
 
  

Exploring the Behavioural and 
Brain Basis of the Link Between 

Traumatic Brain Injury and 
Parkinson’s disease 

Discipline of Anatomy and Pathology 
School of Biomedicine 

The University of Adelaide 
 

A thesis submitted to the University of Adelaide in fulfilment of the 
requirements for the degree of Doctor Philosophy 

 

DECEMBER 2023 
 

ING CHEE WEE 



 ii 

  

Copyright Ó 2023- Ing Chee Wee 
All rights reserved 



 iii 

Contents 
 

Table of contents................................................................................................................... iii 
Abstract ...............................................................................................................................vii  
Declaration ..............................................................................................................................ix  
Acknowledgements .....................................................................................................x  
Financial Support ...................................................................................................................xi  
Academic outcomes.............................................................................................................xii  
Thesis explanation ...............................................................................................xiv  
Abbreviations……..............................................................................................................xvi  
List of Figures……...............................................................................................xix  
List of Tables………................................................................................................xxi  

 
Chapter 1: General Introduction: Parkinson’s Disease, Environmental Factors, and 
Pathogenesis 
       Abstract ...............................................................................................................................2 
1.0 Introduction ..........................................................................................................................3 
2.0 Brief Overview of Parkinson’s Disease ...............................................................................4 

2.1 Mechanisms and Pathological Hallmarks of PD .......................................................6  
2.1.1 Loss of Dopaminergic Neurons in Substantia Nigra..................................6 

 2.1.2 Spread and Accumulation of a-syn...........................................................7 
 2.1.3 Neuroinflammation..................................................................................9 
 2.1.4 Oxidative stress.............................................................................11 
2.2 PD Staging.............................................................................................................12  

3.0 Environmental factors as a trigger in PD ............................................................................14  
4.0 Rotenone exposure in the pathogenesis of PD.....................................................................16 

4.1 Pathology overlap between rotenone exposure and PD ..........................................17 
4.2 Rotenone Mechanism .............................................................................................20 

4.2.1 Neuroinflammation following rotenone exposure...................................20 
 4.2.2 Rotenone-induced mitochondrial dysfunction and oxidative stress........21 

5.0 Traumatic brain injury in the pathogenesis of PD...............................................................22 
5.1 Role of TBI in promoting the later development of PD ..........................................23 
5.2 TBI Mechanism ..................................................................................................25 

5.2.1 Neuroinflammation following TBI.......................................................26
 5.2.2 TBI-induced oxidative stress...........................................................27 

6.0 Conclusion and Future Studies...........................................................................................29 
 
The Imperative for Investigating Long-Term Motor Functions in Traumatic Brain Injury 
Survivors................................................................................................................................32 
 
Chapter 2: Chronic Motor Performance Following Different Traumatic Brain Injury 
Severity–A Systematic Review 
       Abstract .............................................................................................................................37  
1.0 Introduction .......................................................................................................................39  
2.0 Methods.......................................................................................................................43 

2.1 Search Strategy .....................................................................................................43  
2.2 Study selection: Inclusion and exclusion criteria....................................................43  
2.3 Inclusion criteria ...............................................................................................44  
2.4 Exclusion criteria............................................................................................44 



 iv 

2.5 Data extraction and synthesis..................................................................................44  
2.6 Assessment of methodological quality ...................................................................45  

3.0 Results ................................................................................................................................48  
3.1 Search outcomes...........................................................................................48 
3.2 Study characteristics..............................................................................................48 
3.3 Risk of bias.............................................................................................................51 
3.4 Preclinical motor outcomes....................................................................................51 
 3.4.1 Neuroscore..............................................................................................51 
 3.4.2 Gait analysis............................................................................................53 
 3.4.3 Sensorimotor control...............................................................................55 
 3.4.4 Grip strength and fine motor....................................................................55 
 3.4.5 Locomotor activity..................................................................................57 
 3.4.6 Balance and coordination........................................................................59 
3.5 Clinical studies...........................................................................................64 
 3.5.1 Motor function test..................................................................................64 
 3.5.2 Grip strength and fine motor control.......................................................64 
 3.5.3 Gait........................................................................................................65 
 3.5.4 Posture and balance............................................................................68 

4.0 Discussion .......................................................................................................................73 
 
An Alternate Approach to Investigate Chronic Consequences of Traumatic Brain 
Injury ………………………………………………………………………………………103  

 
Chapter 3: Characterisation of Persistent Changes in Neuroinflammation and 
Catecholaminergic Signalling at 12 Months Following Different Severities of Diffuse 
Traumatic Brain Injury 
      Abstract............................................................................................................................108  
1.0 Introduction ...................................................................................................................110  
2.0 Materials and Method ....................................................................................................115 

2.1 Animals ..........................................................................................................115  
2.2 Experimental groups and study design..................................................................115  
2.3 Injury protocol ............................................................................................116  
2.4 Immunohistochemistry........................................................................................116 
2.5 Image analysis......................................................................................................118  
2.6 Western blot ......................................................................................................118  
2.7 Statistics .........................................................................................................119 

3.0 Results ..........................................................................................................................122  
3.1 Subtle alterations in neuroinflammation observed following moderate-severe TBI 
at 12-months post-injury...........................................................................................122 
3.2 DRD1 elevation observed in PFC, but not STR or SN following single mild TBI 
animals at 12-months post-injury.............................................................................123 
3.3 Moderate-severe TBI leads to chronic changes in STR ADRA2A and SN DBH 
level at 12 months post-injury..................................................................127 
3.4 Expression of COMT was not altered by chronic TBI..........................................130 

4.0 Discussion .......................................................................................................................131 
 
Unravelling Heterogeneity and Synergistic Environmental Factors in a Parkinson's 
Disease Animal Model …………….………………………………………………………140  
 
 



 v 

 
Chapter 4: Optimisation of Subcutaneous Rotenone Doses to Establish a Rat Model with 
Underlying Vulnerability in the Dopaminergic Pathway Associated with Parkinson’s 
Disease: Pilot Study 
      Abstract............................................................................................................................ 142   
1.0 Introduction ..................................................................................................................... 144  
2.0 Materials and Method.......................................................................................................147 

2.1 Animals…………............................................................................................. 147 
2.2 Pilot study 1......................................................................................................... 148 

2.2.1 Tissue collection and processing........................................................... 148 
2.2.2 Histology analysis.........................................................................148 

2.3 Pilot study 2.......................................................................................................... 150 
2.3.1 Experimental design.............................................................................. 150 

2.4 Pilot study 3.......................................................................................................... 150 
2.4.1 Experimental design....................................................................151 
2.4.2 Forelimb adjusting step test...................................................................151 
2.4.3 Grip strength..........................................................................................152 
2.4.4 Composite neuroscore............................................................................152 
2.4.5 Constipation...........................................................................................152 

2.5 Statistics................................................................................................................153 
3.0 Results.............................................................................................................................. 154 

3.1 Pilot 1…………............................................................................................. 154 
3.2 Pilot 2………………………..................................................................... 159 
3.3 Pilot 3……............................................................................................. 162 

4.0 Discussion........................................................................................................167 
 
Chapter 5: Modelling the "Two-Hit" Hypothesis: Characterisation of the Synergistic 
Effect of Low-Level Rotenone Exposure and Moderate-Severe Diffuse Traumatic Brain 
Injury at One-Month Post-Injury 
      Abstract............................................................................................................................ 176   
1.0 Introduction ..................................................................................................................... 177 
2.0 Materials and Method ...................................................................................................... 180 

2.1 Animals ................................................................................................................180 
2.2 Subcutaneous administration of rotenone.............................................................180 
2.3 Moderate-severe diffuse weight drop injury....................................................... 181 
2.4 Body weight..........................................................................................................181 
2.5 Behavioural battery...............................................................................................182 
2.6 Statistical analysis...............................................................................................188 

3.0 Results ........................................................................................................................... 190 
3.1 Exposure to rotenone affects normal weight gain................................................ 190 
3.2 Prior rotenone exposure aggravates post-TBI neurological impairment during the 
acute phase ................................................................................................................ 190 
3.3 Behavioural Outcomes at One-month post-injury motor function....................... 191 

3.3.1 Gross motor function.............................................................................191 
3.3.2 Parkinsonian symptoms ........................................................................ 191 
3.3.3 Balance, motor coordination and gait.................................................... 192 
3.3.4 Fine motor control and grip .................................................................. 192 

3.4 Behavioural outcomes at One-month post-injury-Non-motor symptoms............193 
3.4.1 Anxiety-like behaviour........................................................................ 193 
3.4.2 Cognition..............................................................................................194 



 vi 

3.4.3 Prodromal PD symptoms ..................................................................... 195 
4.0 Discussion ..................................................................................................................... 203 

 
Chapter 6: Discussion, Future Directions and Conclusion  ............................................. 215 
 
Bibliography ........................................................................................................................ 231 
 
Appendix .............................................................................................................................. 300 
  



 vii 

Abstract 

Accurately identifying individuals at risk for Parkinson's disease (PD) is crucial for developing 

effective treatment strategies. The recognition of non-motor symptoms preceding classical 

motor PD symptoms highlights the existence of the prodromal stage—an early phase marked 

by symptoms and signs before an official PD diagnosis, and emphasises the need for  research 

to unravel the risk factors predicting PD onset. While the etiology of PD remains largely 

unknown and likely multifaceted—encompassing aging, genetics, and environmental 

influences —this thesis aims to explore the mechanisms via which two of the most widely 

reported risk factors, traumatic brain injury (TBI) and pesticide exposure, as well as the 

synergistic combination of the two, may drive the progression of PD pathogenesis. The first 

part investigates the impact of different severities of traumatic brain injury (TBI) on long-term 

motor performance, alterations in catecholaminergic signalling and chronic neuroinflammation, 

as such underlying abnormalities may set the stage for the later emergence of PD. The results 

from this thesis revealed that TBI severity is associated with persistent motor deficits, presented 

in a dose-dependent pattern in balance, gait and speed over 10 years post-injury. The 

exploration of neuropathology aligns with this pattern, with moderate-severe TBI 

demonstrating the most notable alterations in neuroinflammation and noradrenaline signalling 

in the nigrostriatal pathway, accompanied by subtle deficits in cognitive flexibility at 12 months 

post-injury. A different effect was observed, with single mild TBI animals displaying altered 

dopamine signalling in the prefrontal cortex that was found to be associated with reduced 

anxiety. To explore further, the second part of the thesis aims to develop a novel animal model 

for studying the contribution of low-level exposure to the pesticide rotenone and moderate-

severe diffuse TBI, alone and in combination, to PD pathogenesis by conducting a 

comprehensive behavioural assessment at 1-month following injury in this model. It reveals 

that dual environmental risk factors lead to more pronounced deficits in balance, motor 
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coordination, and learning ability than individual risks alone. While other functional tests 

assessing motor, cognition, and prodromal symptoms are preserved (with the possible 

exception of constipation), this may hint at an increased risk for future PD development. Taken 

together, this thesis demonstrates a possible association between TBI and the risk of developing 

PD, with this risk heightened with more severe TBI and the addition of environmental risk 

factors. This thesis also provides preliminary insights into predicting PD after such exposures, 

underscoring the significance of future investigations into the complex interplay of multiple 

risk factors, which is critical for advancing our knowledge in PD progression and enhancing 

the accuracy of PD diagnosis.  
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Thesis explanation 

This thesis is structured with chapters presented in both publication-style and narrative formats. 

It consists of a general introduction, four experimental chapters and an overall discussion, with 

bridging narratives provided prior to each experimental chapter, in order to provide rationale 

for the reader about the study to follow. Chapter 1 provides a general introduction, outlining 

environmental risk factors associated with Parkinson’s disease (PD), with a specific focus on 

rotenone exposure and its relationship to traumatic brain injury (TBI) in PD development. 

Followed by a narrative, underlining the crucial need for a systematic review to evaluate long-

term motor impairments in TBI survivors across varying severity. Chapter 2 presents a 

comprehensive systematic review encompassing both clinical and preclinical studies, that 

delves into chronic motor impairment following different severities of TBI. While it remains a 

challenge of determining the relationship between the changes in chronic motor function 

following injury and the risk of PD development, another narrative, highlighting that this 

relationship could probed further by investigating the shared mechanisms of TBI and PD, 

particularly the catecholamine and neuroinflammatory pathways at 12 months post-injury. This 

sets the stage for experimental exploration of this topic in Chapter 3. The next bridging 

narrative explores the heterogeneity of PD and the potential synergistic effects seen by 

combining major environmental risk factors in an animal model. Chapter 4 focuses on 

developing a novel animal model for studying the contribution of low-level exposure to the 

pesticide rotenone and moderate-severe diffuse TBI, while Chapter 5 delves into the effect of 

these environmental risk factors alone and in the combination, to PD pathogenesis by 

conducting a comprehensive behavioural assessment at 1-month following injury in this model. 

Finally, Chapter 6 presents a comprehensive discussion, summarising the work presented 
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throughout this thesis. This is followed by a references section and appendices. For chapters 

prepared in a publication format, they are prefaced by a signed statement of authorship.  
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ABSTRACT 
 
With formal characterisation of the prodromal stage in PD, marked by non-motor symptoms 

that precede presentation of the cardinal motor symptoms, research has been redirected toward 

uncovering the risk factors that predict the onset of clinical PD. Emerging evidence suggests 

that environmental factors such as pesticide exposure and traumatic brain injury (TBI) are key 

players in increasing the risk of PD development. However, as the focus of PD research has 

largely been on motor presentation for decades, the intricate connections between these factors 

and disease pathogenesis remain largely unexplored. This review aims to investigate the 

environmental risks associated with PD, specifically focusing on of the mechanisms via which 

they may drive PD pathogenesis. Despite extensive research that has showcased the impact of 

TBI on PD risk, even decades following the initiating injury, a consensus regarding the 

mechanisms via which TBI may be associated with this heightened risk is yet to be reached. A 

similar scenario is observed in studies of pesticide exposure, where the majority utilise this 

neurotoxin to induce a moderately advanced PD model, displaying severe parkinsonian 

symptoms, rather than a more clinically relevant progression-based model. To bridge this gap 

and elucidate the connection of these factors to PD onset, future studies should prioritise 

understanding the time course of symptom progression, as well as how risk factors may act 

synergistically to drive the risk of PD development.   
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1. INTRODUCTION  

Parkinson’s Disease (PD) is the fastest-growing neurodegenerative disease, surpassing 

Alzheimer’s Disease in its escalating prevalence. Between 1990 and 2015, the incidence of PD 

surged by 118%, resulting in approximately 6.3 million cases worldwide (Feigin et al., 2021). 

In Australia alone, a conservative estimate reveals that by 2015, there were 70 thousand 

individuals living with Parkinson’s, and on average, 32 new diagnoses were made each day 

(Deloitte, 2015). Notably, 80% of these cases occurred in individuals aged 65 and above, 

underscoring the mounting challenge as the population ages and life expectancy rises (Deloitte, 

2015; Wanneveich et al., 2018). In fact, Dorsey and Bloem projected in 2018 that PD incidence 

is expected to exceed 12 million cases globally by 2040 (Dorsey and Bloem, 2018). When 

considering additional factors like increasing longevity, industrialisation, and a decrease in 

smoking rates, the burden of PD could potentially escalate to a staggering 17.5 million cases 

by that time (Dorsey and Bloem, 2018). 

This escalating prevalence carries significant implications, particularly its economic 

impact on society (Dorsey and Bloem, 2018; Wanneveich et al., 2018). On average, an 

Australian living with Parkinson’s for 12 years incurs a lifetime financial cost of approximately 

$161k AUD (Deloitte, 2015). A comprehensive 2017 review by Yang et al. consisting of factors 

like society, patients and families emphasised that the combined economic burden posed by 

PD in the United States amounted to a direct medical cost of $25.4 billion USD, coupled with 

an additional 26.5 billion USD in other non-medical expenses for the approximately 1 million 

Americans diagnosed with PD (Yang et al., 2020). With the increasing prevalence of PD, this 

burden is expected to rise significantly, surpassing a substantial $79 billion USD by 2037 

within the United States alone (Yang et al., 2020).  

Developing interventions that can slow or halt the progression of PD or prevent its 

development is paramount to mitigate the future economic impact of this burgeoning epidemic. 
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However, a major obstacle in discovering effective therapies lies in the fact that upon PD 

diagnosis, patients already exhibit crucial motor symptoms, with more than half of substantia 

nigra (SN) cells already lost, accounting for an approximately 80% dopaminergic denervation 

in the striatum (STR) (Fearnley and Lees, 1991; Greffard et al., 2006). Hence, early detection 

of PD, or at least before the emergence of motor dysfunction, is important (Soman et al., 2023). 

In this context, comprehending the pathogenesis of PD is key, especially understanding how 

recognised environmental risk factors contribute to its development (Chen and Ritz, 2018). 

In this introductory chapter, we will first delve into the current understanding of PD, 

exploring its pathophysiological mechanisms. We will then discuss how major environmental 

factors, including traumatic brain injury (TBI) and pesticide exposure, could serve as 

pathological triggers and give rise to PD development. 

 

2. BRIEF OVERVIEW OF PARKINSON’S DISEASE 

PD was first described as a ‘Shaking Palsy’ or ‘Paralysis Agitans’ by James Parkinson in 1817 

(Parkinson, 2002), portraying it primarily as a disorder impacting movement, consisting of the 

well-recognised motor-related symptoms (tremor, bradykinesia, rigidity, postural instability). 

However, as our comprehension of PD has evolved, it has transcended this initial motor-centric 

perception to encompass a wide spectrum of non-motor symptoms, with some of these features 

preceding the onset of motor manifestations in PD (Hughes et al., 1992).  

In the early stages, autonomic dysfunction can emerge, leading to issues such as 

orthostatic hypotension and constipation. Concurrently, sleep disturbances, including insomnia 

and fragmented sleep, may appear and evolve into more intricate sleep disorders like restless 

legs syndrome and REM sleep behavior disorder as the disease advances. Sensory symptoms 

like hyposmia and gastrointestinal dysfunction are often present during the prodromal phase. 

Additionally, mood alterations and cognitive changes, such as depression, anxiety, and mild 
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cognitive impairment, may manifest. These psychiatric symptoms may progress to more 

pronounced forms, like hallucinations and delusions, in later PD stages (for review, see 

(Aarsland and Kurz, 2010; Postuma and Berg, 2019)). Similarly, the cognitive symptoms can 

also progress significantly, with up to 80% of individuals with PD going on to develop dementia 

(for review, see (Russell et al., 2014)) (Figure 1).  

The progression of both motor and non-motor symptoms can vary among individuals, 

with three distinct subtypes proposed through multimodal analysis of clinical, cognitive, motor 

and neuroimaging data; namely, cognitive-motor, cognitive dominant and motor dominant 

(Albrecht et al., 2022) Other subtypes have been put forward in other studies, including the 

classic tremor dominant (TD) vs. postural instability-gait disturbance (PIGD) subtypes, based 

on motor symptoms alone (Jankovic et al., 1990), and the more recent proposal of brain-first 

vs. body-first PD, based on the initial presentation of alpha-synuclein pathology (Horsager et 

al., 2020). Currently, there is no agreed upon method to subtype those with PD, although it has 

been argued that more standardised clustering analysis methods are needed in order to increase 

the ability to reproduce subtypes and improve comparability across studies (Shakya et al., 

2022). Using such a method (i.e. a standardised k-means cluster analysis approach) in the 

analysis of 408 de novo PD patients with complete clinical data from the Parkinson’s 

Progressive Markers Initiative (PPMI), Shakya and colleagues (2022) identified two distinct 

PD subtypes: a severe motor-non-motor subtype (SMNS) and a mild motor- non-motor subtype 

(MMNS). Importantly, these individuals differed in terms of time of symptoms onset, severity 

of symptoms, striatal dopamine binding values on SPECT imaging and progression of 

symptoms (Shakya et al., 2022). Thus, accurate subtyping can have important implications for 

both predicting the course of disease for an individual, as well as the development of 

personalised treatment modalities.  
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2.1 Mechanisms and Pathological Hallmarks of PD 

PD is a progressive neurodegenerative disease, with its pathological events unfolding in a step-

wise manner. Emerging evidence suggests that the intricate interplay of various pathological 

processes, such as mitochondrial dysfunction, lysosomal dysfunction, and excitotoxicity, 

initiated by various risk factors (aging, genetics and environmental factors), may act as 

potential triggers, nudging the neurological system towards the development and manifestation 

of PD (Pang et al., 2019). Among these factors, the two most interconnected pathophysiological 

mechanisms, neuroinflammation and oxidative stress, are believed to underlie and play a 

central role in disease development—specifically influencing dopaminergic neuron 

degeneration and the aggregation of α-synuclein.  

 

2.1.1 Loss of Dopaminergic Neurons in Substantia Nigra 

Underlying the development of these motor and non-motor symptoms is the hallmark of PD, 

loss of dopaminergic (DA) neurons in the substantia nigra pars compacta. Compared to healthy 

controls, post-mortem examination of brains from individuals with PD consistently reveals a 

notable reduction in the pigment neuromelanin in DA neurons in the SNpc (Dauer and 

Przedborski, 2003; Fabbri et al., 2017; Marsden, 1983). Studies have indicated that by the time 

motor symptoms are present, there is an approximate 40-60% loss of DA neurons within the 

SNpc, and as the disease progresses, this neuronal loss can escalate to 70% or even higher 

(Kordower et al., 2013; Ma et al., 1997).  

Notably, the loss of DA SN pars compacta neurons results in substantial reductions in 

dopamine levels within the STR, the primary target region of the nigrostriatal pathway. This 

pathway, crucial for precise movement control, governs functions such as movement initiation 

and regulation (Bernheimer et al., 1973; de la Fuente-Fernández, 2013; K et al., 2011). 

Supporting this correlation, a study utilising neuromelanin magnetic resonance imaging (MRI) 
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and dopamine transporter single-photon emission computerised tomography (SPECT) to 

quantify the severity of PD motor symptoms, as determined by Hoehn and Yahr scale (HY) in 

40 PD patients, revealed that both the signal-to-noise ratio in the SN pars compacta on 

neuromelanin MRI and the striatal specific binding ratio on dopamine transporter SPECT were 

significantly greater in the individuals in early-stage PD group than those in the advanced group 

(Hoehn and Yahr, 2001; Takahashi et al., 2019). These results indicate that the dopamine levels 

in the nigrostriatal pathway are closely associated with the severity of motor symptoms and are 

involved in the development of PD (Takahashi et al., 2019). 

In addition to the depletion of DA cells in SN pars compacta and decrease of DA levels in 

STR, emerging literature suggests a widespread neuronal loss in other brain regions, including 

the hypothalamus, locus coeruleus (LC), the dorsal motor nucleus of the vagus, and the 

olfactory bulb (Giguère et al., 2018). These regions play a regulatory role involving various 

neurotransmitters, including γ-aminobutyric acid (GABA), acetylcholine, serotonin, adrenaline, 

glutamate, and adenosine (Barone, 2010; Giguère et al., 2018). Disruption in these systems 

potentially contributes to the development of non-motor symptoms of PD that do not respond 

well to dopamine replacement therapy (Yadav and Kumar, 2022). Of these, strong evidence 

suggests LC noradrenergic neurodegeneration occurs earlier than that of neurons in the SN pars 

compacta and is critical to the pathogenesis of several non-motor symptoms and can also 

exacerbate dopaminergic neurodegeneration in PD rodent models (Szot et al., 2012; Zarow et 

al., 2003).  

 

2.1.2 Spread and Accumulation of a-Synuclein  

The spread and accumulation of misfolded α-synuclein (α-syn) represents another fundamental 

factor in the pathogenesis of PD and stands as one of the most significant hypotheses explaining 

the degeneration of nigrostriatal neurons (Maries et al., 2003). Under normal conditions, α-syn 
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is a small, acidic, natively unfolded and soluble protein found both in the cytosol and 

presynaptic terminal, where it plays a crucial role in regulating synaptic function (Atias et al., 

2019). However, in PD, α-syn aggregates into structures known as Lewy bodies (LB) and Lewy 

neurites (LN), along with other proteins like neurofilament protein, tau, ubiquitin, and α-B 

crystallin (Spillantini et al., 1997), disrupting normal cellular functions and leading to the 

malfunction and death of neurons.  

A study conducted by Braak and colleagues revealed that PD-related α-syn-

immunopositive LB and LN initially spread from the olfactory bulb or dorsal motor neuron of 

the vagus (DMV) to the raphe nucleus and then to the LC, the basal nucleus of Meynert, and 

eventually extend throughout the brain to the temporal cortex and neocortex (Braak et al., 

2003b). However, the fact that a-syn could be detected in peripheral tissue before PD diagnosis 

(Hilton et al., 2014; Stokholm et al., 2016), coupled with evidence from Holmqvist et al. That 

demonstrated that different forms of a-syn (monomeric, oligomeric, and fibrillar) from PD 

lysates could travel from the intestine along the vagus nerve to reach the brain (Holmqvist et 

al., 2014), indicating that the initiation site of a-syn could begin in the gut.  This led to the 

recent proposal of brain-first versus body-first PD, with initial multimodal neuroimaging data 

supporting this hypothesis (Horsager et al., 2020). In brief, in brain-first PD, the initial site of 

α-synuclein pathology is within the central nervous system (likely rostral to the SNc) and 

spreads via interconnected structures, eventually reaching the autonomic nervous system. In 

contrast, in body-first PD, the initial site of α-synuclein pathology is within the enteric nervous 

system and spreads in a caudo-rostral direction to reach the autonomic and eventually the 

central nervous system. A recent review of the literature by Horsager and colleagues (2022) 

supports this subtyping and highlights differences in clinical and neuroimaging between the 

two groups, but further characterisation is needed (Horsager et al., 2022), particularly in terms 

of differences in disease progression and treatment responsiveness, between the two groups.  
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Although it remains a source of much debate, the hypothesis that a-syn could self-

propagate and spread progressively between brain regions has received a great deal of support 

(Masuda-Suzukake et al., 2014; Recasens et al., 2014). For example, this concept finds support 

in emerging studies that demonstrate the ability of neurons to release α-syn aggregates into the 

extracellular environment, which can then be internalised by healthy neurons, resulting in 

neuron dysfunction and death (Danzer et al., 2009; Froula et al., 2019; Jan et al., 2021). 

However, the precise relation to cell loss in each region and the mechanism of cell-to-cell 

transmission remains largely unknown.  Nonetheless, it is widely believed that the spreading 

pattern of the disease and cell-to-cell transmission of α-syn is closely associated with the onset 

and progression of PD symptoms (Stefanis, 2012). 

Recently, a-syn conformational strain has also been proposed to play a key role in 

driving the heterogeneity of symptom progress in PD (for review, see (So and Watts, 2023)). 

Structural differences among α-synuclein aggregates can lead to unique biochemical and 

pathological properties in both human patients and experimental models.(So and Watts, 2023) 

In line with this, a study examining the a-syn aggregates obtained from the CSF of patients 

with PD, multiple system atrophy (MSA) and control subjects demonstrated clear structural 

variations in a-syn aggregates across these disease conditions, which can be distinguished by 

the size and number of protease-resistant bands (Shahnawaz et al., 2020). When subjected to 

the MTT assay, the amplified a-syn aggregates from the same patient cohorts demonstrate 

differential cytotoxicity levels, with the a-syn aggregates derived from MSA being more toxic 

to RK13cells and neuronal precursor cells derived from human induced pluripotent stem cells 

than PD-derived a-syn aggregates, revealing the nuanced structural and biochemical properties 

within a-syn (Shahnawaz et al., 2020).  

 

2.1.3 Neuroinflammation 
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Neuroinflammation, a complex process involving the activation of immune cells within the 

central nervous system (CNS), such as microglia and astrocytes, is considered a crucial 

contributor to the pathogenesis of several neurodegenerative diseases, including PD. This 

process involves glial cells releasing various inflammatory molecules and cytokines that signal 

other immune cells, initiating an inflammatory response to eliminate threats and remove 

damaged cells (Glass et al., 2010). While this mechanism is an essential as part of the body's 

defence mechanism to protect the nervous system from injury or toxic environments, chronic 

or excessive neuroinflammation can be detrimental. 

Increasing evidence from post-mortem examinations of PD brains has revealed the 

activation of microglia (Imamura et al., 2003; McGeer et al., 1988) and an increased density of 

astrocytes within the SN (Damier et al., 1993). In the analysis of biological fluids, elevated 

levels of pro-inflammatory cytokines, including tumour necrosis factor (TNF) (El-Kattan et al., 

2022; Scalzo et al., 2009), interleukin (IL)-1b (Williams‐Gray et al., 2016)and IL-6 (Blum-

Degena et al., 1995; Diaz et al., 2022), were also observed in the cerebrospinal fluid and blood 

serum of PD patients. Positron emission tomography (PET) imaging study utilising [11C](R)-

PK11195 as a microglial marker further supports these findings, demonstrating ongoing and 

static microglial activation in multiple brain regions in clinically diagnosed idiopathic PD 

patients (Gerhard et al., 2006). 

While it is well acknowledged that neuroinflammation contributes to neuronal cell loss 

(Ouchi et al., 2005; Tansey and Goldberg, 2010), it resembles an intercellular feedback loop: 

activation of neuroinflammation results in cell degeneration, and the subsequent neuronal death 

releases proinflammatory cytokines, thereby triggering further inflammatory responses; 

however, whether neuroinflammation initiates neurodegeneration or is a consequence of it still 

remains an area of debate within the field (Tansey and Goldberg, 2010). Similarly, concerning 

the connection between α-syn aggregation and inflammation, in vitro studies provide evidence 
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that α-syn aggregations can induce microglial activation in rat primary mesencephalic neuron-

glia cultures (Zhang et al., 2005) and microglia obtained from mice neonates (Reynolds et al., 

2008). Conversely, findings indicate that anti-inflammatory agents suppress α-syn aggregation 

and spreading in mice (Kim et al., 2022) and the absence of microglial affects α-syn cell-cell 

transfer in a mouse model injected with human α-syn into the SN (George et al., 2019). The 

precise relationship, including whether α-syn aggregation acts as a driving force for initiating 

inflammation or if inflammation triggers the development of α-syn pathology, remains unclear 

(Lema Tomé et al., 2013). 

 

2.1.4 Oxidative stress 

Oxidative stress is another pathological mechanism that plays an important role in 

dopaminergic toxicity. It arises when there is an increased production and accumulation of free 

radicals, such as superoxide (O2-), hydroxyl (-OH), and hydrogen peroxide (H2O2), collectively 

defined as reactive oxygen species (ROS), or peroxynitrite (ONOO-) and nitrogen dioxide 

(NO2), defined as reactive nitrogen species (RNS) (Sies and Jones, 2020). ROS and RNS are 

highly reactive molecules that can induce oxidative damage to cellular components, such as 

lipids, proteins, and DNA, eventually leading to cell death (Li et al., 2003). Factors like 

neuroinflammation (Taylor et al., 2013), environmental exposures (Samet and Wages, 2018) 

and aging (Liguori et al., 2018) can further contribute to elevated ROS and RNS levels. To 

counteract these harmful effects, the brain employs antioxidants to maintain equilibrium.  

However, when there is an excess of free radicals and insufficient levels of antioxidants 

to counteract the effects, this imbalance could also induce oxidative stress and culminate in the 

occurrence of PD pathogenesis. In support of this, a mutation in the gene encoding the 

antioxidant protein DJ-1, also known as PARK7, has been linked to elevated ROS levels and 

abnormalities in oxidative stress biomarkers (Di Nottia et al., 2017). DJ-1 knock-out in mice 
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increased protein oxidation, leading to nigrostriatal dopaminergic neuron loss (Goldberg et al., 

2005; Guzman et al., 2010). This gene mutation is also identified as a causative factor in α-

synucleinopathy (Taipa et al., 2016) and contributes to the progression of early-onset recessive 

PD (Bonifati et al., 2003). There are also mutations in genes, such as Parkin and PINK1, which 

are found to be associated with oxidative stress and are also linked to familial forms of PD  

(Hauser and Hastings, 2013; Lee Mosley et al., 2006; Norris et al., 2015).  

Furthermore, accumulating evidence from post-mortem studies consistently 

demonstrates a significant reduction in an important antioxidant –glutathione (GSH)- in the 

brains of individuals with PD (Zeevalk et al., 2008). Specifically, this decrease in GSH levels 

is pronounced in the SN (Riederer et al., 1989; Sian et al., 1994; Sofic et al., 1992) and is 

observed in nigral dopamine neurons (Pearce et al., 1997).  In addition to altered GSH levels, 

superoxide dismutase (SOD) I and II—an enzyme responsible for the conversion of superoxide 

radical (O2-) into oxygen and hydrogen peroxide- was similarly higher in the SN of individuals 

with PD compared to controls, reflecting a heightened superoxide-radical environment 

(Marttila et al., 1988; Saggu et al., 1989). For further discussion of the role of oxidative stress 

in PD, several comprehensive reviews are available (Algarni and Stoessl, 2016; Dias et al., 

2013; Ikawa et al., 2021)).  

 

2.2 PD staging 

PD can be classified into three main stages: the pre-clinical stage, the prodromal stage, and the 

clinical stage (Figure 1).  

I) Pre-clinical stage: The pre-clinical stage represents the earliest phase of PD, during 

which individuals may exhibit subtle DA degeneration and synucleinopathy in the brain 

without displaying overt clinical signs of the disease (Berg et al., 2015). 
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II) Prodromal stage: The prodromal stage, conversely, is characterised by the presence of 

non-motor symptoms, such as hyposmia, sleep abnormalities, constipation, anxiety, 

depression, as well as subtle motor changes, such as facial akinesia, upper limb rigidity 

and loss of balance, that do not meet the criteria for a clinical PD diagnosis (Kalia and 

Lang, 2015; Postuma et al., 2012). This phase is primarily associated with Braak stages 

1-2 (Braak et al., 2003b), marked by the presence of synucleinopathy in lower 

brainstem regions and the olfactory bulb. Additionally, it is during this stage that DA 

neuronal loss and subtle alterations in the DA system become apparent and can be 

detected by neuroimaging (Heng et al., 2023; Jennings et al., 2014). Understanding 

these subtle changes in the prodromal stage is crucial for predicting the future 

development of PD and offers valuable insights for assessment and screening.  

III) Clinical stage: The clinical stage begins with the current accepted diagnostic criteria 

that define PD, which requires the presence of bradykinesia alongside at least one of 

either resting tremor or rigidity. Pathological progression aligns with Braak stages 3-4 

(Braak et al., 2003b), involving the emergence of synucleinopathy affecting the SN and 

Figure 1. A comprehensive schematic timeline delineating key aspects of Parkinson's Disease progression, 
including the evolution of clinical symptoms, time course, Lewy body pathologies, dopaminergic neuron loss, and 
the Hoehn and Yahr Scale. The figure has been adapted and modified from Kalia and Lang's work in 2015.   
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other limbic areas. The symptoms in the early clinical stage are mild, progressing from 

unilateral to bilateral (HY stages 1-2) (Hoehn and Yahr, 2001). However, the 

degeneration of DA neurons at this stage is relatively rapid, with almost total loss of 

dopamine axon terminals in the dorsal putamen detected after 4 years and extensive 

loss of dopamine cell bodies in the SN by 5 years (Kordower et al., 2013).  

As PD progresses into the mid-clinical stage (HY stage 3) (Hoehn and Yahr, 2001), 

motor symptoms intensify, significantly impacting daily activities and mobility. This 

temporal progression aligns with Braak stages 4-5 (Braak et al., 2003b), characterised 

by further advancement of synucleinopathy affecting the SN and additional brain 

regions. This exacerbates the loss of DA neurons and leads to a worsening of motor 

symptoms.  

In the advanced clinical stage (HY stages 4-5)(Hoehn and Yahr, 2001), conspicuous 

clinical features include pronounced postural instability, gait disturbances, and 

cognitive impairments. This stage aligns with Braak stage 6 (Braak et al., 2003b), 

characterised by extensive a-syn pathology spread throughout the brain, particularly 

impacting the neocortex. This widespread a-syn pathology gives rise to the emergence 

of deficits in higher-order cognitive functions, sensory perception, and motor 

coordination. The substantial loss of DA neurons in the SN and the degeneration of 

more than 90% of the DA terminals significantly contribute to both motor and non-

motor symptoms, delineating an advanced and challenging phase of PD (Lewis et al., 

2023). 

 

3. ENVIRONMENTAL FACTORS AS PATHOLOGICAL TRIGGERS IN PD 

PD is generally considered an idiopathic disorder, with its likelihood of development hinging 

on a complex interplay of aging, genetic predisposition, environmental exposures, and lifestyle 
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factors (Kouli et al., 2018). Although approximately 10-15% of PD cases are attributed to 

genetic factors (Klein and Westenberger, 2012; Thomas and Beal, 2007), extensive research 

has revealed a number of specific environmental risks associated with PD development (Ball 

et al., 2019; Deng et al., 2018). In a comprehensive meta-analysis examining 30 potential risk 

factors for PD, 6 environmental risk factors, including pesticide exposure, head injury, rural 

living, beta-blocker usage, agriculture, and well water drinking, were identified as significantly 

linked to an increased risk of PD (Noyce et al., 2012). Notably, among these factors, exposure 

to pesticides and a history of prior head injury stand as two of the most compelling 

environmental risk factors for PD (Noyce et al., 2012). Beyond their role as environmental 

factors, they also manifest as pathological triggers in the development and progression of PD, 

as thoroughly reviewed by Mckee and Daneshvar (Mckee and Daneshvar, 2015) and 

demonstrated by Van Laar et al. (Van Laar et al., 2023).  

Exposure to pesticides, such as rotenone and paraquat, has been frequently implicated in 

PD development due to their structural resemblance to 1-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP), a compound associated with parkinsonism in illicit drug users 

(Heikkila et al., 1985). Indeed, in a case-control study investigating pesticide use, both rotenone 

(odds ratio=2.5; 95% CI, 1.3-4.7) and paraquat (odds ratio=2.5; 95% CI, 1.4-4.7) showed a 

positive association with an increased risk of PD (Tanner et al., 2011). However, despite 

structural similarities to MPTP and comparable risks of inducing PD, rotenone has been more 

frequently utilised as a neurotoxin to create PD animal models (Betarbet et al., 2000; Johnson 

and Bobrovskaya, 2015). This preference is attributed to its demonstrated ability to induce PD 

pathology and replicate functional deficits through the inhibition of mitochondrial function 

(Richardson et al., 2005). For this reason, the focus of the discussion will now center on 

examining the relationship between rotenone and the pathogenesis of PD in the subsequent 

sections. Building on the evidence of rotenone’s association with an elevated risk of PD, recent 
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epidemiological studies by Furlong et al. and Pouchieu et al., have underscored this substantial 

link (Furlong 2015: hazard ratio=3.7, 95% CI: 1.7-8.1; Pouchieu 2018: hazard ratio=1.57, 95% 

CI: 1.08-2.29), particularly in individuals with prolonged exposure (Furlong et al., 2015; 

Pouchieu et al., 2018).  

Furthermore, an increasing body of evidence suggests that individuals with a history of 

head injuries face an elevated risk of developing PD (Bower et al., 2003; Goldman et al., 2006). 

A meta-analysis encompassing 34 articles investigating the association between head trauma 

and PD demonstrated a notable 57% increase in the risk of developing PD in individuals with 

a history of head injury (hazard ratio=1.57, 95% CI: 1.35–1.83) (Jafari et al., 2013). A more 

recent meta-analysis of 23 studies using a random-effect model supported this association, 

showing a 1.50 odd ratio (95% CI: 1.23–1.83) of TBI among individuals with PD compared to 

controls (Balabandian et al., 2023). The risk appears particularly pronounced among athletes, 

including boxers, American football and rugby players, as well as military veterans exposed to 

frequent head impacts (Daneshvar et al., 2011). Indeed, both United States military veterans 

(Gardner et al., 2018) and former rugby players (Russell et al., 2022) exhibited a higher incident 

rate of PD diagnosis (TBI in veteran: hazard ratio=1.71, 95% CI: 1.53-1.92; TBI in athlete: 

hazard ratio=3.04, 95% CI: 1.51-6.10) over a 12 to 32-year follow-up period.  

Compelling evidence demonstrates the association between these environmental factors 

(rotenone exposure and prior head injury) and an elevated risk of PD. Importantly, these 

environmental factors not only amplify the susceptibility to PD, but also mirror the disease's 

hallmark pathological features and clinical manifestations.  

 

4. ROTENONE EXPOSURE IN THE PATHOGENESIS OF PD  

Rotenone is a naturally occurring substance found in the seeds and stems of several plants, like 

the jicama vine and the roots of the Fabaceae family. Recognised for its broad-spectrum 
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insecticide, pesticide and nonselective piscicide (lethal to fish) properties, rotenone is 

extensively used in agriculture and is prevalent in agricultural lands and aquatic environments 

(Chandler and Marking, 1982; Marking and Bills, 1976). Rotenone is generally considered 

relatively safe to use due to its short half-life in both water and soil, typically lasting between 

1 to 3 days and losing its toxicity within 5-6 days of exposure to spring sunlight or 2-3 days of 

exposure to summer sunlight (Marking and Bills, 1976). Despite this, concerns persist 

regarding the potential environmental and public health impacts of its use.  

Rotenone can enter the body through multiple routes, such as inhalation, dermal 

absorption/eye contact, and ingestion (Wood et al., 2005). Commonly reported symptoms 

include irritation, nausea, gastric pain, coughing and choking. While neurological symptoms 

are infrequent, a few cases have reported peripheral neuropathy, numbness, or tremors (Gupta, 

2014). According to a 2006 report by the U.S. Environmental Protection Agency, no fatalities 

or systemic poisonings have been reported in connection to the ‘basic use’ of rotenone (USEPA, 

2006). However, chronic exposure is linked to PD development, with one recent meta-analysis 

by Yan et al. proposing that the duration and level of exposure to pesticides, including rotenone, 

are associated with a 1.05 (95% CI: 1.02-1.09) and 1.11 (95% CI: 1.05-1.18) augmented risk 

of developing PD, respectively (Yan et al., 2018).  

 

4.1 Pathology overlap between rotenone exposure and PD 

Greenamyre and colleagues demonstrated for the first time that chronic systemic exposure to 

rotenone in rats could induce highly selective degeneration of nigrostriatal dopaminergic 

neurons, accompanied by the formation of Lewy body-like cytoplasmic inclusions and 

behavioural manifestations resembling PD, such as hypokinesia, rigidity and tremor (Betarbet 

et al., 2000). Subsequent research then actively engaged in exploring various rotenone dosages 

(ranging from 0.4µg-100mg/kg, depending on the administration route) and routes of 
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administration, including oral (Inden et al., 2011), intranasal (Sharma et al., 2023), inhalation 

(Rojo et al., 2007), intracranial (Xiong et al., 2009), subcutaneous (Sherer et al., 2007; Zhang 

et al., 2017), intravenous (Fleming, 2004) and intraperitoneal (Cannon et al., 2009), to replicate 

and establish an optimal preclinical PD model.  

Undoubtedly, these studies have consistently resulted in the successful induction of DA 

neuronal loss (Johnson and Bobrovskaya, 2015) with progressive loss of dopaminergic nerve 

terminals of the striatum and cell bodies in the SN (Betarbet et al., 2000; Norazit et al., 2010; 

Rocha et al., 2022; Van Laar et al., 2023) that are akin to the progressive degeneration observed 

in clinical PD (Cheng et al., 2010). As mentioned above, PD pathology is not restricted to the 

DA neuron loss in SNpc and striatum, with the effect of rotenone also found to induce 

noradrenergic neuronal loss in the LC (Jing et al., 2021), cholinergic neuronal loss in the dorsal 

motor nucleus of the vagus (Miyazaki et al., 2020) in mice, as well as serotonergic neuronal 

loss in midbrain neuronal cultures (Ren and Feng, 2007).  

Rotenone exposure also increases a-syn cytoplasmic inclusion and expression in the SN 

(Betarbet et al., 2006; Cannon et al., 2009; García-García et al., 2005; Inden et al., 2011; Rocha 

et al., 2022; Xiong et al., 2009), with a dose-response increase in a-syn expression (Zhang et 

al., 2017). It is worth noting that current research regarding α-syn pathology following rotenone 

exposure outside the SN is limited. While a study by Chen et al. showed elevated intestinal α-

syn levels in old mice treated with low-dose rotenone gavage for 2 months (Chen et al., 2022), 

and a more recent study by Sharma et al. revealed increased α-syn pathology in the olfactory 

bulb with intranasal rotenone administration (Sharma et al., 2023), reaching a conclusive 

correlation between α-syn pathology and Braak stage or gut-first theory (Braak et al., 2003a) 

remains challenging.  

Behaviourally, chronic exposure to rotenone in animal models effectively replicates several 

critical motor and non-motor symptoms commonly observed in PD. Many of these studies have 
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detected motor deficits, including reduced motor activity and rearing(Rocha et al., 2022; Zhang 

et al., 2017), impaired balance and motor coordination (Miyazaki et al., 2020; Zhang et al.,  

2017), decreased grip and muscle strength (Fathalla et al., 2016; Zhang et al., 2017), and 

abnormal gait (Fathalla et al., 2016; Ruan et al., 2022). The onset of these motor deficits is 

notably rapid in animals exposed to rotenone, especially when administered high dosages 

through daily injections. For instance, in the study by Cannon et al., 25% of adult rats receiving 

daily injections of 3mg/kg rotenone exhibited parkinsonian signs by day 4, with all 

demonstrating these signs by day 9. In contrast, lower dosages (2.75mg/kg) took twice as long 

for all animals to display Parkinsonian signs (Cannon et al., 2009). While many of these studies 

assessed motor deficits during or shortly after the rotenone dosing regimen, a study by Van 

Laar et al. demonstrated potential long-term consequences of rotenone exposure (Van Laar et 

al., 2023). This study revealed that motor deficits peaked during rotenone administration, but 

completely recovered after a 9-day period of rotenone cessation. Interestingly, however, these 

motor abnormalities resurfaced at the 3-month mark and continued to worsen over the course 

of 9 months following the initial rotenone exposure, suggesting that transient rotenone 

exposure may lead to delayed motor deficits, potentially correlating with the progressive loss 

of DA neurons in the SNpc observed in the same study (Van Laar et al., 2023).  

In the context of non-motor symptoms, studies employing the rotenone rodent model have 

successfully detected gastrointestinal dysfunction (Drolet et al., 2009; Greene et al., 2009), 

marked by delayed gastric emptying and reduced stool frequency, closely mirroring the 

constipation symptoms frequently associated with PD (Abbott et al., 2001; Gao et al., 2011). 

Additionally, delayed olfactory impairment (Sharma et al., 2022), rapid eye movement, sleep 

behaviour (Du et al., 2021), symptoms of depression and anxiety (Ujvári et al., 2022), as well 

as learning and memory deficits (Guo et al., 2022). While these symptoms may manifest 



 20 

differently depending on the administration routes, collectively, the rotenone model adeptly 

replicates the diverse spectrum of non-motor symptoms often observed in PD. 

 

4.2 Rotenone Mechanism 

The mechanism driving this association is not fully known, with rotenone functioning as a 

mitochondrial complex I inhibitor in the electron transport chain (Sherer et al., 2003). Complex 

I, also known as NADH dehydrogenase, plays a crucial role in transferring electrons from 

NADH to ubiquinone, a key step in the production of ATP. Rotenone disrupts this electron 

transfer process by binding to complex I, causing electron leakage and the subsequent 

generation of free radicals within the mitochondria. This disturbance in the electron transport 

chain, coupled with an increased production of free radicals (Fato et al., 2009; Heinz et al., 

2017), contributes to oxidative stress and triggers neuroinflammatory responses (Gao et al., 

2002; López-Armada et al., 2013). These effects can have widespread effects on cellular 

components and functions, potentially leading to cellular damage and, in the context of 

neurodegenerative research, contributing to neurological conditions like PD, where both of 

these processes are known to be involved in the pathophysiology of the disease (Betarbet et al., 

2000; Gao et al., 2003). 

 

4.2.1 Neuroinflammation following rotenone exposure 

 Neuroinflammation has been identified as a crucial mechanism that mediates rotenone-

induced neurological damage. In in vitro studies, rotenone was found to significantly activate 

the nuclear factor kappa B (NFkB) signalling pathway through p38 mitogen-activated protein 

kinase (MAPK) in the BV2 microglia cell line, leading to the production of inflammatory 

cytokines, along with an upregulation of inflammatory mediators like nitride oxide synthase 

(iNOS) and caspase-1 (Gao et al., 2013; Liang et al., 2017). These inflammatory molecules 
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promote a toxic environment for neurons. This is also evident when rotenone is introduced into 

rodent models, as it triggers these inflammatory processes by releasing proinflammatory 

cytokines (TNF-a, IL-6 and IL-1b), accompanied by an increase in both microglia and 

astrocyte populations, resulting in a reduction of DA nerve fibers in the striatum (Azimullah et 

al., 2023).  

Importantly, the neuroinflammatory processes initiated by rotenone exposure have the potential 

to persist and worsen over time. A study by Van Laar and colleagues demonstrated that the 

population of activated microglia within the SN of rat models treated with 2.8mg/kg 

intraperitoneal rotenone for five consecutive days exhibited progressive increases for up to 9 

months following the final injection (Van Laar et al., 2023). In the same study, this gradual 

elevation of neuroinflammation was found to be associated with the progressive accumulation 

of endogenous a-Syn and the loss of DA neurons within the SN (Van Laar et al., 2023). This 

chronic neuroinflammatory response could thus be a key contributing factor in the subsequent 

development of PD.  

 

4.2.2 Rotenone-induced mitochondrial dysfunction and oxidative stress  

Rotenone functions as a mitochondrial complex I inhibitor, capable of increasing the 

production of ROS, particularly the superoxide radical and hydrogen peroxide within the 

mitochondria (Li et al., 2003). In response to varying concentrations of rotenone (10nM to 

1µM), a dose-dependent decline in ATP levels, accompanied by an increase in ROS production 

and oxidative damage (measured by protein carbonyl levels), has been shown in various in 

vitro studies  (Han et al., 2014; Radad et al., 2006; Sherer et al., 2003), suggesting that the 

primary source of free radicals contributing to oxidative stress during rotenone exposure is 

linked to induced mitochondrial dysfunction. In addition to ROS production, rotenone has also 

been reported to decrease the activity of antioxidant enzymes, like superoxide dismutase (SOD) 
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and catalase (CAT) in the midbrain ((Ojha et al., 2016; Radad et al., 2019). Indeed, Sherer et 

al. demonstrated that continuous exposure to rotenone at a dose of 3.0mg/kg/day for 5 weeks, 

administered via the subcutaneous mini-osmotic pump, resulted in selective oxidative damage, 

as indicated by elevated carbonyl levels, in various brain regions, including midbrain, striatum, 

olfactory bulb and cortex of male Lewis rat model (Sherer et al., 2003). Of note, this effect was 

accompanied by dopaminergic cell loss within the nigrostriatal pathway (Sherer et al., 2003). 

Similarly, increased levels of oxidised proteins and peroxynitrite in the striatum, along with the 

loss of nigrostriatal cells and apoptotic cell death in both the striatum and SN, have been 

reported at 14 and 28 days utilising the same method and animal model used in Sherer 2003 

(Lin et al., 2012). 

Interestingly, oxidative stress may also promote the misfolding and accumulation of 

various proteins, including a-syn (Bae et al., 2014; Scudamore and Ciossek, 2018). ROS 

interact with specific amino acid residues in a-syn, particularly sulphur-containing residues 

methionine or tyrosine (Glaser et al., 2005), inducing conversion and random cross-linking, 

leading to misfolding and an increased propensity for aggregation, which, over time, may set 

in motion the pathogenic accumulation of a-syn and the formation of Lewy bodies and Lewy 

neurites seen in PD (Betarbet et al., 2000).  

 

5. TRAUMATIC BRAIN INJURY IN THE PATHOGENESIS OF PD 

Traumatic brain injury (TBI) is a type of injury that occurs when an external force results in a 

direct or indirect injury to the brain (Finnie and Blumbergs, 2002). This force can arise from 

various events like accidents, falls, sports injuries, assaults, or any other incident that causes 

sudden brain movement. It is estimated that approximately 10 million individuals experience a 

new TBI event each year (Hyder et al., 2007) and the number of reported TBI cases surged to 

27 million individuals during 2016 alone (James et al., 2019). Depending on the magnitude of 
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damage to the brain post-injury, TBI can also be categorised into three main severity levels: 

mild, moderate, and severe depending on the extent of brain damage sustained after injury. This 

classification is determined by assessing factors such as the Glasgow coma scale (GCS), the 

duration of loss of consciousness, and the duration of post-traumatic amnesia (Esselman and 

Uomoto, 1995; Sherer et al., 2007; Teasdale and Jennett, 1974). Mild TBI, often referred to as 

a concussion, is characterized by a GCS score of 13-15. Moderate TBI is identified by a GCS 

score ranging from 9 to 12, while severe TBI is associated with a GCS score of 3-8. 

Interestingly, studies have shown a positive correlation between the severity and frequency of 

TBI and the risk of developing PD (Gardner et al., 2018, 2015). Gardner and colleagues (2018) 

reported, for example, that all-severity TBI is associated with increased risk of PD (hazard 

ratio= 1.71, 95% CI: 1.53-1.92), with moderate-severe TBI patients having higher risk (hazard 

ratio=1.5, 95% CI: 1.35-1.66) of developing PD then those with mild TBI (hazard ratio=1.24, 

95% CI: 1.04-1.48)  (Gardner et al., 2018). Similarly, the likelihood of developing PD also 

increases in individuals who have experienced more than one TBI (hazard ratio=1.87, 95% CI: 

1.58-2.21), compared to those who experienced a single TBI (hazard ratio= 1.45, 95% CI: 1.30-

1.60)  (Gardner et al., 2015).   

 

5.1 Role of TBI in promoting the later development of PD  

Chronic TBI pathology can vary; while some patients experience a full recovery, others might 

suffer physical and cognitive decline (Ruet et al., 2019; Stocchetti and Zanier, 2016), with an 

increased risk of developing neurodegenerative diseases like PD (Gardner et al., 2015; 

Padmakumar et al., 2022). Clinical research has consistently shown abnormal α-syn aggregates 

in swollen axons following TBI (Uryu et al., 2007), as well as abundant α-syn deposits in 

neurons and glial cells within the temporal cortex (Ikonomovic et al., 2004), as well as both 

the SN and LC (Crane et al., 2016), following injury. Elevated levels of α-syn have also been 
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observed using ELISA in the cerebrospinal fluid (CSF) taken from individuals who have 

experienced severe TBI up to 8 days after the injury (Mondello et al., 2013).  Preclinical studies 

using animal models have further validated this link, where a mixed focal and diffuse moderate 

TBI leads to an increased accumulation and aggregation of α-syn in the SNpc and striatum, 

mirroring the observations in PD (Acosta et al., 2019, 2015; Hutson et al., 2011; Uryu et al., 

2003). 

Furthermore, both PD and TBI are characterised by neuronal degeneration within the 

nigrostriatal pathway (Sidaros et al., 2009). Preclinical investigations utilising a mild-blast TBI 

rat model revealed a notable loss of the DA neurons in the SNpc one week following the injury 

(Acosta et al., 2019). More chronically, Hutson et al. demonstrated a progressive loss of DA-

neurons, increasing from 15% to 30% between day 11 to 26 weeks in the adult rat model after 

moderate TBI induced by lateral fluid percussion injury (Hutson et al., 2011). This loss disrupts 

the nigrostriatal pathway and correlates with a subsequent reduction in dopamine levels within 

the striatum, suggesting that TBI might lead to lasting detrimental effects on this pathway that 

may prime an individual for the development of PD (Hutson et al., 2011). In clinical contexts, 

studies have revealed pronounced neurodegeneration and a reduction in total brain volume that 

persists for up to 35 years post-injury (Ng et al., 2008; Raymont et al., 2010). Alterations in 

dopaminergic neurotransmission are further supported by the results of SPECT imaging studies. 

In one such study, Donnemiller and colleagues (2000) reported significantly lower 

striatal/cerebellar beta-CIT and IBZM binding ratios, indicating impaired striatal dopamine 

transporter and D2R binding, in 10 individuals with a history of TBI (GCS = 5.8+/-4.2) 

compared to age-matched controls (Donnemiller et al., 2000). Interestingly, this occurred even 

in the absence of overt structural change within the striatum using CCT/MRI. Similarly, in a 

study of 12 individuals with a history of moderate-severe TBI, approximately one-year post-

injury, using the PET tracers [(11)C]βCFT and [(11)C]raclopride, age-adjusted reductions in 
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DAT-binding reduction in the caudate, putamen, and ventral striatum, as well as small increases 

in D2 binding in the ventral striatum, were reported compared to healthy controls, lending 

support to the idea that alterations to dopamine neurotransmission may persist for a lengthy 

period of time following the initiating injury (Wagner et al., 2014).  

Behaviourally, individuals who have experienced TBI can present a spectrum of motor and 

non-motor symptoms that also show overlap with the symptoms of PD (Moon, 2022; Nicholl 

and LaFrance, 2009). A study investigating 398 severe TBI survivors revealed that 

approximately 22.6% developed a movement disorder, with tremors the most commonly 

reported, followed by dystonia (Krauss et al., 1996). Slowness of movement (Incoccia et al., 

2004), stiffness and resistance to limb movement (signs of muscle rigidity) and postural 

instability, particularly difficulty maintaining balance(Geurts et al., 1996), have all also been 

reported following TBI. Despite this, understanding of the time course of motor changes 

following TBI remains elusive. To address this, a comprehensive systematic review of the 

clinical and preclinical literature on chronic motor changes will follow in Chapter 3 (Corrigan 

et al., 2023). Moreover, beyond motor symptoms, non-motor manifestations, including 

cognitive changes affecting memory (Paterno et al., 2017), mood disorders (such as 

depression(Choi et al., 2022) and anxiety(Al-Kader et al., 2022)), sleep disturbance (insomnia, 

hypersomnia, excessive day time sleepiness), autonomic dysfunction (related to impaired blood 

pressure regulation, digestion, and sweating), and a reduction or loss of sense of smell, have 

also all been reported following TBI (Temmel et al., 2002). Despite this, the time course of 

these symptoms, including how long they persist following injury, remains unclear. 

 

5.2 TBI mechanism  

TBI is a physical insult to the brain resulting from direct mechanical forces and can be diffuse 

or focal in nature. Diffuse injury is the result of rapid acceleration/deceleration forces towards 
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the head, causing widespread injury. In contrast, focal injuries, like skull fractures and 

contusions, are region-specific and commonly caused by a direct blow to the head(Andriessen 

et al., 2010; Masel and DeWitt, 2010). This primary injury sets off a cascade of secondary 

events that can significantly worsen brain damage from tissues to cells (Mckee and Daneshvar, 

2015). This secondary brain injury involves a complex array of systemic complications that 

evolve over time, persisting and potentially intensifying months or even years after the initial 

injury. This includes calcium influx, oxidative stress, inflammation, excitotoxicity (due to the 

unregulated release of glutamate), mitochondrial dysfunction, and ultimately cell death (Acosta 

et al., 2013; Katayama et al., 1990; Kumar and Loane, 2012; Lizhnyak and Ottens, 2015; Xiong 

et al., 1997). These processes collectively contribute to the overall severity of the injury. They 

can lead to the manifestation of different symptoms spanning from physical impairments to 

sensory disturbances, cognitive decline, emotional changes, and alterations in behaviour (Al-

Hassani et al., 2018; Grandhi et al., 2017). This wide array of symptoms can have a profound 

and lasting impact on an individual's health, well-being, and overall quality of life (Corrigan et 

al., 2017; Stocchetti and Zanier, 2016).  

 

5.2.1 Neuroinflammation following TBI 

Neuroinflammation is a key secondary response that occurs following TBI. When the brain 

encounters TBI, it initiates an inflammatory response, beginning with the recognition of 

damage signals or damage-associated molecular patterns (DAMPs) by microglia and astrocytes 

through pattern recognition receptors (PRRs) (Mckee and Daneshvar, 2015). Active PRRs, 

particularly members of the Toll-like receptor family, such as TLR4, and the receptor for 

advanced glycation end products (RAGE), induce the NFkB and MAPK pathway, leading to 

the release of pro-inflammatory cytokines like TNF-α, IL-6, IL-1b and IL-12 to clear tissue 
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debris and promote wound healing (Lawrence, 2009; You et al., 2013; Ziebell and Morganti-

Kossmann, 2010).  

An increasing body of evidence indicates that in some TBI patients, however, this 

inflammatory response may become maladaptive, persisting long-term and leading to 

progressive secondary damage (Johnson et al., 2013; Lee et al., 2009). Evidence of chronic 

inflammation, including microglial activation and the release of pro-inflammatory cytokines, 

has been described in the serum, cerebrospinal fluid and brain tissue of TBI patients (Juengst 

et al., 2014; Kumar et al., 2015; Ramlackhansingh et al., 2011; Smith et al., 2013). Notably, 

PET studies in TBI survivors using the ligand [11C](R)PK11195 have revealed the presence of 

activated microglia up to 17 years after a TBI in multiple brain regions, including the thalami, 

putamen, occipital cortices and posterior limb of the internal capsule (Ramlackhansingh et al., 

2011). Importantly, prolonged microglia activation following TBI has been linked to reduced 

brain volume. In post-mortem studies of 25 TBI individuals with survival periods ranging from 

1 to 47 years post-injury, activated microglia were observed, along with a reduction in tissue 

thickness in the corpus callosum (Johnson et al., 2013).  

In preclinical work, Acosta et al. demonstrated that microglial activation persisted, 

specifically in the SN of a rat model, for 60 days following a moderate focal TBI (Acosta et al., 

2015). This sustained activation of MHCII-positive microglia coincided with a marked increase 

in α-Syn accumulation and the loss of dopaminergic neurons, replicating PD pathology(Acosta 

et al., 2015). Furthermore, neuroinflammatory processes were observed to persist in the 

ipsilateral cortex, corpus callosum and thalamus for up to one year following a single moderate-

level focal TBI in adult male mice and were found to accompany progressive cortical lesion 

expansion, hippocampal neurodegeneration and demyelination (Loane et al., 2014).  

 

5.2.2 TBI-induced oxidative stress 
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Oxidative stress is another key mediator in the secondary response following TBI (Fesharaki-

Zadeh, 2022). Both experimental and clinical investigations have demonstrated that there is an 

increase in the production of oxidative stress-inducing agents, encompassing both ROS 

(Cernak et al., 2000; Tyurin et al., 2000) and RNS, following TBI (Cherian et al., 2004; Hall et 

al., 1999). The primary source of these free radicals is attributed to mitochondrial dysfunction 

(Hiebert et al., 2015). Following TBI, the initial physical insult leads to the disruption of brain 

fibres and membranes, resulting in an uncontrolled elevation in glutamate concentration, which 

facilitates calcium influx, thereby promoting the opening of the mitochondrial permeability 

transition pore, culminating in the overproduction of free radicals within the mitochondria. 

Additionally, subsequent inflammatory processes involving microglial activation and the 

recruitment of macrophages and neutrophils are responsible for additional free radicals, 

collectively contributing to oxidative damage (Teleanu et al., 2022).  

This trauma-induced oxidative stress perpetuates a cycle, triggering further disruption in 

mitochondrial function and concurrently acting as a signalling mechanism for chronic 

neuroinflammation, persisting over years to decades (Galluzzi et al., 2012). In a repeated mild 

fluid percussion rat model, levels of lipid peroxidation in the injured cortex were significantly 

higher than those in the sham control at 12 weeks following the injury (Webster et al., 2015). 

However, it's important to note that long-term experimental studies in this area are limited. 

Despite this limitation, a clinical study investigating 15 individuals with brain injury, ranging 

from 1 to 35 years, revealed a seven-fold increase in the concentration of lipid peroxidation by-

products within the serum compared to control subjects (Mackay et al., 2006). This elevation 

in lipid peroxidation potentially plays a pivotal role in the development of PD, as there is 

evidence demonstrating increased levels of lipid peroxidation in the cerebrospinal fluid of 

experimental PD models (Qiu et al., 2023), its presence in the blood serum of PD patients 
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(Sanyal et al., 2009), and its localisation in the brain stem Lewy bodies in post-mortem PD 

tissue (Castellani et al., 2002).  

Over time, persistent neuroinflammatory responses and oxidative stress following TBI, 

along with their associated pathological mechanisms, could potentially contribute to the 

emergence of PD. However, the ongoing investigation of these mechanisms in relation to the 

development and progression of PD is insufficient, leaving these questions unanswered.  

 

 

6. CONCLUSION AND FUTURE STUDIES 

PD stands as a complex and heterogeneous neurodegenerative disease. Despite the 

increasing recognition that environmental risk factors are associated with later PD development, 

the specific mechanisms are not known. Furthermore, why some individuals develop PD, while 

others do not, is yet to be established. Particularly noteworthy is the limited observation 

duration in the majority of experimental TBI studies, typically extending only up to 1-month 

post-injury. Together with the scarcity of clinical TBI studies, and the limited consideration for 

Figure 2. Illustration of the 
complex interplay between 
TBI and rotenone-induced 
mechanisms and potential 
link to PD pathogenesis. 
Created by Biorender. 
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factors such as TBI frequency, severity and the type of TBI in existing research, poses a 

considerable challenge in comprehending the intricate mechanisms linking TBI, the 

progression of PD pathologies, and the risk of developing PD.  

In contrast to the relatively comprehensive approach taken in TBI studies, existing rotenone, 

or neurotoxin research in general, has primarily focused on mature PD models rather than 

adopting a step-wise, progressive PD model that could provide insights into the developmental 

progression from rotenone exposure to PD. This gap extends to clinical investigations, with no 

studies to date exploring the impact of pesticides on human subjects. Future research on this 

area should prioritise the study of individuals consistently exposed to pesticides or the analysis 

of post-mortem tissue, mirroring the approach adopted in TBI studies. Additionally, delving 

into an immature rotenone-induced PD model is essential to unravel the underlying 

mechanisms that drive the transition from rotenone exposure to PD. 

It is also important to remember that in individuals, exposure to environmental risk factors 

associated with PD does not occur in a vacuum. Indeed, it is likely that over their lifespan, 

individuals may be exposed to several of these factors, which could act synergistically to 

elevate risk.  In support of this notion, a study examining the interplay between TBI and 

modifying factors, in this case, pesticide exposure, revealed a three-fold higher risk of 

developing PD (adjusted odd ratio=3.01, 95% CI=1.51–6.01) in participants exposed to both 

TBI and pesticide exposure than those with neither risk factor (Lee et al., 2012). Preclinical 

work by Hutson et al. demonstrated a similar synergistic pattern in the loss of dopaminergic 

neurons in animals exposed to both the pesticide and experimental TBI (Hutson et al., 2011). 

However, while intriguing, these studies have not systematically explored the intricate 

relationship between rotenone exposure and TBI in the context of PD risk and pathogenesis. 

This comparison is particularly vital, given the shared potential mechanisms driving PD 

pathologies between rotenone exposure and TBI highlighted in this review (Figure 2). Hence, 
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future studies should comprehensively investigate both functional deficits and 

neuropathological changes, along with the underlying mechanisms accounting for these 

changes, over an extended period of time. This can be achieved by employing preclinical 

models, to more fully elucidate the individual contribution and potential synergistic effect of 

known environmental risk factors. Only through such integrated research, can we then take a 

critical step toward revolutionising early identification and unravelling the nuanced 

progression of symptoms in PD, and advance our understanding of the intricate mechanisms 

underlying disease progression, ultimately facilitating the development of interventions aimed 

at modifying or halting the progression of the disease in its earliest stages. 
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The Imperative For Investigating Long-Term Motor Function In 

Traumatic Brain Injury Survivors 
 

TBI has been identified as a known risk factor for the later development of 

PD(Goldman et al., 2006; Jafari et al., 2013). TBI typically results from external forces or 

trauma to the head (Prins et al., 2013) and can range in severity, from mild to severe, depending 

on the nature of the initiating force (Jain and Iverson, 2020; Teasdale and Jennett, 1974). 

Importantly, neuronal injury persists beyond the initial insult and can lead to a variety of motor 

symptoms, depending on the location of the injury (Bramlett and Dietrich, 2015).   

Although acute motor deficits have been extensively characterised and encompass 

balance and coordination deficits, paralysis, postural instability, gait abnormalities, and 

reduced fine motor control (Khan et al., 2003; McMillan et al., 2012; Stålnacke et al., 2019), a 

substantial gap in understanding persists. A considerable body of research focuses on the early 

impact and subsequent rehabilitation; however, this acute-centric approach leaves us with 

limited insight into the evolution, recovery, or exacerbation of motor impairments over an 

extended period following the injury. Long-term studies are, therefore, crucial, not only to 

elucidate the nature of motor deficits that persist or develop beyond the acute phase, but also 

to shed light on the overlap in motor symptoms that manifest and potentially set the stage for 

progression into PD. 

To address this knowledge gap, a comprehensive review of the existing literature 

concerning TBI and long-term motor function (defined as >1 month following injury in pre-

clinical models and >1 year post-injury in the clinical population) is needed. Existing research 

in the field of TBI and its long-term effects on motor function is scattered, and, to date, there 

has not been a comprehensive synthesis of findings at these long-term time points. A systematic 

review offers a structured approach to assess and analyse the relevant literature. By 

systematically reviewing the data, evaluating methodologies and identifying patterns, a 
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systematic review bridges the gaps in our understanding and provides a holistic view of the 

topic. It is a fundamental step toward shedding light on current gaps in knowledge and 

establishing a strong foundation for future research methods investigating to the long-term 

motor implications of TBI.  

All three authors (Frances Corrigan, Ing Chee Wee and Lyndsey Collins-Praino) 

contributed to the conceptual design of the study, reviewed articles for inclusion, contributed 

to the results and participated in drafting the manuscript. Specifically, ICW contributed 

significantly to literature collection, preliminary analysis and organised the database, laying a 

fundamental effort in initiating the work. It is important to acknowledge that a large portion of 

the data synthesis and interpretation was conducted by Frances Corrigan, which represents a 

substantial portion of the work that qualifies a systematic review as a novel contribution to the 

literature. This is subsequently reflected in the author list. Consequently, this upcoming 

systematic review chapter is positioned not as an original experimental chapter for ICW; rather, 

it is presented as an introductory guide, setting the stage for the subsequent in-depth original 

investigations that follow. 
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ABSTRACT 
 
Traumatic brain injury (TBI) is now known to be a chronic disease, causing ongoing 

neurodegeneration and linked to increased risk of neurodegenerative motor diseases, like 

Parkinson’s disease and amyotrophic lateral sclerosis. While the presentation of motor deficits 

acutely following traumatic brain injury is well documented, however, less is known about 

how these evolve in the long-term post-injury, or how the initial severity of injury affects these 

outcomes. The purpose of this review therefore was to examine objective assessment of chronic 

motor impairment across the spectrum of TBI in both preclinical and clinical models. 

PubMed, Embase, Scopus, and PsycINFO databases were searched with a search strategy 

containing key search terms for TBI and motor function. Original research articles reporting 

chronic motor outcomes with a clearly defined TBI severity (mild, repeated mild, moderate, 

moderate-severe, severe) in an adult population were included. 97 studies met the inclusion 

criteria, incorporating 62 preclinical and 35 clinical studies. Motor domains examined included 

neuroscore, gait, fine-motor, balance and locomotion for preclinical studies and neuroscore, 

fine-motor, posture and gait for clinical studies. There was little consensus among the papers 

presented, with extensive differences both in assessment methodology of the tests and 

parameters reported.  In general, an effect of severity was seen, with more severe injury leading 

to persistent motor deficits, although subtle fine motor deficits were also seen clinically 

following repeated injury. Only six clinical papers investigated motor outcomes beyond 10 

years post-injury and 2 preclinical studies to 18-24 months post-injury, and, as such, the 

interaction between a previous TBI and aging on motor performance is yet to be 

comprehensively examined.  

Further research is required to establish standardised motor assessment procedures to fully 

characterise chronic motor impairment across the spectrum of TBI with comprehensive 

outcomes and consistent protocols. Longitudinal studies investigating the same cohort over 



 38 

time are also key for understanding the interaction between TBI and aging. This is particularly 

critical, given the risk of neurodegenerative motor disease development following TBI. 

 

 

Keywords: Traumatic brain injury, Neurodegenerative movement disorder, Motor 

performance, Long-term outcomes, Systematic Review. 
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1.0    INTRODUCTION 

Although once thought of as an acute event, it is now well recognized that traumatic brain 

injury (TBI) leads to long-lasting disability in a subset of individuals (Brett et al., 2022; 

Corrigan and Hammond, 2013; Masel and DeWitt, 2010), including persistent impairments in 

memory, decision making and motor function. Following even mild TBI, 53% of individuals 

still report functional limitations at 12 months post-injury (Nelson et al., 2019); such 

impairments significantly impact an individual’s quality of life, affecting social relationships 

and ability to return to work (Stocchetti and Zanier, 2016). Mobility, in particular, has been 

shown to be an important mediator of the relationship between TBI and quality of life following 

injury (Kalpinski et al., 2013) with more functional impairment associated with decreases in 

life satisfaction (Williamson et al., 2016).  

Acutely, TBI leads to a number of neuromotor deficits which are injury severity 

dependent. Mild TBI most commonly presents with balance disturbance and poor coordination 

(Gera et al., 2018; Lin et al., 2015), whilst severe TBI can lead to spastic paralysis, impaired 

motor co-ordination with postural instability and gait abnormalities, alongside reduced fine 

motor control (Walker and Pickett, 2007). Motor impairment has been particularly well-

characterized to occur following moderate-severe TBI, with nearly 78% of individuals 

reporting some level of impairment on gross neuromotor examination during acute 

rehabilitation (Walker and Pickett, 2007). Studies focused on the first year post-injury in 

moderate-severe TBI have shown that most motor recovery is reached within 6 months post-

injury (Agrawal and Joshi, 2014; Patil et al., 2017; Swaine and Sullivan, 1996), with patients 

not showing significant functional improvement over the latter part of the year (Agrawal and 

Joshi, 2014; Hart et al., 2014; Sandhaug et al., 2015). In line with this, 30% of individuals 

reported difficulty in walking unaided up to two years following moderate-severe injury 

(Dikmen et al., 1993), with 25% of individuals still reporting upper- or lower-limb motor 
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difficulty and 43% reporting balance difficulties, even four years after a severe brain injury 

(Jourdan et al., 2016). Conversely, following a mild TBI, impairments generally resolve within 

days to weeks post-injury, although some level of motor dysfunction may persist in at least a 

subset of individuals, see (Chmielewski et al., 2021) for review. In support of this, slowed 

motor execution speed and impaired postural control have been reported up to 9-months 

following concussion in university football players, compared to healthy, non-concussed 

controls (De Beaumont et al., 2011). 

Despite evidence that motor impairment may persist chronically following TBI, 

however, examination of the evolution of specific motor deficits long-term following TBI has 

received comparatively little attention in the literature.  Indeed, particularly in clinical research, 

published TBI outcome studies are skewed toward global measures and/or measures within the 

behavioral and cognitive, rather than physical, domains. Additionally, of studies that do report 

physical outcomes, most utilize gross functional or disability instruments, rather than 

dissecting specific types of motor impairment.  For example, utilizing the Rivermead 

Concussion scale, Theadom found 28.5% of participants reporting dizziness at 12 months 

following mild TBI (Theadom et al., 2016), which is in line with an earlier Ponsford et al. 

study, where, on structured interview 2 years post-TBI, 36% of patients reported dizziness 

(Ponsford et al., 1995). Studies where specific motor impairments are reported typically 

examine only one motor domain; for example, Williams et al. examined chronic gait 

dysfunction following severe TBI (Williams et al., 2010a, 2013; Williams and Schache, 2016) 

and Pearce et al. the effects of prior concussion on fine motor performance (Pearce et al., 2014a, 

2018a). Even in preclinical studies, the behavioral batteries employed typically only consist of 

1-2 motor-specific tasks (Adkins et al., 2015; Bolton Hall et al., 2016; Cline et al., 2017a; 

Daglas et al., 2019a; Henry et al., 2020a; Mouzon et al., 2014, 2018; Pruitt et al., 2014; Rana 
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et al., 2020a; Ritzel et al., 2020), and thus cannot provide a comprehensive overview of how 

TBI influences motor performance as a whole.  

Understanding the persistent nature of motor impairment following TBI is critical, as 

impaired motor control following concussion has been shown to increase risk for subsequent 

musculoskeletal injury (Chmielewski et al., 2021) and falling (Klima et al., 2019). TBI is also 

linked to an elevated risk of developing neurodegenerative diseases associated with motor 

symptoms, including motor neuron disease (Chen et al., 2007) and Parkinson’s disease (PD) 

(Crane et al., 2016).  For example, multiple studies have established a link between TBI and 

the later development of PD, with Gardner and colleagues (Gardner et al., 2017) recently 

reporting that mild TBI increases risk of PD by 56%, whilst moderate/severe TBI increases PD 

risk by 83%. More recently, Russell and colleagues reported in a retrospective cohort study 

that Scottish  former rugby players had a higher incident rate of neurodegenerative diseases, 

including both PD (HR/OR (95% CI) = 3.04 (1.51-6.10)) and motor neuron disease (HR/OR 

(95% CI) = 15.17 (2.10-178.96) compared to a matched comparison group from the general 

population over a 32 year median follow up period from study entry (11.4 vs 5.4%) (Russell et 

al., 2022).  This is consistent with growing neuroimaging evidence that TBI leads to ongoing 

neurodegeneration. In the months to years following injury, progressive lesion expansion 

occurs concomitant with white and grey matter atrophy and loss of white matter integrity 

(Adnan et al., 2013; Bendlin et al., 2008; Green et al., n.d.; Greenberg et al., 2008). Importantly, 

structures affected include those critical for motor function, such as the striatum (Poudel et al., 

2020), thalamus (Harris et al., 2019) and cerebellum (Harris et al., 2019).  

Considering the high prevalence of TBI, a fuller description of neuromotor deficits, 

stratified by motor domain, in gross or fine motor will provide insight into the global recovery 

process and rehabilitation needs of persons with TBI. Additionally, given that motor function 

may play a crucial role in linking TBI to the later emergence of neurodegenerative movement 
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disorders, examining specific motor changes that occur long-term following injury could serve 

as a novel method for identifying risk of these diseases. As such, the aim of this systematic 

review was to review all original research reports that assessed chronic motor outcomes 

following TBI, stratified by injury severity in both preclinical models and patient populations.  
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2.0    METHODS 

2.1 Search Strategy 

The Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) 

guidelines (Liberati et al., 2009) were used. A comprehensive literature search was performed 

in May 2019, with an updated search undertaken in March 2022, using the electronic databases 

PubMed, Embase, Scopus, and PsycINFO to identify relevant publications. The search strategy 

was developed based on an initial scoping search and in consultation with a health and medical 

sciences librarian. The search terms used were ‘traumatic brain injury’, ‘Parkinson’s disease’, 

‘motor neuron disease’ and ‘motor performance,’ or variations thereof, that were combined 

using ‘AND’ and ‘OR’ search operators. The developed search strategy is depicted in 

Supplementary Table 1. Further searches were performed in the reference lists from the 

included studies.  

 

2.2 Study selection: Inclusion and exclusion criteria 

Following the search, identified articles were imported into EndNote X9.3.3 and duplicates 

were removed either by the EndNote “delete duplicates” function or deleted manually. Titles 

and abstracts were then screened, with clinical studies reporting motor outcomes >1 year post-

injury and preclinical studies reporting motor outcomes >30 days post-injury retained. For 

articles that passed this preliminary assessment, the full-text article was retrieved and screened 

for eligibility against the inclusion and exclusion criteria. Eligibility of articles was assessed 

by two independent reviewers. Any conflicts were resolved via discussion, and if a consensus 

could not be reached, a third reviewer was consulted. A flowchart with reasons for the 

exclusion of studies is displayed in Figure 1. 

 

2.3 Inclusion criteria: 
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The following inclusion criteria were utilised: 
(i) Original research article published in English  

(ii) Investigated an adult population (Preclinical: 8 weeks or older; Clinical:18 years or 

older) with a prior history of TBI;  

(iii) Assessed long term motor performance (Preclinical: >30 days post-injury; Clinical: 

mean time since TBI > 1 year); 

(iv) Clear classification of TBI severity (Preclinical: required a comprehensive description 

of the TBI model and parameters used to induce injury; Clinical: Provided Glasgow 

Coma Scale (GCS), Westmead Post-Traumatic Amnesia scale (PTA), and/or loss of 

consciousness (LOC) duration) 

(v) Compared motor performance with a control group.  

 

The search had no restrictions on the year of publication; however, only English language 

publications were included.  Databases were searched from inception.  

 

2.4 Exclusion criteria:   

Studies were excluded from further consideration if they: 

(i) Reported outcome measurements which were not purely motor (e.g., cognition, 

visuomotor integration/coordination, social preference, or quality of life); 

(ii) Did not specifically state month/time post-TBI, injury severity or motor outcomes 

assessed; 

(iii) Pilot studies that had a sample size of a single group less than 5;  

(iv) Studies were single case reports/expert options; or  

(v) Were review articles or conference abstracts. 

(vi) No specific statistical comparison was reported for injured compared to sham/naïve 

animals in treatment studies, with treatment effects not the focus of the current review 

 

2.5 Data extraction and synthesis 

Data were extracted from the included studies by two independent reviewers. Data extracted 

included study characteristics (author, year of publication, study design, motor function 

measurement, injury method in preclinical studies, description of TBI severity for clinical 

studies); participant/TBI preclinical model characteristics (sample size, age, sex, history of 
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TBI/frequency of injury, time-point assessed post-injury, mechanism of injury and TBI 

severity); primary methods/functional tests used to measure motor performance, and primary 

or secondary outcome(s) of motor performance. A copy of the data extraction template can be 

found in Supplementary table 2.  

Due to the large diversity of motor outcome measures used across the study, the measurements 

were categorized into different motor functions and analysed separately. The categorization of 

the motor outcome measures is outlined in Supplementary table 3. In order to assess the effect 

of TBI severity on motor performance, outcomes were further stratified by injury severity. The 

evaluation of TBI severity was classified as described in Supplementary Tables 4 and 5. Injury 

severity in preclinical studies were separated into five groups, (i) single mild; (ii) repetitive 

mild; (iii) moderate; (iv) moderate-severe; (v) severe. A similar classification system was used 

for clinical TBI, with minor modifications. As some individuals had experienced more than 

one injury, the following groups were used (i) single mild, (ii) the combination of single and 

repetitive mild (prior TBI history ranged from 1 to more), (iii) repetitive mild (>1 prior TBI), 

(iv) moderate-severe, and (v) severe.  

 

2.6 Assessment of methodological quality  

Articles included in the study were assessed for methodological quality by one reviewer (IW), 

with confirmation provided by a second reviewer (LCP or FC), by using the Systematic Review 

Centre for Laboratory Animal Experimentation (SYRCLE) Risk of Bias tool 

(preclinical)(Hooijmans et al., 2014) and the Cochrane Risk of Bias Tool (clinical) (Higgins et 

al., 2011). Studies were judged as having a low, unclear, or high risk of bias in the following 

domains: selection bias, performance bias, detection bias, attrition bias, reporting bias and other 

biases. The overall risk of bias for each included study was categorized as “strong quality” if 

the risk of bias was low in 70% or more of the criteria, “low quality” if the risk of bias was 
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high in at least 30% of the criteria, and “moderate quality” if the risk of bias fell between these 

two parameters. Disagreements were resolved by consensus. Summary graphs were created in 

Review Manager (RevMan) ([Computer program], Version 5.4.1 Copenhagen: The Nordic 

Cochrane Centre, The Cochrane Collaboration, 2014). 
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Figure 1. PRIMSA flow diagram outlining the article selection and screening process and 
subsequent data management. Sum of each domain indicates the total number of 
publications investigated that motor function.  
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3.0   RESULTS 

3.1 Search outcomes  

 The initial search yielded 28,172 articles. From these, 9,324 duplicates were removed with the 

Endnote function, and another 18,002 were excluded after reviewing title and abstracts (Figure 

1). Full-text analysis was then performed on the remaining 846 articles, of which only 93 met 

inclusion criteria, with 7 additional articles identified from a search of the citation lists of 

included studies. All articles (n = 100) were then separated into preclinical (n=65) and clinical 

(n=35) subgroups for further analysis. Stratification based on motor outcomes and injury 

severity was performed as described above. Details of this process are described in the 

PRISMA diagram (Figure 1).  

 

3.2 Study characteristics  

The earliest included study was published in 1997, and the rate of publications/year was low 

until 2016, when the rate of publications increased markedly, particularly for preclinical studies 

(Fig 2A).  In the preclinical studies, there was an even split between use of mice (50%) and 

rats (50%).  The vast majority of preclinical studies used male animals (82%), with only 11.3% 

reporting use of female animals, a further 1.7% using both sexes and 4 studies (5%) not 

mentioning the sex of the animals used. In clinical studies, the majority of studies (23/35) had 

more than 60% male TBI participants (Arce et al., 2004a; Burton et al., 2002; De Beaumont et 

al., 2011; Gardner et al., 2017a; Johnston et al., 2020a; Ledwidge et al., 2017; Martini et al., 

2011, 2021; Pan et al., 2015a; Pearce et al., 2014a, 2018a; Pitt and Chou, 2020; Sosnoff et al., 

2011; Useros Olmo et al., 2020a; Vanderploeg et al., 2007a; Vasudevan et al., 2014a; Walker 

et al., 2018b, 2018a; Williams et al., 2004, 2009, 2010a, 2013; Williams and Schache, 2016), 

including 5 studies with only male participants (Arce et al., 2004b; De Beaumont et al., 2011; 

Pearce et al., 2014a, 2018a; Vanderploeg et al., 2007), 9 studies had a TBI cohort with 20-45% 
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female participants (Degani et al., 2017; Geurts et al., 1999; Lee et al., 2020; Reilly et al., 

2020a; Rosenblum et al., 2020; Stuart et al., 2020a; Ustinova, 2017; Wright et al., 2018a; Zhang 

et al., 2002) and 3 studies did not state the sex of TBI participants (Buster et al., 2013a; De 

Beaumont et al., 2009a; Helmich et al., 2016a).  

Sample sizes varied across the studies ranging from 6-49 animals in a group in pre-

clinical studies.  The sample size for the included clinical studies was consistently low, with 

the majority ranging from 16-66 participants, with only a few moderately sized (111-453 

individuals) (Gardner et al., 2017b; Johnston et al., 2020b; Martini et al., 2021; Rosenblum et 

al., 2020; Sosnoff et al., 2011; Stuart et al., 2020b; Walker et al., 2018b, 2018a) and one large 

study (4007 subjects) (Vanderploeg et al., 2007). The source populations of clinical studies 

varied widely including rehabilitation institutes (Williams et al., 2009, 2010a, 2013, 2013; 

Zhang et al., 2002), professional athletes (Pearce et al., 2014a, 2018a), college students 

(Helmich et al., 2016a; Lee et al., 2020; Martini et al., 2021), college athletes (De Beaumont 

et al., 2009a, 2011; Johnston et al., 2020a; Ledwidge et al., 2017; Rosenblum et al., 2020; 

Sosnoff et al., 2011; Ustinova, 2017), military veterans (Gardner et al., 2017; Pan et al., 2015a; 

Pitt and Chou, 2020; Vanderploeg et al., 2007; Walker et al., 2018b, 2018a; Wright et al., 

2018a), and the community (Arce et al., 2004b; Burton et al., 2002; Buster et al., 2013a; Degani 

et al., 2017; Martini et al., 2021; Reilly et al., 2020a; Stuart et al., 2020a; Vasudevan et al., 

2014a). 

In preclinical studies, there was a relatively even split across the injury severities, with 

20% mTBI, 24% rmTBI, 29% moderate TBI, 13% mod-severe TBI, and 14% severe TBI (Fig 

2B). In comparison, the majority of clinical studies examined a combination of single and 

repetitive mild TBI (42.5%), with a further 17% reporting single mTBI and 12.5% rmTBI. 

Mod-severe TBI was included in only 12.5% of studies, and severe TBI in just 15% of studies 

(Fig 2C). The motor domain most commonly examined in preclinical studies was balance 
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(43/63 studies), with a much smaller number examining locomotion (16), neuroscore (15) fine 

motor (10) and gait (8) (Fig 2D). In contrast, in clinical studies, balance (19) and gait (15) were 

most commonly tested, with fewer studies investigating fine motor control (6) or a neuroscore 

(1)  (Fig 2E).  

Figure 2. Number of publications per year (A). Pie charts indicating the representation of different 
injury severities in preclinical (B) and clinical studies (C). Frequency charts indicating the number of 
studies that reported on each motor domain in preclinical (D) and clinical studies (E). 

43%

17%
12%

13%

15%

mTBI+rmTBI

mTBI

rmTBI

mod-sev TBI

sev TBI

C 

Figure 3. Risk of bias graph-Preclinical. Review authors’ judgement about each risk of 
bias item presented as percentages across all included studies. 
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3.3 Risk of bias  

Examination of risk of bias found that of the preclinical studies, only seven were of strong 

quality, 24 of moderate quality and 31 studies of low quality (Supplementary Figure 1) for 

complete evaluation, Fig 3 for summary data. Of the clinical studies, only 1 was of strong 

quality, 1 of moderate quality and the remaining 32 were of low quality (Fig 4). Key sources 

of bias for preclinical studies included selection bias and detection bias, whereas for clinical 

studies, they included selection, performance and detection bias. 

 

3.4 Preclinical motor outcomes 

3.4.1 Neuroscore 

Overall, a focal injury was required to lead to persistent decreases in neuroscore, with minimal 

changes seen with diffuse injury. It should be noted the neurological severity scoring system 

varied widely between the 15 included studies, with the standard neurological severity score 

(Fehily et al., 2019; Laurer et al., 2001; Nissinen et al., 2017; Pierce et al., 1998; Segovia-

Oropeza et al., n.d.; Sell et al., 2017; Zhang et al., 2005a), modified neurological severity score 

(Huynh et al., 2020; Mountney et al., 2017; Zhang et al., 2021), and revised neurological 

severity score (Feng et al., 2021) all represented. Even papers that used the same names for 

Figure 4. Risk of bias graph-Clinical. Review authors’ judgement about each risk of bias 
item presented as percentages across all included studies. 
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their scoring systems incorporated different tasks within their behavioural battery 

(Supplementary Table 6). The most commonly included items were those from the standard 

neurological severity score, including forelimb and hindlimb flexion on tail suspension (10 of 

15 studies) (Feng et al., 2021; Laurer et al., 2001; Nissinen et al., 2017; Pierce et al., 1998; 

Segovia-Oropeza et al., n.d.; Sell et al., 2017; Shear et al., 2010; Wang et al., 2020a; Zhang et 

al., 2005a, 2021), forelimb/hindlimb placement on a flat surface (5/15) (Laurer et al., 2001; 

Nissinen et al., 2017; Wang et al., 2020a; Zhang et al., 2005a, 2021), and resistance to lateral 

pulsion (6/15) (Laurer et al., 2001; Nissinen et al., 2017; Pierce et al., 1998; Segovia-Oropeza 

et al., n.d.; Shear et al., 2010; Wang et al., 2020a). Other tests that were included were simple 

reflexes (limb, tail, corneal, startle), with different combinations used in 7 studies (Daglas et 

al., 2019a; Fehily et al., 2019; Feng et al., 2021; Mountney et al., 2017; Sell et al., 2017; Thau-

Zuchman et al., 2021; Zhang et al., 2021). Measures of hemiparesis, either via direct 

assessment of hemiplegia (Daglas et al., 2019a; Fehily et al., 2019; Huynh et al., 2020) or 

circling behaviour (Fehily et al., 2019; Huynh et al., 2020; Shear et al., 2010; Zhang et al., 

2021), were included in 6 studies. Balance was examined as ability to stay on a round beam 

(Fehily et al., 2019; Huynh et al., 2020; Zhang et al., 2021), a flat surface (Fehily et al., 2019; 

Huynh et al., 2020), or an inclined plane (Laurer et al., 2001; Pierce et al., 1998; Zhang et al., 

2005a),  as well as the ability to walk across beams of different widths (1,2 and 3 cm) (Fehily 

et al., 2019; Feng et al., 2021; Huynh et al., 2020; Mountney et al., 2017; Thau-Zuchman et al., 

2021), with a measure of balance incorporated into 9 of the 15 studies.  General activity was 

assessed either directly (Wang et al., 2020a) or via ability to exit a circle (Huynh et al., 2020) 

or seeking behaviour (Huynh et al., 2020; Thau-Zuchman et al., 2021) in 3 studies. Direct 

assessment of gait as performance on the treadmill was included in one study (Daglas et al., 

2019a).  Given the different combinations of tests, reflecting different types of motor behaviour, 

included in the neurological severity score across the studies, direct comparisons between 
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studies is difficult.  Nonetheless, in studies utilizing focal or mixed moderate (Daglas et al., 

2019a; Sell et al., 2017; Zhang et al., 2021), moderate-severe (Shear et al., 2010; Wang et al., 

2020b), and severe TBI models (Nissinen et al., 2017; Pierce et al., 1998; Segovia-Oropeza et 

al., n.d.; Thau-Zuchman et al., 2021; Zhang et al., 2005a), a consistent impairment was found 

in neuroscore, regardless of the scoring system implemented, out to 8 months post-injury, with 

no further deficits noted in the one study that included a 12 month time-point (Table 1) (Pierce 

et al., 1998).  In general no chronic deficits in neuroscore were noted in preclinical models of 

smTBI (Fehily et al., 2019; Laurer et al., 2001) or rmTBI (Fehily et al., 2019; Feng et al., 2021; 

Huynh et al., 2020; Laurer et al., 2001), with 7 months the latest time-point examined. Only 

one study utilizing a projectile concussive impact where a steel ball is projected at the rat head 

which is protected by a steel helmet found chronic neuroscore deficits at 3 months post-injury 

in both single and repeated (4 x mTBI 1 hr apart) animals (Mountney et al., 2017).   

 

3.4.2 Gait analysis 

Gait was analysed post-TBI using automated systems like the CatWalk, requiring animals to 

actively walk across a platform (Cline et al., 2017a; Henry et al., 2020a; Mountney et al., 2017; 

Namdar et al., 2020; Ritzel et al., 2020; Schönfeld et al., 2017), or the DigiGait apparatus, 

which utilizes a treadmill at a steady speed (Bolton Hall et al., 2016; Daglas et al., 2019a). In 

general, the studies were selective in reporting gait parameters, not providing a comprehensive 

overview of the different measures in the Methods and often only reporting selective results, 

with some exceptions (Mountney et al., 2017)(Table 2). No single impact study reported 

chronic changes in speed or cadence following TBI, with this either directly reported (Cline et 

al., 2017b; Ritzel et al., 2020; Schönfeld et al., 2017), or not included within the results (Bolton 

Hall et al., 2016; Daglas et al., 2019a; Henry et al., 2020a; Namdar et al., 2020), with an acute 

decrease in speed only noted at 24 hrs following severe focal injury (Cline et al., 2017a). Indeed 
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persistent reductions in cadence were only noted when four impacts were delivered 1 hr apart, 

with this deficit persisting to 3 months post-injury (Mountney et al., 2017). 

However, following even single mTBI, subtle gait alterations were noted with free 

ambulation of the CatWalk including a decreased front base of support seen acutely and 

persisting up to three months post-injury (Namdar et al., 2020), with a decrease in hind base of 

support also developing at the three month time-point (Mountney et al., 2017). Repeated injury 

led to more prominent gait abnormalities, with the 4 x 1h apart injury model leading to 

persistent deficits to three months post-injury in single stance time, stride length, stand time 

and front base of support, with the deficit in hind base support again only developing at three 

months post-injury (Mountney et al., 2017). In contrast, on a treadmill, repeat injury (5x mTBI 

24 or 48 hrs apart) led to no deficits in gait either acutely or at one month, although different 

gait parameters were reported across studies, including gait symmetry, paw contact area and 

hindlimb shared stance (Bolton Hall et al., 2016). 

Mixed results were also found for gait following more severe injury. Following focal 

moderate CCI injury, no deficits were detected from 24 hrs to one month post-injury on the 

CatWalk, with reporting of measures like paw contract area, stance, swing speed, base of 

support and interlimb co-ordination (Henry et al., 2020a). In contrast, Ritzel et al only 

examined gait at 26 weeks post-moderate CCI injury and reported a number of impairments, 

including reduced stride length of the contralateral right hindlimb and reduced swing speed in 

the right hind and forelimb, but no overall change in average speed (Ritzel et al., 2020). 

Similarly, Daglas et al utilizing the DigiGait treadmill apparatus found significant reductions 

in contralateral swing duration of the right hindlimb with compensatory right forelimb 

propulsion duration from 1- 32 weeks post moderate CCI injury (Daglas et al., 2019a).  

Surprisingly, minimal chronic deficits were reported following severe CCI injury, with Cline 

et al. only detecting deficits at 24hrs, but not one month, post-injury, with the exception of 
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swing duration of the contralateral hindlimb (Cline et al., 2017a). Similarly, Schonfeld et al. 

also found no alterations in stride length, base of support or three limb support at 1 month 

following injury (Schönfeld et al., 2017). 

 

3.4.3 Sensorimotor control 

Sensorimotor function was primarily evaluated with the adhesive removal test (Bouet et al., 

2009), with severe injury required to produce chronic deficits. The number of trials evaluated 

varied between studies ranging from 1-6, as did the presentation of results, which included % 

sham (Hoffman et al., 2003), latency to remove the adhesive (Alwis et al., 2012; Zhang et al., 

2005a) and difference in performance between preferred and non-preferred paw (Schönfeld et 

al., 2017) (Table 3).  Severe injury, either focal (Schönfeld et al., 2017) or mixed (Zhang et al., 

2005a), led to persistent deficits in adhesive removal out to 16 weeks post-injury, the latest 

time-point assessed. In contrast, following moderate-severe injury, neither focal (Hoffman et 

al., 2003) nor diffuse (Alwis et al., 2012) injury led to chronic deficits in adhesive removal, 

with deficits noted up to 6 days following diffuse injury and 3 weeks following focal injury, 

with no further impairment noted to 41 days post-injury, the latest time-point assessed. 

Interestingly the whisker-evoked forepaw placement task did detect chronic deficits in the 

diffuse injury moderate-severe model with impaired forepaw placement out to 41 days post-

injury (Alwis et al., 2012), indicating potential task dependent effects. To date, no studies have 

evaluated sensorimotor function chronically following either a single mTBI or repeated mTBI. 

 

3.4.4 Grip strength and fine motor  

Grip strength and fine motor ability were assessed via the grip strength meter (Daglas et al., 

2019a; Dhillon et al., 2020a; Evans et al., 2014, 2015; Namdar et al., 2020; Tabet et al., 2022) 

isometric pull task (Pruitt et al., 2014, 2017), pellet reaching tasking (Adkins et al., 2015), and 
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Montoya staircase test (Schönfeld et al., 2017) (Table 3). The grip strength meter requires 

minimal pre-training, whereas the other tasks involve more extensive training with food 

restriction, with the test relying on the animal’s desire to obtain sugar pellets as a reward for 

completing the task successfully. Overall, with single diffuse injury, moderate (Pruitt et al., 

2014, 2017; Rana et al., 2020b), but not mild, injury (Evans et al., 2015, 2014; Namdar et al., 

2020) led to chronic grip strength deficits. However, the protocol for assessing grip strength 

varied between studies, with the number of trials examined ranging from 1-10. Following 

diffuse single mTBI, no deficits were detected on grip strength up to 12 weeks post-injury 

(Evans et al., 2015, 2014; Namdar et al., 2020), with only one study finding an acute deficit at 

1 week post-injury (Evans et al., 2014). In contrast, diffuse moderate TBI did produce deficits 

in grip strength at 28 days post-injury, the latest time-point assessed (Pruitt et al., 2014, 2017; 

Rana et al., 2020b). For repeated mild injury, bilateral mTBI weekly for 5 weeks led to 

impaired grip strength at 40-45 weeks post-injury (Dhillon et al., 2020a), whereas 3 impacts 

24 hrs apart led to no deficits at 30 days post-injury (Tabet et al., 2022), with these the only 

time-points assessed in these studies. Notably, with the negative result, the average of three 

trials relative to body weight was recorded (Tabet et al., 2022), whereas the positive result was 

only one trial reported as maximum force achieved, introducing a potential confound (Dhillon 

et al., 2020a). To date, no study has assessed grip strength alterations chronically following a 

severe TBI.  Another test of strength, the isometric pull task, was used in two studies of focal 

moderate TBI, in which the lesion was specifically located over the motor cortex (Pruitt et al., 

2014, 2017). In this task, rats were trained prior to injury to reach a force threshold of at least 

120g within 2 secs on a pull lever in order to receive a food reward. Following injury, rats had 

a decrease in maximal force produced, a decrease in the % successful trials and decrease in the 

speed of force generation from weeks 1-6 post-injury (Pruitt et al., 2014, 2017).  However, in 

successful trials, the time taken to reach the 120g threshold was only significantly increased in 
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Weeks 1-2, returning to sham level from Week 3. This mirrored results for total trials, which 

were significantly decreased from Weeks 1-2 before returning to sham level, potentially 

indicating reduced motivation as well (Pruitt et al., 2014). However, given the focal nature of 

the injury in these studies, it is difficult to know if these findings would transfer to a diffuse 

injury model. 

Fine motor skills were assessed by Atkins et al. (Adkins et al., 2015) and Schonfeld et 

al. (Schönfeld et al., 2017) using variations of a pellet reaching task following moderate-severe 

and severe focal injury respectively, with significant deficits found out to 6 weeks post-injury. 

In the Adkins et al study, the pellets were located on a flat surface in front of the animals 

(Adkins et al., 2015),  whilst Schonfeld et al. (Schönfeld et al., 2017) used a staircase with 

pellets placed on increasing higher steps to enhance difficulty. In the pellet reaching task, 

injured animals had a decrease in the % successful reaching attempts to 42 days post-injury 

(Adkins et al., 2015). In the Montoya staircase task, injured rats obtained significantly fewer 

pellets across all steps, made less reaching attempts and misplaced more pellets on the upper 

steps (Schönfeld et al., 2017). 

 

3.4.5 Locomotor activity 

The open-field test, the most commonly used task to measure general locomotor activity levels 

by examining the total distance traveled over a test period (5-60 minutes), was used across all 

included studies (Table 4). Following diffuse mTBI, either single or repeated, locomotor results 

varied depending on the species (rat versus mice), strain, protocol and apparatus employed 

(Table 5). Utilization of a smaller apparatus (19 x 11cm) following weight drop TBI in Swiss 

mice over a 60 minute period found persistent hyperactivity from 48 hours to 12 weeks 

following injury (Homsi et al., 2010). In contrast, closed skull CCI injury in C57BL/6J mice 

led to no changes in locomotion over 30 mins in a larger 49 x 36 cm arena either acutely or 
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chronically up to 90 days post-injury (Bajwa et al., 2016). Indeed, repeated impacts over a short 

interval (Morriss et al.: 5 x 24h; Tucker et al.: 3 x 24h) were required to replicate this 

hyperactivity in mice in a larger arena (40 x 40 cm), with this behaviour developing at 3 months 

post-injury (Morriss et al., 2021; Tucker et al., 2019) and persisting to 12 months post-injury 

(Tucker et al., 2019), the latest time-point examined.  With 2 CCI-CS impacts over 3 days, 

changes in locomotion were no longer observed in mice in a similar size arena over 30 mins 

on day 1, day 7 or 12 weeks post-injury (Bajwa et al., 2016). 

Varied results have been reported in rat studies. Mild weight drop TBI in Sprague 

Dawley rats found no difference in locomotion in a 60 x 60cm arena over 10 mins at either 1 

or 4 weeks post-injury (Namdar et al., 2020). Although a decrease in locomotion has been 

reported at 6 weeks, resolving by 12 weeks post-injury in a larger 1 x 1m enclosure over 5 mins 

(McAteer et al., 2016a). In contrast, with repeated injury (3 x 5 days), both a decrease in 

locomotor activity at 6 and 12 weeks (Corrigan et al., 2017) and an increase in locomotor 

activity at 12 weeks (Corrigan et al., 2017), have been reported utilising the same testing 

parameters. Notably, the decrease was recorded with manual counting of squares crossed 

(McAteer et al., 2016a), whereas the increase was detected using automated software of 

distance travelled (Corrigan et al., 2017). Nonetheless, no differences in locomotion were noted 

at 12 months post-injury in the same injury model (Arulsamy et al., 2019a), nor in a repeated 

CHIMERA model (2 x 3 days) in a smaller open field (40cm x 40cm) from day 1 to 12 weeks 

post-injury (Feng et al., 2021).  

Increasing injury severity had little effect on chronic locomotor activity. Moderate focal 

CCI injury in C57/BL6 mice found a transient decrease in distance travelled at 7 days, but this 

resolved by 12 weeks (Bajwa et al., 2016). Leconte et al. similarly showed no difference 

compared to naïve animals at 5 months following CCI injury in rats (Leconte et al., 2020). 

Even with more severe injury, locomotor performance was unchanged at 10 weeks following 
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injury in young mice, with a significant difference only seen in mice injured at 18 months of 

age (Islam et al., 2021). Similarly, mixed focal/diffuse injury via LFP had no effect on 

locomotor activity, as measured via distance travelled over 5 minutes out to 6 months post-

injury (Komoltsev et al., 2021; Rowe et al., 2016).  The pattern of deficits differed slightly with 

moderate-severe diffuse injury, with no differences noted at 4 weeks, a decrease in distance 

travelled at 12 weeks (Arulsamy et al., 2018), with recovery by 12 months, the latest time-point 

examined (Arulsamy et al., 2019a). A similar pattern was seen following a single blast injury 

(Arun et al., 2020). No changes were seen from day 1 to 3 months post-injury, but this was 

followed by a subsequent significant decrease in total distance travelled over 60 mins in a 40 

x 40 cm arena at 6 and 9 months, with recovery by 12 months post-injury (Arun et al., 2020).  

Indeed, two 19 PSI injuries delivered within two minutes were required to lead to a persistent 

decrease in locomotor activity at 12 months, with deficits seen within the first three days post-

injury, resolving at 4 weeks post-injury, prior to re-emerging at 3 months and then persisting 

to the 12 month time-point (Arun et al., 2020). 

 

3.4.6 Balance and Coordination 

Balance and coordination were the most common motor domains evaluated in preclinical 

studies via tasks encompassing the balance beam (Alwis et al., 2012; Bajwa et al., 2016; Barrett 

et al., 2020; Dhillon et al., 2020a; Hanscom et al., 2021; Henry et al., 2020a; Lai et al., 2019; 

Nissinen et al., 2017; Rowe et al., 2016; Sell et al., 2017; S.f et al., 2020; Soblosky et al., 1997a; 

Wang et al., 2020b; W. G. Wright et al., 2017a; Xie et al., 2019; Xu et al., 2019; Zhang et al., 

2005a), ladder (Chen et al., 2016; Fehily et al., 2019; Namdar et al., 2020; Tabet et al., 2022), 

rotating pole (Arun et al., 2020; Laurer et al., 2001; Zhang et al., 2005a), gridwalk (Bajwa et 

al., 2016; Cline et al., 2017a), string suspension (Albayram et al., 2017), pole climbing 

(Leconte et al., 2020; Tabet et al., 2022), and rotarod tasks (Albayram et al., 2017; Alwis et al., 
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2012; Arulsamy et al., 2018; Arun et al., 2020; Bajwa et al., 2016; Dhillon et al., 2020a; Evans 

et al., 2014, 2014, 2015, 2015; Feng et al., 2021; He et al., 2020; Henry et al., 2020a; Hou et 

al., 2017; Mannix et al., 2014, 2017; McAteer et al., 2016a; Morriss et al., 2021; Mountney et 

al., 2017; Mouzon et al., 2014, 2018; Namdar et al., 2020; Sabbagh et al., 2016; S.f et al., 2020; 

Tan et al., 2020; Toshkezi et al., 2018; Tucker et al., 2019; Vogel et al., 2020; Wang et al., 

2020b; W. G. Wright et al., 2017a; Zhang et al., 2005a) (Table 5). How the tests were 

conducted varied between studies including variation in the size of the beam and speed of the 

rotarod and rotating pole. Furthermore, the parameters examined varied between studies. For 

example, beam performance was analysed via time to traverse beam (Lai et al., 2019; Rowe et 

al., 2016; Sell et al., 2017; W. G. Wright et al., 2017b; Xu et al., 2019), number of foot-faults 

(Bajwa et al., 2016; Barrett et al., 2020; Cline et al., 2017b; Henry et al., 2020a; Laurer et al., 

2001; Rowe et al., 2016; Soblosky et al., 1997; W. G. Wright et al., 2017b), or a ranking scale 

for performance (Albayram et al., 2017; Alwis et al., 2012; Nissinen et al., 2017; Sell et al., 

2017; Wang et al., 2020; Zhang et al., 2005b). For the rotarod performance was evaluated on 

one trial (Alwis et al., 2012; Arulsamy et al., 2019; Evans et al., 2015; McAteer et al., 2016; 

Namdar et al., 2020) or an average across up to eight trials (Albayram et al., 2017; Feng et al., 

2021; Hou et al., 2017; Mannix et al., 2017, 2014; Mouzon et al., 2018, 2014; Namdar et al., 

2020; Tucker et al., 2019) which may influence results. 

Following diffuse TBI, moderate to severe injury was more likely to lead to acute 

balance deficits as seen as impaired rotarod performance (Alwis et al., 2012; Arulsamy et al., 

2018), time to traverse a beam (Alwis et al., 2012) or a score evaluating performance 

encompassing foot-faults or falls (Albayram et al., 2017). In contrast, acute deficits were not 

seen in most models of mTBI (Hou et al., 2017; McAteer et al., 2016a; Namdar et al., 2020), 

with only one diffuse mTBI study reporting acute deficits (< 72 hrs) on the rotarod (Evans et 

al., 2015), with these deficits persisting to 1 month following injury and resolving by 3 months 
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(Evans et al., 2014). Nonetheless following diffuse injury, the overall consensus was that no 

chronic deficits were seen on the rotarod, regardless of injury severity, from 3 to 24 months 

post-injury (Arulsamy et al., 2018; Bajwa et al., 2016; Evans et al., 2014; McAteer et al., 2016a; 

Mountney et al., 2017; Mouzon et al., 2018, 2014). In fact, only a single study found long-term 

impairment on the rotarod following either mild or moderate diffuse TBI (Hou et al., 2017). In 

the mild diffuse TBI group, deficits emerged at 8 weeks following injury and persisted to 18 

weeks, whereas with a moderate injury deficits emerged at 4 weeks and similarly persisted to 

18 weeks, the latest time-point examined (Hou et al., 2017). Use of other balance tests did 

detect balance deficits up two months post-injury following mTBI on both time to traverse a 

0.5cm beam (Lai et al., 2019) and increased missteps on the Erasmus ladder (Namdar et al., 

2020). Furthermore, following mod-sev diffuse TBI, worse performance was noted both on an 

0.8cm beam, with performance scored from 0-3 depending on how mice were able to traverse 

the beam and number of falls and foot-faults, and on a string suspension assay (Albayram et 

al., 2017). However, this has not been consistently reported, with other studies investigating 

mild (Bajwa et al., 2016; Fehily et al., 2019) and moderate to severe diffuse TBI (Alwis et al., 

2012) showing no deficits when traversing larger beams (0.65-2cm) (Alwis et al., 2012; Bajwa 

et al., 2016) or on forelimb placement in the ladder task (Fehily et al., 2019) up to 3 months 

post-injury, indicating task dependent effects and that more difficult tasks are required to detect 

subtle motor deficits.  

Compared to diffuse injury, focal injury was more likely to cause chronic balance 

deficits. Following moderate focal injury, deficits on the grid walk, balance beam and rotarod 

tasks were noted to 3 months post-injury (Bajwa et al., 2016; Barrett et al., 2020; Henry et al., 

2020b, 2020a; Toshkezi et al., 2018; Xie et al., 2019; Xu et al., 2019), the latest time-point 

assessed. Differing results were seen on the pole test, with an increase in time to turn only 

emerging at 4.5 months post-injury, with recovery by 6.5 months, which persisted to 9 months 
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post-injury (Leconte et al., 2020). These results were supported by studies in moderate-severe 

focal TBI, where Hanscom et al. found significantly increased foot faults on the ledged beam 

from one day to two months post-injury (Hanscom et al., 2021), and a focal punch injury 

similarly resulted in impaired beam performance up to six weeks post-injury (Wang et al., 

2020b).  With severe focal injury, balance deficits were consistently noted up to 10 weeks post-

injury, the latest time-point assessed on the balance beam, rotarod, cylinder test and gridwalk 

tasks (Cline et al., 2017a; He et al., 2020; Schönfeld et al., 2017; Xu et al., 2019). In contrast, 

two studies did not report chronic balance deficits following moderate-severe focal TBI, 

although these used a larger beam (Soblosky et al., 1997a) and altered rotarod parameters (mice 

were placed on the rotarod already spinning at 36 RPM, rather than gradually increasing speed 

from 3 RPM) (Vogel et al., 2020). The larger beam would have reduced the complexity of the 

task, whereas the increased rotarod starting speed may have made the task too difficult for the 

shams, masking any injury effect.  

With a mixed focal and diffuse injury via LFP, mixed results for balance and 

coordination were seen with a moderate injury. Wright et al. noted increased foot faults and 

decreased time to cross the beam (W. G. Wright et al., 2017a) and Tan et al. found impaired 

rotarod performance at 3 months post-injury (Tan et al., 2020). Rowe et al. found a similar 

pattern in animals injured at 2 months of age, with increased foot faults and time to cross the 

beam at both 1- and 3-months post-injury, but interestingly not in animals injured at 4 or 6 

months (Rowe et al., 2016). In contrast, Carron et al. noted acute deficits in performance on 

the rotarod and tapered ledged beam, which had recovered by one week following injury, with 

no further deficits seen to 2 months post-injury (S.f et al., 2020). However, with more severe 

injury, LFP resulted in impaired performance on both the balance beam and rotating pole tasks 

out to 4 months post-injury, the latest time-point examined (Nissinen et al., 2017; Zhang et al., 

2005).  
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In models of repeated mTBI, a higher number of injuries or a shorter interval between injuries 

was generally associated with more persistent balance deficits. Following 5-7 injuries, chronic 

deficits on the balance beam, string suspension and rotarod were noted up to 12 months post-

injury (Albayram et al., 2017; Dhillon et al., 2020; Mannix et al., 2014; Morriss et al., 2021), 

although no deficits were seen by 24 months post-injury (Mouzon et al., 2018). Only the 

Mannix et al. 2017 and the Mouzon et al. 2014 studies failed to find chronic balance deficits 

following 4-7 impacts (Mannix et al., 2017, 2014). Following three injuries with a 24hr interval 

between injuries, increased latency to fall on the rotarod was seen up to 6 months post-injury 

(Tabet et al., 2022; Tucker et al., 2019), with recovery by 12 months (Tucker et al., 2019). 

Extending the interval between injuries to 5 days meant that 3 injuries no longer led to deficits 

on the rotarod up to 3 months post-injury (McAteer et al., 2016a). Interestingly. unlike the 

rotarod, no deficits were noted on forelimb placement in the ladder walk (Fehily et al., 2019) 

nor in pole climbing time (Tabet et al., 2022) with 3 injuries, 24hrs apart. With two injuries 

spaced 24hrs apart, the number of foot faults on a rotating pole were increased at 3 days post-

injury, before returning to sham levels from 7-28 days, before a deficit re-emerged at 2 months 

following injury (Laurer et al., 2001). By increasing the interval between the two injuries to 3 

days, deficits were no longer noted on the balance beam, rotarod or grid walk tasks either 

acutely or chronically up to 2 months-post-injury (Bajwa et al., 2016). 

Finally, neither single nor repeated blast injury was sufficient to produce persistent 

motor deficits at six months post-injury, regardless of initial injury severity. With a mild blast 

injury at 19psi, a single injury led to no balance deficits on the rotating pole or rotarod task to 

6 months post-injury (Arun et al., 2020). In contrast, when two 19 PSI injuries were delivered 

within two minutes, balance deficits emerged at 6 days, persisted to 4 weeks, with recovery 

and no further impairment noted following this time point up to six months post-injury (Arun 

et al., 2020). Similarly, following a single moderate blast impact (50 PSI), acute deficits in 
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latency to fall on the rotarod were noted, which had recovered by 6.5 weeks post-injury 

(Sabbagh et al., 2016). 

 

3.5 Clinical studies 

3.5.1 Motor function test  

Overall long-term motor function following TBI was assessed in a single study using the 

Unified Parkinson's Disease Rating Scale (UPDRS) Motor Examination, which was used to 

calculate a modified UPDRS (mUPDRS) global motor score, as well as four domain scores: 

tremor, rigidity, bradykinesia and posture/gait (Gardner et al., 2017). In retired military 

veterans (M: 76.4±10.0 years of age) who self-reported TBI (median TBIs = 2 (1.2), 53.2±18.1 

years since first TBI, 37.0±22.5 years ago since last TBI), those with a history of moderate-

severe, but not mTBI, had a significantly worse mUPDRS global motor score, as well as a 

worsened score for posture/gait, but not for  tremor, rigidity, or bradykinesia, compared to 

those without a history of TBI (M: 79.4±8.2 years of age)(Gardner et al., 2017) (Table 6). 

 

3.5.2 Grip strength and fine motor control 

Six studies identified herein (Burton et al., 2002; De Beaumont et al., 2009a, 2011; Pearce et 

al., 2014a, 2018a; Walker et al., 2018a) evaluated chronic alterations in grip strength or fine 

motor control (Table 7). Grip strength was assessed only in one study comparing individuals 

with a history of TBI 1-26 years earlier to healthy controls. No differences were seen following 

either mild or moderate-severe TBI, in either the dominant or non-dominant hand, although the 

mTBI group were significantly more variable than healthy controls across 10 trials.(Burton et 

al., 2002) This study also investigated finger dexterity as time taken to touch each of their 

fingers to their thumb three times. The moderate-severe TBI group at 12.2 years post-injury 

(range 1-25), but not the mild TBI group at 7.1 years post-injury (range 1-27), had slower finger 
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dexterity in both the non-dominant and dominant hands over 10 trials compared to healthy 

controls (Burton et al., 2002). This was not related to age, given that both groups had a similar 

mean age (35.4 versus 37.6 years). Similarly, no effects of at least one mTBI (range 1-12, 

median=2) in military veterans at a median of 8 years post the most recent TBI were noted in 

the grooved pegboard task, where pins must be manipulated and rotated to fit a hole (Walker 

et al., 2018a). With a higher number of repeated concussions and a longer time-period post-

injury, however, deficits in fine motor control were seen chronically. Retired rugby league 

players (mean 8.5 concussions) at almost 20 years post-injury took longer in the O’Connor 

Finger Dexterity Test, where time taken to place pegs in holes is recorded compared to controls 

(Pearce et al., 2018a), with similar findings in amateur Australian football players (mean 3.2 

concussion) at 22.12±6.73 years following their last injury on the same task (Pearce et al., 

2014a). Similarly, chronic, but not acute, deficits were seen in a RAM task consisting of rapid 

wrist supination-pronation movements. Significantly lower movement velocity was found in 

athletes who sustained their last concussion 30 years earlier (range 27-41 years)(De Beaumont 

et al., 2009a), but not in those who had sustained their last concussion only 9-34 months earlier 

(De Beaumont et al., 2011). Importantly, both groups had the same range of 1-5 concussions, 

suggesting that these effects may be due to time elapsed since injury, rather than number of 

injuries. 

 

3.5.3 Gait 

A number of characteristics can be used to assess gait, including spatiotemporal factors, such 

as cadence, stride length and single and double support time, kinematics in regards to the 

motion of joints and kinetics to describe the measurement of the forces required to make a 

movement (Williams et al., 2010). Clinical studies varied widely in regards to the gait 

parameters examined, the tests employed and equipment used (Table 8).  
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No difference in gait speed over a distance of 3-4m was seen either in a group of military 

veterans (Walker et al., 2018a) or in a cohort recruited from the general population (Burton et 

al., 2002) on average a decade following their last injury. Conversely, more sophisticated 

analysis employing an 8m electronic walkway found that students with a history of concussion 

with a mean time since injury of 6.32 years had greater time in double-leg stance support, and 

less time in single-leg stance support, throughout the gait cycle (Martini et al., 2011). The more 

difficult task of heel to toe walking was also found to be affected by previous mTBI, with 

veterans with a history of mTBI approximately 16 years ago being three times as likely as 

normal controls to have their performance ranked as abnormal by a neurologist (Vanderploeg 

et al., 2007). Other studies investigating mTBI specifically recruited patient populations with 

persistent symptoms. Stuart et al aimed to develop a model to describe differences in gait seen 

in individuals with a history of mTBI sustained approximately 18 months ago (median 551 

days) who had self-reported balance instability. Participants walked over a 13 m distance for 2 

mins with inertial sensors detecting gait. Differences in the mTBI cohort compared to healthy 

controls related to increased variability, decreased rhythm and reduced pace in parameters like 

stride length and time, alongside increased turn duration and velocity (Stuart et al., 2020).  

These results were only partially supported by another study, which recruited individuals with 

a history of mTBI with symptoms persisting > 3 months, but did not require these symptoms 

to be specifically balance related. Participants were on average a year from injury, with 

statistically significant differences only detected in pace and turning, but not in rhythm and 

variability, over a ~200m walk with multiple 180° turns. It should be noted that the Stuart et al 

study did not report p values, but rather investigated effect size only, which could also account 

for the differences between these studies.  Conversely, a much smaller study (n=16) of 

symptomatic veterans with a history of mTBI 3.5 ± 1.7 years previously found no difference in 

gait speed or stride length over 10m (Wilkerson et al., 2021). Given that the Stuart et al study 
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included 111 participants (Stuart et al., 2020) and the Martini et al study 68 (Martini et al., 

2011), any differences may relate to the small sample size.  

Indeed, in comparison to symptomatic mTBI, moderate-severe TBI at least 18 months 

earlier (mean: 35.5±20.2 months) found no difference in cadence on a treadmill at 3km/hr for 

2 mins (Buster et al., 2013). Similar findings were found more chronically, with a moderate 

TBI (range 1-26 years prior) not producing deficits in walking or turning speed on a 

walkway(Burton et al., 2002) or treadmill or elliptical trainer task (Buster et al., 2013). With a 

more difficult task, participants were placed on split-belt treadmill, such that the speed required 

for each leg could be varied (Vasudevan et al., 2014).  Those with a history of moderate-severe 

injury an average of 2.9±1.7 years prior took longer to adapt to the belts being at different 

speeds, seen as an decrease in step symmetry, but were no different in the baseline task or post-

adaptation when the two belts were at the same speed (Vasudevan et al., 2014). 

Self-selected walking (Williams et al., 2010) and running speed (Williams et al., 2013) 

were slower in individuals with a previous history of severe TBI an average of 5-6 years earlier, 

with participants chosen for their ability to walk and run independently respectively, whilst 

still attending physiotherapy for mobility limitations.  When healthy controls matched these 

speeds, no difference in either cadence or stance time was seen with walking (Williams et al., 

2010), whereas, with running, a previous history of TBI led to increased cadence and shorter 

stride length to produce the same speed (Williams et al., 2013).  In the only study that did not 

report a difference in walking speed, 19/52 participants were unable to walk at the faster speed, 

negating the measurement (Williams et al., 2010). Nonetheless, numerous kinetic and 

kinematic alterations were associated with both running and walking following severe TBI, 

including alterations in ankle power generation (Williams et al., 2010; Williams and Schache, 

2016) and knee stability (Williams et al., 2013), which likely drive these alterations in gait. In 

a follow up study, these authors followed patients for six months following severe TBI an 
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average of two years earlier with access to a rehabilitation program (Williams and Schache, 

2016).  At baseline, previous TBI was again associated with significantly slower self-selected 

walking speed than healthy controls. However, at six month follow up, walking speed had 

significantly improved, such that there was no longer any difference compared to healthy 

controls, with an associated improvement in ankle power generation, indicating that these 

deficits can improve (Williams and Schache, 2016). 

In addition to assessing gait alone, a number of studies investigated the effect of 

increasing difficulty via inclusion of obstacles (Martini et al., 2021) and/or cognitive tasks 

(Martini et al., 2021, 2011; Pitt and Chou, 2020) on gait following mild TBI (combined single 

and multiple). In symptomatic individuals < 5 years following the last injury, adding an 

auditory Stroop task had little effect on gait (Martini et al., 2021; Pitt and Chou, 2020).  In a 

community cohort, changes in rhythm were seen in the dual versus single task in those with a 

history of mTBI compared to controls (Martini et al., 2021), whereas in a small cohort of 

military veterans no additive effect was seen with alterations in center of mass displacement 

seen in both walking alone and the dual task (Pitt and Chou, 2020). Adding obstacles or a 

spatial memory task actually reduced the performance in healthy controls, such that differences 

seen in speed and double stance support time with walking alone compared to those with a 

history of TBI were no longer present (Martini et al., 2011). Indeed, only combining the 

memory task with obstacles while walking re-introduced the increase in double stance support 

time in those with a history of mTBI 6 years earlier (Martini et al., 2011). Hence abnormalities 

in gait following mTBI may be detected by single task alone, without requiring the more 

difficult combined tasks.   

 

3.5.4 Posture and balance 
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The effects of a prior TBI on chronic alterations in static balance were assessed under a number 

of conditions, with the majority of studies only investigating 1-5 years post-injury (Arce et al., 

2004a; Geurts et al., 1999; Helmich et al., 2016b; Johnston et al., 2020b; Ledwidge et al., 2019; 

Rosenblum et al., 2020; Sosnoff et al., 2011; Useros Olmo et al., 2020b; Walker et al., 2018b, 

2018b, 2018a, 2018a; Wright et al., 2018b; Zhang et al., 2002) and no studies looking at greater 

than 10 years post-injury (Table 9).  In healthy populations, maintenance of postural stability 

does not require large amount of conscious effort and is regulated by subconscious reflexive 

actions of the CNS to interpret and act in accordance to perceived sensory feedback information 

from the visual, somatosensory and vestibular systems (Rasman et al., 2018). Manipulating the 

type and/or amount of information being processed by these three sensory feedback systems 

increases the difficulty of balance tasks and can reveal injury effects (Caccese et al., 2021; 

Kędziorek and Błażkiewicz, 2020; Surgent et al., 2019). Across the included studies, postural 

control was examined primarily by evaluating alterations in center of mass whilst standing, 

with concomitant manipulation of the sensory information available via altering the standing 

surface, closing eyes or altering the visual surroundings. Studies also incorporated the effects 

on balance in functional reaching involving either the leg (Johnston et al., 2020) or arm,(W. G. 

Wright et al., 2017a; Zhang et al., 2002) as well as the effects of bimanual lifting of 

weights.(Arce et al., 2004)  

A history of asymptomatic mTBI <5 years earlier had no effects on postural control 

whilst standing, regardless of alterations in the support surface or visual feedback in a variety 

of cohorts including military veterans (Pan et al., 2015b; W. G. Wright et al., 2017a), college 

athletes (Rosenblum et al., 2020) and university students (Helmich et al., 2016). This included 

measures of center of pressure sway area (Wright et al., 2018b), sway path length (Pan et al., 

2015), trunk pitch and roll angle (Pan et al., 2015) and the degree of anterior-posterior sway 

(Rosenblum et al., 2020). In contrast, in an arm functional reach task, mTBI an average of 5.8 
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years earlier was associated with reduced postural angular velocity, although no changes in 

angular displacement were noted (Ustinova, 2017).  In contrast, symptomatic mTBI was 

associated with greater alterations in balance, with increased postural sway both during quiet 

standing (Geurts et al., 1999; Pan et al., 2015) and when suddenly perturbed (Pan et al., 2015)  

Repeat mild injury, either investigated as a separate cohort (Rosenblum et al., 2020; Wright et 

al., 2018b) or via combining those with a history of single and repeated injuries (De Beaumont 

et al., 2009a; Degani et al., 2017; Johnston et al., 2020b; Ledwidge et al., 2019; Lee et al., 2020; 

Reilly et al., 2020b; Rosenblum et al., 2020; Sosnoff et al., 2011; Wright et al., 2018b), had 

more mixed effects on balance. In general, more difficult tasks were required to detect 

differences between those with a history of mTBI (1 or more) and healthy controls (Helmich 

et al., 2016b; Lee et al., 2020; Reilly et al., 2020b; Sosnoff et al., 2011; Walker et al., 2018b; 

Wright et al., 2018b). For example, in college students, no changes in amplitude, velocity, 

frequency or regularity were seen in quiet standing in those with a mean time since last injury 

of 7.1 years (mean 2.5 injuries) (Lee et al., 2020). However, two studies were able to detect 

postural changes with quiet standing alone, with collegiate athletes 19 months since last injury 

(range 1-5 injuries) exhibiting an increase in center of mass oscillation irregularity (De 

Beaumont et al., 2009) and a cohort recruited from the community with one or more mTBIs 

also at 19 months post-injury having a larger body sway area, a larger displacement amplitude 

in the medio-lateral direction, a slower body oscillation in both directions and a more irregular 

pattern of body oscillation (Degani et al., 2017). In contrast, Wright et al only noted a 

difference compared to healthy controls in individuals with more than one mTBI with the last 

injury at least a year ago in the most difficult condition, where participants were required to 

stand on a foam surface with a dynamic visual surrounding, leading to increased center of 

pressure sway area (Wright et al., 2018b). Similarly, Helmich et al only saw an increase in 

effort of balance in symptomatic individuals within a mean of 2 years post-injury during 
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balance on an unstable surface, with eyes closed or a combination of both, but not on a stable 

surface or with eyes open (Helmich et al., 2016). At a year post-injury, Reilly et al. also found 

no effect of previous mTBI (combined single and multiple) on bipedal or unipedal stance alone, 

but did see an increase in sway and decreased regularity when combined with a cognitive task 

(Reilly et al., 2020). Conversely, Rosenblum et al. found no differences on the Sensory 

Organization test at 2-3 years following the last injury in a population of collegiate athletes 

(Rosenblum et al., 2020). The Sensory Organization test evaluates quiet standing under six 

different conditions (either fixed/sway surface, eyes open/closed, or surrounding normal/sway-

referenced), thus involving increasing task difficulty. This was regardless of whether analysis 

looked at single versus multiple injuries compared to healthy controls, or when those with a 

history of single or rmTBI were combined (Rosenblum et al., 2020). In contrast, the same test 

in military veterans at an average of 10 years post-injury did find task specific effects, with a 

decrease in equilibrium score in the eyes closed/fixed surface and eyes open, fixed 

surface/sway surroundings conditions only when looking at combined single and rmTBI and 

in  these conditions, alongside the sway surface with eyes open or closed conditions, when 

analysis investigated the rmTBI cohort separate from single injuries (Walker et al., 2018b, 

2018a). Only one study utilised a different task, the Y Balance test, where participants stand 

on one leg and reach the other in an anterior, posteromedial or posterolateral direction 

(Johnston et al., 2020b). Acute deficits, with an increased amplitude of center of mass in the 

posteromedial and posterolateral direction in those with a history of TBI a median of 294 days 

ago, had resolved in those with their last injury a median of 3.5 years ago, with no deficits 

noted compared to healthy controls (Johnston et al., 2020b).  

With more severe injury, the same level of analysis examining multiple parameters like 

regularity, amplitude, frequency and velocity changes in center of pressure has yet to occur, 

but consistent alterations in balance have been reported out to 10 years post-injury. A prior 
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moderate-severe TBI a mean of 3 years earlier was associated with increased center of pressure 

displacement across three tasks: standing only, standing with a numerical task and standing 

with a spatial memory task, with no significant alterations in performance between the different 

tasks (Useros Olmo et al., 2020b). Similarly, a prior severe TBI 10  years earlier led to a 

decrease in dynamic posturography scores, where postural changes in response to a tilt platform 

were examined, alongside a higher Berg balance score (Buster et al., 2013b). A functional 

reach task where participants were able to sit in a wheelchair while moving their arm to touch 

a target that appeared in either a predictable or unpredictable fashion found a medium-large 

effect size of prior moderate-severe TBI on stability ratio during the task (Zhang et al., 2002). 

In a bimanual lifting task, although a history of previous severe TBI 2-10 years earlier was 

associated with greater instability in the quiet stance phase, the postural adjustments that 

occurred to lift 4 or 8kg weights were not different from that of healthy subjects (Arce et al., 

2004a). Thus, balance changes appear to be similarly evident, particularly with quiet standing 

following more severe injury.  
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4.0 DISCUSSION 

This systematic review investigated chronic motor outcomes following TBI and the effect of 

injury severity. The results of this work provide a comprehensive overview of the current state 

of understanding of motor changes following TBI, highlighting limitations and gaps of existing 

research that are critical to fill in order to suggest guidelines for rehabilitation programs 

following TBI. There was little consensus across the papers presented, with a wide variety of 

motor domains examined, as well as significant differences in the methodology of the tests 

utilised and parameters reported. Indeed, the lack of consensus in the approaches used in 

assessing and reporting chronic motor outcomes in both preclinical and clinical models of TBI 

limits the generalisability of the findings. In the future, more standardised testing parameters 

and protocols for motor tasks would assist in comparing findings. For example, the 

development of common data elements for both preclinical and clinical studies would be of 

benefit, given that standardisation and harmonisation of data collection are of paramount 

importance (Meeuws et al., 2020). 

Overall, there was a paucity of clinical studies investigating motor outcomes beyond 

10 years post-injury, with only six identified within this review. The majority of these papers 

investigated fine motor control (Burton et al., 2002; De Beaumont et al., 2009b; Pearce et al., 

2014a, 2018a), meaning that long-term effects of TBI on gross motor functions, like gait and 

postural control, have not been extensively studied. Furthermore, there was a lack of 

longitudinal clinical studies investigating how motor performance changes over time in the 

same cohort in the chronic phase post-injury. Similarly, in preclinical work, only 9 studies were 

investigated to 12 months post-injury (Arulsamy et al., 2019a; Arun et al., 2020; Dhillon et al., 

2020a; Mouzon et al., 2014, 2018; Pierce et al., 1998; Sell et al., 2017; Tucker et al., 2019) and, 

of these, only 2 studies to 18-24 month post-injury (Mouzon et al., 2018, 2014). More chronic 

studies are therefore needed to understand how a history of TBI interacts with normal aging to 
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affect motor performance. Imaging studies have suggested that a history of TBI accelerates the 

rate of brain atrophy (De Beaumont et al., 2009a; Gardner et al., 2017; Pearce et al., 2014a, 

2018a; Vanderploeg et al., 2007; Walker et al., 2018b) and studies investigating cognition have 

suggested TBI is associated with an earlier age of cognitive decline, not necessarily associated 

with a specific neurodegenerative disorder (Iacono et al., 2021). Whether TBI similarly leads 

to earlier physical decline needs further investigation. This is particularly relevant given the 

growing literature linking a history of TBI to the later risk of neurodegenerative motor disorder 

development, particularly motor neuron disease (MND) and PD.  For example, Wright and 

colleagues reported ALS-like pathological changes, accompanied by persistent motor deficits, 

at 12 weeks, but not 1 week, following a moderate experimental TBI in rats (D. K. Wright et 

al., 2017). This suggests that TBI may begin an insidious neurodegenerative process that 

predisposes an individual to the later development of motor neuron disease. This is in line with 

several previous studies conducted with professional athletes, including National Football 

League (NFL) (Daneshvar et al., 2021; Lehman et al., 2012), soccer (Belli and Vanacore, 2005; 

Chiò et al., 2005; Mackay et al., 2019; Pupillo et al., 2020), and rugby union players (Russell 

et al., 2022). Overall, meta-analyses have suggested a 1.3 to 1.7 fold increase in motor neuron 

disease risk due to a prior history of TBI (Chen et al., 2007; Gu et al., 2021; Liu et al., 2021); 

however, not all literature has been consistent (Watanabe and Watanabe, 2017). Similar 

findings have also been reported for PD, with a doubling of deaths due to PD in former 

professional soccer players compared to a matched control group drawn from the general 

population (Mackay et al., 2019). Even a mild TBI has been shown to increase risk of PD by 

56% in US military veterans, after adjusting for demographics and comorbidities (Gardner et 

al., 2017). Several potential biological mechanisms have been proposed to explain this link, 

including chronic neuroinflammation, metabolic dysregulation and pathological up-regulation 

of several key PD linked proteins, including alpha-synuclein, hyperphosphorylated tau, 
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amyloid precursor protein, TDP-43 and, more recently, Leucine Rich Repeat Kinase 2 (LRRK2) 

and its Rab protein substrates (see Delic et al. 2020 for review(Delic et al., 2020a)). Motor 

dysfunction may also play a role in other neurodegenerative diseases linked to TBI, including 

chronic traumatic encephalophathy(CTE), which is characterised by the accumulation of 

hyperphosphorylated tau aggregates.170 Clinical data from 298 donors diagnosed with CTE 

identified motor symptoms in a large portion of cases, with gait and balance disturbance noted 

in 51% and signs of parkinsonism in up to 28% of cases.171 Thus, tracking alterations in motor 

function longitudinally in those with a prior history of TBI may allow for earlier identification, 

and subsequently treatment, of those at risk for the development of MND, PD or CTE, currently 

a major area of clinical need. 

Despite this significant gap, key findings from clinical studies conducted to date of 

chronic motor alterations following TBI suggest that measures of balance, including postural 

control and gait, could differentiate between levels of injury severity injury in those who had 

suffered there injury in the last 10 years and, importantly, could discriminate between 

symptomatic and asymptomatic mTBI sufferers. Balance requires multiple input and 

integration centers spanning the entire brain, with damage to any of these structures or their 

associated white matter networks resulting in balance impairment (Surgent et al., 2019). A key 

feature of post-concussion syndrome may be disruption of these networks, subtlety impairing 

balance control. Given that stressing the sensorimotor integration centers of the brain elicited 

the greatest degree of impairment, it suggests that, following injury, there may be limited 

access to neural resources capable of compensating for reductions in sensory feedback 

information (either visual, vestibular or somatosensory), as opposed to gross decreases in 

musculoskeletal or aerobic functional capacities (Caccese et al., 2021).   Entropy measures of 

postural sway parameters were particularly shown to be affected by symptomatic mTBI, with 

these measuring the regularity of center of pressure oscillations (Kędziorek and Błażkiewicz, 
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2020). From a motor control perspective, more regular values are interpreted as indicating a 

less stable system, as damage to neural tissue results in a reduced capacity for the complex 

oscillatory networks within the brain to produce and maintain upright posture under a wider 

variety of movement patterns (Huang et al., 2021).  Decreased entropy values have been 

reported acutely following mTBI (Cavanaugh et al., 2006; Gao et al., 2011) and are shown here 

to persist in a subpopulation of symptomatic sufferers. The specific mechanisms driving these 

balance disruptions, however, require further investigation.  

Mechanistic investigations may be limited to date, due to significant differences in the 

examination of balance in preclinical models compared to measures employed clinically. 

Relatively few preclinical studies incorporated gait analysis, which could be due to the 

technology required to perform detailed analysis. Surprisingly, the one consistent finding seen 

in more severe clinical TBI, a reduction in speed, was not replicated in preclinical studies. 

Indeed, minimal gait deficits in general were found in preclinical studies, with only a reduction 

in swing speed and stride length at 6 months following moderate focal injury (Daglas et al., 

2019a; Ritzel et al., 2020), but no deficits at one month following a more severe injury 

(Schönfeld et al., 2017). This may reflect the differing mechanisms of injury and severity of 

preclinical compared to clinical models. Preclinical models are limited in their abilities to 

model more severe TBI, which are associated with prolonged stays within the intensive care 

unit and long periods of rehabilitation, which may impact upon motor function.(Dos Santos et 

al., 2016) Furthermore, the location of contusional injuries differs in preclinical compared to 

clinical models, typically found in the pre-frontal and temporal lobes clinically (Adatia et al., 

2021) and the parietal lobes in preclinical models (Osier and Dixon, 2016). Key differences in 

gait are also obviously evident in biped versus quadrupeds, with center of mass higher in bipeds 

than quadrupeds (Zehr et al., 2016) and increased frequency of gait patterns at higher speeds, 

such as trotting and galloping, in rodents, which are generally not seen in bipedal human 
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(Mendes et al., 2015). However, there were some preclinical findings that were supported 

clinically, with a model of mTBI finding alterations in base of support to 3 months post-injury 

(Mountney et al., 2017), with clinical studies similarly showing an alteration in the equivalent 

double versus single-stance support at 6 years post-injury (Martini et al., 2011). Thus, 

incorporation of longitudinal gait analysis out to more chronic time-points in preclinical models 

of TBI would be useful.  

Furthermore, there are no static tests of balance utilised in preclinical studies. Instead, 

balance assessment preclinically incorporates transitional movements utilizing tasks like the 

rotarod, balance beam, gridwalk and ladder walk, which are all scored with gross parameters, 

such as number of foot-faults, latency to cross and speed achieved on the rotarod.  These 

measures may not be sensitive enough to detect subtle deficits, particularly in models of mTBI, 

especially given that the read out measures are relatively crude, a limitation that has previously 

been noted elsewhere (Shultz et al., 2020). Indeed. even in more severe models of diffuse injury, 

chronic (>6 months) impairments in motor performance were not seen, unlike focal or mixed 

injury models (Barrett et al., 2020; Daglas et al., 2019b; Dhillon et al., 2020b), where more 

widespread disruption of motor pathways may occur.  It has previously been noted that the lack 

of functional deficits in preclinical models is surprising given the amount of histological 

damage (Turner et al., 2014).  Refinement of motor tests is needed to discern whether this is 

because the damage is not sufficient to drive functional changes, or if the motor tests used are 

not sensitive enough. For example, utilising center of pressure measurements may be an option 

for future studies, with this successfully employed previously in models of vestibular injury in 

rodents (Rastoldo et al., 2020), given the sensitivity of the task in clinical work.  

Another discrepancy between clinical and preclinical studies is the incorporation of 

fine-motor specific tasks. Although some of the balance tasks outlined above, like the grid-

walk and rotarod, incorporate aspects of fine motor performance, the effects of injury 
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specifically on this domain cannot be discerned.  Furthermore, tasks like the adhesive removal 

test may be complicated by the presence of sensory deficits (Mann and Chesselet, 2015). 

Notably, given that a history of repeated injury clinically appeared to be associated with poorer 

performance on dexterity tasks (Pearce et al., 2014a, 2018a), the need for greater inclusion of 

these within preclinical work is supported.  Only two studies incorporated a fine-motor specific 

task in the pellet reaching (Adkins et al., 2015) and Montoya staircase tasks (Schönfeld et al., 

2017).  These were only utilised following moderate-severe and focal injury, noting deficits to 

six weeks post-injury, making comparisons with the clinical work, where moderate-severe 

injury led to deficits at 10 years post-injury (Burton et al., 2002), but repeated mild TBI at > 

20 years (Pearce et al., 2018b, 2014b) difficult. Investigation of other forepaw dexterity-based 

tasks, like the vermicelli or cappelini handling tests (Mann and Chesselet, 2015), would also 

be useful to add to motor behavioural batteries post-TBI.  

Alongside the need to utilise a wider variety of preclinical motor tasks, the field would 

also benefit from a broadening of the animals used. Preclinical rodent models have some 

limitations in the ability to fully model the types of white matter damage encountered in diffuse 

injury of any severity due to the relative lack of myelinated tracks (Vink, 2018). Indeed, single 

diffuse or mixed injury models did not produce long-term motor deficits (>6 months) 

(Arulsamy et al., 2019a; Komoltsev et al., 2021; Mouzon et al., 2018; Rowe et al., 2016; Sell 

et al., 2017) compared to purely focal injury (Daglas et al., 2019b; Ritzel et al., 2020), although 

there were obviously few studies that investigated these chronic timepoints. Promising 

gyrencephalic models with more extensive white matter tracts may provide a key bridge 

between preclinical and clinical work with development of porcine (Kinder et al., 2019), ferret 

(Schwerin et al., 2017), and sheep (Vink, 2018) TBI models that could be utilised for future 

investigation of longitudinal motor deficits. A number of motor tasks have already been 
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developed for these models including gait analysis (Shultz et al., 2020) which provide useful 

information about the longitudinal trajectory of motor impairment.  

In addition, studies to date have failed to take into consideration what effect age at 

injury may have on long-term motor outcomes following TBI. Motor function is well known 

to decline substantially with advancing age, with changes at the level of the motor unit(Hunter 

et al., 2016), as well as at the neural level (for review, see Seidler et al. 2010 (Seidler et al., 

2010)). For example, King and colleagues (2018) have demonstrated that age-related declines 

in motor performance are associated with stronger internetwork resting state connectivity, 

suggesting breakdown of organization of large-scale brain networks (King et al., 2018). Similar 

changes in resting state functional connectivity have been noted following TBI (Iraji et al., 

2015). It is therefore reasonable to hypothesise that advanced age may exacerbate alterations 

in motor performance following injury. In line with this, older age is known to be associated 

with poorer outcome following TBI, with older adults having the highest rate of hospitalisation 

and death following TBI (Thompson et al., 2006). Older adults have also been shown to 

experience greater decline in Disability Rating Scale scores over the first five years following 

injury (Marquez de la Plata et al., 2008). Despite this, however, to date, no clinical studies have 

investigated the effect of age at injury on chronic motor outcomes. Preclinically, only one study 

incorporated rats injured at different time-points in adulthood, with no effect on overall long-

term motor performance noted (Rowe et al., 2016). Future studies should therefore be designed 

to include assessment of how age at time of injury may influence motor response. Indeed, in 

the preclinical literature, there is a growing call to include aged animals into the modelling of 

neurological disease more generally (Sun et al., 2020). 

Although the current paper was limited to chronic motor outcomes, it should be noted 

that these do not occur independent of effects on other functional domains, such as cognition. 

For example, following mTBI, it was found that there was a significant association between 
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cognitive and motor function following injury, but not prior (Sosnoff et al., 2008).  A potential 

explanation is that the effects of injury on attentional networks, which are a driver of cognitive 

dysfunction (Halterman et al., 2006), but also impair performance on numerous motor tasks, 

including postural control (Woollacott and Shumway-Cook, 2002), gait (Yogev-Seligmann et 

al., 2008) and the ability to perform fine motor tasks (Dias da Silva and Postma, 2022). 

Executive function more broadly is also key for motor performance, with patients with normal 

measures of executive function following moderate-severe TBI demonstrating better balance 

and agility and increased speed of walking and running than those with executive function 

deficits (Sarajuuri et al., 2013). Further work should therefore examine chronic motor 

outcomes in the context of the effects on broader functional domains, including cognition, in 

order to better explore the bidirectional nature of these relationships. This is particularly 

important given that effects on cognitive function can affect ability to participate in physical 

rehabilitation programs, which can have detrimental consequences for functional motor 

recovery. 

Finally, it should also be noted that a high risk of bias was noted for the majority of 

pre-clinical and clinical studies included here, which may have influenced the results. For the 

pre-clinical studies, key sources of bias included random outcome assessment and blinding of 

outcome assessment, as well as allocation concealment. For clinical studies, a key source of 

bias was blinding of outcome assessment, as well and blinding of participants and personnel. 

If researchers are not blinded, this will have implicit biases on the data recording process and 

potentially the randomisation of the study and random outcome detection, making it difficult 

to truly interpret results. Given the high risk of bias and high degree of heterogeneity between 

studies, it was not feasible to conduct a meta-analysis in the current study; however, in the 

future, it may be of interest to consider meta-analysis on specific data subsets. 
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In conclusion, despite the known relationship between mobility and quality of life following 

TBI (Kalpinski et al., 2013), chronic motor performance following injury is less well studied 

than either cognitive or affective outcomes. Additionally, across the few studies conducted, 

significant differences in experimental paradigms employed in both clinical and preclinical 

studies make it difficult to discern the pattern of motor deficits in the subacute and chronic 

phase following injury, with more standardised protocols required. Furthermore, a broadening 

of the motor batteries utilised within preclinical studies is warranted to more closely mirror the 

types of balance and fine motor deficits identified clinically. This review highlights the need 

for more consistent investigation and reporting of long-term motor deficits to allow an 

understanding of their evolution over time.  An understanding is key to allow full insight into 

the recovery process, rehabilitation needs of those with TBI and how chronic motor changes 

post-TBI could provide a novel method for identifying risk of neurodegenerative movement 

disorders.  

 
 

 



 82 

Table 1: Preclinical Neurological severity score evaluation 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 
 
 
 
 

 
+ = p<0.05; ++ = p<0.01; +++ = p<0.001; - = not significant; Grey = not evaluated. CCI-CS: controlled cortical impact- closed skull, WD: weight drop; CHIMERA: Closed-Head Impact Model 
of Engineered Rotational Acceleration; LFP: lateral fluid percussion, CCI: controlled cortical impact, PBBI: penetrating ballistic like impact 
 
 
 
Table 2: Preclinical Gait evaluation 

Authors Years Method Severity Type injury Sample Pre <72h 1-3wks 1-2mo 3-5mo 6-11mo 12-24mo 

Laurer 2001 CCI-CS Mild Diffuse T:16-24;C:14-23  + - -    
Fehily 2019 WD Mild Diffuse T:15; C:15     -   

Monteray 2017 PCS Mild Diffuse T/C: 8-10     +   
Monteray 2017 PCS Rep-Mild Diffuse 

4 x TBI/1hr T/C: 8-10     +++   

Feng 2021 CHIMERA Rep-Mild 
Diffuse 

3xTBI/day x 2 
48 hrs  

T:9-13; C:12-14  - - -    

Laurer 2001 CCI-CS Rep-Mild Diffuse 
2xTBI 24 hrs  T:16-24;C:14-23  +++ +++ -    

Fehily 2019 WD 
Rep-Mild Diffuse 

2xTBI 24hr  T:15; C:15     -   
Rep-Mild Diffuse 

3xTBI 24hr  T:15; C:15     -   

Huynh 2020 CCI-CS Rep-Mild 
Left sided 

5xTBI, 48hr  T:15; C:15     - -  
  

Zhang 2021 CCI Moderate Focal T:10; C:10  ++ ++ ++    
Daglas 2019 CCI Moderate Focal T:12, C:12  ++++ ++++ ++++ ++++ ++++   

Sell 2017 LFP Moderate Mixed T:11-14; C:12-14  +++   +++ - - 
Shear 2010 PBBI Mod-Sev Focal T/C=10  + + +    
Wang 2019 Punch Mod-Sev Focal T:8; C:8  ++ ++ ++    

Segovia 2020 LFP Severe Mixed T:7; C:7 - +++  +++    
Nissinen 2017 LFP Severe Mixed T:35;C:16 - +++ +++ +++    

Zhau 2021 CCI Severe Focal T:10; C:10  +++ +++ +++    
Zhang 2005 LFP Severe Mixed T:14; C:24   ++ ++ ++   
Pierce 1998 LFP Severe Mixed T:12-16;C:11-15  + + +  + -  
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Authors Years Method Severity Type 
injury Apparatus Parameters examined Sample Pre <72h 1-3wk 1-2mo 3-5mo 6-11mo 12-

24mo 

Namdar 
 2020 WD Mild 

 
 

Diffuse 

 
 

CatWalk 

Front base of support 

T:15; 
C:13  

+ +++ 

 
Standing on diagonal two + - 

Standing on three ++ + 
Hind base of support - - 

Mounterey 2017 PCI Mild 

 
 
 
 
 
 
 
 

Diffuse 
 

 
 
 
 
 
 
 
 

CatWalk 

Stand (sec) 

T/C: 8-10  

+ - - 

 

Stand index + - - 
Swing (sec) - - - 

Step cycle (sec) - - - 
Single stance - - - 
Stride length - - + 

Front base of support ++ + +++ 
Hind base of support - - +++ 
Three limb support - - - 

Cadence - - - 

Bolton 2016 CCI-CS Rep-
Mild 

 
5 x TBI 
24 hrs 

 
Digigait, 
treadmill 
15cm/s 

Gait symmetry 

T/C: 10 
 

 
- 

 
- 

   
Hindlimb shared stance      

Paw contact area      

Bolton 2016 CCI-CS Rep-
Mild 

5 x TBI 
48 hrs 

Digigait, 
treadmill 
15cm/s 

Gait symmetry  
- 

 
- 

   
Hindlimb shared stance      

Paw contact area      

Mounterey 2017 PCI Mild 

 
 
 
 
 

Diffuse 
4 x 

TBI/1hr 

 
 
 
 
 

CatWalk 

Stand (sec) 

T/C: 8-10  

+++ + - 

   

Stand index ++ ++ ++ 
Swing (sec) +++ + + 

Step cycle (sec) +++ +++ + 
Single stance +++ + + 
Stride length - + - 

Front base of support ++ + +++ 
Hind base of support - - +++ 
Three limb support ++ + - 
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+ = p<0.05; ++ = p<0.01; +++ = p<0.001; - = not significant; Grey = not evaluated. T= TBI; C= Control; RH = right hindlimb, RF = right forelimb, LF = left forelimb). CCI-CS: controlled 
cortical impact- closed skull, WD: weight drop, PCI = projectile concussive impact 
 
 
 
Table 3: Preclinical sensorimotor evaluation 
 

Authors Years Method Severity Type 
Injury Test Parameters 

examined Sample Pre <72h 1-3wks 1-2mo 3-5 mo 6-11 mo 12-24mo 

Hoffman 2003 CCI Mod-
Sev Focal Adhesive Test 3 x 2 min trials 

%sham T:8; C:8   + -    

Alwis 2012 WD Mod-
Sev 

 
 

Diffuse 

Adhesive Test  1 trial 
Latency  T:19; C: 12 - + - -    

Whisker-evoked 
forepaw placement  

10 trials 
No. correct T:4; C:4  + + +    

Cadence +++ +++ ++ 

Henry 2020 CCI Moderate 

  Paw contact area 

T:12; 
C;12 - - - -    

  Stance, swing 
  Speed 

Focal CatWalk Interlimb coordination 
  Base of support 
  %Support time 

Ritzel 2020 CCI Moderate 

 

 
 
 

CatWalk 

Step Sequence 

T/C: 16-
23      

+ 

 
 Stride length (RH) + 

Focal Swing speed (RF,RH) + 
 Print position + 
 Average speed, number of steps - 

Daglas 2019 CCI Moderate  
Focal 

DigiGait 
15cm/s 

Swing duration (RH) T:12; 
C:12 

-  + + + ++  
Propulsion duration (RF) - - ++ + +++ 

Cline 2017 CCI Severe 
 
 

Focal 

 
 

CatWalk 

Cadence 

T:15; 
C:14  

++ 

 

- 

   
Average Speed ++ - 

Swing duration (RH) ++ + 
Average Swing speed (LF, RF, RH) + - 

Schonfeld 2017 CCI Severe Focal CatWalk 

Stride length 
Base of support 

Three limb support; 
Speed 

Cadence 

T:10; C:7 -  - -    
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Schonfeld 2017 CCI Severe Focal Adhesive Test 3 trials 
Paw difference T:10; C: 6 -  + +    

Zhang 2005 LFP Severe Mixed Adhesive Test 6 trials 
Latency T:14; C:13   ++ ++ ++   

+ = p<0.05; ++ = p<0.01; +++ = p<0.001 - = not significant; Grey = not evaluated. T= TBI; C= Control/. CCI=Control cortical impact; WD= weight drop injury; LFP= Lateral fluid percussion 
injury.  
   

Table 4: Preclinical grip strength and fine motor evaluation 
 

Authors Years Method Severity Type Injury Test Parameters 
examined Sample Pre <72h 1-3 wks 1-2mo 3-5mo 6-11mo 12-24mo 

Evans 2014 CCI-CS Mild Diffuse Grip strength 
meter 

Average 
10 trials T9;C8  - + - -   

Namdar 2020 WD Mild Diffuse Grip strength 
meter 

5 trials, 
average best 3 T:10; C:8   - -    

Evans 2015 CCI-CS Mild Diffuse Grip strength 
meter 

Average 
10 trials 

T:12;  
C:11  - - -    

Tabet 2022 CCI-CS Rep-
Mild 

3x TBI 
24hrs 

Grip strength 
meter 

Average 3 trials 
relative to weight 

T:11; 
C:11    -    

Dhillon 2020 CCI-CS Rep-
Mild 

2xTBI (L+R) 
5 x weekly 

Grip strength 
meter 

 
1 trial T:10; C:8      +  

Rana 2020 WD Moderate Diffuse Grip strength 
meter 1 trial T:7; C:5   + +    

Pruitt 2014 CCI Moderate 

 
 
 

Focal 
(motor 
cortex) 

Isometric pull task 

Maximal Force 

T:15; 
C:11 -  

+ + 

   

% Successful 
Trials + + 

Time to 120g 
threshold + - 

Speed force 
generation + + 
Total Trials + - 

Pruitt 2017 CCI Moderate 
Focal 

(motor 
cortex) 

Isometric pull task 
Maximal Force 

T:6; C; 6 -  
+ + 

   % Successful 
Trials + + 

Adkins 2015 CCI Mod-Sev Focal Pellet reaching 
Test % successful T:41; 

C:31 - +++ +++ +++    
Schonfeld 2017 CCI Severe Focal Montoya staircase 

test Pellets eaten T:8, C:7 -  +++ ++    
+ = p<0.05; ++ = p<0.01; +++ = p<0.001; - = not significant; Grey = Not evaluated. T= TBI; C= Control/Sham. CCI=Control cortical impact; CCI-CS=Closed skull-Control cortical impact; 
WD= weight drop injury.  
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Table 5: Preclinical locomotor activity evaluation 

+ = p<0.05; ++ = p<0.01; +++ = p<0.001; - = not significant ; Grey = Not evaluated. T= TBI; C= Control; CCI=Control cortical impact; OF=Open field; WD= weight drop injury; LFP= Lateral 
fluid percussion injury 

Authors Year Method Severit
y 

Type 
Injury Test Time Size Sample Pre <72hr 1-3wks 1-2 mo 3-5mo 6-11mo 12-24mo 

Namdar 2020 WD Mild Diffuse OF 10 mins 60 x 60 cm T:15; c:13   - -    
Homsi 2010 WD Mild Diffuse OF 60 mins 19 x 11 cm T/C: 10-12  +++ ++ ++ +   
Bajwa 2016 CCI-CS Mild Diffuse OF 30 mins 49 x 36 cm T:10; C:10  - -  -   

McAteer 2016 WD Mild Diffuse OF 5 mins 1 x 1 m T:9; C; 9    + -   
Arulsamy 2019 WD Mild Diffuse OF 5 mins 1 x 1 m T:14; T:14       - 

Arun 2020 Blast Mild Blast OF 60 mins 40 x 40 cm T/C: 10-31  - - - - + - 
Feng 2021 Chimera Rep-

Mild 
Diffuse 
2x 3d OF Unknown 40 x 40 cm T+C:81  - - -    

Bajwa 2016 CCI-CS Rep-
Mild 

Diffuse 
2x 3d OF 30 mins 49 x 36 cm T:10; C:10  - -  -   

Corrigan 2017 WD Rep-
Mild 

Diffuse 
3x 5d OF 5 mins 1 x 1 m T/C: 8-10     +   

McAteer 2016 WD Rep-
Mild 

Diffuse 
3x 5d OF 5 mins 1 x 1 m T:7; C: 9    + +   

Morriss 2021 WD Rep-
Mild 

Diffuse 
5x 24 hrs OF Unknown Unknown T:11; C;10    - + +  

Arulsamy 2019 WD Rep-
Mild 

Diffuse 
3x 5d OF 5 mins 1 x 1 m T:14; C:14       - 

Arun 2020 Blast Rep-
Mild 

Blast 
2x 2mins OF 60 mins 40 x 40 cm T/C: 10-31  ++ - - + ++ ++ 

Tucker 2019 CCI-CS Rep-
Mild 

Diffuse 
3x 24 hrs OF 20 mins 40 x 40 cm T/C:17-21    - +++ +++ +++ 

Bajwa 2016 CCI Moder
ate Focal OF 30 mins 49 x 36 cm T:10; C:10  - +++  -   

Leconte 2020 CCI Moder
ate Focal OF 9 mins 1 m x 1 m T:15; C:13     +   

Rowe 2016 LFP Moder
ate 

 
Mixed 

 

 
OF 5 mins  

70 x 70 cm 

T/C :11-12: 2M 

   
- - - 

 T/C :11-12: 4M - -  
T/C :11-12: 6M -   

Arulsamy 2018 WD Mod-
Sev Diffuse OF 5 mins 1 x1 m T:14^; C:13^    - +   

Arulsamy 2019 WD Mod-
Sev Diffuse OF 5 mins 1 x1 m T:12; C: 14       - 

Islam 2021 CCI Severe Focal OF 5 mins 54.5 x 54.5 
cm T,C: 9-13     +   

Komoltsev 2021 LFP Severe Mixed OF 5 mins 1 x 1 m T:13; C:7      -  
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Table 6: Preclinical balance and coordination evaluation 

Authors Years Method Severity Injury Test Parameters Sample Pre <72h 1-3wk 1-2mo 3-5mo 6-11 
mo 

7-
11mo 

12-
24mo 

Evans 2015 CCI-CS Mild Diffuse Rotarod (4-40prm) Latency to 
fall T:12; C: 11  + + -     

Namdar 2020 WD Mild 

 
Diffuse Rotarod (4-40rpm) Latency to 

fall 

T:15; C:13 

  - -     

Eramus Ladder 

Correct steps 

  
- + 

    Missteps - + 
Time - - 

Lai 2019 WD Mild Diffuse 0.5 cm Beam Traverse time T:7;  C:7 -  +++ +++     
Laurer 2001 CCI-CS Mild Diffuse 3 cm Rotating pole  

1,3,5 rpm 
Foot-faults 

 
T:16-24;C:14-

23  - - -     

Bajwa 2016 CCI-CS Mild 

 
Diffuse 0.65 cm Beam  

2.5 cm Grid Walk 
Rotarod ( 

Traverse 
Time 

Foot faults 
Latency to 

fall 

T:10; C:10  - -  -    

Evans 2014 CCI-CS Mild Diffuse Rotarod (4-40prm) Latency to 
fall T:9; C: 8   + + -    

Fehily 2019 WD Mild Diffuse Ladder walk % Stepping 
errors T:15; C:15     -    

McAteer 2016 WD Mild Diffuse Rotarod (3-30rpm) Latency to 
fall T:9 ;C:9  - - - -    

Hou 2017 WD Mild Diffuse Rotarod (3-30rpm) Average 3 
trials T:8; C: 8 -  - + ++    

Mouzon 2014 CCI-CS Mild Diffuse Rotarod (5-50rpm) Average 3 
trials T:12; C:12      -   

Mouzon 2018 CCI-CS Mild Diffuse Rotarod (5-50rpm Average 3 
trials T:7; C:8        - 

Xu 2019 CCI Mild Diffuse 2 cm Beam Traverse 
Time T:10; C10  - - -     

Mountney 2017 PCS Mild 

Diffuse Rotarod 
(0.1rpm/sec) 

Three sets x 5 with 
2 min intertrial 

interval 

Latency to 
fall 

 T/C: 8-10     -    

Mountney 2017 PCS Rep-
Mild 

Diffuse 
4xTBI  

1hr apart 

Rotarod 
(0.1rpm/sec) 

Three sets x 5 with 
2 min intertrial 

interval 

Latency to 
fall 

 T/C: 8-10     +    

Albayram 2017 WD  0.8cm beam Score T/C=9-10      ++   
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Rep-
Mild 

 
Diffuse 
7 in 9D 

String Suspension 
(3 trials) 

Score ++ 

Rotarod (4-40opm) 
5 mins; 4x day for 2 

days 

Latency to 
fall 

Average 8 
trials 

+ 

Feng 2021 Chimera Rep-
Mild 

Diffuse 
3xTBI/day x 

2 
48 hrs apart 

Rotarod (5-40 rpm) 

Latency to 
fall- average 

3 trials T:9; C:9    -     

Tabet 2022 CCI-CS Rep-
Mild 

 
Diffuse  

3x TBI 24hr 
 

Ladder rung % Foot faults 
to baseline  T:10; C:10    +     

Pole climbing Time (3 
trials) T:10; C:10    -     

Laurer 2001 CCI-CS Rep-
Mild 

Diffuse 
2xTBI 24 hrs 3 cm Rotating pole  (1, 3, 5 rpm) T:49; C:36  ++ - ++     

Bajwa 2016 CCI-CS Rep-
Mild 

 
Diffuse 
2x 3d 

0.65 cm Beam  
2.5 cm Grid Walk 
Rotarod (2x 5rpm, 

2x 3rpm/5s, 2x 
3rpm/3s 

All measures 
Foot faults 
Average of 

trials 
T:10; C:10  - -  -    

Mannix 2014 WD Rep-
Mild 

7inj/9D Rotarod 
(0.1rpm/sec) 

Average 4 
trials T:32;C:21  +   +    

Mannix 2017 WD Rep-
Mild 

7inj/9D Rotarod 
(0.1rpm/sec) 

Average 4 
trials T:12;C:11  +   -    

McAteer 2016 WD Rep-
Mild 

Diffuse 
3 x 5d Rotarod (3-30rpm) Latency to 

fall T:7 ;C:9  - - - -    

Fehily 2019 WD Rep-
Mild 

Diffuse 
2xTBI 24hr Ladder walk 

 
% Stepping 

errors T:15; C:15     
- 

   Diffuse 
3xTBI 24hr  - 

Mouzon 2014 CCI-CS Rep-
Mild 

Diffuse 
5xTBI 24hr Rotarod (5-50rpm) 

Latency to 
fall- average 

3 trials 
T:12; C:12      -   

Morriss 2021 WD Rep-
Mild 

Diffuse 
5xTBI 24hr Rotarod  

Latency to 
fall 

4 trials 
T:11; C:10       ++  

Dhillon 2020 CCI-CS Rep-
Mild 

Bilateral 
5x TBI/5 

weeks 

Rotarod (3-30rpm) Fall- 3 trials 
Hindlimb 

rating 
T:10; C:8 

- - + + + + + + 
2.5 cm beam       +  

Tucker 2019 CCI-CS Rep-
Mild 

Diffuse 
3xTBI 24hr Rotarod (4-60rpm) 

Latency to 
fall- average 

3 trials 

T:19-21; C17-
19  +++  - + +  - 

Mouzon 2018 CCI-CS Rep-
Mild 

Diffuse 
5xTBI 24hr Rotarod (5-50rpm) 

Latency to 
fall- average 

3 trials 
T:7; C:7        - 
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Hou 2017 WD Moderate Diffuse Rotarod (3-30rpm) Average 3 
trials T:8; C: 8 -  - + +++    

Toshkezi 2018 CCI Moderate Focal Rotarod (2-20rpm) Latency to 
fall 

T:9; C: 5    +++     

Barrett 2020 CCI Moderate Focal 0.5cm Beam  Foot Faults T/C: 8-13 - +++ +++ +++     

Henry 2020 CCI Moderate 
 

Focal 
0.5cm Beam Foot Faults 

T:11; C:12 
- +++ +++ +++     

Rotarod (1-30rpm) %Baseline - +++ - +++     
Xie 2019 CCI Moderate Focal 0.6 cm Beam Foot Faults T:10; C:10 - +++ +++ +++     
Xu 2019 CCI Moderate Focal 2 cm Beam  Traverse 

Time T/C: 38  - + +     
Chen 2016 NY Moderate Focal Ladder test  Errors T:20; C:10 - ++ - -     

Bajwa 2016 CCI Moderate 

 
 
 

Focal 

 
0.65cm Beam 

  

Time Active 

T:10; C:10 

 + -  -    
Falls  ++ -  -    

2.5 cm Grid walk  Foot faults  +++ ++  ++    
Rotarod (2x 5RPM, 

2x 3rpm/5s, 2x 
3rpm/3s 

Average trials  +++ -  ++    

Carron 2019 LFP Moderate Mixed 

Rotarod  
(1.5rpm/3s) 

% Baseline 

T:10; C:10 
- +++ - -     

Tapered Beam  Ranking - +++ - -     
Tapered Beam Foot faults - +++ - -     

Tan 2020 LFP Moderate Mixed Rotarod (4-40rpm) Average 3 
trials 

T:18; C: 10   -  +    

Wright 2017 LFP Moderate Mixed 
2cm Beam  Foot faults T:10; C:10   +  +    
2 cm Beam  Traverse time T:10; C:10   +  +    

Rowe 2016 LFP Moderate Mixed 

3 cm Beam 

 
 

Foot faults 

T/C :11-12 2M 

   
+ - - 

  T/C :11-12 4M - -  
T/C :11-12 6M -   

3 cm Beam 

 
Traverse 

Time 

T/C :11-12 2M 
   

- - - 
  T/C :11-12 4M - -  

T/C :11-12 6M -   
 

Sell 
 

2017 
 

LFP 
 

Moderate 
 

Mixed 
2.5 cm Beam Traverse 

Time 
 

T:37; C:39 
- +   - -  - 

1.75 cm Beam  Ranking - +   +! -  - 

Alwis 2012 WD Mod-Sev 
 

Diffuse 
Rotarod (3-30rpm) % Baseline T:19; C: 12 - + + +     

2 cm Beam Ranking T:19; C: 12 - + + +     
Arulsamy 2018 WD Mod-Sev Diffuse Rotarod  (3-30rpm) Latency to 

fall T:6; C; 6   +++ - -    

Albayram 2017 WD Mod-Sev  0.8cm beam Score T/C-9-10   +   +   
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Diffuse 

String Suspension 
(3 trials) 

Score + + 
 

Soblosky 
 

1997 
 

CCI 
 

Mod-Sev 
 

Focal 
2.5 cm Beam Ranking T:10; C: 10 - + + + -    

Pegged 2.5 cm 
Beam  

Foot faults T:10-13; C:10-
14 

-  + + -    

Wang 2019 Punch Mod-Sev Focal 2 cm Beam  Ranking T:8; C:8  ++ ++ ++     
Hanscom 2021 CCI Mod-Sev Focal 5 mm beam  Foot faults T/C: 14-21 - +++ +++ +++     

Vogel 2020 CCI Mod-Sev Focal Rotarod  36rpm   Latency to 
fall 

 

T:16; C:16   -   -   
Rotarod:accelerating T:20 C:10 - -  

Cline 2017 CCI Severe Focal 2.5 cm Gridwalk Foot faults T:15; C:14 - +  +     
Xu 2019 CCI Severe Focal 2 cm Beam  Traverse 

Time 
T/C: 38  - + +     

He 2020 CCI Severe Focal Rotarod (4-40rpm) Average 3 
trials 

T:11; C: 7    + +     

Nissinen 2017 LFP Severe Mixed 2 cm Beam  Ranking T:23;C:10 - +++ +++ ++ -    
 

Zhang 
 

2005 
 

LFP 
 

Severe 
 

Mixed 
Rotating pole (5 

rpm) 
Ranking T:14; C: 24    ++ ++    

2 cm Beam  Ranking    ++ ++    
+= p<0.05 ++ = p<0.01; +++ = p<0.001; - = not significant; Grey = Not evaluated. T= TBI; C= Control. CCI= controlled cortical impact; CCI-CS=Control cortical impact, closed skull; WD= 
weight drop injury, LFP= lateral fluid percussion.  

 

Table 7: Clinical Neuroscore evaluation 

Authors Year Severity Population Sample 
size 

Age 
(mean) 

Sex 
%male Motor test < 5 yrs 6-10 

yrs 
11-25 
yrs >25yrs 

Gardner 2017 

 
 

Rep-Mild 

Military 
veterans 

 
 
 

T:31-34 
C:65-68 

 
 

T: 79.4 
C: 76.4 

 
 
 

T:82.4% 
C:94.9% 

 
 

mUPDRS Global Score 

   

- 
mUPDRS Tremor Score - 
mUPDRS Rigidity Score - 

mUPDRS Bradykinesia Score - 
mUPDRS Posture/Gait Score - 

Moderate-
Severe 

T:20 
C:65-68 

mUPDRS Global Score + 
mUPDRS Tremor Score - 
mUPDRS Rigidity Score - 

mUPDRS Bradykinesia Score - 
mUPDRS Posture/Gait Score + 

+ = p<0.05. - = Not significant 
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Table 8: Clinical Fine Motor evaluation 

Authors Year Severity Population Sample size Age  
 

Sex 
%male 

Motor test Parameters < 5 
yrs 

6-10 
yrs 

11-25 
yrs 

>25 
yrs 

Burton 2002 Mild 
 

Community 
 

T:19; C:26 
 

T:35.36 
C: 32.77 

 
T:78.9 

C:46.15 

Fine motor Touch fingers to thumb  -   
Grip strength Dynamometer - 

Walker 2018 Combination Military veterans T:380; C 73 T:36 
C:40.5 

T:88% 
C:79.5% 

Fine motor Grooved Pegboard  -   

DeBeaumont 2011 Combination 

 
 

College Athletes 

 
 

T:21; C:15 

 
 

T/C: 
22.3 

 
 

T/C: 
100% 

Rapid alternating movement 
Wrist supination-pronation 

Velocity + (↑)    
Sharpness - 

Bimanual co-ordination - 

DeBeaumont 2009 Combination 

 
 
 

College Athletes 

 
 

T:19; C:21 
 

 
 

T:61; 
C:59 

 
 

Not 
stated 

Rapid alternating movement 
Wrist supination-pronation 

Duration    - 
Range - 

Sharpness - 
Velocity + 

Pearce 2014 Rep-Mild Professional 
Athletes 

T:40; C:20 T:49.3 
C:47.6 

T/C: 
100% Fine motor O’Connor Finger Dexterity 

Test 
  +  

Pearce 2018 Rep-Mild 
Professional 

Athletes 
T:25; C:25 T:48.4 

C:48.8 
T/C: 

100% Fine motor O’Connor Finger Dexterity 
Test 

  +  

Burton 2002 Mod-Sev 
 

Community 
 

T:9; C:26 
T:37.56 
C: 32.77 

T:66.67% 
C:46.15 

Fine motor Touch fingers to thumb   +  
Grip strength Dynamometer -- 

+ =p<0.05 - = Not Significant; Grey = not evaluated  

Table 9: Clinical Gait studies 

Authors Year Severity Population Sample 
size 

Age 
(mean) 

Sex 
(%male) Procedure Equipment Measure < 5 

yrs 
6-10 
yrs 

11-25 
yrs >25 yrs 

Burton 2002 Mild Community T:19; C:26 
 

T:35.36 
C:32.77 

 
T:78.9 

C:46.15 

Turn 360° 
None Speed  -   Timed 4 m walk 

Vandeploeg 2007 Mild Military 
veterans 

T:254; 
C:3214 

MVA:539 

T:37.8 
C:38.5 

MVA:37.8 

 
100% Heel toe walk None Abnormal/normal   3x  

Stuart 2020 Mild 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

 
 
 
 
 

13 m walkway, 2 
mins 

 

 
 
 
 
 

Stride length ** 

   
Speed *** 

Foot stride angle ** 
Toe off angle - 
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Community 
Self-reported 

balance 
instability > 3 
months post-

injury 

 
 

T:52; C:59 

 
 

T:39.6 
C:37.0 

 
 

T:30.8% 
C:42.4% 

 
Five sensors 

strapped to feet, 
L5, sternum and 

head 

Single support time ** 
Double support time ** 

Stride time ** 
Turn duration ** 

Turn step number * 
Turn velocity *** 

Martini 2021 Combination 

Community 
Symptoms 

persisting > 3 
months 

following 
TBI 

 

T:65; C:57 

 
 
 
 
 

T:39.6 
C:36.9 

 
 
 
 
 

T:64% 
C:55% 

208 m walk 
 

 
 
 
 

Five sensors 
strapped to feet, 
L5, sternum and 

head 

Speed + 

  - 
 

Variability - 
Rhythm - 
Turning + 

Dual task 
Above + auditory 

Stroop 

Speed + 
Variability - 
Rhythm + 
Turning + 

Walker 2018 Combination Military 
veterans T:258;C:47 T:36 

C:40.5 
T:88% 

C:79.5% 4 m walk None Speed   -  

Martini 2011 Combination College 
students 

 
 
 
 
 

T:25; C:25 

 
 
 
 
 

T:21 
C:20.7 

 
 
 
 
 

T:60.7% 
C:50% 

4 m walk 

 
 
 
 

GAITr 
walkawy 

Speed 

 

+ 

  

Double Stance support + 

4 m walk + obstacle 
Speed - 

Double Stance support _ 
Brooks Spatial 

Memory task + 4 m 
walk 

Speed - 
Double Stance support - 

Brooks Spatial 
Memory task + 4 m 

walk + obstacle 

Speed - 
Double Stance support + 

 
Pitt 

 
 

2020 

 
 

Combination 

 
 
 

Military 
veterans with 

chronic 
symptoms 

 
 
 
 
 
 
 
 
 

T:8; C:8 

 
 
 
 
 
 
 
 

T:32.5 
C:33.3 

 
 
 
 
 
 
 
 

T:87.5% 
C:87.5% 

 
 
 

10 m walk, 8-10 trials 
 
 

 
 
 

Whole body 
retroeflective 

marker set with 
12 motion 

analysis system 

Speed - 

   

Step length - 
Step width - 

Medial-lateral COM 
displacement + 

Peak medial-lateral COM 
velocity - 

Above + auditory 
Stroop task 

Speed 
 - 

Step length - 
Step width - 
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Medial-lateral COM 
displacement + 

Peak medial-lateral COM 
velocity - 

Burton 2002 Mod-Sev Community T:9; C:26 T:37.56 
C:32.77 

T:66.67% 
C:46.15 

Turn 360°  
None 

 
Speed  -   

Timed 4 m walk 

Useros 
Olmo 2020 Mod-Sev Hospital 

 T:20; C:19 
 

T:36.1 
C:38.2 

 
T:85% 

C:89.5% 

Treadmill 3 kms/hr,  
Gait Trainer2 

 
Cadence 

- 
   Treadmill 3 kms/hr + 

cognitive task - 

Vasudevan 2014 Mod-Sev Community 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T14; C:11 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T:29.7 
C:31.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T:71.4% 
C:81.8% 

Split treadmill: same 
speed 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Markers on toe, 
ankle, knee, 
hip, pelvis, 
shoulder 

Stride length 
 - 

   

Stance time 
 - 

Step symmetry 
 - 

Center of oscillation 
 - 

Temporal coordination 
 - 

Split treadmill: 
different speed 

 

Stride length 
 - 

Stance time 
 - 

Step symmetry 
 + 

Center of oscillation 
 - 

Temporal coordination 
 - 

Split treadmill: same 
speed: Post-adaption 

 

Stride length 
 - 

Stance time 
 - 

Symmetry 
 - 

Center of oscillation 
 - 

Temporal coordination 
 - 

 
 

Buster 

 
 
 

2013 

 
 

Severe 

 
 

Community 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Elliptical trainer, 
comfortable stride 

length, 3 mins 
 

. 
 
 
 

Reflective 
markers on the 

pelvis, hip, 

Speed 

 

- 

  
Cadence - 

Stride length - 
Motion profile - 
Joint angles + 



 94 

 
T:10; C:10 

 
T:36: C:34 

 
Not 

stated Treadmill, 
comfortable speed 3 

mins 

knee, ankle and 
foot 

Speed - 
Cadence - 

Stride length - 
Motion profile - 

Joint angles - 

Williams 2009 Severe 

Hospital 
Able to walk 

independently 
20m 

 
 
 
 

T:41; C:25 

 
 
 
 
 
 
 
 
 
 

T:29.1 
C:27.8 

 
 
 
 
 
 
 
 
 
 

T:75.6% 
C:64% 

12 m walk: Self-
selected speed 

 
 
 
 
 
 
 
 
 
 

25 reflective 
markers on 
pelvis and 

lower limbs 

Double support 

 

+ 

  

Speed + 
Cadence + 

Stride length + 
Stance duration + 
Base of support + 

 
 
 
 

T:41; C:15 

12 m walk: Matched 
speed 

Trunk angle + 
Pelvic angle - 

Hip angle - 
Knee angle + 
Ankle angle - 

Lateral COM 
displacement + 

 
 
 
 
 
 
 

Williams 

 
 
 
 
 
 
 

2010 

 
 
 
 
 
 

Severe 

 
 
 
 
 
 
 

Hospital 
Able to walk 

independently 
20m 

 
 
 
 
 
 
 

T:55; C:10 
 

 
 
 
 
 
 
 

T:28.5 
C:27.3 

 
 
 
 
 
 
 

T:72.7% 
C:50% 

 
 

12 m walk: Matched 
speed 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

25 reflective 
markers on 
pelvis and 

lower limbs 

Speed 

 

- 

  

Cadence - 
Stride length + 
Stance time - 

Double support time - 
Lateral COM 
displacement + 

Peak ankle power - 
Peak hip power (initial) + 

Peak hip power 
(prewswing) + 

 
 
 
 
 
 

T:36;C:10 

 
 
 
 
 

T:27.3 
C:27.3 

 
 
 
 
 

T:77.8% 
C:50% 

 
 
 
 
 
 

Speed - 
Cadence - 

Stride length - 
Stance time - 

Double support time - 
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 12 m walk: Fastest 
speed 

Lateral COM 
displacement + 

Peak ankle power + 
Peak hip power (initial) + 

Peak hip power 
(prewswing) - 

Williams 2013 Severe 

Hospital 
Able to run 

independently 
20m 

 
T:44; C:15 

 

 
T:27.9 
C:28.1 

 
T:81.8% 
C:73.3% 

15 m run: Matched 
speed 

 
 

25 reflective 
markers on 
pelvis and 

lower limbs 

Speed - 

   

Cadence ++ 
Stride length + 
Stance time + 
Flight phase + 

Base of support - 
Trunk flexion - 

Pelvic rotation + 
Hip extension/adduction - 

Knee flexion + 
Ankle flexion - 
Lateral COM 
displacement + 
Ankle power + 
Knee power + 
Hip power + 

15 m run: Fastest 
speed 

Speed + 
Cadence + 

Stride length + 
Stance time - 

Flight phase + 
Base of support + 

Williams 2016 Severe 

Hospital 
Able to walk 

independently 
20m 

 
 
 
 

T:35; C:25 

 
 
 
 

T:28.4 
C:27.8 

 
 
 
 

T:74.3% 
C:64% 

12 m walkway: 
matched speed 

 
 
 

25 reflective 
markers on 
pelvis and 

lower limbs 

Hip work - 

   

Knee work - 
Ankle work + 
Hip power - 

Knee power - 
Ankle power + 

*p<0.05 = significant, ***= strong power, **=medium power; *low power, - = non-significant, Grey=not assessed.  
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Table 10: Clinical postural stability studies 

Authors Year 
Severity Population Sample 

size 
Age Sex 

(%male) 
Motor test Method Parameters < 5 

yrs 
6-
10 
yrs 

11-
25 
yrs 

>25 
yrs 

Geurts 
 1999 Mild 

 
Hospital 

Persistent 
symptoms 

 
 

T:15;C:20 

 
T:35.9 
C:35.4 

 
T:53.3% 
C:60% 

Postural control:  
Eyes open, closed or with  

simple cognitive task 
 

 
Balance board 
2x 30 secs per 

variable 

Anteroposterior sway 
 

+    
Lateral sway 

 
+ 

Weight shifting 
 

+ 

Wright 2018 Mild 

 
Military 
veterans 

 
T:9;C:19 

 
T:25.95 
C:33.57 

 
T/C: 
45% 

Postural control 
Firm or foam, eyes open or 

closed, static or rolling scene 

Virtual 
environment 

TBI screening 
3 x 30secs per 

variable 

Sway area 

-    

Pan 2015 Mild 

 
 
 
 
 

Military 
veterans 

Non-
symptomatic 

 
 
 
 
 
 

T:6, C:10 

 
 
 
 
 
 
 
 
 
 
 
 

 
T:26.5 
C: Not 
stated 

 
 
 
 
 

T:100% 
C:Not 
stated 

 
 

Postural control: 
On floor or foam; Eyes open or 

closed 

 
 
 
 
 
 
 
 
 

 
 
 
 
 

Markers on 
sacrum, pelvis, 

C7 and 
shoulder.  

 
  

Pelvic postural sway -    
Pelvic sway path length - 

Pitch trunk angle 
 

- 
Roll Trunk angle - 

 
Postural control+ perturbation: 
On floor or foam; Eyes open or 

closed 

Upper trunk sway path length - 

Pelvic sway path length - 

Oscillations - 

 
 
 
 

Military 
veterans 

Symptomatic 

 
 
 
 
 

T:8; C:10 

 
 
 
 
 

T:87.5% 
C:Not 
stated 

 
 

Postural control: 
On floor or foam; Eyes open or 

closed 

Pelvic postural sway + 
Pelvic sway path length + 

Pitch trunk angle 
 

+ 
Roll trunk angle + 

Postural control+ perturbation: 
On floor or foam; Eyes open or 

closed 

Upper trunk sway path 
length 

+ 
Pelvic sway path length - 

Oscillations + 

Rosenblum 2020 Mild 
 

College 
Athletes 

 
 

T:91;C:129 

 
 

T:18.9 

 
 

T:56.6% 
Sensory organization test 

Smart Balance 
Master System 

 

Anterior-posterior sway 
(equilibrium score) 

-    

Somatosensory sensory ratio - 
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C:19.1 C:56.6% Fixed/ sway surface, eyes 
open/closed, surrounding/sway-

referenced surrounding, 

3 x 20secs per 
variable 

Visual sensory ratio - 
Vestibular sensory ratio - 

Ustinova 2017 Mild 

 
College 
Athletes 

 
 

T:13; C:13 
 

 
 

T:34.9 
C:33.8 

 
 

T:30.8% 
C:38.4% 

Functional reach 
Interception of  targets via arm 

at 5 fixed location 

3D video game 
30 reflective 
body markers 

 
10 x 90sec 

games 

Postural angular displacement  -   
Postural angular velocity + 
Arm angular displacement - 

Arm angular velocity + 

Wright 2018 Combination 

 
Military  
veterans 

 
T:14; C:19 

 
T:25.95 
C:33.57 

 
T/C: 
45% 

Postural control 
Firm or foam, eyes open or 

closed, static or rolling scene 

Virtual 
environment 

TBI screening 
 3 x 30secs per 

variable 

Sway area 

 
 

+ 

   

Helmich 2016 Combination  

 
 

University 
students 

w/o 
symptoms 

 
 
 

T:13; C:10 

 
 

T:29 
C:27 

 
 

T:Not 
stated 
C:40% 

Postural control 
Stable versus unstable surface, 

eyes open, closed or blurred 

Force platform 
10 x 10sec trials 

per variable 
 

COP path -    

COP area - 

Effort of balance - 

Balance Error Scoring System Score - 
 
 

University 
students with 

symptoms 

 
 

T:7; C:10 

 
T:26 
C:26 

 
 

T:Not 
stated 
C:40% 

Postural control 
Stable versus unstable surface, 

eyes open, closed or blurred 

COP path - 

COP area - 

Effort of balance + 

Balance Error Scoring System Score + 

Degani 2017 Combination 

 
 

 
Community 

 
 
 

T:11; C:11 

 
 

T: 29.4 
C: 26.8 

 
 

T:45.5% 
C:36% 

Postural control 
Natural stance vs crossed arms 

 
Force platform 

10 mins 

Body sway area +    
Amplitude of COP 

displacement 
+ 

Mean velocity of COP 
displacement 

+ 
Frequency of COP 

displacement 
+ 

Regularity of COP 
displacement 

+ 

De  
Beaumont 2011 Combination 

 
Collegiate 

athletes 

T:21; C:15 T/C: 
22.3 

T/C: 
100% Postural control 

 
Force platform 

 2 x 30 sec trials 

Regularity of COP 
displacement 

+    
Amplitude of COP 

displacement 
- 

Johnston 2020 Combination  
 

 
 

 
 

 
 Y Balance test  

 Anterior Reach 
distance 

-    
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Collegiate 
athletes 

 
 
 

 
 
T:30; C:90 

 
 
 

 
T:20.3 
C:20.2 

 
 
 

 
T/C: 

83.5% 

(Stand on one leg, reach other 
in anterior, posteromedial and 

posterolateral direction) 

 
 

Lumbar inertial 
sensor 
3 trials 

Regularity - 
Amplitude - 

Posteromedial 

Reach 
distance 

- 
Regularity - 
Amplitude - 

Posterolateral 

Reach 
distance 

- 
Regularity - 
Amplitude - 

Ledwidge 2020 Combination 

 
Collegiate 

athletes 

 
T:21; C:24 

 
T:20.17 
C:20.03 

 
T:90% 
C:79% 

BESS balance test 
Feet together, non-dominant 
only, tandem on firm or foam 

surface 
 

- 

Score 

 
 
- 

   

 
Lee 

 
2020 

 
Combination 

 
 
 
 

College 
students 

 
 
 
 
T:11; C:14 

 
 
 
 

T:28.7 
C:22 

 
 
 
 

T:52% 
C:35.7 

 
 

Postural stability 

 
 
 
 

Force platform 
120 sec 

Body sway area  -   
Amplitude  - 

Mean velocity  - 
Frequency  - 
Regularity  - 

Asynchrony AP and ML - 

Reilly 2020 Combination 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Community 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T:27; C:27 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
T:26.1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

T:44.4% 

Postural 
stability 

Bipedal only 

Force platform Mean velocity  -   
Path length - 
AP sway - 
ML sway - 

Body sway area - 
Regularity (AP) - 
Regularity (ML) - 

Bipedal + cog 
task 

Mean velocity - 
Path length - 
AP sway + 
ML sway - 

Body sway area + 
Regularity (AP) + 
Regularity (ML) - 

Unipedal only Mean velocity - 
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C:28.6 C:77.8% Path length - 
AP sway - 
ML sway - 

Body sway area - 
Regularity (AP) + 
Regularity (ML) + 

Unipedal + cog 
task 

Mean velocity - 
Path length - 
AP sway - 
ML sway + 

Body sway area + 
Regularity (AP) + 
Regularity (ML) + 

Rosenblum 2020 Combination 

 
 

College 
Athletes 

 
 

T177;C:129 

 
 

T:19.1 
C:19.1 

 
 

T:57.6% 
C:56.6% 

Sensory organization test 
Fixed/ sway surface, eyes 

open/closed, surrounding/sway-
referenced surrounding, 

Smart Balance 
Master System 

 
3 x 20secs per 

variable 

Anterior-posterior sway 
(equilibrium score) 

-    

Somatosensory sensory ratio - 

Visual sensory ratio - 

Vestibular sensory ratio - 

Sosnoff 2011 Combination 

 
 
 

College 
athletes 

 
 
 

T=62; 
C=162 

 
 
 

T/C: 
20.04 

 
 
 

T/C: 
67.8% 

Sensory organization test 
Fixed/ sway surface, eyes 

open/closed, surrounding/sway-
referenced surrounding 

NeuroCom 
Smart Balance 

Master 
3 x each test 

Composite balance score -    
Somatosensory sensory ratio - 

Visual sensory ratio - 
Vestibular sensory ratio - 

Regularity (AP) + 
Regularity (ML) + 

Walker 2018 Combination 

 
 
 
 
 
 
 
 

Military 
veterans 

 
 
 
 
 
 
 
 

T=248; 
C=47 

 
 
 
 
 
 
 
 

T:36 
C:40.5 

 
 
 
 
 
 
 
 

T:88% 
C:79.5% 

Sensory 
organization 

test 

Eyes 
open/fixed 

surface 

 
 
 
 
 
 
 
 
 
 

Equilibrium score 
 -   

Eyes 
closed/fixed 

surface 
Equilibrium score 

+ 

Eyes 
open/fixed 

surface/sway 
surroundings 

Equilibrium score 
+ 

Eyes open, 
sway surface, Equilibrium score - 
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fixed 
surroundings 

NeuroCom 
Smart Balance 

Master  
3 x each test 

Eyes closed, 
sway 

surrounding 
Equilibrium score 

- 

Eyes open, 
sway surface, 

sway 
surrounding 

Equilibrium score 
- 

Composite 
score Equilibrium score 

+ 

 
Walker 

 
2018 Combination 

 
 
 
 
 
 

Military 
veterans 

 
 
 
 
 
 

T=414; 
C=78 

 
 
 
 
 
 

T:36 
C:40.5 

 
 
 
 
 
 

T:88.2% 
C:79.5% 

Sensory 
organization 

test 

Eyes 
open/fixed 

surface 

 

Equilibrium score 

 -   

Eyes 
closed/fixed 

surface 
Equilibrium score 

+ 

Eyes 
open/fixed 

surface/sway 
surroundings 

Equilibrium score 

+ 

Eyes open, 
sway surface, 

fixed 
surroundings 

Equilibrium score 

 

Eyes closed, 
sway 

surrounding 
Equilibrium score 

 

Eyes open, 
sway surface, 

sway 
surrounding 

Equilibrium score 

 

Wright 2018 rmTBI 

 
Military 
veterans 

 
T:5;C:19 

 
T:25.95 
C:33.57 

 
T/C: 
45% 

Postural control 
Firm or foam, eyes open or 

closed, static or rolling scene 

Virtual 
environment 

TBI screening 
3 x 30secs per 

variable 

Sway area 

 
+ 

   

Rosenblum 2020 rmTBI  
 

 
 

 
 

 
 Sensory organization test Smart Balance 

Master System 
Anterior-posterior sway 

(equilibrium score) 
-    
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College 
Athletes 

2*TBI:52  
3*TBI:34;  

C: 129 

2*T:19.1 
3*T:19.8  
C:18.1 

2*T:62%  
3*T:52% 
C:56.6% 

Fixed/ sway surface, eyes 
open/closed, surrounding/sway-

referenced surrounding, 

 
3 x 20secs per 

variable 

Somatosensory sensory ratio - 

Visual sensory ratio - 

Vestibular sensory ratio - 

Walker  2018 rmTBI 

 
 
 
 
 

 
 

Military 
veterans 

 
 
 
 
 
 
 

T=248; 
C=47 

 
 
 
 
 
 
 

T:41 
C:46 

 
 
 
 
 
 
 

T:88.3% 
C:78.7% 

Sensory 
organization 

test 

Eyes 
open/fixed 

surface 

 
 
 
 
 
 

NeuroCom 
Smart Balance 

Master 
3 x each test 

Equilibrium score 
 -   

Eyes 
closed/fixed 

surface 
Equilibrium score 

+ 

Eyes 
open/fixed 

surface/sway 
surroundings 

Equilibrium score 
+ 

Eyes open, 
sway surface, 

fixed 
surroundings 

Equilibrium score 
+ 

Eyes closed, 
sway surface Equilibrium score + 
Eyes open, 

sway surface, 
sway 

surrounding 

Equilibrium score 
- 

Composite 
score Composite Equilibrium Score + 

Useros 
Olmo 2020 Mod-sev 

 
 
 
 
 

Hospital 

 
 
 
 
 

T:20; C:19 

 
 
 
 
 

T:36.1 
C:38.2 

 
 
 
 
 

T:85% 
C:89.5% 

Postural 
control 
 

Standing only 
 
 
 
 

Force platform  
2 mins 

recording 
Displacement of COP 

 
 
 
 

+ 
 

   

Standing + 
numerical cog 
task 

Standing + 
spatial memory 
cog task 

 
Zhang 

 

 
2002 

 
Mod-sev 

 
 

Rehabilitation 

 
T:10; C:10 

 
T:30.6 
C:31.8 

 
T:50% 
C:50% Functional 

reach 

Unpredictable Force platform 
 

Board with two 
lights 

Stability ratio 

**    
L predictable ** 
R predictable *** 

Arce 2004 Severe 
 
 

Community 

 
 

T:7; C:10 

 
T:26.4 
C: 24.9 

 
T:100% 
C:100% 

Postural 
control: 

No load x 3  
Tetrax 

posturography 

Stability score: standing +    
4kg x 6 Forward weight shift - 
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Bimanual 
lifting 8kg x 6 system- two 

force platforms 
% change  

vertical ground reaction force 
- 

Buster 2013  Severe  
 

 
Community 

 
T;10: C:10 

 
T:36; 
C:24 

 
Not 

stated 

Berg Balance test None Score  +   
Dynamic posturography Tilt platform 

3 x 120 secs 
Dynamic movement analysis 

score 
+ 

 

+=p<0.05, - = not significant, ***= strong power, **=medium power, Grey = not asses
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An Alternate Approach to Investigate Chronic Consequences of 

Different Severity of Traumatic Brain Injury 

 
In the systematic review presented in the previous chapter, it became evident that the 

long-term motor consequences of TBI remain unclear, revealing significant gaps in both the 

preclinical and clinical literature  (Corrigan et al., 2023). While addressing this knowledge gap 

requires a consistent and thorough exploration of long-term motor function in future studies in 

order to better identify potential risks of neurodegenerative movement disorders, TBI can, in 

fact, induce a range of underlying neurobiological alterations that overlap with the pathology 

of PD (Delic et al., 2020b; Padmakumar et al., 2022), including, but not limited to, disruptions 

in dopamine and noradrenaline pathways (Jenkins et al., 2018, 2016), heightened 

neuroinflammatory responses (Acosta et al., 2015; Johnson et al., 2013), abnormal protein 

accumulation/ misfolding (Hutson et al., 2011; Uryu et al., 2007, 2003) and oxidative stress 

(Mackay et al., 2006; Webster et al., 2015)  (refer to chapter 1). Investigation of chronic 

alterations in these shared mechanisms following injury could provide an alternative approach 

to identify brain mechanisms that may increase risk of developing PD. 

Consequently, the next chapter will focus on understanding dopaminergic and 

noradrenergic changes, alongside chronic neuroinflammatory processes, at the 12-month 

timepoint, following three different severities of TBI: mild, repetitive mild and moderate-

severe. These aspects were focused on due to their well-established associations both following 

TBI, as well as in the development of PD (Delaville et al., 2011; Impellizzeri et al., 2016; 

Jenkins et al., 2018; Tajiri et al., 2014). Specifically, the progressive degeneration of 

dopaminergic neurons in the substantia nigra, the hallmark pathological feature of PD, is 

notably impacted in individuals with a 4 to 12 months history of moderate to severe TBI 

according to several neuroimaging studies (Donnemiller et al., 2000; Wagner et al., 2014), with 

a 30% decrease noted up to 26 weeks after experimental moderate-severe TBI (Hutson et al., 
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2011). Furthermore, changes in noradrenergic transmission, potentially accounting for both 

non-motor symptoms in PD and contributing to the degeneration of dopaminergic neurons in 

the disease (Delaville et al., 2011), are also reported following TBI (Jenkins et al., 2016), with 

a significant reduction in noradrenaline turnover rate persisting for up to 8 weeks after a 

moderate diffuse brain injury (Fujinaka et al., 2003). To date, however, a comprehensive 

analysis of long-lasting changes in these pathways has not been conducted, and questions 

remain about whether any effects are severity-dependent. Additionally, catecholamines have 

been shown to have a role as non-traditional cytokines, acting as important neuromodulators 

(for review, see Barnes et al. 2015)(Barnes et al., 2015). In turn, neuroinflammation can 

contribute to the degeneration of both dopaminergic (Koprich et al., 2008) and noradrenergic 

neurons (Evans et al., 2022). Despite neuroinflammation being a persistent part of the 

secondary injury following TBI (Xiong et al., 2018), however, how it may interact long-term 

with alterations in catecholamine signalling following injury remains largely unexplored. Thus, 

in the following chapter, we sought to address these noted gaps in the literature. 
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Abstract 
Traumatic brain injury (TBI) has been linked to an increased risk of developing Parkinson's 

disease (PD). While the exact mechanisms of this have not yet been elucidated, TBI triggers 

neuroinflammation and catecholamine dysfunction acutely after injury, with both processes 

implicated in the pathophysiology of PD. The long-term impact on these pathways following 

TBI, however, remains unclear. Therefore, this study aimed to investigate alterations in both 

catecholamines and neuroinflammation in key brain regions known to be implicated in PD up 

to 12-months following experimental TBI of different severities. Fifty-four male Sprague-

Dawley rats (420-480g; 10-12 weeks) were either given a sham surgery (n =14) or subjected 

to Marmarou's impact acceleration model of diffuse TBI of one of three severities: a single 

mild TBI (mTBI; n = 12); repetitive mild TBI (rmTBI, n =14) or moderate-severe TBI (msTBI, 

n = 14). At 12-months post-injury, both astrocyte reactivity (GFAP) and microglial levels 

(IBA1) were assessed in the striatum (STR), substantia nigra (SN), and prefrontal cortex (PFC) 

using immunohistochemistry. Western blot was conducted to measure protein levels of key 

enzymes (TH, COMT, DβH) and receptors (DRD1, ADRA1a, ADRA2a, ADRB1) involved in 

catecholaminergic transmission within these same regions. Overall, minimal changes in both 

markers of catecholaminergic transmission and neuroinflammation were found in any brain 

region at 12 months post-injury, regardless of initial injury severity. Nevertheless, following 

mTBI, there were significantly elevated levels of dopamine D1 receptors (DRD1) in the PFC. 

Conversely, following msTBI, an increase in alpha-2A adrenoceptors (ADRA2A) was noted 

within the STR, with a concomitant decrease in dopamine beta-hydroxylase (DβH) in the SN. 

The only significant change in neuroinflammation noted in comparison to sham animals was a 

reduced number of GFAP+ve cells in the SN, although a non-significant elevation in total or 

percentage activated microglia was noted in the STR and PFC, respectively.   



 109 

Taken together, the current work suggests that, while alterations in catecholaminergic and 

neuroinflammatory pathways may differ depending on initial injury and within brain regions, 

changes observed at this timepoint post-injury are subtle. Given that neurodegenerative 

outcomes can occur decades following injury, it may be that longer timepoints post-injury are 

necessary to observe changes that may be relevant for PD development. 
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1.0 INTRODUCTION 

 Traumatic brain injury (TBI) stands as a significant global cause of both mortality and 

disability(Dewan et al., 2019). In 2013, the United States alone recorded approximately 2.8 

million such incidents, with  about 1.7 million individuals experiencing a TBI annually (Faul 

et al., 2010; Taylor et al., 2017). While the conventional belief once held that the effects of TBI 

could resolve over time, emerging insights now underscore that TBI is, in fact, an ongoing 

neurological condition that may increase the risk of developing various neurodegenerative 

disorders, including Parkinson's disease (PD), in a dose-dependent manner. Following a 

moderate-severe TBI, the likelihood of developing PD is higher compared to mild TBI (hazard 

ratio 1.50 vs 1.24), and the risk of PD development increases further with the cumulative effect 

of multiple TBIs in comparison to a single TBI (hazard ratio 1.87 vs 1.45) (Gardner et al., 

2015).  

 Despite this, the precise mechanisms underlying the relationship between TBI and the 

risk of PD remain a subject of ongoing exploration. Numerous reports have suggested that 

disruption in catecholamines may play a role in the progression of PD pathogenesis following 

TBI. The loss of dopaminergic (DA) neurons within the substantia nigra (SN) is the 

pathological hallmark of PD (for review, see (Zhou et al., 2023)) (Braak et al., 2003; Dauer 

and Przedborski, 2003; Ehringer and Hornykiewicz, 1998; Klein et al., 2019; Nandhagopal et 

al., 2009). This loss results in a disruption in the intricate balance of dopamine within the dorsal 

striatum (STR) - a region that receives DA projections directly from the SN (Booij et al., 1997; 

Kish et al., 1988; Ziebell et al., 2012)- subsequently leading to the manifestation of the cardinal 

motor symptoms observed in PD (Braak et al., 2003; Fearnley and Lees, 1991; Kamath et al., 

2022; Otsuka et al., 1996; Rinne et al., 1999). However, PD also involves loss of noradrenergic 

(NA) neurons, with a 20-90% loss of NA neurons within the locus coeruleus (LC), a small 

brainstem structure that is the principal source of noradrenaline for the brain (Oertel et al., 2019; 
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Ohtsuka et al., 2013; Sitte et al., 2017; Zarow et al., 2003). This depletion of NA neurons 

disrupts supply of NA to regions such as the pre-frontal cortex (PFC), which is thought to 

contribute to various non-motor symptoms experienced by PD patients, including cognitive 

impairment, depression and anxiety (Abbott et al., 2005; Braak et al., 2003; Oliveira et al., 

2017; Zhou et al., 2021).  

 Additionally, the depletion of dopamine and noradrenaline can trigger a cascade of 

events involving the immune system, driving microglial and astrocyte activation, and the 

concomitant release of pro-inflammatory molecules (Evans et al., 2022; Färber et al., 2005; 

Marinova-Mutafchieva et al., 2009; Mastroeni et al., 2009; Shao et al., 2013; T. Wang et al., 

2018; Zhang et al., 2015). This neuroinflammatory process persists over time, in turn 

exacerbating the degeneration of DA and NA neurons and creating a self-perpetuating cycle of 

inflammation and neurodegeneration (Cebrián et al., 2014; Troncoso-Escudero et al., 2018). 

The evidence from in vivo studies and toxin-based animal models collectively underscores the 

vulnerability of DA-SN and NA-LC neurons in a chronic neuroinflammatory environment 

(Marinova-Mutafchieva et al., 2009; Mastroeni et al., 2009; Wang et al., 2020, 2022). There is 

also a growing body of neuropathological and biochemical evidence showing elevated levels 

of activated microglia and pro-inflammatory cytokines within the brains of PD individuals, 

hinting at the pivotal involvement of neuroinflammation in PD pathology (McGeer et al., 1988; 

Mogi et al., 1996, 1994b, 1994a).  

 Critically, these pathophysiological changes associated with PD are also present 

following TBI (Bales et al., 2010; Huger and Patrick, 1979; Mautes et al., 2001; McIntosh et 

al., 1989; van Bregt et al., 2012). Studies have shown that at 4 weeks following a moderate 

TBI in rat and mouse models, there are noticeable changes in dopamine metabolism, coupled 

with significant reductions in protein expression of the dopamine transporter (DAT), within 

both the STR and SN (Impellizzeri et al., 2016; van Bregt et al., 2012; Wagner et al., 2005). 
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Similarly, disruptions in NA turnover rates in the LC and frontal cortex were found at 30 

minutes following a moderate unilateral contusion in the rat models (Levin et al., 1995). 

Notably, a significant increase in NA turnover (Levin et al., 1995) and intensity of NA neurons 

was also identified in LC, with this upregulation found to decrease from 1-8 weeks post 

moderate diffuse injury in the same model (Fujinaka et al., 2003). Clinically, among 10 patients 

who experienced severe TBI several months prior, Single Photon Emission Computed 

Tomography (SPECT) imaging demonstrated significant disturbances in nigrostriatal function, 

as evidenced by reduced striatal DAT and D2-like receptor binding(Donnemiller et al., 2000). 

While there has been limited clinical research exploring changes in noradrenaline levels 

following TBI, the utilisation of NA-targeting medications in TBI patients has shown promise 

with improved recovery and reduced mortality(Dunn-Meynell et al., 1998; Lloyd-Donald et al., 

2020; Tschuor et al., 2008). Particularly noteworthy, a meta-analysis consisting of 17 

randomised controlled trials investigating methylphenidate- a medication that enhances NA 

activity- suggested that methylphenidate administration led to improved processing speed, 

particularly with prolonged drug duration, implying that NA level may be compromised 

following TBI and promoting NA activity could potentially restore the disrupted NA 

balance(Chien et al., 2019).  

 In addition to the disruptions in catecholamine levels after TBI, upregulation and 

prolonged neuroinflammation across different brain regions is also one of the key 

consequential responses that the brain employs in response to the initial injury (Johnson et al., 

2013; Loane et al., 2014; Rusiecki et al., 2020). For instance, in the TBI mouse model, a 

significant increase in proinflammatory cytokines, such as IL-1β, IL-6, TNF-α, was observed 

in the medial PFC up to 9 days following a diffuse mild injury (Chen et al., 2023). Furthermore, 

an increase in the transcription factor NF-κB, along with proinflammatory enzymes Cox-2 and 

iNOS, along with an upregulated total microglial population, was demonstrated within the SN 
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at 4 weeks following a focal moderate TBI (Impellizzeri et al., 2016). Similarly, in the TBI 

work utilising Sprague-Dawley rats, moderate midline fluid percussion injury demonstrated an 

elevation of proinflammatory cytokines, including IL-1β, IL-6, TNF-α and CXCL1 in the 

cortex, STR and SN, as early as 3-6 hours post-injury (Liu et al., 2017). This inflammatory 

response persists in the SN following a moderate diffuse TBI, indicated by upregulated TSPO 

and CD45 gene expression, indicative of microglial activation,  up to 28 days post-injury (van 

Bregt et al., 2012). This continues up to 8 weeks post-severe TBI, with the injured STR 

exhibiting higher numbers of activated microglia compared to sham (Acosta et al., 2013). 

Clinically, in a study of 10 patients with moderate-severe TBI, microglial activation has been 

shown to persist in several relevant brain regions, including the putamen, thalamus and 

posterior limb of the internal capsule, even 17 years after the initial injury (Ramlackhansingh 

et al., 2011). 

 Despite the pathophysiological overlap between TBI and PD, however, our 

understanding of how these alterations could drive the later development of PD is limited. To 

date, only a limited number of preclinical studies have investigated the disruption of 

catecholamines following TBI, and the duration of observation often concludes at 6 months 

post-injury. The longest investigated timepoint is 28 weeks post-injury, where a 30% reduction 

in dopaminergic neurons was observed in animals subjected to moderate fluid percussion injury 

(Hutson et al., 2011). There is, however, some investigation of neuroinflammation up to 24 

months after TBI, which shows persistent microglial activity (Loane et al., 2014; Mouzon et 

al., 2018, 2014; Nagamoto-Combs et al., 2007). For example, the work of Mouzon and 

colleagues demonstrated subtle but elevated neuroinflammation in the corpus callosum from 

12 to 24 months following both single and repetitive mild closed-head diffuse injuries (Mouzon 

et al., 2018, 2014). Nevertheless, whether this effect is severity dependent, and how it may 

relate to alterations in the catecholamines, remains to be investigated. 
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 As such, this study utilised archival brain tissue collected from animals at 12-months 

following a TBI model of diffuse axonal injury of varying severities, including single mild, 

repetitive mild and moderate-severe TBI, to investigate chronic alterations in markers related 

to catecholaminergic pathways and neuroinflammation in key regions related to PD (i.e. the 

STR, SN and PFC).   
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2.0 MATERIALS AND METHODS 
 
2.1 Animals 

This study utilized previously generated tissue from fifty-four adult male Sprague-Dawley rats 

(10–12 weeks, 420-480g), originally obtained from Laboratory Animal Services (The 

University of Adelaide, AU). Animals were housed under conventional laboratory conditions 

(2 animals per cage), with a 12-hour light-dark cycle and access to food and water ad libitum. 

This study was performed under the approval of the University of Adelaide Animal Ethics 

Committee (M-2015-187). 

 

2.2 Experimental groups and study design 

Animals were randomly allocated to receive either sham surgery (n=14), a single mild TBI 

(smTBI) (n=12), repetitive mild TBI (rmTBI) (n=14), or moderate-severe TBI (msTBI) (n=14). 

To control for anaesthesia and analgesia exposure, animals in the sham group received identical 

procedures excluding injury, with repetitive sham animals receiving the incision three times, 

with 5-day intervals between each incision. 12 months after the last TBI or sham procedure, 

each animal underwent a comprehensive functional battery assessing motor, neuropsychiatric 

and cognitive function as previously reported (Arulsamy et al., 2019a, 2019b). At the end of 

behavioural assessment, animals were randomly assigned for either (1) molecular analysis or 

Figure 1. Experimental design of the study. During the chronic phase (12 months post injury), animals 
underwent neurological and behavioural testing. At the end of behavioural testing, the animals underwent 
perfusion using either saline or formalin fixative. This perfusion process was carried out for subsequent 
analyses-western blot and immunohistochemistry, respectively. 
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(2) immunohistochemistry using simple randomization procedures (computerized random 

numbers). 

 

2.3 Injury protocol 

Briefly, animals were injured with the Marmarou impact-acceleration injury method 

(Marmarou et al., 1994), an extensively validated diffuse injury model (Xiong et al., 2013). A 

450g weight was released from either 2m (msTBI) or 0.75m (mTBI, rmTBI) onto a metal disc 

affixed centrally to the rat’s skull. Contact was carefully monitored to ensure a single, direct 

impact without any subsequent rebound hits. The animals in the mTBI and msTBI groups 

experienced a single impact, while the rmTBI animals received 3 hits in 10 days (5-day 

intervals between each injury)(McAteer et al., 2016). This approach allowed for sufficient 

recovery time between each injury event and may have greater relevance for clinical scenarios, 

such as injuries due to  contact sports or repeated falls, where there is an interval of time 

between injury events(Shultz et al., 2011).  

 

In addition to the surgery procedure, the msTBI animals were exposed to 10 minutes hypoxic 

conditions (2L/min nitrogen; 0.2L/min ,oxygen) to mimic the clinical effects of more severe 

head trauma (Arulsamy et al., 2019a, 2019b; Xiong et al., 2013), as hypoxic conditions have 

been shown to exacerbate injury severity (Hellewell et al., 2010). It is important to note that 

hypoxia alone is unlikely to account for any disparities observed between the TBI groups, as 

demonstrated previously by Hellewell and colleagues (Hellewell et al., 2010). All remaining 

groups (sham, mTBI, rmTBI) were kept under normoxic ventilation via nose cone after the 

injury.   

 

2.4 Immunohistochemistry 
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A subset of animals (6 sham, 6 mTBI, 7 rmTBI, and 8 msTBI) were transcardially perfused 

with saline, followed by formalin, and the brain was removed. Brains were exposed to 30% 

sucrose solution for cryoprotection and then segmented into 2-3 mm blocks. Blocks were 

embedded in Optimal Cutting Temperature compound (Tissue-Tek O.C.T. compound, 

Proscitech) and snap-frozen using freezing isopentane (2-methylbutane, Sigma Aldrich, 

M32631). 20μm coronal sections were obtained from the desired locations for each animal 

using a cryostat and a rat brain atlas (Paxinos and Watson, 2006)(Table 1). The frozen sections 

were mounted on slides and stored in a -20°C freezer. 

 

For immunohistochemistry, slides were air-dried overnight at room temperature and rehydrated 

using ethanol. Endogenous peroxidases were blocked with 0.5% hydrogen peroxide in 

methanol (Thermo Fisher), and antigen retrieval was performed using citrate buffer. Two 

phosphate-buffered saline (PBS) washes of 3 minutes each were performed, followed by a 30-

minute incubation in normal horse serum (1:30, Thermo Gibco) and an overnight incubation 

with the primary antibody (Table 2).  

 

On the following day, the slides were washed with 0.1% triton-X-100 in PBS, followed by the 

application of the appropriate biotinylated secondary antibody (1:250, Vector) for 30 minutes. 

Three PBS washes of 3 minutes each were performed between the application of the secondary 

and tertiary antibodies. Subsequently, the tertiary antibody-streptavidin peroxidase conjugate 

(1:1000, Vector) was applied and incubated for one hour, and the bound antibody was detected 

using 3,3'-Diaminobenzidinetetrahydrochloride (1:50, Sigma Aldrich) for 7 minutes. After 

staining, the sections were mounted with coverslips using DPX mountant (Sigma Aldrich). The 

slides were air-dried in a fume hood for at least 2 days before being scanned with a Nanozoomer 

(Hamamatsu, Japan). The scanning process generated a total of 7 single layers, each taken 1μm 
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apart, with a spacing of 6μm apart between the top and bottom layers. The scanned images 

were viewed using the associated NDP view software (version 2). 

 

2.5 Image analysis 

Image analysis involved capturing 3 × 20x images from the clearest layer in the region of 

interest (Table 1), which were exported and stacked using Image J. GFAP immunoreactivity 

was assessed quantitatively by manually counting the reactive and immuno-positive cells per 

mm2 within the same area. For IBA1 analysis, stacked images were exported and analysed 

using the HALO image analysis platform (Indica Labs, Albuquerque, New Mexico, USA), 

with settings based on the microglial activation module (v1.2) for automated counting. This 

analysis utilised images set to the scanning resolution, 20x mode, 0.46μm /pixel. Subsequently, 

the total microglia population and activation state were determined based on morphological 

parameters of IBA1+ve cells (Table 2). The resulting counts yielded the total number of 

immune-positive and activated cells from GFAP manual counting and IBA1 automated 

counting. The percentage of cell activation was calculated by dividing the total number of 

activated cells by the total number of immune-positive cells and expressing the result as a 

percentage. The experimenter was blinded to the experimental group throughout the analysis. 

 

2.6 Western blot 

Another subset of animals (8 sham, 6 mTBI, 7 rmTBI and 6 msTBI) were transcardially 

perfused with 9% cold saline. The brains were dissected and immediately frozen in liquid 

nitrogen and stored at -80°C. For further investigation, a 2-3mm region of interest was cut from 

each brain tissue sample (Table 1). These samples were sonicated in freshly prepared RIPA-

buffer (20 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 mM EGTA, 140 mM 2-mercaptoethanol) 

supplemented with a protease inhibitor (cOmplete Mini, EDTA free, Sigma). Each sample 
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underwent three bursts of 10 seconds duration (at least 1 minute gap) using a sonicator probe. 

After sonication, the homogenized samples were centrifuged at 14,000 rpm and 4°C for 30 

minutes, and the supernatant was collected. The protein concentration of each sample was 

determined using the Pierce BCA Protein Assay (Thermo Scientific, USA) by measuring the 

absorbance at 650 nm.  

 

For western blot analysis, samples were prepared by adding sample buffer (BoltTM, 4x LDS 

Sample buffer) and reducing agent (BoltTM, 10x sample reducing agent) to achieve a 

concentration of 1mg/μl. A total of 20mg of protein was loaded in each well. Gel 

electrophoresis was performed using Bolt 4–12% Bis–Tris Plus gels (Invitrogen) to separate 

the protein samples, followed by transfer onto a PVDF membrane using the iBlot 2 Dry 

Blotting System (Invitrogen). The membranes were then incubated with 5% milk-Tris buffer 

saline-0.1% Tween 20 (TBST) for 2 hours and then with the appropriate primary antibody 

(Table 3) diluted in 2% bovine serum albumin (BSA, Sigma) overnight at 4°C. Afterward, the 

membranes were incubated with the corresponding secondary antibodies (donkey anti-rabbit, 

1:10,000 and donkey anti-chicken, 1:10,000) for 2 hours at room temperature. The western 

blots were imaged using an Odyssey Infrared Imaging System (model 9120; software version 

3.0.21) (LI-COR, Inc.) at a resolution of 169μm. Quantitative analysis of the band signals was 

performed using Image Studio Lite version 5.2. 

 

2.7 Statistics 

Data analysis was performed using Prism software (GraphPad v.9.0). Statistical outliers were 

identified and removed based on the interquartile range in a box plot in SPSS.  Each outlier 

was evaluated individually, and exclusion was limited to the specific measurement affected. 

An ordinary one-way ANOVA (Analysis of Variance) with Tukey's multiple comparison post 
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hoc test was conducted to determine statistical significance. All values are presented as Mean 

± SEM, and a significance level of p<0.05 was considered statistically significant. 

 

 

 
 

 

  

Table 1. Region of Interest  

Region Coronal Coordinates (Bregma)(Paxinos and 
Watson, 2006) Region of interest (both left and right) 

Prefrontal cortex 3.7mm to 3.2mm 
-Prelimbic Area 
-Anterior cingulate area 
-Infralimbic Area 

Striatum 

Early 1.0mm to 0.48mm 

Caudoputamen 
Middle I 0.20mm to -0.40mm 

Middle II -0.80mm to -1.30mm  

Late -1.5mm to -2.10mm 

Substantia Nigra 

Early -4.5mm to -5.2mm 
-Substantia nigra, compact part 
-Substantia nigra, reticular part Middle -5.2mm to -5.8mm 

Late -5.8mm to -6.3mm 

Table 2. Antibodies investigated using immunohistochemistry  

Primary Antibody Species Conc. Catalogue# Analysis 
Target Analysis platform and parameters 

Ionized 
Calcium binding 
adaptor molecule 1 
(IBA1) 

Rabbit 1: 20,000 Wako- 
019-19741 

Microglial 
reactivity 

Halo microglial activation module- 
×Min cell body diameter-3.4μm 
×Contrast threshold- 0.3 pixel 
×Min process OD- 0.25 pixel 
×Max process Radius- 12μm 
×Max fragmentation length-2.5μm 
×Activation process thickness-2.12μm  

Glial 
fibrillary acidic 
protein (GFAP) 

Rabbit 1: 40,000 Dako- 
Z0334 

Astrocyte 
reactivity 

Image J- 
×Manual identification of astrocyte 
morphology 
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Table 3. Primary antibodies investigated via Western blot 

Primary Antibody Species Conc. Catalogue# Analysis Target 

Tyrosine Hydroxylase (TH) Rabbit 1:1000 Abcam-ab112 

Catalytic enzyme 

for conversion of 

tyrosine to DA 

Dopamine Beta Hydroxylase 

(DβH) 
Rabbit 1:500 Abcam-ab209487 

Enzyme converts 

dopamine to 

norepinephrine 

Dopamine receptor D1 (DrD1) Rabbit 1:1000 Abcam-ab20066 
Receptor from D1R 

family 

Rabbit anti-Dopamine receptor 

D4 (DrD4) 
Rabbit 1:1000 Abcam- ab20424 

Receptor from D2R 

family 

Rabbit anti-Catechol-O-

methyltransferase (COMT) 
Rabbit 1:1000 Abcam-ab226938 

Enzyme that 

degrades 

catecholamines 

Rabbit anti-alpha 1a Adrenergic 

receptor (ADRA1A) 
Rabbit 1:1000 Abcam- ab137123 

Alpha-1 adrenergic 

receptor subtypes 

Rabbit anti-alpha 2a Adrenergic 

receptor (ADRA2A) 
Rabbit 1:1000 Abcam-ab85570 

Alpha-1 adrenergic 

receptor subtypes 

Rabbit anti-beta 1 Adrenergic 

receptor (ADRB1) 
Rabbit 1:1000 Abcam- ab3442 

A beta-adrenergic 

receptor 

Chicken anti-GAPDH Chicken 1:10,000 Abcam-108162 
Housekeeping 

protein 
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3.0 RESULTS 

3.1 Subtle alterations in neuroinflammation observed following moderate-severe TBI at 

12-months post injury 

Analysis of the number of GFAP+ve cells at 12-months post-injury found no significant 

difference in the PFC (F (3, 21) = 0.57, p=0.64) or the STR (F (3, 20) = 1.292, p=0.3). However, 

an overall effect was observed in the SN (F (3, 18) = 4.293, p=0.02) (Fig. 2a,c,e), with the msTBI 

group showing a significantly lower number of GFAP+ve cells/mm2 compared to the sham 

group (326.41±22.17 cells/mm2  vs 448.32±35.27 cells/mm2, p=0.013), whereas no significant 

differences were observed in the mTBI (375.3±85.93 cells/mm2) and rmTBI (395.8±32.44 

cells/mm2) groups. Additionally, no significant injury effect was found in any region for the 

percentage of reactive astrocytes (Table 4).  

 

No significant difference in the number of IBA1+ve cells was noted in the PFC  (F (3, 21) = 0.99, 
p=0.41, Fig. 3a) or the SN (F (3, 22) = 0.61, p=0.65, Fig. 3e) at 12-months post-injury, although 

a significant effect of injury was found in the STR (F (3, 20) = 4.2, p=0.02, Fig, 3c).  Post-hoc 

analysis found no significant differences relative to shams.  However, sham, mTBI and rmTBI 

animals had similar numbers of IBA1+ve cells (142.9±15.13 cells/mm2, 134.61±6.17 

cells/mm2, 130.5±8.37 cells/mm2, respectively), while msTBI had a higher number with 

166.8±34.6 IBA1+ve cells/mm2 (Table 4). 

 

No significant differences in the % activated microglia were noted in the STR (F (3, 19) = 2.32, 

p=0.11) or the SN (F (3, 20) = 2.29, p=0.11) at this time point following injury (Fig. 3f). However, 

a significant effect was found in the PFC (F (3,19)=4.11, p=0.02), although post-hoc analysis 

found no significant differences relative to shams. Sham and msTBI animals had a similar 
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number of % activated microglia (11.34±0.46% and 11.88±3.30%), with lower numbers in the 

mTBI (8.30±1.75%) and rmTBI animals (6.70±1.38%) (Table 4). 

Table 4. Summary of neuroinflammatory marker results 

Marker Analysis 
PFC STR SN 

TBI effect Post-hoc TBI effect Post-hoc TBI effect Post-hoc 

Total GFAP+ cells ns; p= 0.64 
DmTBI = -19.22 
DrmTBI = 12.85 
DmsTBI = -6.70 

ns; p= 0.3 
DmTBI = -44.45 
DrmTBI = -27.20 
DmsTBI = -26.55 

*p= 0.02 
DmTBI = -73.03 
DrmTBI = 52.48 
DmsTBI= 121.9*  

% of Reactive 
Astrocyte ns; p=0.53 

DmTBI = -1.7 
DrmTBI = 0.71  
DmsTBI = 0.13  

ns; p= 0.08 
DmTBI = 0.25 
DrmTBI = 3.58 
DmsTBI = 1.11 

ns;p= 0.81 
DmTBI = -2.15 
DrmTBI = -0.75  
DmsTBI = -1.18 

Total IBA1+ cells ns; p=0.42 
DmTBI = 21.90 
DrmTBI = 4.67  
DmsTBI = 6.38  

*p= 0.02 

DmTBI = 8.32 
DrmTBI = 12.38  
DmsTBI = -23.91  
DrmTBI-msTBI  
= -36.29*  

ns;p= 0.62 
DmTBI = 12.77 
DrmTBI = 24.57 
DmsTBI = 9.06  

% of Activated 
Microglial  *p= 0.02 

DmTBI = 3.04 
DrmTBI = 4.64  
DmsTBI = -0.54  
DrmTBI-msTBI  
= -5.2* 

 ns; p= 0.11 
DmTBI = 8.94 
DrmTBI = 7.70  
DmsTBI = 4.43  

ns;p= 0.11 
DmTBI = -4.98 
DrmTBI = -2.05  
DmsTBI = -5.46  

Note: D= mean of sham- mean TBI (s), negative value= increase value in mean 2 when compared to mean 1, positive value= 
decrease value in mean 2 when compared to mean 1, ns=not significant, * = p<0.05. Bold text indicates statistical 
significance between treatment groups. 

 

3.2 DRD1 elevation observed in PFC, but not STR or SN, following single mild TBI at  

12-months post-injury 

To assess potential alterations in the dopaminergic pathway at 12 months following TBI, we 

conducted Western blot analysis of relevant proteins involved in this pathway. These included 

TH (tyrosine hydroxylase), responsible for dopamine production (Daubner et al., 2011; 

Molinoff and Axelrod, 1971), and one of the dopamine D1-like receptors, DRD1. No alteration 

in the relative expression of TH was found in any of the regions examined, including PFC (F 

(3, 19) = 2.01, p=0.15), STR (F (3, 21) = 0.08, p=0.97) and SN (F (3, 20) = 0.34, p=0.8) (Fig 4a,c,e).  

However, a significant change was observed for the relative expression of DRD1 in the PFC 

only (F (3, 21) = 7.56, p<0.01), primarily driven by an increase in mTBI animals (1.95±0.53), 

such that they were significantly different from shams (1.09±0.39, p=0.002) and rmTBI 
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animals (1.09±0.17, p=0.003), but not msTBI rats (1.52±0.29, p=0.22) (Fig. 4b) (Table 5). To 

note, other players in the dopaminergic pathway, such as another member of the D1-like 

receptor family, DRD5, and D2-like receptors, including DRD2 and DRD4, as well as the 

dopamine transporter (DAT), were included in the experimental assessment. However, due to 

the poor antibody quality, further analysis of their expression levels and functional roles could 

not be reliably conducted for the purposes of this study.  

Table 5. Summary of catecholamine pathway marker results 

Marker 
Analysis 

PFC STR SN 

TBI effect Post-hoc TBI effect Post-hoc TBI effect Post-hoc 

TH ns; p=0.15 
DS-mTBI = 0.19 
DS-rmTBI = -0.19 
DS-msTBI =  -0.32 

ns; p= 0.38 
DS-mTBI = 0.23 
DS-rmTBI = 0.13 
DS-msTBI = 0.25 

ns; p=0.8 
DS-mTBI = -0.37 
DS-rmTBI = -0.14 
DS-msTBI = -0.13 

DRD1 ** p= 0.0013 

D S-mTBI = -0.86** 
D S-rmTBI = -0.002  
D S-msTBI = -0.43 
D mTBI-rmTBI  
= 0.85** 

ns; p= 0.97 
D S-mTBI = 0.008 
D S-rmTBI = 0.04 
D S-msTBI = 0.06 

ns; p=0.94 
DS-mTBI = 0.015 
DS-rmTBI = -0.06 
DS-msTBI = 0.02 

DbH ns; p=0.16 
D S-mTBI = -0.4 
D S-rmTBI = 0.26  
D S-msTBI = 0.29 

ns; p= 0.29 
D S-mTBI = -0.27 
D S-rmTBI = -0.42  
D S-msTBI = -0.20   

* p= 0.01 

D S-mTBI = 0.24 
D S-rmTBI = 0.14  
D S-msTBI = 0.89** 
DrmTBI-msTBI  
= 0.74* 

ADRA1a ns; p= 0.63 
D S-mTBI = -0.12 
D S-rmTBI = -0.11  
D S-msTBI = -0.05  

 ns; p= 0.86 
D S-mTBI = -0.03 
D S-rmTBI = 0.08  
D S-msTBI = 0.03  

ns; p= 0.09 
D S-mTBI = 0.16 
D S-rmTBI = 0.20  
D S-msTBI = 0.12  

ADRA2a ns; p= 0.13 
D S-mTBI = -0.10 
D S-rmTBI = 0.21  
D S-msTBI = -0.44 

** p= 0.02 

D S-mTBI = -0.006 
D S-rmTBI = -0.01  
D S-msTBI  
= -0.60* 
DrmTBI-msTBI  
= -0.59* 

ns; p= 0.68 
D S-mTBI = 0.33 
D S-rmTBI = 0.21  
D S-msTBI = 0.23 

ADRB1 ns; p= 0.74 
D S-mTBI = 0.01 
D S-rmTBI = 0.01  
D S-msTBI = -0.04 

ns; p= 0.09 
D S-mTBI = -0.1 
D S-rmTBI = 0.27  
D S-msTBI = 0.23   

ns; p= 0.17 
D S-mTBI = 0.12 
D S-rmTBI = 0.03  
D S-msTBI = 0.06 

MBCOMT ns; p= 0.5 
D S-mTBI = 0.32 
D S-rmTBI = 0.30  
D S-msTBI = 0.80 

ns; p= 0.72 
D S-mTBI = 0.27 
D S-rmTBI = -0.26  
D S-msTBI = 0.09   

ns; p= 0.83 
D S-mTBI = -0.15 
D S-rmTBI = -0.09  
D S-msTBI = -0.13 

SCOMT ns; p= 0.92 
D S-mTBI = 0.12 
D S-rmTBI = 0.02  
D S-msTBI = 0.13 

ns; p= 0.44 
D S-mTBI = -0.11 
D S-rmTBI = -0.34  
D S-msTBI = -0.18  

ns; p= 0.35 
D S-mTBI = -0.25 
D S-rmTBI = -0.15  
D S-msTBI = -0.41 

Note: D= mean 1- mean 2, negative value= increase value in mean 2 when compared to mean 1, positive value=decrease 
value in mean 2 when compared to mean 1, S=Sham, mTBI=single mild TBI, rmTBI=repetitive mild TBI, 
msTBI=moderate-severe TBI, ns=not significant, * = p<0.05, ** p<0.01. Bold text indicates statistical significance between 
treatment groups. 
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Figure 2. Neuroinflammation was assessed by Glial fibrillary acidic protein (GFAP) at 12 months post 
different severity of injury. Representative images and the corresponding analysis of GFAP are shown in the 
left column for the prefrontal cortex (PFC), in the middle column for the striatum (STR), and in the right column 
for the substantia nigra (SN). (a,b) Total GFAP+ve cells per mm2 and percentage of reactive astrocyte in PFC, (c,d) 
Total GFAP+ve cells per mm2 and percentage of reactive astrocyte in STR, (e,f) Total GFAP+ve cells per mm2 and 
percentage of reactive astrocyte in SN. Data are presented as mean±SEM, *p<0.05.   Scale bar=50um.  
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Figure 3. Neuroinflammation was assessed by Ionized calcium binding adaptor molecule 1 (Iba1) at 
12 months post different severity of injury. Representative images and the corresponding analysis of 
IBA1 are shown in the left column for the prefrontal cortex (PFC), in the middle column for the striatum 
(STR), and in the right column for the substantia nigra (SN). (a, b) Total IBA1+ve cells per mm2 and 
percentage of activated microglial in PFC, (c, d) Total IBA1+ve cells per mm2 and percentage of activated 
microglial in STR, (e, f) Total IBA1+ve cells per mm2 and percentage of activated microglial in SN. Data 
are presented as mean±SEM, *p<0.05.   Scale bar=50um  
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3.3 Moderate-severe TBI leads to chronic changes in STR ADRA2A and SN DβH levels 

at 12-months post-injury 

The analysis of markers within the noradrenergic pathway included the examination of DβH 

(dopamine beta-hydroxylase), an enzyme responsible for noradrenaline production 

(Weinshilboum and Axelrod, 1971), as well as the noradrenergic receptors ADRA1a, ADRA2a, 

and ADRB1. Evaluation of noradrenaline synthesis using DβH showed no significant 

differences in the PFC (F (3, 21) = 1.89, p=0.16) (Fig. 5a) or the STR (F (3, 19) = 1.35, p=0.29) 

(Fig.5e). However, an injury effect was observed in the SN (F (3, 19) = 4.95, p=0.01) (Fig.5i). 

Further post-hoc analysis revealed that the msTBI group exhibited significantly lower relative 

expression of DβH (0.57±0.39), compared to both the sham (1.46±0.51, p=0.009) and rmTBI 

(1.32±0.45, p=0.026) groups, while no significant difference was observed compared to the 

mTBI group (1.22±0.19, p=0.089). While the DβH bands are not visibly apparent on the grey-

scale blot (Fig.5a,e,i), their position and intensity were cross-verified through the fluorescent 

intensity analysis tab in the Licor image studio. 

 

Conversely, no changes were detected in ADRA1a levels in the PFC (F (3, 21) = 0.59, p=0.63),  

STR (F (3, 18) = 1.07, p=0.39) or SN (F (3, 21) = 2.44, p=0.09) (Fig.5b,f,j). Similarly, for ADRB1, 

no changes were noted within any of these regions (PFC: F (3, 20) = 0.42, p=0.74; STR: F (3, 19) 

= 2.48, p=0.09; SN: F (3, 20) = 1.88, p=0.17) (Fig.5d,h,l). While there did appear to be a trend 

towards reduction in this receptor in the STR following both rmTBI and msTBI, this failed to 

reach statistical significance. However, a significant effect of injury was observed in ADRA2a, 

specifically in the STR region (F (3,19) = 4.07, p=0.02) (Figure 5g), with msTBI animals 

expressing significantly higher levels of ADRA2a (1.24 ± 0.47) compared to the sham (0.65 ± 

0.28, p = 0.04) or rmTBI (0.66 ± 0.31, p = 0.03) groups. In contrast, no such effect was observed 

in either the PFC (F(3,18) = 2.21, p=0.13) or SN (F(3,20) = 0.52, p=0.68) (Figure 5c,k).  
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Figure 4. Dopaminergic pathway was assessed by TH and DRD1 at 12 months post different severity of injury 
within PFC (Left), STR (Middle) and SN (Right). (a,c,e)Relative density of TH; (b,d,f)Relative density of Drd1. 
GAPDH was used as a housekeeper protein for analysis. One-way ANOVA was performed. Data are presented as 
mean±SEM, **p<0.01. n=5-7 per group. Representative images of the western blots were extracted from Image 
Studio Lite.    
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Figure 5. Noradrenergic pathway was assessed by DβH, ADRA1a, ADRA2a and ADRB1 at 12 months post 
different severity of injury within PFC (Left), STR (Middle) and SN (Right). (a, e, i)Relative density of DβH; (b, 
f, j)Relative density of ADRA1a; (c, g, k)Relative density of ADRA2a; (d, h, l)Relative density of ADRB1. GAPDH 
was used as a housekeeper protein for analysis. One-way ANOVA was performed. Data are presented as mean±SEM, 
**p<0.01,*p<0.05. n=5-7 per group. Representative images of the western blots were extracted from Image Studio 
Lite.   
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3.4 Expression of COMT was not altered by chronic TBI 

At the 12-month post-injury mark, there were no changes in COMT, the enzyme that degrades 

dopamine and noradrenaline (Grossman et al., 1992), in any region, regardless of whether 

soluble (s-COMT) or membrane-bound (MB-COMT) was examined in the PFC (sCOMT: 

F(3,22)=0.17, p=0.92; mbCOMT F(3,22)=0.81, p=0.5, STR (sCOMT F(3,21)=0.9323, p=0.44; 

mbCOMT: F(3,20)=0.45, p=0.72), or SN (sCOMT F(3,21)=1.15, p=0.35; mbCOMT F(3,21)=0.3, 

p=0.83). A summary of the changes observed for all catecholaminergic markers is presented 

in Table 5.  

  

Figure 6. Catecholamine degradation rate was assessed by COMT  at 12 months post different severity of 
injury within PFC (Left), STR (Middle) and SN (Right). (a,c,e) Relative density of mbCOMT. (b,d,f) Relative 
density of sCOMT. GAPDH was used as a housekeeper protein for analysis. Data are pre-sented as mean ± SEM. 
Outliers were removed (n = 0–2) and one-way ANOVA was performed. n = 5–7 per group. Representative images of 
the Western blots were extracted from Image Studio Lite. 
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4.0 DISCUSSION 

Alterations in catecholamines, along with the persistent upregulation of 

neuroinflammatory processes, are acknowledged to play pivotal roles in the pathophysiology 

of PD, and are equally implicated in the aftermath of TBI (Delic et al., 2020).  TBI is a known 

risk factor for the later development of PD, with risk varying based on injury severity (Bower 

et al., 2003; Gardner et al., 2018, 2015). Thus, to examine whether these alterations are 

responsible for driving the progression from TBI to PD, and exhibit a dose-dependent 

relationship, this study aimed to investigate markers of DA and NA signalling and microglial 

and astrocytic reactivity within key regions implicated in PD, the PFC, STR and SN, at 12 

months following different severity of TBI.  

Overall, the findings of this study indicate that, across the multiple DA and NA markers 

examined, following msTBI, only the NA pathway was disrupted with a decrease in DβH 

within the SN and an increase in the NA receptor ADR2A within the STR, an effect that is not 

noted in animals with a milder initial injury. In comparison, only mTBI animals showed 

alterations in dopaminergic signalling, and this was only associated with an increase in DRD1 

in the PFC, an effect not seen in any other injury group.  No other changes in any dopaminergic 

or noradrenergic marker were noted across the three brain regions examined following injury. 

Similarly, in the evaluation of the glial response, the only significant difference relative to 

shams was a decrease in astrocytes, as detected by GFAP in msTBI animals within the SN 

only. Taken together, the results of the current study seem to suggest that, 12 months following 

the initial insult, TBI has minimal effect on catecholamine and the neuroimmune response, 

with subtle differences seen in mild compared to moderate-severe TBI. Nevertheless, subtle 

alterations in NA within the nigrostriatal pathway may potentially set the stage for the later 
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emergence of more pronounced disruptions in neurotransmitters that are associated with the 

progression of PD.  

The most notable finding in this study was that moderate-severe TBI led to an increase 

of ADRA2A within the STR and a decrease of DβH in SN at 12 months post-injury, while no 

such effects were seen in the PFC or any aspect of the DA pathway at this injury severity. DβH 

is an enzyme crucial for synthesising NA (Gonzalez‐Lopez and Vrana, 2020; Robertson et al., 

1986), with noradrenergic neurons known to project from the LC to the SN (Collingridge et 

al., 1979; Jones and Moore, 1977; Smits et al., 1990; Sugama et al., 2019), raising disruption 

of the LC as one potential explanation for this alteration.  The LC is affected by TBI, with an 

acute increase in NA turnover in both focal and diffuse models (Fujinaka et al., 2003; Levin et 

al., 1995), followed by a decrease more chronically in the Marmarou weight drop model 

(Fujinaka et al., 2003). Consistent disruption in NA levels was also evident in clinical work; 

although it is not LC specific, plasma and cerebrospinal fluid (CSF) samples collected from 

severe TBI patients showed significantly increased NA levels from 1 to 14 days following the 

injury (Mautes et al., 2001). In a more chronic context, an investigation involving 52 veterans 

with or without a history of repetitive mild TBI found significantly elevated CSF NA levels in 

individuals with a trauma history (Hendrickson et al., 2018). However, how this disruption in 

NA signalling may affect the nigrostriatal pathway has yet to be explored in other studies.  

 It is noteworthy that prior research from our laboratory has identified mild cognitive 

deficits at 12 months post-moderate-severe TBI within the same animal cohort (Arulsamy et 

al., 2019a), suggesting a potential link between the observed alteration in NA levels following 

TBI and these cognitive impairments. In fact, NA is a neurotransmitter that plays a fundamental 

role in response to stress, mood regulation, attention, and cognitive functions, including 

executive function, cognitive flexibility, learning, and memory (Wassall et al., 2009). Clinical 

investigation using CSF NA measurement has demonstrated that alterations of NA levels 



 133 

following TBI are associated with trauma-related mental health symptoms, such as post-

traumatic stress disorder (PTSD), depression, insomnia, anxiety, and mood disorders 

(Hendrickson et al., 2018). More interestingly, prior research on Alpha-2A adrenergic agonists 

(which activate ADRA2A receptor and inhibit NA release) has consistently demonstrated their 

potential to enhance spatial working memory performance and cognitive flexibility across 

various species, including humans (Taylor and Russo, 2001), monkeys (Arnsten et al., 1988; 

Avery, 2000) and rodents (Carlson et al., 1992). While the outcomes may vary depending on 

the specific agonist and dosage used (Choi et al., 2006; Jäkälä, 1999; Rämä et al., 1996), these 

agonists have also been linked with neuroprotective effects, functional restoration, and notable 

improvement in working memory following TBI (McAllister et al., 2011; Sysoev et al., 2021; 

Wu et al., 2018). Conversely, studies involving the blockade of ADRA2A receptors by using 

Alpha-2A adrenergic antagonists have shown negative impacts on cognitive function. For 

instance, young adult monkeys exhibited impaired spatial working memory (Li and Mei, 1994) 

and aged rats displayed deficits in delayed alternation performance (Tanila et al., 1996). These 

collective findings suggest a pivotal role for ADRA2A receptors in cognitive function. Of note, 

the LC sends afferent projections to the SN and even scattered afferents to the STR(Ferrucci et 

al., 2013);  (Smith and Kieval, 2000) thus, it is possible that the observed alterations within 

these regions may be a compensatory response to alterations in NA synthesis  in the LC 

following msTBI. In line with this, striatal NA function plays important roles in cognition, with 

LC-striatal NA connections key for response inhibition (Grueschow et al., 2022) and cognitive 

flexibility (Hassani et al., 2020). However, the specific mechanisms via which TBI may subtly 

alter noradrenergic input to the nigrostriatal pathway from the LC and its downstream effects 

remain to be elucidated.  

In fact, accumulating evidence suggests that LC-NA projections and NA itself play an 

important role in maintaining dopaminergic neurons in the SN region (af Bjerkén et al., 2019; 
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Carboni et al., 1990; Cragg et al., 1997). Studies demonstrate that disturbance of the NA system 

is correlated with both the onset and progression of DA neuronal loss in PD (Delaville et al., 

2011; Hassani et al., 2020; Isaias et al., 2011; Tong et al., 2006). This is, however, contrary to 

our findings, where alterations in the NA system were noted, with no concomitant changes in 

the DA system. These discrepancies may be attributed to a delayed response within the DA 

system. In line with this, a post-mortem study by Zarow et al. investigating 19 idiopathic PD 

cases suggests that neuronal loss in the LC-NA system is greater than in the SN-DA system, 

which corroborates with Braak's theory, where degeneration of LC-NA neurons occurs before 

SN-DA neurons (Braak and Del Tredici, 2008; Zarow et al., 2003). Thus, it may be that the 

12-month time point utilised in this study is insufficient to observe changes in the DA system, 

but rather earlier, more subtle changes in the NA system. This would also be consistent with 

the relatively mild cognitive changes observed in this cohort previously (Arulsamy et al., 

2019a). It is also important to acknowledge that our analysis focused on a broad 

characterisation of DA and NA changes using Western blot analysis of total protein levels for 

each marker of interest. It is possible that a more detailed analysis using RNAseq or 

microdialysis might reveal subtle changes following TBI that are not readily apparent at the 

gross protein level. Future studies should also investigate longer timepoints following TBI to 

investigate progressive alteration in the DA system, particularly within the SN and STR, and 

to incorporate additional markers associated with these pathways, including repeating the 

dopamine transporter and the dopamine receptor superfamily (D2-D5).  

Another notable finding of this study was the increase in DRD1 protein levels observed 

in the PFC of the mTBI group at 12 months post-injury compared to the sham and rmTBI 

groups. This increase in DRD1 expression might be associated with the previous findings in 

the elevated plus maze in this cohort of animals, with mTBI animals having reduced anxiety, 

as indicated by them spending more time in the open arms, and exhibiting a significantly higher 
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number of open arm entries and crossings when compared to msTBI animals (Arulsamy et al., 

2019a; Walf and Frye, 2007). A similar phenotype of reduced anxiety and hyperactivity has 

also previously been reported following mTBI across multiple other studies (Budinich et al., 

2013; Nolan et al., 2018; Shultz et al., 2011; Tucker et al., 2016).   Elevated DRD1 expression 

could provide an explanation for this effect, as increased DRD1 activity has been linked to 

reduced anxiety (Hare et al., 2019). Both overexpression of DRD1 (Beyer et al., 2021) and 

optogenetic stimulation of DRD1, but not DRD2 (Hare et al., 2019), within the PFC have 

shown similar reductions in anxiety-like behaviour, as indicated by a higher number of open 

arm entries in the elevated plus maze (Beyer et al., 2021; Hare et al., 2019). DRD1 triggers a 

cascade of intracellular events through the adenylate cyclase/cyclic adenylate/protein kinase A 

(AC/cAMP/PKA) pathway (Jones-Tabah et al., 2021; Zhou et al., 2022), with the activity of 

PKA associated with anxiety (Keil et al., 2016). In support of this, a study utilising PKA 

inhibitor (H-89) demonstrated that injecting a high dosage of H-89 into medial PFC resulted in 

reduced anxiety symptoms (Miguel et al., 2014). Despite these findings, the reason why 

increased PFC DRD1 protein expression is present in the mTBI animals and not in the other 

injury groups remains unclear. It is possible that compensatory mechanisms are at play, where 

mTBI induces recovery through DRD1 signalling. Nevertheless, direct investigation into 

DRD1 expression and its specific effects on anxiety and hyperactivity following chronic TBI 

is required for a more comprehensive understanding.  

 Based on the findings of this study regarding the changes in the DA and NA systems 

after TBI, it is pertinent to also explore the protein levels of the catecholamine-metabolizing 

enzyme, COMT. The activity of COMT is associated with the degradation of catecholamines, 

where lower activity can potentially lead to elevated neurotransmitter levels, while higher 

activity can potentially result in decreased neurotransmitter levels (Kurowski et al., 2016; 

Lachman et al., 1996; Lotta et al., 1995).  Indeed, COMT gene variants that alter dopamine 
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levels are associated with cognitive decline in PD (Lin et al., 2018; Tang et al., 2019) and 

similarly impaired cognitive flexibility following TBI (Kurowski et al., 2016; Lipsky et al., 

2005).  The investigation of COMT protein level is limited, with one study demonstrating that 

following focal TBI, both s and m-COMT were increased in the ipsilateral cortex at 3 and 14 

days post-TBI (Redell and Dash, 2007), with longer time-points have not been assessed. Here, 

at 12-months post-injury, regardless of the TBI severity, no changes were seen. However, it is 

important to emphasise that a more comprehensive understanding of the alterations in 

catecholamine metabolism following TBI might be gained through the additional examination 

of other catecholamine-metabolizing enzymes, such as monoamine oxidase and 

phenylethanolamine N-methyltransferase, or the incorporation of high-performance liquid 

chromatography (HPLC), to obtain a clearer insight into catecholamine levels and levels of 

their metabolites in response to TBI. 

 Furthermore, despite the changes in catecholaminergic pathways discussed above, there 

was very little alteration in the glial response to injury in any of the brain regions examined, 

regardless of injury severity. In fact, the only significant finding relative to shams was a 

reduction in GFAP +ve cells in the SN of msTBI animals. Although it did not reach statistical 

significance relative to sham, there was also an increase in the total population of the microglial 

cells in the STR following msTBI compared to rmTBI, with a significant main effect of injury 

noted. Interestingly, these microglia appeared to be in a resting/ramified state, rather than an 

activated/ameboid state. The underlying mechanism driving this trend towards a higher resting 

microglia number within the STR at 12-months post-msTBI remains unclear; yet, it is plausible 

that these cells are returning to their ramified state in the STR. This notion could be supported 

by the concurrent increase in the levels of ADRA2A receptor in the STR, as ADRA2A is 

known to have anti-inflammatory effects, with administration of an agonist of this receptor 

shown to reduce the release of pro-inflammatory cytokines and downregulate pathways like 



 137 

NF-kB and NLRP3 inflammasome in the acute phase following TBI (D. Wang et al., 2018; 

Wu et al., 2018). Additionally, a study investigating adrenergic receptor signalling in microglia 

suggests that the process of retraction is associated with ADRA2A, mainly in activated 

microglia rather than the resting microglia (Gyoneva and Traynelis, 2013). However, it is 

important to note that several studies have indicated that the role of microglia cannot be solely 

characterised by a morphological change from a ramified to an amoeboid shape, or vice versa 

(Li et al., 2019; Vidal-Itriago et al., 2022; Wake et al., 2009), as was done in the current work. 

It is thus crucial that future studies extend the analysis with additional markers, such as 

CD16/32 and CD26, and further quantification of cytokine release via ELISA, in order to 

identify the phenotype of microglia and their release of pro-inflammatory cytokines.  

In addition to the increased population of microglia in the STR following msTBI, there 

was a notable reduction in the population of GFAP+ve astrocytes in the SN. Astrocytes can 

function in two primary states: resting and reactive. Under normal conditions, astrocytes play 

a crucial role in maintaining brain homeostasis by regulating the levels of reactive oxygen 

species, supporting neural development and survival, and providing structural support to 

mitochondria to maintain the energy level and integrity of neural circuits (Bélanger and 

Magistretti, 2009; Karve et al., 2016; Myer, 2006). Studies have shown that deficiency in 

astrocytes can lead to disruption of blood-brain-barrier seen in patients with PD. In a rat model 

genetically modified for astrocyte ablation, about 50% more loss of cortical tissue was seen 

compared to wild-type rats following a moderate TBI, highlighting the neuron-protective role 

of astrocytes in normal conditions (Myer, 2006). Most importantly, an in vivo study utilising 

human iPSCs derived astrocytes revealed that their responsibility for the clearance of 

extracellular a-syn and preventing cell-to-cell transfer between neurons (Tsunemi et al., 2020). 

Conversely, reactive astrocytes undergo morphological changes in response to injury or 

pathological conditions, which can exacerbate neuroinflammation and worsen secondary brain 
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injury following TBI (Valles et al., 2023). Interestingly, our analysis of astrocyte reactivity in 

the SN revealed that most of these cells were in a resting state, suggesting that they were not 

actively responding to injury or pathology and instead were likely providing support in 

maintaining the normal function of SN. In this context, the reduction in the astrocyte population 

in the SN may not be beneficial, potentially leading to a toxic environment that results in the 

degeneration of DA neurons and the progression of PD. This aligns with findings from a study 

by Frintrop et al., demonstrating a correlation between the reduction of GFAP-positive 

astrocytes and GFAP expression, and volumetric changes observed in both the cerebral cortex 

and corpus callosum (Frintrop et al., 2018). Nevertheless, further investigation is imperative to 

comprehensively elucidate the underlying mechanisms driving this association and to ascertain 

whether it is influenced by distinct cellular responses compared to other TBI groups.  

 In conclusion, this study highlights a potentially subtle alteration in noradrenergic input 

to the nigrostriatal pathway following msTBI with alterations in ADRA2A in the STR and 

DβH in the SN. Conversely, at 12 months post-injury, the dopaminergic system was unaffected, 

with only an increase in DRD1 expression in the PFC following mTBI. It is important to 

acknowledge that the markers assessed in the current study provide only a partial view of the 

catecholamine signalling pathway and the intricate neuronal circuits involved. Similar to 

examining the neuroinflammatory pathway, future studies should incorporate in-depth analysis 

to provide a more comprehensive understanding of how the neuroinflammatory response 

contributes to the emergence of neuropsychiatric and cognitive deficits.  

 Taken together, this investigation provides the first comprehensive comparison of  

chronic alterations in catecholamine and the glial response within the SN, STR and PFC at 12 

months post different severities of TBI. While the changes were subtle at this point, they 

appeared to be severity-dependent, with the most discernible effects observed in the moderate-

severe TBI. This work also underscores the multifaceted nature of the brain's response to 
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different severities of diffuse axonal injury, emphasising the imperative need for further 

exploration to unravel the precise mechanisms and implications of the observed alterations in 

catecholamine systems and neurobehavioral outcomes. Nonetheless, it's essential to 

acknowledge that the neurodegenerative consequences of TBI can emerge many years after the 

initial injury event. Although minimal, these alterations might be indicative of early 

pathogenesis from TBI to PD. Therefore, extended periods following the injury may be 

necessary to detect subtle alterations that could contribute to the development of PD 

pathogenesis. This is particularly important given that these subtle alterations might be early 

indicators for diagnosing PD. Therefore, gaining insights into the temporal profiles of the 

changes of these molecular pathways following different severities of TBI holds clinical 

promise for assessing risk profiles. 
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Unravelling Heterogeneity and Synergistic Environmental Factors in a 

Parkinson’s Disease Animal Model 

  
The etiology of PD is complex and heterogeneous, involving a convergence of factors 

such as genetic predisposition, environmental influences and lifestyle elements (Baldereschi et 

al., 2003; Patrick et al., 2019; Sulzer, 2007). As elucidated previously in chapters 2 and 3, the 

focus on chronic alterations resulting from a singular risk factor, TBI, suggests that 

experiencing one or even multiple TBI events may not invariably lead to PD (Gardner et al., 

2015; Lee et al., 2012). This understanding not only highlights the complex nature of PD 

etiology, but also emphasises the necessity for a comprehensive investigation into how different 

risk factors may interact and synergistically contribute to the onset and progression of PD, as 

it is important to note that risk doesn’t occur in a vacuum. Indeed, it is likely that a given 

individual will experience exposure to several environmental risk factors in the course of a 

lifetime.  

In the introductory chapter 1, we delved into the mechanistic overlap between TBI, 

pesticide exposure and PD. Considering this intricate interplay of factors, the next research 

efforts were directed towards developing an animal model that integrates two well-established 

PD risk factors, TBI and rotenone exposure, that aims to provide a more nuanced understanding 

of PD development, especially the intricate manifestation of symptoms and the potential 

synergistic effects of these risk factors. 
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ABSTRACT 

Emerging evidence has highlighted traumatic brain injury (TBI) as a potential risk factor for 

Parkinson's disease (PD). However, the variable susceptibility to PD among individuals with 

TBI suggests the involvement of additional factors in disease progression. It is hypothesised 

that pre-existing vulnerability in dopaminergic neurons may enhance the impact of secondary 

risk factors, increasing the risk of PD. The combination of low-level pesticide exposure and 

TBI is a plausible scenario for such synergistic effects. Therefore, to investigate the potential 

synergistic effect of prior pesticide exposure on TBI outcomes, an appropriate model of 

pesticide exposure must first be developed. This model should involve chronic low-level 

rotenone exposure, resulting in mild inflammation and neurodegeneration within the 

nigrostriatal pathway, without the manifestation of overt PD motor symptoms. Initially, a pilot 

study was conducted using different doses of rotenone (0.5mg/kg/day or 1.0 mg/kg/day) for 

either 7 or 14 days in 18 male Sprague Dawley rats. Although a subtle decrease in dopamine 

levels was observed in the 14-day treatment group, it did not meet the requirements for the 

ongoing study. To explore higher doses, a second pilot study was conducted with an increased 

rotenone dose of 2mg/kg/day for 7 days. Unfortunately, after the 3rd injection, severe 

Parkinsonian symptoms developed in 66% of the animals, accompanied by significant weight 

loss (8-10%), leading to the cessation of the rotenone group. With a ~30% reduction in 

dopaminergic neurons in the substantia nigra (SN), the overt Parkinsonian symptoms were 

deemed unsuitable for the ongoing study, prompting a reduction in the rotenone dosage. In the 

third pilot study, a dose of 1.5mg/kg/48h rotenone was administered for either 3 or 6 injections. 

No adverse effects on body weight were observed after 6 injections, and the rats in this group 

consistently exhibited lower neuroscores after the 4th injection compared to the control group. 

Moreover, there was a ~20% loss of dopaminergic neurons in the SN and increased microglial 

activation in the striatum (STR). Based on these findings, we concluded that the administration 
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of six subcutaneous injections of 1.5 mg/kg rotenone every 48 hours in rats resulted in an 

underlying vulnerability within the nigrostriatal dopaminergic pathway. This model can now 

be utilised to investigate the synergistic effects of subthreshold pesticide exposure and TBI, 

potentially providing valuable insights into the development of PD following TBI.   
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1.0 INTRODUCTION 

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders and is 

characterised by the progressive loss of dopaminergic neurons in the substantia nigra (SN), 

which subsequently leads to the depletion of dopaminergic projections to the striatum. The 

global number of PD patients has increased substantially, surpassing 6.2 million individuals 

between 1990 and 2015, and is projected to exceed 14 million individuals by 2040(Dorsey et 

al., 2018, 2007). Despite its high prevalence, the exact etiology of PD remains elusive, with 

multiple risk factors implicated in its development(Belvisi et al., 2020; Kalia and Lang, 2015).  

Traumatic brain injury (TBI) has been suggested as one of the environmental risk factors for 

the development of PD(de Lau and Breteler, 2006; Dick et al., 2007). A recent retrospective 

cohort study of veterans in the United States revealed that individuals with a history of TBI 

had a 71% increased risk of developing PD(Gardner et al., 2018). Risk was injury severity 

dependent, with mild TBI associated with a 56% increased risk, and moderate to severe TBI 

with an 83% increased risk. However, this has not been consistently reported, with a 

population-based cohort study in Denmark reporting a lower likelihood of developing PD 

following a previous severe head injury, with a morbidity ratio of 0.954(Spangenberg et al., 

2009). Similarly, in the study of twin pairs discordant for PD, Bharucha et al. did not find an 

association between head injury and increased PD risk (Bharucha et al., 1986). The 

contradictory findings may suggest that TBI alone is insufficient to drive PD risk, but requires 

the presence of other risk factors.  

 Conceptually, pre-existing factors may render the dopaminergic system more susceptible to 

secondary damage, resulting in enhanced neurotoxicity and increased risk of PD manifestation 

(i.e. a “two-hit” model)(Cory-Slechta et al., 2005a, 2005b). In fact, numerous studies have 

investigated the combination of TBI and another known risk factor for PD development: 

pesticide exposure. In an epidemiological investigation by Lee et al., involving 357 cases of 
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idiopathic PD and 754 controls in central California, individuals reporting a TBI with loss of 

consciousness exceeding 5 mins exhibited a 2-fold increase in risk (adjusted odd ratio (AOR) 

2.0, 95% confidence interval (CI) 1.28-3.14) of developing PD. While ambient pesticide 

exposure had a weaker association (AOR 1.36, 95% CI 1.02-1.81), the risk escalated 

significantly for individuals exposed to both pesticides and TBI, indicating a 3-fold higher risk 

(AOR 3.01, 95% CI 1.51-6.01) compared to the control group (Lee et al., 2012). Supporting 

this finding, an in vivo study investigating the effect of moderate TBI and paraquat injection 

revealed that TBI alone induced a 15% loss of dopaminergic neurons in SN,  and this loss 

escalated to 30% with the subsequent injection of paraquat (Hutson et al., 2011). This 

synergistic effect was similarly observed in an in vitro study where both the moderate stretch 

and paraquat exposure exacerbated intracellular damage in SHSY-5Y neurons (Wang et al., 

2014).  

These findings emphasise that TBI and the presence of other risk factors, in this case, pesticide 

exposure, exacerbate the risk of developing PD. However, a significant gap persists in our 

understanding of the underlying mechanisms propelling this complex process. To unravel these 

intricacies, which is essential for the understanding of interactions and molecular cascades that 

contribute to the heightened susceptibility to PD observed in the context of TBI, the 

development of a preclinical model replicating the underlying vulnerability in the nigrostriatal 

dopaminergic pathway before introducing TBI is necessary.  

One approach to achieve this involves chronic low-level pesticide exposure, such as rotenone 

(Pan-Montojo et al., 2010), which has been linked to an increased risk of developing PD 

(Dhillon et al., 2008; Tanner et al., 2011) and was more prominently used than paraquat. 

However, in pre-clinical models, rotenone is often administered at high doses to replicate PD-

like pathology (Betarbet et al., 2002; Cannon et al., 2009; Sherer et al., 2003; Zhang et al., 

2017).  For instance, Zhang et al. and Sherer et al. Reported that subcutaneous administration 
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of rotenone (dosages ranging from 1.5-3 mg/kg/day) over periods ranging from 7 days to 5 

weeks (Sherer et al., 2003; Zhang et al., 2017) induced PD-like motor impairments, including 

bradykinesia, hypokinesia, and postural instability. This was accompanied by selective 

degeneration of nigrostriatal dopaminergic neurons and significantly increased levels of a-

synuclein in SN (Sherer et al., 2003; Zhang et al., 2017). These models, however, were created 

using high doses of rotenone and represent a mature PD model that exhibits complete PD 

hallmarks. Thus, these models are unsuitable for investigating the synergistic effects of 

rotenone exposure with TBI, as they do not reflect the early stages of PD progression.  

To address this gap in the field, this study aims to develop a rodent model that accurately 

represents the underlying vulnerability by finding a low-level rotenone exposure regime that 

results in mild dopaminergic neuron loss (<20%) and neuroinflammation within the 

nigrostriatal pathway, before introducing TBI. In this chapter, we present the results of three 

pilot studies aimed at optimising the dosage of rotenone for this purpose. Following rotenone 

injections, behavioural and histological features were examined, including dopaminergic loss 

(via tyrosine hydroxylase) and neuroinflammation (via microglial staining). By carefully 

selecting the rotenone dosage, our aim was to create a preclinical model that induces underlying 

vulnerability within the nigrostriatal pathway without the manifestation of overt PD motor 

symptoms, thus allowing for the investigation of how a subsequent TBI could enhance PD-like 

neuropathology and the possibility of developing PD prodromal symptoms. 
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2.0 MATERIAL AND METHODS 

2.1 Animal Handling 

For all pilot studies, adult male Sprague-Dawley rats (8-9 weeks old) were used under the 

approval of the University of Adelaide Animal Ethics Committee (M-2022-004). Animals were 

housed in groups of three per cage, and raised under conventional laboratory conditions (12 h 

light/dark cycle, temperature 22±2 °C, humidity 60±5%), with food and water provided ad 

libitum. Animals were permitted to acclimatise for 1 week before starting the study. Daily 

monitoring of body weight was conducted throughout the study to track potential changes in 

the animals' overall health and well-being. Baseline weight measurements were obtained 

before the initiation of the experimental procedures, specifically before the first rotenone 

injection. The weight range during the first injection varied between 350-450g. The percentage 

of weight changes was calculated using the formula: 

Percentage of Weight Change= !"#$%&	()	$#*")	+,-./,0"1#)"	!"#$%&
2,0"1#)"	!"#$%&

	𝑥	100 

This calculation allowed for a quantitative assessment of weight fluctuations, providing 

insights into the impact of rotenone exposure on the animals' body weight over the course of 

the experiment. 

 

7 day
(N=9)

Vehicle/24h
(N=3)

0.5mg/kg/24h
(N=3)

14 day
(N=9)

Vehicle/48h
(N=3)

1mg/kg/24h
(N=3)

7 day

2mg/kg/24h
(N=3)

Sham
(N=3)

1.5mg/kg/48h
(N=3)

3 injection
(N=3)

1.5mg/kg/48h
(N=3)

Vehicle/24h
(N=3)

0.5mg/kg/24h
(N=3)

1mg/kg/24h
(N=3)

6 injection
(N=6)

Discontinued due 
to adverse effect

Pilot 1
(n=18)

Pilot 2
(n=6)

Pilot 3 
(n=9)

Dose escalation Dose reduction

Figure 1. Study design. Figure depicted the experimental flow chart and sample size. Total 33 
male Sprague-Dawley rats were used for this study.  
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2.2 Pilot Study 1 

18 rats were randomly assigned to 6 groups, with each group receiving daily subcutaneous 

injections for either 7 or 14 days, with the following dosing regimen: 1) vehicle, consisting of 

a mixture of 2% DMSO and 98% sunflower oil; 2) 0.5mg/kg rotenone; 3) 1.0mg/kg rotenone 

(Fig. 1). Rotenone (Sigma Aldrich, R8875) was prepared in a 2% DMSO:98% sunflower 

mixture at either 0.5 or 1mg/mL Animals were weighed daily for a period of 14 days before 

each injection. 24 hours after the final injection, the animals were transcardially perfused with 

10% formalin, and their brain tissues were collected for further analysis using 

immunohistochemistry (IHC) (Fig. 2a). 

 

2.2.1 Tissue collection and processing 

The brains were post-fixed in formalin for 7 days to ensure thorough fixation and preservation 

of tissue structure, then underwent cryoprotection by gradually transitioning them from 10% 

to 30% sucrose at 4°C over the course of a week. Once the brains had sunk to the bottom of 

the sucrose solution, they were sectioned into 2-3mm coronal slices and embedded in an 

optimum cutting temperature compound (OCT, ProSciTech). For the examination of the 

striatum, 10μm coronal sections were taken starting at +0.7 mm from Bregma, representing the 

early STR, for each animal. Similarly, for the SN, 10μm coronal sections were taken starting 

at -4.8 mm from Bregma for each animal. The tissue-mounted slides were then stored at -20°C 

until further analysis. 

 

2.2.2 Histological analysis 

For immunohistochemistry (IHC), the following primary antibodies were used: rabbit anti-

IBA1 (1:20,000; WAKO 019-19741) to label microglia and rabbit anti-tyrosine hydroxylase 

(TH, 1:1000; Abcam 112) to label dopaminergic neurons. Prior to IHC, the tissue-mounted 
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slides were allowed to acclimate to room temperature overnight. Subsequently, the slides were 

rehydrated in 100% ethanol, followed by treatment with diluted hydrogen peroxide in methanol 

for 30 minutes to remove non-specific background staining. After the washes with phosphate-

buffered saline (PBS), antigen retrieval was performed using citrate buffer. The slides were 

washed again, then incubated in 5% normal horse serum in PBS for 1 hour to block non-specific 

binding. The primary antibodies, diluted in 5% normal horse serum in PBS, were applied to 

the slides, which were then incubated overnight at room temperature. The following day, the 

slides were washed with 10% Triton X-100 in PBS and incubated with the secondary antibody 

(Vector labs, anti-Rabbit, BA1100, 1:1000) for 1 hour at room temperature. After another wash 

with PBS, the slides were incubated with streptavidin peroxidase conjugate (SPC, 1:1000) for 

1 hour. Following a final wash in PBS, the slides were incubated with 3,3'-Diaminobenzidine 

tetrahydrochloride (DAB) for 7 minutes. The slides were then rinsed with ethanol and, 

subsequently histolene before mounting coverslips. 

Images were generated by scanning the slide with the Nanozoomer slide-scanner (Hamamatsu, 

Japan), and images were viewed on NDPview (version 2). TH and IBA1 immunoreactivity 

were assessed by using the HALO image analysis platform (Indica Labs), with the modules 

area quantification and microglial activation quantification (parameters as per Table 1), 

respectively. The experimenter was blinded to the experimental group until the end of the 

analysis. 

Table 1. Halo microglial activation module v1.2 

Min cell body diameter 3.4μm 

Contrast threshold 0.2-0.3 pixel 

Min process OD 0-0.15 pixel 

Max process Radius 15μm 

Max fragmentation length 5μm 
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2.3 Pilot Study 2 

Given the negligible loss of dopaminergic immunoreactivity within the nigrostriatal pathway 

observed in the study, a second study was conducted with a higher dose of rotenone. The 

decision was based on previous findings by Sherer et al., who demonstrated that administration 

of 2.0mg/kg for 15 days resulted in diffuse loss of dopaminergic neurons in the STR, and a 

dose of 2.7mg/kg for 7 days reproduced approximately 10-15% of dopaminergic loss in the 

striatum while maintaining SN integrity(Sherer et al., 2003). However, it is worth noting that 

a dosage of 2.7mg/kg for 7 days had a high mortality rate of 64%(Sherer et al., 2003). Therefore, 

to strike the balance, a dosage of 2.0mg/kg for 7 days was chosen for the second study, with 

the inclusion of a sham group as comparator. 

 

2.3.1 Experimental design 

6 rats were randomly assigned to 2 groups for this pilot study: (1) Sham and (2) 2.0mg/kg/day 

rotenone for 7 days (Fig. 1). Subsequently, the animals were weighed daily for a period of 7 

days before each injection. At the end of the experiment, the animals were transcardially 

perfused with 10% formalin 24 hours after the last injection, and their brains were collected 

for further analysis using IHC, as previously described in 2.2.1 and 2.2.2. 

 

2.4 Pilot Study 3  

Given the adverse effects seen in study 2, experimentation was ceased, and the rotenone dosage 

regimen was modified again based on previous work by Fathalla et al.(Fathalla et al., 2016), 

Activation process thickness 2.3μm 

Contrast threshold and minimum process OD were modified individually in each section to reach 70-80% accuracy.  
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where the rotenone injections were conducted every 48 hours with a dosage higher than 

1.0mg/kg and lower than 2.0mg/kg(Fathalla et al., 2016).  

 

2.4.1 Experimental design 

9 rats were randomly allocated to receive subcutaneous injections of 1.5mg/kg rotenone every 

48h, with one group receiving 3 doses and the other group receiving 6 doses. A vehicle group 

was included that received 6 injections in total, 48h apart (Fig. 1).  

Unlike the previous pilots, behavioral tests were conducted on the day without the injection to 

assess motor function (adjusting step test) and grip strength. In addition, the composite 

neuroscore and constipation were evaluated daily, commencing from day 7 (Fig. 6a). The 

experimenter was blinded to the treatment groups during the tests until the analysis was 

completed. At the end of the experiment, the animals were transcardially perfused with 10% 

formalin 24 hours after the last injection, and their brains were collected for further analysis 

using IHC as previously described in 2.2.1 and 2.2.2. 

 

2.4.2 Forelimb adjusting step test 

The forelimb adjusting step test was used to assess forelimb akinesia(Olsson et al., 1995). 

Previous work has suggested that the forepaw adjusting step test is particularly useful for 

predicting striatal dopamine levels and correlates well with decreased body weight gain, 

making it particularly useful for this model(Miyanishi et al., 2019). In brief, the animal’s body 

and hindlimbs were wrapped in a surgical drape and held in one hand by the experimenter, 

slightly raising it above the surface. The other hand fixed the forelimb not to be monitored in 

the drape. The rat was then held with one paw touching the table and moved slowly sideways 

(1m) by the experimenter, first in the left-to-right and then in the right-to-left direction. The 

number of adjusting steps were counted for both paws in each direction of movement.  
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2.4.3 Grip strength test  

Forelimb muscle strength was determined by measuring peak force (in gram-force) using the 

Digital Grip Strength meter equipped with a Hind Limb Pull Bar Assembly (Ugo Basile, 

Italy)(El-Saiy et al., 2022). Animals were allowed to grip the metal grids connected to a force 

traducer with their forepaws, and gently pulled backwards by the body and the base of the tail 

until they could no longer hold the grids. Each animal was given five consecutive trials, and 

the average value was taken with the three highest peak force.  

 

2.4.4Composite Neuroscore  

Neurological function was evaluated using the 28-point composite neuroscore, which was 

adapted from previous studies on motor function impairment following TBI in the rat(McIntosh 

et al., 1989; Nissinen et al., 2017; Zhang et al., 2005). The neuroscore was comprised of 11 

tests with a cumulative maximum score of 28, including (1) circling (maximum four points); 

(2) motility (maximum three points); (3) general condition (maximum three points); (4) 

righting reflex (maximum one point); (5) paw placement (maximum four points); (6) horizontal 

bar (maximum three points); (7) inclined platform (maximum three points); (8) grip strength 

(maximum two points); (9) contralateral reflex (maximum one point); (10) contralateral 

rotation when held by the base of tail (maximum two points); and (11) visual forepaw reaching 

(maximum two points). A neuroscore of 0 indicated significant neurological impairment, 

whereas a cumulative score of 28 indicated healthy functioning.  

 

2.4.5 Constipation test 

Constipation is a well-established non-motor symptom in PD, and is often used to monitor 

individuals with PD or those at risk for developing the disease(Abbott et al., 2005; Wüllner et 

al., 2007). Fecal material of each animal was collected during a 15-minute handling session. 
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The total weight of fecal material was then measured and recorded. Animals that failed to 

produce feces were excluded from the analysis.  

 

2.5 Statistics 

Data for all pilot studies was graphed using GraphPad Prism software (GraphPad v.9). Due to 

the small sample sizes, statistical analyses were not performed; however, we report all data to 

help inform future studies. All values are displayed as median (range).  
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3.0 RESULTS 

3.1 PILOT 1 

3.1.1 Body weight 

The body weight was measured everyday before the injection. The Over 7 days, the vehicle 

rats exhibited weight gain ranging from 7 to 14% from their starting weight. The lower 

0.5mg/kg dose of rotenone had minimal effect on the weight gain trajectory (5 to 9%), whilst 

the 1.0mg/kg reduced weight gain (-1 to 6%). Similarly, the 14- day vehicle animals had an 

increase of 14 to 18% with little change with the 0.5mg/kg rotenone group (12 to 14%), 

whereas minimal weight gain was observed in the 1.0mg/kg rotenone group (-4 to 4%) (Fig. 

2b) 

 

3.1.2 TH immunohistochemistry 

Analysis of the TH+ area in the STR region revealed minimal changes compared to vehicle 

animals with rotenone exposure (Fig.2c). In the 0.5mg/kg rotenone groups, there was a median 

reduction of 7.89% (-2 to 27%) in the 7-day group and 11.8% (3 to 17%) in the 14-day group. 

Similarly, in the 1.0mg/kg rotenone groups, there was a median reduction of 1.5% (-1 to 8.6%) 

in the 7-day group and 5.2% (5 to 10%) in the 14-day group (Fig.2e). 

 

In the SN region, the median TH+ cell count in the 7-day vehicle group was 114 (82-152) cells, 

with similar numbers in the 0.5mg/kg rotenone animals [101 (94-143) cells] and 1.0mg/kg 

rotenone animals [104 (103-131) cells]. There was more variation at the 14-day time-point, 

with no overall effect of rotenone exposure [vehicle: 127 (105-136); 0.5mg/kg: 146 (102-153); 

1.0mg/kg: 116 (54-156) cells] (Fig.2f).   

 

3.1.3 IBA1 analysis  
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The microglial response was evaluated using an automated microglial activation module in the 

HALO imaging analysis platform to assess the number of IBA1+ cells and the percentage of 

activated microglia within both the STR and SN regions. 

 

In the STR region (Fig.3a), minimal changes were observed in the population of IBA1+ 

cells/mm2, regardless of the rotenone dosage regimen. After 7-days, the median count of 

IBA1+ cells in the vehicle group was 60.33 (55-76) cells/mm2, which closely resembled the 

count in the 1.0mg/kg rotenone-treated animals [65.66 (56-77) cells/mm2], with a slight 

reduction noted in the 0.5mg/kg rotenone group [47.45 (39-65) cells/mm2].  At the 14-day time-

point, vehicle animals had a similar number of IBA1+ cells/mm2 [52.61 (49 -55) cells/mm2] 

compared to both the 0.5mg/kg rotenone group [48.95 (46-53) cells/mm2] and the 1mg/kg 

rotenone group [65.27 (65-74) cells/mm2] (Fig.3b). Conversely, the median count of IBA1+ 

cells in the SN exhibited a dose-dependent pattern in response to rotenone dosage (Fig.3d). 

After 7-day injections, the vehicle group had the lowest population of IBA1+ cells [56.58 (47-

90) cells/mm2], followed by the 0.5mg/kg [71.77 (62-197) cells/mm2] and 1.0mg/kg groups 

[88.74 (64-96) cells/mm2]. A similar pattern was observed after 14-days, with the vehicle group 

showing a median count of 84.16 (55-98) cells/mm2 and the 0.5mg/kg 90.99 (58-115) cell/mm2 

and the 1.0mg/kg groups 109.28 (97-189) cells/mm2 (Fig.3e). 

 

High variability was observed in the activation status of microglia within these regions. 

Specifically, in the STR, a higher median percentage of microglial activation was evident in 

the 0.5mg/kg rotenone group following both the 7-day [22.86 (22-28)%] and 14-day regimens 

[22.57(10-26)%] when compared to the vehicle group [7-day: 11.48 (8-18)%; 14-day: 7.93 (6-

18)%]. In contrast, the 1.0mg/kg rotenone group did not exhibit a noticeable change in the 
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microglial activation percentage following either the 7-day regimen [11.62 (9-21)%], or 14 

days of treatment [14.71(14-40)%] (Fig.3c).  

 

A different pattern emerged in the SN. In the 0.5mg/kg rotenone group, there were minimal 

changes in the percentage of microglial activation [16.88 (8-24)%] compared to the vehicle 

group [13.33 (13-20)%] were noted. However, in the 1.0mg/kg rotenone group, there was an 

increase in the percentage of microglial activation after 7 days of treatment [26.46 (14-19)%], 

which reduced to levels comparable to the vehicle group after 14 days of treatment [vehicle: 

10.08 (6 -16)% vs 1.0mg/kg: 11.97 (2-18)%] (Fig.3f). 
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Figure 2. Assessment of Dopaminergic Function and Weight Changes Following Rotenone Administration in Pilot 1. (a)  
Study timeline. A total of 18 rats were enrolled in pilot 1, divided into 6 groups consisting of 3 rats per group: vehicle,0.5 or 1.0 
mg/kg/day rotenone for either 7 days or 14 days. (b) Percentage of weight gain and loss overtime. Animal weight was measured 
daily before the injection. (c) Representative images of tyrosine hydroxylase (TH) reactivity. Top: striatum; bottom: substantia 
nigra. Magnification of substantia nigra x 100; scale bar=250nm. (d-f) Quantification of TH level through staining intensity 
analysis. (d) Percentage of TH-positive area in striatum; (e) Percentage of TH-positive area loss relative to vehicle groups; (f) 
Number of TH-positive cells in the substantia nigra. Data are presented in median±range.  (n=3/group).  
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Figure 3. Analysis of Neuroinflammation using Ionized Calcium Binding Adaptor Molecule 1 (IBA1) in Striatum and 
Substantia Nigra in Pilot 1. (a) Representative images depicting each experimental group and IBA1 staining in the striatum. 
These images highlight regions with minimal IBA1 activity. (b) Striatum: Total count of IBA1-positive cells per mm2; (c) Striatum: 
Percentage of microglial activation. (d) Representative images illustrating each experimental group and the IBA1 staining in the 
substantia nigra. (e) Substantia Nigra: Total count of IBA1-positive cells per mm2; (f) Substantia Nigra: Percentage of microglial 
activation. Scale bar=100nm. Data are presented as median±range. (n=3/group).  
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3.2 PILOT 2 

3.2.1 Physiological presentation and body weight  

After administering the 2.0mg/kg rotenone injection for 3 days, two out of three animals 

exhibited pronounced and debilitating parkinsonian-like symptoms. One rat suffered from 

partial paralysis, rendering the right-side of its body immobile. The second rat displayed 

prominent tremors and experienced difficulty in moving. These overt symptoms were 

accompanied by a noticeable decrease in body weight, ranging from 7 to 12%, in the rotenone-

treated animals. In contrast, the control group (shams) showed weight increases ranging from 

0 to 3%, indicating a stark contrast in the physiological effects of rotenone administration (Fig. 

4a). 

 

3.2.2 TH immunoreactivity   

The analysis of the TH+ area within the STR region (Fig. 4c) revealed no differences in the 

median values between the 2.0mg/kg rotenone group [65.0 (60.5-71.5)%] and the sham group 

[64.4 (62.1-71.4)%] (Fig. 4d). However, in the SN, there was a notable decrease in the number 

of TH+ cells in the rotenone-treated animals [68 (38-118) cells] compared to the sham group 

[105 (104-109) cells], although there was considerable variability in the cell count  (Fig. 4e). 

 

3.2.3 IBA1 analysis   

As seen in Figure 5a, it is evident that the administration of three injections of 2.0mg/kg/day 

of rotenone resulted in an increase in the median count of IBA1+ within the STR [69.67 (45-

81) vs sham: 52.95 (48-55) cells/mm2] (Fig.5b). Additionally, the median of the percentage of 

activated microglia were doubled in the rotenone-treated group compared to the sham group 

within the STR [26.27 (16-31) vs sham: 11.48 (10-17)%] (Fig.5c). In contrast, when comparing 

the median values of total IBA1+ cells in SN, no differences were observed between the 
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rotenone-treated [92.18 (43-103) cells/mm2] and sham groups [93.80 (76-163) cells/mm2] 

(Fig.5d). Similarly, the analysis of the percentage of activated microglia revealed only a 

minimal increase in the rotenone group [29.29 (10-33)%] compared to the sham group [20 (11-

31)%] (Fig.5e). 
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Figure 4. Investigation of Dopaminergic Function and Weight Alterations in Response to Rotenone Administration 
in Pilot 2. (a) Study design. Timeline illustrating the experimental setup. A total  of 6 rats were included in pilot 2, with 3 
rats in the sham group and another 3 rats in 2.0mg/kg rotenone group. (b) Percentage of weight gain and loss. Escalation in 
rotenone dosage lead to significant decrease in male Sprague Dawley’s body weight after the 3rd injection. (b) 
Representative images of tyrosine hydroxylase (TH) reactivity. Top: striatum; bottom: substantia nigra. Magnification of 
substantia nigra x 100; scale bar=250um. (c-d) Quantification of TH levels using staining intensity analysis. (c) Number of 
TH-positive cells in substantia nigra; (d) Percentage of TH-positive area in striatum. Data are presented in median±range.  
(n=3/group).   
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Figure 5. Evaluation of Neuroinflammation using Ionized Calcium Binding Adaptor Molecule 1 (IBA1) in Striatum 
and Substantia Nigra in Pilot 2. (a) Representative images illustrating each experimental group and the IBA1 staining in 
the striatum and substantia nigra. (b)Striatum: Total count of IBA1-positive cells per mm2; (c) Striatum: Percentage of 
microglial activation. (d) Substantia Nigra: Total count of IBA1-positive cells per mm2; (e) Substantia Nigra: Percentage of 
microglial activation. Scale bar: 100um. The data are presented as median±range. (n=3/group).   
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3.3 PILOT 3 

3.3.1 Body weight 

Administration of rotenone every 48 hours resulted in a distinct weight fluctuation pattern 

compared to the daily rotenone injection regime. After each injection, there was a decrease in 

body weight, followed by an increase on the day without injection (Fig. 6b). Upon the third 

injection, the vehicle group exhibited weight gain ranging from 3 to 6%, and had further gained 

5-10% of weight by the sixth injection. The rotenone group showed weight changes ranging 

from -4 to 1% after the third injection and by the sixth injection, weight changes remained 

steady ranging from -4 to 2%. 

 

3.3.2 Sensorimotor outcome 

Sensorimotor function was evaluated using the forepaw adjusting step test at baseline, day 2, 

4, 6, 8, 10, and 12 following the first injection (Fig. 6a, c). At baseline, no differences in the 

median number of adjusting steps were observed among the groups [Vehicle: 6.17 (5.33-8.5), 

3*1.5mg/kg:6.08 (4.67-7.5), 6*1.5mg/kg: 6.17 (5.75-6.42) steps]. No changes were seen in the 

vehicle animals over the testing period with the median varying from 4.75 (3.33-6.58) to 6.5 

(5.75-8.08) steps. Following the initiation of rotenone injections, the 3-injection group 

demonstrated variable results, with adjusting steps ranging from 3.92 (2.5-4.75) to 6.5 (3.17-

6.5 steps ) on days 2-6 post-first injection. The 6-injection group showed greater variability, 

with a lower median of adjusting steps [2.83 (2.5-6.25) steps] recorded on days 2 and 8 post-

first injection, with the highest median of 5.38 (0.75-6.42) steps recorded on days 6 and 10 

post-injection. 

 

3.3.3 Grip strength outcome  
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On the same day as the forepaw adjusting step test (Fig. 6a), forelimb grip strength was 

assessed by requiring the animals to pull the handle for 5 consecutive trials, with the average 

calculated. As shown in Figure 4d, the assessment of grip strength revealed no evident effect 

of rotenone, as similar median values in the average peak force were observed across all groups 

(Fig. 6d). The vehicle group exhibited a median grip strength of 401.3 (242.1-557.8)gf from 

baseline to day 12 following the first injection. Similarly, the rotenone group exhibited a 

median grip strength of 419.6 (217.2-557.6)gf during the experimental period. 

 

3.3.4 Neuroscore outcome  

Neuroscore was only evaluated in the 6*1.5mg/kg rotenone group, as the assessment was 

conducted on days 7-12 post-injection (Fig. 6a). Throughout the testing period, the vehicle 

group consistently exhibited a median neuroscore of 27 (25-28) pts on days 7-11 and a median 

score of 28 (25-28) pts on day 12. In contrast, the rotenone group demonstrated slightly lower 

neuroscores across all evaluated days. The lowest neuroscore of 23 (21-25) pts was observed 

on days 8 and 11, while the highest neuroscore of 26 (24-26) pts was recorded on day 9 (Fig. 

6e). The reduced neuroscore on days 8 and 11 was primarily attributed to challenges 

encountered during the horizontal bar and inclined platform tasks. 

 

3.3.5 Constipation 

Constipation was assessed by collecting fecal material during a 15-minute handling session 

and was similarly conducted on days 7-12 in the vehicle and 6*1.5mg/kg rotenone groups (Fig. 

4a).  Total fecal weight in the vehicle animals was consistent across the days assessed ranging 

from 0.91 (0.67-1.34)g to 1.34 (1.28-1.4)g. Fecal weight was more variable in the 6*1.5mg/kg 

animals and was higher than vehicles at all time-points examined, with a low of 1.38 (0.89-

2.8)g and high of 2.80 (1.23-3.39)g fecal weight (Fig. 6f).  
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3.3.6 TH immunoreactivity 

Minimal changes in the TH+ area in the STR were observed in both rotenone-treated groups. 

This was reflected by the similarity in median TH+ area in the vehicle [65.0 (62.4-65.4)%], 

3*1.5mg/kg group [63.3 (61.7-64.5)%] and 6*1.5mg/kg group [63.1 (61.0-63.9)%] (Fig. 7b). 

Likewise, the median reduction in the TH+ area relative to the vehicle was 1.48 (0.48-4.0)% 

in the 3*1.5mg/kg group and 1.8 (0.47-5.1)% in the 6*1.5mg/kg group, further indicating 

minimal changes in dopaminergic markers within the STR (Fig. 7d).  

In contrast, the analysis of TH+ neuron numbers in the SN region revealed more pronounced 

effects in 6*1.5mg/kg group [166(140-192) cells], compared to vehicle [210(197-216) cells] 

and 3*1.5mg/kg group [217(159-242) cells] (Fig. 7c). Specifically, 6*1.5mg/kg rotenone group 

exhibited a median reduction of 20 (7.5-32.6)% in the number of TH+ neurons, with a minimal 

decrease of -4 (-16.5-23.4)% observed in the 3*1.5mg/kg rotenone group compared to the 

vehicle (Fig. 7e). 

 

3.3.7 IBA1 analysis 

The analysis of IBA1+ cells in both the STR [Veh: 68.14 (52-71) vs 3*1.5mg/kg injection: 

57.04 (54-57) vs 6*1.5mg/kg injection: 63.83 (45-82) cells/mm2] and SN regions [Veh: 84.92 

(77-95) vs 3*1.5mg/kg injection: 82.58 (31-86) vs 6*1.5mg/kg injection: 79.6 (69-85) 

cells/mm2] exhibited a similar distribution among all groups (Fig. 8b,d). However, within the 

STR, a distinctive activation status of microglia was evident in the 6*1.5mg/kg rotenone group 

[9.73 (7.7-10.5)%] in comparison to both the 3*1.5mg/kg rotenone [5.99 (5.4-6.5)%] and 

vehicle groups [5.21 (4.5-7.3)%] (Fig. 8c). This activation pattern was not replicated in the SN 

region, as the percentage of activated microglia remained comparable between vehicle [9.39 

(9.2-15)%] and the 6*1.5mg/kg rotenone group [10.5 (8.2-10.8)%], with the 3*1.5mg/kg 

rotenone group exhibiting a slight decrease in microglial activation [6.82 (4.9-8.2)%] (Fig. 8e).  
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a 

c d 

e f 

Figure 6. The Effects of Rotenone Administration on Dopaminergic Function, Weight Changes, and Behavioural 
Measures in Pilot 3. (a) Study design. Timeline depicting the experimental design in pilot 3. A total of 9 rats were used for 
this study, 3in 6* vehicle injection group, 3 in 3* 1.5mg/kg rotenone injection group, and 3 in 6*1.5mg/kg rotenone injection 
group. The days of injection were indicated by red fonts. The behavioural tests including grip strength test (GST), forelimb 
adjusting step test (ST), neuroscore (NSS), and constipation test (CTP). (b) Weight changes in the treatment groups. 
Rotenone injection every 48 hours prevent significant weight lost  in animals. Black arrows indicate the days of injection.  
Animal weight was measured daily before the injection or behavioural tests. (c-f) Functional changes.  (c) adjusting step test 
and (d) grip strength test at day 2,4,6,8,10 and 12 of regimen; (e) 28-points composite neuroscore  and (f) constipation test 
from day 7 to 12 during the regimen. Data are presented in median±range (n=3/group).  
  
        

b 
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Figure 8. Evaluation of Neuroinflammation using Ionized Calcium Binding Adaptor Molecule 1 (IBA1) in 
Striatum and Substantia Nigra in Pilot 3. (a) Representative images illustrating each experimental group and the 
IBA1 staining in the striatum and substantia nigra. (b)Striatum: Total count of IBA1-positive cells per mm2; (b) 
Striatum: Percentage of microglial activation. (c) Substantia Nigra: Total count of IBA1-positive cells per mm2; (d) 
Substantia Nigra: Percentage of microglial activation. Scale bar: 100um. The data are presented as median±range. * 
p<0.05. n=3/group.   
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Figure 7. Pilot 3-Dopamine level quantification through TH staining in animals received 1.5mg/kg every 48h for either 
3 or 6 injections. (a) Representative images of tyrosine hydroxylase (TH) reactivity. Top: striatum; bottom: substantia 
nigra. Magnification of substantia nigra x 100; scale bar=250nm. (b-e) Quantification of TH level through staining 
intensity analysis. (b) Percentage of TH-positive area in striatum; (c) Number of TH-positive cells in substantia nigra; (d) 
Percentage of TH-positive area loss relative to vehicle groups in striatum; (e) Percentage of TH-positive cells loss relative 
to vehicle groups in substantia nigra. Data are presented in median±range (n=3/group).  
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4.0 DISCUSSION 

The purpose of this study was to determine the optimal rotenone dosage to induce vulnerability 

in the nigrostriatal dopaminergic system, as determined by TH loss and microglial reactivity, 

without overt motor symptoms. Three pilot studies were conducted to adjust the dosage based 

on the findings of the previous literature (Fathalla et al., 2016; Sherer et al., 2003; Zhang et al., 

2017).  

The initial dosage regime of 0.5 or 1mg/kg of rotenone daily for 7 or 14 days had 

minimal effects on the nigrostriatal pathway with no loss of TH staining or in degree of 

neuroinflammation. In response, the dosage was increased to 2.0mg/kg, but animals developed 

severe parkinsonian-like symptoms by 3 days of the regimen, which was reflected by a loss of  

TH+ cells within the SN and increased neuroinflammation within the striatum.  The dosage 

regime was then further titrated to investigate the effects of 1.5mg/kg/48h rotenone for either 

3 or 6 injections.  The 6-injection group exhibited mild TH loss in the SN and evidence of 

microglial activation in the STR, with only minor motor deficits in the neuroscore test, but not 

in grip strength or the adjusting step test. 

 

Weight Changes and Toxicity Effect in Response to Various Rotenone Dosing Regimen 

Our findings suggest a clear dose-dependent relationship between rotenone administration and 

weight loss in the experimental animals.  The lowest dose of 0.5mg/kg of rotenone had minimal 

effects on weight, whereas the 2.0mg/kg even after three days led to dramatic reductions in 

weight. In the final pilot, a 48hr interval between injections was introduced with a 1.5mg/kg 

dose, producing weight fluctuations with decreases on the days following injection followed 

by an increase, which prevented a dramatic loss in weight. While the studies reporting weight 

changes and acute toxicity/performance following rotenone injection remain relatively scarce, 

certain studies have reported weight alterations consistent with our observations. Sherer et al. 
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and Cannon et al., for example, documented significant weight loss following injections 

ranging from 2.0 to 3.0mg/kg rotenone, accompanied by acute severe systemic toxicity in the 

animals, which aligned with our findings at the 2.0mg/kg dose (Cannon et al., 2009; Sherer et 

al., 2003). Additionally, Zhang and colleagues observed similar dose-dependent weight 

patterns across rotenone concentration of 1.5, 2.0, and 2.5mg/kg, demonstrating weight loss at 

higher rotenone concentration that reinforced our observations with various rotenone dosing 

regimens (Zhang et al., 2017). These effects could be induced by rotenone due to the disruption 

of mitochondrial function, primarily through the inhibition of complex I of the mitochondrial 

electron transport chain (ETC) responsible for the production of adenosine triphosphate (ATP). 

Direct inhibition in the ETC leads to reduced energy production, increased reactive oxygen 

species (ROS) levels, and induced oxidative stress(Greenamyre et al., 2003, 1999). These 

factors can indirectly influence various pathological processes, including disruption of 

dopamine levels crucial for motor control and affecting the enteric neuron system in the 

gastrointestinal tract(Greene et al., 2009; Testa et al., 2005), which is relevant with what we 

observed in this study.  

 

Assessment of Dopamine Levels in STR and SN Following Rotenone Administration 

The 0.5mg/kg and 1.0mg/kg dosing regimens were insufficient to lead to changes with  TH 

expression within the nigrostriatal pathway. This is in line with a previous study that found no 

significant difference in the number of TH+ cells in the SN region, even after 16 weeks of 

1.0mg/kg of rotenone (Bai et al., 2016). Increasing the dose to 2.0mg/kg resulted in a 

pronounced decrease in the number of TH+ neurons in the SN, but no changes were observed 

in the TH-positive area in the STR after only 3 days. Previous reports have similarly reported 

dopaminergic loss within the SN after 15 days to 5 weeks (Sherer et al., 2003; Zhang et al., 

2018, 2017), although this was accompanied by changes within the STR as well (Sherer et al., 
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2003; Zhang et al., 2017). This may reflect early compensatory changes within the STR in this 

study that are lost with more extended treatment.  A 6*1.5mg/kg/48h rotenone injection 

regimen was able to replicate the loss of TH+ staining within the SN, without the overt motor 

symptoms and dramatic weight loss. This finding is consistent with a study by Fathalla et al., 

which also reported a significant reduction in dopamine levels measured by high-performance 

liquid chromatography (HPLC) in SN following the same dosing regimen (Fathalla et al., 2016). 

It is possible that in the animals treated at lower doses with a 48-hour interval between 

injections and relatively short treatment period, terminal sprouting occurred from surviving 

dopamine neurons as a response to rotenone exposure that likely help in maintaining some 

level of functions. Indeed, dopaminergic neurons are highly susceptible to oxidative stress due 

to their inherent characteristics-high dopamine oxidation rates and low antioxidant defences 

(Barlow et al., 2005). This dosing regimen could potentially offer a window for mitochondria 

to repair energy metabolism, enhance mitochondrial integrity, and eventually restore function 

(Nicolson, 2014). 

 

Neuroinflammatory Responses in the STR and SN Following Rotenone Administration 

An increase in the percentage of activated microglia was detected within the STR with doses 

of 0.5mg/kg and 2.0mg/kg for 7-14 days and 6*1.5mg/kg/48h of rotenone, but not 1.0mg/kg 

or 3*1.5/mg/kg/48h rotenone doses, indicating a general increase in activation status with 

increasing rotenone exposure. It is unclear why microglia activation was detected in the 

0.5mg/kg group, but not the 1.0mg/kg, which may just reflect the low number of animals in 

this pilot study. Notably, only the daily dose of 2.0mg/kg led to an increase in IBA1+ cells in 

the STR,  aligning with findings from prior studies (Abdel-Salam et al., 2020; Arab et al., 2021; 

Singh and Chauhan, 2022). For instance, Abdel-Salam et al., employing a mouse model and 

subcutaneous injection of 1.5mg/kg rotenone every other day for two weeks, demonstrated 
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increased NF-kB expression in the STR (Abdel-Salam et al., 2020). Similarly, in a study by 

Singh et al. utilising a rat model and intraperitoneal injection of 1.5mg/kg rotenone every day 

for 40 days, significantly elevated levels of proinflammatory markers such as IL-6, IL-1b and 

TNF-a in the STR, were observed with rotenone treatment as compared to the control (Singh 

and Chauhan, 2022).  

Within the SN, an increase in microglial activation was seen with the 1.0mg/kg dose, 

but only after 7, but not 14 days, as well as with the 2.0mg/kg dose. No change was seen with 

the 0.5mg/kg dose or when a 1.5mg/kg dose was administered every second day. A similar 

increase in inflammation in the SN has been found with a 2.0mg/kg rotenone daily injection 

for 5 weeks, which led to an increase in the number of activated astrocytes and enhanced 

expression of pro-inflammatory cytokines, including TNF-α, INF-g, IL-1β, and IL-6 (Thakur 

and Nehru, 2015; Zhang et al., 2018). The differential response between the SN and STR 

suggests that the threshold for microglia activation in the SN is higher than in the STR.  This 

regionally distinct microglial response is supported by previous studies that have reported 

increased microglial reactivity peaked in the STR prior to the SN in the 2.5mg/kg rotenone 

intraperitoneal injection mice model (Rocha et al., 2022). Conversely, the emergence of 

reactive astrocytes showed an opposite pattern, with an initial peak in the SN, followed by the 

STR (Rocha et al., 2022). The reasons underlying these distinct regional responses of glial cells 

to rotenone exposure require further exploration. However, considering the results from TH 

staining, it is conceivable that rotenone-induced mitochondrial dysfunction occurs initially in 

the SN, subsequently triggering an innate immune response and loss of dopaminergic neurons 

within this region.   

 

Functional assessment following rotenone administration in Pilot 3  
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Despite observing a decrease in TH+ cells in the SN and an increase in neuroinflammation in 

the STR following the 6*1.5mg/kg/48h rotenone administration, the impact on various 

behavioural assessments was inconsistent. Interestingly, only the neuroscore showed ccnsistent 

impairment in the rotenone-treated group, which could primarily be attributed to difficulties in 

motor coordination, balance, and muscle strength, as assessed by the inclined platform task and 

the horizontal bar task. These findings are in line with previous studies that reported impaired 

motor coordination and weakened muscle strength following rotenone administration (Arab et 

al., 2021; Singh and Chauhan, 2022; Zhang et al., 2018). However, there are discrepancies 

between our study and previous research, such as the lack of significant grip strength changes 

observed in our study compared to others, which could be attributed to differences in treatment 

duration, injection intervals and delivery route, as the previous study employed 40 days daily 

intraperitoneal injection of 1.5mg/kg rotenone compared to our 6 subcutaneous injections in 

48 hours interval (Singh and Chauhan, 2022).  

Previous studies have suggested that chronic exposure to rotenone can lead to 

gastrointestinal dysfunction seen in PD (Drolet et al., 2009). In our study, the constipation 

assessment revealed that fecal weight was more variable in the rotenone-treated group 

compared to the vehicle group. Consistently, the rotenone group exhibited higher fecal weight 

across all time points examined. However, it is important to interpret these results with caution 

due to the limitation of not examining the dry weight of the fecal material. Assessing 

constipation based solely on total fecal weight may not provide a precise measure of 

gastrointestinal function. To obtain a more accurate evaluation of constipation, it is necessary 

to consider additional parameters such as stool consistency, frequency of defecation, and 

examination of the dry weight of the fecal matter. Further study is needed to fully probe these 

effects.  
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In conclusion, our findings suggest that the optimum dosage for establishing a rat model 

with underlying vulnerability in the dopaminergic system, ongoing neuroinflammation, and the 

absence of overt parkinsonian motor symptoms is 6*1.5mg/kg/48h injection of rotenone in 

male Sprague-Dawley rats. Importantly, this dosing regimen did not result in significant 

adverse effects, and weight loss remained within 0-5% without worsening over the dosing 

period. Furthermore, this dosing regimen successfully replicated subtle motor deficits, induced 

approximately 20% dopaminergic cell loss in the substantia nigra, and triggered ongoing 

inflammatory responses in the local region, particularly in the striatum. This pilot study 

provides a valuable tool for studying the early stages of PD and offers a unique opportunity to 

investigate the synergistic effects of subthreshold pesticide exposure and TBI, thus potentially 

providing valuable insights into the development of PD following TBI. 
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ABSTRACT 
 

Traumatic Brain Injury (TBI) has been associated with an increased risk of developing 

Parkinson's Disease (PD) in later life. However, the varying susceptibility of individuals to 

develop PD following TBI has prompted investigations into potential modifying factors. 

Previous research in preclinical models and clinical settings has indicated that the combination 

of TBI with subthreshold paraquat exposure can induce dopaminergic neurodegeneration and 

exacerbate the risk of developing PD. Despite that, the progression of functional deficits from 

these risk factors to PD remains unclear. Therefore, this study aimed to examine the functional 

changes following low-dose rotenone exposure and TBI, both independently and in 

combination, at 1 month following injury. Forty-seven male Sprague-Dawley rats were 

administered six injections of either vehicle or rotenone (1.5mg/kg/48h, s.c) before being 

subjected to either sham surgery or diffuse moderate-severe TBI using Marmarou’s impact 

acceleration model. At 4 weeks post-injury, they were tested on a functional battery 

encompassing motor, anxiety, cognition and prodromal-PD related symptoms. Results revealed 

that TBI animals previously exposed to rotenone exhibited significant impairments in motor 

coordination during the beam walking test (p<0.001) and demonstrated learning deficits 

(p<0.05) in the Barnes maze acquisition phase. Moreover, observations of prodromal 

symptoms showed this dual-exposure animal model exhibited lower defecation frequency 

(Chi-square test, p<0.0001). Some main effects of injury or rotenone were observed, but they 

were restricted to the motor subsets. These findings underscore the potential synergistic effects 

of TBI and rotenone exposure on functional outcomes related to PD pathophysiology. Further 

investigation is warranted to elucidate the underlying mechanisms and long-term implications 

of these findings, particularly in relation to the development of PD.  
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1.0 INTRODUCTION 
 
Traumatic brain injury (TBI) is a complex and multifaceted condition resulting from rapid 

movement of the head leading to brain displacement within the skull, such as that seen in sports 

injuries, falls, motor vehicle accidents, violence, and combat injuries (Prins et al., 2013). It is 

an increasingly common health concern and socioeconomic problem, which affects more than 

69 million people worldwide and accounts for approximately 52,000 deaths a year in the United 

States (Dewan et al., 2019; Faul et al., 2010). Following a TBI, individuals can experience a 

wide range of symptoms that vary in severity and duration (Khan et al., 2003). These symptoms 

can affect different aspects of a person's functioning, including motor, cognitive, emotional, 

and behavioural domains (Draper and Ponsford, 2008; Jorge and Robinson, 2003; Till et al., 

2008; Walker, 2007). Once thought of as an acute event, emerging evidence suggests that TBI 

is not simply an isolated event, but rather an ongoing disease process that may contribute to 

the development of neurodegenerative disorders, such as Parkinson's disease (PD) (Brett et al., 

2022; Gardner et al., 2015; Gardner and Yaffe, 2015). 

Over the past 35 years, at least 10 epidemiologic studies have consistently reported associations 

between head injury and an elevated risk of PD (Bower et al., 2003; Gardner et al., 2018; 

Gardner and Yaffe, 2015; Goldman et al., 2012, 2006; Seidler et al., 1996; Smargiassi et al., 

1998; Stern, 1991; Taylor et al., 1999; Tsai et al., 2002).  A meta-analysis conducted in 2013, 

which included 22 studies, revealed a higher risk (hazard ratio =1.57, 95% CI=1.35-1.83) of 

developing PD among individuals with a history of TBI (Jafari et al., 2013).  This contrasts 

with a later meta-analysis conducted in 2018, encompassing 18 studies, which found much 

smaller effect size (Odds ratio=1.19, 95% CI=0.5-2.84) of increased PD risk in individuals with 

previous TBI compared to those without TBI (Huang et al., 2018). Such contradictory findings 

could be attributed to differences in the definition of head injury, the inclusion of study 

participants, or other methodological considerations. Alternatively, they could reflect the 
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presence of differential PD susceptibility among individuals with TBI, underscoring the 

likelihood of interactions between a history of TBI and other risk factors in the disease 

progression, which aligns with the “multiple hit hypothesis” of neurodegenerative disease 

(Patrick et al., 2019; Sulzer, 2007).  

Pesticide exposure, including substances like rotenone and paraquat, has also garnered 

considerable attention for its association with PD (Dick, 2006; Tanner and Goldman, 1996).  

Individuals who reported rotenone use had a 2.5 times higher risk of developing PD compared 

to non-users (Tanner et al., 2011). Similarly, a case-control study conducted in the Central 

Valley of California revealed that individuals residing within 500 meters of pesticide-sprayed 

fields had a 75% higher risk of developing PD (Costello et al., 2009). Most importantly, a 

population-based control study conducted in predominantly rural agricultural regions 

demonstrated that the risk of developing PD was nearly tripled when TBI was accompanied by 

ambient paraquat exposure (adjusted odd ratio=3.01, 95% CI=1.51-6.01) (Lee et al., 2012). 

Preclinical work has further demonstrated exacerbated loss of dopaminergic neurons within the 

substantia nigra (SN), the pathognomonic hallmark of PD, in TBI animals exposed to paraquat 

compared to those with TBI alone (Hutson et al., 2011).  

Thus, could these two variables synergistically contribute to an increased risk of developing 

PD? Preliminary evidence from the literature supports this hypothesis, revealing an elevated 

risk of PD and greater loss of dopaminergic neurons in the SN (Hutson et al., 2011; Lee et al., 

2012). However, notable gaps persist in the literature, particularly in understanding how the 

ambient pesticide could influence the pattern of functional disorders post-injury and the precise 

interplay and specific events that occur following these combined environmental exposures, 

shaping the progression of PD symptoms. 

Given these gaps, in this study, we sought to examine both the individual and synergistic effects 

of head trauma and subthreshold pesticide exposure using the rotenone rat model established 
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in the previous chapter. A comprehensive behavioural battery encompassing various domains, 

including both motor function and cognitive ability, was employed at 1 month following the 

injury to investigate the impact of TBI+rotenone, in comparison to either TBI or rotenone 

exposure alone, on the progression of key symptoms associated with PD. The choice of a one-

month time point was influenced by prior research, particularly the work conducted by De 

Oliveira et al., where they investigated increased susceptibility to motor and neurological 

functional deficits 1 month after moderate TBI and 6-OHDA inductions (De Oliveira et al., 

2017). Of particular note, the current battery also assessed the presentation of some of the key 

prodromal symptoms associated with PD; namely, olfactory dysfunction (Ponsen et al., 2004), 

constipation (Abbott et al., 2001) and anxiety (Postuma and Berg, 2019). By delving into these 

aspects, we aim to contribute valuable insights into the potential interplay between head trauma, 

pesticide exposure, and the emergence of symptoms related to PD, paving the way for a more 

comprehensive understanding of these complex interactions. 
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2.0 MATERIALS AND METHOD 

2.1 Animals 

Forty-eight male Sprague Dawley rats (9-10 weeks old, 400-450g) were used under the 

approval of the University of Adelaide Animal Ethics Committee (M-2022-004). Animals were 

housed in groups of three per cage and raised under conventional laboratory conditions (12 h 

light/dark cycle, temperature 22±2 °C, humidity 60±5%), with food and water provided ad 

libitum. Animals were acclimatised for 1 week before starting the study. After acclimatisation, 

animals were randomly allocated into 4 groups: (1) vehicle injection and sham surgery 

(Veh+Sham, n=12), (2) vehicle injection and TBI surgery (Veh+TBI, n=12), (3) rotenone 

injection and sham surgery (Rot+Sham, n=12), and (4) rotenone injection and TBI surgery 

(Rot+TBI, n=12) (Fig.1). Animals underwent a comprehensive functional battery assessing 

motor, cognitive, neuropsychiatric function at 1-month post-injury.  

 

2.2 Subcutaneous administration of rotenone 

75mg rotenone (Sigma Aldrich, R8875) was suspended in 1ml of Dimethyl Sulfoxide (DMSO, 

Chem-supply, DA013), then diluted 1:50 in 100% pure sunflower oil (Crisco, Australia) to 

make up the 1.5mg/ml rotenone dosage in 2% DMSO sunflower oil. Vehicle was made by 
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DAY
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S.C injection 1.5mg/kg Rotenone or 2% DMSO every 48h for 6 injections
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1st Hit: exposure to rotenone, creating vulnerability 2nd Hit
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Figure 1. A scheme describing the study design. (a) Rats were divided into groups and received either subcutaneous vehicle or 
1.5 mg/kg rotenone injections every 48 hours for a total of 6 injections. The days of injection were indicated by arrows and red 
fonts. On day 0, the rats underwent either TBI or Sham surgery, depending on their assigned group. Following the injury, the rats 
underwent neuroscore testing during the acute phase at 3- and 7-days post-injury (dpi). (b) Subsequently, a comprehensive 
behavioral test was conducted during the sub-acute phase from 29 to 45 dpi. (b) The testing battery included various assessments 
such as the adhesive removal test (AT), pasta manipulation test (PMT), forelimb adjusting step test (ST), grip strength test (GST), 
gait test (GT), elevated plus maze (EPM), open field (OF), beam walking (BW), Barnes maze (BM), buried food test (BFT), 
constipation test, and jaw tremor test (JT). 

a 

b 
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mixing 1mL of DMSO with 49mL sunflower oil. Solutions were vortexed thoroughly before 

the injection to ensure a uniform suspension. This rotenone regimen consisted of six 

subcutaneous injections of rotenone (1.5mg/kg/48h) in a volume of 1ml/kg, with the dosing 

regimen based on the extensive piloting presented in Chapter 4. Animals received the first 

rotenone injection 11 days before the brain injury and every 48 hours following the first 

rotenone injection (Fig. 1). This regimen did not result in any mortality over the course of 

rotenone administration. 

 

2.3 Moderate-severe diffuse weight drop injury 

Briefly, animals were injured with the Marmarou impact-acceleration injury method 

(Marmarou et al., 1994), an injury protocol extensively validated for the diffuse injury model 

(C.Marmarou et al., 2009). Animals underwent anesthetic induction via inhalation of 2-3% 

isoflurane under normoxic conditions for 5 minutes. They were subsequently intubated, 

mechanically ventilated and maintained on 1-2% isoflurane throughout. A midline incision was 

made to facilitate the placement of a metal disc centrally between lambda and bregma. Animals 

assigned to TBI surgery were then transiently taken off ventilation and strapped onto a foam 

bed, with injury induced by releasing a 450 g brass weight from a height of 2 m down a clear 

tube onto the centre of the metal disc. Contact was observed to ensure a single, direct impact 

without a rebound hit. Following the impact, animals were promptly returned to the surgical 

stage for manual resuscitation using a resuscitation balloon if independent breathing was 

hindered. No mortality was noted in the Veh+TBI, Veh+sham or rotenone+sham groups, with 

two animals lost from the Rot+TBI group over the course of the study.  

 

2.4 Body weight 
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The body weight of each animal was measured every day prior to the rotenone/vehicle injection 

from day -11 to day -1. On the surgery day (day 0), the weight was measured before performing 

the surgery, as well as on days 1-7, and 14,21,28. As rotenone produced weight loss, animal 

weights ranged from 441 to 612g in vehicle-administered animals compared to 364 to 528g in 

rotenone-administered animals at the time of TBI. While variations in weight can influence 

factors like metabolism and physical impact tolerance (List et al., 2013; Marques Miranda et 

al., 2021), it's worth noting that following the cessation of rotenone administration, rotenone-

exposed animals showed a gradual weight increase. Despite initial differences in weight 

between rotenone-exposed and vehicle-exposed animals at the time of TBI, there was no 

significant weight disparity observed in animals exposed solely to rotenone compared to sham 

group on day 14 post-rotenone cessation. This suggests a rapid recovery from the initial weight 

loss induced by rotenone, indicating that the variability in study outcomes is unlikely to be 

solely attributed to rotenone-induced weight-loss. It’s possible that larger animals may 

experience less injury than smaller animals, however, this pattern aligns with the nature of 

rotenone exposure, where prior exposure could potentially render individuals weaker and more 

vulnerable to injury. Percentage changes in body weight at these time points were calculated 

based on their weight at day –11. 

 

2.5 Behavioural battery 

Composite neuroscore was tested acutely at 3- and 7-days post injury (dpi), and a thorough 

functional battery assessing motor function, cognition, anxiety and prodromal PD symptoms 

was performed during the subacute phase (Fig.1). All tests at each time point were carried out 

within the 12-hr-light cycle. Behavioural tests administered between 29-49 dpi were completed 

in the following order: constipation test, open field (OF), adhesive tape removal test (AT), grip 

strength test (GST), gait test (GT), forelimb adjusting step test (ST), beam walking (BW), 
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Barnes maze (BM), pasta manipulation test (PMT), buried food test (BFT), jaw tremor test (JT) 

and elevated plus maze (EPM) (Fig. 1b). Notably, functional data of OF, BM and EPM were 

recorded and analysed through the ANY-maze Video Tracking System version 4.99m 

(Stoelting Co.). On the other hand, the analysis of the recorded video in the PMT and BW was 

conducted by using Cowlog 3. The experimenter was blinded to the experimental groups of 

each animal throughout the duration of the study, with unblinding only occurring after 

completing the analysis of the tests.   

 

2.5.1 Composite Neuroscore  

Neurological function was evaluated using the 28-point composite neuroscore, which was 

adapted from previous studies on motor function impairment following TBI in rat (McIntosh 

et al., 1989; Nissinen et al., 2017; Zhang et al., 2005). The neuroscore was comprised of 11 

tests with a cumulative maximum score of 28, including (1) circling (maximum four points); 

(2) motility (maximum three points); (3) general condition (maximum three points); (4) 

righting reflex (maximum one point); (5) paw placement (maximum four points); (6) horizontal 

bar (maximum three points); (7) inclined platform (maximum three points); (8) grip strength 

(maximum two points); (9) contralateral reflex (maximum one point); (10) contralateral 

rotation when held by the base of tail (maximum two points); and (11) visual forepaw reaching 

(maximum two points). A neuroscore of 0 indicated significant neurological impairment, 

whereas a cumulative score of 28 indicated healthy functioning.  

 

2.5.2 Jaw Tremor Test  

The jaw tremor test (JT) assesses tremors or abnormal movements in rodents' jaw regions 

(Salamone et al., 2013). Animals were placed individually on a mesh stage enclosed within a 

transparent box to allow for unobstructed observation of their behavior. A total of three 5-
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minute trials were conducted for each animal. During these trials, trained assessors visually 

observed and recorded the frequency of tremors in the jaw area using a handheld tally counter. 

The mean number of jaw tremors was obtained by averaging across the three observation 

periods.  

 

2.5.3 Forelimb Adjusting Step Test 

The forelimb adjusting step test (FST) was used to assess motor coordination and sensorimotor 

integration. In brief, the animal’s body and hindlimbs were wrapped in a surgical drape and 

held in one hand by the experimenter, slightly raising it above the surface. The other hand fixed 

the forelimb that was not to be monitored in the drape. The rat was then held with one paw 

touching the table and moved slowly sideways (1m) by the experimenter, first in the left-to-

right and then in the right-to-left direction. The number of adjusting steps was counted for both 

paws in each direction of movement.  

 

2.5.4 Beam Walking   

The BW task was conducted to assess balance and motor coordination in rodents by evaluating 

their ability to navigate a black acrylic beam 1.6m in length and tapering in width from 6cm to 

1.5cm, with underhanging ledges of 1cm width on both sides The beam was suspended 

approximately 60cm above the ground and positioned at a 30o angle, such that the narrow end 

was at the highest point of the incline. Animals were placed on the wider end of the beam and 

required to walk up the incline to the narrow end, where an enclosed box was positioned. Prior 

to the actual test, animals underwent training to ensure they could successfully traverse the 

beam without stopping in the middle. On the test day, rats performed three consecutive trials, 

spaced 1 minute apart, and were recorded using video cameras positioned on both sides of the 
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beam. The latency to transverse the beam, the number of steps taken, and the number of foot 

faults, including slips and misses, were analysed.  

 

2.5.5 Gait Test 

The GT was utilised to examine and evaluate the animals' walking patterns and coordination. 

The test was performed in a transparent plexiglass walkway, measuring 90cm in length, 8 cm 

in width, and 12cm in height, with a white paper line at the bottom. During the trial, the 

walkway was exposed to bright light, and a dark box was placed at one end as a target. To 

facilitate tracking and analysis, the animals' paws were first coated with non-toxic acrylic paint, 

with a different colour for each paw. The animals were then placed at the starting point of the 

walkway and allowed to walk towards the dark box. Stride length, stance length, stance wide, 

forelimb base of support (BOS) and hindlimb BOS were calculated. 

 

2.5.6 Adhesive Removal Test 

The AT was used to evaluate sensorimotor function and fine motor control. It involved 

measuring the latency-to-contact, latency-to-remove, and latency-to-remove-after-contact of a 

piece of adhesive tape (8mm x 8mm) attached to the animal's forepaw. Each trial had a 

maximum duration of 2 minutes, and if the tape remained on the paw, the trial was terminated. 

The test was repeated three times for each paw, resulting in a total of six trials, and the average 

latency times were calculated. 

 

2.5.7 Pasta Manipulation Test  

The PMT was conducted to assess forepaw movements, following the protocol outlined by 

Tennant et al. (2010). Capellini pieces (7 cm long, marked at 1.75 cm intervals) were provided 

to the animals in their home cage for up to 7 days before the testing phase. The afternoon prior 
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to the test, the animals were habituated to the Plexiglass testing chamber for at least 30 minutes, 

and food was removed from their home cage overnight to increase their motivation for eating 

the pasta. On the test day, the animals were placed in a Plexiglass cage positioned on top and 

in front of a bi-folded mirror with dimmed lighting. They were given an additional 10 minutes 

to habituate to the environment before the pasta exposure began. During each trial, a pasta 

piece was dropped into the cage, and recording commenced until the pasta was consumed. This 

process was repeated for a total of 3 trials. The time to consume each pasta and the number of 

adjustments made during pasta handling were recorded.  

 

2.5.8 Grip Strength Test 

Forelimb muscle strength was determined by measuring peak force (in gram-force) using the 

digital grip strength meter equipped with a hind limb pull bar assembly (Ugo Basile, Italy). 

Animals were allowed to grip the metal grids connected to a force transducer with their 

forepaws and were gently pulled backwards by the body and the base of the tail until they could 

no longer hold the grids. Each animal was given five consecutive trials, and the average value 

was taken from the three highest peak force readings for further analysis.  

2.5.9 Open Field Test 

The OF is a standard test of locomotor activity. Animals were positioned in the central area of 

a spacious square box measuring 95cm x 95cm, with walls at a height of 44.5cm. The distance 

travelled by the animals during a 5-minute period was quantified to assess locomotor function. 

Additionally, the duration spent in the centre of the field was measured as an indicator of 

anxiety-like behaviour. 

 

2.5.10 Elevated Plus Maze 
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The elevated plus maze (EPM) is a common test in anxiety-related studies(Kraeuter et al., 2019; 

Walf and Frye, 2007). Animals were positioned in the centre of an elevated (50cm from the 

floor) cross-shaped maze consisting of two open arms and two closed arms, each measuring 

50cm long and enclosed by walls 40cm tall. The animals were allowed to explore the maze for 

a duration of 5 minutes. The total distance travelled, the time spent in the open arms, and the 

number of open arms entries determined by the centre point of the animal's body were recorded.  

 

2.5.11 Barnes Maze 

The BM evaluates spatial learning and memory in rodents. The maze is elevated ~10m from 

the floor and consists of a circular black platform (1.2m in diameter) with 18 evenly spaced 

holes along its edges. One hole is pre-determined as the escape hole, with a black escape box 

positioned beneath it. The Barnes maze test spanned five days, including three acquisition days, 

a rest day, and a probe day. During the acquisition days, rats underwent two trials spaced 15 

minutes apart. They were placed in the centre of the maze, which was exposed to strong light, 

and the time it took for the animals to find and enter the escape box was recorded. On the fifth 

day, the escape box was relocated to a different hole, and two trials were conducted 30 minutes 

apart. In the first trial, the time taken for the rats to reach the previous location of the escape 

hole was measured. In both trials, the time to locate and enter the newly relocated escape box 

was recorded as an indicator of cognitive flexibility. Additional cognitive parameters were 

assessed during the second trial of the probe day; these include the number of revisits to the 

previous escape hole location, working memory errors (measured by revisiting the same hole 

after exploring less than three different holes), and reference memory errors (measured by 

visiting any hole other than the escape hole). 

 

2.5.12 Constipation Test 
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Animals were temporarily placed in clean plastic cages without access to food or water for a 

period of one hour. Stools were promptly collected after expulsion and sealed in tubes for 

analysis. Following the trial, the total wet weight of the collected stools was measured and 

recorded. Subsequently, the stools were left to dry overnight in a 65°C oven and weighed again 

to determine the dry weight. The fecal moisture percentage was calculated by subtracting the 

dry weight from the wet weight, dividing it by the wet weight, and multiplying the result by 

100. Animals that failed to produce fecal matter during the test period were excluded from the 

analysis. 

 

2.5.13 Buried Food Test  

The BFT was employed to evaluate the animals' ability to retrieve a buried food reward, which 

relied on their intact sense of smell. Prior to the test, the animals underwent a gradual food 

restriction over the course of 4 days until they reached ~85% of their free-feeding weight. On 

the testing day, a peanut cookie (~10g) was buried 0.5 cm below the fluffy bedding to make it 

invisible. The time taken for the animal to uncover the pellet and begin consuming it was 

recorded, with a maximum time limit of 5 minutes. The task was performed daily for three 

consecutive days. On the fourth testing day, a surface food trial was conducted to assess the 

animals' motivation to retrieve the food reward.  

 

2.6 Statistical analysis  

Behavioural data were primarily analysed using two-way ANOVA to compare the mean values 

among the injury vs no injury groups under two different treatment conditions (vehicle or 

rotenone exposure). A three-way ANOVA or mixed effect analysis was conducted in cases 

where evaluations were needed for different time points (such as percentage weight gain and 

loss, neuroscore, buried food test, and Barnes maze). Pairwise comparisons between groups 
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were carried out using Tukey's multiple comparisons. A significance value of p≤0.05 was set 

for all statistical tests, and all results are presented as mean±SEM (standard error of the mean). 

Outlier removals were performed using IBM SPSS® Statistics (version 23.0), and data analysis 

and graphical representation were conducted using GraphPad Prism (version 9.0.0). 
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3.0 RESULTS 

3.1 Exposure to rotenone affects normal weight gain 

Significant main effects for rotenone (F1,462=1305, p<0.0001), TBI (F1, 484 = 6.737, p=0.0097) 

and time (F21,484 = 107.1, p<0.0001), as well as significant interactions between time x rotenone 

(F21,462 = 15.87, p<0.0001), time x TBI (F21,484 = 2.175, p=0.002), TBI x rotenone (F1,462 = 

17.43, p<0.0001) were found for percentage of weight gain (Fig. 2a). There was no three-way 

interaction time x TBI x rotenone (F21,462 = 0.9868, p=0.48). Vehicle animals showed 

8.90±2.17% weight gain during the pre-TBI treatment period (day -11 to day -1). In contrast, 

rotenone-injected animals did not gain weight (1.67±4.7%), with significant differences 

observed from day -7 (p<0.01) to day -1 (p<0.0001) compared to vehicle groups (Fig.2a). 

Following TBI, both Veh+TBI and Rot+TBI animals demonstrated a 4-7% loss compared to 

their previous day’s weight, although both groups were no longer significantly different from 

their pre-injury baseline by day 7 following injury (Veh+TBI- pre-injury:10.36±2.7%; 

7dpi:11.53±3.7%) (Rot+TBI-pre-injury: -1.25±4.1%; 7dpi: -1.19±3.95%). Although rotenone 

animals showed weight gain following cessation of the rotenone injections, as the Rot+TBI 

animals were injured at a lower weight than the Veh+TBI animals, they still showed 

significantly less weight gain until 28dpi (18.96±6.94% vs 26.34±6.71%, p<0.001). In contrast, 

Rot+sham animals were no longer significantly different from Veh+sham animals by day 14 

(10.43±5.95% vs 15.77±3.27%, p=0.199) (Fig. 2A).  

 

3.2 Prior rotenone exposure aggravates post-TBI neurological impairment during the acute 

phase 

To determine whether prior rotenone exposure in our diffuse injury model of TBI induced 

neurological impairment during the acute phase, we first examined neurological motor function 

with neuroscore at 3 and 7 dpi (Fig.2B). A main effect of pre-exposure to rotenone (F1,38=24.26, 
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p<0.0001), TBI (F1, 44 = 90.98 p<0.001) and time (F1,44 = 7.66, p=0.008) was found. 

Additionally, notable interactions emerged between TBI and rotenone (F1,38 = 24.26, p<0.0001). 

However, no discernible effects were found for time x TBI (F1,44 = 3.5, p=0.068), time x 

rotenone (F1,38 = 1.31, p=0.26), or time x TBI x rotenone (F1,38 = 2.48, p=0.124) (Fig. 2B). 

Further post-hoc analysis revealed significant differences in the Veh+Sham animals (26(23-28) 

pt) compared to the Veh+TBI groups [23(16-26) pt, p<0.001] and Rot+TBI [19 (12-28)pt, 

p<0.0001] groups. Similarly, significant distinctions were apparent between Rot+Sham [26(23-

28)pts] and the two TBI groups (Veh+TBI, p<0.01, Rot+TBI, p<0.00010). Furthermore, the 

combination of Rot+TBI made the animals perform worse in comparison to Veh+TBI animals 

( p<0.0001), with this effect not observed between shams (Fig. 2B). 

 

3.3 Behavioural Outcomes at One-Month Post-Injury-Motor function 

Motor function was assessed using the beam walking task for balance and motor coordination, 

jaw tremor test and forelimb adjusting step test for voluntary movement, distance travelled in 

OF and EPM for locomotor activity, and gait test for walking pattern (Fig. 3-6).  

3.3.1 Gross motor function 

Locomotor activity was assessed via distance travelled, which showed no main effect of TBI 

(F1, 43= 0.06, p=0.81) or rotenone (F1, 43= 0.029, p=0.87), nor an interaction (F1, 43= 1.44, p=0.24) 

on the OF (Fig.3A) or in the  EPM (rotenone effect: F1, 43= 0.092, p=0.76, TBI effect: F1, 43= 

0.023, p=0.88; interaction: F1, 43= 3.79, p=0.058) (Fig.3B).   

3.3.2 Parkinsonian symptoms 

In the evaluation of parkinsonian symptoms through the jaw tremor test, a significant main 

effect of rotenone (F1,42= 5.525, p=0.023), but not TBI (F1,42=3.858, p=0.056), was found, with 

no interaction of rotenone x TBI (F1,42=0.015, p=0.903). This was driven by higher jaw tremor 

values in animals pre-exposed to rotenone compared to vehicle animals (47.32±24.3 vs 
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32.6±20.49) (Fig. 4A). In contrast, for the forelimb adjusting step test, a measurement of 

akinesia, a significant main effect of TBI was noted (F1, 41= 8.154, p=0.0067), but not rotenone 

(F1, 41= 1.495, p=0.2284), with no interaction (F1, 41= 2.956, p=0.093). This was driven by a 

lower number of adjusting steps in TBI compared to sham animals (5.71±1.45 vs 6.63±0.73 

steps) (Fig. 4B).  

3.3.3 Balance, motor coordination and gait 

At 29 days following the injury, the latency to transverse the beam did not exhibit any 

significant main effects attributed to TBI (F1,43 = 0.415, p=0.523), rotenone (F1,43 = 0.4236, 

p=0.519), or rotenone x TBI interaction (F1,43 = 0.356, p=0.554) (Fig. 5A), but there was a 

significant difference in the percentage of foot slips (Fig. 5B). A two-way ANOVA revealed a 

main effect of pre-exposure to rotenone (F1,43 = 13.03, p=0.0008), TBI (F1,43 = 23.47, p<0.0001) 

and rotenone x TBI interaction (F1,43 = 12.27, p=0.0011). Subsequent post-hoc analysis 

indicated that animals in the Rot+TBI group produced a significantly higher percentage of 

errors on the beam compared to other groups (32.88±6.06% vs 15.44±5.09%, 15.66±8.17% 

and 18.21±8.1%, all p<0.0001 vs Veh+Sham, Rot+Sham and Veh+TBI, respectively).  

In contrast, in the gait test, the forelimb BOS demonstrated a significant TBI effect (F1, 40= 

7.032, p=0.01), but no significant rotenone effect (F1, 40= 0.17, p=0.69), nor interaction between 

the two (F1, 40= 0.004, p=0.95) (Fig. 5G). TBI animals showed narrower forelimb BOS than 

sham animals (3.08±0.7cm vs 3.57±0.44cm). No significant main effects of TBI, rotenone or 

interaction were noted for any other gait parameter, including stride length, stance length, 

stance width or hindlimb base of support (Fig. 5C-E, H, Supplementary Table 1). 

3.3.4 Fine motor control and grip 

To measure fine motor control, the AT and PMT were employed to evaluate fine movement 

and dexterity. Notably, no significant main effects or an interaction were observed in the AT 

test, encompassing latency to contact (rotenone effect: F1, 37= 1.94, p=0.17; TBI effect: F1, 37= 
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0.624, p=0.43; interaction: F1, 37= 0.54, p=0.47) (Fig. 6A), latency to remove (rotenone effect: 

F1, 43= 0.41, p=0.52; TBI effect: F1, 43= 1.56, p=0.22; interaction: F1, 43= 0.21, p=0.65) (Fig. 6B) 

and latency to remove after contact (rotenone effect: F1, 42= 1.0, p=0.32; TBI effect: F1, 42= 0.77, 

p=0.39; interaction: F1, 43= 0.32, p=0.57) (Fig. 6C).  

Similarly, within the PMT, the time taken to consume the pasta and atypical handling patterns 

revealed no significant main effects or interaction (Fig. 6D, F, Supplementary Table 1). 

However, a significant main effect of TBI was found for the number of adjustments (F1, 34 = 

8.28, p = 0.007), whereas rotenone did not show a significant effect (F1, 34 = 0.26, p = 0.62), 

with no significant interaction between the two (F1, 34 = 2.42, p = 0.13). TBI-subjected animals 

exhibited fewer adjustments compared to the sham groups (13±6.99 vs 19.47±7.44 adjustments) 

(Fig. 6E).  

Furthermore, in the grip strength analysis, which evaluated grip and muscle strength based on 

the three highest values, a significant main effect of TBI was observed (F1, 43= 10.38, p=0.002), 

whereas no substantial effect was observed due to rotenone (F1, 43= 3.17, p=0.08), and no 

significant rotenone x TBI interaction (F1, 43= 0.46, p=0.50) was detected. Notably, animals 

subjected to TBI exhibited reduced strength compared to those in the sham group 

(327.53±106.88 vs 414.24±81.15gf) (Fig. 6G).  

 

3.4 Behavioural Outcomes at One-Month Post-Injury -Non-motor symptoms 

Non-motor symptoms examined included anxiety-like behaviour in the OF and EPM, cognitive 

function through BM analysis, olfaction via the BFT and constipation with fecal water content. 

3.4.1Anxiety-like behaviour 

The OF and EPM assess different anxiety stimuli in the animal, with the OF assessing anxiety 

over open spaces and the EPM assessing anxiety over open spaces and height (Walf and Frye, 

2007). No main effects of TBI or rotenone nor an interaction between the two were found for 
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time in the centre of the OF, time in open arms of the EF, or number of arm entries (Fig 7, 

Supplementary Table 1) 

3.4.2 Cognition 

Cognitive outcomes were evaluated using the BM for spatial learning, memory (reference and 

working memory), and cognitive flexibility (ability to reprogram previously learned tasks) 

(Barnes, 1979). Throughout the acquisition phase, all experimental groups exhibited significant 

learning (Trial effect: F2,111 = 7.79, p=0.0007), as evidenced by the decrease in escape latency 

from day 1 to 2 (p < 0.001) and from day 1 to 3 (p < 0.0001). The three-way ANOVA analysis 

revealed no significant main effect in terms of rotenone (F1,111 = 2.74, p=0.1), TBI (F1,111 = 0.69, 

p=0.41), rotenone x trial (F2, 111= 0.85, p=0.43), TBI x trial (F2, 111= 2.27, p=0.11) or trial x TBI 

x rotenone (F2, 111= 0.69, p=0.51). However, interestingly, a significant interaction between 

rotenone x TBI (F1,111 = 9.2, p=0.003) was observed. This was driven by an overall significant 

difference in performance in the Veh+TBI vs Rot+TBI animals (p<0.05), with no other 

significant differences between groups (Fig. 8a). This pattern is further elucidated in the heat 

map, wherein the sham groups demonstrated a faster and more accurate spatial memory, 

evidenced by their direct navigation towards the escape box on days 2 and 3 compared to the 

more exploratory pattern on day 1. Conversely, the Rot+TBI group demonstrated a consistent 

exploratory pattern across all three acquisition days, indicative of limited improvement in their 

spatial memory (Fig. 9). 

By trial 1 of the probe day, all animals were able to find the old escape box successfully, with 

no main effect of rotenone (F1, 43= 0.17, p=0.68) or TBI (F1, 43= 0.61, p=0.44), nor  interaction 

between two (F1, 43= 0.19, p=0.67) (Fig. 8B). Similarly, for cognitive flexibility, indicated by 

the time taken to find the new escape box on the probe day. there was no significant main effect 

of either TBI (F1, 78= 0.07, p=0.8) or rotenone exposure (F1, 78= 0.59, p=0.45), nor were there 

any significant interactions (trial x TBI x rotenone (F1, 78= 0.252, p=0.87); trial x TBI (F1, 78= 
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0.4, p=0.53); trial x rotenone (F1, 78= 0.03, p=0.87); TBI x rotenone (F1, 78= 0.49, p=0.87). As 

would be expected, however, a significant main effect of trials (F1,78=14.39, p<0.001) was 

observed, with animals improving their escape latency from trial1 to trial 2 (Fig. 8C). No 

further effects were found for revisits to the old escape box location, reference memory error 

or working memory error during trial 2 on the probe day (Fig 8D-F, Supplementary table 1). 

This is further illustrated by the construction of a heat map, where all treatment groups showed 

similar navigation patterns and average time spent in each part of the Barnes maze across the 

two trials (Fig. 10).  

3.4.3 Prodromal PD symptoms 

Constipation was evaluated by analysing the weight of fecal samples, which were subsequently 

dried overnight to determine water content—an indicator of constipation. Throughout the trial, 

a subset of rats failed to defecate within the 1-hour test period. Specifically, this included three 

out of twelve Veh+Sham rats (25%), two out of twelve Veh+TBI rats (17%), and four out of 

eleven Rot+TBI rats (36%). A chi-square test revealed a significant association between 

frequency of defecation and treatments (Chi-square, df= 43.89, 3; p<0.0001) (Fig. 11A). In the 

measurement of total fecal weight, no discernible changes were observed among the groups, 

nor any main effects of rotenone (F1, 35= 0.008, p=0.93), TBI (F1, 35= 0.47, p=0.5) and 

interaction (F1, 35= 0.21, p=0.65) (Fig.11B). However, a significant interaction was found for 

rotenone x injury (F1, 32= 4.19, p=0.049) during the assessment of the percentage of water 

content, although posthoc analysis failed to show any significant differences between the 

groups (Fig. 11C).  

Olfactory function was evaluated using an odor-guided food-seeking paradigm, wherein rats 

were tasked with locating a buried cookie underneath the bedding. The latency to find the 

cookie served as a measure of olfactory performance. Overall, the three-way ANOVA analysis 

of the BFT did not demonstrate any significant interactions of trial x TBI x rotenone (F3, 160= 
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0.224, p=0.88), trial x TBI (F3, 160= 0.08, p=0.97), trial x rotenone (F3, 160= 0.17, p=0.91) or TBI 

x rotenone (F1, 160= 0.71, p=0.4), nor was there an effect of either TBI (F1, 160= 0.26, p=0.61) or 

rotenone exposure (F1, 160= 0.002, p=0.96). All animals exhibited similar latencies in locating 

the cookie, with the only notable main effect observed for time (F3, 160= 13.9, p<0.0001), as all 

groups located the visible, unburied cookie faster on trial 4 (Fig. 11D). 
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Figure 2. Response to rotenone administration and TBI as assessed by weight gain/loss and composite neuroscore.  (A) Time 
course of the percentage of body weight gain or loss over an 11-day rotenone regimen and 28 days post-injury. Data are presented 
as mean ± SEM. Statistical significance levels are denoted as follows: *** p < 0.001, **** p < 0.0001: Statistically significant 
difference between the Veh+Sham and Rot+Sham groups. #### p < 0.0001: Statistically significant difference between the 
Rot+Sham and Veh+TBI groups. ^^ p < 0.01, ^^^^ p < 0.0001: Statistically significant difference between the Veh+Sham and 
Rot+TBI groups. $$ p < 0.01, $$$ p < 0.001, $$$$ p < 0.0001: Statistically significant difference between the Veh+TBI and 
Rot+TBI groups. Data are presented as mean ± SEM. (B) Interleaved scatter plot depicting neurological motor function determined 
using a composite neuroscore during the acute phase (Day 3 and 7 post-injury). Rats subjected to TBI exhibited impairment in the 
neuroscore when compared with sham-injured rats at 3 and 7 dpi. The rats previously exposed to rotenone showed a more 
pronounced deficit, as detected by significantly lower composite neuroscores. Data are presented as median ± range. **p < 0.01, 
***p < 0.001, ****p < 0.0001 between treatment groups. n = 12 per group, except for n = 11 in the Rot+TBI group. 

A B 

A B 
Figure 3. Exposure to rotenone and TBI, either 
individually or in combination, did not lead to 
changes in gross motor function at the 1-month 
post-injury. The distance travelled during (A) 
open field and (B) elevated plus maze was 
measured as an indicator of locomotor activity and 
general motor function. Data are presented as 
means ± SEM, n = 11-12 per group.  
 

A B 
Figure 4. Subtle individual effects of injury and 
rotenone on Parkinsonian-like symptoms. (A) 
The tremor was quantified by counting 
involuntary oscillations or movements in the jaw 
region. (B) Akinesia was assessed by determining 
the number of stepping adjustments per trial in the 
forelimb adjusting step test. Data are presented as 
means ± SEM, n = 10-12 per group.  
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Figure 5. Rotenone exposure prior to TBI induces significant deficits in motor coordination with beam walking but not 
gait at 1-month post-injury. (A-B) Balance and motor coordination. Beam walking performance for each animal was expressed 
as (A) the average latency to cross the beam and (B) the percentage of slips/missteps. (C-H) Gait analysis. The gait test was 
assessed by 4-colour paws printing, the walking pattern, measured as (C) stride length, (D) stance wide, (E) stance length, 
(F)representative trances of footprint image collected, (G) forelimb base of support (BOS) and (H) hindlimb BOS. Data are 
presented as means ± SEM, n = 10-12 per group. ****p < 0.0001 between treatment groups.  
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Figure 6. Effects of TBI lead to subtle changes in fine motor control. (A-C) 
Adhesive removal test. (A) Latency to contact, (B) Latency to remove, (C) Latency 
to remove after contact.  (D-F) Pasta manipulation test. The analysis of the pasta 
manipulation test was expressed as (D) the total time spent consuming each pasta 
piece, (E) the number of adjustments needed for consuming each pasta piece, (F) 
atypical patterns observed during each pasta consumption. (G) Grip strength test. The 
maximum pull force is significantly reduced following TBI. Data are presented as 
means ± SEM, n = 8-12 per group.  
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E F D 
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Figure 7. Neither rotenone nor TBI exposure led to anxiety-like phenotype in rats at 1-month post-injury. Anxiety-like 
behaviour was measured by (A) time spent in the centre in the open field as well as evaluated by (B) time in open arms and 
(C) number of entries into the open arms in the elevated plus maze. Data are presented as means±SEM, n=10-12/group.  
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Figure 9. Heat map analysis was conducted on the Barnes maze during the acquisition phase following the injury. The heat maps 
represent the average exploration patterns of the animals' centre point within the Barnes maze throughout the entire duration of the test. 
The color scale displayed at the top indicates the intensity of exploration, with warmer colours indicating higher exploratory activity. The 
orange circle indicates the location of the escape box. Each heat map in the figure represents a composite of data from four animals per 
group (n=4/group).  

Figure 8. Subtle learning deficits, but not memory and cognitive flexibility were observed using the Barnes maze. Spatial 
learning was evaluated by measuring the (A) latency to escape to the dark box during the acquisition phase (day 1-3). Memory 
performance was assessed on trial 1 probe day by measuring the (B) latency to the old box location, and on trial 2 probe day by 
measuring the (D) number of revisits to the old box, (E) reference memory error, and (F) working memory error. Cognitive flexibility 
was examined by measuring the (C) latency to the new escape box on the probe day. Data are presented as means ± SEM, n = 10-12 
per group.  
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Figure 10. Heat map analysis was conducted on the Barnes maze during trials 1 and 2 of the probe day. The heat maps 
display the average exploration patterns of the animals' centre point within the Barnes maze throughout the entire duration of the 
test. The colour scale presented at the top represents the intensity of exploration, with warmer colours indicating higher exploratory 
activity. The orange circles indicate the location of the old escape box, while the black circles indicate the new escape box location. 
Each heat map in the figure represents a composite of data from four animals per group (n=4/group). 

Figure 11. Assessment of common prodromal PD symptoms: constipation and hyposmia. (A-C) Constipation rate. 
Constipation was evaluated using (A) the percentage of defecation vs. no defecation during a 1-hour trial of the 
constipation test (B) the total weight of the fecal sample (C) the percentage of water content. (D) The integrity of 
olfactory function was assessed using the buried food test. The latency to find the buried cookie was measured on days 
1-3. On trial day 4, the cookie was placed on top to test for motivation and any motor deficits. Data are presented as means 
± SEM. n=10-12/group in A,D; n=7-10/group in B,C.    
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Table 1 
Summary of behavioural results; P-value of rotenone, TBI and interaction effect 

Test Paradigm Behaviour measurement 
P-Value 

Rotenone 
effect TBI effect Interaction 

Neuroscore  28-point composite neuroscore <0.0001 <0.0001 =0.0003 

General Motor Function 

Open Field Test (OF) Distance travelled (m) ns ns ns 

Elevated Plus Maze (EPM) Distance travelled (m) ns ns ns 

Parkinsonian Symptoms 

Jaw Tremor Test (JT) Jaw movement counts =0.0235 ns ns 

Forelimb Adjusting Step Test (ST) Stepping adjustment/ trial ns =0.0067 ns 

Balance Coordination and Gait 

Beam Walk Test (BW) Latency to cross (s) ns ns ns 

 Percentage of slips (%) =0.0008 <0.0001 =0.0011 

Gait Test (GT) Stride length (cm) ns ns ns 

 Stance wide (cm) ns ns ns 

 Stance length (cm) ns ns ns 

 Forelimb base of support (cm) ns =0.0114 ns 

 Hindlimb base of support (cm) ns ns ns 

Fine motor control and Grip  

Adhesive Removal Test (AT) Latency to contact (s) ns ns ns 

 Latency to remove (s) ns ns ns 

 Latency to remove after contact (s) ns ns ns 

Pasta Manipulation Test (PMT) Time consumed (s)/pasta ns ns ns 

 Number of adjustments/pastas ns =0.0069 ns 

 Atypical pattern/pasta ns ns ns 

Grip Strength Test (GST) Peak force (gf) ns =0.0024 ns 

Anxiety 

Open Field Test (OF) Time in center (s) ns ns ns 

Elevated Plus Maze (EPM) Time in open arms (s) ns ns ns 

Cognition 

Barnes Maze Training: Escape latency to box (s) ns ns =0.0030 

 Probe: Latency to old box (s) ns ns ns 

 Probe: Latency to new box (s) ns ns ns 

 Probe: Number of revisits to old box ns ns ns 

 Probe: Working memory error ns ns ns 

 Probe: Reference memory error ns ns ns 

PD Prodromal Symptoms  

Constipation Test Rate of defecation (%) Chi-square test, p<0.0001 

 Total fecal weight (mg) ns ns ns 

 Water content (%) ns ns =0.0491 

Buried Food Test Latency to find cookies (s) ns ns ns 
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4.0  DISCUSSION 

 The etiology of PD is complex, likely involving a multifaceted interplay of diverse 

genetic and environmental factors (Gorell et al., 2004). PD encompasses more than just its 

prominent motor symptoms, as emerging evidence indicates an extended prodromal phase 

marked by non-motor symptoms such as cognitive impairment, anxiety, and autonomic 

irregularities (Gaenslen et al., 2011; Postuma and Berg, 2019). Various animal models, 

including TBI models (Acosta et al., 2015), toxin-based models (Betarbet et al., 2000; Simola 

et al., 2007), an a-synuclein transgenic model (Giasson et al., 2002; Lee et al., 2002), and an 

a-synuclein propagation model (Kim et al., 2019; Luk et al., 2012), have been developed to 

better understand the pathogenesis underlying PD. However, none have accurately reproduced 

the progression of PD seen in clinical populations (Taguchi et al., 2020). Herein, this study 

focused on two established PD risk factors, TBI and rotenone exposure, to generate a new 

preclinical model, with the aim of understanding their individual and synergistic impacts on 

functional changes at 1-month post-injury. Such a model may have utility for understanding 

the pathophysiological mechanisms that lead to PD emergence.  This study is not the first to 

explore the link between two environmental risk factors and PD. Prior studies, including those 

by Hutson et al.(Hutson et al., 2011) and de Oliveira et al. (De Oliveira et al., 2017), have 

investigated these combined effects, with injury implemented prior to high dosage of either the 

neurotoxin 6-hydroxydopamine (6-OHDA) or the pesticide paraquat, leading to significant 

motor impairments and substantial dopaminergic neurodegeneration in SN. Importantly, 

however, none of the previous work in this area focused on generating a mild underlying 

vulnerability in the dopaminergic system prior to the TBI, which is arguably the more clinically 

relevant scenario. Further, the current study went beyond the study of motor function alone, 

instead incorporating a more comprehensive battery including not only an extensive assessment 
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of motor function, but also cognition, anxiety and aspects of the prodromal symptoms of PD, 

including both constipation and olfactory function.  

 The overall results from the present study demonstrated that, at 1-month post-injury, no 

discernible impairments in general motor function, anxiety-like behaviour, prodromal PD 

symptom (hyposmia), or cognitive functions, such as cognitive flexibility, working memory, 

and recognition memory, were observed when compared to Veh+Sham animals, irrespective of 

the treatment. However, exposure to a low systemic dose of rotenone-induced subtle motor 

dysfunction, particularly in tremors, balance, and motor coordination. Similarly, animals given 

a moderate-severe TBI exhibited a more pronounced impairment in motor function, including 

akinesia-like symptoms, as well as deficits in fine motor control, deficit, grip, gait, balance and 

motor coordination. Of note, rotenone pre-exposure prior to moderate-severe TBI showed 

synergistic effects, exacerbating balance and motor coordination dysfunction, as evidenced by 

a significantly higher percentage of foot slips in beam walking compared to other treatment 

groups. A synergistic effect was also observed in spatial learning during the acquisition phase 

of the Barnes maze, with Rot+TBI animals demonstrating a consistent exploratory pattern 

across all three acquisition days, an effect absent in animals in either the rotenone or TBI alone 

groups. This synergistic effect extended to defecation frequency, with Rot+TBI animals 

exhibiting a lower defecation rate than the other treatment groups. These findings suggest that, 

while TBI and rotenone may induce relatively subtle motor impairments individually, their 

combination results in an exacerbated impact that extends to deficits beyond motor function 

alone, which could potentially set the stage for the later emergence of PD. 

The initial significant finding in this study was that, although low-dose rotenone had an 

effect on the neuroscore test, it did not lead to significant acute neurological impairments 

compared to Veh+Sham, suggesting rotenone alone may not cause such impairments. While 

the investigations using the same dosing regimen of this study may not be available, the 
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cumulative effect observed on neuroscore following 2-3 weeks of continuous 4mg/kg rotenone 

injections implies that noticeable effects on neurological function indeed require a longer 

exposure duration or a higher dosing regimen (Troshev et al., 2022). In the current study, at 1- 

month following the last injection, subtle rotenone effects manifested in impairment in 

balance/motor coordination and increased tremor-like symptoms, with no discernible impacts 

on other motor functions, cognition, or any of the prodromal-related symptoms assessed. This 

implies that transient, low-dose exposure to rotenone can result in delayed and mild 

behavioural changes over a more extended timeframe. This observation seems to align with the 

findings from Van Laar et al., where Lewis rats injected with intraperitoneal 2.8mg/kg rotenone 

for 5 consecutive days experienced a rapid recovery from the rotenone effect within 9 days of 

cessation and remained without behavioural deficits for 3 to 4 months, before subsequently 

developing progressive motor abnormalities in the following months (Van Laar et al., 2023).  

This delayed emergence of symptoms may be attributed to progressive loss in 

dopaminergic neurons within the SN, considering the critical role of this region in motor 

function and its vulnerability to rotenone exposure (Fan et al., 2022; Guilarte et al., 2006; 

Sherer et al., 2003b). In support of this, in our previous pilot study, it was found that, 24- hours 

after 6 injections of 1.5mg/kg/48h rotenone injection, approximately 20% of dopaminergic 

neurons were lost in the SN [Chapter 4]. While the examination of DA neurons at a 1-month 

time point is not covered in this study, it is plausible that there could be a progressive loss of 

neurons following rotenone exposure. Supporting this, a study by Rocha and colleagues 

reported an approximate 35% gradual decline in the number of DA neurons within the SN over 

a two-week period following the cessation of a 14-day intraperitoneal injection of 2.5mg/kg 

rotenone in mice (Rocha et al., 2022). In a more chronic timeframe, Van Laar et al. 

demonstrated a progressive loss of DA neurons in the SN, with a 24% loss at 3 months that 
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increased to a loss of 32% at 9 months following the cessation of rotenone exposure (Van Laar 

et al., 2023).  

It is important to note that the SN serves as an important source of dopamine in the 

brain, projecting to the striatum (STR), forming the nigrostriatal pathway (Haber et al., 2000). 

Loss of DA neurons in the SN could subsequently reduce dopamine transmission to the STR 

(Sherer et al., 2003b; Zhang et al., 2017), profoundly impacting motor function and potentially 

giving rise to the symptoms seen. The absence of rotenone effects in other behavioural tests at 

this particular dose, however, raises the possibility that this dosing regimen might not have 

surpassed the threshold necessary to induce profound motor impairment (Engelender and 

Isacson, 2017). In support of this, a single photon emission computed tomography (SPECT) 

imaging study, utilising the [123I]-FP-CIT ligand that labels the dopamine transporter, 

demonstrated that tremor was associated with 43% loss of striatal DA content (Schwartz et al., 

2004). Similarly, the presentation of the classic cardinal motor symptoms of PD famously 

requires a 40-60% loss of DA neurons within the SN (Kordower et al., 2013) and a considerably 

more profound (i.e. >80%) loss of striatal DA (Bernheimer et al., 1973; Scherman et al., 1989). 

Therefore, it is imperative for future studies to investigate the correlation between the subtle 

motor deficits detected one month after low-dose rotenone exposure and DA levels in the 

nigrostriatal pathway. Such a comprehensive examination is currently ongoing in our lab using 

tissue generated from this study.  

In contrast, animals subjected to a moderate-severe diffuse TBI demonstrated notable 

and acute impairment in neurological function, as measured by neuroscore, compared to the 

sham groups. This observation aligns with outcomes from severe TBI animal models induced 

through different injury methods, including lateral fluid percussion injury and controlled 

cortical impact, which consistently demonstrate acute decreases in neurosocre following injury 

(Nissinen et al., 2017; Pierce et al., 1998; Song et al., 2019; Thau-Zuchman et al., 2021). 
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Similarly, clinical work by Dahdah et al. further supports this notion, revealing that patients 

with moderate-severe TBI exhibit deficits in functional outcomes even upon discharge from a 

rehabilitation centre (Dahdah et al., 2014). This acute impairment indicates the immediate and 

profound impact of TBI on the nervous system, affecting various aspects of neurological 

function (McAllister, 2011). 

Furthermore, the impact induced by moderate-severe diffuse TBI appears to persist, and 

perhaps even worsen, sub-acutely at 1-month post-injury, affecting various motor functions 

such as forelimb akinesia, reduced grip strength, compromised fine motor control, impaired 

balance and motor coordination, and altered forelimb base of support in gait. These findings 

are consistent with our systematic review, demonstrating the sub-acute persistence of these 

motor dysfunctions after moderate-severe diffuse TBI (Corrigan et al., 2023). Indeed, mounting 

evidence indicates that diffuse TBI leads to altered gait during sub-acute time points, even 

following a mild injury. Specifically, studies by Mountney et al. and Namdat et al. revealed 

significant deficits in the front base of support that closely align with our observation 

(Mountney et al., 2017; Namdar et al., 2020). Dysfunctions in the forelimb, assessed by 

forepaw placement and grip strength, are also prominent in animals with moderate/severe 

diffuse TBI (Alwis et al., 2012; Rana et al., 2020). However, the results for balance and motor 

coordination are more mixed, with our previous work on rotarod showing no significant 

differences in latency to fall at either 1- or 3-months following the same TBI severity and injury 

method utilised in this study (Arulsamy et al., 2018). Conversely, in line with the current study, 

previous work by Alwis et al. and Albayram et al. found worse performance in beam walking 

using a diffuse weight drop injury at 1-  and, more chronically, at 6 months following a 

moderate-severe diffuse TBI (Albayram et al., 2017; Alwis et al., 2012).  

While this differential effect could be attributed to the motor tasks used, it is important 

to note that the impact of moderate-severe diffuse TBI did not extend to certain other motor 



 208 

symptoms, including sensorimotor/fine motor control and gross motor function. Parameters 

like latency to remove adhesive tape, traversal time on the beam, and locomotor activity in both 

the open field and elevated plus maze showed no significant alterations, which, intriguingly, 

aligns with the previous findings that TBI does not significantly affect sensorimotor or gross 

motor function at 1-month following the injury (Alwis et al., 2012; Arulsamy et al., 2018; Özen 

et al., 2022). This suggests that moderate-severe diffuse TBI may have a differential effect on 

motor function. However, it is worth mentioning that limited work has explored motor 

functions using the moderate-severe diffuse TBI model employed in this study. Among the 65 

preclinical studies included in our systematic review investigating chronic motor performance, 

27 examined moderate and moderate-severe TBI, with just 5 studies utilising the diffuse TBI 

model (Albayram et al., 2017; Alwis et al., 2012; Arulsamy et al., 2018; Hou et al., 2017; Rana 

et al., 2020), with the rest employing mixed and focal TBI models (Corrigan et al., 2023). Thus, 

further studies will be needed to assess alterations in sensorimotor and gross motor function 

following diffuse axonal injury. Nonetheless, the motor impairments observed in this study 

highlight the enduring nature of the damage caused by moderate-severe diffuse TBI, extending 

well beyond the initial acute phase (Bramlett and Dietrich, 2015). 

Interestingly, within this study, the deficits in motor function following moderate-

severe diffuse TBI predominantly affected the forelimb, with a main effect found for tests such 

as the forelimb adjusting step test, forelimb base of stance and the number of forepaw 

adjustments made during the pasta manipulation task. Notably, motor impairments, especially 

in the upper limb and hand, often mark the initial manifestation in PD cases (Monje et al., 

2021). Given that dopamine loss in the nigrostriatal pathway is a key pathological hallmark of 

PD, it is plausible to suggest that these motor impairments could be attributed to TBI-induced 

alterations in dopaminergic function, possibly contributing to a motor phenotype reminiscent 

of early PD. In fact, TBI has been consistently identified as factor that leads to impaired striatal 



 209 

dopaminergic transmission, including reduced synthesis and dopamine release in the STR 

(Chen et al., 2017; Donnemiller et al., 2000; Jenkins et al., 2018; Wagner et al., 2005b, 2005a). 

SPECT imaging studies have reported a 20% reduction in binding ratios for the dopamine 

transporter in the STR of patients with moderate-severe TBI (Jenkins et al., 2018). Preclinical 

work has also shown that TBI alone can result in a 15% loss of dopaminergic neurons in the 

STR 11 days after a moderate fluid percussion injury (Hutson et al., 2011).  

However, not all studies have been consistent, with a previous study reporting that 

dopaminergic neurons in both the STR and SN were not impacted at 1-month following a 

diffuse weight drop injury, the same type of injury induced in the current study (De Oliveira et 

al., 2017). This raises the possibility that the motor deficits observed following TBI in our study 

might be due to effects in other brain regions or on other mechanisms responsible for motor 

control beyond the nigrostriatal pathway (Graybiel, 1991). It remains to be investigated 

whether these motor impairments were associated with the alterations of the nigrostriatal 

pathway in this study. Additionally, exploring other brain regions and mechanisms related to 

motor control will be important for unraveling the dynamic contributions of other 

neurotransmitters and neuromodulators beyond dopamine to the complex motor profile seen 

following injury.   

In addition to the effects seen for rotenone and TBI alone, a significant synergistic effect 

of the two was observed during acute neurological assessment using neuroscore. Specifically, 

the Rot+TBI animals exhibited significantly lower neuroscores than the other treatment groups, 

suggesting that pre-exposure to rotenone, while not impactful on its own, exacerbated the 

effects of TBI. This underlines the notion that the combined impact of rotenone and TBI is 

more than the sum of their individual effects on neurological assessment (Lee et al., 2012). 

When extending the investigation to other motor tests at 1-month post-injury, a significant 

interaction was seen during the beam walk test, with no such interaction observed in other 
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motor tests. It's noteworthy that the motor deficits identified in the beam walk test in this study 

predominantly manifested as alterations in balance and coordination, indicative of underlying 

disruptions in motor function commonly observed in both TBI and PD. This finding is 

comparable to a study by de Oliveira et al., where a moderate diffuse weight drop injury, 

followed by an intraperitoneal administration of 100mg/kg 6-hydroxydopamine (6-OHDA) 

five hours post-injury, significantly induced impairment in rotarod motor coordination at 4 

weeks post-injury, an effect that wasn’t statistically significant for animals given either the TBI 

or 6-OHDA alone (De Oliveira et al., 2017). It is also in line with a similar study by Hutson 

and colleagues (2011), in which dual exposure could lead to exacerbated effects compared to a 

single risk factor alone (Hutson et al., 2011).   

The likely origin of this synergistic effect— indicated by the increased number of foot-

slip errors detected in the beam walking test, signifying a loss of balance and motor 

coordination—lies in the observed ability of rotenone to induce subtle underlying vulnerability 

in the dopaminergic system (Chapter 4). In line with our expectation, this vulnerability might 

have subsequently allowed moderate-severe TBI to cause more pronounced damage. This is 

also supported by the only two preclinical studies to date that have explored the synergistic 

effect of TBI and neurotoxin, revealing an exacerbated reduction in dopaminergic neurons than 

with TBI or exposure to either the neurotoxin 6-OHDA (De Oliveira et al., 2017) or the 

pesticide paraquat (Hutson et al., 2011). However, it remains plausible that the synergistic 

effect between rotenone and TBI could also stem from their impact on other pathways relevant 

to the pathogenesis of PD, including their shared ability to induce oxidative stress, 

mitochondrial dysfunction, neuroinflammation and axonal injury (McAllister, 2011; Sherer et 

al., 2003a). Consequently, a definitive conclusion regarding the precise mechanisms of this 

synergistic effect cannot be reached without further investigation. 
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Interestingly, the synergistic effect between rotenone and TBI extends beyond motor 

function alone. In line with this, animals subjected to both factors demonstrated impaired 

learning during the acquisition phase of the Barnes Maze, with no effect seen on cognitive 

flexibility, reference memory or working memory. This effect could be due to impacts on 

dopamine within the nigrostriatal pathway. In line with this, 8-week-old transgenic MitoPark 

mice showed similar deficits in learning during the acquisition phase of the Barnes Maze as 

those observed in the current study, which were not confounded by motor impairment. 

Similarly, as observed in the current study, performance of these MitoPark mice on the Barnes 

maze did not differ from that of wild-type littermates by day 4 of the protocol, nor did they 

display differences in probe trial performance.  Thus, while the Barnes maze is often thought 

of as a hippocampal-dependent spatial learning and memory task, given the selective 

vulnerability of the nigrostriatal dopamine pathway seen in MitoPark mice(Ekstrand et al., 

2007), it seems likely that this pathway also contributes to normal performance on this task. 

Further, it provides support for potential impairment of this pathway within our ROT+TBI 

animals, although, as stated above, this remains to be formally assessed (Li et al., 2013).  

However, it's also crucial to carefully consider the experimental conditions and 

potential confounding factors that could influence the results obtained from the Barnes Maze 

(Gawel et al., 2019; Rosenfeld and Ferguson, 2014). Odour cues, for instance, can be one of 

the factors influencing the investigation of cognitive function, as rodents commonly rely on 

odour cues for navigation and localization (Liu et al., 2020). Indeed, this behaviour was notably 

observed in Veh+TBI animals during the acquisition phase, where the learning curve appears 

flat, rather than displaying the downward trajectory observed in Sham animals (Figure 8a), 

suggesting that rats in this group may be using odour cues to find the escape box. This is further 

supported by the heat map on Day 1 of the acquisition phase, illustrating how Veh+TBI animals 

tend to head directly to the escape box, compared to the more exploratory patterns observed in 
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the other treatment groups (Figure 9). This could impact the ability to fully assess the impact 

of injury on performance. Additionally, the mildly aversive stimuli used in the Barnes maze, 

such as the bright lights in this study, might not sufficiently motivate rodents to locate the 

escape box. This lack of motivation could result in increased exploration, prolong the latency 

to locate the escape box and path length, and consequently result in slower learning curves 

(Kennard, 2011). Another confounding factor affecting the learning curve is the number of 

trails trained per day. In a study comparing animals trained in 2, 3, and 4 trials per day in the 

Barnes Maze acquisition phase, animals trained with only 2 trials per day exhibited 

significantly slower latency to reach the escape box, covered a longer distance, and showed 

lower path efficiency compared to the 3 and 4 trial groups (Illouz et al., 2016). Collectively, 

these factors may contribute to the observed fluctuating learning performance in Rot+TBI 

animals. This is evident in both Figure 6a and the heat map, where Rot+TBI animals display 

worse latency to escape and exploratory patterns on Day 3 than on Day 2 of the acquisition 

phase. Thus, a more comprehensive measurement utilising additional measures of learning and 

cognitive function, particularly prefrontal-dependent cognitive function, are needed in order to 

tease apart these effects.  

Finally, the synergistic effect between TBI and rotenone was further supported by our 

data on constipation, one of the prodromal symptoms of PD (Gaenslen et al., 2011). Specifically, 

we found a decrease in defecation frequency and a decrease in the percentage of water content 

in the fecal samples collected from the Rot+TBI group, indicating a potential impact on bowel 

movement. This observation aligns with the known association between constipation and PD, 

as slow bowel movement frequency is frequently reported in individuals with PD (Ashraf et 

al., 1997; Verbaan et al., 2007). Research has indicated that constipation correlates with the 

duration and severity of PD, with both the frequency and severity of constipation tend to 

increase as the disease progresses (Edwards et al., 1993; Krogh et al., 2007).  Additionally, a 
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study highlighted indicators of constipation, including bowel dysfunction and prolonged colon 

transit time, in a cohort of 55 TBI patients 1 year post-injury (Lim et al., 2012). Furthermore, 

in a rat model, a 26-day subcutaneous injection of 2mg/kg rotenone significantly reduced fecal 

dry weight, water content, and length 1 month after rotenone cessation (Song et al., 2023). 

Collectively, the observed decrease in defecation frequency and relative dry fecal samples from 

the Rot+TBI may, therefore, indicate the presence of the autonomic dysfunction associated 

with prodromal PD. Future investigations, such as colonic transit time using marker substances, 

should be pursued for a more detailed examination of the frequency, severity, and other 

characteristics of constipation (Lin et al., 2015).  It is also important to note that this study did 

not show any synergistic effects between TBI and rotenone for other prodromal symptoms 

associated with PD, such as olfactory dysfunction (Bang et al., 2021), as tested by the buried 

food test, or anxiety-like behaviour (Gaenslen et al., 2011), as assessed using the elevated plus 

maze and open field, indicative of the intact of the frontal region, however, future investigation 

is necessary to substantiate this hypothesis. Further, other key prodromal symptoms, such as 

REM-sleep behaviour disorder (Postuma, 2014) or depression (Bareeqa et al., 2022) were not 

assessed in the current study. Thus, a more comprehensive assessment of prodromal symptom 

presentation in this model must be performed. 

Collectively, our findings suggest that TBI alone can result in a range of impairments 

involving motor functions, and that prior exposure to rotenone potentiates this effect, 

manifesting as subtle motor impairments, along with mild cognitive deficits and the presence 

of constipation symptoms commonly observed in the early-stage PD. This observed synergistic 

effect of rotenone exposure and TBI in the experimental model expands on the concept of the 

"two-hit" hypothesis of PD and is consistent with the epidemiological study by Lee et al.(Lee 

et al., 2012), where TBI and pesticide exposure individually moderately increased PD risk, 

while the exposure to both factors significantly amplified the PD risk. Most importantly, for 
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the first time to date, these results demonstrate the potential of the Rot+TBI model in 

unravelling the intricate mechanisms underlying PD progression following injury. Future 

research should build upon these findings to further elucidate the molecular, cellular, and 

circuit-level changes associated with the combined impact of TBI and rotenone exposure. 

Additionally, greater attention should also be given to the investigation of the precise time span 

and symptoms progression between head trauma, rotenone exposure and the onset of PD. Such 

investigations may provide insight into which individuals are at particular risk of PD 

development, a critical first step in early identification and, consequently, potentially more 

effective therapeutic intervention. 
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 Parkinson's disease (PD) is the second most prevalent neurodegenerative disease 

following Alzheimer’s disease. Although advances in medical science and biotechnology, such 

as the invention of deep brain stimulation—offering a 51% chance of surviving for at least 10 

years after the procedure—have prolonged the survival rates for PD patients (Hitti et al., 2020), 

a cure remains elusive. Existing treatments, such as levodopa and the previously mentioned 

deep brain stimulation, primarily focus on managing symptoms rather than halting or reversing 

disease progression and also come with side effects associated with their long-term use (Combs 

et al., 2015; Marsden, 1994). With the growing recognition of the prodromal PD stage, current 

research seeks to unravel the complexities of early PD progression, aiming to develop disease-

modifying therapies (Kalia et al., 2015; Vijiaratnam et al., 2021). While the exact etiology of 

PD remains largely unknown, epidemiological and clinical studies have identified a significant 

correlation between environmental exposures—such as pesticide exposures and traumatic 

brain injury (TBI)—and an elevated risk of developing PD in later life (Gardner et al., 2018; 

Tanner et al., 2011). The literature review presented in the first chapter of this thesis highlights 

a considerable overlap in pathology and mechanisms between TBI and exposure to pesticides 

and PD. Despite extensive discussion and investigation of this overlap by the research 

community, however, there remains a gap in understanding the stepwise progression of the 

disease, especially regarding the development and evolution of symptoms.  

To address this knowledge gap, Chapter 2 conducts a systematic review of chronic 

motor symptoms arising from various severities of TBI across both preclinical and clinical 

studies, aiming to elucidate the intricate details of how motor symptoms may evolve following 

injury, and may eventually progress to neurodegenerative motor disorders, such as PD 

(Corrigan et al., 2023). Despite significant gaps and inconsistencies in the literature, a 

discernible pattern nevertheless emerges, showing that greater injury severity is correlated with 

more persistent motor deficits, with subtle fine motor deficits also observed clinically following 
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repeated injury. In domain-specific analyses, there was evidence for an association between 

postural control and gait and levels of injury severity, particularly in those who had suffered 

the injury in the last ten years. Speed reduction was also observed in cases of more severe 

clinical TBI. However, reaching a consensus on generalising findings about the specific motor 

dysfunction triggered by varying levels of severity, and the progression of these deficits over 

time, remains challenging. This is primarily attributed to variations in methodologies across 

studies and discrepancies in the parameters used for reporting. It is also uncommon for studies, 

including only a handful of preclinical (n = 3) (Arulsamy et al., 2019; Bajwa et al., 2016; Xu 

et al., 2019) and clinical (n = 2) ones (Burton et al., 2002; Gardner et al., 2017), to report on 

the impact of different severities of TBI on long-term motor functional outcomes within the 

same study. With only limited studies adopting such an approach, confounding variables 

between studies, including, but not restricted to, differences in animal species, type of injuries, 

source of participants and injury parameters, add complexity to the interpretation of results. 

Another contributing factor to the difficulty in generalising findings is the scarcity of 

longitudinal studies on this topic. Despite a meta-analysis by Zapparoli et al. concluding that 

the degradation of motor functions is associated with the process of aging (Zapparoli et al., 

2022), the predominant focus of motor functional outcomes following TBI in preclinical 

research has been on the acute to early chronic phases (1 to 3 months post-injury), with a 

relatively smaller number of studies (n = 8) extending their follow-up period to 12 months post-

injury (Arulsamy et al., 2019; Arun et al., 2020; Daglas et al., 2019; Dhillon et al., 2020; 

Mouzon et al., 2018; Pierce et al., 1998; Sell et al., 2017; Tucker et al., 2019). This trend is 

similar in clinical research, with only six studies identified in this review investigating motor 

outcomes beyond ten years post-injury (De Beaumont et al., 2009; Martini et al., 2021; Pearce 

et al., 2018, 2014; Vanderploeg et al., 2007; Walker et al., 2018) , and the rest of the studies 

inadequately considering the effect of aging on motor functional outcomes. In this context, 
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conducting further longitudinal studies that explore various TBI severities within a single study 

is needed to elucidate how a history of TBI interacts with normal aging, impacting motor 

functional alterations and potentially setting the stage for PD development or other 

neurodegenerative movement disorders. 

As the disparities and limitations identified in this systematic review (Chapter 2) did 

not lead to much consensus on the long-term progression of motor symptoms following TBI 

and its relationship to the development of PD, particularly regarding long-term motor deficit 

indicators of later-onset PD, the focus of this thesis’s first experimental chapter (Chapter 3) 

shifted towards investigating underlying neuropathological changes. Building upon the insights 

discussed in Chapter 1, where we delved into the long-term persistence of neuroinflammation 

following TBI and the complex pathology of PD, our hypothesis posited that 

neuroinflammation persists chronically following diffuse axonal injury, and might be 

concomitant with changes in key neurotransmitter pathways (i.e. dopaminergic and 

noradrenergic pathways) known to be affected in PD. Indeed, the loss of dopaminergic neurons 

in the substantia nigra (SN) (Fabbri et al., 2017) is the well-characterised pathological hallmark 

of PD. The striatum, on the other hand, which serves as an important site for receiving 

dopamine projections from the SN, demonstrated a notable 35-45% loss in striatal dopamine 

transporter activity during the early stage of PD (Heng et al., 2023). The striatum, together with 

the SN, forms the nigrostriatal pathway that plays a critical role in regulating voluntary 

movements and coordinating motor control (Crossman, 2000; Kordower et al., 2013; 

Ungerstedt, 1976). PD is also associated with a reduction in noradrenergic neurons in the locus 

coeruleus (LC), a pivotal brainstem nucleus (Zarow et al., 2003a), accompanied by a disruption 

in the noradrenergic network projecting to the prefrontal cortex (PFC), which together, are 

associated with the cognitive decline observed during the disease’s progression (Delaville et 

al., 2011; Sampaio et al., 2020; Zarow et al., 2003b). By investigating changes in these 
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neurotransmitter pathways following TBI, we hoped to understand how TBI and 

neuroinflammation may initiate or worsen PD-related neurodegenerative processes. Moreover, 

we proposed that this effect is severity-dependent (Hellmich et al., 2005), supported by the 

differential effects on motor symptoms and PD risk following different severity of TBI 

(Corrigan et al., 2023; Gardner et al., 2018). Therefore, in Chapter 3, archival tissue from a 

group of rats with a 12-month history of different TBI severities (single mild, repetitive mild, 

and moderate to severe) was used for comprehensive analysis, including neuroinflammation, 

dopaminergic (DA), and noradrenergic (NA) assessments via immunohistochemistry and 

Western blotting. The regions of interest, encompassing the SN, striatum and PFC, were 

selected based on the known associations with these neurotransmitter pathways and both motor 

and non-motor aspects of PD pathology (Assad et al., 2022; Fazl and Fleisher, 2018).   

The investigation into the neuroinflammatory pathway revealed a significant impact of 

TBI on the astrocyte population within the SN, the microglial population within the striatum, 

and the percentage of activated microglia within the PFC at 12 months following the injury. 

However, post-hoc analysis revealed that the only significant difference compared to sham was 

observed in a decreased astrocyte population in animals with moderate-severe TBI, with no 

significant alterations noted in other neuroinflammatory aspects assessed in this study at this 

severity level. Similarly, there were no changes observed in the population or activation state 

of microglia and astrocytes in the other TBI severities within the regions examined. These 

findings contrast with the previous discussion in Chapter 1, where neuroinflammation was 

noted to persist long-term following TBI, especially in the clinical literature, with activated 

microglia have been reported up to 17 years post-TBI in multiple brain regions 

(Ramlackhansingh et al., 2011). This observation, however, could alternatively imply a 

temporary resolution of chronic inflammation in rodents during this "middle-age" phase, which 

might re-emerge with aging.  
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Indeed, a growing body of evidence supports inflammaging—a phenomenon where 

aging is correlated with chronic low-grade inflammation (Frank et al., 2006; Godbout et al., 

2005; Norden and Godbout, 2013). This is particularly evident in a study consisting of 582 

individuals aged 65 years or older, without risk factors or clinically active disease, presenting 

high levels of proinflammatory markers, including IL-6 and C-reactive protein (Ferrucci et al., 

2010). In a more detailed comparison, in vitro work utilising mononuclear cells collected from 

healthy young and aged donors demonstrated that mitogen-stimulated cultures from aged 

donors produce significantly higher levels of IL-6, TNF-a and IL-1β than those from young 

donors, suggesting that with age, neuroinflammatory responses induced by stimuli are 

heightened compared to the young (Fagiolo et al., 1993). This is further supported by Ritzel et 

al.'s findings, where microglial activation is amplified and prolonged in the aged brain 

compared to young-adult rats following a moderate TBI (Ritzel et al., 2022, 2019). These 

observed heightened neuroinflammatory responses associated with aging may contribute to an 

increased susceptibility to prolonged and intensified neuroinflammation following TBI, but 

more chronic time points post-injury, or investigations in older rodents, may be necessary to 

see this effect. 

Nevertheless, it is crucial to note that this assumption is drawn solely from examining 

microglial and astrocyte morphology in their activation states. A substantial aspect of the 

neuroinflammatory pathway remained uninvestigated, particularly whether there are 

alterations in levels of pro-inflammatory cytokines (IL-1, TNF-α, IL-18), chemokines (IL-8, 

CXC family), and interferons (IFNα, β), which are known to play a pivotal role in sustaining 

neuroinflammatory responses and consequent neuronal damage (Sordillo et al., 2016; Ziebell 

and Morganti-Kossmann, 2010). Hence, employing a more extended time-course post-injury 

and incorporating more comprehensive analyses of the neuroinflammatory response is needed 
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to fully probe the alterations in neuroinflammation that occur within the nigrostriatal pathway 

and associated regions post-TBI. 

Considering the robust association between TBI and PD, we hypothesised that there 

might still be an onset of neuropathological changes occurring in relevant brain areas at this 

time point. In the investigation of catecholamine pathways, the Western blot results revealed 

disruptions in the NA system, specifically decreased dopamine beta-hydroxylase (DβH) in the 

SN and increased adrenoreceptor alpha 2A (ADRA2A) in the striatum, within the nigrostriatal 

pathway following moderate-severe TBI, with no such alterations observed in the PFC or any 

aspect of the DA pathway at this severity. Previous studies on the effects of TBI on the 

noradrenergic system in animals have been minimal. Several have demonstrated that 

noradrenergic turnover consistently increased acutely within 30 minutes around the injury site 

(Dunn-Meynell et al., 1998; Levin et al., 1995), followed by a reduction throughout the brain 

over a subacute timescale (Dunn-Meynell et al., 1998; Fujinaka et al., 2003). Therefore, chronic 

alterations of noradrenaline signalling following TBI remain largely unknown. Nevertheless, 

it is interesting that functional assessments conducted previously in this animal cohort indicated 

mild cognitive flexibility deficits, specifically in this moderate-severe TBI group (Arulsamy et 

al., 2019). Although it remains to be explored, these findings might suggest that moderate-

severe TBI induces subtle alterations in neuroinflammation and disruptions in NA signalling, 

particularly in the SN and striatum, which, in turn, are associated with mild impairments in 

cognitive flexibility at 12 months post-injury. 

 This hypothesis, while intriguing, leaves a significant portion of this complex interplay 

unknown due to the limitations of this investigation, including the insufficient 

neuroinflammatory exploration mentioned earlier. Further, the study relied on Western blot 

analysis to determine the total protein levels of a subset of markers in the catecholamine 

pathway, rather than directly assessing neurotransmitter levels using microdialysis or probing 
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receptor expression profiles using immunohistochemistry.  Additionally, we did not investigate 

the locus coeruleus (LC)—the primary source of noradrenaline in the brain (Dahlstroem and 

Fuxe, 1964). Thus, this study is more of a preliminary exploration and a more comprehensive 

investigation is needed. This could include assessment of the expression of these markers in 

the LC or probing alterations in LC-nigrostriatal connectivity using neuroimaging, which may 

reveal not only their impact on cognitive performance (Aston-Jones et al., 2000; Evans et al., 

2022) but also the beginning of more subtle changes that could potentially set the stage for a 

key non-motor symptom associated with PD (Ohtsuka et al., 2013; Zarow et al., 2003a). In line 

with this, focal lesions of the basal ganglia have been shown to be associated with impairments 

in cognitive flexibility (Dubois et al., 2005) and individuals with PD are known to have 

impairments in cognitive flexibility that impact their daily life (Siquier and Andrés, 2021).  

Moreover, mounting evidence suggests that LC-NA system loss occurs before SN-DA (Braak 

and Del Tredici, 2008; Zarow et al., 2003a), and its projections play an essential role in 

regulating balance and maintaining DA neurons in the SN region (Jovanovic et al., 2022). It is 

crucial to elucidate the mechanisms by which the LC influences SN and, consequently, impacts 

cognitive performance. However, such an extensive examination was beyond the scope of the 

current thesis. 

 Contrary to the severity-dependent hypothesis, the dopamine pathway, particularly the 

dopamine receptor D1 (DRD1), exhibited upregulation solely in the PFC following a single 

mild TBI. This effect was attenuated in animals with repeated mild TBI or more severe TBI 

and was not observed in other brain regions. While the reason for this differential effect remains 

unclear, the single mild TBI animals from the same cohort also demonstrated increased time 

spent in and higher entries to the open arms of the elevated plus maze at 12 months post-injury, 

indicating reduced anxiety, a behaviour that was not seen in animals subjected to other TBI 

severities (Arulsamy et al., 2019). This suggests that DRD1 upregulation in the PFC may be 
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associated with reduced anxiety behaviour, specifically following a single mild TBI. In support 

of this, a growing body of preclinical research links DRD1 activity to anxiety and risk-taking 

behaviour (Beyer et al., 2021; Hare et al., 2019; Sonntag et al., 2014). However, previous work 

from our lab refutes this assumption by demonstrating intact structural integrity in the PFC in 

animals subjected to single mild TBI via Western blot, diffuse tensor imaging and 

immunohistochemistry (Supplementary Figure 1-3).  While this discrepancy warrants further 

investigation, these findings provide further evidence for the association between prefrontal 

DRD1 and anxiety, and support that behavioural changes may be sustained long-term following 

a single mild TBI. Nonetheless, investigating anxiety-related regions, such as the hippocampus 

and amygdala, is crucial to gaining a more comprehensive understanding of this link, 

particularly the effect of a single mild TBI on chronic anti-anxiety behaviour (Shin, 2006; Shin 

and Liberzon, 2010).  

 Overall, the investigation in both catecholamine markers and neuroinflammation in the 

SN, striatum and PFC demonstrated minimal changes at 12 months following diffuse axonal 

injury. It is important to note that analysis of alpha-synuclein levels using Western blot in the 

same cohort also did not reveal changes in either the SN or striatum at this time point (Alina 

Arulsamy’s unpublished 2019 thesis). Although examining earlier regions of Lewy body 

deposition, such as the LC and the olfactory bulb (Braak et al., 2003), may be more relevant in 

these still relatively young (~15-month-old animals), these findings nevertheless demonstrate 

that detecting the brain mechanisms that may set the stage for PD development following a 

TBI alone is challenging. This notion is further supported by the largely preserved motor 

function, as indicated by normal locomotor activity, among animals in this cohort at the 12-

month timepoint following injury (Arulsamy et al., 2019), although it is important to note that 

a comprehensive analysis of motor function was not conducted in this cohort. Nevertheless, 

this is also supported by a study by Gardner and colleagues (Gardner et al., 2015).  Despite the 
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increased likelihood of individuals with a history of TBI being diagnosed with PD (hazard ratio 

44%, 95% confidence interval = 1.31-1.58), the vast majority did not develop PD (Gardner et 

al., 2015). This suggests there must be additional factors that either increase or protect against 

susceptibility to post-TBI neurodegeneration (Pang et al., 2019).  

As detailed in Chapter 1, pesticide exposure represents another robust environmental 

factor contributing to an elevated risk of PD (Noyce et al., 2012). Previous epidemiological 

work by Lee and colleagues (2012) revealed that while both TBI and paraquat exposure 

individually moderately increased PD risk, combining these factors tripled the risk (adjusted 

odd ratio 3.01, 95% CI 1.51-6.01) (Lee et al., 2012). This synergistic effect is further examined 

in animal work, where administering twice the 10mg/kg intraperitoneal paraquat injections 

after a moderate TBI resulted in a 30% loss of DA neurons in the SN, compared to the 15% 

loss observed with TBI alone (Hutson et al., 2011). This suggests that pesticide exposure 

induces pathological vulnerability within key brain circuits, such as the nigrostriatal pathway, 

and in the presence of TBI, they could synergistically exacerbate the risk of PD.  

While acknowledging this connection, the mechanisms that may drive disease 

progression following the combination of these risk factors remain largely unclear. To probe 

this further, the development of a preclinical model exposed to chronic, "ambient-level" 

pesticides before introducing TBI is needed. Pesticide, particularly rotenone, has been 

commonly employed to generate a PD model, characterised by a substantial loss of DA neurons 

and highly upregulated neuroinflammation in the nigrostriatal pathway. However, the dosage 

previously generates a mature PD model that consists of the cardinal motor symptoms and 

pathological hallmarks (Li et al., 2012; Sherer et al., 2003; Zhang et al., 2017), without 

capturing the onset and progression of the disease. Thus, to use rotenone to establish a model 

reflecting underlying vulnerability, featuring mild DA loss (below 20%) and 
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neuroinflammatory responses, optimisation of the current dosage is needed before introducing 

TBI (Chapter 4).  

 Since this was the first time that subcutaneous rotenone was used to create a model with 

mild dopaminergic vulnerability in the nigrostriatal pathway, much lower rotenone dosages of 

0.5mg/kg/day and 1.0/kg/day for 7 and 14 injections were applied in the first pilot study to 

investigate whether the dose and duration were sufficient to induce the desired vulnerability. 

The results revealed that the percentage of weight gain was significantly lower in 1mg/kg/day 

rotenone rats, particularly those with 14 injections, compared to the vehicles and animals 

subjected to 0.5mg/kg/day rotenone. However, the analysis of dopamine and 

neuroinflammatory markers demonstrated minimal changes in both striatum and SN that did 

not meet our expectations. Therefore, in the second pilot, the rotenone dosage was increased to 

2mg/kg/day for 7 injections based on Sherer et al., where 2.7mg/kg rotenone for 7 days 

reproduced the desired DA loss in the striatum but had a high systemic toxicity rate of 36% 

(Sherer et al., 2003). In our hands, at 24 hours after the 3rd injection, 2 out of 3 rotenone-injected 

animals exhibited significant parkinsonian symptoms, the adverse effect we sought to avoid. 

As a result, the rotenone dosage regimen was modified again in the third pilot study to involve 

1.5mg/kg rotenone administered every 48 hours for either 3 or 6 injections, based on the work 

by Fathalla et al. (Fathalla et al., 2016). A battery of physiological and motor evaluations was 

performed. Across the twelve days of the injection period, no adverse effects on body weight 

or Parkinsonian-like symptoms were observed. Additionally, the animals receiving 6 injections 

consistently displayed lower neuroscores after the 4th injection, with no specific motor deficits 

observed in forelimb function. Histopathological evaluation revealed these animals exhibited 

a ~20% loss of dopaminergic neurons in the SN and increased microglial activation in the 

striatum. Collectively, these piloting works indicate that the optimum dosage for establishing 

a rat model with underlying vulnerability is a regime of 6 * 1.5mg/kg/48h subcutaneous 
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injection of rotenone. This outcome lays a solid foundation for the upcoming investigation into 

the synergistic effects of rotenone and TBI on the onset of PD.  

Since symptom progression is important for identifying biomarkers associated with 

different disease stages and is crucial for early diagnosis, a specific focus was then on the 

functional changes following low-dose rotenone exposure and moderate-severe TBI, both 

independently and in combination at one month following the injury. Test results revealed a 

synergistic effect, mainly in motor impairments, first observed in composite neuroscore at 1-

week post-injury and remaining on balance and motor coordination at 1-month post-injury. 

This impact, however, was not evident in other aspects of motor function, such as general motor 

function as assessed by the locomotor activity, parkinsonian-like symptoms, fine motor control 

and grip. Although a main effect of injury was observed in some of these functions, the effects 

were relatively subtle and inconsistent, aligning with our findings in the systematic review 

(Corrigan et al., 2023). In fact, motor symptoms during the prodromal PD stage are often subtle 

and may not significantly impact daily functioning (Gaenslen et al., 2011), similar to the 

patterns observed in this dual-hit animal model. While these findings should be interpreted with 

caution, interestingly, the presence of these subtle motor symptoms nevertheless appears to 

predict later conversion to PD. In line with this, a retro-prospective study with 93 PD patients 

indicated that 63.4% and 77.4% experienced general bradykinesia and reduced am swing—an 

indicator of the underlying issue with balance or motor coordination- 2.9 and 2.2 years before 

the PD diagnosis, respectively (Gaenslen et al., 2011). Similarly, a population-based cohort 

study involving 6038 participants without dementia and 100% free of any Parkinsonian signs 

found that consistent complaints of body stiffness and postural imbalance significantly 

increased the risk of developing PD during a 5.8-year follow-up, with stiffness showing a 

hazard ratio of 2.11 and imbalance a hazard ratio of 3.47  (De Lau et al., 2006). Importantly, 

changes in balance and motor coordination observed in tests such as the beam walk test are the 
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key hallmark of PD (Jessop et al., 2006). Thus, future studies should probe this further to 

investigate whether these subtle motor symptoms observed in this dual-hit animal model can 

serve as predictors for the later conversion to PD. 

 Interestingly, however, upon the examination of non-motor symptoms, no discernible 

effect on either anxiety or prodromal PD-related symptoms was observed. It is worth noting, 

however, that there was a subtle synergistic effect on both defecation rate and faecal water 

content percentage noted, indicating potential constipation in animals with a combination of 

rotenone exposure and TBI. However, further investigation, such as gastrointestinal transit ratio 

or colon tissue examination, is needed to confirm these findings (Camilleri and Linden, 2016). 

Importantly, a more pronounced synergistic effect was observed for cognition. While neither 

rotenone exposure nor TBI alone was sufficient to lead to impairment, the combination of 

rotenone and TBI resulted in learning-like deficits, although this effect did not extend to 

impacts on memory or cognitive flexibility. This is in line with literature supporting the idea 

that mild cognitive deficits manifest in the prodromal phase of PD (Muslimovic et al., 2005; 

Shibuya et al., 2001). A recent meta-analysis, incorporating findings from 9 prospective 

observational articles investigating cognitive performance in individuals free of PD and their 

subsequent development of PD, suggests that studies relying on cognitive screening measures 

did not discover a significant association between cognitive performance and the onset of 

idiopathic PD (Speelberg et al., 2022). In contrast, studies employing comprehensive cognitive 

test batteries, consisting of investigation of specific domains, including executive function, 

processing speed/attention, verbal memory, and language, provided a different perspective 

(Darweesh et al., 2017; Pausch et al., 2016; Weintraub et al., 2017). They revealed that specific 

cognitive deficits in global and executive functions were linked to an increased risk of 

developing PD, implying that cognitive impairment that appeared during prodromal PD is 

relatively subtle and domain-specific (Speelberg et al., 2022). Collectively, the observed mild 
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motor impairments and subtle cognitive deficits, coupled with some changes indicative of 

constipation, could potentially indicate that this dual-hit animal model may be useful for 

assessing the progressive symptomatology typically observed in prodromal-stage PD patients. 

 It is imperative to note, however, that it remains uncertain whether this observed 

synergistic impact on motor function and learning, as well as potentially constipation, at 1-

month post-injury is a temporary outcome influenced by the acute effects of both rotenone 

toxicity and TBI, due to the relatively short duration of our study. Due to time constraints, our 

only exploration into the neuropathological alterations in this model to date was acutely 

following rotenone exposure in the pilot work (Chapter 4), where 6*1.5mg/kg/48h exhibited 

~20% loss of DA neurons in SN and an increase of microglia activation in the striatum, and 

chronic impact of rotenone itself, as well as its effect in combination with moderate-severe 

diffuse axonal injury, remains elusive. Much work still needs to be done to delineate the 

progression of behavioural and neuropathological changes. This includes the extension of the 

temporal scope to unravel the trajectory of these synergistic effects, as well as the examination 

of molecular and cellular mechanisms, such as the dynamics of α-synuclein aggregation, 

degeneration of DA and NA neurons, and the involvement of mechanisms such as 

neuroinflammation and oxidative stress, in critical regions such as the olfactory bulb, LC, 

striatum and SN. This comprehensive approach would provide a deeper understanding of the 

intricate interplay between chronic low-dose rotenone exposure, moderate-severe TBI, and the 

emergence of Parkinson's disease-related pathology and could provide an exciting new animal 

model in which to further probe these effects, as well as potential treatment options. 

 Collectively, this thesis outlines the challenges in studying PD progression following 

TBI, particularly in chronic development of motor symptoms. While further assessment of this 

question is clearly needed, this thesis, nevertheless, provides evidence suggesting an 

association between TBI severity and persistent motor deficits, manifesting in a dose-
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dependent pattern, in balance, gait, and overall speed over 10 years post-injury. The exploration 

of underlying neuropathology aligns with this pattern, with moderate-severe TBI having the 

most apparent impact on long-term neuropathogenesis, affecting the neuroinflammatory 

processes and noradrenaline signalling in the nigrostriatal pathway, accompanied by subtle 

impairments in cognitive flexibility at 12 months post-injury. An exception is noted in the 

single mild TBI model, where altered dopamine signalling in the prefrontal cortex was 

associated with a reduction in anxiety, an effect not found in the repeated mild injury. The 

reason for this differential effect remains largely unclear, emphasizing the need for future 

studies to expand the exploration across various facets and conditions, including oxidative 

stress and mitochondrial dysfunction, as well as investigations in regions like the olfactory bulb 

and LC, to rule out the possibility that the injury may have induced more subtle cellular 

consequences that are not readily observed by the approaches used in this thesis.  

 Furthermore, by introducing additional PD risk factor—rotenone exposure- prior to the 

TBI, this thesis provides support to existing literature (Hutson et al., 2011), revealing that dual 

environmental risk factors indeed generate more pronounced functional deficits than individual 

risk alone. In this case, exacerbated deficits in balance, motor coordination, and learning ability 

are observed. The subtle functional deficits induced by these dual PD risk factors, coupled with 

the preservation of other functional tests assessing motor, cognition, and prodromal symptoms 

(with the possible exception of constipation), may indicate heightened risk for the future 

development of PD. However, a comprehensive understanding of this phenomenon remains 

elusive without insights into the temporal profile of these functional deficits and the 

concomitant neuropathological changes occurring in the months following this dual-hit 

exposure. An in-depth analysis is imperative for unravelling the intricate relationship between 

dual environmental risk factors and the subsequent manifestation of functional impairments, 

contributing to a more comprehensive understanding of early PD progression. 
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 While acknowledging the preliminary nature of this work, the thesis contributes 

significant insights into the mechanisms and symptomatology of TBI and explores the potential 

synergistic effect of low-level rotenone exposure and TBI. These findings offer valuable 

preliminary insights into the predictability of PD following such exposures, enriching our 

understanding of the early stages of PD and emphasising the need for further investigations 

into the intricate relationship between dual environmental risk factors and functional 

impairments. 
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APPENDIX 

 

Supplementary Table 1. Effect values from two-way ANOVA analysis 
 TBI effect Rotenone effect Interaction 
Gross motor function 
GT-Stride length F1, 42= 0.054, p=0.82 F1, 42= 0.352, p=0.56 F1, 42= 1.03, p=0.32 
GT-Stance length F1, 42= 2.185, p=0.15 F1, 42= 1.102, p=0.3 F1, 42= 0.017, p=0.9 
GT-Stance width F1, 43= 2.8, p=0.102 F1, 43= 0.324, p=0.57 F1, 43= 0.628, p=0.432 
GT-Hindlimb BOS F1, 43= 1.18, p=0.284 F1, 43= 2.64, p=0.11 F1, 43= 3.13, p=1.043 
Sensorimotor function 
PMT-Time consumed/pasta F1, 33= 0.34, p=0.56 F1, 33= 2.62, p=0.115 F1, 33= 0.74, p=0.4 
PMT-Atypical pattern/pasta F1, 33= 0.07, p=0.79 F1, 33= 0.03, p=0.87 F1, 33= 0.143, p=0.71 
Anxiety 
OF-time in centre F1, 41= 0.43, p=0.51 F1, 41= 0.0002, p=0.99 F1, 41= 1.359, p=0.25 
EPM-time in open arms F1, 43= 2.97, p=0.09 F1, 43= 0.33, p=0.57 F1, 43= 1.47, p=0.23 
EPM-number of arm entries F1, 43= 0.05, p=0.82 F1, 43= 0.002, p=0.96 F1, 43= 0.46, p=0.5 

Cognition 
BM-Frequency of revisit to 
old box location F1, 43= 0.27, p=0.61 F1, 43= 1.91, p=0.17 F1, 43= 0.12, p=0.73 

BM-reference memory error F1, 42= 1.68, p=0.2 F1, 42= 0.69, p=0.41 F1, 42= 0.34, p=0.57 

BM-working memory error F1, 38= 0.46, p=0.5 F1, 38= 0.0003, p=0.99 F1, 38= 0.0003, p=0.99 
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Supplementary Figure 2 
MRI analysis in PFC at 12-months post different severities of injury. (a) Template image-Fibre orientation 
distribution; (b) Fixels originate from the PFC, with fixels assessed in colours other than navy blue. (c) Fixels assessed 
in the analysis (d) Area determined as PFC by ITKS-SNAP, (e) Fibre density, (f) Fibre Cross-section, (g)Interaction 
between Fibre density and cross section in PFC. Data are presented as mean±SEM, One-way ANOVA was performed.  

a b c 

e f g 

d 

Supplementary Figure 1 (Arulsamy 2019) 
Molecular analysis on the prefrontal cortex at 12 months was measured using semi-quantitative western blotting 
to analyse A) neuronal survival (total neurons, NeuN marker), B) integrity (synaptophysin marker) and C-D) 
structure damage (NF-L and MBP markers). GAPDH was used as a housekeeper protein for all analysis. Graphs 
represent the mean± SEM. Representative images of the western blots were extracted from Image Studio Lite.  



 302 

 

Supplementary Figure 3  
Immunohistochemistry analysis of MBP in PFC at 12-months post different severities of injury. (a) Percentage of 
area, (b) orientation, (c) coherency, (d) skewness, (e) kurtosis, and (f) fibre length. Data are presented as mean±SEM, 
One-way ANOVA was performed.      

e f d 

b c a 
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Introduction: Traumatic brain injury (TBI) is now known to be a chronic

disease, causing ongoing neurodegeneration and linked to increased risk of

neurodegenerative motor diseases, such as Parkinson’s disease and amyotrophic

lateral sclerosis. While the presentation of motor deficits acutely following

traumatic brain injury is well-documented, however, less is known about how

these evolve in the long-term post-injury, or how the initial severity of injury

a�ects these outcomes. The purpose of this review, therefore, was to examine

objective assessment of chronic motor impairment across the spectrum of TBI in

both preclinical and clinical models.

Methods: PubMed, Embase, Scopus, and PsycINFO databases were searchedwith

a search strategy containing key search terms for TBI and motor function. Original

research articles reporting chronic motor outcomes with a clearly defined TBI

severity (mild, repeated mild, moderate, moderate–severe, and severe) in an adult

population were included.

Results: A total of 97 studiesmet the inclusion criteria, incorporating 62 preclinical

and 35 clinical studies. Motor domains examined included neuroscore, gait,

fine-motor, balance, and locomotion for preclinical studies and neuroscore,

fine-motor, posture, and gait for clinical studies. There was little consensus

among the articles presented, with extensive di�erences both in assessment

methodology of the tests and parameters reported. In general, an e�ect of

severity was seen, with more severe injury leading to persistent motor deficits,

although subtle fine motor deficits were also seen clinically following repeated

injury. Only six clinical studies investigated motor outcomes beyond 10 years

post-injury and two preclinical studies to 18–24 months post-injury, and, as such,

the interaction between a previous TBI and aging on motor performance is yet to

be comprehensively examined.

Conclusion: Further research is required to establish standardized motor

assessment procedures to fully characterize chronic motor impairment across

the spectrum of TBI with comprehensive outcomes and consistent protocols.

Longitudinal studies investigating the same cohort over time are also a key for

understanding the interaction between TBI and aging. This is particularly critical,

given the risk of neurodegenerative motor disease development following TBI.

KEYWORDS

traumatic brain injury, neurodegenerativemovement disorder, motor performance, long-

term outcomes, systematic review
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1. Introduction

Although once thought of as an acute event, it is now well

recognized that traumatic brain injury (TBI) leads to long-lasting

disability in a subset of individuals (1–3), including persistent

impairments in memory, decision-making, and motor function.

Following even mild TBI, 53% of individuals still report functional

limitations at 12 months post-injury (4). Such impairments

significantly impact an individual’s quality of life, affecting social

relationships and ability to return to work (5). Mobility, in

particular, has been shown to be an important mediator of the

relationship between TBI and quality of life following injury (6)

with more functional impairment associated with decreases in life

satisfaction (7).

Acutely, TBI leads to several neuromotor deficits which are

injury severity dependent. Mild TBI most commonly presents with

balance disturbance and poor coordination, (8, 9) while severe

TBI can lead to spastic paralysis, impaired motor coordination

with postural instability and gait abnormalities, and reduced fine

motor control (10). Motor impairment has been particularly well-

characterized to occur following moderate–severe TBI, with nearly

78% of individuals reporting some level of impairment on gross

neuromotor examination during acute rehabilitation (10). Studies

focused on the 1st year post-injury in moderate–severe TBI have

shown that most motor recovery is reached within 6 months post-

injury (11–13), with patients not showing significant functional

improvement over the latter part of the year (12, 14, 15). In line

with this, 30% of individuals reported difficulty in walking unaided

up to 2 years following moderate–severe injury (16), with 25% of

individuals still reporting upper- or lower-limb motor difficulty

and 43% reporting balance difficulties, even 4 years after a severe

brain injury (17). Conversely, following a mild TBI, impairments

generally resolve within days to weeks post-injury, although some

level of motor dysfunction may persist in at least a subset of

individuals [see Chmieliewski et al. for review (18)]. In support

of this, slowed motor execution speed and impaired postural

control have been reported up to 9 months following concussion

in university football players, compared to healthy, non-concussed

controls (19).

Despite evidence that motor impairment may persist

chronically following TBI, however, examination of the evolution

of specific motor deficits long-term following TBI has received

comparatively little attention in the literature. Indeed, particularly

in clinical research, published TBI outcome studies are skewed

toward global measures and/or measures within the behavioral and

cognitive, rather than physical, domains. In addition, of studies

that do report physical outcomes, most utilize gross functional

or disability instruments, rather than dissecting specific types

of motor impairment. For example, utilizing the Rivermead

Concussion scale, Theadom found 28.5% of participants reporting

dizziness at 12 months following mild TBI, (20) which is in line

with an earlier Ponsford et al. study, where, on structured interview

2 years post-TBI, 36% of patients reported dizziness (21). Studies

where specific motor impairments are reported typically examine

only one motor domain; for example, Williams et al. examined

chronic gait dysfunction following severe TBI (22–24) and Pearce

et al. the effects of prior concussion on fine motor performance

(25, 26). Even in preclinical studies, the behavioral batteries

employed typically only consist of 1–2 motor specific tasks (27–36)

and, thus, cannot provide a comprehensive overview on how TBI

influences motor performance as a whole.

Understanding the persistent nature of motor impairment

following TBI is critical, as impaired motor control following

concussion has been shown to increase risk for subsequent

musculoskeletal injury (18) and falling (37). TBI is also linked to an

elevated risk of developing neurodegenerative diseases associated

with motor symptoms, including motor neuron disease (38) and

Parkinson’s disease (PD) (39). For example, multiple studies have

established a link between TBI and the later development of

PD, with Gardner et al. (40) recently reporting that mild TBI

increases risk of PD by 56%, while moderate/severe TBI increases

PD risk by 83%. More recently, Russell and colleagues reported

in a retrospective cohort study that Scottish former rugby players

had a higher incident rate of neurodegenerative diseases, including

both PD [HR/OR (95% CI) = 3.04 (1.51–6.10)] and motor neuron

disease [HR/OR (95% CI) = 15.17 (2.10–178.96)] compared to a

matched comparison group from the general population over a

32-year median follow-up period from study entry (11.4 vs. 5.4%)

(41). This is consistent with growing neuroimaging evidence that

TBI leads to ongoing neurodegeneration. In the months to years

following injury, progressive lesion expansion occurs concomitant

with white and gray matter atrophy and loss of white matter

integrity (42–45). Importantly, structures affected include those

critical for motor function, such as the striatum (46), thalamus (47),

and cerebellum (47).

Considering the high prevalence of TBI, a fuller description of

neuromotor deficits, stratified by motor domain, in the gross or

fine motor will provide insight into the global recovery process and

rehabilitation needs of persons with TBI. In addition, given that

motor function may play a crucial role in linking TBI to the later

emergence of neurodegenerative movement disorders, examining

specific motor changes that occur long-term following injury could

serve as a novel method for identifying the risk of these diseases.

As such, the aim of this systematic review was to review all original

research reports that assessed chronic motor outcomes following

TBI, stratified by injury severity in both preclinical models and

patient populations.

2. Methods

2.1. Search strategy

The Preferred Reporting Items for Systematic Reviews

and Meta-Analysis (PRISMA) guidelines (48) were used. A

comprehensive literature search was performed in May 2019, with

an updated search undertaken in March 2022, using the electronic

databases PubMed, Embase, Scopus, and PsycINFO to identify

relevant publications. The search strategy was developed based on

an initial scoping search and in consultation with a health and

medical sciences librarian. The search terms used were “traumatic

brain injury”, “Parkinson’s disease”, “motor neuron disease” and

“motor performance,” or variations thereof that were combined

using “AND” and “OR” search operators. The developed search
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strategy is depicted in Supplementary Table 1. Further searches

were performed in the reference lists from included studies.

2.2. Study selection: inclusion and
exclusion criteria

Following the search, identified articles were imported into

EndNote X9.3.3 and duplicates were removed either by the

EndNote “delete duplicates” function or deleted manually. Titles

and abstracts were then screened, with clinical studies reporting

motor outcomes >1 year post-injury and preclinical studies

reporting motor outcomes >30 days post-injury retained. For

articles that passed this preliminary assessment, the full-text article

was retrieved and screened for eligibility against the inclusion and

exclusion criteria. The eligibility of articles was assessed by two

independent reviewers. Any conflicts were resolved via discussion,

and if a consensus could not be reached, a third reviewer was

consulted. A flowchart with reasons for the exclusion of studies is

displayed in Figure 1.

2.3. Inclusion criteria

The following inclusion criteria were utilized:

(i) An original research article published in English.

(ii) Investigated an adult population (preclinical: 8 weeks or older;

clinical: 18 years or older) with a prior history of TBI.

(iii) Assessed long-termmotor performance (preclinical:>30 days

post-injury; clinical: mean time since TBI > 1 year).

(iv) Clear classification of TBI severity [Preclinical: required a

comprehensive description of the TBI model and parameters

used to induce injury; clinical: Provided Glasgow Coma

Scale (GCS),Westmead Post-Traumatic Amnesia scale (PTA),

and/or loss of consciousness (LOC) duration].

(v) Compared motor performance with a control group.

The search had no restrictions on the year of publication;

however, only English language publications were included.

Databases were searched from inception.

2.4. Exclusion criteria

Studies were excluded from further consideration as follows:

(i) Reported outcome measurements that were not purely motor

(e.g., cognition, visuomotor integration/coordination, social

preference, or quality of life).

(ii) Did not specifically state month/time post-TBI, injury

severity, or motor outcomes assessed.

(iii) Pilot studies that had a sample size of a single group of less

than 5.

(iv) Studies were single case reports/expert options.

(v) Studies were review articles or conference abstracts.

(vi) No specific statistical comparison was reported for injured

compared to sham/naïve animals in treatment studies, with

treatment effects not the focus of the current review.

2.5. Data extraction and synthesis

Data were extracted from the included studies by two

independent reviewers. Data extracted included study

characteristics (author, year of publication, study design,

motor function measurement, injury method in preclinical

studies, description of TBI severity for clinical studies);

participant/TBI preclinical model characteristics (sample size,

age, sex, history of TBI/frequency of injury, time point assessed

post-injury, mechanism of injury, and TBI severity); primary

methods/functional tests used to measure motor performance, and

primary or secondary outcome(s) of motor performance. A copy

of the data extraction template is found in Supplementary Table 2.

Due to the large diversity of motor outcome measures

used across the study, the measurements were categorized

into different motor functions and analyzed separately. The

categorization of the motor outcome measures is outlined in

Supplementary Table 3. In order to assess the effect of TBI severity

on motor performance, outcomes were further stratified by injury

severity. The evaluation of TBI severity was classified as described

in Supplementary Table 4. Injury severity in preclinical studies

was separated into five groups: (i) single mild; (ii) repetitive

mild; (iii) moderate; (iv) moderate–severe; and (v) severe. A

similar classification system was used for clinical TBI, with minor

modifications. As some individuals had experienced more than

one injury, the following groups were used: (i) single mild, (ii)

the combination of single and repetitive mild (prior TBI history

ranged from 1 to more), (iii) repetitive mild (>1 prior TBI), (iv)

moderate–severe, and (v) severe.

2.6. Assessment of methodological quality

Articles included in the study were assessed for methodological

quality by one reviewer (IW), with confirmation provided by a

second reviewer (LCP or FC), by using the Systematic Review

Center for Laboratory Animal Experimentation (SYRCLE) Risk of

Bias tool (preclinical) (49) and the Cochrane Risk of Bias Tool

(clinical) (50). Studies were judged as having a low, unclear, or high

risk of bias in the following domains: selection bias, performance

bias, detection bias, attrition bias, reporting bias, and other biases.

The overall risk of bias for each included study was categorized

as “strong quality” if the risk of bias was low in 70% or more

of the criteria, “low quality” if the risk of bias was high in at

least 30% of the criteria, and “moderate quality” if the risk of bias

fell between these two parameters. Disagreements were resolved

by consensus. Summary graphs were created in Review Manager

(RevMan) ([Computer program], Version 5.4.1 Copenhagen: The

Nordic Cochrane Center, The Cochrane Collaboration, 2014).

3. Results

3.1. Search outcomes

The initial search yielded 28,172 articles. From these, 9,324

duplicates were removed with the Endnote function, and another

18,002 were excluded after reviewing the title and abstracts
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FIGURE 1

PRIMSA flow diagram outlining the article selection and screening process and subsequent data management. The sum of each domain indicates the

total number of publications investigated that motor function. One study could report more than one injury severity or more than one motor

functional test.
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FIGURE 2

Number of publications per year (A). Pie charts indicating the representation of di�erent injury severities in preclinical (B) and clinical studies (C).

Frequency charts indicating the number of studies that reported on each motor domain in preclinical (D) and clinical studies (E).

(Figure 1). Full-text analysis was then performed on the remaining

846 articles, of which only 93 met inclusion criteria, with seven

additional articles identified from a search of the citation lists of

included studies. All articles (n = 100) were then separated into

preclinical (n = 65) and clinical (n = 35) subgroups for further

analysis. Stratification based onmotor outcomes and injury severity

was performed as described above. Details of this process are

described in the PRISMA diagram (Figure 1).

3.2. Study characteristics

The earliest included study was published in 1997, and the

rate of publications/year was low until 2016, when the rate of

publications increased markedly, particularly for preclinical studies

(Figure 2A). In the preclinical studies, there was an even split

between the use of mice (50%) and rats (50%). The vast majority

of preclinical studies used male animals (82%), with only 11.3%

reporting the use of female animals, a further 1.7% using both sexes

and four studies (5%) not mentioning the sex of the animals used.

In clinical studies, the majority of studies (23/35) had more than

60% male TBI participants (19, 22–26, 40, 51–66), including five

studies with only male participants (19, 25, 26, 55, 64), nine studies

had a TBI cohort with 70–45% female participants (67–75), and

three studies did not state the sex of TBI participants (76–78).

Sample sizes varied across the studies ranging from 6 to 49

animals in a group in preclinical studies. The sample size for the

included clinical studies was consistently low, with the majority

ranging from 16 to 66 participants, with only a fewmoderately sized

(111–453 individuals)32−395−125−125−125−12 and one large study

(4,007 subjects) (55). The source populations of clinical studies

varied widely including rehabilitation institutes (22, 23, 59, 67),

professional athletes (25, 26), college students (54, 71, 78), college

athletes (19, 60, 61, 63, 68, 73, 76), military veterans (40, 52–56, 65,

69), and the community (51, 54, 58, 64, 70, 72, 75, 77).

In preclinical studies, there was a relatively even split across

the injury severities, with 20% mTBI, 24% rmTBI, 29% moderate

TBI, 13% moderate–severe TBI, and 14% severe TBI (Figure 2B).

In comparison, the majority of clinical studies examined a

combination of single and repetitive mild TBI (42.5%), with a

further 17% reporting single mTBI and 12.5% rmTBI. Moderate–

severe TBI was included in only 12.5% of studies and severe TBI in

just 15% of studies (Figure 2C). Themotor domainmost commonly

examined in preclinical studies was balanced (43/63 studies), with

a much smaller number examining locomotion (16), neuroscore

(15), fine motor (10), and gait (8) (Figure 2D). In contrast, in

clinical studies, balance (19) and gait (15) were most commonly

tested, with fewer studies investigating fine motor control (6) or a

neuroscore (1) (Figure 2E).

3.3. Risk of bias

Examination of risk of bias found that of the preclinical studies,

only seven were of strong quality, 24 were of moderate quality,

and 31 studies were of low quality (Supplementary Figure 1 for

complete evaluation and Figure 3 for summary data). Of the clinical

studies, only one was of strong quality, one of moderate quality, and

the remaining 32 were of low quality (Figure 4). Key sources of bias

for preclinical studies included selection bias and detection bias,
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FIGURE 3

Risk of bias graph-Preclinical. Review authors’ judgement about each risk of bias item presented as percentages across all included studies.

FIGURE 4

Risk of bias graph-Clinical. Review authors’ judgement about each risk of bias item presented as percentages across all included studies.

whereas for clinical studies, they included selection, performance,

and detection bias.

3.4. Preclinical motor outcomes

3.4.1. Neuroscore
Overall, a focal injury was required to lead to persistent

decreases in neuroscore, with minimal changes seen with diffuse

injury. It should be noted the neurological severity scoring system

varied widely among the 15 included studies, with the standard

neurological severity score (79–85), modified neurological severity

score (86–88), and revised neurological severity score (89) all

represented. Even articles that used the same names for their

scoring systems incorporated different tasks within their behavioral

battery (Supplementary Table 4). The most commonly included

items were those from the standard neurological severity score,

including forelimb and hindlimb flexion on tail suspension (10 of

15 studies) (79, 81–85, 87, 89–91), forelimb/hindlimb placement

on a flat surface (5/15) (79, 83, 84, 87, 90), and resistance to

lateral pulsion (6/15) (79, 82, 84, 85, 90, 91). Other tests that were

included were simple reflexes (limb, tail, corneal, and startle), with

different combinations used in seven studies (30, 80, 81, 87–89, 92).

Measures of hemiparesis, either via direct assessment of hemiplegia

(30, 80, 86) or circling behavior (80, 86, 87, 91), were included in

six studies. Balance was examined as ability to stay on a round

beam (80, 86, 87), a flat surface (80, 86), or an inclined plane

(79, 82, 83), as well as the ability to walk across beams of different

widths (1, 2, and 3 cm) (80, 86, 88, 89, 92), with a measure of

balance incorporated into nine of the 15 studies. General activity

was assessed either directly (90) or via ability to exit a circle (86) or

seeking behavior (86, 92) in three studies. Direct assessment of gait
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as performance on the treadmill was included in one study (30).

Given the different combinations of tests which reflect different

types of motor behaviour were included in the neurological severity

score across the studies, direct comparisons between studies is

difficult. Nonetheless, in studies utilizing focal or mixed moderate

(30, 81, 87), moderate–severe (90, 91), and severe TBI models

(82–85, 92), a consistent impairment was found in neuroscore,

regardless of the scoring system implemented, out to 8 months

post-injury, with no further deficits noted in the one study that

included a 12-month time point (Table 1) (82). In general, no

chronic deficits in neuroscore were noted in preclinical models of

smTBI (79, 80) or rmTBI (79, 80, 86, 89), with 7 months as the

latest time point examined. Only one study utilizing a projectile

concussive impact where a steel ball is projected at the rat head

which is protected by a steel helmet found chronic neuroscore

deficits at 3 months post-injury in both single and repeated (4 x

mTBI 1 h apart) animals (88).

3.4.2. Gait analysis
Gait was analyzed post-TBI using automated systems such

as the CatWalk, requiring animals to actively walk across a

platform (28, 29, 31, 88, 93, 94), or the DigiGait apparatus, which

utilizes a treadmill at a steady speed (27, 30). In general, the

studies were selective in reporting gait parameters, not providing a

comprehensive overview of the different measures in the methods

and often only reporting selective results, with some exceptions

(88) (Table 2). No single impact study reported chronic changes in

speed or cadence following TBI, with this either directly reported

(29, 31, 94), or not included within the results (27, 28, 30, 93),

with an acute decrease in speed only noted at 24 h following severe

focal injury (31). Indeed persistent reductions in cadence were only

noted when four impacts were delivered 1 h apart, with this deficit

persisting to 3 months post-injury (88).

However, following even single mTBI, subtle gait alterations

were noted with free ambulation of the CatWalk including a

decreased front base of support seen acutely and persisting up to

3 months post-injury (1, 2). Namdar et al. (93), with a decrease in

hind base of support also developing at the 3-month time point

(88). Repeated injury led to more prominent gait abnormalities,

with the 4 × 1 h apart injury model leading to persistent deficits

to 3 months post-injury in single-stance time, stride length, stand

time, and front base of support, with the deficit in hind base support

again only developing at 3 months post-injury (88). In contrast,

on a treadmill, repeat injury (5× mTBI 24 or 48 h apart) led to no

deficits in gait either acutely or at 1 month, although different gait

parameters were reported across studies, including gait symmetry,

paw contact area, and hindlimb shared stance (27).

Mixed results were also found for gait following more severe

injury. Following focal moderate CCI injury, no deficits were

detected from 24 h to 1 month post-injury on the CatWalk, with

reporting of measures like paw contract area, stance, swing speed,

base of support, and interlimb coordination (28). In contrast,

Ritzel et al. only examined gait at 26 weeks post-moderate CCI

injury and reported a number of impairments, including reduced

stride length of the contralateral right hindlimb and reduced swing

speed in the right hind and forelimb, but no overall change in

average speed (29). Similarly, Daglas et al. utilizing the DigiGait

treadmill apparatus found significant reductions in contralateral

swing duration of the right hindlimb with compensatory right

forelimb propulsion duration from 1–32 weeks post-moderate CCI

injury (30). Surprisingly, minimal chronic deficits were reported

following severe CCI injury, with Cline et al. only detecting deficits

at 24 h, but not 1 month, post-injury, with the exception of swing

duration of the contralateral hindlimb (31). Similarly, Schönfeld

et al. also found no alterations in stride length, base of support, or

three limb support at 1 month following injury (94).

3.4.3. Sensorimotor control
The sensorimotor function was primarily evaluated with the

adhesive removal test (1–4), with severe injury required to produce

chronic deficits. The number of trials evaluated varied between

studies ranging from 1 to 6, as did the presentation of results, which

included % sham (95), latency to remove the adhesive (83, 96), and

difference in performance between preferred and non-preferred

paw (94) (Table 3). Severe injury, either focal (94) or mixed (83),

led to persistent deficits in adhesive removal out to 16 weeks

post-injury, the latest time point assessed. In contrast, following

moderate–severe injury, neither focal (95) nor diffuse (96) injury

led to chronic deficits in adhesive removal, with deficits noted

up to 6 days following diffuse injury and 3 weeks following focal

injury, with no further impairment noted to 41 days post-injury,

the latest time point assessed. Interestingly, the whisker-evoked

forepaw placement task did detect chronic deficits in the diffuse

injury moderate–severe model with impaired forepaw placement

out to 41 days post-injury (96), indicating potential task-dependent

effects. To date, no studies have evaluated sensorimotor function

chronically following either a single mTBI or repeated mTBI.

3.4.4. Grip strength and fine motor
Grip strength and fine motor ability were assessed via the grip

strength meter (30, 93, 97–100), isometric pull task (33, 101), pellet

reaching tasking (34), and Montoya staircase test (94) (Table 4).

The grip strength meter requires minimal pre-training, whereas the

other tasks involve more extensive training with food restriction,

with the test relying on the animal’s desire to obtain sugar pellets

as a reward for completing the task successfully. Overall, with

single diffuse injury, moderate (32, 33, 101), but not mild, injury

(93, 97, 98) led to chronic grip strength deficits. However, the

protocol for assessing grip strength varied between studies, with the

number of trials examined ranging from 1 to 10. Following diffuse

single mTBI, no deficits were detected on grip strength up to 12

weeks post-injury (93, 97, 98), with only one study finding an acute

deficit at 1 week post-injury (98). In contrast, diffuse moderate TBI

did produce deficits in grip strength at 28 days post-injury, the

latest time point assessed (32, 33, 101). For repeated mild injury,

bilateral mTBI weekly for 5 weeks led to impaired grip strength at

40–45 weeks post-injury (100), whereas 3 impacts 24 h apart led

to no deficits at 30 days post-injury, (99) with these the only time

points assessed in these studies. Notably, with the negative result,

the average of three trials relative to body weight was recorded (99),

whereas the positive result was only one trial reported as maximum

force achieved, introducing a potential confound (100). To date, no
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TABLE 1 Preclinical neurological severity score evaluation.

References Years Method Severity Type injury Sample Pre <72h 1–3wks 1–2mo 3–5mo 6–11mo 12–24mo

Laurer et al. (79) 2001 CCI-CS Mild Diffuse T:16–24;

C:14–23

+ - -

Fehily et al. (80) 2019 WD Mild Diffuse T:15; C:15 -

Mountney et al. (88) 2017 PCS Mild Diffuse T/C: 8–10 +

Mountney et al. (88) 2017 PCS Rep-Mild Diffuse

4× TBI/1hr

T/C: 8–10 +++

Feng et al. (89) 2021 CHIMERA Rep-Mild Diffuse

3xTBI/day× 2

48 hrs

T:9–13;

C:12–14

- - -

Laurer et al. (79) 2001 CCI-CS Rep-Mild Diffuse

2xTBI 24 hrs

T:16–24;

C:14–23

+++ +++ -

Fehily et al. (80) 2019 WD Rep-Mild Diffuse

2xTBI 24 hr

T:15; C:15 -

Rep-Mild Diffuse

3xTBI 24 hr

T:15; C:15 -

Huynh et al. (86) 2020 CCI-CS Rep-Mild Left sided

5xTBI, 48 hr

T:15; C:15 - -

Zhang et al. (87) 2021 CCI Moderate Focal T:10; C:10 ++ ++ ++

Daglas et al. (30) 2019 CCI Moderate Focal T:12; C:12 ++++ ++++ ++++ ++++ ++++

Sell et al. (81) 2017 LFP Moderate Mixed T:11–14;

C:12–14

+++ / / +++ - -

Shear et al. (91) 2010 PBBI Mod-Sev Focal T/C=10 + + +

Wang et al. (90) 2019 Punch Mod-Sev Focal T:8; C:8 ++ ++ ++

Segovia et al. (85) 2020 LFP Severe Mixed T:7; C:7 - +++ +++

Nissinen et al. (84) 2017 LFP Severe Mixed T:35; C:16 - +++ +++ +++

Zhau 2021 CCI Severe Focal T:10; C:10 +++ +++ +++

Zhang et al. (83) 2005 LFP Severe Mixed T:14; C:24 ++ ++ ++

Pierce et al. (82) 1998 LFP Severe Mixed T:12–16;

C:11–15

+ + + + -

References Years Method Severity Type injury Sample Pre <72h 1–3wks 1–2mo 3–5mo 6–11mo 12–24mo

Laurer et al. (79) 2001 CCI-CS Mild Diffuse T:16–24;

C:14–23

+ - -

Fehily et al. (80) 2019 WD Mild Diffuse T:15; C:15 -

Mountney et al. (88) 2017 PCS Mild Diffuse T/C: 8–10 +

Mountney et al. (88) 2017 PCS Rep-Mild Diffuse

4× TBI/1hr

T/C: 8–10 +++

Feng et al. (89) 2021 CHIMERA Rep-Mild Diffuse

3xTBI/day× 2

48 hrs

T:9–13;

C:12–14

- - -

Laurer et al. (79) 2001 CCI-CS Rep-Mild Diffuse

2xTBI 24 hrs

T:16–24;

C:14–23

+++ +++ -

Fehily et al. (80) 2019 WD Rep-Mild Diffuse

2xTBI 24 hr

T:15; C:15 -

Rep-Mild Diffuse

3xTBI 24 hr

T:15; C:15 -

Huynh et al. (86) 2020 CCI-CS Rep-Mild Left sided

5xTBI, 48 hr

T:15; C:15 - -

Zhang et al. (87) 2021 CCI Moderate Focal T:10; C:10 ++ ++ ++

Daglas et al. (30) 2019 CCI Moderate Focal T:12; C:12 ++++ ++++ ++++ ++++ ++++

Sell et al. (81) 2017 LFP Moderate Mixed T:11–14;

C:12–14

+++ / / +++ - -

Shear et al. (91) 2010 PBBI Mod-Sev Focal T/C=10 + + +

Wang et al. (90) 2019 Punch Mod-Sev Focal T:8; C:8 ++ ++ ++

Segovia et al. (85) 2020 LFP Severe Mixed T:7; C:7 - +++ +++

Nissinen et al. (84) 2017 LFP Severe Mixed T:35; C:16 - +++ +++ +++

Zhau 2021 CCI Severe Focal T:10; C:10 +++ +++ +++

Zhang et al. (83) 2005 LFP Severe Mixed T:14; C:24 ++ ++ ++

Pierce et al. (82) 1998 LFP Severe Mixed T:12–16;

C:11–15

+ + + + -

+p < 0.05; ++p < 0.01; +++p < 0.001; ++++p < 0.0001; -, not significant; Gray, not evaluated. CCI-CS, controlled cortical impact-closed skull; WD, weight drop; CHIMERA, Closed-Head Impact Model of Engineered Rotational Acceleration; LFP, lateral fluid

percussion; CCI, controlled cortical impact; PBBI, penetrating ballistic like impact.
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TABLE 2 Preclinical gait evaluation.

References Years Method Severity Type
injury

Apparatus Parameters
examined

Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Namdar et al. (93) 2020 WD Mild Diffuse CatWalk Front base of support T:15; C:13 + +++

Standing on diagonal two + -

Standing on three ++ +

Hind base of support - -

Mountney et al.

(88)

2017 PCI Mild Diffuse CatWalk Stand (sec) T/C: 8–10 + - -

Stand index + - -

Swing (sec) - - -

Step cycle (sec) - - -

Single stance - - -

Stride length - - +

Front base of support ++ + +++

Hind base of support - - +++

Three limb support - - -

Cadence - - -

Bolton 2016 CCI-CS Rep-Mild 5× TBI

24 hrs

Digigait,

treadmill 15

cm/s

Gait symmetry T/C: 10 - -

Hindlimb shared stance - -

Paw contact area - -

Bolton et al. (27) 2016 CCI-CS Rep-Mild 5× TBI

48 hrs

Digigait,

treadmill 15

cm/s

Gait symmetry - -

Hindlimb shared stance - -

Paw contact area

Mountney et al.

(88)

2017 PCI Mild Diffuse

4× TBI/1hr

CatWalk Stand (sec) T/C: 8–10 +++ + -

Stand index ++ ++ ++

Swing (sec) +++ + +

Step cycle (sec) +++ +++ +

References Years Method Severity Type
injury

Apparatus Parameters
examined

Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Namdar et al. (93) 2020 WD Mild Diffuse CatWalk Front base of support T:15; C:13 + +++

Standing on diagonal two + -

Standing on three ++ +

Hind base of support - -

Mountney et al.

(88)

2017 PCI Mild Diffuse CatWalk Stand (sec) T/C: 8–10 + - -

Stand index + - -

Swing (sec) - - -

Step cycle (sec) - - -

Single stance - - -

Stride length - - +

Front base of support ++ + +++

Hind base of support - - +++

Three limb support - - -

Cadence - - -

Bolton 2016 CCI-CS Rep-Mild 5× TBI

24 hrs

Digigait,

treadmill 15

cm/s

Gait symmetry T/C: 10 - -

Hindlimb shared stance - -

Paw contact area - -

Bolton et al. (27) 2016 CCI-CS Rep-Mild 5× TBI

48 hrs

Digigait,

treadmill 15

cm/s

Gait symmetry - -

Hindlimb shared stance - -

Paw contact area

Mountney et al.

(88)

2017 PCI Mild Diffuse

4× TBI/1hr

CatWalk Stand (sec) T/C: 8–10 +++ + -

Stand index ++ ++ ++

Swing (sec) +++ + +

Step cycle (sec) +++ +++ +

(Continued)
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TABLE 2 (Continued)

References Years Method Severity Type
injury

Apparatus Parameters
examined

Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Single stance +++ + +

Stride length - + -

Front base of support ++ + +++

Hind base of support - - +++

Three limb support ++ + -

Cadence +++ +++ ++

Henry et al. (28) 2020 CCI Moderate Focal CatWalk Paw contact area T:12; C:12 - - - -

Stance, swing

Speed

Interlimb coordination

Base of support

%Support time

Ritzel et al. (29) 2020 CCI Moderate Focal CatWalk Step Sequence T/C:

16–23

+

Stride length (RH) +

Swing speed (RF,RH) +

Print position +

Average speed, number of

steps

-

Daglas et al. (30) 2019 CCI Moderate Focal DigiGait 15

cm/s

Swing duration (RH) T:12; C:12 - + + + ++

Propulsion duration (RF) - - ++ + +++

Cline et al. (31) 2017 CCI Severe Focal CatWalk Cadence T:15; C:14 ++ -

Average Speed ++ -

Swing duration (RH) ++ +

Average Swing speed (LF,

RF, RH)

+ -

Schönfeld et al.

(94)

2017 CCI Severe Focal CatWalk Stride length

Base of support

Three limb support;

Speed

Cadence

T:10; C:7 - - -

References Years Method Severity Type
injury

Apparatus Parameters
examined

Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Single stance +++ + +

Stride length - + -

Front base of support ++ + +++

Hind base of support - - +++

Three limb support ++ + -

Cadence +++ +++ ++

Henry et al. (28) 2020 CCI Moderate Focal CatWalk Paw contact area T:12; C:12 - - - -

Stance, swing

Speed

Interlimb coordination

Base of support

%Support time

Ritzel et al. (29) 2020 CCI Moderate Focal CatWalk Step Sequence T/C:

16–23

+

Stride length (RH) +

Swing speed (RF,RH) +

Print position +

Average speed, number of

steps

-

Daglas et al. (30) 2019 CCI Moderate Focal DigiGait 15

cm/s

Swing duration (RH) T:12; C:12 - + + + ++

Propulsion duration (RF) - - ++ + +++

Cline et al. (31) 2017 CCI Severe Focal CatWalk Cadence T:15; C:14 ++ -

Average Speed ++ -

Swing duration (RH) ++ +

Average Swing speed (LF,

RF, RH)

+ -

Schönfeld et al.

(94)

2017 CCI Severe Focal CatWalk Stride length

Base of support

Three limb support;

Speed

Cadence

T:10; C:7 - - -

+p < 0.05; ++p < 0.01; +++p < 0.001; -, not significant; Gray, not evaluated. T, TBI; C, control; RH, right hindlimb; RF, right forelimb; LF, left forelimb; CCI-CS, controlled cortical impact-closed skull; WD, weight drop; PCI, projectile concussive impact.
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study has assessed grip strength alterations chronically following a

severe TBI. Another test of strength, the isometric pull task, was

used in two studies of focal moderate TBI, in which the lesion was

specifically located over the motor cortex (33, 101). In this task, rats

were trained prior to injury to reach a force threshold of at least

120 g within 2 s on a pull lever in order to receive a food reward.

Following injury, rats had a decrease in maximal force produced, a

decrease in the % of successful trials and decrease in the speed of

force generation from weeks 1–6 post-injury (33, 101). However,

in successful trials, the time taken to reach the 120 g threshold

was only significantly increased in Weeks 1–2, returning to sham

level from Week 3. This mirrored results for total trials, which

were significantly decreased from Weeks 1–2 before returning to

sham level, potentially indicating reduced motivation as well (33).

However, given the focal nature of the injury in these studies, it is

difficult to know whether these findings would transfer to a diffuse

injury model.

Fine motor skills were assessed by Adkins et al. (34) and

Schönfeld et al. (94) using variations of a pellet reaching task

following moderate–severe and severe focal injury, respectively,

with significant deficits found out to 6 weeks post-injury. In the

Adkins et al. study, the pellets were located on a flat surface in

front of the animals (34), while Schönfeld et al. (94) used a staircase

with pellets placed on increasing higher steps to enhance difficulty.

In the pellet reaching task, injured animals had a decrease in the

% successful reaching attempts to 42 days post-injury (34). In the

Montoya staircase task, injured rats obtained significantly fewer

pellets across all steps, made less reaching attempts, and misplaced

more pellets on the upper steps (94).

3.4.5. Locomotor activity
The open-field test, the most commonly used task to measure

general locomotor activity levels by examining the total distance

traveled over a test period (5–60min), was used across all included

studies (Table 5). Following diffuse mTBI, either single or repeated,

locomotor results varied depending on the species (rat vs. mice),

strain, protocol, and apparatus employed (Table 5). The utilization

of a smaller apparatus (19 × 11 cm) following weight drop TBI

in Swiss mice over a 60-min period found persistent hyperactivity

from 48 h to 12 weeks following injury (102). In contrast, closed

skull CCI injury in C57BL/6J mice led to no changes in locomotion

over 30min in a larger 49 × 36 cm arena either acutely or

chronically up to 90 days post-injury (103). Indeed, repeated

impacts over a short interval (Morriss et al.: 5 × 24 h; Tucker

et al.: 3 × 24h) were required to replicate this hyperactivity in

mice in a larger arena (40 × 40 cm), with this behavior developing

at 3 months post-injury (104, 105) and persisting to 12 months

post-injury (105), the latest time point examined. With 2 CCI-

CS impacts over 3 days, changes in locomotion were no longer

observed in mice in a similar size arena over 30min on day 1, day

7, or 12 weeks post-injury (103).

Varied results have been reported in rat studies. Mild

weight drop TBI in Sprague-Dawley rats found no difference in

locomotion in a 60 × 60 cm arena over 10min at either 1 or 4

weeks post-injury (93), although a decrease in locomotion has been

reported at 6 weeks, resolving by 12 weeks post-injury in a larger
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TABLE 4 Preclinical grip strength and fine motor evaluation.

References Years Method Severity Type Injury Test Parameters
examined

Sample Pre <72h 1–3
wks

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Evans et al. (98) 2014 CCI-CS Mild Diffuse Grip strength

meter

Average

10 trials

T9; C8 - + - -

Namdar et al. (93) 2020 WD Mild Diffuse Grip strength

meter

5 trials,

average best 3

T:10; C:8 - -

Evans et al. (97) 2015 CCI-CS Mild Diffuse Grip strength

meter

Average

10 trials

T:12; C:11 - - -

Tabet et al. (99) 2022 CCI-CS Rep-Mild 3× TBI

24 hrs

Grip strength

meter

Average 3 trials

relative to weight

T:11; C:11 -

Dhillon et al. (100) 2020 CCI-CS Rep-Mild 2xTBI (L+R)

5× weekly

Grip strength

meter

1 trial T:10; C:8 +

Rana et al. (32) 2020 WD Moderate Diffuse Grip strength

meter

1 trial T:7; C:5 + +

Pruitt et al. (33) 2014 CCI Moderate Focal

(motor cortex)

Isometric pull

task

Maximal Force T:15; C:11 - + +

% Successful

Trials

- + +

Time to 120 g

threshold

- + -

Speed force

generation

- + +

Total Trials - + -

Pruitt et al. (97) 2017 CCI Moderate Focal (motor

cortex)

Isometric pull

task

Maximal Force T:6; C: 6 - + +

% Successful

Trials

+ +

Adkins et la. (34) 2015 CCI Mod-Sev Focal Pellet reaching

Test

% successful T:41; C:31 - +++ +++ +++

Schönfeld et al. (94) 2017 CCI Severe Focal Montoya staircase

test

Pellets eaten T:8; C:7 - +++ ++

References Years Method Severity Type Injury Test Parameters
examined

Sample Pre <72h 1–3
wks

1–
2mo

3–
5mo

6–
11mo

12–
24mo

Evans et al. (98) 2014 CCI-CS Mild Diffuse Grip strength

meter

Average

10 trials

T9; C8 - + - -

Namdar et al. (93) 2020 WD Mild Diffuse Grip strength

meter

5 trials,

average best 3

T:10; C:8 - -

Evans et al. (97) 2015 CCI-CS Mild Diffuse Grip strength

meter

Average

10 trials

T:12; C:11 - - -

Tabet et al. (99) 2022 CCI-CS Rep-Mild 3× TBI

24 hrs

Grip strength

meter

Average 3 trials

relative to weight

T:11; C:11 -

Dhillon et al. (100) 2020 CCI-CS Rep-Mild 2xTBI (L+R)

5× weekly

Grip strength

meter

1 trial T:10; C:8 +

Rana et al. (32) 2020 WD Moderate Diffuse Grip strength

meter

1 trial T:7; C:5 + +

Pruitt et al. (33) 2014 CCI Moderate Focal

(motor cortex)

Isometric pull

task

Maximal Force T:15; C:11 - + +

% Successful

Trials

- + +

Time to 120 g

threshold

- + -

Speed force

generation

- + +

Total Trials - + -

Pruitt et al. (97) 2017 CCI Moderate Focal (motor

cortex)

Isometric pull

task

Maximal Force T:6; C: 6 - + +

% Successful

Trials

+ +

Adkins et la. (34) 2015 CCI Mod-Sev Focal Pellet reaching

Test

% successful T:41; C:31 - +++ +++ +++

Schönfeld et al. (94) 2017 CCI Severe Focal Montoya staircase

test

Pellets eaten T:8; C:7 - +++ ++

+p < 0.05; ++p < 0.01; +++p < 0.001; -, not significant; Gray, not evaluated. T, TBI; C, control/Sham; CCI, control cortical impact; CCI-CS, control cortical impact-closed skull; WD, weight drop injury.
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TABLE 5 Preclinical locomotor activity evaluation.

References Year Method Severity Type
injury

Test Time Size Sample Pre <72
hr

1–3
wks

1–2
mo

3–5
mo

6–11
mo

12–24
mo

Namdar et al. (93) 2020 WD Mild Diffuse Open

Field

10 mins 60× 60 cm T:15; C:13 - -

Homsi et al. (102) 2010 WD Mild Diffuse Open

Field

60 mins 19× 11 cm T/C: 10–12 +++ ++ ++ +

Bajwa et al. (103) 2016 CCI-CS Mild Diffuse Open

Field

30 mins 49× 36 cm T:10; C:10 - - -

McAteer et la. (106) 2016 WD Mild Diffuse Open

Field

5 mins 1× 1m T:9; C: 9 + -

Arulsamy et al. (108) 2019 WD Mild Diffuse Open

Field

5 mins 1× 1m T:14; T:14 -

Arun et al. (114) 2020 Blast Mild Blast Open

Field

60 mins 40× 40 cm T/C: 10–31 - - - - + -

Feng et al. (89) 2021 Chimera Rep-Mild Diffuse

2× 3 d

Open

Field

Unknown 40× 40 cm T+C:81 - - -

Bajwa et al. (103) 2016 CCI-CS Rep-Mild Diffuse

2× 3 d

Open

Field

30 mins 49× 36 cm T:10; C:10 - - -

Corrigan et al. (107) 2017 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T/C: 8–10 +

McAteer et al. (106) 2016 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T:7; C: 9 + +

Morriss et al. (104) 2021 WD Rep-Mild Diffuse

5x 24 hrs

Open

Field

Unknown Unknown T:11; C:10 - + +

Arulsamy et al. (108) 2019 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T:14; C:14 -

Arun et al. (114) 2020 Blast Rep-Mild Blast

2× 2 mins

Open

Field

60 mins 40× 40 cm T/C: 10–31 ++ - - + ++ ++

Tucker et al. (105) 2019 CCI-CS Rep-Mild Diffuse

3x 24 hrs

Open

Field

20 mins 40× 40 cm T/C: 17–21 - +++ +++ +++

Bajwa et al. (103) 2016 CCI Moderate Focal Open

Field

30 mins 49× 36 cm T:10; C:10 - +++ -

Leconte et al. (109) 2020 CCI Moderate Focal Open

Field

9 mins 1m× 1m T:15; C:13 +

References Year Method Severity Type
injury

Test Time Size Sample Pre <72
hr

1–3
wks

1–2
mo

3–5
mo

6–11
mo

12–24
mo

Namdar et al. (93) 2020 WD Mild Diffuse Open

Field

10 mins 60× 60 cm T:15; C:13 - -

Homsi et al. (102) 2010 WD Mild Diffuse Open

Field

60 mins 19× 11 cm T/C: 10–12 +++ ++ ++ +

Bajwa et al. (103) 2016 CCI-CS Mild Diffuse Open

Field

30 mins 49× 36 cm T:10; C:10 - - -

McAteer et la. (106) 2016 WD Mild Diffuse Open

Field

5 mins 1× 1m T:9; C: 9 + -

Arulsamy et al. (108) 2019 WD Mild Diffuse Open

Field

5 mins 1× 1m T:14; T:14 -

Arun et al. (114) 2020 Blast Mild Blast Open

Field

60 mins 40× 40 cm T/C: 10–31 - - - - + -

Feng et al. (89) 2021 Chimera Rep-Mild Diffuse

2× 3 d

Open

Field

Unknown 40× 40 cm T+C:81 - - -

Bajwa et al. (103) 2016 CCI-CS Rep-Mild Diffuse

2× 3 d

Open

Field

30 mins 49× 36 cm T:10; C:10 - - -

Corrigan et al. (107) 2017 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T/C: 8–10 +

McAteer et al. (106) 2016 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T:7; C: 9 + +

Morriss et al. (104) 2021 WD Rep-Mild Diffuse

5x 24 hrs

Open

Field

Unknown Unknown T:11; C:10 - + +

Arulsamy et al. (108) 2019 WD Rep-Mild Diffuse

3× 5 d

Open

Field

5 mins 1× 1m T:14; C:14 -

Arun et al. (114) 2020 Blast Rep-Mild Blast

2× 2 mins

Open

Field

60 mins 40× 40 cm T/C: 10–31 ++ - - + ++ ++

Tucker et al. (105) 2019 CCI-CS Rep-Mild Diffuse

3x 24 hrs

Open

Field

20 mins 40× 40 cm T/C: 17–21 - +++ +++ +++

Bajwa et al. (103) 2016 CCI Moderate Focal Open

Field

30 mins 49× 36 cm T:10; C:10 - +++ -

Leconte et al. (109) 2020 CCI Moderate Focal Open

Field

9 mins 1m× 1m T:15; C:13 +
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1 × 1m enclosure over 5min (106). In contrast, with repeated

injury (3 × 5 days), both a decrease in locomotor activity at 6 and

12 weeks (107) and an increase in locomotor activity at 12 weeks

(107) have been reported utilizing the same testing parameters.

Notably, the decrease was recorded with manual counting of

squares crossed (106), whereas the increase was detected using

automated software of distance traveled (107). Nonetheless, no

differences in locomotion were noted at 12 months post-injury in

the same injury model (108), nor in a repeated CHIMERA model

(2 × 3 days) in a smaller open field (40 cm × 40 cm) from day 1 to

12 weeks post-injury (89).

Increasing injury severity had little effect on chronic locomotor

activity. Moderate focal CCI injury in C57/BL6 mice found a

transient decrease in distance traveled at 7 days, but this resolved

by 12 weeks (103). Leconte et al. similarly showed no difference

compared to naïve animals at 5 months following CCI injury in

rats (109). Even with more severe injury, locomotor performance

was unchanged at 10 weeks following injury in young mice, with a

significant difference only seen in mice injured at 18 months of age

(110). Similarly, mixed focal/diffuse injury via LFP had no effect on

locomotor activity, as measured via distance traveled over 5min out

to 6 months post-injury (111, 112). The pattern of deficits differed

slightly with moderate–severe diffuse injury, with no differences

noted at 4 weeks, a decrease in distance traveled at 12 weeks (113),

with recovery by 12 months, the latest time point examined (108).

A similar pattern was seen following a single blast injury (114). No

changes were seen from day 1 to 3 months post-injury, but this

was followed by a subsequent significant decrease in total distance

traveled over 60min in a 40 × 40 cm arena at 6 and 9 months,

with recovery by 12 months post-injury (114). Indeed, two 19 PSI

injuries delivered within 2min were required to lead to a persistent

decrease in locomotor activity at 12 months, with deficits seen

within the first 3 days post-injury, resolving at 4 weeks post-injury,

prior to re-emerging at 3 months, and then persisting to the 12

month time point (114).

3.4.6. Balance and coordination
Balance and coordination were the most common motor

domains evaluated in preclinical studies via tasks encompassing the

balance beam (28, 81, 83, 84, 90, 96, 100, 103, 111, 115–122), ladder,

(80, 93, 99, 123) rotating pole (79, 83, 114), grid walk, (31, 103),

string suspension (124), pole climbing (99, 109), and rotarod tasks

(28, 35, 36, 83, 88–90, 93, 96–98, 100, 103–106, 113–115, 119,

124–132) (Table 6). The tests conducted varied between studies

including variation in the size of the beam and speed of the rotarod

and rotating pole. Furthermore, the parameters examined varied

between studies. For example, beam performance was analyzed via

time to traverse beam (81, 111, 117, 119, 121), number of foot

faults (28, 31, 79, 103, 111, 118, 119, 122), or a ranking scale for

performance (81, 83, 84, 90, 96, 124). For the rotarod, performance

was evaluated on one trial (93, 96, 97, 106, 108) or an average across

up to eight trials (35, 36, 89, 93, 105, 124–126, 131) which may

influence results.

Following diffuse TBI, moderate-to-severe injury was more

likely to lead to acute balance deficits as seen as impaired rotarod

performance (96, 113), time to traverse a beam (96), or a score
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evaluating performance encompassing foot faults or falls (124). In

contrast, acute deficits were not seen in most models of mTBI,

(93, 106, 131) with only one diffuse mTBI study reporting acute

deficits (<72 h) on the rotarod (97), with these deficits persisting

to 1 month following injury and resolving by 3 months (98).

Nonetheless following diffuse injury, the overall consensus was that

no chronic deficits were seen on the rotarod, regardless of injury

severity, from 3 to 24 months post-injury (35, 36, 88, 98, 103, 106,

113). In fact, only a single study found long-term impairment on

the rotarod following either mild or moderate diffuse TBI (131). In

the mild diffuse TBI group, deficits emerged at 8 weeks following

injury and persisted to 18 weeks, whereas with a moderate injury

deficits emerged at 4 weeks and similarly persisted to 18 weeks, the

latest time point examined (131). The use of other balance tests

did detect balance deficits up to 2 months post-injury following

mTBI on both time to traverse a 0.5 cm beam (117) and increased

missteps on the Erasmus ladder (93). Furthermore, following mod-

sev diffuse TBI, worse performance was noted both on an 0.8 cm

beam, with performance scored from 0 to 3 depending on how

mice were able to traverse the beam and number of falls and foot

faults, and on a string suspension assay (124). However, this has

not been consistently reported, with other studies investigating

mild (80, 103) and moderate-to-severe diffuse TBI (96) showing no

deficits when traversing larger beams (0.65–2 cm) (96, 103) or on

forelimb placement in the ladder task (80) up to 3 months post-

injury, indicating task-dependent effects and that more difficult

tasks are required to detect subtle motor deficits.

Compared to diffuse injury, the focal injury was more likely

to cause chronic balance deficits. Following moderate focal injury,

deficits on the grid walk, balance beam, and rotarod tasks were

noted to be 3 months post-injury (28, 103, 120–122, 128, 133),

the latest time point assessed. Differing results were seen on the

pole test, with an increase in time to turn only emerging at 4.5

months post-injury, with recovery by 6.5 months, which persisted

to 9 months post-injury (109). These results were supported by

studies in moderate–severe focal TBI, where Hanscom et al. found

significantly increased foot faults on the ledged beam from 1 day

to 2 months post-injury (116), and a focal punch injury similarly

resulted in impaired beam performance up to 6 weeks post-injury

(90). With a severe focal injury, balance deficits were consistently

noted up to 10 weeks post-injury, the latest time point assessed

on the balance beam, rotarod, cylinder test, and grid walk tasks

(31, 94, 121, 129). In contrast, two studies did not report chronic

balance deficits following moderate–severe focal TBI, although

these used a larger beam (118) and altered rotarod parameters

(mice were placed on the rotarod already spinning at 36 RPM,

rather than gradually increasing speed from 3 RPM) (132). The

larger beamwould have reduced the complexity of the task, whereas

the increased rotarod starting speed may have made the task too

difficult for the shams, masking any injury effect.

With a mixed focal and diffuse injury via LFP, mixed results for

balance and coordination were seen with amoderate injury.Wright

et al. noted increased foot faults and decreased time to cross the

beam (119), and Tan et al. found impaired rotarod performance

at 3 months post-injury (130). Rowe et al. found a similar pattern

in animals injured at 2 months of age, with increased foot faults

and time to cross the beam at both 1 and 3 months post-injury

but interestingly not in animals injured at 4 or 6 months (111). In

contrast, Carron et al. noted acute deficits in performance on the

rotarod and tapered ledged beam, which had recovered by 1 week

following injury, with no further deficits seen to 2 months post-

injury (115). However, with more severe injury, LFP resulted in

impaired performance on both the balance beam and rotating pole

tasks out to 4 months post-injury, the latest time point examined

(83, 84).

In models of repeated mTBI, a higher number of injuries or

a shorter interval between injuries were generally associated with

more persistent balance deficits. Following 5–7 injuries, chronic

deficits on the balance beam, string suspension, and rotarod were

noted up to 12months post-injury (100, 104, 124, 125), although no

deficits were seen by 24 months post-injury (36). Only the Mannix

et al. (125, 126) and the Mouzon et al. (35) studies failed to find

chronic balance deficits following 4–7 impacts. Following three

injuries with a 24-h interval between injuries, increased latency to

fall on the rotarod was seen up to 6 months post-injury (99, 105),

with recovery by 12 months (105). Extending the interval between

injuries to 5 days meant that three injuries no longer led to deficits

on the rotarod up to 3 months post-injury (106). Interestingly,

unlike the rotarod, no deficits were noted on forelimb placement

in the ladder walk (80) nor in pole climbing time (99) with 3

injuries, 24 h apart.With two injuries spaced 24 h apart, the number

of foot faults on a rotating pole was increased at 3 days post-

injury, before returning to sham levels from 7–28 days, before a

deficit re-emerged at 2 months following injury (79). By increasing

the interval between the two injuries to 3 days, deficits were no

longer noted on the balance beam, rotarod, or grid walk tasks either

acutely or chronically up to 2 months post-injury (103).

Finally, neither single nor repeated blast injury was sufficient

to produce persistent motor deficits at 6 months post-injury,

regardless of initial injury severity. With a mild blast injury at

19psi, a single injury led to no balance deficits on the rotating

pole or rotarod task to 6 months post-injury (114). In contrast,

when two 19 PSI injuries were delivered within 2min, balance

deficits emerged at 6 days, persisted to 4 weeks, with recovery and

no further impairment noted following this time point up to 6

months post-injury (114). Similarly, following a single moderate

blast impact (50 PSI), acute deficits in latency to fall on the rotarod

were noted, which had recovered by 6.5 weeks post-injury (65).

3.5. Clinical studies

3.5.1. Motor function test
Overall long-term motor function following TBI was assessed

in a single study using the Unified Parkinson’s Disease Rating

Scale (UPDRS) Motor Examination, which was used to calculate

a modified UPDRS (mUPDRS) global motor score, as well as

four domain scores: tremor, rigidity, bradykinesia, and posture/gait

(40). In retired military veterans (M: 76.4 ± 10.0 years of age)

who self-reported TBI [median TBIs = 2 (1.2), 53.2 ± 18.1 years

since first TBI, 37.0 ± 22.5 years ago since last TBI], those with

a history of moderate–severe, but not mTBI, had a significantly

worse mUPDRS global motor score, as well as a worsened score for
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posture/gait, but not for tremor, rigidity, or bradykinesia, compared

to those without a history of TBI (M: 79.4 ± 8.2 years of age) (40)

(Table 7).

3.5.2. Grip strength and fine motor control
Six studies identified herein (19, 25, 26, 51, 53, 76) evaluated

chronic alterations in grip strength or fine motor control (Table 8).

Grip strength was assessed only in one study comparing individuals

with a history of TBI 1–26 years earlier to healthy controls. No

differences were seen following either mild or moderate–severe

TBI, in either the dominant or non-dominant hand, although the

mTBI group was significantly more variable than healthy controls

across 10 trials (51). This study also investigated finger dexterity as

time taken to touch each of their fingers to their thumb three times.

The moderate–severe TBI group at 12.2 years post-injury (range

1–25), but not the mild TBI group at 7.1 years post-injury (range

1–27), had slower finger dexterity in both the non-dominant and

dominant hands over 10 trials compared to healthy controls (51).

This was not related to age, given that both groups had a similar

mean age (35.4 vs. 37.6 years). Similarly, no effects of at least one

mTBI (range 1–12, median = 2) in military veterans at a median

of 8 years post the most recent TBI were noted in the grooved

pegboard task, where pins must be manipulated and rotated to fit

a hole (53). With a higher number of repeated concussions and

a longer time-period post-injury, however, deficits in fine motor

control were seen chronically. Retired rugby league players (mean

8.5 concussions) at almost 20 years post-injury took longer in the

O’Connor Finger Dexterity Test, where the time taken to place pegs

in holes is recorded compared to controls (26), with similar findings

in amateur Australian football players (mean 3.2 concussion) at

22.12 ± 6.73 years following their last injury on the same task

(25). Similarly, chronic, but not acute, deficits were seen in a RAM

task consisting of rapid wrist supination–pronation movements.

Significantly lower movement velocity was found in athletes who

sustained their last concussion 30 years earlier (range 27–41 years)

(76) but not in those who had sustained their last concussion only

9–34 months earlier (19). Importantly, both groups had the same

range of 1–5 concussions, suggesting that these effects may be due

to time elapsed since injury, rather than number of injuries.

3.5.3. Gait
Several characteristics can be used to assess gait, including

spatiotemporal factors, such as cadence, stride length and single

and double support time, kinematics in regard to the motion of

joints, and kinetics to describe the measurement of the forces

required to make a movement (22). Clinical studies varied widely

in regards to the gait parameters examined, the tests employed, and

equipment used (Table 9).

No difference in gait speed over a distance of 3–4m was

seen either in a group of military veterans (53) or in a cohort

recruited from the general population (51) on average a decade

following their last injury. Conversely, more sophisticated analysis

employing an 8-m electronic walkway found that students with

a history of concussion with a mean time since injury of 6.32

years had greater time in double-leg stance support and less time

in single-leg stance support, throughout the gait cycle (66). The

more difficult task of heel to toe walking was also found to

be affected by previous mTBI, with veterans with a history of

mTBI approximately 16 years ago being three times as likely as

normal controls to have their performance ranked as abnormal by

a neurologist (55). Other studies investigating mTBI specifically

recruited patient populations with persistent symptoms. Stuart

et al. aimed to develop a model to describe differences in gait

seen in individuals with a history of mTBI sustained approximately

18 months ago (median 551 days) who had self-reported balance

instability. Participants walked over a 13-m distance for 2min

with inertial sensors detecting gait. Differences in the mTBI cohort

compared to healthy controls related to increased variability,

decreased rhythm, and reduced pace in parameters such as stride

length and time, alongside increased turn duration and velocity

(75). These results were only partially supported by another study,

which recruited individuals with a history of mTBI with symptoms

persisting >3 months but did not require these symptoms to be

specifically balance related. Participants were on average a year

from injury, with statistically significant differences only detected

in pace and turning, but not in rhythm and variability, over a

∼200-m walk with multiple 180◦ turns (124). It should be noted

that the Stuart et al. study did not report p-values but rather

investigated effect size only, which could also account for the

differences between these studies. Conversely, a much smaller study

(n = 16) of symptomatic veterans with a history of mTBI 3.5 ±

1.7 years previously found no difference in gait speed or stride

length over 10m (33). Given that the Stuart et al. study included

111 participants (75) and the Martini et al. study 68 (124), any

differences may relate to the small sample size.

Indeed, in comparison with symptomatic mTBI, moderate–

severe TBI at least 18 months earlier (mean: 35.5 ± 20.2 months)

found no difference in cadence on a treadmill at 3 km/h for

2min (77). Similar findings were found more chronically, with

a moderate TBI (range 1–26 years prior) not producing deficits

in walking or turning speed on a walkway (51) or treadmill or

elliptical trainer task (77). With a more difficult task, participants

were placed on split-belt treadmill, such that the speed required for

each leg could be varied (58). Those with a history of moderate–

severe injury an average of 2.9 ± 1.7 years prior took longer to

adapt to the belts being at different speeds, seen as an decrease

in step symmetry, but were no different in the baseline task or

post-adaptation when the two belts were at the same speed (58).

Self-selected walking (22) and running (23) speeds were slower

in individuals with a previous history of severe TBI an average

of 5–6 years earlier, with participants chosen for their ability to

walk and run independently, respectively, while still attending

physiotherapy for mobility limitations. When healthy controls

matched these speeds, no difference in either cadence or stance time

were seen with walking (22), whereas, with running, a previous

history of TBI led to increased cadence and shorter stride length

to produce the same speed (23). In the only study which did

not report a difference in walking speed, 19 of 52 participants

were unable to walk at the faster speed, negating the measurement

(22). Nonetheless, numerous kinetic and kinematic alterations were

associated with both running and walking following severe TBI,

including alterations in ankle power generation (22, 24) and knee
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TABLE 6 Preclinical balance and coordination evaluation.

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Evans et al. (97) 2015 CCI-CS Mild Diffuse Rotarod (4–40

prm)

Latency to fall T:12; C: 11 + + -

Namdar et al. (93) 2020 WD Mild Diffuse Rotarod (4–40

rpm)

Latency to fall T:15; C:13 - -

Eramus Ladder Correct steps - +

Missteps - +

Time - -

Lai et al. (117) 2019 WD Mild Diffuse 0.5 cm Beam Traverse time T:7; C:7 - +++ +++

Laurer et al. (79) 2001 CCI-CS Mild Diffuse 3 cm Rotating pole

1,3,5 rpm

Foot-faults T:16–24;

C:14–23

- - -

Bajwa et al. (103) 2016 CCI-CS Mild Diffuse 0.65 cm Beam

2.5 cm Grid Walk

Rotarod

Traverse Time

Foot faults

Latency to fall

T:10; C:10 - - -

Evans et al. (98) 2014 CCI-CS Mild Diffuse Rotarod (4–40

prm)

Latency to fall T:9; C: 8 + + -

Fehily et al. (80) 2019 WD Mild Diffuse Ladder walk % Stepping

errors

T:15; C:15 -

McAteer et la. (106) 2016 WD Mild Diffuse Rotarod (3–30

rpm)

Latency to fall T:9; C:9 - - - -

Hou et al. (131) 2017 WD Mild Diffuse Rotarod (3–30

rpm)

Average 3 trials T:8; C: 8 - - + ++

Mouzon et al. (35) 2014 CCI-CS Mild Diffuse Rotarod (5–50

rpm)

Average 3 trials T:12; C:12 -

Mouzon et al. (36) 2018 CCI-CS Mild Diffuse Rotarod (5–50

rpm)

Average 3 trials T:7; C:8 -

Xu et al. (121) 2019 CCI Mild Diffuse 2 cm Beam Traverse Time T:10; C10 - - -

Mountney et al. (88) 2017 PCS Mild Diffuse Rotarod

(0.1 rpm/sec)

Three sets× 5 with

2min intertrial

interval

Latency to fall T/C: 8–10 -

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Evans et al. (97) 2015 CCI-CS Mild Diffuse Rotarod (4–40

prm)

Latency to fall T:12; C: 11 + + -

Namdar et al. (93) 2020 WD Mild Diffuse Rotarod (4–40

rpm)

Latency to fall T:15; C:13 - -

Eramus Ladder Correct steps - +

Missteps - +

Time - -

Lai et al. (117) 2019 WD Mild Diffuse 0.5 cm Beam Traverse time T:7; C:7 - +++ +++

Laurer et al. (79) 2001 CCI-CS Mild Diffuse 3 cm Rotating pole

1,3,5 rpm

Foot-faults T:16–24;

C:14–23

- - -

Bajwa et al. (103) 2016 CCI-CS Mild Diffuse 0.65 cm Beam

2.5 cm Grid Walk

Rotarod

Traverse Time

Foot faults

Latency to fall

T:10; C:10 - - -

Evans et al. (98) 2014 CCI-CS Mild Diffuse Rotarod (4–40

prm)

Latency to fall T:9; C: 8 + + -

Fehily et al. (80) 2019 WD Mild Diffuse Ladder walk % Stepping

errors

T:15; C:15 -

McAteer et la. (106) 2016 WD Mild Diffuse Rotarod (3–30

rpm)

Latency to fall T:9; C:9 - - - -

Hou et al. (131) 2017 WD Mild Diffuse Rotarod (3–30

rpm)

Average 3 trials T:8; C: 8 - - + ++

Mouzon et al. (35) 2014 CCI-CS Mild Diffuse Rotarod (5–50

rpm)

Average 3 trials T:12; C:12 -

Mouzon et al. (36) 2018 CCI-CS Mild Diffuse Rotarod (5–50

rpm)

Average 3 trials T:7; C:8 -

Xu et al. (121) 2019 CCI Mild Diffuse 2 cm Beam Traverse Time T:10; C10 - - -

Mountney et al. (88) 2017 PCS Mild Diffuse Rotarod

(0.1 rpm/sec)

Three sets× 5 with

2min intertrial

interval

Latency to fall T/C: 8–10 -
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TABLE 6 (Continued)

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Mountney et al. (88) 2017 PCS Rep-Mild Diffuse

4xTBI

1 hr apart

Rotarod

(0.1 rpm/sec)

Three sets× 5 with

2min

intertrial interval

Latency to fall T/C: 8–10 +

Albayram et al. (124) 2017 WD Rep-Mild Diffuse

7 in 9D

0.8 cm beam Score T/C: 9–10 ++

String Suspension

(3 trials)

Score ++

Rotarod (4–40

opm) 5 mins; 4x

day for 2 days

Latency to fall

Average 8 trials

+

Feng et al. (89) 2021 Chimera Rep-Mild Diffuse

3xTBI/day

× 2

48 hrs

apart

Rotarod (5–40

rpm)

Latency to fall-

average 3 trials

T:9; C:9 -

Tabet et al. (99) 2022 CCI-CS Rep-Mild Diffuse

3x TBI

24hr

Ladder rung % Foot faults to

baseline

T:10; C:10 +

Pole climbing Time (3 trials) T:10; C:10 -

Laurer et al. (79) 2001 CCI-CS Rep-Mild Diffuse

2xTBI 24

hrs

3 cm Rotating pole (1, 3, 5 rpm) T:49; C:36 ++ - ++

Bajwa et al. (103) 2016 CCI-CS Rep-Mild Diffuse

2x 3d

0.65 cm Beam

2.5 cm Grid Walk

Rotarod (2x 5 rpm,

2x 3 rpm/5s, 2x

3 rpm/3s

All measures

Foot faults

Average of trials

T:10; C:10 - - -

Mannix et al. (125) 2014 WD Rep-Mild 7inj/9D Rotarod (0.1

rpm/sec)

Average 4 trials T:32; C:21 + +

Mannix et al. (126) 2017 WD Rep-Mild 7inj/9D Rotarod (0.1

rpm/sec)

Average 4 trials T:12; C:11 + -

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Mountney et al. (88) 2017 PCS Rep-Mild Diffuse

4xTBI

1 hr apart

Rotarod

(0.1 rpm/sec)

Three sets× 5 with

2min

intertrial interval

Latency to fall T/C: 8–10 +

Albayram et al. (124) 2017 WD Rep-Mild Diffuse

7 in 9D

0.8 cm beam Score T/C: 9–10 ++

String Suspension

(3 trials)

Score ++

Rotarod (4–40

opm) 5 mins; 4x

day for 2 days

Latency to fall

Average 8 trials

+

Feng et al. (89) 2021 Chimera Rep-Mild Diffuse

3xTBI/day

× 2

48 hrs

apart

Rotarod (5–40

rpm)

Latency to fall-

average 3 trials

T:9; C:9 -

Tabet et al. (99) 2022 CCI-CS Rep-Mild Diffuse

3x TBI

24hr

Ladder rung % Foot faults to

baseline

T:10; C:10 +

Pole climbing Time (3 trials) T:10; C:10 -

Laurer et al. (79) 2001 CCI-CS Rep-Mild Diffuse

2xTBI 24

hrs

3 cm Rotating pole (1, 3, 5 rpm) T:49; C:36 ++ - ++

Bajwa et al. (103) 2016 CCI-CS Rep-Mild Diffuse

2x 3d

0.65 cm Beam

2.5 cm Grid Walk

Rotarod (2x 5 rpm,

2x 3 rpm/5s, 2x

3 rpm/3s

All measures

Foot faults

Average of trials

T:10; C:10 - - -

Mannix et al. (125) 2014 WD Rep-Mild 7inj/9D Rotarod (0.1

rpm/sec)

Average 4 trials T:32; C:21 + +

Mannix et al. (126) 2017 WD Rep-Mild 7inj/9D Rotarod (0.1

rpm/sec)

Average 4 trials T:12; C:11 + -
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TABLE 6 (Continued)

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

McAteer et la. (106) 2016 WD Rep-Mild Diffuse

3× 5d

Rotarod (3–30

rpm)

Latency to fall T:7; C:9 - - - -

Fehily et al. (80) 2019 WD Rep-Mild Diffuse

2xTBI 24

hr

Ladder walk % Stepping

errors

T:15; C:15 -

Diffuse

3xTBI 24

hr

Ladder walk % Stepping

errors

-

Mouzon et al. (35) 2014 CCI-CS Rep-Mild Diffuse

5xTBI 24

hr

Rotarod (5–50

rpm)

Latency to fall-

average 3 trials

T:12; C:12 -

Morriss et al. (104) 2021 WD Rep-Mild Diffuse

5xTBI 24

hr

Rotarod Latency to fall

4 trials

T:11; C:10 ++

Dhillon et al. (100) 2020 CCI-CS Rep-Mild Bilateral

5x TBI/5

weeks

Rotarod (3–30

rpm)

Fall- 3 trials T:10; C:8 - - + + + + + +

2.5 cm beam Hindlimb

rating

+

Tucker et al. (105) 2019 CCI-CS Rep-Mild Diffuse

3xTBI 24hr

Rotarod (4–60

rpm)

Latency to fall-

average 3 trials

T:19–21;

C17–19

+++ - + + -

Mouzon et al. (36) 2018 CCI-CS Rep-Mild Diffuse

5xTBI 24hr

Rotarod (5–50

rpm)

Latency to fall-

average 3 trials

T:7; C:7 -

Hou et al. (131) 2017 WD Moderate Diffuse Rotarod (3–30

rpm)

Average 3 trials T:8; C: 8 - - + +++

Toshkezi et al. (128) 2018 CCI Moderate Focal Rotarod (2–20

rpm)

Latency to fall T:9; C: 5 +++

Barrett et al. (122) 2020 CCI Moderate Focal 0.5 cm Beam Foot Faults T/C: 8–13 - +++ +++ +++

Henry et al. (28) 2020 CCI Moderate Focal 0.5 cm Beam Foot Faults T:11; C:12 - +++ +++ +++

Rotarod (1–30

rpm)

%Baseline - +++ - +++

Xie et al. (120) 2019 CCI Moderate Focal 0.6 cm Beam Foot Faults T:10; C:10 - +++ +++ +++

Xu et al. (121) 2019 CCI Moderate Focal 2 cm Beam Traverse Time T/C: 38 - + +

Chen et al. (123) 2016 NY Moderate Focal Ladder test Errors T:20; C:10 - ++ - -

Bajwa et al. (103) 2016 CCI Moderate Focal 0.65 cm Beam Time Active T:10; C:10 + - -

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

McAteer et la. (106) 2016 WD Rep-Mild Diffuse

3× 5d

Rotarod (3–30

rpm)

Latency to fall T:7; C:9 - - - -

Fehily et al. (80) 2019 WD Rep-Mild Diffuse

2xTBI 24

hr

Ladder walk % Stepping

errors

T:15; C:15 -

Diffuse

3xTBI 24

hr

Ladder walk % Stepping

errors

-

Mouzon et al. (35) 2014 CCI-CS Rep-Mild Diffuse

5xTBI 24

hr

Rotarod (5–50

rpm)

Latency to fall-

average 3 trials

T:12; C:12 -

Morriss et al. (104) 2021 WD Rep-Mild Diffuse

5xTBI 24

hr

Rotarod Latency to fall

4 trials

T:11; C:10 ++

Dhillon et al. (100) 2020 CCI-CS Rep-Mild Bilateral

5x TBI/5

weeks

Rotarod (3–30

rpm)

Fall- 3 trials T:10; C:8 - - + + + + + +

2.5 cm beam Hindlimb

rating

+

Tucker et al. (105) 2019 CCI-CS Rep-Mild Diffuse

3xTBI 24hr

Rotarod (4–60

rpm)

Latency to fall-

average 3 trials

T:19–21;

C17–19

+++ - + + -

Mouzon et al. (36) 2018 CCI-CS Rep-Mild Diffuse

5xTBI 24hr

Rotarod (5–50

rpm)

Latency to fall-

average 3 trials

T:7; C:7 -

Hou et al. (131) 2017 WD Moderate Diffuse Rotarod (3–30

rpm)

Average 3 trials T:8; C: 8 - - + +++

Toshkezi et al. (128) 2018 CCI Moderate Focal Rotarod (2–20

rpm)

Latency to fall T:9; C: 5 +++

Barrett et al. (122) 2020 CCI Moderate Focal 0.5 cm Beam Foot Faults T/C: 8–13 - +++ +++ +++

Henry et al. (28) 2020 CCI Moderate Focal 0.5 cm Beam Foot Faults T:11; C:12 - +++ +++ +++

Rotarod (1–30

rpm)

%Baseline - +++ - +++

Xie et al. (120) 2019 CCI Moderate Focal 0.6 cm Beam Foot Faults T:10; C:10 - +++ +++ +++

Xu et al. (121) 2019 CCI Moderate Focal 2 cm Beam Traverse Time T/C: 38 - + +

Chen et al. (123) 2016 NY Moderate Focal Ladder test Errors T:20; C:10 - ++ - -

Bajwa et al. (103) 2016 CCI Moderate Focal 0.65 cm Beam Time Active T:10; C:10 + - -
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TABLE 6 (Continued)

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Falls ++ - -

2.5 cm Grid walk Foot faults +++ ++ ++

Rotarod (2x 5

RPM, 2x 3 rpm/5s,

2x 3 rpm/3s

Average trials +++ - ++

Carron et al. (115) 2019 LFP Moderate Mixed Rotarod (1.5

rpm/3s)

% Baseline T:10; C:10 - +++ - -

Tapered Beam Ranking - +++ - -

Tapered Beam Foot faults - +++ - -

Tan et al. (130) 2020 LFP Moderate Mixed Rotarod (4–40

rpm)

Average 3 trials T:18; C: 10 - +

Wright et al. (119) 2017 LFP Moderate Mixed 2 cm Beam Foot faults T:10; C:10 + +

2 cm Beam Traverse time T:10; C:10 + +

Rowe et al. (111) 2016 LFP Moderate Mixed 3 cm Beam Foot faults T/C:11–12

2M

+ - -

T/C:11–12

4M

- -

T/C:11–12

6M

-

3 cm Beam Traverse Time T/C:11–12

2M

- - -

T/C:11–12

4M

- -

T/C:11–12

6M

-

Sell et al. (81) 2017 LFP Moderate Mixed 2.5 cm Beam Traverse Time T:37; C:39 - + - - -

1.75 cm Beam Ranking - + + - -

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Falls ++ - -

2.5 cm Grid walk Foot faults +++ ++ ++

Rotarod (2x 5

RPM, 2x 3 rpm/5s,

2x 3 rpm/3s

Average trials +++ - ++

Carron et al. (115) 2019 LFP Moderate Mixed Rotarod (1.5

rpm/3s)

% Baseline T:10; C:10 - +++ - -

Tapered Beam Ranking - +++ - -

Tapered Beam Foot faults - +++ - -

Tan et al. (130) 2020 LFP Moderate Mixed Rotarod (4–40

rpm)

Average 3 trials T:18; C: 10 - +

Wright et al. (119) 2017 LFP Moderate Mixed 2 cm Beam Foot faults T:10; C:10 + +

2 cm Beam Traverse time T:10; C:10 + +

Rowe et al. (111) 2016 LFP Moderate Mixed 3 cm Beam Foot faults T/C:11–12

2M

+ - -

T/C:11–12

4M

- -

T/C:11–12

6M

-

3 cm Beam Traverse Time T/C:11–12

2M

- - -

T/C:11–12

4M

- -

T/C:11–12

6M

-

Sell et al. (81) 2017 LFP Moderate Mixed 2.5 cm Beam Traverse Time T:37; C:39 - + - - -

1.75 cm Beam Ranking - + + - -
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TABLE 6 (Continued)

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Alwis et al. (96) 2012 WD Mod-Sev Diffuse Rotarod (3–30

rpm)

% Baseline T:19; C: 12 - + + +

2 cm Beam Ranking T:19; C: 12 - + + +

Arulsamy et al. (113) 2018 WD Mod-Sev Diffuse Rotarod (3–30

rpm)

Latency to fall T:6; C: 6 +++ - -

Albayram et al. (124) 2017 WD Mod-Sev Diffuse 0.8 cm beam Score T/C=

9–10

+ +

String Suspension

(3 trials)

Score + +

Soblosky et al. (120) 1997 CCI Mod-Sev Focal 2.5 cm Beam Ranking T:10; C: 10 - + + + -

Pegged 2.5 cm

Beam

Foot faults T:10–13;

C:10–14

- + + -

Wang et al. (90) 2019 Punch Mod-Sev Focal 2 cm Beam Ranking T:8; C:8 ++ ++ ++

Hanscom et al. (116) 2021 CCI Mod-Sev Focal 5mm beam Foot faults T/C:

14–21

- +++ +++ +++

Vogel et al. (132) 2020 CCI Mod-Sev Focal Rotarod 36 rpm Latency to fall T:16; C:16 - -

Rotarod:accelerating T:20 C:10 - -

Cline et al. (31) 2017 CCI Severe Focal 2.5 cm Gridwalk Foot faults T:15; C:14 - + +

Xu et al. (121) 2019 CCI Severe Focal 2 cm Beam Traverse Time T/C: 38 - + +

He et al. (129) 2020 CCI Severe Focal Rotarod (4–40

rpm)

Average 3 trials T:11; C: 7 + +

Nissinen et al. (84) 2017 LFP Severe Mixed 2 cm Beam Ranking T:23; C:10 - +++ +++ ++ -

Zhang et al. (83) 2005 LFP Severe Mixed Rotating pole (5

rpm)

Ranking T:14; C: 24 ++ ++

2 cm Beam Ranking ++ ++

References Years Method Severity Injury Test Parameters Sample Pre <72h 1–
3wk

1–
2mo

3–
5mo

6–11
mo

7–
11mo

12–
24mo

Alwis et al. (96) 2012 WD Mod-Sev Diffuse Rotarod (3–30

rpm)

% Baseline T:19; C: 12 - + + +

2 cm Beam Ranking T:19; C: 12 - + + +

Arulsamy et al. (113) 2018 WD Mod-Sev Diffuse Rotarod (3–30

rpm)

Latency to fall T:6; C: 6 +++ - -

Albayram et al. (124) 2017 WD Mod-Sev Diffuse 0.8 cm beam Score T/C=

9–10

+ +

String Suspension

(3 trials)

Score + +

Soblosky et al. (120) 1997 CCI Mod-Sev Focal 2.5 cm Beam Ranking T:10; C: 10 - + + + -

Pegged 2.5 cm

Beam

Foot faults T:10–13;

C:10–14

- + + -

Wang et al. (90) 2019 Punch Mod-Sev Focal 2 cm Beam Ranking T:8; C:8 ++ ++ ++

Hanscom et al. (116) 2021 CCI Mod-Sev Focal 5mm beam Foot faults T/C:

14–21

- +++ +++ +++

Vogel et al. (132) 2020 CCI Mod-Sev Focal Rotarod 36 rpm Latency to fall T:16; C:16 - -

Rotarod:accelerating T:20 C:10 - -

Cline et al. (31) 2017 CCI Severe Focal 2.5 cm Gridwalk Foot faults T:15; C:14 - + +

Xu et al. (121) 2019 CCI Severe Focal 2 cm Beam Traverse Time T/C: 38 - + +

He et al. (129) 2020 CCI Severe Focal Rotarod (4–40

rpm)

Average 3 trials T:11; C: 7 + +

Nissinen et al. (84) 2017 LFP Severe Mixed 2 cm Beam Ranking T:23; C:10 - +++ +++ ++ -

Zhang et al. (83) 2005 LFP Severe Mixed Rotating pole (5

rpm)

Ranking T:14; C: 24 ++ ++

2 cm Beam Ranking ++ ++

+p < 0.05; ++p < 0.01; +++p < 0.001; -, not significant; Gray, not evaluated. T, TBI; C, control; CCI, controlled cortical impact; CCI-CS, control cortical impact, closed skull; WD, weight drop injury; LFP, lateral fluid percussion.
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TABLE 7 Clinical neuroscore evaluation.

References Year Severity Population Sample size Age (mean) Sex %male Motor test <5 yrs 6–10 yrs 11–25 yrs >25yrs

Gardner et al. (40) 2017 Rep-Mild Military veterans T:31–34

C:65–68

T: 79.4

C: 76.4

T:82.4%

C:94.9%

mUPDRS Global

Score

-

mUPDRS Tremor

Score

-

mUPDRS Rigidity

Score

-

mUPDRS

Bradykinesia Score

-

mUPDRS

Posture/Gait Score

-

Moderate-

Severe

T:20

C:65–68

mUPDRS Global

Score

+

mUPDRS Tremor

Score

-

mUPDRS Rigidity

Score

-

mUPDRS

Bradykinesia Score

-

mUPDRS

Posture/Gait Score

+

References Year Severity Population Sample size Age (mean) Sex %male Motor test <5 yrs 6–10 yrs 11–25 yrs >25yrs

Gardner et al. (40) 2017 Rep-Mild Military veterans T:31–34

C:65–68

T: 79.4

C: 76.4

T:82.4%

C:94.9%

mUPDRS Global

Score

-

mUPDRS Tremor

Score

-

mUPDRS Rigidity

Score

-

mUPDRS

Bradykinesia Score

-

mUPDRS

Posture/Gait Score

-

Moderate-

Severe

T:20

C:65–68

mUPDRS Global

Score

+

mUPDRS Tremor

Score

-

mUPDRS Rigidity

Score

-

mUPDRS

Bradykinesia Score

-

mUPDRS

Posture/Gait Score

+

+p < 0.05; -, not significant; gray, not evaluated.
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TABLE 8 Clinical fine motor evaluation.

References Year Severity Population Sample
size

Age Sex

%male

Motor test Parameters < 5 yrs 6–10
yrs

11–25
yrs

>25 yrs

Burton et al. (51) 2002 Mild Community T:19; C:26 T:35.36 C:

32.77

T:78.9

C:46.15

Fine motor Touch fingers

to thumb

-

Grip strength Dynamometer -

Walker et al. (52) 2018 Combination Military

veterans

T:380; C 73 T:36 C:40.5 T:88%

C:79.5%

Fine motor Grooved

Pegboard

-

De Beaumont et al.

(19)

2011 Combination College

Athletes

T:21; C:15 T/C: 22.3 T/C:

100%

Rapid

alternatingmovement

Wrist supination-

pronation

Velocity + (↑)

Sharpness -

Bimanual

co-ordination

-

De Beaumont et al.

(76)

2009 Combination College

Athletes

T:19; C:21 T:61; C:59 Not stated Rapid

alternatingmovement

Wrist supination-

pronation

Duration -

Range -

Sharpness -

Velocity +

Pearce et al. (25) 2014 Rep-Mild Professional

Athletes

T:40; C:20 T:49.3

C:47.6

T/C: 100% Fine motor O’Connor

Finger

Dexterity Test

+

Pearce et al. (26) 2018 Rep-Mild Professional

Athletes

T:25; C:25 T:48.4

C:48.8

T/C: 100% Fine motor O’Connor

Finger

Dexterity Test

+

Burton et al. (51) 2002 Mod-Sev Community T:9; C:26 T:37.56 C:

32.77

T:66.67%

C:46.15

Fine motor Touch fingers

to thumb

+

Grip strength Dynamometer –

References Year Severity Population Sample
size

Age Sex

%male

Motor test Parameters < 5 yrs 6–10
yrs

11–25
yrs

>25 yrs

Burton et al. (51) 2002 Mild Community T:19; C:26 T:35.36 C:

32.77

T:78.9

C:46.15

Fine motor Touch fingers

to thumb

-

Grip strength Dynamometer -

Walker et al. (52) 2018 Combination Military

veterans

T:380; C 73 T:36 C:40.5 T:88%

C:79.5%

Fine motor Grooved

Pegboard

-

De Beaumont et al.

(19)

2011 Combination College

Athletes

T:21; C:15 T/C: 22.3 T/C:

100%

Rapid

alternatingmovement

Wrist supination-

pronation

Velocity + (↑)

Sharpness -

Bimanual

co-ordination

-

De Beaumont et al.

(76)

2009 Combination College

Athletes

T:19; C:21 T:61; C:59 Not stated Rapid

alternatingmovement

Wrist supination-

pronation

Duration -

Range -

Sharpness -

Velocity +

Pearce et al. (25) 2014 Rep-Mild Professional

Athletes

T:40; C:20 T:49.3

C:47.6

T/C: 100% Fine motor O’Connor

Finger

Dexterity Test

+

Pearce et al. (26) 2018 Rep-Mild Professional

Athletes

T:25; C:25 T:48.4

C:48.8

T/C: 100% Fine motor O’Connor

Finger

Dexterity Test

+

Burton et al. (51) 2002 Mod-Sev Community T:9; C:26 T:37.56 C:

32.77

T:66.67%

C:46.15

Fine motor Touch fingers

to thumb

+

Grip strength Dynamometer –

+p < 0.05; -, not significant; gray, not evaluated; ↑, increased.
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TABLE 9 Clinical gait studies.

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Burton et al.

(51)

2002 Mild Community T:19; C:26 T:35.36

C:32.77

T:78.9

C:46.15

Turn 360◦ None Speed -

Timed 4m

walk

None Speed -

Vanderploeg

et al. (55)

2007 Mild Military

veterans

T:254;

C:3214

MVA:539

T:37.8

C:38.5

MVA:37.8

100% Heel toe walk None Abnormal/normal 3x

Stuart et al.

(75)

2020 Mild Community

Self-reported

balance

instability > 3

months post-

injury

T:52; C:59 T:39.6

C:37.0

T:30.8%

C:42.4%

13m walkway,

2 mins

Five sensors

strapped to

feet, L5,

sternum and

head

Stride length ∗∗

Speed ∗∗∗

Foot stride angle ∗∗

Toe off angle -

Single support

time

∗∗

Double support

time

∗∗

Stride time ∗∗

Turn duration ∗∗

Turn step number ∗

Turn velocity ∗∗∗

Martini et al.

(54)

2021 Combination Community

Symptoms

persisting > 3

months

following TBI

T:65; C:57 T:39.6

C:36.9

T:64%

C:55%

208m walk Five sensors

strapped to

feet, L5,

sternum and

head

Speed + -

Variability -

Rhythm -

Turning +

Dual task

Above +

auditory Stroop

Speed +

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Burton et al.

(51)

2002 Mild Community T:19; C:26 T:35.36

C:32.77

T:78.9

C:46.15

Turn 360◦ None Speed -

Timed 4m

walk

None Speed -

Vanderploeg

et al. (55)

2007 Mild Military

veterans

T:254;

C:3214

MVA:539

T:37.8

C:38.5

MVA:37.8

100% Heel toe walk None Abnormal/normal 3x

Stuart et al.

(75)

2020 Mild Community

Self-reported

balance

instability > 3

months post-

injury

T:52; C:59 T:39.6

C:37.0

T:30.8%

C:42.4%

13m walkway,

2 mins

Five sensors

strapped to

feet, L5,

sternum and

head

Stride length ∗∗

Speed ∗∗∗

Foot stride angle ∗∗

Toe off angle -

Single support

time

∗∗

Double support

time

∗∗

Stride time ∗∗

Turn duration ∗∗

Turn step number ∗

Turn velocity ∗∗∗

Martini et al.

(54)

2021 Combination Community

Symptoms

persisting > 3

months

following TBI

T:65; C:57 T:39.6

C:36.9

T:64%

C:55%

208m walk Five sensors

strapped to

feet, L5,

sternum and

head

Speed + -

Variability -

Rhythm -

Turning +

Dual task

Above +

auditory Stroop

Speed +
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TABLE 9 (Continued)

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Variability -

Rhythm +

Turning +

Walker et al.

(52)

2018 Combination Military

veterans

T:258;C:47 T:36 C:40.5 T:88%

C:79.5%

4m walk None Speed -

Martini et al.

(66)

2011 Combination College

students

T:25; C:25 T:21 C:20.7 T:60.7%

C:50%

4m walk GAITr

walkway

Speed +

Double Stance

support

+

4m walk +

obstacle

Speed -

Double Stance

support

_

Brooks Spatial

Memory task
+ 4m walk

Speed -

Double Stance

support

-

Brooks Spatial

Memory task
+ 4m walk +

obstacle

Speed -

Double Stance

support

+

Pitt et al. (56) 2020 Combination Military

veterans with

chronic

symptoms

T:8; C:8 T:32.5

C:33.3

T:87.5%

C:87.5%

10m walk,

8–10 trials

Whole body

retroreflective

marker set

with 12

motion

analysis system

Speed -

Step length -

Step width -

Medial-lateral

COM

displacement

+

Peak medial-lateral

COM velocity

-

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Variability -

Rhythm +

Turning +

Walker et al.

(52)

2018 Combination Military

veterans

T:258;C:47 T:36 C:40.5 T:88%

C:79.5%

4m walk None Speed -

Martini et al.

(66)

2011 Combination College

students

T:25; C:25 T:21 C:20.7 T:60.7%

C:50%

4m walk GAITr

walkway

Speed +

Double Stance

support

+

4m walk +

obstacle

Speed -

Double Stance

support

_

Brooks Spatial

Memory task
+ 4m walk

Speed -

Double Stance

support

-

Brooks Spatial

Memory task
+ 4m walk +

obstacle

Speed -

Double Stance

support

+

Pitt et al. (56) 2020 Combination Military

veterans with

chronic

symptoms

T:8; C:8 T:32.5

C:33.3

T:87.5%

C:87.5%

10m walk,

8–10 trials

Whole body

retroreflective

marker set

with 12

motion

analysis system

Speed -

Step length -

Step width -

Medial-lateral

COM

displacement

+

Peak medial-lateral

COM velocity

-
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TABLE 9 (Continued)

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Above +

auditory

Stroop task

Speed -

Step length -

Step width -

Medial-lateral

COM

displacement

+

Peak medial-lateral

COM velocity

-

Burton et al.

(51)

2002 Mod-Sev Community T:9; C:26 T:37.56

C:32.77

T:66.67%

C:46.15

Turn 360◦ None Speed -

Timed 4m

walk

None Speed -

Useros Olmo

et al. (57)

2020 Mod-Sev Hospital T:20; C:19 T:36.1

C:38.2

T:85%

C:89.5%

Treadmill 3

kms/hr,

Gait Trainer2 Cadence -

Treadmill 3

kms/hr +

cognitive task

-

Vasudevan

et al. (58)

2014 Mod-Sev Community T14; C:11 T:29.7

C:31.1

T:71.4%

C:81.8%

Split treadmill:

same speed

Markers on

toe, ankle,

knee, hip,

pelvis,

shoulder

Stride length -

Stance time -

Step symmetry -

Center of

oscillation

-

Temporal

coordination

-

Split treadmill:

different speed

Stride length -

Stance time -

Step symmetry +

Center of

oscillation

-

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Above +

auditory

Stroop task

Speed -

Step length -

Step width -

Medial-lateral

COM

displacement

+

Peak medial-lateral

COM velocity

-

Burton et al.

(51)

2002 Mod-Sev Community T:9; C:26 T:37.56

C:32.77

T:66.67%

C:46.15

Turn 360◦ None Speed -

Timed 4m

walk

None Speed -

Useros Olmo

et al. (57)

2020 Mod-Sev Hospital T:20; C:19 T:36.1

C:38.2

T:85%

C:89.5%

Treadmill 3

kms/hr,

Gait Trainer2 Cadence -

Treadmill 3

kms/hr +

cognitive task

-

Vasudevan

et al. (58)

2014 Mod-Sev Community T14; C:11 T:29.7

C:31.1

T:71.4%

C:81.8%

Split treadmill:

same speed

Markers on

toe, ankle,

knee, hip,

pelvis,

shoulder

Stride length -

Stance time -

Step symmetry -

Center of

oscillation

-

Temporal

coordination

-

Split treadmill:

different speed

Stride length -

Stance time -

Step symmetry +

Center of

oscillation

-
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TABLE 9 (Continued)

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Temporal

coordination

-

Split treadmill:

same speed:

Post-adaption

Stride length -

Stance time -

Symmetry -

Center of

oscillation

-

Temporal

coordination

-

Buster et al.

(77)

2013 Severe Community T:10; C:10 T:36: C:34 Not stated Elliptical

trainer,

comfortable

stride length, 3

mins

Reflective

markers on the

pelvis, hip,

knee, ankle

and foot

Speed -

Cadence -

Stride length -

Motion profile -

Joint angles +

Treadmill,

comfortable

speed 3 mins

Speed -

Cadence -

Stride length -

Motion profile -

Joint angles -

Williams et al.

(59)

2009 Severe Hospital Able

to walk

independently

20m

T:41; C:25 T:29.1

C:27.8

T:75.6%

C:64%

12m walk:

Self-selected

speed

25 reflective

markers on

pelvis and

lower limbs

Double support +

Speed +

Cadence +

Stride length +

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Temporal

coordination

-

Split treadmill:

same speed:

Post-adaption

Stride length -

Stance time -

Symmetry -

Center of

oscillation

-

Temporal

coordination

-

Buster et al.

(77)

2013 Severe Community T:10; C:10 T:36: C:34 Not stated Elliptical

trainer,

comfortable

stride length, 3

mins

Reflective

markers on the

pelvis, hip,

knee, ankle

and foot

Speed -

Cadence -

Stride length -

Motion profile -

Joint angles +

Treadmill,

comfortable

speed 3 mins

Speed -

Cadence -

Stride length -

Motion profile -

Joint angles -

Williams et al.

(59)

2009 Severe Hospital Able

to walk

independently

20m

T:41; C:25 T:29.1

C:27.8

T:75.6%

C:64%

12m walk:

Self-selected

speed

25 reflective

markers on

pelvis and

lower limbs

Double support +

Speed +

Cadence +

Stride length +
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TABLE 9 (Continued)

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Stance duration +

Base of support +

T:41; C:15 12m walk:

Matched speed

Trunk angle +

Pelvic angle -

Hip angle -

Knee angle +

Ankle angle -

Lateral COM

displacement

+

Williams et al.

(22)

2010 Severe Hospital Able

to walk

independently

20m

T:55; C:10 T:28.5

C:27.3

T:72.7%

C:50%

12m walk:

Matched speed

25 reflective

markers on

pelvis and

lower limbs

Speed -

Cadence -

Stride length +

Stance time -

Double support

time

-

Lateral COM

displacement

+

Peak ankle power -

Peak hip power

(initial)

+

Peak hip power

(prewswing)

+

T:36;C:10 T:27.3

C:27.3

T:77.8%

C:50%

12m walk:

Fastest speed

Speed -

Cadence -

Stride length -

Stance time -

Double support

time

-

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Stance duration +

Base of support +

T:41; C:15 12m walk:

Matched speed

Trunk angle +

Pelvic angle -

Hip angle -

Knee angle +

Ankle angle -

Lateral COM

displacement

+

Williams et al.

(22)

2010 Severe Hospital Able

to walk

independently

20m

T:55; C:10 T:28.5

C:27.3

T:72.7%

C:50%

12m walk:

Matched speed

25 reflective

markers on

pelvis and

lower limbs

Speed -

Cadence -

Stride length +

Stance time -

Double support

time

-

Lateral COM

displacement

+

Peak ankle power -

Peak hip power

(initial)

+

Peak hip power

(prewswing)

+

T:36;C:10 T:27.3

C:27.3

T:77.8%

C:50%

12m walk:

Fastest speed

Speed -

Cadence -

Stride length -

Stance time -

Double support

time

-
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TABLE 9 (Continued)

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Lateral COM

displacement

+

Peak ankle power +

Peak hip power

(initial)

+

Peak hip power

(prewswing)

-

Williams et al.

(23)

2013 Severe Hospital Able

to run

independently

20m

T:44; C:15 T:27.9

C:28.1

T:81.8%

C:73.3%

15m run:

Matched speed

25 reflective

markers on

pelvis and

lower limbs

Speed -

Cadence +

Stride length +

Stance time +

Flight phase +

Base of support -

Trunk flexion -

Pelvic rotation +

Hip

extension/adduction

-

Knee flexion +

Ankle flexion -

Lateral COM

displacement

+

Ankle power +

Knee power +

Hip power +

15m run:

Fastest speed

Speed +

Cadence +

Stride length +

References Year Severity Population Sample
size

Age
(mean)

Sex
(%male)

Procedure Equipment Measure <5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Lateral COM

displacement

+

Peak ankle power +

Peak hip power

(initial)

+

Peak hip power

(prewswing)

-

Williams et al.

(23)

2013 Severe Hospital Able

to run

independently

20m

T:44; C:15 T:27.9

C:28.1

T:81.8%

C:73.3%

15m run:

Matched speed

25 reflective

markers on

pelvis and

lower limbs

Speed -

Cadence +

Stride length +

Stance time +

Flight phase +

Base of support -

Trunk flexion -

Pelvic rotation +

Hip

extension/adduction

-

Knee flexion +

Ankle flexion -

Lateral COM

displacement

+

Ankle power +

Knee power +

Hip power +

15m run:

Fastest speed

Speed +

Cadence +

Stride length +
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stability (23), which likely drive these alterations in gait. In a

follow-up study, these authors followed patients for 6 months

following severe TBI an average of 2 years earlier with access to a

rehabilitation program (83). At baseline, previous TBI was again

associated with significantly slower self-selected walking speed than

healthy controls (83). However, at the 6-month follow-up, walking

speed had significantly improved, such that there was no longer

any difference compared to healthy controls, with an associated

improvement in ankle power generation, indicating that these

deficits can improve (83).

In addition to assessing gait alone, several studies investigated

the effect of increasing difficulty via the inclusion of obstacles (54)

and/or cognitive tasks (54, 56, 66) on gait following mild TBI

(combined single and multiple). In symptomatic individuals <5

years following the last injury, adding an auditory Stroop task had

little effect on gait (54, 56). In a community cohort, changes in

rhythm were seen in the dual vs. single task in those with a history

of mTBI compared to controls (54), whereas in a small cohort of

military veterans no additive effect was seen with alterations in

center of mass displacement seen in both walking alone and the

dual task (56). Adding obstacles or a spatial memory task actually

reduced the performance in healthy controls, such that differences

seen in speed and double stance support time with walking alone

compared to those with a history of TBI were no longer present

(66). Indeed, only combining the memory task with obstacles

while walking re-introduced the increase in double stance support

time in those with a history of mTBI 6 years earlier (66). Hence,

abnormalities in gait following mTBI may be detected by single task

alone, without requiring the more difficult combined tasks.

3.5.4. Posture and balance
The effects of a prior TBI on chronic alterations in static

balance were assessed under several conditions, with the majority

of studies only investigating 1–5 years post-injury (52, 53, 57,

60, 63, 64, 67–69, 74, 78, 134) and no studies looking at greater

than 10 years post-injury (Table 10). In healthy populations,

maintenance of postural stability does not require large amount

of conscious effort and is regulated by subconscious reflexive

actions of the CNS to interpret and act in accordance to perceived

sensory feedback information from the visual, somatosensory, and

vestibular systems (135). Manipulating the type and/or amount

of information being processed by these three sensory feedback

systems increases the difficulty of balance tasks and can reveal

injury effects (136–138). Across the included studies, postural

control was examined primarily by evaluating alterations in center

of mass while standing, with concomitant manipulation of the

sensory information available via altering the standing surface,

closing eyes, or altering the visual surroundings. Studies also

incorporated the effects on balance in functional reaching involving

either the leg (60) or arm (67, 119) as well as the effects of bimanual

lifting of weights (64).

A history of asymptomatic mTBI<5 years earlier had no effects

on postural control while standing, regardless of alterations in the

support surface or visual feedback in a variety of cohorts including

military veterans (65, 119), college athletes (68), and university

students (78). This includedmeasures of the center of pressure sway
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area (69), sway path length (65), trunk pitch and roll angle (65),

and the degree of anterior–posterior sway (68). On the one hand, in

an arm functional reach task, mTBI, an average of 5.8 years earlier,

was associated with reduced postural angular velocity, although no

changes in angular displacement were noted (73). On the other

hand, symptomatic mTBI was associated with greater alterations in

balance, with increased postural sway both during quiet standing

(65, 74) and when suddenly perturbed (65).

Repeat mild injury, either investigated as a separate cohort

(68, 69) or via combining those with a history of single and repeated

injuries (60, 63, 68–72, 76, 134), had more mixed effects on balance.

In general, more difficult tasks were required to detect differences

between those with a history of mTBI (1 or more) and healthy

controls (52, 63, 69–71, 78). For example, in college students, no

changes in amplitude, velocity, frequency, or regularity were seen

in quiet standing in those with a mean time since the last injury of

7.1 years (mean 2.5 injuries) (71). However, two studies were able

to detect postural changes with quiet standing alone, with collegiate

athletes 19 months since their last injury (range 1–5 injuries)

exhibiting an increase in center of mass oscillation irregularity (76)

and a cohort recruited from the community with one or more

mTBIs also at 19months post-injury having a larger body sway area,

a larger displacement amplitude in the medio-lateral direction, a

slower body oscillation in both directions, and a more irregular

pattern of body oscillation (72). In contrast, Wright et al. only

noted a difference compared to healthy controls in individuals with

more than one mTBI with the last injury at least a year ago in the

most difficult condition, where participants were required to stand

on a foam surface with a dynamic visual surrounding, leading to

the increased center of pressure sway area (69). Similarly, Helmich

et al. only saw an increase in effort of balance in symptomatic

individuals within a mean of 2 years post-injury during balance

on an unstable surface, with eyes closed or a combination of both,

but not on a stable surface or with eyes open (78). At a year

post-injury, Reilly et al. also found no effect of previous mTBI

(combined single andmultiple) on bipedal or unipedal stance alone

but did see an increase in sway and decreased regularity when

combined with a cognitive task (70). Conversely, Rosenblum et al.

found no differences on the Sensory Organization Test at 2–3 years

following last injury in a population of collegiate athletes (68).

The Sensory Organization Test evaluates quiet standing under six

different conditions (either fixed/sway surface, eyes open/closed, or

surrounding normal/sway-referenced), thus involving increasing

task difficulty. This was regardless of whether analysis looked at

single vs. multiple injuries compared to healthy controls, or when

those with a history of single or rmTBI were combined (68). In

contrast, the same test in military veterans at an average of 10

years post-injury did find task-specific effects, with a decrease in

equilibrium score in the eyes closed/fixed surface and eyes open,

fixed surface/sway surroundings conditions only when looking at

combined single and rmTBI and in these conditions, alongside the

sway surface with eyes open or closed conditions, when analysis

investigated the rmTBI cohort separate from single injuries (52, 53).

Only one study utilized a different task, the Y Balance Test, where

participants stand on one leg and reach the other in an anterior,

posteromedial, or posterolateral direction (60). Acute deficits, with

an increased amplitude of center of mass in the posteromedial and

posterolateral direction in those with a history of TBI a median

of 294 days ago, had resolved in those with their last injury a

median of 3.5 years ago, with no deficits noted compared to healthy

controls (60).

With a more severe injury, the same level of analysis examining

multiple parameters such as regularity, amplitude, frequency, and

velocity changes in the center of pressure has yet to occur, but

consistent alterations in balance have been reported out to 10

years post-injury. A prior moderate–severe TBI a mean of 3

years earlier was associated with the increased center of pressure

displacement across three tasks: standing only, standing with a

numerical task, and standing with a spatial memory task, with no

significant alterations in performance between the different tasks

(57). Similarly, a prior severe TBI 10 years earlier led to a decrease

in dynamic post-urography scores, where postural changes in

response to a tilt platform were examined, alongside a higher Berg

balance score (77). A functional reach task where participants were

able to sit in a wheelchair while moving their arm to touch a

target that appeared in either a predictable or unpredictable fashion

found a medium–large effect size of prior moderate–severe TBI

on stability ratio during the task (67). In a bimanual lifting task,

although a history of previous severe TBI 2–10 years earlier was

associated with greater instability in the quiet stance phase, the

postural adjustments that occurred to lift 4 or 8 kg weights were not

different from that of healthy subjects (64). Thus, balance changes

appear to be similarly evident, particularly with quiet standing

following more severe injury.

4. Discussion

This systematic review investigated chronic motor outcomes

following TBI and the effect of injury severity. The results of

this study provide a comprehensive overview of the current state

of understanding of motor changes following TBI, highlighting

limitations and gaps of existing research that are critical to filling

in order to suggest guidelines for rehabilitation programs following

TBI. There was little consensus across the articles presented, with

a wide variety of motor domains examined, as well as significant

differences in the methodology of the tests utilized and parameters

reported. Indeed, the lack of consensus in the approaches used in

assessing and reporting chronic motor outcomes in both preclinical

and clinical models of TBI limits the generalizability of the

findings. In the future, more standardized testing parameters and

protocols for motor tasks would assist in comparing findings.

For example, the development of common data elements for

both preclinical and clinical studies would be of benefit, given

that standardization and harmonization of data collection are of

paramount importance (139).

Overall, there was a paucity of clinical studies investigating

motor outcomes beyond 10 years post-injury, with only six

identified within this review. The majority of these studies

investigated fine motor control (25, 26, 51, 76), meaning that the

long-term effects of TBI on gross motor functions, such as gait and

postural control, have not been extensively studied. Furthermore,

there was a lack of longitudinal clinical studies investigating how

motor performance changes over time in the same cohort in the
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TABLE 10 Clinical postural stability studies.

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Geurts et al.

(74)

1999 Mild Hospital

Persistent

symptoms

T:15;C:20 T:35.9

C:35.4

T:53.3%

C:60%

Postural control:

Eyes open, closed or with

simple cognitive task

Balance board

2x 30 secs per

variable

Anteroposterior

sway

+

Lateral sway +

Weight shifting +

Wright et al.

(69)

2018 Mild Military

veterans

T:9;C:19 T:25.95

C:33.57

T/C: 45% Postural control Firm

or foam, eyes open or

closed, static or

rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area -

Pan et al. (65) 2015 Mild Military veterans

Non-

symptomatic

T:6, C:10 T:26.5 C:

Not stated

T:100%

C:Not stated

Postural control:

On floor or foam; Eyes

open or closed

Markers on

sacrum, pelvis,

C7 and

shoulder.

Pelvic postural

sway

-

Pelvic sway path

length

-

Pitch trunk angle -

Roll Trunk angle -

Postural

control+ perturbation:

On floor or foam; Eyes

open or closed

Upper trunk

sway path length

-

Pelvic sway path

length

-

Oscillations -

Military veterans

Symptomatic

T:8; C:10 T:87.5%

C:Not stated

Postural control:

On floor or foam; Eyes

open or closed

Pelvic postural

sway

+

Pelvic sway path

length

+

Pitch trunk

angle

+

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Geurts et al.

(74)

1999 Mild Hospital

Persistent

symptoms

T:15;C:20 T:35.9

C:35.4

T:53.3%

C:60%

Postural control:

Eyes open, closed or with

simple cognitive task

Balance board

2x 30 secs per

variable

Anteroposterior

sway

+

Lateral sway +

Weight shifting +

Wright et al.

(69)

2018 Mild Military

veterans

T:9;C:19 T:25.95

C:33.57

T/C: 45% Postural control Firm

or foam, eyes open or

closed, static or

rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area -

Pan et al. (65) 2015 Mild Military veterans

Non-

symptomatic

T:6, C:10 T:26.5 C:

Not stated

T:100%

C:Not stated

Postural control:

On floor or foam; Eyes

open or closed

Markers on

sacrum, pelvis,

C7 and

shoulder.

Pelvic postural

sway

-

Pelvic sway path

length

-

Pitch trunk angle -

Roll Trunk angle -

Postural

control+ perturbation:

On floor or foam; Eyes

open or closed

Upper trunk

sway path length

-

Pelvic sway path

length

-

Oscillations -

Military veterans

Symptomatic

T:8; C:10 T:87.5%

C:Not stated

Postural control:

On floor or foam; Eyes

open or closed

Pelvic postural

sway

+

Pelvic sway path

length

+

Pitch trunk

angle

+
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Roll trunk angle +

Postural

control+ perturbation:

On floor or foam; Eyes

open or closed

Upper trunk

sway path

length

+

Pelvic sway path

length

-

Oscillations +

Rosenblum

et al. (68)

2020 Mild College

Athletes

T:91;C:129 T:18.9;

C:19.1

T:56.6%

C:56.6%

Sensory

organization test

Fixed/ sway surface,

eyes open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-

posterior sway

(equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Ustinova (73) 2017 Mild College

Athletes

T:13; C:13 T:34.9

C:33.8

T:30.8%

C:38.4%

Functional reach

Interception of targets

via arm at 5

fixed location

3D video game

30 reflective

body markers

10× 90sec

games

Postural angular

displacement

-

Postural

angular velocity

+

Arm angular

displacement

-

Arm angular

velocity

+

Wright et al.

(69)

2018 Combination Military

veterans

T:14; C:19 T:25.95

C:33.57

T/C: 45% Postural control

Firm or foam, eyes

open or closed, static

or rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area +

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Roll trunk angle +

Postural

control+ perturbation:

On floor or foam; Eyes

open or closed

Upper trunk

sway path

length

+

Pelvic sway path

length

-

Oscillations +

Rosenblum

et al. (68)

2020 Mild College

Athletes

T:91;C:129 T:18.9;

C:19.1

T:56.6%

C:56.6%

Sensory

organization test

Fixed/ sway surface,

eyes open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-

posterior sway

(equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Ustinova (73) 2017 Mild College

Athletes

T:13; C:13 T:34.9

C:33.8

T:30.8%

C:38.4%

Functional reach

Interception of targets

via arm at 5

fixed location

3D video game

30 reflective

body markers

10× 90sec

games

Postural angular

displacement

-

Postural

angular velocity

+

Arm angular

displacement

-

Arm angular

velocity

+

Wright et al.

(69)

2018 Combination Military

veterans

T:14; C:19 T:25.95

C:33.57

T/C: 45% Postural control

Firm or foam, eyes

open or closed, static

or rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area +
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Helmich et al.

(78)

2016 Combination University

students w/o

symptoms

T:13; C:10 T:29 C:27 T:Not stated

C:40%

Postural control

Stable vs. unstable

surface, eyes open,

closed or blurred

Force platform

10× 10sec

trials per

variable

COP path -

COP area -

Effort of balance -

Balance Error Scoring

System

Score -

University

students with

symptoms

T:7; C:10 T:26 C:26 T:Not stated

C:40%

Postural control

Stable vs. unstable

surface, eyes open,

closed or blurred

COP path -

COP area -

Effort of balance +

Balance Error Scoring

System

Score +

Degani et al.

(72)

2017 Combination Community T:11; C:11 T: 29.4; C:

26.8

T:45.5%

C:36%

Postural control

Natural stance vs

crossed arms

Force platform

10 mins

Body sway area +

Amplitude of

COP

displacement

+

Mean velocity of

COP

displacement

+

Frequency of

COP

displacement

+

Regularity of

COP

displacement

+

De Beaumont

et al. (76)

2011 Combination Collegiate

athletes

T:21; C:15 T/C: 22.3 T/C:

100%

Postural control Force platform

2× 30 sec

trials

Regularity of

COP

displacement

+

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Helmich et al.

(78)

2016 Combination University

students w/o

symptoms

T:13; C:10 T:29 C:27 T:Not stated

C:40%

Postural control

Stable vs. unstable

surface, eyes open,

closed or blurred

Force platform

10× 10sec

trials per

variable

COP path -

COP area -

Effort of balance -

Balance Error Scoring

System

Score -

University

students with

symptoms

T:7; C:10 T:26 C:26 T:Not stated

C:40%

Postural control

Stable vs. unstable

surface, eyes open,

closed or blurred

COP path -

COP area -

Effort of balance +

Balance Error Scoring

System

Score +

Degani et al.

(72)

2017 Combination Community T:11; C:11 T: 29.4; C:

26.8

T:45.5%

C:36%

Postural control

Natural stance vs

crossed arms

Force platform

10 mins

Body sway area +

Amplitude of

COP

displacement

+

Mean velocity of

COP

displacement

+

Frequency of

COP

displacement

+

Regularity of

COP

displacement

+

De Beaumont

et al. (76)

2011 Combination Collegiate

athletes

T:21; C:15 T/C: 22.3 T/C:

100%

Postural control Force platform

2× 30 sec

trials

Regularity of

COP

displacement

+
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Amplitude of COP

displacement

-

Johnston et al.

(60)

2020 Combination Collegiate

athletes

T:30; C:90 T:20.3

C:20.2

T/C:

83.5%

Y Balance test (Stand on

one leg, reach other in

anterior, posteromedial

and

posterolateral direction)

Lumbar

inertial sensor

3 trials

Anterior Reach distance -

Regularity -

Amplitude -

Posteromedial Reach distance -

Regularity -

Amplitude -

Posterolateral Reach distance -

Regularity -

Amplitude -

Ledwidge et al.

(134)

2020 Combination Collegiate

athletes

T:21; C:24 T:20.17

C:20.03

T:90%

C:79%

BESS balance test Feet

together,

non-dominant only,

tandem on firm or

foam surface

- Score -

Lee et al. (71) 2020 Combination College

students

T:11; C:14 T:28.7

C:22

T:52%

C:35.7

Postural stability Force platform

120 sec

Body sway area -

Amplitude -

Mean velocity -

Frequency -

Regularity -

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Amplitude of COP

displacement

-

Johnston et al.

(60)

2020 Combination Collegiate

athletes

T:30; C:90 T:20.3

C:20.2

T/C:

83.5%

Y Balance test (Stand on

one leg, reach other in

anterior, posteromedial

and

posterolateral direction)

Lumbar

inertial sensor

3 trials

Anterior Reach distance -

Regularity -

Amplitude -

Posteromedial Reach distance -

Regularity -

Amplitude -

Posterolateral Reach distance -

Regularity -

Amplitude -

Ledwidge et al.

(134)

2020 Combination Collegiate

athletes

T:21; C:24 T:20.17

C:20.03

T:90%

C:79%

BESS balance test Feet

together,

non-dominant only,

tandem on firm or

foam surface

- Score -

Lee et al. (71) 2020 Combination College

students

T:11; C:14 T:28.7

C:22

T:52%

C:35.7

Postural stability Force platform

120 sec

Body sway area -

Amplitude -

Mean velocity -

Frequency -

Regularity -
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Asynchrony AP

and ML

-

Reilly et al. (70) 2020 Combination Community T:27; C:27 T:26.1

C:28.6

T:44.4%

C:77.8%

Postural

stability

Bipedal only Force platform Mean velocity -

Path length -

AP sway -

ML sway -

Body sway area -

Regularity (AP) -

Regularity (ML) -

Bipedal + cog

task

Mean velocity -

Path length -

AP sway +

ML sway -

Body sway area +

Regularity (AP) +

Regularity (ML) -

Unipedal only Mean velocity -

Path length -

AP sway -

ML sway -

Body sway area -

Regularity (AP) +

Regularity (ML) +

Unipedal +

cog task

Mean velocity -

Path length -

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Asynchrony AP

and ML

-

Reilly et al. (70) 2020 Combination Community T:27; C:27 T:26.1

C:28.6

T:44.4%

C:77.8%

Postural

stability

Bipedal only Force platform Mean velocity -

Path length -

AP sway -

ML sway -

Body sway area -

Regularity (AP) -

Regularity (ML) -

Bipedal + cog

task

Mean velocity -

Path length -

AP sway +

ML sway -

Body sway area +

Regularity (AP) +

Regularity (ML) -

Unipedal only Mean velocity -

Path length -

AP sway -

ML sway -

Body sway area -

Regularity (AP) +

Regularity (ML) +

Unipedal +

cog task

Mean velocity -

Path length -
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

AP sway -

ML sway +

Body sway area +

Regularity (AP) +

Regularity (ML) +

Rosenblum

et al. (68)

2020 Combination College

Athletes

T177;C:129 T:19.1

C:19.1

T:57.6%

C:56.6%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-posterior

sway (equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Sosnoff et al.

(63)

2011 Combination College

athletes

T:62;

C:162

T/C:

20.04

T/C:

67.8%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding

NeuroCom

Smart Balance

Master

3× each test

Composite

balance score

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Regularity (AP) +

Regularity (ML) +

Walker et al.

(52)

2018 Combination Military

veterans

T:248;

C:47

T:36

C:40.5

T:88%

C:79.5%

Sensory

organization

test

Eyes

open/fixed

surface

NeuroCom

Smart

BalanceMaster

3× each test

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

AP sway -

ML sway +

Body sway area +

Regularity (AP) +

Regularity (ML) +

Rosenblum

et al. (68)

2020 Combination College

Athletes

T177;C:129 T:19.1

C:19.1

T:57.6%

C:56.6%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-posterior

sway (equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Sosnoff et al.

(63)

2011 Combination College

athletes

T:62;

C:162

T/C:

20.04

T/C:

67.8%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding

NeuroCom

Smart Balance

Master

3× each test

Composite

balance score

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Regularity (AP) +

Regularity (ML) +

Walker et al.

(52)

2018 Combination Military

veterans

T:248;

C:47

T:36

C:40.5

T:88%

C:79.5%

Sensory

organization

test

Eyes

open/fixed

surface

NeuroCom

Smart

BalanceMaster

3× each test

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium score -

Eyes closed,

sway

surrounding

Equilibrium

score

-

Eyes open,

sway surface,

sway

surrounding

Equilibrium

score

-

Composite

score

Equilibrium

score

+

Walker et al.

(52)

2018 Combination Military

veterans

T:414;

C:78

T:36

C:40.5

T:88.2%

C:79.5%

Sensory

organization

test

Eyes

open/fixed

surface

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium

score

Eyes closed,

sway

surrounding

Equilibrium

score

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium score -

Eyes closed,

sway

surrounding

Equilibrium

score

-

Eyes open,

sway surface,

sway

surrounding

Equilibrium

score

-

Composite

score

Equilibrium

score

+

Walker et al.

(52)

2018 Combination Military

veterans

T:414;

C:78

T:36

C:40.5

T:88.2%

C:79.5%

Sensory

organization

test

Eyes

open/fixed

surface

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium

score

Eyes closed,

sway

surrounding

Equilibrium

score
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes open,

sway surface,

sway

surrounding

Equilibrium score

Wright et al.

(69)

2018 rmTBI Military

veterans

T:5;C:19 T:25.95

C:33.57

T/C: 45% Postural control

Firm or foam, eyes open or

closed, static or rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area +

Rosenblum

et al. (68)

2020 rmTBI College

Athletes

2∗TBI:52

3∗TBI:34;

C: 129

2∗T:19.1

3∗T:19.8

C:18.1

2∗T:62%

3∗T:52%

C:56.6%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-

posterior sway

(equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Walker et al.

(52)

2018 rmTBI Military

veterans

T:248;

C:47

T:41 C:46 T:88.3%

C:78.7%

Sensory

organization

test

Eyes

open/fixed

surface

NeuroCom

Smart

BalanceMaster

3× each test

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium

score

+

Eyes closed,

sway surface

Equilibrium

score

+

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes open,

sway surface,

sway

surrounding

Equilibrium score

Wright et al.

(69)

2018 rmTBI Military

veterans

T:5;C:19 T:25.95

C:33.57

T/C: 45% Postural control

Firm or foam, eyes open or

closed, static or rolling scene

Virtual

environment

TBI screening

3× 30secs per

variable

Sway area +

Rosenblum

et al. (68)

2020 rmTBI College

Athletes

2∗TBI:52

3∗TBI:34;

C: 129

2∗T:19.1

3∗T:19.8

C:18.1

2∗T:62%

3∗T:52%

C:56.6%

Sensory organization test

Fixed/ sway surface, eyes

open/closed,

surrounding/sway-

referenced surrounding,

Smart Balance

Master System

3× 20secs per

variable

Anterior-

posterior sway

(equilibrium

score)

-

Somatosensory

sensory ratio

-

Visual sensory

ratio

-

Vestibular

sensory ratio

-

Walker et al.

(52)

2018 rmTBI Military

veterans

T:248;

C:47

T:41 C:46 T:88.3%

C:78.7%

Sensory

organization

test

Eyes

open/fixed

surface

NeuroCom

Smart

BalanceMaster

3× each test

Equilibrium

score

-

Eyes

closed/fixed

surface

Equilibrium

score

+

Eyes

open/fixed

surface/sway

surroundings

Equilibrium

score

+

Eyes open,

sway surface,

fixed

surroundings

Equilibrium

score

+

Eyes closed,

sway surface

Equilibrium

score

+
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TABLE 10 (Continued)

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes open,

sway surface,

sway

surrounding

Equilibrium

score

-

Composite

score

Composite

Equilibrium

Score

+

Useros Olmo

et al. (57)

2020 Mod-sev Hospital T:20; C:19 T:36.1

C:38.2

T:85%

C:89.5%

Postural

control

Standing only Force platform

2 mins

recording

Displacement of

COP

+

Standing +

numerical

cog task

+

Standing +

spatial memory

cog task

+

Zhang et al.

(83)

2002 Mod-sev Rehabilitation T:10; C:10 T:30.6

C:31.8

T:50%

C:50%

Functional

reach

Unpredictable Force platform

Board with

two lights

Stability ratio ∗∗

L predictable ∗∗

R predictable ∗∗∗

Arce 2004 Severe Community T:7; C:10 T:26.4 C:

24.9

T:100%

C:100%

Postural

control:

Bimanual

lifting

No load× 3 Tetrax

posturography

system- two

force

platforms

Stability score:

standing

+

4kg× 6 Forward weight

shift

-

8kg× 6 % change

vertical ground

reaction force

-

Buster et al.

(77)

2013 Severe Community T;10: C:10 T:36; C:24 Not stated Berg Balance test None Score +

Dynamic

posturography

Tilt platform

3× 120 secs

Dynamic

movement

analysis score

+

References Year Severity Population Sample
size

Age Sex
(%male)

Motor test Method Parameters < 5
yrs

6–10
yrs

11–25
yrs

>25
yrs

Eyes open,

sway surface,

sway

surrounding

Equilibrium

score

-

Composite

score

Composite

Equilibrium

Score

+

Useros Olmo

et al. (57)

2020 Mod-sev Hospital T:20; C:19 T:36.1

C:38.2

T:85%

C:89.5%

Postural

control

Standing only Force platform

2 mins

recording

Displacement of

COP

+

Standing +

numerical

cog task

+

Standing +

spatial memory

cog task

+

Zhang et al.

(83)

2002 Mod-sev Rehabilitation T:10; C:10 T:30.6

C:31.8

T:50%

C:50%

Functional

reach

Unpredictable Force platform

Board with

two lights

Stability ratio ∗∗

L predictable ∗∗

R predictable ∗∗∗

Arce 2004 Severe Community T:7; C:10 T:26.4 C:

24.9

T:100%

C:100%

Postural

control:

Bimanual

lifting

No load× 3 Tetrax

posturography

system- two

force

platforms

Stability score:

standing

+

4kg× 6 Forward weight

shift

-

8kg× 6 % change

vertical ground

reaction force

-

Buster et al.

(77)

2013 Severe Community T;10: C:10 T:36; C:24 Not stated Berg Balance test None Score +

Dynamic

posturography

Tilt platform

3× 120 secs

Dynamic

movement

analysis score

+

+p < 0.05, -, not significant, ∗∗∗strong power, ∗∗medium power.
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chronic phase post-injury. Similarly, in preclinical work, only nine

studies investigated to 12 months post-injury (35, 36, 81, 82, 100,

105, 108, 114) and, of these, only two studies to 18–24 months

post-injury (35, 36). More chronic studies are, therefore, needed

to understand how a history of TBI interacts with normal aging

to affect motor performance. Imaging studies have suggested that

a history of TBI accelerates the rate of brain atrophy (25, 26,

40, 52, 55, 76) and studies investigating cognition have suggested

TBI is associated with an earlier age of cognitive decline, not

necessarily associated with a specific neurodegenerative disorder

(140). Whether TBI similarly leads to earlier physical decline

needs further investigation. This is particularly relevant given

the growing literature linking a history of TBI to the later risk

of neurodegenerative motor disorder development, particularly

motor neuron disease (MND) and PD. For example, Wright et al.

reported ALS-like pathological changes, accompanied by persistent

motor deficits, at 12 weeks, but not 1 week, following a moderate

experimental TBI in rats (141). This suggests that TBI may begin an

insidious neurodegenerative process that predisposes an individual

to the later development of motor neuron disease. This is in line

with several previous studies conducted with professional athletes,

including National Football League (NFL), (142, 143) soccer (144–

147), and rugby union players (41). Overall, meta-analyses have

suggested a 1.3- to 1.7-fold increase in motor neuron disease risk

due to a prior history of TBI (38, 148, 149); however, not all

literature has been consistent (150). Similar findings have also

been reported for PD, with a doubling of deaths due to PD in

former professional soccer players compared to a matched control

group drawn from the general population (146). Even a mild TBI

has been shown to increase risk of PD by 56% in US military

veterans, after adjusting for demographics and comorbidities (40).

Several potential biological mechanisms have been proposed to

explain this link, including chronic neuroinflammation, metabolic

dysregulation, and pathological upregulation of several key PD-

linked proteins, including alpha-synuclein, hyperphosphorylated

tau, amyloid precursor protein, TDP-43 and, more recently,

leucine-rich repeat kinase 2 (LRRK2) and its Rab protein substrates

[see Delic et al. for review (151)]. Motor dysfunction may also play

a role in other neurodegenerative diseases linked to TBI, including

chronic traumatic encephalophathy (CTE), which is characterized

by the accumulation of hyperphosphorylated tau aggregates (148).

Clinical data from 298 donors diagnosed with CTE identified

motor symptoms in a large portion of cases, with gait and balance

disturbance noted in 51% and signs of parkinsonism in up to

28% of cases (149). Thus, tracking alterations in motor function

longitudinally in those with a prior history of TBI may allow for

earlier identification, and subsequently treatment, of those at risk

for the development of MND, PD, or CTE, currently a major area

of clinical need.

Despite this significant gap, key findings from clinical studies

conducted to date of chronic motor alterations following TBI

suggest that measures of balance, including postural control and

gait, could differentiate between levels of injury severity in those

who had suffered there injury in the last 10 years and, importantly,

could discriminate between symptomatic and asymptomatic mTBI

sufferers. Balance requires multiple input and integration centers

spanning the entire brain, with damage to any of these structures

or their associated white matter networks resulting in balance

impairment (136). A key feature of post-concussion syndrome

may be disruption of these networks, subtlety impairing balance

control. Given that stressing the sensorimotor integration centers

of the brain elicited the greatest degree of impairment, it suggests

that, following injury, there may be limited access to neural

resources capable of compensating for reductions in sensory

feedback information (either visual, vestibular, or somatosensory),

as opposed to gross decreases in musculoskeletal or aerobic

functional capacities (138). Entropy measures of postural sway

parameters were particularly shown to be affected by symptomatic

mTBI, with these measuring the regularity of center of pressure

oscillations (137). From a motor control perspective, more regular

values are interpreted as indicating a less stable system, as damage

to neural tissue results in a reduced capacity for the complex

oscillatory networks within the brain to produce and maintain

upright posture under a wider variety of movement patterns (152).

Decreased entropy values have been reported acutely following

mTBI (153, 154) and are shown here to persist in a subpopulation

of symptomatic sufferers. The specific mechanisms driving these

balance disruptions, however, require further investigation.

Mechanistic investigations may be limited to date, due to

significant differences in the examination of balance in preclinical

models compared to measures employed clinically. Relatively few

preclinical studies incorporated gait analysis, which could be due to

the technology required to perform detailed analysis. Surprisingly,

the one consistent finding seen in more severe clinical TBI, a

reduction in speed, was not replicated in preclinical studies. Indeed,

minimal gait deficits, in general, were found in preclinical studies,

with only a reduction in swing speed and stride length at 6 months

following moderate focal injury (29, 30) but no deficits at 1 month

following a more severe injury (94). This may reflect the differing

mechanisms of injury and severity of preclinical compared to

clinical models. Preclinical models are limited in their abilities to

model more severe TBI, which are associated with prolonged stays

within the intensive care unit and long periods of rehabilitation,

which may impact upon motor function (155). Furthermore, the

location of contusional injuries differs in preclinical compared to

clinical models, typically found in the pre-frontal and temporal

lobes clinically (156) and the parietal lobes in preclinical models

(157). Key differences in gait are also obviously evident in biped vs.

quadrupeds, with center of mass higher in bipeds than quadrupeds

(158) and increased frequency of gait patterns at higher speeds,

such as trotting and galloping, in rodents, which are generally not

seen in bipedal human (159). However, there were some preclinical

findings that were supported clinically, with a model of mTBI

finding alterations in base of support to 3 months post-injury

(88), with clinical studies similarly showing an alteration in the

equivalent double vs. single-stance support at 6 years post-injury

(66). Thus, incorporation of longitudinal gait analysis out to more

chronic time points in preclinical models of TBI would be useful.

Furthermore, there are no static tests of balance utilized

in preclinical studies. Instead, balance assessment pre-clinically

incorporates transitional movements utilizing tasks such as the

rotarod, balance beam, grid walk, and ladder walk, which are

all scored with gross parameters, such as number of foot faults,

latency to cross, and speed achieved on the rotarod. Thesemeasures
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may not be sensitive enough to detect subtle deficits, particularly

in models of mTBI, especially given that the read out measures

are relatively crude, a limitation that has previously been noted

elsewhere (160). Indeed, even in more severe models of diffuse

injury, chronic (>6 months) impairments in motor performance

were not seen, unlike focal or mixed injury models (30, 100,

122), where more widespread disruption of motor pathways may

occur. It has previously been noted that the lack of functional

deficits in preclinical models is surprising given the amount of

histological damage (161). Refinement of motor tests is needed

to discern whether this is because the damage is not sufficient

to drive functional changes, or whether the motor tests used are

not sensitive enough. For example, utilizing center of pressure

measurements may be an option for future studies, with this

successfully employed previously in models of vestibular injury in

rodents (162), given the sensitivity of the task in clinical work.

Another discrepancy between clinical and preclinical studies is

the incorporation of fine-motor specific tasks. Although some of

the balance tasks outlined above, such as the grid walk and rotarod,

incorporate aspects of fine motor performance, the effects of injury

specifically on this domain cannot be discerned. Furthermore,

tasks like the adhesive removal test may be complicated by the

presence of sensory deficits (163). Notably, given that a history of

repeated injury clinically appeared to be associated with poorer

performance on dexterity tasks (25, 26), the need for greater

inclusion of these within preclinical work is supported. Only two

studies incorporated a fine-motor specific task in the pellet reaching

(34) and Montoya staircase tasks (94). These were only utilized

following moderate–severe and focal injury, noting deficits to 6

weeks post-injury, making comparisons with the clinical work,

where moderate–severe injury led to deficits at 10 years post-

injury (51), but repeated mild TBI at >20 years, (25, 26) difficult.

Investigation of other forepaw dexterity-based tasks, such as the

vermicelli or cappelini handling tests (163), would also be useful

to add to motor behavioral batteries post-TBI.

Alongside the need to utilize a wider variety of preclinical

motor tasks, the field would also benefit from a broadening of

the animals used. Preclinical rodent models have some limitations

in the ability to fully model the types of white matter damage

encountered in the diffuse injury of any severity due to the

relative lack of myelinated tracks (164). Indeed, single diffuse or

mixed injury models did not produce long-term motor deficits

(>6 months) (36, 81, 108, 111, 112) compared to purely focal

injury (29, 30), although there were obviously few studies that

investigated these chronic time points. Promising gyrencephalic

models with more extensive white matter tracts may provide a

key bridge between preclinical and clinical work with development

of porcine (165), ferret (166), and sheep (164) TBI models that

could be utilized for future investigation of longitudinal motor

deficits. A number of motor tasks have already been developed

for these models including gait analysis (160) which provide useful

information about the longitudinal trajectory ofmotor impairment.

In addition, studies to date have failed to take into consideration

what effect age at injury may have on long-term motor

outcomes following TBI. Motor function is well known to decline

substantially with advancing age, with changes at the level of the

motor unit (167), as well as at the neural level [for review, see Seidler

et al. (168)]. For example, King et al. have demonstrated that age-

related declines in motor performance are associated with stronger

internetwork resting-state connectivity, suggesting breakdown of

organization of large-scale brain networks (169). Similar changes

in resting-state functional connectivity have been noted following

TBI (170). It is, therefore, reasonable to hypothesize that advanced

age may exacerbate alterations in motor performance following

injury. In line with this, older age is known to be associated

with poorer outcome following TBI, with older adults having the

highest rate of hospitalization and death following TBI (171).

Older adults have also been shown to experience greater decline

in Disability Rating Scale scores over the first 5 years following

injury (172). Despite this, however, to date, no clinical studies have

investigated the effect of age at injury on chronic motor outcomes.

Pre-clinically, only one study incorporated rats injured at different

time points in adulthood, with no effect on overall long-term

motor performance noted (111). Future studies should, therefore,

be designed to include assessment of how age at time of injury

may influence motor response. Indeed, in the preclinical literature,

there is a growing call to include aged animals in the modeling of

neurological disease more generally (173).

Although the current study was limited to chronic motor

outcomes, it should be noted that these do not occur independent

of effects on other functional domains, such as cognition.

For example, following mTBI, it was found that there was a

significant association between cognitive and motor function

following injury but not prior (174). A potential explanation is

that the effects of injury on attentional networks, which are a

driver of cognitive dysfunction (175), also impair performance

on numerous motor tasks, including postural control (176), gait

(177), and the ability to perform fine motor tasks (178). Executive

function more broadly is also key for motor performance, with

patients with normal measures of executive function following

moderate–severe TBI demonstrating better balance and agility

and increased speed of walking and running than those with

executive function deficits (179). Further study should, therefore,

examine chronic motor outcomes in the context of the effects

on broader functional domains, including cognition, in order

to better explore the bidirectional nature of these relationships.

This is particularly important given that effects on cognitive

function can affect ability to participate in physical rehabilitation

programs, which can have detrimental consequences for functional

motor recovery.

Finally, it should also be noted that a high risk of bias was noted

for the majority of preclinical and clinical studies included here,

which may have influenced the results. For the preclinical studies,

key sources of bias included random outcome assessment and

blinding of outcome assessment, as well as allocation concealment.

For clinical studies, a key source of bias was blinding of outcome

assessment, as well and blinding of participants and personnel. If

researchers are not blinded, this will have implicit biases on the data

recording process and potentially the randomization of the study

and randomoutcome detection,making it difficult to truly interpret

results. Given the high risk of bias and high degree of heterogeneity

between studies, it was not feasible to conduct a meta-analysis in

the current study; however, in the future, it may be of interest to

consider meta-analysis on specific data subsets.
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In conclusion, despite the known relationship betweenmobility

and quality of life following TBI (6), chronic motor performance

following injury is less well studied than either cognitive or

affective outcomes. Additionally, across the few studies conducted,

significant differences in experimental paradigms employed in

both clinical and preclinical studies make it difficult to discern

the pattern of motor deficits in the subacute and chronic phase

following injury, with more standardized protocols required.

Furthermore, a broadening of the motor batteries utilized within

preclinical studies is warranted to more closely mirror the types

of balance and fine motor deficits identified clinically. This review

highlights the need for more consistent investigation and reporting

of long-term motor deficits to allow an understanding of their

evolution over time. An understanding is a key to allow full

insight into the recovery process, and rehabilitation needs of

those with TBI and how chronic motor changes post-TBI could

provide a novel method for identifying risk of neurodegenerative

movement disorders.
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Abstract: Traumatic brain injury (TBI) is associated with an increased risk of developing Parkinson’s
disease (PD), though the exact mechanisms remain unclear. TBI triggers acute neuroinflammation
and catecholamine dysfunction post-injury, both implicated in PD pathophysiology. The long-term
impact on these pathways following TBI, however, remains uncertain. In this study, male Sprague-
Dawley rats underwent sham surgery or Marmarou’s impact acceleration model to induce varying
TBI severities: single mild TBI (mTBI), repetitive mild TBI (rmTBI), or moderate–severe TBI (msTBI).
At 12 months post-injury, astrocyte reactivity (GFAP) and microglial levels (IBA1) were assessed in
the striatum (STR), substantia nigra (SN), and prefrontal cortex (PFC) using immunohistochemistry.
Key enzymes and receptors involved in catecholaminergic transmission were measured via Western
blot within the same regions. Minimal changes in these markers were observed, regardless of initial
injury severity. Following mTBI, elevated protein levels of dopamine D1 receptors (DRD1) were
noted in the PFC, while msTBI resulted in increased alpha-2A adrenoceptors (ADRA2A) in the STR
and decreased dopamine beta-hydroxylase (DβH) in the SN. Neuroinflammatory changes were
subtle, with a reduced number of GFAP+ cells in the SN following msTBI. However, considering
the potential for neurodegenerative outcomes to manifest decades after injury, longer post-injury
intervals may be necessary to observe PD-relevant alterations within these systems.

Keywords: traumatic brain injury; Parkinson’s disease; neuroinflammation; dopamine; noradrenaline

1. Introduction

Traumatic brain injury (TBI) is a significant global cause of both mortality and disabil-
ity [1]. In 2013, the United States alone recorded approximately 2.8 million TBI-related ED
visits, hospitalizations, and deaths [2,3]. Worldwide, using the Global Burden of Disease
Study 2016 data, 27.08 million (24.30–30.30 million) new cases of TBI were reported in 2016
compared to 2015 [4], although some estimates have suggested that this number may be as
high as 50 million new cases globally each year [5]. While conventional belief once held that
the effects of TBI could resolve over time, it is now well-recognized that TBI is, in fact, an
ongoing disease process that may increase the risk for the later development of various neu-
rodegenerative disorders, including Parkinson’s disease (PD), in a dose-dependent manner
(for review, see Brett et al. 2022) [6]. In line with this, following a moderate–severe TBI, the
likelihood of developing PD was higher compared to mild TBI (hazard ratio 1.50 vs. 1.24),
with the risk of PD development increasing further with the cumulative effect of multiple
TBIs in comparison to a single TBI (hazard ratio 1.87 vs. 1.45) [7].
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Despite this, the precise neural mechanisms that underlie the relationship between TBI
and the risk of PD development remain a subject of ongoing exploration. One such mech-
anism is the disruption in catecholamines, including dopamine (DA) and noradrenaline
(NA), following injury. The loss of dopaminergic (DA) neurons within the substantia nigra
(SN) is the pathological hallmark of PD [8–12]. This loss results in a disruption in the
intricate balance of dopamine within the dorsal striatum (STR)—a region that receives DA
projections directly from the SN [13–15]—subsequently leading to the manifestation of
the cardinal motor symptoms observed in PD [8,16–19]. However, PD also involves the
loss of noradrenergic (NA) neurons, with a 20–90% loss of NA neurons within the locus
coeruleus (LC), a small brainstem structure that is the principal source of noradrenaline
for the brain [20–23]. In fact, the LC is among the first brain regions to be affected in
PD [24], with the loss of neurons in the LC beginning prior to, and to a greater extent, than
that observed within the SN [20,24]. This depletion of LC neurons disrupts the supply
of NA to regions such as the pre-frontal cortex (PFC), which is thought to contribute to
various non-motor symptoms experienced by PD patients, including cognitive impairment,
depression, and anxiety [8,25–27].

The depletion of dopamine and noradrenaline observed in PD can trigger a cascade
of events involving the immune system, driving microglial and astrocyte activation and
the concomitant release of pro-inflammatory molecules [28–34]. This neuroinflammatory
process persists over time, in turn exacerbating the degeneration of DA and NA neurons
and creating a self-perpetuating cycle of inflammation and neurodegeneration [35,36]. Evi-
dence from a multitude of both in vitro and toxin-based animal model studies collectively
underscores the vulnerability of SN-DA and LC-NA neurons in a chronic neuroinflam-
matory environment, with these neurons being among the most sensitive neurons in the
brain to the effects of neuroinflammation [28,31,37,38]. There is also a growing body of neu-
ropathological and biochemical evidence showing elevated levels of activated microglia and
pro-inflammatory cytokines within the brains of individuals with PD, hinting at the pivotal
involvement of neuroinflammation in disease pathology [39–42]. Further, the degeneration
of LC-NA neurons leads to a loss of immune cell modulation by NA, further exacerbating
SN-DA neuronal loss and disease pathogenesis (for review, see Butkovich et al. 2018) [43].

Critically, the disruption in catecholamines seen in PD is also present following TBI [44–48].
Studies in rodents have shown that, at 4 weeks following a moderate TBI induced via
either controlled cortical impact or lateral fluid percussion, there are noticeable changes
in dopamine metabolism, coupled with significant reductions in protein expression of the
dopamine transporter (DAT), within both the STR and SN [48–50]. Similarly, disruptions
in NA turnover rates were found in male Sprague-Dawley rats that sustained a moderate
unilateral contusion induced by an air piston following the initial 30 min after injury [51].
Notably, a significant increase in NA turnover of 72% compared to uninjured controls
was reported in the LC [51], with this upregulation found to decrease from 1 to 8 weeks
post moderate diffuse injury in the same model [52]. Clinically, among 10 patients who
experienced severe TBI several months prior, Single Photon Emission Computed Tomog-
raphy (SPECT) imaging demonstrated significant disturbances in nigrostriatal function,
as evidenced by reduced striatal DAT and D2-like receptor binding [53]. While there has
been limited clinical research to date exploring changes in noradrenaline levels following
TBI, the utilization of NA-targeting medications in TBI patients has shown promise, with
improved recovery and reduced mortality [54–56]. Particularly noteworthy, a meta-analysis
consisting of 17 randomized controlled trials investigating methylphenidate, a medication
that enhances NA activity, suggested that methylphenidate administration led to improved
processing speed in those with a history of TBI, particularly with prolonged drug duration,
implying that NA level may be compromised following TBI, and that promoting NA ac-
tivity could potentially restore this disrupted NA balance and lead to improvements in
cognitive function [57].

Similarly, upregulation and prolonged neuroinflammation across different brain re-
gions (including those relevant to PD pathology are some of the key consequential responses
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that the brain employs in response to the initial injury [58–60]. For instance, in mice with a
diffuse axonal injury induced by the weight drop acceleration model, significant increases
in proinflammatory cytokines, such as IL-1β, IL-6, and TNF-α, were observed in the medial
PFC up to 9 days following a diffuse mild injury [61]. Furthermore, an increase in the
transcription factor NF-κB and the proinflammatory enzymes Cox-2 and iNOS, as well as
an upregulation in total microglial population, was demonstrated within the SN in mice at
4 weeks following a focal moderate TBI induced by controlled cortical impact [50]. Similarly,
following a moderate midline fluid percussion injury, Sprague-Dawley rats demonstrated
an elevation of proinflammatory cytokines, including IL-1β, IL-6, TNF-α, and CXCL1, in
the cortex, STR, and SN, as early as 3–6 h post-injury [62]. This pro-inflammatory response
appears to persist, with male Sprague-Dawley rats showing upregulated TSPO and CD45
gene expression in the SN, indicative of microglial activation, up to 28 days post-injury in a
moderate diffuse injury induced by midline fluid percussion [48]. Similarly, within the STR,
higher numbers of activated microglia have been reported up to 8 weeks following moder-
ate injury induced by controlled cortical impact compared to sham uninjured animals [63].
Clinically, in a study of 10 patients with moderate–severe TBI, microglial activation has
been shown to persist in several relevant brain regions, including the putamen, thalamus,
and posterior limb of the internal capsule, even 17 years after the initial injury [64].

Taken together, this raises the possibility that persistent disruptions in catecholamine
signaling and concomitant increases in neuroinflammation could, at least in part, help to set
the stage for the later emergence of PD. However, despite this evident pathophysiological
overlap, key questions remain. To date, only a limited number of preclinical studies
have investigated the disruption of catecholamines following TBI, and the duration of
observation often concludes prior to 6 months post-injury. In line with this, the longest
follow-up investigated time point that we could identify in the literature was 28 weeks post-
injury, where a 30% reduction in dopaminergic neurons was observed in animals subjected
to moderate fluid percussion injury [65]. How catecholamine signaling may change at more
chronic time points post-injury is not yet known. In contrast, there has been some long-
term investigation of changes in neuroinflammation, with persistent microglial activity
reported up to 24 months following TBI [59,66–68]. Noteworthy among these is the work
of Mouzon and colleagues, demonstrating subtle, yet elevated, neuroinflammation in the
corpus callosum from 12 to 24 months following both single and repetitive mild closed-head
diffuse injuries [67,68]. Nevertheless, whether this post-TBI neuroinflammatory response is
severity-dependent and how it may correlate with alterations in catecholamines remains to
be explored.

As such, this study aimed to explore alterations in markers related to both cate-
cholaminergic pathways and neuroinflammation within key PD-related regions (i.e., the
STR, SN, and PFC at 12-months post-injury in a preclinical model of diffuse axonal injury
of varying severities, including single mild, repetitive mild, and moderate–severe TBI.
We hypothesized that there would be decreases in the integrity of both catecholaminergic
pathways, with concomitant increases in markers of inflammation, at this chronic time
point post-injury. This is significant because if markers of catecholaminergic signaling and
neuroinflammation are chronically altered following TBI, monitoring such changes could
potentially provide a means of identifying those at risk for later PD development, allowing
for earlier identification, prior to the clinical onset of motor symptoms.

2. Results
2.1. Subtle Alterations in Neuroinflammation Observed following Moderate–Severe TBI at
12-Months Post-Injury

Analysis of the total number of GFAP+ cells at 12 months post-injury found no
significant difference in the PFC (F(3,21) = 0.57, p = 0.64) or the STR (F(3,20) = 1.292, p = 0.3)
(Figure 1a,c), but an overall effect was found in the SN (F(3,18) = 4.293, p = 0.02), with the
msTBI group showing a significantly lower number of GFAP+ cells/mm2 compared to the
sham group (326.41 ± 22.17 cells/mm2 vs. 448.32 ± 35.27 cells/mm2, p = 0.013) (Figure 1e).



Molecules 2024, 29, 1470 4 of 25

No significant injury effect was found in any region for the percentage of reactive astrocytes
(Figure 1b,d,f).
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Figure 1. Neuroinflammation was assessed by glial fibrillary acidic protein (GFAP) at 12 months
following different severities of injury. Representative images and the corresponding analysis of
GFAP are shown in the left column for the prefrontal cortex (PFC), in the middle column for the
striatum (STR), and in the right column for the substantia nigra (SN). (a,b) Total GFAP+ cells per mm2

and percentage of reactive astrocyte in PFC. (c,d) Total GFAP+ cells per mm2 and percentage of
reactive astrocyte in STR. (e,f) Total GFAP+ cells per mm2 and percentage of reactive astrocyte in SN.
Outliers were removed (n = 0–2 per group), and one-way ANOVA was performed. n = 4–8 per group.
Data are presented as mean ± SEM, * p < 0.05. Scale bar = 50 µm.

For microglia, no significant difference in the number of IBA1+ cells was noted in the
PFC (F(3,21) = 0.99, p = 0.42) or the SN (F(3,22) = 0.61, p = 0.62) at 12 months post-injury
(Figure 2a,e). Notably, a significant effect of injury was identified in the STR (F(3,20) = 0.41,
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p = 0.02) (Figure 3c). Sham, mTBI, and rmTBI animals had similar numbers of IBA1+ cells
(142.9 ± 15.13 cells/mm2, 134.61 ± 6.17 cells/mm2, 130.5 ± 8.37 cells/mm2, respectively),
while an increase was observed in msTBI animals (166.8 ± 34.6 IBA1+ cells/mm2). How-
ever, post hoc analysis indicated that this elevation was not significantly different from
shams (p > 0.05; Figure 2c).
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Figure 2. Neuroinflammation was assessed by ionized calcium-binding adaptor molecule 1 (Iba1)
at 12 months following different severities of injury. Representative images and the corresponding
analysis of IBA1 are shown in the left column for the prefrontal cortex (PFC), in the middle column
for the striatum (STR), and in the right column for the substantia nigra (SN). (a,b) Total IBA1+
cells per mm2 and percentage of activated microglia in PFC. (c,d) Total IBA1+ cells per mm2 and
percentage of activated microglia in STR. (e,f) Total IBA1+ cells per mm2 and percentage of activated
microglia in SN. Outliers were removed (n = 0–1 per group) and one-way ANOVA was performed.
n = 5–8 per group. Data are presented as mean ± SEM, * p < 0.05. Scale bar = 50 µm.
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Figure 3. Dopaminergic pathway was assessed by TH and DRD1 at 12 months post different
severities of injury within the PFC (Left), STR (Middle) and SN (Right). (a,c,e) Relative density
of TH. (b,d,f) Relative density of Drd1. GAPDH was used as a housekeeper protein for analysis.
Outliers were removed (n = 0–2 per group), and one-way ANOVA was performed. Data are presented
as mean ± SEM, ** p < 0.01. n = 5–7 per group. Representative images of the Western blots were
extracted from Image Studio Lite version 5.2.

No significant differences in the % activated microglia were noted in the STR
(F(3,19) = 2.32, p = 0.11) or the SN (F(3,20) = 2.29, p = 0.11) at this time point following injury
(Figure 2d,f); however, a significant effect was found in the PFC (F(3,19) = 4.11, p = 0.02)
(Figure 2b). Sham and msTBI animals had a similar number of % activated microglia
(11.34 ± 0.46% and 11.88 ± 3.30%), with lower numbers in the mTBI
(8.30 ± 1.75%) and rmTBI animals (6.70 ± 1.38%). Post hoc analysis, however, found
no significant differences relative to shams (p > 0.05; Figure 2b). A summary of the changes
observed for all inflammatory markers is presented in Table 1.

2.2. DRD1 Elevation Observed in PFC, but Not STR or SN, following Single Mild TBI at
12 Months Post-Injury

To assess potential alterations in the dopaminergic pathway at 12 months following
TBI, we conducted Western blot analysis of relevant proteins involved in this pathway.
These included TH (tyrosine hydroxylase), responsible for dopamine production [69,70],
and one of the dopamine D1-like receptors, DRD1. No alteration in the relative expression
of TH was found in any of the regions examined, including PFC (F(3,19) = 2.01, p = 0.15),
STR (F(3,21) = 0.08, p = 0.97), and SN (F(3,20) = 0.34, p = 0.8) (Figure 3a,c,e, Supplementary
Figure S2). However, a significant change was observed for the relative expression of
DRD1 in the PFC only (F(3,21) = 7.56, p < 0.01) (Figure 3b), primarily driven by an increase
in mTBI animals (1.95 ± 0.53), such that they were significantly different from shams
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(1.09 ± 0.39, p = 0.002) and rmTBI animals (1.09 ± 0.17, p = 0.003), but not msTBI rats
(1.52 ± 0.29, p = 0.22) (Figure 3b, Table 2, Supplementary Figure S3). To note, other players
in the dopaminergic pathway, such as another member of the D1-like receptor family, DRD5,
and D2-like receptors, including DRD2 and DRD4, as well as the dopamine transporter
(DAT), were included in the original experimental plan. However, due to the poor antibody
quality, further analysis of their expression levels and functional roles could not be reliably
conducted for the purposes of this study.

Table 1. Summary of neuroinflammatory marker results; changes following different TBI severities
compared to shams at 12 months post-injury in the prefrontal cortex, striatum, and substantia
nigra regions.

Marker Analysis
PFC STR SN

TBI Effect Post hoc TBI Effect Post hoc TBI Effect Post hoc

Total GFAP+ cells ns; p = 0.64
∆mTBI = −19.22
∆rmTBI = 12.85
∆msTBI = −6.70

ns; p = 0.3
∆mTBI = −44.45
∆rmTBI = −27.20
∆msTBI = −26.55

* p = 0.02
∆mTBI = −73.03
∆rmTBI = 52.48

∆msTBI = 121.9 *

% of Reactive Astrocyte ns; p = 0.53
∆mTBI = −1.7
∆rmTBI = 0.71
∆msTBI = 0.13

ns; p = 0.08
∆mTBI = 0.25
∆rmTBI = 3.58
∆msTBI = 1.11

ns; p = 0.81
∆mTBI = −2.15
∆rmTBI = −0.75
∆msTBI = −1.18

Total IBA1+ cells ns; p = 0.42
∆mTBI = 21.90
∆rmTBI = 4.67
∆msTBI = 6.38

* p = 0.02

∆mTBI = 8.32
∆rmTBI = 12.38

∆msTBI = −23.91
∆rmTBI-msTBI =

−36.29 *

ns; p = 0.62
∆mTBI = 12.77
∆rmTBI = 24.57
∆msTBI = 9.06

% of Activated Microglial * p = 0.02

∆mTBI = 3.04
∆rmTBI = 4.64

∆msTBI = −0.54
∆rmTBI-msTBI = −5.2 *

ns; p = 0.11
∆mTBI = 8.94
∆rmTBI = 7.70
∆msTBI = 4.43

ns; p = 0.11
∆mTBI = −4.98
∆rmTBI = −2.05
∆msTBI = −5.46

Note: ∆ = mean of sham-mean TBI (s), negative value = increase value in mean 2 when compared to mean 1,
positive value = decrease value in mean 2 when compared to mean 1, ns = not significant, * = p < 0.05. Bold text
indicates statistical significance between treatment groups.

2.3. Moderate–Severe TBI Leads to Chronic Changes in STR ADRA2A and SN DβH Levels at
12 Months Post-Injury

The analysis of markers within the noradrenergic pathway included the examination
of DβH (dopamine beta-hydroxylase), an enzyme responsible for noradrenaline produc-
tion [71], as well as the noradrenergic receptors ADRA1a, ADRA2a, and ADRB1. Evalua-
tion of noradrenaline synthesis using DβH showed no significant differences in the PFC
(F(3,21) = 1.89, p = 0.16) (Figure 4a) or the STR (F(3,19) = 1.35, p = 0.29) (Figure 4e). However,
an injury effect was observed in the SN (F(3,19) = 4.95, p = 0.01) (Figure 4i). Further post
hoc analysis revealed that the msTBI group exhibited significantly lower relative expres-
sion of DβH (0.57 ± 0.39), compared to both the sham (1.46 ± 0.51, p = 0.009) and rmTBI
(1.32 ± 0.45, p = 0.026) groups, while no significant difference was observed compared to
the mTBI group (1.22 ± 0.19, p = 0.089). As the DβH bands are not visibly apparent on the
grey-scale blot (Supplementary Figure S4), their position and intensity were cross-verified
through the fluorescent intensity analysis tab in the Licor image studio and are presented
here (Figure 4a,e,i).

Conversely, no changes were detected in ADRA1a levels in the PFC (F(3,21) = 0.59,
p = 0.63), STR (F(3,18) = 1.07, p = 0.39) or SN (F(3,21) = 2.44, p = 0.09) (Figure 4b,f,j;
Supplementary Figure S5). Similarly, for ADRB1, no changes were noted within any of
these regions (PFC: F(3,20) = 0.42, p = 0.74; STR: F(3,19) = 2.48, p = 0.09; F(3,20) = 1.88,
p = 0.17) (Figure 4d,h,l; Supplementary Figure S7). While there did appear to be a trend
towards reduction in this receptor in the STR following both rmTBI and msTBI, this failed
to reach statistical significance. However, a significant effect of injury was observed in
ADRA2a, specifically in the STR region (F(3,19) = 4.07, p = 0.02) (Figure 4g), with msTBI
animals expressing significantly higher levels of ADRA2a (1.24 ± 0.47) compared to the
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sham (0.65 ± 0.28, p = 0.04) or rmTBI (0.66 ± 0.31, p = 0.03) groups. In contrast, no such
effect was observed in either the PFC (F(3,18) = 2.21, p = 0.13) or SN (F(3,20) = 0.52, p = 0.68)
(Figure 4c,k) (Supplementary Figure S6).

Table 2. Summary of catecholamine pathway marker results; changes following different TBI severi-
ties compared to shams at 12 months post-injury in the prefrontal cortex, striatum, and substantia
nigra regions.

Marker Analysis
PFC STR SN

TBI Effect Post hoc TBI Effect Post hoc TBI Effect Post hoc

TH ns; p = 0.15
∆S-mTBI = 0.19

∆S-rmTBI = −0.19
∆S-msTBI = −0.32

ns; p = 0.38
∆S-mTBI = 0.23
∆S-rmTBI = 0.13
∆S-msTBI = 0.25

ns; p = 0.8
∆S-mTBI = −0.37
∆S-rmTBI = −0.14
∆S-msTBI = −0.13

DRD1 ** p = 0.0013

∆S-mTBI = −0.86 **
∆S-rmTBI = −0.002
∆S-msTBI = −0.43

∆mTBI-rmTBI = 0.85 **

ns; p = 0.97
∆S-mTBI = 0.008
∆S-rmTBI = 0.03
∆S-msTBI = 0.06

ns; p = 0.94
∆S-mTBI = 0.015

∆S-rmTBI = −0.06
∆S-msTBI = 0.02

DβH ns; p = 0.16
∆S-mTBI = −0.4
∆S-rmTBI = 0.26
∆S-msTBI = 0.29

ns; p = 0.29
∆S-mTBI = −0.27
∆S-rmTBI = −0.42
∆S-msTBI = −0.20

* p = 0.01

∆S-mTBI = 0.24
∆S-rmTBI = 0.14

∆S-msTBI = 0.89 **
∆rmTBI-msTBI = 0.74 *

ADRA1a ns; p = 0.63
∆S-mTBI = −0.12
∆S-rmTBI = −0.11
∆S-msTBI = −0.05

ns; p = 0.86
∆S-mTBI = −0.03
∆S-rmTBI = 0.08
∆S-msTBI = 0.03

ns; p = 0.09
∆S-mTBI = 0.16
∆S-rmTBI = 0.20
∆S-msTBI = 0.12

ADRA2a ns; p = 0.12
∆S-mTBI = −0.10
∆S-rmTBI = 0.21

∆S-msTBI = −0.44
* p = 0.02

∆S-mTBI = −0.006
∆S-rmTBI = −0.01

∆S-msTBI = −0.60 *
∆rmTBI-msTBI =

−0.59 *

ns; p = 0.68
∆S-mTBI = 0.33
∆S-rmTBI = 0.21
∆S-msTBI = 0.23

ADRB1 ns; p = 0.74
∆S-mTBI = 0.01
∆S-rmTBI = 0.01

∆S-msTBI = −0.04
ns; p = 0.09

∆S-mTBI = −0.1
∆S-rmTBI = 0.27
∆S-msTBI = 0.23

ns; p = 0.17
∆S-mTBI = 0.12
∆S-rmTBI = 0.03
∆S-msTBI = 0.06

mbCOMT ns; p = 0.5
∆S-mTBI = 0.32
∆S-rmTBI = 0.30
∆S-msTBI = 0.80

ns; p = 0.72
∆S-mTBI = 0.27

∆S-rmTBI = −0.26
∆S-msTBI = 0.09

ns; p = 0.83
∆S-mTBI = −0.15
∆S-rmTBI = −0.09
∆S-msTBI = −0.13

sCOMT ns; p = 0.92
∆S-mTBI = 0.12
∆S-rmTBI = 0.02
∆S-msTBI = 0.13

ns; p = 0.44
∆S-mTBI = −0.11
∆S-rmTBI = −0.34
∆S-msTBI = −0.18

ns; p = 0.35
∆S-mTBI = −0.25
∆S-rmTBI = −0.15
∆S-msTBI = −0.41

Note: ∆ = mean 1 − mean 2, negative value = increase value in mean 2 when compared to mean 1, positive
value = decrease value in mean 2 when compared to mean 1, S = Sham, mTBI = single mild TBI, rmTBI = repetitive
mild TBI, msTBI = moderate–severe TBI, ns = not significant, * = p < 0.05, ** p < 0.01. Bold text indicates statistical
significance between treatment groups.

2.4. Expression of COMT Was Not Altered by Chronic TBI

At 12 months post-injury, there were no changes in COMT, the enzyme that degrades
dopamine and noradrenaline [72], in any region, regardless of whether soluble (sCOMT) or
membrane-bound (mbCOMT) was examined in the PFC (sCOMT: F(3,22) = 0.17, p = 0.92;
mbCOMT F(3,22) = 0.81, p = 0.5); STR (sCOMT F(3,21) = 0.9323, p = 0.44; mbCOMT:
F(3,20) = 0.45, p = 0.72); and SN (sCOMT F(3,21) = 1.15, p = 0.35; mbCOMT F(3,21) = 0.3,
p = 0.83) (Figure 5; Supplementary Figure S8). A summary of the changes observed for all
catecholaminergic markers is presented in Table 2.
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Figure 4. Noradrenergic pathway was assessed by DβH, ADRA1a, ADRA2a, and ADRB1 at
12 months post different severities of injury within PFC (left), STR (middle) and SN (right). (a,e,i) Rel-
ative density of DβH. (b,f,j) Relative density of ADRA1a. (c,g,k) Relative density of ADRA2a.
(d,h,l) Relative density of ADRB1. GAPDH was used as a housekeeper protein for analysis. Outliers
were removed (n = 0–2 per group) and one-way ANOVA was performed. Data are presented as
mean ± SEM, * p < 0.05, ** p < 0.01. n = 5–7 per group. Representative images of the Western blots were
extracted from Image Studio Lite. For clearer DBH images, please refer to Supplementary Figure S4.
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Figure 5. Catecholamine degradation rate was assessed by COMT at 12 months post different
severities of injury within PFC (left), STR (middle) and SN (right). (a,c,e) Relative density of
mbCOMT. (b,d,f) Relative density of sCOMT. GAPDH was used as a housekeeper protein for
analysis. Data are presented as mean ± SEM. Outliers were removed (n = 0–2) and one-way ANOVA
was performed. n = 5–7 per group. Representative images of the Western blots were extracted from
Image Studio Lite.

3. Materials and Methods
3.1. Animals

This study utilized previously generated tissue from fifty-four adult male Sprague-
Dawley rats (10–12 weeks, 420–480 g), originally obtained from Laboratory Animal Services
(The University of Adelaide, AU). Animals were housed under conventional laboratory
conditions (2 animals per cage), with a 12 h light–dark cycle and access to food and water
ad libitum. All animals were housed in standard wireframe open-top cages on corncob
bedding with a variety of enrichment provided within the cage, including wooden blocks,
toilet paper roll tubes, and empty boxes. This study was performed under the approval of
the University of Adelaide Animal Ethics Committee (M-2015-187).

3.2. Experimental Groups and Study Design

Animals were randomly allocated to receive either sham surgery (n = 14), a single mild
TBI (smTBI) (n = 12), repetitive mild TBI (rmTBI) (n = 14), or moderate–severe TBI (msTBI)
(n = 14). To control for anesthesia and analgesia exposure, animals in the sham group
received identical procedures excluding injury, with repetitive sham animals receiving the
incision three times, with 5-day intervals between each incision. At 12 months following
the last TBI or sham procedure, each animal underwent a comprehensive functional battery
assessing motor, neuropsychiatric, and cognitive function as previously reported [73,74].
This 12-month time point was selected for investigation as no study to date has investigated
changes in catecholaminergic signaling beyond 28 weeks post-injury. Further, this repre-
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sents a life stage comparable to early middle age in humans [75], which is an important
period for investigating underlying pathophysiological alterations that may be indicative of
later risk of PD development. This is particularly relevant given that pathological changes
can occur in the brain for decades prior to the onset of the motor symptoms of PD [76].
At the end of the behavioral assessment, animals were randomly assigned for either (1)
molecular analysis or (2) immunohistochemistry using simple randomization procedures
(computerized random numbers) (Figure 6).
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Figure 6. Experimental design of the study. During the chronic phase (12 months post-injury),
animals underwent neurological and behavioral testing [73]. At the end of behavioral testing, the
animals underwent perfusion using either saline or formalin fixative. This perfusion process was
carried out for subsequent analyses: Western blot and immunohistochemistry, respectively.

3.3. Injury Protocol and Postoperative Care

Briefly, animals were injured with the Marmarou impact-acceleration injury method [77],
an extensively validated diffuse injury model [78]. The msTBI group was intubated and
mechanically ventilated, while all other groups were maintained on anesthesia via a nose
cone. A 450 g weight was released from either 2 m (msTBI) or 0.75 m (mTBI, rmTBI)
onto a metal disc affixed centrally to the rat’s skull, with the msTBI animals exposed to
10 min of hypoxic conditions (2 L/min nitrogen; 0.2 L/min oxygen) to imitate the clinical
effects of more severe head trauma [73,74,78]. The rmTBI animals received 3 hits in 10 days
(5-day intervals between each injury). After the TBI surgery, animals underwent regular
weight checks and multiple daily welfare assessments for up to 2 weeks post-injury to
monitor animal health. As confirmation of the success of the injury, animals subjected to
msTBI displayed balance and motor coordination deficits on the rotarod test compared
to sham animals, persisting up to 4 days post-injury, with no significant difference for
the subsequent 3 months (refer to Arulsamy et al. 2018 for further details) [79]. We
maintained ongoing attention to the well-being of the animals throughout the 12-month
study duration. Unfortunately, four animals were lost during this time due to age-related
health complications. Additional details can be found in Arulsamy et al. [73]. Previous
studies have reported on impairments in cognitive flexibility following msTBI [73], as
well as decreases in locomotion (following both rmTBI and msTBI) and anxiety (following
mTBI [80]), when compared to age-matched sham animals within this cohort.

3.4. Immunohistochemistry

A subset of animals (6 sham, 6 mTBI, 7 rmTBI, and 8 msTBI) were transcardially
perfused with formalin, and the brain was removed. Brains were exposed to 30% sucrose
solution for cryoprotection and then segmented into 2–3 mm blocks. Blocks were embedded
in Optimal Cutting Temperature compound (Tissue-Tek O.C.T. compound, Proscitech,
Kirwan, Australia) and snap-frozen using freezing isopentane (2-methylbutane, Sigma
Aldrich, St. Louis, MO, USA, M32631). Coronal sections of 20 µm were obtained from the
desired locations for each animal using a cryostat and a rat brain atlas [81] (Table 3). The
frozen sections were mounted on slides and stored in a −20 ◦C freezer.
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Table 3. Regions of interest.

Region Coronal Coordinates (Bregma) [81] Region of Interest (Both Left
and Right)

Prefrontal
cortex 3.7 mm to 3.2 mm

Prelimbic Area
Anterior cingulate area
Infralimbic Area

Striatum

Early 1.0 mm to 0.48 mm

Caudoputamen
Middle I 0.20 mm to −0.40 mm

Middle II −0.80 mm to −1.30 mm

Late −1.5 mm to −2.10 mm

Substantia
Nigra

Early −4.5 mm to −5.2 mm
-Substantia nigra, compact part
-Substantia nigra, reticular partMiddle −5.2 mm to −5.8 mm

Late −5.8 mm to −6.3 mm

For immunohistochemistry, slides were air-dried overnight at room temperature and
rehydrated using ethanol. Endogenous peroxidases were blocked with 0.5% hydrogen
peroxide in methanol (Thermo Fisher, Waltham, MA, USA), and antigen retrieval was
performed using citrate buffer. Two phosphate-buffered saline (PBS) washes of 3 min
each were performed, followed by a 30 min incubation in normal horse serum (1:30,
Thermo Gibco, Waltham, MA, USA) and an overnight incubation with the primary antibody
(Table 4).

Table 4. Antibodies investigated using immunohistochemistry.

Primary Antibody Species Conc. Catalogue# Analysis
Target Analysis Platform and Parameters

Ionized
calcium-binding
adaptor molecule
1 (IBA1)

Rabbit 1:20,000 Wako-
019-19741

Microglial
reactivity

Halo microglial activation module:
Min cell body diameter—3.4 µm
·Contrast threshold—0.3 pixel
·Min process OD—0.25 pixel
·Max process Radius—12 µm
·Max fragmentation length—2.5 µm
·Activation process thickness—2.12 µm

Glial
fibrillary acidic
protein (GFAP)

Rabbit 1:40,000 Dako-
Z0334

Astrocyte
reactivity

Image J [version 1.53b]:
·Manual identification of
astrocyte morphology

On the following day, the slides were washed with 0.1% triton-X-100 in PBS, fol-
lowed by the application of the appropriate biotinylated secondary antibody (1:250, Vector
Laboratories, Newark, California, United States) for 30 min. Three PBS washes of 3 min
each were performed between the application of the secondary and tertiary antibodies.
Subsequently, the tertiary antibody streptavidin peroxidase conjugate (1:1000, Vector)
was applied and incubated for one hour, and the bound antibody was detected using
3,3′-Diaminobenzidinetetrahydrochloride (1:50, Sigma Aldrich, St. Louis, MO, USA) for
7 min. After staining, the sections were mounted with coverslips using DPX mountant
(Sigma Aldrich). The slides were air-dried in a fume hood for at least 2 days before being
scanned with a Nanozoomer (Hamamatsu, Shizuoka, Japan) at 7 layers, with a separation
of 1 µm between layers. The scanned images were viewed using the associated NDP view
software (version 2).
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3.5. Image Analysis

For analysis, 3 × 20× images were taken from the clearest layer in the region of
interest (Table 1) and were exported and stacked with Image J to allow visualization of cell
structure. GFAP immunoreactivity was assessed quantitatively by counting the reactive
and immuno-positive cells per mm2 within the same area. For IBA1 analysis, all the stacked
images were exported and analyzed by using the HALO image analysis platform (Indica
Labs, Albuquerque, NM, USA). Analysis settings were based on the microglial activation
module (v1.2) for automated counting. In brief, the images were set according to the
scanning resolution, 20× mode, 0.46µm/pixel. After that, the total microglia population
and activation state were determined based on morphological parameters of IBA1+ cells
(Table 4, Supplementary Figure S1). The experimenter was blinded to the experimental
group during the analysis.

3.6. Western Blot

Another subset of animals (8 sham, 6 mTBI, 7 rmTBI, and 6 msTBI) were transcardially
perfused with 9% cold saline. The brains were dissected and immediately frozen in liquid
nitrogen and stored at −80 ◦C. For further investigation, a 2–3 mm region of interest was
cut from each brain tissue sample (Table 1). These samples were sonicated in freshly
prepared RIPA buffer (20 mM Tris-HCl pH 7.5, 2 mM EDTA, 0.5 mM EGTA, 140 mM
2-mercaptoethanol) supplemented with a protease inhibitor (cOmplete Mini, EDTA free,
Sigma, St. Louis, MO, USA). Each sample underwent three bursts of a 10 s duration (at
least 1 min gap) using a sonicator probe. After sonication, the homogenized samples were
centrifuged at 14,000 rpm and 4 ◦C for 30 min, and the supernatant was collected. The
protein concentration of each sample was determined using the Pierce BCA Protein Assay
(Thermo Scientific, Waltham, MA, USA) by measuring the absorbance at 650 nm.

For Western blot analysis, samples were prepared by adding sample buffer (BoltTM,
Tallinn, Estonia, 4× LDS Sample buffer) and reducing agent (BoltTM, 10× sample reducing
agent) to achieve a concentration of 1 mg/µL. A total of 20 mg of protein was loaded
in each well. To maintain consistency across different blots, a sham sample was utilized
as a standard, resulting in the inclusion of the sham number in the analysis (n = 7). Gel
electrophoresis was performed using Bolt 4–12% Bis–Tris Plus gels (Invitrogen, Carlsbad,
CA, USA) to separate the protein samples, followed by transfer onto a PVDF membrane
using the iBlot 2 Dry Blotting System (Invitrogen). The membranes were then incubated
with 5% milk-Tris buffer saline with 0.1% Tween 20 for 2 h and then with the appropriate
primary antibody (Table 5) diluted in 2% bovine serum albumin (BSA, Sigma Aldrich)
overnight at 4 ◦C. Afterward, the membranes were incubated with the corresponding
secondary antibodies (donkey anti-rabbit, 1:10,000 and donkey anti-chicken, 1:10,000) for
2 h at room temperature. The western blots were imaged using an Odyssey Infrared
Imaging System (model 9120; software version 3.0.21) (LI-COR, Inc., Lincoln, NE, USA)
at a resolution of 169 µm. Quantitative analysis of the band signals was performed using
Image Studio Lite version 5.2.

3.7. Statistics

Data analysis was performed using Prism software (GraphPad v.9.0). Statistical
outliers were identified and removed based on the interquartile range in a box plot in SPSS.
An ordinary one-way ANOVA (Analysis of Variance) with Tukey’s multiple comparison
post hoc test was conducted to determine statistical significance. All values are presented
as mean ± SEM, and a significance level of p < 0.05 was considered statistically significant.
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Table 5. Primary antibodies investigated via Western blot.

Primary Antibody Species Conc. Catalogue# Analysis Target

Tyrosine Hydroxylase (TH) Rabbit 1:1000 Abcam-
ab112

Catalytic enzyme
for conversion of
tyrosine to DA

Dopamine Beta
Hydroxylase (DβH) Rabbit 1:500 Abcam-

ab209487
Enzyme converts dopamine
to norepinephrine

Dopamine receptor
D1 (DrD1) Rabbit 1:1000 Abcam-

ab20066 Receptor from D1R family

Rabbit anti-Dopamine
receptor D4 (DrD4) Rabbit 1:1000 Abcam-

ab20424 Receptor from D2R family

Rabbit anti-Catechol-O-
methyltransferase (COMT) Rabbit 1:1000 Abcam-

ab226938

Enzyme that
degrades
catecholamines

Rabbit anti-alpha 1a
Adrenergic receptor
(ADRA1A)

Rabbit 1:1000 Abcam-
ab137123

Alpha-1 adrenergic
receptor subtypes

Rabbit anti-alpha 2a
Adrenergic receptor
(ADRA2A)

Rabbit 1:1000 Abcam-
ab85570

Alpha-1 adrenergic
receptor subtypes

Rabbit anti-beta 1
Adrenergic receptor
(ADRB1)

Rabbit 1:1000 Abcam-
ab3442 A beta-adrenergic receptor

Chicken anti-GAPDH Chicken 1:10,000 Abcam-
108162

Housekeeping
protein

4. Discussion

Alterations in catecholamines, along with the persistent upregulation of neuroinflam-
matory processes, are acknowledged to play pivotal roles in the pathophysiology of PD,
and are equally implicated in the aftermath of TBI [82]. TBI is a known risk factor for the
later development of PD, with risk varying based on initial injury severity [7,83,84]. To
our knowledge, this was the first study to assess whether severity-dependent alterations
in markers of DA and NA signaling and microglial and astrocytic reactivity within key
regions implicated in PD, the PFC, STR, and SN persist up to 12 months after injury in
an experimental model of diffuse axonal injury. This is significant, as such changes could
potentially set the stage for the progression from TBI to PD.

Overall, the findings of this study indicate that, across the multiple DA and NA
markers examined, following msTBI, only the NA pathway was disrupted, with a decrease
in DβH within the SN and an increase in the NA receptor ADR2A within the STR, an
effect that was not noted in animals with a milder initial injury. In comparison, only mTBI
animals showed alterations in dopaminergic signaling, and this was only associated with
an increase in DRD1 in the PFC, an effect not seen in any other injury group. No other
changes in any dopaminergic or noradrenergic marker were noted across the three brain
regions examined following injury, although it is important to note that we were not able
to assess D2-like family receptors in this study. Similarly, in the evaluation of the glial
response, the only significant difference relative to shams was a decrease in astrocytes, as
detected by GFAP, in msTBI animals within the SN only. Taken together, the results of the
current study seem to suggest that, at 12 months following the initial insult, diffuse axonal
injury has minimal effect on catecholamines and the neuroimmune response, with subtle
differences seen in mild compared to moderate–severe TBI.

The most notable finding in this study was that moderate–severe TBI led to an increase
in ADRA2A within the STR and a decrease in DβH in SN at 12 months post-injury, while
no such effects were seen in the PFC or any aspect of the DA pathway at this injury severity.
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DβH is an enzyme crucial for synthesizing NA [85,86], with noradrenergic neurons known
to project from the LC to the SN [87–90], raising disruption of the LC as one potential
explanation for this alteration. The LC is known to be affected by TBI, with an acute
increase in NA turnover in both focal and diffuse models of injury [51,52], followed by a
decrease more chronically (i.e., up to 8 weeks post-injury) in the Marmarou weight drop
model [52]. Consistent disruption in NA levels is also evident from clinical work; although
not LC specific, plasma and cerebrospinal fluid (CSF) samples collected from severe TBI
patients showed significantly increased NA levels from 1 to 14 days following injury [47],
although how NA levels may change more long-term following injury has not yet been
investigated. While no changes were noted in either ADRA1a or ADRB1 receptors in the
current study, it may be that WB is not the most effective tool for investigating such changes.
In line with this, quantitative flow cytometry (qFlow) has recently emerged as one of the
best techniques for probing changes in the abundance of plasma membrane receptors (for a
detailed protocol, see recent work by Fang and colleagues (2022)) [91], and may, therefore,
be a useful tool for investigating alterations in these receptors in future work. This may
be particularly relevant for probing potential long-term alterations in ADRB1 receptors
further, which appeared to decline in the STR following both rmTBI and msTBI, although
this failed to reach statistical significance using the methods employed in the current study
and should, therefore, be interpreted with caution.

It is noteworthy that prior research from our own laboratory has identified mild cogni-
tive deficits at 12 months post-moderate–severe TBI within the same animal cohort [73],
suggesting a potential link between the observed alteration in NA levels following TBI and
these cognitive impairments. In fact, NA is a neurotransmitter that plays a fundamental
role in response to stress, mood regulation, attention, and cognitive functions, including
executive function, cognitive flexibility, learning, and memory [92]. Interestingly, prior
research on Alpha-2A adrenergic agonists (which activate ADRA2A receptors and inhibit
NA release) has consistently demonstrated their potential to enhance spatial working mem-
ory performance and cognitive flexibility across various species, including humans [93],
monkeys [94,95], and rodents [96]. While the outcomes may vary depending on the specific
compound and dosage used [97–99], these agonists have also been linked with neuroprotec-
tive effects, functional restoration, and notable improvement in working memory following
TBI [100–102]. Conversely, studies involving the blockade of ADRA2A receptors by using
Alpha-2A adrenergic antagonists have shown negative impacts on cognitive function. For
instance, young adult monkeys exhibited impaired spatial working memory [103], and
aged rats displayed deficits in delayed alternation performance [104]. These collective
findings suggest a pivotal role for ADRA2A receptors in cognitive function. Of note, the
LC sends afferent projections to the SN and even scattered afferents to the STR [105,106];
thus, it is possible that the observed alterations within these regions in this study may be a
compensatory response to alterations in NA synthesis in the LC following msTBI. In line
with this, striatal NA plays an important role in cognition, with LC–striatal NA connections
key for response inhibition and cognitive flexibility [107]. However, the specific mecha-
nisms via which TBI may subtly alter noradrenergic input to the nigrostriatal pathway
from the LC and its downstream effects remain to be elucidated. In order to probe this
further, future investigations should investigate changes in DβH within the LC, as well as
concomitant changes in NA levels within the SN and STR, at chronic time points following
experimental diffuse axonal injury. Unfortunately, due to the archival nature of the tissue,
such investigations were outside the scope of the current study.

Accumulating evidence also suggests that LC–SN projections and NA play an impor-
tant role in maintaining dopaminergic neurons in the SN [108–111]. Studies demonstrate
that disturbance of the NA system is correlated with both the onset and progression of
DA neuronal loss in PD [111–114]. This is, however, contrary to our findings, where al-
terations in the NA system were noted, with no concomitant changes in the DA system.
These discrepancies may be attributed to a delayed response within the DA system. In
line with this, a post-mortem study by Zarow et al. investigating 19 idiopathic PD cases
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suggests that neuronal loss in the LC-NA system is greater than in the SN-DA system,
which corroborates Braak’s theory, where degeneration of LC-NA neurons occurs prior
to SN-DA neurons [20,115]. Thus, it may be that the 12-month time point utilized in this
study is insufficient to observe changes in the DA system, but rather earlier, more subtle
changes in the NA system. This would also be consistent with the relatively mild cogni-
tive changes observed in this cohort previously [73]. It is also important to acknowledge,
however, that our analysis focused on a broad characterization of DA and NA changes
using Western blot analysis of total protein levels for each marker of interest. It is possible
that a more detailed analysis using RNAseq or microdialysis might reveal subtle changes
following TBI that are not readily apparent at the gross protein level. Future studies should
also investigate longer time points following TBI, such as 15 or 18 months post-injury, to
investigate progressive alteration in the DA system, particularly within the SN and STR, in
the face of the aging phenotype, and incorporate additional markers associated with these
pathways, particularly the D2-like receptor family and the dopamine transporter (DAT).

Another notable finding of this study was the increase in DRD1 protein levels observed
in the PFC of the mTBI group at 12 months post-injury compared to the sham and rmTBI
groups. This increase in DRD1 expression might be associated with the previous findings in
the elevated plus maze in this cohort of animals, with mTBI animals having reduced anxiety,
as indicated by them spending more time in the open arms and exhibiting a significantly
higher number of open arm entries and crossings when compared to msTBI animals [73,116].
A similar phenotype of reduced anxiety and hyperactivity has also previously been reported
following mTBI across multiple other studies [117–120]. Elevated DRD1 expression could
provide an explanation for this effect, as increased DRD1 activity has been linked to
reduced anxiety [121]. Both overexpression of DRD1 [122] and optogenetic stimulation
of DRD1, but not DRD2 [121], within the PFC, have shown similar reductions in anxiety-
like behavior, as indicated by a higher number of open arm entries in the elevated plus
maze [121,122]. DRD1 triggers a cascade of intracellular events through the adenylate
cyclase/cyclic adenylate/protein kinase A (AC/cAMP/PKA) pathway [123,124], with the
activity of PKA associated with anxiety [125]. In support of this, a study utilizing PKA
inhibitor (H-89) demonstrated that injecting a high dosage of H-89 into medial PFC resulted
in reduced anxiety symptoms [126]. Despite these findings, the reason why increased PFC
DRD1 protein expression is present in the mTBI animals, and not in the other injury groups,
remains unclear. It is possible that compensatory mechanisms are at play, where mTBI may
induce recovery through DRD1 signaling. Nevertheless, direct investigation into DRD1
expression and its specific effects on anxiety and hyperactivity following chronic TBI is
required for a more comprehensive understanding.

Based on the findings of this study regarding the changes in the DA and NA systems af-
ter TBI, it was pertinent to also explore the protein levels of the catecholamine-metabolizing
enzyme, COMT. The activity of COMT is associated with the degradation of catecholamines,
where lower activity can potentially lead to elevated neurotransmitter levels, while higher
activity can potentially result in decreased neurotransmitter levels [127–129]. Indeed,
COMT gene variants that alter dopamine levels are associated with cognitive decline in
PD [130,131] and, similarly, impaired cognitive flexibility following TBI [127,132]. The
investigation of COMT protein level following TBI is limited, with one study demonstrat-
ing that following focal TBI, both sCOMT and mbCOMT were increased in the ipsilateral
cortex at 3 and 14 days post-injury [133], but longer time points have not been assessed
to date. Here, at 12 months post-injury, regardless of the TBI severity, no changes were
seen. However, it is important to emphasize that a more comprehensive understanding of
the alterations in catecholamine metabolism following TBI might be gained through the
additional examination of other catecholamine-metabolizing enzymes, such as monoamine
oxidase and phenylethanolamine N-methyltransferase, or the incorporation of more sensi-
tive methods, such as high-performance liquid chromatography (HPLC), to obtain a clearer
insight into catecholamine levels and levels of their metabolites in response to TBI.
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Interestingly, despite the subtle changes in catecholaminergic pathways discussed
above, there was very little alteration in the glial response to injury in any of the brain
regions examined, regardless of injury severity. In fact, the only significant finding relative
to shams was a reduction in GFAP + cells in the SN of msTBI animals. Although it did
not reach statistical significance relative to sham, there was also an increase in the total
population of microglial cells in the STR following msTBI compared to rmTBI, with a
significant main effect of injury noted. Interestingly, these microglia appeared to be in a
resting/ramified state, rather than an activated/ameboid state. The underlying mechanism
driving this trend towards a higher resting microglia number within the STR at 12 months
post-msTBI remains unclear; yet, it is plausible that these cells are returning to their
ramified state in the STR, indicating that this may indicate recovery from a previous state
of increased neuroinflammation within this region. This notion could be supported by the
concurrent increase in the levels of ADRA2A receptor in the STR, as ADRA2A is known to
have anti-inflammatory effects, with administration of an agonist of this receptor shown to
reduce the release of pro-inflammatory cytokines and downregulate pathways like NF-kB
and NLRP3 inflammasome in the acute phase following TBI [101,134]. Additionally, a
study investigating adrenergic receptor signaling in microglia suggests that the process of
retraction is associated with ADRA2A, mainly in activated microglia rather than resting
microglia [135]. However, it is important to note that several studies have indicated that the
role of microglia cannot be solely characterized by a morphological change from a ramified
to an amoeboid shape or vice versa [136–138], as was done in the current work. It is, thus,
crucial that future studies more comprehensively probe the neuroinflammatory response,
extending the analysis to include additional markers, such as CD16/32 and CD26, and
further quantification of cytokine release via ELISA, in order to identify the phenotype
of microglia and their release of pro-inflammatory cytokines, respectively. Further, as
IBA1 does not distinguish between microglia and infiltrating macrophages, more specific
markers, such as TMEM119 and P2RY12, either alone or in combination, may have utility
for more nuanced probing of the microglial response. In support of this, a recent study
of aged controls and individuals with AD found that the specific combination of these
markers (i.e., phenotypes) differed significantly between these two groups [139].

In addition to the increased population of microglia in the STR following msTBI, there
was a notable reduction in the population of GFAP+ astrocytes in the SN. Astrocytes can
function in two primary states: resting and reactive. Under normal conditions, astrocytes play
a crucial role in maintaining brain homeostasis by regulating the levels of reactive oxygen
species, supporting neural development and survival, and providing structural support to
mitochondria to maintain the energy level and integrity of neural circuits [140–142]. Studies
have shown that deficiency in astrocytes can lead to the disruption of the blood–brain
barrier seen in patients with PD. Further, in a rat model genetically modified for astrocyte
ablation, about 50% more loss of cortical tissue was seen compared to wild-type rats
following a moderate TBI, highlighting the neuron-protective role of astrocytes following
injury [141]. Conversely, reactive astrocytes undergo morphological changes in response to
injury or pathological conditions, which can exacerbate neuroinflammation and worsen
secondary brain injury following TBI [143]. Interestingly, our analysis of astrocyte reactivity
in the SN revealed that most of these cells were in a resting state, suggesting that they
were not actively responding to injury or pathology and, instead, were likely providing
support in maintaining the normal function of SN. Thus, in this context, the reduction
observed in the total astrocyte population in the SN may be detrimental, even without a
concomitant increase in astrocyte reactivity. In line with this, impairments in cognitive
flexibility [73] and decreases in locomotion [80] have previously been noted in this cohort
following msTBI.

In addition to the limitations associated with the analysis of archival tissue noted above,
it is also important to acknowledge that the tissue utilized in this study was collected from
animals who were approximately 15 months of age (i.e., 10–12 weeks at the time of injury;
follow-up time point of 12 months post-injury). While difficult to exactly equate this to
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human year equivalents, based on their lifespan of ~2.5–3 years, Sengupta (2013) has offered
calculations for rat–human age equivalents at each of their various “life phases” [75]. In
general, across the lifespan, it is suggested that 13.2 rat days are equal to 1 human year.
Thus, a 12-month-old rat would be equivalent to approximately a 30-year-old human, with
an 18-month-old rat equivalent to approximately a 45-year-old human. The 15-month-old
rats used within the current study would fall somewhere within this range and would,
therefore, be not quite yet equivalent to true “middle age” in humans. Given that age is
the biggest risk factor for PD [144], it may be that rats used in the current study were not
yet old enough to observe post-injury changes in either catecholaminergic signaling or
neuroinflammation that may set the stage for PD development. In line with this, the brain
is known to switch to a pro-inflammatory state with increasing age, which may sensitize
the brain to the effects of infection or insult (such as a TBI) (for review, see Sparkman and
Johnson, 2008) [145]. Similarly, both SN/VTA-DA and LC-NA neuron density have been
shown to progressively decrease with age [146], and post-mortem studies of NA extracted
from homogenized brain tissue suggest that levels tend to be lower in older adults than in
younger adults [147] (although, interestingly, plasma and CSF levels tend to be higher; for
review, see Mather, 2022 [148]). Thus, future studies should investigate post-injury time
points of 18 months or beyond in preclinical models or, alternatively, look at injury induced
in older animals in order to investigate whether the aged phenotype may add a “second
hit” to the system, exacerbating injury-related alterations in catecholaminergic signaling
or neuroinflammation.

Similarly, in the current study, only tissue from male animals was available for analysis.
This represents another potential limitation, as the markers of interest in the current study
are known to vary with sex. For example, with regard to neuroinflammation, both the
number and phenotype of microglia are known to differ between male and female rodents
in a region- and age-dependent manner [149], with critical differences in function also
noted (for review, see Han et al. 2021) [150]. Similar sex-related functional differences have
also been noted for astrocytes (Santos-Galindo et al. 2011) [151]. Regarding catecholamine
signaling, sex differences in LC structure and function have been widely reported to begin
during puberty, with a larger LC volume, a higher number of NA neurons, and greater
dendritic arbor density seen in female rodents. Sex differences have also been noted within
midbrain dopaminergic regions, including both the SN and VTA, and have previously
been elegantly reviewed by Glenda Gillies and colleagues [152–154]. Thus, it is plausible,
and indeed likely, that there may be sex-related differences in how both catecholaminergic
signaling and neuroinflammation are impacted by TBI and that this could result in different
risk profiles for PD development following injury. In line with this, risk of developing PD is
twice as high in males as in females [155] and there are significant differences in symptom
presentation, risk factor profiles, and response to therapy in PD based on biological sex
(for review, see Cerri et al., 2019 [156]). Thus, it is imperative that future work investigates
these markers in females.

5. Conclusions

Taken together, this investigation represents the first comprehensive comparison of
chronic alterations in catecholamine signaling and the glial response within the SN, STR,
and PFC at 12 months following different severities of TBI. Although the changes were
subtle at this time point, they nevertheless suggest a severity-dependent pattern. This un-
derscores the nuanced and multifaceted nature of the brain’s response to different severities
of diffuse axonal injury. Further, it emphasizes the need for continued exploration to un-
ravel the time course and precise mechanisms via which TBI may impact catecholaminergic
signaling following TBI, as well as the functional consequences of this. This is particularly
critical given that, despite the subtlety of the noted changes, there were nevertheless al-
terations in NA signaling within the nigrostriatal pathway following msTBI, which could
potentially set the stage for the later emergence of PD. While further experimental evidence
is clearly required, this raises the intriguing possibility that monitoring such changes in
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survivors of TBI could provide an early indication of the risk of later PD development,
allowing for earlier identification and potentially more effective therapeutic intervention.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29071470/s1. Raw images of the Western blots for
analysis presented in Figures S1–S8.
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