may also affect TBI 

pathobiology and outcomes in a similar manner. Therefore, here we developed a mouse model 

of multitrauma that combined a weight-drop induced TBI and a CTX-induced muscle injury, 

to assess whether a concurrent muscle injury affected TBI outcomes.  

2 Materials and methods 

2.1 Mice 

A total of 91 C57BL/6 male mice were obtained from the Australia Animal Resource Centre, 

and housed individually under a 12 h light/dark cycle with access to food and water ad libitum. 

Mice were 12 weeks of age at the time of injury. All procedures were approved by The Florey 

Institute of Neuroscience and Mental Health Animal Ethics Committee, and were within the 

guidelines of the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes by the Australian National Health and Medical Research Council.  
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2.2 Experimental groups 

Mice were randomly assigned to one of four experimental groups: sham-TBI + sham-muscle 

injury (SHAM, n = 18); sham-TBI + CTX-muscle injury (CTX, n = 20); TBI + sham-muscle 

injury (TBI, n = 27); TBI + CTX-muscle injury (MULTI, n = 26). Mice that died immediately 

after TBI (n = 14, 26% mortality rate) were excluded from the study. A portion of mice (SHAM, 

n = 6; CTX, n = 7; TBI, n = 6; MUTLI, n = 6) were euthanized at 24 h post-injury and 

underwent post-mortem analysis. The remaining mice (SHAM, n = 12; CTX, n = 13; TBI, n = 

14; MULTI, n = 13) underwent behavioral testing after a 30-day recovery period and were 

euthanized at 35 days post-injury for post-mortem analysis. These recovery times are consistent 

with our previous study that investigated the effects of a concomitant fracture on TBI in mice 

(Shultz et al., 2015). 

2.3 The weight-drop model of TBI 

A weight-drop device was used to induce a closed-skull TBI as previously described (Flierl et 

al., 2009; Shultz et al., 2015). The weight-drop device consisted of a guided- and weighted-rod 

with a blunt silicone-covered impact tip (3 mm diameter). Each mouse was placed in an 

anesthesia induction chamber containing 4 % isoflurane for 2 minutes. Once anesthetized, mice 

were placed in a nose cone that maintained the anesthetic (2 % isoflurane) for 3 minutes and 

administered 0.05 mg/kg of buprenorphine analgesic subcutaneously. Mice were given a sham 

or CTX muscle injury as described below, then a 2 cm incision was made along the midline of 

the scalp to reveal the intact skull. The mouse then removed from the nose cone, stabilized on 

the weight-drop device platform, the 215 g weighted-rod was released from a distance of 2.5 

cm, and the impact tip made contact between the sagittal and coronal suture of the right 

hemisphere. The rod was retracted immediately after the impact occurred, and the scalp 

incision was sutured. The sham TBI procedure for the SHAM and CTX groups was identical 
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to that described for the TBI procedure, except the weighted-rod was not released so that no 

impact occurred. Duration of apnea, loss of consciousness (i.e., hind-limb withdrawal to toe 

pinch), and self-righting reflex (latency to self-right) were recorded as indicators of acute injury 

severity (Table 1) (Shultz et al., 2014; Shultz et al., 2015). 

 

 SHAM CTX TBI MULTI 

Apnea (s) 0.0 0.0  12.7 ± 1.5*  15.7 ± 1.4* 

Hindlimb reflex (s) 45.1 ± 4.0 45.9 ± 4.6 142.5 ± 11.0* 124.1 ± 13.4* 

Self-righting reflex (s) 56.1 ± 5.2 57.5 ± 5.3 188.1 ± 12.8* 166.3 ± 15.1* 

Table 1. Acute injury measures. TBI and MULTI groups had significantly longer apnea, 

unconsciousness (i.e., hindlimb withdrawal reflex to toe pinch), and self-righting reflex times 

(seconds ± SEM) than SHAM and CTX groups. There were no statistically significant 

differences between TBI and MULTI. * = greater than SHAM and CTX, p < .001. 

 

2.4 The CTX model of muscle injury 

To induce a muscle injury, mice in CTX and MULTI groups received a single intramuscular 

injection of CTX (50 µl of 10 µM solution in sterile saline; Sigma-Aldrich, Castle Hill, NSW, 

Australia) which was delivered percutaneously into the right hamstring (Martinez et al., 2015). 

Mice in the SHAM and TBI groups received a single intramuscular injection of vehicle (50 µl 

sterile saline). CTX induces depolarization and contraction of muscle cells, and consequently 

damages the structure of cell membranes (Chang et al., 1972; Hardy et al., 2016). It is one of 

most reliable muscle injury models, and results in physiological events that occur in human 
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muscle injury, including inflammation (Ramadasan-Nair et al., 2014; Hardy et al., 2016; Paiva-

Oliveira et al., 2017).  

As detailed below in section 2.7, muscle tissue was collected from mice that were injected with 

either saline or CTX and euthanized at 24 h post-injury. RT-qPCR was performed to assess 

gene expression of inflammatory markers as indicators of muscle injury in the CTX injected 

mice (Hirata et al., 2003). As shown in Figure 1, mice injected with CTX had significantly 

elevated mRNA levels of Ccl2, Ccl4, G-csfr, and Tgf-β in the injected hamstring compared to 

saline injected mice (p < 0.05). Furthermore, although not done in a quantitative manner, daily 

health monitoring by individuals who were blinded to the experimental groups indicated that 

the mice injected with CTX consistently displayed right hindlimb abnormalities for 2-3 days 

after the injection, whereas those injected with saline did not.  
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Figure 1. Mice that were injected with CTX into the right hamstring had significantly increased 

mRNA levels of Ccl2 (A), Ccl4 (B), G-csfr (C), and Tgf-β (D) in the hamstring muscle tissue 

compared to saline injected mice at 24 h post-injury. There were no statistically significant 

differences on mRNA levels of Il-1β or Tnf-.  * = different than saline, p < .05.  

2.5 Cerebral edema analysis 

As previously described (Shultz et al., 2015; Sun et al., 2017), brain water content was assessed 

as an indicator of cerebral edema. Mice were anesthetized with isoflurane and decapitated at 

24 h post-injury. The cortex adjacent to the impact site was rapidly dissected, immediately 

weighed (wet weight), and then dried at 100°C for 24 h. The tissue was again weighed (dry 

weight), and the following formula was used to determine brain water content: water content 

(%) = (wet weight − dry weight)/wet weight (Sun et al., 2017). 

2.6 Automated capillary Western blots 

Capillary Western blots were used to assess protein expression of markers indicative of 

different immune cells. Mice were anesthetized and decapitated at either 24 h or 35 days post-

injury, and the ipsilateral cortex directly under the impact site was dissected and rapidly frozen. 

The frozen brain tissue was homogenized in radioimmunoprecipitation assay (RIPA) buffer 

with protease and phosphatase inhibitors. The protein concentration of the lysates was 

quantified using a BCA Protein Assay Kit (Thermo Scientific Pierce Biotechnology, San Jose, 

USA) and Benchmark Plus Microplate Spectrophotometer (Bio-Rad, Hercules, USA). 

Capillary Western analyses were performed using the WEStm Simple Western System 

(ProteinSimple, USA) according to the instructions provided. Briefly, samples were diluted 

with sample buffer, combined with Fluorescent Master Mix, and heated at 95 °C for 5 min for 

denaturation. The denatured samples, blocking reagent, primary antibodies, HRP-conjugated 
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secondary antibodies and chemiluminescent substrate were then loaded into a designated assay 

plate, and processed for automated separation electrophoresis and immunodetection (Lu et al., 

2017). A biotinylated ladder was also loaded for each assay. Individual assays were performed 

for glial fibrillary acidic protein (GFAP; 1:1000, Dako #Z0334; samples loaded at 0.2 µg/µl), 

a marker for astrogliosis (Eng et al., 2000); cluster of differentiation (CD) 68[ED1] (1:10, 

Abcam #ab31630; samples loaded at 2 µg/µl), a marker for microglia/macrophages (Imai et 

al., 1996; Ohsawa et al., 2004); and myeloperoxidase (MPO; 1:10, Abcam #ab9535; samples 

loaded at 2 µg/µl), a marker for neutrophils, and monocytes to a lesser extent (Shultz et al., 

2013). GFAP was probed and normalized by Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH; 1:100, Santa Cruz Biotechnology #sc-47724), and MPO was probed and normalized 

by β-actin (1:50, Abcam #ab8227). Neither GAPDH or MPO were regulated by injury (not 

significantly different between groups on either 24h or 35d, p > 0.05). 

2.7 Quantitative real-time PCR (RT-qPCR) 

RT-qPCR was used to assess gene expression of inflammatory markers in brain and muscle 

tissue. Mice were anesthetized with isoflurane and decapitated at either 24h or 35 days post-

injury. For the examination of brain tissue, the ipsilateral cortex directly under the impact site 

was rapidly dissected, frozen in liquid nitrogen, and stored at –80°C. For the examination of 

muscle tissue, 100 mg of tissue was rapidly dissected from the injection site in the right 

hamstring, frozen in liquid nitrogen, and stored at –80°C. Frozen brain and muscle tissue was 

homogenised with PureZOLTM RNA isolation reagent, and total RNA were extracted using the 

AurumTM Total RNA Fatty and Fibrous Tissue Kit (Bio-Rad, Hercules, USA) (McDonald et 

al., 2011). RNA for each sample (brain = 600 ng, muscle = 1000 ng) was then reverse 

transcribed to cDNA.  
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The primer sequences for the inflammatory genes of interest are summarized in Table 2 (Hirata 

et al., 2003; Morganti et al., 2016). qPCR was run using the iCycler iQ Multi-Colour RT-PCR 

detection system (using SsoFastTM EvaGreen, Bio-Rad, Hercules, USA). To establish 

specificity of DNA products, melt-curve analysis was performed. Cycle threshold (Ct) values 

were collected for analysis, and data was normalised to internal control (brain = Gapdh; muscle 

= β2-microglobulin). β2-microglobulin is a reliable housekeeping gene for muscle tissue PCR 

analysis and has been showed stable in muscle injury (Mahoney et al., 2004). Gene expression 

of both Gapdh and β2-microglobulin were not regulated by injury (not significantly different 

between groups on either 24h or 35d, p > 0.05). Relative quantification of genes of interest 

mRNA expression was determined using the 2−ΔΔCt method (Sun et al., 2017). 

Gene Forward primer sequence 5’–3’ Reverse primer sequence 5’–3’ 

Brain 

Ccl2 CAAGATGATCCCAATGAGTAG TTGGTGACAAAAACTACAGC 

Ccl4 GGTATTCCTGACCAAAAGAG TCCAAGTCACTCATGTACTC 

Ccl12 CAGTCCTCAGGTATTGGCTGGA TCCTTGGGGTCAGCACAGAT 

Il-1β TGTAATGAAAGACGGCACACC TCTTCTTTGGGTATTGCTTGG 

Tnf- CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 

Il-6 GAGCCCACCAAGAACGATAG GGTTGTCACCAGCATCAGTC 

Cd36 GGACATTGAGATTCTTTTCCTCTG GCAAAGGCATTGGCTGGAAGAAC 

Il-4rα CAGATCCCAGATACTCACTG AGTAACAGAACAGGCAAAAC 

Tgf-β1 TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA 

Gapdh ATGACATCAAGAAGGTGGTG CATACCAGGAAATGAGCTTG 
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Muscle   

G-csfr ACAAAGCAGGGACCTCTTCA ATGGTGTTAAGGTCTTGGGC 

Tgf-β ATTCCTGGCGTTACCTTGG CCTGTATTCCGTCTCCTTGG 

Ccl2 CAAGATGATCCCAATGAGTAG TTGGTGACAAAAACTACAGC 

Ccl4 GGTATTCCTGACCAAAAGAG TCCAAGTCACTCATGTACTC 

Tnf- CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG 

Il-1β TCCATGAGCTTTGTACAAGG GGTGCTGATGTACCAGTTGG 

β2-mg TTCACCCCCACTGAGACTGAT GTCTTGGGGTCGGCCATA 

Table 2. RT-qPCR markers. Inflammatory genes of interest for brain and muscle tissue 

analysis included chemokine (C-C motif) ligand (Ccl)2, Ccl4, Ccl12, interleukin-1β (Il-1β), Il-

6, tumor necrosis factor- (Tnf-), Cd36, IL-4 receptor α (Il-4rα), granulocyte colony-

stimulating factor receptor (G-csfr), and transforming growth factor-β1 (Tgf-β1). 

Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) and β2-microglobulin  (β2-mg) served as 

housekeeping genes. 

 

2.8 Behavioral testing 

After a 30-day recovery period, a subset of mice underwent behavioral testing. With the 

exception of the rotarod, all tests were recorded by an overhead camera and objectively 

analyzed by Ethovision tracking software (EthoVision®, Noldus, USA). Testing was conducted 

by an investigator blinded to experimental conditions.  

Open field was used to assess locomotor and anxiety-like behavior (Shultz et al., 2012; Shultz 

et al., 2014). The open field was a circular arena (100 cm diameter) shielded by 30 cm high 

walls. A circular area (66 cm diameter) in the arena was defined as the middle field. The mouse 
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was released in the center and allowed to explore for 5 minutes. Distance travelled, time in the 

middle field, and middle field entries were calculated.  

Anxiety-like behavior was assessed using the elevated-plus maze (San Diego Instruments, 

USA) (Shultz et al., 2011; Shultz et al., 2012). The maze consisted of two opposing opened 

arms and two opposing closed arms (30 cm × 6 cm) shaped like a “plus”. The closed arms were 

shielded by walls (15 cm high), while the opened arms were not. Each mouse was placed in 

the center of the maze facing an open arm and allowed to explore for 5 minutes. The proportion 

of time spent in the open arms was calculated to analyze anxiety-related behavior. The number 

of closed arms entries and total travel distance were calculated for the measurements of activity 

and motor function. 

Motor function was assessed by the rotarod (Harvard Apparatus, USA) (Shultz et al., 2014). 

The apparatus consisted of a rotating barrel (3 cm diameter) divided by walls into four equal 

lanes (5 cm width). Three trials were performed each day for two consecutive days. For each 

trial, the mouse was placed on the rotating barrel with a start speed of 0.0027 g, and the speed 

accelerated to 0.27 g over a 5-minute period. The duration of time on the rotarod and the speed 

that the mouse was able to achieve were recorded. 

Spatial cognition was assessed in Y-maze as previously described (Shultz et al., 2014; Wolf et 

al., 2016). The Y-maze consisted of 3 arms (each 38 cm × 8 cm) shielded with walls (13 cm 

high) and adjoined in a Y-shape (San Diego Instruments, USA). At the distal end of each arm 

was an exterior visual cue. Each mouse underwent 15 minutes training in which one arm was 

blocked (novel arm), and the mouse was allowed to freely explore the other two arms after 

released from a start arm. After training, the mouse was given a 30-minute interval time and 

then underwent a 5-minute test in which the novel arm was unblocked, and the mouse was 
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released in the same start arm. The time spent and the number of entries into the novel arm 

were quantified as measures of spatial cognition. 

2.9 Statistical analysis 

All outcomes were analyzed with SPSS 24.0 software (IBM Corp, USA) using a one-way 

analysis of variance (ANOVA). Bonferroni post hoc comparisons were carried out when 

appropriate. Statistical significance was set as p ≤ 0.05.  

3 Results 

Brain water content was assessed as an indicator of cerebral edema. ANOVA identified a 

significant injury effect on the measure of brain water content in the ipsilateral cortex at 24 h 

post-injury (F3,16 = 9.003, p < 0.01; Figure 2). Post hoc analysis indicated that TBI and MULTI 

mice had significantly increased brain water content compared to the SHAM mice (p < 0.05), 

and the TBI mice also had significantly increased brain water content compared to the CTX 

mice (p < 0.05). There was no statistically significant difference between the TBI and MULTI 

groups on brain water content. 
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Figure 2. Brain water content was assessed as an indicator of cerebral edema. TBI and MULTI 

mice had significantly increased brain water content compared to the SHAM mice, and the TBI 

mice also had significantly increased brain water content compared to the CTX mice. * = 

different than SHAM; ** = different than SHAM and CTX; p < .05. See Results for additional 

details. 

Automated capillary Western blots were used to quantify protein expression of markers related 

to different immune-related cells in the ipsilateral cortex. At 24 h post-injury, ANOVA 

identified a significant injury effect on expression of GFAP (i.e., a marker for astrogliosis; F3,16 

= 5.753, p < 0.01; Figure 3A & C) and MPO (i.e., a marker for neutrophils; F3,16 = 3.613, p < 

0.05; Figure 3B & D). Post hoc analyses indicated that TBI and MULTI mice had significantly 

increased levels of GFAP compared to SHAM (p < 0.05). Although TBI and MULTI groups 

appeared to have similarly elevated levels of MPO relative to the SHAM and CTX groups, post 

hoc analyses did not reach statistical significance after Bonferroni corrections. There were no 

statistically significant findings on levels of CD68 at 24 h post-injury (data not shown). There 

were no statistically significant findings on any of the markers at 35 days post-injury (data not 
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shown). The TBI and MULTI groups were not significantly different on any of the protein 

quantification measures. 

 

 

Figure 3. Automated capillary Western blots were used to quantify protein expression of 

markers related to different immune cells in the ipsilateral cortex. (A) Pseudo-gel image of 

representative blots of GFAP and GAPDH for each of the four groups. (B) Pseudo-gel image 

of representative blots of MPO and -actin for each of the four groups. (C) At 24 h post-injury, 

TBI and MULTI mice had significantly increased levels of GFAP, a marker for reactive 

astrocytes, compared to SHAM. (D) At 24 h post-injury, there was a significant effect of injury 

on the measure of MPO (i.e., a marker for neutrophils). Although TBI and MULTI groups 

appeared to have similarly elevated levels of MPO, post hoc analyses did not reach statistical 

significance after Bonferroni corrections. * = different than SHAM, p < .05. See Results for 

additional details. 
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RT-qPCR was used to assess mRNA levels of different pro- and anti-inflammatory cytokines 

in the ipsilateral cortex at 24 h and 35 days post-injury. At 24 h post-injury, ANOVA identified 

a significant effect of injury on the mRNA levels of the pro-inflammatory chemokines Ccl2 

(F3,21 = 4.091, p < 0.05; Figure 4A), Ccl4 (F3,21 = 6.606, p < 0.005; Figure 4B), and Ccl12 

(F3,21 = 4.126, p < 0.05; Figure 4C), as well as anti-inflammatory cell-surface marker Cd36 

(F3,21 = 5.257, p < 0.01; Figure 4G). Post hoc analyses found that both the TBI and MULTI 

groups had significantly increased Ccl4 mRNA levels compared to the CTX group (p < 0.05), 

and that the MULTI group was also significantly higher than the SHAM group (p < 0.05). Both 

the TBI and MULTI groups appeared to have elevated levels of Ccl2 and Ccl12, however post 

hoc analyses did not reach statistical significance after Bonferroni corrections. For Cd36, the 

MULTI group had significantly higher mRNA levels than both the CTX and SHAM groups (p 

< 0.05). There were no significant differences on mRNA levels of Il-1β, Tnf-, Il-6, Il-4rα, or 

Tgf-β1.  The TBI and MULTI groups were not significantly different on any of the 24 h RT-

qPCR measures. 
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Figure 4. mRNA levels of pro- (A-F) and anti-inflammatory (G-I) cytokines in the ipsilateral 

cortex at 24h post-injury. There was a significant effect of injury on Ccl2 (A) and Ccl12 (C). 

Although TBI and MULTI groups appeared to have similarly elevated levels of Ccl2 and Ccl12, 

post hoc analyses did not reach statistical significance after Bonferroni corrections. (B) Both 

the TBI and MULTI groups had significantly increased Ccl4 mRNA levels compared to the 

CTX group, and that the MULTI group was also significantly higher than the SHAM group. 

(G) The MULTI group had significantly higher mRNA levels of Cd36 than both the CTX and 

SHAM groups. There were no significant differences on mRNA levels of Il-1β (D), Tnf- (E), 

Il-6 (F), Il-4rα (H), or Tgf-β1 (I).  * = different than CTX; ** = different than SHAM and CTX; 

p < .05. See Results for additional details. 

 

At 35 days post-injury, ANOVA indicated a significant effect of injury on the mRNA levels of 

Ccl4 (F3,27 = 3.217, p < 0.05; Figure 5B) and Cd36 (F3,27 = 3.124, p < 0.05; Figure 5G). 
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Although TBI and MULTI groups appeared to have similarly elevated levels of both Ccl4 and 

Cd36 relative to the SHAM and CTX groups, post hoc analyses did not reach statistical 

significance after Bonferroni corrections. There were no significant differences on mRNA 

levels of Ccl2, Ccl12, Il-1β, Tnf-, Il-6, Il-4rα, or Tgf-β1. The TBI and MULTI groups were 

not significantly different on any of the 35 day RT-qPCR measures. 

 

Figure 5. mRNA levels of pro- (A-F) and anti-inflammatory (G-I) cytokines in the ipsilateral 

cortex at 35 days post-injury. There was a significant effect of injury on Ccl4 (B) and Cd36 

(G). Although TBI and MULTI groups appeared to have similarly elevated levels of Ccl4 and 

Cd36, post hoc analyses did not reach statistical significance after Bonferroni corrections. 
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There were no significant differences on mRNA levels of Ccl2 (A), Ccl12 (C), Il-1β (D), Tnf-

 (E), Il-6 (F), Il-4rα (H), or Tgf-β1 (I).  

 

There were no statistically significant findings between the experimental groups on any of the 

behavioral measures after a 30-day period of recovery after injury (Figure 6, p > 0.05). 

 

Figure 6. There were no significant differences between the groups on any of the behavioral 

measures. (A) Distance traveled in open field. (B) Time spent in open arm of the elevated plus 

maze. (C) Time spent in the novel arm of the Y-maze. (D) Time spent on rotarod. 

 

4 Discussion 
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This study investigated whether a concomitant muscle injury affected TBI pathophysiology 

and behavioral outcomes by combining mouse models of a closed-skull TBI and a CTX-

induced muscle injury. Both groups that were given a TBI (i.e., isolated TBI and the MULTI) 

had worse acute injury measures (i.e., longer apnea, unconsciousness, and self-righting times); 

increased brain water content (i.e., edema); and elevated markers for astrogliosis (i.e., GFAP), 

neutrophils (i.e., MPO), and inflammatory chemokines. Overall, the isolated TBI and MULTI 

groups were not significantly different on any of the measures that were assessed, and there is 

little evidence from this initial study to suggest that a concomitant CTX muscle injury 

significantly impacts the aftermath of TBI.  

These findings are in contrast to previous studies that have found that other forms of 

concomitant extracranial trauma can exacerbate TBI outcomes (Maegele et al., 2005; Maegele 

et al., 2007; Shultz et al., 2015; McDonald et al., 2016). For example, a previous study from 

our laboratory found that, when compared to an isolated TBI, mice given a combined tibial 

fracture and closed-skull TBI had elevated edema at 24 h after injury; heightened 

neuroinflammation at 24 h and 35 days after injury; behavioral abnormalities at 35 days after 

injury; and enlarged ventricles and diffusion MRI abnormalities at 35 days after injury (Shultz 

et al., 2015). Notably, these exacerbated outcomes in the tibial fracture + TBI mice were 

associated with a robust upregulation of the pro-inflammatory cytokine IL-1 in the injured 

cortex that was present at both 24 h and 35 days post-injury. Similarly, another previous study 

found that peripheral administration of IL-1 either 30 minutes or 24 h following TBI resulted 

in worse behavioral deficits and increased brain damage in rats (Utagawa et al., 2008). We 

therefore studied whether treatment with an IL-1 receptor antagonist (IL-1ra) beginning one 

hour post-injury would improve outcomes in the combined tibial fracture + TBI model, and 

found that the IL-1ra treatment mitigated brain damage and neuroinflammation (Sun et al., 

2017). As such, early IL-1 signaling appears to play a central role in the effects that an 
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extracranial trauma can have on TBI. Consistent with this notion, in the current study the 

isolated TBI group and the CTX + TBI groups did not significantly differ on the measure of Il-

1 mRNA levels – which may have contributed to the lack of other differences between these 

groups.  

CTX is a protein kinase C-specific inhibitor that induces depolarization and contraction of 

muscle cells, and consequently damages the structure of cell membranes (Chang et al., 1972; 

Hardy et al., 2016). It is recognized as one of most common and reliable muscle injury models, 

and results in physiological events that occur in human muscle injury, including an 

inflammatory response (Ramadasan-Nair et al., 2014; Hardy et al., 2016; Paiva-Oliveira et al., 

2017). Indeed, the current study found that the gene expression of several inflammatory 

markers (i.e., CCL2, CCL4, G-CSFr, and TGF-β) indicative of muscle injury were elevated at 

24 h post-injury (Hirata et al., 2003). However, studies that have characterized the expression 

of various cytokines after CTX injury have found that IL-1 is not upregulated until four-seven 

days post-CTX (Hirata et al., 2003; Ramadasan-Nair et al., 2014). On the other hand, IL-1 

reaches peak levels within 24 h after tibial fracture in mice (Kon et al., 2001). As such, although 

CTX does result in a delayed increase in IL-1, it may occur outside of the temporal window 

for IL-1 to alter TBI pathophysiology in a meaningful manner. Also, while in the previous 

fracture + TBI model, at 24 h post-injury we found more neutrophils in the brain tissue of the 

fracture + TBI mice than the TBI only mice (Shultz et al, 2015), this was not the case in the 

CTX + TBI model. Together these studies could possibly suggest that the extent of neutrophil 

mobilization from bodily reservoirs was greater in the fracture + TBI case, and as a result more 

neutrophils infiltrated the brain and exacerbated neuroinflammation. Moreover, it could be that 

the severity/degree of the extracranial injury affected the extent of circulating neutrophil 

mobilization, other than the type of the injury itself. Future studies should include further 

analysis of the systemic response to the injury to better understand the underlying mechanism. 
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There are limitations with this study that should be considered when interpreting the findings 

and pondering future directions. In this study, outcomes were assessed at either 24 h or 30-35 

days post-injury, which is consistent with our previous paper that investigated the effect of 

fracture on TBI (Shultz et al., 2015). However, the pathophysiology of TBI, including 

neuroinflammation, has temporal complexities and future studies could employ additional 

recovery times to better characterize the potential effect of muscle injury on TBI. As discussed 

above, different forms of extracranial traumas (i.e., facture versus muscle injury) have very 

different inflammatory profiles and temporal complexities that may affect TBI at different 

recovery times. This study also focused on neuroinflammation, however other physiological 

processes involved in TBI should also be explored. Furthermore, although no significant 

differences between the TBI and MULTI groups were found at one month post-injury, it is 

possible that differences may have eventually manifested if a longer recovery time was 

investigated. The current study was also limited to a single time-point for behavioral testing, 

and a limited number of tasks within that timeframe. Related to this, a large portion of TBI 

patients suffer from depression (Jorge et al., 2004) and sleep disturbances (Castriotta et al., 

2007), and therefore behavioral testing related to these clinical deficits could be of interest, but 

were not included in this study due to the limited time and the lack of accessible methods. 

Future studies could investigate functional outcomes at a number of acute, sub-acute and 

chronic recovery time-points and include additional behavioral tasks. The lack of behavioral 

deficits and minimal neuroinflammation in the mice given a TBI in the current study is likely 

due to the relatively mild nature of the model (i.e., in comparison to the more robust functional 

deficits and brain damage observed on other preclinical TBI models such as the fluid 

percussion injury and controlled cortical impact; Brady et al., 2018). Indeed, in our prior study 

that examined the effects of fracture on TBI it was only the mice that were given the 

multitrauma that had significant behavioural deficits. Although the current TBI model did 
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result in clear pathological changes, future studies could employ more severe models that 

consistently induce functional deficits, such as the fluid percussion injury or controlled cortical 

impact model (McDonald et al., 2016; Shultz et al., 2017; Sun et al., 2018). It may also be 

worthwhile for future studies to utilize other muscle injury models. Here we applied a CTX-

induced injury as it is a well characterized, reproducible, and commonly used model that 

involves a peripheral inflammatory response. However, future studies could examine whether 

a more traumatic model (e.g., crush injury), or a multi-focal muscle injury model which is more 

clinically relevant, may have different effects on TBI outcomes. Future studies could also 

consider the location of the muscle injury, for example, fascial versus distal, that may have 

different effects on TBI. Indeed, a study comparing different muscle injury models found that 

although they all involved a form of an inflammatory response, some of the inflammatory 

factors and their trajectories differed between models (Hardy et al., 2016). 

In conclusion, TBI is a highly heterogeneous condition and often involves multitrauma. 

Clinical studies suggest that peripheral injuries are associated with an increased risk of 

mortality and functional deficits in TBI patients, particularly when severe extracranial injuries 

are combined with mild to moderate TBI (McDonald et al., 2016). Previous studies in rodents 

have found that forms of concomitant extracranial inflammatory insults, such as a long bone 

fracture, can exacerbate TBI outcomes (Shultz et al., 2015; Yang et al., 2016). Contrary to 

these findings, here we found that mice given a TBI and concomitant CTX muscle injury did 

not differ from mice given an isolated TBI on any of the outcomes that were measured. These 

initial findings suggest that a muscle injury does not significantly impact TBI, and that the 

effect of extracranial trauma on TBI may be trauma specific. However, future studies that 

employ different TBI and muscle/extracranial injury models, as well as different time points 

and outcomes, should be conducted to allow for more concrete conclusions.  

5 Conflict of interest 

83



The authors declare that the research was conducted in the absence of any commercial or 

financial relationships that could be construed as a potential conflict of interest. 

6 Author contributions 

SRS, SJM, BDS, TJO, JEC conceptualized and designed the study. RDB, CvdP, SJM, and SRS 

completed all injuries. MS and DA completed behavioral testing and post-mortem analysis. All 

authors contributed to the interpretation of the data and writing of the manuscript. All authors 

read and approved the final manuscript.  

7 Funding 

This work was supported by a fellowship to SRS from the National Health and Medical 

Research Council, and a grant to SJM and JEC from La Trobe University (RFA Understanding 

Disease). 

References 

Ansari, M.A., Roberts, K.N., Scheff, S.W. (2008). A time course of contusion-induced 

oxidative stress and synaptic proteins in cortex in a rat model of TBI. J. Neurotrauma 25, 513-

526. 

Awasthi, D., Church, D.F., Torbati, D., Carey, M.E., Pryor, W.A. (1997). Oxidative stress 

following traumatic brain injury in rats. Surg. Neurol. 47, 575-581. 

Blennow, K., Hardy, J., Zetterberg, H. (2012). The neuropathology and neurobiology of 

traumatic brain injury. Neuron 76, 886-899. 

Brady, R.D., Caillas-Espinosa, P.M., Agoston, D.V., Bertram, E.H., Kamnaksh, A., Semple, 

B.D., Shultz, S.R. (2018). Modelling traumatic brain injury and posttraumatic epilepsy. 

Neurobiol. Dis. Epub ahead of print. 

84



Castriotta, R.J., Wilde, M.C., Lai, J.M., Atanasov, S., Masel, B.E., Kuna, S.T. (2007). 

Prevalence and consequences of sleep disorders in traumatic brain injury. J. Clin. Sleep Med. 

3, 349-356. 

Chang, C., Chuang, S.T., Lee, C., Wei, J. (1972). Role of cardiotoxin and phospholipase A in 

the blockade of nerve conduction and depolarization of skeletal muscle induced by cobra 

venom. Br. J. Pharmacol. 44, 752-764. 

Eng, L.F., Ghirnikar, R.S., Lee, Y.L. (2000). Glial fibrillary acidic protein: GFAP-thirty-one 

years (1969–2000). Neurochem. Res. 25, 1439-1451. 

Fielding, R., Manfredi, T., Ding, W., Fiatarone, M., Evans, W., Cannon, J.G. (1993). Acute 

phase response in exercise. III. Neutrophil and IL-1 beta accumulation in skeletal muscle. Am. 

J. Physiol. Regul. Integr. Comp. Physiol. 265, R166-R172. 

Flierl, M.A., Stahel, P.F., Beauchamp, K.M., Morgan, S.J., Smith, W.R., Shohami, E. (2009). 

Mouse closed head injury model induced by a weight-drop device. Nat. Protoc. 4, 1328-1337. 

Groswasser, Z., Cohen, M., Blankstein, E. (1990). Polytrauma associated with traumatic brain 

injury: incidence, nature and impact on rehabilitation outcome. Brain Injury 4, 161-166. 

Hardy, D., Besnard, A., Latil, M., Jouvion, G., Briand, D., Thépenier, C., Pascal, Q., Guguin, 

A., Gayraud-Morel, B., Cavaillon, J.M. (2016). Comparative study of injury models for 

studying muscle regeneration in mice. PloS One 11:e0147198. doi: 

10.1371/journal.pone.0147198 

Hirata, A., Masuda, S., Tamura, T., Kai, K., Ojima, K., Fukase, A., Motoyoshi, K., Kamakura, 

K., Miyagoe-Suzuki, Y., Takeda, S.i. (2003). Expression profiling of cytokines and related 

genes in regenerating skeletal muscle after cardiotoxin injection: a role for osteopontin. Am. J. 

Pathol. 163, 203-215. 

85



Imai, Y., Ibata, I., Ito, D., Ohsawa, K., Kohsaka, S. (1996). A novel geneiba1in the major 

histocompatibility complex class III region encoding an EF hand protein expressed in a 

monocytic lineage. Biochem. Biophys. Res. Commun. 224, 855-862. 

Järvinen, T.A., Järvinen, T.L., Kääriäinen, M., Kalimo, H., Järvinen, M. (2005). Muscle 

injuries. Am. J. Sports Med. 33, 745-764. 

Jorge, R.E., Robinson, R.G., Moser, D., Tateno, A., Crespo-Facorro, B., Arndt, S. (2004). 

Major depression following traumatic brain injury. Arch. Gen. Psychiatry 61, 42-50. 

Karalaki, M., Fili, S., Philippou, A., Koutsilieris, M. (2009). Muscle regeneration: cellular and 

molecular events. In Vivo 23, 779-796. 

Kon, T., Cho, T.J., Aizawa, T., Yamazaki, M., Nooh, N., Graves, D., Gerstenfeld, L.C., 

Einhorn, T.A. (2001). Expression of osteoprotegerin, receptor activator of NF‐κB ligand 

(osteoprotegerin ligand) and related proinflammatory cytokines during fracture healing. J. 

Bone Miner. Res. 16, 1004-1014. 

Leitgeb, J., Mauritz, W., Brazinova, A., Majdan, M., Wilbacher, I. (2013). Impact of 

concomitant injuries on outcomes after traumatic brain injury. Arch. Orthop. Trauma Surg. 133, 

659-668.  

Lu, J., Allred, C., Jensen, M. (2017). Human adipose tissue protein analyses using capillary 

western blot technology. Nutr. Diabetes 7:e287. doi:10.1038/nutd.2017.35 

Maegele, M., Riess, P., Sauerland, S., Bouillon, B., Hess, S., McIntosh, T.K., Mautes, A., 

Brockmann, M., Koebke, J., Knifka, J. (2005). Characterization of a new rat model of 

experimental combined neurotrauma. Shock 23, 476-481. 

86



Maegele, M., Sauerland, S., Bouillon, B., Schäfer, U., Trübel, H., Riess, P., Neugebauer, E. 

(2007). Differential immunoresponses following experimental traumatic brain injury, bone 

fracture and “two-hit”-combined neurotrauma. Inflamm. Res. 56, 318-323. 

Mahoney, D.J., Carey, K., Fu, M.H., Snow, R., Smith, D.C., Parise, G., Tarnopolsky, M.A. 

(2004). Real-time RT-PCR analysis of housekeeping genes in human skeletal muscle following 

acute exercise. Physiol. Genomics 18, 226-231. 

Martinez, L., Ermolova, N.V., Ishikawa, T.-O., Stout, D.B., Herschman, H.R., Spencer, M.J. 

(2015). A reporter mouse for optical imaging of inflammation in mdx muscles. Skelet. Muscle. 

5:15. doi: 10.1186/s13395-015-0042-x 

McDonald, S.J., Dooley, P.C., McDonald, A.C., Djouma, E., Schuijers, J.A., Ward, A.R., 

Grills, B.L. (2011). α1 adrenergic receptor agonist, phenylephrine, actively contracts early rat 

rib fracture callus ex vivo. J. Orthop. Res. 29, 740-745. 

McDonald, S.J., Sun, M., Agoston, D.V., Shultz, S.R. (2016). The effect of concomitant 

peripheral injury on traumatic brain injury pathobiology and outcome. J. Neuroinflammation. 

13:90. doi: 10.1186/s12974-016-0555-1 

Miñambres, E., Ballesteros, M.A., Mayorga, M., Marin, M.J., Muñoz, P., Figols, J., López-

Hoyos, M. (2008). Cerebral apoptosis in severe traumatic brain injury patients: an in vitro, in 

vivo, and postmortem study. J. Neurotrauma 25, 581-591. 

Morganti, J.M., Riparip, L.K., Rosi, S. (2016). Call off the dog (ma): M1/M2 polarization is 

concurrent following traumatic brain injury. PloS One 11:e0148001. doi:  

10.1371/journal.pone.0148001 

Nguyen, M.H., Cheng, M., Koh, T.J. (2011). Impaired muscle regeneration in ob/ob and db/db 

mice. ScientificWorldJournal. 11, 1525-1535. 

87



Ohsawa, K., Imai, Y., Sasaki, Y., Kohsaka, S. (2004). Microglia/macrophage-specific protein 

Iba1 binds to fimbrin and enhances its actin‐bundling activity. J. Neurochem. 88, 844-856. 

Paiva-Oliveira, E.L., da Silva, R.F., Bellio, M., Quirico-Santos, T., Lagrota-Candido, J. (2017). 

Pattern of cardiotoxin-induced muscle remodeling in distinct TLR-4 deficient mouse strains. 

Histochem. Cell Biol. 148, 49-60. 

Probst, C., Pape, H.C., Hildebrand, F., Regel, G., Mahlke, L., Giannoudis, P., Krettek, C., Grotz, 

M.R.W. (2009). 30 years of polytrauma care: An analysis of the change in strategies and results 

of 4849 cases treated at a single institution. Injury 40, 77-83. 

Ramadasan-Nair, R., Gayathri, N., Mishra, S., Sunitha, B., Mythri, R.B., Nalini, A., 

Subbannayya, Y., Harsha, H.C., Kolthur-Seetharam, U., Bharath, M.M.S. (2014). 

Mitochondrial alterations and oxidative stress in an acute transient mouse model of muscle 

degeneration implications for muscular dystrophy and related muscle pathologies. J. Biol. 

Chem. 289, 485-509. 

Shlosberg, D., Benifla, M., Kaufer, D., Friedman, A. (2010). Blood–brain barrier breakdown 

as a therapeutic target in traumatic brain injury. Nat. Rev. Neurol. 6, 393-403. 

Shultz, S.R., Bao, F., Omana, V., Chiu, C., Brown, A., Cain, D.P. (2012). Repeated mild lateral 

fluid percussion brain injury in the rat causes cumulative long-term behavioral impairments, 

neuroinflammation, and cortical loss in an animal model of repeated concussion. J. 

Neurotrauma 29, 281-294. 

Shultz, S.R., Bao, F., Weaver, L.C., Cain, D.P., Brown, A. (2013). Treatment with an anti-

CD11d integrin antibody reduces neuroinflammation and improves outcome in a rat model of 

repeated concussion. J. Neuroinflammation 10, 26-26. 

88



Shultz, S.R., MacFabe, D.F., Foley, K.A., Taylor, R., Cain, D.P. (2011). A single mild fluid 

percussion injury induces short-term behavioral and neuropathological changes in the Long–

Evans rat: Support for an animal model of concussion. Behav. Brain Res. 224, 326-335. 

Shultz, S.R., McDonald, S.J., Haar, C.V., Meconi, A., Vink, R., van Donkelaar, P., Taneja, C., 

Iverson, G.L., Christie, B.R. (2017). The potential for animal models to provide insight into 

mild traumatic brain injury: translational challenges and strategies. Neurosci. Biobehav. Rev. 

76, 396-414. 

Shultz, S.R., Sun, M., Wright, D.K., Brady, R.D., Liu, S., Beynon, S., Schmidt, S.F., Kaye, 

A.H., Hamilton, J.A., O'Brien, T.J. (2015). Tibial fracture exacerbates traumatic brain injury

outcomes and neuroinflammation in a novel mouse model of multitrauma. J. Cereb. Blood 

Flow Metab. 35, 1339-1347. 

Shultz, S.R., Tan, X.L., Wright, D.K., Liu, S.J., Semple, B.D., Johnston, L., Jones, N.C., Cook, 

A.D., Hamilton, J.A., O'Brien, T.J. (2014). Granulocyte-macrophage colony-stimulating factor

is neuroprotective in experimental traumatic brain injury. J. Neurotrauma 31, 976-983. 

Siegel, J.H., Gens, D.R., Mamantov, T., Geisler, F.H., Goodarzi, S., Mackenzie, E.J. (1991). 

Effect of associated injuries and blood volume replacement on death, rehabilitation needs, and 

disability in blunt traumatic brain injury. Crit. Care Med. 19, 1252-1298. 

Smith, C., Kruger, M.J., Smith, R.M., Myburgh, K.H. (2008). The inflammatory response to 

skeletal muscle injury. Sports Med. 38, 947-969. 

Sun, M., Brady, R.D., Wright, D.K., Kim, H.A., Zhang, S.R., Sobey, C.G., Johnstone, M.R., 

O'Brien, T.J., Semple, B.D., McDonald, S.J. (2017). Treatment with an interleukin-1 receptor 

antagonist mitigates neuroinflammation and brain damage after polytrauma. Brain Behav. 

Immun. 66, 359-371. 

89



Sun, M., McDonald, S.J., Brady, R.D., O'Brien, T.J., Shultz, S.R. (2018). The influence of 

immunological stressors on traumatic brain injury. Brain Behav. Immun. 69, 618-628. 

Utagawa, A., Truettner, J.S., Dietrich, W.D., Bramlett, H.M. (2008). Systemic inflammation 

exacerbates behavioral and histopathological consequences of isolated traumatic brain injury 

in rats. Exp. Neurol. 211, 283-291. 

van Leeuwen, N., Lingsma, H.F., Perel, P., Lecky, F., Roozenbeek, B., Lu, J., Shakur, H., Weir, 

J., Steyerberg, E.W., Maas, A.I., International Mission on Prognosis and Clinical Trial Design 

in TBI Study Group, Corticosteroid Randomization After Significant Head Injury Trial 

Collaborators, Trauma Audit and Research Network (2012). Prognostic value of major 

extracranial injury in traumatic brain injury: an individual patient data meta-analysis in 39,274 

patients. Neurosurgery 70, 811-818. 

Webster, K.M., Wright, D.K., Sun, M., Semple, B.D., Ozturk, E., Stein, D.G., O'Brien, T.J., 

Shultz, S.R. (2015). Progesterone treatment reduces neuroinflammation, oxidative stress and 

brain damage and improves long-term outcomes in a rat model of repeated mild traumatic brain 

injury. J. Neuroinflammation 12, 238-238. 

Wolf, A., Bauer, B., Abner, E.L., Ashkenazy-Frolinger, T., Hartz, A.M. (2016). A 

comprehensive behavioral test battery to assess learning and memory in 129S6/Tg2576 mice. 

PloS One 11:e0147733. doi: 10.1371/journal.pone.0147733 

Xiong, Y., Mahmood, A., Chopp, M. (2013). Animal models of traumatic brain injury. Nat. 

Rev. Neurosci. 14, 128-142. 

Yang, L., Guo, Y., Wen, D., Chen, Y., Zhang, G., Fan, Z. (2016). Bone fracture enhances 

trauma brain injury. Scand. J. Immunol. 83, 26-32. 

 

90



Aged Rats Have an Altered Immune Response and 

Worse Outcomes After Brain Injury 

Chapter 6 

91



Title: Aged rats have an altered immune response and worse outcomes after brain injury 

Authors: Mujun Sun MSc1,2*, Rhys D. Brady PhD1,2*, Pablo M. Casillas-Espinosa 

MD1,2, David K. Wright PhD1 Bridgette D. Semple PhD1,2, Stuart J. McDonald 

PhD1,3, Richelle Mychasiuk PhD1,4, Hyun Ah Kim PhD3, Christopher G. Sobey PhD3, Terence 

J. O'Brien MD1,2, Antony Vinh PhD3, Sandy R. Shultz PhD1,2#

Institutes: 

1Department of Neuroscience, Central Clinical School, Monash University, VIC, 3004, 

Australia

2Department of Medicine, The Royal Melbourne Hospital, The University of Melbourne, VIC, 

3052,

3Department of Physiology, Anatomy and Microbiology, La Trobe University, Bundoora, 

VIC, Australia 

4 Department of Psychology, University of Calgary, Calgary, AB, Canada 

*Authors contributed equally to this work

# To whom correspondence should be addressed: 

Associate Professor Sandy R Shultz 

Department of Neuroscience, Monash University, Melbourne, VIC, 3004, Australia 

Phone: +61 3 99030268; Fax: +61 3 93471863  

E-mail: sandy.shultz@monash.edu

Running head: Aged rats have worse brain injury outcomes  

Number of characters in title: 79; running head: 42. 

Number of words in abstract: 246; introduction: 388; discussion: 1320; body of the 

manuscript: 4500.  

Number of noncolored figures: 6; colored figures: 2; tables: 0. 

92

mailto:sshultz@unimelb.edu.au


Abstract 

Objective: Initial studies suggest that increased age is associated with worse outcomes after 

traumatic brain injury (TBI), though the pathophysiological mechanisms responsible for this 

remain unclear. Immunosenescence (i.e., dysregulation of the immune system due to aging) 

may play a significant role in influencing TBI outcomes. This study therefore examined 

neurological outcomes and immune response in young-adult (i.e., 10 weeks old) compared to 

middle-aged (i.e., 1 year old) rats following a TBI (i.e., fluid percussion) or sham-injury. 

Methods: Rats were euthanized at either 24 h or one-week post-injury to analyze immune cell 

populations in the brain and periphery via flow cytometry, as well as telomere length (i.e., a 

biomarker of neurological health). Behavioral testing, as well as volumetric and diffusion-

weighted MRI, were also performed in the one-week recovery rats to assess for functional 

deficits and brain damage.  

Results: Middle-aged rats had worse sensorimotor deficits and shorter telomeres after TBI 

compared to young rats. Both aging and TBI resulted in worse cognitive function and reduced 

cortical volume. These changes occurred in the presence of fewer total leukocytes, fewer 

infiltrating myeloid cells, and fewer microglia in the brains of middle-aged TBI rats compared 

to young rats.  

Interpretation: Middle-aged rats have worse functional deficits, decreased cortical volume, 

and shorter telomeres after TBI than young rats, and this may be related to an altered 

neuroimmune response. Although further studies are required, these findings have important 

implications for understanding the pathophysiology and optimal treatment strategies in TBI 

patients across the life span. 

Key words: neuroinflammation, aging, immunosenescence, immunology, MRI, DTI 
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Introduction 

Traumatic brain injury (TBI) is a neurological condition that is induced by an external 

mechanical force to the brain.1,2 With an aging global population,3 the number of TBI cases in 

older individuals is increasing.4 Initial studies investigating the effect of age on TBI outcomes 

indicate that increased age at the time of TBI is associated with increased mortality and 

hospitalization rates, as well as worse functional outcomes.5,6 However, the functional and 

pathological effects of TBI in aging individuals are understudied and poorly understood. 

Furthermore, the pathophysiological mechanisms that contribute to worse TBI outcomes with 

aging remain to be elucidated.   

One of the most common and influential secondary injury pathways in TBI is an 

immune response.7-11 A number of immune factors contribute to secondary injury after TBI, 

though it is must be acknowledged that the immune response is also beneficial, if not essential, 

in TBI recovery.11,12 Briefly, the immune response in TBI involves the activation of brain-

resident microglia and astrocytes, the release of inflammatory cytokines and adhesion 

molecules, opening of the blood-brain barrier, and the migration of peripheral leukocytes (e.g., 

neutrophils, macrophages) across the blood-brain barrier and into the brain.11,13-15 This 

response is initiated within minutes of TBI and can persist for months.8,9,14,16 

Although commonly examined in young adults,16,17 few studies have investigated how 

the immune response to TBI changes with aging. Notably, aging is associated with 

deterioration and dysregulation of the immune system, a process referred to as 

‘immunosenescence’.3,18 Immunosenescence involves reduced immunological competence in 

response to antigens and an altered inflammatory response.3,18,19 Aged neutrophils and 

macrophages have impaired chemotaxis and phagocytosis, as well as a decreased ability to up-

regulate inflammatory cytokine production.20-22 Aged microglia have altered morphology, with 
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diminished chemotactic and phagocytic activity.23 However, how aging modulates the immune 

response following a TBI, and how this relates to functional deficits and brain damage, is not 

well characterized. Such information would have important implications in understanding age-

specific pathophysiology and optimal treatment strategies in TBI patients. As such, this study 

examined behavior, brain damage, and immune response in young-adult and middle-aged rats 

given a TBI. We also investigated telomere length, a biomarker of neurological health, which 

are shortened after TBI and with aging.24-28 It was hypothesized that the middle-aged rats would 

have worse outcomes, shorter telomeres, as well as an altered immune response, relative to 

their younger counterparts.  

Materials and Methods 

Animals 

93 male Wistar rats were obtained from an inbred colony at the Royal Melbourne 

Hospital. Rats were either young adult (i.e., 10 weeks) or middle-aged (i.e., 1 year old) at the 

time of injury. All procedures were approved by The Florey Institute Animal Ethics Committee, 

and were conducted in alignment with the guidelines of the Australian Code of Practice for the 

Care and Use of Animals for Scientific Purposes by the Australian NHMRC.  

Experimental groups 

Rats received either a sham or moderate fluid percussion injury (FPI)29. Rats that died 

acutely after FPI (6/27 young; 6/26 aged) were excluded from the study. A proportion of the 

rats (Young+Sham = 8; Aged+Sham = 7; Young+TBI = 7; Aged+TBI = 9) were euthanized at 

24 h post-injury for flow cytometry and qPCR telomere length analysis. The remaining rats 

(Young+Sham = 14; Aged+Sham = 11; Young+TBI = 14; Aged+TBI = 11) underwent 
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behavioral testing and were euthanized at one-week post-injury for flow cytometry, ex vivo 

MRI, and qPCR telomere analysis. 

Fluid percussion injury (FPI) 

As previously described, moderate TBI was induced by a lateral FPI (centered 4.5 mm 

posterior and 2.5 mm to the left of Bregma, force of 2.0 atmospheres).1,16,30,31 The rats in the 

sham groups received identical procedures as those in the FPI groups, except they did not 

receive the fluid pulse.13,32 Duration of apnea, loss of consciousness (i.e., hind-limb withdrawal 

to toe pinch), and the latency to self-right were recorded as indicators of acute injury 

severity.16,31 TBI groups had significantly longer apnea, unconsciousness, and self-righting 

times than sham groups (p ≤ 0.05), while there were no statistically significant differences 

between the Young+TBI and Aged+TBI groups.  

Behavioral testing 

Neurological motor function was assessed in the one-week recovery rats using the 

composite neuromotor score at two, four, and six days post-injury as previously described.33 

The neuromotor score included left and right contraflexion forelimb tests, left and right 

hindlimb flexion tests, left and right lateral pulsion tests, and angle board testing (Keele 

Industries, Brunswick, Australia). On day four post-injury, rats underwent the elevated-plus 

maze test to assess anxiety-like behavior as previously described.16,31 Rats were then tested in 

a circular open field (100 cm diameter) to analyze locomotion.34 On day five post-injury, 

sensorimotor function was analyzed using the beam task as previously described.13 On days 

five and six post-injury, spatial cognition was assessed using the circular water maze (163 cm 

diameter) as previously described.13,16,32  

MRI 
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Ex vivo structural and diffusion-weighted MRI were used to investigate the degree of 

grey and white matter damage one-week after TBI.26,35,36 The one-week recovery rats that were 

not used for FACS, were anesthetized and perfused transcardially with saline, followed by 4% 

paraformaldehyde. The entire brains were dissected and embedded in agar prior to scanning.35 

MRI data was acquired using a 9.4T, Avance IIIHD scanner. A three-plane localizer sequence 

followed by multi-slice scout images in coronal, axial and sagittal planes were completed to 

establish the correct position of the brain.36 T2
*-weighted images were obtained in the axial 

plane using a 3D multiple-gradient echo sequence with the following parameters:  repetition 

time (TR) = 110 ms; echo time (TE) = 4, 8, 12…48 ms; scan time = 23 minutes 42 s; matrix 

size =19215484; field of view (FOV) = 25.9220.7911.34 mm3; spatial resolution (RES) 

= 0.1350.1350.135 mm3.  

Diffusion-weighted imaging was performed using a 2D echo planar sequence with the 

following imaging parameters: TR = 500 ms; TE = 43 ms; segments = 3; scan time = 2 h 8 

minutes; diffusion duration = 4.5 ms; diffusion separation = 10.34 ms; directions = 60; b-value 

= 4000 s/mm2; matrix size = 19215484; FOV = 25.9220.7911.34 mm3; RES = 

0.1350.1350.135 mm3. 

For volumetric analysis, the mean echo image was calculated and the cortex and corpus 

callosum were manually outlined in each hemisphere on 14 consecutive coronal slices using 

ITK-SNAP software (www.itksnap.org).36,37 Volumes were calculated using MATLAB 

(Mathworks, Natick, USA).36 The corpus callosum was manually outlined for each rat on the 

fractional anisotropy (FA) image and the mean FA value was calculated. 

Telomere length 

Ear samples (5-9/group) were collected at the time of death from the 24 h and one-week 

post-injury rats for telomere length analysis as previously described.27,38 
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Fluorescence-activated cell sorting (FACS) 

At 24 h or one-week post-injury, rats (5-6/group) underwent blood collection via 

cardiac puncture. About 8 rats were included on each day of FACS analysis, with 

randomization applied to the experimental groups and the processing order. Immediately after 

cardiac puncture the rats were transcardially perfused with 200 mL of chilled phosphate-

buffered saline (PBS). The ipsilateral and contralateral hemispheres of the brain (with the 

exception of the cerebellum which was removed), as well as the spleen, were then rapidly 

collected and stored in PBS on ice. Leukocytes were purified from blood using red blood cell 

lysis buffer.39 Spleens were mechanically dissociated and passed through a 70 μm filter (Falcon; 

BR Biosciences) to obtain a single-cell suspension, and were then lysed with red blood cell 

lysis buffer.39 Each brain hemisphere was enzymatically digested using collagenase type IX 

(125 U/mL), hyaluronidase IS (60 U/mL) and collagenase type IS (450 U/mL) dissolved in 

PBS containing calcium and magnesium for 45 minutes at 37°C. Digested samples were then 

passed through a 70 μm filter (Falcon; BR Biosciences) to yield a single-cell suspension. 

Leukocytes were then isolated from the cell suspension using a discontinuous percoll gradient 

centrifugation (30%/70% isotonic percoll; GE Healthcare) for 25 minutes at room temperature 

at a speed of 2700 RPM with the brake off. Mononuclear cells were then removed from the 

30%/70% interface and washed with PBS. 

To exclude dead cells, a live/dead aqua viability stain (Invitrogen) was applied before 

surface staining. The cells were then stained with the following fluorophore-conjugated 

antibodies: Leukocytes (PE Cy7 anti-CD45; OX1; Biolegend); Myeloid cells (FITC anti-OX82; 

Biolegend); and T-cells (PE anti-CD3; clone 1F4; Biolegend). Cells were washed with staining 

buffer (0.5% bovine serum albumin in PBS) and then analyzed on a Cytoflex LX flow 

cytometer (Beckman Coulter). Blood and splenic leukocyte populations and the total number 
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of brain infiltrating immune cells and resident microglia were analyzed using FlowJo software 

(Version 10, Treestar). See Table 1 for gating strategy. 

Cell type Brain Blood/Spleen 

Leukocytes CD45+ 

Myeloid cells CD45+OX82+ 

Infiltrating myeloid cells CD45hi+OX82+ n/a 

Microglia CD45lo+OX82+ n/a 

T cells CD45+CD3+ 

T helper cells CD45+CD3+CD4+ 

Cytotoxic T cells CD45+CD3+CD8+ 

T regulatory cells CD45+CD3+CD4+FoxP3+ 

Table 1. FACS gating strategy. 

Countbright counting beads (Invitrogen, Carlsbad, USA) were included to define the 

absolute number of cells in the samples. A total of 25,000 beads were added to each brain 

sample and a stopping gate was set as 20,000 bead events. For blood and spleen samples, cell 

counts were normalized to live cell counts from trypan blue exclusion staining prior to flow 

cytometry. All analyses were performed following gating of singlets when comparing FSC-A 

versus FSC-H axes. 

Statistical analysis 
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Data were analyzed with SPSS 23.0 software (IBM Corp, Armonk, USA). Neuromotor 

score was analyzed by mixed-design analysis of variance (ANOVA), with age (young versus 

aged) and injury (sham versus TBI) as between-subjects variables and day as the within-

subjects variable. The water maze searching time was analyzed by mixed-design analysis of 

covariance (ANCOVA), with age and injury as between-subjects variables, trial as the within-

subjects variable, and swim speed as the covariate. Other behavior and MRI outcomes were 

analyzed by 2-way ANOVA, with age and injury as between-subject factors. Telomere length 

and flow cytometry data were analyzed using 3-way ANOVA, with age, injury, and recovery 

time as between-subject variables. Bonferroni post-hoc comparisons were carried out when 

appropriate. Statistical significance was set as p ≤ 0.05. 

Results 

Middle-aged rats have worse motor deficits after TBI, and aging and TBI worsen 

cognition 

On the measure of neuromotor score there was a significant age*injury*day interaction 

(F2,92 = 3.489, p ≤ 0.05). Post-hoc analyses found that although the Aged+TBI rats improved 

over time, they had significantly lower scores, indicating poorer performance, compared to 

each of the other groups on days two, four, and six post-injury (Figure 1A, p ≤ 0.05). There 

was also a significant age*injury interaction (F1,46 = 6.912, p ≤ 0.05), with post-hoc analysis 

indicating that although the Young+TBI rats had better neuromotor scores than Aged+TBI rats, 

they still had significantly worse neuromotor scores than Young+Sham rats (Figure 1A, p ≤ 

0.05). 

On the beam task, there was a significant age*injury interaction (F1,46 = 13.327, p ≤ 

0.05) on the measure of slips and falls, with the Aged+TBI rats having more slips and falls 

compared to each of the other groups (Figure 1B, p ≤ 0.05). On the measure of beam traverse 
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time, aged rats took longer to traverse the beam than young rats ((F1,46 = 30.525, p ≤ 0.05; data 

not shown). 

Figure 1. Middle-age rats have worse motor deficits after TBI, and aging and TBI worsen 

cognition. (A) Aged+TBI rats had significantly lower composite neuromotor scores than each 

of the other groups on days 2, 4, and 6 post-injury. Although the Young+TBI rats had better 

neuromotor scores than Aged+TBI rats, they still had significantly worse neuromotor scores 

than Young+Sham rats. (B) Aged+TBI rats had more slips and falls on the beam task compared 

to each of the other groups. (C) Aged+TBI rats had decreased distance travelled in the open 
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field compared to all other groups, while the Aged+Sham rats also travelled less distance than 

the young groups. (D) Aged+TBI rats had decreased distance travelled in the elevated-plus 

maze compared to all other groups, while the Aged+Sham rats also travelled less distance than 

the young groups.  (E+F) Aged rats had longer search times than young rats during water maze 

acquisition (E) and reversal (F). Furthermore, TBI rats had longer search times than sham rats 

during water maze acquisition (E) and reversal (F). *** = significantly different than all other 

groups; ** = significantly less than both young groups; * = Aged significantly greater than 

Young; # = TBI significantly greater than Sham; p ≤ 0.05. See Results for additional details. 

There was a significant age*injury interaction found on the measure of distance 

travelled in both the open field (F1,45 = 7.539, p ≤ 0.05; Figure 1C) and the elevated-plus maze 

(F1,46 = 4.181, p ≤ 0.05; Figure 1D). On both tests, Aged+TBI rats had decreased distance 

travelled compared to all other groups (p ≤ 0.05), while the Aged+Sham rats also travelled less 

distance than the Young+Sham and Young+TBI groups (p ≤ 0.05). In the elevated-plus maze 

the aged rats spent less time in the open arms compared to young rats (F1,46 = 10.093, p ≤ 0.05; 

data not shown). 

Aged rats swam significantly slower than the young rats (acquisition, F1,46 = 24.036, p 

≤ 0.05; reversal, F1,46 = 8.453, p ≤ 0.05). To avoid confounding, the water maze searching time 

was analyzed by ANCOVA, with the swimming speed set as the covariate. Though no 

age*injury interaction was found for measures of the water maze, there were main effects for 

both age and injury during both acquisition and reversal. Specifically, regardless of injury, aged 

rats had longer search times than young rats in both acquisition (F1,45 = 7.963, p ≤ 0.05; Figure 

1E) and reversal (F1,45 = 10.283, p ≤ 0.05; Figure 1F) sessions. Regardless of age, rats given 

a TBI displaying longer search times than sham controls during both the acquisition (F1,45 = 

7.483, p ≤ 0.05) and reversal (F1,45 = 6.782, p ≤ 0.05) sessions. Furthermore, regardless of age, 

TBI rats had fewer direct and circle swims during acquisition than sham rats (F1,46 = 4.529, p 

≤ 0.05; data not shown). 
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Aging and TBI reduce cortex volumes, and TBI decreases white matter integrity 

Figure 2. Aging and TBI reduce cortex volume.  (A) Representative T2
*-weighted MRI 

coronal brain slices at the level of injury (white arrow indicates injury location). Rats given a 

TBI had less ipsilateral cortex (B) and ipsilateral corpus callosum (C) volumes than sham rats. 

Aged rats had less ipsilateral cortex volume (B), but larger ipsilateral (C) and contralateral 
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corpus callosum volumes (E) than young rats. CC = corpus callosum. * = Aged significantly 

different than Young; # = TBI significantly different than Sham; p ≤ 0.05. See Results for 

additional details. 

Ex vivo structural MRI was used to analyze the volume of the cortex and corpus 

callosum one-week post-injury. There was a significant effect of injury in the ipsilateral cortex 

(F1,37 = 7.953, p ≤ 0.05, Figure 2B) and ipsilateral corpus callosum (F1,37 = 22.453, p ≤ 0.05, 

Figure 2C), with TBI rats having reduced volume compared to sham rats. Furthermore, there 

was also a main effect of age on the measure of ipsilateral cortex volume (F1,37 = 14.077, p ≤ 

0.05, Figure 2B), with aged rats having less cortical volume. There were also main effects of 

age on corpus callosum volume (ipsilateral, F1,37 = 35.276, p ≤ 0.05, Figure 2C; contralateral, 

F1,37 = 21.758, p ≤ 0.05, Figure 2E), with aged rats having a larger corpus callosum. There 

were no age*injury interactions found on any of the structural MRI measures. 

Ex vivo diffusion-weighted MRI was used to assess for changes within the corpus 

callosum (i.e., a major white matter tract commonly affected in TBI). There was a significant 

main effect of injury for both the ipsilateral (F1,12 = 9.423, p ≤ 0.05, Figure 3B) and 

contralateral (F1,12 = 8.098, p ≤ 0.05, Figure 3C) corpus callosum, with TBI rats having 

significantly decreased FA compared to sham, regardless of age. No other significant findings 

were found.  
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Figure 3. TBI decreases white matter integrity. (A) Representative FA maps at the level of 

injury (white arrow indicates ipsilateral corpus callosum). Rats given a TBI had decreased FA 

in the ipsilateral (B) and contralateral (C) corpus callosum. CC = corpus callosum. Color bar 

indicates FA value. # = TBI significantly less than Sham; p ≤ 0.05. See Results for additional 

details. 

Middle-aged rats given a TBI have shorter telomeres than young rats given a TBI 
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With 3-way ANOVA, though no age*injury*time interaction was found, there was a 

significant age*injury interaction (F1,50 = 4.932, p ≤ 0.05, Figure 4) on the measure of telomere 

length. Post-hoc analysis found that regardless of time, telomere length was significantly 

shorter in Aged+TBI rats when compared to Young+TBI (p ≤ 0.05). There was also a main 

effect for age (F1,50 = 9.332, p ≤ 0.05), that regardless of injury and time, aged rats have 

significantly shorter telomere than young rats.  

Figure 4. Middle-age rats given a TBI have shorter telomeres than young rats given a 

TBI. Telomere length, a biomarker of neurological health, was significantly shorter in the 

Aged+TBI rats when compared to Young+TBI rats. * = Aged+TBI significantly shorter than 

Young+TBI; p ≤ 0.05. 

TBI increases the number of myeloid cells and microglia in the brain, and this is 

suppressed in middle-aged rats  
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Flow cytometry was used to analyze immune cell populations in the brains at both 24 

h and one-week post-injury. For the measure of total CD45+ leukocytes, there were significant 

age*injury interactions in the ipsilateral (F1,37 = 4.583, p ≤ 0.05, Figure 5D) and contralateral 

hemispheres (F1,37 = 5.024, p ≤ 0.05, Figure 5E). In the ipsilateral hemisphere, Aged+TBI rats 

had greater leukocytes than each of the sham groups (p ≤ 0.05), but had significantly fewer 

leukocytes than the Young+TBI group (p ≤ 0.05). In the contralateral hemisphere, the 

Young+TBI group had more leukocytes than all other groups (p ≤ 0.05), while the Aged+TBI 

group did not significantly differ from the sham groups. There were also significant time*injury 

interactions in the ipsilateral (F1,37 = 8.602, p ≤ 0.05) and contralateral hemispheres (F1,37 = 

9.252, p ≤ 0.05). For both hemispheres, the 24 h TBI rats had more leukocytes than the 24 h 

sham (p ≤ 0.05) and one-week TBI rats (p ≤ 0.05), whereas the one-week post-injury sham and 

TBI groups did not differ.  

For the measure of total myeloid cells (CD45+OX82+), there were significant 

age*injury interactions in the ipsilateral (F1,37 = 4.959, p ≤ 0.05, Figure 5F) and contralateral 

hemispheres (F1,37 = 5.712, p ≤ 0.05, Figure 5G). In the ipsilateral hemisphere, the Aged+TBI 

rats had more myeloid cells than both of the sham groups (p ≤ 0.05), but had significantly fewer 

myeloid cells than the Young+TBI group (p ≤ 0.05). In the contralateral hemisphere, the 

Young+TBI group had more myeloid cells than all other groups (p ≤ 0.05), while the 

Aged+TBI did not significantly differ from the sham groups. There were also significant 

time*injury interactions in the ipsilateral (F1,37 = 10.471, p ≤ 0.05) and contralateral 

hemispheres (F1,37 = 8.173, p ≤ 0.05). For both hemispheres, the 24 h TBI rats had more 

myeloid cells than the 24 h sham (p ≤ 0.05) and one-week TBI rats (p ≤ 0.05), whereas the one-

week sham and TBI groups did not differ. 
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Figure 5. TBI increases the number of myeloid cells and microglia in the brain, and this 

is suppressed in middle-age rats. Representative flow cytometric plots showing gating of (A) 

CD45+ cells (leukocytes), (B) CD45+OX82+ cells (myeloid cells), and (C) CD45hi+OX82+ cells 

(infiltrating myeloid cells) and CD45lo+OX82+ cells (microglia) from rats in the 24 h recovery 

group. (D) In the ipsilateral hemisphere, Aged+TBI rats had more leukocytes (CD45+) than 

both the sham groups, but had significantly fewer leukocytes than the Young+TBI group. (E) 

In the contralateral hemisphere, the Young+TBI group had more leukocytes than all other 

groups, while the Aged+TBI group did not significantly differ from the sham groups. For both 

hemispheres (D & E), the 24 h TBI rats had more leukocytes than the 24 h sham rats, whereas 

the one-week post-injury sham and TBI groups did not differ. (F) In the ipsilateral hemisphere, 

the Aged+TBI rats had more myeloid cells (CD45+OX82+) than both of the sham groups, but 

had significantly fewer myeloid cells than the Young+TBI group. (G) In the contralateral 

hemisphere, the Young+TBI group had more myeloid cells than all other groups, while the 

Aged+TBI did not significantly differ from the sham groups. For both hemispheres (F & G), 

the 24 h TBI rats had more myeloid cells than the 24 h sham rats, whereas the one-week sham 

and TBI groups did not differ. (H) In the ipsilateral hemisphere, the 24 h Young+TBI group 

had the highest levels of infiltrating myeloid cells (CD45hi+OX82+) compared to all other 24 h 

and one-week groups, while the 24 h Aged+TBI group had higher levels than the remaining 

groups. (I) In the contralateral hemisphere, the 24 h TBI rats had more infiltrating myeloid 

cells than the 24 h sham rats, whereas the one-week sham and TBI groups did not differ. (K) 

In the contralateral hemisphere, the Young+TBI group had more microglia (CD45lo+OX82+) 

than all other groups, while the Aged+TBI group did not significantly differ from the sham 

groups. For both hemispheres (J & K), the 24 h TBI rats had more microglia than the 24 h 

sham rats, whereas the one-week post-injury sham and TBI groups did not differ. ^^ = greater 

than all other 24 h and one-week groups; ^ = greater than all other 24 h and one-week groups 

with the exception of the 24 h Young+TBI; *** = Young+TBI greater than all other groups; 

** = Aged+TBI greater than both Sham groups; # = TBI greater than Sham; p ≤ 0.05. 

Upon further analysis of myeloid cell subtypes, there was a significant age*injury*time 

interaction (F1,37 = 8.862, p ≤ 0.05, Figure 5H) in the ipsilateral hemisphere for the measure 

of infiltrating myeloid cells (CD45hi+OX82+). Post-hoc analysis indicated that the 24 h 

Young+TBI group had the highest levels of infiltrating myeloid cells compared to all other 24 
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h and one-week groups (p ≤ 0.05). Despite having significantly fewer infiltrating myeloid cells 

than the 24 h Young+TBI group, the 24 h Aged+TBI group still had higher levels of infiltrating 

myeloid cells than the remaining groups (p ≤ 0.05). In the contralateral hemisphere, there was 

a significant injury*time interaction (F1,37 = 13.229, p ≤ 0.05, Figure 5I). Post-hoc analysis 

found that the 24 h TBI rats had more infiltrating myeloid cells than the 24 h sham (p ≤ 0.05) 

and one-week TBI rats (p ≤ 0.05), whereas the one-week sham and TBI groups did not differ. 

There was also a main effect for age (F1,37 = 10.109, p ≤ 0.05) in the contralateral hemisphere, 

with the aged rats having fewer infiltrating myeloid cells. 

For the measure of microglia (CD45lo+OX82+), there was a significant age*injury 

interaction (F1,37 = 5.373, p ≤ 0.05) in the contralateral hemisphere. The Young+TBI group had 

more microglia than all other groups (Figure 5K, p ≤ 0.05), while the Aged+TBI did not 

significantly differ from the sham groups. There were also significant time*injury interactions 

in the ipsilateral (F1,37 = 6.715, p ≤ 0.05, Figure 5J) and contralateral hemispheres (F1,37 = 

6.715, p ≤ 0.05). For both hemispheres, the 24 h TBI rats had more microglia than the 24 h 

sham (p ≤ 0.05) and one-week TBI rats (p ≤ 0.05), whereas the one-week post-injury sham and 

TBI groups did not differ. 

As shown in Figure 6, T-cell populations were also analyzed in the brain tissue. There 

was a significant age-dependent effect on the total number of CD3+ T-cells (F1,37 = 5.347, p ≤ 

0.05, Figure 6B) as well as CD8+ cytotoxic T-cells (F1,37 = 7.045, p ≤ 0.05, Figure 6D) in the 

contralateral hemisphere, with aged rats having higher numbers than young rats. There were 

no other significant findings related to T-cells in the brain tissue. 
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Figure 6. Age affects the number of T-cells in the brain. In the contralateral hemisphere, 

aged rats had more CD3+ T-cells (B) and CD8+ cytotoxic T-cells (D) than young rats. No 

significant findings were found in the ipsilateral hemisphere for total T-cells (A) or cytotoxic 

T-cells (C). There were no significant findings on the measure of CD4+ T helper cells in the

ipsilateral (E) and contralateral (F) hemispheres. * = Aged greater than Young; p ≤ 0.05. 
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Age and TBI also affect the peripheral immune response 

Flow cytometric analysis of blood found no change in the proportion of total leukocytes 

(Figure 7A, p > 0.05). However, a significant age*time interaction on total myeloid cells 

(CD45+OX82+) was observed (F1,37 = 4.328, p ≤ 0.05), with the aged rats having more myeloid 

cells compared to their younger counterparts at both the 24 h and one-week recovery times 

(Figure 7B, p ≤ 0.05). The 24 h aged rats also had more myeloid cells than the one-week 

recovery aged rats (p ≤ 0.05). On the measure of total CD3+ T-cells in the blood, there was a 

significant age*injury interaction (F1,37 = 4.444, p ≤ 0.05, Figure 7C). Given the elevated 

proportion of myeloid cells, there was a concomitant decrease in T-cells in Young+TBI rats 

compared to Young+Sham rats (p ≤ 0.05), while the aged rats had fewer T-cells than the young 

rats (p ≤ 0.05). There was also an age-dependent effect on the measures of CD8+ cytotoxic T-

cells (F1,37 = 8.627, p ≤ 0.05, Figure 7D) and CD4+ T helper cells (F1,37 = 5.854, p ≤ 0.05, 

Figure 7E) in the blood, with aged rats having more cytotoxic T-cells and fewer T helper cells 

than the young rats. There were no significant findings on the other blood measures. 
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Figure 7. Circulating myeloid cell numbers are increased with age, and circulating T-cell 

numbers are affected by age and TBI. (A) There were no significant findings on the measure 

of total leukocyte (CD45+) frequency in the blood. (B) On the measure of myeloid cell 

(CD45+OX82+) frequency in the blood, aged rats had more myeloid cells compared to young 

rats at both the 24 h and one-week recovery times. The 24 h aged rats also had more myeloid 

113



cells than the one-week recovery aged rats. (C) On the measure of CD3+ T-cell frequency in 

the blood, the Young+TBI rats had fewer T-cells than Young+Sham rats, while the aged rats 

had fewer T-cells than the young rats. (D & E) On the measures of CD8+ cytotoxic T-cells (D) 

and CD4+ T helper cells (E) in the blood, aged rats had more cytotoxic T-cells and fewer T 

helper cells than the young rats. (F) There were no significant findings on the measure of 

FoxP3+ regulatory T-cells. *** = significantly greater than all other groups; ** = significantly 

greater than both aged groups; * = Aged different than Young; # = significantly greater at 24 

h than one-week post-injury; p ≤ 0.05. 

Flow cytometric analysis of spleen tissue found a main effect for age on the measures 

of total CD45+ leukocytes (F1,37 = 8.317, p ≤ 0.05, Figure 8A) and CD3+ T-cells (F1,37 = 26.375, 

p ≤ 0.05, Figure 8C), with aged rats having less total leukocytes and T-cells than young rats. 

On the measure of myeloid cells (CD45+OX82+) in the spleen, there was a significant age*time 

interaction (F1,37 = 8.320, p ≤ 0.05, Figure 8B). Aged rats at 24 h post-injury had significantly 

more myeloid cells in the spleen than the young rats at 24 h (p ≤ 0.05), whereas the young and 

aged rats did not differ at one-week post-injury (Figure 8B). There were no significant findings 

on the other spleen measures. 
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Figure 8.  Middle-age rats have fewer leukocytes and T-cells, but more myeloid cells, in 

spleen tissue compared to young rats. Aged rats had less total leukocytes (CD45+) (A) and 

CD3+ T-cells (C) in spleen tissue compared to young rats. (B) On the measure of myeloid cells 

(CD45+OX82+) in the spleen, aged rats at 24 h post-injury had significantly more myeloid cells 

than young rats at 24 h, whereas the young and aged rats did not differ at one-week post-injury. 
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There were no significant findings on the measure of CD8+ cytotoxic T-cells (D), CD4+ T 

helper cells (E), and FoxP3+ regulatory T-cells (F). * = Aged different than Young; p ≤ 0.05. 

Discussion 

The effect of aging and immunosenescence on TBI outcomes is poorly understood. 

Here we found that middle-aged TBI rats had worse motor impairments and shorter telomeres 

than young-adult TBI rats. We also found that both aged rats, and TBI rats, had worse cognitive 

function in the water maze, and reduced cortical volume on structural MRI. The 

abovementioned findings occurred in the presence of an age-specific neuroimmune response 

following TBI that was greatly suppressed in the middle-aged TBI rats. As discussed below, 

these findings indicate that middle-aged rats have worse outcomes after TBI, and provide 

insight into the pathobiological mechanisms that may underlie these deficits. 

Nature of neurobehavioral findings 

Middle-aged TBI rats had worse motor impairments than young TBI rats, as evidenced 

by lower neuromotor scores, increased slips and falls on the beam task, and reduced activity in 

the open field and elevated-plus maze. The results of the neuromotor score also suggested that 

functional recovery in the aged TBI rats was slower than their younger counterparts. The 

worsened motor impairments and the slower recovery in the aged rats were associated with a 

diminished immune response after TBI, when compared to their younger counterparts. With 

regards to cognition, both age and TBI were found to negatively affect the search time to locate 

the hidden platform in the water maze. These behavioral findings indicate that middle-aged 

rats given a TBI have worse functional outcomes than young rats. These findings are similar 

to those previously described in the preclinical TBI and/or aging literature,13,16,17,40,41 and are 

also consistent with initial patient studies.5,6 
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The finding on structural MRI that both age and TBI reduced cortex volume may help 

account for the motor and cognitive deficits. The sensorimotor cortex lies directly beneath the 

FPI impact site, thus atrophy of the sensorimotor cortex and sensorimotor impairments are 

common after FPI.13,17,29,36 Injury to the parietal cortex has also been implicated in cognitive 

deficits in the water maze following preclinical TBI.42 The findings of exacerbated functional 

deficits in the middle-aged rats could in part be attributed to the finding that the aged rats, 

regardless of injury, had decreased cortex volume. In other words, the aged rats may have had 

less neurological reserve than the young rats to begin with, therefore in the case of TBI the 

effects are potentially worse. Similarly, in humans, reduced cognitive reserve is associated with 

poorer clinical outcomes with aging, and may place aged individuals at greater risk of deficits 

after TBI.43 Consistent with this line of thought, we also found that the aged TBI rats had 

shorter telomeres than the young TBI rats. Telomere length shortens with age,28 as well as in a 

range of other neurological conditions.24,25,27 Of particular relevance, and largely consistent 

with the current findings, reduced telomere length has been found to be associated with worse 

neurological outcomes in rats given repeated mild TBIs.26,27 Telomere length is tissue and cell 

type specific,44,45 and therefore the composition of the tissue (i.e., ear tissue in this study) could 

affect the results. However, previous studies have reported strong correlations of brain and ear 

tissue in terms of telomere length after TBI in rats.27 These findings may suggest that using 

telomere shortening as a biomarker for TBI is sensitive in ear tissue/skin cells without cell 

sorting, which has significant clinical advantages rather than in a cell specific manner which is 

time consuming. Although further research is clearly needed to address questions pertaining to 

the specificity and underlying mechanisms of telomere length shortening, our findings do 

provide further evidence that telomere length may be a useful biomarker of neurological health. 

Age modulates the immune response in TBI 
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The novel results of this study provide important insight into age-related alterations of 

a pathophysiological process (i.e., immune response) that is highly influential in TBI. 

Consistent with previous studies,13,17,46 flow cytometric analysis found that rats given a TBI 

had increased numbers of total leukocytes, infiltrating myeloid cells, and microglia. However, 

this response was significantly reduced in the middle-aged rats. There were also temporal and 

spatial complexities in the neuroimmune response following TBI. While the number of 

leukocytes, infiltrating myeloid cells, and microglia in the brain were greatly elevated at 24 h 

post-TBI, this response had largely subsided by one-week post-injury. The findings of the 

infiltrating myeloid cells, which are mainly neutrophils and monocytes/macrophages, are 

consistent with previous studies that neutrophil peak infiltration occurs at about 24 h after 

FPI,47 and at 24 h monocytes/macrophages are also infiltrating.48 Related to this, one limitation 

of the current study is that no timepoints between 24 h and one-week were tested, and therefore 

the peak infiltration of the myeloid cells cannot be determined. We also found that the 

neuroimmune response to TBI was less robust in the contralateral hemisphere, although there 

was still evidence of an immune response that for the most part reflected what occurred in the 

ipsilateral hemisphere in terms of the effects of TBI, age, and time.  

The neuroimmune response is one of the most common and influential injury pathways 

activated after TBI.8-11 Importantly, there is evidence that immune factors that infiltrate the 

brain after a TBI have both neurotoxic and neuroprotective roles.13,20,21,32,49 That is, reducing 

the number of immune cells does not necessarily equate to improved outcomes because these 

cells are critical to isolate the injury, remove debris, and initiate reparative/regenerative 

mechanisms. It is therefore not surprising that the middle-aged rats, which had fewer 

infiltrating myeloid cells and microglia, also had worse outcomes. In support of this notion, a 

previous study in mice given a TBI found that preventing leukocyte recruitment to the injured 

brain impaired motor function and increased lesion size.50 Furthermore, treatment of brain 
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injured patients with 5 mg/kg/day of methylprednisolone (i.e., a leukocyte inhibitor), increased 

the risk of mortality at 2- and 6 months post-injury.51  Moreover, treatment of TBI patients with 

anatibant, which has been shown to reduce leukocyte infiltration and activation, also trended 

towards worsening patient outcomes.49 Microglia also play a critical role in clearing debris, 

producing neuroprotective factors, and promoting neurological recovery after TBI.15 Similar 

to previous findings observed in aged mice given an intracerebral hemorrhage,52 we found that 

the middle-aged rats given a TBI had significantly fewer microglia in the ipsilateral hemisphere 

at 24 h post-injury when compared to young-rats. This reduction in microglia proliferation in 

the aged TBI rats at 24 h post-injury is consistent with the profile of microglia 

immunosenescence in which microglia exhibits an initial suppressed and/or a delayed response 

to injury while a sustained activated phenotype at a later stage.23,53 Taken together, the findings 

of this study indicate that the infiltrating myeloid and microglia responses in the middle-age 

TBI rats are consistent with the profile of immunosenescence and may have contributed to their 

worse outcomes.53 However, whether the altered immune response in the middle-aged TBI rats 

reflects immunosenescence remains to be determined. Future studies should include 

immunohistochemistry analysis to assess cell morphology and identify aged microglia, as well 

as examination of pro- versus anti-inflammatory cytokines, to support immunosenescence as 

the underlying mechanism. 

We also found age-related differences in the peripheral immune response after TBI that 

may have important implications. Infection following TBI is a serious clinical problem that 

increases the risk of poor outcomes.11 The risk of infection is also elevated in aged 

individuals.3,18 FACS analysis of blood found that the young TBI rats had fewer circulating T-

cells than young sham rats, while the middle-aged rats had fewer T-cells than the young rats. 

As such, decreased circulating T-cells as a consequence of TBI and/or age may contribute to 

the increased infection rates observed in these populations, and is a topic worthy of future 
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investigation. There were also age differences in other cell populations (e.g., myeloid cells, T-

cell sub-types) in the blood and spleen that are consistent with previous findings,54 and may 

bear relevance to this issue. 

Conclusions 

Our novel findings indicate that middle-aged rats given a TBI have worse outcomes 

and an altered neuroimmune response than younger rats. This highlights the importance of 

considering age in TBI, has important implications in developing age-specific treatments, and 

provides a foundation for future studies to further address this significant topic. Such studies 

could examine additional recovery times; study both younger and older age groups in both 

males and females; investigate how age affects other elements of the immune response, as well 

as other secondary injury pathways; and evaluate the efficacy of promising TBI therapies in 

different age groups. Our study only included two recovery times (i.e., 24 h and one-week), 

which may have contributed to the negative findings on some of the measures. For example, 

our analysis of T-cells in the brain revealed no effect for TBI, whereas previous studies found 

that T-cell infiltration peaks at three days post-injury.46 Future studies should strive to 

incorporate more senior age groups to better capture the entire spectrum of aging. Another 

limitation of the current study is that the ratio of spleen to body weight was not analyzed, which 

is a useful indicator for immune condition and should be included in future studies to further 

support immunodeficiency in middle-aged rats.55 The immune response after TBI is complex, 

and although our flow cytometric analysis was relatively comprehensive, the possibility of non-

specific binding must be acknowledged and other methods to better characterize this process 

should be employed in follow-up studies. For example, the current study did not assess 

microglia morphology, all sub-populations of immune cells, or inflammatory cytokines, all of 

which are important factors in understanding the nature of the immune response. Last, the 

majority of preclinical TBI studies that examine therapeutic interventions targeting immune 
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factors are completed in young rodents, while clinical trials typically recruit adult patients of 

all ages. Considering the growing evidence that the immune response to TBI differs across the 

lifespan, this experimental approach is clearly insufficient if we are to identify treatment 

strategies to successfully treat a condition that affects humans of all ages. 

Acknowledgments 

This study was funded by grants and fellowship to SRS from the National Health and Medical 

Research Council.  

Author Contribution Statement 

MS, RDB, BDS, SJM, CSG, TOB, AV, and SRS contributed to the conception and design of 

the study. MS, RDB, PMC, DKW, RM, HAK, AV, and SRS contributed to the acquisition and 

analysis of data. All authors contributed to the drafting of the manuscript or figures  

Potential Conflicts of Interest 

The authors declare no conflict of interest. 

References 

1. Xiong Y, Mahmood A, Chopp M. Animal models of traumatic brain injury. Nat Rev 

Neurosci 2013;14:128-142. 

2. Chauhan NB. Chronic neurodegenerative consequences of traumatic brain injury. 

Restor Neurol Neurosci 2014;32:337-365. 

3. Shaw AC, Goldstein DR, Montgomery RR. Age-dependent dysregulation of innate 

immunity. Nat Rev Immunol 2013;13:875-887. 

121



4. Kleiven S, Peloso PM, Holst H. The epidemiology of head injuries in Sweden from

1987 to 2000. Inj Control Saf Promot 2003;10:173-180. 

5. Hukkelhoven CW, Steyerberg EW, Rampen AJ, et al. Patient age and outcome

following severe traumatic brain injury: an analysis of 5600 patients. J Neurosurg 2003;99:666-

673. 

6. Susman M, DiRusso SM, Sullivan T, et al. Traumatic brain injury in the elderly:

increased mortality and worse functional outcome at discharge despite lower injury severity. J 

Trauma 2002;53:219-224. 

7. Gupta R, Sen N. Traumatic brain injury: a risk factor for neurodegenerative diseases.

Rev Neurosci 2016;27:93-100. 

8. Johnson VE, Stewart JE, Begbie FD, Trojanowski JQ, Smith DH, Stewart W.

Inflammation and white matter degeneration persist for years after a single traumatic brain 

injury. Brain 2013;136:28-42. 

9. Xiong Y, Mahmood A, Chopp M. Current understanding of neuroinflammation after

traumatic brain injury and cell-based therapeutic opportunities. Chin J Traumatol 2018;21;137-

151. 

10. Webster KM, Sun M, Crack P, O’Brien TJ, Shultz SR, Semple BD. Inflammation in

epileptogenesis after traumatic brain injury. J Neuroinflammation 2017;14:10. 

11. Sun M, McDonald SJ, Brady RD, O'Brien TJ, Shultz SR. The influence of

immunological stressors on traumatic brain injury. Brain Behav Immun 2018;69:618-628. 

12. Russo MV, McGavern DB. Inflammatory neuroprotection following traumatic brain

injury. Science 2016;353:783-785. 

122



13. Shultz SR, Bao F, Weaver LC, Cain DP, Brown A. Treatment with an anti-CD11d

integrin antibody reduces neuroinflammation and improves outcome in a rat model of repeated 

concussion. J Neuroinflammation 2013;10:26. 

14. Frugier T, Morganti-Kossmann MC, O'Reilly D, McLean CA. In situ detection of

inflammatory mediators in post mortem human brain tissue after traumatic injury. J 

Neurotrauma 2010;27:497-507. 

15. Loane DJ, Kumar A. Microglia in the TBI brain: the good, the bad, and the dysregulated.

Exp Neurol 2016;275:316-327. 

16. Shultz SR, Bao F, Omana V, Chiu C, Brown A, Cain DP. Repeated mild lateral fluid

percussion brain injury in the rat causes cumulative long-term behavioral impairments, 

neuroinflammation, and cortical loss in an animal model of repeated concussion. J 

Neurotrauma 2012;29:281-294. 

17. Webster KM, Wright DK, Sun M, et al. Progesterone treatment reduces

neuroinflammation, oxidative stress and brain damage and improves long-term outcomes in a 

rat model of repeated mild traumatic brain injury. J Neuroinflammation 2015;12:238. 

18. Goronzy JJ, Weyand CM. Understanding immunosenescence to improve responses to

vaccines. Nat Immunol 2013;14:428-436. 

19. Sierra A, Gottfried‐Blackmore AC, McEwen BS, Bulloch K. Microglia derived from

aging mice exhibit an altered inflammatory profile. Glia 2007;55:412-424. 

20. Zhao C, Li W-W, Franklin RJ. Differences in the early inflammatory responses to

toxin-induced demyelination are associated with the age-related decline in CNS remyelination. 

Neurobiol Aging 2006;27:1298-1307. 

123



21. Natrajan MS, de la Fuente AG, Crawford AH, et al. Retinoid X receptor activation

reverses age-related deficiencies in myelin debris phagocytosis and remyelination. Brain 

2015;138:3581-3597. 

22. Gon Y, Hashimoto S, Hayashi S, Koura T, Matsumoto K, Horie T. Lower serum

concentrations of cytokines in elderly patients with pneumonia and the impaired production of 

cytokines by peripheral blood monocytes in the elderly. Clin Exp Immunol 1996;106:120-126. 

23. Damani MR, Zhao L, Fontainhas AM, Amaral J, Fariss RN, Wong WT. Age‐related

alterations in the dynamic behavior of microglia. Aging Cell 2011;10:263-276. 

24. Forero DA, González-Giraldo Y, López-Quintero C, Castro-Vega LJ, Barreto GE,

Perry G. Meta-analysis of telomere length in Alzheimer’s disease. J Gerontol A Biol Sci Med 

Sci 2016;71:1069-1073. 

25. Guan JZ, Maeda T, Sugano M, et al. A percentage analysis of the telomere length in

Parkinson's disease patients. J Gerontol A Biol Sci Med Sci 2008;63:467-473. 

26. Wright DK, O'Brien TJ, Mychasiuk R, Shultz SR. Telomere length and advanced

diffusion MRI as biomarkers for repetitive mild traumatic brain injury in adolescent rats. 

Neuroimage Clin 2018;18:315-324. 

27. Hehar H, Mychasiuk R. The use of telomere length as a predictive biomarker for injury

prognosis in juvenile rats following a concussion/mild traumatic brain injury. Neurobiol Dis 

2016;87:11-18. 

28. Zglinicki Tv, Martin-Ruiz C. Telomeres as biomarkers for ageing and age-related

diseases. Curr Mol Med 2005;5:197-203. 

124



29. Brady RD, Casillas-Espinosa PM, Agoston DV, et al. Modelling traumatic brain injury

and posttraumatic epilepsy in rodents. Neurobiol Dis 2018;DOI: 10.1016/j.nbd.2018.08.007. 

30. Shultz SR, McDonald SJ, Haar CV, et al. The potential for animal models to provide

insight into mild traumatic brain injury: translational challenges and strategies. Neurosci 

Biobehav Rev 2017;76:396-414. 

31. Shultz SR, MacFabe DF, Foley KA, Taylor R, Cain DP. A single mild fluid percussion

injury induces short-term behavioral and neuropathological changes in the Long–Evans rat: 

Support for an animal model of concussion. Behav Brain Res 2011;224:326-335. 

32. Bao F, Shultz SR, Hepburn JD, et al. A CD11d monoclonal antibody treatment reduces

tissue injury and improves neurological outcome after fluid percussion brain injury in rats. J 

Neurotrauma 2012;29:2375-2392. 

33. Nissinen J, Andrade P, Natunen T, et al. Disease-modifying effect of atipamezole in a

model of post-traumatic epilepsy. Epilepsy Res 2017;136:18-34. 

34. Shultz SR, Tan XL, Wright DK, et al. Granulocyte-macrophage colony-stimulating

factor is neuroprotective in experimental traumatic brain injury. J Neurotrauma 2014;31:976-

983. 

35. Wortman RC, Meconi A, Neale KJ, et al. Diffusion MRI abnormalities in adolescent

rats given repeated mild traumatic brain injury. Ann Clin Transl Neurol 

2018;DOI:10.1002/acn3.667. 

36. Shultz SR, Wright DK, Zheng P, et al. Sodium selenate reduces hyperphosphorylated

tau and improves outcomes after traumatic brain injury. Brain 2015;138:1297-1313. 

125



37. Sun M, Brady RD, Wright DK, et al. Treatment with an interleukin-1 receptor

antagonist mitigates neuroinflammation and brain damage after polytrauma. Brain Behav 

Immun 2017;66:359-371. 

38. Mychasiuk R, Hehar H, Ma I, Esser MJ. Dietary intake alters behavioral recovery and

gene expression profiles in the brain of juvenile rats that have experienced a concussion. Front 

Behav Neurosci 2015;9:17. 

39. Kim HA, Whittle SC, Lee S, et al. Brain immune cell composition and functional

outcome after cerebral ischemia: comparison of two mouse strains. Front Cell Neurosci 

2014;8:365. 

40. Hamm RJ, White-Gbadebo DM, Lyeth BG, Jenkins LW, Hayes RL. The effect of age

on motor and cognitive deficits after traumatic brain injury in rats. Neurosurgery 

1992;31:1072-1078. 

41. Onyszchuk G, He Y-Y, Berman NE, Brooks WM. Detrimental effects of aging on

outcome from traumatic brain injury: a behavioral, magnetic resonance imaging, and 

histological study in mice. J Neurotrauma 2008;25:153-171. 

42. Tucker LB, Velosky AG, McCabe JT. Applications of the Morris water maze in

translational traumatic brain injury research. Neurosci Biobehav Rev 2018;88:187-200. 

43. Tucker AM, Stern Y. Cognitive reserve in aging. Curr Alzheimer Res 2011;8:354-360.

44. Ludlow AT, Witkowski S, Marshall MR, Wang J, Lima LC, Guth LM, Spangenburg

EE, Roth SM. Chronic exercise modifies age-related telomere dynamics in a tissue-specific 

fashion. J Gerontol A Biol Sci Med Sci 2012;67:911-926. 

126



45. Lin J, Cheon J, Brown R, Coccia M, Puterman E, Aschbacher K, Sinclair E, Epel E,

Blackburn EH. Systematic and cell type-specific telomere length changes in subsets of 

lymphocytes. J Immunol Res 2016;5371050. 

46. Jin X, Ishii H, Bai Z, Itokazu T, Yamashita T. Temporal changes in cell marker

expression and cellular infiltration in a controlled cortical impact model in adult male C57BL/6 

mice. PloS One 2012;7:e41892. 

47. Keeling K, Hicks R, Mahesh J, Billings B, Kotwal G. Local neutrophil influx following

lateral fluid-percussion brain injury in rats is associated with accumulation of complement 

activation fragments of the third component (C3) of the complement system. J Neuroimmunol 

2000;105:20-30. 

48. Soares HD, Hicks RR, Smith D, McIntosh TK. Inflammatory leukocytic recruitment

and diffuse neuronal degeneration are separate pathological processes resulting from traumatic 

brain injury. J Neurosci 1995;15:8223-8233. 

49. Shakur H, Andrews P, Asser T, et al. The BRAIN TRIAL: a randomised, placebo

controlled trial of a Bradykinin B2 receptor antagonist (Anatibant) in patients with traumatic 

brain injury. Trials 2009;10:109. 

50. Scherbel U, Raghupathi R, Nakamura M, et al. Differential acute and chronic responses

of tumor necrosis factor-deficient mice to experimental brain injury. Proc Natl Acad Sci 

1999;96:8721-8726. 

51. Saul TG, Ducker TB, Salcman M, Carro E. Steroids in severe head injury: A

prospective randomized clinical trial. J Neurosurg 1981;54:596-600. 

127



52. Wasserman JK, Yang H, Schlichter LC. Glial responses, neuron death and lesion

resolution after intracerebral hemorrhage in young vs. aged rats. Eur J Neurosci 2008;28:1316-

1328. 

53. Hefendehl JK, Neher JJ, Sühs RB, Kohsaka S, Skodras A, Jucker M. Homeostatic and

injury‐induced microglia behavior in the aging brain. Aging Cell 2014;13:60-69. 

54. Rossi DJ, Bryder D, Zahn JM, et al. Cell intrinsic alterations underlie hematopoietic

stem cell aging. Proc Natl Acad Sci 2005;102:9194-9199. 

55. Li WJ, Li L, Zhen WY, Wang LF, Pan M, Lv JQ, Wang F, Yao YF, Nie SP, Xie MY.

Ganoderma atrum polysaccharide ameliorates ROS generation and apoptosis in spleen and 

thymus of immunosuppressed mice. Food Chem Toxicol 2017;99:199-208. 

128



Chapter 7 

General Discussion 
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7.1 Summary of key findings  

The overall goal of this thesis was to examine how extracranial trauma and aging affected TBI, 

and investigate the potential roles of inflammation and the immune response in this process.  

Chapter 3 aimed to investigate the influence of long-bone fracture, a common component of 

multitrauma, on TBI pathophysiology in mice. As hypothesised, a concurrent long-bone 

fracture exacerbated neuroinflammation, BBB breakdown, and oedema after TBI. Together 

with additional findings from this study indicating worse MRI and behaviour outcomes in 

multitrauma mice (Shultz et al., 2015, Appendix II), and initial findings in human patients 

(McDonald et al., 2016), Chapter 3 provides further support that a concomitant long-bone 

fracture negatively affects TBI outcomes, and implicates inflammatory factors (e.g., IL-1β) as 

potential mediators. 

Expanding on the findings from Chapter 3, Chapter 4 of the thesis aimed to examine the 

therapeutic effects of IL-1ra treatment in the TBI + fracture mouse multitrauma model. 

Consistent with the hypothesis, IL-1ra reduced neuroinflammation and improved TBI 

pathological and functional outcomes after multitrauma. These findings provide further support 

that inflammation and IL-1β are important mechanisms in the TBI and multitrauma setting. 

Chapter 5 aimed to study whether other forms of extracranial traumas affect TBI outcomes, 

and developed a novel mouse multitrauma model that involved TBI + CTX-induced muscle 

injury to do so. Contrary to the initial hypothesis, a concurrent muscle injury did not exacerbate 

neuroinflammation and TBI-related outcomes in mice. These findings suggest that the type of 

extracranial trauma is an important consideration in the pathophysiology of multitrauma. 

Last, Chapter 6 aimed to examine whether another form of immunological stressor, 

aging/immunosenescence, can influence the aftermath of TBI. As hypothesized, and consistent 
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with preliminary findings in TBI patients, aged rats given a TBI had worse outcomes that 

occurred in the presence of an altered neuroimmune response.  

As discussed further below, these findings generate significant new knowledge about the 

fundamental mechanisms by which extracranial variables such as peripheral injuries and 

biological age influence the neuropathological outcomes after neurotrauma. In particular, these 

findings may have significant implications in optimizing treatment strategies for a devastating 

condition (i.e., TBI) that currently lacks an intervention that is known to improve patient 

outcomes. 

7.2 The role of inflammation in multitrauma 

Clinical studies that investigated the effect of peripheral trauma on TBI suggested that 

peripheral injuries are associated with an increased risk of mortality and functional deficits in 

TBI patients, particularly when severe extracranial injuries are combined with mild to moderate 

brain injury (as reviewed in McDonald et al., 2016). It could be argued that polytrauma patients 

have worse TBI-related outcomes because the high-energy mechanical forces required to 

induce polytrauma also produce a more severe TBI (Groswasser et al., 1990). However, as 

discussed below, animal model findings, including those from Chapter 3, that control for the 

severity/force of TBI have found evidence that concomitant extracranial injuries worsen TBI 

outcomes, and exacerbate both peripheral and central inflammatory responses, which could 

possibly be a mechanism underlying poorer outcomes in polytrauma/multitrauma.  

The first preclinical multitrauma study involving TBI was conducted by Maegele and 

colleagues in 2005, and featured rats given both a moderate TBI by FPI and a non-fixated 

closed tibial fracture (Maegele et al., 2005). In this study, they found an increase of levels of 

circulating inflammatory cytokine IL-6 in multitrauma group compared to TBI or fracture only 

group at an acute phase post-injury. This study provided evidence that bone fracture can 
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increase circulating inflammatory cytokine levels post-TBI; however, analysis was focused on 

the short-term systemic inflammatory response, without any assessments of the cerebral 

response in terms of glial activation and brain cytokines levels. Furthermore, the craniotomy 

necessary for the FPI could be a confounder for the tibial fracture. More recently, Probst and 

colleagues introduced a mouse model with closed head injury, femoral fracture and 

haemorrhage shock, and they found that systemic inflammation was increased in the 

multitrauma group, including elevated serum levels of IL-6, TNF-α and CCL2 (Probst et al., 

2012). However, the inclusion of haemorrhage shock is a confounder and it contributed to a 

high mortality rate of 47% in the multiple-injured mice (Probst et al., 2012). Weckbach and 

colleagues developed a rat multitrauma model that incorporated chest trauma, closed head 

injury, tibia/fibula fracture and soft tissue injury, and similarly they found exacerbated systemic 

inflammatory response in the polytraumatized rats (Weckbach et al., 2012). As such, these 

multitrauma studies involving peripheral fracture and TBI were mostly incorporated either one 

or two additional injuries, which likely complicates the pathogenesis and the ability to interpret 

the effects of each injury individually and in combination. Nonetheless, these findings 

indicated that TBI in the context of multitrauma, especially with a concurrent fracture, is 

characterised by an exacerbated systemic inflammatory response.  

However, how this could potentially affect TBI was understudied, which is why in Chapter 3 

and the related published study (Shultz et al., 2015) developed a novel mouse model of 

multitrauma featuring weight-drop TBI and peripheral tibial fracture (Shultz et al., 2015). 

Using this multitrauma model, we demonstrated that fracture worsens long-term TBI outcomes, 

including enlarged brain ventricles, diffusion abnormalities in cortex and hippocampus, and 

impulsive-like behaviour (Shultz et al., 2015). As part of this thesis, Chapter 3 investigated the 

underlying mechanism of multitrauma on exacerbating TBI outcomes, and found exacerbated 

neuroinflammation in TBI + fracture mice, suggested by worse neutrophil infiltration, 
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increased gliosis, and elevated IL-1 levels (Shultz et al., 2015). Furthermore, multitrauma 

mice showed exacerbated BBB damage and brain oedema. 

Subsequently, Yang and colleagues have conducted a similar study and found that mice with 

TBI (i.e., controlled cortical impact, CCI model) and tibial fracture had increased brain tissue 

IL-1β, TNFα, and IL-6, which accompanied by increased oedema and brain lesion volumes, 

compared to mice with TBI only (Yang et al., 2016). More recently, Suto and colleagues (2018) 

also investigated a combined CCI + fracture model, and found that multitrauma worsens 

neurologic recovery and cognitive deficits; these worsened neurological outcomes were 

associated with worse glial response, and were mitigated by Enoxaparin treatment, an 

inflammation down-regulator (Suto et al., 2018). These studies further supported a central role 

of inflammation in multitrauma, and also indicated that in addition to IL-1 as a key regulator 

in TBI + facture, other neuroinflammatory cytokines/factors were also involved in multitrauma. 

Related to this, a finger print of multiple different cytokines can provide more valuable 

information of the neuroinflammatory response after TBI/multitrauma and could be of interest 

for future studies. Taken together, to date findings on multitrauma involving TBI demonstrated 

that concomitant extracranial trauma (i.e., bone fracture) can exacerbate TBI pathogenesis and 

functional deficits, with the amplified neuroinflammation being a likely mechanism.  

However, the findings from Chapter 5 where muscle injury did not exacerbate TBI suggest that 

these consequences are likely unique to a specific type of extracranial trauma. Bone fracture is 

known to induce a complex healing process that involves an extensive inflammatory response 

in which immune cells are activated and secrete a series of pro-inflammatory cytokines into 

the circulation (Schindeler et al., 2008; McDonald et al., 2016). We were then interested in 

whether or not other forms of concomitant extracranial trauma that induce an inflammatory 

response (e.g., muscle injury) can exacerbated TBI outcomes. We thereby developed a novel 
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mouse multitrauma model in which muscle injury (CTX-mediated) and TBI were combined, 

and assessed a series of inflammatory markers and TBI outcomes. Overall, mice given TBI 

plus muscle injury, or an isolated TBI, were not significantly different on any of the measures 

assessed. This initial study suggested that a periphery muscle injury has little impact on the 

aftermath of TBI. Notably, in contrast to the robust elevated levels of IL-1 in the injured 

cortex in the TBI + fracture model (both acutely and chronically, i.e., both at 24 hours and 35 

days post-injury), the TBI group and the TBI + muscle injury group did not differ on the 

measure of Il-1 mRNA levels at 24 hours or 35 days post-injury. It should be pointed out that 

different methodologies used for IL-1 measurement (e.g., protein levels versus mRNA levels) 

may potentially influence the interpretation of these results. However, studies that have 

characterized expression of various cytokines after CTX-induced muscle injury have found 

that mRNA levels of IL-1 is not upregulated until two days post-CTX in the injured muscle 

(Hirata et al., 2003; Ramadasan-Nair et al., 2014). On the other hand, mRNA levels of IL-1 

reaches peak levels within 24 hours after tibial fracture in mice (Kon et al., 2001). As such, 

although CTX-induced muscle injury does result in an increase in IL-1, it may occur outside 

of the temporal window for IL-1 to alter TBI pathophysiology in a meaningful manner. As 

such, early IL-1 signalling appears to play a central role in the effects that an extracranial 

trauma can have on TBI. Furthermore, in the consequent study, we found that IL-1 receptor 

antagonist (IL-1ra; i.e., block biological effects of IL-1β) mitigated TBI-related insults in the 

combined TBI and fracture model (Sun et al., 2017). As such, neuroinflammation, especially 

IL-1 signalling, appears to play a central role in the effects that an extracranial trauma can 

have on TBI. 

7.3 Optimal treatments for multitrauma patients? 
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Considering that an extracranial trauma may exacerbate TBI, it is important to identify the 

pathophysiological mechanisms that contribute to this so that they may be targeted in 

multitrauma patients. In Chapter 3, we demonstrated that a concomitant bone fracture 

exacerbated TBI-induced neuroinflammation in mice, and notably that the pro-inflammatory 

cytokine IL-1 is robustly upregulated (Shultz et al., 2015). IL-1 is one of the key mediators 

of the immune response (Allan et al., 2005), and is implicated in BBB dysfunction, leukocyte 

infiltration, development of cerebral oedema, neuronal hyperexcitability, and other 

pathological events that occur after TBI (Ferrari et al., 2004; Lazovic et al., 2005; Proescholdt 

et al., 2002; Quagliarello et al., 1991; Shaftel et al., 2007). Almost all known biological 

functions of IL-1β are blocked by IL-1ra (Allan et al., 2005). For these reasons, Chapter 4 

examined the effectiveness of treatment with an IL-1ra in multitrauma mice.  

To our knowledge, Chapter 4 is the first study that assessed the IL-1ra treatment for TBI in the 

multitrauma setting. The IL-1ra treatment partly mitigated TBI-related insults, including 

neuroinflammation, oedema, and structural brain damage (Sun et al., 2017). This brings up the 

question of whether IL-1ra treatment is more suitable or advantageous in multitrauma versus 

isolated TBI. It is well-documented in the literature that IL-1ra is a promising candidate for the 

treatment of TBI (Jones et al., 2005; Sanderson et al., 1999; Tehranian et al., 2002), as well as 

other brain insults such as stroke (Banwell et al., 2009). However, as bone fracture alters TBI 

pathophysiology (i.e., augmented neuroinflammation), it may result in a different brain injury 

than what would have occurred in an isolated TBI, and therefore it should be treated 

accordingly. Considering that TBI + fracture results in exacerbated IL-1 and related 

pathological events compared to an isolated TBI, multitrauma patients may represent a readily 

identifiable subgroup of TBI patients that may benefit from IL-1ra treatment. This does not 

imply that IL-1ra is not an appropriate treatment for isolated TBI that involves IL-1R-mediated 
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pathophysiology, nor is there evidence that indicates that the two scenarios warrant a different 

IL-1ra treatment strategy (Sun et al., 2017).  

In addition to IL-1, there are other neuroinflammatory factors that could potentially modulate 

multitrauma. In Yang’s study (2016), circulating levels of high mobility group 1 (HMGB1), a 

neuroinflammation modulator, was found to be elevated in the CCI + fracture mice in 

comparison with the mice given CCI only, accompanied by worsened neuropathological events. 

Notably, ablation of HMGB1 was beneficial in the CCI + facture model (Yang et al., 2016). 

Furthermore, Suto and colleagues (2018) found that Enoxaparin treatment, which down-

regulates inflammation, was beneficial in a combined CCI + fracture model (Suto et al., 2018). 

In addition, in Chapter 3, we observed an acute and exacerbated neutrophil infiltration in TBI 

+ facture, compared to the isolated TBI. Neutrophils exacerbate neuroinflammation, damage 

the BBB, contribute to oedema formation and produce pro-inflammatory mediators (Algattas 

and Huang, 2013; Bao et al., 2012; Shultz et al., 2013). Therefore, treatments that deplete 

infiltrating neutrophils may have particular benefits to TBI patients that involved in 

multitrauma.  

Taken together, Chapter 3-5 investigated how extracranial traumas can potentially affect the 

pathophysiology and outcomes of TBI, and how that can provide guidance for treatment 

development. Moving forward, there are many other extracranial factors that can have 

influence on the immune system, for example, aging. Also, it should be pointed out that 

neuroinflammation plays both detrimental and beneficial roles in TBI. While Chapter 3-5 have 

focused on the detrimental effects of neuroinflammation, the immune response is also a process 

important in TBI recovery.  

7.4 TBI in the context of immunosenescence 
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Aging is a natural phenomenon that progressively affects health. Studying the effect of aging 

on TBI has significant clinical relevance, as the human population is aging rapidly (Shaw et 

al., 2013). An important component of aging is ‘immunosenescence’, during which immune 

cells function declines, resulting in a dysregulated immune system (Goronzy and Weyand, 

2013; Shaw et al., 2013). The CNS is also involved in immunosenescence, with glial cells 

undergoing senescence, (Damani et al., 2011; Rawji et al., 2016) and brain cytokine profiles 

skewing to a pro-inflammatory status (Lee et al., 2000). These age-related changes in immune 

function may lead to altered signal transductions and further altered immune response upon 

injury.  

Initial studies suggested that in TBI patients, increased age at the time of injury is directly 

correlated with the extent of TBI-induced decline in functional outcomes and an increased risk 

of mortality (de la Plata et al., 2008; Hukkelhoven et al., 2003; Sendroy-Terrill et al., 2010). 

This is further confirmed by pre-clinical studies, which showed that aged animals exhibit a 

larger extent of glia cell activation and have unfavourable outcomes after TBI when compared 

to the younger ones (Kumar et al., 2013; Onyszchuk et al., 2008; Sandhir et al., 2008). While 

previous studies have largely focused on glia activities after TBI, the profile of leukocytes in 

the aged traumatically injured brain is poorly understood.  

Undeniable, inflammatory response has been implicated in worse secondary injury after TBI, 

which has been well documented in the literature and reconfirmed by studies in this thesis 

(Chapter 3-5). However, some extent of inflammation is beneficial after neurotrauma to clear 

cellular debris, isolate the injured tissue, and signal the upregulation of growth factors (Russo 

and McGavern, 2016). A balance between pro- and anti-inflammatory signals and cascades 

could be essential, which may be more difficult when beginning with a dysregulated and aged 

immune system. Studies on TBI have reported that preventing leukocyte recruitment was 

associated with unfavourable outcomes (Saul et al., 1981; Shakur et al., 2009). Recruitment of 

137



immune cells could be an essential process in response to injury signal, which is thought to 

decline with aging. For example, one feature of neutrophils senescence is their delayed 

migration when enter into and egress from lesions (reviewed in Shaw et al., 2013). Similarly, 

macrophages/monocytes also have impaired chemotaxis with aging, and age-related delayed 

remyelination is associated with reduced macrophage/microglia recruitment (Zhao et al., 2006). 

Ruckh and colleagues found that experimentally induced demyelination was enhanced in old 

mice when exposed to a youthful systemic milieu. This restored remyelination involves 

recruitment of blood-derived monocytes to the lesions from the young parabiotic partner, and 

preventing this recruitment partially inhibits rejuvenation of remyelination (Ruckh et al., 2012). 

Consistent with these findings, we found that following TBI there were fewer leukocytes in the 

brains of aged rats compared to the younger ones. This altered immune response in aged rats 

is associated with decreased neuromotor function and locomotor activities after TBI when 

compared to their younger counterparts. Investigating the exact underlying mechanisms of age-

related differences in infiltrating cells after TBI is needed to further advance potential 

treatments that target this process. While aged leukocytes have impaired chemotactic function, 

the altered brain cytokines profile (Lee et al., 2000), the impaired function of glial cells 

(Damani et al., 2011; Rawji et al., 2016), and the dysregulated immune signalling in CNS and 

in the circulating system due to aging, may all play a role and should be investigated.  

7.5 Future directions 

7.5.1 Other pathophysiological mechanisms of multitrauma? 

This thesis intensively investigated the role of inflammation in multitrauma involving TBI. 

However, considering that multitrauma is a very complex injury condition (McDonald et al., 

2016), some other factors in addition to neuroinflammation could also play significant roles. 

For example, abundant free radicals are generated in the brain after injury and result in an 
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oxidative stress condition (Ansari et al., 2008; Awasthi et al., 1997). Cellular macromolecules, 

including lipids (Del Rio et al., 2005), proteins (Berlett and Stadtman, 1997) and nucleic acids 

(Halliwell, 1999), are all vulnerable to oxidative damage. Lipids are major structural 

components of cell membranes, and therefore their peroxidation cause lysis of membranes, and 

various harmful molecules are released from the damaged membranes (Gutteridge, 1995). 

Levels of malondialdehyde (MDA), the end-product of lipid peroxidation (Del Rio et al., 2005), 

is elevated after TBI (Bao et al., 2012; Shultz et al., 2013; Webster et al., 2015). Of particular 

relevance, peripheral traumas such as bone fracture and muscle injury, can also induce an 

oxidative stress condition. For example, bone MDA levels, as well as circulating  MDA levels, 

is elevated during fracture healing in rats (Turgut et al., 1999; Yeler et al., 2005). In human 

patients, blood oxidants levels were reported to be elevated after fracture (Prasad et al., 2003). 

Following muscle injury, mitochondrial alteration and oxidative stress also occur (Ramadasan-

Nair et al., 2014). Though no study has assessed the effect of peripheral oxidative stress on 

TBI, considering the venerability of the brain to the oxidants, as well as the impaired BBB 

function, accumulation of oxidants in the circulation may negatively affect TBI outcomes.  

Following long-bone fracture, fat globules release into the circulation and can result in 

embolization. Though uncommon, some patients will develop fat emboli syndrome, which 

occurs 24-72 hours after trauma (Shaikh, 2009). The brain is particularly involved in fat 

embolism syndrome, and in some cases MRI can detect abnormalities in the brain parenchyma 

including cerebral oedema and haemorrhage (Kuo et al., 2014). Woo and colleagues reported 

a case report where a fracture patient showed lipid-dense material in the subarachnoid space 

(Woo et al., 2014). It is proposed that the elevated intramedullary pressure after fracture leads 

to the release of fat globules from bone marrow (Kröpfl et al., 1999) into the venous system 

(Gossling and Pellegrini, 1982). These fat globules are then deposited in the pulmonary 

capillary beds and travel to the brain where they can impair microvascular perfusion and induce 
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inflammation (Gossling and Pellegrini, 1982; Shaikh, 2009). In addition, the disrupted 

homeostasis and inflammatory response induced by trauma leads to the release of free fatty 

acids, which travel along bloodstream and cause damage (Baker et al., 1971; Shaikh, 2009). 

As such, fat globules can enter the brain and directly induce brain injury, which could be worse 

in a multitrauma setting where the BBB is compromised; also, fat embolism shares some 

pathological similarities with TBI, which could have interactive effects in multitrauma settings. 

7.5.2 Age-related treatment strategies for TBI?  

In Chapter 6, we found that aging resulted in an altered immune response acutely after TBI. 

Specifically, while young rats given a TBI had increased numbers of total leukocytes, 

infiltrating myeloid cells, and microglia at 24 h post-injury, this was greatly suppressed in the 

aged rats. Of relevance, it has been reported that microglia in aged rats showed delayed but 

prolonged proliferation/activation after experimental stroke, compared to young rats 

(Wasserman et al., 2008). Furthermore, prolonged BBB disruption and elevated glia activation, 

as well as worse neurodegeneration, has been reported in aged mice given a TBI (Onyszchuk 

et al., 2008; Sandhir et al., 2008). Based on these previous findings, it therefore seems possible 

that the aged rats given a TBI in our study may have also experienced a delayed and/or 

prolonged inflammatory response after TBI, with decreased ability to switch to repair states, 

had we tested additional recovery times (Wasserman et al., 2008; Ziebell et al., 2017). 

Therefore, while preventing leukocyte infiltration acutely after TBI is beneficial in young-adult 

rats (Bao et al., 2012; Shultz et al., 2013), this treatment approach may not be appropriate in 

aged TBI subjects, whereas a delayed treatment of leukocyte depletion may be beneficial. In 

addition to immunosenescence, aging results in telomere shortening, accumulative DNA 

damage, misfolded proteins, and the accumulation of free radicals (Rawji et al., 2016). Each of 

these aspects can contribute to an unbalanced and toxic microenvironment in the brain, and 

therefore place an aged individual more vulnerable to TBI. The influence of these factors on 
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TBI is currently understudied and should be investigated to generate new knowledge towards 

better understanding TBI pathology and developing age-specific treatment strategies. 

Related to this line of thought is the question of how neuroinflammation may differ in 

paediatric TBI. Studies have shown that some inflammatory factors are specifically regulated 

in the immature brain in response to neurotrauma. For example, a recent study using the CCI 

model in mice demonstrated that the immature brain had a different temporal profile of 

microglia activation and HMGB1 regulation after TBI than the young-adult (Webster et al., 

2018). Therefore, the neuroinflammatory response after TBI appears to differ across the entire 

age spectrum, and warrants further investigation given that TBI is common in all age groups.  

7.5.3 Other extracranial stressors 

There are some other extracranial stressors that beyond the scope of this thesis, but can 

commonly concurrent with TBI, and therefore have potential to affect TBI outcome. For 

example, the infections. As reviewed in Sun et al., 2018, TBI patients are often exposed to 

infectious agents in the acute and sub-acute stages of injury as moderate or severe TBI patients 

often have prolonged hospital stays, and mild TBI patients frequently seek medical attention 

at a hospital or clinic (Leibson et al., 2012). Also, TBI results in a period of immunosuppression 

that leads to diminished immune capacity in response to infectious agents (Vermeij et al., 2013). 

Patients with TBI and polytrauma also frequently undergo surgical procedures that further 

expose them to infectious agents (Brady et al., 2017; Kourbeti et al., 2012; Kourbeti et al., 

2011). For these reasons, sub-acute infections are common in TBI patients (Marks et al., 2013), 

with a previous study reporting that around one-third of severe TBI patients experienced 

infection (Kourbeti et al., 2012). Notably, there is some evidence that TBI patients with 

nosocomial infections have worse neurological deficits, suggesting that infections may 

negatively impact TBI outcomes (Piek et al., 1992). 
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In addition to exposure to infection after TBI, another potentially significant factor that is 

frequently overlooked is how a pre-existing infection might influence TBI outcome. For 

example, chronic parasitic infection is very common and may represent another form of 

immune insult with the potential to affect TBI outcome. T. gondii infection is common 

worldwide, with approximately one-third of the human population infected (Flegr et al., 2014). 

The infection is characterized by the presence of parasitic cysts within neurons, resulting in a 

chronic lifelong infection in the brain of the host (Carruthers and Suzuki, 2007; Yarovinsky, 

2014). Upon T. gondii infection, an intensive inflammatory response is activated, and many 

inflammatory cytokines are upregulated in the CNS and persist into the chronic stage (Deckert-

Schlüter et al., 1995). Microglia and astrocyte activation, as well as T cells infiltration, have 

also been reported from preclinical studies (Schlüter et al., 1997). Immunocompetent human 

hosts are typically asymptomatic and the infection has traditionally been considered benign 

(Yarovinsky, 2014). However, in immunosuppressed populations, T. gondii infection can lead 

to the development of cerebral toxoplasmosis, a potentially fatal condition that can involve 

encephalitis, hemiparesis, cerebellar tremor, seizures, and other neurological symptoms (Luft 

and Remington, 1992). Although to date no study has investigated the influence of T. gondii 

infection on TBI, there could be interactive pathologies between these two conditions, as many 

immunological factors that upregulated during T. gondii infection also play a role in TBI. 

It must be noted that immune activation prior to TBI may also have neuroprotective properties. 

Several lines of evidence in preclinical studies suggest that ‘low dose’ pre-conditioning of 

infectious agents may be beneficial to consequent CNS injury (Longhi et al., 2011; Rosenzweig 

et al., 2004; Smithason et al., 2013; Turner et al., 2017). For example, systemic administration 

of low-dose LPS prior to TBI in rats showed benefit in reducing neuronal degeneration (Turner 

et al., 2017). Similarly, in a mouse model of TBI, pre-conditioning of low-dose LPS showed 
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beneficial to long-term outcomes (i.e., one month post-TBI), with reduced contusion volume 

and attenuated functional deficits (Longhi et al., 2011).  

It is also important to point out that clinically there are many other factors that contribute to 

the heterogeneity of TBI. For example, some TBI patients have previous medical issues, such 

as hypertension and diabetes, and some TBI patients have history of concussions; all these 

factors can complicate the recovery from TBI. Furthermore, following TBI, factors such as 

timing of rehabilitation, social support, and exposure to infectious agents, further complicate 

the trajectory of the injury. These factors should be taken into consideration in future studies. 

7.6 Conclusions  

TBI is a leading cause of death and disability worldwide. Significant research efforts have been 

made to better understand the complex pathophysiology of TBI and identify pharmacological 

interventions (Shultz et al., 2017; Xiong et al., 2013). Despite these efforts, all phase III clinical 

trials in TBI to date have been unsuccessful, and there are still no pharmacological treatments 

known to improve long-term outcomes in TBI patients (Stein, 2015). The significant 

heterogeneity of TBI is a major reason for these failures, and a great challenge to the field 

moving forward. The immune response after TBI is one of the most influential physiological 

events, and there is significant variance in extracranial stressors that occur concomitantly with 

TBI. As such, this thesis investigated the pathophysiology of TBI in the presence of 

extracranial trauma or aging, with a particular focus on the inflammatory response. This thesis 

found that some forms of extracranial trauma, as well as aging, can result in worse TBI 

outcomes. Furthermore, these extracranial stressors also resulted in altered neuroinflammation 

and immune response, which suggests that these mechanisms may have contributed to the 

worsened outcomes (Figure 7.1).  
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Figure 7.1 The potential for extracranial immunological stressors to interact with TBI 

pathobiology. TBI can induce a complex pathophysiological process that involves a number 

of secondary injury pathways (illustrated in red). TBI is often not an isolated injury, and it is 

common for concomitant extracranial immunological stressors to be present. This thesis 

provides evidence that some forms of extracranial trauma (illustrated in green) and 

aging/immunosenescence (illustrated in blue) can influence TBI pathobiology, particularly the 

neuroinflammation. The influence of other common immune stressors that can occur in TBI, 

such as infection (illustrated in purple), remains to be determined (Modified from Sun et al., 

2018). 

 

In conclusion, this thesis provides evidence that some extracranial stressors can influence 

neuroimmune response and the aftermath of TBI, and can influence treatment strategies 
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accordingly. Moving forward, it is important to acknowledge that the field of how extracranial 

stressors affect TBI is still very much in its infancy, and the large amount of research required 

will be further complicated by other factors that were not investigated in this thesis, such as 

infection (Figure 7.1), and many others. Further investigations are clearly warranted and are 

likely to impact TBI treatment strategies. 
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a b s t r a c t

Traumatic brain injury (TBI) is a leading cause of death and disability worldwide, and typically involves a
robust immune response. Although a great deal of preclinical research has been conducted to identify an
effective treatment, all phase III clinical trials have been unsuccessful to date. These translational short-
comings are in part due to a failure to recognize and account for the heterogeneity of TBI, including how
extracranial factors can influence the aftermath of TBI. For example, most preclinical studies have utilized
isolated TBI models in young adult males, while clinical trials typically involve highly heterogeneous
patient populations (e.g., different mechanisms of injury, a range of ages, presence of polytrauma or infec-
tion). This paper will review the current, albeit limited literature related to how TBI is affected by com-
mon concomitant immunological stressors. In particular, discussion will focus on whether extracranial
trauma (i.e., polytrauma), infection, and age/immunosenescence can influence TBI pathophysiology,
and thereby may result in a different brain injury than what would have occurred in an isolated TBI. It
is concluded that these immunological stressors are all likely to be TBI modifiers that should be further
studied and could impact translational treatment strategies.
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1. Introduction

Traumatic brain injury (TBI) is induced by biomechanical forces
to the brain, and is a leading cause of mortality and morbidity
worldwide (Blennow et al., 2012). Significant research efforts have
been made to better understand the complex pathophysiology of
TBI and identify pharmacological interventions (Xiong et al.,
2013; Shultz et al., 2017). Despite these efforts, all phase III clinical
trials in TBI have been unsuccessful, and there are still no treat-
ments known to improve long-term outcomes in TBI patients
(Stein, 2015). A number of factors have likely contributed to the
translational failures in the TBI field, and in-depth discussion on
each of these is beyond the scope of this paper (see Maas et al.,
2012; Menon and Maas, 2015; Stein, 2015 for other relevant
reviews). However, one of the major reasons for the lack of trans-
lational success is the failure to account for the heterogeneity of
TBI in both the preclinical and clinical settings (Xiong et al.,
2013; McDonald et al., 2016; Shultz et al., 2017). TBI is often not
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an isolated injury; yet the majority of preclinical research has uti-
lized isolated TBI models such as the controlled cortical impact,
fluid percussion, and weight-drop methods. Although TBI-related
factors (e.g., brain structures affected by injury, focal versus diffuse
injury, mechanism of injury, etc.) can affect TBI pathophysiology,
how concomitant extracranial stressors might influence TBI is still
largely unknown. Amongst the possible extracranial stressors that
could affect TBI, some of the most common include extracranial
trauma (i.e., polytrauma) (McDonald et al., 2016), infection (e.g.,
bacterial, viral, parasitic) and sepsis (Tenter et al., 2000; Semmler
et al., 2008; Marks et al., 2013; Semmler et al., 2013), and aging
(i.e., immunosenescence) (de la Plata et al., 2008; Sendroy-Terrill
et al., 2010). Each of the abovementioned stressors involve a signif-
icant immune response, which is also a pathological hallmark of
TBI. This review article will summarize how these common
extracranial immunological stressors have potential to affect TBI
and discuss how this might influence future research, both in
terms of preclinical TBI modeling and treatment strategies.
2. Traumatic brain injury (TBI)

It is estimated that over 10 million people worldwide suffer a
TBI each year (Humphreys et al., 2013), and TBI often results in
death or disabilities (Gennarelli et al., 1989; Werner and
Engelhard, 2007). Depending on the nature and severity of the
injury (i.e., focal versus diffuse; mild versus severe), outcomes from
TBI range from transient to long-term neurological deficits (e.g.,
cognitive, emotional, and motor abnormalities) that can involve
significant grey and white matter damage (Blennow et al., 2012).
TBI is also linked to the later development of other neurological
conditions, including posttraumatic epilepsy (Webster et al.,
2017), Alzheimer’s disease (AD) (Jellinger, 2004), amyotrophic lat-
eral sclerosis (Chen et al., 2007; Schmidt et al., 2010), and chronic
traumatic encephalopathy (McKee et al., 2009, 2015). The brain
damage induced by TBI is generally categorized as being caused
by either primary or secondary injury mechanisms. Primary injury
is the result of the direct mechanical insults at the moment of
impact, and due to the rapid onset is largely considered irreversible
(Blennow et al., 2012; Xiong et al., 2013). The primary insult, how-
ever, also initiates a series of pathological secondary injury path-
ways, including activation of the immune system (Taupin et al.,
1993; Shohami et al., 1994; Frugier et al., 2010), apoptosis
(Miñambres et al., 2008), lipid peroxidation (Awasthi et al., 1997;
Ansari et al., 2008), excitotoxicity (Werner and Engelhard, 2007),
numerous proteopathies (e.g., tau, amyloid) (Blennow et al.,
2012; Zheng et al., 2014; Shultz et al., 2015b), and further injury
to the blood-brain barrier (BBB) and axons (Shlosberg et al.,
2010; Johnson et al., 2013b). These secondary injury processes
can occur within minutes to days after TBI, and may persist and
contribute to chronic neurodegeneration (Blennow et al., 2012;
Xiong et al., 2013). The exact nature of the secondary injury cas-
cade may differ depending on factors such as type (e.g., focal versus
diffuse) and severity (e.g., mild versus severe) of the TBI. For exam-
ple, although BBB disruption has been reported in both diffuse and
focal TBI models (Adelson et al., 1998), it is more common in focal
TBI (Smith et al., 1995; Flierl et al., 2009; Shear et al., 2011). Con-
sistent with the findings of worse BBB damage in focal TBI, neu-
trophil infiltration has also been reported to be more prominent
following focal brain injury (Adelson et al., 1998). Nonetheless,
there is optimism in the TBI field that secondary injury mecha-
nisms could be therapeutically targeted to reduce additional injury
regardless of TBI sub-type because of their delayed onset.

Amongst the different secondary injury mechanisms that can
occur in TBI, neuroinflammation is perhaps the most common that
is present across the various TBI sub-types. As detailed below, a
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number of inflammatory factors have been implicated in worse sec-
ondary injury after TBI. However, it is important to note that some
extent of inflammation is beneficial post-TBI to clear cellular debris,
isolate the injured tissue, and signal the up-regulation of growth
factors and anti-inflammatory cytokines (Russo and McGavern,
2016). Both clinical and preclinical studies have reported that
inflammatory cytokines, including interleukin (IL)-1b, tumor necro-
sis factor (TNF)-a, interferon-c (IFNc), and IL-6 are released acutely
after TBI (Taupin et al., 1993; Shohami et al., 1994; Frugier et al.,
2010). Microglia are innate macrophage-like cells in the central
nervous system (CNS) and act as the primary immune cells in
response to TBI, secreting high levels of inflammatory cytokines,
chemokines, oxidative metabolites, and other toxic molecules
(Loane and Kumar, 2016). These factors and cytokines can initiate
a self-propagating cycle of damaging events that may cause chronic
and dysregulated microglial activation (Block et al., 2007). Human
and animal studies suggest that following TBI, microglia can be
chronically activated for weeks and months (as reviewed in Loane
and Byrnes, 2010; Ramlackhansingh et al., 2011; Shultz et al.,
2012; Johnson et al., 2013a). For example, Johnson et al. (2013a)
studied post-mortem brain samples from TBI patients and found a
high frequency of densely packed reactive microglia in TBI cases
that involved >3 months survival post-TBI. Reactive microglia were
also present in 28% of TBI cases involving > 1-year survival, demon-
strating the potential for chronic microglia activation after TBI.
Notably, the presence of reactivemicrogliawas associatedwith cor-
pus callosum degeneration. However, microglia, macrophages, and
other monocytes can also be beneficial after brain injury as they are
able to phagocytose debris and aid in remyelination (Cherry et al.,
2014; Natrajan et al., 2015; Russo and McGavern, 2016).

Astrocytes are another important glial cell that are involved in
neuroinflammation. In a normal brain, astrocytes provide struc-
tural scaffold for neurons and blood vessels, and contribute to
BBB formation, whereas during neuroinflammation after TBI, astro-
cytes are activated which results in astrogliosis (Laird et al., 2008;
Shultz et al., 2014; Webster et al., 2015). Rodent studies suggest
that astrocytic glutamate transporters are dysregulated after TBI
(Raghavendra Rao et al., 1998), and therefore may contribute to
post-TBI excitotoxicity. Furthermore, astrocytes are a main source
of inflammatory mediators that may contribute to toxicity in the
injured brain (Lau and Yu, 2001). However, other studies in mice
have found that astrogliosis may be beneficial after TBI by promot-
ing the formation of a glial scar, which isolates the lesion and pre-
vents further cell loss (Bush et al., 1999; Laird et al., 2008).

Peripheral immune factors such as circulating leukocytes are
recruited across the BBB into the injured brain in response to TBI.
Human and preclinical studies have found that neutrophils are
amongst the first wave of immune cells to infiltrate the brain,
peaking within approximately 24 h, after which macrophages
become the predominant infiltrating leukocytes (Soares et al.,
1995; Hausmann et al., 1999; Jin et al., 2012; Shultz et al., 2013).
Both neutrophils and macrophages may exacerbate the levels of
cytokines and free radicals (Finnie, 2013). Free radicals (e.g., reac-
tive oxygen species) can lead to oxidative stress (Awasthi et al.,
1997), which is abundant in the brain within hours after TBI in
rodents (Awasthi et al., 1997; Ansari et al., 2008). Lipid peroxida-
tion is a common consequence and marker of oxidative stress
(Del Rio et al., 2005), with levels of malondialdehyde (MDA; i.e.,
the end-product of lipid peroxidation) often found to be elevated
after TBI (Bao et al., 2012; Shultz et al., 2013; Webster et al.,
2015). Lipids are major structural components of cell membranes,
and therefore their peroxidation can result in the lysis of mem-
branes and the consequent release of various harmful molecules
from the damaged membranes (Gutteridge, 1995).

Disruption to the BBB, a hallmark of TBI (see Shlosberg et al.,
2010 for review), further facilitates access for peripheral factors
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to enter the brain parenchyma. BBB breakdown after TBI can be
induced directly by the initial mechanical forces, but can also be
a result of secondary injuries such as inflammation and oxidative
stress (Haorah et al., 2007; Shlosberg et al., 2010; Gu et al.,
2012). The recruitment of peripheral leukocytes across the BBB
may lead to further BBB disruption, and pro-inflammatory cytoki-
nes can also influence BBB permeability (Haorah et al., 2007; Gu
et al., 2012). For example, elevated IL-1b expression in rodents
resulted in up-regulation of adhesion molecules, leukocyte recruit-
ment, and BBB breakdown (Ferrari et al., 2004; Shaftel et al., 2007).
Reactive astrocytes and apoptosis of endothelial cells can also con-
tribute to BBB breakdown after CNS injury in rodents (Li et al.,
2003; Argaw et al., 2012). As such, BBB disruption after TBI is
believed to be biphasic, with the initial onset of BBB dysfunction,
due to the primary injury, occurring within minutes to hours,
and the second onset, due to secondary mechanisms, typically
beginning from 3 to 7 days post-TBI in rodents (Lotocki et al.,
2009). Although BBB function may be restored within weeks to
months, impaired permeability of BBB has been reported to last
for years (Korn et al., 2005; Tomkins et al., 2007).

TBI has also been found to suppress the immune system, includ-
ing both the innate and adaptive immune pathways, which likely
contributes to the increased incidence of nosocomial infections in
moderate to severe TBI patients (see Hazeldine et al., 2015 for
Fig. 1. The potential for extracranial immunological stressors to interact with TBI pathobi
involves a number of secondary injury pathways (illustrated in red). TBI is often not an iso
such as infection (illustrated in purple), aging/immunosenescence (illustrated in blue
summarizes how these common immunological stressors have potential to interact wit
mechanisms), BBB disruption, and immunosuppression. Although the extracranial stresso
how each extracranial sstressor may interact with TBI.
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review). Despite a TBI-induced increase in circulating neutrophilia
in patients (Rhind et al., 2010; Junger et al., 2013), neutrophil
phagocytosis is impaired within hours after TBI, and can persist
for days to weeks in humans (Liao et al., 2013). Furthermore, the
expanded neutrophil pool after TBI is heterogeneous and contains
suppressive neutrophil populations that can induce T cell apopto-
sis and suppress T cell proliferation (Junger et al., 2013;
Hazeldine et al., 2015). Catecholamine levels are also elevated in
TBI patients (Wagner et al., 2011), and increased cortisol levels
are correlated with decreased circulating T cells in mice after TBI
(Dong et al., 2016). There is also a decline in circulating natural
killer cells in the days and weeks after TBI in patients (Kong
et al., 2014). In addition, TBI patients had elevated circulating
mitochondrial-derived damage-associated molecular patterns
(Wang et al., 2014), which may induce systemic immune cell toler-
ance (as reviewed in Hazeldine et al., 2015). Although further
research is required, these findings indicate that TBI can alter
peripheral innate and adaptive immunity.

In summary, peripheral immune factors inherently contribute
to neuroinflammation and other TBI pathologies, which is facili-
tated by the increased BBB permeability after TBI (see Fig. 1). TBI
can also result in systemic immunosuppression. Therefore, it
seems likely that other factors that modulate the immune response
at the time of, or soon after TBI, can affect TBI pathophysiology and
ology. Focal and/or diffuse TBI can induce a complex pathophysiological process that
lated injury, and it is common for concomitant extracranial immunological stressors
), and extracranial trauma (illustrated in green) to be present. This illustration
h TBI pathobiology, with a particular emphasis on neuroinflammation (and related
rs do have the potential to interact with each other, the focus of this paper/figure is
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outcomes. In the following sections, we will discuss how immuno-
logical stressors that commonly occur concomitantly with TBI,
namely extracranial trauma, infection, and aging/immunosenes-
cence, may impact the aftermath of TBI (Fig. 1).
3. The effect of extracranial trauma on TBI

Traumatic injuries to the body are common in motor vehicle
accidents, slips and falls, sports activities, industrial accidents,
assaults, and the warzone (i.e., events that also induce TBI; as
reviewed in McDonald et al., 2016). These are high impact events,
therefore patients commonly suffer injury to multiple body regions
– A condition traditionally termed multitrauma or polytrauma
(Probst et al., 2009; MacGregor et al., 2012). Notably, amongst
polytrauma cases, brain and extremity injuries are a common com-
bination with approximately one-third of TBI patients also sustain-
ing concurrent extracranial trauma (Groswasser et al., 1990; Siegel
et al., 1991; Probst et al., 2009; van Leeuwen et al., 2012; Leitgeb
et al., 2013). A recent paper reviewed the limited number of clinical
multitrauma/polytrauma studies that have investigated the effect
of peripheral trauma on TBI (McDonald et al., 2016), and concluded
that peripheral injuries are associated with an increased risk of
mortality and functional deficits in patients, particularly when sev-
ere extracranial injuries are combined with mild to moderate brain
injury. It could be argued that polytrauma patients have worse TBI-
related outcomes because the high-energy mechanical forces
required to induce polytrauma also produce a more severe TBI
(Groswasser et al., 1990). However, as detailed below, recent ani-
mal model findings that control for the severity/force of TBI have
found evidence that concomitant extracranial injuries increase
both peripheral and central inflammatory responses. Furthermore,
the structural and functional deficits associated with TBI are exac-
erbated in multiply injured animals despite having the same sever-
ity of TBI initially administered (Maegele et al., 2007; Probst et al.,
2012; Weckbach et al., 2013; Shultz et al., 2015a; Yang et al.,
2016). These findings suggest that the presence of a concomitant
peripheral trauma may result in a different secondary brain injury
process that could contribute to worse outcomes in polytrauma
patients, rather than the explanation that they simply had a more
severe TBI to begin with.

Bone fracture is one of the most common traumatic injuries
worldwide (Charles Mock and Cherian, 2008), and often occurs
concomitantly with TBI (Probst et al., 2009). Fracture healing
involves four overlapping phases (i) an initial and often extensive
inflammatory phase; (ii) formation of a temporary fibrous/carti-
laginous bridging tissue known as soft callus; (iii) a subsequent
replacement of this soft callus with bone (i.e., hard callus forma-
tion); and (iv) a prolonged period of callus remodeling that results
in the restoration of functional bone to its pre-injured structure
(see Schindeler et al., 2008 for review). While fracture healing is
a complex process, the inflammatory stage during fracture healing
is substantial (Kelava et al., 2014; Brady et al., 2016). Studies of
fractures in mice have found that inflammatory cytokines, such
as IL-1, IL-6, and TNF-a, are secreted by macrophages and other
inflammatory cells, as well as mesenchymal cells (Kon et al.,
2001; Prystaz et al., 2017). Rodent studies have found that peak
elevation of pro-inflammatory cytokines typically occurs 1–3 days
post-fracture, and there is a second up-regulation occurring 3–4
weeks post-fracture during the callus remodeling phase (Einhorn
et al., 1995; Kon et al., 2001; Dimitriou et al., 2005). Oxidative
stress is also present after fracture, with circulating oxidative
stress markers reported to be elevated in both rats and humans
(Turgut et al., 1999; Prasad et al., 2003; Yeler et al., 2005).

Preclinical studies have now begun to investigate the effect of
concomitant bone fracture on CNS injury. For example, a mouse
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model of polytrauma that involved a concomitant weight-drop
TBI and tibial fracture exacerbated TBI outcomes compared to an
isolated weight-drop TBI, including worse cerebral edema, BBB
permeability, structural brain damage, and behavioral deficits; all
of which occurred in the presence of elevated neuroinflammatory
markers and IL-1b levels (Shultz et al., 2015a). In a consequent
study using this model, mice given polytrauma and treated with
an IL-1 receptor antagonist were found to have reduced neuroin-
flammation, edema, and brain damage compared to their vehicle-
treated counterparts (Sun et al., 2017). These findings suggest a
key role for IL-1 receptor signaling in the exacerbated neurological
consequences observed in this polytraumamodel (Sun et al., 2017).
Similarly, Yang et al. found worse TBI outcomes and neuroinflam-
mation in a combined TBI and fracture model, and that these
effects were mitigated by treatment with high mobility group 1
antibody (Yang et al., 2016).

Whether or not other forms of peripheral trauma have similar
effects on TBI outcome remains to be determined, but it stands
to reason that this may be the case for other traumas that produce
a robust systemic inflammatory response. For example, significant
skeletal muscle trauma often occurs in the presence of TBI
(Järvinen et al., 2005; Smith et al., 2008). Muscles are mostly com-
prised of differentiated myofibers, which following injury undergo
necrosis and inflammation (see Karalaki et al., 2009 for review).
Similar to what occurs in TBI, neutrophil invasion occurs rapidly
after exercise-induced muscle injury and remains elevated for
�5 days in humans (Fielding et al., 1993). Increased levels of circu-
lating neutrophils has also been reported after muscle damage in
humans (Kanda et al., 2013). Neutrophils phagocytose the necrotic
debris, release pro-inflammatory cytokines, and contribute to
macrophage recruitment (see Smith et al., 2008 for review). Within
72 h after injury, macrophages become the most common immune
cell in the injury area in mice (Nguyen et al., 2011). Rodent studies
also indicate that a series of pro-inflammatory cytokines and
chemokines, such as IL-1b, TNF-a, IL-6, CCL2, CCL3 and CCL4 are
also up-regulated during this stage (Ramadasan-Nair et al.,
2014). Other pathological events relevant to TBI, such as oxidative
stress, have also been showed to be involved in muscle healing in
preclinical models (Ramadasan-Nair et al., 2014).

Taken together, in line with the declined functional recovery
and increased mortality rate in polytraumatized TBI patients,
emerging preclinical studies have further demonstrated that con-
comitant extracranial trauma can exacerbate TBI pathogenesis
and functional deficits, with inflammation being a likely mecha-
nism. Further research is required to determine whether these con-
sequences are unique to a specific type of extracranial trauma, or if
it is also valid in other types of concomitant extracranial trauma
that possess an injury-induced inflammatory response.
4. The effect of infection on TBI

TBI patients are often exposed to infectious agents in the acute
and sub-acute stages of injury as moderate or severe TBI patients
often have prolonged hospital stays, and mild TBI patients fre-
quently seek medical attention at a hospital or clinic (Leibson
et al., 2012). As described earlier, TBI also results in a period of
immunosuppression that leads to diminished immune capacity
in response to infectious agents (Vermeij et al., 2013). Patients
with TBI and polytrauma also frequently undergo surgical proce-
dures that further expose them to infectious agents (Kourbeti
et al., 2011, 2012; Brady et al., 2017), with one study reporting that
one-third of the severe TBI patients required a surgery (Kourbeti
et al., 2012). For these reasons, sub-acute infections (i.e., within
two weeks) are common in TBI patients (Marks et al., 2013), with
a previous study reporting that around one-third of severe TBI
e from ClinicalKey.com.au by Elsevier on July 10, 2018.
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patients experienced infection (Kourbeti et al., 2012). Lower respi-
ratory tract and surgical site infections are the two most common
following severe TBI (Kourbeti et al., 2012; Hazeldine et al., 2015),
with 47% being lower respiratory tract infections (e.g., pneumonia)
and 17% at the surgery site (Kourbeti et al., 2012). Staphylococcus
aureus, Haemophilus influenza, Streptococcus pneumoniae, Acineto-
bacter species, and Pseudomonas aeruginosa have been reported to
be the most common pathogens that affect TBI patients
(Cazzadori et al., 1997; Ewig et al., 1999; Bronchard et al., 2004;
Kourbeti et al., 2012). Of relevance to the topic of this paper, there
is some evidence that TBI patients with nosocomial infections have
worse neurological deficits, suggesting that nosocomial infections
may negatively impact TBI outcomes (Piek et al., 1992).

Related to infection, TBI patients also commonly suffer from
sepsis. Sepsis is a life-threatening condition that occurs when the
body’s response to infection ultimately results in damage to other
tissues and organs (van der Poll et al., 2017). During sepsis, the
activated immune response becomes unbalanced, characterized
by concurrent excessive inflammation and immune suppression
(van der Poll et al., 2017). Sepsis commonly involves systemic
inflammatory response syndrome (SIRS), acute organ dysfunction,
and ‘septic shock’ (van der Poll et al., 2017). In response to SIRS,
neural and humoral pathways are activated, and as a result, even
with no direct CNS infection, sepsis can induce a diffuse pattern
of cerebral dysfunction, characterized by widespread microglial
activation, BBB dysfunction, neurotransmission alteration and
oxidative stress (Sonneville et al., 2013). Septic encephalopathy is
associated with increased morbidity and mortality, long-term cog-
nitive impairments, and reduced hippocampal volume compared
to healthy control patients (Semmler et al., 2013). Pre-clinical stud-
ies have found that activated microglia and astrocytes, along with
up-regulated levels of IL-1b, IL-6 and TNF-a, in the brain within 24
h of sepsis (Semmler et al., 2005, 2008; Hannestad et al., 2012;
Skelly et al., 2013; Mina et al., 2014). In rodent studies, BBB dam-
age has been reported to occur during the early stages of sepsis,
which is associated with the dysfunction of cerebrovascular
endothelial cells (Handa et al., 2008; Mina et al., 2014). IL-1b sig-
naling has also been suggested to participate in sepsis-induced
BBB dysfunction, as IL-1 receptor antagonist treatment mitigated
the increased BBB permeability in a rat model of sepsis (Mina
et al., 2014). Vasogenic and cytotoxic cerebral edema, both of
which are common in TBI, were found within 24 h following induc-
tion of sepsis with a cecal ligation and puncture (CLP) mouse
model (Bozza et al., 2010). Oxidative damage and neuronal death
in the cortex and hippocampus, both of which are common brain
structures affected by TBI, also occurs after the induction of sepsis
in rodents (Semmler et al., 2005, 2008; Barichello et al., 2006;
Comim et al., 2013; Mina et al., 2014).

Considering that sepsis may have profound pathophysiological
and functional effects on the un-injured brain, it seems likely that
a concomitant TBI has the potential to induce additive or synergis-
tic detrimental effects. Sepsis has been reported to occur in up to
75% of severe TBI patients (Corral et al., 2012), and is a strong risk
factor for in-hospital death after TBI (Selassie et al., 2011). Preclin-
ical studies provide further support that infection and sepsis can
influence TBI pathobiology and outcomes. The combination of the
CLP sepsis model and mild TBI in rats resulted in increased micro-
glia activation, increased hippocampal neuronal cell death, wors-
ened motor and cognitive deficits, and increased mortality rate
(Venturi et al., 2009). Another study found that peripheral admin-
istration of IL-1b following TBI resulted in worse behavioral deficits
and contusion volume in rats (Utagawa et al., 2008). A number of
preclinical studies have also examined the effects of a post-TBI
lipopolysaccharide (LPS) challenge. An LPS challenge following
repeated mild TBI in rats increased inflammatory cytokine produc-
tion, increased neuronal damage, and worsened tau pathology
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compared to saline-treated TBI rats (Corrigan et al., 2017). Simi-
larly, systemic LPS administration in rats given a single mild TBI
led to persistent microglia proliferation, impulsive-like behavior,
depressive-like behavior, and learning deficits at 3 months post-
injury, whereas an isolated mild TBI did not (Collins-Praino et al.,
2018). Hang et al., found that systematic administration of LPS fol-
lowing TBI in rats led to increased NFjB binding activity and ele-
vated TNF-a and IL-6 levels in the brain when compared to
isolated TBI (Hang et al., 2004). Mice given a systemic LPS chal-
lenge at 1 month post-TBI also had worse cognitive deficits com-
pared to their saline-treated counterparts (Muccigrosso et al.,
2016).

In addition to exposure to infection after TBI, another poten-
tially significant factor that is frequently overlooked is how a
pre-existing infection might influence TBI outcome. For example,
chronic parasitic infection is very common and may represent
another form of immune insult with the potential to affect TBI out-
come. Toxoplasma gondii (T. gondii) infection is common world-
wide, with approximately one-third of the human population
infected (Flegr et al., 2014). Although the feline is the defined host
of T. gondiiwhere its sexual cycle occurs, T. gondii is an intracellular
parasite that can infect all mammals and birds (Yarovinsky, 2014).
Humans can become infected through mother-to-fetus infection,
by ingesting undercooked meat containing T. gondii tissue cysts
(bradyzoites), or ingesting oocysts (sporozoites) present in water
or garden soil contaminated by infected cat feces (Carruthers and
Suzuki, 2007). The acute stage of infection is characterized by the
fast replication of tachyzoites. Several weeks later tachyzoites con-
vert to low-replicate form bradyzoites, and cysts containing brady-
zoites settle in the brain and other organs and can then persist
chronically (Carruthers and Suzuki, 2007; Yarovinsky, 2014). In
the chronic stage, immunocompetent human hosts are typically
asymptomatic and the infection has traditionally been considered
benign (Yarovinsky, 2014). However, in immunosuppressed popu-
lations, T. gondii infection can lead to the development of cerebral
toxoplasmosis, a potentially fatal condition that can involve
encephalitis, hemiparesis, cerebellar tremor, seizures, and other
neurological symptoms (Luft and Remington, 1992).

Upon infection by T. gondii, the inflammatory process is critical
for host defense (Deckert-Schlüter et al., 1995; Schlüter et al.,
1997). Rodent studies have found that many inflammatory cytoki-
nes, including IFNc, TNF-a, IL-2, IL-4, IL-6, IL-10, and IL-12, are up-
regulated systemically and in the CNS during the acute stage of T.
gondii infection. In the CNS, IFNc, TNF-a, IL-2, and IL-10 are further
up-regulated in the chronic stage (Deckert-Schlüter et al., 1995).
Microglia and astrocyte activation, as well as CD4+ and CD8+ T cell
infiltration, have also been found in the chronic stages of infection
in rodents (Schlüter et al., 1997). Microglia and T cells produce
IFNc, a pro-inflammatory cytokine that is a key regulator in host
defense against T. gondii infection (Suzuki et al., 1988, 2005;
Wang and Suzuki, 2007; Yarovinsky, 2014). IFNc is associated with
classical M1 microglia phenotype (Hernandez-Ontiveros et al.,
2013), and is chronically up-regulated after infection (Deckert-
Schlüter et al., 1995; Schlüter et al., 1997). IFNc-mediated defense
against T. gondii involves induction of indoleamine 2,3-
dioxygenase, the inducible nitric oxide synthase (iNOS) mediated
pathway, and free radical production (Yarovinsky, 2014). Activated
astrocytes are also known to express chemokines, particularly
those involved in T cell recruitment to the brain (Ploix et al.,
2011). Furthermore, astrocytes limit T. gondii by inhibiting intra-
cellular parasite replication (Hidano et al., 2016).

To our knowledge, no study has investigated the effect of T. gon-
dii infection on TBI outcomes despite the high incidence of both of
the conditions and their potentially interactive pathologies. For
example, immunosuppression following TBI may result in
increased susceptibility to develop cerebral toxoplasmosis. IFNc,
urne from ClinicalKey.com.au by Elsevier on July 10, 2018.
n. Copyright ©2018. Elsevier Inc. All rights reserved.

166



M. Sun et al. / Brain, Behavior, and Immunity 69 (2018) 618–628 623
a key regulator of T. gondii, is also up-regulated following brain
injury and can have neurotoxic effects (Yilmaz et al., 2006;
Zhang et al., 2013; Seifert et al., 2014). Chronically activated micro-
glia and astrocytes have also been associated with neurodegenera-
tion after TBI (Loane et al., 2014; Mannix et al., 2014). T. gondii can
also influence the homeostasis of cerebral neurotransmitters
(Martin et al., 2015). Glutamate is the major excitatory neurotrans-
mitter in CNS, and can lead to excitotoxicity upon dysregulation. A
recent study found that chronic T. gondii infection led to increased
extracellular glutamate, with dysregulated extracellular glutamate
correlated with decreased levels of the primary astrocytic gluta-
mate transporter 1, and swollen astrocyte endfeet (David et al.,
2016). Increased extracellular glutamate after TBI can induce ionic
fluctuations that ultimately cause cell death (Fujikawa, 2015),
therefore presence of T. gondii may exacerbate glutamate-
induced excitotoxicity following TBI. T. gondii infection has also
been linked to several neurological conditions that share patholog-
ical similarities to TBI, such as Parkinson’s diseases (Miman et al.,
2010), epilepsy (Yazar et al., 2003; Palmer, 2007), and AD
(Kusbeci et al., 2011).

Although much of this section has highlighted the potential
detrimental effects of infection, it must be noted that immune acti-
vation prior to TBI may have neuroprotective properties. Despite T.
gondii being primarily harbored in neurons in chronic infections,
neuronal degeneration is unusual and T. gondii infection inhibited
neuronal degeneration and learning and memory impairments in
a mouse model of AD (Jung et al., 2012). Furthermore, several lines
of evidence in rodent studies suggest that ‘low dose’ pre-
conditioning of infectious agents may be beneficial to consequent
CNS injury (Rosenzweig et al., 2004; Longhi et al., 2011;
Smithason et al., 2013; Turner et al., 2017). Systemic administra-
tion of a singular low-dose of LPS one-week prior to TBI reduced
neuronal degeneration and glial activation in rats (Turner et al.,
2017). Similarly, in a mouse model of TBI, a single low dose of
LPS that was administered systemically 5-days before the injury
reduced contusion volume and functional deficits one month
post-TBI (Longhi et al., 2011). Taken together, the effect of immune
activation on a consequent TBI is complex and understudied, not
only because of the high prevalence of these conditions, but also
as TBI can lead to peripheral immunosuppression, and some infec-
tions can induce a persistent immune response involving many of
the same modulators that play a role in TBI pathology.
5. The effect of immunosenescence on TBI

The human population is aging rapidly (Shaw et al., 2013), and
it is important to consider how aging affects medical conditions
such as TBI (Thompson et al., 2006). During aging, the brain under-
goes changes including cellular senescence, epigenetic changes,
telomere shortening and accumulative DNA damage, misfolded
proteins, increased free radicals, impaired debris clearance, synap-
tic aberrations, metabolic stress, reduced neurogenesis, and ele-
vated inflammation (Rawji et al., 2016; Niraula et al., 2017).

Of particular relevance here, the immune system undergoes
deterioration and dysregulation with age, which has been termed
‘immunosenescence’ (Goronzy and Weyand, 2013; Shaw et al.,
2013). Immunosenescence includes two components: diminished
immunological competence in response to antigens (Goronzy and
Weyand, 2013; Shaw et al., 2013); and elevated basal inflamma-
tion that can involve up-regulation of pro-inflammatory cytokines,
clotting factors, and acute phase reactants (Shaw et al., 2013).
Human studies have found that circulating IL-6 levels increase
with age (Forsey et al., 2003), and that elevated baseline levels of
circulating IL-6 was associated with an increased risk for subse-
quent cognitive decline (Weaver et al., 2002). Preclinical studies
Downloaded for Anonymous User (n/a) at University of Melbourn
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have found that that aging results in a gene-expression profile
indicative of a neuroinflammatory response, oxidative stress and
reduced neurotrophic support in the neocortex and cerebellum of
mice (Lee et al., 2000). Glial cells from aged mice (i.e., 24 months)
have been reported to secrete more baseline IL-6 and less anti-
inflammatory IL-10 than adult mice (i.e., 6 months) (Ye and
Johnson, 2001). Hippocampal expression of pro-inflammatory
cytokines IL-1b and TNF-a was also found to be increased to a
greater extent in older mice when compared to young mice (i.e.,
24 versus 3 months) in response to LPS stimulation (Terao et al.,
2002).

Microglia are also affected by aging, with aged microglia having
enlarged processes, cytoplasmic hypertrophy, and a less ramified
appearance (see Rawji et al., 2016 for review). These features
may limit the ability of aged microglia to survey and interact with
the environment (Damani et al., 2011; Rawji et al., 2016). Studies
in mice have found that young microglia are more mobile and ram-
ified in response to extracellular ATP, whereas aged microglia were
less ramified and had diminished phagocytosis and chemotactic
capability (Damani et al., 2011; Floden and Combs, 2011). Aging
microglia have also been found to have a ‘primed’ phenotype,
which is characterized by an exaggerated pro-inflammatory
response (see Niraula et al., 2017 for review). For example, micro-
glia from aged mice had elevated IL-1b, IL-6, and TNF-a production,
in both basal and stimulated (e.g., LPS) conditions (Sierra et al.,
2007; Njie et al., 2012). Similarly, IL-1a immunoreactive microglia
are increased with aging in humans (Sheng et al., 1998).

There is also evidence that astrocytes, neutrophils, and macro-
phages undergo senescence during aging. Senescent astrocytes
have a phenotype that may inhibit neuronal development whilst
promoting inflammation (Bhat et al., 2012; Crowe et al., 2016;
Sandhir et al., 2008; Kumar et al., 2013). Senescent human neu-
trophils have impaired phagocytosis, chemotaxis, and signal trans-
duction functions (Niwa et al., 1989; Butcher et al., 2001; Fortin
et al., 2007). Similarly, pre-clinical studies have found that aged
macrophages/monocytes also have impaired phagocytosis and
chemotaxis (Zhao et al., 2006; Ruckh et al., 2012; Natrajan et al.,
2015). However, in contrast to microglia, aged macrophages had
decreased ability to produce pro-inflammatory cytokines upon
stimulation in cell culture (Boehmer et al., 2005). Furthermore,
monocytes isolated from elderly patients also showed diminished
pro-inflammatory cytokine production upon stimulation (Gon
et al., 1996).

Initial TBI studies support the notion that age and immunose-
nescence are influential factors in TBI outcome. In TBI patients,
increased age at the time of injury is directly correlated to the
extent of TBI-induced decline in functional outcomes and risk of
mortality (Hukkelhoven et al., 2003; de la Plata et al., 2008;
Sendroy-Terrill et al., 2010). In studies in aged mice, a moderate
injury to the sensorimotor cortex led to delayed resolution of acute
edema, prolonged acute BBB disruption, enhanced microglial and
astrocytic activation, increased neurodegeneration, and worsened
motor deficits when compared to young adult mice (Onyszchuk
et al., 2008; Sandhir et al., 2008). In addition, larger lesions and
senescent microglia (i.e., hypertrophic or bushy morphologies)
have been observed in aged when compared to younger mice
post-TBI (Kumar et al., 2013). Moreover, microglia in aged mice
also have a greater tendency to polarize towards an augmented
M1-like phenotype post-TBI, with expression of IL-1b, TNF-a,
CCL2, CCL3 and iNOS greater in aged compared to young mice at
24 h after TBI (Kumar et al., 2013). The influence of age at the time
of TBI on the expression of M2 markers is less clear, with some M2
markers (i.e., Arg1 and Ym1) found to be up-regulated post-TBI to a
greater extent in aged mice, whereas other M2 markers (i.e., IL-
4Ra, SOCS3 and TGFb) were expressed to a lesser extent compared
to young adult mice (Kumar et al., 2013). Taken together, these ini-
e from ClinicalKey.com.au by Elsevier on July 10, 2018.
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tial studies indicate that immunosenescence in the traumatically
injured brain results in altered neuropathology and worsened out-
comes. A potential contributor to these effects may be ‘aged-
induced microglial priming’, a process in which microglia lose
the ability to switch between ramified and activated states, and
thereby may have a diminished ability to change from activated
to anti-inflammatory/repair states when a TBI occurs (as reviewed
in Ziebell et al., 2017). However, how age and immunosenescence
ultimately affect TBI is an understudied topic, and further research
is needed to investigate this important question. It is also interest-
ing to consider that age may impact the other extracranial stres-
sors that were described in this review, and vice versa, which
also warrants future studies.
6. Conclusions and future directions

TBI is a leading cause of death and disability worldwide, and all
phase III clinical trials in TBI patients have been unsuccessful. The
significant heterogeneity of TBI is a major reason for these failures,
and a great challenge to the field moving forward. The immune
response after TBI is one of the most influential physiological
events, and there is significant variance in immunological stressors
that occur concomitantly with TBI, such as the presence of poly-
trauma or infection, and the age of the individual (i.e., immunose-
nescence). This paper reviewed the relatively limited literature on
how these common immunological stressors might affect TBI. We
conclude that extracranial trauma, infection, and immunosenes-
cence could each be important TBI modifiers, but acknowledge that
future preclinical and clinical studies are needed to increase under-
standing. For example, only a limited number of immunological
stressors have actually been investigated in the context of TBI,
and further studies are required to determine whether these initial
findings are generalizable to other forms of immunological stres-
sors, or whether various stressors influence TBI pathophysiology
in a different manner. Temporal pathophysiological complexities
of different immunological stressors, and how this interacts with
the evolving injury cascade of TBI, should also be studied. Related
to this, there is mixed evidence with regards to whether immuno-
logical stressors have positive or negative consequences, and
whether this is dependent on the timing of the exposure (e.g.,
pre- or post-TBI). Ultimately, if the presence of a concomitant
immunological stressor alters TBI pathophysiology in a manner
that results in a different brain injury than what would have
occurred in an isolated TBI, it should be treated accordingly. How-
ever, for this type of individualized medicine to become a reality,
research is needed to identify reliable and practical biomarkers
sensitive to different immunological profiles. Pre-clinical treat-
ment studies must also be conducted to investigate whether a par-
ticular treatment is better suited for some immunological profiles
than others. Another area of research that must be pursued to limit
future translational failures is the validation of pre-clinical findings
in human studies, especially considering the inherent differences
in human and rodent immune systems. Clearly, this field is still
very much in its infancy, and the large amount of research required
will be further complicated by other factors that could alter
immune responses that were not discussed in this paper, such as
sex and genetics. However, considering the common occurrence
of these immunological stressors together with the importance of
the immune response in TBI pathology, these investigations are
clearly warranted and are likely to impact TBI treatment strategies.
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ORIGINAL ARTICLE

Tibial fracture exacerbates traumatic brain injury outcomes
and neuroinflammation in a novel mouse model of
multitrauma
Sandy R Shultz1, Mujun Sun1, David K Wright2,3, Rhys D Brady4, Shijie Liu1, Sinead Beynon1, Shannon F Schmidt4, Andrew H Kaye5,
John A Hamilton1, Terence J O’Brien1, Brian L Grills4 and Stuart J McDonald4

Multitrauma is a common medical problem worldwide, and often involves concurrent traumatic brain injury (TBI) and bone fracture.
Despite the high incidence of combined TBI and fracture, preclinical TBI research commonly employs independent injury models
that fail to incorporate the pathophysiologic interactions occurring in multitrauma. Here, we developed a novel mouse model of
multitrauma, and investigated whether bone fracture worsened TBI outcomes. Male mice were assigned into four groups: sham-TBI
+sham-fracture (SHAM); sham-TBI+fracture (FX); TBI+sham-fracture (TBI); and TBI+fracture (MULTI). The injury methods included a
closed-skull weight-drop TBI model and a closed tibial fracture. After a 35-day recovery, mice underwent behavioral testing and
magnetic resonance imaging (MRI). MULTI mice displayed abnormal behaviors in the open-field compared with all other groups. On
MRI, MULTI mice had enlarged ventricles and diffusion abnormalities compared with all other groups. These changes occurred in
the presence of heightened neuroinflammation in MULTI mice at 24 hours and 35 days after injury, and elevated edema and blood–
brain barrier disruption at 24 hours after injury. Together, these findings indicate that tibial fracture worsens TBI outcomes, and that
exacerbated neuroinflammation may be an important factor that contributes to these effects, which warrants further investigation.

Journal of Cerebral Blood Flow & Metabolism (2015) 35, 1339–1347; doi:10.1038/jcbfm.2015.56; published online 8 April 2015

Keywords: animal model; cytokines; DTI; MRI; polytrauma

INTRODUCTION
Multitrauma involves significant injury to at least two body
regions, and is a common consequence of motor vehicle accidents,
warzone injuries, as well as slips and falls.1–3 Among multitraumas,
two common injury components are traumatic brain injury (TBI)
and bone fracture.3–5

Traumatic brain injury is a neurodegenerative condition that is
induced by biomechanical forces applied to the brain, and is a
leading cause of death and chronic disability worldwide.6,7 Brain
damage post-TBI is often classified as resulting from either primary
or secondary injury mechanisms.6,7 Primary injury involves tissue
damage caused directly by mechanical forces at the moment of
impact, and may include blood–brain barrier (BBB) damage,
edema, ischemia, necrosis, and axonal shearing.6,7 Secondary
injury processes have a delayed onset after the primary injury and
include neuroinflammation, oxidative stress, apoptosis, metabolic
abnormalities, and further injury to the BBB and axons, all of which
may contribute to the progressive neurodegeneration that occurs
after TBI.6,7 Unfortunately, to date there is still a poor under-
standing of the complex pathogenesis of TBI, and there is no
treatment that is known to improve long-term outcomes in TBI
patients.6,7

Although TBI patients often experience concurrent bone
fractures, most pre-clinical studies have utilized independent
‘single-hit’ injury models that do not reproduce the pathophysio-
logic complexities of multitrauma.3,4,8,9 This has recently been
recognized as a potential shortfall in the preclinical TBI field that
may contribute to the failures in translating preclinical findings to
the clinical setting.7 Of particular relevance is bone fracture, which
is known to induce a complex post-fracture healing process that
involves an extensive inflammatory response in which immune
cells proliferate and infiltrate the fracture site and secrete a range
of pro-inflammatory cytokines into the circulation including
interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and IL-6.10

Notably, each of these factors are also important in TBI and,
considering the compromised BBB post-TBI, may have unprece-
dented access into the injured brain where they could modulate
the neuroinflammatory response and ultimately TBI outcomes.
Though no studies have investigated the effect of bone fracture
on TBI, previous animal model studies reported increased levels of
circulating inflammatory cytokines when peripheral bone fracture
and TBI were combined, and similar effects occur in human
multitrauma patients.8,9,11,12
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For these reasons, here we developed a novel mouse model of
multitrauma and investigated whether a concurrent tibial fracture
affected the outcomes after TBI. Adult male C57Bl/6 mice were
assigned to four experimental groups: sham-TBI+sham-fracture
(SHAM); sham-TBI+fracture (FX); TBI+sham-fracture (TBI); and TBI
+fracture (MULTI). The methods used to induce these injuries
included a closed-skull weight-drop TBI model and a closed tibial
fracture model. After the assigned injuries, mice were given either
a 24-hour or a 35-day recovery period. Behavioral testing and
in vivomagnetic resonance imaging (MRI) were conducted 35 days
after injury, and brain tissue and plasma was collected at 24 hours
and 35 days after injury for post-mortem analysis.

MATERIALS AND METHODS
Mice
A total of 124 C57Bl/6 male mice were obtained from the Australian Animal
Resource Centre (ARC, Western Australia) for use in this study. Mice were
12 weeks of age at the time of injury, were housed individually under a
12-hour light/dark cycle, and were given access to food and water ad
libitum for the duration of the experiment. All procedures were approved
by The Florey Institute of Neuroscience and Mental Health Animal Ethics
Committee, were within the guidelines of the Australian code of practice
for the care and use of animals for scientific purposes by the Australian
National Health and Medical Research Council, and in compliance with the
ARRIVE guidelines for how to report animal experiments.

Experimental Groups
Mice were assigned to one of four experimental injury groups: SHAM
(n=26); FX (n= 26); TBI (n= 36); and MULTI (n=36). Twelve mice died
immediately post-TBI (six TBI and six MULTI), and four mice (two TBI and
two MULTI) sustained a skull fracture and were excluded from the study. As
such, the MULTI and TBI groups consisted of 28 mice each. Some mice
were killed at 24 hours after injury (n=15/group) for enzyme-linked
immunosorbent assay (ELISA), Evans blue extravasation, edema (brain
water content), and Western blot analyses. The remaining mice were given
a 35-day post-injury recovery before undergoing behavioral, MRI, ELISA,
and Western blot analyses.

Closed-Skull Weight-Drop Model of Traumatic Brain Injury
The weight-drop TBI and associated sham-injury procedures were based
on previously described standard protocols.13 Briefly, the weight-drop
device consisted of a guided- and weighted-rod (215 g) with a blunt
silicone-covered impact tip (4 mm diameter). The mouse was first placed in
an anesthesia induction chamber containing 4% isoflurane for 3 minutes.
Once anesthetized, the mouse was placed in a nose cone that maintained
the anesthetic (2% isoflurane). The head was then shaved, and a 1.5-cm
longitudinal incision was made along the midline of the scalp under sterile
conditions. The mouse next underwent tibial fracture or sham-fracture
procedure as described below. After a total surgery/anesthesia time of
20minutes, the mouse was removed from the nose cone, stabilized on the
injury device platform, the weighted-rod was released, and the impact tip
made contact between the sagittal and coronal suture. To avoid the
potential confound of skull fracture, the weighted-rod was released from a
distance of 2 cm, and any mice experiencing a skull fracture were excluded
from the study. The rod was manually retracted immediately after the
impact occurred, and the scalp incision was sutured. The TBI sham-injury
procedure was identical to that described for the TBI procedure, except the
weighted-rod was not released. Apnea time, loss of consciousness, and
self-righting reflex time were all recorded immediately after the injury as
indicators of injury outcome (Table 1).14 If apnea persisted for longer than
10 seconds, then mice were resuscitated with pure oxygen.14,15 Both the
MULTI and TBI groups had increased apnea, hindlimb withdrawal, and self-
righting reflex times compared with SHAM and FX groups. All mice
received 0.05mg/kg of buprenorphine analgesic subcutaneously.

Tibial Fracture
Before the assigned TBI injury was given, mice received a closed tibial
fracture stabilized by intramedullary fixation as previously described.16

Isoflurane anesthesia was induced as described above; a small incision was
then made inferior of the right knee, an entry point into the medullary

canal of the tibia was made using a 26-G needle, and an intramedullary rod
(00 insect pin, 0.3 mm diameter) was inserted inside the medullary canal. A
fracture was then generated in the tibial midshaft, and a noncomminuted
and transverse fracture was confirmed via X-ray. This fracture model is
highly reproducible with little variability.16 After the fracture, the initial
intramedullary rod was removed and a new rod was inserted that remained
in situ for the remainder of the study to ensure bone-end alignment. The
use of the intramedullary pin stabilizes the fracture and ensures minimal
displacement during recovery.16 The incision was then sutured. Sham
injury for the fracture procedure consisted of the same procedures, but no
fracture was inflicted. A total anesthetic time of 20minutes was induced in
all mice before the administration of TBI procedures as described above.

Behavioral Testing
Mice underwent behavioral testing in the Y-maze, open-field, and rotarod
beginning 30 days after injury. Behavioral testing was conducted over
three consecutive days by an experimenter blinded to group assignment.
To assess locomotion and anxiety-like behavior, mice were tested in an

open-field as previously described.14 The testing apparatus consisted of a
circular open-field (100 cm diameter) enclosed by a 20-cm high wall. The
mouse was placed in the center of the open-field and allowed to freely
explore the arena for 5 minutes. Behavior was recorded by an overhead
camera, and the total distance traveled, number of entries into the inner
area of the maze (66 cm diameter), and time spent in the inner area of the
maze were objectively quantified using EthoVision tracking software
(Noldus, Leesburg, VA, USA).
Spatial cognition was assessed in the Y-maze as previously described.14

Y-maze testing was conducted in an apparatus consisting of three enclosed
(13 cm high walls) arms of equal dimension (length=38 cm, width=8 cm)
and adjoined in a Y-shape (San Diego Instruments, San Diego, CA, USA). At
the distal end of each arm was an exterior visual cue. A 15-minute training
trial preceded Y-maze testing. The training trial consisted of two open arms
and one blocked arm (novel arm). The mouse was then placed at the distal
end of one of the open arms (start arm), and allowed to freely explore both
open arms. The mouse was given a 2-hour interval between the training and
test trials. During the 5-minute Y-maze testing, the novel arm was unblocked,
and the mouse was placed in the same start arm and allowed to freely
explore all three arms. The arms and visual cues were randomized between
but not within mice. Each trial was recorded by an overhead camera, and the
time spent, number of entries, and time to entry into each of the arms were
quantified using EthoVision tracking software (Noldus).
The rotarod was used to assess motor function as previously described.14

The apparatus consisted of a rotating barrel (diameter = 3 cm) divided
by walls (height = 10 cm) into four equal lanes (width= 5 cm; Harvard
Apparatus, Holliston, TX, USA). Three trials were performed each day for
two consecutive days (day 1 = training, day 2 = testing). For each trial, the
mouse was placed on the rotating barrel, the speed was accelerated from
0.0027 to 0.27 g (4 to 40 r.p.m.) at a rate of 0.00017g/8 s, and the duration
of time on the rotarod that the mouse was able achieve was recorded
(maximum time of 5minutes).

Magnetic Resonance Imaging Acquisition
Once behavioral assessments were completed, in vivo MRI scanning was
performed using a 4.7-T Bruker Avance III scanner with a 30-cm horizontal
bore fitted with a BGA12S2 actively shielded set and running ParaVision 5.1
software (Bruker Biospec, Ettlingen, Germany).14,15 The mouse was placed
in a clear plastic box and put under isoflurane anesthesia with 3%

Table 1. Acute injury measures

SHAM FX TBI MULTI

Apnea 0 0 32.5± 4.1a 25.1± 3.0a

Hindlimb 42.0± 3.9 38.4± 4.9 183.4± 18.0a 191.7± 23.7a

Self-righting 68.9± 5.0 66.3± 6.3 277.3± 20.7a 261.5± 27.9a

Abbreviations: FX, tibial fracture; MULTI, multitrauma; SHAM, sham-injuries;
TBI, traumatic brain injury. The TBI and MULTI groups experienced
significantly longer apnea, unconsciousness, and self-righting reflex times
(seconds) than the SHAM and FX groups. The TBI and MULTI groups did
not differ from each other on any of the measures. aGreater than SHAM
and FX groups, Po0.05.
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isoflurane. Once sedated, mice were fixated supinely with a stereotactic
frame. Anesthesia (2.0%) was maintained through a nose cone for the
entirety of the scan and body temperature was maintained at approxi-
mately 37°C using a hot water circulation system built into the animal
cradle. Moreover, a pressure-sensitive probe placed under the diaphragm
of the mouse was used to monitor respiration throughout the scan.
Each scan comprises a three-plane localizer sequence followed by multislice

scout images in coronal, axial, and sagittal planes to establish the correct
position of the mouse brain. A T2-weighted image was obtained in the axial
plane using a 2D RARE (rapid acquisition with relaxation enhancement)
sequence with the following imaging parameters: repetition time=8,000ms;
RARE factor=10, effective echo time =45ms; field of view=19.2×19.2mm2;
matrix size=160×160; number of slices=60; isotropic spatial resolution=
120×120×120 μm3; and number of excitations=6.
Diffusion-weighted images were acquired in the coronal plane using

a diffusion-weighted echo planar imaging sequence with the following
parameters: repetition time= 4,000ms; echo time= 35ms; shots = 8;
field of view= 15.36 × 15.36mm2; matrix size = 128× 128; spatial resolu-
tion = 120× 120 μm2; number of slices = 16; and slice thickness = 500 μm.
Diffusion weighting was performed with diffusion duration (δ) = 4ms,
diffusion gradient separation (Δ) = 11ms and b-value= 1,200 s/mm2 in
30 noncollinear directions with 5 non-diffusion images.

Magnetic Resonance Imaging Analysis
Analysis was performed as previously described.14,15 Regions of interest
were manually outlined by an experimenter who was blinded to experi-
mental conditions on 12 consecutive coronal T2-weighted images using
FSL software (Analysis Group, Oxford, UK). Regions of interest included
cortex, hippocampus, lateral ventricles, and corpus callosum from each
hemisphere. Volumetric analysis was performed using MATLAB (Math-
works, Natick, MA, USA). Diffusion tensor imaging (DTI) outcomes were
calculated using DTIFit, part of the FMRIB Diffusion Toolbox (FDT, http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FDT). For each mouse, the mean b0 image was
calculated using MATLAB and registered to its T2-weighted image using
ANTs (http://stnava.github.io/ANTs/). The calculated diffeomorphism was
then used to transform the regions of interest to the diffusion space and
DTI measures were calculated for each mouse.

Evans Blue Extravasation
As previously described,17,18 Evans blue extravasation was used to
investigate BBB disruption. In brief, mice were restrained and given an
intravenous injection of Evans blue (200 μL of 0.5% Evans blue solution;
Sigma, Sydney, Australia) into the lateral tail vein 24 hours after injury. After
30minutes, anesthetized mice (4% isoflurane for 1 minute) were decapi-
tated, and the injured hemisphere was dissected, weighed, and placed in a
1.5 mL tube containing 500 μL of formamide (Sigma). Tubes were
transferred to a 55°C heat block and allowed to incubate for 48 hours to
extract Evans blue from the tissue. A Bio-Rad Benchmark Plus Microplate
Spectrophotometer (Bio-Rad Laboratories Inc., Hercules, CA, USA) was
used to read the absorbencies of the Evans blue extract, and ng of Evans
blue per mg of tissue was calculated.

Brain Water Content
Brain water content was used as an indicator of brain edema.18 As
previously described, anesthetized mice (4% isoflurane for 1 minute) were
decapitated 24 hours after injury, and the injured hemisphere was
dissected. The tissue was immediately weighed (wet weight) and then
dried at 60°C for 72 hours. The tissue was again weighed (dry weight), and
the following formula was used to determine brain water content: water
content (%) = (wet weight−dry weight)/wet weight.

Brain Tissue Collection and Preparation for Western Blotting and
Enzyme-Linked Immunosorbent Assay
Anesthetized mice (4% isoflurane for 1 minute) were decapitated, and
brains were removed and dissected, and the tissue was rapidly frozen in
liquid nitrogen and stored at − 80°C. Tissue samples were then
homogenized to perform ELISA and Western blotting analysis. Brain tissue
samples were added to 450 μL of radioimmunoprecipitation assay buffer
with protease inhibitor. The tissue was homogenized using a hand-held
electric homogenizer, and left to sit on ice for 20minutes. The sample
solution was then centrifuged at 17,000 g at 4°C for 20minutes. The
protein concentration of the brain tissue lysates was quantified using a

BCA Protein Assay Kit (Thermo Scientific Pierce Biotechnology, San Jose,
CA, USA) and Benchmark Plus Microplate Spectrophotometer (BioRad
Laboratories Inc., USA).

Brain Tissue Enzyme-Linked Immunosorbent Assay
Inflammatory cytokines IL-1β, IL-6, and TNF-α were quantified in brain
tissue isolates using BD OptIEA ELISA kits (BD Biosciences, USA). All
samples, standards, and controls were run in duplicate and the assay
procedure conducted as per the manufacturer’s instructions. At the
completion of each reaction, the absorbance of each well was measured at
450 nm (using wavelength correction of 570 nm) and Microplate Manager
software (Bio-Rad Laboratories Inc.) was used to calculate mean cytokine
concentrations for each sample.

Western Blotting
Western blotting was used to detect expression of neutrophils, glial
fibrillary acidic protein (GFAP) expression, a marker for astrogliosis, and
CD68, a marker for microglia and macrophages, in brain tissue at 24 hours
(n=6/group) and 35 days (n=5/group) after injury. The samples were
prepared by adding 9 μL with 3 μL 4 × SDS loading dye (12.5 mL 1mol/L
Tris pH 6.8, 20mL glycerol, 10 mL β-mercapto-ethanol, 4 g SDS, 0.01 g
bromophenol blue 0.025%). Samples were then heated at 95°C for
5 minutes to denature the protein and spun down at 17,000 g for 1 minute
at 24°C before storage at − 20°C until use. The proteins in samples were
separated with SDS-polyacrylamide gel electrophoresis, and the bands of
proteins were electroblotted onto polyvinyl difluoride membranes. The
blots on polyvinyl difluoride were developed with anti-GFAP (1 : 10,000;
Cell Signaling Technology, Beverly, MA, USA), anti-neutrophil (1 : 500;
Abcam, Melbourne, Australia), anti-CD68 (1 : 250; Abcam), and loading
control anti-GAPDH (1 : 1,000; Santa Cruz Biotechnology Inc., Scoresby,
Australia) primary antibodies overnight at 4°C, then incubated with
secondary antibodies (Dako, Sydney, Australia; Abcam) of respective animal
species conjugated to HRP at room temperature for 90minutes. The
membranes were then visualized by enhanced chemiluminescent
substrate kit (Amersham ECL Western blotting detection reagents, GE
Healthcare, Rydalmere, Australia) and exposure to x-films. The mean
intensity of the blots was quantified using Image J software (National
Institutes of Health, USA).

Plasma Collection and Enzyme-Linked Immunosorbent Assay
Blood samples were collected by cardiac puncture using heparin as an
anti-coagulant. Immediately after blood collection, plasma was prepared
by centrifugation and stored at − 80°C. Plasma IL-1β, IL-6, and TNF-α
concentrations in undiluted duplicate samples were quantified using
Quantikine ELISA kits (R&D Systems, Minneapolis, MN, USA) as per the
manufacturer’s instructions.

Statistical Analysis
All outcomes were analyzed with SPSS 21.0 software (IBM Corp, Armonk,
NY, USA) using a one-way analysis of variance (ANOVA). Newman–Keuls
post hoc comparisons were carried out when appropriate. Statistical
significance was set at Po0.05.

RESULTS
Multitrauma Exacerbates Neuroinflammation
Enzyme-linked immunosorbent assay was used to investigate the
brain tissue concentrations of the inflammatory cytokines IL-1β, IL-6,
and TNF-α at 24 hours and 35 days after injury. One-way ANOVA
identified significant injury effects in the levels of IL-1β at both
24 hours (F3,34 =3.999, Po0.05; Figure 1A) and 35 days after injury
(F3,39 =5.921, Po0.05; Figure 1A). Post hoc analysis indicated that
IL-1β levels were significantly increased in MULTI mice in comparison
with SHAM, FX, and TBI groups at 24 hours (Po0.05) and 35 days
after injury (Po0.01). There were no significant changes found for
the levels of IL-6 and TNF-α (P40.05; Figures 1B and 1C).
Enzyme-linked immunosorbent assay was also used to investi-

gate plasma concentrations of IL-1β, IL-6, and TNF-α at 24 hours
and 35 days after injury. Plasma IL-6 concentrations were
increased twofold in the MULTI group relative to sham injured
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at 24 hours after injury (Figure 2); however, ANOVA failed to
identify a statistically significant effect for injury (P40.05). At
35 days after injury, IL-6 was only detectable in a proportion of the
samples (Sham= 2/10; FX = 3/10; TBI = 2/10; MULTI = 7/10). Analy-
sis of the samples with detectable concentrations of IL-6 showed
over a fourfold increase in the FX and MULTI groups, and a
twofold increase in the TBI, relative to sham-injured mice
(Figure 2). However, once again ANOVA failed to identify a
statistically significant injury effect (P40.05). Plasma concentra-
tions of IL-1β and TNF-α were undetectable at 24 hours and
35 days after injury.

Western blotting was used to assess the expression of GFAP, a
marker of astrogliosis, and neutrophils in brain tissue. One-way
ANOVAs identified a significant injury effect in GFAP expression at
both 24 hours (F3,19 = 6.440, Po0.005) and 35 days after injury
(F3,15 = 3.834, Po0.05; Figure 3A), and a significant injury effect
in neutrophil expression at 24 hours (F3,19 = 4.976, Po0.01;
Figure 3B) but not 35 days after injury (F3,15 = 0.008, P40.05;
Figure 3B). Post hoc analysis revealed that MULTI mice had
increased GFAP (Po0.05) and neutrophil (Po0.05) expression
than SHAM and FX mice at 24 hours after injury, and increased
GFAP at 35 days (Po0.05) after injury. The TBI mice only had
increased GFAP expression compared with FX mice at 24 hours
after injury (Po0.05). No significant effects were found for CD68
expression, a marker for microglia and macrophages, at 24 hours
(F3,19 = 0.125, P40.05) or 35 days after injury (F3,15 = 0.333,
P40.05).

Multitrauma Induces Blood–Brain Barrier Disruption and Edema
Evans blue extravasation in brain tissue was used to investigate
BBB disruption post-injury. One-way ANOVA identified a signifi-
cant injury effect in Evans blue levels at 24 hours after injury (F3,20
= 20.201, Po0.001; Figure 3C), with post hoc analysis revealing
that MULTI mice had increased Evans blue extravasation in brain
tissue compared with all other groups (Po0.01).
Brain water content was measured to assess brain edema.

One-way ANOVA identified a significant injury effect in brain
water content at 24 hours after injury (F3,20 = 42.263, Po0.001;
Figure 3D). Post hoc analysis revealed that MULTI mice had
increased water content compared with all other groups
(Po0.05), and TBI mice had increased water content than SHAM
and FX groups (Po0.05).

Multitrauma Induces Brain Damage
Magnetic resonance imaging was used to assess the extent of
brain damage at 35 days after injury. Analysis of variance
identified a significant injury effect on the volume of the ipsilateral
(F3, 42 = 5.524, Po0.05) and contralateral (F3, 42 = 2.963, Po0.05)
lateral ventricles (Figure 4A). Post hoc analysis found that the
MULTI group had significantly enlarged ipsilateral ventricles in
comparison with SHAM, FX, and TBI groups (Po0.05; Figure 4C).
While post hoc analysis failed to identify significant between-
group differences regarding the contralateral ventricle, there was
a nonsignificant trend consistent with the ipsilateral data in
showing larger ventricles in the MULTI mice.

Figure 1. Multitrauma increases brain tissue concentration of IL-1β.
ELISA indicated increased brain tissue concentrations of the inflam-
matory cytokine IL-1β (A) in MULTI mice in comparison with
SHAM, FX, and TBI groups at 24 hours and 35 days after injury. There
were no significant group differences in the concentrations of
IL-6 (B) and TNF-α (C). ***Greater than all other groups, Po0.05.
ELISA, enzyme-linked immunosorbent assay; FX, tibial fracture;
IL, interleukin; MULTI, multitrauma; SHAM, sham-injuries; TBI,
traumatic brain injury; TNF, tumor necrosis factor.

Figure 2. IL-6 concentration in plasma. There were no statistically
significant injury effects for cytokine concentrations in plasma at
24 hours or 35 days after injury. However, IL-6 concentrations were
increased twofold in the MULTI group 24 hours after injury, and over
fourfold in the MULTI and FX groups at 35 days after injury, relative
to SHAM. TBI, traumatic brain injury. FX, tibial fracture; IL, interleukin;
MULTI, multitrauma; SHAM, sham-injuries; TBI, traumatic brain injury.
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Diffusion tensor imaging was used to investigate diffusion
abnormalities at 35 days after injury. Analysis of variance identified
a significant injury effect on the measure of mean diffusivity (MD)
in the ipsilateral cortex (F3, 42 = 4.658, Po0.05; Figure 4B), with
post hoc analysis indicating that MULTI mice had decreased MD
compared with SHAM, FX, and TBI groups (Po0.05; Figure 4D).
Analysis of variance also found a significant injury effect on the
measure of MD in the ipsilateral hippocampus (F3, 42 = 3.371,
Po0.05; Figure 4D). Although ANOVA revealed a significant effect
for injury in the ipsilateral hippocampus, post hoc analysis failed to
identify significant between-group differences.

Multitrauma Induces Behavioral and Motor Abnormalities
Mice were tested in the open-field to assess locomotor and
anxiety-related behaviors. One-way ANOVA indicated a significant
injury effect on the measures of time spent (F3, 42 = 2.910, Po0.05;
Figure 5A) and entries (F3, 42 = 3.351, Po0.05; Figure 5B) in the
center area of the open-field. Post hoc analysis revealed that the
MULTI group spent significantly more time and made more entries
in the center area of the open-field in comparison with all other
groups (Po0.05). There were no significant differences in the
distance traveled between groups, which suggested that motor
ability was not a confounding factor in the other open-field
outcomes (P40.05; Figure 5C).

The rotarod was used to assess motor ability at 35 days after
injury. There were no significant differences on the measure of
duration on the rotarod during training (P40.05; Figure 5D).
However, for rotarod testing ANOVA indicated a significant injury
effect for the measure of duration of time spent on the rotarod
(F3, 42 = 3.193, Po0.05; Figure 5E). Post hoc analyses revealed that
the MULTI group spent significantly less time on the rotarod than
both the SHAM and TBI groups (Po0.05). There were no
significant group differences on any of the Y-maze measures
(P40.05, results not shown).

DISCUSSION
To investigate whether a concomitant peripheral bone fracture
affected TBI outcomes, here we developed a novel mouse
model of multitrauma that involved a closed-skull weight-drop
TBI and a tibial fracture. Using this model, we found that mice
administered multitrauma displayed abnormal behaviors in the
open-field compared with sham-injured, TBI-only, and fracture-
only groups, and had significant motor impairments on the
rotarod compared with sham-injured and TBI-only groups. MRI
analysis also found that multitrauma mice had enlarged lateral
ventricles and DTI abnormalities in the cortex and hippo-
campus compared with sham-injured, TBI-only, and fracture-only
groups at 35 days after injury. These changes occurred in the

Figure 3. Multitrauma increases GFAP and neutrophil expression, and exacerbates BBB disruption and edema. (A) Western blotting indicated
increased expression of the astrogliosis marker GFAP in the brain tissue of MULTI mice in comparison with SHAM and FX groups at
24 hours and 35 days after injury. TBI mice had increased GFAP expression compared with FX mice at 24 hours after injury.
(B) Western blotting indicated increased neutrophil expression in the brain tissue of MULTI mice in comparison with SHAM and FX groups
at 24 hours after injury. (C) MULTI mice had increased Evans blue extravasation in brain tissue, indicating BBB damage, compared with all other
groups. (D) MULTI mice had increased brain water content, indicating edema, compared with all other groups. TBI mice had increased brain
water content compared with SHAM and FX groups. ***Greater than all other groups; **Greater than SHAM and FX groups; *Greater than FX
group; Po0.05. BBB, blood-brain barrier; FX, tibial fracture; GFAP, glial fibrillary acidic protein; MULTI, multitrauma; SHAM, sham-injuries;
TBI, traumatic brain injury.
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presence of a heightened and persistent neuroinflammatory
response in the multitrauma mice, as indicated by increased
expression of the pro-inflammatory cytokine IL-1β and the
astrogliosis marker GFAP at 24 hours and 35 days after injury.
Furthermore, the multitrauma mice also had increased neutrophil
expression at 24 hours after injury compared with sham-injured
and fracture-only groups, whereas the mice administered only a
TBI did not significantly differ from sham-injured and fracture-only
mice. Multitrauma mice also had significantly worse BBB disrup-
tion and edema compared with all other groups at 24 hours after
injury. Together, these findings indicated that a concurrent tibial
fracture worsened TBI outcomes, and that an exacerbated
neuroinflammatory response, BBB damage, and edema may have
contributed to these effects.

Nature of Behavioral Abnormalities
Open-field testing is commonly used to assess anxiety levels in
rodents.14,15 Here, the MULTI mice spent significantly more time in
the inner area of the open-field, which suggested that these mice
had decreased anxiety.14,15 As this occurred in the absence of any
significant differences on measures of motor function, it is unlikely
that motor deficits were a confounding factor in this finding.
Interestingly, previous studies have reported increased risk-taking
behaviors in mice 1 month after TBI,19 which may bear relevance
to our finding of mice administered multitrauma spending more
time in the exposed and unsheltered area of the open-field.
The multitrauma mice were also found to spend less time on

the rotarod than the sham and TBI mice, which is indicative of
motor impairments.14 As the mice administered only a tibial

fracture did not differ from the multitrauma mice, it is likely that
the fracture component was a contributing factor to the motor
deficits observed in the multitrauma group. However, the motor
deficits in the multitrauma group appear to have been more
severe, as the fracture group did not significantly differ from
sham-injury and TBI-only mice. While motor testing was avoided
acutely post-injury to avoid disruption of fracture healing, future
studies might employ a more detailed assessment of motor
function to provide insight into the progression and recovery of
these deficits.

Why Does a Peripheral Bone Fracture Exacerbate
Neuroinflammation and Brain Damage Post-Traumatic Brain
Injury?
Here, we found that multitrauma in mice resulted in a heightened
acute neuroinflammatory response that persisted into the chronic
stages of the injury process. This was evidenced by increased
neutrophil expression in multitrauma mice at 24 hours, elevated
levels of the pro-inflammatory cytokine IL-1β at 24 hours and
35 days, and increased expression of GFAP, an indicator of
astrogliosis, at 24 hours and 35 days after injury. IL-1β is a potent
pro-inflammatory factor that is upregulated after TBI and may
underlie much of the consequent inflammation. IL-1β is known to
activate astrocytes and is involved in the recruitment of peripheral
leukocytes, such as neutrophils, to cross the BBB and enter the
brain.20,21 In doing so, neutrophils can further damage the BBB,
contribute to edema formation, increase oxidative stress, and
exacerbate neuroinflammation through the further production of
pro-inflammatory mediators, including IL-1β, all of which may

Figure 4. Multitrauma induces brain damage and diffusion abnormalities. (A) Representative T2-weighted (A) and MD; (B) images from each of
the four injury groups. The arrows indicate the enlarged lateral ventricle (A, red arrow) and decreased MD in the cortex (white arrow) and
hippocampus (black arrow) in the MULTI group (B). (C) The MULTI group had significantly enlarged ipsilateral ventricles in comparison with
SHAM, FX, and TBI groups. (D) MULTI mice had decreased MD compared with SHAM, FX, and TBI groups in the cortex and hippocampus.
***Different from all other groups, Po0.05. FX, tibial fracture; MD, mean diffusivity; MULTI, multitrauma; SHAM, sham-injuries; TBI, traumatic
brain injury.
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contribute to secondary brain injury.20–23 Reactive astrocytes are
also capable of producing pro-inflammatory cytokines, including
IL-1β, and may be linked to the accompanying increase in
neutrophils at 24 hours after injury, and IL-1β levels at 24 hours
and 35 days after injury.20,21 We also found increased levels of IL-6,
albeit nonsignificant, in the plasma of multitrauma mice at 24
hours and 35 days. Our lack of significant plasma findings may be
due to the 24- hour post-injury timing of the analysis. Specifically,
the previous studies that have reported increased levels of
circulating inflammatory cytokines in combined experimental TBI
and tibial fracture found that these changes peaked before
24 hours.8,9 Nonetheless, in light of our findings of increased BBB
damage, the elevated neuroinflammation in the mice given
multitrauma may be related to a compromised BBB caused by TBI
combined with the robust fracture-induced inflammatory
response. Taken together, there are a number of factors that
likely contributed to the exacerbated neuroinflammation observed in
the multitrauma mice, though future research is clearly required to
provide further understanding of this complex response.
Magnetic resonance imaging analysis found that the multitrauma

mice had evidence of greater brain damage, as indicated by
enlarged ipsilateral lateral ventricles compared with each of the
other groups. Ventricular enlargement is common after TBI, is
associated with worsened neurologic outcomes, and is an index
of severity of brain damage.24,25 Ventricular enlargement post-TBI
may be induced by either cortical atrophy or post-traumatic
hydrocephalus.24,25 Considering that we did not detect atrophy in
cortex or hippocampus on MRI, the ventricular enlargement in
the MULTI mice may be due to post-traumatic hydrocephalus.
Post-traumatic hydrocephalus commonly develops in the subacute
stages of TBI, and is often caused by the blockage of cerebrospinal
fluid circulation or absorption via blood products.24,25 Because the
MULTI mice had significantly worse BBB damage, it is reasonable to

speculate that blood products may have disrupted cerebrospinal
fluid circulation and resulted in post-traumatic hydrocephalus
and ventricle enlargement. However, future studies are required
to determine the exact mechanisms.
The DTI analysis also identified diffusion abnormalities in the

brains of multitrauma mice. Specifically, multitrauma mice had a
significant decrease in MD in the injured cortex and hippocampus.
MD measures the ability of water to move freely in the brain and
can be affected by physical barriers within structures. Previous
studies have found that TBI-induced gliosis is capable of affecting
DTI outcomes in a manner similar to the changes found in the
multitrauma mice here.26 Given that the multitrauma mice also
had increased expression of GFAP at 35 days after injury, it is
possible that the potentiated astrogliosis in multitrauma mice
contributed to the decreased MD in the cortex and hippo-
campus.21,26 Interestingly, as the hippocampus and the cortex are
involved in anxiety-related behaviors and motor function,27–29 the
diffusion abnormalities and heightened neuroinflammation within
these structures may have contributed to the behavioral
abnormalities in mice who experienced multitrauma.30–32

Although there is evidence supporting the notion that
neuroinflammation may be a contributing factor to the worsened
effects found in mice given multitrauma, it is also important to
consider that neuroinflammation has protective properties in the
TBI setting.33 In addition, this study did not include any histologic
analysis that would have provided valuable information such as
the location, distribution, and phenotype of inflammatory cells
and cytokines. For example, here we found no evidence of
changes in microglia/macrophage levels in brain tissue at 24 hours
and 35 days after injury using Western blotting, which may be
related to previous findings indicating that peak microglia
activation occurs 5 to 7 days after TBI.34 However, histologic
analysis may have been sensitive to more subtle changes in

Figure 5. Multitrauma induces behavioral abnormalities in the open-field and motor dysfunction on the rotarod. The MULTI group spent more
time (A) and made more entries (B) in the center area of the open-field in comparison with SHAM, FX, and TBI groups. There were no
differences in the distance traveled (C). There were no significant differences on the measure of duration on rotarod during training (D).
However, during testing the MULTI group spent significantly less time on the rotarod (E) than both the SHAM and TBI groups. ***Greater than
all other groups, Po0.05. **Less than SHAM and TBI groups; Po0.05. FX, tibial fracture; MULTI, multitrauma; SHAM, sham-injuries;
TBI, traumatic brain injury.
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microglia phenotype,34 and should be applied in future studies.
Overall, further research is required to better understand the role
and nature of the elevated inflammatory factors in brain tissue
and circulation after multitrauma.
In addition, there are a number of other factors that may be

modulated in the multitrauma setting, such as increased levels of
growth factors and the magnitude of the inflammatory response
that could affect post-injury recovery. For example, previous
studies have found that multitrauma patients have elevated nerve
growth factor levels in fractures,35 and it is interesting to speculate
whether similar changes in growth factors might occur in the
brain and affect TBI outcomes. Moreover, the magnitude of the
fracture or peripheral insult may influence the consequent
inflammatory response,36 and it would be of interest to examine
how fractures to different bones and/or other peripheral insults
affect TBI outcome. Of relevance, a previous study reported
increased neuroinflammation and apoptosis in rats that received a
systemic injection lipopolysaccharide immediately post-injury,37

suggesting that other inflammatory-inducing stimuli can affect TBI
outcomes. Thus, future research is needed to better understand
the interactive pathophysiologic effects that occur in multitrauma,
and how these changes affect recovery. Finally, few studies have
investigated the effect of multitrauma on TBI patient outcome,
and findings from these studies have been mixed. It has been
reported that multitrauma in TBI negatively impacts rehabilitation
and is associated with worse long-term functional outcomes.38,39

However, these changes have been attributed to factors such as
more severe initial brain injuries in the multitrauma group, and
rehabilitation complications related to the extracranial injury.
Conversely, a different study reported that isolated TBI and
multitrauma patients do not differ on Glasgow Outcome Scale at 6
and 12 months after injury.40 However, in this study the isolated
TBI patients were significantly older than the TBI+multitrauma
patients, which may have confounded these results considering
that increased age was associated with worse outcomes in the
same study. In light of these mixed findings, future studies are
necessary to determine whether multitrauma worsens TBI-related
brain damage and neurologic outcomes in patients in a manner
similar to what we have found in our novel mouse model. Ideally
such a study would control for the initial severity of the TBI, and
serially monitor brain damage and inflammatory factors into
chronic recovery.

CONCLUSIONS
We herein report a novel mouse model of multitrauma involving
the combined injuries of tibial fracture and closed-skull TBI. Using
this model, we discovered that mice afflicted with both a tibial
fracture and TBI had worsened behavioral abnormalities and
brain damage compared with mice given only a TBI, and that these
effects occurred in the presence of exacerbated neuroinflammation,
edema, and BBB disruption. Although future studies are required,
these findings may have important implications toward better
understanding the pathophysiologic complexities of multitrauma
involving TBI, and in guiding therapeutic interventions.
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