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ABSTRACT 

Traumatic brain injury (TBI) is a leading cause of long-term disability and death in the 

United States. Young children are particularly susceptible to sustaining a concussive TBI as the 

result of a fall, and it is well established that TBI at a young age can lead to short- and long-term 

functional deficits in learning and memory, behavior, and motor function. The development of 

functional deficits may be attributed to damage to cortical regions, sub-cortical white matter, or 

major limbic structures such as the hippocampus, either as a result of primary or secondary 

injury mechanisms. The secondary injury cascade, usually characterized by pathophysiologic 

changes like blood brain barrier damage, decreased cerebral blood flow, astrogliosis, and 

microglia activation, leads to neuronal death, axonal injury, white matter disruption and 

ultimately, the development of functional impairments. Currently, there are no Food and Drug 

Administration (FDA)-approved therapies for TBI that demonstrate significant neuroprotective 

or restorative effects that mitigate the development of functional deficits. Therefore, it is of 

interest to study TBI pathophysiology and corresponding functional responses in large animal 

models like the pig that may have more similar responses to injury and greater predictive power 

in identifying potential therapeutics. The objectives of these studies were to 1) develop a piglet 



TBI model and characterize pathophysiologic mechanisms in response to injury severity and 

time course, and 2) assess changes in cognition, behavior, and motor function as a result of TBI.   
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CHAPTER 1 

INTRODUCTION 

Traumatic brain injury (TBI) is a leading cause of death and long-term disability. 

Approximately 1.7 million people sustain a TBI in the United States each year, and at least 5.3 

million people are living with a long-term disability as a result of a TBI [1]. The most common 

causes of TBI include falls, motor vehicle accidents, assaults, blast-induced head injuries, and 

sports-related concussions [2]. TBI can be classified by injury type, generally designated as focal 

or diffuse, although elements of both are common for most head injuries [3, 4]. TBI can also be 

classified by injury severity using either length of loss of consciousness or the Glasgow Coma 

Scale (GCS) that categorizes TBI as either mild (GCS ³ 13), moderate (GCS  9-12), or severe 

(GCS £ 8) [5]. The moment of injury, referred to as the primary injury, results in immediate 

mechanical strain on neuronal or glial cells, the vasculature, and axons as a result of direct 

physical impact or acceleration-deceleration shear forces [6]. Immediately following the primary 

injury, a series of systemic and cellular responses lead to the initiation of secondary injury 

responses. Systemically, TBI can lead to the formation of edema, increases in intracranial 

pressure, decreases in cerebral blood flow, and disruption of hemodynamic autoregulatory 

responses, resulting in dysregulated metabolism and ischemia [6]. This leads to further blood 

brain barrier and cellular membrane damage, glutamate excitotoxicity, calcium overload, 

mitochondrial dysfunction, activation of astrocytes and microglia, ROS production, and secretion 

of pro-inflammatory cytokines and chemokines [6, 7]. Ultimately, this cascade of secondary 
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events contributes to axonal injury, white matter disruption, neurodegeneration and development 

of functional deficits [7, 8].  

 After TBI, many people suffer from functional impairments in the short-term and/or 

long-term [9]. This is especially true for children after sustaining a TBI at an early age, as they 

may initially exhibit few to no functional impairments immediately after injury. However, TBI 

can disrupt normal developmental processes during a critical period of brain growth and 

maturation, leading to significant functional impairments later in life [10]. Functional 

impairments associated with TBI include disruption of cognitive processes like learning and 

memory [11], behavior problems like depression, anxiety, and attention deficit hyperactive 

disorder [12], or motor function deficits that affect gross movement, fine motor control, and gait 

[13]. Both age at injury and injury severity have been found to correlate with the presence and 

persistence of functional outcomes. Children who sustain a TBI at a young age are more 

susceptible to developing long-term functional deficits [14], and severe TBI in both children and 

adults is associated with poorer functional outcomes [15, 16].  

 However, our understanding of the pathophysiological and functional outcomes 

associated with TBI are still limited, which is likely a major contributing factor to the reason no 

effective Food and Drug Administration (FDA)-approved treatment currently exists for TBI [17]. 

Experimental animal models of TBI, especially rodent TBI models, have yielded critical insight 

into TBI sequelae, providing much of our mechanistic understanding of the cellular, tissue, and 

functional changes associated with TBI [18]. However, a significant disadvantage of rodent 

models may be their lack of translatability in developing effective therapeutic intervention 

strategies given their smaller brain size, lissencephalic brain structure, and lack of significant 

white matter compared to the human brain [19]. The pig possesses a number of key similarities 
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to humans that suggest that it may be more appropriate for modeling TBI and developing more 

translational, therapeutically relevant intervention strategies and treatments [20]. The pig brain is 

large, gyrencephalic, and has proportionally more white matter than gray matter, much like the 

human brain [21]. A number of different types of TBI models have been developed that 

recapitulate different elements of TBI including the controlled cortical impact (CCI) model. The 

CCI TBI model produces a focal, reproducible injury that allows for control of injury location 

and injury severity [22]. It has been shown to produce many of the key physiologic and 

secondary injury responses associated with focal TBI in pigs [23, 24]. However, there remain 

many important unanswered questions pertaining to the spatial-temporal responses of TBI 

pathology, lesion size, edema formation, and white matter disruption in pig CCI models. 

Additionally, few studies have examined cognitive and motor function deficits in pigs after TBI, 

and fewer still that correlate functional deficits with histopathology.  

 The studies that comprise this dissertation sought to characterize TBI pathophysiology 

and functional responses in a more translatable pig CCI model using a number of innovative 

techniques such as longitudinal magnetic resonance imaging (MRI), quantitative histological 

analysis, behavior testing, and gait analysis. These studies were designed to test the following 

hypotheses: 1) increasing TBI severity results in a scalable brain injury at the cellular and tissue 

levels that corresponds with the development of gait deficits; 2) TBI contributes to changes in 

lesion size, edema accumulation, white matter integrity, cerebral blood flow, and 

neurometabolite concentrations that can be tracked longitudinally using MRI and correlated with 

histopathological analysis; 3) pigs are capable of performing a series of behavioral tests that 

provide a comprehensive assessment of piglet behavior and cognition;  and 4) TBI results in 

cognitive, behavioral, and motor function deficits that correlate with histopathology
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Abstract 

Traumatic brain injury (TBI) is a major contributor of long-term disability and a leading 

cause of death worldwide. A TBI can be caused by focal or diffuse injuries like falls, automobile 

accidents, or being struck by an object. A series of secondary injury cascades can contribute to 

cell death and tissue loss, and ultimately, to the development of functional impairments. 

However, there are currently no treatments for TBI. As a result, a number of experimental TBI 

models have been developed to recapitulate TBI injury mechanisms and to test the efficacy of 

potential therapeutics at improving TBI outcomes. In particular, the pig brain follows a similar 

pattern of development and is closer in size, structure, and composition to the human brain, 

making it an ideal large animal model to study TBI pathophysiology and functional outcomes. 

This review will focus on the shared characteristics between humans and pigs that make them 

ideal for modeling TBI and will review the 3 most common pig TBI models- the diffuse axonal 

injury model, the controlled cortical impact model, and the fluid percussion model. It will also 

review current advances in functional outcome assessment measures and other non-invasive, 

translational TBI detection and measurement tools like biomarker analysis and magnetic 

resonance imaging. Finally, it will review the effectiveness of several therapeutic intervention 

strategies utilized in pig TBI models to provide neuroprotection after injury.    
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Introduction 

Traumatic brain injury (TBI) is a leading cause of long-term disability and death. It has 

been estimated that as many as 1.7 million people sustain a TBI annually in the United States, 

and almost one third of all head injuries occur among children aged 0 to 14 [1]. TBI can be 

caused by a multitude of factors such as falls, blast waves, motor vehicle accidents, rapid 

acceleration and deceleration, or penetration of a foreign object [2]. Brain injuries are generally 

considered focal or diffuse in nature, but may oftentimes involve elements of both, such as a 

focal contusion with associated diffuse axonal injury [3]. TBI can lead to immediate and 

sustained impairments in physiologic and hemodynamic responses that perpetuate secondary 

injury progression, which is characterized by the release of pro-inflammatory cytokines, 

chemokines, free radicals, mitochondria dysfunction, and oxidative stress that contribute to cell 

death, axonal degeneration, tissue necrosis, and ultimately, functional impairments [4, 5]. 

Although current management strategies aimed at reducing physiologic damage after TBI have 

vastly improved survivability outcomes, there are currently no effective Food and Drug 

Administration (FDA)-approved treatments that offer neuroprotection and/or regeneration after 

injury [6, 7].   

Animal models of TBI have proven indispensable in characterizing the pathophysiology 

of injury progression and in developing effective management strategies [8]. Large animal 

models, such as the pig, are ideal given their similar brain size, structure, composition, and 

development [9]. In particular, pigs have a similar white to gray matter ratio to humans, unlike 

the more commonly studied rodent models [10]. White and gray matter have different 

mechanical properties, and thus respond differently to injury [11]. Given the propensity for TBI 

to contribute to widespread white matter damage in humans, shifted focus to large animal models 
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with a comparable myelination pattern and white matter composition will be paramount in 

developing more effective, translational treatments for TBI in both juvenile and adult 

populations [12, 13].  

A number of diverse, experimental models of TBI have been developed in pigs to 

recapitulate and study different aspects of human brain injury [14]. For example, the diffuse 

axonal injury model uses a rotational head device to achieve an acceleration-deceleration injury 

that produces traumatic axonal injury and widespread white matter damage [15]. The controlled 

cortical impact model produces a focal injury characterized by significant cellular damage and 

death at the injury site [16]. The fluid percussion injury contains elements of both diffuse and 

focal TBI and leads to significant physiologic impairments, hemorrhage, and cell death [17]. 

Studies using pig TBI models have provided important evidence detailing TBI pathophysiology 

and potential therapeutic targets. 

TBI can lead to significant functional impairments that can affect cognition, motor 

function, and overall quality of life [18-21]. Cognitive deficits generally correlate with injury 

severity. Mild TBI is typically associated with few, if any, cognitive deficits that typically 

resolve within three months in human patients [22, 23]. Although, there is some evidence of a 

small cohort of patients that experience persistent cognitive impairments even after mild TBI 

[24]. Moderate to severe TBI is associated with more complex and persistent cognitive deficits 

that can remain unresolved for months to even years after injury [25]. Similarly, motor function 

deficits have been found to correlate with injury severity and can impair both fine and gross 

motor function abilities [26]. Increased interest in studying functional changes after TBI in 

animal models has led to a small number of pig TBI studies that assess functional outcomes [27, 

28]. Although the field is lacking in well-validated behavioral measures to assess neurocognitive 
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and motor function changes in pig TBI models, these initial studies show the importance of 

identifying and characterizing functional outcome measures after experimental TBI in large 

animal models.  

In this review, we will discuss the similarities of pig and human neurodevelopment, brain 

anatomy and physiology, immune, and functional characteristics that make the pig ideal for use 

as a large animal model. In addition, we will discuss three major pig TBI models- the diffuse 

axonal injury model, the controlled cortical impact model, and the fluid percussion model. Last, 

we will review the limited, albeit important, initial studies that performed neurobehavioral 

testing in pig TBI models to assess cognitive and motor function changes.   

 

Advantages of Large Animal Models 

Piglet neurodevelopment 

The potential benefit of using pigs to model human neurodevelopment has long been 

known [29]. Early studies in the late 1960s by Dickerson and Dobbing investigated the prenatal 

and postnatal growth and chemical development of the pig central nervous system [30]. They 

found that the pig brain experienced a rapid increase in brain growth between 50 days before 

birth to about 40 days after birth. Analysis of changes in brain composition before and after birth 

yielded a substantial decrease in water content immediately following birth coupled with 

increases in cholesterol and total phosphorus- which is composed of mainly lipid phosphorus- 

suggesting an increase in myelination in the weeks after birth. In subsequent studies, Dobbing 

and Sands showed the pig and human brain exhibit a similar time course of development, or 

brain growth spurt, that transiently spans both the prenatal and postnatal periods [31]. They 

showed that the pig brain at birth has reached 25% of its adult brain weight, and similarly, the 
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human infant brain has reached 27% of its adult brain weight at birth. This is in contrast to other 

commonly used animal species such as the rhesus monkey whom exhibits a significant brain 

growth spurt prenatally and thus has reached 76% of its adult brain weight at birth, or the rat who 

exhibits a significant brain growth spurt postnatally and is only born with 12% of its adult brain 

weight. A study by Conrad et al. provided supporting evidence of similarities in brain growth 

between pigs and humans using longitudinal magnetic resonance imaging (MRI) from 2 to 24 

weeks of age [32].  They showed that the pig brain undergoes substantial brain growth during the 

postnatal period, with the most rapid period of growth occurring at about 4 weeks of age when 

the brain is at ~50% of maximum volume.  These studies suggest that piglets may be an ideal 

model to investigate the effect of early life insults, like TBI, on brain development and growth.   

A recent study by Costine et al. described the subventricular zone (SVZ) in immature 

pigs and found it similar to humans [33]. The piglet ventricular SVZ (vSVZ) has dense 

populations of doublecortin (DCX) positive neuroblasts and the abventricular SVZ (aSVZ) 

contains DCX neuroblasts organized into distinct chains that decrease in density with age. Like 

the human infant brain, neuroblasts migrate from the SVZ to populate multiple brain regions 

during the early postnatal period. The piglet is also an ideal model to study the response of 

neuroblast populations at the SVZ after injury [33, 34]. Similar to humans, after TBI migrating 

neuroblasts have been identified in cavitated lesions of the gyral gray and white matter [34]. TBI 

has also been found to lead to alterations in normal postnatal neuroblast populations, 

demonstrated by increased neuroblast density in the external capsule compared to normal 

animals [34]. It is of interest for future studies to further elucidate the implications of these 

injury-induced changes in neuroblast behavior to contribute to either repair mechanisms and/or 
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disruption of normal developmental processes that can ultimately lead to the chronic effects of 

TBI.  

A number of studies have investigated changes in myelination in the pig brain during 

brain maturation, noting a similar time course of myelination compared to humans [35-37]. Fang 

et al. used MRI and histological analysis to show that myelination in the pig brain increases 

through adolescence up to 6 months of age when the pig reaches sexual maturity [38]. Similarly, 

in humans myelination can continue through adolescence and even into early adulthood [39]. 

This period of myelination is critical for normal brain function and is therefore recognized as 

being a vulnerable period in development [40]. For example, nutritional deficiencies in piglets at 

an early age can lead to reduced brain cell density and brain growth as well as reduced 

cholesterol levels, indicative of disruption of normal myelination [41, 42]. Brain injury such as 

TBI can also contribute to widespread white matter damage in young children that can lead to 

long-term neurological deficits [43]. Despite the high prevalence of rodents used to model TBI, 

the myelination pattern of rodents in different from that of humans with significant differences in 

both the time scale of myelination and total amount of white matter  [44].  White and gray matter 

have been found to have different mechanical properties- gray matter has less anisotropy and is 

stiffer compared to white matter which has more anisotropy and is less stiff [45]. Therefore, use 

of an animal model like the pig with a similar white to gray matter ratio is ideal for modeling 

TBI.  

 

Anatomical, Physiologic, Immunologic Characteristic of Pigs 

The pig possesses a number of advantageous characteristics that make it suitable for 

modeling brain disorders like TBI. The size, organization, and composition of the pig brain is 
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similar to that of the human brain. Compared to the adult human brain that weighs between 

1,300-1,400g, the adult pig brain, depending on breed, weighs between 80-180g [46]. This is in 

vast contrast to the mature rat or mouse brain that weights approximately 2 and 0.5g, 

respectively [47]. Brain size is important in modeling TBI such that injury type, location, or 

severity leads to appropriate injury responses that are similar to that of human TBI. For example, 

in rodents, the hippocampus is more vulnerable to focal cortical injury due to the small size of 

the brain combined with the location and more superior orientation of the hippocampus [48, 49].  

This is in contrast to the human and pig brain in which the hippocampus lies more ventrally 

within the temporal lobe and thus more protected from injury [48, 49].  

The organization of the pig brain resembles that of the human brain. The pig brain, like 

the human brain, is gyrencephalic and follows a similar gyral pattern [46]. The rodent brain, 

however, lacks gyri and sulci, and is thus lissencephalic in nature. The volume of the prefrontal 

cortex in the Göttingen minipig constitutes 24% of the neocortex and 10% of total brain volume 

which is comparable to humans [50]. The dorsal striatum of the pig brain is split by the internal 

capsule into two distinct structures- the caudate nucleus and the putamen; in comparison, the 

rodent brain contains a single caudate-putamen structure [51, 52]. The pig hippocampus has been 

well described and has been found to be structurally more similar to the human hippocampus 

than the rodent, having a degree of encephalization that lies between rodent and primate [49]. A 

number of descriptive, comparative anatomical studies have been performed for the pig brain 

thalamus, hypothalamus, hypothalamic nuclei [53-55], brainstem structures [56, 57], and the 

cerebellum [58]. Similar to humans, sensory cortices such as the motor cortex [59] and the 

somatosensory cortex [60] are arranged somatotopically. The anatomy and organization of the 
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brain is important in modeling TBI as it effects the brain regions injured, vascular responses, and 

ultimately, the short- and/or long-term clinical effects of the injury [14].  

Pigs have an immune system and inflammatory responses more similar to humans after 

injury, which is important in studying the sequela of TBI and identifying potential 

neuroprotective targets [61-63].  An immunological comparison between humans, pigs, and 

rodents revealed that, compared to mice, the pig immune system is more similar to humans for 

over 80% of immune system variables compared. However, compared to the pig, the mouse 

immune system is more similar to humans for less than 10% of variables [64]. In addition, the 

pig immune system appears to have a more human-like inflammatory response to immune 

challenge. Dawson et al. found that pig macrophage polarization to interferon-g (IFN-g) and 

lipopolysaccharide (LPS) reveal predominately human-like responses [61]. These data suggest 

that the pig may be ideal for measuring inflammatory responses after TBI and for identifying 

potential neuroprotective targets that mitigate inflammation.  

 

Pig Traumatic Brain Injury Models 

 Experimental models of TBI have been developed to study different types of injury, 

temporal pathophysiological mechanisms, and functional outcomes as well as to evaluate 

potential therapies with the goal of translating preclinical findings to a clinical setting (Table 

2.1). We will review the major modalities and strategies used to assess TBI pathophysiology, 

functional outcomes, and response to therapeutic intervention for the three most widely used pig 

TBI models- the diffuse axonal injury model, the controlled cortical impact model, and the fluid 

percussion model (Figure 2.1).   
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Diffuse Axonal Injury Model 

 Diffuse axonal injury (DAI) in humans occurs as result of damage to axons in brain 

neural tracts, specifically in major white matter tracks and can lead to significant morbidity and 

even mortality [65]. DAI is caused by acceleration and deceleration inertial forces that lead to 

disruption of neurofilament subunits within the axonal cytoskeleton [65]. Rather than being a 

diffuse, widespread injury as its name implies, this type of injury is best characterized as being 

multifocal. Given the restriction of DAI to axons of white matter tracts, it is often described as 

traumatic axonal injury (TAI) [66]. DAI is generated by a rotational injury by securing an 

animal’s head in a rotational acceleration injury apparatus that can produce either single [67] or 

repetitive [68, 69] impulsive rotation in either the coronal[70], axial [67], horizontal [71], and 

sagittal [71] planes. Injury severity can be controlled by manipulating the acceleration velocity to 

generate either mild, moderate, or severe injury [72, 73].  

 DAI in humans can often lead to temporary or sustained loss of consciousness and apnea 

and can influence systemic physiologic responses [65, 74]. Similarly, rotational head injury in 

pigs can result in immediate loss of consciousness [67, 75]. Presence and length of loss of 

consciousness has found to be dependent on direction of rotational acceleration and number of 

rotations. Browne et al. demonstrated that rotational injury in the axial but not coronal plane 

results in loss of consciousness [73]. Eucker et al. similarly observed no loss of consciousness 

after rotational injury in the coronal plane, but also showed that rotational injury in the sagittal 

and horizontal planes did result in loss of consciousness [71]. Friess et al. showed that repetitive 

rotational injury led to a significant increase in duration of unconscious time compared to sham 

animals when rotational injury is 24 hours apart, but not 7 days apart [69]. The incidence of 

apnea, characterized as cessation of breathing or reduced respiratory effort resulting in arterial 
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oxygen saturation (SaO2) <90% was significantly increased after axial [67], sagittal, and 

horizontal [71] rotational injury in piglets and is dependent on injury severity [72].  

Rotational injury can lead to physiologic impairments like elevated intracranial pressure 

(ICP), decreased cerebral blood flow (CBF), decreased cerebral perfusion pressure (CPP), 

decreased brain tissue oxygenation (PbtO2), and elevated lactate-pyruvate (LPR) ratio [71, 75], 

but mean heartrate, body temperature, respiratory rate, arterial blood gas appear to remain largely 

unaffected [67, 72, 73]. Rotational injury can also contribute in amplitude suppression in EEG 

recordings [72]. Physiologic responses have also been found to correlate with neuropathology 

[75]. 

 Rotational injury in pig models have the hallmark neuropathological deficit of diffuse 

axonal injury in major white matter tracks typical of human patients [66]. Morphologically, 

traumatically damaged axons in pigs exhibit terminal clubbing (retraction balls) and swelling 

[15, 76]. The inertial forces of rotational injury disrupt cytoplasm flow, leading to intraaxonal 

damage to neurofilament subunits that impair the axonal cytoskeleton [65]. Neurofilament 

proteins then disassemble, dephosphorylate, and accumulate in damaged axons [77]. 

Accumulation of large neurofilament proteins in the pig brain therefore provides convincing 

evidence of axonal damage within white matter tracks as a result of injury [67, 72]. The extent of 

traumatic axonal damage has also been found to correlate with age, such that younger piglets 

demonstrate a higher density of injured axons in the cerebrum compared to adults after 

comparable rotational injury [67]. Accumulation of ß-APP in damaged axons is another hallmark 

of diffuse injury and has been found to be correlated with injury severity [72, 78]. In addition, 

accumulation of amyloid-beta (Aß) and tau proteins have also been observed after rotational 

injury suggesting a link between traumatic brain injury and the initiation of the 
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neurodegenerative process [79, 80]. The direction of head motion appears to play a role in the 

pathology of DAI. Browne et al. showed that axial plane injury, but not coronal plane injury, 

resulted in degenerative neurons in the cortex and hippocampus and greater accumulation of 

neurofilament protein in damaged axons [73]. Eucker et al. similarly showed that horizontal and 

sagittal head rotation but not coronal rotation resulted in significantly higher ß-APP 

accumulation.  

Rotational injury may also contribute to neuroinflammatory pathways such as astrogliosis 

[15], and microglia activation [81], and may produces substantial subarachnoid hemorrhage [68, 

71, 72, 82, 83]. Furthermore, younger newborn pigs have been found to be more susceptible to 

intracranial hemorrhage and axonal injury than older piglets, providing further evidence that 

younger brains are more sensitive to injury [83].  

 

Controlled Cortical Impact Model 

As opposed to inertial acceleration-deceleration forces that produce diffuse brain injury, 

impact forces produce a focal injury that can potentially lead to skull fracture, disruption and 

hemorrhage of the cortical surface, and contusions [14]. Impact forces occur when the head 

comes in contact with a hard surface or object. Falls, for example, account for almost 35% of all 

sustained head injuries and over 50% of sustained head injuries between children aged 0-14 

years [1]. Head injuries incurred from a fall may certainly involve elements of both diffuse and 

focal TBI, and as a result may be studied in conjunction [84], but it is of interest to 

experimentally isolate and study the pathophysiological and functional elements of focal injury. 

As such, the controlled cortical impact (CCI)  model is a widely utilized and well-validated 

experimental focal injury model [85]. A CCI device consists of an impactor tip that is attached to 
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a shaft that is accelerated by either a pneumatic piston or electromechanical actuator [85]. 

Precise, quantitative control over CCI parameters such as velocity, dwell time, and depth of 

depression allow for scaled manipulation of TBI severity [86]. In addition, injury location can be 

targeted to specific brain regions such as the frontal cortex [16, 87] or the parietal cortex [88-90]. 

As a result, CCI can produce graded cellular, tissue, physiologic, and functional responses to 

TBI.  

 Mild to severe TBI can lead to immediate disruption of physiologic responses and 

impaired autoregulatory function, generally as a function of injury severity [91]. Similarly, 

physiologic responses after CCI in pigs have been shown to be sensitive to injury severity, 

ranging from minor alterations [89] to significant impairments [88, 90]. Interestingly, Durham et 

al. observed a significant decrease in CBF in 1 month and 4 month old pigs, but a significant 

increase in CBF in 5 day old pigs, which the authors suggest may provide some protection from 

early ischemia after injury [92]. However, no other physiologic changes were noted. However, 

moderate CCI in adult pigs has been shown to lead to significant physiologic impairments that 

result in decreases in CPP and ptiO2 coupled with significant increases in ICP, glutamate, and 

lactate [88, 90]. Manley et al. qualitatively assessed physiologic changes after scaled CCI, 

finding substantial increases in ICP and HR and trending decreases in MAP and CPP that 

correlated with increased injury severity [16].   

 In humans, a head injury produced by a significant impact force will often lead to the 

development of a focal lesion. Duhaime et al. showed that the lesion volumes of adolescent (4 

month old) and toddler (1 month old) pigs were significantly larger than infant (5-day old) pigs 

in response to proportionally identical injury, suggesting that vulnerability to mechanical trauma 

increases progressively during maturation. [89]. In addition to age, gender may also play a 
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contributing role in lesion size for young pigs; 1 month old male pigs developed significantly 

larger lesions than male 5 day old pigs, but this effect was not seen in females [93].   

 CCI results in a number of clinically relevant histopathological outcomes that include but 

are not limited to gross pathological changes such as hemorrhages, swelling/edema, and midline 

shift, and histopathological changes such as neuronal cell damage/death and inflammation [16, 

90]. Semi quantitative means to assess histological changes after CCI include generation of an 

injury score that scores relative hemorrhage, cell appearance, and cell injury in white and gray 

matter specific regions [90] or a lesion index that scores intracerebral bleeding, subarachnoid 

hemorrhage, intensity of edema, and surface contusion [88]. Quantitative approaches to assess 

histological changes after CCI in pigs is limited, but two recent studies by the Duhaime group 

quantitatively analyzed the proliferation of DCX+ neuroblasts at the subventricular zone and 

their ability to migrate to white and gray matter specific regions and to target the lesion site [33, 

34]. Further histological studies are needed in pig CCI models that more quantitatively assess 

secondary injury mechanisms that contribute to cell death, astrogliosis, microglia activation, and 

white matter disruption with enhanced spatial and temporal acuity.   

  

Fluid Percussion Injury Model 

Fluid percussion injury (FPI) has elements of both diffuse and focal injury. There are two 

main types of FPI- medial or lateral. A medial injury is applied at the midline, along the sagittal 

sutures between bregma and lambda, producing a more widespread diffuse injury, and a lateral 

injury is applied over the cerebral cortex at the parietal cortex, producing a slightly more focal 

injury targeted to one side of the brain [94]. To generate the injury, a craniotomy is performed to 

expose the underlying, intact dura. Then using a fluid percussion device, a pendulum strikes the 
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piston of a reservoir of fluid, generating a fluid pressure pulse that impacts the extradural space 

producing a brief displacement of brain tissue [8]. Injury severity corresponds to the strength of 

the pressure pulse and results in graded morphological and pathophysiological changes [95].  

In the immature pig, FPI has been well established to contribute to age-dependent 

hemodynamic effects [17]. Armstead showed that moderate FPI decreased systemic arterial 

blood pressure in the newborn piglet but increased in the juvenile piglet [96]. Pial arteries 

constricted to a greater extent, regional cerebral blood flow remained restricted for a longer 

period of time, and cerebral oxygenation, an index of metabolism, was transiently increased and 

followed by a prolonged decrease in newborn piglets compared to juvenile piglets [96]. In 

addition, upregulation of endothelin-1 activity after FPI has been found to contribute to 

adenosine triphosphate (ATP)-sensitive potassium (K+) channel impairments that are age-

dependent, leading to impaired hypotensive cerebral autoregulation [97-100]. Further, disruption 

of cerebral hemodynamics after injury may be due to impairments in N-methyl-D-aspartate 

(NMDA) receptor mediated vascular dilation, which has also been found to be age-dependent 

[101].  Recent evidence has shown that the dopaminergic system may be sensitive to TBI. Acute 

increases in dopamine (DA) can have potentially neurotoxic effects and has been shown to play a 

role in the pathogenesis of neuronal injury, potentially through the production of free radicals 

[102].  Measurement of aromatic amino acid decarboxylase (AADC) levels, an indicator of DA 

activity, has been shown to be upregulated in newborn piglets but not juvenile piglets after FPI 

[102]. Disruption of cholinergic neurotransmission, evident by increased acetylcholine esterase 

(AchE) activity [103] and reduced muscarinic Ach receptor density [104], has been observed 

after FPI, leading to depressed cholinergic transmission that can ultimately contribute to the 

development of functional impairments.  
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FPI in humans also activates  secondary injury mechanisms common to DAI and CCI 

including inflammation, apoptosis, and necrotic cell death [105]. Similarly, immunohistological 

analyses after FPI have revealed hemorrhage [106], neuronal necrosis in the cortex [100, 106] 

and hippocampus [107, 108]  as well as dramatic increases in Iba-1+ microglia with extended 

processes that contacted APP+ proximal axonal swellings [109].   

 

Functional Measures in Pigs 

Changes in Cognition, Behavior, and Motor Function after TBI 

TBI is well known to contribute to cognitive deficits in both children and adults [25]. TBI 

location and severity appear are important in determining the impaired cognitive processes and 

whether the effects are short-term, long-term, or both [110, 111]. The age of the patient at the 

time of injury is also an important predictor of outcome following TBI. Children who sustain a 

TBI at a younger age are more likely to develop cognitive dysfunction, likely as a result of 

disruption of the normal developmental processes during a critical time period of brain 

maturation [18, 112]. TBI can also contribute to motor function deficits that can affect different 

aspects of fine motor control and gait [113, 114]. Similarly, TBI has been found to contribute to 

impairments in motor function that correlate with injury severity and age [115, 116]. Therefore, 

it is of interest to study the sequelae of neurocognitive and motor function changes in 

experimental models of TBI to elucidate mechanisms of injury on cognitive responses and to test 

the ability of potential therapeutics to mitigate cognitive impairments. To date, a large number of 

rodent studies have investigated cognitive changes after TBI [117-121]. However, functional 

testing is extremely limited in pig models of TBI, despite a number of key similarities between 
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humans and pigs that make them ideal for studying functional brain responses to injury and 

potential treatments [46]. 

 To date only a limited number of studies have performed a comprehensive assessment of 

neurobehavioral functional changes after TBI in pigs. Friess et al. first utilized several behavioral 

tests, namely a modified open field test, a glass barrier task, a food cover task, and a balance 

beam test after mild and moderate rotational injury in piglets [27]. The open field test, a general 

measure of ambulation and exploratory behaviors, was slightly modified to contain both static 

and interactive objects placed throughout the arena to further gauge a higher level of cortical-

striatal-pallidal sensory processing. In addition, a male littermate was also added to the arena to 

assess social behaviors. For the glass barrier task, which provides a measure of problem-solving, 

pigs had to learn to navigate around a glass barrier to reach a food reward. Piglets performed a 

food cover task in which piglets had to learn to find and access a food reward located under an 

opaque lid, which provides a measure of non-visual object discrimination learning. Last, for the 

balance beam test pigs had to walk along a balance beam to a food reward without any foot slips 

or falls  [27]. No cognitive deficits for any behavior tests were observed in mild TBI animals. 

They found moderately injured pigs exhibited limited changes in open field behavior, although 

injured pigs spent significantly less time sniffing the walls of the arena than sham pigs. In the 

glass barrier task and food cover tasks injured pigs had significantly higher failure rates than 

sham pigs early on the first day of testing only. No deficits in motor function were observed in 

the balance beam test [27]. The results of this study showed only few significant changes in 

cognition that were generally transient in nature. 

 In a follow up study, Friess et al. subjected piglets to either single or repetitive (24 hours 

and 1 week) rotational injury and assessed cognitive function after injury using the open field 
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test, glass barrier task, food cover task, and balance beam test [69]. In addition, piglets performed 

a T-maze task in which they had to locate a food reward in a T-shaped maze during a training, 

test, and reversal phase and during a challenge phase when a novel object was placed in the 

arena. Compared to sham animals, no significant differences were observed in either injury 

group for the open field test, food cover task, and balance beam test. They noted a trend for 

repetitively injured piglets to have longer latencies to the food reward after reward reversal in the 

T-maze test. They also found that repetitive injury after 24 hours resulted in significantly higher 

failure rates of the glass barrier task on day 1 [69]. In an effort to reduce variability within 

groups, they developed a cognitive composite dysfunction (CCD) score comprised of several 

behavioral outcomes with the most consistent responses of the sham animals (T-maze training 

failure rate, T-maze intra-maze change time in contact with novel object, latency to food reward 

for T-maze normal trials and T-maze reversal trials, sniffing the walls from open field testing). 

They found that cognitive composite dysfunction scores correlated well with percent white 

matter injury (0.83) and were significantly higher after repetitive TBI than single TBI [69].      

 The effectiveness of folic acid to provide neuroprotection and improve functional 

recovery was assessed after moderate rotational injury in piglets [122]. Functional recovery was 

assessed using the open field test, glass barrier task, food cover task, T-maze task, and balance 

beam test in combination with the cognitive composite dysfunction score. Though most 

measures were not significant, significant functional improvements in folic acid treated animals 

was noted in open field exploration, CCD score, and time to complete the balance beam task on 

day 1, suggesting folic acid could potentially contribute to early but transient cognitive and 

motor function improvements [122].  
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Noting the presence of high variability and possible lack of sensitivity of these tests, 

Sullivan et al. made a series of changes to several behavior tests to improve their reliability and 

sensitivity [28, 123]. First, Sullivan et al. used improved open field measures to assess 

locomotion and exploratory behaviors after injury to explore the effect of rotational direction 

(axial vs. sagittal) on cognitive function [123]. They tracked the pig’s location within 9 zones in 

the open field arena and assigned a zone position sequence which they used to calculate four 

different measures of specific aspects of the pig’s locomotion around the arena: PDIAG (stationary 

vs. mobile), Shannon entropy (No zone preference vs. zone preference), first order mutual 

information (zone position sequence is stable vs. rapidly changing), and Lempel-Ziv Complexity 

(random travel vs. structured travel). PDIAG  measures indicated that pigs with sagittal rotation 

injury had a significantly greater level of inactivity after injury and Lempel-Ziv Complexity 

measures showed that pigs with sagittal rotation injury had less random use of the open field 

arena than pigs with axial rotation injury [123].   

Next, using the updated open field test and improved measures for the T-maze and 

balance beam tests, Sullivan et al. assessed cognitive changes after rotational injury in the 

sagittal plane in piglets [28]. To improve the sensitivity of the T-maze test, visual discrimination 

cues were added to each arm of the T maze, an image with three large dots at the arm with a food 

reward and an image with a single large dot at the arm with no reward. To improve the balance 

beam test, the beam was inclined and pigs were also given a motor proficiency score (MPS) that 

ranged from gait abnormalities on every run (score o 0) to no gait abnormalities on all runs 

(score of 4) [28]. Injured pigs showed a significant increase in PDIAG, indicative of less activity in 

the open field, spent more time at the old food location after reversal in the T-maze test, possibly 

due to deficits in visual cue based learning, and MPS was significantly lower for injured pigs 
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compared to sham pigs on day 1. A more sensitive composite porcine disability score (PDS) was 

developed using a number of different significant metrics from behavior testing that showed 

small but persistent impairments in cognition and motor function and that correlated with percent 

axonal injury [28].  

Additional behavior testing paradigms are limited in pig TBI models. Olson et al. found 

disturbances in daytime and nighttime activity in piglets after diffuse and focal brain injury by 

outfitting piglets with jackets containing tri-axial accelerometers to measure movement of the 

thorax [124].  Oldland et al. used a Treat Retrieval Test to evaluate the ability of adult pigs to 

recognize a food-containing bin when presented with three identical bins [125]. Animals were 

graded on a scale of -1 (animal opens another bin) to +4 (animal opens the correct bin without 

approaching either of the other two bins). The Alam group has assessed functional changes after 

CCI adult pigs using a Neurological Severity Score (NSS) and cognitive performance using a 

food retrieval task in color coded boxes after treatment with valproic acid [126] or lyophilized or 

fresh frozen plasma [127]. The NSS is a 32-point scale (where zero is no deficit and 32 is severe 

deficits) that measures level of consciousness, behavior, appetite, standing position, head 

position, utterance, gait, and motor function. For the food retrieval task, pigs were taught to 

retrieval a food reward from a specific colored box that was accessible without opening any of 

the other boxes. This test is a measure of memory retention, recall, color recognition, spatial 

memory, and prioritization. Treatment with either valproic acid, lyophilized plasma, or fresh 

frozen plasma resulted in significantly reduced NSS scores and significantly fewer testing 

sessions to reach proficiency at the food retrieval task comparted to saline treated animals [126, 

127].  Future studies are needed to validate existing behavior tests used in pigs after TBI as well 
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as new, improved methods to assess different aspects of cognition with improved reliability and 

temporal sensitivity.    

 

Development of Translational TBI Detection Tools and Therapies in Pig Models  

Pig Biomarkers for TBI  

Evaluation of serum biomarkers as a means to more easily and rapidly assess TBI 

severity, predict prognosis, and test the effectiveness of therapeutic intervention has gained 

interest in recent years in clinical settings, prompting the search for enhanced, more sensitive 

biomarkers [128]. The effectiveness of the peripheral blood biomarkers neuron-specific enolase 

(NSE), myelin basic protein (MBP), and S100B were tested in pigs of varying ages 15 mins, 1, 4, 

and 7 days after CCI injury [129]. Only NSE was significantly elevated after CCI, although the 

predictive power of NSE alone was noted to be only poor to fair. 

 Kilbaugh et al. assessed peripheral whole blood for mitochondrial DNA (mtDNA) copy 

number and found that mean relative mtDNA copy numbers increased significantly after CCI, 

suggesting that this approach may be an ideal means to assess mitochondria bioenergetics 

dysfunction and to non-invasively identify presence of brain injury [130]. Recent evidence 

suggests that mitochondria dysfunction may be a major contributor of the secondary injury 

cascade after TBI [131]. Mitochondria play a pivotal role in energy metabolism in normal 

functioning cells. However, brain injury can lead to higher energy demands for cell repair that 

damaged mitochondria cannot meet [131]. Excessive Ca uptake leads to mitochondrial damage, 

potentiating excitotoxicity, ROS generation, and depletion of ATP, which can ultimately lead to 

cell death [131]. A number of studies have begun to examine mitochondrial response to injury in 
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pig CCI models to further elucidate the bioenergetic response to injury [130, 132, 133] and to 

test the ability of therapeutic interventions to improve mitochondrial function [134].  

 

Magnetic Resonance Imaging (MRI) 

Human MRI studies have found that lesion volume is a critical predictor of outcome after 

TBI [135]. Given the clinical significance of MRI, it is of interest to study the time-course of 

lesion development and progression after injury in pigs to further elucidate TBI sequelae and to 

test the effectiveness of potential therapeutics. However, only a limited number of MRI studies 

have been performed in pig TBI models. Using a DAI pig model, both conventional MRI and 

high field proton magnetic resonance spectroscopy (MRS), which provides a measure of 

neurometabolic changes as a result of TBI, were performed, and no abnormalities were detected 

with conventional MRI [136, 137]. However, spectroscopy results revealed a significant decrease 

in N-acetylaspartate/creatine (NAA/Cre), which may reflect neuronal and axonal damage [136, 

137]. McGowan et al. performed magnetization transfer imaging (MTI) after DAI which 

generates quantitative magnetization transfer ratio (MTR) maps that identify regions with axonal 

injury. They found significant reduction of MTR in thus demonstrating the presence of diffuse 

axonal pathology.  Using a pig CCI model. Duhaime et al. measured lesion volume using T1, T2-

weighted, and FLAIR sequences, although lesion volume was found to be generally larger when 

measured with T2-weighted or FLAIR sequences [138, 139]. Magnetic resonance spectroscopy 

(MRS), was also utilized in this study, but the authors note that due to number of limitations 

including hemorrhage, skull thickness, and fat content, results were highly variable. In addition, 

they noted presence of restricted diffusion at the injury site using diffusion weighted imaging 

(DWI), but no further quantitative analyses were provided [138]. MRI results were correlated 
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with histological analysis allowing for improved temporal, spatial, and microscopic assessment 

of the lesion site. Functional magnetic resonance imaging (fMRI) has also been utilized in a 

piglet CCI model to assess recovery in the somatosensory cortex over time [140]. Additional 

temporal MRI studies are needed in both piglet and adult pig CCI models to gain greater insight 

into the pathophysiologic responses of injury and how they might contribute to lesion 

progression and functional outcomes. 

 

Development of Therapeutic Strategies and Pharmacologic Agents in TBI Pigs 

Several neuroprotective therapeutic approaches have been tested in pig DAI models. 

Polyethylene glycol prevented b-APP accumulation in the medial cortex, hippocampus, 

thalamus, medial lemniscus, and medial longitudinal fasciculus [141].  Folic acid treatment after 

rotational injury resulted in early functional improvements, but the treatment effect was only 

observed short-term and had no effect on axonal injury [122]. Administration of the 

vasoconstrictor phenylephrine was used to maintain cerebral perfusion pressure within normal 

range at either 70 mm Hg or 40 mm Hg [142]. Phenylephrine treatment resulted in significantly 

smaller injury volumes, and improved lactate/pyruvate ratios [142]. However, treatment with the 

vasopressor norepinephrine was shown to contribute to higher brain tissue oxygenation than 

phenylephrine [143]. Recently, a case study was performed by Margulies et al. using a 

preclinical trial design to target an optimum dose and test the effectiveness of Cyclosporin A. 

Cyclosporin A was found to meet a “positive outcome” effectiveness evaluation, which provides 

a qualitative assessment of efficacy [134].   

A number of physiologic measurement techniques and therapeutic interventions 

strategies have been tested in pig CCI models.  For example, the placement of tissue oxygen 
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probes either distal or proximal to the injury site were found to differentially measure brain 

tissue oxygen tension, suggesting clinical interpretations of brain tissue oxygen measurements 

should take into consideration probe placement relative to the injury site [87]. As a potential 

therapeutic strategy, application of an internal jugular vein compression collar was found to 

significantly reduce hemorrhage after CCI [144]. TBI in humans may be accompanied by other 

associated extra-cranial injuries like significant blood loss which can lead to hemorrhagic shock 

(HS) and hypotension, and markedly worsen outcomes [145]. Developing effective intervention 

strategies are critical for reducing morbidity and mortality rates. The Alam group has carried out 

a number of studies using a combined CCI and hemorrhagic shock approach to study the 

effectiveness of several therapeutic interventions, including hetastarch, Hextend vs. fresh frozen 

plasma [146], isotonic sodium chloride solution vs. hetastarch [147], Hextend vs. valproic acid, 

fresh frozen plasma vs. lyophilized plasma [148], normal saline vs. normal saline and valproic 

acid [126] as well as a model of TBI and polytrauma (blood loss, rib fracture, soft-tissue damage, 

and liver injury) to assess treatment with fresh frozen plasma [149] and lyophilized plasma[127]. 

Treatment with fresh frozen plasma, valproic acid, and lyophilized plasma were shown to 

significantly reduce lesion size and swelling.  

The pig fluid percussion model has also been used to assess the ability of neuroprotective 

therapeutics to reduce injury responses.  Administration of mutant tissue plasminogen activator 

(tPA) tPA- s481A [150] or combined glucagon and plasminogen activator inhibitor-1 derived 

peptide (PAI-1DP), an inhibitor of endogenous tPA [151], reduced glutamate excitotoxicity and 

reduced vasoconstriction; Recombinant factor VIIa (rFVIIa) reduced neuronal necrosis and 

intracranial hemorrhage [106]; Vasoactive agents dopamine [152] and norepinephrine [107] 

improved cerebral perfusion pressure and cerebral autoregulation; Polyethylene glycol telomere 
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B (PEG-TB), which lyses pro-thrombotic and pro-inflammatory microparticles (MP) released 

endogenously after injury, reduced hippocampal neuronal cell loss and protected 

cerebrovasodilation during hypotension [108].  Taken together, these studies show the value of 

using the pig TBI model to assess the ability of potential therapeutic interventions to mitigate 

injury responses of both focal and diffuse TBI.   

 

Conclusion 

Despite the high prevalence of TBI in adults and young children, we are still limited in 

our understanding of the pathophysiology and functional responses associated with TBI and how 

to best treat and restore lost function. Animal modeling provides the ability to break TBI down 

into more specific components, to tease apart the biggest contributors to injury progression, and 

to test the ability of potential treatments to mitigate injury. Pigs, in particular, are well suited to 

model TBI given their similarities to humans. Additional studies in pigs, particularly in regards 

to characterizing and improving affected cognitive processes and motor impairments, are vital in 

pushing the field towards the ultimate goal of restoring total function after TBI.    
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Table 2.1. Overview of pig TBI preclinical studies using either a diffuse axonal injury 

model, controlled cortical impact model, or fluid percussion model. Physiologic responses, 

MRI, histopathological, and functional assessments as well as treatment strategies are listed 

where applicable. ICP, intracranial pressure; CBF, cerebral blood flow; CPP, cerebral perfusion 

pressure; LPR, lactate-pyruvate ratio; pO2, partial pressure O2; EEG, electroencephalogram; 

PtiO2, brain tissue oxygen; MABP, mean arterial blood pressure; MTI, magnetic transfer 

imaging; MRS, magnetic resonance spectroscopy; DWI, diffusion-weighted imaging; fMRI, 

functional magnetic resonance imaging; b-APP, beta-amyloid precursor protein; Ab Protein, 

amyloid beta protein; tPA-s481A, tissue plasminogen activator- s481A; PAI-1DP, plasminogen 

activator inhibitor-1 derived peptide; rFVIIa, recombinant factor VIIa; PEG-TB, Polyethylene 

glycol telomere B 
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TBI Model Physiologic Responses MRI Histopathology Functional Outcomes Treatments 
Diffuse 
Axonal Injury 

• Loss of  
consciousness [67, 69, 71, 73, 75] 

• Apnea [67, 71, 72] 

• ICP [71, 75] 
• CBF [71] 

• CPP [75] 
• LPR [75] 
• pO2 

[71, 73] 

• EEG [72] 

• T1-weighted [76] 
• T2-weighted [76] 
• MTI [76] 
• MRS [136, 137] 
 

• Terminal Clubbing 
and Swelling [15, 76] 

• NF Protein [67, 72, 73] 
• b-APP Plaques [71, 72] 

• Ab and Tau Proteins 
[79, 80] 

• Neuronal Loss [71, 73]  
• Microglia Activation 

[81] 
• Astrogliosis [15] 
• Hemorrhage [67, 71, 72, 

82, 83] 

• Open Field Test [27, 

28, 69, 122, 123] 
• Glass Barrier Task 

[27, 69, 122] 

• Food Cover Task 
[27, 69, 122] 

• T-maze Test [28, 
69, 122] 

• Balance Beam Test 
[27, 69, 122] 

• Inclined Balance 
Beam Test [28] 

• Daytime/Nighttime 
Activity [124] 

• Polyethylene 
Glycol [141] 

• Folic Acid [122] 

• Phenylephrine [142] 
• Norepinephrine 

[143] 

• Cyclosporin A [132, 

134] 

Controlled 
Cortical 
Impact Injury 

• CBF [92] 

• ICP [16, 88, 90] 
• CPP [16, 88, 90] 

• PtiO2  [88, 90] 
• Lactate [88, 90] 

• LPR [90] 
• MABP [16, 88, 90] 

• T1-weighted 
[138, 140] 

• T2-weighted 
[138, 140] 

• FLAIR [138, 140] 

• MRS [138] 
• DWI [138] 

• fMRI [140] 

• Neuronal Loss [16, 88-

90] 

• Hemorrhage [16, 88-90] 

• Swelling/edema [16, 88] 
• Midline Shift [16] 
• Astrogliosis [89] 

• Neuroblast 
Proliferation and 
migration [33, 34] 

• NSS [126, 127] 
• Treat Retrieval 

Task [125-127] 

• Cyclosporin A [134] 
• Jugular vein 

compression collar 
[144] 

• Hetastarch, 
Hextend [146-148] 

• Valproic Acid [126, 

148] 

• Fresh frozen 
plasma [146, 148, 149] 

• Lyophilized 
Plasma [127, 148] 

• Isotonic sodium 
chloride solution 
[147] 

Fluid 
Percussion 
Injury 

• MABP [43] 
• Pial Artery constriction [43] 
• CBF [43] 
• Cerebral oxygenation [43] 
• Cerebral autoregulation [44-

47] 

 • Neuronal Loss [47-50] 

• Hemorrhage [48] 
• Microglia Activation 

[51] 
• APP+ Proximal 

Axonal Swellings [51] 

 • tPA-s481A [52] 
• PAI-1DP [53] 
• rFVIIa [48] 
• Dopamine [54] 
• Norepinephrine [49] 

• PEG-TB [50] 
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Figure 2.1. A comprehensive strategy for assessing the effects of TBI on neurodevelopment 

and behavior in piglets. Physiologic assessments, behavior testing, magnetic resonance 

imaging, tissue and histological analyses provide a platform with which test hypothesis about 

TBI pathophysiology, functional outcomes, and response to therapeutic intervention. ICP, 

intracranial pressure; CBF, cerebral blood flow; CPP, cerebral perfusion pressure; MABP, mean 

arterial blood pressure; DWI, diffusion-weighted imaging; MRS, magnetic resonance 

spectroscopy. Image adapted from Conrad et al. [55] 
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CHAPTER 3 

CONTROLLED CORTICAL IMPACT RESULTS IN SCALABLE INJURY IN A PIGLET 

TRAUMATIC BRAIN INJURY MODEL1 
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Abstract 

Traumatic brain injury (TBI) is a major cause of death and long-term disability in the 

United States, and children who sustain TBI at a young age may suffer long-term deficits in 

cognition, behavior, and/or motor function. A number of preclinical animal models have been 

developed in an effort to recapitulate injury mechanisms and identify potential therapeutics. 

However, the lack of restorative treatments for TBI has led to considerable criticism of current 

preclinical therapeutic development strategies, namely the translatability of widely-used rodent 

models to human patients. The use of large animal models, such as the pig, with more 

comparable brain anatomy and physiology to humans may enhance the translational capacity of 

current preclinical animal models. The objective of this study was to develop and characterize a 

scaled piglet TBI model with quantitative pathological features at the cellular, tissue, and 

functional level that become more prominent with increasing TBI severity. TBI was produced by 

controlled cortical impact (CCI) in toddler-aged Landrace piglets with impact velocity and depth 

of depression set to 2m/s;6mm, 4m/s;6mm, 4m/s;12mm, or 4m/s;15mm resulting in scaled neural 

injury. Quantitative gait analysis was performed pre-TBI and 1, 3, and 7 days post-TBI, and 

piglets were sacrificed 7 days post-TBI. Increasing impact parameters correlated to increases in 

lesion size and the extent of neuronal loss, intracerebral hemorrhage, gliosis, and white matter 

damage as well as motor function deficits. The piglet TBI model described here could serve as a 

translational platform for studying TBI sequelae across injury severities and identifying novel 

therapeutics. 
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Introduction 

 In the United States, traumatic brain injury (TBI) results in an estimated 2,174 deaths and 

473,947 emergency department visits among children aged 0-14 years annually [1]. Falls account 

for approximately 50.2% of all sustained TBIs for children, and the rate of fall-related TBIs is 

highest among children aged 0-4 year (839 per 100,000) [1]. Further, pediatric TBI accounts for 

more than $1 billion in total hospital charges annually [2]. Although adolescent brains are 

believed to be more “plastic” and thus more adept to recover and restore function after injury, 

recent evidence has shown that children who sustain a TBI at a younger age may suffer long-

term neurological consequences such as impairments in cognition, behavior, and motor function 

[3-7]. At present, a number of management strategies are utilized to monitor and alter critical 

aspects affecting TBI outcomes including intracranial pressure, cerebral oxygenation, cerebral 

edema, and cerebrovascular injury after pediatric TBI, which may substantially decrease hospital 

stays and mortality rates [8]. Treatment options are restricted to techniques such as hyperosmolar 

therapy, temperature control, cerebrospinal fluid drainage, barbiturate therapy, decompressive 

craniectomy, and antiseizure prophylaxis that aim to reduce secondary brain insults [9].  

However, these treatments have little influence on reducing long-term functional deficits [10-

12].   

 Numerous experimental animal models have been developed in an effort to recapitulate 

the primary and secondary injury aspects of a human TBI and, in turn,  have helped delineate 

many of the biomechanical, cellular, molecular, and functional responses of TBI that cannot be 

studied in a clinical setting [13]. In rodents, one of the most widely used and studied TBI models 

is the controlled cortical impact (CCI) model. CCI allows for precise, quantitative control over 

parameters that affect injury severity such as velocity, depth of depression, and tip diameter [14]. 
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CCI can be manipulated to produce injuries ranging from mild to severe and is highly 

reproducible [15]. The ability to control injury severity allows researchers to produce gradable 

tissue damage, functional impairments, provide a means to better account for the variation in 

pathologies observed in TBI patients, and most importantly, develop appropriate treatment 

strategies [14]. Magnetic resonance imaging (MRI) studies in pediatric TBI patients have 

revealed that lesion size, gray and white matter disruption, and brain atrophy can be influenced 

by injury severity [16]. Functional deficits, such as cognition and motor function, have been 

documented to vary according to injury severity in children after TBI [17, 18].  To address this, 

scaled CCI in rodent models has been used to characterize the effects of injury severity on 

histopathological changes and behavioral and motor responses after injury and consequently, to 

identify potential therapeutic targets [19-23]. Despite promising preclinical results in rodent 

studies utilizing a wide range of therapeutics, there is no Food and Drug Administrative (FDA) 

approved treatment that promotes functional recovery in humans [24-26]. Given the significant 

impact of TBI, particularly in children who are at a critical period of brain development, the lack 

of effective treatments has led to considerable criticism of the use of rodents as a translational 

model [27, 28].   

 The pig, having similarities in brain anatomy and physiology to humans, may provide a 

significant advantage in modeling TBI and testing the safety and efficacy of novel therapeutics. 

The human brain is gyrencephalic and is comprised of >60% white matter [29, 30].  The 

gyrencephalic piglet brain has been found to mirror the pediatric brain in terms of size, 

development, and neuroinflammatory response, and is also comprised of >60% white matter [31-

34]. However, the lissencephalic rodent brain is 650 times smaller than the human brain and is 

composed of only 14% of the relative white matter volume of humans [30, 35-37]. Given the 
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propensity for TBI to contribute to widespread white matter damage in human patients, the use 

of a large animal model with comparable white matter composition is critical to  more closely 

recapitulate the human pathology [38]. Despite pressure to pursue more large animal models of 

TBI, limited progress has been made in the field. No study has been performed to directly assess 

the effect of scaled changes in velocity and depth of depression on cellular dynamics and motor 

function in a CCI piglet model [39, 40].  

 The purpose of this study was to develop and characterize a scaled piglet TBI model by 

manipulating CCI severity and measuring corresponding changes at the cellular, tissue and 

functional levels. CCI severity was controlled by manipulating either velocity, depth of 

depression, or both. Lesion size and histological analysis were assessed to measure changes at 

the tissue and cellular level and were found to correlate with injury severity. Finally, spatial-

temporal gait analysis was performed to assess changes in motor function and was found to 

respond as a function of increasing injury severity. The development of a piglet TBI model with 

pathological and functional changes that mirror human TBI patients can be used in future studies 

to serve as a platform for the testing of novel therapeutics.       

 

Materials and Methods 

All work performed in this study was done in accordance with the University of Georgia 

Institutional Animal Care and Use Committee guidelines. 
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Animals 

Sixteen commercially bred Landrace-cross piglets of mixed sex and 3 weeks of age were 

obtained from the University of Georgia Swine Unit 1 week prior to surgery. Piglets were group 

housed and fed a nutritionally complete starter diet ad libitum. Room temperature was 

maintained at 26°C with a 12h light/dark cycle and an overhead heat lamp provided 

supplemental heat. All animals were feed restricted overnight prior to surgery but had free access 

to water.  

 

Surgical Preparation 

Piglets underwent surgery at 4 weeks of age. Anesthesia was induced using 5% vaporized 

isoflurane in oxygen utilizing a surgical mask. After induction, anesthesia was maintained at 2-

3% vaporized isoflurane in oxygen. Continuous physiological monitoring of heart rate, 

respiration rate, and rectal temperature was performed every 5 minutes after induction of 

anesthesia. The skin was prepared in a routine manner for sterile surgery using Betadine and 

70% alcohol. The surgical site was draped in a standard fashion. A left-sided skin incision 

approximately 4cm in length was made over the top of the cranium. An air drill (Brasseler, USA) 

was used to produce a circular craniectomy approximately 20mm in diameter at the left posterior 

junction of the coronal and sagittal sutures. Care was taken to avoid disruption of the dura mater 

and underlying cortical surface.   
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Controlled Cortical Impact 

Concussive TBI was generated through the use of a specialized controlled cortical 

impactor (CCI) device designed by our lab in collaboration with the University of Georgia 

Instrument Design and Fabrication Shop (Athens, GA). Impactor design was modeled after the 

design of Manley et al. [40]. Briefly, the impactor is comprised of a small-bore, double-acting, 

pneumatic cylinder with a piston. The cylinder is mounted to an adjustable frame that can be 

angled to the curvature of the piglet’s skull. A 15-mm impactor tip with beveled edges is 

attached to the lower end of the threaded rod. The upper end of the rod is attached to the 

transducer core of a linear voltage differential transducer (LVDT). Fine-tuning the flow of 

pressurized gas to the pneumatic piston controls the velocity of the impactor. Velocity is 

calculated from the time/displacement curve measured by the LVDT and recorded by the 

computerized data acquisition system DAQ Central. In addition, a CLICK® Series 

Programmable Logic Controller (PLC) is used to regulate the dwell time of the impactor rod. 

Following surgical preparation, the piglet was secured to the CCI frame and the impactor 

tip was positioned over the craniectomy site. For this initial study, we chose to assess the effects 

of a scaled injury by manipulating either the velocity or depth of depression, or both. Piglets 

were divided into four groups defined by the impact parameters in which TBI was induced: 2m/s 

impact velocity with 6mm depth of depression (n=4), 4m/s impact velocity with 6mm depth of 

depression (n=4), 4m/s impact velocity with 12mm depth of depression (n=4), and 4m/s impact 

velocity with 15mm depth of depression (n=4). The dwell time was held constant at 400ms for 

all animals. 

After injury, the surgery site was flushed with sterile saline and the skin was re-apposed 

with surgical staples. Banamine (1.1 mg/kg IM) and Butorphanol (0.2 mg/kg IM) was 
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administered postoperatively for pain management, and Ceftiofur Sodium (Naxcel®; 4 mg/kg 

IM) was administered as an antibiotic. Anesthesia was discontinued and piglets were allowed to 

recover until ambulatory before being returned to their home pens. Piglets were monitored every 

8 hours for the next 24 hours and any abnormal neurological behaviors were recorded.  

 

Gait Analysis 

One week prior to surgery, piglets were individually placed in a semi-circular gait 

analysis track in a separate climate-controlled room for gait track familiarization and training. 

Piglets were familiarized to the testing room and trained to move down the track for 3 days prior 

to data collection. After training, each piglet was video recorded on 3 separate days prior to TBI 

surgery to obtain pre-TBI gait measurements. Piglets were also evaluated on days 1, 3, and 7 

post-TBI. Gait analysis was performed as previously described [41]. Briefly, 2 high speed 

GigEye Ethernet Cameras (IDS Imaging Development Systems, Obersulm, Germany) set to 

capture footage (70 frames per second) of each side of the pig in profile view were synchronized 

through an IDS computer driver. Piglets were recorded as they walked through the straight 

portion of the semi-circular track, where they were video recorded as they moved perpendicular 

to the 2 synchronized cameras recording each side of the piglet. Piglets were moved through the 

track until 5 usable repetitions were obtained. Video data was analyzed using Kinovea software 

(Kinovea open source project, www.kinovea.org) to obtain swing time, stance time, stride 

velocity, and 2-limb versus 3-limb support measurements. 
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Lesion Size Assessment 

One week post-TBI, piglets were deeply anesthetized using 5% vaporized isoflurane in 

oxygen and euthanized via CO2 inhalation. After euthanasia, brains were removed, sectioned into 

5mm coronal slices, and fixed in 10% buffered formalin for lesion size measurement and 

histology. For lesion size measurement, serial 5mm coronal sections were scanned with a Canon 

CanoScan 8800F. Lesion size was measured using ImagePro Plus software (Media Cybernetics, 

Rockville, MD). The value obtained from each coronal section was multiplied by 5 to account 

for brain section depth, and measurements for each section were combined to obtain total lesion 

volume. Total lesion volumes were compared to the contralateral cerebral hemisphere. 

 

Histology  

Representative sections from each animal were collected, routinely processed, embedded 

in paraffin, sectioned at 4 µm, and stained with hematoxylin and eosin to evaluate the lesion 

microscopically. Additional sections were stained by immunohistochemistry for glial fibrillary 

acidic protein (GFAP; 1:4000; mouse; Biogenex), Olig2 (1:400; rabbit; Genetex), and neuronal 

nuclei (NeuN; 1:500, guinea pig, Millipore) as previously described [42]. . Heat induced antigen 

retrieval was performed for GFAP, Olig2, and NeuN using citrate buffer at pH6 (DAKO). 

Detection was performed using biotinylated anti-mouse (GFAP; Biocare), anti-guinea pig 

(NeuN; Biogenex), or anti-rabbit (Olig2; Biocare) antibodies, and a streptavidin label (4plus 

Streptavidin HRP or AP label; Biocare), and 3,3'-Diaminobenzidine (DAB) as the chromogen 

(DAKO). All sections were counterstained with hematoxylin. For quantification, a perilesional 

ROI was defined, which included dorsal and dorsolateral gyri (cingulate, marginal, suprasylvian 

and sylvian and/or ectosylvian), and 5 fields were imaged per section using an Olympus BX41 
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light microscope (Center Valley, PA). Utilizing ImagePro Plus software, the percentage of cells 

positive for NeuN and Olig2 were manually counted and GFAP was quantified by relative 

threshold value.  

 

Statistics 

Data was analyzed with SAS version 9.3 (Cary, NC) and statistical significances between 

groups were determined by two-way analysis of variance followed by post-hoc Tukey’s Pair-

Wise comparisons. Treatments where p-values were ≤ 0.05 were considered to be significantly 

different. 

 

Results 

Lesion volume is correlated to increased impact velocity and depth of depression 

To determine if impact velocity and depth of depression had an effect on lesion size, 

piglet brain tissue underwent volumetric assessment after injury. Piglets in the 2m/s; 6mm group 

(velocity and depth, respectively) had minor brain lesions. However, when impact velocity was 

increased to 4m/s while maintaining a 6mm depth of depression, there was a greater than 50-fold 

increase in brain lesion volume (2.29mm3 ± 2.29mm3 vs. 124.70mm3 ± 47.18 mm3, respectively) 

and a significant (p<0.05) increase in lesion volume compared to the contralateral hemisphere 

(Figure 3.1A-B, E). Furthermore, when depth of depression was increased to 12mm and 15mm 

while maintaining the impact velocity at 4m/s, lesion volume continued to increase (944.0mm3 ± 

417.49mm and 1236.15mm3 ± 240.94mm3, respectively) and remained significantly (p<0.05) 

larger than the contralateral side (Figure 3.1C-D, E).  Taken together, these results indicate there 

was a clear positive correlation between lesion volume and velocity and depth of depression. 
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Histopathology reveals correlative increase in lesion size in response to scaled injury  

In the 2m/s; 6mm group, microscopic changes were subtle. Tips of gyri (marginal, 

suprasylvian, and/or sylvian) at the lesion site had increased cellularity (gliosis) in both cortex 

and white matter and rare shrunken necrotic cortical neurons. Mild fibrosis of the leptomeninges 

overlying the lesion site was present (Figure 3.2A).  Immunohistochemistry for GFAP revealed 

mild multifocal astrocytosis/astrogliosis in the involved cortex and underlying white matter 

(Figure 3.3A), but no subjective change in oligodendrocytes were present on Olig2 staining 

(Figure 3.4I). The 4m/s; 6mm group had more extensive changes, although similar to the 2m/s; 

6mm group in that changes were primarily at the tips of gyri (marginal, suprasylvian, and 

sylvian) at the lesion site. This was characterized by more extensive neuronal necrosis and loss, 

reactive vessels, sometimes with mild perivascular cuffing by lymphocytes and plasma cells, and 

hypercellularity of both cortex and white matter in the involved area due to gliosis and 

infiltrating gitter cells. Unlike the 2m/s; 6mm group, some animals had shallow tracks filled with 

hemorrhage and/or gitter cells in the area of impact.  In addition, there were hemorrhage, 

hemosiderin laden macrophages, mild perivascular cuffing by lymphocytes and plasma cells, and 

fibrosis in the overlying leptomeninges (Figure 3.2B).  By immunohistochemistry, there was 

increased staining for GFAP around the lesion site (Figure 3.3B), but no discernable change in 

oligodendrocytes were present in Olig2 staining (Figure 3.4I).  In the 4m/s; 12mm group, 

changes were more severe and were present in all the dorsolateral gyri (marginal, suprasylvian, 

and sylvian) and sometimes the cingulate gyrus.  The immediate area of impact was disrupted 

deep into the white matter and mostly replaced with hemorrhage and macrophages containing 

hemosiderin. Surrounding the impact tract, adjacent cortex and white matter was hypercellular 
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and the white matter, down to the lateral ventricle, had extensive degenerative changes 

consisting of axonal and myelin degeneration.  The overlying leptomeninges were thickened by 

hemorrhage and an infiltration of macrophages, lymphocytes, neutrophils, and fibroblasts 

(Figure 3.2C). There was a diffuse increase in staining for GFAP (astrocytosis/astrogliosis) 

surrounding the impact tract (Figure 3.3C), but numbers of cells staining for Olig2 did not 

appear increased (Figure 3.4I).  The 4m/s; 15mm group had the most severe changes also 

involving the dorsolateral gyri (marginal, suprasylvian, and sylvian) and the cingulate gyrus. The 

lesion site was characterized by a large, deep tract of tissue necrosis and loss, often extending to 

the lateral ventricle and disrupting the ependymal lining, which was filled with hemorrhage and 

gitter cells. The tract was immediately surrounded by hemosiderin/hematoidin-laden gitter cells 

and a layer of gliosis with reactive vessels. Severe gliosis extended into the surrounding gyri and 

white matter, and the white matter had degenerative changes consisting of swollen axons and 

myelin degeneration. The overlying meninges were thickened by hemorrhage, infiltration of 

hemosiderin-laden macrophages, lymphocytes, plasma cells, and fibrosis. In one animal, the 

contralateral marginal gyrus had a large deep tract that extended to the ventricle and was filled 

with hemorrhage (Figure 3.2D).  Surrounding the impact tract there was severe, diffuse staining 

for GFAP (astrocytosis/astrogliosis, Figure 3.3D), and slightly increased numbers of Olig2 

stained cells in the white matter (Figure 3.4I). 

 

Immunohistochemistry reveals correlative loss of neurons and increased gliosis in response to 

scaled injury 

Immunohistochemical analysis was performed on the perilesional region to assess 

changes in the number of neurons, astrocytes, and oligodendrocytes as a result of increasing TBI 
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severity. A similar anatomical region on the contralateral hemisphere was utilized as the control 

to account for individual variability of basal neural cell numbers. First, staining for the neuron 

marker (NeuN) was used to quantify the number of mature neurons around the site of impact 

compared to the contralateral side. In the 2m/s; 6mm group, the lesion site was comprised of 

37.76% ± 3.58% NeuN+ cells compared to 45.37% ± 2.69% NeuN+ cells on the contralateral 

hemisphere, indicating a decrease in NeuN+ cells around the lesion site, although not statistically 

significant (Figure 3.4C). The disparity of percent NeuN+ cells between the ipsilateral and 

contralateral hemispheres became more pronounced when impact velocity was increased to 4m/s 

and furthermore when depth of depression was increased. In the 4m/s; 6mm group, there was a 

significant (p<0.01) decrease in NeuN+ cells around the lesion site compared to the 

corresponding contralateral side (32.38% ± 1.59% vs. 42.05% ± 1.95%, Figure 3.4C). There 

was also a significant (p<0.01) reduction in NeuN+ cells around the lesion site compared to the 

contralateral hemisphere in the 4m/s; 12mm group (29.33% ± 3.51% vs. 46.41% ± 1.62%, 

Figure 3.4A-C). Lastly, the most discernable decrease in NeuN reactivity around the lesion site 

was evident in the 4m/s; 15mm group where there were only 24.75% ± 2.72% NeuN+ cells in 

contrast to 45.01% ± 0.69% NeuN+ cells on the contralateral side (p<0.0001, Figure 3.4C). 

Taken together, there was a negative correlation in percentage of mature neurons around the 

lesion site as velocity and depth of depression was increased. 

The dynamic changes in astrocyte numbers around the lesion site was determined by 

staining for GFAP and compared to the corresponding area on the contralateral hemisphere. A 

similar pattern observed for NeuN reactivity emerged for GFAP in the mildest, 2m/s; 6mm 

group; a minimal increase in GFAP reactivity was present around the lesion site comparable to 

the contralateral side (threshold value 1079.8 ± 454 vs. 1012.45 ± 359.38, Figure 3.4F). 
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However, as injury severity increased, the disparity between GFAP reactivity around the lesion 

site compared to the contralateral side became more distinct. The 4m/s;6mm group had a 

significant (p<0.05) increase in GFAP reactivity around the lesion site compared to the same 

anatomical region on the contralateral hemisphere (threshold value 1530.55 ± 224.28 vs. 690.65 

± 102.32, Figure 3.4F). The 4m/s; 12mm group also had a significant (p<0.01) upregulation of 

GFAP around the lesion site compared to the contralateral side (threshold value 1592.1±177.51 

vs. 803.85 ± 63.81, Figure 3.4E-F). Lastly, the 4m/s; 15mm group, the most severe group, had 

the strongest statistical difference (p<0.001) between the ipsilateral and the contralateral sides 

(1511.47±31.17 vs. 913.8 ± 104.42, Figure 3.4F). Therefore, activation of astrocytes, and thus 

astrogliosis/astrocytosis, becomes more pronounced as velocity and depth of depression is 

increased. 

Lastly, we quantified the number of oligodendrocytes around the lesion site compared to 

the contralateral side utilizing staining for Olig2, which labels both mature oligodendrocytes and 

oligodendrocyte precursor cells. There was no significant difference in Olig2 positive cells 

around the lesion site compared to the contralateral side in the 2m/s; 6mm group (29.64% ± 

6.54% vs. 26.1% ± 1.80%, Figure 3.4I), the 4m/s; 6mm group (22.86% ± 3.31% vs. 34.39% ± 

2.31%, Figure 3.4I), the 4m/s; 12mm group (29.14% ± 3.98% vs. 35.16% ± 4.49%, Figure 

3.4G-I), or the 4m/s; 15mm group (26.17% ± 2.38% vs. 33.15% ± 6.51%, Figure 3.4G). Thus, 

oligodendrocyte numbers did not vary in response to changes in injury severity compared to the 

contralateral hemisphere. 
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Motor deficits become more pronounced with increasing impact velocity and depth of depression 

To measure potential deficits in motor function, gait analysis was performed first before 

TBI to serve as a baseline and then 1, 3, and 7 days post-TBI. Changes in swing time, stance 

time, stride velocity, 2-limb support, and 3-limb support were assessed as a function of 

increasing impact velocity and depth of depression using Kinovea gait analysis software (Figure 

3.5A). Stance time, represented as the percentage of time spent in the stance phase compared to 

the swing phase for one full stride cycle, was used to assess whether a shift occurred in the 

amount of time spent in stance phase compared to swing phase after TBI. For both the 2m/s; 

6mm and 4m/s; 6mm groups, animals spent approximately half their stride in stance phase pre-

TBI (47.6% ± 1.7% and 47.18% ± 0.63%, Figure 3.5B). Stance time remained unchanged at all 

time-points after TBI, indicating consistent stance:swing ratio throughout the study. However, 

the 4m/s; 12mm group demonstrated a significant (p<0.001) increase in percent stance time and 

spent almost 20% more time in stance phase 1 day post-TBI as compared to pre-TBI (62.07% ± 

2.93% vs. 43.04% ±1.1%, Figure 3.5B).  A significant (p<0.01) increase in percent stance time 

persisted through both 3 and 7 days post-TBI (61.62% ± 1.58% and 56.07% ± 3.22%, Figure 

3.5B). Further, the 4m/s; 15mm group also displayed significant (p<0.0001) increases in percent 

stance time and spent almost 18% more time in stance phase 1 day post-TBI as compared to pre-

TBI (62.765% ± 0.40% vs. 45.25% ± 0.65%, Figure 3.5B). Animals maintained a significantly 

(p<0.001) increased percent stance time at both 3 and 7 days post-TBI (58.59% ±2.10% and 

59.36% ±1.70%, Figure 3.5B). Taken together, this data suggests that increasing both velocity 

and depth of depression to 12 or 15mm results in a shift in the stance:swing ratio such that 

animals spend more time in stance phase during one stride cycle. 
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 Stride velocity, or the time to complete one stride cycle, was used as a measure to detect 

changes in rate of movement after TBI. Stride velocity remained largely unaffected through all 

post-TBI time points for both the 2m/s; 6mm and 4m/s; 6mm groups compared to pre-TBI 

assessment (1.76m/s ± 0.11m/s and 1.58m/s ± 0.04m/s, Figure 3.5C). However, stride velocity 

was significantly (p<0.001) slower for the 4m/s;12mm group 1 day post-TBI as compared to pre-

TBI (0.68m/s ±0.14m/s vs. 1.77m/s ±0.10m/s), and remained slower both 3 and 7 days post-TBI 

(1.05m/s ±0.36m/s, 1.02m/s ±0.24m/s), although day 3 and 7 results did not reach significance 

(Figure 3.5C). However, stride velocity was significantly (p<0.001) slower for the 4m/s;15mm 

group 1, 3 and 7 days post-TBI (0.69m/s ±0.05m/s, 0.95m/s ±0.12m/s, and 0.87m/s ±0.01m/s, 

respectively) as compared to pre-TBI (1.64m/s ± 0.02m/s, Figure 3.5C). These results indicate 

that stride velocity was reduced as a result of increasing TBI severity. 

2-limb support, or the time spent on two limbs during a stride cycle, was assessed to 

determine if pigs shift to 3-limb support which would suggest a decrease in balance and a need 

for additional support post-TBI.  Percent of time spent in 2-limb support remained relatively 

unchanged for both the 2m/s; 6mm and 4m/s; 6mm groups after TBI for all time points as 

compared to pre-TBI (100% ± 0.11%, 100% ± 0.30%, Figure 3.5D). For the 4m/s; 12mm group, 

percent time spent in 2-limb support decreased 1 and 3 days post-TBI as compared to pre-TBI 

(73.79% ± 9.79% and 68.65% ± 9.79% vs. 100% ± 9.79%, respectively), although these results 

did not reach significance. However, percent 2-limb support significantly (p<0.05) decreased by 

almost 46% 7 days post-TBI as compared to pre-TBI (54.04% ± 9.79% vs. 100% ± 9.79%, 

Figure 3.5D). The 4m/s; 15mm group’s percent time spent in 2-limb support significantly 

(p<0.001) decreased by almost 34% 1 day post-TBI as compared to pre-TBI (66.39% ± 5.82% 

vs. 100% ± 5.82%, Figure 3.5D). Interestingly, time spent in 2-limb support continued to 
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decrease over time, as opposed to stance time and stride velocity where small increments of 

improvement were noted at 3 and 7 days post-TBI. Percent 2-limb support significantly 

decreased by almost 38% 3 days post-TBI and by almost 54% 7 days post-TBI compared to pre-

TBI (61.86 ± 5.82% and 46.51 ± 5.82% vs. 100% ± 5.82% respectively, p<0.05, Figure 3.5D). 

Taken together, this data suggests that uninjured animals and injured animals with a more mild 

TBI typically relied on only 2-limb support, but that increasing velocity and depth of depression 

resulted in a shift from 2-limb-only support to a combination of 2-and 3-limb support.   

 

Discussion 

In this study, we characterize a scaled piglet TBI model generated using an open skull 

CCI approach in which the histopathological and functional response to injury increases as a 

function of cortical impact speed and depth of depression. Increasing the velocity and depth of 

depression of impact contributed to significant increases in lesion volume 1 week post-TBI. 

Affected regions demonstrated macro- and microcellular changes in the brain, such as mild 

damage, mostly in the cortex at the tips of gyri, characterized by neuronal necrosis and mild 

astrocytosis/astrogliosis in more mildly affected groups to large tracts of necrosis, 

neuroparenchymal loss, and often hemorrhage extending from the meningeal surface to the 

ventricle with degeneration in the surrounding white matter and intense astrocytosis/astrogliosis 

in the more severely affected groups. Most importantly, functional changes were observed that 

corresponded with TBI severity. Gait biomechanic analysis revealed progressive motor function 

deficits in stance time, stride velocity, and limb support as CCI parameters increased. These 

changes are consistent with human TBI outcomes. These results suggest that this piglet TBI 

model may be an ideal model for use in future studies aimed at further elucidating the 
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complexities of TBI pathophysiology, time course, and functional responses, and may have 

greater predictive power of the efficacy of potential therapeutics.   

We chose to utilize a CCI to generate a TBI as this approach has proven to be reliable and 

repeatable in both rodent and pig models [43]. The surgical approach is relatively quick and 

takes less than 1 hour from initial skin incision to final closure. This procedure resulted in no 

deaths, even in our most severe group despite all pigs exhibiting significant neurological 

impairments. We developed our CCI device after the design of Manley et al. using a gas driven 

pneumatic piston to allow for the precise control of the impact parameters, thus giving us the 

ability to manipulate injury severity [40]. It has been well established that manipulation of 

velocity, depth of depression, and dwell time either individually or in combination can affect 

injury severity.  

We took several factors in to account when selecting each combination of impact 

parameters that would best produce features of human TBI.  First, a dwell time of 400ms was 

selected for all groups, similar to previous reports [39, 40, 44, 45]. Duhaime et al. developed a 

piglet TBI model at three different maturational stages at 5 days, 1 month, and 4 months of age 

[39]. Depth of depression for 5-day, 1-month, and 4-month old animals varied from 5mm, 6mm, 

and 7mm, respectively, and velocity was held constant at 1.7m/s for all maturation stages [39]. 

Similarly, in this study, we used 1 month old piglets and selected a velocity of 2m/s and a depth 

of depression of 6mm as our initial CCI parameters to achieve a small focal contusion. 

Interestingly, despite a slightly faster velocity and a larger impactor tip diameter, we observed a 

smaller lesion than Duhaime et al. However, this may be attributed to their slightly different CCI 

approach in which injury does not occur as a result of the force of the impactor tip striking the 

brain, but instead from displacement of the tip resting on the cortical surface. Similar to Duhaime 
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et al., the 2m/s; 6mm group exhibited no gait abnormalities in our study. We next increased 

velocity to 4m/s similar to the velocity of a CCI model reported by Jin et al. [46]. Again, no 

motor deficits were observed in the 4m/s; 6mm group; however, we did observe a significant 

focal contusion with many histopathological hallmarks of TBI.  Next, we held velocity constant 

at 4m/s but increased depth of depression to 12mm and 15mm similar to Manley et al. who 

developed a scaled CCI model in adult pigs (38-42kg) by fixing velocity at 3.5m/s and varied 

depth of depression from 9mm, 10mm, 11mm, or 12mm [40]. In addition, Meissner et al. 

measured neuromonitoring parameters and histological changes in an adult pig CCI model 

produced with a 2.5m/s velocity and a 9mm depth of depression and Maytar et al. assessed 

autoregulatory responses in a piglet CCI model with a 3m/s velocity a 6mm and 10mm depth of 

depression which they classified as moderate and severe, respectively [47, 48]. These previous 

studies influenced our decision to manipulate depth of depression to a much higher value in 

order to achieve histopathological and functional deficits with increased severity. Manley et al. 

did not report any functional deficits, however if they were present they cite lack of functional 

neurological outcome measures as an explanation [40].  As such, we present the first piglet CCI 

study to report and quantify functional motor deficits. 

 Given that there is no common scoring system that has been adopted to assess injury 

severity for any experimental animal species, like the Glasgow Coma Scale used in human TBI 

patients, we hesitate to classify our injury outcomes as either mild, moderate, or severe [13].  

However, in this study we have achieved a range of injuries in which histopathological and 

functional changes correlate with severity, such that comparatively among groups outcomes 

range from mild to severe, similar to scaled studies in rodents [19, 22, 49]. 
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In the present study, we assessed changes in lesion size in order to determine the extent 

of tissue damage as a result of increasing TBI severity. Human MRI studies have found that 

lesion volume is a critical predictor of outcome after TBI and that lesion volume directly 

correlates with long-term functional outcomes using multiple clinical scales [50, 51]. In addition, 

lesion size, characterized by the number of affected brain regions, correlates with the extent of 

motor deficits and affects the time of recovery [7]. We found a direct relationship between TBI 

severity and lesion size such that for each increase in CCI parameters, lesion volume was 

increased. It can also be noted that in this study, similar to humans, we observed a clear 

correlation between lesion size and motor deficits. The 4m/s; 12mm and 4m/s; 15mm groups 

with the largest lesion volumes exhibited the greatest impairments in gait.  Previous studies have 

outlined a similar approach in pigs where serial sections were used to assess lesion volume [39, 

52]. Previous reports of lesion analysis using histology and MRI and found that although not 

exact, histological assessment of lesion volume was comparable to MRI volumetric analysis [42, 

53]. Future studies will benefit from MRI analyses to assess more specific changes within the 

lesion site such as cytotoxic or vasogenic edema, swelling, white matter disruption, and reduced 

cerebral blood flow after brain trauma. 

In this report we provide both a qualitative and quantitative assessment of histological 

changes across groups.  H&E stained brain slices were reviewed by a board certified veterinary 

pathologist and assessed for specific pathological hallmarks of TBI commonly observed in 

humans [54]. Histological assessment revealed increasing damage with increasing velocity and 

depth of impact. Low velocity and depth of depression resulted in a small superficial cortical 

focus of subtle damage characterized by neuronal necrosis and reactive gliosis. As velocity 

increased cortical damage and gliosis became more widespread, although still relatively 
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superficial, with associated hemorrhage, necrosis, and vascular reaction, as well as underlying 

white matter changes.  As the depth of depression increased, associated lesions became large 

tracts of necrosis, tissue loss, and hemorrhage extending deep into the cerebrum often down to 

the ventricle. These larger lesions were surrounded by a more intense gliosis and vascular 

reaction, and more severe white matter degeneration. Similarly, scaled CCI in adult pigs has 

been shown to result in increased presence of vascular congestion and decreased loss of normal 

cytoarchitecture that corresponded with depth of depression [40]. In addition, TBI in the 

immature pig has revealed similar pathological features such as the presence of necrosis, 

hemorrhage, neuronal loss, and reactive gliosis at the site of injury [39, 52, 55].  

Histological changes have been quantitatively evaluated using a numerical scoring 

system that ranks the severity of specific pathological features of TBI [44, 45]. However, a 

limited number of studies provide a direct quantification of changes of the relative number of 

specific cells types in the brain after CCI in pigs. Costine et al. evaluated the relative number of 

migrating DCX+ neuroblasts in the white matter after scaled cortical impact in piglets at 

different maturational stages, and Taylor et al., in a follow-up study, measured the distribution of 

DCX+, BrdU+ and DCX+/BrdU+ neuroblasts in the white matter from the subventricular zone 

to the site of injury. However, quantification of changes in neurons, astrocytes, and 

oligodendrocytes, three major cell types of the brain, after TBI in a pig brain is lacking. 

Therefore, in the current study, immunohistological staining was performed with the well-

established markers NeuN, GFAP, and Olig2 to assess of the relative number of neurons, 

astrocytes, and oligodendrocytes, respectively, in the perilesional area 1 week post-TBI.  

NeuN is a DNA-binding, neuron-specific protein expressed in post-mitotic neurons [56]. 

NeuN staining of human TBI-affected brain tissue has been shown to decrease at or near the site 
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of injury as a result of neuronal cell death  [57]. In addition, rodent TBI studies reveal similar 

loss of neurons in response to injury and have been found to be sensitive to injury severity [19, 

58, 59]. In our piglet TBI model, based on NeuN staining, the percent of mature neurons was 

significantly reduced for all groups except for the most mild, 2m/s; 6mm group, suggesting that 

neurons are sensitive to increasing TBI severity in this model.   

GFAP, a cytoskeletal astrocytic marker, is well documented to measure astrocyte 

proliferation (astrocytosis) and hypertrophy (astrogliosis) after TBI [60, 61]. Reactive astrocytes 

grow in size, proliferate, and migrate to the site of injury where they release neurotrophic factors, 

promoting tissue repair [62]. However, astrocytosis and astrogliosis can also contribute to glial 

scar formation which can be detrimental to axonal regrowth and, ultimately, can contribute to 

neurodegeneration and the development of functional deficits [63]. GFAP expression is typically 

most highly upregulated at the site of the lesion and becomes less prominent in the perilesioned 

area in humans [57, 64]. Scaled injury in rodent models has shown that GFAP expression 

corresponds with injury severity [20]. Globally, we observed substantial astrocytosis and 

astrogliosis at and near the site of the lesion for the 4m/s; 6mm, 4m/s; 12mm, and 4m/s; 15mm 

groups and, in accordance, noted a significant upregulation of GFAP expression for these groups.  

Lastly, Olig2, a basic helix loop helix (bHLH) transcription factor, is expressed in a 

number of different cell types including oligodendrocyte precursor cells and mature 

oligodendrocytes [65]. Oligodendrocytes are responsible for the myelination of axons. TBI in 

humans results in the death of mature oligodendrocytes followed by increases in oligodendrocyte 

precursor cells [66]. These dynamic changes may influence white matter function following TBI. 

Rodent TBI studies report similar changes in oligodendrocyte numbers in response to injury [67, 

68].  Interestingly, the present study did not observe either increases or decreases in 
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oligodendrocytes in response to injury; however, there has been limited research on 

oligodendrocyte activity in the highly myelinated pig brain after TBI. Future studies may benefit 

from looking at changes in myelin basic protein (MBP) to assess direct changes in white matter 

composition as a result of TBI.  

Children who sustain a TBI may develop impairments in motor proficiency. Several 

studies have evaluated motor deficits after TBI in children using quantitative gait analysis and 

found that children may exhibit deficits in spatiotemporal gait parameters [7, 18, 69]. Our group 

has previously developed a highly sensitive approach to assess changes in spatiotemporal gait 

parameters in a middle cerebral artery occlusion (MCAO) ischemic stroke pig model using high 

speed video cameras [70]. We present for the first time gait analysis performed in a piglet CCI 

model to assess impairments in motor function.  We measured the response of stance percent, 

stride velocity, and limb support as a function of TBI severity. 4m/s; 12mm and 4m/s; 15mm 

groups exhibited significant deficits in stance percent at all time-points post-TBI, similar to TBI-

affected children [71]. Increased overall stance percent may be explained by two reasons. First, 

the amount of time the pig spends in swing time may be reduced in an effort to hasten ground 

contact to begin the stance phase during which the pig is better able to stabilize its weight 

distribution. Second, limb weakness on the affected right side may limit the amount of 

propulsive forces needed to initiate and maintain the swing phase, resulting in a reduction of the 

time the hoof spends off the ground.  Reduced stride velocity is one of the most common motor 

deficits observed as a result of moderate or severe TBI in children [71, 72]. Stride velocity was 

significantly reduced for the 4m/s; 12mm group 1 day post-TBI, and at all time-points for the 

4m/s; 15mm group. Similar to human studies, pigs were given the option to move at a self-

selected pace. We observed that normal piglets natural gait of choice is a run, during which 2 
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limbs support the entire stride cycle. However, post-TBI pigs that sustained a more severe TBI 

exhibited a preference to travel at either a slow run or even walk during which 3 limbs support a 

portion of the stride cycle. Therefore, we sought to measure the shift from 2-limb support to 3-

limb support as a result of TBI. We found that there was a significant shift in 2-limb support to 

3-limb support for the 4m/s; 12mm group 7 days post-TBI, and at all time-points for the 4m/s; 

15mm group. This data suggests that the pigs altered both their speed of travel and their gait 

support as a result of TBI.  Similar results were observed in rodent TBI studies that evaluated 

changes in gait [73, 74]. These findings indicate injury severity influences functional outcomes 

and that, similar to children, more moderately to severely affected animals develop motor 

deficits.  

 

Conclusion 

In this study, we developed and characterized a piglet CCI traumatic brain injury model. 

The piglet has several key similarities to children in both neuroanatomy and brain development 

making it more translational than traditional rodent models. Manipulating CCI parameters 

resulted in a reproducible, scalable injury with increasing lesion volume. The lesion site 

increased from a small superficial focus of neuronal necrosis and gliosis in the mildest impact to 

a large deep tract of necrosis and tissue loss with marked astrogliosis/astrocytosis and more 

extensive white matter changes in the more severe impacts. TBI produced motor impairments in 

gait that correlated with injury severity. This piglet TBI model is ideal to study the short and 

long-term responses of TBI in a more human-like model and to study the potential of novel 

diagnostics and therapeutics to translate successfully to human patients.  
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Figure 3.1. Lesion Volume is Correlated to Increased Impact Velocity and Depth of 

Depression. Piglet brains were coronally sectioned and imaged for lesion size measurement. 

Brains that received a CCI of 2m/s; 6mm exhibited little to no visible lesion (A) while measurable 

lesions were seen in the 4m/s; 6mm, 4m/s; 12mm, and 4m/s; 15mm groups (outlined by dotted 

line, B-D, respectively). Lesion size of each brain was quantified and average lesion volume of 

each group showed that piglets receiving 4m/s; 6mm, 4m/s; 12mm, and 4m/s; 15mm impact 

velocity; depth of depression exhibited significant brain lesion 1 week post-TBI that was scaled in 

severity (E). * indicates significant difference compared to contralateral side at p<0.05. 
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Figure 3.2. Histopathology Reveals Correlative Increase in Lesion Size in Response to Scaled 

Injury. Hematoxylin and eosin staining of piglets impacted at 2m/s; 6mm (A), 4m/s; 6mm (B), 

4m/s; 12mm (C), and 4m/s; 15mm (D). For 2m/s; 6mm, impact lesion is subtle and corresponds 

to focus of increased GFAP staining in Figure 3A at arrow. Note area of decreased cellularity in 

the cortex under the slightly fibrotic leptomeninges (F) and roughly between the *s.  Decreased 

cellularity is due to shrunken eosinophilic necrotic neurons (see inset). Inset: Higher magnification 

showing necrotic neurons (arrows mark some but not all) in area of decreased cellularity (A). For 

4m/s; 6mm, impact lesion is more extensive spanning multiple gyri but still relatively superficial. 

Note the expansion and severe cellularity due to gliosis of the cortex (C) of two gyri. There are 

also to tracts (T) of tissue loss that contain small numbers of gitter cells. Hemorrhage (H) is present 

in the leptomeninges in the sulcus between the gyri (B). For 4m/s; 12 mm, impact lesion is severe 

and extends deep into the cerebrum almost through the ependymal lining the lateral ventricle (E). 

The large tract (delineated by double headed arrow) is filled with necrotic debris and hemorrhage 

(H). The surrounding neuroparenchyma is highly cellular due to gliosis (G) (C).  For 4m/s; 15mm, 

impact lesion is severe and extends deep into the cerebrum disrupting the ependymal and into the 

ventricle (V). The large tract (delineated by thicker double headed arrow) is filled with necrotic 

debris and hemorrhage (H) surrounded by a thick layer of infiltration gitter cells (*s with thinner 

double headed arrows denoting thickness). Inset: Higher magnification showing infiltrating gitter 

cells at *s (D). Scale bars: A, 1mm; B-D, 2mm. Insets taken at 400x. 
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Figure 3.3. TBI Severity Corresponds to Increased Astrocytosis and Astrogliosis. Staining of 

GFAP+ reactive astrocytes in coronal sections of piglets impacted at 2m/s; 6mm (A), 4m/s; 6mm 

(B), 4m/s; 12mm (C), and 4m/s; 15mm (D). For 2m/s; 6mm, the cerebral cortex at the tip of one 

dorsolateral gyrus has a small focal area of mildly increased staining for GFAP at the lesion site, 

(arrow, A). For 4m/s; 6mm, the cerebral cortex at the tips of several dorsolateral gyri (marginal, 

suprasylvian, sylvian) has more extensive and moderately intense staining for GFAP at the lesion 

site (between arrows, B). For 4m/s; 12 mm, there is a large non-stained area of neuroparenchymal 

damage (D) at the lesion site that is surrounded by marked intense staining for GFAP of both 

cortical and white matter of the surrounding gyri, including the cingulate gyrus (C). For 4m/s; 

15mm, there is an extensive area of neuroparenchymal damage and loss (D and L, respectively) at 

the lesion site with markedly intense staining for GFAP in the surrounding cortical and white 

matter (D). Scale bar is 10mm. 
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Figure 3.4. TBI Severity Corresponds to Loss of NeuN+ Neurons and Upregulation of 

GFAP+ Astrocytes. Representative images of NeuN expression in 4m/s;12mm uninjured (A) and 

injured (B) hemispheres. NeuN expression was significantly reduced in the ipsilateral hemisphere 

compared to the contralateral hemisphere in the 4m/s; 6mm, 4m/s; 12mm, and 4m/s; 15mm groups 

7 days post-TBI (C). Representative image of GFAP expression in 4m/s;12mm uninjured (D) 

injured (E) hemispheres. GFAP expression was significantly increased in the ipsilateral 

hemisphere compared to the contralateral hemisphere in the 4m/s; 6mm, 4m/s; 12mm, and 4m/s; 

15mm groups 7 days post-TBI (F). Representative image of Olig2 expression in 4m/s; 12mm 

uninjured (G) and injured (H) hemispheres. Olig2 expression was unchanged in the ipsilateral 

hemisphere compared to the contralateral hemisphere in the for all groups 7 days post-TBI (I).  

* indicates significant difference compared to contralateral side at p<0.05. 
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Figure 3.5. Piglets that Received a TBI with a Depth of Depression of 12mm or 15mm 

Demonstrate Significant Motor Deficits that Persisted 7 days Post-TBI. Gait videos were 

analyzed in Kinovea software frame by frame for changes in stance time, swing time, stride 

velocity, 2-limb support, and 3-limb support (A). Piglets that received a TBI with a 4m/s impact 

velocity and either 12mm or 15mm depth of depression demonstrate a significant increase in stance 

time at 1, 3, and 7 days post-TBI (B). Piglets that received a TBI with a 12mm depth of depression 

showed a significant decrease in stride velocity 1 day post-TBI, and piglets that received a TBI 

with a 15mm depth of depression showed a significant decrease in stride velocity 1, 3, and 7 days 

post-TBI (C). Piglets that received a TBI with a 12mm depth of depression demonstrated a 

significant decrease in 2-limb support at 7 days post-TBI, while piglets that received a TBI with a 

15mm TBI demonstrated a significant decrease in 2-limb support at 1, 3, and 7 days post-TBI (D). 

No significant changes in motor function were observed for any gait parameters in piglets that 

received a TBI with a depth of depression of 6mm at either 2m/s or 4m/s velocity.  % stance time 

is represented as the percent of time spent in stance phase of the stride compared to the swing 

phase of the stride, and % 2-limb support is represented as the percent of time spent in 2-limb 

support compared to 3-limb support during a full stride cycle. * indicates significant difference 

compared to pre-TBI at p<0.05.  
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CHAPTER 4 

LONGITUDINAL MAGNETIC RESONANCE IMAGING AND HISTOLOGICAL 

ASSESSMENT OF TRAUMATIC BRAIN INJURY PATHOLOGY IN A PIGLET MODEL1 
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Abstract 

Approximately 1.7 million people sustain a traumatic brain injury (TBI) in the United 

States each year. Despite the socioeconomic burden and hundreds of clinical trials, there remains 

to be no treatment to restore neurological function after TBI. Experts have repeatedly 

emphasized that the lack of translatability of preclinical models to human patients remains to be 

a major challenge facing TBI therapeutic development. Compared to the widely-used rodent 

model, pigs may be an ideal large animal model of TBI as they share key neuroanatomical 

similarities with humans. The objective of this study was to longitudinally assess TBI 

pathophysiology using multiparametric magnetic resonance imaging (MRI) and histological 

approaches in a piglet model. TBI was produced by controlled cortical impact (CCI) in Landrace 

piglets. MRI was performed 24 hours and 12 weeks post-TBI, and a subset of animals were 

sacrificed 24 hours, 1 week, 4 weeks, and 12 weeks post-TBI for histological analysis. TBI 

resulted in temporal changes in lesion size, white matter integrity, cerebral blood flow, and 

metabolism measured through T2-weighted imaging, diffusion weighted imaging (DWI), 

diffusion tensor imaging (DTI), arterial spin labeling (ASL), and proton magnetic resonance 

spectroscopy (1H MRS), respectively, which correlated with histological evidence of neuronal 

loss, astrogliosis, microglia activation, and oligodendrocyte pathology. Taken together, this study 

illustrates the distinct time course of TBI pathoanatomic features at the cellular and tissue level 

up to 12 weeks post-TBI in a translational piglet TBI model, which can be used to study TBI 

injury and recovery mechanisms for application to the clinical setting. 
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Introduction 

 In the United States, of the approximately 1.7 million people who sustain a traumatic 

brain injury (TBI) each year, almost one third occur among children aged 0 to 14 [1].  The initial 

TBI insult causes immediate physical damage to neurons, glial cells, white matter tracts, and the 

blood brain barrier (BBB) [2].  A complex secondary injury sequela rapidly ensues post-primary 

injury characterized by the release of pro-inflammatory cytokines, chemokines, and free-radicals 

leading to vasogenic and cytotoxic edema, and ultimately, additional cell death and tissue 

necrosis [3]. Despite a vast number of promising neuroprotective therapies developed in rodent 

TBI models, there are currently no Food and Drug Administration (FDA)-approved treatments 

for TBI [4]. The heterogeneous and complex nature of TBI coupled with the use of small animal 

models may be a major contributor of the current translational gap from pre-clinical to clinical 

outcomes [5]. Improved characterization of TBI sequela in a more translational large animal 

model may yield promising insight in potential therapeutic targets and may provide a platform 

with which to test the efficacy of potential therapeutics.  

  Juvenile pigs may be an ideal large animal model of TBI as they share key similarities to 

human adolescents. Piglets exhibit a similar pattern of brain development and growth [6-8]. As a 

result, piglets have been used as a model to study neurodevelopmental outcomes influenced by 

pediatric nutrition as well as models of cognition and brain disorders [9-11]. Furthermore, the 

piglet brain follows a similar pattern of neurogenesis and migration of neuroblasts from the 

subventricular zone as human infants [12, 13], a similar time course of brain myelination [14], 

and possesses a comparable innate immunity [15]. These critical developmental parallels make 

piglets the ideal model to study the effects of TBI on neurodevelopment and the potential of 

novel therapeutic interventions [16].  
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Magnetic resonance imaging (MRI) has emerged as a powerful clinical and preclinical 

tool with high sensitivity and specificity for detection of complex pathoanatomic and 

pathophysiologic changes [17]. The use of noninvasive MRI modalities is highly advantageous 

as it allows for longitudinal assessment of TBI progression [17]. MRI is capable of providing 

highly detailed information about the spatiotemporal progression of structural changes resulting 

from TBI, such as lesion size, tissue volumetrics, and midline shift [18-20]. A major hallmark of 

focal TBI in the acute and sub-acute stages is the accumulation of cerebral edema.  MRI is 

sensitive to microstructural changes and can thus identify predominate vasogenic or cytotoxic 

edema, which may indicate BBB compromise or ischemia, respectively  [21, 22]. Cerebral 

edema accumulation can induce a series of secondary injury cascades, including decreased 

cerebral blood flow and neuronal dysfunction. MRI can create quantitative blood flow maps to 

track changes in cerebral blood flow [23], and localized in vivo proton magnetic resonance 

spectroscopy (1H MRS) provides highly specific information regarding dynamic changes in cell 

metabolism by measuring small fluctuations in neurometabolite concentrations, including N-

acetylaspartate (NAA), choline (Cho), creatine (Cr), myo-inositol (Ins), glutamate-glutamine 

(Glx), and lactate (Lac) after TBI [24, 25]. Furthermore, TBI primary or secondary injury 

mechanisms can contribute to widespread white matter damage. MRI provides an excellent 

measure of axonal damage and reflects changes in white matter integrity over time [26]. 

Experimental animal models of TBI have demonstrated the utility of correlating changes in MR 

signal and histological outcome [27-29].  However, there are few MRI studies with 

complementary histological changes that track the time course of TBI pathophysiology in a 

piglet TBI model [30]. Therefore, the combined use of multiparametric MRI and 

histopathological assessment in a piglet TBI model to study key TBI pathoanatomic and 
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pathophysiologic changes may lead to improved clinical translatability and may augment the 

predictive potential of novel therapeutic interventions.  

 The purpose of this study was to longitudinally assess the pathophysiology of TBI using a 

multiparametric quantitative MRI and histology approach in a piglet TBI model.  Here we show 

evidence of spatio-temporal changes in lesion size, diffusion, white matter integrity, cerebral 

blood flow, and metabolism after TBI using T2-weighted, DWI, DTI, ASL, and 1H MRS 

imaging, respectively.  Complementary histological results show evidence of neuronal loss, 

increases in astrogliosis and microglia activity, and transient changes in oligodendrocytes.  These 

results demonstrate the utility of measuring TBI sequelae in a more human-like piglet TBI model 

as a means to identify potential treatment targets and to test the efficacy of therapeutic 

interventions.    

 

Materials and Methods 

All work in this study was performed in accordance with the University of Georgia 

Institutional Animal Care and Use Committee guidelines. 

 

Animals 

Eighteen commercially bred, castrated male pigs were born at the Large Animal Research 

Unit at the University of Georgia. Piglets were weaned at 3 weeks of age, group housed, and fed 

a nutritionally complete starter diet ad libitum. After 4 weeks, pigs were fed a nutritionally 

complete grower diet ad libitum.  All animals underwent surgical procedures between 4-5 weeks 

of age.  Room temperature was maintained at 26°C with a 12h light/dark cycle and an overhead 
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heat lamp provided supplemental heat until 4 weeks of age. Feed was restricted the night prior to 

surgery but all animals had free access to water at all times. 

 

Surgical Preparation and Controlled Cortical Impact 

Piglets were anesthetized with 5% vaporized isoflurane mixed with oxygen with a 

surgical mask and maintained between 2.5-3% isoflurane through all surgical procedures. 

Temperature, heart rate, and respiration rate were monitored every 5-10 minutes for the duration 

of surgery. The surgical site was prepared in a routine manner using Betadine and 70% ethanol 

and covered with a sterile drape. A left-sided incision approximately 4cm in length was made at 

the top of the cranium to expose the underlying skull. A craniectomy was performed using an air 

drill (Brassler, USA) at the left anterior junction of the coronal and sagittal sutures, 

approximately 20mm in diameter, to expose the underlying dura. 

The piglet was secured in a controlled cortical impactor (CCI) device (University of 

Georgia Instrument Design and Fabrication Shop; Athens, GA), previously described [31]. A 

15mm impactor tip was positioned over the intact dura and a TBI was induced with the following 

parameters: 4m/s velocity, 9mm depth of depression, 400ms dwell time. After injury, the 

surgical site was flushed with sterile saline and the skin was re-apposed with surgical suture. 

Banamine (2.2mg/kg) and Butorphanol (0.2mg/kg) were administered for analgesia and 

Oxytetracycline (19.8mg/kg) was administered as an antibiotic for 5 days. Anesthesia was 

discontinued and piglets were allowed to breath oxygen until recovered. Once ambulatory, 

piglets were placed back in their home pens and monitored daily for health or signs of abnormal 

neurological behaviors.  
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For this study, we aimed to assess the time-course of cellular and tissue changes after 

TBI. Therefore, piglets were separated into 4 groups based on sacrifice date: 1 day (n=4), 1 week 

(n=4), 4 weeks (n=4), and 12 weeks (n=6) post-TBI.  

 

Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) was performed 24 hours and 12 weeks post-TBI on a 

Siemens TIM Trio 3.0 Tesla whole-body MR scanner using a 12-channel phased array head coil. 

Under the same anesthesia protocol used for CCI, MRI of the cranium was performed with the 

animal positioned in dorsal recumbency. Standard multiplanar MR brain imaging series at the 

coronal, horizontal, and sagittal planes were acquired including T2-weighted, T2-weighted fluid 

attenuated inversion recovery (FLAIR), diffusion-weighted imaging (DWI), diffusion tensor 

imaging (DTI), arterial spin labeling (ASL), and magnetic resonance spectroscopy (1H MRS).  

T2-weighted images were analyzed using OsiriX software (Pixmeo, Bernex, 

Switzerland). For volumetric analysis, T2-weighted images were utilized to measure the area of 

the lesion, ipsilateral (injured) hemisphere, and contralateral (uninjured) hemisphere at the levels 

containing abnormal tissue. Area and slice thickness were combined to obtain total lesion and 

hemisphere volumes. T2-weighted images were also used to measure midline shift. Midline shift 

was defined as the maximal horizontal displacement of the septum pellucidum in relation to the 

midline [32, 33]. The distance from the septum pellucidum to the outer border of the cortex was 

measured for each hemisphere, and midline shift was calculated using the formula “midline shift 

= (total diameter/2) – contralateral diameter.”  

 Apparent diffusion coefficient (ADC) maps were obtained for each slice from the DW 

images. Mean ADC values were calculated with NIH ImageJ software at the lesion site by 
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manually outlining the region of interest (ROI) based on corresponding T2-weighted images for 

each slice with apparent lesion. Corresponding ROIs were drawn in a symmetrical site in the 

contralateral hemisphere to serve as an internal control. Mean ADC was obtained by calculating 

the average signal intensity across all slices. All ADC values are reported as 10-3 mm2/s. 

 Fractional anisotropy (FA) maps and color-coded FA maps were generated from DT 

images. ROIs were drawn at the internal capsule and corpus callosum on one representative slice 

per animal using NIH ImageJ software at the ipsilateral and contralateral side of the injury. FA 

values are expressed as percent decrease of signal intensity compared to the contralateral side for 

each animal. 

 For ASL, two dimensional images were obtained from each brain slice, and cerebral 

blood flow (CBF) was calculated with NIH ImageJ software at the lesion site by manually 

outlining an ROI based on T2-weighted images. Corresponding ROIs were drawn in a 

symmetrical site in the contralateral hemisphere to serve as an internal control. All values were 

expressed as a percentage decrease of signal intensity compared to the contralateral hemisphere 

for each animal. 

For 1H MRS, a point-resolved spectroscopy (PRESS) sequence was used to acquire 

single-voxel spectra in the ipsilateral and contralateral hemispheres with the following 

parameters (repetition time (TR)=1800 ms; echo time (TE)=136 ms; averages=160; complex 

data points = 1024; bandwidth=1200 Hz; voxel size= 12x12x12 mm3). 1H MRS data were 

processed with LCModel (version 6.3-1L) [34]. Spectra were analyzed from 4 to 0.2 ppm, and 

metabolite concentrations were determined in the frequency domain with an 18 metabolite 

gamma-simulated basis set. Due to variations in total creatine concentration between 

hemispheres and over time, metabolite concentrations were compared qualitatively within scan 
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session to control for inter-scan session variations. A number of limitations including small 

cerebral volume, increased lipid layer near the skull, and substantial hemorrhage at the lesion site 

prevented quantitative comparisons between ipsilateral and contralateral hemispheres and 

between time points. However, a case study was performed using a single animal at 24 hours 

post-TBI to demonstrate that changes in neurometabolites can be measured in a piglet TBI model 

using 1H MRS.  

 

Histology 

Pigs were euthanized 24 hours, 1 week, 4 weeks, and 12 weeks post-TBI. After 

euthanasia, the brains were removed, coronally sectioned, and fixed in 10% buffered formalin for 

immunohistochemical analysis. After fixation, a section of the ipsilateral hemisphere from each 

animal at the level of the lesion site was routinely processed, embedded in paraffin, and stained 

with antibodies specific to NeuN (Millipore, 1:500), GFAP (Biogenex, 1:4000), Olig2 (Genetex, 

1:400), and Iba1 (Wako, 1:8000). Heat induced antigen retrieval was performed for all antibodies 

using citrate buffer at pH6 (DAKO). Detection was performed utilizing biotinylated antibodies 

and a streptavidin label (4plus Streptavidin HRP, Biocare) followed by an HRP label and DAB 

chromagen (DAKO). All sections were lightly counterstained with hematoxylin. Four healthy 

animals of a similar age that received no CCI surgery were processed as described above to serve 

as a baseline for quantification of cellular changes compared to normal control animals. 

Microscopic inspection and imaging was performed on a light microscope utilizing SPOT 

Imaging v5.2 software (Sterling Heights, MI). For quantification, an ROI in the perilesional area 

was drawn including the dorsal and dorsolateral gyri (cingulate, marginal, suprasylvian and 

sylvian and/or ectosylvian), and five fields were imaged per animal. For NeuN and Olig2, 
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positive and negative cells were manually counted using the cell counter plugin on ImageJ 2.0 

and the percentage of NeuN+ and Olig2+ cells was determined [35]. For GFAP and Iba1, the 

total area of immunoreactivity corresponding to increased optical density was determined by 

ImageJ 2.0 software. All histological data was expressed as a percentage of normal control 

animals. 

 

Statistics 

Quantitative data was analyzed by two-way analysis of variance (ANOVA) and post-hoc 

Tukey’s Pair-Wise comparisons to determine statistical significance between groups using SAS 

version 9.4 (Cary, NC). Groups where p-values were ≤ 0.05 were considered to be significantly 

different. 

 

Results 

CCI results in cerebral lesioning, significant parenchymal swelling followed by atrophy 

First, we assessed cerebral lesioning and changes in hemisphere volume at 24 hours and 

12 weeks post-TBI. At 24 hours post-TBI, distinct parenchymal lesioning comprised of both 

hyper- and hypointense regions was present on T2-weighted images (Figure 4.1A). At 12 weeks 

post-TBI, the lesion site was hyperintense on T2-weighted images, and the ipsilateral hemisphere 

had undergone parenchymal tissue atrophy resulting in an enlarged and distorted lateral ventricle 

(Figure 4.1B). There was no significant change in lesion size between 24 hours post-TBI and 12 

weeks post-TBI (3.44 ± 0.52 cm3 and 1.95 ± 0.44 cm3, respectively) (Figure 4.1C). Since the 

pigs increase approximately 7-fold in size over the course of the study, the percentage of the total 

volume of tissue that contained lesion was calculated to account for changes in brain size. The 
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percentage of tissue volume comprised of lesion was significantly (p<0.05) decreased 12 weeks 

post-TBI compared to 24 hours post-TBI (9.40% ± 2.21% vs. 18.58% ± 1.83%, respectively) 

(Figure 4.1D). In addition, we assessed the volumetric ratio of the ipsilateral hemisphere (left 

hemisphere, LH) and the contralateral hemisphere (right hemisphere, RH) where a normal brain 

with equal volume between hemispheres would exhibit a LH:RH ratio of 1.0. At 24 hours post-

TBI, the LH:RH ratio was significantly (p<0.001) increased compared to normal which indicates 

substantial parenchymal swelling in the ipsilateral hemisphere. At 12 weeks post-TBI, the 

LH:RH ratio was significantly (p<0.0001) decreased compared to normal indicating that the 

ipsilateral hemisphere has undergone parenchymal atrophy. Furthermore, there was a significant 

(p<0.0001) decrease in LH:RH ratio at 12 weeks post-TBI compared to 24 hours post-TBI (0.90 

± 0.01 vs. 1.17 ± 0.03, respectively) (Figure 4.1E). Together, this data illustrates a correlative 

decrease in both lesion size and ipsilateral hemisphere volume by 12 weeks post-TBI.  

 

CCI results in cerebral midline shift indicative of brain swelling and atrophy  

In human patients, the magnitude of midline shift is correlated with poor outcome after 

TBI [36]. The degree of midline shift was calculated at the level of the septum pellucidum at 24 

hours and 12 weeks post-TBI. At 24 hours post-TBI, the midline was shifted 1.22 ± 0.68 mm 

toward the contralateral hemisphere which is indicative of parenchymal tissue swelling in the 

ipsilateral hemisphere (Figure 4.2A, C). Conversely, midline was significantly (p<0.0001) 

shifted 2.98 ± 0.29 mm toward the ipsilateral hemisphere at 12 weeks post-TBI (Figure 4.2B, 

C). Furthermore, there was a significant (p<0.0001) change in midline shift between 24 hours 

and 12 weeks post-TBI (1.22 ± 0.68mm and -2.98 ± 0.29 mm, respectively) (Figure 4.2C). 

Taken together, this data demonstrates that changes in midline shift supports the observed 
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hemisphere volumetric changes and further corroborates parenchymal swelling at 24 hours post-

TBI followed by substantial tissue atrophy by 12 weeks post-TBI. 

 

TBI leads to vasogenic and cytotoxic edema at the lesion site and disruption of white matter 

integrity  

  ADC maps were generated from diffusion weighted (DW) images to measure diffusivity 

changes at the lesion site and to distinguish between vasogenic and cytotoxic edema 

accumulation. A representative T2-weighted image demonstrates the presence of a focal lesion 

(Figure 4.3A) and a corresponding ADC map shows heterogeneous contrast of hyperintense 

vasogenic edema and hypointense cytotoxic edema accumulation at the lesion site (Figure 4.3B) 

at 24 hours post-TBI. Despite the heterogeneous nature of TBI, mean ADC at the lesion site was 

significantly (p< 0.001) increased 24 hours post-TBI compared to the contralateral side (0.968 ± 

.179 vs. 0.862 ± 0.113, respectively) (Figure 4.3I).  At 12 weeks post-TBI a representative T2-

weighted image shows a substantial reduction in lesion size (Figure 4.3C). However, a 

corresponding ADC map shows a focal region with a significant (p< 0.0001) increase in ADC 

hyperintensity compared to the contralateral side as well as compared to the ADC of the 

ipsilateral side 24 hours post-TBI (1.563 ± .613 vs. 0.951.38 ± 0.008 and 0.862 ± 0.113, 

respectively) (Figure 4.3D, I), likely as a result of gliosis or cyst formation [27, 37]. These 

results indicate that both vasogenic and cytotoxic edema occur together in traumatized tissue, but 

mean ADC reflects that vasogenic edema is most prominent 24 hours post-TBI. However, late 

ADC increases at 12 weeks post-TBI can be attributed to gliosis and/or cystic formation as a 

result of tissue necrosis.  
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  Diffusion tensor imaging (DTI) was performed to assess changes in white matter 

integrity after TBI. Representative fractional anisotropy (FA) maps demonstrate disruption of 

white matter tracts 24 hours (Figure 4.3E) and 12 weeks post-TBI (Figure 4.3G). 

Representative color-coded FA maps show directional changes of white matter fibers 24 hours 

(Figure 4.3F) and 12 weeks post-TBI (Figure 4.3H). FA values at the ipsilateral internal capsule 

were significantly (p < 0.01) decreased compared to the contralateral side at 24 hours and 12 

weeks post-TBI (-15.19 ± 3.48% and -15.74 ± 0.881%, respectively) (Figure 4.3J). Similarly, 

FA values at the ipsilateral corpus callosum were significantly (p< 0.05) decreased compared to 

the contralateral side at 24 hours and 12 weeks post-TBI (-10.51 ± 2.12% and -11.056 ± 4.149%, 

respectively; Figure 4.3J).  These results suggest that TBI can lead to rapid loss of white matter 

integrity in the internal capsule and corpus callosum at 24 hours post-TBI that is sustained for up 

12 weeks post-TBI.   

 

Cerebral blood flow is decreased at the lesion site post-CCI  

Arterial spin labeling (ASL) was performed to assess whether CCI affected cerebral 

blood flow (CBF) at the lesion site. CBF was calculated at both the lesion site and a comparable 

area on the contralateral hemisphere. CBF at the lesion site was expressed as a percent change 

compared to CBF on the contralateral hemisphere with changes closer to 0% being more similar 

to normal tissue. There was a significant (p<0.005) decrease in CBF at both 24 hours and 12 

weeks post-TBI at the lesion site compared to the contralateral hemisphere (-54.17% ± 7.12% 

and -30.73% ± 6.38%, respectively) (Figure 4.4A-C). However, there was a significant (p<0.05) 

recovery in CBF by 12 weeks post-TBI compared to 24 hours post-TBI (-30.73% ± 6.38% vs. -

54.17% ± 7.12%; Figure 4.4C). This data indicates that although deficits in CBF are sustained 
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through 12 weeks post-TBI compared to normal tissue, initial impairments in CBF at 24 hours 

post-TBI are improved by 12 weeks. 

 

TBI leads to changes in neurometabolite concentration 24 hours post-TBI 

 Magnetic resonance spectroscopy (1H MRS) has the ability to identify changes in brain 

metabolites enabling characterization of injury and recovery. However, it has yet to be attempted 

in a pig neural injury model. As this is a novel assessment tool in pigs, we attempted a 1H MRS 

case study in a single pig at 24 hours post-TBI. Sample 1H MRS spectra were acquired from 

ipsilateral and contralateral voxels in a single subject. Changes in the healthy neuron marker 

NAA, the cellularity marker Cho, the energy marker Cr, the glial cell marker Ins, the amino acid 

marker Glx and the inflammatory marker Lac were assessed 24 hours post-TBI.  Relative 

concentrations of NAA, Cho, Cr, Ins, and Glx were within a normal range in the contralateral 

hemisphere 24 hours post-TBI (Figure 4.5A).  However, decreases in NAA, Cho, Cr, Ins, and 

Glx as well as an increase in Lac were observed in the ipsilateral hemisphere (Figure 4.5B). 

These results suggest that in a single animal, 1H MRS can detect a number of neurometabolic 

changes that accompany TBI after 24 hours.   

 

Histological analysis reveals neuronal loss, gliosis, and neuroinflammation correlative to 

observed tissue-level deficits 

Parenchymal tissues underwent histological assessment to characterize cellular changes 

in the perilesional cortex after TBI including neuronal loss, astrogliosis, oligodendrocyte 

loss/proliferation, and microglial activation. To this end, we quantified NeuN+ neurons, GFAP+ 

astrocytes, Olig2+ oligodendrocytes, and Iba1+ microglia at 24 hours, 1 week, 4 weeks, and 12 
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weeks post-TBI and data was expressed as a percentage compared to normal where values closer 

to 100% being more similar to normal control animals. There was no difference in the number of 

neurons in the perilesional cortex 24 hours post-TBI compared to normal control animals. 

However, there was a significant (p<0.01) decrease in neurons at 1 week post-TBI compared to 

24 hours post-TBI (72.49% ± 4.08% vs. 95.47% ± 2.47%, respectively) and normal control 

animals. Significant (p<0.005) neuronal loss was sustained through 4 weeks and 12 weeks post-

TBI (64.26% ± 8.42% and 62.31% ± 0.48%, respectively) (Figure 4.6A-D). Conversely, we 

found a significant (p<0.0005) increase in astrocytes from 24 hours to 12 weeks post-TBI 

compared to normal control animals. Furthermore, there was a significant (p<0.005) increase in 

astrocyte reactivity at 1 week post-TBI compared to 24 hours post-TBI (204.87% ± 0.58% vs. 

123.79% ± 3.68%, respectively), 4 weeks post-TBI compared to 1 week post-TBI (255.09% ± 

9.79% vs. 204.87% ± 0.58%, respectively), and 12 weeks post-TBI compared to 4 weeks post-

TBI (966.75% ± 7.98% vs. 255.09% ± 9.79%, respectively; Figure 4.6E-H). This demonstrates 

progressive increases in astrogliosis beginning 24 hours post-TBI through 12 weeks post-TBI. 

There was no difference in oligodendrocyte number at 24 hours post-TBI compared to normal 

control animals. However, there was a significant (p<0.05) decline in the number of 

oligodendrocytes at 1 week and 4 weeks post-TBI compared to normal control animals (67.62% 

± 11.32% and 66.51% ± 9.13%, respectively). In contrast, there was a significant (p<0.005) 

increase in the number of oligodendrocytes in the perilesional cortex at 12 weeks post-TBI 

compared to both 4 weeks post-TBI (112.89% ± 1.94% vs. 66.51% ± 9.13%, respectively) and 

normal control animals, which indicates that oligodendrocyte proliferation occurs between 4 

weeks and 12 weeks post-TBI (Figure 4.6I-L). Initially there was a significant (p<0.05) decline 

in the number of microglia in the perilesional cortex 24 hours post-TBI compared to normal 



 

111 

control animals. However, there was a significant (p<0.05) increase in microglia number at 1 

week and 4 weeks post-TBI compared to normal control animals (130.74% ± 13.11% and 

153.64% ± 13.98%, respectively). Furthermore, there was a significant (p<0.0001) increase in 

microglia abundance at 12 weeks post-TBI compared to both 4 weeks post-TBI (861.46% ± 

15.45% vs. 153.64 ± 13.98%, respectively) and normal control animals, demonstrating sustained 

microglia activation beginning 1 week post-TBI through 12 weeks post-TBI (Figure 4.6M-P). 

 

Discussion 

Despite the prevalence of TBI and numerous clinical trials, there are few therapeutic 

options available to combat the tissue loss that leads to devastating functional deficits [4]. This 

may be due in part to the lack of translational animal models to optimize treatment strategies for 

clinical application. Here we combine translational multiparametric MRI and 1H MRS 

approaches with histology to characterize TBI pathology in a piglet model. At 24 hours post-

TBI, substantial parenchymal swelling due to both vasogenic and cytotoxic edema accumulation 

lead to increased ipsilateral hemisphere volume and midline shift with evidence of disturbed 

CBF and brain metabolism. Despite the edema heterogeneity present at 24 hours post-TBI, 

increased mean ADC suggests that vasogenic edema is more prominent over cytotoxic edema in 

our model. At 12 weeks post-TBI, we observed parenchymal atrophy correlating with a 

directional change in midline shift, increased mean ADC likely due to cystic formation and/or 

gliosis, and improved albeit abnormal CBF compared to baseline. Furthermore, TBI lead to a 

sustained disruption in white matter integrity. These tissue-level deficits measured through MRI 

correlated to progressive neuronal loss, neuroinflammation, gliosis, and oligodendrocyte 

pathology. Taken together, the injury indicators outlined here could be applied to the clinical 
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setting as a baseline for treatment efficacy indicators in the future, augmenting the translational 

capacity of current preclinical models as well as the probability of a successful clinical trial. 

Human clinical studies have consistently demonstrated that midline shift is a strong 

indicator of abnormal intracranial pressure, and shift magnitude is associated with poor patient 

outcomes [36, 38]. T2-weighted images revealed parenchymal swelling that shifted the cerebral 

midline approximately 1.2 mm at 24 hours post-TBI which, when the difference in brain size is 

considered, equates to approximately a 4.5 mm shift in the human brain. In both the Marshall 

and Rotterdam CT classifications, a midline shift of 5 mm is considered the major turning point 

of increased mortality rate after TBI [39]. However, clinical studies of TBI have concluded that 

there is no distinct cut-off value for the degree of midline shift in relation to clinical outcome, 

and the authors recommended that midline shift should rather be viewed as a continuous variable 

for outcome prediction [32, 40]. Jacobs et al. found that patients with favorable outcomes had an 

average midline shift of 4.9 mm, which correlates with our study in which pigs demonstrated 0% 

mortality and 100% favorable outcome long term [32]. 

We demonstrate that TBI in our piglet model leads to early disruptions in white matter 

integrity that is sustained for 12 weeks post-TBI. White matter integrity was quantified through 

fractional anisotropy (FA) which measures the degree of anisotropic diffusion, or the 

directionality of water molecules in specific regions of the cerebrum [41, 42]. Areas with a high 

anisotropic diffusion like the corpus callosum or internal capsule are characterized by high FA 

values and appear bright on FA maps whereas areas with low anisotropic diffusion like the CSF 

or gray matter are characterized by low FA values and are dark on FA maps [43]. White matter is 

comprised of myelinated and unmyelinated axon bundles which foster communication between 

neurons in different gray matter compartments, and white matter disruption has been shown to 
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lead to motor dysfunction and cognitive impairment [44]. Preclinical animal models have 

documented white matter disruption after TBI through DTI and/or histological measures; 

however, the majority of these studies are carried out in the rodent which only has about 14% of 

the relative white matter volume of humans thus may not be directly translatable to white matter 

injury in the human [28, 29, 44-48]. Clinical studies have documented decreased FA in the 

corpus callosum in the chronic stages after TBI with focal lesions having a lower FA than non-

focal lesions, which correlates with our finding that FA impairment is sustained between 24 

hours and 12 weeks post-TBI [26, 49, 50]. Although deficits in white matter integrity were 

documented 12 weeks post-TBI, histological analysis revealed an increase in oligodendrocyte 

number at this time point. Oligodendrocytes are the myelinating cells of the CNS and after initial 

oxidative stress-induced apoptosis, their progenitors have been shown to proliferate in response 

to neural injury [51-53]. Similarly, we demonstrate reduced oligodendrocyte numbers 1 and 4 

weeks post-TBI followed by oligodendrocyte proliferation 12 weeks post-TBI, which indicates 

that oligodendrocyte lineage precursors may be facilitating endogenous repair processes to 

remyelinate damaged axons and restore white matter integrity. 

ADC is a measure of the overall magnitude of the apparent water diffusion, thus areas 

with a high rate of diffusion will appear hyperintense and have a high ADC value and areas with 

restricted diffusion will appear hypointense and have a low ADC value [43]. As a consequence, 

the assessment of ADC changes in a cerebral lesion can be used as a marker of tissue damage 

and can help delineate between the formation of vasogenic and cytotoxic edema accumulation, 

respectively [22]. In the acute phase of TBI, it is widely accepted that both cytotoxic and 

vasogenic edema accumulate in the damaged territory, often leading to signal heterogeneity on 

ADC maps [21, 22, 28, 54]. We found increased mean ADC 24 hours post-TBI, indicating that 
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vasogenic edema is prominent over cytotoxic edema in our model, with progressive increases in 

ADC by 12 weeks post-TBI. Similar to our finding, other preclinical models of focal injury 

documented an increase in mean ADC by 24 hours post-TBI indicative of BBB breach and thus 

vasogenic edema [27, 28, 47, 55, 56]. However, there is discrepancy in the longitudinal pattern 

with some studies reporting a progressive increase in ADC and others finding ADC values 

returning to baseline within a few days. A clinical study by Marmarou et al. documented 

increased mean ADC in patients presenting with focal TBI containing a contusion core and 

surrounding hyperdensity comparable to our injury model [57]. In contrast, other studies found 

only transient increases in ADC with decreased values by 24 hours post-TBI indicative of 

prominent cytotoxic edema, which eventually return to baseline levels [20, 22, 24]. Progressive 

increases in ADC between 24 hours and 12 weeks post-TBI, as documented here, can be initially 

attributed to vasogenic edema followed by neuron collapse, dissolved lesioned tissue, and/or 

gliosis [27, 56]. Indeed, we found a 7-fold increase in astrogliosis between 24 hours and 12 

weeks post-TBI and significant tissue atrophy, which is consistent with these previous 

observations. Similarly, Mac Donald et al. documented sustained increases in GFAP+ astrocytes 

post-TBI which correlated to increased mean ADC one month post-TBI [47]. Taken together, 

changes in ADC after TBI over time seems to be highly variable depending on TBI type and 

severity. 

Successful acquisition of MR spectra demonstrated that it is feasible to monitor cellular 

TBI changes utilizing 1H MRS in our porcine model. However, without an accurate internal 

standard combined with varying total creatine concentrations, relative concentration changes 

were the most reliable from our 1H MRS data. Given the additional challenges of 1H MRS 

acquisition in the porcine model of TBI including smaller cerebral volume and subsequently 
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lower metabolite concentrations relative to humans, increased lipid layer near the skull, and 

respiration during scanning, further studies are needed to optimize 1H MRS in this model. The 

preliminary results from this case study involving one animal revealed that neurometabolism was 

impaired 24 hours post-TBI with deficits in the abundance of NAA, Cho, Cr, Ins, and Glx along 

with increased Lac which correlates to the observed cerebral lesioning on T2-weighted images. 

Similar to our findings, previous studies have documented decreased NAA abundance within 24 

hours post-TBI which has been attributed to impaired NAA synthesis in neuronal mitochondria 

[24, 25, 58, 59]. However, there was a temporal discrepancy between decreased abundance of 

the neuronal marker NAA at 24 hours post-TBI and a loss of NeuN+ neurons at 1 week post-

TBI. Therefore, our findings correlate with others in that deficits in NAA does not directly 

correlate to neuronal death but rather metabolically endangered neurons, providing a potential 

indicator of at-risk tissue that could benefit from therapeutics that enhance mitochondria function 

[24, 25, 58, 59]. 

We demonstrated that TBI resulted in decreased CBF utilizing ASL, which is a contrast-

free MRI method that employs magnetically labeled blood water as a flow tracer to quantify 

CBF on a voxel-by-voxel basis [60].  CBF did not return to normal levels in our study likely due 

to substantial tissue necrosis, we found that CBF was significantly recovered 12 weeks post-TBI 

compared to 24 hours post-TBI. To our knowledge, this is the first study to longitudinally 

monitor CBF utilizing ASL in a large animal TBI model with substantial white matter structures, 

which have been shown to possess different microvasculature anatomy compared to gray matter 

[61]. Although further optimization of ASL collection in a porcine model is needed, these results 

demonstrate that ASL could be a valuable tool in assessing CBF recovery longitudinally after 

therapeutic intervention in a translational large animal model. 
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Conclusion 

In conclusion, we correlate longitudinal multiparametric MRI and 1H MRS approaches 

with distinct histological changes to characterize long-term TBI pathology in a translational large 

animal model. TBI pathology illustrated a distinct time course with TBI-induced tissue and 

cellular level deficits up to 12 weeks after injury. These findings can be used as a platform to 

further study critical TBI injury mechanisms, deficits and recovery for application to the clinical 

setting. 
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Figure 4.1. CCI results in significant brain lesioning characterized by parenchymal 

swelling followed by atrophy. Representative T2-weighted images collected 24 hours (A) and 

12 weeks (B) post-TBI displaying distinct brain lesion (arrows). Lesion size was quantified both 

24 hours and 12 weeks post-TBI, and there was no difference in lesion size between the two time 

points (C). The percentage of measured tissue that was comprised of lesion was decreased 12 

weeks post-TBI compared to 24 hours post-TBI (D). The volume of the left hemisphere (LH) 

and right hemisphere (RH) was calculated and expressed as a LH:RH ratio, which indicated 

parenchymal swelling 24 hours post-TBI followed by atrophy at 12 weeks post-TBI. Data are 

expressed as mean ± s.e.m. # indicates significance between time points (p<0.05). * indicates 

significance from a normal ratio of 1.0 (p<0.05).
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Figure 4.2.  Directional change in midline shift supports observed brain atrophy at the 

lesion site. Representative T2-weighed images collected 24 hours (A) and 12 weeks (B) post-

TBI displaying distinct midline shift by quantifying the width of the left hemisphere (red line) 

and right hemisphere (blue line) at the level of the septum pellucidum (yellow line). Midline was 

shifted away from the ipsilateral hemisphere 24 hours post-TBI while midline was shifted toward 

the ipsilateral hemisphere 12 weeks post-TBI (C). Data are expressed as mean ± s.e.m. # 

indicates significance between time points (p<0.05). * indicates significance from a normal 

midline (0.0) (p<0.05). 
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Figure 4.3. CCI leads to the accumulation of edema and disruption of white matter tracts. 

Representative T2-weighted images and corresponding ADC maps collected at 24 hours (A, B) 

and 12 weeks (C, D) post-TBI. The ADC maps show heterogeneous contrast indicative of 

cytotoxic and vasogenic edema, but overall significant increases in mean ADC values were 

observed at 24 hours and 12 weeks post-TBI at the site of the lesion compared to the 

contralateral side and between time points (I).  Representative FA maps and corresponding 

colored coded FA maps collected at 24 hours (E, F) and 12 weeks (G, H) post-TBI. A significant 

reduction in FA values were observed in the internal capsule and corpus callosum 24 hours and 

12 weeks post-TBI indicative of white matter disruption (J).  Data are expressed as mean ± 

s.e.m. # indicates significance between time points (p<0.0001). * indicates significance from the 

contralateral side (p<0.05). 
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Figure 4.4. CCI results in impaired cerebral blood flow. Representative ASL images taken 24 

hours post-TBI illustrating hypointensity at the lesion site indicative of restricted blood flow (A, 

color coded in B). A significant decrease in cerebral blood flow was observed both 24 hours and 

12 weeks post-TBI while a significant improvement was documented at 12 weeks post-TBI 

compared to 24 hours post-TBI (C). Data are expressed as mean ± s.e.m. # indicates significance 

between time points. * indicates significance from the contralateral side. 
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Figure 4.5. MRS can be utilized to track changes in brain metabolites after controlled 

cortical impact in a piglet model. Sample MR spectra acquired from contralateral (A) and 

ipsilateral (B) voxels in a single subject at 24 hours post-TBI. Compared to the contralateral side, 

the ipsilateral side demonstrates decreased Ins, NAA, Cho, Cr, and Glx as well as increased Lac 

at 24 hours post-TBI (B).  
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Figure 4.6. CCI results in longitudinal changes in neurons, astrocytes, oligodendrocytes, 

and microglia in the perilesional area. Representative image of NeuN+ neurons in the 

perilesional area in normal control animals (A), 24 hours post-TBI (B), and 12 weeks post-TBI 

(C). The percentage of NeuN+ neurons relative to normal control animals at 24 hours, 1, 4, and 

12 weeks-post-TBI (D). Representative image of GFAP+ astrocytes in the perilesional area in 

normal control animals (E), 24 hours post-TBI (F), and 12 weeks post-TBI (G). The percentage 

of GFAP+ area relative to normal control animals at 24 hours, 1, 4, and 12 weeks-post-TBI (H). 

Representative image of Olig2+ oligodendrocytes in the perilesional area in normal control 

animals (I), 24 hours post-TBI (J), and 12 weeks post-TBI (K). The percentage of Olig2+ 

oligodendrocytes relative to normal control animals at 24 hours, 1 week, 4 weeks, and 12 weeks 

post-TBI (L). Representative image Iba1+ microglia in the perilesional area in normal control 

animals (M), 24 hours post-TBI (N), and 12 weeks post-TBI (O). The percentage of Iba1+ area 

relative to normal control animals (P). Data are expressed as mean ± s.e.m. # indicates 

significance between time points (p<0.05). * indicates significance from normal control animals 

(p<0.05). 
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CHAPTER 5 

A COMPREHENSIVE ASSESSMENT OF LEARNING, MEMORY, AND BEHAVIOR IN A 

PIGLET MODEL1 
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Abstract 

  The use of the piglet in neurobehavioral research has become of increased interest due to 

similarities in brain structure and development to toddler-aged children. However, further 

assessment of existing behavioral tests and development of new behavioral tests for pigs is 

needed. The present study evaluated the ability of four week old piglets to perform open field, 

object recognition, 3 chamber social recognition, and spatial T-maze tests to assess different 

aspects of cognition. In open field testing, piglets were placed in an open arena and monitored 

for motor, exploratory, and anxiety behaviors. Piglets initially exhibited significantly more 

exploratory behaviors and anxiety behaviors but over time explored fewer zones and became less 

ambulatory. For the object recognition test, piglets were exposed to two similar objects in a 

sample trial and then exposed to one familiar and one novel object in a test trial. Piglets explored 

the novel object significantly more than the familiar object in the test trial. In a novel 3 chamber 

social recognition test, piglets were exposed to an unfamiliar pig and a novel object in a 

sociability trial and then exposed to a familiar pig and a novel pig in a social memory trial. 

Piglets spent significantly more time with the unfamiliar pig in the sociability trial than the novel 

object and spent significantly less time with the familiar pig in the social memory trial compared 

to the previous sociability trial. Finally, for the spatial-T maze test, piglets learned to locate a 

food reward at a constant place in space by using extra-visual cues, despite starting the task at 

alternating locations. Piglets were significantly faster at making a reward arm choice by Day 4 

and reached a performance criterion of at least 80% correct reward arm choices by Day 4. Taken 

together, these tests provide an ideal platform with which to continue behavioral testing in future 

studies using a more translational piglet model.  
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Introduction 

 Pigs possess a number of cognitive, anatomical, and physiological characteristics that 

make them a desirable translational animal model for use in neurobehavioral research [1-3]. In 

recent years, several important studies have revealed the cognitive capacity of pigs and their 

likeness to human cognition. Pigs are capable of performing different types of behavioral tests 

that range from operant conditioning and discrimination learning tasks to complex maze and 

recognition tests that assess different memory processes [4-10]. For example, pigs, similar to 

humans, appear to possess the ability to form both non-declarative and declarative memories 

[11]. Episodic memory, a type of declarative memory, involves the ability to recall an 

experience, details like objects and faces, as well as the temporal and spatial context in which the 

experience occurred [12, 13]. Only a limited number of behavior tests have been developed to 

assess episodic-like memory in pigs [7, 14]. In addition, pigs are inherently inquisitive of their 

environment, form strong social connections with other pigs, and, as foragers, are easily 

motivated to seek food rewards [11]. Pig brains are more similar to human brains in size, 

structure, and composition as compared to rodent brains [1-3]. Further, the piglet brain has been 

found to be comparable to human pediatric brains and generally mirrors a similar pattern of 

development in regards to myelination, neurogenesis, and electrical activity [11, 15-19].The 

maturation level and brain weight of 1 month old piglets are proportionally similar to that of the 

human toddler stage of 1-4 years [2, 20].  The anatomical and physiological similarity of pigs to 

humans in conjunction with their cognitive capacity has led to the development of an array of 

behavior tests that can be applied to multiple facets of translational research [1, 11]. 

 Pig neurobehavioral research is an emerging field, particularly in piglet models, while 

rodent neurobehavioral research is extensive and thus well validated and standardized [21-26].  
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Most behavior tests developed for pigs have been adapted from rodent models. Behavior tests 

span multiple facets of cognition and chiefly serve to assess different modalities of learning, 

memory, and behavior [27-29]. Given that toddler-aged children are at a critical stage of brain 

development during which they are just beginning to consolidate skills and knowledge, it is 

important to utilize piglet models of comparable age for learning and memory studies as their 

memory processes may be more similar to that of children [17, 30]. Several behavior tests have 

been successfully adapted for use in pigs such as foraging tests, maze tests, social cognition tests, 

and object recognition tests, but their application remains low, especially in piglet models [11]. 

The improvement and expansion of these tests is a logical next step to better understand how the 

pig brain mirrors the human brain in responding to cognitive factors such as lifestyle (chronic 

life stress, malnutrition), neural disorders (schizophrenia), neural diseases (Parkinson’s disease, 

Alzheimer’s disease), or after neural injury (traumatic brain injury, stroke), and, further, to assess 

the effectiveness of novel therapies at the functional level [31-38].  

Given the number of similarities between pigs and humans, recent years have seen a 

heightened interest in developing and utilizing behavior tests that are able to assess very specific 

aspects of cognition as a means to measure functional changes in a more translatable model. 

Abnormal behaviors, impairments in episodic memory formation, social cognition, and spatial 

memory formation are common after neural injury or disease, and humans serve to benefit from 

the continued study of these aspects of cognition in animal models [39-43].  The open field test, 

for example, is a simple assessment of the motor, sensory, and exploratory behaviors of pigs in a 

controlled environment and provides a platform with which to measure and compare normal 

behaviors to abnormal behaviors [37, 44]. The novel object recognition test assesses the 

formation of spontaneous object memories, or memories formed without training [14]. The 3 
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chamber social recognition test is a measure of social cognition, particularly sociability, or the 

affinity to seek a social stimulus, and social memory, or the ability to distinguish an individual as 

novel or familiar [45]. The spatial T-maze test assesses learning, working and reference memory, 

and, given the plus shape of the maze, extends this test to include a measure of spatial memory 

[46]. In an effort to expand the current knowledge of porcine cognitive abilities, our group 

performed a comprehensive assessment of learning, memory, and behavior using these four 

behavioral tests- open field, novel object recognition, 3 chamber social recognition, and spatial 

T-maze- in a normal piglet model. 

In this report, we demonstrated that normal piglets displayed typical pig exploratory 

behaviors in an open field test, were able to distinguish a novel object from a familiar object in 

an object recognition test, were able to distinguish a familiar pig from a novel pig in a 3 chamber 

social recognition test, and were able to acquire a spatial T-maze test to seek a food reward. 

These results strengthen the utility of the piglet model for neurobehavioral assessment. To our 

knowledge, this is the first time the 3 chamber social recognition test has been adapted from 

rodent models and performed in a piglet model. In addition, these results represent the first time 

these four tests have been performed together in a piglet model, and demonstrate their promising 

utility to assess neurobehavioral outcomes in a multitude of different translational piglet models.   

 

Materials and Methods 

All work performed in this study was done in accordance with the University of Georgia 

Institutional Animal Care and Use Committee guidelines. 
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Animals, Housing, and Feeding 

Two commercially bred pregnant Landrace-cross sows were housed in commercial 

farrowing crates and farrowed naturally. At weaning, 4 piglets 3 weeks of age from one litter 

were chosen at random and assigned to the test piglet group. These piglets underwent 

habituation, training, and testing for all behavioral tests described below. In addition, 4 piglets 

were chosen at random from the other litter and assigned to the stimulus piglet group. These pigs 

were used as the social stimuli for the 3 chamber social recognition test. Each litter was group 

housed in separate pens and fed a nutritionally complete pelleted starter diet ad libitum. Both 

litters of pigs were kept separate and were restricted from having physical or visual contact with 

one another. Room temperature was maintained at 26°C with a 12h light/dark cycle and an 

overhead heat lamp provided supplemental heat.  

 

Handling and Habituation       

In an effort to reduce anxiety and non-compliance during testing, all piglets were handled 

2-3 times a day with initial handling starting the day after birth. Before weaning, handlers 

removed the entire litter from their mother and took them to a separate pen where they handled 

(touched, picked-up, held, etc.) each litter for 30- 45 minutes. At one week of age, handlers 

introduced the piglets to milk replacer (Sav-a-Calf Grade A Ultra 24 Multispecies Milk Replacer, 

Milk Products LLC). Milk replacer was prepared via package instructions and was offered twice 

a day until the start of behavior testing. Starting at 2 weeks of age, pigs from both the test and the 

stimulus groups were habituated to the open field arena and T-maze arenas once a day for 5 

minutes each for two weeks. Piglets were habituated to the arenas individually in an effort to 

reduce stress, social anxiety and non-compliance during testing.  
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Experimental Design 

Behavior testing took place over 10 days starting at 4 weeks of age (Figure 5.1). Pigs 

underwent T-maze acquisition testing on Days 1-6 followed by T-maze reversal testing on Days 

7-10. On Days 2 and 7 pigs underwent open field and object recognition testing and on Days 3 

and 8 piglets underwent social recognition testing.  

 

Design of Open Field Arena 

The open field arena was used for 3 different behavioral tasks: the open field test, the 

object recognition test, and the 3 chamber social recognition test. The open field arena was 

slightly altered for each of the different behavior tests. The open field arena measured 14’x 16’ 

and was constructed using pig paneling positioned over black rubber mats. White curtains were 

hung around the maze to reduce visual distractions during testing (Figure 5.2A-B). During open 

field testing, the arena was divided into 8 zones that were visible to handlers only. During object 

recognition testing, objects were fixed to opposite corners at pig eye level. For the social 

recognition test, the open field arena was split into three separate chambers using removable 

panels, with two small openings to either of the outer chambers (Figure 5.2C-D). Two 5’ panels 

on opposing sides created a start/exit area in the middle chamber at both the north and south ends 

to avoid starting the piglets at the same location each trial. Both outer chambers contained 

smaller metal enclosures, or social stimulus boxes (4’ x 5’), for the stimulus pigs. This allowed 

the test pigs to be separated from the stimulus pigs while still allowing for visual, auditory, 

olfactory and tactile interactions. Any urination or defecation was wiped down with 70% ethanol 

between each trial as necessary to reduce olfactory bias. The arena was wiped down with 70% 
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ethanol between each pig as well to reduce olfactory cues across pigs. This process was repeated 

for all behavior tests.    

 

Design of Spatial T-maze Arena 

The design of the spatial T-maze arena and testing procedure was adapted from Elmore et 

al. [46]. Briefly, a plus-shaped T-maze was constructed using pig paneling, positioned over black 

rubber mats (Figure 5.2E). North and south arms measured 7’ x 4’ and east and west arms 

measured 8’ x 4’ (Figure 5.2F). Two removable barriers were fitted to both the north and south 

ends of the plus-maze. One end served as a start box and the other remained blocked off during 

testing to create a traditional T-maze shape. The start box alternated between the north and south 

ends during testing according to a pseudorandom pattern, where the same start arm could not be 

used for more than two successive trials during 10 total trials. White curtains were hung around 

the maze in order to reduce visual distractions during testing and additionally, were used to 

attach extra-maze visual cues (4 posters of different design, one in each corner) (Figure 5.2E-F). 

A stationary reward bowl was placed at the far ends of the east and west arms. Both bowls 

contained a milk replacer food reward to reduce bias from olfactory cues. One bowl contained a 

perforated but secure cap that prevented the pigs from accessing the reward while the other 

remained open and accessible and could be opened using an inherent rooting motion.  

 

Open Field Test 

For the open field test, piglets were placed in the open field arena for 10 minutes. During 

this time, handlers observed and recorded specific, pre-defined behaviors. Behaviors measured 

included: zones entered/epoch, percent epochs sniffing/exploring, percent epochs escape 
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behaviors, and percent stationary/moving. Zones entered/epoch was determined by counting the 

total number of zones the pigs entered in one minute intervals. Percent epochs sniffing/exploring 

was determined by marking exploratory behaviors such as sniffing the walls or floors, and 

rooting motions as either present/absent in 10 second intervals. Percent epochs escape behaviors 

was measured by marking escape behaviors such as standing up on entrance gates as either 

present/absent in 10 second intervals. Percent stationary was calculated by recording the total 

amount of time the pig spent stationary during the 10 minute testing period. Percent moving was 

calculated by taking the difference from the time spent stationary during the 10 minute testing 

period.  

 

Object Recognition Test 

The object recognition test was comprised of three separate trials: habituation, sample 

trial, and test trial. The 10 minute habituation period for this test was used in conjunction as the 

open field test so as to reduce testing time for each pig.  In the sample trial, two similar objects of 

the same color were attached to opposing sides of the open field arena (the northwest and 

southeast corners). The same set of two similar objects were used for all pigs for the first day of 

object recognition testing (Day 2) and then a different set of two similar objects were used for all 

pigs on the second day of object recognition testing (Day 7). All pigs were given 10 minutes to 

explore the arena and objects. Piglets were then removed from the arena for an inter-phase delay 

of 10 minutes. The similar object in the southeast corner was replaced with a novel object on the 

first day of testing (Day 2) and the similar object in the northwest corner was replaced with a 

novel object on the second day of testing (Day 7). The same novel object was used for all pigs on 

Day 2 of testing and then a different novel object was used for all pigs on Day 7 of testing. Pigs 
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were then placed back into the arena for an additional 10 minutes and allowed to explore the 

arena and objects. Pigs were placed in the arena at alternating north and south start locations for 

each trial. Time spent with each of the objects in both the sample and test trials was recorded. In 

addition, zones entered/epoch were measured by averaging the number of zones the piglets 

entered per 1 minute interval for each trial. Data collected from Day 2 and Day 7 was combined 

together for analysis.   

 

3 Chamber Social Recognition Test 

The 3 chamber social recognition test was comprised of three separate trials: habituation, 

sociability trial, and social memory trial. In the habituation trial, piglets were placed into the 

start/exit chamber at either the north or south start locations. Pigs were given 10 minutes to 

freely explore the arena. For the sociability trial, piglets were briefly removed from the arena 

while an unfamiliar stimulus piglet was placed into a social stimulus enclosure and a novel 

object was attached to the front of the opposing social stimulus enclosure. The pigs were then 

placed back into the arena and allowed to explore the arena, unfamiliar stimulus pig, and novel 

object freely for 10 minutes. For the social memory trial, the pigs were removed from the arena 

for an inter-phase interval of 10 minutes. The novel object was removed and a novel stimulus pig 

was brought into the arena and placed into a social stimulus enclosure. The unfamiliar pig from 

the sociability trial remained in the arena and thus became a familiar pig for the social memory 

trial. The test piglets were then placed back into the arena for an additional 10 minutes and 

allowed to explore the arena, the familiar pig, and the novel pig for 10 minutes. The time spent in 

each chamber for the sociability trial (start/exit chamber, unfamiliar pig chamber, novel object 

chamber) and for the social memory trial (start/exit chamber, familiar pig chamber, novel pig 
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chamber) were recorded. In addition, time spent interacting with the unfamiliar pig and novel 

object in the sociability trial, or familiar pig and novel pig in social memory trial, was recorded. 

The location of the unfamiliar pig and novel object was randomized where the unfamiliar pig and 

the novel object rotated between the east and west locations for each sociability trial. 

Additionally, locations of the novel pig in the social memory trial rotated between east and west 

locations for each social memory trial. The same novel object was used for all pigs on the first 

day of social recognition testing (Day 3) and a different novel object was used for all pigs on the 

second day of social recognition testing (Day 8). All social stimuli were randomized such that 

each pig was an unfamiliar pig, familiar pig, and novel pig throughout all trials to reduce a 

possible novelty affect where one pig could potentially be more memorable than the others. Data 

collected from Day 3 and Day 8 was combined together for analysis.   

 

Spatial T-maze Test 

Piglets began spatial T-maze testing after a nightly 6-h food deprivation to increase 

motivation for the milk replacer food reward. Pigs were placed in the start box in either the north 

or south arm (starting position changed according to a pseudorandom pattern). Piglets started in 

alternating north and south arms to ensure that they did not solve the task using a striatum-

dependent, egocentric mechanism whereby muscle memory plays a role in reward selection, such 

as always turning the body to the left or right. Instead, pigs learned to solve the task using a 

hippocampal-dependent, allocentric mechanism whereby pigs use extra-visual cues to create 

spatial memories.  Recording began once the barrier of the start box was opened. The pigs had 

60 seconds to find the correct arm that contained the food reward. If correct, the pigs were able 

to access the milk replacer food reward. After consuming the reward, the pigs were placed in the 
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start box and the next trial began. For the first two days, if the pigs chose the incorrect arm they 

were corrected and were shown the correct arm. After two days, if the pigs chose the incorrect 

arm, they were returned to the start box for the next trial without any reward. A performance 

criterion of 80% correct was applied, which when reached, indicated that the pig had 

successfully acquired the task. After 6 days of acquisition testing, a reversal phase followed for 4 

days in which the food reward arm was switched, but visual cues remained the same. Pigs 

completed 10 trials/day. Latency to choice for each piglet started once the start barrier was 

removed and stopped once the piglets reached the food reward, whether correct or incorrect. 

Handlers also recorded whether the piglets chose the correct or incorrect reward. If piglets made 

no choice within 60 seconds, the piglet was considered non-compliant for that trial.   

 

Statistical Analysis 

Behavior data was analyzed using a two-way ANOVA (SAS version 9.3; Cary, NC) 

followed by Tukey’s LSD post-hoc test to determine significant differences between groups. 

Statistically significant differences were defined at the 95% confidence index (p<0.05). Data 

shown as means  standard error of the mean.  

 

Results 

Piglets demonstrate high exploratory interest and habituation over time in an open field test 

In the open field test, piglets were placed into an empty arena for 10 minutes. We 

observed that pigs entered an average of 7.98 ± 1.28 zones/one minute epoch on Day 2 and an 

average of 7.15 ± 0.70 zones/one minute epoch on Day 7 (Figure 5.3A) suggesting that piglets 

spent a great deal of time moving around and exploring their environment on both testing days. 
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Although piglets spent significantly (p< 0.05) more time stationary than mobile on both Days 2 

and 7 (57.25 ± 2.79% vs. 65.25 ±2.87%, Figure 5.3B), we often observed that stationary 

behaviors were accompanied with sniffing/rooting behaviors. To that end, we observed that 

piglets spent approximately 74% epochs sniffing/exploring their environment on Day 2 of testing 

which is consistent with reports that suggest that normal piglets are highly inquisitive and 

exploratory (Figure 5.3C). Although we did observe a significant (p<0.05) decrease in 

sniffing/exploring behaviors on Day 7 of testing compared to Day 2 (46.75 ± 5.54% epochs), 

these results suggest that the piglets became habituated to their environment over time. Finally, 

piglets exhibited more escape behaviors on Day 2 compared to Day 7 (7.25 ± 3.77% epochs vs. 

0.75 ± 0.75% epochs, Figure 5.3D). These results show trending (p=.14) differences between 

Day 2 and 7 although not significant. This suggests that piglets initially were highly anxious on 

the first day of testing, likely as a result of being separated from their littermates, but that on the 

second day of testing they were more habituated and comfortable being alone. Overall, these 

results indicate that pigs, when placed in a novel open field environment, display behaviors 

consistent with normal pig behavior such as high exploratory activity which generally decreases 

over time, likely as a result of habituation to the testing arena.  

 

Piglets form spontaneous object memories of a familiar object in an object recognition test 

 The object recognition test assesses a pig’s ability to form spontaneous trial-unique 

memories. These memories are analogous to human episodic memories, or memories that are 

formed spontaneously, without training. For this test, pigs first underwent a 10 minute 

habituation trial. Then pigs underwent a sample trial where they were exposed to two similar 

objects (Object A and Object B), then were removed from the arena for a 10 minute inter-phase 
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interval, and then finally underwent a test trial where they were exposed to one familiar object 

(Object A’) and one novel object (Object C).    

 A comparison of average number of zones entered/epoch across all trials showed that 

pigs entered significantly (p<0.05) fewer zones in the test trial as compared to the habituation 

period (7.56 ± 0.69 zones vs. 4.83 ± 0.59 zones, Figure 5.4A). These results suggest that pigs 

entered fewer zones over time as an indication of habituation to the testing arenas, or that pigs 

were expressing greater exploratory interest towards the novel object, thus reducing their time 

spent moving about the arena. In the sample trial, there was no significant difference between 

exploration times of the two similar objects, Object A and Object B (71.63 ± 10.60s vs. 49.63 ± 

7.11s, Figure 5.4B). In the test trial, pigs explored the novel object, Object C, significantly 

(p<0.05) more than the familiar object, Object A’ (81.13 ± 12.23s vs. 40.25 ± 10.05s, Figure 

5.4C). A comparison between time spent exploring the familiar object in the test trial as 

compared to exploration time of the same object in the sample trial demonstrates that pigs spent 

significantly (p<0.05) less time with familiar object in the test trial than the sample trial (71.63 ± 

10.60s vs. 40.25 ± 10.05s, Figure 5.4D). These results indicate that normal pigs express an 

innate ability to distinguish and seek novelty and can form spontaneous object memories of a 

familiar object that can be recalled over a 10 minute period. 

 

Piglets seek a social stimulus over a novel object and can recognize a familiar piglet in a 3 

chamber social recognition test 

 The 3 chamber social recognition test assesses a piglet’s affinity to seek a social stimulus 

as well as the ability to form a social memory of a familiar piglet and thus seek a novel piglet. 

Piglets first underwent a 10 minute habituation period in an empty arena. Next pigs were 
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exposed to an unfamiliar pig and a novel object in a sociability trial, then removed from the 

arena for a 10 minute inter-phase interval, and then finally exposed to a familiar pig from the 

sociability trial and a new pig in a social memory trial. 

 In the sociability trial, a comparison of total time spent in either the start/exit chamber, 

the unfamiliar pig chamber, or the novel object chamber showed that pigs spent significantly 

(p<0.01) more time in the unfamiliar pig and object chambers than the start/exit chamber (355.38 

± 27.37s and 185.25 ± 25.39s vs. 58.13 ± 22.82s, respectively), and additionally, pigs spent 

significantly (p<0.001) more time in the unfamiliar pig chamber than the object chamber (355.38 

± 27.37s vs. 185.25 ± 25.39s, Figure 5.5A). A measure of direct interaction with either the 

unfamiliar pig or the novel object demonstrated that pigs spent significantly (p<0.01) more time 

with an unfamiliar pig than a novel object (211.13 ± 32.68s vs. 70.38 ± 16.52s, Figure 5.5B). 

Taken together these results suggest that pigs, as social animals, prefer to seek the company of an 

unfamiliar pig rather than interact with a novel object.  

In the social memory trial, a direct comparison of time spent in either the start/exit 

chamber, novel pig chamber, or familiar pig chamber shows that piglets spent significantly 

(p<0.01) more time in the novel pig chamber than the start/exit chamber (286.00 ± 42.49s vs. 

124.88 ± 25.64s, Figure 5.6A). Additionally, test piglets showed a trending increase in the time 

directly interacting with the novel pig rather than the familiar pig (142.63 ± 35.86s vs. 69.25 ± 

21.28s, Figure 5.6B), although this data did not reach significance (p=0.10). A comparison of 

the time spent exploring the familiar pig in the social memory trial as compared to the same pig 

in the sociability trial demonstrates that pigs spent significantly (p<0.01) less time with the 

familiar pig in the social memory trial, which suggests that pigs were able to form a social 

memory of the familiar pig (69.25 ± 21.28 vs. 211.12 ± 32.68, Figure 5.6C). Taken together, the 
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results indicate that piglets tend to seek interaction with a novel piglet over a familiar piglet, can 

form a social memory of a familiar piglet, and once again, prefer to be in closer proximity with a 

novel piglet in the testing arena. 

 

Piglets can form spatial memories to seek a food reward in a plus-shaped spatial T-maze test 

 In a spatial T-maze task, piglets were trained to locate a food reward at a constant place 

in space. To promote the formation of spatial memories using an allocentric mechanism, which is 

hippocampal-based, rather than an egocentric mechanism, which is striatum-based, the start 

location varied from north to south in a pseudorandom order and visual cues were placed around 

the testing arena in fixed locations. Pigs underwent 6 days of acquisition testing followed by 4 

days of reversal testing.  

 During the initial days of testing, one piglet was non-compliant for approximately 5% of 

trials on day 1 of acquisition and another piglet was non-compliant for approximately 7.5% of 

trials on day 3 (0.05± 0.05 and 0.075 ± 0.075, Figure 5.7A), but no significant differences were 

observed. However, once the piglets learned to navigate the maze and obtain the food reward, 

non-compliance ceased completely and piglets were actually eager to navigate the maze to the 

food reward. Latency to choice, or the time it took for pigs to reach a food reward bowl 

regardless of accuracy, improved significantly over time. Latency to choice was significantly 

(p<0.01) faster by Day 4 of acquisition as compared to Day 1 of acquisition, and remained 

significant throughout the duration of testing (7.30 ± 0.61s vs. 13.60 ± 1.20s, Figure 5.7B). 

Latency to choice was not affected by reversal testing as this parameter does not take into 

account accuracy of choice; therefore pigs still understood the objective of the task and 

continued to make quick reward arm decisions despite reversal of the reward.   Finally, pigs 
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reached a performance criterion of at least 80% correct choices by Day 4 of acquisition, and the 

proportion of trials correct was significantly (p<0.0001) greater by Day 4 of acquisition as 

compared to Day 1 and remained significant for the duration of testing (0.80 ± .08 vs. 0.15 ± 

0.05, Figure 5.7C). After reward reversal, proportion correct choices was significantly decreased 

(p<0.01) on Day 1 of reversal compared to Day 6 of acquisition (0.58 ± 0.06 vs. 0.90 ± .04), 

although piglets did continue to make significantly (p<0.001) more correct choices after Day 1 of 

reversal as compared to Day 1 of acquisition (0.58 ± 0.06 vs. 0.15 ± 0.05, Figure 5.7C). 

However, they made significantly (p<0.001) more correct choices by Day 4 of reversal as 

compared to Day 1 of reversal (0.95 ± 0.03 vs. 0.58 ± 0.06, Figure 5.7C) suggesting they were 

capable of forming new spatial memories. Overall, these results indicate that pigs can learn to 

navigate a spatial T-maze arena and can form and use spatial memories to locate a food reward at 

a constant place in space, despite alternating the starting location of the test.   

 

Discussion 

In this study we present for the first time a comprehensive, quantitative assessment of 

learning, memory, and behavior using four separate behavior tests performed by a single group 

of piglets. Piglets demonstrated several key exploratory and anxiety behaviors in an open field 

test and showed the ability to form object, social, and spatial memories in an object recognition 

test, social recognition test, and spatial T-maze test, respectively. While piglets have been tested 

in the open field test, spatial T-maze test, and object recognition test by other groups, further 

validation of these tests are needed [37, 46, 47].  However, we present for the first time 

individual assessment of piglet sociability behaviors and social memory in a 3 chamber social 

recognition test. This test has been used extensively in rodent models and, due to their social 
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nature, was easily adapted for use in pigs [45]. Comprehensive assessments of cognition in 

porcine models, and particularly in piglet models, are limited. Margulies et al. performed a 

comprehensive assessment of learning, memory, and behavior after rotational head injury in 3-5 

day old piglets using an open field test, mirror task, glass barrier task, food cover task, and T-

maze test [37, 48].  We present for the first time a comprehensive behavioral assessment using an 

open field test, object recognition test, 3 chamber social recognition test, and spatial T-maze test 

in a piglet model.  

In the open field test, piglets were found to be highly exploratory of their environment. 

Exploratory behaviors were observed to decline with time as a result of habituation. Further, 

piglets were found to exhibit anxiety/escape behaviors on the first day of testing but by day 7 

were mostly absent. This pattern of piglet behavior is expected based on the knowledge of inherit 

characteristics of pigs [44, 49, 50]. Wild boars, the ancestor of the domestic pig, are scavenging 

omnivores who commonly use their snouts to root and dig for food. Additionally, wild boars 

typically live in small herds with a stable hierarchy [11]. These characteristics have been passed 

down to domestic pigs, and when placed in a novel environment such as in the open field test, 

pigs are likely to display remnants of several of these behaviors. Pigs are inquisitive by nature 

and when placed in a novel environment will typically spend a great deal of time moving about 

their environment and use an inherent rooting motion to explore and test their environment. 

Additionally, as piglets are social animals that prefer to remain with their littermates than alone, 

escape and anxiety behaviors are often common when pigs are placed into a novel environment 

alone [51]. The results of this study are consistent with previous reports of piglet open field 

behavior [44, 50, 52]. Given the social nature of piglets, separation from their littermates may 

account for an increase in anxiety and escape behaviors during open field testing. Pigs in our 
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study showed increased levels of habituation over time as indicated by a decrease in observed 

exploratory and anxiety behaviors. There is strong evidence to support the idea of a ‘habituation 

response’ that can occur as a result of repeated exposure to a novel environment whereby a pig 

becomes less reactive to their environment as their stress and fear decline and they become more 

acclimated to change and social isolation [50, 53, 54].  The open field test has been used in 

agricultural research to assess factors such as weaning methods, early postnatal social isolation, 

tail biting, and barren/enriched housing on piglet behavior [31, 49, 55, 56]. Given its utility, this 

test provides an ideal means to assess changes in characteristic behaviors of pigs that may be 

sensitive to disruption in future biomedical research.  

The object recognition test is based on the principle of inquisitive exploration where a 

behavioral response occurs as a result of an environmental change but not necessarily as a result 

of a stimulus [57]. The introduction of either familiar or novel objects to a testing environment 

have been found to elicit a behavioral response, such that piglets were found to explore a novel 

object more than a familiar one [57]. This innate tendency to seek novelty has been utilized to 

assess object recognition memory using the spontaneous object recognition test which requires 

no training and provides a direct measure of trial-unique memory of both familiar and novel 

objects [14]. Piglets in this study showed no preference for either of the similar objects in the 

sample trial. However, they spent significantly more time with a novel object over a familiar 

object in the test trial. The object recognition test has also been suggested to provide an 

assessment of episodic-like memory in pigs [58]. Extensions of this test that include recall of 

different what/where/which modalities of episodic memory where object memory is tested in 

different spatial and/or temporal contexts may provide a more stringent measurement of human 

episodic-like memory [7]. Manipulation of the duration of the initial exposure of the objects in 
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the sample trial or of the inter-phase delay has been hypothesized affect object recognition 

memory. In the present study, a 10 minutes sample trial was followed by a 10 minute inter-phase 

delay and animals showed significant object recognition abilities. Previous reports assent that 

object recognition is clearly evident after a 10 minute sample trial followed by a 10 minute inter-

phase delay. However, Moustgaard et al. found evidence for object recognition after 1 hour 

while Kornum et al. did not observe object recognition after a 1 hour or 24 hour delay [14, 58]. 

Gifford et al. found that 5 week old piglets did not display a novelty preference after a 10 minute 

sample trial after either a 1 hour, 3 hours, or 6 day delay but piglets did display a novelty 

preference after a 2 hour sample trial and a 3 hour and 5 day delay [47]. However, piglets were 

tested in pairs and objects for the sample trial were placed into the home pen which may have 

influenced their observed testing outcomes. Further investigation of the relationship between 

sample trial exposure and inter-phase delay is needed in both piglet and adult pigs to better 

elucidate their capacity for object recognition memory.  

The 3 chamber social recognition test provides a measure of sociability behaviors and 

social recognition memory. In the sociability trial piglets spent significantly more time in the 

unfamiliar pig chamber and spent significantly more time with an unfamiliar pig than a novel 

object. Pigs are highly social by nature and prefer to live in stable social groups [11]. Social 

isolation has been found to be highly stressful for pigs and may contribute to long-term negative 

consequences in cognition and overall welfare [51, 59]. Although piglets exhibited considerable 

interest in interacting with a novel object, our results suggest that social novelty surmounts 

object novelty during spontaneous exploration. While this is the first pig study to utilize the 3 

chamber social recognition test, rodent studies consistently observe an affinity for social 

interaction over object interaction in normal animals [60, 61]. In the social memory trial, we 
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observed that pigs spent significantly more time in the novel pig chamber and tended to spend 

more time with a novel pig over a familiar pig (significance trending, p=0.10). However, we 

found a significant decrease in exploration when comparing the amount of time spent with the 

familiar pig during the social memory trial and the same pig during the previous sociability trial. 

These results suggest that piglets are capable of forming social memories and are thus able 

distinguish a familiar pig from a novel pig, similar to observed outcomes in rodents [60, 61]. A 

number of studies have utilized different methods to assess social recognition memory in pigs. 

Kristensen et al. and McLeman et al. utilized a Y-maze test to assess social recognition and 

found that pigs are able to use different sensory modalities such as visual, auditory, or olfactory 

cues to identify familiar pigs from unfamiliar pigs [62-64]. However, in order to isolate each of 

the sensory modalities during testing, a complex Y-maze apparatus was designed to allow for 

precise control of these factors [62, 63]. Zanella et al. designed an oval arena separated in the 

center by flexible netting located between two farrowing crates that allowed for two litters of 

piglets to have physical contact but prevented mixing and potential aggression between the two 

litters during a familiarization procedure [65]. The piglets were familiarized both as a full litter 

and in pairs and then assessed for social recognition in pairs. The authors reasoned that testing in 

pairs would prevent stress resulting from social isolation [65]. While Zanella et al. did assess 

social recognition with a younger cohort (12 days of age), we demonstrate here that sufficient 

individual habituation with piglets approximately 4-5 weeks of age prior to testing can 

sufficiently reduce social isolation stress so social recognition memory can be assessed in 

individual piglets without the distraction of other littermates. Our results provide promising 

evidence of the utility of the 3 chamber social recognition test for future pig studies in that the 
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set-up is simple and it provides a straightforward assessment of sociability and social memory in 

individual pigs.  

   The spatial T-maze test assesses the ability of piglets to learn the location of a food 

reward at a constant place in space based on extra-maze visual cues. Piglets begin the task at 

alternating north and south start arms and must therefore learn to navigate the maze using a 

hippocampal-dependent allocentric mechanism. This spatial memory test was recently developed 

by Elmore, Dilger, and Johnson for 2-3 week old piglets based on rodent ‘place’ and/or 

‘direction’ learning T-maze tasks and to our knowledge has not yet been reproduced by other pig 

groups [46]. We made minor adjustments to their experimental design and reduced acquisition 

testing from 9 days to 6 days and increased reversal testing from 3 days to 4 days. Here, we 

confirm the successful acquisition of this task using 4-5 week old piglets. The time to select a 

reward arm steadily decreased over time as piglets acquired the task and latency to choice was 

significantly faster by Day 4 and remained significant throughout the direction of acquisition 

testing. Given that latency to choice reflects both correct and incorrect choices, we observed no 

significant changes in latency to choice after reversal.  Elmore et al. observed a similar decrease 

in latency to choice over time and reported a significant decreased by Day 9 compared to Day 1. 

However they report a significant increase in latency to choice after reversal that was not 

observed in this study [46]. We also report that piglets made significantly more correct choices 

by Day 4 of testing that persisted through the acquisition phase. However, proportion trials 

correct was significantly decreased after Day 1 of reversal but recovered by Day 4 of reversal. 

The successful acquisition of a greater than 80% performance criterion for this test suggests that 

piglets were able to create a spatial map of the testing arena and surrounding environment and 

use an allocentric mechanism to identify the location of a food reward.  These results are similar 
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to Elmore et al. who report a significant increase in proportion trials correct by Day 9 of 

acquisition as well as a significant decrease in proportion trials correct after reversal but a 

recovery in performance after 3 days of reversal [46]. We report no significant changes in 

proportion trials non-compliant.  There are a number of other behavior tests such as the Morris 

Water maze, the eight arm radial maze, and the cognitive holeboard task that have been adapted 

for pigs to assess spatial memory [4, 5, 66, 67]. They are based on a similar concept that require 

pigs to use extra-maze visual cues to either escape to safety, as in the case of the Morris Water 

maze, or locate hidden food rewards, as in the case of the eight arm radial maze and the cognitive 

holeboard task. However, a number of limitations such as arena design and size, training 

requirements, and testing duration are significant hurdles with respect to these tests, making 

them less appealing tests of spatial memory in pigs. We found the spatial plus T-maze to be 

relatively easy to build and most importantly, piglets were easily trained to acquire this test with 

only 10 trials/day and the inter-trial interval was less than one minute/pig. This allowed us to 

easily test multiple piglets per day in combination with our other behavior tests.  

 

Conclusion 

In this study, a comprehensive assessment of normal piglet cognition was assessed using 

four behavior tests. Piglets exhibited normal motor and exploratory behaviors in an open field 

test. They used object memories to differentiate between a familiar and novel object in an object 

recognition test. In a social recognition test, piglets exhibited normal sociability behaviors and 

were able to form social memories of a familiar piglet. Finally, piglets were able to use spatial 

memories to successfully acquire a spatial T-maze test. These findings demonstrate that a 

combined approach using four behavior tests is an ideal method to assess different aspects of 
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piglet learning, memory, and behavior, thus supporting their potential to be used in future 

agricultural and biomedical studies to assess changes in cognition.  
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Figure 5.1. Schematic of experimental design. Behavior testing took place over a 10 day 

period. T-maze acquisition testing occurred on Days 1-6 and T-maze reversal testing occurred on 

Days 7-10. Open Field (OF) and Object Recognition (OR) testing took place on Days 2 and 7, 

and Social Recognition (SR) testing took place on Days 3 and 8. 
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Figure 5.2. Photograph and schematic of open field, social recognition, and T-maze arenas. 

Photograph (A) and schematic (B) of the open field arena. Photograph (C) and schematic (D) of 

the 3 chamber social recognition arena which is comprised of two outer chambers that each contain 

a social stimulus enclosure as well as a center start/exit chamber. Photograph (E) of T-maze depicts 

a start box in the south and the north arm closed off to restrict access to the north arm. 4 posters 

were placed around the perimeter of the arena to serve as visual cues. Schematic (F) of T-maze 

arena represents the location of the reward bowls and visual cues as well as the two possible start 

configurations. In a south start configuration, a removable panel is used to create a start box in the 

south and a second removable panel closes off the north arm (grey dotted lines). In a north start 

configuration, a removable panel is used to create a start box in the north and a second removable 

panel closes off the south arm (red dotted lines).   
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Figure 5.3. Piglets demonstrate exploratory behaviors in an open field test. Piglets showed no 

significant difference in zones entered on Day 2 vs. Day 7 of testing (A). Pigs were significantly 

(p<0.05) more stationary than mobile on both Day 2 and Day 7 (B). Piglets spent significantly 

(p<0.05) fewer percent epochs sniffing and exploring the open field arena on Day 7 vs. Day 2 (C). 

Pigs generally exhibited fewer escape behaviors on Day 7 vs. Day 2, although not significant (D). 

*= statistically significant difference with a p-value <0.05.    
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Figure 5.4. Piglets demonstrate the ability to form spontaneous object memories of a familiar 

object. Pigs entered significantly (p<0.05) fewer zones in the test trial than the initial habituation 

trial (A). Pigs explored two similar, unfamiliar objects (Objects A and B) equally in the sample 

trial (B). Pigs explored a novel object (Object C) significantly (p<0.05) more than a familiar object 

(Object A’) in the test trial (C). A comparison of the exploration time of the unfamiliar object 

(Object A) in the sample trial and of the same object as the familiar object (Object A’) in the test 

trial showed pigs spent significantly (p<0.05) less time exploring the familiar object (Object A’) 

(D). *= statistically significant difference with a p-value <0.05.  
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Figure 5.5. Piglets spent significantly more time investigating an unfamiliar pig than a novel 

object in a sociability trial. In a sociability trial, piglets spent significantly (p<0.01) more time in 

the unfamiliar pig and object chambers than in the start/exit chamber and spent significantly 

(p<0.01) more time in the unfamiliar pig chamber than the object chamber (A). *= statistically 

significant difference with a p-value <0.01 when comparing time spent in start/exit chamber to 

unfamiliar pig and object chambers. #= statistically significant difference with a p-value <0.01 

when comparing the time spent in the unfamiliar pig and object chambers. Pigs spent significantly 

(p<0.01) more time exploring an unfamiliar pig than a novel object, demonstrating pigs inherent 

inclination to explore a social target (B). *= statistically significant difference with a p-value <0.01 

when comparing to the time spent in the unfamiliar pig and object chambers.  
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Figure 5.6. Piglets spent significantly less time exploring a familiar pig in a social memory 

trial relative to a sociability trial. In a social memory trial, pigs spent significantly (p<0.01) more 

time in the novel pig chamber than the start/exit chamber (A). *= statistically significant difference 

with a p-value <0.01 when comparing time spent in the start/exit chamber and novel pig chambers. 

Pigs generally spent more time with a novel pig than a familiar pig in the social memory trial, 

although this data only showed trending significance (p=0.10) (B). A comparison of the 

exploration time of the familiar pig in the social memory trial and with the same pig in the previous 

sociability trial shows that piglets spent significantly (p<0.01) less time exploring the familiar pig 

in the social memory trial (C). *= statistically significant difference with a p-value <0.05 when 

comparing familiar pig exploration time in sociability and social memory trials.  
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Figure 5.7. Piglets performed significantly faster and reached a performance criterion of 

80% by day 4 of acquisition in a spatial T-maze test. Piglets demonstrated initial low levels of 

non-compliance the first three days of T-maze testing (A). Piglets were significantly (p<0.01) 

faster at navigating the T-maze by Day 4 of acquisition testing (B). Pigs reached a performance 

criterion of at least 80% correct arm choices and made significantly (p<0.0001) more correct arm 

choices by Day 4 of acquisition (C). However, after reversal piglets made significantly (p<0.01) 

fewer correct choices on Day 1 of reversal compared to Day 6 of acquisition. Ultimately, piglets 

significantly (p<0.001) improved their performance outcome by Day 4 of reversal testing 

compared to Day 1 of reversal. *= statistically significant difference with a p-value <0.01 relative 

to A1 in latency to choice (B) and proportion trials correct (C). $= statistically significant 

difference with a p-value <0.01 relative to A6 in proportion trials correct (C). #= statistically 

significant difference with a p-value <0.001 relative to R1 in proportion trials correct (C). 
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CHAPTER 6 

COGNITIVE, MOTOR FUNCTION, AND HISTOLOGICAL CHANGES IN A PIGLET 

CONTROLLED CORTICAL IMPACT TRAUMATIC BRAIN INJURY MODEL1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

______________________ 

1Kinder, H.A., Baker, E.W., Howerth, E.W., Wendzik, M.N., Duberstein, K.J., West, F.D. 
To be submitted to Journal of Neurotrauma. 
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Abstract 

Traumatic brain injury (TBI) is a leading cause of death and disability in the United 

States with children who sustain a TBI having a greater risk of developing long-lasting cognitive, 

behavioral, and motor function deficits. This has led to increased interest in utilizing more 

human-like, large animal models to study pathophysiologic and functional changes after injury in 

hopes of identify novel therapeutic targets. In the present study, a controlled cortical impact 

(CCI) piglet TBI model was utilized to evaluate cognitive, motor, and histopathologic outcomes. 

CCI injury (4m/s velocity, 9mm depression, 400ms dwell time) was induced at the parietal 

cortex. Compared to normal pigs, TBI-affected pigs exhibited appreciable cognitive deficiencies, 

including significantly impaired spatial memory in spatial T-maze testing and a significant 

decrease in exploratory behaviors followed by marked hyperactive exploration in open field 

testing. Additionally, gait analysis revealed significant increases in cycle time and stance 

percent, significant decreases in hind reach, and a shift in the total pressure index from the front 

to the hind limb on the affected side; suggesting TBI impairs gait and balance. Lastly, TBI lead 

to a significant decrease in neurons and a significant increase in microglia activation and gliosis 

at the perilesional area, a significant loss in neurons at the dorsal hippocampus, and significantly 

increased neuroblast proliferation at the subventricular zone. These data demonstrate a strong 

correlation between TBI-induced cellular changes and functional outcomes in our piglet TBI 

model that lay the framework for future studies that assess the ability of therapeutic interventions 

to contribute to functional improvements.   
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Introduction 

Traumatic brain injury (TBI) continues to be a leading cause of death and disability in 

children. Young children between the ages of 0 and 4 have are the age group most likely to 

sustain a TBI as a result of a concussive injury from a fall and have the highest rate of TBI-

related emergency department visits (1,256 per 100,000 population) [1].  Despite the perception 

that children’s brains are potentially more ‘plastic’ at a younger age, recent research findings 

suggest that the immature brain may be more vulnerable to early insult [2, 3]. Injury severity 

plays an important role in neurocognitive outcomes, where mild TBI results in few, if any, 

cognitive impairments, but moderate to severe TBI can lead to robust and significant 

impairments in cognition that persist over time [4, 5]. 

Disruptions in cognition can emerge in the acute and/or chronic phases of TBI [6]. Severe 

cognitive impairments in young children in the acute phase after TBI have been found to worsen 

rather than recover over time, suggesting that acute cognitive impairments may be a sensitive 

predictor of long-term outcomes [7]. Consequently, moderate to severe TBI is thought to disrupt 

existing neural networks and interfere with normal development, impeding the learning process 

and putting children developmentally and cognitively behind their peers even years after injury 

[5]. Similarly, TBI has been found to contribute to impairments in motor function that correlate 

with injury severity [8, 9]. Although the majority of children who sustain a severe TBI regain 

independent ambulation, balance and speed of ambulation can remained impaired [10].  Like 

cognitive deficits, TBI at a young age is not associated with better long-term recovery in gait 

which may be attributed to disruption of normal developmental processes [10, 11].  

 Animal models of TBI have played a crucial role in elucidating the pathophysiology and 

functional outcomes associated with injury. The controlled cortical impact (CCI) model has 
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gained popularity in recent years because it allows for precise control of injury location and 

severity, making it an ideal model with which to recapitulate the human condition of a focal TBI 

[12]. A number of studies have examined cognitive and motor function deficits and associated 

histological changes in rodents CCI models [13-16]. More recently, interest in juvenile rodent 

CCI models have expanded in response to recent evidence that that the immature brain may 

respond differently to injury than the mature brain [17, 18]. Furthermore, TBI in juvenile rats has 

been shown to lead to cognitive deficits that persist into adulthood [18-20]. Significant credit can 

be attributed to pre-clinical rodent TBI studies for creating the framework of knowledge of TBI 

pathophysiology, functional responses, treatment strategies, and therapeutic targets. However, 

the lack of effective therapies to treat TBI has led to increased interest in utilizing large animal 

models to study TBI.  

 The juvenile piglet has been implicated as an ideal model to study the effect of early life 

insults on neurodevelopment and to study the potential of novel therapeutic interventions [21]. 

Given its numerous similarities to humans in terms of brain size, growth, time-course of 

myelination, and innate immunity, the pig has emerged as a front-runner in terms of large animal 

models [22-26]. As such, a number of recent studies have established the pig as an excellent 

model of TBI in both adults and juveniles. The piglet brain has been found to have a maturation-

dependent response to injury and, similar to human infants, evidence of neuroblast proliferation 

and migration from the subventricular zone after injury [27-29].  In addition, the pig  has been 

well validated as an excellent model to study cognition and neurobehavioral disorders [30]. 

Cognitive and gross motor deficits have been observed in a non-impact axial rotation TBI piglet 

model, but to date, no study has been performed that examines the effects of CCI on cognition or 

motor function in a piglet model [31, 32]. 
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 The purpose of this study was to assess the cognitive, motor, and corresponding 

histopathologic effects of CCI in a piglet TBI model. For evaluation of cognitive and 

neurobehavioral deficits after injury, the spatial T-maze test was utilized to measure 

hippocampal-dependent spatial memory, the 3 chamber social recognition test was used to assess 

sociability behaviors and social memory, and the open field test was utilized to measure 

exploratory behaviors after injury. In addition, gait analysis was performed using a GAITFour 

pressure mat to assess changes in pressure and spatiotemporal gait parameters after TBI. Finally, 

histopathologic analysis included the evaluation of neuronal cell death, microglia activation, and 

reactive gliosis in the perilesional cortex, neuronal cell death at the hippocampus, and neuroblast 

proliferation at the subventricular zone.  

 

Materials and Methods 

All work in this study was performed in accordance with the University of Georgia 

Institutional Animal Care and Use Committee guidelines. 

 

Animals 

Two commercially bred pregnant Landrace-cross sows were housed in commercial 

farrowing crates and farrowed naturally. Each litter was removed from the farrowing crates 2-3 

times per day starting immediately after birth for socialization with handlers until weaning. 

Socialization included holding and stroking the piglets and giving them milk replacer (Sav-a-

Calf Grade A Ultra 24 Multispecies Milk Replacer, Milk Products LLC) as a treat. Preliminary 

studies showed that socialization was critical to reduce anxiety and increase compliance during 

handling and testing procedures. At weaning (3 weeks of age), 5 male piglets from each litter 
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were chosen at random, group housed by litter, and fed a nutritionally complete pelleted starter 

diet ad libitum for the duration of the study. Room temperature was maintained at 26°C with a 

12h light/dark cycle and an overhead heat lamp provided supplemental heat.   

 

Experimental Design 

Starting at two weeks of age, all piglets were habituated individually on the gait track 

twice a day to acclimate the piglets to a new environment and to being socially isolated. After 

weaning at 3 weeks of age, all piglets underwent gait track training for 3-4 days, then baseline 

gait analysis was collected on 3 separate days before the start of the study. At 4 weeks of age, 

each litter was randomly assigned to a treatment group- normal control (n=5) or TBI (n=5). At 

the start of the study, TBI pigs underwent controlled cortical impact (CCI) surgery. Gait analysis 

was performed 1, 3, 7, 14, and 28 days post-TBI. The Open Field test was performed 1, 7, 14, 

and 28 days post-TBI. The 3 chamber social recognition test was performed 15 days post-TBI. 

The spatial T-maze test was performed between 16-25 days post-TBI. Normal controls pigs 

underwent gait analysis collection, open field, social recognition, and spatial T-maze testing at 

corresponding time-points, but no TBI surgery was performed at the start of the study. All 

animals were sacrificed at 28 days for histological analysis of brain tissues.  

 

 Surgical Preparation and Controlled Cortical Impact 

Piglets were initially anesthetized with 5% vaporized isoflurane mixed with oxygen using 

a nose cone until non-responsive to stimulation. For the duration of surgery, anesthesia was 

maintained within 2.5%-3% isoflurane and vitals were monitored every 5-10 minutes. The 

surgical site was prepared in a routine manner using Betadine and 70% ethanol and covered with 
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a sterile drape. A 4cm, left-sided incision was made at the top of the cranium to expose the 

underlying skull. A 20mm craniectomy was performed using an air drill (Brasseler USA; 

Savannah, GA) at the left posterior junction of the coronal and sagittal sutures to exposure the 

underlying dura.   

 Pigs were secured in a controlled cortical impactor device (University of Georgia 

Instrument Design and Fabrication Shop; Athens, GA) designed specifically for pigs. The 

impactor tip (15mm diameter) was centered over the exposed dura and a TBI was induced with 

the following parameters: 4m/s velocity, 9mm depth of depression, and 400ms dwell time. The 

injury site was flushed with sterile saline and then the overlying skin was re-apposed with 

surgical suture. Anesthesia was discontinued and piglets were allowed to breath oxygen until 

recovered. Banamine (2.2mg/kg, MERCK Animal Health; USA) and Butorphanol (0.2mg/kg, 

Pfizer; New York, NY) were administered for analgesia and Oxytetracycline (19.8mg/kg, 

Norbrook Inc. USA; Overland Park, KS) was administered as an antibiotic during surgery and 

for an additional 4 days post-surgery. Once piglets were completely ambulatory, they were 

placed back in their home pens and monitored daily for health. 

 

Spatial T-maze Test 

The design of the spatial T-maze arena and testing procedure was adapted from Elmore et 

al. [33]. Briefly, a plus-shaped T-maze was constructed using metal grid paneling positioned 

over black rubber mats (Figure 6.1A). North and south arms measured 2.1m x 1.2m and east and 

west arms measured 2.4m x 1.2m. A white shower curtain encircled the maze to reduce visual 

distractions and extra-maze environmental cues. Two reward bowls (University of Georgia 

Instrument Design and Fabrication Shop; Athens, GA) were fixed to the east and west arms. 
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Reward bowls were filled with equal volumes of milk replacer to provide identical olfactory cues 

to both arms of the maze. One reward bowl was accessible and could be opened by the pigs 

using an inherent rooting motion and the other inaccessible reward bowl was secured shut. 

During initial days of testing, if pigs chose the correct reward bowl but were unable to open the 

lid, handlers manually opened the lid until the skill was mastered. Extra-maze visual cues (blue 

rectangle, gray circle, black triangle, red plus-sign) were attached to the white shower curtain. 

Visual cues were rotated around the arena to account for the location of the reward such that the 

red plus-sign was always located to the left of the reward, the blue rectangle to the right, the 

circle to the left of the incorrect reward, and the triangle to the right. In order to allow for 

alternating starting locations in the north and south arms, removable panels were constructed that 

could create a start box in the north arm and block off the south arm for “north start” 

configuration or a start box in the south arm and block off the north arm for a “south start” 

configuration (Figure 6.1B).  

 Piglets began spatial T-maze testing after a 6 hour food deprivation to increase 

motivation for the milk replacer food reward. The spatial T-maze test consisted of 6 days of 

acquisition testing in which the reward was assigned to either the east or west arms and 4 days of 

reversal testing where the reward arm was moved to the opposite arm. The extra-maze visual 

cues did not move during reversal testing. The reward location was assigned for each pig by 

running a spatial bias test on day 1 of acquisition (A1).  Pigs underwent 5 trials in which the 

reward was not accessible in either arm. The reward location was assigned to the arm visited 

least frequently by the animal to account for potential spatial bias. As such, 8/10 pigs for both 

TBI (n=4) and normal (n=4) groups exhibited a bias for the west arm and were therefore 

assigned to the east reward arm. 2/10 pigs for the TBI (n=1) and normal (n=1) groups exhibited a 
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bias for the east arm and were therefore assigned to the west reward arm. The starting location 

for each trial alternated from north to south in a pseudo-random order where no pig could start 

from one arm more than twice in a row. Alternating north and south arms encouraged pigs to 

solve the task using a hippocampal-dependent, allocentric mechanism whereby pigs use extra-

maze visual cues to create spatial memories rather than a striatum-dependent, egocentric 

mechanism whereby muscle memory plays a role in reward selection, such as always turning the 

body to the left or right. Pigs underwent 10 trials per day and had a maximum of 60 seconds to 

reach the reward. If the pig exceeded 60 seconds without choosing a reward, the pig was deemed 

non-compliant for that trial. For the first two days, if the pigs chose the incorrect arm they were 

corrected and taken to the correct arm. After two days, if the pigs chose the incorrect arm, they 

were returned to the start box for the next trial without any reward. Between each trial, any 

defecation and/or urination was removed and the entire arena was wiped down with 70% ethanol 

to remove any olfactory cues from trial to trial. In addition, the starting boxes were blacked out 

such that the pigs were unable to see the handlers refill the reward bowl between trials. An 

automatic tracking software (EthoVision, Noldus; Wageningen, The Netherlands) was used to 

measure latency to choice and proportion trials correct. Latency to choice was started manually 

once the removable panel was opened in the start box and automatically stopped once the 

piglet’s nose-point entered a zone around a reward bowl, whether correct or incorrect. Proportion 

trials correct was measured as the proportion correct/total trials. The entire maze was cleaned 

between each pig to reduce olfactory bias.  
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3 Chamber Social Recognition Test 

The 3 chamber social recognition arena was constructed using metal grid paneling 

positioned over black rubber mats and is comprised of 3 chambers (Figure 6.1C). The center 

chamber is the start/exit chamber made up of 2 panels attached to the north wall of the arena and 

2 panels attached to the south wall of the arena, each 1.5m in length. Both the north and south 

walls of the start/exit chamber contain doors that allow the pigs to enter/exit at alternating 

locations of arena. Two openings in the start/exit chamber lead into the two outer chambers. 

Each outer chamber contains a smaller social stimulus box (1.5 x 1.2m) that can hold a single 

stimulus pig (Figure 6.1D). The bars of the social stimulus box allowed nose contact between 

the test and stimulus pigs, but prevented direct social interactions that might lead to aggression. 

Stimulus pigs were of identical age, were from a separate litter, and had not seen or interacted 

with the test piglets previously. Stimulus pigs (n=5) used for TBI pigs were different from 

stimulus pigs (n=5) used for normal control pigs. All stimulus pigs were randomized such that 

each pig was an unfamiliar pig, familiar pig, and novel pig throughout all trials to reduce a 

possible novelty affect where one pig could potentially be more memorable than the others.  In 

addition, in lieu of a social stimulus pig, a novel object could be securely attached to the front of 

either social stimulus box to measure object exploration. 5 different objects were randomly 

assigned to TBI and to normal control pigs. No object bias for any objects used in this test were 

found (data not shown). White curtains were hung around the maze to reduce visual distractions 

during testing. 

 The 3 chamber social recognition test was comprised of three separate trials: habituation, 

sociability trial, and social memory trial. In the habituation trial, piglets were placed into the 

start/exit chamber at either the north or south start locations and given 10 minutes to freely 
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explore the arena. For the sociability trial, piglets were briefly removed from the arena while an 

unfamiliar stimulus piglet was placed into a social stimulus enclosure and a novel object was 

attached to the front of the opposing social stimulus box. The pigs were then placed back into the 

arena and allowed to explore the arena, the unfamiliar stimulus pig, and the novel object freely 

for 10 minutes. For the social memory trial, the pigs were removed from the arena for an inter-

phase interval of 10 minutes. The novel object was removed and a novel stimulus pig was 

brought into the arena and placed into a social stimulus box. The unfamiliar pig from the 

sociability trial remained in the arena and thus became a familiar pig for the social memory trial. 

The test piglets were then placed back into the arena for an additional 10 minutes and allowed to 

explore the arena, the familiar pig, and the novel pig for 10 minutes. The location of the 

unfamiliar pig, novel object, and familiar pig alternated between east and west chambers for the 

sociability and social memory trials between animals. The automatic tracking software 

EthoVision was used to measure the amount of time spent with the unfamiliar pig and novel 

object in the sociability trial and the amount of time spent exploring the novel pig and familiar 

pig in the social memory trial. Time spent exploring a stimulus pig in either the sociability or 

social memory trials was measured as the time at which the nose-point of the test pig was in the 

zone immediately surrounding the social stimulus box. The time spent exploring a novel object 

was measured as the time during which the nose-point of the test pig was in the zone surrounding 

the novel object. Any urination or defecation in the arena was wiped down with 70% ethanol 

between each trial as necessary to reduce olfactory bias. The arena was wiped down with 70% 

ethanol between each pig as well to reduce olfactory cues across pigs. 

 

 



 

194 

Open Field Test 

The open field arena measures 4.3x 4.9m and was constructed using metal grid paneling 

positioned over black rubber mats (Figure 6.1E-F). White curtains were hung around the maze 

to reduce visual distractions during testing. For the open field test, pigs were placed into the 

arena from alternating north and south start/exit gates and allowed to freely explore the arena for 

10 minutes. The exploratory behaviors distance traveled and velocity of the center point of the 

pig were measured using the automatic tracking software EthoVision for the duration of the test.  

 

Gait Analysis 

The gait analysis track was constructed of metal grid paneling with an adjustable, straight 

chute approximately 6.7m x 0.5m with circular turn around pens at either end approximately 

2.1m in diameter, giving the track a “dog bone” shape. A gait pressure mat (GAITFour, CIR 

Systems Inc, Franklin, NJ) was placed down the length of the chute and covered with a 

protective no-slip, adhesive mat. After approximately one week of individual acclimation to the 

gait track, pigs were trained to travel back and forth across the track at a consistent pace using 

milk replacer as a reward. Two handlers, one in each of the holding pens, rewarded the pig if the 

animal crossed the entire length of the mat at a consistent 2-beat trotting gait without stopping or 

breaking into a run (or 3-beat gait) until 5 valid runs were collected. The pressure mat recorded 

the footfalls of the pig as it traveled across the mat and calculated the following spatial-temporal 

and pressure gait biomechanical parameters: cycle time (time elapsed between the first two 

contacts of two consecutive limb strikes of the same limb, i.e. left front to left front), stance 

percent (percentage of time spent in stance phase of one stride cycle), hind reach (distance from 

the heel center of the hind limb to the heel center of the previous front limb on the same side), 
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and total pressure index (TPI) (the percent of weight distribution across all four limbs, where 

most quadrupeds carry 60% of their weight on their forelimbs and 40% of their weight on their 

hind limbs).  

 

Histology 

Pigs were euthanized at 28 days. After euthanasia, brains were removed and fixed whole 

in 10% buffered formalin for immunohistochemical analysis. After fixation, brains were 

sectioned into 5mm slices using a coronal pig-specific brain sectioner. Slices with both injured 

cortex and dorsal and ventral hippocampus at approximately the same level were routinely 

processed, embedded in formalin, and stained with antibodies specific for NeuN (Millipore, 

1:500), GFAP (Biogenex, 1:4000), Iba1 (Wako, 1:8000), and doublecortin (DCX; Abcam, 

1:2000). Heat induced antigen retrieval was performed for all antibodies using citrate buffer at 

pH6 (DAKO). Detection was performed utilizing biotinylated antibodies and a streptavidin label 

(4plus Streptavidin HRP, Biocare) followed by an HRP label and DAB chromagen (DAKO). All 

sections were lightly counterstained with hematoxylin. Microscopic inspection and imaging was 

performed on a Nikon Eclipse TE300 inverted microscope utilizing SPOT Imaging v5.2 software 

(Sterling Heights, MI) at the perilesional area at 200X, at the dorsal polymorphic layer of the 

dentate gyrus at 200X, and at 5 consecutive fields at the ventricular subventricular zone (vSVZ) 

at 20X.  For quantification, a region of interest (ROI) was drawn around the perilesional area and 

the polymorphic layer of the dentate gyrus and NeuN+ cells were manually counted using the 

cell counter plugin on ImageJ 2.0 and expressed as cells/mm2. For semiquantitative analysis of 

GFAP and Iba1, the total area of immunoreactivity corresponding to increased optical density 

was measured by ImageJ software at the perilesional area. Finally, a ROI was drawn around the 
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vSVZ and DCX+ neuroblasts were manually counted using ImageJ 2.0 and expressed as 

cells/mm2. 

 

Statistics 

For the spatial T-maze test, open field test, and gait analysis, data analysis was conducted 

using the proc MIXED procedure as a two way (treatment x day) repeated measures ANOVA 

using Statistical Analysis software (SAS Version 9.1; Cary, NC). Post-hoc comparisons using 

Pdiff were made to further examine significant effects. For the social recognition test and 

histological analysis, data analysis was conducted using a two-tailed T-test with SigmaPlot.  

Statistical significance was accepted at p<0.05 and statistical trends at p<0.10. Data are 

presented as mean ± standard error.  

 

Results 

TBI-affected piglets exhibit spatial memory deficits in a spatial T-maze test. 

Spatial T-maze testing was initiated 16 days post-TBI. On acquisition day 1 (A1), both 

normal and TBI-affected piglets were unfamiliar with the maze and thus exhibited a longer 

latency to choice indicative of a lengthier, less direct track to the reward bowl (Figure 6.2A). 

However, latency to choice was significantly (p<0.05) reduced by A2 for normal and TBI-

affected animals (Figure 6.2A-B). Latency to choice continued to decrease throughout 

acquisition and remained unaffected by reward reversal for normal and TBI-affected animals 

(Figure 6.2B). For proportion trials correct, TBI-affected piglets made significantly (p<0.05) 

fewer correct reward choices than normal piglets from A1 through A4 (Figure 6.2C). In 

addition, compared to the first day of testing on A1, normal piglets made significantly (p<0.05) 
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more correct choices by A2, while TBI-affected piglets took one day longer and made 

significantly more correct choices on A3 (Figure 6.2C). Both normal and TBI-affected pigs 

showed a temporary significant (p<0.05) decrease in correct choices on reversal day 1 (R1). 

Together, this data suggests that TBI leads to spatial memory deficits that affect acquisition of 

the reward location in a spatial T-maze.   

 

TBI-affected piglets show disruptions in sociability behaviors and social memory formation in a 

3 Chamber Social Recognition Test  

 Pigs were tested in a 3 chamber social recognition test on day 15 post-TBI. In sociability 

trials, both normal and TBI-affected pigs exhibited a strong preference for an unfamiliar pig over 

a novel object. However, TBI-affected piglets overall spent less time with the unfamiliar pig than 

the novel object compared to normal controls (0.875 ± 0.034 vs. 0.950 ± 0.014, respectively), but 

significance was trending (p=0.079) (Figure 6.3A-B). In social memory trials, normal pigs spent 

more time with the novel pig than the familiar pig while TBI-affected pigs spent more time with 

the familiar pig than the novel pig (0.592 ± 0.121 vs. 0.444 ±  0.140, respectively), however 

there was no significant difference between treatment groups (Figure 6.3A,C). This data 

suggests that TBI may potentially disrupt sociability and social memory behaviors, but no 

significant effects on these behaviors were detected.  

 

TBI-affected piglets show reduced exploration immediately after TBI followed by a period of 

hyperactivity in an open field test. 

 Piglets were tested in an open field test 1 day, 7 days, 14 days, and 26 days post-TBI. 

TBI-affected piglets traveled significantly (p<0.05) less distance 1 day post-TBI compared to 
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normal controls (Figure 6.4A-B). Normal pigs showed the highest exploration and traveled the 

greatest distance on day 1, and, as expected, became habituated to the testing arena (Figure 

6.4A). As a result, distance traveled generally decreased over time and was significantly 

(p<0.05) reduced by day 14 (Figure 6.4B). However, for TBI-affected pigs, distance traveled 

generally increased over time and was significantly (p<0.05) increased by 26 days post-TBI 

(Figure 6.4A-B). Similarly, TBI-affected piglets moved at a significantly (p<0.05) slower 

velocity 1 day post-TBI compared to normal controls (Figure 6.4C). Normal pigs showed the 

highest interest in their environment and greatest velocity on day 1 that generally decreased over 

time and was significantly (p<0.05) reduced by day 14 (Figure 6.4C). However, for TBI-

affected pigs, velocity generally increased over time and was significantly (p<0.05) greater on 

days 14 and 26 post-TBI compared to 1 day post-TBI. Additionally, the velocity of TBI piglets 

was significantly (p<0.05) higher than normal pigs 14 days post-TBI (Figure 6.4C). This data 

suggests that TBI leads to an immediate decrease in exploratory behaviors that is followed by a 

period of hyperactivity in the weeks following TBI.   

 

TBI-affected piglets demonstrate transient deficits in gait, evident by increased cycle time and 

stance percent  

 Changes in the gait parameter cycle time was assessed by comparing each time-point to 

pre-TBI for the left front, right front, left hind, and right hind limbs. TBI-affected pigs showed a 

significant (p<0.05) increase in cycle time in all limbs 1 and 3 days post-TBI compared to pre-

TBI and a significant increase in cycle time 1 day post-TBI compared to normal controls for all 

limbs (Figure 6.5A-D). No change in cycle time was observed on days 1 and 3 in normal control 

pigs compared to pre-TBI, however from days 7 through 28 a significant increase in cycle time 
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was observed for all limbs that is indicative of normal changes associated with growth of the pig 

(Figure 6.5A-D). TBI-affected animals showed normal changes in cycle time at 7 and 14 days 

post-TBI for all limbs, but no significant change in cycle time was observed 28 days post-TBI, 

likely as a result of an overall preference for TBI-affected pigs to move at a faster velocity than 

normal animals at this time-point (Figure 6.5A-D).   

 Changes in the gait parameter stance percent was assessed by comparing each time-point 

to pre-TBI for the left and right front limbs. TBI-affected pigs showed a significant (p<0.05) 

increase in stance percent 1 and 3 days post-TBI compared to pre-TBI for the left and right front 

limbs (Figure 6.5E-F). In addition, a significant (p<0.05) increase in stance percent was 

observed 1 day post-TBI for the left front limb and 1 and 3 days post-TBI compared to normal 

controls for the right front limb (Figure 6.5E-F). Similar to cycle time, no change in stance 

percent was observed on days 1 and 3 in normal control pigs compared to pre-TBI, however 

from days 7 through 28 a significant (p<0.05) increase in stance percent was observed for the left 

and right front limbs that is indicative of normal changes associated with growth of the pig 

(Figure 6.5E-F). TBI-affected animals showed normal changes in stance percent on 7 and 14 

days post-TBI for all limbs, but no significant change in stance percent was observed 28 days 

post-TBI, likely as a result of an overall faster velocity than normal animals at this time-point 

(Figure 6.5E-F). This data suggests that TBI contributes to transient changes in cycle time and 

stance percent that alter normal gait.  
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TBI-affected piglets demonstrate transient gait impairments that result in increased hind reach 

and a shift in weight carriage from the front to the hind contralateral limb.  

 Changes in the gait parameter hind reach, which provides a measure of pig stability and 

balance, was assessed by comparing each time-point to pre-TBI for the left and right hind limbs. 

TBI-affected animals showed a significant (p<0.05) increase in hind reach 1 and 3 days post-TBI 

compared to pre-TBI for the left and right hind limbs (Figure 6.6A-B). In addition, a significant 

(p<0.05) increase in hind reach was observed 1 day post-TBI for the left hind limb and 1 and 3 

days post-TBI compared to normal controls for the right hind limb (Figure 6.6A-B). No change 

in hind reach was observed on days 1, 3, and 7 in normal control pigs compared to pre-TBI, 

however from days 14 through 28 a significant decrease in stance percent was observed for the 

left and right hind limbs that can be attributed to growth of the pig (Figure 6.6A-B). TBI-

affected animals show normal changes in hind reach 7, 14, and 28 days post-TBI for the left hind 

limb, but at 14 days post-TBI hind reach was significantly reduced for the right hind limb 

compared to normal control pigs. Changes in right hind reach returned to normal by 28 days 

post-TBI (Figure 6.6A-B).  

 Changes in the gait parameter TPI was assessed by comparing each time-point to pre-TBI 

for the left front, right front, left hind, and right hind limbs. A significant (p<0.05) decrease in 

TPI in the right front and a corresponding significant (p<0.05) increase in TPI in the right hind 

was observed 1 day post-TBI compared to pre-TBI, and no change in TPI was observed in the 

left front or hind limbs (Figure 6.6C-F). Although significant (p<0.05) changes in TPI are 

observed in the right front limb starting at 7 days but not in the left limb until 28 days in normal 

pigs, overall, TPI appears to decrease in the both front limbs over time as the animal ages 

(Figure 6.6C-F). Furthermore, significant (p<0.05) changes in TPI are observed in the left hind 
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limb starting at 7 days but not in the right hind limb until 28 days in normal pigs, thus overall, 

TPI appears to increase in both hind limbs over time (Figure 6.6C-F). This data suggests that 

hind reach on the contralateral right side may be affected for up for 14 days post-TBI but that 

changes in TPI are transient and affect weight carriage only immediately after TBI.   

 

TBI leads to neuronal loss at the perilesional area and the hippocampus, increased microglial 

activation and astrogliosis, and proliferation of neuroblasts at the subventricular zone.  

 Parenchymal tissues were assessed for cellular changes at the perilesional site, 

hippocampus, and vSVZ  28 days after TBI. A significant (p<0.05) loss of NeuN+ neurons was 

detected at the perilesional site for TBI-affected pigs compared to normal control pigs (51.055 ± 

13.129 cells/mm2 vs. 94.907 ± 4.272 cells/mm2, respectively, Figure 6.7A-C). In addition, a 

significant (p<0.05) loss of NeuN+ neurons were observed at the polymorphic layer of the dorsal 

dentate gyrus in TBI-affected pigs compared to normal control pigs (44.369 ± 2.154 cells/mm2 

vs. 52.901 ± 1.943 cells/mm2, respectively, Figure 6.7D-F). A significant (p<0.05) increase in 

Iba1+ microglia was observed at the perilesional site in TBI-affected pigs compared to normal 

control pigs (25.211 ± 3.218 cells/mm2 vs. 16.353 ± 1.306 cells/mm2, respectively, Figure 6.7G-

I). There was a significant (p<0.05) increase in GFAP+ astrocytes at the perilesional site in TBI-

affected pigs compared to normal control pigs (36.217 ± 5.736 cells/mm2 vs. 17.880 ± 2.279 

cells/mm2, respectively, Figure 6.7J-L). Finally, significant (p<0.05) recruitment in DCX+ 

neuroblasts was observed at the vSVZ in TBI-affected pigs compared to normal control pigs 

(2.136 ± 0.306 cells/mm2 vs. 0.937 ± 0.239 cells/mm2, respectively, Figure 6.7M-O). Taken 

together, this data suggests that TBI contributes a number of cellular changes at the perilesional 

site as well as at more remote zones such as the hippocampus and vSVZ.  
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Discussion 

 In the present study, we have shown that experimental TBI using CCI in a piglet model 

induces cognitive, motor, and histopathological deficits pathologically consistent with features 

found in human patients. TBI-affected piglets exhibited spatial memory deficits, evident by an 

impaired ability to locate a food reward in a spatial T-maze test. Trending evidence of disruption 

of normal sociability and social memory behaviors was observed in TBI-affected pigs in a 3 

chamber social recognition test.  In an open field test, TBI-affected pigs showed reduced 

exploratory behaviors immediately after TBI that was followed by a period of hyperactivity that 

persisted over time. In addition, transient gait impairments in cycle time, stance percent, hind 

reach, and TPI were observed between 1-3 days post-TBI. Histological analysis revealed loss of 

neurons in the cortex and hippocampus, an increase in microglia activation and astrogliosis, and 

stimulation of endogenous neuroblast populations at the SVZ. To our knowledge, this is the first 

report that uses a piglet CCI model to quantitatively measure histopathological changes and 

functional deficits using a comprehensive battery of behavior tests and gait analysis.  

  In this study, pigs performed a spatial T-maze test, originally adapted from rodents for 

pigs by Elmore et al., to measure spatial memory deficits [33, 34]. This test has been well 

validated as a means to measure early life insults on cognition, specifically hippocampal-based 

spatial memory formation in pigs [33, 35-37].  This is important to study because children who 

sustain a severe TBI have shown evidence of spatial learning and cognitive mapping deficits 

initially after TBI and even 4 years later [38, 39].   The spatial T-maze test was performed 16 

days post-TBI to avoid potential confounds with motor function deficits in the first days after 

injury [15]. All pigs acquired the “rules” of this task exceedingly fast; both normal and TBI-

affected pigs showed similar significant improvements in latency to choice as soon as A2. 
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Motivation for seeking the reward was high given that milk replacer had been used previously as 

a reward for gait analysis training and the animals were feed restricted the night prior to testing. 

Latency to choice continually decreased for all pigs throughout acquisition testing and remained 

mostly unchanged after reward reversal. These results suggest that both normal and TBI-affected 

animals easily acquired how to navigate the maze to seek a reward. However, TBI-affected pigs 

showed significant impairments in choosing the correct reward location. For the first 4 days of 

acquisition testing, TBI-affected pigs performed significantly worse than normal animals, 

making significantly fewer correct reward choices. Within treatment groups, normal pigs made 

significantly more correct choices compared to the first day of testing as soon as A2, quickly 

learning how to navigate the maze to seek the correct reward. On the contrary, TBI-affected 

animals took until A3 to make significantly more correct choices compared to the first day of 

testing. The underlying principle of this test assesses the pigs’ ability to use a spatial memory-

based, allocentric mechanism to learn location of a fixed reward, despite alternating the starting 

position between trials, by using extra-maze cues [33, 40, 41]. Allocentric navigation is 

hippocampal-based and is characterized by the ability to navigate using distal cues. This is in 

contrast to egocentric navigation which is striatal-based and is characterized by the ability to 

navigate using internal cues [42]. This type of navigation is employed in standard T-maze tests 

without alternating starting positions. Taken together, we show that, compared to normal 

controls, TBI impedes allocentric navigation and spatial memory formation in a spatial T-maze 

test.   

 Children affected by moderate to severe TBI are also at risk for social impairment [43]. 

Social participation, or the intensity of participation in social activities, has been found to be 

vulnerable to TBI [44]. In addition, TBI at a young age may lead to impairments in recognition 
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memory such as facial recognition memory [45]. Evidence of long-term social dysfunction after 

pediatric TBI has garnered recent interest in incorporating social behavior tests in experimental 

animal models of brain injury [46-48]. Here, we report the use of a 3 chamber social recognition 

test to assess sociability behaviors and social memory after TBI. To our knowledge, this is the 

first time this test has been utilized to assess social behaviors in a pig or piglet TBI model. We 

found trending evidence of diminished sociability behaviors. TBI-affected pigs showed a 

preference for an unfamiliar pig over a novel object, but compared to normal control pigs, social 

preference for the unfamiliar pig was diminished, although significance was not reached. TBI-

affected pigs on average spent more time with the familiar pig than the novel pig, suggesting 

social memory impairments, but significance was not reached. Our results differ from Semple et 

al. who also utilized a 3 chamber social recognition test to assess sociability behaviors and social 

memory after TBI in juvenile mice over time [49]. Sham and TBI mice showed a comparable 

preference for sociability and no social memory deficits during adolescence. However, 

differences in species, injury severity, or injury location could also account for differences 

between studies. In addition, social processing is highly complex, involving numerous brain 

structures that together help shape social behavior [50].  The hippocampus has been implicated 

in mediating social recognition [51].  Hitti et al. found that the hippocampal CA2 region plays a 

functional role in social memory [52]. However, further studies are needed to fully elucidate the 

role of the hippocampus and other brain structures in social memory formation.  

 Evaluation of the effect of TBI on open field testing revealed an initial reduction in 

exploratory behaviors 1 day post-TBI followed by marked hyperactive exploration in the weeks 

after TBI. Characteristic hyperactivity behaviors, increased velocity and distance traveled, were 

elevated starting at 7 days post-TBI and reached significance by 14 and 28 days post-TBI, 
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respectively. This is in contrast to normal animals who showed a marked decrease in distance 

traveled and velocity over time, indicative of a habituation effect due to repeated testing [53]. A 

decrease in exploratory behaviors immediately after TBI has been reported in other experimental 

animal models [54-56].  These changes may be attributed to anxiety or depressive symptoms, or 

a loss in exploratory interest [18, 57]. Increased hyperactive exploration of the open field arena is 

frequently reported in rodent CCI studies at the parietal cortex [16, 58-61]. Although the precise 

mechanism of TBI contribution to a hyperactive phenotype has not yet been fully elucidated, a 

study by Li et al. suggested that deficits in spatial and working memory reflect impairments in 

habituation and the ability to form and retrieve spatial maps, leading to hyperactivity [62].  

Furthermore, the parietal cortex and dorsal hippocampus, both regions affected in this study, 

have been shown to be part of a complex control system that modulates and suppresses a basally 

hyperactive locomotor tone [63]. Disruption to this system by TBI would therefore lead to 

increased locomotor activity. Clinically, human patients often display depressive symptoms 

shortly after sustaining a TBI that may coexist with anxiety disorders [64, 65]. Children who 

sustain a TBI at a young age are three times more likely to develop attention-deficit hyperactivity 

disorder (ADHD) than their peers [66]. Behavioral problems and disorders that often accompany 

pediatric TBI continue to be both prevalent and long-term problems in affected individuals, 

highlighting the need for additional studies that further define TBI-induced behavioral changes 

[67].    

 Currently, no studies have correlated cognitive deficits to hippocampal histopathology in 

pigs after CCI. Here we report a loss of NeuN+ neurons in the dorsal polymorphic layer of the 

dentate gyrus. The polymorphic layer of the dentate gyrus is comprised of a number of different 

neuronal cell types that give rise to ipsilateral associational projections that innervate the 
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molecular layer as well as commissural projections that innervate the contralateral polymorphic 

layer [68]. Disruption of mossy fibers or neurons within the polymorphic layer can result in 

disruption of normal hippocampal function [69]. Therefore, TBI, likely as a result of mechanical 

energy transfer at the time of injury or through secondary injury mechanisms, may interrupt 

normal dentate gyrus function, leading to cognitive impairments [70]. 

In particular, the dorsal dentate gyrus showed a deleterious response with a significant 

loss of neurons post-TBI. Recent evidence suggests that there may be a gradient of function in 

the hippocampal long axis [71]. The ventral (or anterior hippocampus in humans) has been 

implicated in episodic-memory formation and emotional processes and the dorsal (or posterior 

hippocampus in humans) has been implicated in spatial memory formation [34, 72-74]. Insults to 

the dorsal hippocampus as a result TBI have been found to result in spatial memory deficits that 

are dependent on injury severity [75]. A number of adult and juvenile rodent TBI studies have 

correlated spatial memory deficits with histological analysis of the dorsal hippocampal region, 

noting loss of neurons [14], morphological changes [76], synaptic reorganization [17], and a 

reduction in hippocampal volume [15, 19, 20, 77]. 

Children who sustain a TBI at a young age are also at risk for acquiring motor function 

deficits, particularly those relating to balance and gait [78]. Analysis of spatiotemporal gait 

variables in children after TBI have shown an increase in step cycle time and a corresponding 

decrease in gait velocity [9, 11]. In this study, pigs showed a similar increase in cycle time in all 

limbs 1 and 3 days post-TBI compared to normal control pigs. A corresponding increase in 

stance percent for left front limb 1 day post-TBI and 1 and 3 days post-TBI for the right limb 

was observed. Reports of changes in stance percent are varied in children, with some studies 

reporting no change in overall stance percent and others that show an increase in stance percent 
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in the unaffected limb (ipsilateral to TBI) but no change in stance percent in the affected limb [9, 

79]. Here, stance percent is increased overall in both front limbs, but compared to normal 

controls, stance percent in the right, affected limb was more prominently altered than the left, 

unaffected limb. Pigs are quadrupeds as opposed to bipeds, therefore variations in gait may 

account for these differences. Duberstein et al. showed that, contrary to stroke patients, stroked 

pigs exhibited increased stance percent of the affected limb and suggested this may be due to 

either lack of propulsive forces of the affected limb or an effort to maintain ground contact of the 

affected limb in order to better stabilize weight distribution on the affected side [80]. 

TBI-affected pigs also showed an increase in hind reach for the left and right hind limbs 1 

and 3 days post-TBI coupled with a decreased in TPI in the right front limb and a corresponding 

increase in TPI in the right hind limb 1 day post-TBI. These results suggest that TBI-affected 

pigs brought their hind limbs more underneath of their body, tracking up closer to their front 

limbs, and in conjunction, shifted their weight from the front to the hind limbs on the affected 

side, likely in an effect to better stabilize their gait and improve balance.  Recently, rodent TBI 

studies utilizing a Catwalk imaging method have found similar responses in stance percent, 

relative paw placement (hind reach), and intensity (TPI) acutely but not long-term [81-83]. Here 

we report only transient gait deficits that persist for only a few days after TBI, likely a result of 

TBI location and severity. A recently study by Schwerin et al. observed only early gait deficits in 

ferrets after severe CCI injury to the somatosensory cortex, which they note is separate from but 

intimately connected with the motor cortex and could explain transient, but not long-term motor 

function deficits [56].  Liu et al. acknowledged the disadvantage of traditional CCI models with 

restricted spatial acuity and thus developed a semicircular CCI model in which a semicircular 
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impactor tip covered both the motor and somatosensory cortices and was able to elicit both long-

term motor and cognitive deficits in mice [15]. 

 A small number of pig CCI studies have both qualitatively and quantitatively analyzed 

immunohistological changes after TBI. Duhaime et al. described cell loss at the lesion site and 

gliosis adjacent to the lesion [27]. Manley et al. showed loss of MAP-2+ and NeuN+ neurons 

and an increase in Fluoro-Jade B+ degenerating neurons near the injury site [84]. Only one group 

has performed behavior and motor function tests in a piglet TBI model, however TBI was 

induced using a closed head rotational injury, and histological analysis consisted of quantitative 

analysis of axonal injury area indicated by positive b-amyloid precursor protein (b-APP) staining 

[32, 85, 86]. Here we show a loss of NeuN+ neurons and an increase in Iba1+ and GFAP+ area 

at the perilesional site. These results are consistent with reports from other experimental CCI 

studies [14, 56, 87, 88]. Cell loss following both experimental and clinical TBI has been 

correlated with poor prognosis and cognitive deficits [89].  In addition, astrocyte and microglial 

dysfunction following TBI can secrete pro-inflammatory cytokines that can alter synaptic 

plasticity mechanisms, contributing to functional deficits like memory loss or motor function 

deficits [90, 91]. Lastly, we observed a significant increase in DCX+ neuroblasts at the vSVZ 

following TBI. Costine et al. was the first to identify the neurogenesis of DCX+ neuroblasts at 

the SVZ in a TBI piglet model and note that the long-term outcomes of alterations in normal 

neuroblast migration are unknown, but that they could potentially play role in repair or 

remodeling mechanisms in the developing brain [28]. 
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Conclusion 

  We have developed a clinically relevant piglet TBI model that demonstrates functional 

deficits with corresponding histological changes. Neuronal loss at the hippocampus and cortex 

and presence of astrogliosis and microglia activation at the perilesional site suggest a possible 

mechanism for the progression of cognitive, behavioral, and motor function impairments after 

injury. The piglet brain is more similar to the human brain in terms of size, structure, and white 

matter composition, and responds similarly to injury, making it an ideal pre-clinical animal 

model. This model can be utilized in future studies to help elucidate the effects of early life insult 

on development in the young gyrencephalic brain and to target and test novel therapeutics that 

lead to functional improvements. 
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Figure 6.1. Photographs and schematics of the behavior testing arenas. Photograph of the T-

maze arena depicts a start box in the south arm and restricted access to the north arm. 4 extra-

maze visual cues were located around the perimeter of the arena (A). Schematic of the T-maze 

arena represents the location of the two possible start configurations, the reward bowls, and the 

visual cues. In a south start configuration, a removable panel is used to create a start box in the 

south arm of the maze, and an additional removable panel restricts access to the north arm (grey 

dotted lines). In a north start configuration, a removable panel is used to create a start box in the 

north arm of the maze, and an additional removable panel restricts access to the south arm (red 

dotted lines) (B). Photograph (C) and schematic (D) of the 3 chamber social recognition arena 

which is comprised of a start/exit chamber and two outer chambers that each contain a social 

stimulus pen. Schematic (E) and photograph (F) of the open field arena.  
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Figure 6.2. TBI impairs spatial memory formation in a spatial T-maze test.  Representative 

nose point tracks of normal and TBI piglets on A1 compared to A2 during T-maze testing. Open 

gray circles represent the correct reward, crossed circles represent the incorrect reward (A). Both 

normal and TBI piglets demonstrated a significantly faster latency to choice by A2 compared to 

A1 that persisted through the duration of testing (B).  TBI piglets made significantly fewer 

correct reward choices compared to normal piglets from A1 through A4. In addition, compared 

to A1, normal piglets made significantly more correct choices by A2 while TBI piglets did not 

make significantly more correct choices until A3 (C). Data are expressed as mean ± S.E.M. *= 

statistically significant difference between time-points compared to A1 within normal controls 

for latency to choice and proportion trials correct (p<0.05). # indicates statistically significant 

difference between time-points compared to A1 within TBI-affected animals for latency to 

choice and proportion trials correct (p<0.05). $ indicates statistically significant difference within 

time-points between treatment groups (p<0.05).  
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Figure 6.3. TBI reduces sociability-seeking behavior and disrupts social memory in a 3 

chamber social recognition test.  Representative nose point tracks of sociability and social 

memory trials for normal and TBI-affected pigs (A). In sociability trials, red lines indicate when 

the nose-point was located in the zone around the unfamiliar pig. Yellow lines indicate the 

position of the nose-point in the object zone (blue open circle) or around the chambers of the 

arena. In social memory trials, red lines indicate when the nose-point was located in the zone 

around the novel pig. Yellow lines indicate the position of the nose-point is in the zone around 

the unfamiliar pig or around the chambers of the arena. For sociability trials, normal and TBI-

affected pigs exhibited a high degree of exploration of an unfamiliar pig compared to a novel 

object. However, comparatively, TBI pigs overall exhibited a lower exploration ratio of the 

familiar pig, but significance was trending (B). For social memory trials, TBI piglets showed a 

preference for exploring the familiar pig more than the unfamiliar pig (C). Dotted lines represent 

an exploration ratio of 0.5 which indicates no preference.  
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Figure 6.4. TBI results in a transient period of reduced exploratory behavior followed by a 

period of hyperactivity in an open field test.  Representative center point tracks of normal and 

TBI-affected pigs 1, 7, 14, and 26 days post-TBI (A). Normal pigs become habituated to the 

arena over time while TBI-affected pigs showed an initial decrease in exploratory behaviors 

immediately after TBI followed by increased exploration of the open field arena over time. TBI 

piglets traveled significantly less distance 1 day post-TBI compared to normal controls. A 

comparison across time-points showed that TBI-affected piglets increased their exploration over 

time and traveled significantly more distance 28 days post-TBI compared to 1 day post-TBI. 

However, normal piglets are observed traveling significantly less distance in the open field arena 

by 14 days (B). TBI-affected piglets traveled at a significantly slower velocity 1 day post-TBI 

compared to normal controls. A comparison across time-points showed that TBI-affected piglets 

increased their velocity over time and traveled at a significantly faster velocity by 14 and 28 days 

post-TBI compared to 1 day post-TBI.  However, the velocity of normal piglets was significantly 

decreased at 14 days compared to TBI-affected animals and compared to day 1 (C). Data are 

expressed as mean ± S.E.M. * indicates significant difference between time-points within 

treatment group compared to 1 day post for distance traveled and velocity (p<0.05). # indicates 

significant difference between treatment groups within time-points for distance traveled and 

velocity (p<0.05).  
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Figure 6.5 TBI leads to significant gait impairments in cycle time and stance percent. 

Significant increases in cycle time were observed 1 and 3 days post-TBI in the left front (A), 

right front (B), left hind (C), and right hind (D) compared to pre-TBI and between treatment 

groups at 1 day post-TBI. Significant increases in stance percent were observed 1 and 3 days 

post-TBI in the left front (E) and right front (F) compared to pre-TBI and between treatment 

groups at 1 day post-TBI for the left front and at both 1 and 3 days post-TBI for the right front. 

Data are expressed as mean ± S.E.M. * indicates significant difference within time-points within 

treatment group compared to pre-TBI (p<0.05). # indicates significant difference within time-

points between treatment groups (p<0.05).  
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Figure 6.6. TBI results in significant gait impairments in hind reach and total pressure 

index. Significant increases in hind reach were observed at 1 and 3 days post-TBI in the left hind 

(A) and right hind (B) compared to pre-TBI and between treatment groups at 1 day post-TBI for 

the left hind and at 1 and 3 days post-TBI for the right hind. Slight decreases in TPI were 

observed for normal and TBI affected animals in the left front limb (C) while a significant 

decrease in TPI was observed at 1 day post-TBI compared to pre-TBI and between treatment 

groups for the right front (D). Corresponding increases in TPI were observed in the left hind (E) 

and right hind (F). A significant increase in TPI was observed 1 day post-TBI in the right hind 1 

day post-TBI compared to pre-TBI and between treatment groups. Data are expressed as mean ± 

S.E.M. * indicates significant difference from pre-TBI or pre-start of study within time-point 

(p<0.05). # indicates significant difference between treatment groups within time-points 

(p<0.05). 
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Figure 6.7. TBI leads to neuronal loss, microglial activation, astrogliosis, and neuroblast 

proliferation. Representative image of NeuN staining at the cortex in normal (A) and TBI-

affected (B) pigs. A significant loss of neurons was observed in TBI-affected animals compared 

to normal controls (C). Representative image of NeuN staining at the dentate gyrus in normal 

(D) and TBI-affected (E) pigs. A significant decrease in neurons was observed in TBI-affected 

animals compared to normal controls in the polymorphic layer of the dentate gyrus (F). 

Representative image of Iba1 staining at the cortex in normal (G) and TBI-affected (H) pigs. A 

significant increase in Iba1 expression was observed in TBI-affect animals compared to normal 

controls (I). Representative image of GFAP staining at the cortex in normal (J) and TBI-affected 

(K) pigs. A significant increase in GFAP expression was observed in TBI-affected animals 

compared to normal controls (L). Representative image of DCX staining at the vSVZ in normal 

(M) and TBI-affected (N) pigs. A significant increase in DCX+ neuroblasts was observed in 

TBI-affected animals compared to normal controls (O). NeuN, Iba1, and GFAP images were 

acquired at 4X. DCX images were acquired at 20X. Data are expressed as mean ± S.E.M. * 

indicates significant difference from normal control animals (p<0.05).  
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CHAPTER 7 

CONCLUSION 

The impact of TBI both in the United States and worldwide is significant, affecting 

millions of people each year. Children in particular are at high risk for developing long-term 

neurological deficits that can even persist into adulthood [1].  Despite the prevalence and high 

cost of TBI, there is currently no effective treatment that offers neuroprotection or regeneration 

of damaged brain tissue in a clinical setting [2]. Preclinical animal models of TBI have been 

developed to more closely study the pathophysiology and functional impairments, to identify 

potential therapeutic targets, and to test the safety and efficacy of potential neuroprotective 

therapies [3]. Although a number of neuroprotective strategies have been regarded as highly 

successful in animal models, lack of translatability from a preclinical to clinical setting has long 

plagued the field [4]. Although the inherent heterogeneity of TBI makes it difficult to fully 

recapitulate experimentally, one possible explanation for the lack of effective therapies may be 

attributed to the type of animal most commonly used to model TBI and assess potential 

treatments- the rodent. The utility and contribution of rodent models in characterizing TBI 

sequelae and identifying potential treatment targets should certainly not be diminished, but the 

translational power of these models may be impeded by a number of significant physiologic and 

morphologic differences between rodent and humans [5].  

 The pig may be an ideal large animal model of human TBI given several key similarities 

between humans and pigs. Pigs and humans share a similar developmental time course with 

regards to brain growth, neurogenesis, and myelination [6-8]. Furthermore, pig and human brains 
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are gyrencephalic and are similar in size and composition [9]. Perhaps most importantly, pigs 

and humans each have significantly more white matter than gray matter, a characteristic that 

makes modeling TBI, which often causes significant damage to major white matter tracks in the 

brain, a top priority [10]. TBI in humans often leads to significant impairments in cognition, 

behavior, and motor function. Pigs are highly intelligent and trainable and are amenable to 

performing behavior and motor testing paradigms [11]. This makes pigs an ideal candidate to 

measure functional outcomes after TBI and more importantly, the ability for therapeutic 

interventions to improve functional deficits after injury. However, further testing is needed to 

fully characterize the predictive power of pigs as a preclinical large animal for TBI.  Therefore, 

the overall goal of these studies was to develop and characterize a highly translational piglet 

controlled cortical impact (CCI) model with measureable pathophysiologic changes at the tissue 

and cellular level that corresponded with impaired functional outcomes.  

 In these studies, we first developed a scaled pig TBI model by manipulating CCI impact 

velocity and depth of depression and characterized the corresponding histopathological and 

functional responses to injury. We found that lesion volume increased as a function of injury 

severity. Histopathologically, we observed increases in neuronal cell loss, astrogliosis, 

hemorrhage, and white matter degeneration that correlated with impact parameters. Quantitative 

gait biomechanic analysis revealed progressive impairments in motor function that corresponded 

with TBI severity as well. The results from this study demonstrated that both TBI pathology and 

functional outcomes are progressively worsened by increasing injury severity in pigs, consistent 

with reports of human TBI [12].  

 Next, we utilized multiparametric magnetic resonance imaging (MRI) and magnetic 

resonance spectroscopy (1HMRS) combined with histological analysis to longitudinally assess 
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TBI pathology. At 24 hours post-TBI, we observed presence of heterogeneous edema 

accumulation in the brain parenchyma that consisted of both cytotoxic and vasogenic edema, but 

was mainly dominated by vasogenic edema, a hallmark of human TBI [13, 14]. As a 

consequence, the volume of the ipsilateral hemisphere increased, resulting in a midline shift. We 

also found evidence of white matter disruption, decreased cerebral blood flow (CBF), and 

metabolic dysfunction. At 12 weeks post-TBI, we noted a significant decrease in the volume of 

the ipsilateral hemisphere and thus a directional shift in the midline as a result of tissue necrosis. 

Additionally, we found evidence of potential cyst formation at the injury site as well as sustained 

disruption of white matter integrity and CBF. Deficits observed with MRI and 1HMRS were 

found to correlate with longitudinal histological analyses that showed significant neuronal loss, 

neuroinflammation, gliosis, and oligodendrocyte pathology. The results from this study showed 

the utility of using clinically relevant, non-invasive MRI to longitudinally track TBI 

pathophysiology in a large animal model as well as demonstrate the potential of this approach to 

monitor recovery after therapeutic interventions.  

 Then, in order to provide a platform with which to assess cognitive and behavioral 

deficits incurred from TBI, we developed a series of quantitative behavioral tests that each 

assessed different aspects of learning, memory, and behavior. We found that normal piglets 

demonstrated several key behaviors in an open field test, namely high exploratory interest of 

their environment, presence of anxiety behaviors due to social isolation, as well as habituation to 

the open field arena after repeated exposure. In a novel object recognition test, we found that 

piglets spent significantly more time with a novel object than a familiar object, demonstrating a 

preference for novelty and the ability to form object memories. In a 3 chamber social recognition 

test, we found that piglets exhibited normal sociability behaviors, spending more time with a 
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social stimulus over a novel object. Piglets also showed a preference for a novel pig over a 

familiar pig, demonstrating the ability to form social memories. Piglets also demonstrated the 

ability to form spatial memories by learning how to navigate a plus-shaped T-maze by using 

extra-maze cues. The results from this study showed that a combined approach using four 

behavior tests provided a comprehensive assessment of piglet learning, memory, and behavior 

that may have promising utility for studying functional changes in pig neural injury models.  

 In our final study, we used a combined approach to study functional outcomes and 

corresponding histopathological changes after TBI in piglets. We found that TBI-affected pigs 

exhibited spatial memory deficits in a spatial T-maze test and showed trending evidence of 

disruption of sociability and social memory deficits in a 3 chamber social recognition test. TBI-

affected pigs also showed reduced exploratory behavior immediately after TBI that was followed 

by significant hyperactivity behaviors that persisted for up to 4 weeks post-TBI. Using a 

quantitative gait pressure mat system, we also observed transient but significant deficits in gait. 

Corresponding histopathological analysis revealed a significant neuronal loss, microglia 

activation, and astrogliosis at the perilesional site at the cortex. In addition, significant neuronal 

loss was observed at the dorsal hippocampus, which may explain the presence of cognitive and 

behavioral deficits. We also noted stimulation of endogenous neuroblast populations at the 

subventricular zone. The results of this study provided evidence of both cognitive and motor 

function deficits in response to TBI that correlated with observed histopathology. These results 

provide important implications for future studies aimed at studying functional responses of TBI 

and as a means to test the predictive power of potential therapeutics to yield functional recovery 

and to restore of quality of life. 
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Challenges and Future Studies 

 Although the results reported in these preclinical studies have made significant 

contributions to the current understanding of focal TBI sequelae in a more translational pig 

model, several issues should be considered in future studies to maximize the translational 

potential of this model. First, a few overarching issues were observed in all studies. Although 

CCI induced TBI generally produces focal, highly reproducible injuries that are very similar 

across all animals, we observed a fair amount of injury heterogeneity between animals possibly 

due to individual brain size, anatomical, and vascular differences. Given the small number of 

animals in each of these studies, high variability between animals presents a challenge in 

identifying significant tissue, cellular, and functional responses. However, a similar phenomenon 

is observed in other pig CCI models [15]. Future studies will benefit from an increase in cohort 

sizes to better account for variability between animals. In these studies, we also utilized males 

only for all studies. We recognize this is a significant limitation in modeling TBI given that 

clinically this type of injury affects both males and females. Future studies should include 

animals from both sexes to account for potential sex differences in response to TBI. Furthermore, 

CCI is induced in anesthetized animals after performing a craniectomy. Anesthetics, such as 

isoflurane, have been shown to have neuroprotective properties [16] and a decompressive 

craniectomy is performed clinically as a means to reduce intracranial pressure [17]. Future 

studies should include both sham and normal controls to assess the effect of anesthesia and 

craniectomy on pathological and functional outcomes.  

 We found that increasing CCI velocity and depth of depression increased injury severity 

and subsequently led to a scaled response in lesion size, neuronal loss, inflammation, and motor 

function deficits. In a clinical setting, the Glasgow Coma Scale is the primary means for injury 
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severity classification and follows a strict neurological scoring system to classify TBI as either 

mild, moderate, or severe [18].  Although in these studies we found evidence of mild, moderate, 

and severe responses to TBI in our pig model, no common neurological scoring system with 

strict scoring guidelines has been developed for pigs that allows us to classify it as such.   

 MRI studies allow for non-invasive, longitudinal measurements of TBI outcomes like 

lesion size, midline shift, edema accumulation, white matter integrity, cerebral blood flood, and 

metabolic changes, but they are accompanied by a number of significant challenges. First, given 

the differences in brain size between humans and pigs, the resolution of MRI scans in the pig is 

much lower than that of the human. This is especially true for voxel-based sequences such as 

1HMRS in which voxel size is much smaller in pigs than humans. This presents a challenge since 

the signal-to-noise ratio is directly proportional to the voxel size [19]. Added challenges for 

1HMRS included respiration during scanning, small cerebral volume, increased lipid layer near 

the skull, and substantial hemorrhage at the lesion site which prevented quantitative comparisons 

between ipsilateral and contralateral hemispheres in our model. Total creatine is often used as an 

internal standard, however we noted significant changes in total creatine levels in our model. 

Additional optimization studies utilizing 1HMRS are needed to develop a different internal 

standard, like internal water, to better normalize spectra and to improve the resolution of voxel 

placement. The presence of substantial hemorrhage at the lesion site also provided a challenge in 

identifying areas of vasogenic edema, identified as areas of hyperintensity on ADC maps derived 

from diffusion weighted sequences, since both hemorrhage and vasogenic edema present as 

hyperintensities on ADC maps [20]. It may be of interest in future studies to generate T2-

weighted sequences that correspond with ADC maps to help delineate between vasogenic edema 

and hemorrhage.   



 

241 

 In these studies, we utilized two different modalities of assessing motor function deficits. 

First, we used high speed cameras to record spatiotemporal changes in gait. Video data was 

analyzed manually using Kinovea software, opening the door for human error involving potential 

subjective errors regarding footfall placement and timing. Video gait analysis is also limited to 

assessment of spatiotemporal gait parameters only (e.g. stride time, stance time, and support 

phase). However, our next study addressed some of these issues by utilizing a gait pressure mat 

system. The gait pressure mat can assess both spatiotemporal parameters and changes in footfall 

pressure, like total pressure index that measure the amount of pressure on the front limbs 

compared to the hind limbs. Analysis of changes in gait is semi-automatic using the gait pressure 

mat system, reducing potential human error. However, the gait pressure mat still presents with a 

number of challenges, namely that even normal pig gait can have a high degree of variability 

between animals and pigs must be well-trained to travel across the mat at a consistent velocity or 

runs are unable to analyzed. Future studies will benefit from increased number of animals and 

improved training techniques.  

 We also utilized a number of behavior testing paradigms to assess pig cognition and 

behavior in both normal and TBI-affected animals. Although these tests were shown to provide 

reliable information regarding pig cognition and behavior in normal animals, a number of 

limitations exist in their use. The spatial T-maze test for example, provides an excellent measure 

of spatial memory formation in pigs and was found to be sensitive enough to detect spatial 

memory deficits in TBI-affected animals. However, we observed that although TBI-affected pigs 

had difficult acquiring the test in the first few days, they eventually caught up to normal pigs in 

their performance after only 5 days. Although it appears that these spatial memory deficits are 

only transient in this case, it’s quite possible this this test is not sensitive enough to detect more 
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subtle, long-term deficits in cognition. For example, for this test, pigs have a 50/50 chance of 

choosing the correct reward, making it inherently easier for them to learn to solve the maze over 

time. Future studies may benefit from additional testing using more sensitive measures of spatial 

memory, such as the holeboard discrimination task where the pig must find the location of 

multiple food rewards among many incorrect food rewards, rather than just a single correct 

reward and a single incorrect reward as in the T-maze test. For the 3 chamber social recognition 

test, we were unable to reach significant results for the social memory test, despite a clear trend 

for TBI-affected pigs to seek the familiar pig over the novel pig. These results can most likely be 

attributed to a low number of animals used in these studies. For the open field test, our 

measurements were limited only locomotor activities in normal and TBI-affected animals. While 

we did find significant differences in locomotor activity between these animals, it would be of 

interest to expand on the number of behaviors measured to include additional behaviors such as 

anxiety, depression, or abnormal locomotor behaviors such as circling or backing up.  

 In conclusion, we have developed a highly translational piglet TBI that exhibits similar 

pathophysiologic and functional responses to humans. We have also developed a number of 

exciting gait and behavior testing modalities never before used in pig TBI models that can detect 

even subtle and transient changes in motor function and cognition after TBI in pigs. The future 

implications for this model are exciting as we move forward towards our goal of developing 

treatment strategies that have the potential to vastly improve the lives of the millions affected by 

TBI each year.  
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