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Abstract 

We studied the effect of unilateral cerebral hypoxia-ischemia or sham surgery in 

seven day old rats on diagnosis of Descending Corticospinal Tract Degeneration (DCST). 

using Magnetic Resonance Imaging (MRI) and axonal neurofilament 

immunohistochemistry at 24h, 48h, 72h, 1 week and 4 weeks post injury time points and 

behavioral tests at 4 weeks post injury, we assessed changes in DCST. Contralateral 

compared with ipsilateral changes in both T2 and Apparent Diffusion Coefficient were 

observed in the DCST (eg. cerebral peduncle and internal capsule) which were 

significantly different from pons or medullary pyramid. A corresponding reduction in 

neurofilament labelling within cerebral peduncle showed excellent correlation with MR 

changes at 24 hours and 1 week. The Neurological test also showed an excellent 

correlation with early MRI (T2) changes. This establishes a novel model of neonatal 

cerebral hypoxia-ischemia demonstrating the progression of changes in DCST in CNS 

Wallerian degeneration using MRI and histology. 
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CHAPTER 1:  INTRODUCTION 

Perinatal hypoxic-ischemic injury to brain continues to remain a major cause of 

acute mortality and long-term neurological morbidity in survivors. The long term 

neurological sequele are manifested in the form of learning difficulties, cognitive 

dysfunction, epilepsy, cerebral palsy with hemiplegia, quadriplegia and behavioural 

disorders (Folkerth, 2007). Birth asphyxia accounts for an estimated 0.92 million 

neonatal deaths annually and is associated with another 1.1 million intrapartum stillbirths 

(Lawn et al. 2007b). The incidence of unilateral arterial ischemic stroke is approximately 

1 in every 2300 live births and continues to rise despite modern advances in preventive 

and critical care measures (Kirton and deVeber 2009c). 

The hypoxic-ischemic injury can be commonly seen as an ischemic stroke either a 

focal lesion or a global lesion with generalized hypoxic-ischemic encephalopathy, 

although variants of the same can occur in different degrees and extent depending on the 

etiology, severity and timing of the injury (Back 2006;Denker et al. 2007;Back et al. 

2007a) Premature newborns are found to be at greater risk of perinatal brain injury 

following hypoxic-ischemic episodes (Barrett et al. 2007b).  Although there is limited 

data on imaging findings specifically in the premature population, studies have shown 

white matter sensitivity to ischemic damage, typically seen in the periventricular regions 

in these individuals. This has been attributed to factors such as developmental differences 

in arterial watershed zones and oligodendrocyte prematurity leading to increased 

susceptibility to excitotoxic injury and increased free oxygen radicals. In contrast in term 

infants cortical gray matter injuries are often commonly observed as acute total ischemic 
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or watershed infarcts. Depending on the severity of insult deep gray matter as well as 

white matter tracts may also undergo hypoxic-ischemic injury. 

The recognition of a neonate with hypoxic-ischemic cerebral event and its 

consequences remain vital for the management of the condition. Based on a detailed 

history (maternal or peri-partum) and subtle clinical signs in a neonate, radiographic 

investigations of the brain viz. Cranial Ultrasonography (USG), Computed Tomographic 

Scan (CT Scan) and Magnetic Resonance Imaging (MRI) remain the primary tools of 

diagnosis. With the constant advances in the imaging sequences and application, MRI 

remains the investigation of choice in perinatal stroke and other cerebral hypoxic-

ischemic injuries. Such an imaging of the head and neck is essential for diagnosis of the 

disease condition and also provides important prognostic information, particularly in 

cases of perinatal stroke. However the diagnosis of a cerebral lesion alone, even its size 

or location may not always be a good predictor of outcome as there can be substantial 

recovery post insult. Recently clinical studies of unilateral arterial ischemic stroke using 

Diffusion Weighted Imaging (DWI), an imaging technique that helps study the diffusion 

of tissue water content in the injured brain has provided valuable information regarding 

the degeneration of white matter fiber tracts connected to ischemic lesions.  Such studies 

based on a wide age group of pediatric population have focused on the DWI intensity 

changes in these descending axonal tracts as a predictor of pediatric stroke outcome with 

some promising results. 

MR-DWI of the axonal fiber tracts following neonatal stroke and hypoxic-

ischemic encephalopathy may become an important tool of injury assessment further 

supporting the potential for diagnostic superiority of MRI over other techniques. What is 
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also important is the observation that a definitive imaging change may provide additional 

prognostic information on long term neurological outcome. However there are also 

aspects of this imaging that remain unclear in the current literature. The underlying tissue 

changes of the clinically observed MRI changes remain poorly understood. Furthermore, 

the MRI detection of axonal degeneration over time could provide a better knowledge 

regarding the early or late changes taking place in the degenerating axons following 

cortical injury. Therefore it is imperative to establish a representative animal model to 

study the tissue aspects of this condition and MRI with a proper control for the time of 

injury and imaging. It may also be possible to further correlate the MRI and 

histopathological change in the injury process with behavioural motor outcomes in long 

term survivors.  

The rodent model of neonatal unilateral common carotid artery ligation (ischemia) 

followed by hypoxic chamber exposure is one of the most widely studied models for 

stroke and hypoxic-ischemic encephalopathy due to its overall technical feasibility and 

reproducibility of the ensuing ischemic injury that in general is similar to a neonatal focal 

stroke. Hence, in this thesis work based on the experimental study of neonatal unilateral 

hypoxic-ischemic injury, a study has been conducted to investigate central nervous 

system axonal degeneration, that we termed as either Wallerian degeneration (axonal 

atrophy distal to neuronal body or direct axonal injury) or pre-Wallerian (imaging 

changes detected in MRI preceding Wallerian degeneration). We have tested the 

applicability of MRI-DWI as a superior diagnostic tool for timely detection of this 

condition, along with gathering direct histopathological evidence and some behavioural 

observations. 
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CHAPTER 2:  BACKGROUND 

Epidemiology 

Hypoxic-ischemic injury to the brain in the form of either focal or global stroke in 

neonates continues to remain a significant cause of morbidity and mortality despite the 

advances in neonatal intensive care (de et al. 2006;Folkerth 2007;Lawn et al. 

2007a;Lawrence and Inder 2008a). The incidence of perinatal asphyxia, hypoxic-

ischemic encephalopathy and neonatal encephalopathy grouped together account for 1- 6 

per 1000 live full term births. Up to 25% of the survivors suffer from poor long-term 

neurodevelopmental outcome. This emphasizes the importance of neonatal hypoxic-

ischemic brain injury and its impact on perinatal health care. This also puts forth a 

substantial financial burden to the surviving individuals, their families, society and entire 

the health care system.  

The existing data on perinatal mortality due to hypoxic-ischemic brain injury and 

its sequele in survivors may vary depending on factors that directly or indirectly affect 

the health of the mother or the progeny. Some of the important factors are maturity of 

brain and / or timing of injury, maternal and peri-partal risk factors and the geographical 

and socioeconomic factors in terms of developed versus less developed or developing 

countries (Gunn and Bennet 2008g). It has been seen that in term neonates, the frequency 

of acute hypoxic ischemic brain injury in the first few hours of life is approximately 2-3 

cases per 1000 term live births (Gunn and Bennet 2008f). In  pre-term babies the rate of 

perinatal hypoxic-ischemic brain injury is higher than in the term neonates (Barrett et al. 

2007a) . Likewise, long term neurological disability has been seen to occur more 
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frequently in low birth-weight infants, with the rate being fifty percent or abovet that of 

the newborns with normal birth weights (Wilson-Costello et al. 2005). 

The factors indicating an increased risk for hypoxic-ischemic brain injury in 

infants are complex and multiple such as infection, inflammation, extended labor or 

repeated asphyxia during birth. The risk factors involved could be related to (i) Maternal 

conditions (eg. primiparity, chorioamnionitis, infertility), (ii) Fetal condition as (intra-

uterine growth restriction, fetal distress) and (iii) Neonatal conditions (neonatal 

resuscitation, prematurity) (James et al. 2005). Perinatal hypoxia and/or ischemia 

associated with one or more of these risk factors can result in perinatal arterial stroke and 

/ or cerebral hypoxic-ischemic encephalopathy, also thought to be major contributors to 

brain injury (Inder and Volpe 2000). These conditions potentially result in regional 

infarcts involving cerebral cortex, white matter and basal ganglia leaving long term motor 

deficits in survivors (Lynch and Nelson 2001a). 

As described above, hypoxic-ischemic insults can be generally classified as : i) 

Global insults: i) Global cerebral hypoxia-ischemia, where bilateral hemisphere may be 

affected by the injury process, commonly following birth asphyxia and predominantly 

occurring in pre-term babies or ii) Focal cerebral hypoxia-ischemia, affecting the brain 

unilaterally in either part or most of the affected hemisphere depending on the vascular 

territory involved and the severity of injury itself. Perinatal unilateral arterial ischemic 

stroke is a good example.  

Depending on the stage of maturity of the brain at the time of the occurrence of 

the cerebral hypoxic-ischemic event, the resulting lesions may be selective for gray 

matter or white matter or both. Two classifications include:  a) Pre-term brain injury, 
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occurring in the developing brain less than 37 weeks of gestation, and may include 

predominantly white matter. This injury has also termed as perventricular leucomalacia 

(PVL) especially in premature neonatal brain with global ischemia (Perlman 1998;Volpe 

2001a;Barrett et al. 2007c;Khwaja and Volpe 2008b). PVL has been observed to manifest 

commonly in the form of either focal necrosis or diffuse gliosis occurring together or 

independently. In addition, subcortical gray matter in preterm brain might be more 

commonly affected than initially thought (Fraser et al. 2007); (Pierson et al. 2007). The 

pre-term brain injury has been attributed to the susceptibility of premyelinating 

oligodendroglia to glutamate, free radicals and pro-inflammatory cytokines generated in 

ischemic brain injury (Deng et al. 2008).   b) Term brain injury which occurs in a term 

brain of completed or greater than 37 weeks’ gestation. Usually the injury observed 

consists more of cortical gray matter commonly in the form of selective neuronal necrosis 

often seen as diffuse neuronal injury affecting the cerebral cortex, basal ganglia, 

hippocampus, brainstem and cerebellum (Lawrence and Inder 2008b). The other patterns 

of injury observed may be parasaggittal cerebral injury or watershed infarcts resulting in 

focal or multi-focal ischemic injury. Therefore, given the ongoing developmental process 

within the neonatal brain and its nervous system, it is a challenge to set a definite 

demarcation that the maturity of the brain may define the occurrence of strictly selective 

white matter or gray matter injury following a hypoxic-ischemic insult. Irrespective of 

maturity of brain, hypoxic-ischemic injury may involve both the white and gray matter in 

variable extents, resulting in a range of neurological deficits and adding a burden to 

families and society. 
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We will describe the cerebral hypoxic ischemic injury in the neonates under two 

broad headings. They are Perinatal stroke (commonly unilateral, also bilateral and/ or 

microvascular regional involvement) and global perinatal hypoxic ischemic brain injury 

(understood to be brain damage related to birth asphyxia or hypoxia-ischemia in perinatal 

period). These disease patterns thus may be studied in neonatal animal model of stroke, 

ie., Experimental hypoxic-ischemic cerebral injury. In this study we will focus on 

producing unilateral focal hypoxia and ischemia in seven day old rats, resulting in 

unilateral cerebral infarct with involvement of both gray matter and white matter tracts 

thereby modelling a perinatal focal stroke. The prime focus of the study will be imaging 

Wallerian degeneration of the descending corticospinal tract in this model of stroke. 

 

 Perinatal stroke 

A condition characterized by a cerebrovascular event which compromises blood 

supply to the brain parenchyma, perinatal stroke may be arterial or venous, clinical or 

sub-clinical and may occur at multiple time frames (Kirton and deVeber 2009b). It can 

again be either Global or focal injury occurring in a pre-term or a term brain. Perinatal 

stroke ranks second only to that observed in adult age groups ranging from 1 in 2300 to 1 

in 5000 live births (Raju et al. 2007a). It also accounts for 75-80% of children born at 

term or late pre-term gestation affected with hemiplegic cerebral palsy. In a recent 

consensus the National Institute of Child health and Human Development and National 

Institute of Neurologic Disorders and Stroke have defined ischemic perinatal stroke as “a 

group of heterogenous conditions in which there is focal disruption of cerebral blood 

flow secondary to arterial or venous thrombosis or embolization, between 20 weeks of 
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fetal life through the 20th postnatal day, confirmed by neuroimaging or neuropathologic 

studies” (Raju et al. 2007b;Kirton and deVeber 2009a). 

A condition recognized to occur more commonly in term infants, perinatal arterial 

ischemic stroke is typically caused by a thromboembolic event usually within the middle 

cerebral arterial territory. The origin of the thrombus is often unknown but may arise 

from the heart, placenta or other vessels or can result from vasoconstriction or 

compression of intracranial vessels (Lynch and Nelson 2001b). Risk factors include 

cardiac disorders, coagulation disorders and arteriopathies as well as independent 

maternal conditions such as primiparity, infertility, oligohydramnios, preeclampsia, 

chorioamnionitis, prolonged rupture of membranes, decreased fetal movement, prolonged 

second stage of labor, and fetal heart rate abnormalities. (Lynch and Nelson 

2001c;deVeber 2003;Lee et al. 2005a;Kirton et al. 2007h). Diagnosed clinically by 

precise history and observing events such as seizures, hypotonia or apnea, neuroimaging 

studies confirm the diagnosis of focal cerebral infarction or other co-existing intracranial 

pathologies.  

 

Perinatal hypoxic-ischemic brain injury 

Perinatal cerebral hypoxia-ischemia, occurring between 20 weeks of fetal life 

through the 28th post natal day, can be initiated either by compromised placental or 

pulmonary gas exchange leading to systemic hypoxia-anoxia with or without systemic 

hypercapnia (Vannucci et al 1990; 578). If the insult persists, the accompanying cardiac 

depression gives rise to bradycardia and systemic hypotension which in turn contributes 
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to continued rise in oxygen and glucose debt. If not promptly reversed, this condition 

further results in injury and neuronal cell death and potential cerebral infarction.infarct 

Epidemiological studies have emphasized a strong association between neonatal 

hypoxic-ischemic brain injury and maternal peripartum risk factors clinically associated 

with cardiopulmonary compromise of the mother, fetus and / or neonate at some point 

during, before or after birth (Gunn and Bennet 2008e); (Volpe 2001b;Folkerth 

2006;Nelson 2007b;Huang and Castillo 2008a;Scafidi and Gallo 2008a;Gunn and Bennet 

2008d). Contributing antepartum events may be a history of severe neurological disorder, 

seizures, pre-ecclampsia, diagnosed maternal viral infection or moderate to severe 

bleeding. Likewise intrapartum events related to maternal pyrexia, premature rupture of 

membrane, fetal malpresentation, cord prolapse, meconium aspiration etc have been 

associated with neonatal focal or global brain injury at time of birth (Badawi et al. 

1998a;Badawi et al. 1998b;Gunn and Bennet 2008c). Although infants can have normal 

outcomes the adverse neurological sequelae frequently observed include cognitive 

dysfunction, developmental delay, seizures, sensory-motor impairment or cerebral palsy 

(Volpe 2001c;Nelson 2007a;Khwaja and Volpe 2008a;Scafidi and Gallo 2008b;Gunn and 

Bennet 2008b). 

  Irrespective of the region affected, hypoxia-ischemia is a common pathogenic 

event resulting in brain injury. All these patterns of brain injury contribute significantly to 

the morbidity and mortality conferred by perinatal hypoxic-ischemic events. However it 

has been frequently observed that cerebral infarcts or gray matter lesions that also include 

white matter are prevalent in the perinatal period, irrespective of the stage of 

development or birth status. The model we have described closely represents a unilateral 
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focal arterial ischemic stroke simplified to incorporate a term brain injury, as both 

cortical gray matter and subcortical white matter structures axonal fiber tracts are also 

involved. Furthermore we have focused this study on the involvement of the descending 

axonal white matter fiber tracts and the changes they undergo following cerebral 

hypoxia-ischemia in this study. 

 

Experimental model of hypoxic-ischemic cerebral injury 

One of the most common neonatal rat models is the Vannucci model of cerebral 

hypoxia-ischemia (Rice et al. 1981) (Vannucci et al. 1999). Unilateral carotid occlusion 

is combined with an episode of hypoxia in 7 day old rat pups (Tuor et al. 1998). With the 

onset of the hypoxia compensatory vasodilation in brainstem and contralateral 

hemisphere tends to steal blood flow from the already dilated vessels of the ipsilateral 

hemisphere via the Circle of Willis. The added stress of a decreasing substrate for 

metabolism contributes to ischemia sufficiently severe to affect cellular integrity. 

Damage occurs reproducibly in the areas of specific cerebral injury, notably 

periventricular, sub cortical, cortical, hippocampal, striatum and lateral thalamic regions 

in the hemisphere ipsilateral to the carotid artery occlusion. This model of injury maybe 

considered as the clinical counterpart of neonatal unilateral arterial ischemic stroke (Eg. 

Fig.1). 
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Figure 1. DW images demonstrating areas of ischemic lesions in an 
example of a neonatal arterial stroke (Human A, axial view, courtesy 
Kirton and deVeber, 2006) and neonatal cerebral hypoxia-ischemia model 
(rat, B, Coronal view)

A B

Anterior

Posterior

 

 

 

 

 

 

 

 

 

The seven day old rat has a relatively immature brain which developmentally has 

been suggested to correspond to approximately a human neonate of 32-34 weeks 

gestational age. This age of rat provides an animal model that has been widely used to 

study perinatal hypoxia-ischemia (Rice, III et al. 1981;Avissar et al. 1994). Compared to 

humans, the exact age-specific stage of brain development in an animal species has been 

difficult to assess and can be species specific (Tuor et al. 1996).The developmental stage 

of the brain and its response to injury may depend on several factors such as myelination, 

oligodendroglial maturity, neurofilament migration to axons, neurovascular development 

and formation of neuronal synapses. These occurrences can again vary within the brain 

regions such as the striatum, hippocampi may undergo complete white matter maturation 

by Post Natal Day (PND) 7 whereas it may still be an ongoing process in the posterior 

structures. 

 



 

 

12

Hypoxia-Ischemia and Cell Death 

Cerebral ischemia may be understood as the interruption and/ or reduction in 

cerebral blood flow resulting in a pathophysiological alteration of neuronal function due 

to energy depletion and disruption of brain tissue ionic homeostasis (Raichle 1983;Lo et 

al. 2003a). Inadequate delivery of oxygen or glucose to the brain with compromised 

blood supply initiates a cascade of events that ultimately result in infarction. The severity 

of the insult, defined by the degree and duration of reduced blood flow, hypoxia or 

hypoglycemia, determines whether the brain suffers only temporary dysfunction, 

irreversible injury to only a few of the most vulnerable neurons (selective necrosis) or 

cerebral infarction, in which damage occurs to extensive areas involving all cell types 

(pan-necrosis).  

In severe ischemia, energy-rich compounds become depleted within minutes. As 

energy-dependent membrane pumps fail, neuronal and glial cell membranes depolarize 

and allow the influx of calcium ions. Elevated intracellular calcium along with 

sodium and other second messengers activate lipases and proteases, which release 

membrane-bound free fatty acids that denature proteins. This along with the extrusion of 

potassium to extracellular space leads to prompt cessation of electrical activity. The 

oxidative stress generating noxious free radicals combined with depolarization of 

presynaptic terminals releases abnormally high concentrations of excitatory 

neurotransmitters, such as glutamate. This is associated with impairment of glutamate 

uptake by the glia which further elevates metabolic demand at a time when energy 

supplies are inadequate and thus exacerbates the injury (Ferriero 2004c) (Ferrer and 

Planas 2003)  
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In a developing human brain neuronal migration is largely complete by 25 weeks 

of gestation in humans, but glial migration and differentiation and growth of cortical 

connections continue well after this time (Barrett et al. 2007d). Myelination proceeds 

from caudal to rostral, such that although spinal myelination begins in the first trimester, 

cortical myelination does not begin until late in the third trimester,from around 34 weeks 

gestation,and is not complete until long after birth (Holland et al. 1986). Along with the 

neuronal network, the vascular network in a neonatal brain (premature) is also believed to 

be less well developed in that several brain regions including subependymal germinal 

matrix are vascularized by extremely fragile capillary networks (Gill and Perez-Polo 

2008a). Thus neonatal brain, in comparison to the adult brain, is believed to have higher 

susceptibility to physiological alterations such as decreased blood supply or sudden 

changes in systemic blood pressure. This is the case because the cerebral blood flow 

autoregulation to changes in blood pressure have a range in the neonates that is narrow 

(10-20mmHg as compared to 40 mmHg in adults). This can bring about a rapidly 

compromised cerebral autoregulation resulting in pressure passive cerebral circulation 

and ultimate cerebral ischemia and tissue necrosis. In addition to this, experimental 

studies in rat neonates have shown that the neonatal brain is more susceptible than adult 

brain to oxidative stress due to the ongoing neurodevelopmental stage of synaptic 

remodeling and differentiation of oligodendroglial precursors to mature and myelinating 

oligodendrocytes (Back et al. 2007b;Gill and Perez-Polo 2008b). Furthermore, such an 

oxidative damage to the neurons and axons can have long term neurological 

consequences beyond the neonatal period. 
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At the tissue level, depending on the severity of the ischemic insult defined by the 

duration, the response may be an immediate tissue necrosis followed by a delayed phase 

of tissue injury characterized by apoptotic cell death (Gill and Perez-Polo 2008c). Hence 

the process of cell death may occur within minutes and continue over a period of hours 

and days to weeks. The progression of injury may be accompanied by activation of 

multiple processes such as oxidative stress and excitotoxicity occurring within hours to 

days with concurrent endothelial activation and pro-inflammatory and pro-thrombotic 

interactions between vessels and circulating cells that can continue for days or weeks (Lo 

et al. 2003b;Ferriero 2004b). Thus the resultant cerebral oedema, break down of the 

blood brain barrier (BBB) and disruption of tissue water homeostasis within the brain 

further contribute to the brain inflammatory response and ongoing neuronal injury.  

The cellular response to injury and death in neonatal brain may therefore be 

understood as a continuum of both necrotic and apoptotic pathways depending on the 

initial severity of injury and the long term changes. The initial cell death following 

hypoxia-ischemia is believed to be mainly “necrotic” and accumulating morphological 

and molecular evidence suggests that part of the biochemical mechanisms displayed are 

similar to those in programmed cell death or “apoptosis” (similar to that seen 

developmentally in the form of programmed cell death) (Ferriero 2004a;Northington et 

al. 2005) (Goldberg and Barres 2000;Smith 2004). Necrotic cell death is an energy-

passive process independent of protein synthesis that is characterized by loss of cellular 

architecture and ultimately culminates in cytoskeletal breakdown with edema formation. 

The morphologic features of apoptotic cell death are quite different, with DNA laddering 

and regular clumping of chromatin (apoptotic bodies). This is followed by a stereotypical 
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loss of cellular architecture which takes several days and involves the activity of caspases 

(a family of cysteine proteases) and other enzyme systems. The resultant change that may 

occur in the axons distal to the site of neuronal death or injury, a process also termed 

Wallerian degeneration has drawn some interest in the last few decades and demands a 

better understanding. 

The understanding of the mechanisms of cell injury and death in neonatal stroke 

and hypoxic-ischemic brain injury has been enhanced by the advent of better diagnostic 

modalities over the last few decades. Magnetic Resonance Imaging (MRI), with its ability 

to detect certain abnormalities of tissue water in response to injury has been one of the 

widely used tool of diagnosis in both pediatric clinical and experimental application. 

 

Diagnostic Imaging of Neonatal Stroke and Hypoxic-Ischemic Encephalopathy 

The invention and evolution of multiple radiodiagnostic equipment facilities 

remarkably facilitated the management of stroke and hypoxic-ischemic encephalopathy 

in neonates. MRI stands out as a widely preferred imaging modality due to its non-

invasive technique and extensive range of application in biomedical diagnostic imaging. 

In term neonatal brain pathologies such as stroke or hypoxic-ischemic encephalopathy, 

MRI provides the best delineation of the pattern of injury and is one of the strongest 

predictor of neurodevelopmental outcome (Lawrence and Inder 2008c). Hence MRI is the 

preferred standard clinical tool in diagnosing neonatal encephalopathy which includes 

suspected perinatal stroke or hypoxic-ischemic encephalopathy (Barkovich and Sargent 

1995;Chao et al. 2006;Kirton and deVeber 2006b;Kirton and deVeber 2006c;Kirton et al. 

2007h;Vermeulen et al. 2008;Gunn and Bennet 2008a;Liauw et al. 2008a). Quantitative 
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MRI studies in neonatal animals have provided sound evidence of the altered brain tissue 

water content and protein extravasation following hypoxia ischemia with corresponding 

signal changes in MRI (Malisza et al. 1999;Lodygensky et al. 2008a). 

MRI is based on the principle of alignment and dephasing of spinning nuclei in a 

strong magnetic field (Paul S.Tofts 2003;Roberts and Mikulis 2007b;U.I.Tuor 2009). The 

most commonly imaged nuclei are the protons that are present in abundance in tissue 

water, which when placed in a strong magnetic field get aligned either parallel or anti-

parallel to the axial field (the direction of alignment of proton density). With the 

application of radiofrequency (RF) pulses (a pulse of electromagnetic energy) this 

alignment is temporarily perturbed so that some of the spinning nuclei get flipped to 

unaligned state of energy. The spins return to realign with the field with a time constant 

T1, also called the spin lattice relaxation. After the RF pulse the protons spinning in their 

axis of rotation also start to dephase with time constants T2 and T2*, a process called 

transverse or spin-spin relaxation. The relaxation rates depend on the tissue composition 

content and are reflected as MR signals that very with tissue structure and content 

(Boulby and Rugg-Gunn 2003;Gowland and Stevenson 2003;Roberts and Mikulis 

2007a).  

In medical applications the properties of the protons that are abundantly present in 

tissue water are reflected and interpreted for diagnostic purposes. T1 and T2 weighted 

images are the standard sequences used routinely for neuro-imaging to detect anatomical 

or pathological tissue changes such as cerebral infarction or tumors. DWI is another 

popular imaging sequence which is principally based on the diffusivity of water 

molecules within the tissue, where water motion can be restricted by cell membranes, 
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myelin sheaths or intracellular organelles (Mori and Barker 1999;Mori and Zhang 2006). 

In brain, diffusion of water is altered by various processes such as development, aging 

and pathologies (Huppi and Dubois 2006;Nucifora et al. 2007). When diffusion images 

are acquired at more than one diffusion gradient or direction, an apparent diffusion 

coefficient (ADC) of water can be calculated. In cortical infarcts the restricted diffusion 

is reflected as an increase in image intensity with a corresponding hypointensity in ADC 

maps. This has been shown to be an early marker of cytotoxic injury, with cortical gray 

matter changes preceding those in the underlying subcortical white matter (Sheerin et al. 

2008a). 

The increased availability and use of MRI for neonatal imaging has led to the 

appreciation that childhood stroke is a serious and frequent disorder and hypoxic-

ischemic encephalopathy in the perinatal period is an important cause of brain damage 

(deVeber 2002;Huang and Castillo 2008b;Liauw et al. 2008b). Quantitative MRI studies 

in neonatal animals have provided sound evidence of the altered brain tissue water 

content and protein extravasation following hypoxia ischemia with corresponding T2 

signal changes (Qiao et al. 1999;Qiao et al. 2001;Lodygensky et al. 2008b). Standard 

stroke imaging protocols that include T2, T1 and both ADC and diffusion weighted scans 

generally provide an indication of the location, size and age of the ischemic lesion (Qiao 

et al. 1999;Huppi and Amato 2001;Huppi and Inder 2001;Qiao et al. 2001;Meng et al. 

2006b;Huang and Castillo 2008c). Hence based on the application of MRI in detection of 

the intracranial lesions and affected structures in stroke or hypoxic-ischemic cerebral 

injury in a neonate, it may be useful not only in timely diagnosis of the pathology, but 
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also in predicting the outcome of the injury as has been shown by some of the recent 

clinical studies (Mazumdar et al. 2003a;De Vries et al. 2005a;Kirton et al. 2007a).  

 

Descending Corticospinal Tract Degeneration/Wallerian Degeneration:  

Definition 

A brain lesion or infarct following hypoxic-ischemic injury or neonatal stroke 

results in subsequent axonal degeneration distal to the site of primary cortical and/or sub-

cortical injury. Such a degeneration, also termed as Wallerian degeneration, is defined as 

an anterograde degenerative change that axons in peripheral or central nervous system 

undergo following their separation from the neuronal cell body in response to noxious 

stimuli and / or direct transection of the axon (Palin et al. 2008a). Wallerian degeneration 

was first described by Augustus Waller in 1849 after observing the axonal changes 

produced by cutting the glossopharyngeal and hypoglossal nerves in the frog (Vargas and 

Barres 2007).   The current definition has been an extrapolation of the first seminal 

observation and has been used to include the necrosis and subsequent disintegration of 

the distal axon and its myelin sheath that occur following severe injury to a cell body.  

This is relevant to disease processes such as stroke where ischemic neuronal death in the 

cortex can be expected to result in axonal degeneration of caudally directed motor fiber 

tracts. 

 

Anatomical consideration 

The corticospinal tract is composed of axons originating in the giant pyramidal neurons, 

also known as Betz cells, within lamina V of the cerebral primary motor cortex. In 
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humans, the majority of it is from such neurons within the precentral gyrus (Brodman’s 

area 4) (Goetz, 2007). There are significant contributions to the corticospinal tract from 

many other areas of the cortex, especially premotor area 6 and supplementary motor area. 

This is the only motor tract that passes directly from the cerebral cortex to the spinal cord 

without making any intermediate synaptic connections.  

The axons gather together to form the corona radiata and are called the 

Descending Corticospinal Tract (DCST) (Fig. 2). This tract descends through the 

posterior limb of the internal capsule and into the middle two thirds of the cerebral 

peduncles within the midbrain. As the fiber bundles reach the pons, they become 

interspersed with a variety of other descending and crossing white matter tracts. These 

again become discreet and easily recognizable tracts at the ventral aspect of the medulla, 

known as the medullary pyramids. At the caudalmost level of the medulla, most of the 

corticospinal fibers cross the midline in the decussation of the cervical medullary junction 

and continue in the lateral funiculus of the spinal cord as the lateral corticospinal tract. A 

much smaller number of fibers continue uncrossed in the ventral funiculus as the ventral 

corticospinal tract. 

 

 

 

 

 

 

 
Fig. 2. Schematics of the Descending Corticospinal Tract from 
cortex to the level of Medullary Pyramids in A) Human and B) Rat.
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Pathophysiology  

Wallerian degeneration has been widely studied in the peripheral nervous system 

(PNS) (Vargas and Barres 2007;Palin et al. 2008b). In the PNS, following axonal 

transection, the myelin sheath fragment into oblong “ellipsoids” that often contain 

residual axoplasm (Koeppen 2004). The degenerating segment of a severed peripheral 

nerve becomes hypercellular, mainly due to the proliferation of Schwann cells. Long after 

all neural constituents are gone, a band of Schwann cells and collagen remains thus 

forming basis for regeneration of the PNS after injury. An earlier  study done in sciatic 

nerve has shown that Schwann cells and hematogenous macrophages play an important 

role in myelin degradation (Stoll et al. 1989). It has been shown that prior to the 

appearance of adherent macrophages, the myelin sheath gets fragmented into ovoids, 

small whorls of myelin debris appear within Schwann cell cytoplasm and the Schwann 

cell displays numerous lipid droplets. However, at least in large fibres most myelin 

degradation and removal is accomplished or assisted by macrophages, identified by their 

expression of the ED1 marker. 

The events of axonal change that occur with Wallerian degeneration in the CNS 

have been studied predominantly in optic nerve and spinal cord and have been assumed 

to be similar in the DCST following cortical stroke.  An early axonal response to injury 

has been reported to be in the form of calcium influx immediately post injury which 

signals resealing of severed ends (Krause et al. 1994a;Krause et al. 1994b). A study in 

mice spinal cord shows that as early as within 30 minutes of axonal severance from the 

cell body, and within less than 100µm of length from the site of primary injury, axon 

segments start to degenerate (Kerschensteiner et al. 2005b). Following axotomy, there is 
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considered to be beading and swelling of the axon membrane with subsequent granular 

disintegration of the cytoskeleton involving degradation of the neurofilaments and 

microtubules of the axon to granular amorphous debris throughout the distal stump in the 

first 48 hr after dissection.  About 8-15 days after an insult producing death of the cell 

body, the axons have disintegrated and debris disappears within about 1 month.  The 

myelin sheath breaks into ellipsoids and finally smaller globules. The break-down of 

lipids are phagocytosed over months resulting in a brain atrophy that is readily detected 

using neuroimaging. 

There are inherent differences in response to injury in the CNS and the PNS.  

In studies done on the spinal cord and optic nerve, there have been reports on the role that 

astrocytes, macrophage and resident glia (not present in PNS) play in the formation of 

glial scar in response to injury, scavenging of the inflammatory debris and thus 

facilitating degeneration (Badawi et al. 1998c;White and Jakeman 2008). However 

studies attempting to inhibit astrocytes after injury have revealed that they may have a 

role in repair instead (Otani et al. 2003). Furthermore as compared to the CNS there are 

more unmyelinated nerve fibres present in the PNS which retain an ability to sprout 

collaterally and possess a certain degree of plasticity (better and ‘first responders’ in 

times of injury or disease in the neighbourhood) (Goldberg and Barres 2000). This is not 

the case in CNS where there are more myelinated fibers for better conduction, energy 

conservation, and better point to point connectivity (Griffin and Thompson 2008). 

However when these are injured, death of the axons and degeneration becomes almost 

invariable. Therefore there is a delayed clearance of the necrotic debris in CNS in 

comparison to PNS. It is the cellular responses of myelin, axonal and / or glial cell 
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protein activation and their persistence that are thought to be responsible for this delayed 

clearance in CNS (Vargas and Barres 2007;Palin et al. 2008c). Indeed the chronic 

clearance of debris in the CNS takes months to years compared to only weeks in the PNS. 

Therefore from studies done to date, the known sequence, outcome and timing of 

the axonal changes in Wallerian degeneration are fairly well understood particularly in 

the PNS, optic nerve and spinal cord (Kuhn et al. 1988;Kuhn et al. 1989;Bae et al. 

1997;Coleman and Perry 2002;Coleman 2005;Kerschensteiner et al. 2005a;Vargas and 

Barres 2007). What remains unknown yet and what would be important to investigate 

would be the process of axonal degeneration and its time dependant changes in the DCST 

in order to obtain a better understanding the pathophysiology behind its degeneration post 

CNS injury. 

 

 MRI changes in DCST degeneration 

Traditional T2, DWI and its ADC values in imaging have been used to investigate 

the MRI intensity changes associated with Wallerian degeneration clinically. Newer 

Diffusion Tensor Imaging (DTI) methods may provide additional information in future 

studies of abnormalities in the white matter tracts as this technique detects both 

magnitude and direction of diffusibility of water allowing the assessment of changes in 

its microstructural organization (Ferriero 2004d;DeBoy et al. 2007;Sun et al. 2008a). 

Recent reports in the pediatric population have shown that there are MR signal increases 

in DWI along the DCST. Regions examined commonly included motor fibers of the 

posterior limb of the internal capsule, cerebral peduncle, basis pontis and medullary 

pyramid which were remote and distal to the actual site of injury in cortex or basal 
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ganglia (Mazumdar et al. 2003b;De Vries et al. 2005b;Kirton et al. 2007b) (Eg. Fig 3). 

The reported MR changes have often been more pronounced in DWI as compared to 

conventional T1 or T2 images. Abnormalities generally appear as hyperintense regions 

compared to the normal appearing contralateral anatomical counterpart (commonly at the 

level of cerebral peduncle and internal capsule) although some contralateral changes have 

also been reported (Domi et al. 2009c). The early change in DWI signal intensity with a 

reduced ADC value has been attributed to cytotoxic edema process that occurs following 

acute ischemia (Mazumdar et al. 2003c;De Vries et al. 2005c). The increases DWI signal 

with a corresponding decrease in their ADC values has been interpreted as a “Diffusion 

Restriction” in the early stage of the axonal response to injury and/or frequently reported 

as a marker of a pre-Wallerian degeneration (DWI signal changes prior to axonal atrophy, 

clinically commonly seen within 14 of injury).  

 

 

 

 

 

 

 

 

Fig. 3. Diffusion Weighted Magnetic Resonance Images, (A, B arrows/insets) showing signal 
changes in a) cerebral peduncle and b) internal capsule (human brain, courtesy: Kirton et al, 2007; 
Domi et al, 2009).

A B

 

 

 



 

 

24

Some of the earlier retrospective studies by Bouza and colleagues (Bouza et al. 

1994a) defined Wallerian degeneration as the presence of signal intensity changes in the 

internal capsule remote from the area of infarction and/ or reduction in size of the anterior 

midbrain, pons or medulla on the ipsilateral side. The assessment was based on inversion 

recovery and spin echo sequences and the degree of asymmetry of the upper brainstem. 

One of the initial few observations being made in this area, this study consisted of 

hemiplegic infants, nine months to nine years old, with hemispheric brain lesions 

diagnosed with ultrasound in the neonatal period. Asymmetry of MRI signal intensity in 

the brain stem and infarct size were measured. Brainstem asymmetry also recognized as a 

chronic Wallerian degeneration was found to be better correlated with severity of 

outcome than the infarct size.  

Mazumdar and colleagues (Mazumdar et al. 2003d) reported the sensitivity of 

DWI in depicting acute injury in descending white matter commonly believed as a 

‘preceding’ Wallerian degeneration or pre-Wallerian degeneration. The study included 

infants 3 days to 5 months old who had undergone DWI at two to eight days after the 

onset of ischemia (Anterior or Middle cerebral artery infarction). It was presumed that the 

presence of DWI signal intensity changes in the ipsilateral descending axonal tracts in 

these infants could have been the preceding Wallerian degeneration and had been 

correlated with neurologic disability. Another study had reported the use of DWI and 

calculation of ADC in infants with perinatal arterial ischemic stroke (15 infants, > 35 

weeks gestational age) (De Vries et al. 2005d). The significantly reduced ADC values at 

the level of cerebral peduncle have been hypothesized in the past to signify early axonal 

changes. DWI and its ADC values have been thus believed to provide additional 



 

 

25

quantitative data of acute DCST degeneration as compared to conventional MRI. 

However the underlying tissue changes remain unclear. 

More recent development in the study of pre-Wallerian degeneration have been 

towards better quantification of the diffusion restriction reflected by increased DWI 

signal intensity. Studies including a cohort of pediatric arterial ischemic stroke patients 

(Kirton et al. 2007c;Domi et al. 2009b) have shown significant alteration in the DWI 

signal intensities in the DCST regions. A wide range of age group was included (≤ 28 

days old, ≥ 28 days to 18 years old population) in the study with imaging obtained within 

8-14 days post injury. These studies have correlated the DWI signal changes with long 

term neurological outcome. They also reported that the size of the infarct did not 

correlate as well with the outcome. Therefore there has been substantial evidence that the 

DWI sequences imaging of DCST aids in diagnosis of CNS Wallerian degeneration 

occurring further from the site of primary injury and has a potential for predicting long 

term outcome.  

The changes in MR (DWI) detected in these studies have thus been attributed to 

imaging changes preceding the Wallerian degeneration of the DCST. However the tissue 

changes corresponding to the imaging changes are currently unknown, in part because 

there are not many pathological studies available in the human subjects. Therefore an 

MRI study using a neonatal animal model of ischemic lesions with CNS Wallerian 

degeneration will help provide direct correlative information that is not possible in 

humans. 
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DCST changes and histopathological importance 

The histopathological changes an axon undergoes in Wallerian degeneration may 

be detected by using specific staining techniques. Traditionally Silver staining has been 

used to detect changes in the axon, depicting changes in the myelin sheath as the axons 

degenerate (Heimer L 968).   

Another important stain to look at the axons affected by injury is axonal 

Neurofilament staining (Haynes et al. 2005a;Sun et al. 2008b). Neurofilaments (NFs) are 

strands of cytoskeletal proteins in a neuron. These are assembled in the cell body of 

neurons, and transported down the length of the axon in the course of constant turnover. 

The dynamic nature of NFs implicates these proteins in the process of neuronal growth 

and development (Mikuni et al. 1998). A reduction in the population of phosphorylated 

NFs along the DCST has been noted in CNS Wallerian degeneration. There have been 

two epitopes of the NFs recognized, the phosphorylated and the non-phosphorylated. The 

SMI 31 (that labels phosphorylated NF) and SMI 32 (that labels non-phosphorylated NF) 

are the immunohistochemical stains that have been used to mark these proteins in 

degenerating axon. The phosphoprylated NFs are believed to be responsible for a 

dynamic interaction of cytoplasmic organelles, and are believed to confer stability 

between the cytoplasmic and cytoskeletal organelles. They are typically observed in 

axonal neurofilaments and are stained by SMI 31. In addition to the axonal NFs, SMI 32 

also labels NFs in the neuronal cell body. The population of both these NFs have been 

reported to decrease in axonal degeneration (Haynes et al. 2005b;Sun et al. 2008c). The 

SMI 31 stain will be used for the purpose of studying axonal degeneration in this thesis. 
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Motor Outcomes Following Cerebral Hypoxia-Ischemia 

Although there is some correlation of infarct size or hypoxic-ischemic lesion with 

outcomes, stroke volume and location have a limited ability to predict long-term motor 

outcome particularly for smaller strokes (Mercuri et al. 1999;Ganesan et al. 

1999;Boardman et al. 2005;Lee et al. 2005b;Kirton et al. 2007d).  Considering the 

plasticity of the brain and the substantial potential of neonates for recovery, consistent 

predictors of outcome have been limited.  However some of the early studies with CT 

imaging of Cerebral Palsy patients with cortical atrophy and periventricular lesions have 

shown a correlation of long term hemiplegia with the presence of cortical atrophy and 

periventricular lesions (Wiklund and Uvebrant 1991). Subsequent MRI studies in 

children with focal as well as global cerebral hypoxic-ischemic injuryhave substantiated 

the correlation of DWI hyperintensities in the DCST (mainly at the level of cerebral 

peduncle and internal capsule) with poor motor outcome in long term follow-up cases of 

pediatric acute unilateral arterial ischemic stroke (De Vries et al. 2005e;Groenendaal et 

al. 2006a). Highly promising is the observation that, particularly in neonates and children, 

not only subacute and chronic changes in the DCST but also relatively acute changes, 

considered to be related to pre-Wallerian degeneration appear to predict long term 

neurological outcomes (Bouza et al. 1994c;Mazumdar et al. 2003e;Kirton and deVeber 

2006a;Kirton et al. 2007e;Kirton et al. 2007h;Domi et al. 2009a).  This may further help 

in providing a better and early prognostic indicator of neurological outcome as well as 

help in proper patient selection for therapeutic interventions and trials. Therefore it is of 

major clinical interest to develop an understanding of the MRI changes and 
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corresponding histopathological correlates in terms of a better predictability of 

neurological outcome in future. 

It is also possible to assess behavioral outcomes in experimental animal studies of 

neonatal cerebral hypoxia ischemia with the help of multiple tests. In seven day old rat 

pups studies have shown focal motor deficits corresponding to lesion size in behavioral 

assessments conducted at different recovery times post hypoxia-ischemia (Borlongan et 

al. 1995b;Tuor et al. 2001;Metz and Whishaw 2002a;Lubics et al. 2005;Tuor et al. 

2008a). Behavioral examinations such as cylinder test, neurological scoring and 

horizontal ladder test in intact animals have generally demonstrated an equal use of paw 

and left or right turning behavior. In contrast animals with unilateral hypoxic-ischemic 

brain injuries have been often been found to show a contralateral weakness or paw 

preference for the unaffected side in these tests.  

There have also been reports of partial or near complete neuropsychological and 

behavioral recovery due to functional reorganization and / or neuronal plasticity in rats 

with cerebral hypoxic-ischemic insult  so that a failure to detect a significant deficit had 

occurred   (Gharbawie and Whishaw 2006;Whishaw et al. 2008b); (Kolb et al. 

2003a;Kolb and Gibb 2007a).. This is also true in clinical observations. There have been 

studies of differences in response to injury and recovery in pediatric and adult population 

of unilateral stroke in terms of neuropsychological and social impairment (Mosch et al. 

2005). A dependency in hemisphere was noted especially in adults as the left hemisphere-

lesioned children were normal on speech / language ratings as compared to their adult 

counterparts who had borderline impairment. Likewise adults with right hemisphere 

lesions developed social defects more frequently than those with left hemisphere lesions, 
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whereas such an asymmetry was not observed in the children. However, there have been 

reports in the adult population of stroke showing recovery and functional reorganization 

of the cerebral motor system following stroke (Yamauchi et al. 1999;Ward 2006). Hence 

it is possible that a stroke or cerebral hypoxic-ischemic encephalopathy may have 

variable outcome and there is potential for better prediction of outcome if the extent of 

DCST degeneration rather than stroke size were used. This has not been examined 

previously in a neonatal animal model of stroke.                  
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CHAPTER 3:  RATIONALE AND HYPOTHESIS 

Rationale 

The use of MRI to detect the extent of direct injury (infarct area / volume) is well 

established but recent MRI studies have demonstrated the potential application for DCST 

imaging in the assessment of outcome and progression of such an injury, notably in the 

form of axonal degeneration distal to the site of primary injury. However, there are 

several issues that remain speculative and/ or are poorly understood from the clinical 

MRI studies available to date.  Firstly, there is a wide range of ages (term neonates, 

infants and children to adolescents) and times post insult that were included leaving 

unknown the extent to which such imaging changes are dependent on the age and time of 

diagnosis. Secondly, we do not know if the degeneration and / or imaging changes that 

are believed to occur vary over time along specific anatomical levels down the 

corticospinal tract. Thirdly, the histopathological changes underlying the MRI findings 

are not known. It is also important to emphasize that in all clinical studies that have 

reported pre/Wallerian degeneration within the descending cortico-spinal tract, the MR 

imaging changes are presumed to reflect axonal changes related to Wallerian 

degeneration. In none of these patient studies was it possible to confirm which cellular or 

structural changes corresponded to the imaging changes, although often repeated imaging 

at chronic times after stroke onset demonstrated brainstem atrophy thereby supporting 

that the earlier changes were related to pre-Wallerian axonal changes. Since there has 

been no relevant animal model for such a study in literature, it might provide a better 

approach and hands-on accessibility to undertake a study in an animal first to investigate 

some of the aspects of axonal degeneration using both MRI and tissue diagnosis.           
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 Therefore the aim of our study is to first establish a neonatal animal model of cerebral 

injury with CNS DCST degeneration thereby providing a model allowing invasive  

techniques available to us that are not possible in humans. The specific objectives of the 

study are: i) to establish acute MR imaging methods (T2 and / or ADC values) of the 

regions of interest (ie. internal capsule, cerebral peduncle and medullary pyramids) as a 

robust diagnostic tool to detect presumed pre-Wallerian degeneration in an animal model, 

and ii) to obtain a better understanding of some of the pathological correlates that 

underlie these imaging changes. The findings should help us add novel information to the 

literature, considering that this problem has not been looked at in animal models with 

application of state of the art MRI or with histological and behavioural aspects. 

Additionally it may help identify newer treatment targets for timely therapeutic 

interventions. 

 

Hypotheses 

MRI changes associated with DCST degeneration of the central nervous system 

can be studied in a neonatal animal model of cerebral hypoxia ischemia. Specifically 

following cerebral hypoxia ischemia: 

a) Axonal degeneration in DCST, confirmed histologically,  may be detected as a 

signal intensity change in DWI or T2 images; 

b) There is a progressive tissue and MRI change with time corresponding to 

evolving axonal degeneration detected histologically;  and 

c) There is a correlation between neurological motor outcome and changes in MRI.                           
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CHAPTER 4:  METHODOLOGY 

Animal Preparation and Model of Hypoxia-Ischemia 

 Pregnant mother rats (Wistar rat, Charles river laboratories, Montreal, Canada) were 

transported to the Animal Care Facility approximately a week prior to expected date of 

delivery. She was closely observed for delivery of the pups close to the expected date and 

the pups were obtained for experiment as per the experimental protocol. All animals were 

treated in accordance with the guidelines provided by the Canadian Council on Animal 

Care and experiments were approved by the local animal care of the National Research 

Council and the University of Calgary. Once the pups attain 7 days of age (post natal day 

PND 7), they were weighed (Inclusion criterion: weighing ≥ 11gms) and a number was 

allotted randomly to each one for identification (using a lottery system). They were 

further randomized to different treatment groups and recovery times as described in the 

schematic of our experimental design (Figure 4).   

 

7 day old
Hypoxia-ischemia / 
Sham

24h 48h 72h 4 
weeks

1 
week

MRI MRI MRI MRI MRI
• Behavioral tests at 4 wks 
post surgery.
• Histology at each time 
point.

Fig. 4. Experimental design outlining proposed experiments. Projected numbers of animals per 
group were based on sample size calculation and past laboratory experience. At post natal day 7 
surgery (Hypoxia-ischemia HI or SHAM) was performed indicated by point ‘0’ in the figure shown 
above. These animals were imaged at predetermined recovery time points of 24h, 48h, 72h, 1 
week and 4 weeks post injury. Histological data was obtained at each of the time points. Behavioral 
tests were performed on the 4 week post injury recovery  groups (N= 74)
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Seven day old Wistar rat pups were subjected to unilateral cerebral hypoxia-

ischemia produced by occlusion of the right common carotid artery under isoflurane 

anesthesia (isofluorane 2.5-3.0%; N2 70% and O2 30% at the rate of N2 0.35 l/min and  

O2 0.15 l/min). The animals were allowed a recovery time of 30-45 minutes. This was 

followed by exposure to hypoxia for 65 minutes (O2 8%, N2 92%) in a chamber with 

temperature pre-set at 35.50 C. Sham control pups underwent surgical exposure / 

identification of the right common carotid artery under general anesthesia followed by 

closure of the incision.  

 

Carotid Artery Ligation and Exposure to Hypoxia (8%o2)
-Body temperature 37-380C.

- (ambient temperature of 35.5oC)

Middle Cerebral Artery

Internal Carotid Artery 

External Carotid Artery 

Common Carotid Artery 
Ligated Carotid Artery 

Pterygopalatine Artery 

Decreased CBF during Hypoxia

 

 

 

 

 

 

 

 

 

 

 

 Fig. 5. Experimental Model of Transient Common Carotid Artery Occlusion and Hypoxia
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Outcome Measures 

MR Imaging 

The animals were selected for MR imaging at the following time points: 24h, 48h, 

72h, 1 week and 4 weeks. For MRI, animals were anesthetized with isoflurane and T2 

images of the brain were acquired using a 9.4T Bruker Biospin (Magnex) MR system.  T2 

maps were determined from a set of T2 weighted spin echo images (32 echoes, 

TR=5000ms, TE=10ms between echoes, FOV=2cm2, 128×128 matrix).  A set of 

diffusion weighted echoplanar images were acquired using five different b values 

(TR=5000ms, TE=40ms, FOV=2cm2, 128×128 matrix). T2 relaxation times and apparent 

diffusion coefficients were calculated for a set of pre-specified regions of interest 

(internal capsule, cerebral peduncle and medullary pyramids along with Parietal cortex 

and pontine nuclei) in the right hemisphere ‘ispilateral’ to the insult and in the left 

‘contralateral’ (non-ischemic) hemisphere using MRI analysis software (Marevisi, NRC).  

The pontine nucleus (the pontine reticular nucleus, oral part) was included in 

measurement and analysis in order to account for a region apart from the main DCST 

fibers. This was based on the knowledge that it would be spared from the direct effect of 

the hypoxic-ischemic insult and that it does not form a part of the DCST. Thus the 

expectation was that it would not be affected by the degenerative process in the axons 

following hypoxia-ischemia. We also decided to measure a region in the ischemic cortex, 

ie. the parietal cortex to ascertain the extent of T2 and ADC changes in the primary focus 

of the hypoxic-ischemic injury. 

The regions of interest were determined from a standard Rat atlas (Paxinos and 

Watson, 1986) (Fig. 6). The correspondence of the regions of interest with the atlas was 
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further verified by an expert in the field (U.T).  Two researchers (A.N and S.L) were 

trained in free hand drawing of each region of interest. The values obtained by each of 

the observers were comparable for inter-rater and intra-rater reliability. 

Calculation of infarct volume was performed by the summation of the “infarct 

area of each of the slices in T2 images multiplied by Slice Thickness”) using the software 

program Marevesi. A percentage of the infarct volume with respect to the contralateral 

normal hemisphere was taken for analysis. 

 

 

 

1) Parietal Cortex
2) Internal Capsule Posterior 
3) Internal Capsule Anterior 
4) Cerebral Peduncle Posterior
5) Cerebral Peduncle Anterior 
6) Pons
7) Medullary Pyramid

Regions Of Interest

Fig. 6. Descending Corticospinal Tract – Rat brain
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Histology  

A subgroup of animals were euthanized at each of the given time points as per the 

randomization at the day of surgery. Animals were deeply anesthetized with pentobarbital 

(120mg/kg, IP) and the brain was fixed via transcardiac perfusion with normal saline 

followed by 10% formalin) after imaging. The brains were removed for histological 

assessment following an overnight immersion in 10% formaldehyde solution for better 

tissue fixation. The brains were embedded in paraffin and blocks sectioned with 7 

micrometer each thick slices. The sections were then stained with Haematoxylin and 

eosin (H&E; Surgipath, USA) for disrupted neuronal morphology and SMI 31 for axonal 

phosphorylated neurofilaments..  

The principle behind this staining is to be able to assess the decreased labeling of 

the degenerating neurofilament population in the ipsilateral region of corticospinal tract 

following neuronal hypoxic-ischemic injury. Seven micron thick sections of paraffin-

embedded tissues were deparaffinized with xylene and re-hydrated by serial dilutions in 

ethanol. The SMI-31 (phosphorylated neurofilament) epitope was unmasked by boiling 

slides (90◦ Celsius) in 10mM Sodium citrate (pH 6.0) for 15 min. After cooling to room 

temperature, endogenous peroxidases were drained by washing the slides in 0.03% 

H2O2-Methanol. Endogenous serum blocking step was performed by incubating slides in 

10% Goat serum (Cedarlane laboratories Ltd., ON, Canada) for 30 min. Following PBS 

Triton and PBS washes, primary antibody was applied overnight at 4◦C (1:1000 SMI31, 

Covance, Berkely, CA, USA). The dilution used for SMI-31 staining is believed to be 

optimum for highlighting accumulations of phosphorylated neurofilaments in distal 

portions of damaged axons (Archer et al., 1994; Trapp et al., 1998). After washing, 
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sections were incubated with secondary antibody for 1 h at room temperature 

(Biotinylated goat anti-mouse IgG, 1:400; Cedarlane Laboratories Ltd., ON, Canada). 

Following washes, Horse radish peroxidase, an enzyme for labeling the antigen and their 

antibodies (1:400, Chemicon, Australia) was applied to sections and incubated at room 

temperature for 30 minutes. Slides were washed and immune complexes were visualized 

using 3,3-diaminobenzidine (Sigma) with 30% H2O2. Sections were washed, dehydrated 

and mounted with Permount (Fischer Chemicals, NJ, USA). After overnight drying in 

fumehood, the slides were scanned in Path scanner (Nikon Scan, version 4, Nikon Inc. 

Corp 1998-2003), the images saved and optical gray levels measured using software 

ImageJ.  

 

Behavioral tests  

A set of Behavioral tests were performed at 4 weeks recovery time in the 

unilateral hypoxia-ischemia or sham animals as described below. 

Neurological scoring The animal was briefly lifted from the surface, by the base of the 

tail in 3 repeated trials (Tuor et al. 2001). The number of preferential body swings to 

either left side, right side or neutral was noted. Intact or uninjured animal does not exhibit 

a uniform side biased swing although individuals with unilateral cerebral injury may 

exhibit a preferential side biased swing (Borlongan et al. 1995a). 

 

Cylinder test The animal was kept within a plexi-glass cylinder, diameter of the cylinder 

(20 cm diameter) and was placed on a glass table top (Tuor et al. 2008b). Its rearing on 

the wall with paw preference was observed for two minutes. The test was videotaped 
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from below through an angled mirror and the number of forepaw touches counted at a 

later time for statistical comparisons. The percentage of asymmetry of single-limb wall 

contacts were calculated as [(contralateral-ipsilateral)/(contralateral + ipsilateral)X100]. 

 

Horizontal ladder test The animal was made to run from one end of the ladder apparatus 

to a nest (refuge) at the other end. The apparatus consisted of a horizontal ladder (1 metre 

long) with metal rungs and walls made of clear plexiglass (19 cm tall) (Metz and 

Whishaw 2002b). The ladder remained at a height of 30 cm from the ground. The test 

were video-recorded for runs with all rungs in place first followed by rungs being 

removed at random intervals. Each of the runs was repeated for three times. Any missed 

step or foot-fault in the run with missing rungs was recorded from video at a later time 

for statistical analysis. A score of 1-3 was given according to missed grip (score 1), 

corrected misplacement (score 2) and correct placement (score 3) for each of the limbs. 

 

Statistical Analysis  

A minimum sample size of four animals was estimated to be needed for MRI or 

histological measures to show a significant difference between measures in image 

analysis (for 80% power at an alpha level of 0.05, the difference in means being 25% and 

a SD of 10%). A larger sample size (n = 8-10) was used for behavioral studies based on 

experience (Tuor et al, 2008, n=8) and variability of these measures (calculated sample 

size of 10 for 80% power and alpha level of 0.05).  Data was reported as mean ± SD 

(standard deviation) OR SEM (Standard error of the mean). The latter was used in 

multiline graphs to enhance clarity of the graphical representation of data.  Differences of 



 

 

39

means were considered significant at a ‘p’ value of less than 0.05. All measures were 

unbiased and conducted by a blinded observer to the experimental group. A lack of 

dependence of the data on litter was assessed by using a multivariate ANOVA. Multiple 

groups were analyzed using appropriate multiple comparison of mean statistical tests 

(Tukey test, a post-hoc analysis following two way repeated measures ANOVA).  

 

MR imaging  

T2 and ADC values at the pre-specified anatomical regions of interest were measured 

using the software Marevisi.  The following statistical tests were performed on the T2 

and ADC data obtained. 

i) In order to compare the regions of interest in contralateral left hemisphere of 

the hypoxic-ischemic subjects’ brain to that of the sham subjects, a Two Way 

Repeated (regions) ANOVA was performed at five different time points 

studied. This was to ensure that the contralateral hemisphere could be taken as 

the subject’s own control for comparison in signal intensity changes following 

hypoxia-ischemia. Following this, an unpaired t-test (Bonferroni corrected) 

was also performed in order to compare the hypoxic-ischemic brain regions in 

left hemisphere with that of the sham subjects. 

ii)  In order to assess the difference in MR intensity changes between the 

contralateral (Left) to ipsilateral (Right, hypoxic-ischemic) hemisphere, a 

paired t-test (Bonferroni corrected) was performed for each of the regions of 
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interest. This was done separately for the Hypoxia-ischemia and the sham 

subjects at the five time points studied.  

iii) In order to assess the affect of time (independent) and regions (dependant) in 

the difference of means among the treatment groups only, a Two Way 

Repeated (regions) measures ANOVA was performed. This was done for the 

image intensity changes in both T2 and ADC. 

Histology 

The stained slides were scanned into digital form and the optical gray levels measured 

using software Image J. The values range from 0 to 256. Higher values signified lighter 

staining or decreased labeling of the immunohistochemical stain used.  

i) In order to see if there was a contralateral to ipsilateral difference in labeling, 

a paired t-test was performed for the region of cerebral peduncle at the five 

time points studied. The region at the level of pontine nucleus was also 

measured and was taken as a control region not having a treatment affect. 

ii) In order to look at the affect of time and region (cerebral peduncle and pontine 

nucleus) in tissue changes following unilateral hypoxia-ischemia, a two way 

repeated (Regions) measures ANOVA was performed. 

iii) In order to test whether the MR changes at the different time points 

correspond with histology a Pearson’s correlation test was performed. 
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Behavioral test 

Foot fault score, Cylinder test score and Neurological scores were recorded for hypoxia-

ischemia and sham animals. 

i) In order to see if there was a correlation between the early MRI (T2) 

changes at the level of cerebral peduncle in hypoxic-ischemic subjects 

and their behavioral outcomes, a Spearman’s Rank Correlation was 

conducted. 

ii) In order to see if there was a correlation between the volume of infract 

(early T2 lesion volume) in hypoxic-ischemic subjects and their 

behavioral outcomes, a Spearman’s Rank Correlation was performed. 

iii) A Spearman’s Rank Correlation was also conducted to see if there was a 

correlation between the MRI changes in the DCST regions of interest 

and the histopathological changes observed in SMI 31 staining at the 

five time points. 

 

For all the correlations performed, the “Fleiss Kappa Correlation Benchmark” 

was applied in order to grade the correlation coefficients as ‘Good’ or ‘Intermediate’ or 

‘Poor’ qualitatively (Emam KE, 1999). The level used was a Kappa statistic of ‘<0.40’, 

‘0.40-0.75’ and ‘>0.75’. The interpretation for the Strength of Agreement was ‘Poor’, 

‘Intermediate to good’ and ‘Excellent’ respectively. 
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CHAPTER 5: RESULTS 

MR Imaging  

A total of 74 pups were studied and a minimum of 8 animals per group were 

included in the imaging analysis (Table 1). For histopathological analysis 4 subjects per 

group at each time point were randomized and analyzed. There was an equivalent sham 

operation performed for each of the time points; 4-6 sham subjects per group were 

included. For the behavioral tests at 4 weeks recovery post injury, 10 subjects with 

unilateral hypoxic-ischemic brain injury and 8 sham subjects were randomized into 

groups and included in the behavioural analysis. 

 

 

9104wks (Behavioral) 

481wk

4872h

41548h

4824h

MRI T2 and ADC

Sham

MRI T2 and ADC

Hypoxia-ischemia

9104wks (Behavioral) 

481wk

4872h

41548h

4824h

MRI T2 and ADC

Sham

MRI T2 and ADC

Hypoxia-ischemia

Table 1. Number of animals included in study for Hypoxia-ischemia 
and sham surgery. 4 animals per group were included in histological 
study.
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On visual inspection of the images acquired there was an increased signal 

intensity noted in the affected ipsilateral DCST regions (right) as compared to the 

contralateral, eg. at 48 hours post injury (Fig. 7). On the contrary sham subjects did not 

show any contralateral to ipsilateral changes visually. Likewise visual inspection of the 

contralateral left hemisphere of the unilateral hypoxic-ischemic subjects and that of the 

sham subjects did not show any local changes in intensity. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7. Representative T2 Weighted, Diffusion Weighted (DWI) and ADC map images from an animal showing four brain 
slices at the level of the medulla (A), pons (B), midbrain (C) and thalamus (D).  Two days after the hypoxic-ischemic insult, 
ipsilateral to the infarct, there are increases in intensity and decreases in ADC in the cerebral peduncle (arrow) and 
posterior limb of the internal capsule (arrow head).  There are no appreciable left-right differences in sham animals or in 
the pyramidal tract (circle). 

 

Imaging data were quantified with measurements being completed at the 

predetermined regions of interest in the cerebrum including the descending corticospinal 

tract. The measurements were for T2 and ADC values from the diffusion weighted 

images. Firstly we performed an unpaired t-test for the intensity measurements in the 
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regions of interest in contralateral hemisphere of the Hypoxia-ischemia group and the 

Sham group for all the time points (Fig 8). There was no statistically significant 

difference detected between the two in either the T2 or the ADC values. Furthermore, a 

Two Way Repeat (Regions) Measures ANOVA) was conducted to assess the effect of 

time, regions and treatment in the contralateral hemisphere in these subjects. There was 

no significant difference noted for the effect of regions, time or treatment. Therefore the 

contralateral hemisphere was taken as a measure for comparison with changes in 

ipsilateral hemisphere in our study.  

 

 

 

 

 

 

 

 

HI

SHAM

Fig. 8. Mean T2 (A) or ADC (B) (Contralateral hemisphere of Hypoxia-ischemia and sham group) in regions 
of the Descending Corticospinal Tract, cortex and pons following unilateral cerebral hypoxic-ischemic injury 
and sham surgery. Values are at 72h post surgery (med pyr=medullary pyramids, cp= posterior cerebral 
peduncle, cp(ant)= anterior cerebral peduncle, ic(post) = posterior internal capsule, ic(ant)= anterior internal 
capsule, pn=pontine nucleus and par cortex= parietal cortex) 
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We further quantified the T2 and ADC values of the subjects that underwent 

unilateral cerebral hypoxia-ischemia (Fig. 9). For the comparison of ipsilateral and 

contralateral changes in intensity in both these measurements, we performed a paired t-

test (Bonferroni corrected). We were able to demonstrate a significant intensity change 

between the regions of interest in the two hemispheres in both T2 and ADC values. 

Within the DCST regions, a difference in means of the T2 and ADC measurements was 

most consistent at the level of cerebral peduncle and/or internal capsule at all the time 

points (Fig.9). We observed that in the early time points (24 hour, 48 hour and 72 hours) 

the T2 measurements were consistently increased in the ipsilateral regions of interest with 

their ADC values consistently lower than the contralateral non-ischemic hemisphere. The 

intensities for both T2 and ADC had a propensity to normalize around the 72 hours to 1 

week time periods. In the later time points, both T2 and ADC values were higher than the 

contralateral regions. The pontine nucleus did not show a change in signal intensity in 

either hemisphere for either sham or hypoxic-ischemic subjects. 
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An increased T2 intensity was noted in the parietal cortex region at all time 

points, especially in the later ones at 1 week and 4 weeks post injury. The remarkably 

high increased T2 intensity at 4 weeks post injury can be attributed to the cystic 

transformation of the lesion over time. The high tissue water content resulted in a high T2 

signal intensity as well as the ADC values.  

With the observation that the change in change in T2 intensity and ADC values 

were most apparent at the level of cerebral peduncle, we further plotted a line graph with 

the ipsilateral values as compared to the contralateral values at this level for both T2 and 

ADC (Fig. 10). The change in T2 intensities (ipsilateral higher than the contralateral) was 

most significant at 24h, 48 h and 1 week post injury (Fig. 10 A). The corresponding 

change in ADC values (ipsilateral lower than contralateral) was most significant at 24h 

and 48 h post injury with the normalization of ADC at approximately 1 week post injury 

(Fig. 10 B). 

 

 

 

 

 

 

 

 

0

40

80

120

160

1d 2d 3d 1 wk 4 wks
0

0.0004

0.0008

0.0012

0.0016

1d 2d 3d 1 wk 4 wks

Fig 10. Ipsilateral Vs. Contralateral T2 (A) and ADC (B) change in cerebral peduncle over time (* p<0.05 and ** 
p<0.001), Values represent mean± SEM).
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The ‘Ipsilateral – Contralateral’ differences in T2 and ADC over a period of time 

are shown in Figures 11 and 12 respectively. A two way repeated (regions) measures 

ANOVA was performed on (‘Ipsilateral –Contralateral’) values. This allowed us to detect 

if there were significant changes i) between the regions of interest measured and / or ii) if 

the changes were significant over time. The variables measured were ‘Ipsilateral – 

Contralateral’ difference in the T2 relaxation times or the ADC. Overall, it was found 

that the early changes between the regions within the DCST, particularly those at the 

cerebral peduncle and internal capsule were significantly different from medullary 

pyramid and also the pontine nucleus (p<0.05 -<0.001). This difference in T2 and the 

ADC values was most consistent at 48 hour time point. The cerebral peduncle also 

showed a significant difference in ADC value from the medullary pyramid at 24 hour 

time point. Furthermore the parietal cortex exhibited significant T2 and ADC changes 

which were consistently different from the regions of cerebral peduncle, internal capsule, 

pontine nucleus and medullary pyramid (p<0.001). 
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Fig. 11. Representation of mean (ipsilateral – contralateral) T2 changes in regions of interest in DCST 
following unilateral cerebral hypoxia-ischemia over time. A - Caudal to rostral: Cortex, Internal capsule 
Anterior part (ic-Ant) and Posterior part (ic-Post), B - Caudal to rostral: Cerebral peduncle Anterior part 
(cp Ant), pontine nucleus (pn), cerebral peduncle Posterior part (cp) and medullary pyramid (med pyr), 
[p (pons) ** <0.001, * <0.05; p (med. Pyr) ††<0.001, †<0.05; value represent mean±SEM]
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Fig. 12. Representation of mean (ipsilateral – contralateral) ADC changes in regions of interest in 
DCST and pons following unilateral cerebral hypoxia-ischemia over time. A - Caudal to rostral: Cortex, 
Internal capsule Anterior part (ic-Ant) and Posterior part (ic-Post), B - Caudal to rostral: Cerebral 
peduncle Anterior part (cp Ant), pontine nucleus (pn), cerebral peduncle Posterior part (cp) and 
medullary pyramid (med pyr). [p (pons) ** <0.001, * <0.05; p (med. Pyr) ††<0.001, †<0.05; values 
represent mean±SEM].

 

 

 

 For T2 changes over time, when all regions were compared (both DCST and non-

DCST), the parietal cortex showed a significant intensity change from 24 hours, 48 hours, 

72 hours, 1 week to 4 weeks. The internal capsule (posterior part) showed a significant 

change in ‘Ipsilateral – Contralateral’ differences over time from 48 hours to 72 hours 

(Fig. 11 A). The parietal cortex demonstrated significant changes over time from all the 

earlier time points to 4 weeks post injury. 



 

 

51

For ADC changes over time, when all the regions (both DCST and non-DCST) 

were compared, the parietal cortex again showed significant changes in intensity over 

time. Interestingly the cerebral peduncle (both Ant and posterior part) showed a 

statistically significant change in ‘Ipsilateral-Contralateral’ difference over time (Fig. 12 

B). Likewise, the internal capsule also showed a significant change over time (Fig. 12 

A). The pontine nucleus remains unchanged in both T2 and ADC. 

 

Histology 

The SMI 31 immunohistochemistry processing of sections specifically labelled 

the phosphorylated neurofilaments of the axons. In these sections we observed a 

decreased labelling ipsilaterally ( eg. cerebral peduncle, Fig. 13) in the animals studied at 

all time points. We determined quantitatively that this change in labelling (‘Ipsilateral – 

Contralateral’) was different statistically in the cerebral peduncle at 48 hours and 4 weeks 

post injury time points. A two way repeated (regions) measures ANOVA demonstrated 

that the cerebral peduncle was significantly different from the pontine nucleus (p<0.001) 

for all the time points. However the difference of means over time was not statistically 

significant (p = 0.615) (Fig. 14). 
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Left

A) 48 hr post injury

Left Right

Right

B) 4 weeks post injury

RightLeft
Left Right

Fig. 13. SMI 31 immunohistochemistry: Representative sections at (A) 48h and (B) 4 weeks post unilateral 
cerebral hypoxia-ischemia at the level of cerebral peduncle. The ipsilateral decrease and/or loss of staining 
correspond to the loss of axonal neurofilament and hence axonal degeneration.

 

 

 

 

 

 

 

 

 
Fig. 14. Representation of mean SMI 31 Optical gray values (‘Ipsilateral-contralateral’) in cerebral peduncle and 
pontine nucleus following unilateral cerebral hypoxia-ischemia over time.; (** p < 0.001, cp different from pn, data 
represent mean±SEM)
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Behavioural Tests 

The behavioral tests such as neurological test, cylinder and ladder test that were 

performed in 4 weeks post injury demonstrated that scores were fairly similar in sham 

and hypoxic-ischemic groups (Fig. 15). With the neurological test, there was a trend 

indicating that there was preferential side for body swings at least in some animals. 

However, overall there was no significant preferential limb deficit (Hypoxic-ischemic 

versus sham comparisons using a Mann-Whitney test). 
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Correlation Analysis 

MRI change (T2) with histopathology 

A Pearson’s product correlation showed an Excellent correlation between the 

histological values (optical density gray levels) and the corresponding MRI (T2) values at 

24 hours and 1 week post injury (‘r’= 0.901 and 0.837 respectively, (Fig. 16; Table 2 A 

and B). However these correlations were statistically not significant (p>0/05) indicating a 

non-significant linear slope despite a strong correlation value.  
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0.915ADC 1 Week

-0.604ADC 72 HR 

-0.325ADC 48 HR

0.572ADC 24 HR

r

Cerebral Peduncle

0.915ADC 1 Week

-0.604ADC 72 HR 

-0.325ADC 48 HR

0.572ADC 24 HR

r

Cerebral Peduncle

ADC

0.923T2 1 Week

-0.336T2 72 HR

0.21T2 48 HR

0.901T2 24 HR

r

Cerebral Peduncle

0.923T2 1 Week

-0.336T2 72 HR

0.21T2 48 HR

0.901T2 24 HR

r

Cerebral Peduncle

T2A B

Table 2 A and B. Pearson’s Correlation for MRI change [T2 (A) and ADC values (B)] and Histopathological
change (For T2 p =0.09, 0.79, 0.78 and 0.07 at 24 hr, 48 hr, 72 hr and 1 wk post injury respectively; for ADC, p = 
0.428, 0.675, 0.587 and 0.265 at the given time points). 4 weeks data not presented due to loss of corresponding 
ADC data.

 

 

 

 

 

 

 

MRI (T2) changes with behavioural outcome 

A Spearman’s rank correlation was performed to test whether the subjects with 

MRI (T2) changes in the DCST correlated with a poor behavioral outcome. An 

‘excellent’ correlation was noted between the early changes in MRI (T2) and their 

behavioural outcome in the neurological test (‘r’ = 0.902, Fig. 17, Table 3). It was 

statistically significant (p=0.0001). However such a correlation was lacking for the 

cylinder and the ladder test for both the early and later time imaging data.  
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Fig. 17 Spearman’s correlation coefficient for 

neurological test and early MRI (T2) changes (p = 0.0001).
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Table 3. Spearman’s correlation coefficients (r) for MRI changes (T2 at EARLY 
time points (r=0.904 and p=0.0001) and at 4 weeks post injury) and Behavioural
outcome.

-0.147T2 4 Weeks

-0.468T2 EarlyT2 vs. Ladder 

Test

0T2 4 Weeks

0.904T2 Early T2 vs. Neurol

Score

r

Cerebral 

Peduncle (cp) 

Time Point

-0.147T2 4 Weeks

-0.468T2 EarlyT2 vs. Ladder 

Test

0T2 4 Weeks

0.904T2 Early T2 vs. Neurol

Score

r

Cerebral 

Peduncle (cp) 

Time Point 

 

 

 

 

 

 

 

 

MRI T2 lesion volume with behavioural outcome 

We also performed a Spearman’s rank correlation to assess if the cortical infarct 

lesion volume in T2 images (early time points) correlated with the behavioral outcome. 

There was no correlation between these variables (Table 4). 

 

Table 4. Spearman’s correlation coefficients for early Lesion volume (T2, 
cortical infarct) and Behavioral outcome. 

0.496Lesion Volume vs. 

Neurological Test

-0.408Lesion Volume vs. 

Ladder Test

-0.553Lesion Volume vs. 

Cylinder Test 

Correlation 

Coefficient

0.496Lesion Volume vs. 

Neurological Test

-0.408Lesion Volume vs. 

Ladder Test

-0.553Lesion Volume vs. 

Cylinder Test 

Correlation 

Coefficient
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Histopathology with behavioral outcome 

We performed a Spearman’s rank correlation between the behavioral tests and the 

histopathological changes at a 4 weeks time point. There was no correlation between 

these variables (Table 5).  

 

 

Table 5. Spearman’s correlation coefficients for Histopathological changes and 
Behavioral outcome 4 weeks time (p = 1, 0.75 and 0.75 for the ladder test, 
neurological test and cylinder test respectively). 

-0.4-0.2580.5Histological vs. 

Behavioral at 4 

Weeks 

rrr

Cylinder TestNeurological 

Test

Ladder Test

-0.4-0.2580.5Histological vs. 

Behavioral at 4 

Weeks 

rrr

Cylinder TestNeurological 

Test

Ladder Test
 

 

 

 

 

 

 

 

Litter independence: 

            A one way repeated measures ANOVA was done to assess if litter added a 

variability into the comparisons of subjects with hypoxia-ischemia and sham surgery. We 

found that there was no litter interaction on the hypoxia-ischemia and sham effects (p > 

0.279).  
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CHAPTER 6: DISCUSSION 

CNS Wallerian degeneration is a progressive anterograde degeneration of the 

axon distal to the site of neuronal injury (trauma, inflammatory, hypoxic-ischemic, toxic 

or metabolic). Although the degenerative tissue changes may take months to years to 

become evident, cellular or molecular changes following neuronal injury may occur more 

acutely (eg. within 24 hours) (Vargas and Barres 2007). The Pediatric clinical literature 

provides evidence of an increased intensity in diffusion weighted images within the 

DCST. To allow further study with a potential assessment of degenerative change based 

on MRI application and some histopathological study, we aimed to develop an approach 

in a rat model using invasive techniques not possible in humans. We studied the 

descending corticospinal tract degeneration distal to a focal middle cerebral artery 

territory infarct in a neonatal model of unilateral common carotid occlusion followed by a 

hypoxic-ischemic insult. MR Imaging of the subjects using T2 and ADC values allowed 

us to confirm the MRI changes observed clinically and demonstrate the progression at 

pre-determined times post injury. For the histopathological data we were able to obtain 

the brain tissue data for the specific time points studied. We also performed behavioral 

tests in a set of longer term recovery subjects and demonstrated a correlation between the 

early MR changes and corresponding histopathological and behavioral observations. 

 

The Model of Hypoxia-Ischemia 

Our model of neonatal hypoxia-ischemia, based on the standard Vannucci model, 

creates a unilateral arterial ischemia which produces an injury similar to the unilateral 

focal hypoxia-ischemia with an added feature of transient global hypoxia. The 
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combination of this transient global hypoxia with unilateral focal ischemia in this model 

has been thought to affect the contralateral hemisphere minimally in the 

pathophysiological process. This is because the level of hypoxia is at a sub-lethal 

extent/dose in the contralateral hemisphere as compared to the already compromised, 

ischemic ipsilateral hemisphere. By measuring the contralateral hemisphere of the injured 

brain and that of the sham brain and comparing them statistically, we have demonstrated 

the appropriateness of using the contralateral hemisphere as an unaffected hemisphere. 

Therefore for the purpose of our study, we made use of the Vannucci model as an 

appropriate model to study the DCST degeneration. It produces a unilateral lesion that 

includes the motor cortex and mimics the unilateral arterial ischemic stroke commonly 

observed in pediatric population. Furthermore with the ability to control the timing for 

imaging, histology and behavioral markers, this approach could be applied to study very 

early to chronic recovery time points.  

The main strength of our study is the application of a robust and well established 

model of neonatal unilateral cerebral hypoxia-ischemia producing a focal hemispheric 

infarct. This forms a basis for studying the axonal degenerative changes occurring distal 

to the site of primary injury. This is further complemented by the use of the advanced 

state of the art 9.4 tesla MRI system in obtaining the information on pathophysiological 

processes detected thus. 

 

Sham Control Responses 

The cpmparison of contralateral to ipsilateral hemispheric lesions in MRI as well 

as histopathological data described in this study were validated by the inclusion of sham 
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controls for each of the time points. The latter could be readily made possible in our 

experimental study. There was no contralateral to ipsilateral change in MRI and / or 

tissue correlates noted in sham subjects in this study. Furthermore when we compared the 

regions of interest in left hemisphere of subjects with unilateral cerebral hypoxia-

ischemia and those of sham subjects using a Two Way Repeat (regions) measures 

ANOVA, we showed that there was no significant difference between the two. Thus the 

contralateral non-ischemic hemisphere was considered as normal for the comparison of 

MRI and histopathological alterations reflected in the ipsilateral hypoxic-ischemic 

hemisphere. 

 

Early Changes in MRI and Histology 

In our study, we detected increases in DWI and T2 with a corresponding decrease 

in ADC at the earlier time points of 24 hours, 48 hours and 72 hours post hypoxic-

ischemic insult. Previous studies have shown an early intensity change in DWI imaging 

similar to our finding (Groenendaal et al. 2006b;Kirton et al. 2007f;Domi et al. 2009d). 

However the times of imaging post injury in these studies were rather widespread and/or 

variable (Domi et al. 2009e). Very early changes (hours to couple of days) in DWI have 

been attributed to the diffusion restriction of extracellular tissue water content due to 

early cytotoxic edema. The failure of energy dependant sodium potassium ATPase ion 

pump in the cell membrane contributes to subsequent swelling and restricts free flow of 

the extracellular water content within the brain tissue (Sheerin et al. 2008b). This is 

detected as increased signal intensity and a smaller ADC value in the MR images. 

Considering that the ADC values calculated for the regions we studied were lower in 
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comparison to the contralateral hemisphere, it is possible that this change is an early 

phenomenon. It has been termed as pre-Wallerian degeneration, with the DWI changes 

occurring prior to axonal atrophy, commonly within two weeks of primary injury as 

referred widely in the clinical literature.  

Interestingly, we also observed a corresponding marked increase in T2 early on at 

the same time points. The extravasation of plasma proteins and/or intracellular fluid 

following break-down of the blood brain barrier and cell membranes could further 

increase the tissue water content and would be reflected as a hyperintense T2. In our 

study this may signifiy an underlying vasogenic edema as a result of rapid swelling and 

inflammatory disruption of the axonal cytoskeleton. This could be occuring concurrently 

with the early phase of the injury process within some of the axons in the bundle. Such a 

possibility of a pre-Wallerian and a component of Wallerian degeneration, both 

occurring concurrently in different axons within the tract bundle needs further 

investigation before coming to a definitive understanding or conclusion.  

In the histological assessment the optical gray level measurements showed a 

decreased SMI 31 labeling in the ipsilateral cerebral peduncle. This became visible as 

early as 24 hours post injury in some animals and continued to increase in contralateral to 

ipsilateral differences at 48 hours and 72 hours subsequently. Indeed the Two Way 

Repeated (regions) ANOVA showed no interaction with time, which suggests a similar 

response to injury irrespective of time and that some axonal degeneration occurred early 

on. There was a positive but not statistically significant correlation of T2 changes in MRI 

at 24 hour (‘Excellent’, ‘r’ = 0.901, p = 0.09) and of ADC changes for the same time 

points (‘Good’, ‘r’ =0.572, p = 0.4 at 24 hours). The lack of statistical significance in a 
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positive linear relationship implies that the slope is not large, ie. a linear relationship 

between the two variables exists but the change in the variables is not in exact 

correspondence with each other. Irrespective of this, there is evidence from the SMI 

31staining for axonal degeneration underlying the imaging changes is being observed. 

The early imaging changes observed prior to the atrophy of the axons has frequently been 

termed as pre-Wallerian degeneration although a definitive diagnosis has not yet been 

well established. The term Wallerian degeneration has generally been applied to a loss of 

axons upon their degeneration distal to the injury of the cell body or a direct axonal 

transection. Therefore, in our study, the observed imaging changes which are not 

associated with atrophy but with changes in axonal neurofilaments may be referred to an 

“Early” Wallerian degeneration involving axonal structural changes rather than simply a 

pre-Wallerian degeneration involving DWI imaging changes at early time points of 24 

hours to 48 hours. 

 

Chronic Changes in MRI and Histology 

At 4 weeks post injury, we noticed that with the increase in T2 and DWI signal 

intensities, there was a corresponding increase in the ADC values in comparison to those 

contralaterally. This was unlike those at the earlier time points. This can be explained as a 

possible vasogenic edema, cystic transformation or tissue loss as a result of chronic 

inflammatory and degenerative changes in the axonal tract fibers.  It may be possible that 

the axons had degenerated and were awaiting phagocytic clearance and hence such a 

change was reflected as increase in apparent diffusivity of water in the tissue. This is 
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similar to the increase in ADC at later time points post ischemia reported in our model 

and others (Nedelcu et al. 1999;Meng et al. 2006a). 

It is also noteworthy to discuss the significantly higher T2 and ADC observed in 

the parietal cortex of the 4 weeks post injury recovery group. Such high values were due 

to the cystic transformation of the infarcts resulting in large increases in water and its 

diffusivity. The inclusion of the pontine nucleus in our measurement and analysis 

accounted for a region different from the descending corticospinal tract. We observed no 

change in this region from the contralateral region. This was because it is known to 

receive its vascular supply from the posterior circulation. The assumption that it would 

not be affected by the axonal degenerative process as a result of cortical injury was thus 

justified. 

In the histological assessment the optical gray level measurements showed a 

decreased SMI 31 labeling in the ipsilateral cerebral peduncles. This change in labeling 

from contralateral to Ipsilateral cerebral peduncle was significant at the 4 weeks post 

injury time point. Although the histological data was more variable than anticipated and 

inadequately powered (n = 4 brain sections per group), we managed to demonstrate a 

consistent difference in SMI 31 labeling (‘Ipsilateral-Contralateral’). Such 

histopathological analysis is the first in the study of intracranial CNS Wallerian 

degeneration in unilateral cerebral hypoxic-ischemic injury to our knowledge. Thus 

immunohistochemical investigations such as this could  provide a basis for understanding 

the pathophysiological process that underlies axonal degeneration to be determined in 

greater detail in future studies (eg. more subjects or application of alternative staining 

techniques such as silver stain (Tenkova and Goldberg 2007).  
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In our study, the changes in MRI and their histopathological correlates were noted 

to be different within the regions of the DCST itself; for example the regions of cerebral 

peduncle and internal capsule were consistently and substantially different from those of 

the medullary pyramid. These changes were most obvious at the 48 hours post injury 

time point where cerebral peduncle and internal capsule regions were significantly 

different from medullary pyramid in both T2 and ADC. The medullary pyramids are 

situated further down in the tract and may be expected to be least affected in the 

degenerative process. The pontine nucleus, (a gray matter regions) was taken into 

consideration as a region separate from the DCST and remained potentially unaffected by 

injury, either direct or indirect.  

Furthermore, the MRI changes in the cerebral peduncle, internal capsule and the 

parietal cortex relative to the medullary pyramid or pontine nucleus remained different 

over time. Interestingly there was a statistically significant difference in the change in 

intensity observed between cerebral peduncle or internal capsule and the medullary 

pyramid which did not show much change despite being a part of the DCST. Therefore a 

comparison had been made to assess the extent to which other regions were different 

from it. Internal capsule demonstrated a significant change in T2 from the 48 hour to the 

1 week time point. For ADC both cerebral peduncle and internal capsule (Anterior part) 

demonstrated a significant difference from 24 hour and / or 48 hours to 1 week and 4 

weeks respectively. 

We also observed an overall temporal relationship in the MR changes. The T2 

intensities were increased relative to the pontine nucleus and/ or the medullary pyramid at 

24 hour, more at 48 hour with a tendency to fall at 72 hours and eventually normalize at 1 
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week recovery time. The corresponding ADC values were lower than the contralateral 

regions at 24 hours, the differences gradually increased with time normalizing around 72 

hours and 1 week post injury. Interestingly this pattern of difference over time was 

observed for the histological change in optical gray levels as well (Figures 10 A-B, 11 A-

B and 13 respectively). 

We also found that the lesion volume in T2 MRI did not correlate with the 

behavioral outcome. This supports some suggestions in the literature that the volume of 

infarct is not an accurate predictor of outcome (Kirton et al. 2007g). We performed 

Hematoxylin and Eosin staining on the brain tissue samples to verify the disrupted 

neuronal morphology, as a result of hypoxic-ischemic injury (qualitative observation, 

data not included). A substantial neuronal death and damage was noted, corresponding 

with the extent of injury observed in the T2 MR images. 

 

Behavioural Observation 

When the subjects with unilateral hypoxia-ischemia were compared with the 

shams, variability in recovery was such that we were unable to detect a significant motor 

deficit in the limbs contralateral to the lesion. The histopathological outcome and 

behavior outcome were poorly correlated. However when the subjects with significant 

MRI intensity change in the regions of DCST were taken into consideration, there was a 

positive correlation between their early T2 changes and the behavioral outcome in 

neurological test (r=0.904, p = 0.000) but not in cylinder or ladder tests. Hence, despite 

no overall detection of deficits in the injured subjects, we did find a statistically 

significant correlation between one of the tests performed and MR changes in the DCST 
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regions consistent with clinical observations. We also analyzed the early lesion volume 

(cortical infarct volume in T2 images) and correlated this with each of the behavioral 

tests. We failed to detect a positive correlation between the two. This indicates that many 

of the subjects had good neurological and functional recovery. 

Reported behavioral outcomes following unilateral cerebral hypoxia-ischemia 

have been variable. Using a similar model of unilateral hypoxia-ischemia and tests such 

as the cylinder and neurological tests, previous studies have shown significant deficits in 

the contralateral limbs (Tuor et al. 2001;Tuor et al. 2008c). But others have failed to 

detect significant deficits (Kolb et al. 2003b;Kolb and Gibb 2007b). Observations in the 

literature indicate that the extent of residual motor deficit may depend on the 

developmental stage/maturity of the brain, and the timing and severity of injury (Chen et 

al. 2002;Whishaw et al. 2008a). This would mean subjects sustaining injury at an earlier 

age in life may have better neural plasticity and synaptic modulation resulting in better 

recovery and learning of use and disuse of affected limb as necessary. It has been 

assumed that the ipsilateral motor pathways from the unaffected hemisphere may play a 

role in recovery from brain injury occurring early in life. Possible mechanisms include 

development of new ipsilateral corticospinal projections, double-crossing of contralateral 

corticospinal fibers, and reinforcement of existing ipsilateral corticospinal pathways.  

 

Potential Limitations 

There were some unavoidable technical limitations that need addressing in this 

study. The scarcity of magnet time for imaging many subjects from a litter was an 

important limitation. This limited the imaging of a subject for multiple time points and 
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did not allow time for repeat imaging when there were unavoidable motion artifacts, 

especially for the DWI. This is because the DWI is sensitive to even the slightest of 

movements and could have contributed to some extent in adding variability to ADC map 

quantification. Three animals had to be excluded due to poor quality of image. 

One other important factor was the potential dependence of the litter origin of the 

subjects under study on the injury process. In order to maximize the use of subjects, we 

studied groups of subjects from a total of eight litters and we included up to 3-4 pups per 

group from each litter randomized to treatment and imaging times. Furthermore, the 

effect of treatment (hypoxia-ischemia or sham) and independence of litter was tested 

statistically using a one way repeated measures ANOVA. We found that there was no 

litter interaction on the hypoxia-ischemia and sham effects (p > 0.279). Hence it was 

interpreted that the response to injury was more dependant on the individual subject than 

the litter per se.  

One of the potential confounding aspects in this model of cerebral hypoxia-

ischemia was the use of light (2-3%) isofluorane anesthetic agent for the purpose of 

surgery (for an average 3-5 minutes) as well as at the time of imaging (45-60 minutes). A 

volatile anesthetic agent such as isofluorane has been shown to have conflicting effects 

on brain injury in the developing brain. Studies have reported isofluorane to  provide 

neuroprotection in models of global and focal ischemia mainly by decreasing the 

induction of glutamate release (excitotoxic injury) (Li et al. 2000;Qiao et al. 2007). 

However this was anesthesia during the ischemia . Some of the other studies (Archer et 

al. 1994;Bouza et al. 1994b;Badawi et al. 1998d;Chen et al. 2002) have reported 

neurotoxic effect of anesthesia in developing brain by producing anesthesia induced 
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neuro-apoptosis. In our model the intraoperative anesthesia time was a minimum of 3-5 

minutes. There was no anesthesia while they were kept inside the hypoxic chamber. Thus 

these seven day old subjects developed a significant and consistent injury with exposure 

to hypoxia-ischemia. As their first imaging session was at 24 hours following the insult, 

the effect of anesthesia while in the magnet was unlikely to affect greatly the already 

developed severe form of injury. This was further supported by the finding of 

consistently reproducible severe ipsilateral hemispheric infarct in these subjects.  

We believe that the subsequent exposure to anesthesia in the later time points 

could not have affected the infarct process. The fact that the changes in the DCST regions 

appears to be an ongoing process over time in this study, the contribution of anesthesia in 

the DCST degeneration specifically is largely unknown. Determining whether there is an 

effect of anaesthesia on the injury process as a separate factor remains beyond the scope 

of this study.  

 

Possible Future Directions 

In our study, with the flexibility to image the animals at desired time points 

following hypoxia-ischemia (early to chronic recovery periods), this model can be 

applied to study both early Wallerian and Wallerian degeneration. Specific in vivo 

imaging markers of these pathophysiological process or change remain lacking as we do 

not yet know whether it follows an apoptotic or necrotic pathway. This study has 

therefore established the values and novelty of our imaging of a unique process in a 

specific functional tract. This may set the stage for study of the process of axonal and cell 

death in additional future investigations using newer alternative techniques of imaging 
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and histopathological analysis such as DTI and Silver stain, respectively. There is also a 

need for undertaking and / or devising more sensitive tests to detect subtle behavioral 

deficits for future studies.  

The overall objective of the study was to have a representative animal model to 

study the MRI aspects of central nervous system early Wallerian degeneration with 

additional information on brain tissue correlates, regions within the DCST and the effect 

of time. Therefore our study has not only provided MRI findings consistent with existing 

clinical literature, but also has given a systematic overview of MRI changes over time 

and a systematic study of changes along the regions of DCST and non-DCST. We have 

also added novel information on histopathological correlates using 

immunohistochemistry not previously used in a similar model. This may also open 

avenues for further research in potential therapeutic targets and early intervention. 
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        CHAPTER 7: SUMMARY AND CONCLUSION 

Perinatal hypoxic-ischemic injury to brain has been a major cause of acute 

mortality and long-term neurological morbidity in the pediatric population. The 

occurrence of arterial ischemic stroke in childhood is 1 in every 4000 live births with the 

incidence of “unilateral arterial ischemic stroke” being approximately 1in every 2300 live 

births. The incidence continues to rise despite ongoing rigourous clinical and basic 

research endeavors in Pediatric neuroscience and the modern advances in preventive and 

critical care measures brought forth by the same. An important direction that clinical 

research has taken has been in diagnosing the perinatal hypoxic-ischemic 

encephalopathies and potential CNS Wallerian degeneration. MRI has been a promising 

diagnostic tool to detect such an injury earlier on.  

There have been enthusiastic reports on the detection of the CNS Wallerian 

degeneration at an early stage which has been widely understood (presumed) to be pre-

Wallerian degeneration as detected by DWI. In order to better address some of the 

unknown aspects of these studies, the availability of an animal model was developed to 

help provide an understanding of the underlying pathophysiological processes in order to 

aid in definitive diagnosis. We conducted this study with the objectives of accounting for 

specific age, timing and severity of a unilateral hypoxic-ischemic cerebral injury and its 

assessment in the pre-specified anatomical locations of the DCST using MRI and 

histopathology in a seven day old neonatal rat. 

We found that there is a signal intensity change in MRI (increased T2 and 

decreased ADC values) along the regions of the DCST following cerebral hypoxic-

ischemic injury in the early time points, viz. 24 hours, 48 hours and 72 hours post injury. 
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These changes are significant in cerebral peduncle and / or internal capsule regions. 

Within the time groups, 24 hours and 48 hours post injury demonstrated significant 

changes as opposed to the later time points (1 weeks and 4 weeks post insult). We also 

observed that these changes vary significantly within the regions of the DCST, affecting a 

region such as cerebral peduncle more than some of the others, eg. medullary 

pyramid.There was a statistically significant change over the course of time noticed 

except for one observation in internal capsule from 48 hours to 72 hours in T2 images. 

Likewise there were statistically significant changes occurring over time in cerebral 

peduncle and internal capsule.   

We further tested the hypothesis that there may be a corresponding 

histopathological change underlying the MR changes and found that at 24 hours and 1 

week post insult groups, there was an excellent correlation between the two measures. 

We also found a positive correlation between the early MRI changes in T2 and some of 

the neurological tests. However, this correlation was weak at later time points such as 4 

weeks post injury. Therefore this indicates that MRI with DWI of the DCST is potentially 

good for the diagnosis of early Wallerian degeneration. 

Therefore we conclude that unilateral cerebral hypoxic-ischemic events in 

neonatal brain give rise to the degeneration of the descending corticospinal tract regions, 

notably cerebral peduncle and internal capsule. These changes can be detected by MRI, 

with the application of T2 and DWI sequences and its ADC values. The underlying 

axonal degeneration may be further diagnosed by tissue immunohistochemical measures 

such as SMI 31. The affected subjects with early change in MRI showed a positive 
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correlation with some but not all behavioral neurological tests. More sensitive tools of 

assessing these parameters may be considered for future studies/comparisons.  

We finally conclude that MRI is a good diagnostic tool for detecting the CNS 

Wallerian degeneration following neonatal unilateral cerebral hypoxia-ischemia. The 

MRI finding in our study demonstrated features of pre-Wallerian and a component of 

Wallerian degeneration, both occurring concurrently in axonal fiber bundles as early as 

24 hours post injury. This is also supported by the histopathological finding of a 

substantial axonal neurofilaments lost. Hence, our study indicates that this change is 

“Early” Wallerian degeneration. This corresponds to an increased T2 signal intensity with 

a decrease in ADC values being observed in the same regions of interest in the DCST 

with corresponding loss of axonal neurofilaments – previously termed pre-Wallerian 

degeneration in clinical imaging studies. A clear temporal differentiation in the definition 

of pre-Wallerian degeneration from Wallerian degeneration demands further 

investigation in the future.  

 

Anticipated Impact to Neonatal Health and Society 

CNS Wallerian degeneration is a progressive anterograde degeneration of the 

axon distal to the site of neuronal injury (trauma, inflammatory, hypoxic-ischemic, toxic 

or metabolic). MRI changes in the DCST regions such as cerebral peduncle and internal 

capsule have been believed to reflect the axonal degenerative changes. With this study in 

a neonatal rodent model with MRI, histology and behavioral outcomes we established a 

novel animal model to study CNS Wallerian degeneration.  
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Perinatal hypoxic-ischemic events and their management continue to remain a 

constantly evolving and a challenging topic in pediatric neuroscience. Hence our study 

should help translate the application of MRI in DCST imaging for timely diagnosis, 

prediction of disease progression and proper patient selection for treatment and 

rehabilitatory measures. This, in turn, may contribute to better perinatal health and cost of 

disease burden to individuals, families, societies and the entire health care system. 
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