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Abstract 

Title of Dissertation:  Critical Role of trkB Receptors in Reactive Axonal 
Sprouting and Hyperexcitability after Axonal Injury 

Name of Candidate:  Stephanie Aungst 
    Doctor of Philosophy, 2012 
 
Dissertation Directed by: Scott M. Thompson, Ph.D. 
    Professor 
    Department of Physiology 
 
Traumatic brain injury (TBI) causes many long-term neurological complications. Some 

of these conditions, such as posttraumatic epilepsy, are characterized by increased 

excitability that typically arises after a latent period lasting from months to years, 

suggesting that slow injury-induced processes are critical. I tested the hypothesis that 

trkB activation promotes delayed injury-induced hyperexcitability in the hippocampus by 

promoting reactive axonal sprouting. I modeled penetrative TBI with transection of a 

major excitatory axonal system, the Schaffer collateral pathway in knock-in mice having 

an introduced mutation in the trkB receptor (trkBF616A) that renders it susceptible to 

inhibition by the small, synthetic molecule 1NMPP1. I observed that trkB activation was 

increased in area CA3 one day after injury and that expression of a marker of axonal 

growth, GAP43, was increased seven days postlesion. Extracellular field potentials in 

stratum pyramidale of area CA3 in acute slices from sham and lesioned mice were 

normal in control saline. Abnormal bursts of population spikes were observed under 

conditions that were mildly proconvulsive, but only in slices taken from mice lesioned 7-

21 days earlier and not in slices from control mice. trkB activation, GAP43 upregulation, 

and hyperexcitability were diminished by systemic administration of 1NMPP1 for 7 days 

after the lesion. Synaptic transmission from area CA3 to area CA1 recovered 7 days 



 

 

 

 

postlesion in untreated mice, but not in mice treated with 1NMPP1. I conclude that trkB 

receptor activation and reactive axonal sprouting are critical factors in injury-induced 

hyperexcitability and may contribute to the neurological complications of TBI.  
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CHAPTER ONE 

INTRODUCTION 

Traumatic head injury has been a debilitating injury since the beginning of civilization. 

Hippocrates of Cos (c. 460 BC – c. 370 BC) had a thorough understanding of the human 

body and, in particular, the brain, providing excellent insights in neurosurgery and 

neuroscience, including accounts of and treatments for traumatic head and brain injury. In 

particular, his book On Injuries of the Head, (c. 400 BC) includes a description of cranial 

anatomy and several accounts of head trauma. These writings refer to trephination and 

the practice of neurosurgery for the management of head trauma (Panourias et al., 2005). 

He was also the first physician to accurately note the symptoms of epilepsy, writing the 

first book on epilepsy, On the Sacred Disease (Zanchin 1992). Hippocrates refuted the 

idea that epilepsy was a curse or a prophetic power, explaining it as a brain disorder. “It 

is thus with regard to the disease called Sacred: it appears to me to be nowise more 

divine nor more sacred than other diseases, but has a natural cause like other affections” 

(Zanchin 1992).  Although unnatural, violent injuries may have such an impact on the 

brain tissue to induce epilepsy. Although the major causes of traumatic brain injury (TBI) 

have changed since then from assaults to motor vehicle–associated injuries, gunshot 

wounds and concussive head injuries from sports or an improvised explosive device 

(IED), TBI is still the single largest cause of trauma morbidity and long-term 

neurological disabilities (Figure 1.1).  

 

 

 



 

 

 

 

Figure 1.1 Comparison of the prevalence of common debilitating neurological disorders 

per year in the United States

Each year in the US 1.7 million people suffer a traumatic brain injury (civilian data only, 

does not include military personnel). There are 400,000 new cases of multiple sclerosis, 

350,000 new cases of Alzheimer’s and 60,000 new cases of Parkinson’s diagno

year. Data compiled from

Multiple Sclerosis Society (

Health-National Institute on Neurological Disorders and Stroke (

and the Alzheimer’s Association (www.alz.org).
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Traumatic Brain Injury  

Traumatic brain injury is the most common disabling neurological disorder. Each year in 

the US, roughly 1.7 million people suffer a TBI. The CDC estimates that at least 5.3 

million people currently have long-term disabilities from TBI, costing the economy 

billions of dollars (Thurman et al., 1999). These statistics do not include soldiers 

returning from the Middle East conflicts, in which TBI is becoming a signature injury. 

An estimated 12,000 troops have been seriously injured by improvised explosive devices, 

not including many thousands of service members who were close enough to suffer a 

concussion from the blast (Okie, 2005). As of October 2006, only 1,652 military service 

members who served in Iraq and Afghanistan have been officially diagnosed with a TBI. 

Veterans advocacy groups believe that 10-20% of Iraq veterans (including those known 

to have been wounded and some who were otherwise unwounded) have had some level 

of TBI. Among wounded troops it increases to 33%. The Defense and Veterans Brain 

Injury Center lists 2,121 cases of diagnosed TBI between October 2001 and January 

2007; however, this is believed to be a gross underestimate because these numbers are 

based on recorded penetrative head injuries, excluding closed head injuries sustained due 

to IEDs. U. S. military neurologists now estimate up to 30% of troops who have been on 

active duty for 4 months or longer in the Middle East are at risk for disabling 

neurological damage, based on the evidence that closed head injuries far outnumber the 

penetrative injuries (Taber et al., 2006; Okie 2005).  
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Mechanics of Traumatic Brain Injury 

It takes less than 100 milliseconds for an external force to create a serious traumatic brain 

injury. This includes a blow to the head by a blunt object or penetration of the brain tissue 

by objects (i.e., gunshot wound, shrapnel, bone fragments etc.). TBI could also be due 

rapid acceleration, deceleration, and rotation of the head without any actual contact to the 

head itself. This initial external force is counteracted by reactive forces inside the skull 

causing movement of the brain within the skull. This type of movement within the skull, 

acceleration, deceleration, and rotation of the tissue, leads to intracranial pressure 

changes and shearing and stretching of axonal tracts (Stalhammar 1986; Povlishock et al., 

1992). Mechanisms and general patterns of TBI are shown in figure 1.2. Whether or not 

there is impact to the skull, a main component of head trauma is axonal injury. Axonal 

damage can begin within minutes of injury, and continue for days following the initial 

injury. This in turn impairs axonal transport leading to swelling of the damaged processes 

and subsequent degeneration of the axon. Some TBI symptoms are believed to be 

attributable to this axonal damage and the subsequent loss of synapses; however, not 

much is known about axonal regeneration and its role in repair or its role in long-term 

consequences of TBI (Kato et al., 2007). This axonal damage, loss of synapses and 

possible axonal regeneration can be classified as a secondary injury to the brain if not 

immediately caused by the trauma. It can appear over days, weeks and months after the 

injury is sustained (Figure 1.3). 

 

 



 

 

 

 

 Figure 1.2 Head trauma can lead to injury to the skull, neural tissue and the cerebral 

vasculature. These injuries 

deceleration of the head causing 

skull itself can cause penetration of the brain with a foreign object including fragments of 

fractured skull. Injuries to the brain can have several immediate physiological effects 

such as hemorrhages, hematoma

explosive device.  

 

 

 

 

Head trauma can lead to injury to the skull, neural tissue and the cerebral 

vasculature. These injuries can be from impact with a blunt object, or acceleration and/or 

deceleration of the head causing a coup and contracoup injury to the brain

can cause penetration of the brain with a foreign object including fragments of 

fractured skull. Injuries to the brain can have several immediate physiological effects 

such as hemorrhages, hematomas and axonal damage. Abbreviations:
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Head trauma can lead to injury to the skull, neural tissue and the cerebral 

can be from impact with a blunt object, or acceleration and/or 

contracoup injury to the brain. Impact to the 

can cause penetration of the brain with a foreign object including fragments of 

fractured skull. Injuries to the brain can have several immediate physiological effects 
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Figure 1.3 Primary and secondary axotomy after traumatic brain injury. 

Primary axotomy can occur immediately from a TBI due to penetration of foreign objects 

that breach the dura surrounding the brain and severing axonal pathways. However, 

secondary axotomy can occur after a TBI due to a number of interstitial changes that 

occur after injury leading to breakdown of axons. Immediate changes in the surrounding 

tissue can lead to changes in the membrane permeability of the axons, this in turn can 

lead to intracellular changes in ion concentrations triggering destructive pathways such as 

the calpain pathway.  The calpain proteolytic system starts to breakdown components of 

the axonal cytoskeleton by targeting its protein components. This destruction of the 

axonal cytoskeleton leads to axotomy that is secondary to the injury. 
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TBI has diverse consequences and can be classified as mild, moderate, or severe 

depending on the extent of damage to the brain. Severity of the injury is determined by 

the time it takes for a patient to regain consciousness following injury which is usually 

measured on the Glasgow Coma Scale (GCS). The GCS is a clinical tool designed to 

assess coma and impaired consciousness.  GCS scores of 3 to 8 are classified with a 

severe TBI, those with scores of 9 to 12 are classified with a moderate TBI, and those 

with scores of 13 to 15 are classified with a mild TBI (Teasdale and Jennett 1974).  TBI 

and its sequelae have been referred to as an ‘invisible epidemic’ in which patients suffer 

devastating life-long cognitive, sensory, emotional, and motor deficits. There is a greater 

understanding of the dynamic changes that occur in the brain immediately following 

injury. Mild TBI symptoms include memory loss, sleep disturbances, confusion, 

dizziness and blurred vision. Moderate or severe TBI may include these symptoms, and 

vomiting, nausea, loss of coordination, weakness or numbness of the extremities, seizures 

and unconsciousness. Acute physiological components of TBI, including hemorrhaging, 

thrombosis, infection, inflammation, intracranial hypertension, and edema, can often be 

managed with general clinical care. However, it is the long-term consequences that 

frequently leave TBI victims with devastating life-long disabilities (Agrawal et al., 2006).  

 

To understand the pathophysiology of TBI it is useful to divide the injuries into two 

groups, primary and secondary. The primary brain injury is the physical disruption of 

brain tissue due to mechanical forces applied to the cranium and brain. This primary 

injury results in the acute characteristics of TBI listed above that are managed within an 

immediate emergency services setting. Secondary injuries are caused by posttraumatic 
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mechanisms that adversely affect the injured brain leading to lifelong neurological 

disabilities that can be difficult to manage due to lack of knowledge of specific 

mechanisms underlying the diabilities (Zink 1996). This thesis will focus on the latter, 

discussing and researching injuries/disabilities that are caused by mechanisms occurring 

post injury. 

 

Posttraumatic Epilepsy 

Posttraumatic epilepsy (PTE) is one common long-term consequence of TBI. Epilepsy is 

defined as recurrent seizures due to excessive synchronized neuronal discharge. PTE is 

defined as a recurrent seizure disorder due to injury of the brain following a head trauma 

(Agrawal et al., 2006). A unique feature of PTE is the characteristic prolonged latent 

period of months to years between the injury and the occurrence of the first seizure 

(Annegers et al., 1998; Agrawal et al., 2006) with more than 80% of people having their 

first seizure 6+ months after the injury and 90% by two years post-injury with the 

remaining 10% of patients developing seizures after the two year mark (da Silva et al., 

1992). The risk of developing PTE after brain trauma is well established (Salazar et al., 

1985; Annegers et al., 1998). The incidence of PTE in the general population is 

approximately 20% of all symptomatic epilepsies; in the military the incidence is much 

higher, around 50%, due to the high occurrence of penetrative and percussive head 

trauma (Annegers and Coan, 2000). This form of epilepsy is particularly insensitive to 

conventional antiepileptic treatments (Temkin, 2001). Several common anti-epileptic 

therapies such as phenytoin, phenobarbital, carbamazepine, valproate and magnesium 

have been tested alone or combined and have failed to show reliable evidence of 
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preventing seizures after TBI. These regimens have even failed to suppress the epileptic 

seizures from a TBI, leading to the belief that underlying mechanisms for seizures due to 

a TBI are far different than traditional epilepsies (Temkin, 2009). These mechanisms are 

still poorly understood. It is well recognized that for therapy or prevention of PTE to 

move forward we must find pathophysiological processes to target, particularly if they 

can be applied during the latent period before the development of true epilepsy. 

 

Pathophysiology of PTE in humans  

Most individuals with post-traumatic seizures have both generalized (involving both sides 

of the brain) and focal (limited to one area of the brain) seizures. Up to 62% of patients 

with a TBI will develop temporal lobe epilepsy (TLE). The risk of developing seizures 

after a TBI is difficult to determine; however, the severity of the injury is thought to play 

a role.  Individuals that lose consciousness, have a penetrative injury and have cerebral 

hemorrhaging or a subdural hematoma are thought to be at the greatest risk for 

development of PTE (Englander et al., 2003; Yablon, 1993; Carey et al., 1984). There is 

evidence that early seizures after injury (i.e., within the first week) are associated with 

higher incidence of developing PTE than if there are no early seizures; however, seizures 

that occur later than a week after injury are more highly correlated with recurrence of 

seizures at a later date (Annegers et al., 1998, Appleton et al., 2002; Haltiner et al., 1997). 

It is generally believed that TBI initiates a slow process that eventually renders the brain 

epileptic after months or even years (Temkin, 2001). In theory, TBI initiates an epileptic 

process that results in unprovoked seizures after a latent period. This latent period 

between TBI and PTE onset provides an attractive window for preventive treatment or 
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therapeutic intervention, but such interventions have yet to be developed. Therefore, to 

develop effective therapeutic strategies to minimize long-term consequences of TBI, it is 

essential that we understand the occurrences during this latent period better. One clue 

may come from the clinical observation that injuries involving dural penetration increase 

the risk of PTE by about 50% (Willmore, 1990; Annegers and Coan, 2000; Annegers et 

al., 1998). This finding suggests that a direct physical injury to the brain triggers the slow 

changes that underlie PTE.  

 

Animal models of PTE 

 There are several animal models of TBI, which are mostly used to study the effects of 

the injury on cognition. Some have been adapted to study the effects of TBI on the 

development of epilepsy. Studies using animal models of traumatic brain injury have 

shown that a single occurrence of TBI causes an increase in the excitability of the 

specific brain region near the injury focus. The most commonly used animal model is the 

fluid percussion injury (FPI) model, that produces hyperexcitability in the dentate gyrus 

of the hippocampus (Golarai et al., 2001, Santhakumar er al., 2001 D’Ambrosio et al., 

2004). Controlled cortical impact (CCI) has demonstrated several risk factors of PTE 

such as hemorrhaging and hematomas after injury, and also the development of 

hyperexcitability (Hunt et al., 2009; Dixon et al., 1991; Lighthall, 1988). Cells from the 

hippocampus, dentate granule cells (Santhakumar et al., 2001; Toth et al., 1998), CA1 

pyramidal neurons (Cai et al., 2007) and CA3 pyramidal neurons (Dinocourt et al., 2011; 

McKinney et al., 1997; Siddiqui and Joseph 2005) have all shown to be hyperexcitable 

after injury as have cortical pyramidal cells (Salin et al., 1995).  
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Changes that lead to epilepsy may start at the single neuron level, but epilepsy is a 

disease of neural circuits and is able to manifest itself because the brain is an organized 

series of neuronal networks. Hyperexcitability in a neuronal network can result from the 

recruitment of more neurons in the network, or synchronization of the same number of 

neurons, both leading to seizures. Recurrent seizures are thought to cause permanent 

alterations in the brain which lead to greater hyperexcitability resulting in a positive 

feedback loop; seizures beget seizures (Gowers, 1881). This concept has been shown 

several times over in the epilepsy research community. Using animal models, studies 

have shown that a brief period of epileptic activity leads to recurrent unprovoked 

seizures. Debanne et al. (2006) showed that a brief period of epileptiform activity 

produced lasting modifications in synaptic strength altering synaptic transmission and 

network properties in the rat hippocampus and tipping the balance towards excitation. 

Others have shown that status epilepticus induced by single administration of chemical 

convulsants (pilocarpine, kainic acid), leads to the development of unprovoked seizures 

weeks and months after (Coulter and DeLorenzo 1999). While the link between epilepsy 

and the “too well connected brain” (Prince, 1997) is still unknown, activity-dependent 

structural remodeling of neuronal networks is thought to play a role. While posttraumatic 

epilepsy probably arises from several factors that occur in parallel, two primary factors 

are changes in ion channels and the development of excessive new functional excitatory 

connections stemming from aberrant sprouting of axons within the damaged brain.  
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Changes in ion channels, transporters and receptors 

Alterations in ion channels (Magee, 1998; Jung et al., 2010, Chen et al., 2002; Cai et al., 

2007), transporters (Tanaka et al., 1997; Jin et al., 2005; Huberfeld et al., 2007) and 

neurotransmitter receptors (Chuang et al., 2001; Furtinger et al., 2001) are associated 

with various animal models of epileptogenesis after traumatic brain injury. Neuronal 

excitability depends on the action of several types of ion channels. Ion channels can 

rapidly change permeability, therefore changing the membrane potential to make it easier 

or harder to reach threshold for an action potential. Because of their role in maintaining 

membrane potential, alterations in ion channels can be a source of hyperexcitability in 

certain disease states.  The normal functioning brain relies on a balance between 

excitation and inhibition of the neuronal networks, so any alterations to this balance can 

tip the network in favor of uncontrolled excitability. Several studies have shown that loss 

or down regulation of hyperpolarization-activated cyclic nucleotide-gated ion channels 

(HCN channels) produce neuronal hyperexcitability (Magee, 1998; Jung et al., 2010; 

Brewster et al., 2002; Zhang et al., 2006). This down regulation can occur after an insult 

to the brain tissue such as a TBI (Ludwig et al., 2003; Shah et al., 2004; Zhang et al., 

2006).  Considering that this channel is located in the pyramidal cells of the hippocampus 

and the neocortex (Magee, 1998; Nolan et al., 2004; Huang et al., 2009) alterations in its 

properties can significantly alter membrane potentials of a large number of neurons in a 

network. In the injured hippocampus, a downregulation of SK-type Ca2+ -activated K+ 

channel function in denervated pyramidal cells is a key contributing factor to aberrant 

excitability in hippocampal pyramidal neurons (Cai et al., 2007).  
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Transporters can also play a major role in normal network homeostasis. Mice deficient in 

glutamate transporter-1 (GLT-1), which is widely distributed among astrocytes, show 

lethal spontaneous seizures and increased susceptibility to acute cortical injury (Tanaka et 

al. 1997). Impaired extrusion of Cl- in cortical pyramidal neurons occurs as a consequence 

of downregulation of the K+/Cl- cotransporter (KCC2) in chronically injured cortex 

leading to enhanced neuronal excitability due to depolarizing GABA responses (Jin et al., 

2005). While many changes in channels, transporters and receptors may be a normal 

homeostatic response of the neuronal network to injury, these changes reach a point they 

may become maladaptive and contribute to genesis of epileptic activity. 

 

Epilepsy and Axonal Sprouting 

In animal models, TBI has been associated with the sprouting of recurrent collaterals by 

granule cell axons which is similar to the histopathological characteristics seen in patients 

with temporal lobe epilepsy (Margerison and Corsellis 1966; Sutula et al., 1989). There 

are also several animal models of epileptogenesis associated with aberrant axonal 

sprouting after TBI (Tauck and Nadler, 1985; Salin et al., 1995; Dinocourt et al., 2006; 

Jacobs et al., 1999; Wuarin and Dudek, 2001; Jin et al., 2006). Several experimental 

models of epilepsy are characterized by sprouting of the mossy fibers in the dentate gyrus 

(DG) of the hippocampus. (Ben-Ari 1985; Tauck and Nadler 1985, Buckmaster et al., 

2002).  In these epilepsy models, recurrent excitatory circuits develop after excessive 

sprouting from the dentate granule cells. This leads to hyperexcitability within the DG 

and other limbic areas (Hunt et al., 2009; Coronin and Dudek 1988; Wuarin and Dudek 
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2001; Smith and Dudek, 2001). Human temporal lobe epilepsy is also associated with 

mossy fiber spouting in the DG (Sutula et al., 1989). 

 

The aforementioned TBI models demonstrate mossy fiber sprouting and reorganization 

associated with the hyperexcitability (Golarai et al., 2001, Santhakumar er al., 2001 

D’Ambrosio et al., 2004 Hunt et al., 2009; Dixon et al., 1991; Lighthall, 1988; 

Santhakumar et al., 2001; Toth et al., 1998) observed after injury. The sprouting of 

mossy fibers (dentate granule cell axons) and appearance of recurrent collaterals lead to 

excitatory feedback loops within the dentate granule cells (Coulter 2000; Nadler 2003; 

Sutula et al., 1992; Buckmaster et al., 2002) providing a mechanism for 

hyperexcitability. Hippocampal slice experiments have shown that after sprouting of 

mossy fibers, DG granule cells monosynaptically excite one another and seizures are 

more easily evoked (Wuarin and Dudek 2001; Lynch and Sutula 2000; Patrylo and 

Dudek 1998). Computer simulations by Santhakumar et al. (2005) and Dyhrfjeld-Johnsen 

et al. (2007) suggest that even a low degree of sprouting seen after mild brain injuries can 

substantially promote the spread of seizure-like activity.  

 

Excessive excitability in other areas of the brain is also correlated with sprouting of 

recurrent excitatory collaterals of the specific cells in the area and increased synaptic 

connections; including CA1 pyramidal neurons of the hippocampus (Smith and Dudek, 

2001; 2002; Scheff et al., 2005; Griesemer and Mautes 2007), CA3 pyramidal neurons of 

the hippocampus (Dinocourt et al., 2011; McKinney et al., 1997), and cortical pyramidal 

cells (Salin et al., 1995). McKinney et al. (1997) and Dinocourt et al. (2006) have shown 
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the development of hyperexcitability and aberrant axonal sprouting after injury using a 

lesion injury model. Other available data show an increase in the number of 

morphologically identified synapses and an increase in the probability that any two cells 

are connected by an excitatory synapse (McKinney et al., 1997; Scheff et al., 2005).  

 

These TBI model studies frequently evoke local destruction of tissue and involve 

neuronal loss complicating evaluation of the involvement of axonal sprouting in 

hyperexcitability. Considering the overwhelming complexity of the injured brain, our lab 

has developed a simplified model to study PTE. In my project, I will focus on one 

fundamental consequence of lesions common to many forms of TBI: axonal injury. 

 

Irreparable axonal damage is now considered a significant component of traumatic brain 

injury and can be a direct consequence of a penetrating head wound or result indirectly 

from shearing and stretching during rapid acceleration and deceleration of the head 

(Povlishock and Katz, 2005; Povlishock et al., 1983; Cordobes et al., 1986).  Importantly, 

axonal injury does not necessarily lead to cell death. Singleton et al. (2002) showed that 

traumatic axonal injury after fluid percussion injuries in rats was not associated with cell 

morbidity in the dentate gyrus, thalamus, and neocortex. Axonal injury can lead to 

structural plasticity (Erb and Povlishock, 1991). These injured, not dying, cells undergo 

plastic changes and reorganization that can be either adaptive or maladaptive. A 

maladaptive change in structural plasticity may contribute to the slow development of 

PTE.  
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There is increasing evidence that many regions of the CNS respond to injury by induction 

of plastic remodeling processes, including sprouting of new axon collaterals from 

surviving cells (Deller et al., 2006), as first described in the brain in 1969 (Raisman, 

1969). Newly sprouted processes can lead to reinnervation and formation of new 

circuitry, thus resulting in functional changes within the injured area. Even injuries very 

proximal to the cell bodies may not lead to cell death, but manifest features consistent 

with regeneration of the axon and reorganization of the circuit (Greer et al., 2011). For 

example, the sprouting of mossy fibers is commonly found in the tissue of epileptic 

animals and humans and can be observed to involve regions not normally targeted by 

granule cell axons (Cronin and Dudek, 1988; Bausch and McNamara, 2004). An identical 

pattern of mossy fiber sprouting has been observed in human brain tissue from epileptic 

patients (Sutula et al., 1989). It has been suggested that these newly generated axons form 

an aberrant recurrent excitatory network between granule cells, thereby leading to 

hyperexcitability (Cronin et al., 1992). Hippocampal pyramidal cells have also been 

shown to regenerate new axon collaterals after transection, and this regeneration leads to 

increased spread of excitation between pyramidal cells and increased intrinsic excitability 

within the population of injured cells (McKinney et al., 1997). All of this data 

emphasizes the potential for posttraumatic reorganization of the circuitry (Greer et al., 

2011), leading to the major hypothesis that structural rearrangements in the area of excess 

activity underlies maintenance of epileptogenesis after a variety of brain insults, 

including TBI (Kokaia et al., 1996).  
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Hyperexcitability has been observed in many animal models of TBI. Fluid percussion or 

controlled cortical impact closed head injuries induce behavioral and electrographic 

seizures (D'Ambrosio et al., 2004; Kharatishvili et al., 2006). The delayed development 

of hyperexcitability of dentate granule cells in response to afferent stimulation 

(Lowenstein et al., 1992; Reeves et al., 1997; Santhakumar et al., 2000; Santhakumar et 

al., 2001) or proconvulsant drug exposure (Coulter et al., 1996; Golarai et al., 2001) is 

well documented in these models.  

 

Region specific hyperexcitability is reported in acute focal TBI produced by penetrating 

injuries or after application of excitotoxins (Jacobs et al., 2000). In addition, transection 

of afferents and efferents from the neocortex using a cortical undercut results in a 

delayed, but persistent hyperexcitability in vivo (Grafstein and Sastry, 1957). Acute ex 

vivo brain slices prepared from the region of cortical undercut display polysynaptic 

excitatory postsynaptic potentials accompanied by epileptiform field potentials. These 

studies thus support a link between injury and hyperexcitability, with a delay in its 

initiation that is reminiscent of human PTE. The link between axonal sprouting after 

injury and epileptogenesis makes it essential to understand the mechanisms responsible 

for this axonal sprouting.  

 

Considering the latency between injury and onset of seizures, slow generation of new 

circuitry in the injured brain region due to brain injury-induced axonal sprouting 

represents one plausible explanation. Of course, other overlapping injury-induced 

processes are likely to occur concurrently. Neuroanatomical and physiological studies 
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using human tissue removed for surgery has given us good ideas about 

pathophysiological mechanisms, but variability between subjects and lack of proper 

controls highlights the need for proper animal studies on the subject matter. In this thesis 

work I provide both morphological and physiological evidence of axonal sprouting and 

hyperexcitability. I tested the hypothesis that axonal injury affects the activity of cell 

populations by triggering a slow axonal sprouting process and formation of 

aberrant excitatory synapses, thus altering the balance of excitation and inhibition. 

This alteration in the balance of excitatory and inhibitory processes leaves the brain 

hyperexcitable and incapable of functioning properly. I predicted that axonal injury 

induces delayed hyperexcitability and that axonal injury induces axonal sprouting 

that can be detected morphologically and physiologically. While this hypothesis tests 

sprouting and hyperexcitability, it doesn’t provide evidence that the sprouting is 

responsible for the hyperexcitability. To determine involvement of sprouting in excessive 

hyperexcitability, it is necessary to be able to manipulate the phenomenon. But which 

molecules or other factors are responsible for initiating and sustaining axonal sprouting 

after injury?  

 

Neurotrophins and Axonal Sprouting 

Surviving neurons do not constitutively extend axons; axonal regeneration must be 

specifically signaled by extracellular factors. For example, retinal ganglion cells in 

culture will not extend axons without the presence of extracellular growth inducing 

signals (Goldberg et al., 2002). This is also true of peripheral neurons such as dorsal root 

ganglion (DRG) sensory neurons. DRG neurons in culture can grow rudimentary axons 
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without extracellular cues, but this axonal outgrowth significantly increases in the 

presence of certain extracellular growth cues (Lentz et al 1999).  The most studied family 

of extracellular growth signal peptides is the neurotrophin (NT) family. The mammalian 

family of neurotrophins includes nerve growth factor (NGF), brain derived neurotrophic 

factor (BDNF), neurotrophin-3 (NT3) and neurotrophin-4/5 (NT 4/5). These NTs are 

known to induce axonal outgrowth during development and in the adult CNS. These 

molecules bind the trk (tropomyosin-related kinase) family of transmembrane tyrosine 

kinase receptors, with each neurotrophin binding a different trk receptor: NGF binds 

trkA, BDNF and NT-4/5 bind trkB, and NT-3 binds trkC (Huang and Reichardt, 2003; Lu 

et al., 2005). NT3 can also bind trkA and trkB (Huang and Reichardt, 2003). Different 

neurons in different areas of the brain are responsive to different NT factors, and neurons 

can be responsive to multiple NTs at one given time. For example, NGF and BDNF 

together induce greater axonal outgrowth in DRG neurons than either one does separately 

(Lindsay et al., 1985). Retinal ganglion neurons respond to both BDNF and another 

neurotrophic factor called ciliary neurotrophic factor (CNTF) showing a more robust 

response when both are present (Goldberg et al., 2002).  

 

The inability of axons to regenerate after injury or disease may partially be due to 

inhibitory molecules. However, there is emerging evidence that neurotrophins can 

stimulate axonal regeneration and signal the growing axon to ignore these inhibitory 

signals (Cai et al., 1999). How would this apply to an in vivo injury or disease? There is 

persistent expression of the NTs and their receptors in the hippocampus (Ernfors et al., 

1990). The highest level of neurotrophin mRNA in the hippocampus is for BDNF. CA1 
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and CA3 pyramidal cells display high levels of BDNF mRNA, and also express trkB and 

trkC receptors, but not trkA receptors (Merlio et al., 1992). And it is known that binding 

of BDNF to trkB receptors promotes cell survival, synaptic transmission, plasticity, and 

neurite outgrowth (Dechant and Barde, 2002). 

 

Elevated levels of NGF have been discovered in CNS traumatic lesions. Increased NGF 

mRNA in limbic seizures led to the idea that activity-induced, up-regulation of NTs 

contributes to cellular and molecular changes promoting the epileptic state (Gall and 

Isackson, 1989; Gall, 1993). BDNF mRNA and protein as well as trkB protein levels are 

elevated in the hippocampi of human epileptic brains (Murray et al., 2000; Wyneken et 

al., 2003). Experimentally induced seizures also trigger a major increase in NT mRNAs 

(Isackson et al., 1991). In the hippocampal kindling model, for example, BDNF and NGF 

mRNA are up-regulated by 24 hrs post seizure (Ernfors et al., 1991; Bengzon et al., 

1993). Levels of BDNF protein follow suit, increasing in the hippocampus after lesions 

of the DG (Nawa et al., 1995). Accordingly, Kokaia et al., (1996) showed an increase in 

mRNA for the high-affinity BDNF receptor, trkB, in the hippocampus after kindling in 

rats.  

 

In the adult brain, neurotrophins have a multitude of roles. They are traditionally thought 

to regulate cell survival and differentiation. However, many studies have shown a role for 

neurotrophins in synaptic transmission. BDNF has been called a key protein in functional 

and morphological plasticity in the adult brain (Gomez-Palacio-Schjetnan and Escobar, 

2008). In the adult hippocampus, BDNF regulates synaptic transmission (Lu and Chow, 
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1999), with acute application enhancing basal synaptic transmission and transmitter 

release (Knipper et al., 1994; Lessmann et al., 1994). There is also evidence that BDNF 

regulates long-lasting plasticity of synaptic transmission in many areas of the brain 

including the hippocampus (Kang and Schuman, 1995) and visual cortex (Jiang et al., 

2001). Application of exogenous BDNF enhances excitatory synaptic transmission in the 

hippocampus (Kang and Schuman, 1995; Kang et al., 1996) and structurally reorganizes 

synapses in the mossy fiber pathway (Gomez-Palacio-Schjetnan and Escobar, 2008). 

BDNF can initiate axon turning (Mai et al., 2009), promote axonal branching and 

dendritic growth in hippocampal cultures (Cohen-Cory and Fraser, 1995; Gallo and 

Letourneau, 1998; Lu, 2004), and increase the dendritic spine density of CA1 pyramidal 

neurons (Tyler and Pozzo-Miller, 2001). Neurotrophins, particularly BDNF, thus have 

the potential to induce morphological and functional changes of synapses in the adult 

brain and might therefore contribute to axonal sprouting after TBI. In Chapter four of this 

thesis I explore the role that the neurotrophin receptor trkB plays in hyperexcitability, 

axonal sprouting, and synapse formation. 

 

I tested the hypothesis that axonal injury affects the activity of cell populations by 

triggering a slow axonal sprouting process and formation of aberrant excitatory 

synapses, thus altering the balance of excitation and inhibition. This alteration in 

the balance of excitatory and inhibitory processes leaves the brain hyperexcitable 

and incapable of functioning properly. I predicted that axonal injury induces 

delayed hyperexcitability and that axonal injury induces axonal sprouting that can 

be detected morphologically and physiologically. Using the information from the 
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aforementioned studies, I was able to make a prediction about the involvement of trkB in 

axonal sprouting and hyperexcitability. I predicted that blocking trkB receptors would 

prevent injury-induced axonal sprouting and by preventing sprouting I would 

prevent hyperexcitability. 

 

In summary, the adult brain has more capability of repairing itself after an injury than 

previously appreciated. The brain’s attempt to heal itself may, however, goes awry and 

leads to additional problems, as illustrated by regrowth of injured axons and formation of 

aberrant circuitry. A better understanding of plastic changes induced by injury, including 

the cellular and molecular mechanisms responsible for reactive axonal sprouting, is 

required for development of novel therapeutic interventions of PTE and similar chronic 

sequelae of TBI. 
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 CHAPTER TWO  

METHODS 

*Note: All procedures involving animals were approved by the University of Maryland 
School of Medicine Institutional Animal Care and Use Committee. 
 
MOUSE MODELS 

TrkBF616A mice 

TrkBF616A mice were obtained from the laboratory of Dr. David Ginty, Johns Hopkins 

University (Chen et al., 2005). Briefly, these mice were developed using a chemical-

genetic strategy enabling specific, rapid, and reversible inhibition of the endogenous trk 

kinases. Mutations were introduced within the ATP binding pocket, rendering it 

susceptible to inhibition by small-molecule derivatives of the general kinase inhibitor 

PP1 (Bishop et al., 2000). Within the ATP binding pocket of kinase subdomain V (Figure 

2.1A) all trk proteins have a phenylalanine (F) and previous findings showed that 

substitution of trkB F616 with an alanine (A) does not affect BDNF-dependent trkB 

signaling but does render the mutant trkB receptor susceptible to inhibition by 1NMPP1 

(Figure 2.1B,C), a derivative of PP1. Also, 1NMPP1 does not affect the activity of wild-

type trkB receptors. Therefore, a gene-targeting approach to generate knockin mice in 

which the activities of the endogenous trkB receptor proteins are susceptible to specific 

inhibition by 1NMPP1 was employed (Figure 2.1D). Heterozygous mice harboring the 

trkB F616A knockin mutations were backcrossed to a C57BL/6 background. 

Heterozygous mice were obtained from the Ginty lab and homozygous mice were 

obtained from heterozygous intercrosses. To identify homozygous, heterozygous and 

wild type litter mates, DNA was amplified in 36 cycles (30 s, 94oC; 1 min, 60oC; 1 min, 

72oC) using the following primers: 5’-
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GGGCTTGAGAAGAGGGCAAAAGGGTTGCTCAG-3’ and  5’-

GTTGGTCACCAGCAGAACACTCGACTCAC-3’. The bands were resolved on a 1.5% 

agarose gel, the mutant band is viewed at ~430bp and the wild type band is viewed at 

279bp. 

 

Thy1-GFP mice 

We also obtained heterozygous mice expressing green fluorescent protein (GFP) under 

the control of the randomly activated thy1 promoter (line GFP-m), generated as 

previously described by Feng et al. (2000). Originally, fertilized oocytes were injected 

with gel-purified DNA. Transgenic founders were hybrids (C57BL6/J and CBA) and 

were backcrossed to C57BL6/J mice for 1-4 generations before expression patterns were 

analyzed. Genotypes were determined by PCR. DNA was amplified in 36 cycles (30 s, 

94oC; 1 min, 60oC; 1 min, 72oC) using the following primers: 5’-

AAGTTCATCTGCACCACCG-3’ and 5’-TCCTTGAAGAAGATGGTGCG-3’. The 

GFP amplicon was visualized as a 173-bp product on a 1.5% agarose gel. 

We generated trkBF616A/Thy1GFP mice by crossing homozygous trkBF616A mice with 

Thy1-GFP mice. Mice were genotyped using the primers from both genotypes as 

described above.  
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Figure 2.1 TrkBF616A mouse model.  

Mice were developed using a chemical-genetic strategy enabling specific, rapid, and 

reversible inhibition of the endogenous trk kinases.  A. Within the ATP binding pocket of 

kinase subdomain V all trk proteins have a phenylalanine (F) and substitution of trkB 

F616 with an alanine render the mutant trkB receptor susceptible to inhibition by (B) by 

the small-molecule derivative of the general kinase inhibitor PP1, 1NMPP1 (Bishop et 

al., 2000). C. Western blot analysis phosphorylated trkB levels from tissue from mice 

with a mutant trkB receptor challenged with the receptors ligand BDNF (B) or control 

medium (C) in the presence or absence of 1NMPP1 show that trkB phosphorylation is 

sensitive to inhibition by 1NMPP1. D. A gene-targeting approach to generate knock-in 

mice in which the activities of the endogenous trkB receptor proteins are susceptible to 

specific inhibition by 1NMPP1 was employed. The targeting vectors carrying the F-A 

mutation (*) in exon 14 and FRT-Neo-FRT cassettes were flanked by two LoxP sites 

(modified from Chen et al., 2005).  
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RAT MODEL  

Sprague Dawley Rats 

Adult (300 - 400g) Sprague-Dawley rats (Charles River) were used for in vivo transection 

of the Schaffer collateral pathway and acute physiology slice recordings. 

 

IN VITRO  METHODS 

Organotypic Hippocampal Slice Cultures 

Roller tube organotypic slice cultures were prepared as described by Gähwiler et al. 

(1998). Hippocampi were surgically removed from post-natal day 7 pups (Figure 2.2A) 

and 400µm thick transverse sections were prepared using a McIlwain tissue chopper 

(Figure 2.2B, Mickle Laboratory Eng. Co., Surrey United Kingdom). Transverse sections 

were placed into 35x10mm petri dishes filled with a balanced salt solution and the non-

selective ionotropic glutamate receptor antagonist kynurenate (3µM) to minimize 

toxicity. Slices were mounted in droplets of chicken plasma (10µl; Cocalico Biologicals) 

on poly-L-lysine (Sigma P6282) coated 12x24mm glass coverslips. Once the slice was 

placed into the droplet, the chicken plasma was evenly distributed over the surface of the 

coverslip. Fibrin (12µl) was added to each coverslip and spread evenly over the surface 

mixing with the plasma surrounding the hippocampal slice. Thrombin (10µl) was 

dispensed onto the coverslip to coagulate the plasma and fibrin adhering the slice to the 

coverslip. After approximately 5-10 minutes, a solid clot and the slice was firmly 

attached onto the coverslip (Fig. 2.2C,E). Coverslips were individually placed into flat-

sided culture tubes (Fig. 2.2D) containing 1000 µl of horse serum-containing medium. 

The culture tubes were then placed in a roller drum (Fig. 2.1F) located in an incubator set 

to 37°C. There was a constant turnover of the liquid-CO2 interface due to rotation of the 
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roller drum (Gähwiler, 1997). To halt the proliferation of glial cells, an anti-mitotic 

(FUA: 0.12mM cytosine-β-D-arabino-funanoside, 0.12mM uridine, 0.12mM 5-fluro-

2’deoxyuridine, in Hank’s balanced salt solution) was added to each culture tube (3 µM), 

48 hours after the cultures were prepared. After 24 hours, the anti-mitotic was removed 

and the medium replaced with 750µl of fresh medium. The cultures were returned to the 

incubator and maintained in the roller drum for 3-19 days and the medium was changed 

weekly. Slices thinned down from 400µm to approximately 50µm after 2 or more weeks 

in vitro. The hippocampal layers are clearly distinguishable in these cultures 

demonstrating that the cytoarchitectural organization of the hippocampus is maintained in 

organotypic hippocampal slice cultures (Gähwiler, 1997). 
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Figure 2.2 Preparation of organotypic hippocampal slice cultures.  

A. Diagram of the mouse pup brain from which the hippocampus is surgically removed. 

B. A tissue chopper is used to prepare transverse sections of the hippocampus. C. The 

400 µm sections are mounted onto a coverslip and embedded in a plasma clot before 

placement into a flat-sided culture tube (D). E. Cultures are incubated in culture medium 

in tubes placed into a roller drum and incubated at 37°C. F. After incubation for two 

weeks cultures thin out to approximately 50µm. 
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In vitro Schaffer collateral transection 

Mature 14DIV (days in vitro) cultures were removed from their culture tubes and placed 

in a 35x10mm petri dish.  Cultures were bathed for 10 minutes in 20µl of a cutting 

solution containing 3µM kyurenate, 0.4µM APV and 0.4µM DNQX to prevent 

excitotoxicity. The Schaffer collateral (SC) pathway was transected by dragging a razor 

blade shard attached to a razor blade knife holder (#BA 290, Aesculap, Am-Aesculap 

Platz, Germany) from the hippocampal fissure through to the edge of the culture as seen 

in Figure 2.3B. Cultures were again bathed in 20µl of cutting solution. Sham controls 

were bathed in cutting solution for the same period of time without transection of the SC 

pathway. Sham and SC lesioned cultures were placed back in roller tubes with either 

fresh medium or fresh medium containing 3µM 1NMPP1 in DMSO (courtesy of Dr. 

Pamela England, UCSF) or DMSO for a vehicle control and placed back in the incubator. 

Cultures were incubated for 5 days and then removed at 19DIV and either fixed in 4% 

paraformaldehyde in 0.1M phosphate buffer (pH 7.4) or placed in lysis buffer for protein 

extraction.  Cultures 3DIV (Figure 2.3A) were used as positive controls for histological 

analysis of axonal sprouting. 

 



 

 

 

 

 

 

Figure 2.3 Organotypic hippocampal slice cultures. 

A. A DAPI stained culture 3 days 

distinguishable in these cultures demonstrating that the cytoarchitectural organization of 

the hippocampus is maintained in organotypic hippocampal slice cultures (Gähwiler, 

1997). B. After 5 days post lesion, DAPI staining of a 19 day 

the lesion of the Schaffer collateral pathway extends from the outer edge of the culture 

into the hippocampal fissure

 

 

 

 

 

 

Figure 2.3 Organotypic hippocampal slice cultures.  

A DAPI stained culture 3 days in vitro shows the hippocampal layers are clearly 

distinguishable in these cultures demonstrating that the cytoarchitectural organization of 

the hippocampus is maintained in organotypic hippocampal slice cultures (Gähwiler, 

After 5 days post lesion, DAPI staining of a 19 day in vitro culture shows that 

the lesion of the Schaffer collateral pathway extends from the outer edge of the culture 

into the hippocampal fissure (hif). 
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Histology  

Cultures were removed from the incubator at 3 or 19DIV (5 days post lesion) and media 

was replaced with 4% paraformaldehyde (PFA, Sigma cat#441244), pH 7.4 in 0.1M 

phosphate buffer. Cultures were incubated in PFA overnight at 4oC. They were then 

rinsed three times in 0.1M PBS, pH 7.4 (phosphate buffer with 0.9% NaCl). Cultures  

were blocked in 1% bovine serum albumin (BSA) and 1% normal donkey serum (NDS) 

in 0.1M PBS for 1 hour at room temperature (RT) on a rocker. GAP43 antibody 

(courtesy of Dr. Frank Margolis, University of Maryland) was diluted to 1:1000 in the 

BSA/NDS blocking solution and tissue was incubated overnight at RT on a rocker, and

then rinsed in 0.1M PBS 3 x 5 minutes. Fluorescently conjugated donkey anti-rabbit Cy3 

secondary antibody (Jackson Immuno Research, West Grove, PA, cat.# 711-165-152) 

was diluted in 0.1M PBS 1:500 and the tissue was incubated for 30 minutes at RT, rinsed 

3 x 5 minutes in DAPI (4’,6-Diamidino-2-phenylindole) (Invitrogen, Grand Island, NY 

cat# D1306) at 1:500 and rinsed 3 x 5 min in PBS. Cultures on coverslips were placed on 

glass slides using fluorescent mounting media (Sigma, St. Louis, MO cat.# F5680). 

Tissue was imaged on a FluoviewX confocal microscope (Olympus). Image stacks were 

taken at 1µM thickness and overlayed.  

 

   

Western blot analysis  

Organotypic hippocampal cultures were removed from the coverslip using a plastic 

microtube pestle and pooled (4 hippocampi per tube) into tubes of RIPA lysis buffer 

(50mM Tris-Cl pH7.5, 150mM NaCl, 1mM EDTA, 1% TritonX-100, 0.1% SDS, 0.05% 

deoxycholic acid, 2µl/ml β-mercaptoethanol, 20µl/ml protease phosphatase inhibitor 
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cocktail all in distilled water). Tissue was placed on ice and homogenized using a 

microtube pestle and a motorized holder for 1 minute each. Homogenates were 

centrifuged for 10 minutes at 14,000xg at 4oC and supernatant removed to a new tube. 

Protein concentration was determined using the Bradford assay. Briefly, 20µl of 

unknown sample or 20µl of standard proteins were added to 150µl of commassie reagent 

in a 96 well plate having an N of 3 per sample. Absorbance was read using a microplate 

reader and software (BIO-RAD microplate reader and software package, model 680). 

Protein concentrations were calculated using Microsoft Excel and based on the standard 

curve obtained with the known concentration of bovine serum albumin (BSA) as the 

standard protein.  Protein concentrations were equaled by the addition of water to equal 

volumes making 10µg of unknown protein samples in 20µl of volume. SDS-PAGE (2X) 

sample buffer (5µl) was added to each tube and the samples were incubated at 90oC for 5 

minutes before being loaded onto a gel. Samples were separated out on at 4-12% Bis-Tris 

gel (Invitrogen) for 1 hour at 150 volts and then transferred to a PVDF membrane 

(Invitrogen) for 2 hrs at 30 volts.  The membrane was blocked in 5% non-fat milk 

(Invitrogen) in 0.1M PBS for 1 hour at RT on a rocker.  An antibody to rabbit GAP43 

(courtesy of Frank Margolis, University of Maryland, Baltimore) was diluted 1:1000 in 

the blocking solution and the membrane was incubated overnight at RT. The membrane 

was washed 3 x 5 minutes in 0.1M PBS. The membrane was then incubated for 1 hr at 

RT in a horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:500, Cell 

Signaling Technologies Technologies #7074) diluted in 0.1M PBS and then rinsed 3x 5 

minutes in 0.1M PBS. The bands were visualized using the SuperSignal West Femto 

Chemiluminescent Substrate (ThermoScientific). Membranes were imaged on a Kodak 
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Imaging Station 2000R and bands were analyzed using Kodak ID Image Analysis 

Software (Kodak Molecular Imaging Systems). Membranes were stripped using stripping 

buffer and reprobed with a mouse anti-GAPDH (Sigma #G8795; 1:2000) using a 

horseradish peroxidase-conjugated anti-mouse IgG antibody (1:500 Cell Signaling 

Technologies #7076) secondary. Membranes were again imaged and analyzed as 

described above. 

 

Immunoprecipitation of TrkB receptors  

Organotypic hippocampal cultures were removed from the coverslip using a plastic 

microtube pestle and pooled (4 hippocampi per tube) into tubes of RIPA lysis buffer 

(50mM Tris-Cl pH7.5, 150mM NaCl, 1mM EDTA, 1% TritonX-100, 0.1% SDS, 0.05% 

deoxycholic acid, 2µl/ml β-mercaptoethanol, 20µl/ml protease phosphatase inhibitor 

cocktail all in distilled water). Tissue was placed on ice and homogenized using a 

microtube pestle and a motorized holder for 1 minute each. Homogenates were 

centrifuged for 10 minutes at 14g at 4oC and supernatant removed to a new tube. Protein 

concentration was determined using the Bradford assay. Briefly, 20µl of unknown sample 

or 20µl of standard proteins were added to 150µl of Coommassie reagent in a 96 well 

plate having an N of 3 per sample. Absorbance was read using a microplate reader and 

software (BIO-RAD microplate reader and software package, model 680). Protein 

concentrations were calculated using Mircosoft Excel and based on the standard curve 

obtained with the known concentration of BSA standard protein samples. Samples were 

diluted to a 100µl solution of 1µg/µl and placed on ice. Protein A beads (KPL, 

Gaithersburg, MD) were washed in RIPA wash buffer by gently vortexing to create a 
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slurry. The slurry was centrifuged for 20 seconds at 14,000xg and the supernatant 

discarded, this step was repeated 3 times. Protein A beads were resuspended to a 50% 

slurry in RIPA lysis buffer. Protein samples were pre cleared to prevent nonspecific 

binding by adding 10µl of bead slurry to the protein samples and then incubated on a 

rocker for 1hr at 4oC. The samples were then centrifuged at 14,000xg for 20 sec and the 

supernatant was saved and placed in a new tube. To immunoprecipitate phosphorylated 

trk receptors, 5µl of TrkB antibody (BD Transduction Laboratories, cat.# 610101) and 

10µl of bead slurry was added to the supernatant. Samples were incubated on a rocker 

overnight at 4oC. Samples were then centrifuged for 20 sec at 14,000xg and the 

supernatant was removed and saved for later.  The remaining pellet was washed in RIPA 

lysis buffer by gently vortexing for 30 seconds, centrifuged for 20 sec, and the 

supernatant discarded. This step was repeated 3 times. The pellet was then resuspended in 

SDS-PAGE sample buffer (40µl) and heated to 95oC for 5 minutes. The samples were 

centrifuged for 20 sec at 14,000xg and the supernatant removed to a new tube. 

Supernatant (25 µl) was loaded onto a 4-12% Bis-Tris gel (Invitrogen) and proteins were 

separated for 1 hr at 150 volts and then transferred to a PVDF membrane (Invitrogen) for 

2 hrs at 30 volts.  The membrane was blocked in 5% non-fat milk (Carnation) in 0.1M 

PBS for 1 hour at RT on a rocker. Phospho-TrkA (Tyr 490; Cell Signaling Technologies 

Technologies, Danvers, MA cat.# 9141; 1:1000) was diluted 1:2000 in 0.1M PBS and the 

membrane was incubated on the rocker overnight. The membrane was washed 3 x 5 

minutes in 0.1M PBS. The membrane was then incubated for 1 hr at RT in a horseradish 

peroxidase-conjugated anti-rabbit IgG antibody (1:500, Cell Signaling Technologies 

#7074) diluted in 0.1M PBS and then rinsed 3x 5 minutes in 0.1M PBS. The bands were 
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visualized using SuperSignal West Femto Chemiluminescent Substrate 

(ThermoScientific).  Membranes were imaged on a Kodak Imaging Station 2000R and 

bands were analyzed using Kodak ID Image Analysis Software (Kodak Molecular 

Imaging Systems). The membrane was then stripped for 15 minutes in stripping buffer 

and reprobed using antibodies against the TrkB receptor and imaged on the Kodak 

Imaging Station and analyzed using the Kodak ID Image Analysis Software. Bands were 

analyzed based on percent of phosphorylated TrkB to total TrkB. 

 

IN VIVO  METHODS 

In vivo Schaffer collateral transection 

Adult (4-8wks) trkBF616A/Thy1-GFP mice or adult (300g) Sprague Dawley rats (Charles 

River) were anesthetized via IP injection of a ketamine/xylazine mix (Mice:100mg/kg 

ket.,10mg/kg xyl;Rats:80mg/kg ket., 10mg/kg xyl)  and immobilized in a Kopf 

stereotaxic frame. Puralube® ophthalmic ointment (Pharmaderm Melville, NY) was 

placed on the eyes to prevent drying. The scalp hair is removed and the scalp is cleaned 

with Betadine scrub and alcohol alternating 3 times each. The scalp is opened using a size 

10 scalpel blade and retracted with hemostats. Bilateral holes ca.  2mm long x 1mm wide 

were drilled in the skull using a micro drill (Fine Science Tools) on a stereotaxic carrier 

at the following coordinates from Bregma and the midline: Mice:1mm caudal, 1mm 

lateral diagonal to 3mm caudal and 3.25mm lateral; Rats: 2mm caudal, 2mm lateral 

diagonal to 4.5mm caudal, 4mm lateral). A microknife (Fine Science Tools) with a 4mm 

cutting edge was inserted into the brain to a depth of 3.5mm (mice) or 4.0mm (rats) at the 

most caudal point and left in place for 1 minute, it was then simultaneously moved in the 

xyz direction along the skull opening to end at a depth of 2mm (mice) or 2.5mm (rats) at 
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the most rostral point and left in the final position for 1 minute before withdrawal. The 

holes in the skull were packed with sterile Gelfoam® absorbable gelatin sponge (Pfizer) 

and the scalp was stitched with a sterile 5-0 monofilament non-absorbable nylon suture 

(Ethicon) in an interrupted pattern.  A 2% lidocaine ointment was placed over the 

incision. Animals were given a post surgical injection of Rimadyl (5mg/kg) and placed 

back into their home cage under a heat lamp until recovered. Cages were then placed 

back in the university animal facility.  Animals were given Rimadyl (5mg/kg) injections 

24 hrs post surgery. 

 

Subcutaneous implantation of mini osmotic pumps  

Alzet miniosmotic pumps (Model 2001, Durect Corporation Cupertino, CA) were used 

for delivery of 0.14nmol/hr/g 1NMPP1 or vehicle (0.9% saline, 2.3% DMSO, 2.3% 

Tween-20). Pumps were implanted subcutaneously on the dorsal surface slightly 

posterior of the scapulae immediately following the previously described surgical 

procedure for the SC lesion while the animal is still under anesthesia with 

ketamine/xylazine. The hair was shaved and swabbed with Betadine scrub, rinsed with 

70% alcohol, allowed to dry, and repeated three times. A small midscapular incision 

adjacent to the site of implantation was made. Sterile hemostats were inserted into the 

incision; the subcutaneous tissue was spread to create a pocket for the pump 

(approximately 4cm).  A filled pump was inserted into the pocket portal side first.  The 

incision is closed with non-absorbable 5-0 sutures in a simple interrupted pattern, the 

incision swabbed with Betadine scrub, rinsed with 70% alcohol, allowed to dry, repeated 

three times. The wound was covered in lidocaine ointment. Recovery from anesthesia 
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will be as described previously (temperature controlled heat lamp). Pumps will remain in 

place for 7 days after which tissue will be harvested for acute physiology slices, histology 

and Western blot analysis. Pumps were removed and the remaining liquid was drawn 

from the pump using a 1cc syringe and the volume measured. *Note: pumps were 

implanted only in the mouse species. 

 

Drug Treatment 

Mini osmotic pumps from Alzet (model 2001; 1.0µl per hr, 7 days) were used for in vivo 

drug delivery. Mini pumps were filled with either sterile 0.568µM 1NMPP1 in 0.9% 

saline, 2%DMSO, 2%Tween20 as a vehicle or with just vehicle using the syringe 

provided. Pumps were then incubated for priming in sterile 0.9% saline at 37oC for 4hrs 

prior to implantation. After SC transection as described above, while mice were still 

anesthetized and in the stereotaxic frame, a small incision was made just above the 

scapulae of the mice and a subcutaneous pocket was created subscapular to house the 

pump. Pumps were wiped with alcohol pads and inserted into the pocket. The incision 

was closed using 5.0 nylon sutures in an interrupted pattern. After 7 days of treatment, 

while hippocampal slices were being prepared for electrophysiology, the pump was 

removed and the remaining volume to liquid was measured to ensure pump output 

efficacy. 

 

Acute physiology slices  

Sham-operated age matched and lesioned mice or rats were deeply anesthetized with 

intraperitoneal injection of Nembutal (50mg/kg, i.p.). Anesthetized animals were 
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decapitated, the brain was removed and placed in ice cold oxygenated artificial 

cerebrospinal fluid (ACSF), composed of (in mM): 125 NaCl, 2 KCl, 26 NaHCO3, 2 

CaCl2, 20 glucose and 2 MgCl2, titrated to pH 7.4 by bubbling with 95% O2 - 5% CO2. 

The hippocampus was dissected free and 400µm-thick sections were cut using a 

vibratome. Slices were placed on a filter paper floating on ACSF in an oxygenated 

chamber (95% O2 - 5% CO2) and  incubated at the ACSF/gas interface for at least 1 hour 

at room temperature (RT) before being transferred individually to the recording chamber. 

 

Electrophysiology 

Slices were transferred to a recording chamber where they were continuously submerged 

in room temperature ACSF composed of (in mM): 125 NaCl, 5 KCl, 26 NaHCO3, 3 

CaCl2, 20 glucose and 1 MgCl2 and saturated with 95% O2-5% CO2. Extracellular 

recordings of population spikes were obtained using ACSF-filled glass micropipettes (tip 

resistance ca. 1 MΩ) placed in stratum (str.) pyramidale of the CA3 or CA1 region at a 

distance of ca. 300-500 µm from the lesion for rats and ~100µm from the lesion in mice. 

Responses were evoked via a concentric metal stimulating electrode placed in str. 

radiatum at a distance of ca. 50-100 µm from the lesion (Figurex). A constant voltage 

stimulus (amplitude 1 – 20 V, duration 100 µs) was applied at 0.1 Hz. Voltage signals 

were amplified 100-fold and low pass filtered at 1 kHz (npi Electronics, Tamm, 

Germany) and digitized with Clampex and analyzed using Clampfit (pClamp 9.0, 

Molecular Devices). 
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To compare the population burst intensity in different conditions, the waveform was 

quantified by calculating a modified coastline bursting index (CBI) (Korn et al., 1987). A 

100 ms long epoch of the evoked response in control ACSF was subtracted digitally from 

the response of the same slice in the presence of test solution (ACSF containing 0.1 µM 

bicuculline). The CBI of the resulting difference trace was then calculated as the sum of 

the point-to-point voltage differences during the length of the epoch. The resulting CBI 

value is sensitive to changes in the number or amplitude of population spikes. It increases 

when the number of neurons in the vicinity of the recording electrode firing action 

potentials in response to the stimulus increases and when the number of cells firing 

multiple action potentials increases.  

 

In the rat slices, paired-pulse ratios were determined with the stimulation intensity set to 

produce population spikes of half the maximum amplitude. Ratios were computed as the 

amplitude of the response to the second stimulus divided by the amplitude of the response 

to the first stimulus. 

 

To determine functional recovery across the lesion (between CA1 and CA3) in, a second 

recording electrode was placed in str. pyramidale of CA1 and extracellular recordings 

from CA3 and CA1 were collected simultaneously while stimulating in str. radiatum in 

CA3 using various stimulation intensities. To control for function of the CA1 region the 

stimulating electrode was moved to the CA1 side of the lesion. 
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Histology  

Acute physiology slices were placed in 4% PFA overnight at 4oC. Individual slices were 

embedded in 10% gelatin squares and placed in back in PFA overnight at 4oC. Slices 

were then sectioned on a vibratome at 40µm thickness and placed in 0.1M PBS. Sections 

were blocked in 1% bovine serum albumin and 1% normal donkey serum in 0.1M PBS 

for 1 hour at room temperature (RT) on a rocker. GAP-43 antibody (courtesy of Dr. 

Frank Margolis) was diluted to 1:1000 in the blocking solution and tissue was incubated 

overnight at RT on a rocker, and then rinsed in 0.1M PBS 3 x 5 minutes. Fluorescently 

conjugated secondary antibody (donkey anti-rabbit Cy3, JacksonImmuno) was diluted in 

0.1M PBS 1:500 and the tissue was incubated for 30 minutes at RT, rinsed 3 x 5 minutes 

in PBS and incubated for 30 minutes in the nuclear marker DAPI (Invitrogen) at 1:500 

and rinsed 3 x 5 min in PBS. Sections were mounted on gelatin (2%) coated slides and 

coverslipped using fluorescent mounting media (Sigma). Images were taken on a 

FluoviewX confocal microscope (Olympus). Image stacks were analyzed using Image J 

software from Fiji using the following parameters: Scale set at 2.68 pixels/µm; Threshold 

min60-max255, Particles analyzed based on size 0 pixel units to 100 pixel units. Number 

and frequency of pixel units was then calculated in Excel. 

 

Western blot analysis 

Hippocampi were dissected out and placed in ACSF. CA3 and CA1 were separated and 

placed separately into tube and frozen at -80oC until use. Tissue was placed on ice and 

thawed. Tissue was then homogenized in RIPA lysis buffer using a microtube pestle and 

a motorized holder for 1 minute each. Homogenates were centrifuged for 10 minutes at 
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14,000xg at 4oC and supernatant removed to a new tube. Protein concentration was 

determined using the Bradford assay as previously described. Protein concentrations were 

equaled by the addition of water to equal volumes making 10µg of unknown protein 

samples in 20µl of volume. SDS-PAGE sample buffer (5µl) was added to each tube and 

the samples were incubated at 90oC for 5 minutes before being loaded onto a gel. 

Samples were separated out on at 4-12% tris-bis gel (Invitrogen) for 1 hour at 150 volts 

and then transferred to a PVDF membrane (Invitrogen) for 2 hrs at 30 volts.  The 

membrane was blocked in 5% non-fat milk (Carnation) in 0.1M PBS for 1 hour at RT on 

a rocker.  An antibody to rabbit GAP-43 (courtesy of Frank Margolis, University of 

Maryland, Baltimore) was diluted 1:1000 in the blocking solution and the membrane was 

incubated overnight at RT. The membrane was washed 3 x 5 minutes in 0.1M PBS. The 

membrane was then incubated for 1 hr at RT in a horseradish peroxidase-conjugated anti-

rabbit IgG antibody (1:500, Cell Signaling Technologies #7074) diluted in 0.1M PBS and 

then rinsed 3x 5 minutes in 0.1M PBS. The bands were visualized using the SuperSignal 

chemiluminescence kit. Membranes were imaged on a Kodak Imaging Station 2000R and 

bands were analyzed using Kodak ID Image Analysis Software (Kodak Molecular 

Imaging Systems). Membranes were stripped using stripping buffer and reprobed with a 

mouse anti-GAPDH (1:2000, Cell Signaling Technologies #) using a horseradish 

peroxidase-conjugated anti-mouse IgG antibody (1:500 Cell Signaling Technologies 

#7076) secondary. Membranes were again imaged and analyzed as described above. 
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Immunoprecipitation 

Cortex was taken from animals during dissection of the brain for making hippocampal 

acute physiology slices. Tissue was placed into tubes of RIPA lysis buffer. Tissue was 

placed on ice and homogenized using a microtube pestle and a motorized holder for 1 

minute each. Homogenates were centrifuged for 10 minutes at 14000xg at 4oC and 

supernatant removed to a new tube. Protein concentration was determined using the 

Bradford assay as previously described. Samples were diluted to a 100µl solution of 

1µg/µl and placed on ice. Protein A beads (KPL) were washed in RIPA wash buffer by 

gently vortexing to create a slurry. The slurry was centrifuged for 20 seconds at 14,000xg 

and the supernatant discarded, this step was repeated 3 times. Protein A beads were 

resuspended to a 50% slurry in RIPA lysis buffer. Protein samples were pre cleared to 

prevent nonspecific binding by adding 10µl of bead slurry to the protein samples and 

then incubated on a rocker for 1hr at 4oC. The samples were then centrifuged at 14,000xg 

for 20 sec and the supernatant was saved and placed in a new tube. To immunoprecipitate 

phosphorylated trk receptors, 5µl of TrkB antibody (BD Transduction Laboratories) and 

10µl of bead slurry was added to the supernatant. Samples were incubated on a rocker 

overnight at 4oC. Samples were then centrifuged for 20 sec at 14,000xg and the 

supernatant was removed and saved for later.  The remaining pellet was washed in RIPA 

lysis buffer by gently vortexing for 30 seconds, centrifuged for 20 sec, and the 

supernatant discarded. This step was repeated 3 times. The pellet was then resuspended in 

SDS-PAGE sample buffer (40µl) and heated to 95oC for 5 minutes. The samples were 

centrifuged for 20 sec at 14000xg and the supernatant removed to a new tube. 

Supernatant was loaded onto a 4-12% tris-bis gel (Invitrogen) and proteins were 
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separated for 1 hr at 150 volts and then transferred to a PVDF membrane (Invitrogen) for 

2 hrs at 30 volts.  The membrane was blocked in 5% non-fat milk (Carnation) in 0.1M 

PBS for 1 hour at RT on a rocker. Phospo-TrkA (Tyr490) was diluted 1:2000 in 0.1M 

PBS and the membrane was incubated on the rocker overnight. The membrane was 

washed 3 x 5 minutes in 0.1M PBS. The membrane was then incubated for 1 hr at RT in 

a horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:500, Cell Signaling 

Technologies #7074) diluted in 0.1M PBS and then rinsed 3x 5 minutes in 0.1M PBS. 

The bands were visualized using the SuperSignal chemiluminescencse kit. Membranes 

were imaged on a Kodak Imaging Station 2000R and bands were analyzed using Kodak 

ID Image Analysis Software (Kodak Molecular Imaging Systems). The membrane was 

then stripped for 15 minutes in stripping buffer and reprobed using antibodies against the 

TrkB receptor and imaged on the Kodak Imaging Station and analyzed using the Kodak 

ID Image Analysis Software. Bands were analyzed based on percent of phosphorylated 

TrkB to total TrkB. 

 

Statistics  

Statistical analyses were performed using the IBM SPSS Statistics 19 software package 

(IBM Corporation, Armonk, NY, USA). Statistical significance for CBI, number of 

population spikes, Western blot analysis of phospho-trkB and GAP43 and GAP43 

immunofluorescence was determined by ANOVA and Tukey post hoc tests or a Fisher’s 

LSD (number of population spikes). A p<0.05 was accepted for statistical significance at 

α=0.05. A Pearson’s correlation (2-tailed) was used for analysis of CA3 vs. CA1 

population spikes, and all correlations were linear (p<0.01). A Kolmogorov-Smirnov 
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Test was used to compare the distributions in Figure 4.4C. For cultures with or without 

GAP43 immunoreactive axons, I used the Fisher Exact Test using the GraphPad Software 

calculator (GraphPad Software Inc., La Jolla, CA, USA). All data are presented as mean 

± standard error of the mean (SEM). 
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CHAPTER THREE  

HYPEREXCITABILITY AND AXONAL SPROUTING AFTER 
AXONAL INJURY IN AREA CA3 OF THE HIPPOCAMPUS 

INTRODUCTION 

TBI causes devastating life-long cognitive, sensory, emotional, and motor deficits in 

millions of patients each year. The consequences of TBI are as diverse as its causes and 

include acute hemorrhaging, edema, and infection, as well as long-term neurological 

conditions that have an adverse impact on the quality of life for TBI survivors. Many 

neurological complications of TBI, such as posttraumatic epilepsy and central pain 

syndromes, are characterized by increased excitability, typically arising after a latent 

period lasting from months to years (Annegers et al., 1998; Agrawal et al., 2006; Tasker 

et al., 1991; da Silva et al., 1992). TBI must trigger slow changes within the brain that 

promote increased excitability during this latent period. If the nature of these slow 

changes were understood, it might be possible to intervene and prevent some of the long-

term consequences of TBI prophylactically.  

 

Reactive axonal sprouting after injury is one of these slow changes. Irreparable damage 

to axons is a common feature of TBI and can result directly from the trauma of a 

penetrating brain injury or indirectly because of the shearing and stretching of axons that 

occurs with rapid acceleration and deceleration of the brain (Povlishock and Katz, 2005). 

In less than 100 milliseconds, an external force can create a serious traumatic brain 

injury. A blow to the head by a blunt object, penetration of the brain tissue by foreign 

objects, or rapid acceleration, deceleration, and rotation of the head without any physical 

contact to the head itself can have serious consequences. Whether there is penetration of 
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the dura, the thin membrane surrounding the brain, or acceleration, deceleration, and 

rotation of the tissue, intracranial pressure changes cause stretching and transection of 

axonal tracts (Stalhammar 1986; Povlishock et al., 1992). The cells whose axons are 

injured usually survive (Singleton et al., 2002), but the axons themselves may become 

irreversibly damaged and ultimately degenerate. Santiago Ramon y Cajal described 

recurrent axonal sprouting from injured neocortical neurons in 1928 (Ramon y Cajal, 

1928) and suggested this could alter activity in the local neuronal network.  Layer V 

neocortical pyramidal neurons sprout new axonal collaterals containing increased 

numbers of synaptic contacts after neocortical undercut (Salin et al., 1995). Hippocampal 

pyramidal neurons generate new local axon collaterals after injury in vivo (Nadler, 2003; 

Perez et al., 1996). Axonal recurrent collaterals in the hippocampus and neocortex create 

a neuronal network from which excitation is spread to neighboring neurons. There is 

morphological evidence for the formation of new recurrent collaterals and evidence that 

these collaterals establish functional aberrant synapses in human epilepsies and animal 

models (McKinney et al., 1997; Esclapez et al., 1999). Increases in recurrent collaterals 

are thought to be responsible for increasing excitation after injury (McKenney et al., 

1997).  

 

In hippocampal slice cultures, axonal injury causes the growth of new axon collaterals by 

CA3 cells and hyperexcitability. This reactive axonal sprouting results in a 50% increase 

in the probability that any two CA3 pyramidal cells will be connected by an excitatory 

synapse, and there is a positive correlation between the amounts of axonal sprouting and 

increased excitability (McKinney et al., 1997).  The most well-documented form of 
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aberrant axonal sprouting in epilepsy is the mossy fibers of the dentate granule cells 

(Nadler et al., 1980; Tauck and Nadler 1985; Represa et al., 1987; Represa and Ben-Ari, 

1992; Cronin et al., 1992). Axonal sprouting has also been described in CA1 pyramidal 

neurons (Perez et al., 1996; Esclapez et al., 1999). Normal CA1 axonal branches have 

rare, thin and short collaterals within stratum oriens; however, in CA1 pyramidal neurons 

from rats displaying seizures, axonal arborization is increased in complexity giving rise 

to several thin collaterals spreading through stratum oriens and the alveus and even 

invading stratum pyramidale and stratum radiatum (Perez et al., 1996; Esclapez et al., 

1999). These numerous axonal arbors also displayed varicosities that established synaptic 

contacts with other CA1 pyramidal neurons (Esclapez et al., 1999). Patch-clamp 

recordings of these CA1 pyramidal neurons showed epileptiform discharges in the soma 

and at the apical dendrites indicating that activation of the reorganized recurrent 

collaterals triggers epileptogenesis (Esclapez et al., 1999). This suggests that reactive 

axonal sprouting and formation of new functional synapses may be a property of a 

hyperexcitable neuronal network (McKinney et al., 1997; Salin et al., 1995; Esclapez et 

al., 1999).  

 

Axonal damage can begin within minutes of injury, and continue for days following the 

initial injury. Some TBI symptoms are believed to be attributable to this axonal damage, 

the subsequent loss of synapses and aberrant axonal sprouting; however, not much is 

known about its role in long-term consequences of traumatic brain injury (Kato et al., 

2007). To test the hypothesis that in vivo axonal injury leads to delayed and 
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persistent hyperexcitability, aberrant axonal sprouting and neosynaptogenesis I 

performed transections of the Schaffer collateral pathway in vivo in mice.  

 

RESULTS  

In vivo lesion of the Schaffer collateral pathway 

Mice 4-8wks were anesthetized and immobilized in a Kopf stereotactic frame. 

Stereotaxic coordinates for transection of the Schaffer collateral pathway were 

determined using The Mouse Brain: In Stereotaxic Coordinates by Paxinos and Franklin 

using Bregma and the midline as starting points (Paxinos and Franklin, 2007; Figure 

3.1A). A microknife (Fine Science Tools) with a 4mm cutting edge was inserted into the 

brain to a depth of 3.5mm at 3mm caudal from Bregma and left in place for 1 minute, it 

was then simultaneously moved in the xyz direction along the skull opening to end at a 

depth of 2mm (mice) at 1mm rostral from Bregma and left in the final position for 1 

minute before withdrawal. These coordinates allowed for transection of the Schaffer 

collateral (SC) pathway through approximately 2/3 of the hippocampus with all lesions 

being bilateral (Figure 3.1B, Dinocourt et al., 2011). A 25µm frozen section from a 

lesioned animal shows that the Schaffer collateral pathway between CA3 and CA1 has 

been transected from the outer edge of the hippocampus in to the hippocampal fissure 

(Figure 3.1C). I conclude that these stereotaxic coordinates are sufficient to target the 

Schaffer collaterals for the entirety of this study on the effects of axonal injury. 
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Figure 3.1 In vivo lesion of Schaffer collateral pathway.  

A. Stereotaxic coordinates for transection of the Schaffer collateral pathway were 

determined using the Paxinos and Watson mouse brain atlas.  Location of Bregma and 

Lambda as defined by Paxinos (Paxinos and Watson, 1998). B. The Schaffer collateral 

pathway was transected through approximately 2/3 of the hippocampus with all lesions 

being bilateral. C. Series of 25µm frozen sections showing the lesion (white dashed line) 

between CA3 and CA1 transecting the Schaffer collaterals from the outer edge of the 

hippocampus in to the hippocampal fissure. Bregma measures are approximate. Blue- 

DAPI, Green-Thy1-GFP.  
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SC transection leads to a delayed and persistent increase in excitability in ex vivo 

hippocampal slices 

To assay the consequences of this axonal injury on neuronal excitability, I prepared ex 

vivo hippocampal slices from mice lesioned 1, 7, 14 and 21 days earlier and from sham- 

operated controls. Population spikes in stratum pyramidale of area CA3 were recorded in 

response to local stimulation within stratum radiatum. I observed a single population 

spike in slices from all mice at all times postlesion when recording in ACSF (Figure 

3.2A, B), indicating that the lesioned tissue was not strongly hyperexcitable. Increased 

excitability in injured hippocampus can be revealed by mildly proconvulsive 

manipulations that slightly perturb the balance between excitation and inhibition 

(McKinney et al., 1997; Dinocourt et al., 2011). I therefore determined the effects of 

applying a very low concentration of the GABAA receptor antagonist bicuculline 

methochloride (0.1µM), a concentration 100-fold lower than normally used to elicit 

epileptiform discharge in normal tissue (Schwartzkroin and Prince, 1980; Haas and Ryall, 

1980), on population spikes in slices from lesioned and sham-operated control mice. To 

quantify the effects of bicuculline on the number and amplitude of population spikes, I 

calculated the change in coastline bursting index (CBI). The CBI is sensitive to changes 

in the number and/or amplitude of population spikes, increasing when the number of 

neurons firing action potentials increases or the number of action potentials the cells fire 

increases (Korn et al., 1987). This low concentration of bicuculline had no significant 

effect on the CBI in slices obtained from sham-operated control mice, nor did it produce 

any significant change in CBI or number of population spikes in slices from mice 

lesioned 1 day earlier (Fig. 3.2A-C). In contrast, large increases in CBI in slices in 
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response to 0.1µM bicuculline were observed in slices from lesioned mice 7, 14, and 21 

days (p<0.05, α=0.05)(Fig. 3.2A,B). The increase in CBI in lesioned slices was due 

largely to an increase in the number of population spikes (Figs. 3.2A,B), with 7, 14, and 

21 days postlesion tissue having significantly more population spikes in the presence of 

bicuculline (p<0.05, α=0.05). I conclude that axonal injury produces a delayed and 

persistent increase in the excitability of the population of injured cells that is revealed 

under mildly proconvulsive conditions.  
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Figure 3.2 Schaffer collateral transection leads to a delayed and persistent increase in 

neuronal excitability.  

A. Sample extracellular recordings of population spikes in slices from sham-operated 

control mice and mice that had SC lesions placed 1, 7, 14 and 21 days earlier. In all 

conditions, only a single population spike was recorded in control ACSF. Application of 

a low concentration of bicuculline (0.1µM) had no significant effect on either (B) the 

coastline burst index (CBI) or (C) the number of population spikes in sham control slices 

or slices taken 1 day after the lesion, but increased both CBI and the number of 

population spikes significantly in slices taken 7, 14, and 21 days postlesion (*, p<0.05 

compared to sham, n=6 for all conditions).  
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Upregulation of GAP43 after in vivo injury 

The growth-associated protein of 18.8 kD (GAP43) is expressed at high levels in growing 

axons, but is undetectable in mature axons, and has been used to selectively label newly 

sprouted or regenerating axons (McKinney et al., 1997; Dinocourt et al., 2006; Bendotti 

et al., 1997; Oestreicher et al., 1997; Benowitz and Routtenberg 1997). I measured 

GAP43 protein levels in CA3 hippocampal tissue with Western blotting at 1, 7, 14 and 21 

days postlesion and detected significant increases at 7 days postlesion (p<0.05, α=0.05) 

as compared to controls (Figure 3.3), suggesting that reactive axonal sprouting had 

occurred. I conclude that in vivo axonal injury leads to delayed aberrant axonal sprouting 

indicated by an increase the amount of GAP43 protein. The lack of significance in 

GAP43 levels at times past 7 days post lesion compared to sham-operated controls can be 

explained by the fact that GAP43 levels are down regulated when the newly extended 

neurites start to interact with their target neurons and form functional synapses 

(Oestreicher and Gispen, 1986; Skene, 1989). Therefore, if upregulation of GAP43 is 

indicative of growing axons, and down regulation is indicative of synapse formation, the 

question arises: is there restoration of synaptic transmission across the lesion?  

 

Regrowth of axonal connections restores synaptic transmission across the lesion 

To investigate this issue, I recorded population spikes simultaneously in areas CA1 and 

CA3 in response to stimuli delivered in area CA3 (Fig. 3.4). In slices from unlesioned  

sham mice, there was a direct, linear correlation between the amplitude of the responses 

in the two regions. In slices taken from mice at 1 day postlesion, stimuli in area CA3  

 



 

 

Figure 3.3 Expression of GAP43 protein was increased after injury

A. Western blot analysis of GAP43 protein at 1, 7, 14, and 21 days after SC lesions in 

tissue taken from area CA3 in slices from sham operated mice (left) and mice with a 

Schaffer collateral lesion (right). GAPDH was used as a loading control. 

expression was quantified by normalizing to the GAPDH loading control for shams 

(white) and lesioned mice (gray), n=4 at each time point. GAP43 protein levels were 

significantly increased at 7 days postlesion (*,

 

 

 

 

Expression of GAP43 protein was increased after injury.  

Western blot analysis of GAP43 protein at 1, 7, 14, and 21 days after SC lesions in 

tissue taken from area CA3 in slices from sham operated mice (left) and mice with a 

Schaffer collateral lesion (right). GAPDH was used as a loading control. 

ssion was quantified by normalizing to the GAPDH loading control for shams 

(white) and lesioned mice (gray), n=4 at each time point. GAP43 protein levels were 

significantly increased at 7 days postlesion (*, p<0.05 compared to 7 day sham
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Western blot analysis of GAP43 protein at 1, 7, 14, and 21 days after SC lesions in 

tissue taken from area CA3 in slices from sham operated mice (left) and mice with a 

Schaffer collateral lesion (right). GAPDH was used as a loading control. B. GAP43 

ssion was quantified by normalizing to the GAPDH loading control for shams 

(white) and lesioned mice (gray), n=4 at each time point. GAP43 protein levels were 

compared to 7 day sham, α=0.05). 
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Figure 3.4 Re-establishment of synaptic transmission across the lesion after 7 days.  

A. Population spikes were recorded simultaneously in stratum pyramidale of areas CA1 

and CA3 in response to stimuli delivered within stratum. radiatum of area CA3 in slices 

taken from sham operated trkBF616A mice and trkBF616A mice in which a SC lesion was 

made 1 or 7 days earlier. One day after the lesion, no response could be elicited in area 

CA1 despite robust responses in area CA3 because of the transection of the SC axons. By 

7 days postlesion, in contrast, robust responses were elicited in area CA1. B. Responses 

were elicited with stimulation at various intensities in slices from sham mice (black 

circles, n=6 slices from 4 mice), or slices from mice lesioned 1 (black triangles, n=5 

slices from 4 mice) or 7 (gray squares, n=5 slices from 5 mice) days earlier and are 

plotted together with a best fit line. The recovery of transmission from area CA3 to area 

CA1 indicates that CA3 cell axons had regenerated and regrown across the lesion after 7 

days. 
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failed to elicit any response in area CA1, as expected following SC transection. By 7 days 

postlesion, however, stimulation in area CA3 elicited robust responses in both regions, 

indicating that transmission had been restored across the lesion by newly grown axons. I 

conclude that after 7 days post lesion sprouted axons have reached their targets and 

formed new and functional synapses as indicated by restoration of synaptic transmission 

across the lesion. 

 

DISCUSSION  

I have shown that in vivo axonal injury to the Schaffer collaterals induces a delayed and 

persistent hyperexcitability in the CA3 pyramidal cells. I have also demonstrated that this 

same in vivo axonal injury leads to a delayed sprouting of new axons from area CA3, and 

finally, that these axons form new and functional synapses onto their previous target 

pyramidal neurons of CA1. 

 

Axonal injury induces delayed and persistent hyperexcitability 

To study the consequences of axonal injury on neuronal network activity, I used a 

surgical approach to transect the Schaffer collateral pathway and thereby damage the 

axons of large numbers of CA3 pyramidal cells (Dinocourt et al., 2011). It has previously 

been shown that this Schaffer collateral transection results in very low amounts of cell 

death (Dinocourt et al., 2011). Dinocourt et al., (2011) reported that the denervation of 

CA1 cells produced by this lesion results in a delayed and persistent increase in their 

excitability. This injury also triggers a delayed increase in the excitability of the CA3 cell 

population, as observed in ex vivo hippocampal slices from lesioned animals. Under 
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control conditions, single stimuli delivered in stratum radiatum within CA3, presumably 

triggering a mix of antidromic and orthodromic activation of CA3 cells, produced single 

population spikes in extracellular recordings made in str. pyramidale in slices from 

unlesioned animals and from animals lesioned 1 – 21 days earlier. In slices from 

unlesioned animals, application of a mildly proconvulsive concentration of bicuculline 

(0.1µM), a concentration 100-fold lower than that normally used to induce epileptiform 

discharge (e.g. Schwartzkroin and Prince, 1980; Haas and Ryall, 1980), had no 

significant effect on the number of population spikes or on the coastline bursting index, a 

measure of neuronal excitability. This concentration of bicuculline is thus subthreshold 

for producing a significant imbalance of excitation and inhibition in intact, normal tissue. 

In slices from animals lesioned 7 – 21 days earlier, in contrast, multiple population spikes 

and a significant increase in the CBI were elicited in the presence of 0.1µM bicuculline. 

These effects resemble the epileptiform discharge produced by high concentrations of 

GABAA receptor antagonists in healthy tissue (Schwartzkroin and Prince, 1980; Haas and 

Ryall, 1980). They were not seen in slices from animals one day after the lesion. 

 

The increased effect of modest disinhibition on the response of the CA3 cell population 

to local stimulation provides evidence that some change has taken place in area CA3 after 

the lesion that renders the cells more excitable. Because it is apparent with field potential 

recording, it must involve very large numbers of cells. This increase in excitability was 

delayed by more than one day with respect to the lesion, and it persisted for at least three 

weeks afterwards. This finding of a delayed and persistent increase in excitability of a 

subtle nature is similar to previous observations in hippocampal slice cultures after SC 
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transection (McKinney et al., 1997), in area CA1 after SC transection in vivo (Dinocourt 

et al., 2011), and in the undercut neocortex (Prince and Tseng, 1993).  

 

It is interesting that there were no detectable difference in the synaptic responses in 

control saline at any time point examined. Hippocampal excitability is normally regulated 

within narrow limits by a balance of synaptic excitation and inhibition (Traub and Miles, 

1991). The lack of abnormal responses in control saline, despite the abnormal responses 

observed in 0.1µM bicuculline, suggests that the CA3 cell population had compensated 

homeostatically for the lesion-induced increase in excitability by effectively increasing 

GABAergic inhibition so as to maintain a balance. This compensatory process could be 

due to increased excitation of interneurons, an increase in potency at GABAergic 

synapses, or sprouting of the axons of interneurons (Jin et al., 2011). The lack of overt 

hyperexcitability under normal conditions, but its release by mild disinhibition, resembles 

the phenotype of most forms of human epilepsy, which is latent most of the time until 

some as yet poorly understood condition triggers a seizure. But why is hyperexcitability 

generated? Is there increased connectivity within the network? 

 

Axonal sprouting after in vivo axonal injury 

The growth-associated protein (GAP43) is expressed at high levels in growing axons and 

has been used to selectively label newly sprouted or regenerating axons (McKinney et al., 

1997; Dinocourt et al., 2006; Bendotti et al., 1997; Oestreicher et al., 1997; Benowitz et 

al., 1990; Harris et al., 2010). The correlation between GAP43 upregulation and axonal 

sprouting is supported by data showing that maximal expression of the protein occurs 
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during a time of synaptogenesis and outgrowth during development (Kalil and Skene, 

1986; Skene 1986; Biffo et al., 1990) and following several models of TBI (Thompson et 

al., 2006; Dinocourt et al., 2006; McKinney et al., 1997). Sprouting of new axonal 

collaterals, GAP43 up-regulation, and reorganization of excitatory synaptic circuitry 

occur in many models of brain injury, including controlled cortical impact (Golarai et al., 

2001) and fluid percussion injury (Emery et al., 2000; Santhakumar et al., 2001). Axonal 

sprouting after injury has also been demonstrated in the rodent neocortex after subcortical 

undercuts that are likely to transect large numbers of pyramidal cell axons (Salin et al., 

1995). Sprouting of CA3 (Nadler et al., 1980) and CA1 (Perez et al., 1996; Esclapez et 

al., 1999; Bausch and McNamara, 2004; Cavazos et al., 2004) pyramidal cell axons has 

also been observed after excitotoxic injury in vivo and in vitro. It is now clear that 

reactive axonal sprouting is a common response of forebrain neurons to injury. By 

measuring GAP43 protein levels in area CA3 of hippocampal tissue after in vivo axonal 

injury, I have demonstrated that a period of transient reactive axonal sprouting had 

occurred with a delay after the injury. But do the new axon collaterals form functional 

synapses? 

 

Regrowth of axonal connections restores transmission across the lesion 

I recorded population spikes simultaneously in areas CA1 and CA3 in response to stimuli 

delivered in area CA3, and I demonstrated a direct, linear correlation between the 

amplitudes of the responses in the two regions. This reinnervation with newly functioning 

synapses occurred only after a delay. Stimuli in area CA3 failed to elicit any response in 

area CA1 slices taken from mice 1 day postlesion. By 7 days postlesion, however, 
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stimulation in area CA3 elicited robust responses in both regions, indicating that 

transmission had been restored across the lesion by newly grown axons. 

 

CONCLUSION 

Some TBI symptoms may result from axonal damage, the subsequent loss of synapses, 

aberrant axonal sprouting, and formation of new synapses (Kato et al., 2007). I have 

demonstrated that axonal injury leads to hyperexcitability, aberrant axonal sprouting, and 

formation of synapses; however, a direct link for the role of axonal sprouting in 

hyperexcitability has yet to be established. Is injury-induced axonal sprouting required 

for the increased excitability of area CA3 after axonal damage? To test such a 

phenomenon, it is important to be able to manipulate axonal sprouting. 
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CHAPTER FOUR 

AXONAL INJURY INDUCES TRKB-DEPENDENT AXONAL 
SPROUTING AND TRKB-DEPENDENT HYPEREXCITABILITY IN 

AREA CA3 OF THE HIPPOCAMPUS 
 

INTRODUCTION 

A common consequence of TBI is increased expression and signaling of neurotrophins 

and their receptors, in particular brain derived neurotrophic factor (BDNF) and trkB 

receptors (e.g. Lindvall et al., 1994; Oyesiku et al., 1999; Wu et al., 2008; Royo et al., 

2006; Harris et al., 2010). These changes are typically transient and observed shortly after 

the injury, suggesting that they then trigger other downstream effector processes. The 

nature of such trkB-triggered changes remains incompletely understood. During 

development, axonal outgrowth is promoted by neurotrophins (Huang and Reichardt, 

2003; Lu et al., 2005). One hypothesis is that trkB activation after injury promotes 

aberrant reactive axonal sprouting by pyramidal cells, which in turn promotes increased 

excitability.  

 

After suffering a TBI, neurons whose axons are injured can survive (Singleton et al., 

2002), but the axons themselves may be irreversibly damaged and ultimately degenerate. 

Ramon y Cajal described recurrent axonal sprouting from injured neocortical neurons in 

1928 (Ramon y Cajal, 1928) and suggested this could alter activity in the local neuronal 

network; however, surviving neurons do not constitutively extend axons. Specific 

extracellular factors must signal axonal regeneration. For example, retinal ganglion cells 

in culture will not extend axons without the presence of extracellular growth inducing 

signals (Goldberg et al., 2002).  
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I have demonstrated in the previous chapter that axonal injury leads to aberrant axonal 

sprouting, formation of synapses, and hyperexcitability. What growth factors in the 

hippocampus could be responsible for axonal sprouting after injury? In hippocampal slice 

cultures, axonal injury causes upregulation of BDNF and trkB, the growth of new axon 

collaterals by CA3 cells, and hyperexcitability. This aberrant axonal sprouting results in a 

50% increase in the probability that any two CA3 cells are connected by an excitatory 

synapse (McKinney et al., 1997). Reactive sprouting after axonal injury is reduced in 

cultures from mice with decreased trkB receptor expression (Dinocourt et al., 2006). 

Inhibition of trkB receptors might therefore inhibit both injury-induced axonal sprouting 

and injury-induced increases in excitability. However, these mice had a constitutive loss 

of trkB, and the process governing axonal sprouting in cultures might differ from those in 

intact tissue.  Before considering if manipulation of neurotrophins could be a promising 

therapeutic strategy, it is necessary to evaluate their involvement after TBI in an intact, in 

vivo model. Accordingly, the role of trkB after TBI is not yet well established. 

 

To more directly test the hypothesis that TBI leads to hyperexcitability because of 

trkB receptor-dependent axonal sprouting, I performed transections of the Schaffer 

collateral pathway in knock-in mice expressing trkB receptors with a single point 

mutation (F616A) that allows for inhibition of autophosphorylation with the small 

molecule, 1NMPP1 (Chen et al., 2005).  
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RESULTS 

trkB activation is increased after injury 

BDNF-trkB signaling promotes axonal growth during CNS development and injury-

induced axonal sprouting in hippocampal slice cultures (Dinocourt et al., 2006). I predict 

that trkB receptor activation is increased after TBI. To test this prediction I assayed 

BDNF-trkB signaling after injury in vivo in hippocampal tissue from area CA3 taken 

24hrs, 48hrs, and 7days after SC transection. trkB was first immunoprecipitated and then 

phospho-trk and total trkB levels were analyzed using Western blotting. I observed a 

significant peak in phospho-trk levels at 24hrs postlesion (Figure 4.1) (p=0.01, α=0.05). I 

conclude that axonal injury induces a transient increase in trkB activation after injury. 

Since BDNF binding to trkB initiates the autophosphorylation of the receptor, increases 

in phospho-trk levels indicate that BDNF-trkB signaling has occurred at a time likely to 

correspond to the initiation of GAP43 induction and axonal sprouting.  

 

Inhibiting trkB F616A receptors with 1NMPP1 prevents axonal sprouting and functional 

recovery in vitro and in vivo 

Is activation of trkB receptors required for injury-induced axonal sprouting? I used 

knock-in trkBF616A mice (Chen et al., 2005) which allow for pharmacological inhibition 

of trkB signaling in vivo with 1NMPP1 to address this question. My next prediction is 

that trkB is instrumental in inducing axonal sprouting and formation of new synapses.  To 

test this prediction, I utilized a transgenic mouse model that allows me to block the trkB 

receptors specifically.  If the hypothesis is correct, inhibiting trkB should prevent axonal 

sprouting and functional synaptic recovery. I first tested the effectiveness of trkB 



 

 

Figure 4.1 Activation of trkB receptors after S

A.  trkB receptors in area CA3 in slices from intact trkB

which a SC lesion was placed 24 hrs, 48 hrs, and 7 days earlier were immunoprecipitated 

using Protein A beads bound to trkB antibodies. The resulting protein was separated by 

SDS-PAGE, and membranes were probed using a phospho

and reprobed with a phosphorylation

of trkB receptors, quantified after normalizing to total full length trkB, was significantly 

increased 24 hrs postlesion (

condition).  

 

 

Activation of trkB receptors after Schaffer collateral transection.

trkB receptors in area CA3 in slices from intact trkBF616A mice and trkB

which a SC lesion was placed 24 hrs, 48 hrs, and 7 days earlier were immunoprecipitated 

using Protein A beads bound to trkB antibodies. The resulting protein was separated by 

PAGE, and membranes were probed using a phospho-trk antibody, then stripped 

and reprobed with a phosphorylation-independent anti-trkB antibody. B.

of trkB receptors, quantified after normalizing to total full length trkB, was significantly 

increased 24 hrs postlesion (p<0.01 compared to 24hrs sham, α=0.05, n=5 mice in each 
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transection.  

mice and trkBF616A mice in 

which a SC lesion was placed 24 hrs, 48 hrs, and 7 days earlier were immunoprecipitated 

using Protein A beads bound to trkB antibodies. The resulting protein was separated by 

rk antibody, then stripped 

B. Phosphorylation 

of trkB receptors, quantified after normalizing to total full length trkB, was significantly 

, n=5 mice in each 
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inhibition in hippocampal slice cultures prepared from these mice. Cultures were treated 

with BDNF (50 ng/ml) in control culture medium or medium containing 3µM 1NMPP1 

(in 0.3% DMSO), then subjected to immunoprecipitation of trkB receptors. 

Immunoblotting with antibodies to phosphorylated trk receptors revealed that BDNF 

triggered strong activation of trkB in control medium, but not in medium containing 

1NMPP1 (Figure 4.2A). The results confirmed that BDNF activates the trkBF616A 

receptors effectively in the absence of 1NMPP1 and that 1NMPP1 is an effective 

inhibitor of the trkBF616A receptors in vitro. Next, sham and SC lesioned cultures 

(McKinney et al., 1997 for methods) were maintained for 5 days in medium containing 

either 3µM 1NMPP1 or vehicle (0.3% DMSO). Axonal sprouting was assessed using 

immunocytochemistry (Fig. 4.2B,C) and Western blotting for GAP43 (Fig. 4.2D). 

Immature cultures showed high levels of GAP43 immunoreactivity at 3 days in vitro 

(DIV); however, GAP43 levels were undetectable by histological methods by 19DIV 

when the cultures have matured, as described in wildtype mice and rats (McKinney et al., 

1997; Dinocourt et al., 2006). By five days after SC transection, GAP43 immunoreactive 

axons, many capped with growth cones, were apparent in 92% and 88%, respectively, of 

lesioned cultures maintained in normal culture medium or medium with vehicle. A peak 

in GAP43 protein levels at 5 days postlesion was also seen in cultures in control medium 

and medium with vehicle and was significantly different from that of GAP43 protein at 

19DIV (p<0.05). I conclude that the regulation of GAP43 expression is similar in 

hippocampal tissue from trkBF616A receptor expressing mice and wild type mice, and that 

the vehicle has no effect on GAP43 expression.  
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In contrast to these controls, only 5% of cultures prepared from trkBF616A mice and 

treated with the inhibitor 1NMPP1 for 5 days after the lesion contained visible GAP43 

immunoreactive axons at 5 days postlesion. 1NMPP1 had no effect on the percentage of 

lesioned cultures prepared from wildtype mice that displayed GAP43 immunoreactive 

axons or on increased GAP43 protein expression, indicating the effect of 1NMPP1 is 

specific to the mutated trkB receptor. The lack of GAP43 positive axons and the 

prevention of increased GAP43 protein levels after SC transection supports use of this 

mouse model for determining if trkB receptors play a role in hyperexcitability and injury-

induced axonal sprouting in vivo 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 

 

 

 

Figure 4.2 Injury-induced axonal sprouting was reduced by inhibiting trkBF616A receptors 

with 1NMPP1 in hippocampal slice cultures.  

A. BDNF (50ng/ml) triggered phosphorylation of trkB receptors in hippocampal slice 

cultures prepared from trkBF616A mice, as in wildtype animals. Administration of 3µM 

1NMPP1 to hippocampal slice cultures prepared from trkBF616A mice, however, 

prevented BDNF-induced trkB autophosphorylation. B. Confocal images showing 

numerous GAP43 immunoreactive puncta in slice cultures from trkBF616A mice after 3 

days in vitro (DIV) while axons are still growing, but not at 19DIV when growth is 

complete. Five days after SC transection, GAP43 immunoreactive axons capped with 

growth cones (arrow heads) were apparent in the vicinity of the lesion in cultures treated 

with normal culture medium or medium containing DMSO. In contrast, no GAP43 

immunoreactive axons were seen 5 days postlesion (dpl) in cultures from trkBF616A mice 

in which 1NMPP1 was administered. GAP43 immunoreactive axons were apparent in 

cultures from wildtype mice treated with 1NMPP1, indicating that its action is specific 

for the mutated trkBF616A receptors. C. The percentage of lesioned cultures displaying any 

GAP43 immunoreactive axons was calculated. 1NMPP1 produced a significant decrease 

in cultures from trkBF616A mice, but not in cultures from wildtype mice (Fisher’s Exact 

Test, p<0.0001, drug vs medium; p=1.0, medium vs vehicle and medium vs wildtype 

with drug) (n from each condition given in graph). D. GAP43 expression in slice cultures 

from trkBF616A and wildtype mice was quantified using Western blotting. GAP43 

expression was significantly increased 5dpl in untreated and vehicle treated cultures (*, 

p<0.05, n=7 replicates) but not after application of 1NMPP1 to cultures from trkBF616A 
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mice. In cultures from wildtype mice, GAP43 expression increased significantly in the 

presence and absence of 1NMPP1 (*, p<0.05 compared to 19DIV, n=6 replicates). 
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1NMPP1 is able to cross the blood-brain barrier (Chen et al., 2005). I therefore tested the 

effects of systemic 1NMPP1 administration in adult tkBF616A mice via osmotic 

minipumps. Pumps containing 1NMPP1 (0.14 nmol per gram per hr in 2%Tween-20 / 

2%DMSO vehicle) or vehicle alone were implanted at the time the SC lesions were 

made. To determine how effective 1NMPP1 administered in this manner was at 

inhibiting trkB receptors, I harvested cortical tissue 7 days later and placed it in a solution 

of 50 ng/ml of BDNF for 5 min before homogenizing the tissue and analyzing trkB 

autophosphorylation as described above. I observed that phospho-trkB levels were about 

50% lower in tissue from lesioned mice treated with 1NMPP1 than in tissue from 

untreated shams or wildtype lesioned mice treated with 1NMPP1 (Fig. 4.3A,B).  

 

Hippocampal tissue harvested from these same mice was stained with antibodies against 

GAP43. Confocal images were taken in area CA3 adjacent to the lesion site (Fig. 4.3C), 

and the intensity of GAP43 immunofluorescence was quantified. Inhibiting trkBF616A 

receptors with 1NMPP1 significantly decreased the amount of GAP43 immunoreactivity 

in tissue subjected to SC transection compared to tissue from untreated mice taken 7 day 

postlesion and had no effect on  tissue from vehicle controls (Fig. 4.3C,D). I conclude 

that inhibiting trkB receptors inhibits injury-induced axonal sprouting. 
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Figure 4.3 trkB activation and injury-induced GAP43 upregulation were decreased by 

inhibiting trkBF616A receptors with 1NMPP1 in vivo.  

A. BDNF-induced phosphorylation of trkB receptors was reduced significantly in cortical 

tissue prepared from trkBF616A mice administered 1NMPP1 systemically in vivo for 7dpl, 

compared to tissue from vehicle treated and sham control trkBF616A mice. B. BDNF-

induced phosphorylation of trkB receptors, quantified after normalizing to total trkB, was 

significantly decreased in 1NMPP1 treated mice, compared to shams and vehicle-treated 

controls (*, p<0.05 for both, n=7). C. Treatment of trkBF616A mice with 1NMPP1 in vivo 

for 7 days reduced immunostaining for GAP43. D. Quantification of fluorescence 

intensity of GAP43 immunostaining in str. radiatum, pyramidale and oriens was 

significantly increased 7dpl in all layers (*, p<0.05 compared to sham, n=6), and in slices 

from wildtype mice treated with 1NMPP1, but was similar to controls in slices from 

trkBF616A mice treated with 1NMPP1. 
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I next asked whether inhibiting trkB signaling with 1NMPP1 would impair functional 

recovery of synaptic transmission across the lesion. After 7 days postlesion, stimulation 

in area CA3 triggered responses in area CA1 in wildtype mice treated with 1NMPP1 (n=6 

slices from 5 mice) and in trkBF616A mice treated with vehicle (n=4 slices from 4 mice), 

but not in trkBF616A mice treated with 1NMPP1 (n=7 slices from 5 mice)(Figure 4.4). The 

lack of effect in wildtype mice indicates that the ability of 1NMPP1 to inhibit recovery is 

due solely to its action at the mutant trkBF616A receptors. I conclude that trkB receptor 

activation is necessary for injury-induced axonal sprouting and that these newly sprouted 

axons can mediate recovery of transmission across the lesion. 

 

Blocking trkBF616A receptors with 1NMPP1 prevents injury-induced hyperexcitability 

To determine whether axonal sprouting contributes to the hyperexcitability after injury, I 

tested the effects of 0.1µM bicuculline in slices from trkBF616A and wildtype mice treated 

with 1NMPP1 at 7 days postlesion. Stimulation in area CA3 resulted in single population 

spike in all slices in control saline (Figure 4.5A,C). Bicuculline produced a significant  

increase in the number of population spikes and in the CBI in slices from wild type 

animals, but not in slices from trkBF616A mice treated with 1NMPP1 (Figure 4.5). I 

conclude that trkB receptor activation promotes the development of hyperexcitability 

after traumatic brain injury by promoting axonal sprouting.  
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Figure 4.4 Inhibiting trkB receptors impaired the re-establishment of synaptic 

transmission across the lesion.  

A. Population spikes were recorded simultaneously in str. pyramidale of area CA1 and 

CA3 in response to stimuli delivered within str. radiatum of area CA3 in slices taken 

from trkBF616A or wildtype mice treated with vehicle or 1NMPP1 for 7 days following SC 

lesions. After systemic administration of 1NMPP1, only very weak responses could be 

elicited in area CA1 despite the robust responses in area CA3. 1NMPP1 had no effect in 

wildtype mice. B. Responses elicited with stimulation at various intensities in slices from 

trkBF616A mice treated with 1NMPP1 for 7 days after SC lesions (n=7 slices from 5 mice) 

are plotted together with a best fit line (Pearson’s correlation r value; 7dpl+1NMPP1 

r=0.6, correlations are significant at p=0.01). For comparison, the lines fit from the data 

for sham control mice, and mice tested 1 and 7 days postlesion shown in Fig. 3 are 

replotted. The poor recovery of transmission from area CA3 to area CA1 indicates that 

inhibition of trkB receptors impaired the regeneration and regrowth of axons across the 

lesion. C. Plot of the cumulative probability distribution of the ratio of CA1 to CA3 

population spike amplitudes obtained as in B. the distribution of responses in 1NMPP1-

treated trkBF616A animals was significantly different than either 1NMPP1-treated wildtype 

animals or vehicle treated trkBF616A animals (*, p<0.001, Kolmogorov-Smirnov test). 
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Figure 4.5 Blocking trkBF616A receptors with 1NMPP1 in vivo prevents lesion-induced 

hyperexcitability. 

 A. Sample traces of extracellular recordings in stratum pyramidale of area CA3 in slices 

taken from mice lesioned 7 days earlier. Multiple population spikes were observed upon 

application of 0.1µM bicuculline in slices from vehicle-treated trkBF616A mice and in 

wildtype mice treated with 1NMPP1, whereas inhibition of trkBF616A receptors with 

1NMPP1 prevented the occurrence of multiple population spikes. Changes in the 

coastline bursting index (B) and number of population spikes (C) produced by 

bicuculline application were significantly less in slices from trkBF616A mice that received 

1NMPP1 (n=6) as compared to 7dpl vehicle treated trkBF616A mice (n=4) and wildtype 

mice receiving 1NMPP1 (n=6) (*, p<0.05 compared to vehicle treated, α=0.05).  
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DISCUSSION 

Axonal injury induces trkB-induced axonal sprouting 

The injury-induced increase in excitability of the CA3 cell population was preceded by 

activation of trkB receptors, as detected by increased trkB autophosphorylation in tissue 

harvested from the lesioned area 24hrs after the transection. My findings are consistent 

with the previously observed increase in BDNF and trkB protein levels in area CA3 after 

Schaffer collateral transection in hippocampal slice cultures (Dinocourt et al., 2006). In 

addition to the rapid activation of trkB receptors after injury in vivo (Binder et al., 1999; 

Hu et al., 2004), rapid, transient increases in trkB mRNA are also observed (Hicks et al., 

1998, 1999).  

 

There are multiple means by which increased BDNF - trkB signaling could promote 

increased excitability. Neurotrophins promote axonal outgrowth during development and 

in the adult CNS (Huang and Reichardt, 2003; Lu et al., 2005). Neurotrophins also act 

pre- and postsynaptically to facilitate excitatory synaptic transmission in the  

hippocampus (Leßmann et al., 1994; Kang and Schuman, 1995; Levine et al., 1995; Tyler 

and Pozzo-Miller, 2001).  

 

Five days after the increase in trkB activation, I observed an increase in the expression 

and immunoreactivity of the growth associated protein, GAP43. GAP43 is expressed at 

low levels in the adult brain, but is expressed at high levels early in development while  

axons are actively growing (Skene, 1989; Benowitz and Routtenberg, 1997). Increased 

GAP43 after injury is often interpreted as evidence of axonal sprouting (McKinney et al., 
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1997; Benowitz et al., 1990; Harris et al., 2010). Indeed, I observed that many GAP43 

immunoreactive processes had growth cone-like structures at their tips. Furthermore, 

GAP43 immunoreactivity was present in the axons of CA3 pyramidal cells in injured 

slice cultures (Dinocourt et al., 2006). Most convincingly, however, I observed that 

stimulation in area CA3 failed to elicit a synaptic response in area CA1 one day after the 

Schaffer collateral transection, whereas CA1 cell responses of normal amplitude were 

readily obtained seven days after the lesion. The re-establishment of synaptic 

transmission across the lesion provides strong evidence that new, functional CA3 cell 

axon collaterals do indeed sprout after being transected and can restore damaged synaptic 

connections. 

 

Sprouting of new axonal collaterals, GAP43 up-regulation, and reorganization of 

excitatory synaptic circuitry occur in many models of brain injury, including controlled 

cortical impact (Golarai et al., 2001; Greer et al., 2011) and fluid percussion injury 

(Emery et al., 2000; Santhakumar et al., 2001), and is not unique to our model of axonal 

injury. Axonal sprouting after injury has also been demonstrated in the rodent neocortex 

after subcortical undercuts that are likely to transect large numbers of pyramidal cell 

axons (Salin et al., 1995). Sprouting of CA3 (Nadler et al., 1980) and CA1 (Perez et al., 

1996; Esclapez et al., 1999; Bausch and McNamara, 2004; Cavazos et al., 2004) 

pyramidal cell axons has also been observed after excitotoxic injury in vivo and in vitro. 

It is now clear that reactive axonal sprouting is a much more common response of 

forebrain neurons to injury than previously considered. While these newly sprouted axons 
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form functional synapses onto their target neurons, it is still unclear what role they play in 

hyperexcitability observed in area CA3 after injury. 

 

Inhibiting trkB receptors prevents injury-induced axonal sprouting and 

hyperexcitability 

Previous studies suggested that neurotrophins promote axonal sprouting after Schaffer 

collateral transection in vitro (Dinocourt et al., 2006). I have used a line of transgenic 

mice with pharmacologically blockable trkBF616A receptors (Chen et al., 2005) to 

demonstrate that the injury-induced increase in GAP43 expression and number of GAP43 

immunoreactive axons are dependent upon trkB signaling. Schaffer collateral transection 

failed to increase GAP43 expression and immunoreactivity in tissue from mice in which 

trkBF616A receptors were inhibited with 1NMPP1 administration. Furthermore, there was 

virtually no recovery of excitatory synaptic transmission from area CA3 to area CA1 

after inhibition of trkB signaling, providing functional evidence of a critical role of trkB 

activation as a trigger of reactive axonal sprouting. The upregulation of GAP43 and 

recovery of transmission after SC transection in wild type mice treated with 1NMPP1 

provides evidence that its actions are mediated specifically by inhibition of the trkBF616A 

receptor. 

 

Is injury-induced axonal sprouting required for the increased excitability of area CA3 

after axonal damage? I observed that hyperexcitability was induced by 0.1µM bicuculline 

in area CA3 seven days after Schaffer collateral transection in untreated trkBF616A mice, 

but not in tissue from mice treated with 1NMPP1. Injury-induced hyperexcitability thus 
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requires activation of trkB receptors in this model. Because axonal sprouting promotes 

increased excitability and also requires trkB receptor activation in this model, I suggest 

that axonal sprouting is one critical cause of injury-induced hyperexcitability. Aberrant 

axonal sprouting in injured hippocampal slice cultures increases the probability that 

pyramidal cells are connected by excitatory synapses, and thereby mediates the rapid 

spread of activity through the CA3 cell population. Our findings do not rule out a 

contribution of other trkB receptor-dependent processes as well.  

 

Implications for the genesis of posttraumatic epilepsy.  

Epilepsy is a debilitating consequence TBI. The nature of the changes in the brain that 

lead to a permanently epileptic state after a latent period lasting from months to years 

(Agrawal et al., 2006) are not known. Much like human PTE, the hyperexcitability 

produced in our study only occurs with a delay after the injury and persists after the acute 

consequences of the injury have passed. We have demonstrated that pyramidal cells in 

vivo can undergo significant axonal regeneration after axonal injury and that trkB 

activation is a key factor in the delayed development of network hyperexcitability. These 

data suggest that transient local inhibition of neurotrophin receptors may offer a potential 

benefit as a prophylactic, therapeutic treatment to reduce the risk of development of PTE 

and other consequences of TBI. 
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CHAPTER FIVE 

DISCUSSION 

DISCUSSION 

Traumatic brain injury (TBI) is the most common disabling neurological disorder, with 

roughly 1.7 million people suffering a TBI per year in the US (Thurman et al., 1999). The 

pathophysiology of TBI can be characterized by two classes of injury, primary and 

secondary. The primary brain injury is the physical disruption of brain tissue due to 

mechanical forces applied to the cranium and brain. This primary injury results in the 

acute characteristics of TBI. Secondary injuries are caused by posttraumatic mechanisms 

that affect the injured brain adversely. It is the secondary injuries that lead to lifelong 

neurological disabilities that can be difficult to manage (Zink 1996). This thesis focused 

on the latter by investigating injuries/disabilities that are caused by mechanisms 

occurring after the injury in a novel animal model system. Specifically, I tested the 

hypothesis that aberrant axonal sprouting occurs after injury and, most significantly, that 

it can affect the excitability of cellular networks within the brain, leading to a 

hyperexcitable state.  

 

Posttraumatic epilepsy (PTE) is one common long-term consequence of TBI. A unique 

feature of PTE is the characteristic prolonged latent period lasting from months to years 

from the time of injury to the occurrence of the first seizure (Annegers et al., 1998; 

Agrawal et al., 2006). The risk of developing PTE after brain trauma is well established 

(Salazar et al., 1985; Annegers et al., 1998). Changes that lead to epilepsy may be 

evident at the single neuron level, but epilepsy is most properly considered as a disease of 

neuronal circuits and is able to manifest itself because the brain is an organized series of 
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neuronal networks. Hyperexcitability in a neuronal network can result from the 

recruitment of action potential discharge in more neurons in the network, or 

synchronization of action potential firing the same number of neurons, both leading to 

seizures. The development of new functional and excessive excitatory connections due to 

aberrant sprouting of axons within the damaged brain is thought to contribute to 

hyperexcitability by producing a “too well connected brain” (Prince et al., 1997). There 

has been little evidence to support the link between epilepsy and injury-induced axonal 

sprouting; however, using a surgical approach to transect the Schaffer collateral pathway 

in vivo to damage axons of large numbers of CA3 pyramidal cells (Dinocourt et al., 

2011), I studied the consequences of axonal injury in isolation. I tested the hypothesis 

that axonal injury affects the activity of cell populations by triggering a slow axonal 

sprouting process and formation of aberrant excitatory synapses, thus altering the balance 

of excitation and inhibition. This alteration in the balance of excitatory and inhibitory 

processes renders the brain incapable of functioning properly. 

 

Axonal sprouting and hyperexcitability after injury 

Axonal sprouting is a histopathological characteristic of several models of TBI 

(Margerison and Corsellis 1966; Sutula et al., 1989), and of epileptogenesis after 

traumatic brain injury (Ben-Ari 1985; Tauck and Nadler, 1985; Salin et al., 1995; Wuarin 

and Dudek, 2001; Buckmaster et al., 2002; Dinocourt et al., 2006; Jin et al., 2006).  

Recurrent excitatory circuits develop after excessive sprouting from dentate granule cells 

of the hippocampus (Cronin and Dudek 1988; Lighthall 1988; Dixon et al., 1991; Sutula 

et al., 1992; Toth et al., 1998; Coulter 2000; Golarai et al., 2001; Santhakumar et al., 
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2001; Smith and Dudek 2001; Wuarin and Dudek 2001; Buckmaster et al., 2002; Nadler 

2003; D’Ambrosio et al., 2004; Hunt et al., 2009), CA1 pyramidal neurons of the 

hippocampus (Smith and Dudek 2001; Scheff et al., 2005; Griesemer and Mautes 2007), 

CA3 pyramidal neurons of the hippocampus (McKinney et al., 1997; Dinocourt et al., 

2011), and cortical pyramidal cells (Salin et al., 1995) creating excitatory feedback loops 

that provide a mechanism for hyperexcitability. McKinney et al., (1997) and Dinocourt et 

al. (2006, 2011) have shown the development of hyperexcitability and aberrant axonal 

sprouting after injury using a lesion injury model. Other data show an increase in the 

number of morphologically identified synapses (McKinney et al., 1997; Scheff et al., 

2005) suggesting an increase in functional connectivity within the neuronal network. 

However the previous work did not establish clear linkages between the morphological 

alterations and hyperexcitability, nor did they determine the molecular mechanism 

underlying these alterations. 

 

My results indicate that axonal injury triggers a delayed increase in the excitability of the 

CA3 cell population from animals lesioned 7 – 21 days earlier (see Fig. 3.2). The latency 

between injury and onset of hyperexcitability, strongly suggests that the slow generation 

of new circuitry in the injured brain region due to brain injury-induced axonal sprouting 

is one plausible explanation. As predicted by my hypothesis I have also detected a 

delayed upregulation of GAP43 protein levels after injury (see Fig.3.3).   GAP43 is 

expressed at high levels in growing axons, and increased GAP43 after injury is often 

interpreted as evidence of axonal sprouting (Benowitz et al., 1990; Bendotti et al., 1997; 

Benowitz and Routtenberg 1997; McKinney et al., 1997; Oestreicher et al., 1997; 
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Dinocourt et al., 2006; Harris et al., 2010). Since GAP43 protein levels are high when 

synaptogenesis and neurite outgrowth are taking place (Skene, 1989; Biffo et al., 1990; 

Benowitz and Routtenberg, 1997) and have been shown to label newly sprouted or 

regenerating axons in hippocampal slice culture (McKinney et al., 1997; Dinocourt et al., 

2006), I concluded that this increase was indicative of axonal sprouting after injury.  

 

While an upregulation of GAP43 suggests that axonal sprouting has occurred, it does not 

by itself indicate that the axons are functional. Using an electrophysiological assessment 

strategy, I determined that these newly sprouted axons formed functional synapses by 7 

days post injury (see Fig. 3.4). The re-establishment of synaptic transmission across the 

lesion provides strong evidence that new, functional CA3 cell axon collaterals do indeed 

sprout after being transected and can restore damaged synaptic connections. Thus, 

GAP43 upregulation and restoration of synaptic transmission across the lesion provided 

evidence that axonal sprouting has occurred and that new functional synapses have 

formed, in further support for my hypothesis. 

 

Some TBI symptoms are believed to be due to axonal damage, the subsequent loss of 

synapses, aberrant axonal sprouting, and formation of new synapses (Kato et al., 2007).  

I have provided evidence that axonal injury leads to hyperexcitability, aberrant axonal 

sprouting, and formation of synapses; however, a direct link for the role of axonal 

sprouting in hyperexcitability, which is a direct prediction of my hypothesis, has yet to be 

tested. Rigorous direct tests of the postulated link between epilepsy and the “too well 

connected brain” (Prince et al., 1997) have been difficult to conduct. To test if injury-
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induced axonal sprouting is required for increased excitability after axonal damage, it is 

necessary to be able to manipulate axonal sprouting quantitatively. 

 

Prevention of trkB-induced axonal sprouting prevents hyperexcitability after injury 

BDNF and trkB protein levels increase in area CA3 after Schaffer collateral transection 

in hippocampal slice cultures (Dinocourt et al., 2006). The in vivo injury-induced 

increase in excitability of the CA3 cell population in this thesis work (see Fig. 3.2) was 

preceded by activation of trkB receptors (see Fig. 4.1). Five days after the increase in 

trkB activation in hippocampal slice cultures, there is an increase in the expression and 

immunoreactivity of GAP43 (Dinocourt et al., 2006). Using cultures from the TrkBF616A 

transgenic mouse (Chen et al., 2006), which are susceptible to pharmacologic blockade of 

the trkB receptors with 1NMPP1 (Bishop et al., 2000), I was able to prevent injury-

induced axonal sprouting (see Fig. 4.2B, bottom panels and Fig. 4.2C,D). By blocking the 

trkBF616A receptors I was able to manipulate the axonal sprouting, supporting use of this 

animal model as a tool to determine the contribution of sprouting in hyperexcitability 

after injury.  

 

I discovered that the resurgence of GAP43 immunoreactivity after in vivo injury is also 

dependent upon trkB signaling. Schaffer collateral transection failed to increase GAP43 

expression and immunoreactivity in tissue from mice in which trkBF616A receptors were 

inhibited with 1NMPP1 administration. Furthermore, there was virtually no recovery of 

excitatory synaptic transmission from area CA3 to area CA1 after inhibition of trkB 

signaling (see Fig.4.4), providing functional evidence of a critical role of trkB activation 
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as a trigger of reactive axonal sprouting. The ability of trkB receptor blockade to prevent 

axonal sprouting provided me with a method to test my prediction that axonal sprouting 

was a necessary component to the development of hyperexcitability after injury. 

Specifically, if axonal sprouting is necessary for the occurrence of hyperexcitability, then 

prevention of sprouting should inhibit the onset of hyperexcitability. I assayed 

hyperexcitability by application of a very low concentration of the convulsants 

bicuculline, to area CA3 seven days after Schaffer collateral transection. In untreated 

trkBF616A mice, in which injury induced sprouting took place, bicuculline induced 

hyperexcitability in hippocampal slices. However, in tissue from mice treated with 

1NMPP1, in which sprouting was prevented, there was no evidence of hyperexcitability. 

Injury-induced hyperexcitability thus requires activation of trkB receptors. Together the 

observations that: (1) axonal injury induces trkB-dependent axonal sprouting, (2) 

functional synapses are formed by these axons, and (3) inhibiting axonal sprouting 

prevents injury–induced hyperexcitability, strongly support the conclusion that aberrant 

axonal sprouting is a critical cause excessive excitability after injury to the brain.  

 

Implications for the genesis of posttraumatic epilepsy.  

Epilepsy is a debilitating consequence of TBI. The nature of the changes in the brain that 

lead to a permanently epileptic state after a latent period lasting from months to years 

(Agrawal et al., 2006) are not known. Much like human PTE, the hyperexcitability 

produced in this study only occurs with a delay after the injury and persists after the acute 

consequences of the injury have passed. This crucial observation implies that, unlike the 

results from some other models, my data may offer relevant and useful insights into the 
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human disease state. Pyramidal cells in vivo can undergo significant axonal regeneration 

after axonal injury, and trkB activation is a key factor in the delayed development of 

network hyperexcitability. My data suggest that transient local inhibition of neurotrophin 

receptors may offer a potential benefit as a prophylactic, therapeutic treatment to reduce 

the risk of development of PTE and other consequences of TBI.  

 

Conclusion 

“The extension, growth, and multiplication of neural processes do not stop at the time of 

birth; they continue beyond that……..The expansion of newly formed cellular processes 

do not advance haphazardly; they are determined by the dominant pattern of neural 

activity…..”. (Ramon y Cajal 1999). The adult brain is very plastic. This is the basis of 

learning and memory, the ability to strengthen connections and make new connections. 

Loss of synaptic connections due to a traumatic insult to the brain leads to several 

neurological dysfunctions, whether cognitive or motor. As my data demonstrate, the 

ability to repair and recover synapses that were lost is not an unmixed blessing; indeed, it 

appears that the same repair and recovery processes could result in the development of 

many cognitive and motor dysfunctions as a secondary consequence of traumatic brain 

injury.  

 

The “too-well connected brain” 

Trying to determine conclusively if there is a relationship between epilepsy and axonal 

sprouting has been a difficult task. Along with several recent studies involving different 

animal models of epilepsy, this thesis provides support for the “proof of sprouting in 
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epilepsies” hypothesis. The role of injury-induced hyperconnectivity in the genesis of 

PTE has been difficult to assess until now.  To test the hypothesis directly it was 

important to have a tool to manipulate the axonal sprouting phenomenon itself. Data 

presented in this thesis work clearly demonstrate a morphological reorganization in the 

hippocampus after injury, physiological evidence of hyperexcitability, and concrete 

evidence that aberrant axonal sprouting causes hyperexcitability. Salin et al., (1995) 

reported that excessive axonal sprouting and increased synaptic bouton density arose 

after neocortical undercut, and using the same model showed that the layer V pyramidal 

neurons had increased frequency and amplitude of mEPSCs (Li and Prince 2002), 

suggesting that aberrant axonal sprouting after injury led to the formation of new 

excitatory synaptic connections. Golarai and colleagues (2001) reported morphological 

data showing mossy fiber sprouting after fluid percussion TBI, enhanced susceptibility to 

convulsions, and excessive excitability in the hippocampus, providing correlative 

evidence for sprouting and PTE.  Morphological evidence of synaptic regeneration and 

reorganization after a controlled cortical impact diffuse axonal injury model have been 

reported in the hippocampus (Greer et al., 2011) and fluid percussion injury (Emery et al., 

2000; Santhakumar et al., 2001). After chemical lesion of the CA3 neurons, reactive 

synaptogenesis takes place in area CA1 (Nadler et al 1980; Phelps et al 1991; Esclapez et 

al 1999), consisting of newly formed synapses from surviving CA3 neurons, 

associational pathways within CA1, and the perforant pathway from the entorhinal cortex 

(Nadler et al. 1980; Represa and Ben-Ari, 1992; Perez et al, 1996). Axonal injury within 

CA3 causes an increase in polysynaptic excitatory coupling within the CA3 neuronal 

network and an increase in axonal sprouting from the CA3 neurons indicating 
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morphological rearrangement of the local networks (McKinney et al., 1997). However, 

while all of these studies provide evidence for either aberrant axonal sprouting and/or an 

increase in excitability after injury, the evidence for the role of hyperconnectivity has 

remained correlative and indirect.  

 

In contrast, I have shown close linkages between morphological evidence of delayed 

axonal sprouting from area CA3 after injury and the formation of functional synapses 

onto the deafferented CA1 cell population. Moreover, I found that these connections were 

responsible for excessive excitability: blocking the axonal sprouting prevented 

reconnectivity onto the target cells and the development of excessive excitability. Using a 

transgenic mouse model, I was able to suppress hyperexcitability by preventing injury-

induced axonal sprouting lending support to “the too-well connected brain” theory. 

Taking the aforementioned data from the literature together with the data presented in 

this thesis work, I conclude that reactive axonal sprouting is a much more common 

response of forebrain neurons to injury than previously considered.  

 

A role for GAP43 in repair and recovery of function? 

In this study, and several others, GAP43 has been used as a marker to identify newly 

sprouted or regenerating axons after injury. GAP43 expression is commonly used 

because it plays a key role in axonal guidance and modulation of synaptogenesis 

(Benowitz and Routtenberg, 1997), and its peak expression during development coincides 

with periods of axonal growth, synaptic organization, and activity-dependent plastic 

reorganization (Lovinger et al., 1986; Dani et al., 1991). Is there perhaps a bigger role for 
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GAP43 itself in injury induced axonal sprouting and synaptogenesis? Several studies 

have shown that GAP43 plays a role in regeneration and neuroplasticity. Present in 

neuronal growth cones and presynaptic terminals, GAP43 has been implicated in the 

formation of novel or aberrant neuronal connections, synaptic remodeling, and reactive 

axonal sprouting after insult to the brain (Benowitz and Routtenberg, 1997; Dinocourt et 

al., 2006; McKinney et al., 1997). Up-regulation of plasticity associated proteins such as 

GAP43 and synaptophysin after injury supports the existence of repair processes that 

could be involved in recovery of function. Considering that GAP43 is upregulated for 

regeneration of axons after a traumatic brain injury and downregulated upon formation of 

functional synapses, I have shown here that the brain possesses the potential for repair 

not only for structure but for function as well. However, would lack of, or prevention of 

GAP43 expression, be sufficient to inhibit injury-induced axonal sprouting without 

blocking trkB receptors? As trkB loss interferes with memory acquisition and 

consolidation in many learning paradigms (Huang and Reinhardt 2001), identification of 

further downstream proteins or genes associated with axonal regeneration would provide 

potentially better targets for therapeutic intervention. Is GAP43 a potential therapeutic 

target for prevention of aberrant sprouting? TBI initiates complex biochemical cascades 

that induce expression of genes for proteins that are thought to contribute to the 

pathophysiology of brain injury (Povlishock and Jenkins 1995). Identification of brain 

injury-induced genes is an area of intense research and could provide specific therapeutic 

targets for attenuation of secondary consequences of TBI such as posttraumatic epilepsy.   

 

 



98 

 

 

 

Genes for axonal guidance (canonical pathway) 

Genes pertaining to neuronal plasticity, neurodegeneration, and inflammation/immune-

response pathways were modulated in a temporal fashion after induced epileptogenesis 

(Sharma et al., 2009). Most notably, a number of genes of the canonical axon guidance 

signaling pathway were up-regulated at time points correlated with aberrant mossy fiber 

sprouting.  Neuronal and synaptic plasticity related genes such as the Rho family 

GTPases RhoA, Rac1, and Cdc42 play a critical role in axonal growth by modulating 

changes in the actin cytoskeleton in the neuronal growth cone (Dickson 2001; Luo 2000; 

Ozdinler and Erzurumlu 2001). BDNF and trkB also regulate the actin cytoskeleton via 

Rac1, which can lead to increased neurite outgrowth (Miyamoto et al. 2006). Rac1 and 

RhoA are up-regulated 3 days after induced status epilepticus (Sharma et al., 2009). Their 

most important functions include the regulation of cytoskeletal structures, and Rac1 is 

required for the adhesive and motile function of growth cones (Lamoureux et al., 1997). 

Rac1 is also required for normal axonal outgrowth in Drosophila and mammalian 

embryos (Luo et al., 1994, 1996).  Rac1 is involved in integrin clustering and formation 

of integrin adhesion complexes (Ridley et al., 1992; Nobes and Hall, 1995; Hotchin and 

Hall, 1995), which are known to play an important role in growth cone adhesion (Hynes 

and Lander, 1992; Letourneau et al., 1994). Targeting of proteins such as Rac1 could also 

prevent aberrant axonal sprouting after injury while leaving the trkB signaling cascade 

intact. 
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Concluding Remarks 

The plasticity of the adult brain is a well-established phenomenon; our ability to learn 

new information and form memories, the ability to strengthen connections and make new 

connections based on informational input, all attest to the adaptive capabilities of the 

brain. However, as I have demonstrated there is a potential disadvantage to the capacity 

to change: Loss of synaptic connections following a traumatic insult to the brain can lead 

to several neurological dysfunctions, including the tendency towards hyperexcitability 

and epilepsy, and possibly preventing our ability to learn and form new memories or 

affecting motor function. Having the ability to repair and recover synapses that were lost 

would seem to be an unambiguous advantage; however, it is this same repair and 

recovery process that may lead to the formation of many cognitive and motor 

dysfunctions as a secondary consequence of traumatic brain injury. An important 

challenge for the future will be to determine if the beneficial effects of brain repair can be 

appropriately preserved and regulated, perhaps by novel drug therapies, to avoid the 

unfortunate dysfunctional consequences that my work has revealed. 
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