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Abstract 

 

The amyloid precursor protein (APP) is known to increase following traumatic brain injury (TBI). It has 

been hypothesised that this increase in APP may be deleterious to outcome due to the production of 

neurotoxic Aβ. Conversely, this upregulation may be beneficial as cleavage of APP via the alternative 

non-amyloidogenic pathway produces the soluble alpha form of APP (sAPPα), which is known to have 

many neuroprotective and neurotrophic functions.  Indeed a previous study showed that treatment 

with sAPPα following a diffuse injury in rats reduced apoptotic cell death and axonal injury which 

corresponded with an improvement in motor outcome. However, it is not yet known whether 

endogenous APP plays a similar beneficial role following TBI, or which specific region within sAPPα 

conferred this protective activity. 

 

In order to investigate this the effect of post-traumatic administration of various regions within 

sAPPα was examined following severe-impact acceleration TBI in Sprague Dawley rats. Furthermore 

the outcome of male C57BL6j x 129sv APP-/- mice was compared to that of APP+/+ mice following 

two types of traumatic brain injury; a diffuse lesion caused by a weight drop model and a focal lesion 

induced by a controlled cortical impact (CCI) injury. 

Knockout of APP was found to worsen outcome following both a mild diffuse and moderate focal 

injury, with an exacerbation of motor and cognitive deficits associated with an increase in neuronal 

injury and an impaired reparative response.  These deficits could be rescued with treatment with 

sAPPα, suggesting that it was lack of this APP metabolite which caused the increase in vulnerability of 

APP-/- mice.  Furthermore initial investigations in Sprague Dawley rats found that only  the domains 

of sAPPα that contained heparin binding sites were able to improve functional outcome and 

decrease axonal injury following diffuse TBI. This suggested that the neuroprotective activity of 

sAPPα related to its ability to bind to heparin sulphate proteoglycans. Indeed a preliminary 

investigation found that the peptide APP96-110, which encompassess one of the heparin binding 

sites within sAPPα, was sufficient to reduce functional deficits and neuronal injury in APP-/- mice.  

 

These results demonstrate that the upregulation of APP seen following TBI is a protective response, 

with the benefits of sAPPα outweighing any negative effects of other APP metabolites like Aβ.  The 

neuroprotective properties of sAPPα, may relate to its heparin binding sites, with one of these 

regions, APP96-110, warranting further investigation as a putative neuroprotective agent following 

TBI. 
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Traumatic brain injury (TBI) is a major health problem, causing more deaths in Australians under 45 

years of age than any other cause (Finfer and Cohen, 2001). Furthermore many survivors are left with 

permanent neurologic deficits at a substantial social and economic cost to the community.  Following 

TBI, cell death is not only caused by the initial insult, but is ongoing due to the initiation of a number 

of secondary factors such as excitotoxicity, oxidative stress and inflammation (Maas et al., 2008). 

Despite this knowledge, to date there are no currently accepted therapies to limit this injury (Faden 

and Stoica, 2007; Vink and Van Den Heuvel, 2004).  

  

TBI also leads to the upregulation of a number of neuroprotective pathways, which attempt to limit 

the amount of neuronal damage and to activate the repair response within the brain (Keyvani and 

Schallert, 2002).  It has been suggested that novel therapeutic strategies for TBI should attempt to 

stimulate these endogenous repair-regeneration mechanisms while antagonising deleterious 

processes (Faden and Stoica, 2007). Recent evidence suggests that the amyloid precursor protein 

(APP) may play such a role following TBI. It is acutely upregulated following injury (Van Den Heuvel et 

al., 2000), with its metabolite sAPPα shown to attenuate neuronal death induced by a number of 

secondary injury factors such as excitotoxicity (Goodman and Mattson, 1994; Mattson, 1994) and to 

also facilitate reparative activities like synaptogenesis (Bell et al., 2006). As such this thesis aims to 

establish whether APP is a neuroprotective molecule following TBI, and to determine the region of 

APP which contains this activity in order to facilitate drug development. In order to explain the basis 

of this project, the mechanisms of injury following TBI and the potential role of APP will be outlined.  

 

1.1 Epidemiology 

 

According to the World Health Organisation, motor accidents and their sequelae, particularly TBI will 

surpass many diseases as the major cause of death and disability by the year 2020 (Hyder et al., 

2007). An estimated 10 million people are affected annually by a TBI serious enough to result in 

death or hospitalisation, with a mortality rate of 15-30 per 100,000 reported in industrialised 

countries (Finfer and Cohen, 2001; Tagliaferri et al., 2006). TBI is a major public health and medical 

problem with an estimated 1% of the US population living with long-term or lifelong disability 

associated with a TBI that required hospitalisation (Corrigan et al., 2010). Indeed, the cost globally for 

rehabilitation of individuals following head injury is estimated to be around US $500 billion a year 

(Jacobs et al., 2000). 

. 
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Similar to the global situation, in Australia TBI is a significant health problem, with the rate of 

hospitalisation for TBI recorded as 107 per 100,000 people in the population in 2004 (Fortune and 

Wen, 2007).   This evidently underestimates the actual incidence of TBI, as the majority are mild 

cases which do not require hospitalisation. There were two sharp peaks of incidence, in males 

between the ages of 15 and 25 and in males and females over the age of 70. This second rise in 

prevalence reflected an increase in injuries caused by falls, although the most common overall cause 

was vehicular accidents.  

 

It is evident that TBI causes a substantial economic burden, not only due to medical costs, but 

because it predominantly affects individuals of working age. Many survivors do not return to their 

pre-injury functioning levels, with recovery from moderate-severe TBI often a long arduous process. 

Most recovery gains occur within the first 6 months and are influenced by a number of factors 

including pre-injury functioning capacities, age, level of unconsciousness and magnitude of 

neurologic damage (Connor, 2002). However many survivors are left with severe permanent 

neurological deficits, which adversely affect their quality of life.  Even mild TBI is associated with a 

number of symptoms including headaches, blurred vision, poor concentration, sleep disturbance, 

depressed mood and irritability, which are broadly classed as post-concussion syndrome (Bryant et 

al., 2010; Petchprapai and Winkelman, 2007; Vanderploeg et al., 2005). Memory deficits in particular 

can impair a patient’s ability to resume normal daily activities. With more severe injuries more 

significant motor and cognitive deficits, as well as behavioural problems can occur such as a 

decreased ability to plan, control or execute activities, disordered thought processes, personality 

changes, violent mood swings and depression, which can prevent patients from returning to work or 

resuming family responsibilities (Halcomb et al., 2005; Kneafsey and Gawthorpe, 2004). In addition a 

small group of patients will be left in a vegetative state, unable to meaningfully respond to external 

stimuli and thus requiring constant care (Blumbergs, 1997).  

 

1.2 Neuropathology and physiology of head injury  

 

TBI results from the head impacting with an object or from acceleration/deceleration forces that 

produce vigorous movement of the brain within the skull or varying combinations of these 

mechanical forces (Finnie and Blumbergs, 2002). The resultant injury is caused by two mechanisms, 

either primary or secondary, although there is some degree of overlap (Gaetz, 2004; Maas et al., 

2008). Indeed it has been suggested that the mechanisms of TBI could be extended out to 4 phases: 
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the primary injury, the delayed consequences of the primary injury, the secondary injury and finally 

recovery (Graham et al., 2002). Whereas the primary injury is not reversible, its delayed 

consequences and the secondary injury cascade it sets in motion over minutes to days are potentially 

reversible (Graham et al., 2000a). Therefore, as many of the neurological deficits seen following TBI 

are the result of the secondary injury cascade, this provides an opportunity to improve outcome with 

appropriate therapeutic intervention (Bramlett and Dietrich, 2004). 

 

1.2.1 Primary Injury 

 

Mechanical forces (rotation, acceleration/deceleration and direct force applied to the head) acting at 

the moment of injury damage the blood vessels, axons, nerve cells and glia of the brain in a focal, 

multifocal or diffuse pattern of involvement. The type and severity of the resulting injury depend on 

the nature of the initiating force, as well as its site, direction and magnitude (Smith et al., 2003).  

Contact forces generated when the head strikes or is struck by an object generally produce focal 

injuries such as skull fractures, extradural haemorrhages, and contusions. In contrast 

acceleration/deceleration forces that result from violent unrestrained head movement are 

associated with diffuse axonal injury (DAI) (Blumbergs, 1997). When the head suffers a sudden 

mechanically induced load two types of motion can be induced in translation or rotation. Translation 

occurs when the head’s centre of gravity moves along a straight line, whilst rotational injuries allow 

the head to move around its centre of gravity. The latter induces the most devastating forces that 

affect the brain after injury, as it places stress on the connections between the brain and skull 

distorting axons, and potentially disrupting the bridging veins within the subdural space (Ommaya et 

al., 2002).  

 

Structural damage 

 

Structural damage following injury is traditionally classified as focal, which encompasses lacerations, 

skull fractures, intracerebral haemorrhages and cortical contusions, or diffuse, comprising DAI and 

diffuse microvascular damage.  However both focal and diffuse injuries can co-exist, with, for 

example, direct impacts to the head seen in falls, motor vehicle accidents and assaults capable of 

producing significant acceleration/deceleration forces leading to DAI, as well as the move obvious 

contact forces causing focal injuries (Gaetz, 2004). 
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Cerebral Haemorrhage 

 

Traumatic brain haemorrhages generally result from tearing of blood vessels at the moment of head 

impact and are classed as intracerebral, extradural, subdural or subarachnoid (Povlishock and Katz, 

2005). The most common vascular injury is subarachnoid haemorrhage, the result of disrupted small 

subarachnoidal vessels, with this potentially leading to a number of secondary complications 

including vasospasm and hydrocephalus (Blumbergs, 1997). Epidural haematomas are usually the 

result of a skull fracture disrupting the middle meningeal artery, whilst subdural haematomas are 

commonly due to the stretching or tearing of cortical veins which occurs during an 

acceleration/deceleration injury (Besenski, 2002). Intracerebral haemorrhages follow stretching and 

rupture of small-calibre arterioles within either the basal ganglia or the ventricles and are thus 

commonly distributed throughout the central white matter and basal ganglia (Cifu et al., 1999). All 

intracranial haemorrhages have the potential to increase intracranial pressure, leading to secondary 

cell death due to reductions in cerebral perfusion pressure and brain herniation.  

 

Cortical Contusions 

 

Contusions are a common feature of TBI and result from localised mechanical forces damaging the 

small blood vessels (capillaries, veins and/or arteries) and other tissue components (nerve and glial 

cells) of the neural parenchyma (Gaetz, 2004).  Contusions and lacerations form a continuum of 

tissue injury, with lacerations defined as a disruption of the pia membrane, as well as tearing of the 

underlying tissue (Blumbergs, 1997).  Bleeding is usually the most obvious feature of contusions on 

macroscopic and microscopic examination and it ranges from microhaemorrhages to confluent 

haemorrhage disrupting the tissue.  Surface contusions occur at the crest of gyri, where the brain 

encounters the rough and irregular surfaces of the skull during the contact or deceleration phase of a 

force. These can be classified as coup (occurring directly beneath the site of impact) contrecoup 

(occurring opposite to the site of impact), fracture (beneath the site of a fracture) or herniation 

contusions (when the parahippocampal gyri and cerebellar tonsils are forced against the tentorium 

and foramen magnum) (Davis, 2000; Farkas and Povlishock, 2007; Graham et al., 2000a). Along with 

surface contusions that occur from contact forces, gliding contusions can be produced with 

rotational motion and are thus associated with DAI. They are principally found in the parasagittal 

regions of the brain, where the brain is more adherent to the dura (Davis, 2000).  Contusions can 

increase in size over hours to days due to evolving events related to the interplay of haemorrhage, 



Chapter 1:  Introduction to TBI and the role of APP 

6 

 

early ischaemic necrosis and breakdown of the blood-brain barrier (BBB) with vasogenic oedema 

formation (Blumbergs, 1997).  

 

Diffuse Axonal Injury  

 

One of the most harmful consequences of TBI is the widespread or diffuse disruption and 

disconnection of axons through a process known as diffuse axonal injury (DAI) or traumatic axonal 

injury (TAI). DAI is a term applied to TBI-induced scattered destruction of white matter tracts, with 

the corticomedullary junctions, particularly those located in the frontal and temporal areas, as well 

as the corpus callosum, the upper brainstem and the deep grey matter the most susceptible regions 

(Adams et al., 1989).  Diffuse vascular injury is thought to represent the severe end of the spectrum 

of DAI. It is only seen in patients who die very soon after head injury and consists of multiple small 

haemorrhages throughout the brain (Blumbergs, 1997) 

 

Although axonal injury was initially considered to constitute a primary injury mechanism following 

TBI (primary axotomy), it has since been discovered that only a small subpopulation of axons that 

sustain the most severe injury rupture at the moment of impact.  Indeed, axonal injury is currently 

considered to principally be a progressive event which evolves from an initial focal perturbation of 

the axon to ultimate axonal disconnection (secondary axotomy) (Buki and Povlishock, 2006; 

Gentleman et al., 1993b; Povlishock et al., 1992).  The initiating event is thought to be an alteration 

in axolemmal permeability involving mechanoporation of the axolemma evoked by the shearing 

forces of the injury (Maxwell et al., 1997; Pettus et al., 1994; Povlishock and Pettus, 1996). This 

allows local intra-axonal calcium accumulation with subsequent activation of various calcium-

dependent cysteine protease (calpain) pathways capable of degrading the cytoskeletal network 

within the axon. Calpain-mediated degradation of the cytoskeleton has been shown to occur at sites 

of axonal damage and disconnection in numerous Immunohistochemical studies employing 

antibodies directed towards its specific proteolytic breakdown products (Buki et al., 1999; Saatman 

et al., 2003; Serbest et al., 2007).  Another member of the cysteine protease family, the caspases, is 

also thought to be activated within damaged axons (Buki et al., 2000).  Although caspases are 

principally mediators of apoptotic cell death, in severely injured axons they are thought to 

participate in the terminal degradation of the cytoskeleton leading to irreversible collapse of the 

subaxolemmal membrane skeleton, rather than causing direct apoptotic changes in the soma (Buki 

and Povlishock, 2006).  This cytoskeletal breakdown disrupts axonal transport causing organelle and 
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vesicular accumulation with resultant axonal swelling and eventual detachment (Smith et al., 2003).  

Once detached from its distal, downstream segment, the axonal segment in continuity with its 

sustaining soma continues to swell with the persistent delivery of organelles via anterograde 

transport (Buki and Povlishock, 2006).   This results in the formation of a retraction bulb, the 

classically described hallmark of axonal injury.  In contrast the disconnected downstream axonal 

profiles undergo Wallerian degeneration over weeks to months post-injury, with this widespread 

deafferentiation of downstream targets thought to cause many of the functional deficits observed 

post-TBI (Povlishock, 2000). 

 

As DAI cannot be detected using routine imaging studies, it can only be definitively diagnosed post-

mortem, using immunohistochemical methods, with an antibody targeting APP most commonly used 

as it is known to be delivered by axonal transport (Blumbergs et al., 1995). Following axonal injury, 

the anterograde transport of APP is impeded, allowing it to accumulate to detectable levels. APP 

immunohistochemistry is thought to offer significant advantages over other methods because it can 

be seen within 2 hrs following injury and only stains injured axons, unlike a neurofilament stain which 

also stains normal axons (Abou-Hamden et al., 1997).  However later research suggested that local 

cytoskeletal collapse associated with DAI may not always cause impaired transport with axonal 

swelling and bulb formation (Stone et al., 2001).  It is proposed that with more severe forms of 

axonal injury, massive influxes of calcium may trigger the conversion of anterograde to retrograde 

transport thereby attenuating the development of axonal swelling (Buki and Povlishock, 2006; 

Marmarou et al., 2005).  Thus a staining technique, like APP, which only detects impairment in 

anterograde transport, may underestimate the amount of axonal injury present, with suggestions 

that multiple markers may be necessary to assess the full extent of an injury.  

 

1.2.2 Secondary Injury 

 

Secondary injury is a gradual process that occurs over minutes to days as the result of cellular, 

neurochemical and metabolic alterations initiated by the primary insult (Hall et al., 2005). Injury 

factors that contribute to this phenomenon include metabolic changes, oedema formation, calcium 

influx, increased oxidative stress, excitotoxicity, inflammation and ultimately cell death via necrosis 

or apoptosis (Saatman et al., 1996). Eventually the insult leads to the activation of neuroprotective 

pathways that promote the reparative activity of the brain, although the mechanisms behind this are 

not yet fully understood.  
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Metabolic dysfunction 

 

Cerebral metabolism (oxygen and glucose consumption) and cerebral energy state (tissue 

concentrations of phosphocreatine and ATP or lactate/pyruvate ratio) are reduced after TBI, with the 

degree dependent on the severity of the primary insult (Clark et al., 1997a; Glenn et al., 2003). This is 

caused by a number of factors including reductions in cerebral blood flow and mitochondrial 

dysfunction. Stretch induced mechanical injury alters mitochondrial membrane potential and 

decreases ATP levels in neurons, with this further exacerbated by intramitochondrial calcium 

overload which interferes with electron transport (Tavazzi et al., 2005; Verweij et al., 2000).  

 

Ionic changes 

 

Ionic homeostasis is also compromised following trauma with massive ion fluxes across the neuronal 

membrane causing an influx of calcium and sodium with a corresponding efflux of potassium into the 

extracellular space (Blumbergs, 1997).  This has a number of deleterious effects including the 

widespread loss of membrane potential and rapid release of neurotransmitters, the formation of 

cytotoxic oedema and the activation of calcium dependent proteases which can cause extensive 

cellular damage (Maas et al., 2008).  Trauma also disrupts magnesium levels, causing a decline in 

brain intracellular free magnesium, exacerbating a number of secondary injury processes such as 

energy depletion, cytotoxic oedema formation and excitotoxicity (van den Heuvel and Vink, 2004; 

Vink et al., 2003a).  

 

Excitotoxicity 

 

Following TBI under both experimental and clinical settings, levels of extracellular glutamate increase 

acutely (Bullock et al., 1998; Faden et al., 1989; Globus et al., 1995; Palmer et al., 1993). This is the 

result of its uncontrolled release due to the aforementioned loss of membrane potential (Vink and 

Van Den Heuvel, 2004), as well as a decrease in its reuptake caused by impaired glutamate 

transporter activity (Yi and Hazell, 2006) and a reduction in the numbers of astrocytic transporters 

(van Landeghem et al., 2006).  These high levels of glutamate cause excessive activation of excitatory 

amino acid receptors leading to excitotoxicity, an important process in secondary damage and cell 

death following TBI (McIntosh, 1996).  The NMDA receptor plays a particularly important role, as its 

overstimulation promotes substantial calcium influx.  Calcium overload activates a number of 
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calcium-dependent enzymes including proteases, lipases, translocases and endonucleases which 

degrade cellular structures and eventually cause neuronal degeneration.  Further damage can also be 

initiated through the generation of reactive oxygen species (ROS) via the activation of 

phospholipases and cyclooxygenases (Maas et al., 2008).  High levels of calcium within mitochondria 

not only allow additional ROS production due to structural alterations of the inner mitochondrial 

membrane with disorganisation of the electron transport chain, but also decrease available ATP 

levels, exacerbating energy depletion following TBI (Kowaltowski et al., 1995).  

 

Oxidative stress 

 

TBI dramatically increases the production of ROS through a variety of mechanisms including 

excitotoxicity, the  arachidonic acid cascade, increased leakage of superoxide from mitochondrial 

electron transport, auto-oxidation of catecholamines, activation of neutrophils and breakdown of 

haemoglobin (Awasthi et al., 1997; Lewen et al., 2000).  Oxidative stress ensues when their 

production overwhelms the antioxidant mechanisms within the brain. ROS, which contain an 

unpaired electron in the outermost orbit, are highly reactive inducing tissue damage via peroxidation 

of cellular and vascular structures, protein oxidation, cleavage of DNA and inhibition of the 

mitochondrial electron transport chain (Lewen et al., 2000 387).  Membrane lipids are particularly 

vulnerable, with lipid peroxidation altering the structure, fluidity and transport function of the 

membrane, ultimately causing membrane lysis (Werner and Engelhard, 2007).  Furthermore, 

oxidative stress not only causes irreversible loss of mitochondrial functions such as mitochondrial 

respiration and oxidative phosphorylation, but may also modulate translocation of cytochrome c 

from the mitochondria into the cytosol, a key step in the initiation of apoptotic cell death (Mbye et 

al., 2008). 

 

Inflammation 

 

A robust inflammatory response is also invoked following TBI, involving the activation of glia and 

neurons as well as cerebral accumulation of monocytes and lymphocytes.   This is signified by 

elevated levels of a number of inflammatory mediators such as IL-1β, IL-1α, IL-6 and TNFα within 

hours in the CSF and brain parenchyma after trauma in humans and rodents (Hutchinson et al., 2007; 

Morganti-Kossman et al., 1997; Semple et al., 2010a; Taupin et al., 1993; Zhu et al., 2004).  IL-1 is 

thought to be a key inflammatory mediator as it provokes the release of other neurotoxic mediators 
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such as prostaglandins, ROS, COX-2 and cytotoxic proteases (Molina-Holgado et al., 2000; Rothwell, 

2003). TNFα also plays a major role, promoting the release of proteolytic enzymes which are 

associated with breakdown of the BBB and subsequent oedema formation (Shohami et al., 1999). 

Furthermore it is able to induce intracellular signalling pathways that promote both necrotic and 

apoptotic cell death (Reid et al., 1989).   Although inflammation may facilitate tissue damage early 

following injury, it is also thought to be involved in the later reparative response, with cytokines such 

as IL-1, IL-6 and TNF-α known to induce the release of the neurotrophic nerve growth factor (NGF) 

from astrocytes (Lenzlinger et al., 2001; Morganti-Kossmann et al., 2007).  

 

In addition to the typical inflammatory response, neurogenic inflammation is thought to play a 

significant role in the secondary injury process. It is a neurally elicited response, mediated by the 

release of neuropeptides such as substance P (SP), with the typical features of an inflammatory 

response in vasodilation and increased microvascular permeability.  Indeed experimental studies 

have shown that SP immunoreactivity within the brain is increased following TBI, with its release 

temporally correlated with breakdown of the BBB and subsequent vasogenic oedema formation 

(Vink et al., 2003b).  

 

Oedema 

 

There are primarily two forms of oedema initiated after TBI, vasogenic oedema and cytotoxic 

oedema (Marmarou, 2003; O'Connor et al., 2006). Whilst vasogenic oedema is associated with 

breakdown of the BBB and accumulation of water in the extracellular space as osmotic substances 

escape the vasculature, cytotoxic oedema involves flow of fluid from the extracellular to intracellular 

space due to the creation of an osmotic gradient. Vasogenic oedema develops early after diffuse TBI 

(O'Connor et al., 2006; Vink et al., 2003b), with this thought to be permissive for the later gradual 

development of cytotoxic oedema (Beaumont et al., 2000). The increase in volume associated with 

the development of vasogenic oedema, can cause raised intracranial pressure. This has many 

deleterious consequences including reductions in cerebral blood flow and perfusion pressure, which 

decrease tissue oxygenation and can also result in brain herniation, causing further cell death. 

 

 

 

 



Chapter 1:  Introduction to TBI and the role of APP 

11 

 

1.2.3 Cell Death Following TBI 

 

After TBI, cell death involves a phenotypic spectrum ranging from programmed cell death (PCD) to 

unregulated cell death (necrosis); necrotic cell death predominates early, whilst the more delayed 

second peak of cell death is mainly due to PCD (Clark et al., 1997b; Portera-Cailliau et al., 1997; Rink 

et al., 1995). There are a number of recognised forms of programmed cell death including apoptosis, 

autophagy, paraptosis, calcium dependent death and oncosis (Bredesen, 2008; Stoica and Faden, 

2010).  These can be divided into caspase depedent cell death, in apoptosis, and caspase 

independent cell death (all other forms of PCD). The proportion of necrotic cell death and the role of 

different PCD pathways is dependent upon the extent of injury, brain region and other secondary 

factors.  Indeed, a continuum between forms of PCD and necrosis exists, as the pathways that lead to 

each form of cell death are not mutually exclusive. For example, if a cell in which the apoptotic 

program has been initiated runs out of sufficient energy, the cell will eventually die via other 

mechanisms including necrosis or autophagy (Bredesen, 2008; Nicotera et al., 1999).   Of the forms of 

PCD, apoptosis is the best characterised, with research ongoing into the contribution of other forms 

of PCD to neuronal degeneration following TBI. 

 

Necrosis 

 

Necrosis is a form of cell death that is uncontrolled and caused by supraphysiological conditions 

which disrupt cellular integrity by interfering with the permeability barrier function of the plasma 

membrane causing a loss of cellular homeostasis (Lenzlinger et al., 2001; Zong and Thompson, 2006).  

This loss of cellular integrity can be the result of a number of mechanisms including energy depletion, 

loss of structural integrity of the lipid bilayer, disruption to ion channel proteins and breakdown of 

the cytoskeleton. The characteristic features of necrosis are cell and organelle swelling, ATP 

depletion, increased plasma membrane permeability, release of macromolecules and the eventual 

stimulation of the inflammatory response (Sastry and Rao, 2000).  Immediately following TBI cells 

predominantly die by necrosis because of mechanically induced membrane disruption and cell lysis 

related to osmolar shifts and intracellular swelling (Lenzlinger et al., 2001).  In addition the massive 

calcium influxes caused by excitotoxicity can also lead to necrosis through the activation of a number 

of destructive calcium dependent proteases which degrade the cellular membrane and cytoskeleton 

(Kampfl et al., 1997; Rubin, 1998). 
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Apoptosis 

 

In contrast apoptosis is a form of PCD which involves the activation of an intrinsic cellular suicide 

program when cells are no longer needed or become seriously damaged (Sastry and Rao, 2000). The 

endpoint of apoptosis is the systematic fragmentation of cellular DNA and collapse of nuclear 

structure followed by formation of membrane wrapped apoptotic bodies (Zhang et al., 2005). These 

are cleared by macrophages or microglia, without the induction of an inflammatory response. 

Although apoptosis is required in the developing nervous system to establish appropriate cell 

numbers (Pettmann and Henderson, 1998) inappropriate induction of apoptotic cell death 

contributes to the neuropathology associated with TBI (Yakovlev et al., 1997; Yang et al., 2002).  

 

Apoptosis is primarily induced through the activation of a family of cell suicide cysteine-dependent 

aspartate-proteases referred to as caspases.   This occurs via two major pathways, involving either 

activation of death receptors (e.g TNFR 1 or Fas) in response to ligand binding (death receptor 

pathway) or the release of cytochrome c from the mitochondria following the formation of a 

mitochondrial permeability transition pore (MPTP)(mitochondrial pathway) (Ashkenazi and Dixit, 

1998; Hengartner and Bryant, 2000; Zhang et al., 2005).  A MPTP is formed following a non-selective 

increase in the permeability of the mitochondrial inner membrane, which results in a loss of matrix 

components and swelling of the organelle with eventual outer membrane rupture (Sullivan et al., 

2002). Both pathways converge to activate executioner caspases such as caspase-3, which execute 

cell death in a controlled manner by cleaving a number of substrates including structural proteins, 

nucleic acid associated proteins, regulatory proteins and apoptotic regulators (Raghupathi et al., 

2000).  In addition formation of the MPTP is also associated with caspase-independent cell death 

pathways, with release of other proteins such as apoptosis inducing factor (AIF) associated with 

chromatin condensation and large scale DNA fragmentation that cannot be prevented by a caspase 

inhibitor (Susin et al., 1999). 

 

The induction of apoptosis is controlled by a number of regulatory proteins. This includes the Bcl 

family which regulates the permeability of the mitochondrial outer membrane and formation of the 

MPTP (Graham et al., 2000c).  Pro-apoptotic members of this family such as bax, bad and bak 

translocate to the mitochondria in response to various cell death signals and facilitate the release of 

cytochrome c, whilst anti-apoptotic family members such as Bcl-2, Bcl-xl and bak are integral 

mitochondrial proteins that stabilise the mitochondria and prevent the efflux of cytochrome c 
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(Graham et al., 2000c).  Other regulatory proteins include the IAPs (inhibitors of apoptosis) which are 

able to directly inhibit active caspases and also interfere with pro-caspase activation and p53 which 

promotes apoptosis through a number of mechanisms including an increase in transcription of bax 

(Raghupathi et al., 2000). 

 

Cell death at later time-points following TBI (24-72 hrs) is thought to be primarily due to forms of 

PCD, primarily apoptosis, as a result of a number of secondary mechanisms of injury including 

disruption of axonal transport, oxidative stress, inflammation and excitotoxicity. Inflammation leads 

to an increase in the levels of TNFα (Taupin et al., 1993), with evidence that levels of its receptor, 

TNFR1 are also higher in neurons following trauma (Beer et al., 2000b). Another mediator of the 

extrinsic pathway, Fas is also upregulated within the injured cortex and remains elevated for up to 3 

days (Beer et al., 2000a; Minambres et al., 2008; Qiu et al., 2002). The intrinsic pathway is also 

activated as mitochondria suffer extensive damage following TBI, with increased ROS production and 

excessive intracellular calcium major contributors to the opening of the MPTP with release of 

cytochrome c and AIF (Robertson, 2004). Indeed, cytochrome c has been shown to be released from 

mitochondria after a number of experimental models of trauma (Buki et al., 2000; Lewen et al., 2001; 

Sullivan et al., 2002), with one study also showing translocation of AIF to the nucleus with associated 

DNA fragmentation following a controlled cortical impact (CCI) injury (Zhang et al., 2002). 

Furthermore, other downstream events like caspase-3 activation have been well documented and 

correlated with the appearance of the morphological features of apoptosis such as DNA strand 

breaks and nuclear fragmentation (Cernak et al., 2002; Keane et al., 2001; Knoblach et al., 2002; 

Yakovlev et al., 1997). 

 

This apoptotic cell death following TBI may be further facilitated by an imbalance between the pro- 

and anti-apoptotic members of the bcl-2 family.  Levels of the pro-apoptotic bax have been found to 

be elevated for up to three days following experimental injury in rats, whilst the expression of Bcl-2 

and bcl-xl is unchanged early after severe injury (Cernak et al., 2002; Raghupathi, 2004; Strauss et al., 

2004; Yao et al., 2005), with a significant upregulation only occurring from day 3 in one study (Cernak 

et al., 2002). Interestingly human studies have suggested that higher Bcl-2 levels within the CSF or in 

debrided contusional tissue may correlate with improved outcome (Clark et al., 2000; Harter et al., 

2001; Minambres et al., 2008). Indeed the absence of Bcl-2 expression within the peri-contusional 

zone has been associated with increased mortality (Beaumont et al., 2000) and poorer Glasgow 

Outcome Score (GOS) 18 months after TBI (Nathoo et al., 2004). 
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1.2.4 Endogenous Neuroprotective & Neurotrophic Pathways  

 

As well as promotion of anti-apoptotic factors, there are a number of other neuroprotective and 

neurotrophic pathways that are activated following TBI which facilitate the brain’s reparative 

response. This is thought to involve multiple pathways which alter cortical representation areas, 

modify synaptic activity and increase neurogenesis, synaptogenesis and neurite outgrowth (Keyvani 

and Schallert, 2002; Nudo et al., 2001).  For example, synaptogenesis has been observed in the CA1 

region of the hippocampus from day 10 following a moderate CCI injury and continued for at least 60 

days. This was associated with a gradual recovery of cognitive performance in the Morris Water 

Maze, although the injured animals did not return to sham level (Scheff et al., 2005).   

 

In addition to restoring  synapse numbers, the adult brain retains a limited capacity for neurogenesis 

following TBI, with neural stem cells residing in the subgranular zone of the hippocampus and the 

subventricular zone capable of differentiating into neurons, oligodendrocytes or astrocytes (Gage et 

al., 1998; Garcia-Verdugo et al., 1998; McKay, 1997). Although most proliferating neural stem cells 

following trauma appear to differentiate into astrocytes post-injury (Chen et al., 2003), several 

studies have identified replicating cells in the dentate gyrus (Braun et al., 2002; Dash et al., 2001; 

Wang et al., 2011; Yu et al., 2008), subventricular zone (Chen et al., 2003) and neocortical zones 

(Braun et al., 2002) which stained for a variety of neuronal markers. However, research is ongoing 

into whether, following TBI, these neurons are capable of becoming functionally integrated and thus 

contribute to recovery. TBI has also been shown to increase dendritic arborisation and spine density 

in both the peri-injury and intact cortical areas, with all of the aforementioned processes potentially 

contributing to functional recovery after TBI (Keyvani and Schallert, 2002).  However, it appears that 

with more severe injuries the body may be less able to initiate a reparative response. Indeed, 

Thompson et al showed that whilst a moderate CCI injury caused an increase in GAP-43, a protein 

associated with synaptic remodelling and neuronal sprouting, a more severe injury elicited no 

changes in the levels of this protein (Thompson et al., 2006). 

 

Several factors are thought to mediate the repair response, with the neurotrophin family comprising 

NGF, BDNF (brain-derived neurotrophic factor), NT-3 (neurotrophin-3) and NT-4/5, amongst others, 

thought to be particularly important as they are involved in the development, maintenance and 

ultimate survival of neurons (Kalish and Phillips, 2010; Pardon, 2010). Studies have shown increased 

NGF in the injured cortex and hippocampus following experimental TBI (DeKosky et al., 2004; Goss et 
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al., 1998; Truettner et al., 1999) and in the cerebrospinal fluid (CSF) of brain-injured patients 

(Kossmann et al., 1997), with high levels of NGF in the CSF correlated with improved outcome in 

children (Chiaretti et al., 2008). BDNF has also been reported to increase after TBI in the 

hippocampus and cortical areas (Griesbach et al., 2002; Oyesiku et al., 1999). Furthermore NT-4/5 is 

transiently elevated in the injured rat cortex and hippocampus following a CCI injury, with NT-4/5 

knockout mice exhibiting greater levels of neuronal death in the hippocampus than wild-type mice 

(Royo et al., 2006). It is thought that these neurotrophins may attenuate neuronal cell death induced 

by a variety of secondary injury factors, whilst also being involved in repair processes such as axonal 

regeneration and neuronal plasticity (reviewed in Conte et al., 2004).  

 

Similarly to neurotrophins, it is hypothesised that APP may play a role in the repair response 

following injury, as it is acutely upregulated, with its metabolite sAPPα known to promote cell 

survival, neurogenesis, neurite outgrowth and synaptogenesis (Reinhard et al., 2005). 

 

1.3 Amyloid precursor protein 

 

APP is a ubiquitous transmembrane protein, which is found in all neurons and some glial cells in the 

central and peripheral nervous system, as well as being expressed in platelets, endothelial cells and 

fibroblasts (Kawarabayashi et al., 1991; Mattson, 1997).  It serves a synaptic function and is located 

predominantly in neuronal cell bodies, concentrated at axosomatic and other synaptic sites 

(Beyreuther et al., 1993), with smaller quantities found in vesicular structures in axons and dendrites. 

 

1.3.1 APP Isoforms 

 

The APP gene is located on chromosome 21 and consists of 19 exons, of which exons 7 (encoding a 

Kunitz-type protease inhibitor (KPI) domain), 8 (encoding an OX-2 domain) and 15 can be 

alternatively spliced to produce the three major isoforms of APP, in APP695, APP751 and APP770. 

APP695 lacks the amino acid sequences coded by exon 7 and 8 and is the dominant isoform found in 

neurons (Sandbrink et al., 1996). Both APP751 and APP770 contain the KPI domain, whilst only 

APP770 has the OX-2 domain, with these isoforms predominating in glial and other non-neuronal 

cells (Garcia-Ladona et al., 1997; Sisodia et al., 1993). 
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1.3.2 Protein structure of APP 

 

The APP protein consists of an ectodomain, a transmembrane (TM) region and an APP intracellular 

domain (AICD) (Mattson, 1997). The ectodomain can consist of up to 6 different domains, a growth 

factor like domain (D1), a copper binding region (D2), an acidic region (D3), the KPI (D4) and OX-2 

(D5) domains depending on the isoform, and a carbohydrate domain (D6). This carbohydrate domain 

can be further divided into an E2 domain (D6a) and a juxtamembrane region (D6b) (Reinhard et al., 

2005; Storey and Cappai, 1999; Wang and Ha, 2004).  In addition the combination of the D1 and D2 

domains is sometimes referred to as the E1 domain (Fig 1.1) (Soba et al., 2005). Apart from the CuBD, 

the ectodomain contains several other binding sites for zinc (Bush et al., 1993), heparin  (Rossjohn et 

al., 1999; Wang and Ha, 2004) and collagen (Beher et al., 1996). Only the acidic domain and the 

juxtamembrane region do not participate in secondary structure formation, as they provide flexible 

linkers that connect the individual folding units, regulating their relative distance to each other and 

providing mobility in three dimensions (Reinhard et al., 2005).  

 

Unlike the domains of the extracellular region, the AICD does not adopt a stable conformation in 

solution.  This allows it to form `specific’ interactions with different intracellular proteins, with its 

structure thought to vary depending on the binding partner (Reinhard et al., 2005). In particular, 

proteins containing a phosphotyrosine binding (PTB) domain such as those in the Fe65, JIP (c-Jun N-

terminal kinase-interacting protein), Numb and X11/Mint families (reviewed in (De Strooper and 

Annaert, 2000; King and Scott Turner, 2004) are able to bind to a YENPTY motif (a.a residues 682-

687) contained within this region. This binding may be influenced by phosphorylation of APP, with 

phosphorylation at the threonine residue by kinases such as CDK5 (cyclin-dependent kinase 5), JNK3 

(c-Jun N-terminal kinase 3) and GSK-3β  (glycogen synthase kinase-3β), known to be crucial for Fe65 

binding, but to have little or no impact on the interaction with X11α (Ando et al., 2001). 

 

 

 

 

Fig 1.1: Representative image of APP, demonstrating the domains within the extracellular 
sequence. 
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1.3.3 Proteolytic Processing 

 

Different segments of the APP protein can be released depending on its proteolytic processing. 

Following synthesis within the endoplasmic reticulum (ER), APP becomes O-glycosylated and tyrosyl 

sulphated while moving through the trans-Golgi network (Tomita et al., 1998).  After delivery to the 

cell surface via this secretory pathway, APP can be re-internalised and transported to the 

endosomal/lysosomal system (Koo et al., 1996). APP only has a short half-life of 30-90 mins 

(Herreman et al., 2003), as once mature it can undergo proteolytic processing by proteases known as 

α-, β- and γ-secretases.  The three proteases process APP in two mutually exclusive pathways, the 

non-amyloidogenic pathway and the amyloidogenic pathway (Fig 1.2). The former leads to the 

production of neuroprotective sAPPα (Mattson, 1997), whilst the latter results in the formation of 

amyloid-beta (Aβ), the main protein component of senile plaques in the cerebral cortex of patients  

afflicted with Alzheimer’s disease (Selkoe, 2000). This is a progressive neurologic disorder, typically 

affecting the elderly, which is characterised clinically by loss of memory, cognitive impairment and  

 

 

Fig 1.2: Representative image of the proteolytic processing of APP along the non-
amyloidogenic and amyloidogenic pathways. 
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eventual dementia. Thus it is evident that processing of APP can produce either a beneficial or a 

detrimental product depending on the way in which it is post-translationally processed. 

 

Non amyloidogenic processing 

 

APP is principally cleaved by α-secretase, (Koo et al., 1996; Suh and Checler, 2002), with this mainly 

occurring within the secretory pathway in the trans Golgi network (De Strooper et al., 1993; Tomita 

et al., 1998) and at the cell surface (Haass et al., 1992; Ikezu et al., 1998), with α-secretase cleaving 

between the Lys16-Leu17 bond of APP, 12 amino acids on the extracellular side of the plasma 

membrane, within the Aβ sequence (Simons et al., 1996; Zhong et al., 1994).  This produces a 

neuroprotective soluble protein, sAPPα, which is secreted from the cell, leaving behind a membrane 

bound 83 amino-acid C-terminal APP fragment (C83). C83 is then cleaved within the transmembrane 

helix by γ secretase, resulting in the formation of a 3kDA peptide called p3, as well as an AICD of 57-

59 amino acids. 

 

Specific membrane-bound disintegrin metalloproteinases (ADAMs) have been shown to be capable 

of cleaving APP at the α-cleavage site in several different cell systems, with ADAM-10 (Kojro et al., 

2001; Lammich et al., 1999) and ADAM-17 (Buxbaum et al., 1998; Slack et al., 2001) the most likely 

candidates. These enzymes are synthesised in an inactive form and require activation through 

cleavage of their pro-domain, either by pro-hormone convertases (furin proteases) or by 

autocatalysis. Numerous cells including neurons and astrocytes possess a basal level of α-secretase 

activity (Allinson et al., 2003; Lammich et al., 1999), with its activity also upregulated by the 

activation of a number of intracellular pathways (Mills and Reiner, 1999). ADAM-10 is thought to be 

responsible for basal and regulated APP metabolism, whilst ADAM-17 activity appears to be 

restricted to regulated APP cleavage (Bandyopadhyay et al., 2006; Buxbaum et al., 1998). 

 

Amyloidogenic processing 

 

Alternatively, APP may be sequentially cleaved by β- and γ-secretases to generate the potentially 

neurotoxic compound, Aβ. Preferential cleavage by β–secretase occurs in the endosomal/lysosomal 

system and the ER (Kinoshita et al., 2002), with this initial cleavage generating a soluble protein 

sAPPβ, as well as a 99 amino acid C-terminal fragment (C99). The γ-secretase complex then processes 

C99 to form an AICD of 57 or 59 amino acids and Aβ, which varies in length depending on the γ-
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cleavage site.  Cleavage at Val40 produces Aβ (1-40) the most common Aβ species, whereas cleavage 

at Ala42 produces Aβ (1-42), a less abundant but more aggregating and hence more toxic species 

(Cappai and White, 1999). Proteolysis by γ-secretase also occurs at other positions including the ε- 

(Aβ 49) and δ -sites (Aβ 46), which are located downstream of the γ-site, proximal to the membrane-

intracellular boundary (Ren et al., 2007; Zhao et al., 2005). It has been proposed that γ secretase may 

cut at the ε site first, with subsequent cuts at every helical turn of the substrate (every 3-4 residues), 

ultimately producing the 39-43 residue Aβ peptides that are secreted from the cell (Kakuda et al., 

2006; Wolfe, 2007). Thus, the major product of ε-cleavage would be a shorter AICD (AICD 50), which 

currently appears to have similar attributes to the longer forms (AICD 57 and AICD 59) (Checler et al., 

2007; Leissring et al., 2002). 

 

The membrane –anchored aspartyl protease β-APP cleaving enzyme (BACE-1) has been identified as 

β-secretase (Bennett et al., 2000; Hussain et al., 1999; Vassar et al., 1999) and consists of a signal 

peptide, a pro-domain and a single trans-membrane domain. During maturation the pro-domain is 

removed and BACE-1 is then phosphorylated, N-glycosylated and palmitolyated, following a similar 

trafficking route to APP (Capell et al., 2000). Subcellular localisation of BACE-1 revealed that the 

protein exists primarily at two intracellular sites, the trans-Golgi network and the endosomal system 

(Capell et al., 2000; Haniu et al., 2000), although significant quantities of the glycoprotein are also 

present in the ER and on the cell surface (Capell et al., 2000; Huse et al., 2000). Neurons, but not 

astrocytes, are known as the major source of Aβ because astrocytes normally express low levels of 

BACE-1, although it can be upregulated following chronic stress (Hartlage-Rubsamen et al., 2003).  

 

The γ-secretase complex is a membrane-embedded tetrametric complex with presenilin (PS) as the 

catalytic component (Haass, 2004). There are two isoforms, PS1 and PS2, which are similar in size and 

both found predominantly in the ER and Golgi membranes (Annaert and De Strooper, 1999; Kaether 

et al., 2002), although the proteins have also been detected to varying degrees in the endosomal 

system (Lah and Levey, 2000), the nucleus (Li et al., 1997), and the plasma membrane (Dewji and 

Singer, 1997; Nowotny et al., 2000). Apart from PS1 or PS2, which provide the active core, the γ-

secretase complex includes other proteins in nicastrin, Aph 1 (anterior pharynx-defective phenotype) 

and Pen2 (presenilin enhancer) (Laudon et al., 2007; Suh and Checler, 2002).  As this complex cannot 

efficiently cleave full length type I proteins, either α or β cleavage is required first to remove most of 

the ectodomain to enable intramembrane cleavage of the remaining stub (Selkoe and Wolfe, 2007).
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Caspases 

 

In addition to these two pathways, APP may also be a substrate of caspases, which predominantly 

cleave after aspartate at position 664 (APP695 numbering), liberating a 31 amino acid C-terminal 

peptide (C31) shown to have pro-apoptotic properties (Pellegrini et al., 1999). This pattern of 

cleavage has been show to occur both in vitro (Lu et al., 2003) and in vivo (Gervais et al., 1999), with 

the truncated APP molecule still able to be processed along the normal proteolytic pathways.  

 

1.3.4 Functions of APP 

APP is thought to play a fundamental role in cellular physiology as it is ubiquitously expressed during 

development and highly conserved across phyla. Indeed APP-/- mice show a range of deficits 

including reductions in body weight, grip strength, locomotor activity and brain weight, as well as 

age-related deficits in spatial learning.  Furthermore, histological analysis of the brain also reveals 

areas of gliosis, decreased neocortical and hippocampal levels of synaptophysin and reduced 

dendritic lengths of hippocampal neurons with age (Dawson et al., 1999; Zheng et al., 1995). This 

supports a role for APP in a variety of cellular functions such as cellular adhesion, neurite outgrowth 

and synaptogenesis, although its physiological functions have yet to be fully elucidated. It is thought 

that more severe effects from knockout of APP may be prevented by compensation from the amyloid 

precursor-like proteins (APLP1 and APLP2), which share a close homology with APP. Indeed a 

combined APP and APLP2 knockout in mice is perinatally lethal, suggesting that APP and APLPs are 

together involved in normal metabolism (Heber et al., 2000; von Koch et al., 1997). Interestingly the 

deficits seen in APP-/- mice were rescued by a knock-in allele of sAPPα, indicating that the 

ectodomain of APP may be sufficient for the physiological function of APP in the adult brain (Ring et 

al., 2007). In fact, over-expression of other APP metabolites like Aβ and C31 can be neurotoxic, 

inducing apoptotic cell death and increasing susceptibility to other insults (Kim et al., 2004; Mattson, 

1997).  The following section will discuss research into the putative functions of APP, beneficial and 

detrimental, associated with the APP ectodomain, the intracellular domain and the Aβ peptide. 
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The APP ectodomain 

 

Cell Adhesion 

 

Intercellular adhesion may be promoted by homo-and hetero-dimerisation between the ectodomain 

of APP family members in adjacent cells, with such a mechanism analogous to that of known cell 

adhesion molecules such as cadherins and nectins (Wolfe and Guenette, 2007). A cell culture study 

found that the E1 domain (D1 & D2) was critical for this process, as APP constructs lacking this 

domain showed poor or no detectable interaction (Soba et al., 2005). Interestingly, in this study the 

D6 domain was not found to be important for this process, despite X-ray analysis earlier 

demonstrating that it can form anti-parallel dimers which could potentially function in trans-cellular 

adhesion (Wang and Ha, 2004). Instead, the E2 domain may be important in mediating the adhesive 

properties of sAPPα, as Sabo et al (2005) only studied the interactions of full length APP.  

Furthermore, both regions may participate in APP mediated cell-substratum adhesion as they 

interact with extracellular matrix  (ECM) proteins and heparin sulphate proteoglycans (HSPGs) 

(Cappai and White, 1999), with this important for mediating the effects of APP on other processes 

such neurite outgrowth and synaptic plasticity. 

 

Neurogenesis, neurite outgrowth and synaptogenesis 

 

Indeed, a neurotrophic and synaptotrophic role for APP has been consistently documented, with a 

reduction in APP expression associated with impaired neurite outgrowth and synaptic activity in vivo 

(Allinquant et al., 1995; Herard et al., 2006; Perez et al., 1997). sAPPα appears to be particularly 

important, with its in vitro application causing neurite outgrowth in cultured fibroblasts (Bhasin et al., 

1991; Saitoh et al., 1989),  cortical hippocampal neuronal cells (Araki et al., 1991; Ohsawa et al., 

1997; Qiu et al., 1995) and human neuroblastoma cell lines (Jin et al., 1994; Wang and Ha, 2004), 

whilst raising levels of sAPPα in vivo increases cortical synaptogenesis (Bell et al., 2006). Interestingly, 

sAPPα also acts synergistically with EGF (epidermal growth factor), as a growth factor for neuronal 

progenitor cells in the subventricular zone of adult mice (Caille et al., 2004).  This suggests a role for 

sAPPα in adult neurogenesis, as these cells retain the capacity to produce new neurons throughout 

adulthood.  
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Memory and Cognition 

 

The involvement of APP in synaptogenesis, cell adhesion and neurite extension may also assist in the 

structural changes at the synapse involved in long term memory consolidation. Indeed, APP-/- mice 

have age-related cognitive deficits including impairment in conditioned avoidance and Morris Water 

Maze tasks supporting a role for APP in processes underlying learning and memory  (Dawson et al., 

1999; Tremml et al., 1998; Tremml et al., 2002). This association was further illustrated by Huber et 

al, as exposure of animals to an enriched environment, which improves performance in cognitive 

tasks, is associated with a 4-fold increase in APP protein levels and an overall increase in the 

percentage of APP containing synapses in the hippocampus (Huber et al., 1997).  

 

Several studies have highlighted the important role of sAPPα, with its in vivo administration 

increasing memory retention in the Morris Water Maze (Roch et al., 1994) and a variety of other 

tasks involving short and long term memory, with higher doses able to overcome the amnestic 

effects of scolopamine, an acetylcholine antagonist (Meziane et al., 1998). Indeed memory deficits 

with aging are associated with a reduction in the CSF levels of the APP metabolite, sAPPα in rats 

(Anderson et al., 1999). This is supported by an in vitro study which indicated that sAPPα 

administration can facilitate long-term potentiation (LTP), a key cellular correlate of learning and 

memory, in hippocampal cells.  Indeed, APP-/- mice show a partial reduction in LTP that can be 

rescued by restoring sAPPα expression (Ring et al., 2007), whilst APP over-expression causes a 

notable, but not significant increase in LTP (Ma et al., 2007).  

 

Neuroprotection 

 

In addition, APP has been shown to have neuroprotective properties, with its overexpression in 

cultured neuroblastoma cells protecting against glutamate toxicity (Schubert and Behl, 1993). Its 

metabolite, sAPPα plays a central role in this process as its application to cultured neuronal cells 

increases their resistance to excitotoxic, metabolic and oxidative insults (Furukawa et al., 1996; 

Goodman and Mattson, 1994; Mattson et al., 1993). Similar results have been shown in vivo, with 

intracerebroventricular infusion of sAPPα able to decrease levels of neuronal death following TBI 

(Thornton et al., 2006) and transient global cerebral ischaemia (Smith-Swintosky et al., 1994). 

Furthermore transgenic mice with elevated levels of APP and overexpression of ADAM-10 to increase 
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sAPPα  levels, show reduced seizure duration following kainate injections than ADAM-10 null mice, 

indicating a reduction in excitotoxicity (Clement et al., 2008). 

 

Several mechanisms have been proposed whereby sAPPα may provide neuroprotection. It activates 

high conductance potassium channels, hyperpolarising the cell and suppressing calcium entry 

through voltage-dependent channels and NMDA receptors (Furukawa and Mattson, 1998; Furukawa 

et al., 1996; Mattson, 1999). As discussed earlier, excessive calcium influx seen with excitotoxicity 

activates a number of destructive enzymes which initiate cytoskeletal collapse, as well as causing 

opening of the mitochondrial permeability transition pore, thereby promoting necrotic and apoptotic 

cell death (Bramlett and Dietrich, 2004). Thus, any reduction in intracellular calcium concentration 

caused by sAPPα can reduce levels of cell death by maintaining mitochondrial integrity and reducing 

protease activity.  Furthermore sAPPα may reduce levels of apoptosis through an upregulation in the 

expression of IGF-2 (insulin growth factor) (Stein et al., 2004) and activation of the 

phosphotidylinositol-3-kinase (PI3K)-Akt kinase signalling pathway (Cheng et al., 2002). These lead to 

the phosphorylation and inactivation of the pro-apoptotic protein bad and an increase in the 

expression of anti-apoptotic members of the Bcl-2 family of proteins. Furthermore, sAPPα activates 

nuclear factor kappa B (NFκB) (Cheng et al., 2002), a transcription factor which promotes neuronal 

survival by repressing pro-apoptotic genes such as bax, whilst upregulating the expression of anti-

apoptotic genes such as c-FLIP (caspase-8/FADD-like-IL-1b-converting enzyme inhibitory protein) and 

IAPs (Yang et al., 2007). 

 

Despite the positive effects seen with exogenous application of sAPPα, studies on the physiological 

neuroprotective function of APP have been less consistent.  Han et al showed that cultured cortical 

and hippocampal neurons from APP-/- mice were more susceptible to glutamate exposure, exhibiting 

less than 20% survival compared to 50% in wild-type neurons (Han et al., 2005).  This deficit was 

primarily restored with the addition of sAPPα, further supporting the notion that APP chiefly exerts 

its neuroprotective actions through sAPPα. In contrast, other in vitro studies detected no difference 

in survival rates between APP null and wildtype cortical neurons exposed to oxidative stress (Harper 

et al., 1998; White et al., 1998) or excitotoxicity (White et al., 1998). It is unclear what caused the 

inconsistency between these studies, but it may be due to differences in the use of media, density of 

the cells or the concentration of toxins used.  Furthermore, as these studies were conducted in vitro, 

it is uncertain how these findings may relate to the role of APP in response to insults in vivo, which 

will be discussed in Section 1.3.6. 
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Intracellular Domain 

 

sAPPα is not the only APP metabolite thought to play a physiological role, with the AICD  also 

believed to function in multiple signalling pathways ranging from calcium signalling (Leissring et al., 

2002) and apoptosis (Kim et al., 2004; Kinoshita et al., 2002; Ozaki et al., 2006) to gene transcription 

regulation (Cao and Sudhof, 2001; Kinoshita et al., 2002; Pardossi-Piquard et al., 2005; von Rotz et al., 

2004). Many of these processes seem to be mediated through interactions between the YENPTY 

motif and intracellular proteins. Particular interest has been generated by the discovery that a 

complex comprising the AICD, Fe65 and a histone acetyltransferase, Tip60, was able to cause 

transcriptional activation in a reporter gene system (Cao and Sudhof, 2001).  However, this finding 

has been disputed, with evidence showing that Fe65 may regulate transcription independently of its 

interaction with APP (Yang et al., 2006), and that γ-secretase cleavage of APP, presumably necessary 

for the production of AICD, is not required for transcriptional activation (Hass and Yankner, 2005).  

Despite these conflicting results, a trans-activating role of the AICD/Fe65/Tip60 complex has been 

documented, particularly in overexpression systems (Slomnicki and Lesniak, 2008).  Genes purported 

to be affected include APP itself, Tip60, neprilysin, KAI1, and others, including several potentially pro-

apoptotic genes (Baek et al., 2002; Belyaev et al., 2010; Checler et al., 2007; Pardossi-Piquard et al., 

2005; von Rotz et al., 2004).    

 

Activation of neprilysin has drawn particular attention, as it suggests the presence of a negative 

feedback control on Aβ production.  Generation of Aβ is coupled with the production of AICD, which 

may then induce expression of neprilysin, a neutral endopeptidase with Aβ degrading activity.  

However, this finding remains controversial, with other authors reporting difficulty in consistently 

reproducing this observation (Chen and Selkoe, 2007). Furthermore such feedback would be 

inefficient if AICD produced from both α and β secretase activity was involved in regulating neprilysin 

activity. To address this inconsistency it has recently been suggested that the β-secretase 

amyloidogenic pathway of APP metabolism primarily mediates AICD-dependent nuclear signalling 

(Hoey et al., 2009). Indeed Goodger et al  demonstrated that by blocking endocytosis or inhibiting β-

secretase, translocation of AICD to the nucleus was reduced, whilst inhibition of α-secretase had no 

effect (Goodger et al., 2009). It has been postulated that this is because α-secretase activity primarily 

occurs at the plasma membrane, with the cytosolic AICD formed then rapidly metabolised by insulin-

degrading enzyme making it non-functional (Edbauer et al., 2002). In contrast the preferential 

cleavage by β-secretase that occurs within endosomes may circumvent this degradation and allow 
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the retrograde transport of AICD to the nucleus following formation of a protein complex with Fe65 

(Belyaev et al., 2010). However, it should be noted that Sala Frigerio et al have disputed this claim 

finding that β-secretase cleavage was not required for the generation of AICD (Sala Frigerio et al., 

2010),  with research ongoing into this issue. 

 

AICD has also been shown to regulate phosphoinositide mediated Ca2+ signalling, which involves the 

release of ER calcium stores.  Cells lacking APP show deficits in calcium signalling that can be rescued 

by constructs containing the AICD region, but not by constructs lacking this domain (Leissring et al., 

2002). This has been suggested to be one mechanism through which AICD may contribute to memory 

formation (Wolfe, 2007), as it has been suggested that AICD was the APP proteolytic product 

responsible for enhanced spatial memory in mice overproducing wild-type human APP (Ma et al., 

2007).  

 

Apart from these beneficial functions, over-expression of C31 and AICD (C50, C57 and C59) has also 

been shown to be neurotoxic and pro-apoptotic in vitro (Bertrand et al., 2001; Kim et al., 2004; Kim 

et al., 2003; Lu et al., 2000; Ohkawara et al., 2011). It is thought that one of the mechanisms behind 

the cytotoxicity of AICD and C31 may be due to their association with Fe65 and induction of pro-

apoptotic genes, as mentioned previously. Indeed Kim et al showed that cells transfected with a 

mutated form of C31 or AICD (59) that lacked the YPENTY domain, essential for interaction with 

Fe65, had a significant reduction in apoptotic cell death, compared to those transfected with the full 

construct (Kim et al., 2003).  To date two genes in p53 and GSK-3β have been identified as potential 

targets (Checler et al., 2007; Kim et al., 2003; Ozaki et al., 2006; Ryan and Pimplikar, 2005). Over-

expression of AICD (C50 and C59) increases the transcription and activity of p53 (Checler et al., 2007), 

a tumour suppressor protein involved in the direct transcriptional activation of a series of pro-

apoptotic effectors such as caspase-1 and bax. Furthermore both C31 and AICD (C57 and C59) can 

increase the mRNA and protein levels of GSK-3β, by forming a complex with Fe65 and the GSK-3β 

promoter, CP2/LSF/LBP1 (Kim et al., 2003; Ryan and Pimplikar, 2005). GSK-3β is a proline-directed 

serine/threonine kinase that phosphorylates cytosolic proteins, including tau, β-catenin and 

mitochondrial pryuvate dehydrogenase (Graef et al., 1999). Excessive phosphorylation of tau and β-

catenin is thought to induce apoptosis through a variety of mechanisms including the disruption of 

cytoskeletal and axonal transport (Kim et al., 2003). However another study failed to replicate this 

finding, with no AICD-dependent activation of GSK3β in transgenic mice expressing AICD 50, 57 or 59 

(Giliberto et al., 2010). 
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It is important to note that nearly all of the aforementioned studies on AICD involve overexpression 

systems. Thus given the relaxed conformation of AICD, it has been suggested that its exogenous 

overexpression might perturb many different protein-protein interactions in non-specific ways, 

making interpretation of these experiments difficult (Reinhard et al., 2005). It is evident that further 

investigation is necessary to determine if these findings reflect the in vivo role of the AICD.  

 

Amyloid beta 

 

A similar neurotoxic role is attributed to Aβ peptides, with the secreted peptides varying in size from 

39 to 43 amino acids. Aβ exists as monomers, dimers and higher oligomers (Walsh et al., 2000), with 

further aggregation of oligomers, which is dependent on time and concentration, yielding protofibrils 

and then fully fledged insoluble fibrils. Whilst in its monomeric form, it has been suggested that Aβ 

has a physiological function in depressing synaptic activity, thus providing feedback to prevent 

synaptic activity from becoming excessive (Kamenetz et al., 2003). Indeed these Aβ monomers have 

been postulated to enhance survival of developing neurons under conditions of trophic deprivation 

and protect mature neurons against excitotoxic death (Giuffrida et al., 2009). However, levels of 

soluble Aβ (Lue et al., 1999; McLean et al., 1999; van Helmond et al., 2010a), oligomeric Aβ  (Kuo et 

al., 1996; van Helmond et al., 2010b; Xia et al., 2009) and insoluble fibrillar Aβ (Svedberg et al., 2009; 

van Helmond et al., 2010a; Wang et al., 1999; Xia et al., 2009) are all increased in post-mortem brain 

tissue from patients with late onset AD compared to age matched controls.  Neurons that 

degenerate in AD exhibit increased oxidative damage, impaired energy metabolism and perturbed 

calcium homeostasis, with the soluble oligomeric forms of Aβ in particular thought to be important 

instigators of these abnormalities (Dahlgren et al., 2002; Mattson, 2004; Shankar et al., 2009; 

Townsend et al., 2006).  Indeed oligomeric forms of Aβ have been shown to cause neurite damage 

(Ivins et al., 1998; Pike et al., 1992), interfere with synaptic plasticity (Lambert et al., 1998; Walsh et 

al., 2002; Wang et al., 2002), increase susceptibility to other insults (Mattson et al., 1998) and 

ultimately cause neuronal death (Hartley et al., 1999; Lorenzo and Yankner, 1994; Pike et al., 1991; 

Simmons et al., 1994). 

 

These toxic effects are thought to be the result of oxidative stress, increased intracellular calcium 

levels and an upregulation of pro-apoptotic proteins. Indeed, exposure of Aβ to neurons and 

synaptosomes in vitro leads to free radical production and oxidative stress (Mattson, 1999).  The 

resultant oxidative modification and inhibition of membrane transporters, receptors, ion channels 



Chapter 1:  Introduction to TBI and the role of APP 

27 

 

and GRP-coupled transmembrane signalling proteins can cause loss of cell potential, accumulation of 

excitotoxic glutamate, decreased glucose availability and decreased intracellular communication with 

a resultant increase in cell death (Lauderback et al., 2001). Furthermore aggregation of Aβ at the cell 

membrane leads to membrane associated oxidative stress and lipid peroxidation of neuronal and 

glial membranes (Mattson, 2004). This disrupts membrane integrity, further disturbing ionic 

gradients and if severe enough leads to membrane lysis (Enriquez and Bullock, 2004). 

 

The induction of oxidative stress also disrupts calcium regulation by impairing membrane calcium 

pumps and enhancing calcium influx through voltage dependent channels and ionotropic glutamate 

receptors (Mattson and Chan, 2003). Aβ may also promote calcium influx directly by forming calcium 

permissive channels in the cell membrane (Kawahara and Kuroda, 2000; Lin et al., 2001) or by 

activating cell surface receptors coupled to calcium influx (Le et al., 2001; Mattson and Chan, 2003). 

This increase in intracellular calcium can cause a decrease in ATP, disrupt the cellular membrane and 

increase the cellular response to glutamate, leading to irreversible cell injury and cell death (Suh and 

Checler, 2002). Raised intracellular calcium levels are also proposed to be one of the mechanisms 

behind Aβ-induced apoptosis through the induction of the mitochondrial permeability transition 

pore (Ferreiro et al., 2004; Mattson, 2004). In vitro experiments have demonstrated that exposure to 

Aβ induces an apoptotic cascade that involves the down-regulation of anti-apoptotic members of the 

Bcl-2 family (Forloni, 1996; Paradis et al., 1996; Tamagno et al., 2003), upregulation of  pro-apoptotic 

proteins like Bax and p53 (Paradis et al., 1996; Yin et al., 2002), cytosolic release of cytochrome c 

(Canevari et al., 2004; Kim et al., 2002) and ultimately the activation of executioner caspases such as 

caspase-3 (Chan et al., 1999; Ferreiro et al., 2004; Xiao et al., 2002). 

 

1.3.5 Factors which affect APP processing 

 

Some proteins interact with APP to alter its trafficking or maturation in such a way that they alter the 

rate of its proteolytic processing to cause an increase or decrease in the levels of sAPPα and Aβ 

concurrently, with neither pathway favoured over the other.  Conversely, a variety of other 

extracellular and intracellular signals modulate the processing of APP to promote either the non-

amyloidogenic or amyloidogenic pathway.  This has important implications due to the divergent 

functional roles of the metabolites of each pathway. Indeed, an imbalance between the production 

of Aβ and sAPPα is thought to underlie the pathogenesis of AD (Bandyopadhyay et al., 2007; Turner 

et al., 2003).   
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Positive and negative regulators of APP processing 

 

A number of proteins that interact with the YENPTY motif of APP located within the intracellular 

domain, such as members of the Fe65 and X11 family, are known to affect its processing.  X11α and 

X11β appear to prolong the half-life of APP, as when their levels are raised in vitro, cellular APP levels 

increase, whilst secretion of its catabolites, sAPPα and Aβ diminish. In contrast, several in vitro 

studies have indicated that overexpression of Fe65 stimulates the maturation of APP with a resultant 

increase in the secretion of Aβ and sAPPα (Guenette et al., 1999; Sabo et al., 1999; Tanahashi and 

Tabira, 2002).  However, it has also been shown that elevated levels of Fe65 may stabilise immature 

APP, inhibiting its proteolytic breakdown (Ando et al., 2001).  This latter study was supported in vivo, 

as levels of sAPPα and Aβ were reduced in transgenic APP mice when they were crossed with mice 

overexpressing human Fe65 (Santiard-Baron et al., 2005). It was hypothesised that the disparate 

effects of Fe65 in various cell types and in transgenics could be explained by different levels of a 

trimeric complex comprising APP, Fe65 and low-density lipoprotein receptor-related protein (LRP).  

Fe65 acts as a functional linker between the cytoplasmic domains of APP and LRP, and thus when a 

significant proportion of Fe65 is bound to LRP it may facilitate the proteolysis of APP, whereas 

unbound Fe65 may impair its breakdown (Pietrzik et al., 2004). 

 

In addition, transport proteins such as SORLA and PAT1a (protein interacting with APP tail 1), can 

alter APP trafficking and thus its processing. The SORLA receptor shuttles proteins between the Golgi, 

plasma membrane and endosomes, determining the residence time of APP in the various 

intracellular compartments (Nielsen et al., 2007).  It appears to promote the retention of APP in Golgi 

compartments (Andersen et al., 2006), which are less favourable for its processing, reducing the 

extent of its proteolytic breakdown into both amyloidogenic and non-amyloidogenic products. 

Indeed, it has been shown that increasing SORLA expression in cells reduces the conversion of APP to 

Aβ and sAPPα (Andersen et al., 2006), while low levels of the receptor activity accelerate generation 

of these processing products (Nielsen et al., 2007; Spoelgen et al., 2006). In contrast PAT1 is thought 

to increase transport of APP to the cell surface, thereby promoting its proteolytic processing, with 

knockdown of the gene in human neuroblastoma cells decreasing levels of sAPPα and Aβ (Kuan et al., 

2006).   

 

 

 



Chapter 1:  Introduction to TBI and the role of APP 

29 

 

Promoters of the non amyloidogenic pathway 

 

Activation of many cell surface receptors, such as muscarinic M1 and M3 (Buxbaum et al., 1992; Davis 

et al., 2010; Nitsch et al., 1992), metabotropic glutamate (Lee et al., 1995; Ulus and Wurtman, 1997), 

serotonin 5-HT2a and 5-HT2c (Nitsch et al., 1996), growth factor (Clarris et al., 1994; Ringheim et al., 

1997), nicotinic (Kim et al., 1997; Nie et al., 2010), vasopressin (V1a) and bradykinin (B2) types (Nitsch 

et al., 1995) can enhance the production of sAPPα by activating pathways involving phospholipase C, 

phosphatdylinositol 3-kinase, protein kinase C (PKC), and the MAPKs (mitogen-activated protein 

kinases) (reviewed in Checler, 1995; Mills and Reiner, 1999).  In particular PKC is thought to be the 

key mediator of the regulated secretion of sAPPα, as it represents the final common pathway of the 

majority of these factors (Mills and Reiner, 1999).  Several in vitro studies have shown that direct 

activation of PKC by phorbol esters increases sAPPα secretion, whilst decreasing Aβ formation 

(Buxbaum et al., 1993; Caporaso et al., 1992; Gabuzda et al., 1993; Jacobsen et al., 1994).  PKC 

belongs to a family of at least 12 isoenzymes of serine/threonine protein kinases which are central to 

many signal transduction pathways (Carey et al., 2005), with the α and ε isoforms thought to be 

important in mediating the effects on APP proteolysis (Racchi et al., 2003; Zhu et al., 2001). 

 

Although this action of PKC has been extensively documented, the mechanism behind it remains 

unclear. It has been hypothesised that inhibition of endocytosis may increase sAPPα release by 

prolonging the interaction of APP with α-secretases on the cell surface (Mills et al., 1997),  but it has 

been demonstrated that activation of PKC does not significantly alter APP internalisation (Carey et 

al., 2005). Instead, PKC activation increases the formation of APP-containing secretory vesicles from 

the trans-Golgi network suggesting that accelerated trafficking of APP to the cell surface might 

underlie the increase in sAPPα release induced by PKC. 

 

In addition, other factors may promote non-amyloidogenic processing directly by increasing the 

transcription of α-secretases.    Of note, In vitro studies indicate that the cytokines, IL-1α and IL-1β, 

raise levels of sAPPα through this mechanism.  Application of IL-1α to astrocytoma cells upregulated 

ADAM-17 mRNA and protein levels with a corresponding increase in the production of sAPPα and 

decrease in the amounts of cell surface APP and extracellular Aβ (Bandyopadhyay et al., 2006).  

Similarly, administration of IL-1β led to a significant increase in levels of sAPPα in human 

neuroglioma cells (Ma et al., 2005) and mouse primary neurons (Tachida et al., 2008), with an 

associated 2-fold increase in the mature form of ADAM-17 and a reduction in levels of sAPPβ.  These 
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findings correlate with the theory that the inflammatory response, while promoting damage early 

following TBI, may also facilitate the brain’s reparative response through induction of neurotrophic 

factors such as sAPPα and NGF (Lenzlinger et al., 2001). Interestingly NGF itsself has been shown to 

increase the expression of ADAM-17, whilst decreasing levels of BACE-1, shifting the processing of 

APP towards the non-amyloidogenic pathway (Fragkouli et al., 2011). 

 

Promoters of the amyloidogenic pathway 

 

In contrast to these beneficial pathways, other factors are associated with increasing the levels of the 

potentially detrimental Aβ. Mutations of the APP gene around the secretase cleavage sites and also 

in the presenilins are associated with an increase in Aβ deposition and the development of early 

onset familial Alzheimer’s disease in an autosomal dominant fashion (reviewed in (Tanzi and 

Bertram, 2005). Not only do these mutations increase Aβ generation, but the majority also increase 

the production of the more toxic Aβ42 species as opposed to Aβ40 by an unknown mechanism (Price 

et al., 1998; Scheuner et al., 1996). Another genetic risk factor for AD is the ε4 allele of 

apolipoprotein E. APOE plays a key role in lipoprotein metabolism and redistribution of lipoproteins 

and cholesterol by facilitating the cellular uptake of remnants of triglyceride rich chylomicrons and 

LDLs (Mahley, 1988). There are three different isoforms, ε2, ε3 and ε4, with the presence of an ε4 

allele known to be a major susceptibility factor associated with approximately 40-50% of sporadic 

and familial AD compared with 30% of the normal population (Roses, 1996). In addition, Aβ 

deposition occurs more prominently following head injury in those who possess an APOE ε4 allele 

(Van Den Heuvel et al., 2007). It is unknown how APOE ε4 facilitates Aβ deposition, it does not 

appear to directly relate to changes in APP processing, but may instead be through a decrease in Aβ 

clearance (Hirsch-Reinshagen and Wellington, 2007). 

 

In addition to these genetic causes, a number of factors associated with TBI have been shown to 

promote amyloidogenic processing of APP. The induction of apoptosis in vitro increases Aβ secretion 

at the expense of sAPPα production in cerebellar granule cells (Galli et al., 1998), human primary 

neurons (LeBlanc, 1995) and NT2 cells (Gervais et al., 1999). Caspase cleavage of APP appears to 

mediate this effect, with caspases,-3,  -6 and -8 shown to process APP C-terminally during apoptosis 

with increased Aβ production as a result (Gervais et al., 1999; LeBlanc et al., 1999; Pellegrini et al., 

1999). Indeed application of a caspase inhibitor was able to return Aβ levels to that seen in uninjured 

cells (Gervais et al., 1999). It has been suggested that during apoptosis the selective activation of 
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ERK1 causes an increase in the phosphorylation of the APP cytoplasmic tail at T668, thereby 

facilitating the internalisation of APP with sorting to early endocytic compartments where β-

secretase processing preferentially occurs (Sodhi et al., 2008). 

 

Cultured cells exposed to oxidants or the lipid peroxidation product 4-hydroxynonenal (HNE) also 

demonstrate an increase in the levels of intracellular and extracellular Aβ 1-40 and 1-42, with a 

resultant reduction in sAPPα production (Kao et al., 2004; Tamagno et al., 2005; Tamagno et al., 

2003; Tong et al., 2005). This appears to be independent of the ability of oxidative stress to induce 

apoptosis, as similar results were obtained using levels of HNE that preserved neuronal viability 

(Paola et al., 2000). Indeed, oxidative stress is associated with an increase in the expression and 

activity of BACE 1 (Quiroz-Baez et al., 2009; Tamagno et al., 2005), an increase in the transcription of 

the components of the γ-secretase complex, PS1 and PEN 2 (Quiroz-Baez et al., 2009; Tamagno et al., 

2008), as well as a decrease in the levels of the α-secretases, ADAM-10 and -17 (Quiroz-Baez et al., 

2009). 

 

Exposure of cortical neurons to a sublethal concentration (7.5um) of NMDA also increased the 

production and secretion of Aβ, with a corresponding decrease in the levels of sAPPα (Lesne et al., 

2005). This shift towards amyloidogenic processing of APP was accompanied by an increase in the 

mRNA levels of APP770 and APP751, whilst levels of the normally predominant APP695 transcripts 

declined. As antibodies to the KPI domain were found to reverse the amyloidogenic effect of NMDA 

exposure, it was hypothesised that the KPI domain may interact with ADAM-17, inhibiting its activity, 

In contrast to this study, Hoey et al reported that calcium influx through NMDA receptors increased 

non-amyloidogenic processing of APP in primary cortical neurons, with a 2 to 2.5 fold increase in α-

secretase generated C83 levels, with an accompanying decrease in Aβ40 production (Hoey et al., 

2009). It is evident that further investigation is needed to determine the effect of activation of NMDA 

receptors on APP processing.  

 

As apoptotic cell death, excitotoxicity and oxidative stress contribute to the secondary injury process 

following TBI, they may explain why BACE-1 protein levels were found to be transiently increased 

from 24-72 hrs, with an accompanying increase in activity at 48 hrs, following a CCI injury in rats 

(Blasko et al., 2004). As it has not been assessed whether there is a similar increase in α-secretase 

activity, it is unclear how this would affect the balance between the production of sAPPα and Aβ 

following injury, with the role of APP following TBI yet to be determined. 
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1.3.6 APP and TBI 

 

APP protein levels are increased within neuronal cell bodies and reactive astrocytes following 

experimental TBI in the rat (Bramlett et al., 1997; Pierce et al., 1996), sheep (Van den Heuvel et al., 

1999) and pig (Chen et al., 2004), with similar findings in humans (Gentleman et al., 1993a). This is 

correlated with an increase in APP mRNA levels suggesting that this is due to an increase in 

production of APP rather than its accumulation due to disruption of normal axoplasmic flow (Van den 

Heuvel et al., 1999).  It is hypothesised that this is a normal acute phase response to neuronal stress 

(Gentleman et al., 1993a), as APP mRNA expression is regulated by many genes and proteins that are 

acutely increased following TBI including heat shock proteins and immediate early genes such as c-

fos and c-jun (Dewji and Do, 1996).  Indeed, a similar upregulation of APP is seen in cells exposed to a 

variety of other stressors such as ischaemia (Nihashi et al., 2001; Popa-Wagner et al., 1998), and 

excitotoxicity (Gordon-Krajcer and Gajkowska, 2001), but the functional significance of this nerve 

injury response remains poorly understood. 

 

It has been proposed that this upregulation of APP following TBI in rats was associated with 

increased hippocampal cell death (Murakami et al., 1998). This was attributed to an increase in the 

production of the Aβ, which may have been facilitated by the aforementioned transient elevation in 

BACE-1 levels and activity.  Indeed, co-accumulation of Aβ with APP in swollen axons and neuronal 

cell bodies has been observed within days in a pig model of diffuse traumatic injury (Smith et al., 

1999). Damaged axons are thought to provide a key source of Aβ following TBI (Uryu et al., 2004), as 

impaired axonal transport allows long term pathological co-localisation of BACE-1 and PS1 with APP 

within injured axons (Kamal et al., 2001; Uryu et al., 2007), assisting in a shift towards amyloidogenic 

processing.  Therefore Aβ could play a role in delayed post-injury mechanisms associated with TBI, by 

promoting secondary injury factors such as membrane disruption, loss of calcium homeostasis and 

activation of apoptotic pathways (Stone et al., 2002).  Furthermore, other APP fragments such as 

AICD and C31 could enhance apoptotic cell death (Kim et al., 2003; Lu et al., 2000). Indeed it has 

been hypothesised that following TBI caspase-3 activation may initiate a vicious cycle, as it increases 

the production of Aβ, AICD and C31 (Gervais et al., 1999), which can in turn promote apoptotic cell 

death with further caspase activation (Abrahamson et al., 2006).   This correlates with a study which 

demonstrated that APP accumulation and increased Aβ production occur in parallel with caspase-3 

activation after a diffuse injury in rats (Stone et al., 2002). In addition, treatment with caspase 

inhibitors prevented the increase in Aβ following TBI in mice with the human Aβ coding sequence 
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knocked in (Abrahamson et al., 2006). This was associated with a reduction in cell death, but this 

evidently cannot be completely attributed to changes in the levels of Aβ. Indeed, a direct link 

between increased APP levels and increased Aβ deposition and toxicity in TBI has never 

demonstrated (Iwata, 2003). 

 

It is also thought that the increase in Aβ following TBI increases the risk for the later development of 

AD (Fleminger et al., 2003; Mortimer et al., 1991; Salib and Hillier, 1997), especially in susceptible 

individuals with the APOE ε4 allele (Guo et al., 2000; Mayeux et al., 1995).  However, this supposition 

has not been conclusively proven, with studies producing contradictory results.  Epidemiologically 

whilst reports have suggested there is a positive association between TBI and AD (Guo et al., 2000; 

Rasmusson et al., 1995; Salib and Hillier, 1997), other studies have found that TBI may not be a risk 

factor for the later development of AD (Fratiglioni et al., 1993; Launer et al., 1999). Similarly while 

some histopathological studies of individuals who died after suffering a single severe TBI 

demonstrate widespread Aβ deposition irrespective of age (Gentleman et al., 1997; Ikonomovic et 

al., 2004; Roberts et al., 1991), others have concluded that Aβ deposition in victims below the age of 

60 is a rare occurrence (Adle-Biassette et al., 1996; Braak and Braak, 1997).  Furthermore, Chen et al 

found that Aβ plaques present after TBI decrease over time, with this attributed to an increase in the 

levels of the Aβ degrading enzyme, neprilysin (Chen et al., 2009). This correlates with experimental 

studies employing transgenic mice with mutations which enable the development of AD-like 

pathology, which have not found that TBI accelerates Aβ deposition (Murai et al., 1998; Nakagawa et 

al., 2000; Smith et al., 1998), unless a repetitive model of injury was used (Uryu et al., 2002). It is 

thought that repeated blows to the head may facilitate Aβ deposition due to an increase in the levels 

of oxidative stress, with a similar situation seen in boxers who are known to be predisposed to a form 

of dementia associated with diffuse Aβ plaque deposition (Clinton et al., 1991). 

 

Alternatively, it is thought that the upregulation of APP following TBI may represent a protective 

cellular response, as the APP metabolite, sAPPα, can attenuate neuronal cell death induced by 

excitotoxicity, ischaemia and oxidative stress, which are all important components of the 

pathophysiology of TBI.  Furthermore it may promote repair processes such as axonal regeneration 

and neuronal plasticity, which are critical for recovery after TBI, through its previously discussed 

effects on neurite outgrowth, synaptogenesis and neurogenesis. Although not studied as extensively 

as Aβ production, one study showed that following head injury in humans levels of sAPPα within the 

CSF rise by 2033% from day 1 to day 11 post injury, when measurements ceased (Olsson et al., 2004). 



Chapter 1:  Introduction to TBI and the role of APP 

34 

 

Interestingly, knockout of the APP orthologue, APPL, in Drosophilia led to an increase in mortality 

compared to wild-type files at 1 and 2 weeks following brain trauma induced by a needle injury 

(Leyssen et al., 2005). The increased survival in wild-type flies was attributed to the effects of APPL 

on axonal outgrowth and arborisation, which was hypothesised to be essential to compensate for the 

neuronal death associated with the injury. In order to determine whether APP may play a similar role 

in humans following TBI, these results need to be replicated in higher order animals using a more 

consistent form of injury.  

 

1.3.7 Therapeutic Potential of APP  

 

Although it is yet to be demonstrated whether the endogenous upregulation of APP following TBI is 

neuroprotective, exogenous intracerebroventricular administration of sAPPα has been shown to 

reduce apoptotic cell death and axonal injury after a diffuse injury in rats, with a resultant 

improvement in motor outcome (Thornton et al., 2006).  The neuroprotective properties of sAPPα 

are supported by another study which showed that treatment with the PKC activator bryostatin, 

which promotes non-amyloidogenic processing of APP, was found to improve cognitive outcome by 

preserving synaptic structure post-injury following mild TBI in mice (Zohar et al., 2010) 

Currently there are no accepted pharmacologic interventions available for the treatment of TBI, with 

phase II/III clinical neuroprotection trials, involving compounds such as NMDA antagonists, free 

radical scavengers and calcium channel blockers, failing to show any consistent improvement in 

outcome for TBI patients (Faden and Stoica, 2007).   It is thought that compounds that show promise 

in experimental work may fail to translate to humans because they only modulate a single proposed 

injury factor such as excitotoxicity or oxidative stress (Tolias and Bullock, 2004; Vink and Van Den 

Heuvel, 2004).  A more effective therapeutic strategy may be to target several injury factors given 

the complexity and heterogeneity of clinical TBI.  This suggests that designing a drug based on sAPPα 

may be a viable option for TBI treatment, as it reduces neuronal death induced by a number of 

secondary factors and also enhances the reparative response within the brain. In order for this to 

eventuate the neuroprotective active site within sAPPα has to be determined, with several likely sites 

identified from previous research. 

 

For example the pentapeptide motif `RERMS’ (a.a residues 328-332) contained within the D6a 

domain, has been shown to promote survival of cultured rat cortical cells (Ohsawa et al., 1997; 

Yamamoto et al., 1994). It also has neurotrophic properties, with infusion of a 17 mer peptide 
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containing the sequence enhancing synaptic density in the frontoparietal cortex of rats, with an 

associated increase in memory retention, as demonstrated by performance in the Morris Water 

Maze (Roch et al., 1994). Furthermore, neurite extension was promoted following transfection of 

B103 cells with APP plasmid constructs containing the RERMS sequence, with the surrounding amino 

acid found to contribute to its biological activity as constructs containing RERMS alone had less effect 

than longer sequences (Jin et al., 1994).  

 

Conversely, Ohsawa et al found that an extended version of the N-terminal domain (D1-D3) 

promoted neurite outgrowth in cultured rat neurons, whilst a 17 amino acid sequence containing 

RERMS did not (Ohsawa et al., 1997). It is unclear what caused the contradictory results, but it may 

relate to the differences in cell lines used.   However, other studies have also suggested that the D1 

domain has neurotrophic properties. This was attributed to a disulphide bridge within the growth 

factor like domain which stabilises a β-hairpin loop (Small et al., 1994), as similar structures have 

been identified in other known growth factors (Chirgadze et al., 1998; Kadomatsu and Muramatsu, 

2004).  It is evident that further studies are needed to determine the functional properties of the 

various regions of sAPPα and whether their administration may be beneficial following TBI.  

 

1.4 Experimental TBI models 

 

In order to investigate the mechanisms behind brain injury and possible treatment options, 

appropriate experimental models are required. Animal models are designed to produce the 

functional and pathological changes resulting from head injury in a closely monitored setting in 

sufficient numbers to enable statistical interpretation (Povlishock et al., 1994).   Experimental models 

need to be able to produce damage as part of a continuum, increasing in severity as the mechanical 

forces applied are increased (Graham et al., 2000a; Laurer and McIntosh, 1999).  

 

Rodents and mice have become the most commonly used animals for neurotrauma research. The 

advantages of using rodents include extensive normative data, relatively small size and modest cost, 

which allow a large number of structural and functional studies not possible in higher order animals 

due to technical and functional limitations. Indeed, rodents are often used as an initial step in testing 

the efficacy of a particular drug treatment. In contrast mice are generally employed as they can be 

genetically modified, with the specific neurologic, histopathologic and behavioural sequelae of TBI in 

the absence or overexpression of certain gene products providing valuable insight into the secondary 
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injury process following injury (Fujimoto et al., 2004). However there are disadvantages to using 

these animals as they can differ to humans in their systemic, physiological and behavioural responses 

to TBI. For example, the lissencephalic nature of the cortex in rodents and mice does not allow 

complete modelling of the changes that occur in the gyri and sulci of traumatically injured patients 

(Povlishock et al., 1994).  To compensate for the disadvantages within an individual model, a number 

of different models have been developed to reproduce specific aspects of injury in human TBI 

including focal and/or diffuse damage (Finnie and Blumbergs, 2002).  The most extensively used 

models include fluid percussion injury (FP), controlled cortical impact (CCI), and the impact-

acceleration (closed skull-weight drop) model.  

 

1.4.1 Fluid Percussion Injury 

 

FP involves the injection of an extradural fluid pulse through a central, lateral or parasagittal skull 

craniotomy onto the dura thus causing transient deformation of the brain (Cernak, 2005). The model 

predominantly causes a focal injury, although limited DAI has also been observed within the 

subcortical white matter, thalamus and brain stem (Graham et al., 2000b; Iwamoto et al., 1997). It is 

commonly used for the study of TBI pathology, physiology and pharmacology in a number of animal 

species including rodents and mice, with both central and lateral versions of the FP injury, at 

moderate severity, causing transient hypertension, elevated intracranial pressure, alteration in 

cerebral blood flow, increased permeability of the blood-brain barrier, altered ionic homeostasis and 

neuronal cell death (Graham et al., 2000b; McIntosh et al., 1987; McIntosh and Raghupathi, 1995; 

McIntosh et al., 1989; Raghupathi et al., 1995; Schmidt and Grady, 1993). Furthermore cognitive 

impairment is seen following FP injury, with deficits noted on the Morris Water Maze up to to 30 

days post-injury (Baranova et al., 2006). In addition motor deficits in rodents have been reported on 

a variety of tasks including the beam balance and beam walk test (Dixon et al., 1987; Lyeth et al., 

1990) and the rotarod (Hamm et al., 1994).  The response to injury is graded with post-injury 

haemorrage, BBB disruption and neurological outcome correlated with severity of injury (McIntosh 

et al., 1987). 

 

1.4.2 Controlled Cortical Impact Injury 

 

The CCI injury is the most commonly used model to produce a non-penetrating focal injury, 

characterised by the presence of a contusion with intraparenchymal petechial haemorrhages, 
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extensive tissue loss and cell death.  The model was first characterised in the ferret (Lighthall, 1988), 

before being adapted for use in the rat (Dixon et al., 1991), mouse (Smith et al., 1995) and pig 

(Manley et al., 2006). In the original model a midline location was used (Lighthall, 1988), but like fluid 

percussion, a lateral location is now preferred (Dixon et al., 1991), allowing the area of damage to be 

concentrated in one hemisphere. Indeed, this injury model causes significant cell loss within the 

cortex, hippocampus, dentate gyrus and thalamus of the damaged hemisphere, with smaller degrees 

of contralateral damage observed with higher degrees of injury (Goodman and Mattson, 1994). 

Although it is thought of as a predominantly focal model, studies over the last 5 years have 

demonstrated extensive axonal degeneration following CCI involving ipsilateral cortex, including the 

frontal, somatosensory, parietal and occipital cortices, the hippocampus, dorsalteral thalamus, parts 

of the caudate nucleus, hypothalamus and the optic tectum. As well, areas of the contralateral cortex 

and hippocampus are affected to a lesser extent, due to anterograde degeneration of fibres arising 

from the ipsilateral cortical and hippocampal neurons which project via the corpus callosum or 

hippocampal commisure (Hall et al., 2008).  Apart from axonal injury and cell death, the CCI model is 

also associated with significant oedema formation, with increases in brain water content seen as 

early as 2 hrs post-injury and peaking at 24 hrs (Baskaya et al., 1997). This oedema formation as well 

as the intraparenchymal haemorrhage causes a rise in ICP and reduction in cerebral perfusion 

pressure (Cherian et al., 2000). Motor and cognitive deficits have been detected using a variety of 

different tasks including the rotarod (Brody et al., 2007; Lindner et al., 1998; Shear et al., 2004), grid 

walk (Onyszchuk et al., 2007), Morris Water Maze (Saatman et al., 2006; Smith et al., 1995; Yu et al., 

2009) and Barnes Maze (Fox et al., 1998), with these deficits still present a year after the injury 

(Scheff et al., 1997; Shear et al., 2004). 

 

1.4.3 Impact-acceleration injury model 

 

Unlike the predominantly focal models of injury described above, the impact-acceleration model of 

TBI, developed by Marmarou and colleagues, aimed to reproduce the DAI often associated with 

severe clinical TBI (Marmarou et al., 1994). The trauma device consists of a brass weight which falls 

freely by gravity from a designated height through a Plexiglas tube onto a stainless steel disc that is 

rigidly fixed to the animal’s skull to prevent skull fracture (Marmarou et al., 1994).  This model has 

also been adapted so that a similar injury can be invoked using a hydraulic-driven piston impactor to 

contact the steel disc, rather than a free falling weight (Cernak et al., 2004). In both situations the 

animal is placed on a foam platform or gel filled base in order to decelerate the head after impact, 
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mimicking the acceleration-deceleration injuries observed in humans.  This results in graded 

widespread injury of neurons and microvasculature as well as axonal damage, and is thus suitable for 

studying the neuronal, axonal and vascular changes associated with diffuse brain injury (Cernak, 

2005).  Indeed this model is associated with widespread DAI, particularly in the corpus callosum, 

internal capsule, optic tracts, cerebral and cerebellar peduncles and the long tracts of the brainstem 

(Foda and Marmarou, 1994).  In addition it induces motor and cognitive deficits (O'Connor et al., 

2007; Thornton et al., 2006; Vink et al., 2003a), which increase with injury severity (Marmarou et al., 

2009), similar to those observed after FP or CCI. It is the most commonly used model for the 

production of diffuse injury in rats.  

 

1.5 Conclusion and Aims 

  

Following TBI, cell death is ongoing due to the initiation of a number of secondary injury factors as a 

result of cellular, neurochemical and metabolic changes caused by the primary insult.  In response 

the body upregulates a number of neuroprotective and neurotrophic pathways to limit the amount 

of damage occurring, whilst also instigating a reparative response. It is thought that APP may play a 

crucial role in this process, as it is acutely upregulated following TBI, with its metabolite sAPPα shown 

to be protective against a number of insults both in vitro and in vivo.  Furthermore, if the 

neuroprotective region within the APP molecule can be determined, it could be possible to develop a 

drug based on this to improve outcome following TBI.  As such the broad aims of this thesis are: 

 

1. To determine the active region of the sAPPα by assessing the benefit of different regions 

within sAPPα, including the D1, D2 and D6a domains, on improving outcome following their 

admistration post-TBI. 

2. That assess the effects of knockout of the APP on functional deficits and extent of neuronal 

injury following TBI in mice. 
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2.1 Ethics 

 

Experimental protocols were approved by the ethics committees of the Institute of Medical and 

Veterinary Science and the University of Adelaide in accordance to guidelines established for the use 

of rats and mice in experimental research as outlined by the Australian National Health and Medical 

Research Council. 

 

2.2 Animals 

 

Male Sprague Dawley rats weighing between 390-460gm were used for the experiments outlined in 

Chapter 3. They were obtained at least a week prior to experiments and housed at a minimum of two 

to a cage. For the experiments outlined in Chapters 4-7, male C57BL6j x 129sv mice were used, with 

the generation of APP-/- mice explained in detail elsewhere (Zheng, 1995). Animals were bred within 

the animal facility of the Institute of Medical and Veterinary Science and were at least 8 weeks of age 

before inclusion within experiments. All animals were subject to a 12 hour light-dark cycle and fed 

and watered ad libitum. Animal numbers used in each experiment are detailed in the relevant 

chapters.  

 

2.3 Experimental Procedures 

 

2.3.1 Anaesthesia 

 

Isoflurane 

 

For induction of anaesthesia animals were placed in a transparent plastic induction chamber with 

isoflurane (Independent Veterinary Supplies) delivered at 3% in 1.5L/min O2 for rats and at 2% in 

800ml/min O2 for mice. Maintenance was achieved via a nose cone covering the nose and mouth 

with 1.5% isoflurane at 1.5L/min O2 for rats and 1% at 800ml/min O2 for mice. 

 

Avertin 

 

Avertin was made by dissolving 1.25g of 2.2.2-Tribomethanol (Sigma T48402) in 2.5ml 2-methyl-2-

butanol (Sigma 240486) and then diluting this solution with 100ml of dH20. Avertin was used instead 
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of isoflurane to induce anaesthesia for the experiments utilising the CCI model of injury, as the 

necessity of a nose cone was found to be impractical whilst the mice were within the stereotaxic 

frame.  Mice were given an intraperitoneal (IP) injection of 0.4-0.7mL with a 25G needle, with the 

dose titrated until the pedal foot and blink reflexes were absent. 

 

Pentobarbital 

 

Pentobarbital (300mg/ml; Rhone Merieux) was obtained from Independent Veterinary Supplies and 

stored at room temperature. Animals requiring perfuse fixation were administered 0.2-0.5 ml for rats 

and 0.5-1ml ml for mice of pentobarbital IP via a 25 gauge needle with dose titration until all 

responses to pain were abolished.  

 

2.3.2 Rat Impact-Acceleration Model of Traumatic Brain Injury 

 

Animals were injured using the impact-acceleration model of diffuse TBI as described previously (Fig 

2.1) (Marmarou et al., 1994). Briefly, animals were anaesthetized with isoflurane as described and 

the  skull  exposed by a  midline  incision so  that  a stainless  steel  disc  (10mm in diameter and 3mm  

thick) could be fixed rigidly with polyacrylamide 

adhesive to the animal's skull centrally between  

lambda and bregma. The rats were 

subsequently placed on a 12cm foam bed, held 

securely with masking tape and subjected to 

brain injury by dropping a 450g brass weight a 

distance of 2m onto the stainless steel disc. 

Care was taken to remove the animals before a 

rebound injury could occur. Animals typically 

suffered a period of apnea following the injury 

and were resuscitated manually until they were 

able to maintain their blood oxygenation at 

greater than 80%, as monitored using a pulse 

oximeter (Harvard Apparatus). This injury led to 

a mortality rate of 15.5%, with rats typically 

dying in the hour following injury due to the 

 
 

 

Fig 2.1: Injury apparatus used for induction of the 
impact acceleration model in rats and mice, 
demonstrating how the weight is positioned over 
the stainless steel disc helmet. Specifications for the 
rat model are seen in blue, for mice in red. 
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presence of large subarachnoid bleeds. Previous studies have shown that this level of injury results in 

moderate to severe functional deficits (Heath and Vink, 1999). Sham operated animals were 

surgically prepared but were not injured. 

 

2.3.2 Mouse Impact-Acceleration Model of Traumatic Brain Injury 

 

The impact-acceleration model of injury used above was modified for use in mice, as detailed in Fig 

2.1, in order to produce a mild diffuse axonal injury. Under isoflurane anaesthesia a midline incision 

was  made  to allow  fixation  of  a stainless steel  disc  (1mm  in  diameter  and  1mm  thick)  centrally  

between the lambda and bregma using a polyacrylamide 

adhesive.  Mice were then placed on a 10cm foam bed (15/60 

density/hardness) and secured with a velcro strap before being 

subjected to a brain injury by dropping a 95g steel weight (1.8mm 

in diameter) along a PVC tube onto the steel helmet from either 

1.2m for APP-/- mice or 1.3m for APP+/+ mice, with no 

mortalities recorded with these parameters. The differences in 

impact height were to compensate for the slightly smaller brain 

size reported in APP-/- mice (Ring et al., 2007), with this outlined 

in detail in Section 4.2.2. Preliminary studies identified that 1.3m 

was the ideal height from which to injure the APP+/+ mice, as 

release from greater than 1.4m led to a substantial increase in 

mortality (3/5) due to the presence of extensive subarachnoid 

bleeding. Furthermore in 1 of the 2 survivors a substantial bleed 

was noted within the cerebellum which was associated with 

balance deficits. At lower heights minimal injury was noted in 

APP+/+ mice, however at 1.3m axonal injury was evident within 

the corpus callosum and brain stem as would be expected in a 

mild diffuse injury (Fig 2.2). 

 

2.3.3 Mouse Controlled Cortical Impact Model of Traumatic Brain Injury 

 

In order to induce a focal injury the CCI model of TBI was used which involves the placement of an 

impactor tip against the intact dura, with the consequent impact causing the formation of a focal 

 

 

Fig 2.2: Evidence of axonal injury, 
with both retraction bulbs (A) and 
APP immunopositive lengths (B) 
evident at 3 days following injury 
induced by releasing a 95g weight 
from 1.3m. 
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cortical contusion (Dixon et al., 1991).  An impactor device like that described by Ek et al (2010) was 

utilised which consists of a LinMot linear motor and slider which are mounted onto a manipulator of 

a stereotaxic frame, a Linmot servo controller unit and a PC computer running Linmot control 

software (LinTalk Version 2.6) (Fig 2.3) (Ek et al., 2010).  Plastic tip pieces 2mm in diameter were 

fabricated (Alternative Engineering) and fitted to the end of the slider to provide a flat impacting 

surface. Electromagnetic forces are used by the linear motor to propel the slider along the central 

hollow tube of the motor casing.  The Linmot control software through the servo unit allows the 

precise specification of the movements made by the slider, thus permitting modification of the depth 

and velocity of impact, as well as the dwell time. 

 

In order to perform the CCI injury, an intraperitoneal injection of Avertin (250mg/kg) was used to 

anaesthetise the mice, with surgery commencing once pedal foot reflexes were absent.  Following a 

midline scalp incision, a craniotomy (3mm diameter) was performed in the centre of the right 

parietal bone, being careful to ensure that the integrity of the dura was not disrupted.  Mice were 

then placed in a stereotaxic frame with the head positioned in the horizontal plane and nose bar set 

at zero.  The impactor tip was then manoeuvred into position so that it was just touching the surface 

of the tissue to be impacted, with this confirmed with an operational microscope.  Once in position 

the computer software was used to operate the device, with the slider moving in accordance with 

user set parameters which control the acceleration and depth of the impact, as well as the dwell 

 

 

Fig 2.3: Representative images of the CCI device used, taken from Ek et al (2010). The linear motor is 
mounted onto the stereotaxic frame, with the tip lowered manually using the manipulator arm controls until 
it is just touching the surface of the dura mater which has been exposed via a craniotomy.  An impact is then 
delivered by sending a command from the Linmot Control Software on a PC to the servo-controller unit, 
which precisely controls the acceleration of the tip, depth of tip penetration and well time, with this preset 
by the user.  
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time, resulting in a cortical impact injury. The position of the slider is monitored in real-time and 

displayed graphically allowing the impact velocity and the depth of impact to be recorded.  

 

Preliminary experiments in APP+/+ mice are outlined in Chapter 5, characterising the effects of 

impact at depths of 1, 1.5 and 2mm at 5m/sec with a dwell time of 100ms on functional and 

histological outcome. Having determined that 1.5mm was the optimal depth at which to achieve a 

moderate level of injury, the impact depth in APP-/- mice had to be adjusted slightly in order to 

compensate for the 10% reduction in brain weight noted in these mice (Ring et al., 2007) .  Righting 

reflex could not be used to assess injury severity following injury as the effects of Avertin take much 

longer to wear off than the inhalation anaesthetic isoflurane. Instead histological outcome was 

compared at 5 hrs post-injury to ensure that the level of primary injury received was the same.  With 

an impact depth of 1.3cm for APP-/- mice and 1.5mm for APP+/+ mice,  it was found that there was 

no difference between APP-/- and APP+/+  mice in terms of lesion volume or in the number of 

degenerating neurons within the dentate gyrus and CA region of the hippocampus as detected with 

Fluoro Jade C (FJC) staining (Fig 2.4). 

 

 

Fig 2.4: Lesion volume (A) and degenerating neurons as detected by FJC staining within the CA region of the 
hippocampus (B) and dentate gyrus (C) at 5 hrs post-injury demonstrating that the primary injury level is the 
same between APP+/+ and APP-/- mice. (n=3 per group) 

 

 

2.3.4 Drug Treatment 

 

The studies within this thesis employed the following treatments: full length sAPPα (APP18-611) its 

D1 (APP28-123), D2 (APP124-189) or D6a (APP316-498) domains, the regions encompassing its 

heparin binding sites, APP96-110 and APP416-47, or artificial CSF vehicle (Fig 2.5), with the specific 

details found in the relevant chapters. Briefly, sAPPα, the D1, D2 and D6a peptides were expressed as  
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Fig 2.5: Schematic of the different peptides administered in relation to full length APP 
 

a secreted protein in the methylotrophic yeast, Pichia pastoris  as previously  described (Henry et al., 

1997).  They  were  then purified  from the  media by anion exchange chromatography  using a Hiload 

Q sepharose column (26 x 12 mm, GE Healthcare, Sweden), followed by affinity chromatography 

using a Hitrap heparin HP column (5mL, GE Healthcare, Sweden). APP96-110 and APP416-447 were 

produced through custom peptide synthesis (Auspep) using the following sequences, 

NWCKRGRKQCKTHPH and FNMLKKYVRAEQKDRQHTLKHFEHVRMVDPKK, and were N-terminally 

acetylated and C-terminally amidated, with the disulphide bridge preserved between Cys-98 and Cys-

105 within APP96-110. 150µl of the appropriate treatment (25µM) was then mixed with 75µL of 

artificial CSF vehicle (Roch et al., 1994; Thornton et al., 2006) prior to administration.  This 

concentration was based a preliminary dose response study in Sprague Dawley rats which 

investigated the effects of 0.25, 2.5 or 25µM of sAPPα on motor outcome following TBI. This found  

 that although each dose reduced motor deficits when compared to vehicle controls, there was a 

slight improvement in those in the 25µM group in days 1-4 post-injury in comparison to the other 

treatment groups (Fig 2.6). 

 

To facilitate treatment following injury in rats 

a 0.7mm craniotomy was performed at the 

stereotaxic coordinates relative to the 

bregma: posterior 0.6mm, lateral 1.5mm 

(Paxinos, 1998; Thornton et al., 2006). A 30-

gauge needle attached to a 5µl syringe was 

then stereotaxically lowered 4.0 mm then 

retracted 0.5 mm to facilitate administration 

into the left ventricle.  5µL of the appropriate 

 
Fig 2.6: Dose-response study demonstrating a small 
improvement in rats treated with 25µM rather than 
2.5µM or 0.25µM sAPPα in terms of performance on 
the rotarod, although all treatment groups 
performed better than the vehicle controls. (n=5 per 
group) 
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treatment was administered at a rate of 0.5µL/min, with the needle left in place for 2 mins prior to 

retraction. In mice a similar protocol was followed with a 0.3mm craniotomy performed on the left 

side, at the stereotaxic coordinates relative to bregma: posterior 0.5mm, lateral 1mm (Paxinos and 

Franklin, 2007), with the needle lowered 2.5mm and retracted 0.3mm to allow injection of 2µL of the 

appropriate treatment which was administered at a rate of 0.5 µL/min. This method of 

administration was selected on the basis of our previous work which showed that administering 

sAPPα via an intracerebroventricular (ICV) injection improved outcome following TBI (Thornton et al., 

2006), in line with previous research which used autoradiography to show that ICV administration 

results in a homogenous distribution of sAPPα throughout the rat brain and a higher concentration 

compared to shams (Roch et al., 1994). 

 

2.3.5 Post-surgery recovery 

 

Following surgery all animals were placed in a recovery box on a 37°C heatpad until they had 

regained their righting reflex and were showing interest in their environment. They were then 

returned to their home cage with unlimited access to food and water and checked regularly to 

ensure there were no adverse effects from surgery. 

 

2.4 Neurological Assessment 

 

2.4.1 Cognitive Testing  

 

Before choosing a cognitive test for assessment of post-injury deficits, a group of uninjured animals 

were subjected to a battery of cognitive tests each spaced a week apart, in order to determine the 

task at which the animals were most adept at performing. The tasks chosen for the Sprague Dawley 

rats were the Y Maze, Object Recognition Task and Shuttlebox, while those for the mice were the 

Object Recognition Task, Y Maze and Barnes Maze. All assessments were conducted within a quiet 

darkened room between 7:00-9:00a.m to improve the likelihood of gaining meaningful results.  
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Shuttlebox 

 

The shuttlebox has previously been used to 

assess two-way active avoidance learning in 

rodents (Escorihuela et al., 1999; Gershtein et 

al., 2000; Sansone et al., 1999). The test is 

conducted in a two-chambered  box,  with  

the  chambers  separated by a  swinging  door  

which allows animals to move freely between 

the compartments. Animals are placed into 

one of the compartments and presented with 

a light for 10 secs, which acts as a conditioned 

stimulus. The animals are required to move to 

the other compartment in order to avoid an electrical foot shock (the unconditioned stimulus) which 

is applied to the stainless steel bars of the grid floor. If the animal fails to make an escape response 

the electric shock is turned off after 5 secs. Compartment changes during the presentation of the 

conditioned stimulus are counted as conditioned (correct) avoidance reactions, while changes during 

the unconditioned stimulus are counted as unconditioned avoidance reactions. If animals do not 

move from the compartment in which the shock is being delivered this is counted as a failure, with 

the test terminated if rats had greater than 3 failures in a row. Each animal was subject to 15 trials a 

day for 5 days to observe their ability to learn to perform this task.  

 

As seen in Fig 2.7, these Sprague Dawley rats did not learn to perform this task, with no improvement 

in the number of correct avoidance responses seen in 5 days of testing. Indeed, these rats had a 

quite high failure rate, where they were unable to escape the shock, which steadily increased over 

the testing period. As this was associated with freezing behavior, it suggests that the task may have 

induced such high anxiety levels within these rats that they were unable to learn the correct 

response (Shors and Dryver, 1994).  

 

Object Recognition 

 

The Object Recognition task is based on the observation that rats spend more time exploring a new 

object than a familiar one (Ennaceur and Delacour, 1988). In order to conduct the test naïve animals 

 

Fig 2.7: Responses elicited during shuttlebox training  
in naïve Sprague Dawley rats, showing an inability to 
learn the task as there was no increase in the 
number of avoidances over the testing period (n=6-8 
per day). 
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were first subjected to habituation, with the animals being placed in the empty box for 10 mins each 

morning for three consecutive days (1m x 1m for Sprague Dawley rats; 70cm x 70cm for the 

C57BL6jx129sv mice).  This is to familiarise the animals with the environment in which the test is to 

be conducted to increase the likelihood that they will be interested in the objects. 

 

On the day of testing, animals were first 

placed in the box for the sample phase of the 

experiment whereby they were exposed to 

two identical objects (cylinders) over a 5 min 

period.  At either 15 or 60 mins after the 

sample phase animals were reintroduced into 

the box for the choice phase of the 

experiment. In the choice phase, two objects 

were presented in the same location, one a 

cylinder identical to those used in the sample 

phase and the other a lego block, so the 

animals were exposed to a familiar and a 

novel object (Fig 2.8).  The time spent 

exploring each object was then recorded with 

a stop watch over a 5 min period. Exploration was defined as directing the nose at and actively 

sniffing the object when less than 2cm away, and/or touching the nose to the object.  After each 

animal the box and objects were cleaned thoroughly with 70% alcohol to remove scent trails.  

 

As can be seen in Fig 2.9 the rats 

demonstrated a small non-significant increase 

in the amount of time spent with the novel 

rather than the familiar object. This was 

similar with either a 15 min  (53.6%) or 60 min 

(58.1%) interval  between  the two  phases of 

the  experiment, indicating that this was not 

due to an inability to remember the familiar 

object with increasing time after the sample 

phase. These findings support our 

 

 

Fig 2.8: Representative photograph of the object 
recognition task during the choice phase. The rat is 
able to explore both a novel (lego block) and 
familiar object (cylinder) with time spent exploring 
each object recorded. 
 

 

Fig 2.9: Performance by Sprague Dawley rats on the 
object recognition task, showing a small increase in 
the percentage of time exploring the novel rather 
than the familiar object with either a 15 or 60 min 
delay before exposure to the novel object (n=6 per 
group). 
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observations that this particularly colony of rats have poor vision and thus were not overly interested 

in the visual stimuli presented.  Indeed they often spent less than 30 secs over the 5 min testing 

period exploring the objects provided. As such this was not thought to be an appropriate test to 

determine cognitive deficits following TBI with this colony of rats. 

 

In the C57BL6j x 129sv mice we were unable to tabulate the results as they were even less interested 

in the objects, often spending fewer than 10 secs over the 5 min period attending to the objects. As 

this occurred repeatedly during the sample phase of the experiments, many mice (5/8) were not 

thought to have been sufficiently familarised with the objects to allow for their inclusion within the 

novel phase of the experiment. This may relate to the particular strain of mice in use, or that these 

mice may have needed a more lengthy period of habituation, which was not practical for these 

particular experiments.  

 

Y Maze 

 

The Y maze tests spatial and recognition memory and has been shown to be a sensitive test for 

detecting hippocampal damage in rodents (Conrad et al., 1996). The maze consists of three arms (30 

x 10 x 15cm for rat, 20 x 5 x 10cm for mice, length x width x height) with 3 cylinders at the end of 

each arm. Each cylinder was covered with either sandpaper, bubble wrap or plastic to provide 

different tactile stimulus and aid the animals in distinguishing between the arms (Fig 2.10). These 

also provided a support for the animals to climb on and rear so as to better see the environment  

 

 

Fig 2.10:  The Y Maze apparatus as set up for the first phase (A) of the experiment with one of the arms 
blocked, and for the second phase (B) where all arms are open for the animal to explore. Note the presence 
of cylinders which are covered with sandpaper, plastic and bubblewrap as viewed clockwise from the left. 
These provide spatial information and also provide an impetus for the animals to keep exploring. 
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 outside the maze, whilst also provided a 

stimulus for the rats to continue to explore.  

Distinct spatial clues were located around the 

maze and kept constant throughout the study 

in order to allow the animals to orientate 

themselves and thus differentiate between 

the arms without examining the objects.  The 

arms are arbitrarily designated as the start, 

other and novel arms, with this randomly 

alternated among the rats. In the first phase 

of the experiment, rats are introduced into 

the maze in which one of the arms (novel) has 

been closed and allowed to explore for 3 

mins. This means that the animals were able 

to explore the start and other arms, but not 

the novel arm.  An hour later the animals are 

placed back into the maze in their start arm, 

with all the arms (start, other and novel) 

open, and allowed to explore for another 3 

mins. This test works on the basis that an 

uninjured animal will spend more time 

exploring the novel arm to which they have 

not been previously exposed, rather than the other two arms. In order to remove scent trails the 

maze was wiped thoroughly with 70% alcohol after each trial. The experimenter was not in the room 

during the trials, with all trials captured on video, and the number of times each arm was visited and 

the time spent in each arm analysed.  Animals that did not enter the other arm during the first part 

of the experiment were not included. 

 

 Sprague Dawley rats were found to spend a significantly greater amount of time within the novel 

arm than the other two arms with either a 15 or 60 min delay between the two phases of the 

experiment (Fig 2.11A).  The rats spent more time exploring than in the Object Recognition task, 

suggesting that they may have been more comfortable within the confines of the Y maze where they 

were always close to a wall, rather than in an open box. The addition of tactile objects also seemed 

 

Fig 2.11: Performance by Sprague Dawley rats on the 
Y Maze (A) shows they spend a significantly greater 
amount of time in the novel arm rather than the 
start or other arms following either a 15 or 60 min 
delay (n=6 per group). Similarly APP+/+ or APP-/- 
C57BL6j x 129sv mice spend a significantly greater 
percentage of time within the novel arm than the 
other 2 arms, with a 60 min delay (B). (APP+/+ mice 
n=6, APP-/- mice n=5) (***p<0.001, *p<0.05 
compared to start and other arms; ^^^p<0.001, 
^^p<0.01 compared to start and other arms) 
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to help the animals orientate themselves within the maze, with this task chosen as the appropriate 

test to assess post-injury cognitive deficits in these animals. 

 

Preliminary investigations in both APP+/+ and APP-/- mice also showed that they were capable of 

distinguishing the novel arm from the other two arms within the Y Maze following a 60 min delay (Fig 

2.11B).  However, we decided to test whether the Barnes Maze would be suitable in these animals 

before choosing between the two tasks. Although the Y Maze had proved successful in 

demonstrating a treatment effect following injury in rats, it was thought that it may not be sensitive 

enough to discern between subtle graduations in injury, with animals either performing the task 

correctly or incorrectly. Thus, as the hypothesis in these studies was that the lack of APP would 

worsen outcome following TBI, it would be impossible to discern between two groups who 

performed the task incorrectly. 

 

Barnes Maze 

 

The Barnes maze paradigm exploits the natural 

inclination of small rodents to seek escape to a 

darkly lit, sheltered environment when placed in 

an open arena under bright, aversive illumination 

(Barnes, 1979). The maze consists of a white 

circular platform (diameter 120cm) elevated 

70cm above the floor, from which the mouse 

could escape into 1 of 40 holes (5cm in diameter) 

evenly spaced around the perimeter (Fig 2.12). 

The escape hole was connected to an escape box 

(10 x 15cm), with distinct spatial clues located all 

around the maze which were kept constant 

throughout the study to aid the animals in 

finding the correct hole. As such animals have to use a hippocampal dependent spatial strategy in 

order to find the escape hole (Koopmans et al., 2003), with previous studies showing a correlation 

between hippocampal damage and decrease in performance on this test (Fox et al., 1998; Raber et 

al., 2004). 

 

 

 

Fig 2.12: Representative photograph of the Barnes 
Maze showing the white circular platform with 40 
holes around the perimeter, one of which is 
attached to an escape box. 
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During pre-training, animals were initially habituated by placing them into the escape box and 

leaving them there for 3 mins. One min later, the first trial started, with the animal placed in a start 

chamber, comprising a plastic box in the centre of the platform. After 10 secs the start chamber was 

removed, a buzzer and a bright light turned on and the mouse was set free to explore the maze. The 

trial finished when the mouse had either entered the escape box or 3 mins had passed. If the mouse 

did not find the escape box within 3 mins, the experimenter gently guided the animal there. Once the 

mouse had entered the escape tunnel, the buzzer and light were turned off and the mouse was 

allowed  to remain for  1 min.    If  a mouse failed  to find the  escape box  they were  given  a  second  

trial that day, with a period of approximately 1 

hr between trials.  As can be seen in Fig 2.13, 

both the APP+/+ and APP-/- mice were able to 

learn this task over a 5 day habituation period, 

with improvement over the testing period, 

occurring most sharply between days 3 and 4 

(Fig 2.13). With the mice able to perform this 

task adequately it was chosen as that to be used 

for post-injury cognitive assessment. Their 

ability to find the escape hole following the 5 

day period of pre-training was assessed on days 

2, 4 and 6 post-injury, as outlined in Chapters  

4- 7. 

2.4.2 Motor Testing 

 

Rotarod 

 

Motor deficits produced by diffuse TBI were assessed using the rotarod (Fig 2.14), which has been 

described as the most sensitive test for the detection of motor deficits in rodents (Hamm et al., 

1994). The rotarod device which was used to test the rats consists of a motorised rotating assembly 

of eighteen 1mm metal rods. In order to walk as the rods rotated beneath them the animals were 

required to grip the rods, thus introducing a grip test component to the assessment (Lighthall, 1988). 

After being placed on the stationary device for 10 secs, rotational speed was then increased from 6 

to 36 revolutions per minute (rpm), at a rate of 3rpm/10 secs. The duration in seconds, up to a 

 

 

Fig 2.13: The ability of APP+/+ and APP-/- C57BL6j x 
129sv mice to find an escape hole on the Barnes 
Maze over a 5 day training period. 



Chapter 2: Materials and Methods 

 

53 

 

maximum of 120 secs, was recorded at the point when animals had either completed the task, clung 

to the rods for 2 consecutive rotations without actively walking or had fallen off. All animals were 

pre-trained  daily  on  the device for 5 days prior to injury and  assessed daily for 7 days after  injury. 

A smaller scale model was used to test motor 

deficits in mice, comprising a motorised 

assembly of 12 rods that are 0.2mm in 

diameter, with speed increasing from 0 to 

30rpm at a rate of 3rpm/10 secs. Similarly, 

the mice were required to walk on the rods, 

with the latency to fall from the rotating bars 

or to grip the rods and spin two consecutive 

rotations recorded. APP+/+ mice were 

expected to complete 180 secs on the 

rotarod, whilst APP-/- mice were only 

expected to complete 120 secs due to the 

forearm weakness that is part of their 

phenotype (Zheng et al., 1995). All mice were 

pre-trained daily for 5 days, with their best 

time taken as their pre-injury baseline level 

and then assessed for 7 days after injury. 

 

Ledged Beam 

 

For assessment of motor deficits following a focal injury, the ledged beam was used as it has 

previously been shown to be a sensitive test of unilateral deficits (Bye et al., 2007; Semple et al., 

2010b). This involves use of beam that is 1m in length tapering from 3.5cm to 0.5cm with 

underhanging ledges 1.0cm in width on either side (Fig 2.15). The beam was placed at a 30° angle of 

incline, with the narrowest end at the highest point. Mice were placed at the widest end of the beam 

and required to walk to the narrowest end, where an enclosed box was situated. Within this box, 

bedding material and tissues were placed in order to provide an incentive for the mice to cross the 

beam.  Animals were pre-trained for 3 days prior to injury in order to habituate them to the task, and 

then tested each day for 7 days following injury, with each mouse given 2 trials which were 

videotaped for later analysis.  The number of times the underhanging ledge was used (foot faults) by  

 
 

 

Fig 2.14: Photograph of the rotarod device used to 
test motor deficits following impact-acceleration TBI 
in rats. A similar but smaller scale model was used for 
assessment of deficits in mice.  
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Fig 2.15 : A diagram depicting the ledged beam as viewed from the side (left) and from above (right) 
showing the 1m long beam tapering from 1 to 3.5cm with underhanging ledges 1cm in length present on 
either side.  

 

limbs on the left side, which was contralateral to the CCI injury, were counted and averaged across 

the two trials. 

 

2.5 Histological Analysis 

 

2.5.1 Perfuse Fixation 

 

Before perfuse fixation animals were first administered an IP injection of pentobarbital, with the 

dose titrated until all pain reflexes were absent. The upper peritoneal cavity was then exposed, the 

diaphragm incised and the thorax opened bilaterally.  The left ventricular apex was then pulled down 

slightly with a towel clip in rats and a suture in mice, to allow the insertion of a blunt 20 (rat) or 23 

(mice) gauge needle through the left ventricle into the aorta. The right atrium was then excised and 

10% neutral buffered formalin driven under either 120mmHg (rats) or 80mmHg (mice) of pressure 

until the fluid from the right atrium was clear. Animals were decapitated 1 hr later to minimise 

artefactual damage to blood vessels, with brains extracted and placed in formalin for processing a 

minimum of 24 hrs later.  

 

2.5.2 Tissue Processing 

 

For histological assessment of animals who underwent diffuse injury the brains were cut into 14 

(rats) or 7 (mice) 2mm coronal slices and placed in cassettes in neutral buffered formalin. They were 

then processed overnight according to the following protocol, 20 mins in ethanol baths of increasing 

concentration (50%, 70%, 80%, 95%, 100%, 100%), followed by 2 xylene baths (90 mins) and then 
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paraffin baths of increasing duration (30, 60, 60, 90 mins). These brain slices were then embedded in 

paraffin wax, sectioned with a microtome (Leica RM2245) and floated onto glass slides (Menzel-

Glaser, Superfrost plus).  Sections were taken from the region -4.5 from bregma for rats and -2.3mm 

from bregma in mice. Slides were then air dried before being stored in a humidified oven at 37°C.  

 

For mice subjected to the focal injury, the entire brain was placed into a cassette before undergoing 

a two day processing protocol. The brains were embedded in paraffin wax and then trimmed on the 

microtome until the region +0.5mm from bregma was reached. Serial sections were than taken at 

200µm intervals until the region -4 from bregma to allow assessment of the entire cortical contusion, 

with slides stored as above. 

 

2.5.3 Haematoxylin and Eosin Staining 

 

For H&E staining slides were first placed on a blower for 2 mins to remove the majority of the wax 

before being placed in 2 x 2 mins of xylene and 2 x 2 mins of alcohol. Following a brief wash in dH20 

slides were placed in haematoxylin for 5 mins. After washing in dH20 for 30secs, slides were briefly 

dipped in acid alcohol and then in saturated lithium carbonate, rinsed with dH20 and placed in eosin 

for 1 min. Slides were then dehydrated with 2 x 2 mins of 100% alcohol, followed by 2 x 2 mins of 

histolene before being coverslipped using DePeX. These slides were then scanned (Nanozoomer, 

Hamamatsu City, Japan) and viewed using the associated software (NDP View Version 1.2.2.5).  

 

Lesion Volume 

 

To determine the extent of cortical damage after the focal CCI injury (Chapters 5-7), 5 sections per 

brain (400μm apart) were stained with H&E, representing the region Bregma -0.5 to -4 due to the 

shrinkage associated with tissue processing. The unaffected area of the cortex of each hemisphere 

was outlined within the NDP View software, with damaged tissue defined by a decrease in H&E 

staining intensity (Fig 2.16). The volume of undamaged tissue in each hemisphere was then 

calculated using the following equation: 

 

 

 



Chapter 2: Materials and Methods 

 

56 

 

Area1 is the area of undamaged tissue (μm2) in 

section 1 (the smaller area of the 2 sections) and 

Area2 is the area of undamaged in section 2. D is 

the distance (in μm) between section 1 and 

section 2 (i.e. 5 μm × the number of sections 

between). The volumes of healthy tissue 

between successive pairs of sections across the 

lesion were then added to determine the total 

volume. The percentage of cortical tissue 

damage was then calculated as (uninjured 

cortical volume – injured cortical 

volume) / uninjured cortical volume × 100 

(Semple et al., 2010b). 

 

Neuronal Counts 

 

Following the diffuse injury in mice neuronal numbers were assessed within the selectively 

vulnerable CA3 region and the cortex directly underneath the impact site. The CA3 region was 

sequentially imaged at 40x magnification and digitally reconstructed into a montage, to allow manual  

counting   of   the  neurons   using   the  cell  count  software  associated  with  Image J.    Similarly,   4  

macroscopic fields (40x) directly underneath 

the impact site were examined. For each 

animal 2 slides were counted from the region 

-2.1 from bregma and the average then taken. 

Only histologically normal appearing neurons 

with a clearly defined cell body and nucleus 

were counted, those that were only partially 

seen due to the level of sectioning were not 

included nor were those that appeared 

pyknotic (dark, shrunken with no visible 

nucleus) (Fig 2.17). 

 

 

Fig 2.16: Representative micrograph 
demonstrating how the area of the cortex was 
outlined in order to determine the extent of 
cortical damage. The area of the damaged right 
cortex is 7.46mm

2
 and the left 11.9 mm

2 
. Scale bar 

=  5mm 

 

 

Fig 2.17: Representative micrograph of the cortex of 
an APP-/- mouse following the mild diffuse impact-
acceleration injury. Arrows denote pyknotic cells 
which were not included within neuronal counts. 
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Following the focal injury the neuronal damage is not evenly distributed like that seen with a diffuse 

injury. Thus three sections located 200µm apart representing the region Bregma -1.2 to -2.1 were 

analysed, with the number of neurons within the CA region counted. To determine the effects of 

injury on the dentate gyrus, the area of the granular layer of the dentate gyrus was determined in 5 

sections located 200µm apart (Bregma -1.5 to -3), with the volume calculated using the equation 

described above:              

              

 

 

2.5.4 Fluoro Jade C Staining 

FJC is an anionic fluorescein derivative that specifically labels neurons undergoing 

neurodegeneration. To stain slides with FJC they were first dewaxed through immersion in xylene for 

2 x 3 mins, then placed in 100% ethanol for 3 mins, 70% ethanol for 3 mins and then for 2 mins in 

dH20. Sections were then incubated in 0.06% potassium permanganate for 10 min to reduce non-

specific staining and washed with dH20. All remaining steps were conducted in the dark, with slides 

incubated with FJC for 20mins. FJC was prepared by adding 1ml of 0.01% FJC stock to 99ml of 0.01% 

glacial acetic acid solution. Slides were then rinsed in dH20, before being placed in a 45°C oven until 

fully dry and coverslipped with DePeX mounting media from histolene.  

 

Counts of degenerating neurons 

 

Following the focal CCI injury 3 sections located 200µm apart representing the region Bregma -1.2 to 

-2.1 were analysed for FJC staining, as it labels degenerating neurons (Schmued et al., 1997). Sections 

were viewed with the Olympus BX61 microscope using a FITC fluorescence filter cube, with the CA 

region and granular dentate gyrus layer sequentially photographed at 40x magnification. These 

images were then imported into ImageJ, with the number of FJC+ve neurons within these regions 

counted using the associated cell count software.  

2.5.5 Immunohistochemistry 

 

Sections were immunostained with 3,3’ diaminobenzidene (DAB) method for APP (Novocastra 

122703), which allows identification of injured axons, GAP-43 (Novacastra 1222203), a marker of the 
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reparative response, synaptophysin (DakoA0010), which labels pre-synaptic boutons, microtubule 

associated protein-2 (MAP-2) (Abcam 24645), a dendritic marker and doublecortin (Millipore, 2253), 

which labels immature neurons.  

 

Following dewaxing and dehydration, endogenous peroxidase activity was blocked by incubation 

with 0.5% hydrogen peroxide in methanol for 30 mins. Slides were then washed in 2 x 3 mins in 

phosphate buffered saline (PBS) before antigen retrieval retrieved by heating at close to boiling point 

for 10 mins (TRIS for doublecortin, citrate for others).  Once the slides had cooled below 40°C they 

were washed with PBS before being blocked with 3% normal horse serum in PBS for 30 mins. The 

appropriate primary antibody was applied to the slides which were left to incubate overnight (APP, 

GAP-43, MAP-2, synaptophysin 1:1000, doublecortin 1:8000). The next day slides were washed in 2 x 

3 mins of PBS before the appropriate species of IgG biotintylated antibody was added for 30 min 

(Dako). After a further PBS wash, slides were incubated with streptavidin peroxidase conjugate for 60 

mins followed by another rinse with PBS. The immunocomplex was then visualised with precipitation 

of DAB (Sigma D-5637) in the presence of hydrogen peroxide. Slides were washed to remove excess 

DAB and lightly counterstained with haematoxylin, dehydrated and mounted with DePeX from 

histolene.  

 

Axonal Injury 

 

To assess axonal injury following the diffuse impact-acceleration injury in rats the number of APP 

immunopositive lengths within the corpus callosum at the level -4.5mm from bregma were counted 

for each animal.  

 

Neurogenesis 

 

For semi-quantification of neurogenesis, the number of doublecortin-positive cells embedded within 

the granule cell layer of the dentate gyrus were counted in 3 sections spanning the dorsal 

hippocampus, as increased rate of neurogenesis correlates with an increased number of cells 

expressing doublecortin (Couillard-Despres et al., 2005). The length of the dentate gyrus was 

measured, and the number of cells/mm calculated, as described elsewhere (Dash et al., 2010). 
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Colour Deconvolution 

 

To objectively assess the level of GAP-43, synaptophysin and MAP-2 following injury the colour 

deconvolution method was employed to determine the amount of DAB and hence antigen that was 

present within each image.  This technique is based on the Ruifork and Johnston method for 

separation and quantification of immunohistochemical staining by deconvolution of colour 

information in RGB, which separates the amount of blue from brown within an image (Ruifrok and 

Johnston, 2001). This allows the relative brownness of each pixel to be obtained from a histogram 

which is weighted from 0-255, with the total number of pixels multiplied by 255 giving the maximal 

theoretical brownness of an image. If the actual brownness values for all pixels are added together 

and divided by the maximal theoretical number, a result is given which is a measure of actual versus 

maximum possible brownness which is expressed as a fraction of 1 (%DAB weight).  Pixels with a 

value of 0 or 1 are discarded as these represent white areas such as empty blood vessels and 

ventricles.  This algorithm was coded as an NIH Image J macro, with background subtraction and 

colour correction applied to the images before processing with the `rolling ball’ method of Castle and 

Keller (2007) using the staining vectors included within the macro. The deconvolved DAB channel 

was semi-quantitated by performing a histogram analysis as described above. The end result is given 

as the %DAB weight within an image thus allowing comparison of this value to that of other images. 

Previous experiments have shown the reliability of this method with a linear correlation 

demonstrated (extinction coefficient 0.96) between increasing antibody concentration and DAB 

weight (Kleinig, 2010). 

 

2.6 Caspase-3 ELISA 

 

At either day 3 or 7 post-injury animals were re-anaesthetised with isoflurane and once a surgical 

level of anaesthesia was reached they were rapidly decapitated and the brain removed, with the 

peak of apoptotic cell death following diffuse injury occurring at 3 days. The hippocampus and the 

region of cortex directly under the impact site were removed and rapidly frozen in liquid nitrogen. 

Tissue was later thawed and placed in a tissue homogeniser with 10 x brain region weight of 

homogenisation buffer (Roche) and vortexed on ice every 5 mins for 20 mins. The sample was then 

centrifuged at 8500 rpm for 15 mins with the pellet discarded and the supernatant frozen.  
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A 30µl aliquot was then used to estimate protein concentration against a standard curve derived 

from serial solutions of bovine serum albumin (BSA Sigma A21543). 5µl of supernatant or BSA was 

added to the recommended amounts of Biorad protein assay reagents (500-0113, -0114 and 0115). 

Three wells were performed for each specimen and averaged and the absorbance read at 620nm. 

Each sample was then diluted with tris-buffered saline (TBS) to achieve a final concentration of 400ng 

protein per 100µl of TBS.   

 

To perform the ELISA, 100µl of each sample was loaded in triplicate to a 96 well plate (Nunc F96 

Maxisorp) and allowed to coat the wells overnight. A minimum of 6 blank wells were included as 

controls. The wells were then blocked with 0.2% gelatine for 30 mins and rinsed with TBS before 

being incubated with anti-active caspase 3 (1:1000 BioVision) in a 37°C oven for 30 mins.  After 

rinsing with TBS, secondary anti-rabbit horseradish peroxidise conjugate (1:2000 Rockford) was 

added, with the plates placed in a 37°C oven for 30 mins.  TBS was applied to thoroughly rinse the 

plates, before the liquid substrate system 3,3’5,5’-tetramethylbenzidine (Sigma) was used to reveal 

protein expression. The reaction was stopped after 100 secs with 0.5M sulphuric acid and levels of 

expression determined by reading absorbance at 450nm on an Ascent Multiscan plate reader. To 

demonstrate repeatability the ELISA was performed 3 times. 

 

2.7 Statistical Analysis 

 

All parametric data were assessed using two-tailed unpaired student’s t tests or analysis of variance 

(ANOVA -one or -two way and/or repeated measures as necessary), followed by Bonferonni tests for 

multiple comparisons. A p value of less than 0.05 was considered significant. All graphical data is 

presented as mean ± standard error of the mean (SEM).
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3.1 Introduction 

 

TBI is a leading cause of morbidity and mortality with an estimated 10 million people affected 

annually by an injury serious enough to result in death or hospitalisation (Hyder et al., 2007).  

Following TBI, cell death is caused by the initial insult and the ongoing contribution of secondary 

factors such as excitotoxicity, oxidative stress and inflammation (Bramlett and Dietrich, 2004; 

Enriquez and Bullock, 2004).  Although this delayed tissue damage provides a therapeutic window 

with opportunity for to limit neuronal damage (Vink and Van Den Heuvel, 2004), there are currently 

no accepted pharmacological interventions available for the treatment of TBI (Maas et al., 2010). As 

such it seems imperative that the identification of factors within the endogenous neuroprotective 

and neurotrophic pathways may facilitate the development of novel therapeutic strategies.  This is 

especially important as the upregulation of these pathways appears to be inhibited with more severe 

injuries (Thompson et al., 2006).  

 

Recent evidence suggests that APP may play a role in these neuroprotective and neurotrophic 

pathways following TBI, with the metabolite sAPPα shown to improve motor outcome with an 

associated reduction in axonal injury and apoptotic cell death when administered to rats following 

TBI (Thornton et al., 2006).  Indeed, multiple studies have highlighted the role of sAPPα in providing 

neuroprotection (Goodman and Mattson, 1994; Masliah et al., 1997), enhancing neurite outgrowth 

(Ohsawa et al., 1997; Qiu et al., 1995), promoting synaptogenesis (Bell et al., 2006) and increasing 

neurogenesis (Caille et al., 2004).  

 

sAPPα can consist of up to 6 different domains, although the predominant isoform of APP which is 

present in  the CNS, APP695, does not contain the 4th (KPI) or 5th (OX-2) domains (Sandbrink et al., 1996).  

Thus sAPPα from APP695 can be divided into a growth factor like domain (D1), a copper binding region 

(D2), an acidic region (D3), and a carbohydrate domain (D6), with the carbohydrate domain further 

divided into an E2 domain (D6a) and a juxtamembrane region (D6b) (Reinhard et al., 2005; Storey and 

Cappai, 1999).  It should also be noted that the combination of the D1 and D2 domains is sometimes 

referred to as the E1 domain (Soba et al., 2005). Only the D1, D2 and D6a domains participate in 

secondary structure formation with the D3 and D6b domains providing flexible linkers to connect the 

individual folding units (Reinhard et al., 2005) The beneficial actions of sAPPα have previously been 

linked to the D1 and D6a domains (Jin et al., 1994; Ohsawa et al., 1997; Qiu et al., 1995).  However, their 

efficacy in vivo, and their ability to improve outcome following TBI, is yet to be determined. As such the 
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present study examined the effects of in vivo post-traumatic administration of the D1, D2 and D6a 

domains of sAPPα on functional outcome following severe impact acceleration TBI compared to that of 

animals treated with the full length sAPPα. 

 

3.2 Experimental Design 

 

3.2.1 Induction of Traumatic Brain Injury 

 

A total of 90 adult male Sprague-Dawley rats weighing between 390- 460 g were randomly assigned 

into two broad groups, outcome studies (n=60) or histological studies (n=30). These animals were 

then further randomly assigned into sham, vehicle control, sAPPα, D1, D2 or D6a treatment groups 

(n=15).  Animals were injured using the impact-acceleration model of diffuse traumatic brain injury 

as described in Section 2.3.2. Briefly, animals were anaesthetised with isoflurane and the skull 

exposed by a midline incision so that a stainless steel disc (10mm in diameter and 3mm in depth) 

could be fixed rigidly with polyacrylamide adhesive to the animal's skull centrally between lambda 

and bregma. The rats were subsequently placed on a 12cm foam bed and subjected to brain injury by 

dropping a 450g brass weight a distance of 2m onto the stainless steel disc. Sham operated animals 

were surgically prepared but were not injured. 

 

Animals were treated with 25μM of either the D1 (APP28-123), D2 (APP124-189), D6a (APP316-498) 

domains of sAPPα, the full length peptide (APP18-611) or artificial CSF vehicle (Fig 3.1), via an 

intracerebroventricular (IVC) injection as described in Chapter 2. Following the injection, the rat was 

removed from the stereotaxic device, and the midline incision closed using 9-mm surgical clips.  Rats  

 

 

 

Fig 3.1: Schematic of the different peptides administered within this study 
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were maintained at a rectal temperature of 37°C throughout surgery, recovery, and drug 

administration using a thermostatically controlled heating pad. 

 

3.2.2 Motor Outcome 

 

Motor deficits produced by TBI were assessed using the rotarod, which consists of a motorised 

rotating assembly of eighteen 1mm metal rods. Rotational speed of the device was increased from 6 

to 36 rpm  in intervals of 3 rpm every 10 secs. The duration in seconds, up to a maximum of 120 secs, 

was recorded at the point when animals had either completed the task, clung to the rods for 2 

consecutive rotations without actively walking or had fallen off. All animals were pre-trained daily on 

the device for 1 week prior to injury and assessed daily for 7 days after injury. 

 

3.2.3 Cognitive Outcome 

 

Cognitive deficits produced by TBI were assessed using the Y maze, which tests spatial and 

recognition memory. The maze consists of three arms with cylinders covered with a different tactile 

substance (bubblewrap, sandpaper or plastic) placed at the end of each arm. The arms are arbitrarily 

designated as the start, other and novel arms, with this randomly alternated among the rats. 

 

In the first phase of the experiment, rats are introduced into the maze in which one of the arms 

(novel) has been closed and allowed to explore for 3 mins. This means that the animals were able to 

explore the start and other arms, but not the novel arm.  An hour later the animals are placed back 

into the maze in their start arm with all the arms (start, other and novel) open and allowed to 

explore for another 3 mins. This test works on the basis that an uninjured animal will spend more 

time exploring the novel arm to which they have not been previously exposed, rather than the other 

two arms. In contrast an injured animal will spend an equal amount of time in each of the arms as 

they will not remember the maze. In order to remove scent trails the maze was wiped thoroughly 

with 70% alcohol after each trial. The experimenter was not in the room during the trials, with all 

trials captured on video, and the number of times each arm was visited and the time spent in each 

arm analysed.  Animals that did not enter the novel arm during the first part of the experiment were 

not included. 
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3.2.4 Histological Analysis 

 

Rats were sacrificed by perfusion at day 3 post-injury, as described earlier, with brains then blocked 

and embedded.  For each animal a section was cut from the region -4.5 mm from the bregma, as this 

was located directly underneath the impact site.  These sections were incubated overnight with a 

1:1000 dilution of a biotintylated monoclonal antibody specific to APP (Novocastra 122703), followed 

by biotintylated secondary antibody (1:250 Sigma-Aldrich) and then streptavidin peroxidase 

conjugate. Bound antibody was detected with 3,3-diaminobenzidine tetrahydrochloride and sections 

were counterstained with haematoxylin.  All slides were scanned (Nanozoomer, Hamamatsu, Japan) 

and viewed with the associated software to allow the number of APP immunopositive lengths along 

the corpus callosum to be counted. 

 

3.2.5 Statistical Analysis 

 

All parametric data were assessed using two-tailed unpaired student’s t tests or analysis of variance 

(ANOVA -one or -two way and/or repeated measures as necessary), followed by Bonferonni tests for 

multiple comparisons. A p value of less than 0.05 was considered significant. 

 

3.3. Results 

 

3.3.1 The D1 and D6a domains of sAPPα are as effective as the full length peptide at improving 

motor outcome post-injury 

 

Following TBI, motor outcome was determined using the rotarod (Fig 3.2), with sham rats performing at 

close to the maximum time of 120 secs, ranging from 111.5 secs to 118.7 secs over the testing period. 

The vehicle animals were significantly impaired on all days following injury (p<0.01), and although they 

did improve from 45 secs on day 1 to 85.5 secs on day 7 post-injury, they never returned to sham level. 

Similarly, the D2 treated rats (Fig 3.2C) were significantly worse than sham rats on days 1 to 5 following 

injury (p<0.001), with scores from 46.2 secs on day 1 to 94 secs on day 7. In contrast the D1 (Fig 3.2A) 

and D6a (Fig 3.2B) groups were almost identical to the sAPPα treatment group, being significantly 

different from shams only on day 1 post-injury. At this time point they were, however, still performing  
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significantly better than the vehicle (p<0.001) 

and D2 (p<0.01) treated animals with scores of 

80 secs (sAPPα), 86 secs (D1) and 75 secs (D6a).  

By day 3 the times for the sAPPα, D1 and D6a 

groups were similar to those for sham animals at 

113.7 secs, 108.6 secs and 108.2 secs 

respectively, and remained at this level for the 

week of assessment. Indeed, they were 

significantly different to vehicle treated animals 

on all days (1 to 7) post-injury (p<0.01). In 

contrast treatment with the D2 domain was 

ineffective, with these animals showing no 

significant difference as compared to the vehicle 

treated rats on all days tested. 

 

3.3.2 The D1 and D6a domains of sAPPα are as 

effective as the full length peptide at improving 

cognitive outcome post-injury 

 

Cognitive outcome was tested using the Y Maze 

on day 5 (Fig 3.3A) and 10 (Fig 3.3B) post-injury. 

At both day 5 and day 10 post-injury, the sAPPα, 

D1 and D6a treated rats were similar to sham 

animals in that they spent significantly more time 

(p<0.01) in the novel arm than either the start or 

other arm. Indeed the amount of time spent in 

the novel arm was similar in these groups with sham animals spending 80.33 secs on day 5 and 84.4 

secs on day 10 in the novel arm compared to 83.22 and 81.67 secs for the sAPPα treated group, 89.1 

and 75.91 secs in the D6a treated group and 85.4 and 83.4 secs for the D1 treated group.  In contrast 

the vehicle and D2 treated animals did not spend significantly more time in any of the arms. On day 

10 the vehicle treated animals spent 58.3 secs in the novel arm, 64.17 secs in the start arm and 57.5 

secs in the other arm. Similarly at day 10 the D2 treated animals spent 64.3 secs in the novel arm, 

 

Fig. 3.2 Motor (rotarod) scores for rats following 
TBI, showing that whilst treatment with the D1 (A) 
or D6a (B) domains was as effective as the full 
length peptide at improving motor outcome 
following TBI, treatment with the D2 domain (C) 
had no effect. (n=10 per group)(***p<0.001, 
**p<0.01 compared to vehicle controls) 
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54.1 secs in the start arm and 61.5 secs in the other arm.  There was no significant difference 

between the groups in number of arm entries on either day 5 or 10 post-injury. 

 

 

Fig. 3.3: Cognitive outcome (Y Maze) on day 5 (A) and 10 (B) following injury, showing that treatment with 
the D1 and D6a domains was as effective as the full length peptide at improving cognitive performance, 
with these rats spending significantly more time within the novel arm of the maze. In contrast D2 treated 
rats were indistinguishable from vehicle treated rats spending an equal amount of time within each of the 
arms. (vehicle, sAPPα and D6a groups n=10, Sham, D1 and D2 groups n=9) (***p<0.001 compared to start 
and other arms) 

 

 

3.3.3 The D1 and D6a domains of sAPPα are as effective as the full length peptide at reducing 

axonal injury post-injury 

 

To determine if the improvement in motor 

function and cognition correlated to the 

neuroprotective activity of APP, axonal injury 

was determined by counting the numbers of 

APP immunopositive lengths within the corpus 

callosum (Fig 3.4 & 3.5). The vehicle and D2 

treated animals had a significant increase 

(p<0.05) in the number of injured axons when 

compared to sham animals.  In contrast, the 

sAPPα, D1 and D6a treated animals were not 

significantly different to sham controls and 

had significantly less injured axons than the 

vehicle or D2 treated animals (p<0.05). 

 

Fig 3.4: Axonal injury within the corpus callosum 
following TBI, showing a clear reduction within rats 
treated with either the D1 or D6a domain of sAPPα, 
but not the D2 domain. (n=5 per group) (*p<0.05, 
**p<0.01 compared to sham animals, #p<0.05 
compared to vehicle controls) 
 



Chapter 3: The neuroprotective domains of APP, in TBI, are located in the two growth factor domains 

 

68 

 

 

 

 

Fig 3.5: Representative micrographs showing the presence of a number of APP immunopositive lengths 
representing axonal injury within the corpus callosum of a vehicle treated rat. Treatment with the D1 or 
D6a domains of sAPPα, like the full length peptide, led to a decrease in the amount of axonal injury, whilst 
D2 domain treatment had no effect. (Arrows denote examples of APP immunopositive lengths) (Images are 
representative of n=5 per group) 
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3.4 Discussion 

 

This study found that the D1 and D6a, but not the D2 domain of sAPPα were as effective as the full 

length peptide at improving outcome following TBI.  Animals treated with the D1 and D6a domains 

showed a significant improvement in motor and cognitive outcome, with a corresponding decrease 

in axonal injury that was identical to that seen in those treated with sAPPα. Indeed these animals 

returned to a sham level of performance on the rotarod by day 3 post-injury and were 

indistinguishable from shams in their performance in the Y maze.  In contrast treatment with the D2 

domain had no effect, with these animals performing in an identical fashion to vehicle controls.  

 

The neuroprotective properties of the D1 domain most likely relate to its heparin binding site, which 

spans residues 96-110 and contains a disulphide bridge (Rossjohn et al., 1999).  Although this region 

has not previously been linked specifically to neuroprotective actions, it is known that the binding of 

this region to HSPGs promotes neurite outgrowth from central and peripheral neurons (Small et al., 

1994). Furthermore, an antibody that binds to this region inhibits functional synapse formation 

(Morimoto et al., 1998) and completely abolishes depolarisation induced neurite outgrowth (Gakhar-

Koppole et al., 2008).  

 

Similar to D1, the neuroprotective properties of the D6a domain may relate to its heparin binding 

site which encompasses six basic residues from helices αC and αD of one monomer (Arg-375, His-

382, Arg-424, Lys-428, His-432, His-439) and a conserved Arg-336 from helix αB′ of the second 

monomer (Wang and Ha, 2004). This region may regulate intracellular calcium since sAPPα reduces 

neuronal excitability, stabilises calcium homeostasis and protects neurons against excitotoxicity, 

most likely through activation of high conductance potassium channels which hyperpolarise the cell. 

These actions were blocked by an antibody that partially covers the heparin binding site (Mattson et 

al., 1993). Excessive calcium influx seen with excitotoxicity following TBI activates a number of 

destructive enzymes which can worsen secondary axotomy (Buki et al., 2006). Thus any reduction in 

calcium concentration due to the actions of this region would help maintain cytoskeletal integrity 

and reduce axonal injury. Furthermore, this region also has neurotrophic properties, whereby 

deletion of amino acids 305-591 abolished the promotion of neurite extension in cells exposed to 

APP (Qiu et al., 1995).  

 



Chapter 3: The neuroprotective domains of APP, in TBI, are located in the two growth factor domains 

 

70 

 

Alternatively, the D6a active site may involve the pentapeptide motif `RERMS’ (a.a residues 328-332) 

which was originally found to be responsible for the growth regulating activity of APP in fibroblasts 

(Ninomiya et al., 1993).   The same sequence can promote survival of rat cortical cells (Ohsawa et al., 

1997; Yamamoto et al., 1994). An extended 17 mer peptide enhances synaptic density in the 

frontoparietal cortex of rats with an associated increase in memory retention (Roch et al., 1994).  The 

surrounding amino acids may contribute to the biological activity of the RERMS sequence, as neurite 

extension activity in B103 cells was enhanced with longer sequences, than RERMS alone (Jin et al., 

1994).  However, other studies have found that small peptides encompassing the RERMS sequence 

did not protect cells against glutamate or Aβ toxicity (Furukawa et al., 1996) or promote neurite 

outgrowth in cultured rat neurons (Ohsawa et al., 1997). 

 

The D2 domain, which does not contain a heparin binding site, had no effect on functional outcome 

or the amount of injured axons following TBI.  This supports the model that the protective properties 

of sAPPα may relate to its heparin binding sites contained within the D1 and D6a domains.  Heparin 

and heparin sulphate are components of the glycosaminoglycan sidechains of proteoglycans which 

are present in cell membranes, extracellular matrices and basement membranes. The majority of 

binding sites for APP in the extracellular matrix are these HSPGs (Ninomiya et al., 1994), with the 

interaction of APP with HSPGs promoting cell adhesion, neuron-cell or cell-matrix interactions 

(Reinhard et al., 2005), which are important for a number of functions including cell signaling and 

growth.  The role of heparin binding sites in facilitating the neuroprotective activities of sAPPα were 

highlighted by the ability of heparinases to prevent the ability of sAPPα to protect cultured cells from 

a number of insults including glutamate toxicity and glucose deprivation (Furukawa et al., 1996). In 

addition, binding of the heparin like molecules glypican and perlecan was capable of inhibiting APP-

induced neurite outgrowth, presumably by competing with endogenous proteoglycans which 

mediate this activity (Williamson et al., 1996).   

 

Binding to heparin also appears to induce dimerisation, with this phenomenon occurring with an 

extended version of the D1 domain (D1 and D2 domains) (Dahms et al., 2010 ; Soba et al., 2005) and 

the D6 domain (Wang and Ha, 2004). This could potentially initiate intracellular signaling cascades 

important for physiological cellular events, although these have yet to be fully elucidated (Reinhard 

et al., 2005).  Indeed, the effects of sAPPα may be mediated in part through an interaction with full 

length membrane bound APP (Gralle et al., 2009; Young-Pearse et al., 2008), with heparin induced 

dimerisation a possible mechanism of action. 
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This study shows that the D1 and D6a domains are as effective as full length sAPPα at improving 

functional outcome and reducing axonal injury following TBI.  As the D1 and D6a domains contain 

heparin binding sites, but the inactive D2 does not, this suggests the neuroprotective ability of sAPPα 

may relate to its ability to bind HSPGs.  Further research on the exact mechanisms on how the 

binding of sAPPα to HSPGs provides neuroprotection may allow the development of exogenous 

agents to improve functional outcome following TBI. 
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4.1 Introduction 

 

The previous chapter delineated the regions within sAPPα that can confer neuroprotection when 

applied exogenously. However, the role of endogenous APP following TBI has yet to be fully 

elucidated.  After TBI, a number of neuroprotective and neurotrophic pathways are activated in 

response to this injury in order to facilitate a reparative response.  It is thought that APP, through its 

metabolite sAPPα, may be involved in these processes as it is acutely upregulated within injured 

neurons and reactive astrocytes following TBI (Chen et al., 2004; Van den Heuvel et al., 1999). Indeed 

this significant post-traumatic upregulation appears to be a normal acute phase response to 

neuronal stress (Gentleman et al., 1993a), with a similar increase seen in cells exposed to ischaemia 

(Nihashi et al., 2001; Popa-Wagner et al., 1998) and excitotoxicity (Gordon-Krajcer and Gajkowska, 

2001). The functional significance, however, remains poorly understood.  

 

As outlined in chapter 1, the majority of APP is processed within the non-amyloidogenic pathway via 

the action of α secretase, to form the protective α form of APP (sAPPα) (Suh and Checler, 2002), 

whilst a small proportion is cleaved by β and γ secretases within the amyloidogenic pathway to 

produce toxic Aβ (Koo et al., 1996), the main component of plaques associated with Alzheimer’s 

disease. The disparate actions of these APP metabolites highlights why the role of APP following TBI 

remains controversial. 

 

It has been proposed that the upregulation of APP seen following TBI is associated with increased 

hippocampal cell death (Murakami et al., 1998). This was attributed to an increase in the production 

of Aβ, which may be facilitated by a transient elevation in β-secretase activity post-injury (Blasko et 

al., 2004). Indeed co-accumulation of Aβ with APP in swollen axons and neuronal cell bodies has 

been observed within days in both rodent (Stone et al., 2002) and swine models (Chen et al., 2004; 

Smith et al., 1999) of diffuse TBI. In swine sparse diffuse Aβ plaques were also observed up to 6 

months following injury, the first animal model to replicate findings that Aβ plaques are found in up 

to 30% of people who die acutely of TBI (Roberts et al., 1991). Reports on levels of soluble Aβ 

following human TBI have been contradictory with Brody et al finding a persistent decrease in 

intraparenchymal levels, whilst Markland et al found no change (Brody et al., 2008; Marklund et al., 

2009). Similarly, within the ventricular cerebrospinal fluid, both an increase (Olsson et al., 2004; Raby 

et al., 1998) and a decrease (Kay et al., 2003) in levels of Aβ have been reported. Regardless, a direct 
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link between increased levels of APP, enhancement of Aβ production and toxicity has never been 

demonstrated (Iwata et al., 2002).   

 

Alternatively, it is thought that the upregulation of APP following TBI may represent a protective 

cellular response, with sAPPα shown to attenuate neuronal cell death induced by excitotoxicity, 

ischaemia and oxidative stress (Furukawa et al., 1996; Goodman and Mattson, 1994; Mattson et al., 

1993). In addition sAPPα can promote repair processes, through its well characterised effects on 

neurite outgrowth (Ohsawa et al., 1997; Qiu et al., 1995; Wang and Ha, 2004), synaptogenesis (Bell 

et al., 2006) and neurogenesis (Caille et al., 2004).  The importance of APP post-injury was 

highlighted by the finding that knocking out the APP orthologue in Drosophilia, APPL, leads to an 

increase in mortality compared to wild-type flies at 1 and 2 weeks following brain trauma induced by 

a needle injury (Leyssen et al., 2005). Therefore the aim of the current study was to assess the 

importance of endogenous APP by determining whether knockout of APP would worsen functional 

outcome, increase neuronal damage and inhibit the reparative response following mild diffuse TBI 

(mTBI) in mice. 

 

4.2 Materials and Methods 

 

Generation of APP-/- mice has been described previously (Zheng et al., 1995), with both the APP+/+ 

and APP-/- mice being on the same background strain, C57BLbj x 129sv. All studies were performed 

within the guidelines established by the NHMRC of Australia and were approved by the Animal Ethics 

Committees of the Institute of Medical and Veterinary Sciences and the University of Adelaide.  

 

4.2.1 Induction of Traumatic Brain Injury 

 

A total of 30 APP+/+ and 30 APP-/- male mice were used in this experiment comprising 20 injured 

and 10 uninjured mice.  Injury was induced using a modified version of the Marmarou model of 

diffuse axonal injury (Marmarou et al., 1994). Ten to sixteen week old mice were anaesthetised with 

isoflurane and the skull exposed by midline incision so that a stainless steel disc (1mm in diameter, 

1mm thick) could be fixed rigidly to the mouse’s skull centrally between the lambda and bregma. 

After being placed on a foam bed, injury was induced by dropping a 95g steel weight from 1.2 or 

1.3m, with the APP-/- mice injured from the lower height.  

 



Chapter 4: Characterisation of the effects of knockout of APP following mild diffuse TBI 

 

75 

 

In other models of TBI, such as the closed head injury model, it has been found that knockout strains 

can display different susceptibility to the impact (Flierl et al., 2009). This was of particular concern 

due to reported differences in brain weight of around 10% in APP-/- mice (Ring et al., 2007), which 

correspond with overall decreases in body weight. Indeed in this study the APP-/- mice were 

approximately 10% lighter than APP+/+ mice (APP+/+ 29.2±1.42g,  APP-/- 26.2±2.36g). Thus the 

injury parameters were adjusted so that the level of primary injury in the wildtype and knockout 

animals was the same, by ensuring that time for the righting reflex to return was the same. The 

righting reflex has been shown to be a reliable indicator of injury severity (Fujimoto et al., 2004; 

Hallam et al., 2004) and is measured as the time taken for an animal to return to a spontaneous 

upright position following injury. With the injury parameters stated, as to deliver 10% less force to 

APP-/- mice, there was no significant difference between righting times between APP-/- (329±33 

secs) and APP+/+ mice (348±52 secs), although both were significantly greater than their shams 

(APP+/+ 135±31 secs; APP-/- 127±26 secs). 

 

4.2.2 Motor Outcome 

 

Post-traumatic motor deficits were assessed using a rotarod device. Briefly, this device consists of a 

motorised assembly of 12 rods that are 0.2mm in diameter, which increases in speed from 0 to 30 

rpm at a rate of 3rpm/10 secs. The mice were required to walk on the rods, with the latency to fall 

from the rotating bars or to grip the rods and spin two consecutive rotations recorded. APP+/+ mice 

were expected to complete 180 secs on the rotarod, whilst APP-/- mice were only expected to 

complete 120 secs due to the forearm weakness that is part of  their phenotype (Zheng et al, 1995). 

All mice were pre-trained daily for 5 days, with their best time taken as their pre-injury baseline level 

and then assessed for 7 days after injury. 

 

4.2.3 Cognitive Outcome 

The Barnes maze paradigm exploits the natural inclination of small rodents to seek escape to a darkly 

lit, sheltered environment (Barnes, 1979) and consists of a white circular platform elevated  above 

the floor, from which the mouse could escape into 1 of 40 holes evenly spaced around the perimeter. 

The escape hole was connected to an escape box with distinct spatial clues located all around the 

maze to aid the mice in finding the correct hole. As such mice have to use a hippocampal dependent 

spatial strategy in order to find the escape hole (Koopmans et al., 2003). 
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The Barnes Maze protocol has been described within Chapter 2. Animals were pre-trained for 5 days 

prior to injury, with their best time taken as their pre-injury baseline level. Assessment was 

conducted on days 2, 4 and 6 post-injury, with escape latency (time in seconds) for the mice to find 

and enter the escape box with front paws and trunk recorded, as well as the number of errors, which 

were counted each time the mouse placed its head within a hole which did not contain the escape 

box.  

On day 7 post-injury the escape box was switched to a different, randomly chosen hole to test the 

ability of mice to learn a new spatial contingency.  Mice were allowed three trials, spaced 1 hr apart, 

to learn the location of the new hole with their escape latency recorded as above.  

 

4.2.4 Histological Analysis 

 

Mice were transcardially perfused with 10% formalin on day 3 or 7 post-injury. Serial sections of 5µm 

thickness were taken from paraffin embedded tissue in the region -2.1mm from the bregma, with 

this region directly underneath the impact site, and stained with standard H&E, GAP-43 (1:1000) or 

synaptophysin (1:1000). Following overnight incubation with either of the specific monoclonal 

antibodies, secondary antibody was applied (1:250), followed by streptavidin peroxidase conjugate, 

with bound antibody then detected with 3,3-diaminobenzidine tetrahydrochloride and sections 

counterstained with haematoxylin.  

 

These slides were digitally scanned (Nanozoomer, Hamamatsu) and images exported as a jpeg file 

using the software associated with the slide scanner. For GAP-43 analysis the entire CA1 region was 

photographed sequentially with each image then cropped to contain only the pyramidal layer of the 

hippocampus, with the average value across the CA1 region determined. For synaptophysin analysis, 

the CA1 region was also sequentially photographed, with the stratum pyramidale and radiatum 

layers subjected to analysis. DAB and haematoxylin were separated using Ruifork and Johnston’s 

colour deconvolution method (Ruifrok and Johnston, 2001), with 2 slides per stain analysed for each 

animal and an average taken to determine the final %DAB weight. 

 

Sections were also stained with H&E to assess neuronal numbers within the selectively vulnerable 

CA3 region of the hippocampus and the cortex directly underneath the impact site on the right side  

 



Chapter 4: Characterisation of the effects of knockout of APP following mild diffuse TBI 

 

77 

 

analysed (Fig 4.1). The CA3 region was 

sequentially imaged at 40x magnification 

and digitally reconstructed into a montage, 

to allow manual counting of the neurons 

using the cell count software associated with 

Image J. Similarly, 4 macroscopic fields (40x) 

directly underneath the impact site were 

examined. For each animal 2 slides were 

counted and the average then taken. Only 

histologically normal appearing neurons 

with a clearly defined cell body and nucleus were counted, those that were only partially seen due to 

the level of sectioning were not included nor were those that appeared pyknotic (dark, shrunken 

with no visible nucleus). 

 

4.2.5 Caspase- 3 ELISA 

 

At either day 3 or 7 post-injury (n=5 per group) mice were re-anaesthetised with isoflurane, 

decapitated and the brain removed. The hippocampus and the region of cortex directly under the 

impact site were dissected and rapidly frozen in liquid nitrogen. Following homogenisation, the 

amount of protein was determined using the Biorad protein assay, with each sample diluted with TBS 

to 400ng protein per 100µl of TBS.  100µl of each sample was loaded in triplicate, and the wells 

blocked with 0.2% gelatine before being incubated with anti-active caspase 3 (1:1000 BioVision). 

Secondary anti-rabbit horseradish peroxidise conjugate (1:2000 Rockford) was added before the 

liquid substrate system 3,3’5,5’-tetramethylbenzidine (Sigma) was used to reveal protein expression. 

The reaction was stopped after 100 secs with 0.5M sulphuric acid and levels of expression 

determined by reading absorbance at 450nm on an Ascent Multiscan plate reader. To demonstrate 

reproducibility the ELISA was conducted 3 times. 

 

4.2.6 Statistical Analysis  

 

All data was analysed using a two-way ANOVA (repeated measures for functional outcome data) 

followed by Bonferonni t tests using Graphpad Prism software. A p value of less than 0.05 was 

considered significant in all experiments. 

 
Fig 4.1: Micrograph showing the regions that were 
used to determine the number of healthy neurons 
within APP+/+ and APP-/- mice following TBI 
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4.3 Results 

 

4.3.1 APP-/- Mice Have Impaired Motor Outcome following mTBI 

 

Motor outcome was determined using the rotarod. Results are expressed as a percentage of each 

mouse’s own pre-injury baseline level, to compensate for phenotypic affects as APP-/- mice 

demonstrate forearm weakness (Zheng et al., 1995). Although there is a significant difference 

between APP-/- and APP+/+ sham animals when the data is expressed as raw scores (Fig 4.2A), there 

is no significant difference when expressed as a percentage of each mouse’s own baseline level (Fig 

4.2B), allowing a direct comparison between APP-/- and APP+/+ injured mice. This injury model did 

not produce detectable motor deficits in APP+/+ mice, with these mice performing at between 

101.02% and 103.14% of their pre-injury time (Fig 4.2B). In contrast, injured APP-/- mice remained 

significantly impaired on all days of testing post-injury when compared to their shams (p<0.05) and 

to the injured APP+/+ mice (p<0.05). Although the APP-/- mice improved over the testing period 

from 75.15% of pre-injury level on day 1 to 86.51% on day 7, they did not return to an uninjured 

baseline level.  

 

 

 

 

 
Fig 4.2: Motor outcome, as assessed on the rotarod, expressed as raw scores (A) and % 
pre-injury time (B). APP-/- mice have a small, but significant, impairment in motor 
performance following TBI, which was not present in APP+/+ mice. Results are expressed 
as means ± SEM. (n=8 per group) (***p<0.001 compared to APP+/+ shams, ###p<0.001, 
##p<0.01, #p<0.05 compared to APP-/- shams (A); ***p<0.001, **p<0.01, *p<0.05 
compared to APP+/+ injured mice (B)). 
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4.3.2 APP-/- Mice Have Impaired Cognitive Outcome Following mTBI 

 

The cognitive performance of the mice post-injury was measured using the Barnes Maze, which 

assesses the ability to find a previously learned escape hole. There were no significant differences 

between APP-/- and APP+/+ shams, with both groups showing improvement in escape latency 

compared to their pre-injury time, APP-/- shams from 38.6.1 to 22.3 secs and APP+/+ shams from 

34.5 to 16.1 secs (Fig 4.3A).  Although injured APP+/+ mice were not significantly different to their 

shams on any day tested post-injury there was an increase in the escape latency on day 2 following 

injury, in 44 secs compared to 23.6 secs in APP+/+ shams at this time point. Injured APP+/+ mice then 

returned to sham level taking 24.0 and 15.5 secs to locate the escape hole on days 4 and 6 post- 

injury compared to 16.25 and 22 secs in their shams. In contrast the APP-/- mice were significantly 

impaired when compared to injured APP+/+ mice on days 2, 4 and 6 post-injury (p<0.05). However, 

they did improve over the testing period; with an escape latency of 71.37 secs on day 2 compared to 

51.02 and 41.75 secs on days 4 and 6.  

 

The ability of mice to learn a new location for the escape hole over 3 trials is shown in Fig 4.3B. The 

APP+/+ injured mice were no different to their shams with performance improving steadily over the 

3 trials from 73.75 secs on trial 1 to 31.625 secs by trial 3, compared to 83.62 secs to 25.37 secs in  

APP+/+ shams. On the other hand APP-/- mice were significantly impaired in their ability to learn the 

new location, seen as a significant increase in the amount of time taken on trial 2 when compared to 

APP-/- shams (p<0.05) and APP+/+ injured mice (p<0.05).  However, by the third trial there were no 

differences between the 4 groups. 

 

 
Fig 4.3: Cognitive outcome as determined by escape latency (A) and ability to learn a new spatial 
contingency (B) on the Barnes Maze. Results are expressed as means ± SEM (APP+/+ sham, APP-/- sham, 
APP-/-inj n=8 per group; APP+/+ inj n=7). (*p<0.05, **p<0.01 compared to injured APP+/+ mice, #p<0.05 
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compared to APP-/- shams) 
4.3.3 APP-/- Mice Have Increased Neuronal Loss Following mTBI 

 

Vulnerability of cells post-injury was assessed by evaluating the number of healthy neurons within 

the CA3 region of the hippocampus (Fig 4.4) and the cortex directly under the impact site (Fig 4.5). 

Following injury the CA3 region of the APP+/+ mice looked similar to their sham controls, whereas in 

the APP-/- mice there were increasing numbers of pyknotic neurons from 3 to 7 days with evidence 

of neuronal loss by day 7 post-injury (Fig 4.5). Similarly within the cortex although APP+/+ mice had 

some pyknotic neurons and appeared to have have some neuronal loss, this was exacerabated in 

APP-/- mice. Indeed at day 3 post-injury there appeared to be greater numbers of pyknotic neurons 

and by day 7 there appeared to be less neurons within this area of the cortex directly underneath the 

impact site. These observations were confirmed by a count of the number of healthy neurons within 

the CA3 region (Fig 4.6G) and cortex underneath the impact site (Fig 4.6F), with APP-/- mice 

exhibiting significantly lower numbers at 3 and 7 days post-injury at both these sites (p<0.05). 

 

 

 

 

 
Fig 4.4: H&E labeled sections within the CA3 region of the hippocampus. Compared to APP+/+ (A) and 
APP-/- (D) shams, greater cell damage is evident in APP-/- mice at 3 (E) and 7 (F) days post-injury, than in 
APP+/+ mice at these time points (B&C) (Images are representative of n=5 per group) (scale bar = 100µm). 
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Fig 4.5: H&E labeled sections within cortex directly underneath the impact site (A-F). Compared to the 
APP+/+ (A) and APP-/- (D) shams, neuronal damage is evident in APP+/+ mice increasing from 3 (B) to 7 (C) 
days post-injury. However, neuronal damage is exacerbated in APP-/- mice with greater amounts of 
damage at both 3 (E) and 7 (F) days. (scale bar = 100µm). These observations were confirmed with 
neuronal counts within the CA3 region of the hippocampus (G) and cortex underneath the impact (H), 
showing that APP-/- have significantly greater neuronal damage than APP+/+ mice in both these regions. 
(n=5 per group).  (*p<0.05, **p<0.01 compared to injured APP+/+ mice; ^^^^p<0.0001, ^ p<0.05 compared 

to APP-/- shams; ####p<0.0001 compared to APP+/+ shams) 

 

 

4.3.4 APP-/- Mice Have Decreased GAP-43 Expression Following mTBI 

 

Levels of GAP-43 within the hippocampus and cortex were used to determine the strength of the 

reparative response seen post-injury (Fig 4.6). GAP-43, is a neural specific membrane associated 

phosphoprotein which is one component of injury-induced plasticity as it is associated with 

promotion of neuronal sprouting and neurite extension which facilitate synaptic remodelling 

(Bendotti et al., 1997). The APP+/+ animals had an upregulation of GAP-43 within the CA1 region of 

the hippocampus at days 3 and 7 following injury and in the cortex at day 7 post-injury, with levels 

clearly higher than that seen in the APP+/+ or APP-/- shams. In contrast GAP-43 remained at sham 

level at both time points in APP-/- animals following mTBI. This observation was supported with 
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Fig 4.6: GAP-43 immunolabeled sections within the CA1 region of the hippocampus (A-F) and cortex (G-L). 
Within the hippocampus levels of GAP-43 are increased in APP+/+ mice at 3 (B) and 7 (C) days post-injury 
when compared to their shams (A), whilst in APP-/- mice levels at 3 (E) and 7 (F) days post-injury resemble 
those in APP-/- shams (D). Similarly, there is no increase in levels of GAP-43 evident in APP-/- mice at 
either 3 (K) or 7 (L) days post-injury in the cortex underneath the impact site when compared to their 
shams (J), whilst in APP+/+ mice a clear increase is evident by day 7 post-injury (I) when compared to 
APP+/+ shams (G). Scale bar = 100µm. These observations were confirmed with colour deconvolution 
within the CA1 region of the hippocampus (M) and cortex (N), showing that levels of GAP-43 are increased 
in APP+/+, but not APP-/- mice following injury. (n=5 per group). (*p<0.05, ***p<0.001 compared to 
APP+/+ injured mice) 
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colour deconvolution showing a significant increase in %DAB weight at day 3 and 7 following TBI in 

the CA1 region in the APP+/+ animals (p<0.05) (Fig 4.7M). Indeed levels in the APP+/+ animals, at 

9.17%, were almost double that of the APP-/- animals, at 4.74%, at day 7 post-injury.  Similarly in the 

cortex a significant upregulation occurred at day 7 following TBI (p<0.01) with APP+/+ animals having 

a DAB weight of 7.7% compared to 3.5% in APP-/- animals (Fig 4.7N).  

 

4.3.5 APP-/- Mice Have Decreased Synaptophysin Levels Following mTBI 

 
 Synaptophysin levels were examined within the 

CA1 region of the hippocampus (Fig 4.7 & 4.8) in 

order to evaluate the effects of injury induced 

neuronal remodelling and rearrangement on 

synapse numbers (Masliah, 1990), with 

synaptophysin levels shown to increase 

following injury (Thompson, 2006). There was no 

obvious differences between APP+/+ and APP-/- 

shams. At day 3 post-injury both APP+/+ and 

APP-/- animals had a similar staining pattern to 

sham animals. However by day 7 APP+/+ animals 

 

 

Fig 4.8: Synaptophysin immunolabeled sections within the CA1 region of the hippocampus (40x). No changes 
in synaptophysin levels are evident at 3 days post-injury in APP+/+ (B) or APP-/- (E) mice when compared to 
their respective shams (A&D). However by day 7 post-injury an increase in synaptophysin can be seen in 
APP+/+ mice (C), whilst levels appear slightly decreased in APP-/- mice (F).(Images are representative of n=5 
per group) Scale bar = 100µm 

 

 
Fig 4.7: Colour deconvolution of synaptophysin 
immunohistochemistry shows a significant increase 
in APP+/+, but not APP-/- mice at 7 days post-
injury. (n=5 per group) (*p<0.05 compared to APP-
/- injured mice). 
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had an obvious increase in immunostaining, whilst APP-/- animals appeared to have a slight decrease 

in synaptophysin levels (Fig 7A-F). This was corroborated with colour deconvolution (Fig 4.8), which 

showed a significant increase in the APP+/+ animals at day 7 following injury (p<0.05), with a %DAB 

weight of 31.33% compared to 18.16% in the APP-/- animals. 

 

4.3.6 APP-/- Mice Have Increased Levels of Activated Caspase-3 Following TBI 

 

Levels of activated caspase-3 were determined within the hippocampus (Fig 4.9A) and cortex (Fig 

4.9B) in order to reflect apoptotic cell death following injury using an ELISA.  The APP-/- mice had 

significantly higher levels at day 3 post-injury in the hippocampus (p<0.001) and cortex (p<0.01) 

when compared to APP+/+ mice. At this time point activated caspase-3 levels were 3 times higher in 

the cortex, and 2 times higher in the hippocampus in the APP-/- mice. By day 7, levels remained 

elevated in the APP-/- mice, with an absorbance level of 0.314 in the hippocampus compared to 

0.218 in the APP+/+ mice, with a similar pattern in the cortex, with APP-/- mice at 0.224 compared to  

 0.163 in the APP+/+ mice, but this was not significant. There was no significant difference in 

activated caspase-3 levels between APP+/+ and APP-/- shams. 

 

 

Fig 4.9: Levels of activated caspase-3 within the hippocampus (A) and cortex (B), showing a significant 
increase in APP-/- but not APP+/+ mice at day 3 post-injury. (n=5 per group)(**p<0.01, ***p<0.001 
compared to APP+/+ injured mice) 

 

4.1 Discussion 

 

This study demonstrates that lack of APP appears to make mice more vulnerable following mTBI, 

with APP-/- mice demonstrating greater functional deficits, increased vulnerability of neurons and an 

impaired reparative response. This model of mTBI allows the study of the role of endogenous 
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neuroprotective pathways without the complications of large amounts of tissue loss, representing a 

situation similar to a mild concussive injury in humans. 

 

Following injury, APP+/+ mice had significant cortical cell loss under the impact site and a non-

significant increase in escape latency on day 2 following injury when compared to their shams. In 

contrast APP-/- mice had a significant increase in escape latency on the Barnes Maze on days 2-6 

post-injury, which was associated with an increase in the number of errors, which reached 

significance on day 4. They also displayed significant impairment in learning a new spatial 

contingency when the escape hole was moved. In addition APP-/- mice had a small but significant 

impairment in rotarod performance in the first week post-injury. These cognitive and motor deficits 

were correlated with increased neuronal cell loss, an increase in levels of active caspase-3 and a 

decrease in levels of GAP-43 and synaptophysin when compared to APP+/+ mice.  

 

The changes seen in APP-/- mice cannot be accounted for by a more severe injury, as the APP-/- mice 

were injured from a lower height than the APP+/+ mice in part to compensate for reported 

differences in brain weight. This was calibrated to ensure that both APP+/+ and APP -/- mice had a 

similar time for the righting reflex to return, as this has been found to be a reliable indicator of injury 

severity (Fujimoto et al., 2004; Hallam et al., 2004). Thus as the level of primary injury was the same, 

exacerbation of deficits in the APP-/- mice can be assumed to be caused by changes in the level of 

secondary injury sustained. Indeed, despite the lower height from which the weight was released, 

APP-/- mice demonstrated more severe histological and functional deficits. Furthermore the APP-/- 

phenotype, which includes forearm weakness (Zheng et al., 1995) and age related cognitive deficits 

(Dawson et al., 1999) is not the cause of the impairments observed in these mice following injury. 

Although there is a difference between APP+/+ and APP-/- sham animals in terms of raw rotarod 

scores, only the APP-/- injured animals demonstrated a motor deficit following injury. Furthermore, 

at this age (10-16 weeks), the APP-/- animals did not demonstrate cognitive deficits on the Barnes 

Maze, with no significant differences between escape latency in APP+/+ and APP-/- sham animals. 

 

The exacerbation in functional deficits was associated with increased neuronal damage and elevated 

levels of active-caspase 3 in APP-/- mice following injury. The increased vulnerability of cells post-

injury is most likely due to the lack of neuroprotective sAPPα. Adding sAPPα to cultured neuronal 

cells increases their resistance to excitotoxic, metabolic and oxidative insults (Furukawa et al., 1996; 

Goodman and Mattson, 1994; Mattson et al., 1993), whilst ICV infusion of sAPPα decreases levels of 
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neuronal death following TBI (Thornton et al., 2006), and transient global cerebral ischaemia (Smith-

Swintosky et al., 1994).  

 

In addition to increasing the vulnerability of cells, the lack of APP impedes the ability to initiate a 

reparative response, in the current study this was reflected by a decrease in levels of GAP-43 and 

synaptophysin in the APP-/- mice post-injury when compared to APP+/+ mice. GAP-43 is elevated 

following TBI (Christman et al., 1997; Emery et al., 2000; Hulsebosch et al., 1998; Thompson et al., 

2006), and is associated with the period of synaptic organisation and axonal organisation (Bendotti et 

al., 1997). This occurs through its ability to promote neuronal sprouting and neurite extension and to 

enhance synaptic remodelling through formation of novel neuronal connections (Bendotti et al., 

1997), although this response may be inhibited with increasing injury severity (Thompson et al., 

2006).   Previous studies have shown that cells that are GAP-43 positive are responsible for formation 

of new axon collaterals following transection of mature axons in CA3 pyramidal cells (McKinney et 

al., 1999) and lesions of the perforant pathway (Lin et al., 1992). The lack of GAP-43 in APP-/- mice 

following injury can be seen as an inhibition of axonal plasticity that would normally occur in 

response to post-traumatic axonal damage. 

 

The suppression of synaptophysin upregulation may also reflect impaired hippocampal synaptic 

remodelling.  Synaptophysin is a calcium binding glycoprotein found in membranes of pre-synaptic 

vesicles in neurons (Navone et al., 1986) and can be used as a marker protein to quantify synapse 

numbers (Loncarevic-Vasiljkovic et al., 2009; Shojo and Kibayashi, 2006). Levels of synaptophysin 

increase following permanent focal ischaemia (Stroemer et al., 1995) and moderate CCI (Thompson 

et al., 2006). This correlates with the increase in synaptogenesis seen in the CA1 region from day 10 

to 60 following moderate CCI as determined by counting total synapse numbers through stereology 

and transmission electron microscopy (Scheff et al., 2005). Following injury the hippocampus 

undergoes extensive and long-lasting synaptogenesis and synaptic reorganisation, which is impaired 

in APP-/- mice. This may relate directly to the failure to upregulate GAP-43, as this facilitates 

synaptogenesis by promoting hippocampal axonal sprouting (Thompson et al., 2006). This is seen in 

the APP+/+ mice where GAP-43 levels are increased at day 3 before an increase in synaptophysin is 

seen at day 7 following injury. 

 

The deficits seen in these APP-/- mice can be attributed to lack of sAPPα since its in vitro application 

causes neurite outgrowth (Araki et al., 1991; Bhasin et al., 1991; Ohsawa et al., 1997; Qiu et al., 1995; 
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Saitoh et al., 1989), whilst raising the levels of sAPPα in vivo increases cortical synaptogenesis (Bell et 

al., 2006). APP can act synergistically with NGF to enhance its neurotrophic effects (Wallace et al., 

1997), with this important for promoting the plasticity associated with recovery following brain 

injury.  

 

This study identifies a potential role for endogenous APP in maintaining cognitive and motor abilities 

following a mild diffuse TBI in mice by reducing cell death and promoting a reparative response, with 

this most likely due to the actions of sAPPα. Long term recovery after brain injury is known to involve 

processes such as neurite outgrowth, synaptic plasticity and neuron regeneration. As such it could be 

beneficial to either modulate the proteolytic processing of endogenous APP to enhance levels of 

sAPPα post-injury, or to develop an exogenous agent that replicates this activity in order to improve 

functional outcome following TBI.  
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5.1 Introduction 

 

In order to fully elucidate the role of APP following TBI, it is necessary to use a model of injury in 

which a more severe injury can be inflicted. As outlined in Chapter 2, attempts to increase the 

severity of the diffuse injury model in mice led to a drastic increase in the mortality rate, due to the 

presence of large subarachnoid haemorrhages. This is similar to observations from another 

laboratory (K Saatman private communication), suggesting that the biomechanics of this type of 

injury in mice mean that it is difficult to increase injury severity without the complications of large 

amounts of bleeding. 

 

In contrast, focal injury models have been shown to produce graded injury in mice with the severity 

of histological and behavioural changes increasing with the amount of mechanical force applied, 

without undue increases in mortality (Brody et al., 2007; Fox et al., 1998; Saatman et al., 2006). The 

CCI model is the most commonly used and involves the use of a piston with a tip of a specific 

diameter to strike the exposed dura at a precise velocity and depth, causing rapid cortical 

deformation (Smith et al., 1995). This leads to the formation of a focal cortical contusion with 

intraparenchymal petechial haemorrhages, extensive tissue loss and cell death.  The advantage of 

this model is that the user is easily able to manipulate injury severity, with the shape of the impactor 

and depth of impact found to be the key parameters in determining injury severity (Mao et al., 

2010). 

 

The impactor device used to induce the injury in these experiments is described in Ek et al and 

comprises a LinMot linear motor and slider, which acts as the piston, which are mounted onto a 

manipulator of a stereotaxic frame (Ek et al., 2010). These are connected to a PC computer via a 

Linmot servo controller unit. Plastic tip pieces 2mm in diameter were fitted to the end of the slider to 

provide a flat impacting surface. Electromagnetic forces are used by the linear motor to propel the 

slider with the plastic tip attached along the central hollow tube of the motor casing.  The precise 

specification of the movements made by the slider are controlled via Linmot control software on the 

PC computer to which it is connected. This program allows precise specification of injury parameters 

including depth and velocity of impact and dwell time. 

 

As this device has primarily been used to create spinal contusions, it is necessary to determine the 

ideal parameters for CCI injury, by determining the histological and behavioural response to varying 
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impact depth. This is important as the depth of impact needed to produce histologically similar 

injuries varies with the use of different CCI devices, with a 2mm depth of impact in one study utilising 

electromagnetic force to drive the tip (Brody et al., 2007) most closely resembling the histological 

damage seen with a 1mm depth utilising an older pneumatic device in another (Saatman et al., 

2006).  This was attributed to a greater amount of overshoot in the older pneumatic devices. 

However, slight differences in techniques across laboratories can also alter the characteristic of the 

injury such that that injuries produced in different laboratories with different parameters can 

produce histologically similar injuries (Hanell et al., 2010), whilst the same parameters in different 

laboratories can produce dissimilar injuries. For example an injury produced using a pneumatic 

device set to deliver a 1mm deformation at 6.0m/s caused greater cortical ablation and hippocampal 

cell loss in one study (Smith et al., 1995) than another (Fox et al., 1998). Thus the aim of this study is 

to characterise the use of a Linmot impactor device to produce CCI injury in mice, and determine the 

effects of exogenous sAPPα treatment on outcome following a moderate level of injury.  

 

5.2 Methods 

 
In the first part of the study, effects of varying depth of impact was characterised, with mice injured 

with either 1mm (n=5), 1.5mm (n=5) or 2mm (n=5) of deformation and their functional and 

histological outcome examined. In the second part of the study, having determined that the 1.5mm 

depth was the most amenable to treatment given that the hippocampus was not directly deformed 

by the impact, a further 12 mice were injured with these parameters and then treated with either 

sAPPα (n=7) or vehicle aCSF treatment (n=5). 

 
5.2.1 Mouse Controlled Cortical Impact Model 

 

In order to perform the CCI injury, an IP injection of Avertin (250mg/kg) was administered to 

anaesthetise the mice, with surgery commencing once pedal foot reflexes were absent.  Following a 

midline scalp incision, a craniotomy (3mm diameter) was performed in the centre of the right 

parietal bone, being careful to ensure that the integrity of the dura was not disrupted.  Mice were 

then placed in a stereotaxic frame with the head positioned in the horizontal plane and nose bar set 

at zero.  They were then subjected to a cortical impact injury with the 2mm flat impactor tip used to 

cause either 1 (mild), 1.5 (moderate) or 2mm (severe) of deformation at a velocity of 5m/sec with a 
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dwell time of 100ms. Following the impact a cranioplasty was performed to cover the injured tissue. 

Sham animals underwent all surgical procedures, but were not injured (n=5). 

Following injury a subgroup of those receiving an impact depth of 1.5mm were randomised to 

receive an ICV injection of 25 μM sAPPα (APP18-611) (n=8) or artificial CSF vehicle (n=5) at 30 mins 

post-injury. To facilitate treatment a 0.3mm craniotomy was performed on the left side, at the 

stereotaxic coordinates relative to bregma: posterior 0.5mm, lateral 1mm (Paxinos and Franklin, 

2007). A 30-gauge needle attached to a 5µl syringe was then stereotaxically lowered 2.5mm and 

retracted 0.3mm to facilitate administration into the left ventricle. At 15 mins post-injury 2µL of 

either sAPPα or aCSF was administered at a rate of 0.5 µL/min.  Bone wax was used to close the 

craniotomy and the surgical wound sutured.   

 

5.2.2 Motor Outcome 

 

Motor deficits were assessed using the ledged beam test, as previously described (Bye et al., 2007).  

Briefly, a beam was used which was 1m in length tapering from 3.5cm to 0.5cm with underhanging 

ledges 1.0cm in width on either side. The beam was placed at a 30° angle of incline, with the 

narrowest end at the highest point. Mice were placed at the widest end of the beam and required to 

walk to the narrowest end, where an enclosed box was situated. Animals were pre-trained for 3 days 

prior to injury in order to habituate them to the task, and tested each day for 7 days following injury, 

with each mouse given 2 trials which were videotaped for later analysis.  The number of times the 

underhanging ledge was used (foot faults) by both the hind and front limb on the side contralateral 

to the CCI injury were counted and averaged across the two trials.  

 

5.2.3 Cognitive Outcome 

 

Cognitive deficits were assessed using the Barnes Maze which consists of a white circular platform 

(120cm in diameter) elevated 70 cm off the floor with 40 holes (5 cm in diameter) evenly spaced 

around the perimeter. One of these holes was connected to an escape box, which the mouse was 

required to locate. Distinct spatial clues were located around the maze and kept constant throughout 

the study to aid the animals in finding the correct hole. As such animals have to use a hippocampal 

dependent spatial strategy in order to find the escape hole (Koopmans et al., 2003), with previous 
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studies showing a correlation between hippocampal damage and a decrease in performance in this 

test (Fox et al., 1998; Raber et al., 2004). 

 

As previously described for the Barnes Maze, mice were pre-trained for 5 days prior to injury, with 

their best time taken as their pre-injury baseline level. Assessment was conducted on days 2, 4 and 6 

post-injury, with escape latency (time in seconds) for the mice to find and enter the escape box with 

front paws and trunk recorded. On day 7 post-injury the escape box was switched to a different, 

randomly chosen hole to test the ability of mice to learn a new spatial contingency.  Mice were 

allowed three trials, spaced 1 hr apart, to learn the location of the new hole with their escape latency 

recorded as above.  

5.2.3 Histological Analysis 

 

At day 7 post-injury mice were terminally anaesthetised with Pentobarbital and perfused 

transcardially with 10% formalin. Brains were then embedded in paraffin prior to sectioning. To 

ensure inclusion of the entire lesioned cortex, 5 µm sections were collected from Bregma -0.5 to -

4mm. To determine the extent of damaged tissue after CCI, 5 sections per brain (400μm) apart were 

stained with haematoxylin and eosin (H&E), representing the region Bregma -0.5 to -4 due to the 

shrinkage associated with processing. The unaffected area of the cortex of each hemisphere was 

outlined, with damaged tissue defined by a decrease in H&E staining intensity. The volume of 

undamaged tissue in each hemisphere was then calculated using the following equation, as 

described within the Methods section: 

 

 

 

The volumes of healthy tissue between successive pairs of sections across the lesion were then 

added to determine the total volume, with the percentage of cortical tissue damage was then 

calculated as (uninjured cortical volume − injured cortical volume) / uninjured cortical volume × 100 

(Semple et al., 2010b). 

 

To assess hippocampal damage, 3 H&E stained sections located 200µm apart, representing the 

region Bregma -1.2 to -2.1, from each animal were assessed for the number of remaining neurons 

within the CA region of the hippocampus. The CA region was sequentially imaged at 40x 
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magnification and digitally reconstructed into a montage, to allow manual counting of the neurons 

using the cell count software associated with Image J. To determine the effects of injury on the 

dentate gyrus, the area of the granular layer of the dentate gyrus was determined in 5 sections 

located 200µm apart (Bregma -1.5 to -3) with the volume calculated using the equation described 

above: 

 

 

5.2.4 Immunohistochemistry 

 

To characterise the effects of increasing depth of impact on hippocampal integrity and the reparative 

response, levels of MAP-2, a dendritic marker and GAP-43, a reparative protein were determined via 

immunohistochemistry which was performed on 3 sections per mouse.  For GAP-43 slides were used 

which were 400µm apart representing Bregma -1.2 to -3.5, whilst for MAP-2 slides were used which 

were 200µm apart representing Bregma -1.2 to -2.1 to allow specific analysis of the dorsal 

hippocampus. Briefly, dewaxed sections were immersed in 1% hydrogen peroxide solution to quench 

endogenous peroxidases before undergoing antigen retrieval by microwave treatment in sodium 

citrate buffer (pH 6.0). The sections were then incubated with biotintylated anti-mouse GAP-43 

(Novocastra 1:1000) or MAP-2 (Abcam 1:1000) overnight, followed by the appropriate secondary 

antibody (1:250) for 30 mins and then streptavidin peroxides conjugate for 1 hr (1:1000). Bound 

antibody was then detected with 3,3-diaminobenzidene tetrahydrochloride (Sigma) and sections 

counterstained with haematoxylin.  

 

Immunohistochemical Analysis 

 

 For analysis, the slides were digitally scanned (Nanozoomer, Hamamatsu) and images exported as a 

jpeg file using the software associated with the slide scanner. To assess the reparative response, 

post-injury levels of GAP-43 were assessed with sequential stepwise 40x images of the cortex taken 

at approximately 400, 800 and 1200µm from the edge of the lesion and exported as jpeg files (Fig 

5.1).  MAP-2 immunostaining was used to assess dendritic integrity post-injury, with sequential 40x 

images of the CA2 stratum radiatum layer, the CA3 region and the dentate hilus taken. For both GAP-

43 and MAP-2 analysis, images then underwent colour deconvolution using Ruifork and Johnston’s 

method with DAB and haematoxylin separated to allow objective analysis of staining intensity  
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(Ruifrok and Johnston, 2001). This protocol is described in detail within Chapter 2 and calculates the 

%DAB weight within an image allowing the comparison of this value to that of other images.  

 

5.2.5 Statistical Analysis 

 

All parametric data were assessed using two-

tailed unpaired student’s t tests or analysis of 

variance (ANOVA -one or -two way and/or 

repeated measures as necessary), followed by 

Bonferonni tests for multiple comparisons. A p 

value of less than 0.05 was considered 

significant. 

 
5.3 Results 

 

5.3.1 Effects of varying impact depth on motor deficits following CCI injury 

 

The number of foot faults made by the impaired left side on the ledged beam were counted post-

injury to determine levels of motor deficits following CCI injury (Fig 5.2).  There was a small increase  

in foot faults between mice injured at the 

mild 1mm depth compared to the moderate 

1.5mm depth which reached significance on 

day 1 post-injury (p<0.05). However there 

was rapid improvement in the moderately 

injured mice so that by day 4 post-injury 

there was minimal difference between the 

two groups.  There was a greater difference 

between the severely (2mm depth) and 

moderately injured mice, with a significant 

increase in the number of foot faults to day 4 

post-injury. Nonetheless by day 7 after injury 

the severely injured mice were only slightly 

more impaired than the mildly and moderately injured mice on the ledged beam. 

 

Fig 5.1: Representative image depicting the 
regions (black boxes) that were used to analyse 
GAP-43 immunohistochemistry. Scale bar = 
5mm 
 

 

Fig 5.2: Motor deficits, as detected on the ledged 
beam following graded CCI injury. (Mild, severe and 
sham n=5; moderate n=10) (^p<0.05 compared to 
mildly injured mice, ***p<0.001, *p<0.05 compared to 
moderately injured mice) 
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5.3.2 Effects of varying impact depth on cognitive deficits following CCI injury 

 

Following injury, both the moderately (1.5mm depth) and severely (2mm depth) injured mice 

demonstrated cognitive deficits on the Barnes Maze (Fig 5.3), whilst the mildly injured (1mm depth) 

mice were no different to uninjured shams.  Following a severe injury mice had a significant increase 

in escape latency on all days tested post-injury when compared to shams (98.8, 62 and 48 secs vs 

25.1, 20.9 and 22 secs). In the moderately injured mice the increase in escape latency was less than 

that seen in the severely injured mice (51.5, 41 and 26.4 secs), with this group only significantly 

different to shams on days 2 and 4 post-injury.  

 

On day 7 post-injury the ability of the mice to learn a new location for the escape hole was tested 

(Fig 5.3B). The severely injured mice were significantly impaired in their ability to learn the new 

location, taking longer than shams on each of the trials, in 78, 67.5 and 41 secs compared to 59.9, 30 

and 27 secs, with this reaching significance on trial 2 (p<0.005). The moderately injured mice also had 

an increase in time taken to find the escape hole on trial 2 (52 secs) when compared to shams, but 

this did not reach significance. Furthermore, the time taken was less than the severely injured mice, 

and by trial 3 they were no different to the shams. In contrast the mildly injured animals were no 

different to shams. 

 

 

Fig 5.3:  Cognitive outcome, as determined by the time taken to find the location of a previously learnt 
escape hole (A), and the ability to learn a new location for the escape hole (B). This shows a clear increase 
in cognitive deficits with increasing injury severity, with mice injured at the mild 1mm depth similar to 
uninjured shams, whilst severely injured mice had a significant deficit when performing both these tasks. 
(Mild, severe and sham n=5; moderate n=10) (**p<0.01, *p<0.05, ^^^p<0.001, ^p<0.05 compared to 
shams)  
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5.3.3 Histological characterisation of varying impact depth in the CCI model of TBI 

 

Representative images seen in Fig 5.4A-C, demonstrate that as depth of impact increases there was a 

progressive loss of cortical and hippocampal tissue, with obvious distortion in the morphology of the 

remaining hippocampus at the 2mm depth which is not evident at the lower impact depths. Closer 

examination of the hippocampus reveals increasing loss of vulnerable CA3 neurons as impact death 

increases from 1 to 2mm. At the 2mm impact depth there is an almost complete loss of CA2 neurons, 

whilst at the moderate or mild level of injury there is only minor damage to this region (5.4D-F).  

Determination of cortical damage by comparing the remaining volume of the injured left hemisphere 

to that of the uninjured right hemisphere, demonstrates a step wise increase in lesion volume, with 

significant  increases  in  damage from  the  1 to 1.5mm impact  depth (p<0.001),  and from the 1.5 to   

 

 

 

Fig 5.4: Representative images taken from the region -2.1 from Bregma, demonstrating the increasing 
cortical and hippocampal damage that accompany increasing impact depth. These observations were 
confirmed with step wise increases in the amount of cortical damage (G), decreases in the number of 
remaining CA neurons (H) and decreases in the volume of the dentate gyrus (I) as impact depth increased. 
(Scale bar = 5mm (A-C) or 300µm (D-F)) (n= 5 per group) 
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2mm impact depth (p<0.001) (Fig 38G). A similar step wise pattern is seen in analysis of hippocampal 

damage, with number of CA neurons and volume of the dentate gyrus decreasing with increasing 

injury severity caused by increasing impact depth (Fig 5.4H&I).   

  
 
Fig 5.5: Representative images (A-L) taken from the region -2.1 from the Bregma, showing increasing damage 
to the hippocampus as depth of impact increased. These observations were confirmed with colour 
deconvolution of the CA2 (M), CA3 (N) and dentate hilus (O) regions of the hippocampus. A step wise pattern 
of increasing damage is seen in the CA3 and dentate hilus regions, whilst significant damage to the CA2 
region only occurs with 2mm depth of impact. (A, D, G, J scale bar = 300µm, otherwise scale bar = 100µm) 
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Hippocampal damage was confirmed with MAP-2 immunohistochemistry, which allows assessment 

of dendritic integrity (Fig 5.5). The dentate hilus region was most susceptible to injury (Fig 5.5O), with 

significant reductions in staining intensity at all levels of injury (p<0.05), although the disruption was 

greater as severity of injury increased.  Similarly damage to the CA3 region worsens with increasing 

depth of impact, with an injury caused by a 1mm depth of impact causing minimal loss of MAP-2 

staining, whilst at the 2mm depth there is almost a complete loss of staining associated with 

extensive cell death. Staining at the moderate level of injury is between these two extremes (Fig 

5.5N). As seen within the H&E images, in the CA2 region, noticeable loss of levels of MAP-2 staining 

only occurs at the most severe 2mm depth of impact, but not at the 1.5 or 1mm impact depths (Fig 

5.5M). 

 

5.3.4  The effect of varying impact depth on levels of GAP-43 following CCI injury 

 

Levels of GAP-43 within the cortex at 

increasing distance from the impact site were 

immunohistochemically assessed to 

determine the strength of the reparative 

response following graded CCI injury.  Levels 

of GAP-43 were increased in the region 

closest to the lesion in all injury severity 

groups (Fig 5.7).  At greater distance, 

although levels increase from a mild to a 

moderate level of injury, there was no 

further increase seen following a severe 

injury. Instead, levels actually decrease in the 

mice injured at the 2mm depth when compared to those injured at the 1.5mm depth.  These 

observations were confirmed with colour deconvolution (Fig 5.6), showing a significant increase in 

levels 0.8mm from the lesion in the moderate injury group when compared to the mild and severe 

injury groups (p<0.05).  

 

 

 

 

 

Fig 5.6: Levels of GAP-43 within the cortex expressed 
as %DAB weight, confirming that as distance from the 
lesion increases, levels in the moderately but not 
severely injured mice are higher than those in the mild 
injury group. (n=5 per group) (*p<0.05, **p<0.01,  
#p<0.05 compared to moderate injury group) 
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Fig 5.7: Representative images of GAP-43 immunohistochemistry at increasing distance from the lesion 
site (left-right) following graded CCI injury. Whilst levels of reparative GAP-43 increase from a mild to a 
moderate injury, following a severe injury there is no further increase, and in fact levels appear to be less.   

 

5.3.5 Effects of sAPPα treatment on functional outcome following moderate CCI injury 

 

Given the preliminary studies above, it was determined that the moderate level of injury induced by 

cortical deformation of 1.5mm would be most amenable to treatment due to the presence of 

functional deficits without extensive distortion of the underlying hippocampus.  Following treatment 

with sAPPα, motor deficits, as determined by the number of foot faults on the ledged beam were 

 

 

Fig 5.8: Effect of treatment with sAPPα on motor (A) and cognitive outcome (B&C) following moderate CCI 
injury. Treatment ensures a more rapid rate of recovery in all tasks. (Vehicle n=10, sAPPα n=7, sham n=5) 
(***p<0.001, *p<0.05 compared to sAPPα treated mice (A), ^^^p<0.001, ^p<0.05, #p<0.05 compared to 
shams (B)) 
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significantly reduced on days 1-2 following injury, indicating a more rapid rate of recovery in these 

mice (Fig 5.8A). Similarly, sAPPα treated mice improved more rapidly on the Barnes Maze, returning 

to a sham level of performance on day 4 compared to day 6 in vehicle treated mice (Fig 5.8B).  There 

was no significant difference between the ability of vehicle and sAPPα mice to learn a new location 

for the escape hole over 3 trials, with both groups showing a slight increase in time taken on trial 2 

when compared to shams (Fig 5.8C). 

 

5.3.6 Effects of sAPPα treatment on histological outcome following moderate CCI injury 

 

Following injury there was a small but significant reduction in cortical damage in sAPPα treated mice, 

when the volume of the injured right side was compared to that of the uninjured left side (Fig 5.9D). 

More evident, was the reduction in damage to the CA region of the hippocampus in sAPPα treated 

mice compared to their vehicle treated counterparts, with in particular, a greater preservation of the 

CA3 region (Fig 5.9A-C). This was confirmed with a count of the number of remaining CA neurons 

within 3 sections showing a significant increase in sAPPα compared to vehicle treated mice, although 

there was still significant damage when compared to shams (p<0.05) (Fig 5.9E). There was also a 

greater preservation of the dentate gyrus, represented by an increase in its calculated volume, 

although this did not reach signficance (Fig 5.9F).  

 

 

 
Fig 5.9: Representative images from the CA2/3 region of sham (A), vehicle (B) and sAPPα treated mice. 
Treatment with sAPPα led to a significant reduction in cortical damage (D) and hippocampal damage, seen 
as an increase in the number of remaining CA neurons (E). There was also an increased preservation of the 
volume of the dentate gyrus, but this did not reach significance (F). Scale bar = 300µm (n=5 per group) 
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5.4 Discussion 

 

This study has characterised the use of a Linmot Linear Motor system for induction of CCI injury, 

demonstrating that varying the depth of impact causes graded motor and cognitive deficits in the 

week following injury.  These behavioural deficits were accompanied by progressive cortical and 

hippocampal damage, the extent of which was dependent on injury severity.  A moderate level of 

injury, produced by 1.5mm of cortical deformation, was found to be amenable to treatment, with a 

significant improvement in motor and cognitive deficits accompanied by a reduction in histological 

damage seen in response to sAPPα treatment.  However, the beneficial effects were not as dramatic 

as those seen following a diffuse injury in rats.   

Increasing depth of CCI impact has previously been shown to cause graded functional deficits at 2 

days (Saatman et al., 2006) and at 2-4 weeks post-injury  (Brody et al., 2007), using tasks including 

the grid walk, rotarod and Morris Water Maze.  This study adds to this body of evidence, 

demonstrating worsening performance on the ledged beam and the Barnes Maze with increasing 

impact depth in the week following injury. Although the number of foot faults on the ledged beam, 

even for the most severely injured group, were quite low, the task was sensitive enough to discern 

between the different groups particularly on days 1-4 post-injury.  Similar responses to the task 

following TBI are reported elsewhere (Bye et al., 2007), suggesting this is a normal level of 

performance for this task. This relates to the phenomenon whereby injury effects in mice are known 

to disappear faster than if the same task was performed in rats (Fujimoto et al., 2004). It is unclear 

whether this can be attributed to injury models being less severe in mice or that mice have a faster 

rate of spontaneous recovery.  In addition daily testing immediately after injury accelerates the rate 

of the recovery (O'Connor et al., 2003), contributing to the rapid return towards a sham level of 

performance in these mice.  

 

Similarly in terms of cognitive performance,  all mice showed improvement in escape latency on the 

Barnes Maze in the week following injury, with the rate of improvement correlating with injury 

severity and hence the degree of hippocampal damage. Mice subject to 1mm cortical deformation 

were no different to shams, those at 1.5mm had returned to a sham level of performance by day 6 

and the severely injured mice were still impaired at this time point.  The performance on the Barnes 

Maze is like that reported by other studies (Fox et al., 1998; Wang et al., 2011), indicating that it is a 

suitable alternative to the more commonly used Morris Water Maze (Mannix et al., 2010; Sheibani et 

al., 2004; Varma et al., 2002; You et al., 2008), to assess cognitive deficits following TBI.   
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Histologically, as well as prominent damage to the cortex, CCI brain injury typically results in 

neuronal loss in the hippocampal dentate gyrus and CA3 pyramidal layers (Baldwin et al., 1997; Hall 

et al., 2008; Saatman et al., 2006). This is seen within this study with progressive increases in the 

amount of cortical damage, as well as to the vulnerable hippocampal CA3 and dentate gyrus regions 

as depth of impact increased. The histological damage seen in this study at the depths of 1, 1.5 and 

2mm appears to correlate most closely with the injury caused by cortical deformation of 1.5, 2 and 

2.5mm within the Brody study (Brody et al., 2007). This is most likely due to the use of ear bars in 

this study, rather than the cup holders used by Brody et al (2007) which were observed to cause 

approximately 0.4mm of protusion of the surface of the brain through the craniotomy.  In 

comparison to studies utilising the older pneumatic CCI device, our moderate level of injury at a 

1.5mm depth, most closely resembles the histological damage caused by 1mm of cortical 

deformation (Hall et al., 2008; Hanell et al., 2010; Saatman et al., 2006). This is presumably due to a 

reduction in the amount of overshoot in the electromagnetic device used in this study, although this 

was not specifically measured. However the injury caused by 1.5mm of cortical deformation also 

appeared comparable to one produced with 0.6mm cortical deformation at a velocity of 6m/sec 

(Mannix et al., 2011; Whalen et al., 2008). It is unclear what caused the difference in these results, 

but may relate to factors such as the strain of mouse used, the anaesthesia employed or other slight 

differences in technique.  This highlights the necessity of characterising the functional and 

histological response to particular injury parameters to ensure that the desired level of injury is 

produced.  

 

Interestingly the reparative response, as determined by levels of GAP-43, appeared to be impaired 

within the cortex following a severe injury. GAP-43 is a well characterised marker of regenerative 

sprouting (Christman et al., 1997; Emery et al., 2000; Thompson et al., 2006), with levels known to 

increase following TBI (Hall and Lifshitz, 2010; Hulsebosch et al., 1998). Whilst levels of GAP-43 

increased within the cortex directly around the contusion from a mild to a moderate level of injury, 

there was no further increase with a severe injury and instead a significant decline in levels was 

observed.  This did not appear to be due to a greater loss of cortical neurons as measurements were 

taken from the lesion edge, to account for the greater cortical damage with increasing injury severity. 

Furthermore, no differences were seen in levels of cortical MAP-2  between the groups (data not 

shown). These results support an earlier study that showed that levels of GAP-43 increased following 

a moderate, but not a severe CCI injury (Thompson et al., 2006). This suggests that the greater 

amount of neuronal damage resulting from the primary injury and the resultant secondary injury 
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cascade with a more severe injury make the environment less conducive for repair, with further 

research needed to investigate this issue.   

 

Having characterised the functional and histological outcome to injury caused by 1, 1.5 and 2mm of 

cortical deformation, it was determined that the 1.5mm depth of injury represented a moderate 

level of injury seen in other studies. This level of injury was thought to be ideal for investigation of 

the therapeutic effects of sAPPα following a focal injury.  Following the mild 1mm injury functional 

deficits were not present, whilst with the severe 2mm injury, there was a considerable amount of 

primary damage to the hippocampus.  Indeed, other treatments like hypothermia, have been shown 

to be effective against moderate but not a mild or severe CCI injury due to the reasons outlined 

above (Markgraf et al., 2001).   

 

Following treatment with sAPPα mice showed a significant improvement in motor and cognitive 

function, relating to a more rapid rate of recovery.  However by day 4 on the ledged beam and day 6 

on the Barnes Maze, the peformance of the treated mice was no different to the vehicle controls. 

Nonetheless, these improvements in functional outcome were accompanied by a small but 

significant improvement in the amount of cortical and hippocampal damage seen at 7 days post-

injury.   The effect of treatment with sAPPα was not as dramatic as that seen following diffuse injury 

in rats. In terms of motor deficits treated rats returned to a sham level of performance on the 

rotarod by day 4 following injury, whereas vehicle treated rats were still impaired by day 7. Similarly 

levels of axonal injury in sAPPα treated rats were dramatically reduced so that they were 

indistinguishable from shams (Chapter 3.3).  The differences between these studies can be 

accounted for by the more rapid rate of recovery in mice on functional tests compared to rats as 

discussed above, as well as the more rapid rate of neurodegneration in a focal injury (Hall et al., 

2008), making it more difficult to observe a large treatment effect.  To enhance the neuroprotective 

effect of sAPPα following a focal injury, repeated applications of the treatment may be necessary. In 

other studies which have observed treatment effects following CCI injury in mice, the animals are 

commonly treated more than once (Clausen et al., 2009; Han et al., 2011; Mbye et al., 2008) or very 

early (<15 mins) after impact (Longhi et al., 2009; You et al., 2008). As the ability to treat at later time 

points is more clinically relevent, exploration of the benefits of repeated treatments of sAPPα 

following focal injury could be examined in the future.  
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This study has demonstrated that increasing the depth of impact of a CCI injury utilising a Linear 

Linmot system, causes a proportionate increase in motor and cognitive deficits, the amount of 

damage to the cortex and hippocampal neuronal loss.   However there was not a commensurate 

increase in the reparative response, with levels of GAP-43 decreasing from a moderate to severe 

level of injury.  Further evidence was also provided of the neuroprotective activity of sAPPα, with 

treatment following a moderate CCI injury, significantly improving functional and histological 

outcome.   
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6.1 Introduction 
 

Although the presence of endogenous APP conferred protection against a mild diffuse TBI as detailed 

in Chapter 4, it is unknown whether it would remain protective against a more severe focal injury.   

The difference between these two types of injuries was highlighted by the greater effectiveness of 

exogenous sAPPα treatment in improving functional outcome following a diffuse TBI in rats, as 

outlined in Chapter 3, rather than the focal CCI injury in mice, as detailed in Chapter 5.   A similar 

situation has been described regarding the actions of endogenous neuroprotective agents with the 

presence of estrogen and progesterone in females shown experimentally to be more effective 

against diffuse (Kupina et al., 2003), rather than focal injuries (Brody et al., 2007; Hall et al., 2005). 

The disparity is thought to be due to the slower nature of degeneration seen in diffuse injuries.  

 

In addition, the greater levels of oxidative stress, excitotoxicity and apoptotic cell death evident 

following a more severe injury could shift the processing of APP towards the amyloidogenic pathway, 

as these factors are known to increase the activity of the β-secretase, BACE (Lesne et al., 2005; Sodhi 

et al., 2008; Tamagno et al., 2008; Tong et al., 2005), thus potentially reducing levels of 

neuroprotective sAPPα.  

 

Furthermore, it is unclear whether endogenous APP is required for sAPPα to exert its 

neuroprotective effects in vivo, as in vitro studies have suggested that both the neuroprotective 

(Gralle et al., 2009) and neurotrophic (Young-Pearse et al., 2008) actions of sAPPα require the 

presence of full length APP. However, knock in of sAPPα was sufficient to rescue deficits seen in APP-

/- mice such as a reduction in grip strength and age related decreases in long term potentiation (Ring 

et al., 2007). Thus, this study aimed to assess whether the presence of APP would remain protective 

following a focal TBI and to determine what affect treatment with sAPPα would have on APP-/- mice. 

 

6.2 Methods 

 

Generation of APP-/- mice has been described previously (Zheng et al., 1995), with both the APP+/+ 

and APP-/- mice on the same background strain, C57BLbj x 129sv, with this study utilising a total of 

40 animals comprising 5 APP+/+ and 40 APP-/- mice, with incorporation of the APP+/+ sham and 

vehicle mice from the previous chapter, as these studies were conducted concurrently. 
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6.2.1 Mouse Controlled Cortical Impact Model 

 

TBI was induced using the CCI model of injury, utilising an impactor device described in the previous 

chapter. In order to perform the CCI injury, an IP injection of Avertin (250mg/kg) was administered to 

anaesthetise the mice, with surgery commencing once pedal foot reflexes were absent.  A 3mm 

craniotomy  was performed in the centre of the right parietal bone, with mice then subjected to a CCI 

injury with a 2mm flat impactor tip used to cause either 1.5 mm of  deformation in APP+/+ mice or 

1.3mm of deformation in APP-/- mice at a velocity of 5m/sec with a dwell time of 100ms.  

 

The difference in deformation depths is to account for the smaller brain size of the APP-/- mice, with 

previous studies showing a reduction of brain weight of about 10% in APP-/- mice (Ring et al., 2007).  

Impact depth was varied as computer modelling has suggested that the most important factors in 

determining injury severity are impact depth and impactor shape, with the diameter of the impactor 

having less effect (Mao et al., 2010). As stated within Chapter 2, with these parameters it was found 

that at 5 hrs post injury there was no difference between APP-/- and APP+/+  mice in terms of lesion 

volume or in the number of degenerating neurons within the dentate gyrus and CA region of the 

hippocampus as detected with FJC staining. 

 

Following injury a randomised subset of the APP-/- mice received treatment via an ICV injection of 

2µL of sAPPα (APP18-611) as previously described, with all other mice receiving an equal volume 

artificial CSF vehicle.  

 

6.2.2 Motor Outcome 

 

Motor deficits were assessed using the ledged beam test, as previously described. Mice were pre-

trained for 3 days prior to injury and tested each day for 7 days following injury, with each mouse 

given 2 trials which were videotaped for later analysis.  The number of times the underhanging ledge 

was used (foot faults) by limbs on the side contralateral to the CCI injury were counted and averaged 

across the two trials.  
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6.2.3 Cognitive Outcome 

 

Cognitive deficits were assessed using the Barnes Maze, as previously described. Animals were pre-

trained for 5 days prior to injury, with their best time taken as their pre-injury baseline level. 

Assessment was conducted on days 2, 4 and 6 post-injury, with escape latency (time in seconds) for 

the mice to find and enter the escape box with front paws and trunk recorded. On day 7 post-injury 

the escape box was switched to a different, randomly chosen hole to test the ability of mice to learn 

a new spatial contingency.  Mice were allowed three trials, spaced 1hr apart, to learn the location of 

the new hole with their escape latency recorded as above.  

 

6.2.4 Tissue processing 

 

For histological analysis animals were perfuse fixed at 24 hrs or 7 days after CCI (n=5 per group), with 

7 day animals randomly chosen from those undergoing functional assessment.  Mice were terminally 

anaesthetised with pentobarbital and perfused transcardially with 10% formalin. Brains were then 

embedded in paraffin prior to sectioning. To ensure inclusion of the entire lesioned cortex, 5 µm 

sections were collected from Bregma +0.5 to -4m. 

 

6.2.5 Assessment of cortical tissue damage 

 

To determine the extent of damaged tissue after CCI, 5 sections per brain (400μm) apart were 

stained with haematoxylin and eosin (H&E), representing the region Bregma -0.5 to -4 due to the 

shrinkage associated with processing. The volume of undamaged tissue in each hemisphere was then 

calculated, as described in Chapter 5, with volumes of healthy tissue between successive pairs of 

sections across the lesion were then added to determine the total volume. This was then used to 

calculate a percentage of cortical tissue damage.  
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6.2.6 Assessment of hippocampal damage 

 

Three sections located 200µm apart representing the region Bregma -1.2 to -2.1 from each animal at 

24 hrs post-injury were stained with FJC to determine the extent of hippocampal cell damage.  Slides 

were immersed in xylene for 2 x 3 mins,  100% ethanol for 3 mins, 70% ethanol for 3 mins and then 

for 2 mins in dH20. Sections were then incubated in 0.06% potassium permanganate for 10 min to 

reduce non-specific staining, followed by incubation in 0.004% solution of FJC solution in 0.1% acetic 

acid for 20 mins. The slides were rinsed in dH20 before being placed in a slide warmer until fully dry 

and then coverslipped with DePeX mounting media from histolene. Sections were viewed with the 

Olympus BX61 microscope using a FITC fluorescence filter cube, with the CA region and granular 

dentate gyrus layer sequentially photographed at 40x magnification. These images were then 

imported into ImageJ, with the number of FJC+ve neurons within these regions counted using the 

associated cell count software.  

 

Sections from 7 day post-injury mice were stained with H&E to assess the number of remaining 

neurons within the CA region of the hippocampus. Slides were scanned and viewed with the 

associated software. The CA region was sequentially imaged at 40x magnification and digitally 

reconstructed into a montage, to allow manual counting of the neurons using the cell count software 

associated with Image J. To determine the effects of injury on the dentate gyrus, the area of the 

granular layer of the dentate gyrus was determined in 5 sections located 200µm apart (Bregma -1.5 

to -3), with the volume calculated using the equation described previously. 

 

6.2.7 Immunohistochemistry 

 

Immunohistochemistry was performed on 3 sections per mouse to analyse levels of GAP-43, MAP-2 

and doublecortin. Briefly, for GAP-43 immunohistochemistry slides were used which were 400µm 

apart representing Bregma -1.2  to -3.5 for GAP-43, whilst for MAP-2 and doublecortin staining, slides 

were used which were 200µm apart representing Bregma -1.2 to -2.1 to allow specific analysis of the 

dorsal hippocampus.  Sections were incubated with either biotintylated anti-mouse GAP-43 

(Novocastra 1:1000), MAP-2 (Abcam 1:1000) or anti-guinea pig doublecortin (Millipore 1:8000), 

followed by the appropriate secondary antibody, then streptavidin peroxidase conjugate, with bound 

antibody finally detected with 3,3-diaminobenzidene tetrahydrochloride (Sigma) and sections 

counterstained with haematoxylin.  
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Immunohistochemical Analysis 

 

For analysis the slides were digitally scanned (Nanozoomer, Hamamatsu) and images exported as a 

jpeg file using the software associated with the slide scanner. GAP-43 and MAP-2 

immunohistochemistry were analysed as detailed in Chapter 5.  For quantification of neurogenesis, 

the number of doublecortin-positive cells embedded within the granule cell layer of the dentate 

gyrus were counted in 3 sections spanning the dorsal hippocampus, as increased rate of 

neurogenesis correlates with an increased number of cells expressing doublecortin (Couillard-

Despres et al., 2005). The length of the dentate gyrus was measured, and the number of cells/mm 

calculated. 

 

6.2.8 Statistical Analysis 

 

All data was analysed using either a one or two-way ANOVA as appropriate, (repeated measures for 

functional outcome analysis), followed by Bonferonni t tests using Graphpad Prism software. A p 

value of less than 0.05 was considered significant in all experiments. 

 

6.3 Results 

 

6.3.1 sAPPα rescues motor deficits in APP-/- mice following CCI injury 

  

Motor deficits following CCI injury were 

assessed using the ledged beam, with the 

number of foot faults on the contralateral side 

(left) counted (Fig 6.1). Both APP+/+ and APP-/- 

mice had an increase in the number of foot 

faults following injury when compared to their 

respective shams, which was significant from 

days 1-4 for the APP+/+ mice (p<0.05) and from 

days 1-7 in APP-/- mice  (p<0.01).  However, 

motor deficits were exacerbated in APP-/- 

mice. Although there was only a slight increase 

 

Fig 6.1: Motor outcome, as assessed on the ledged 
beam, showing that exacerbation of motor deficits in 
APP-/- mice was rescued with sAPPα treatment. (n=10 
per group) (^p<0.05; ^^p<0.01, ^^^p<0.001 compared 
to sAPPα treated APP-/- mice; *p<0.05 compared to 
APP+/+ injured mice) 
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in the number of foot faults on day 1 when compared to APP+/+ mice, these mice demonstrated a 

slower rate of improvement, such that they had a significant increase in the number of foot faults on 

days 2-4 post-injury (p<0.05), with numbers remaining elevated for  the rest of the testing period. 

With sAPPα treatment the motor performance of APP-/- mice was no longer significantly different to 

the APP+/+, such that they had a significant reduction in the number of foot faults when compared 

to untreated APP-/- mice on days 1-5 post-injury (p<0.05). 

 

6.3.2 Exacerbation of cognitive deficits in APP-/- mice is prevented with sAPPα treatment 

 

After CCI injury the presence of cognitive deficits was determined using the Barnes Maze, with the 

time taken to find a previously learned escape hole recorded. APP+/+ mice demonstrated a 

significant increase in escape latency on days 2 (p<0.001) and 4 (p<0.05) following injury before 

returning to a sham level of performance (Fig 6.2A). In contrast APP-/- mice were significantly 

impaired on all days following injury when compared to their shams (p<0.001).  Indeed APP-/- mice 

had an increase in escape latency when compared to APP+/+ mice on all days tested post injury 

(68.3, 65.3 and 45.1 secs vs 51.5, 41.0 and 26.4 secs) which reached significance on day 4 (p<0.01).  

When APP-/- mice were treated with sAPPα, they were no longer significantly different to APP+/+ 

mice, with a significant improvement in escape latency on days 2 and 4 post-injury when compared 

to untreated APP-/- mice (p<0.01). The ability of mice to learn a new location for the escape hole was 

also tested on day 7 post-injury (Fig 6.2B).  There were no differences in escape latency during trial 1 

whilst mice were being familiarised to the new paradigm. On trial 2 APP+/+ and sAPPα APP-/- mice 

had a small but not significant increase in escape latency compared to their respective shams (52 vs 

30.4 secs and 58.2 vs 27.5 secs respectively). However this deficit was exacerbated in APP-/- mice 

(96.3 secs) such that they were significantly impaired when compared to their shams (p<0.001) and 

APP+/+ injured mice (p<0.05).  By trial 3 there were no significant differences between the groups. 
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Fig 6.2: Cognitive outcome as determined by escape latency on the Barnes Maze. Following CCI animals 
were assessed on their ability to find a previously learned escape hole (A), with the increase in escape 
latency observed in APP-/- compared to APP+/+ mice following injury prevented with sAPPα treatment. 
Mice were also tested on their ability to learn a new spatial contingency (B). (n=10 per group) (**p<0.01, 
*p<0.05 compared to APP+/+ mice; ^^^p<0.001, ^^p<0.01 compared to APP-/- sAPPα treated mice) 

 

6.3.3 Exacerbation of cortical damage in APP-/- mice is rescued with sAPPα after CCI injury 

 

To determine the role of APP in secondary 

cortical degeneration following focal TBI, the 

extent of tissue damage resulting from CCI 

injury was assessed by H&E staining (Fig 6.3). 

By 24 hrs post-injury there was a small, but 

not significant increase in lesion volume in the 

APP-/-  mice compared to the APP+/+ mice. 

From 24 hrs to 7 days post-injury the 

progression of cortical damage in APP-/- mice 

was greater than in APP+/+ mice, such that 

there was now a significant increase in tissue damage between the groups (p<0.01). Furthermore, 

although sAPPα treatment had a negligible effect on the extent of tissue damage at 24hrs post-

injury, there was minimal expansion of lesion volume by 7 days, so that these mice now had a 

significantly smaller lesion volume than untreated APP-/- mice (p<0.01). There was no significant 

difference between lesion volume size between the APP+/+ and APP-/- sAPPα treated animals at 

either time point.  

 

 

 

 

Fig 6.3: Cortical damage, as expressed as a 
percentage of the uninjured left cortex. (n=5 per 
group) (***p<0.001 compared to APP+/+ mice; 
^^p<0.01 compared to APP-/- sAPPα treated mice) 
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6.3.4 Increased hippocampal damage in APP-/- mice following CCI Injury is prevented with sAPPα 

treatment 

 

The level of hippocampal cell damage was determined by assessing both the number of FJC+ve 

neurons at 24 hrs (Fig 6.4) and the number of remaining neurons within H&E stained sections at 7 

days following the CCI injury (Fig 6.5).  Although considerable neuronal degeneration within the 

hippocampus was evident in all injured animals following CCI, it appeared to be far greater in the 

vehicle treated APP-/- mice (Fig 6.4A-E). This was confirmed by a count of the number of FJC+ve 

neurons within 3 sections spanning Bregma -1.2 to 2.1, which demonstrated a significant increase 

following injury in APP-/- mice within both the CA region (Fig 6.4F) and the dentate gyrus (Fig 6.4G) 

when compared to APP+/+ mice (p<0.05) and sAPPα treated APP-/- mice (p<0.05). As suggested by 

the FJC staining, by 7 days post-injury there was an obvious reduction in the number of remaining 

neurons within the CA region of the hippocampus in APP-/- mice compared to APP+/+ mice and  

sAPPα treated APP-/- mice, with the CA2/3 region particularly vulnerable (Fig 6.5A-E).  A count of the 

remaining neurons within this region confirmed this observation, with a significant increase in 

APP+/+ mice (p<0.001) and sAPPα treated mice (p<0.001) compared to APP-/- mice, although both 

these groups showed significant neuronal loss when compared to their shams (p<0.01) (Fig 6.5F). 

Similarly, both APP+/+ and APP-/- mice had a significant reduction in the volume of the granular layer 

of the dentate gyrus when compared to their respective shams (p<0.01) (Fig 6.5G).  However, the 

reduction was significantly greater in APP-/- mice, with this rescued following treatment with sAPPα. 
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Fig 6.4: Hippocampal neuronal degeneration as assessed by FJC staining at 24 hrs following injury.  APP+/+ 
sham (A), APP+/+ injured (B), APP-/- sham (C), APP-/- injured (D) and sAPPα treated APP-/- mice (E). 
Evidence of increased FJC staining in APP-/- mice was confirmed by a count of the number of positive 
neurons within the CA region (F) and dentate gyrus (G). (n=5 per group) (Scale bar = 100µm) (***p<0.001, 
*p<0.01 compared to APP+/+ injured mice, ^^^p<0.001, ^p<0.05 compared to sAPPα treated APP-/- mice) 



Chapter 6: Treatment with sAPPα is sufficient to rescue deficits in APP-/- mice following focal TBI 

 

115 

 

 
 
Fig 6.5: Hippocampal neurodegeneration as assessed with H&E staining at 7 days post-injury. There is a clear 
reduction in the number of remaining hippocampal neurons in APP-/- mice (D) when compared to APP+/+ 
(B) and APP-/- sAPPα treated animals (E) following injury.  These observations were confirmed with a count 
of the number of remaining neurons within the CA region (F), with a significant reduction in the volume of 
the granular layer of the dentate gyrus also noted in APP-/- mice (G). (n=5 per group) (Scale bar = 100µm) 
(*p<0.05, ***p<0.001 compared to APP+/+ mice; ^^p<0.01, ^^^p<0.001 compared to sAPPα treated APP-/- 
mice) 

. 

 

6.3.5 sAPPα treatment prevents the decrease in hippocampal levels of MAP-2 following CCI Injury 

seen in  APP-/- mice  

 

To assess hippocampal dendritic integrity following CCI injury, immunohistochemistry was performed 

using the dendritic marker MAP-2, with results from colour deconvolution of images in Fig 6.6 and 

representative images at 7 days post injury seen in Fig 6.7. Decreases in MAP-2 staining were evident  

in all animals following injury within the dentate hilus, although this appeared greater in APP-/- mice, 

with an almost complete loss of dendrites and MAP-2 positive cells within this region by 7 days post- 
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injury.  Supporting the hippocampal cell 

damage reported above, the APP-/- mice 

had an obvious greater loss in the number 

of MAP-2 positive cells within the CA2 and 

CA3 regions of the hippocampus in 

comparison to APP+/+ and sAPPα treated 

APP-/- mice. Similarly there was a decrease 

in the amount of dendritic staining, 

although those that remained appeared 

thickened.  These observations were 

confirmed with colour deconvolution which 

calculated the density of staining within 

each image, with levels of MAP-2 assessed 

at 24 hrs and 7 days post-injury.  Following 

CCI injury APP+/+ mice had a significant 

decrease in the intensity of MAP-2 staining 

within the CA3 region (p<0.05) and the 

dentate hilus (p<0.001) at both time points, 

with an almost 50% reduction within the 

dentate hilus. Within the stratum radiatum 

layer of the CA2 region a significant 

reduction was observed at 24 hrs (p<0.05), 

but not 7 days post-injury, with levels at this 

time point similar to that seen in shams.  Similarly in sAPPα treated APP-/- mice significant reductions 

in levels of MAP-2 were observed at both time points in the CA2 (p<0.05) and CA3 (p<0.05) regions of 

the hippocampus as well as the dentate hilus (p<0.05) in comparison to their shams, with the most 

dramatic reduction within the vulnerable dentate hilus.  In APP-/- mice the loss of MAP-2 staining 

was exacerbated with significant decreases compared to APP+/+ and sAPPα treated APP-/- mice 

within each of these regions (p<0.05), with an almost 70% reduction in staining in comparison to 

their shams with the dentate hilus. 

 

 

 

 

Fig 6.6: Levels of MAP-2, as determined by colour 
deconvolution within the stratum radiatum layer of the 
CA2 region (A), the CA3 region (B) and the dentate hilus 
(C). (n=5 per group) (*p<0.05, p<0.01 compared to 
APP+/+ mice, ^p<0.05, ^^p<0.01 compared to sAPPα 
treated APP-/- mice)  
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Fig 6.7: Representative images of MAP-2 immunohistochemistry showing the clear reduction in MAP-2 
staining within the CA2, CA3 and dentate hilus regions of the hippocampus in APP-/- (J-L) mice following 
injury when compared to APP+/+ (G-I) and sAPPα treated APP-/- mice (M-O). Images are representative of 
n=5 per group. (A, D, J, M scale bar = 300µm, otherwise scale bar = 100µm) 
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6.3.6 APP-/- Mice have decreased numbers of doublecortin positive cells following CCI injury 

 

 To determine the effects of knockout of APP on neurogenesis following CCI injury the number of 

doublecortin positive cells within the subgranular layer of the dentate gyrus was assessed (Fig 6.8), 

with this quantified by calculating the number of cells/mm of dentate gyrus (Fig 6.9). By 24 hrs 

following injury there was a clear reduction in the number of doublecortin positive cells in all injured 

animals when compared to shams, reflecting their vulnerability following CCI injury. By 7 days post-

injury, the number of doublecortin positive cells had significantly increased in both the APP+/+ mice 

 

 

 

 

Fig 6.8 :  Representative images of doublecortin immunohistochemistry in an APP+/+ sham (A), APP-/- sham 
(B) and injured mice at 24 hrs (C,E,G) and 7 days (D,F,H) post-injury. At 24 hrs post-injury all injured mice 
show a reduction in numbers of doublecortin positive cells in comparison to sham mice. However by 7 days 
post-injury there was an increase relative to 24 hr injured mice in the numbers of doublecortin positive cells 
in APP+/+ and sAPPα treated APP-/- mice, but not vehicle treated APP-/-  mice. (Images are representative of 
n=5 per group) (Scale bar = 100µm) 
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and the sAPPα treated APP-/- mice (p<0.05), 

with some of these cells seen to be migrating 

into the granular layer of the dentate gyrus 

and extending their dendrites towards the 

molecular layer. However in APP-/- mice 

numbers of doublecortin positive cells 

remained low, such that they were now 

significantly decreased when compared to the 

APP+/+ (p<0.01) and sAPPα treated APP-/- 

mice (p<0.05),  with little evidence of the 

incorporation of any immature neurons into 

the dentate gyrus.   

 

6.3.7 Knockout of APP Decreases Levels of GAP-43 Following CCI Injury 

 
 

To assess the reparative response following 

CCI injury levels of GAP-43 were determined 

immunohistochemically at 7 days post-injury, 

as GAP-43 is known to be involved in 

activities such as neurite sprouting and 

neurite extension which facilitate synaptic 

plasticity. Following injury, APP-/- mice only 

had a significant increase in levels of GAP-43 

when compared to their shams in the region 

closest to the lesion, with levels similar to 

that seen in shams as distance from the 

lesion increased (Fig 6.10 & 6.11). In contrast 

both APP+/+ and sAPPα treated APP-/- mice had a significant increase in levels of GAP-43 up to 

1.2mm from the lesion site when compared to their respective shams, with these observations 

confirmed with colour deconvolution (p<0.0001 for APP+/+; p<0.01 for sAPPα treated APP-/- mice) 

(Fig 6.10). This showed that APP+/+ mice had significantly higher levels of GAP-43 than APP-/- mice 

up to 1.2mm from the injury site, including the region closest to the contusion (p<0.01). Treatment 

 
Fig 6.9: Quantitative counts of the number of 
doublecortin positive cells within the dentate gyrus 
expressed as cells/mm. There is a significant increase 
from 24hrs to 7 days in the APP+/+ and sAPPα 
treated APP-/- mice that is not present in vehicle 
treated APP-/- mice. (n=5 per group) (**p<0.01 
compared to APP+/+ mice; ^p<0.05 compared to 
APP-/- sAPPα treated mice; #p<0.05 compared to 24 
hr time point) 
 
 

 
 
Fig 6.10: Levels of GAP-43 within the cortex expressed 
as %DAB weight, confirming the decrease in levels 
observed in APP-/- mice compared to APP+/+ mice 
and sAPPα treated APP-/- mice post-injury. (n=5 per 
group) (**p<0.01, ***p<0.001 compared to APP+/+ 
mice, ^^p<0.01 compared to sAPPα treated APP-/- 
mice) 
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with sAPPα meant that APP-/- mice were no longer significantly different to APP+/+ mice with 

increases in levels of GAP-43 at each of the sites measured when compared to APP-/- mice, with this 

reaching significance at a distance of 0.8m from the lesion. 

 

 

 

Fig 6.10: Representative images of GAP-43 immunohistochemistry in an APP+/+ (A) and APP-/- (B) sham, 
with images C-K representing sections taken at increasing distance from the lesion from APP+/+ injured (C-E), 
APP-/- injured (F=H) and sAPPα treated APP-/- mice (I-K), with the images on the left the closest and those 
on the right furthest away from the lesion. 
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6.4 Discussion 

 

This study demonstrates that following a moderate focal injury knockout of APP makes mice more 

vulnerable, with these mice exhibiting greater functional deficits. These deficits correlated with 

increased levels of cortical and hippocampal cell damage, as well as an impaired reparative response.  

This is most likely due to lack of the APP metabolite, sAPPα, as post-injury treatment with this 

protein was able to prevent the exacerbation of deficits seen in APP-/- mice. 

 

Following injury APP-/- mice exhibited greater motor and cognitive deficits, as detected by increased 

numbers of foot faults on the ledged beam and increased escape latency on the Barnes Maze in both 

learning and memory tasks. These were associated with an increase in lesion volume and greater 

hippocampal cell damage within both the CA region and the dentate gyrus, with an increase in 

neuronal degeneration, as determined with FJC staining at 24 hrs post-injury, leading to a decrease in 

hippocampal cell numbers within H&E stained sections by 7 days post-injury. This hippocampal cell 

loss was also reflected by MAP-2 immunoreactivity, which allows assessment of dendritic integrity 

(Folkerts et al., 1998), with a significantly greater loss of staining in APP-/- mice within the CA2, CA3 

and dentate hilus regions of the hippocampus.  Furthermore APP-/- mice had much lower levels of 

GAP-43, a protein which is unregulated during the repair response to injury (Thompson et al., 2006), 

with increased GAP-43 levels evident only in the area closest to the lesion, whereas in APP+/+ mice 

evidence of upregulation extended up to 3 times further.  

 

These changes are not due to a greater amount of primary injury in APP-/- mice as the level of injury 

was adjusted, with depth of impact decreased from 1.5 to 1.3mm to compensate for the reported 

decrease in brain size in APP-/- mice (Ring et al., 2007). It should be noted that this has not been 

associated with major neuronal loss within the cortex or hippocampus of adult APP-/- mice (Herms et 

al., 2004; Phinney et al., 1999). This is supported by our findings that there was no significant 

difference in cell numbers within the CA region of the hippocampus nor in the volume of the dentate 

gyrus between APP+/+ and APP-/- mice. The decision to alter depth rather than impactor tip size was 

due to a report which indicated that depth is one of the most important factors in determining injury 

severity, with the other being impactor shape which would have been impossible to alter between 

groups in a meaningful manner (Mao et al., 2010).This adjustment meant that cortical damage, as 

assessed by lesion volume and expressed as a percentage of the uninjured hemisphere, and 

hippocampal damage, as determined by FJC positive neurons, were not significantly different 
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between the APP+/+ and APP-/- mice at 5 hrs post-injury, with this outlined in the Section 2.3.3.   As 

such the exacerbation of deficits in APP-/- mice is due to an increase in the level of secondary injury 

received, rather than due to the primary insult. It should also be reiterated that the APP-/- 

phenotype which includes reduced grip strength (Zheng et al., 1995) and age related cognitive 

deficits (Phinney et al., 1999; Dawson et al., 1999; Senechal et al., 2008), is not the cause of the 

impairments observed in these mice following injury, as there was no difference in performance on 

either the ledged beam or the Barnes Maze between APP+/+ and APP-/-  shams. 

 

This study provides evidence that even with increasing injury severity knockout of APP remains 

detrimental. Thus in APP+/+ mice the production of sAPPα appears to be more important in 

determining outcome than the presence of other toxic  APP metabolites in the week following injury. 

Indeed, following treatment with sAPPα,  APP-/- mice were no longer significantly different to 

APP+/+ mice, suggesting that lack of sAPPα is the cause of the enhanced deficits in APP-/- mice. This 

treatment led to a significant improvement in functional outcome, a reduction in cortical and 

hippocampal cell damage and a restoration of the reparative response when compared to untreated 

APP-/- mice, further supporting the role of sAPPα as a neuroprotective agent (Copanaki et al., 2010; 

Goodman and Mattson, 1994; Smith-Swintosky et al., 1994; Thornton et al., 2006). This can partially 

be attributed to its ability to activate high conductance potassium channels which hyperpolarise the 

cell and prevent further calcium entry thus reducing levels of excitotoxic cell death (Furukawa and 

Mattson, 1998), as well as activation of a number of anti-apoptotic pathways (Cheng et al., 2002; 

Stein et al., 2004), although the full mechanisms of action are yet to be determined. 

 

As well as providing neuroprotection, the neurotrophic role of sAPPα has also been extensively 

characterised (Araki et al., 1991; Bhasin et al., 1991; Ohsawa et al., 1997; Qiu et al., 1995; Saitoh et 

al., 1989), with the assessment of MAP-2 staining originally intended to assess the ability of the 

hippocampus to regenerate dendrites following TBI (Huh et al., 2003). However the results seen 

within this study appear to predominantly reflect the greater amounts of cell loss evident in APP-/- 

mice. Thus the increase in MAP-2 levels seen in APP+/+ and sAPPα treated APP-/- injured mice can be 

accounted for by a greater preservation of hippocampal neuronal cells and hence dendritic integrity, 

rather than due to an increase in neurite outgrowth. 

 

Nonetheless, evidence for the loss of the neurotrophic role of sAPPα in APP-/- mice is seen through 

the reduction in GAP-43 levels within the cortex following injury, which is restored following sAPPα 
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treatment.  GAP-43 is a neural specific membrane associated phosphoprotein which is known to be 

increased following injury (Christman et al., 1997; Emery et al., 2000; Hulsebosch et al., 1998; 

Thompson et al., 2006) and is an important regulator of synaptic plasticity as it promotes neuronal 

sprouting and neurite outgrowth (Bendotti et al., 1997). During regeneration GAP-43 is transported 

along neuronal fibres and distributed in growth cones (Thompson et al., 2006), with its upregulation 

following injury reflecting an attempt by the injured CNS to promote axonal regeneration and 

compensate for neuronal loss by creating new synaptic connections (Emery et al., 2003). Indeed 

increased GAP-43 expression has been hypothesised to correlate with behavioural recovery in tasks 

such as the beam balance following TBI (Hulsebosch et al., 1998).  As such the reduced levels of GAP-

43 observed in APP-/- mice reflect an inhibition of intrinsic recovery mechanisms that can facilitate 

improvement in motor performance following TBI.  Interestingly the upregulation of GAP-43 is 

known to be impaired with increasing injury severity, which may relate to an overwhelming of the 

post traumatic neural repair response with resultant failure to elicit a plasticity response, as well as 

increased degradation of plasticity related proteins (Thompson et al., 2006). Thus it is unclear 

whether knockout of APP in this instance creates an environment which is less conducive for repair, 

as injury severity was greater in APP-/- than APP+/+ mice, or whether APP itself, through sAPPα,  is 

required to facilitate GAP-43 production and trafficking following TBI. 

 

sAPPα has also previously been shown to affect neurogenesis as it acts synergistically with EGF, as a 

growth factor for neuronal progenitor cells (Caille et al., 2004). Therefore to examine the effects of 

APP knockout on neurogenesis, doublecortin immunohistochemistry was used, as it is a reliable 

marker of immature neurons (Couillard-Despres et al., 2005; von Bohlen Und Halbach, 2007). Within 

the subgranular zone of the dentate gyrus new neurons are born throughout life (Eriksson et al., 

1998). These neurons are capable of migrating into the granular cell layer where they can connect to 

the CA3 region, their target area (Markakis and Gage, 1999). Predictably at 24 hrs post-injury all mice 

exhibited a decrease in the number of doublecortin cells within the dentate gyrus, as these cells have 

been found to be particularly vulnerable following TBI (Rola et al., 2006). However, by 7 days post-

injury the APP+/+ and sAPPα treated APP-/- mice had shown a significant increase in the number of 

doublecortin cells, which was not evident in untreated APP-/- mice, with this re-emergence in line 

with reports elsewhere (Ramaswamy et al., 2005; Rola et al., 2006) Interestingly doublecortin 

expressing late neural progenitors have been shown to be more susceptible to injury than early 

neural progenitors that do not express doublecortin (Yu et al., 2008). Given the significant amount of 

cell damage evident within the dentate gyrus of the APP-/- mice when compared to APP+/+ mice, the 
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results seen here may simply reflect a loss of early progenitors rather than an inhibition of 

maturation of these precursors. Thus APP+/+ mice may have had a remaining pool of early 

progenitors to repopulate the lost doublecortin expressing late progenitors by 7 days post-injury, 

which were not present in APP-/- mice. Regardless of the mechanism, given the time frame, it is 

highly unlikely that the decrease in neurogenesis observed in the APP-/- mice contributed to their 

greater functional deficits observed in this study, with further studies needed to assess the long term 

effects of knockout of APP on neurogenesis following TBI. 

 

As sAPPα was able to rescue the exacerbation of deficits seen in APP-/- mice these findings do not 

support the premise that sAPPα requires the presence of endogenous APP to exert its protective 

effects.  This is contrary to previous reports, which have shown that application of sAPPα to 

neuroblastoma cells only provided protection from metabolic stress when APP was present (Gralle et 

al., 2009) and that sAPPα did not stimulate neurite outgrowth in primary neuronal cells in the 

absence of APP (Young-Pearse et al., 2008).  In these studies it was suggested that full length APP 

was responsible for promoting neuronal death and inhibiting neurite outgrowth, with sAPPα acting 

by disrupting the activity of cell surface APP.  Although a similar toxic role for cell surface 

transmembrane APP has been postulated elsewhere (Bouron et al., 2004; Rohn et al., 2000; Sudo et 

al., 2000), it has also been reported to stimulate neurite outgrowth without the presence of sAPPα 

(Qiu et al., 1995), suggesting that the functional role of full length APP is not yet fully understood. 

Furthermore knock in of sAPPα in vivo was found to be sufficient to mediate the postnatal 

physiological actions of APP in APP-/- mice, with these animals exhibiting normal brain and somatic 

growth, normal grip strength development, normal spontaneous home cage activity and normal 

spatial learning and long term potentiation in aged mice (Ring et al., 2007), areas which are usually 

affected by knockout of APP (Dawson et al., 1999; Tremml et al., 1998; Zheng et al., 1995). Different 

mechanisms of action of sAPPα may be present in the in vivo compared to the in vitro environment, 

accounting for the discrepancy in results. Alternatively, given the similarity of APLP1 and APLP2 to 

APP, the actions of these proteins are thought to be enhanced in the absence of APP (Heber et al., 

2000; Kaden et al., 2009), and this could provide an alternate route for sAPPα to mediate its effects. 

 

This study further supports the role of endogenous APP as a neuroprotective agent following TBI. 

Despite the increase in injury severity, knockout of APP increased motor and cognitive deficits, 

enhanced cell death and inhibited the induction of a reparative response following a moderate focal 

injury. This can be attributed to lack of the APP metabolite, sAPPα, as treatment with this peptide 
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was sufficient to restore APP-/- mice to the level of injury seen in APP+/+ mice, providing further 

evidence of its important role as an endogenous neuroprotective agent. 
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7.1 Introduction 

 

In Chapter 3, we found that the D1 and D6a domains, but not the D2 domain of sAPPα were as 

effective as the full length protein at improving outcome following a diffuse TBI injury in rats. To 

recap,  the predominant isoform of sAPPα within the brain, APP695, consists of 4 domains: a growth-

factor like domain (D1), a copper binding region (D2), an acidic region (D3) and a carbohydrate 

domain (D6), which can be further divided into an E2 domain (D6a) and a juxtamembrane region 

(D6b) (Reinhard et al., 2005; Storey and Cappai, 1999).  As the D1 and D6a, but not the D2 domains 

contain a heparin binding site, it was hypothesised that the neuroprotective properties of sAPPα may 

relate to its ability to bind HSPGs. 

 

Intriguingly, binding to heparin has been shown to induce dimerisation in the D1 domain (Dahms et 

al., 2010; Soba et al., 2005), as well as in the D6 domain (Lee et al., 2011; Wang and Ha, 2004), with 

this postulated to initiate intracellular signalling cascades (Reinhard et al., 2005). This is proposed as 

a potential mechanism for the neuroprotective actions of sAPPα, whereby sAPPα prevents the toxic 

actions of full length membrane bound APP, by disrupting their dimer formation by providing an 

alternate binding partner (Gralle et al., 2009; Young-Pearse et al., 2008). However, in the previous 

chapter we demonstrated that sAPPα was able to mediate its neuroprotective and neurotrophic 

actions without the presence of endogenous APP. This suggests that there may be other pathways 

through which sAPPα can mediate its actions which do not require heparin binding. Alternatively 

there may be other mechanisms whereby the binding of sAPPα to HSPGs provides neuroprotection.  

To investigate, this study examined the effects of treatment with the D1 and D6a domains, as well as 

their heparin binding sites, APP96-110 and APP416-447 on outcome in APP-/- mice following a 

moderate focal injury. 

 

7.2 Methods 

 

In this study a total of 28 APP-/- mice that were 10-13 weeks of age were used, with incorporation of 

the APP-/- shams and vehicle treated mice from the previous chapter, as parts of the study were 

conducted concurrently.  
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7.2.1 Induction of Traumatic Brain Injury  

 

As previously described, TBI was induced using the CCI model of injury. Animals were anaesthetised 

with Avertin, with a craniotomy then performed in the centre of the right parietal bone. Following 

placement within a stereotaxic frame, a 2mm flat impactor tip was used to cause 1.3mm of 

deformation at a velocity of 5m/sec with a dwell time of 100 ms.  Following the impact a cranioplasty 

was performed to cover the craniotomy site. 

 

Animals were then randomly assigned to receive treatment with either the D1 domain (APP28-123), 

or the D6a domain (APP316-498) of sAPPα (n=6 per group), or their heparin bindings sites, APP96-

110 or APP416-447 (n=8 per group) (Fig 7.1). The D1 and D6a domains were expressed as a secreted 

protein in the methylotrophic yeast, Pichia pastoris as previously described (Henry et al., 1997). 

APP96-110 and APP416-447 were produced through custom peptide synthesis (Auspep) using the 

following sequences, NWCKRGRKQCKTHPH and FNMLKKYVRAEQKDRQHTLKHFEHVRMVDPKK, and 

were N-terminally acetylated and C- terminally amidated. 150 µl of each peptide (25µM) was then 

mixed with 75µL of artificial CSF vehicle (Roch et al., 1994; Thornton et al., 2006) prior to 

administration. 2µl of the appropriate treatment was then administered at a rate of 0.5µl/min into 

the lateral ventricle as previously described in Chapter 2. 

 

 

 

Fig 7.1: Schematic of the different peptides administered in relation to the full length protein 
 

 

7.2.2 Motor Outcome 

 

Motor deficits were assessed using the ledged beam test.  Briefly mice were required to traverse a 

1m long tapering beam with underhanging ledges (1cm), walking from the widest (3.5cm) to the 
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narrowest end (0.5cm). Animals were pre-trained for 3 days prior to injury and then tested daily for a 

week post-injury, which each mouse given 2 trials. The number of times the underhanging ledge was 

used (foot faults) by limbs on the side contralateral to the CCI injury were counted and averaged 

across the two trials.  

 

7.2.3 Cognitive Outcome 

 

Cognitive deficits were assessed using the Barnes Maze, where they were required to find the 

location of a previously learn escape box which was situated under 1 of 40 holes spaced around the 

perimeter of a white circular platform. Animals were pre-trained for 5 days prior to injury, with their 

best time taken as their pre-injury baseline level. Assessment was conducted on days 2, 4 and 6 post-

injury, with escape latency (time in seconds) for the mice to find and enter the escape box with front 

paws and trunk recorded. On day 7 post-injury the escape box was moved to a different, randomly 

chosen hole to test the ability of mice to learn a new spatial contingency.  Mice were allowed three 

trials, spaced 1 hr apart, to learn the location of the new hole with their escape latency recorded as 

above. 

 

7.2.4 Tissue processing 

 

For histological analysis animals were perfuse fixed at 7 days after CCI (n=3-5 per group) and were 

randomly chosen from those undergoing functional assessment.  Mice were terminally anaesthetised 

with Pentobarbital and perfused transcardially with 10% formalin. Brains were then embedded in 

paraffin prior to sectioning. To ensure inclusion of the entire lesioned cortex, 5 µm sections were 

collected from Bregma +0.5 to -4mm. 

 

7.2.5 Assessment of brain tissue damage 

 

To determine the extent of cortical damage after CCI injury, 5 sections per brain (400μm apart) were 

stained with haematoxylin and eosin (H&E), representing the region Bregma -0.5 to -4, as described 

within Chapter 2.  Briefly, the unaffected area of the cortex of each hemisphere was outlined, with 

the volumes of healthy tissue between successive pairs of sections then added to determine the total 

volume. This was then used to calculate the percentage of cortical tissue damage. 
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7.2.6 Assessment of hippocampal damage 

Three sections located 200µm apart representing the region Bregma -1.2 to -2.1 were stained with 

H&E to assesses the degree of hippocampal damage to the CA region. Slides were scanned and 

viewed with the associated software to allow sequential imaging of the CA region at 40x 

magnification. These images were imported into Image J to allow manual counting of the number of 

neurons using the cell count software.  To determine the effects of injury on the dentate gyrus, the 

area of the granular layer of the dentate gyrus was determined in 5 sections located 200µm apart 

(Bregma -1.5 to -3), with this then used to calculate the volume of the dentate gyrus. 

7.2.7 Statistical Analysis 

 

All data was analysed using either a one or two-way ANOVA as appropriate, (repeated measures for 

functional outcome analysis), followed by Bonferonni t tests using Graphpad Prism software. A p 

value of less than 0.05 was considered significant in all experiments. 

 

7.3 Results 

 

7.3.1 Motor outcome 

 

Following injury, treatment with either the D1 (Fig 7.2A) or D6a domains (Fig 7.2B) of sAPPα led to a 

reduction in the number of foot faults in APP-/- mice, significant on days 2-4 (p<0.05) for the former 

and days 3 and 4 for the latter (p<0.01). Indeed by day 3 in the D1 treated mice and day 4 in the D6a 

treated mice, only a small and non-significant deficit in motor performance was noted in comparison 

to sham animals, whilst in vehicle treated APP-/- mice a much slower rate of improvement was 

evident. In contrast, treatment with APP96-110 (Fig 7.2A), but not APP416-447 (Fig 7.2B), had a 

positive effect on motor performance post-injury, with a significant reduction in foot faults on days 2 

and 3 post-injury (p<0.01).  Furthermore, there was a reduction in the number of foot faults for the 

rest of the testing period, with these mice performing in a similar manner to those treated with the 

entire D1 domain.  In comparison the performance of mice treated with APP416-447 was 

indistinguishable from that of the vehicle treated APP-/- mice.  
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Fig 7.2:  Motor outcome as assessed by the ledged beam in APP-/- treated with the D1 domain and its 
heparin binding site APP96-110 (A) and the D6a domain and its heparin binding site APP416-46 (B), 
demonstrating that the D1 and D6a domains and APP96-110, but not APP416-47 significantly reduced 
motor deficits in APP-/- mice. (D1 and D6a domain treated groups n =6; APP96-110 and APP416-47 n=8, 
vehicle treated APP-/- mice and APP-/- shams n=10) (*p<0.05, **p<0.01, ****p<0.0001 compared to D1 
(A) and D6a (B) treated APP-/- mice; ^^p<0.01 compared to APP96-110 treated APP-/- mice) 

 

7.3.2 Cognitive Outcome 

 

Cognitive deficits were seen as an increase in escape latency on the Barnes Maze post-injury.  

Treatment with both the D1 domain and its heparin binding site, APP96-110, significantly decreased 

escape latency on days 2 and 4 post-injury (p<0.05) when compared to vehicle treated APP-/- mice 

(Fig 7.3A). In contrast the D6a domain, but not the region APP416-47, which encompasses its heparin 

binding site, was able to improve cognitive outcome following TBI, with a decrease in escape latency 

in all days tested post-injury injury in D6a treated mice (46.6, 35.2 and 28 secs vs 68.3, 65.3 and 45.1 

secs) which reached significance on day 2. In contrast the time taken to find the location of the 

previously learnt escape hole in APP416-47 treated mice was similar to vehicle treated controls in 

60.1, 62.5 and 42.8 secs (Fig 7.3B). 

 

Similarly when tested on their ability to learn a new location for the escape hole on day 7 post-injury, 

treatment with the D1 or D6a domains of sAPPα or APP96-110 all significantly reduced escape 

latency on trial 2 (p<0.05) when compared to vehicle treated APP-/- mice. In contrast treatment with 

APP416-47 had minimal effect (Fig 7.3C&D). Indeed these animals took significantly longer than APP-

/- shams on trial 2 (p<0.05), whilst the other treatment groups did not.  
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Fig 7.3:  Cognitive outcome as assessed by the ability to find a previously learnt escape hole on the Barnes 
Maze (A&B) and the ability to learn a new location for the escape hole over 3 trials (C&D) in APP-/- 
treated with the D1 domain and its heparin binding site APP96-110 (A&C) and the D6a domain and its 
heparin binding site APP416-46 (B&D). This demonstrates that the D1 and D6a domains and APP96-110, 
but not APP416-47, significantly reduced cognitive deficits in APP-/- mice. (D1 and D6a domain treated 
groups n=6; APP96-110 and APP416-47 n=8, vehicle treated APP-/- mice and APP-/- shams n=10) (*p<0.05 
compared to D1 (A) and to vehicle APP-/- mice (B, C & D); ^p<0.05 compared to APP96-110 treated APP-/- 
mice (A&C))  

 

7.3.3 Lesion Volume 

 

The extent of cortical tissue damage following 

TBI was assessed by comparing the volume of 

cortical tissue within the uninjured left 

hemisphere to that within the injured right 

hemisphere to determine a % cortical tissue 

damage of at 7 days post-injury (Fig 7.4). A 

significant decrease in cortical damage was 

evident within the mice treated with the D1 

domain, APP96-110 or the D6a domain when 

compared to vehicle treated APP-/- mice 

 

Fig 7.4: Cortical damage was assessed using H&E 
staining, showing a reduction in D1 or D6a domain and 
APP96-110 treated APP-/- mice, but not in APP416-47 
treated APP-/- mice (Vehicle, APP96-110, APP426-47 
treatment groups n=5; D1 and D6a domain treatment 
groups n=3) (***p<0.001 compared to APP-/- mice; 
^^^p<0.001 compared to   APP416-47  APP-/- treated 
mice) 
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(p<0.001). Conversely treatment with APP416-47 had no effect on lesion volume, with these mice 

exhibiting significantly greater tissue damage than the other treatment groups (p<0.001). 

 
7.3.4 Hippocampal Cell Damage 

 
To evaluate the degree of hippocampal damage following TBI, H&E stained sections at 7 days post-

injury were assessed, with representative images seen in Fig 7.5A-F. It is evident that there is greater 

preservation of the CA2/3 region of the hippocampus in APP-/- mice treated with the D1 or D6a 

domains of sAPPα, as well as those treated with APP96-110. In contrast there is minimal effect 

following treatment with APP416-47, although there appeared to be a small improvement when 

compared to vehicle treated mice. These observations were confirmed with a count of the remaining 

CA  neurons  showing  a  significant  increase in the mice treated  with  the  D1  domain,   its  heparin  

 

 

Fig 7.5:  Representative images of the degree of hippocampal damage following CCI injury (A-F), showing 
greater preservation of the CA2/3 region in the D1 (B) and D6a (E) domain of sAPPα, as well as the APP96-
110 (E) treated mice when compared to the vehicle treated mice (D) and those treated with APP416-47 (F). 
These observations were confirmed with counts of the number of remaining CA neurons (G) and 
determination of the volume of the dentate gyrus (H) (Vehicle, APP96-110, APP426-47 treatment groups 
n=5; D1 and D6a domain treatment groups n=3) (n=5 per group) (*p<0.05, **p<0.01, ***p<0.001 compared 
to vehicle treated APP-/- mice) 
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binding site APP96-110 or the D6a domain when compared to vehicle treated APP-/- mice (Fig 7.5G). 

A similar improvement in the volume of the dentate gyrus was noted in these treatment groups, 

whilst the APP416-47 peptide had no effect (Fig 7.5H). 

 

7.4  Discussion 

 

In this preliminary study, the D1 and D6a domains of sAPPα were shown to be as effective as each 

other in improving outcome in APP-/- mice following a CCI injury. However whilst the region 

encompassing the heparin binding site within the D1 domain, in APP96-110, was similarly capable of 

rescuing functional deficits and improving histological outcome in APP-/- mice, the peptide APP416-

447, representing the heparin binding site of the D6a domain, had no effect.  

 

Treatment with the peptide APP96-110 was able to reduce functional deficits, as detected by a 

reduction in the number of foot faults on the ledged beam and a decrease in escape latency on the 

Barnes Maze. This was accompanied by a significant reduction in the amount of cortical damage and 

significantly greater preservation of both the CA and dentate gyrus regions of the hippocampus. 

Indeed this peptide was as effective as the entire D1 domain of sAPPα, suggesting that it is this 

region that is responsible for its neuroprotective activity.  The APP96-110 region contains a β hairpin 

loop formed by a disulphide bridge between cysteines 98 and 105 (Rossjohn et al., 1999; Small et al., 

1994), with the presence of this bridge previously shown to be critical for promoting neurite 

outgrowth (Young-Pearse et al., 2008) and activation of MAP kinase (Greenberg and Kosik, 1995). 

This most likely relates to maintenance of the correct secondary structure to facilitate binding to 

heparin, with binding of this region to HSPGs known to promote neurite outgrowth from central and 

peripheral neurons (Small et al., 1994). Furthermore, an antibody that binds to this region inhibits 

functional synapse formation (Morimoto et al., 1998), completely abolishes depolarisation induced 

neurite outgrowth (Gakhar-Koppole et al., 2008) and prevents the effects of sAPPα in promoting the 

migration and differentiation of human neural stem cells (Kwak et al., 2006). 

 

Although the lack of APP precludes the ability of APP96-110 to exert its effects through interaction 

with cell membrane bound APP, it may still be interacting with the APP paralogues,  APLP1 or APLP2.  

Interaction with APLP2 is most likely as APLP1 lacks a heparin binding site within the D1 domain 

(Kaden et al., 2011). Physiologically, whilst individual knockout of APP, APLP1 or APLP2 has minimal 

effects, combined knockout of APP and APLP2 is perinatally lethal suggesting a degree of functional 
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overlap, at least developmentally (Heber et al., 2000; von Koch et al., 1997).  sAPPα has previously 

been shown to promote neurite outgrowth in vitro in APP or APLP2 knockout neuronal cultures, but 

not with a combined knockout (Gakhar-Koppole et al., 2008).  However, another study showed that 

sAPPα did not promote neurite outgrowth in primary neuronal cultures from APP-/- mice, suggesting 

that the presence of APLP2 did not compensate for the lack of APP (Young-Pearse et al., 2008). It is 

unclear what caused the discrepancy in these results, but could relate to factors such as the timing of 

analysis after plating or the substrate used.  In terms of neuroprotection, whilst Gralle et al showed 

that full length APP was required for sAPPα to exert its protective effects against metabolic stress, it 

was not examined whether the presence of APLP2 would have a similar effect (Gralle et al., 2009). 

The B103 neuroblastoma cells used in the study do not have endogenous APP or APLPs (Schubert and 

Behl, 1993), with only the effects of transfection of these cells with APP studied.  

 

Although it is unclear whether the presence of APLP2  can act as a mediator for the actions of sAPPα 

in the absence of APP, heterodimerisation between the APP family members has previously been 

shown to occur, with this reliant on the presence of the D1 domain (Bai et al., 2008; Soba et al., 

2005). Indeed mutant APP and APLP constructs deficient in an extended version of the D1 domain, 

showed a reduction in the amount of coimmunoprecipiation indicative of a lack of dimer formation 

(Soba et al., 2005). Dimerisation of APP has been shown to require the presence of heparin (Dahms 

et al., 2010; Gralle et al., 2006). Furthermore, the APP96-110 region has been shown to be essential 

for dimerisation, as addition of a small peptide which interfered this loop region reduced the amount 

of dimerisation present (Kaden et al., 2008; Scheuermann et al., 2001). It is yet to be determined 

what functional effects relate to the phenomenon of homo- and heterodimerisation of APP family 

members, although it has been suggested to influence APP processing (Kaden et al., 2011). It is 

evident that further investigation is needed to determine the exact mechanisms whereby APP96-110 

exerts its neuroprotective effects. It should be noted that although this region encompasses a 

heparin binding site, suggesting that binding to HSPGs in some manner is involved, the 

neuroprotective actions of this peptide could relate to another mechanism of action. 

 

Although the region APP96-110, encompassing the heparin binding site of the D1 domain of sAPPα, 

was found to rescue deficits in APP-/- mice, the peptide APP417-446 representing the heparin 

binding site of the D6a domain of sAPPα had no effect. This is despite the fact that the D6a domain 

itself was found to be effective at reducing deficits in APP-/- mice. There are several reasons whereby 

the fragment APP417-446 of the D6a domain did not show efficacy in improving outcome in APP-/- 
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mice. Firstly the heparin binding site encompasses six basic residues from helices αC and αD of one 

monomer (Arg-375, His-382, Arg-424, Lys-428, His-432, His-439) and a conserved Arg-336 from helix 

αB′ of the second monomer (Wang and Ha, 2004). Although we included the key heparin binding 

residues in Arg-424, Lys-428, His-432, His-439, inclusion of the other residues was impractical, as the 

length of the peptide would have been too great to allow manufacture (R Cappai, personal 

communication). Hence, further studies will be needed to ensure whether this peptide has the 

appropriate secondary structure in order to have a functional effect.  Alternatively, the heparin 

binding site within the D6a domain of sAPPα may not be responsible for its neuroprotective 

properties.  As discussed extensively within Chapter 3, another putative site within this region, the 

pentapeptide motif `RERMS’ (APP328-332), has been shown to be neurotrophic (Jin et al., 1994; 

Ninomiya et al., 1993; Roch et al., 1994) and neuroprotective (Yamamoto et al., 1994).  However this 

remains controversial as other studies have failed to show a similar effect (Furukawa et al., 1996; 

Ohsawa et al., 1997). Finally, although this region could require the presence of endogenous APP to 

exert its protective effects, this seem unlikely since this study demonstrated that the D6a domain of 

sAPPα was able to reduce deficits in APP-/- mice.  

 

This study has identified the region within the D1 domain, in APP96-110, which is capable of rescuing 

deficits in APP-/- mice, suggesting that binding to HSPGs are an important mechanism whereby 

sAPPα exerts its neuroprotective effects.  However further research is needed to identify the site 

within the D6a domain which confers its protective activity. Whilst treatment with the D6a domain 

improved outcome in APP-/- mice, the region encompassing its heparin binding site in APP416-447 

had no effect.  
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The experiments within this thesis have demonstrated that knockout of APP worsens functional and 

histological outcome following both a mild diffuse and a moderate focal TBI. This is most likely due to 

lack of the APP metabolite sAPPα, as treatment with the peptide post-injury was able to rescue the 

exacerbation of deficits in APP-/- mice.  The neuroprotective region within APP was initially narrowed 

down to the D1 and D6a domains of sAPPα, with preliminary investigations in APP-/- mice suggesting 

that the peptide APP96-110 is sufficient to provide neuroprotection. 

 

8.1 Benefit of exogenous application of sAPPα following TBI 

 

The studies within this thesis were based upon an initial investigation which demonstrated that 

exogenous application of sAPPα was able to improve motor outcome with an associated reduction in 

apoptotic cell death and axonal injury following a diffuse injury in rats (Thornton et al., 2006).  These 

findings were replicated within this thesis, with sAPPα treatment found to improve motor and 

cognitive outcome following both a diffuse injury in rats and a moderate focal injury in mice, 

providing further evidence for its use as potential therapeutic agent following TBI.  

 

Indeed, this was the first study to demonstrate that sAPPα treatment could also provide benefit 

following a focal TBI. However, as discussed extensively within Chapter 5, the improvement seen 

following the focal injury in mice was less impressive than that seen in rats. This was attributed to the 

greater spontaneous recovery seen in mice following TBI, as well as the more rapid rate of 

degeneration seen following a focal injury, making it more difficult to obtain a significant treament 

effect.  Indeed de Olmos silver staining, which selectively stains degenerating neuronal axons and 

nerve terminals, demonstrated that minimal neurodegeneration is present at 24 hrs post-injury 

following a diffuse injury, with the peak of neurodegeneration in the cortex, hippocampus, and 

striatum observed at 3 days post-injury (Kupina et al., 2003). In contrast, following a moderate CCI 

injury a significant increase in silver staining is present by 6 hrs post-injury and peaks at 48 hrs, 

although there is minimal difference in the amount of staining from 28-72 hrs post-injury (Hall et al., 

2008). 

 

Interestingly a report published this year has indicated that use of a rounded tip, rather than the flat 

tip employed here, and indeed by many others (Dennis et al., 2009; Fox et al., 1998; Sandhir and 

Berman, 2010; Smith et al., 1995; Thompson et al., 2006; Whalen et al., 2008; Xiong et al., 2005), 

may slow the rate of neurodegeneration, potentially producing a focal injury that may be more 
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amenable to the testing of potential therapeutics (Pleasant et al., 2011).  This is because use of a flat 

tip results in high tissue strains localised at the impactor rim, whereas a rounded tip leads to more 

radially distributed strains (Mao et al., 2010). Pleasant et al (2011) found that the peak of neuronal 

death within the cortex and hippocampus occurred at 4 hrs post-injury with the flat tip, whereas with 

the rounded tip the initial neocortical damage evident in the first 12 hrs post-injury was milder, 

although by 24 hrs the amount of damage was equivalent to flat tip impactor.   Indeed there was no 

difference between the two types of impactors in terms of the size of the contusion or amount of 

axonal injury by 9 days post-injury or in the degree of neurobehavioural deficits. This suggested that 

it was only the rate of neurodegeneration that was altered, not the amount.  Within our study there 

was also minimal expansion of the amount of cortical damage from 5 to 24 hrs (14.47%±0.76 vs 

16.7%±0.98), but hippocampal damage, as measured by the number of FJC+ve neurons within the 

hippocampus, did increase within both the dentate gyrus (47±23.6 vs 133±17.4) and CA regions 

(68.6±33.4 vs 157±35.5). This suggests that there may be other factors apart from tip shape that 

influence the rate of neurodegeneration following injury. Indeed, histologically the depth of impact 

appeared greater within the Pleasant et al study (2011), with early damage to the CA1 region of the 

hippocampus that was not evident in this study. This reiterates the need to characterise an injury 

model, as the amount and rate of cell damage may differ between laboratories depending on the 

exact protocol employed.  Regardless, comparison of treatment efficacy following CCI injury 

employing different tip shapes could be explored in the future. The predicted slower evolution of 

damage with use of a rounded tip may be more clinically relevant and allow a more accurate 

assessment of the usefulness of therapeutics in a focal injury.  

 

 8.2 The role of endogenous APP following TBI 

 

Although exogenous sAPPα treatment was shown to improve outcome following both diffuse and 

focal TBI, it was unclear what role endogenous APP would play due to the disparate actions of its 

metabolites, neuroprotective sAPPα and toxic Aβ.  However, mice deficient in APP were shown to 

have increased motor and cognitive deficits following both diffuse and focal TBI, with this associated 

with increased neuronal damage and an impaired reparative response.  The differences noted within 

this thesis were not due to baseline phenotypic differences between APP+/+ and APP-/- mice, which 

include reductions in body weight,  grip strength and brain weight in APP-/- mice (Zheng et al., 1995). 

Furthermore, with age, deficits are noted in spatial learning which are associated with decreased 

neocortical and hippocampal levels of synatophysin and reduced dendritic lengths of hippocampal 
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neurons (Dawson et al., 1999; Zheng et al., 1995). To counter these effects the APP-/- mice used 

were between 10-16 weeks of age, with sham APP+/+ and APP-/- mice identical in performance on 

the Barnes Maze, both during the acquistion phase and in post-surgery testing, indicating that no 

cognitive impairment was present.  In addition, no differences in synaptophysin or MAP-2  staining 

intensity within the hippocampus were noted between the APP-/- and APP+/+ mice. Furthermore, no 

differences were seen in neuronal numbers within the CA and dentate gyrus regions of the 

hippocampus despite the reduction in brain weight, which is in line with previous reports which have 

not found major neuronal loss within the cortex or hippocampus of adult APP-/- mice (Herms et al., 

2004; Phinney et al., 1999). 

 

The injury parameters were also altered between APP+/+ and APP-/- mice for both the diffuse and 

focal injury models to ensure that the level of primary injury received was the same.  Knockout 

strains can display different suceptibility to the impact (Flierl et al., 2009), with this of particular 

concern due to the phenotypic differences outlined above.  Thus as described in the relevant 

chapters, for the diffuse injury the height from which the weight was released was reduced to ensure 

that righting time was the same between the groups, whilst for the focal injury depth of impact was 

reduced such that there was no histological difference in the amount of cortical or hippocampal 

damage at 5 hrs post-injury.  As such the aggravation of deficits in APP-/- mice following TBI can be 

attributed to an increase in the level of secondary injury received, rather than a greater level of 

primary insult or due to baseline differences between the strains. 

 

These results, showing that endogenous APP is protective following TBI in vivo, are contrary to earlier 

in vitro studies, which showed that there was no difference in survival rates between APP-/- and 

APP+/+ cortical neurons exposed to oxidative stress (Harper et al., 1998; White et al., 1998) or 

excitotoxicity (White et al., 1998).  However our results are supported by another in vitro study which 

demonstrated that cultured cortical and hippocampal neurons from APP-/- mice were more 

susceptible to glutamate exposure, exhibiting less than 20% survival compared to 50% in wild-type 

neurons (Han et al., 2005). This deficit was primarily restored with the addition of sAPPα, which is in 

line with our finding that treatment with sAPPα post-injury was able to prevent exacerbation of 

neuronal damage and improve functional outcome in APP-/- mice, such that they were no longer 

different to APP+/+ mice.  This further supports the theory that APP chiefly exerts its neuroprotective 

actions through its metabolite, sAPPα.  As outlined throughout this thesis, sAPPα has previously been 

shown to be neuroprotective, with this attributed to its ability to activate high conductance 
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potassium channels which hyperpolarise the cell and thus reduce excitotoxic damage (Furukawa and 

Mattson, 1998), as well as activation of a number of anti-apoptotic pathways (Cheng et al., 2002; 

Stein et al., 2004). 

 

The reparative response was also found to be inhibited in APP-/- mice following TBI, as detected by a 

decrease in levels of GAP-43. This is unsurprising given the extensive characterisation of the 

neurotrophic effects of sAPPα, with its application in vitro consistently found to increase neurite 

outgrowth (Araki et al., 1991; Bhasin et al., 1991; Ohsawa et al., 1997; Qiu et al., 1995; Saitoh et al., 

1989).  It should, however, be noted that within the studies in this thesis it cannot be determined 

whether the failure to demonstrate an increase in levels of GAP-43 is due to a direct inhibition of the 

reparative response due to lack of APP.  The enhancement of the secondary injury cascade in APP-/- 

mice, seen as an increase in the amount of neuronal damage, may also have inhibited the reparative 

response (Thompson et al., 2006). It is evident that further studies will be necessary to identify the 

specific pathways that are activated following in TBI in order for sAPPα to exert its effects.  

 

There is an upper limit to the protection provided by endogenous APP, with preliminary 

investigations showing no difference in functional outcome following a severe CCI injury induced by 

2mm cortical deformation in APP+/+ mice and 1.8mm in APP-/- mice (data not shown). At this level 

of injury, as seen in Chapter 5, there is a considerable deformation of the hippocampus, suggesting 

that endogenous neuroprotective pathways may be overwhelmed when structural damage is 

extensive.  The intensity of the secondary injury response may also play a role, as it may create an 

environment which acts to inhibit the reparative response.  For example, although excessive calpain 

activation is known to occur following TBI due to injury induced calcium influx, calpain mediated 

spectrin breakdown was found to be a 100x greater than sham level following a severe CCI injury 

compared to 12x greater after a moderate CCI injury (Thompson et al., 2006). The preferred 

substrates for calpain include cytoskeletal proteins, membrane receptors and transporters and 

signalling transduction proteins (Carafoli and Molinari, 1998; Wang, 2000),  with many of these 

substrates involved in neuroplasticity (Saatman et al., 1996). Indeed calpain substrates include 

cytoskeletal proteins like actin and specrin which are important for cytoskeletal remodeling (Chan 

and Mattson, 1999; Lynch and Baudry, 1987), as well as GAP-43, which promotes neuronal sprouting 

and neurite extension following TBI (Zakharov et al., 2005). This was seen in Chapter 5 where it was 

noted that whilst levels of cortical GAP 43 were increased from a mild to moderate level of CCI injury,  

in severely injured mice levels were decreased relative to the moderately injured mice.  
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Nonetheless, the results within this thesis support the theory that following a mild-moderate TBI,  

the neuroprotective properties of sAPPα outweigh any potential negative effects of other APP 

metabolites such as Aβ, AICD and C31, at least in the week following injury. These peptides are 

known to be pro-apoptotic (Bertrand et al., 2001; Kim et al., 2004; Lu et al., 2000; Mattson et al., 

1998), with previous studies suggesting that they may be involved in enhancing the secondary injury 

cascade following TBI (Abrahamson et al., 2006; Loane et al., 2009; Stone et al., 2002). The long term 

implications of enhanced APP production, in relation to the risk of the later development of 

Alzheimer’s disease remains controversial (reviewed in Van Den Heuvel et al., 2007), with the studies 

within this thesis not precluding the development of late negative effects of the presence of APP 

following TBI.  

 

It should also be noted that although the studies within this thesis have shown that endogenous APP 

is neuroprotective following TBI, non-transgenic mice are unable to develop the Aβ plaque pathology 

that is seen in clinical TBI due to a three amino acid difference in Aβ sequence (Johnson et al., 2010).  

Furthermore, rodent Aβ is thought to be less toxic, as it does not reduce Cu (II) as effectively as 

human Aβ, which may affect its ability to promote oxidative stress. However, although rodent Aβ  

does not form plaques, it has been shown to form β-sheet fibrils in vitro (Fraser et al., 1992), but not 

as aggressively as human Aβ (Boyd-Kimball et al., 2004). Furthermore, induction of protein oxidation 

and lipid peroxidation in primary neurons has been demonstrated with rodent Aβ, with this 

triggering apoptosis and cell death, although at a slower rate than human Aβ (Boyd-Kimball et al., 

2004).  

 

Upregulation of soluble Aβ has been demonstrated following TBI in rodents (Blasko et al., 2004; 

Iwata et al., 2002; Loane et al., 2009; Mannix et al., 2010), as has aggregation of Aβ within damaged 

axons (Stone et al., 2002). This suggests that in rodent models increased Aβ production may still 

influence secondary injury mechanisms following TBI despite the lack of plaque formation. Indeed 

progressive cortical deterioration observed in injured adult APOε4 mice, who have reduced Aβ 

clearance, was associated with high levels of Aβ in both cerebral hemispheres at 1 month after injury 

(Mannix et al., 2010).   Furthermore, increasing Aβ clearance without affecting APP processing 

through treatment with the cholesterol efflux transporter ABCA1 (ATP-binding cassette A1), 

improved functional recovery and significantly reduced lesion volume in non-transgenic mice (Loane 

et al., 2011). However, future studies in species with the human Aβ sequence may provide further 

evidence on the role that endogenous APP plays following TBI. 
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Interestingly, a recent report by Mannix et al, has challenged the idea that Aβ is neccessarily 

detrimental immediately following TBI, with knockout of BACE-1 in 8-12 week old mice found to 

worsen functional outcome, as assessed up to 10 days following injury (Mannix et al., 2011).  It was 

suggested that this could be attributed to lack of the monomeric form of Aβ which is postulated to 

have a physiological function in depressing synaptic activity, thus providing feedback to prevent 

synaptic activity from becoming excessive (Kamenetz et al., 2003). Indeed these Aβ monomers have 

been shown to to enhance survival of developing neurons under conditions of trophic deprivation 

and protect mature neurons against excitotoxic death (Giuffrida et al., 2009). Recent studies 

employing intracerebral microdialysis to allow measurements of soluble Aβ within the extracellular 

space have found that levels of Aβ actually decrease following TBI in both mice (Schwetye et al., 

2010) and humans (Brody et al., 2008). Furthermore, levels of Aβ increase as a patient recovers 

(Brody et al., 2008). This may, however, only be providing an indirect measure of neuronal activity, 

with suppression of activity following injury reducing the genesis of Aβ, whose production is 

correlated with the amount of synaptically coupled endocytic activity (Cirrito et al., 2008; Cirrito et 

al., 2005). Levels of Aβ then gradually increase as normal neuronal activity is restored. Furthermore, 

these microdialysis studies do not preclude a detrimental role for Aβ following TBI, as the decrease in 

extracellular soluble Aβ noted may simply reflect extracellular Aβ depostion into toxic insoluble 

aggregates or intracellular Aβ retention (Magnoni and Brody, 2010).   

 

The worsening of functional outcome in young adult BACE-1-/- mice may also be due to loss of the 

effects of BACE-1 on other substrates, rather than due to a the lack of Aβ.  For example neuroregulin-

1 is known to be a substrate of BACE-1 (Evin et al., 2010), with treatment with neuroregulin-1 shown 

to improve cognitive outcome following TBI (Lok et al., 2007). Interestingly, the findings of the 

Mannix et al  (2011) study are in direct contradiction of an earlier study by Loane et al  (2009) who 

found that BACE-1 deletion decreased brain tissue damage and improved motor and cognitive 

deficits after CCI in aged mice (11-12 months). It was suggested that the disparity between these 

studies may be due to differences in Aβ dynamics following TBI with age. Indeed BACE-1 activity is 

known to increase with age (Miners et al., 2010), with the constitution of Aβ also changing, levels of 

insoluble Aβ increase whilst the amount of soluble Aβ decreases (van Helmond et al., 2010a) . Thus 

these differences in aged wildtype mice may mean that Aβ plays a greater role in the secondary 

injury process than seen in younger mice.  In addition levels of sAPPα have been shown to decrease 

with age in rats. (Anderson et al., 1999). Inhibition of BACE-1 activity has been shown to increase 

levels of sAPPα (Sala Frigerio et al., 2010; Sankaranarayanan et al., 2008), and given the already 
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reduced levels in aged mice, there could be a greater difference in the levels of sAPPα in aged 

wildype versus BACE-1-/- mice than in the young adult mice. This could account to some degree for 

the dramatic improvement seen in aged BACE-1-/- mice that was not evident in the younger mice.  

Indeed in the younger mice any benefits of promotion of non-amyloidogenic processing may have 

been outweighed by other unrelated effects of BACE-1 knockout, for example by altering levels of 

neuroregulin-1, that are yet to be fully determined.  The discrepancy between these studies highlight 

that age may influence the role of APP following TBI. It would be interesting to determine whether 

the difference in functional and histological outcome between APP-/- and APP+/+ mice decreases 

with age, although this would be a difficult study to perform due to the age related deficits noted in 

APP-/- mice.  

 

8.3 Delineating the neuroprotective region within sAPPα 

 

As well as examining the benefit of exogenous and endogenous sAPPα in improving outcome 

following TBI, we were also interested in determining the exact region within the protein that 

conferred this activity. Our Initial study, testing the efficacy of the D1, D2 and D6a domains of sAPPα 

in improving outcome in rats following a diffuse TBI indicated that either the D1 or D6a domains of 

sAPPα were as effective as the full length protein in improving outcome. This is in line with earlier 

reports that in the nematode Caenorhabditis elegans who have a single APP-related gene, APL-1, that 

knock-in of either the D1 or D6 domains was sufficient to rescue deficits in APL-1 deficient animals 

(Hornsten et al., 2007).  As the D1 and D6a domains contain heparin binding sites, we suggested that 

the protective properties of sAPPα may relate to its ability to bind HSPGs.  Heparin sulphate chains 

are normally attached to core proteins to form HSPGs which are located at the cell surface and in the 

ECM (Turnbull et al., 2001). These proteoglycans, which are glycoproteins with one or more GAG 

chains attached to the core protein, include the syndecan family of transmembrane proteins, the 

glypican family of proteins attached to the cell membrane and ECM proteins such as perlecan 

(Raman et al., 2005). Specific sequences in heparin sulphate chains are designed for interactions with 

certain proteins and regulate a number of functions such as cell signalling, cell adhesion and neurite 

outgrowth (Spillman and Lindahl, 1994). It is known that the the majority of binding sites for APP in 

the ECM are these HSPGs, with interference with the ability of APP to bind heparin preventing its 

neuroprotective (Furukawa et al., 1996) and neurotrophic actions (Williamson et al., 1996).   
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To investigate whether treatment with the regions encompassing the heparin binding sites within the 

D1 and D6a domains were sufficient to provide protection, we tested the ability of APP96-110 and 

APP416-447 respectively, to rescue deficits in APP-/- mice following a focal CCI injury. As these 

peptides were obtained 18 months after the completion of the study investigating the effects of 

treatment with different domains of sAPPα in rats,  this precluded their inclusion within that study. 

Furthermore, given the modest benefit noted with sAPPα treatment in APP+/+ mice, it was 

determined that the greatest likelihood of seeing a significant improvement in outcome following TBI 

would be seen with treatment of APP-/- mice. Planned future studies will investigate the benefits of 

these peptides in non-transgenic animals, to determine whether they are sufficient to provide 

neuroprotection. 

 

Nonetheless, this study found that APP96-110, but not APP416-447, was able to prevent 

exacerbation of deficits in APP-/- mice, improving motor and cognitive outcome with an 

accompanying reduction in cortical and hippocampal neuronal damage.  It should be noted that this 

does not conclusively exclude the possibility that the heparin binding site is the active region within 

the D6a domain of sAPPα, as further studies will be needed to assess whether the APP416-447 

peptide adopts the appropriate secondary structure to allow heparin binding.  As discussed in 

Chapter 7, inclusion of all the amino acids thought to be involved in the heparin binding site was not 

practical, as the size of the peptide would have been too great to allow its manufacture. Indeed, 

there is evidence that the heparin binding site within the D6a region may play a role in regulating 

levels of intracellular calcium (Furukawa and Mattson, 1998), promoting neurite outgrowth (Qiu et 

al., 1995) and facilitating in dimerisation of APP (Lee et al., 2011; Wang and Ha, 2004).  Alternatively 

another route of investigation would be to evaluate the abiilty of the putative neuroprotective region 

`RERMS’, located within the D6a domain of sAPPα, to improve outcome following TBI.   

 

The cyclic nature of the APP96-110 peptide, due to the presence of a disulphide bridge between  

cysteines 98 and 105 (Rossjohn et al., 1999; Small et al., 1994), ensures that it maintains the same 

secondary structure as would be seen in full length sAPPα, and thus maintains its ability to bind 

heparin.  Although it is yet to be determined the exact mechanisms whereby the APP96-110 peptide 

exerts its effects, binding of this region to HSPGs has been shown to promote neurite outgrowth 

(Small et al., 1994). Furthermore an antibody that binds to this region inhibits its neurotrophic 

functions, preventing functional synapse formation (Morimoto et al., 1998) and depolarisation 

induced neurite outgrowth (Gakhar-Koppole et al., 2008).  To definitely determine whether heparin 
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binding is required for the neuroprotective properties of this peptide, future studies could employ a 

mutated version which lacks the ability to bind heparin.  

 

The ability of the APP96-110 peptide, and indeed of the D1 and D6a domains of sAPPα, as well as 

sAPPα itself, to rescue deficits in APP-/- mice suggests that sAPPα does not require the presence of 

endogenous APP to exert its neuroprotective effects.  This disputes the claims that sAPPα acts by 

interrupting the toxic actions of APP dimers (Gralle et al., 2009; Young-Pearse et al., 2008), but 

corresponds with an earlier study that found that knock in of sAPPα was sufficient to rescue deficits 

in APP-/- mice (Ring et al., 2007) 

 

It is possible that in the absence of APP, sAPPα, through its D1 and D6a domains, and more 

specifically the region APP96-110, may act through interactions with APLP2 and APLP1.  As APP-/- 

mice age, levels of both APLP1 and APLP2 are known to increase in the brain relative to wildtype 

mice, suggesting they may compensate for some of the physiological activities of APP (Soba et al., 

2005).  Indeed, the functions of this family of proteins appear to be partially redundant, with only 

minor phenotypic effects of single knockout of any of these genes, or of APP/APLP1 knockout, whilst 

APP/APLP2 and APLP2/APLP1 knockout are perinatally lethal (Heber et al., 2000; von Koch et al., 

1997). APP and both APLPs are highly conserved proteins, with many conserved regions over a large 

portions of the ectodomain and within the intracellular tail, although both APLP1 and APLP2  lack the 

Aβ region (Reinhard et al., 2005). A heparin binding site is found in all three proteins within the D6a 

domain, but only APP and APLP2 also have a heparin binding site within the D1 domain (Anliker and 

Muller, 2006).  Given the importance of APLP2, as highlighted by the combined knockout studies, as 

well as its ability to interact with the heparin binding site of the D1 domain, it appears feasible that it 

could be an alternate receptor for sAPPα signalling in APP-/- mice. 

 

Heparin binding has been shown to be important for promoting dimerisation of the ectodomain of 

APP through interactions within the region encompassing APP96-110 of the D1 domain (Kaden et al., 

2008), as well as with the D6a domain (Lee et al., 2011). Heterodimersiation is also known to occur 

between the APP family members, with both cis and trans dimerisation demonstrated (Soba et al., 

2005).  Whereas trans dimerisation may play a role in cell-cell adhesion (Kaden et al., 2011; Soba et 

al., 2005), cis-dimerisation has been hypothesised to allow activation of intracellular signalling 

pathways (Gralle et al., 2009; Reinhard et al., 2005). Alternatively cis dimerisation may influence the 

processing of APP, possibly by changing its conformational state, thus decreasing its amyloidogenic 
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processing by preventing access of β-secretase to its cleavage site (Kaden et al., 2008). No consensus 

has yet been reached on the role of dimerisation of APP family members (Gralle et al., 2009; Kaden 

et al., 2008; Soba et al., 2005), the regions that are involved in promoting dimerisation (Soba et al., 

2005; Wang and Ha, 2004), if heparin binding is required (Dahms et al., 2010; Gralle et al., 2006; Lee 

et al., 2011; Wang and Ha, 2004) or whether this dimerisation is dependent on cellular location 

(Dahms et al., 2010; Kaden et al., 2008; Soba et al., 2005).  Indeed it is unclear whether cell surface 

full length APP or APLPs are primarily dimerised, or mainly present as monomers, with this having 

important implications for how these proteins may intereact with sAPPα (Dahms et al., 2010; Kaden 

et al., 2008; Soba et al., 2005).  As such it is unclear whether the peptide APP96-110, or indeed 

sAPPα, requires the presence of APP family members to mediate its beneficial effects, or if other 

mechanisms of actions are involved, with further research needed into this issue. 

 

8.4 Conclusion 

 

The studies within this thesis identified a neuroprotective role for endogenous APP following TBI, as 

its knockout led to a worsening of motor and cognitive deficits, increased neuronal damage and an 

impaired reparative response following both a mild diffuse and moderate focal TBI. This was most 

likely due to lack of sAPPα, as treatment with sAPPα post-injury was able to rescue the exacerbation 

of deficits in APP-/- mice such that they were no longer different to APP+/+ mice. We were also able 

to confirm the benefits of exogenous sAPPα treatment following TBI, and specifically determined 

that both the D1 and D6a domains of sAPPα were sufficient to provide neuroprotection, potentially 

due to their ability to bind to HSPGs. This led to a preliminary investigation that determined that the 

region encompassing the heparin binding site of the D1 domain, in APP96-110, warrants further 

investigation as a putative neuroprotective agent following TBI, as it was significantly improved 

outcome in APP-/- mice.  
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