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Abstract 
 

Amyloid precursor protein (APP) is neuroprotective in traumatic brain injury (TBI). 

Treatment with soluble amyloid precursor protein (sAPP) can rescue motor and cognitive 

deficits following TBI in mouse and rat models (Corrigan et al., 2012c). The neuroprotective 

active site in sAPP is located in residues 96 to 110 (APP96-110) (Corrigan et al., 2014). We 

hypothesize that APP96-110 interacts with a specific molecule(s) to trigger its 

neuroprotective response in TBI. To identify protein(s) interacting with the APP96-110 

peptide, a biotin-streptavidin affinity capture method combined with mass spectrometry was 

utilised. Among the proteins identified, the Amyloid Precursor-like Protein 2 (APLP2) was 

found to be a robust interacting target for APP96-110. Previous reports showed APLP2 binds 

to a region in APP which includes 96-110 (Soba et al., 2005).  

To test the role of APLP2 in TBI, APLP2 wildtype (APLP2+/+) and APLP2 knockout 

(APLP2-/-) mice, from both sexes, were subjected to mild controlled cortical impact injury. 

Brains were collected following 7 days of surgery and histopathological assessment was done 

looking at primary and secondary effects of injury. These include tissue morphology, 

neuronal loss, axonal injury, tau pathology, astrogliosis and microgliosis. Motor function was 

assessed by DigiGait over 7 days post-surgery. Initial gait analysis showed the craniotomy 

procedure itself induced gait disturbances, but to a lesser extent and that injury worsened gait 

performance in both genotypes. Sex differences were observed in brain injury, with males 

more susceptible at acute phase of injury with increased motor deficits and astrogliosis in 

both genotypes. There was greater axonal damage and tau pathology detected in males than 

females expressing endogenous APLP2. This study highlights the importance of considering 

craniotomy controls and female and male mice in TBI study. Sex-specific comparisons made 

between APLP2+/+ and APLP2-/- mice following injury showed the lack of APLP2 in males 

leads to decreased motor deficits, axonal damage and tau pathology compared to males 

expressing endogenous APLP2. In the case of females, APLP2-/- mice were less 

susceptibility to brain injury compared to APLP2+/+ females. This suggests APLP2 

expression may be modulated by sex hormones. Using an in silico approach, progesterone 

and estrogen transcription binding motifs were identified in the mouse and human APLP2 

promoter sequence.   
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1 CHAPTER: Introduction 
 

1.1 Traumatic brain injury 

 

TBI is a major cause of death and disability worldwide and is a growing health problem in 

many countries (Taylor et al., 2017). TBI leads to either temporary or permanent loss of 

psychological, social, physical, behavioural and cognitive functions (Ponsford et al., 2011). It 

is caused by an external mechanical force such as rapid acceleration or deceleration or 

rotational or blast or crush results in focal or diffuse injury. The head injury effects are 

classified into primary and secondary injury – primary injury involves physical damage to 

brain tissue due to tearing, bleeding and blood brain barrier disruption (Haddad and Arabi, 

2012). The primary traumatic incident promotes secondary systemic complications which can 

lead to chronic neuronal damage (Walker and Tesco, 2013).  

TBI is mainly caused due to falls and motor vehicle accidents. Among different age groups, 

the young and elderly are most affected (Spitz et al., 2015). The rate of head injuries and 

mortality risk is higher in young patients aged 7 to 14 yr, and those aged 65 and older. The 

most common factor of TBI in the elderly is falls and traffic accidents. In the elderly, 

premorbid risk factors also worsen the outcome of TBI. These include underlying health 

problems such as psychological illness, neurological disorders, substance abuse, head injury 

and stroke (Styrke et al., 2013). TBI inpatient rehabilitation in the United States from 2001 to 

2010 revealed that 49.8% injuries are due to falls in elderly patients and 40.8% are due to 

vehicle crashes in teenagers (Cuthbert et al., 2015; Haring et al., 2015).  

Another cause of brain injury is sports related which includes football, boxing, rugby and 

motorsports. The 99% of the donated brains from American Football League players were 

diagnosed to have Chronic Traumatic Encephalopathy (CTE), which is a progressive 

neurodegeneration due to repeated concussions. The most common cause of death in the 

American Football players with mild CTE is suicide and those with severe CTE is 

neurodegeneration linked to dementia and parkinsonism (Mez et al., 2017). Over the past two 

decades, the incidence of mild TBI has increased over time, whereas moderate to severe brain 

injuries decreased. The improvement and implementation of road safety rules and car safety 

devices have decreased the number of vehicle associated severe TBI incidents. In addition, 

the functional outcome of TBI patients has improved indicating better quality of hospital 

care. However, the overall incidence of brain injury has not changed (Lindfors et al., 2018).  
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1.1.1 Classification 

 

The severity of closed head injury is diagnosed based on the symptoms using the Glasgow 

Coma Scale (GCS). The most commonly used GCS measures three behavioural aspects: 

motor responsiveness, verbal performance and eye-opening (Teasdale and Jennett, 1974). 

The individual parameters to assess behavioural aspects are listed in table 1.1, and the final 

score is determined by summing the values of all three behavioural aspects (I, II and III).  

 

Table 1.1: Glasgow Coma Scale measurement 

Score I. Motor response II. Verbal response III. Eye opening 

1 No response No sound No eye opening 

2 Extension to painful 

stimuli 

Incomprehensible speech Eye opening in response to 

pain 

3 Abnormal flexion to 

painful stimuli 

Inappropriate speech  Eye opening in response to 

speech 

4 Withdrawal to painful 

stimuli 

Confused conversation Spontaneous eye opening 

5 A localising response Orientated, converses 

normally 
 

6 Obeying commands 

 

 

The GCS was modified to predict the outcome of brain injury and termed as Glasgow 

Outcome Scale (GOS). GOS was introduced by Jennett and Bond in 1975. A five-point scale 

is used to examine death, persistent vegetative state, severe disability, moderate disability and 

good recovery (Table 1.2). The time of assessment is also an important criterion (Jennett and 

Bond, 1975). Due to certain limitations of GOS, an extended eight-point GOS is also used in 

addition to a five-point GOS which include underlying medical problems, other injuries and 

age (Wilson et al., 1998). Then later socioeconomic factors, lifestyle, and genetic factors are 

also considered to predict the outcome of brain injury (Cuthbert et al., 2015; Haring et al., 

2015).  
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Table 1.2: Glasgow Outcome Scale 

Death Caused due to major injuries and extracranial complications. Most of the 

deaths due to primary brain damage happens within 48 hr.  

Persistent vegetative 

state 

Patient remains unresponsive and speechless for weeks or months until 

death. 

Severe disability Psychological or physical disability or both and need support for daily 

activities. 

Moderate disability Disable but independent has varying degree of dysphasia, hemiparesis, 

memory deficits and personality changes. 

Good recovery Leads normal life with minor psychological deficits. 

 

In the case of unconscious TBI patients, the Full outline of unresponsive score is used to 

determine the outcome of brain injury. Compared to the regularly used GCS or extended 

GOS, full outline of unresponsive score recognises certain unconscious states based on eye 

examination, brainstem response, motor reflex and breathing patterns (Table 1.3) (Wijdicks et 

al., 2005). This score has a higher mortality prediction rate in hospital admitted TBI patients 

than GCS (Okasha et al., 2014).  

Table 1.3: Full outline of unresponsiveness score 

Score Eye, brain stem, motor and respiration response in unconscious TBI patient 

4 Opened eyelids and tracking or blinking to command, presence of pupil and corneal 

reflexes, thumbs-up, fist or peace sign and regular breathing pattern  

3 Eyelids open but not tracking, open pupil wide and fixed, localizing to pain and Cheyne-

Strokes breathing pattern 

2 Eyelids closed but open to loud voice, absence of pupil or corneal reflexes, flexion 

response to pain and irregular breathing 

1 Eyelids closed but open to pain, absence of both pupil and corneal reflexes, extension 

response to pain and breaths regularly or Cheyne-Strokes or irregular at ventilator rate 

0 Eyelids remain closed with pain, absence of pupil, corneal and cough reflex, no response 

to pain and breaths at ventilator rate or apnoea  
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TBI is classified into mild, moderate and severe brain injury based on GCS (Teasdale and 

Jennett, 1974), level of consciousness and post-traumatic amnesia of TBI patient (Table 1.4). 

 

Table 1.4: Classification of traumatic brain injury based on Glasgow coma scale 

TBI severity Mild TBI Moderate TBI Severe TBI 

Glasgow coma scale 13 to 15 9 to 12 3 to 8 

Loss of consciousness ≤ 30 min 30 min to 6 hr > 6 hr 

Post traumatic amnesia < 24 hr Up to 24 hr > 24 hr 

 

1.1.1.1 Mild traumatic brain injury 

 

Mild TBI is also termed concussion, and is caused by an external mechanical force to the 

head with or without loss of consciousness. The World Health Organisation Collaborating 

Centre for Neurotrauma Task Force indicates the clinical identification of mild TBI must 

include more than one of these clinical manifestations: confusion or disorientation, loss of 

consciousness for 30 min or less, post-traumatic amnesia for less than 24 hr or other transient 

neurological abnormalities like focal signs, seizure, and intracranial lesion not requiring 

surgery and GCS of 13-15 measured after 30 min of injury (Carroll et al., 2004). These 

symptoms must not be due to alcohol, drugs, medication, other injuries, treatment for other 

injuries, penetrating craniocerebral injury, other issues like psychological or language barriers 

or coexisting medical conditions (Carroll et al., 2004).  

Most of the post-concussional symptoms in mild TBI are reversible and recover in a short 

duration. The post-concussive symptoms like headache, drowsiness, fatigue, dizziness, 

concentration, memory, nausea, sleep disturbance, visual difficulty, emotions and noise 

sensitivity are severe at one week after mild TBI but most recover within three months  

(Ponsford et al., 2011). However, a group of mild TBI cases reported ongoing memory, 

concentration, fatigue and visual difficulty even after six months postinjury (Ponsford et al., 

2011; Kraus et al., 2014). In some mild TBI patients, an initial Computed Tomography scan 

was reported to be normal but intracranial haemorrhage or meningeal enhancement or hypo-

intensities were detected by Magnetic Resonance Imaging (Chiara Ricciardi et al., 2017). 

These days, based on patient symptoms, advanced imaging methods are recommended to 

elucidate further complications following brain injury. One of the most common pathological 

consequences of mild TBI is a diffuse axonal injury.  
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Diffuse axonal injury (DAI):   DAI was first reported in 1956 in severe dementia patients 

with TBI and described as diffuse degeneration of cerebral white matter due to external shear 

force (Strich, 1956). Pathology of DAI is characterized by widespread axonal damage in the 

parasagittal white matter of cerebral cortex, corpus callosum, brain stem and grey-white 

matter junction of cerebral cortex (Adams et al., 1989). In axonal injury, interruption of 

axonal transport, accumulation of transporting elements and axonal swelling occurs as early 

as 15 min following mild TBI in a mouse model (Greer et al., 2013). The injured axonal 

fibres show swelling at multiple places, that enlarge over time and lead to disconnections 

from 3 to 12 hr postinjury. However, some injured axons show a slow development to 

disconnection, indicating heterogeneity of injury progression (Greer et al., 2013).  

The recovery of axons varies between axonal population. The myelinated axons in corpus 

callosum show recovery within seven days postinjury, whereas unmyelinated axons showed 

no improvement after mild TBI in rats (Reeves et al., 2005). A similar response was observed 

in vitro with rat glial cultures showing myelinated axons are less vulnerable to stretch injury 

compared to unmyelinated axons. The moderate axonal strain caused degradation of myelin 

basic protein over time (Staal and Vickers, 2011). This suggests that damage to unmyelinated 

axons can affect recovery after brain injury. Treatment with a neuroprotective compound, a 

calcineurin inhibitor (FK506) 30 min prior to mild TBI has protected the unmyelinated axons 

in corpus callosum by decreasing levels of axonal excitability and axonal injury and 

improved compound action potential amplitude (Reeves et al., 2007).  

To date, diagnosis of DAI is made by histopathological examination of post-mortem brains. 

There are emerging neuroimaging techniques showing white matter track changes in vivo. To 

measure DAI, conventional Magnetic Resonance Imaging is less sensitive. Diffusion Tensor 

Imaging has detected microstructural white matter injury in some Magnetic Resonance 

Imaging negative mild TBI cases, and the number of damaged white matter structures 

correlated with impaired cognitive reaction time (Niogi et al., 2008). A similar outcome was 

reported between Diffusion Tensor Imaging data collected within seven days of injury and 

severity of the post-concussive symptoms observed  6 months after mild or moderate TBI 

(D'Souza M et al., 2015). However, there is no difference in post-concussive symptoms 

observed between mild and moderate TBI by the Rivermead Post-concussion Symptoms 

Questionnaire (D'Souza M et al., 2015). This indicates that there is a need for more effective 

clinical, diagnostic, imaging and outcome measures for mild TBI. 
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Chronic traumatic encephalopathy (CTE):   It is a progressive neurodegenerative disease 

caused by repetitive mild TBI, definitively diagnosed only at the post-mortem. First identified 

in boxers in 1928 (Martland, 1928; Millspaugh, 1937), and named as punch drunk, and then 

termed dementia pugilistica (Martland, 1928; Millspaugh, 1937). It is observed in boxers, 

football, hockey, wrestling, rugby, skiing, soccer, karate players, horse riding, parachuting 

and blast exposure militants (McKee et al., 2009). CTE begins focally and then spreads over 

time. Pathologically characterised by cerebral and medial temporal lobe atrophy, 

ventriculomegaly, enlarged cavum septum pellucidum, and widespread tau pathology 

throughout neocortex, medial temporal lobe, diencephalon, brainstem and spinal cord 

(McKee et al., 2013).  

CTE is associated with other neurodegenerative diseases. There is widespread deposition of 

neurofibrillary tangles, astrocytic tangles and possibly the presence of diffuse amyloid 

plaques after repeated mild TBI (McKee et al., 2013). Out of 43 CTE positive cases, eight 

were diagnosed with motor neurone disease, seven with Alzheimer’s disease, eleven with 

Lewy body disease and four with frontotemporal lobar degeneration. Along with tau 

pathology, axonal degeneration is observed in all CTE cases (McKee et al., 2013). Symptoms 

are classified into four stages (stage I, II – mild and III, IV – severe) based on the severity of 

phospho-tau pathology. Stage-I symptoms include headache, loss of attention and 

concentration. Stage-II symptoms include depression and short-term memory loss. In stage-

III, executive dysfunction and cognitive impairment and in stage-IV, dementia, word-finding 

difficulty and aggression are observed (McKee et al., 2013). The behavioural changes and 

cognitive impairment are commonly observed in both mild or severe CTE (Mez et al., 2017).  

Positron Emission Topography using (F18) FDDNP (insoluble fibrillar tau aggregates 

imaging agent) identified a distinctive topographical pattern of neuropathology in brainstem 

and white matter tracts in retired professional American football players with suspected CTE. 

This imaging pattern is consistent with CTE autopsy cases (Barrio et al., 2015). Advanced 

Positron Emission Topography with the radiotracer (
18

F T807/AV1451) imaging in retired 

National Football League player with a history of repeated concussions detected tau and 

amyloid plaques without amyloid deposits in grey and white matter junctions, bilateral 

cingulate, occipital, orbitofrontal cortices and temporal areas (Dickstein et al., 2016). A 

systematic review of CTE neuroimaging studies found a distinct pattern of 

neuroinflammation, tau and amyloid pathology in the brain. The hippocampus, amygdala and 

midbrain are most commonly affected in CTE (Lee et al., 2018).  
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1.1.1.2 Moderate to severe brain injury  

 

Moderate TBI is diagnosed with a GCS of 9 – 12, loss of consciousness 30 min to 6 hr, post-

traumatic amnesia up to 24 hr with cognitive and behavioural changes. Severe TBI cases 

have GCS 3 – 8, loss of consciousness more than 6 hr, post-traumatic amnesia more than 24 

hr with a psychological and physical disability (Ruff et al., 2009). The degree of behavioural 

impairment varies between moderate and severe TBI. The daily activities assessed by 

Functional independence measure showed a significant improvement in severe TBI patients 3 

months after injury, whereas no significant change occurred in moderate TBI cases 

(Sandhaug et al., 2015). In long-term, severe TBI patients show reduced cognitive 

functioning whereas moderate injury cases exhibit reduced executive functions 12 months 

after injury (Finnanger et al., 2013).  

Diffusion tensor imaging which measures white matter structural changes using functional 

anisotropy (measures directionality of water diffusivity along axon) and mean diffusivity 

(measures water diffusivity in all directions) showed changes in the functional anisotropy and 

mean diffusivity values in chronic TBI patients. The loss of functional anisotropy in thalamus 

and brainstem correlated to post-traumatic amnesia, lesion volume and microhemorrhages. 

Decreased functional anisotropy and increased mean diffusivity correlated with cognitive 

functioning at 12 months post-TBI (Haberg et al., 2015). This indicates white matter loss 

continues after acute TBI. The white matter structural loss is significantly higher in the 

fornix, which is important for memory and cognitive performance, in moderate to severe TBI 

patients 30 months postinjury (Adnan et al., 2013). The severe brain injury cases suffer from 

the irreversible loss of psychological, behavioural or physical disability and their rate of 

recovery is poor.  
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1.1.2 Sex differences in brain injury 

 

The majority of the basic research into TBI is focused on male animal models. Females are 

often excluded in research studies because of concerns regarding the female hormonal cycle 

interfering with the interpretation of the data. However, there are sex-dependent differences 

in brain development and maturation. In a healthy individual, the total brain size is ~8 to 10% 

larger in males compared to females. The cortical and subcortical grey and white matter 

regions change with respect to age and it varies in both sexes. Females show a decrease in the 

cortical grey matter one to two years earlier than males. Increase in cortical white matter 

peaks at adolescence in males whereas it steadily increases in females (Lenroot et al., 2007).  

1.1.2.1 Mortality and Morbidity   

 

Several studies show that sex difference may influence the outcome after brain injury, 

although the mechanism is not known. Females are more likely to be protected from TBI than 

males because female sex hormonal changes may influence brain injury outcome (Ley et al., 

2013). In moderate to severe TBI cases, pubescent females aged 12 to 18 yr have a lower 

mortality rate compared to the age-matched males, whereas no sex differences were reported 

in pediatric cases aged 0 to 12 yr in a multivariate analysis (Ley et al., 2013). In a study 

combining both pre-pubescent and pubescent moderate to severe TBI patients aged 2 to 16 

yr, found mortality rate in males is more likely higher than females (9% vs 4%) but not 

statistically different (Collins et al., 2013). The Collins and Ley studies correlate with each 

other, indicating a trend in high mortality in males is more likely in the pubescent age group. 

The sex difference in the pubescent population might be due to the up-regulation of 

endogenous hormones in both females and males.  

In the case of adults, endogenous estrogen levels in females shown to influence brain injury 

outcome. The risk of mortality rate is highest in estrogen elevated pre-menopausal women 

(14 to 45 yr), but did not differ from age-matched men (Berry et al., 2009). A similar finding 

was observed in hormonally active females versus age-matched males in the 12 to 45 yr age 

group. Injured females show an increase in the risk of mortality than injured males, but there 

was no significant sex difference (Yeung et al., 2011). Interestingly, mortality and morbidity 

are low in reduced estrogen subgroups like perimenopausal (45 to 50 yr) and post-

menopausal (older than 55 yr) females than age-matched males (Berry et al., 2009). A similar 
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response was observed in post-menopausal women aged 50 to 60 yr with improved outcome 

following TBI compared to age-matched men (Davis et al., 2006).  

Other than sex hormones, the outcome of TBI also depends on multiple factors such as the 

type of injury, age, underlying medical problems, other injuries, socioeconomic status and 

lifestyle. These factors are interdependent and can influence the TBI outcome. A 

retrospective study conducted on mild to severe TBI admitted cases for rehabilitation 

between 1983 to 2012 in Australia showed the rate of head injuries and mortality is higher in 

males than females in the young and elderly groups (Spitz et al., 2015). Males are more likely 

to die from motor vehicle accidents, and this may reflect a tendency for dangerous and riskier 

behaviour. In most of the young females, mortality is due to suicide after TBI, and these 

females were reported to have a history of substance abuse and psychological problems 

(Spitz et al., 2015). In the elderly age group, 65 yr or above, with moderate to severe brain 

injury, the higher mortality in males is possibly due to additional injuries in other areas 

(spine, thorax and abdomen) than in women. In contrast, the TBI alone cases that exclude 

other injuries show no sex differences in mortality (Albrecht et al., 2016). A similar trend was 

observed in middle-aged patients with moderate to severe TBI. Males show a higher 

mortality rate than females when other risk factors are considered, whereas no sex differences 

were found for injury alone (Berry et al., 2009). 

1.1.2.2 Neuropsychological outcome following TBI 

 

Children:   Sex differences in behavioural changes are observed in children after mild TBI. 

Injury leads to an overall increase in socio-emotional behavioural problems (e.g. interaction, 

communication, adaptive function, self-regulation, compliance, affection and autonomy) in 

males aged 3 to 65 months compared to age-matched healthy males (Kaldoja and Kolk, 

2015). Injured females show worse adaptive functioning compared to age-matched healthy 

females. The behavioural problems in males continue beyond 9 months postinjury, whereas 

females show improvement in adaptive functioning (Kaldoja and Kolk, 2015). The childhood 

mild and moderate to severe TBI cases show changes in behavioural patterns in long-term, 

assessed more than 5 yr after injury (Scott et al., 2015). The females are more likely to suffer 

from internalizing disorders like depression and anxiety, whereas males are more likely to 

show externalizing problems like offending behaviour and substance abuse. Based on the 

injury severity, females show a higher prevalence of anxiety in moderate to severe TBI, but 

males with mild injury show a higher prevalence of drug abuse (Scott et al., 2015).  
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Behaviour changes observed in experimental TBI animal models are sex-dependent. Mild 

TBI leads to changes in play behaviour in female and male juvenile rats. The female rats 

following injury tend to show escaping behaviour from play and are often rejected, but male 

rats achieved their previous play strategies within six days postinjury (Mychasiuk et al., 

2014). The juvenile rats in an open field paradigm show hypoactivity immediately after mild 

TBI, but long-term the females continue to be less active whereas males show hyperactivity 

(Mychasiuk et al., 2015).  

Adults:   At the acute stage of injury, no sex differences were observed in Immediate post-

concussion assessment and cognitive testing of mild TBI patients aged 10 to 38 yr (Fakhran 

et al., 2014). Neuropsychological assessment of short-term or working memory and of 

sustained or selective attention did not vary between females and males when measured 

within four weeks of mild TBI (Hsu et al., 2015). However, functional Magnetic Resonance 

Imaging in these patients revealed sex differences in working memory. Initial imaging data 

show hyperactivation of working memory in males, whereas there is an opposite trend in 

females (Hsu et al., 2015). In six weeks follow up study, injured females continue 

hypoactivation whereas males showed regression in their hyperactivation and returned to 

control levels (Hsu et al., 2015).  

Sex differences in post-concussive symptoms were observed three months postinjury in mild 

TBI patients aged 40 yr and above. The post-concussive symptoms are higher in females 

(50%) than males (30%) (Styrke et al., 2013). Males suffer from fatigue, poor memory and 

sleep disturbance. The prominent symptoms in females are headache, fatigue and depression 

which correlates with frequent back pain in females. The presence of disability continues to 

be higher in females after 3 yr of injury than males. In long-term studies, both females and 

males show poor life satisfaction (Styrke et al., 2013). Similar results were observed in mild 

TBI patients aged 14 to 56 yr of age. The post-concussive symptoms are higher in females 

following three months postinjury compared to males (Bazarian et al., 2010). The sex 

differences in behavioural outcome vary with injury severity where the initial six month 

period following mild to moderate TBI, females show depression, increased stress, more pain 

and somatic symptoms than males, and after six months no sex differences were found (Bay 

et al., 2009). The self-ratings and awareness in post-concussive questionnaires of injured 

females are higher than injured males. Females tend to be more accurate in reporting realistic 

communication problems than males following TBI (Despins et al., 2016).  
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1.1.2.3 Neuropathological changes following TBI 

 

The primary effects of neuronal damage lead to more complex secondary injury affecting 

both systemic and cellular functions (Figure 1.1). The secondary effects include alterations in 

cerebral blood flow, increased intracranial pressure (Scalfani et al., 2012), cerebral metabolic 

dysfunction (Ito et al., 2016), hypoxia (Yan et al., 2014), edema and haemorrhage which lead 

to cellular complications such as oxidative stress (Ansari et al., 2008), altered calcium 

homeostasis (Sun et al., 2008), inflammation (Ramlackhansingh et al., 2011), apoptosis 

(Minambres et al., 2008), neuronal death, synaptic dysfunction (Albensi et al., 2000) and 

axonal degeneration (Yin et al., 2016). These results in synaptic dysfunction, axonal 

degeneration and cell death (Walker and Tesco, 2013). The other systemic complications are 

change in blood pressure, glucose, oxygen, temperature and anaemia (Haddad and Arabi, 

2012). These secondary injury complications lead to motor and cognitive dysfunction in TBI 

cases.  

 

 

Figure 1.1: Primary and secondary brain injury 

The consequences of primary and secondary neuronal damage leading to a symptomatic 

stage of cognitive and motor dysfunction.   
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Cerebral blood flow:   TBI leads to decrease in cerebral blood flow and increase intracranial 

pressure associated with poor outcome. Female sex hormones play a neuroprotective role in 

improving cerebral blood flow and intracranial pressure. Studies on animal models (rat and 

pig) and TBI patients reported females had better cerebral blood flow and intracranial 

pressure than males after brain injury (Roof and Hall, 2000; Armstead et al., 2010; Arellano-

Orden et al., 2011). The elevated endogenous female sex hormones are responsible for the 

improved outcome in TBI. Female rats with increased endogenous estrogen and progesterone 

in proestrous stage show decreased intracranial pressure than the non-proestrous group, 4 hr 

after diffuse injury (Maghool et al., 2013). Therefore, endogenous female sex hormones are 

playing an important role in regulating the post-traumatic events.  

Neuroinflammation:   Activated glia (microglia, macrophage and astrocytes) and immune 

cells play key roles in regulating neuroinflammatory mechanisms. Several studies reported 

sex differences in the inflammatory response. The glial response following neuronal damage 

is sex-dependent where more acute astrogliosis, microglia/macrophage infiltration and anti-

inflammatory response was observed in males than females following 24 hr of moderate to 

severe brain injury in mice (Villapol et al., 2017). A similar response was observed in 

neonate male mice after 3 days of injury. Rapid microglial activation, increased inflammatory 

response and infiltration of monocytes and lymphocytes in the injured cortex is higher in 

males compared to females (Mirza et al., 2015).  

The rate of onset for the glial response following brain injury varies between females and 

males. In the acute stage of injury, females are more protected compared to males due to 

delayed onset of glial activation in females. The lower number of activated glia observed in 

females compared to males continues until 7 days postinjury (controlled cortical impact 

model) in mice (Villapol et al., 2017). A similar glial response was observed in vivo in mice 

following cortical stab wound injury. The reactive microglia and macrophage are 

significantly less in female mice compared to males 7 days postinjury (Acaz-Fonseca et al., 

2015). The reactive glial response in males correlates with increased expression of arginase-1 

(a marker for alternatively activated microglia) and neuroglobin. There is no sex difference in 

astrocyte activation 7 days postinjury (Acaz-Fonseca et al., 2015). The endogenous sex 

hormones influence astrocyte activation in adult mice. Low estrogen and the high 

progesterone phase (metestrous or diestrous) in females favour a significant increase in 

reactive astrocytes compared to high endogenous estrogen and progesterone stage 
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(proestrous) or intact males (Cordeau et al., 2008). Astrocyte activation is higher at 24 hr 

postinjury and then gradually decreases by day seven (Cordeau et al., 2008). 

The activation of microglial anti-inflammatory factors following a neuronal insult is sex-

dependent. The microglial cultures from stroke mice show anti-inflammatory cytokine 

interleukin-10 significantly reduced the production of pro-inflammatory factors such as 

Tumour necrosis factor-α, Interleukin-1β and C-C motif Chemokine ligand-3 and increased 

the anti-inflammatory factors macrophage-M2 and Cluster of differentiation-206 in females 

compared to males (Bodhankar et al., 2015). In addition, females show increased expression 

of anti-inflammatory factor Interleukin-4 (Bodhankar et al., 2015).  

The infarct volume is significantly higher in males compared to females at 3 days postinjury, 

and this is not due to a difference in testosterone or estradiol levels in neonates (Mirza et al., 

2015). However in hormonally active females, in the proestrous stage (high estrogen and 

progesterone), there was less brain edema following diffuse TBI than the non-proestrous 

group (Maghool et al., 2013).  

Oxidative stress:   Sex differences in oxidative stress responses are observed following brain 

injury with males being more susceptible to lipid peroxidation than females. Lipid 

peroxidation was significantly increased in male rats 6 hr after controlled cortical impact 

injury. This correlates with a decrease in total antioxidant reserves in the brain (Tyurin et al., 

2000). Males with severe TBI show increased oxidative stress in 24 hr of injury compared to 

age-matched females (Bayir et al., 2004; Wagner et al., 2004a). The mRNA and protein 

expression of nitric oxide synthase (mediates toxic inflammation) is significantly increased in 

male mice and ovariectomized females compared to females following middle cerebral artery 

occlusion (Park et al., 2006a).  

The oxidative stress response is modulated by glutamate receptors in neurodegenerative 

disorders (Coyle and Puttfarcken, 1993). The expression levels of the glutamate receptor 

system vary between healthy female and male juvenile rats, and females are less susceptible 

to glutamate excitotoxicity than males due to low levels of glutamate and the glutamate 

synthesizing enzyme (glutaminase converts glutamine to glutamate) (Al-Suwailem et al., 

2018). The glutamate levels correlate with the outcome of brain injury. In severe TBI 

patients, a prolonged elevation of glutamate level leads to increased mortality and poor 

outcome at 6 months follow up. However, TBI patients with normalized glutamate levels in 

the acute phase show less mortality and improved outcome (Chamoun et al., 2010). In severe 
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TBI patients, there is significantly elevated glutamate and lactate levels in cerebrospinal fluid 

at 2 hr and 4 hr following hospital admission and they tend to show increased mortality 

within 3 days of injury (Stefani et al., 2017). The mechanism underlying these sex-dependent 

differences in glutamate-induced excitotoxic cell death is yet to be understood.  

Cell death:   Males show significantly bigger lesion volume than females following injury. 

Increase in lesion volume correlates with apoptotic cell death staining using Terminal 

deoxynucleotidyl transferase dUTP nick end labelling. Cell death is significantly higher in 

males than females 3 days postinjury, but no sex difference was observed at 30 days 

postinjury (Villapol et al., 2017).  

1.1.2.4 Neuroprotective role of female sex hormones in brain injury 

 

There are several studies showing sex differences in brain injury mortality in age groups 

where major hormonal changes occur. This includes pubescent (12 to 18 yr), menopausal (45 

to 50 yr) and post-menopausal (> 55 yr) age groups where females are more protective than 

males (Berry et al., 2009; Ley et al., 2013; Spitz et al., 2015; Albrecht et al., 2016). Several 

studies showed female sex hormones are neuroprotective in brain injury. Presence of 

circulating endogenous female sex hormones mediates early neuroprotection (Wagner et al., 

2004b). Compared to estrogen, circulating progesterone plays a crucial role in the 

neuroprotective response following neuronal injury (Roof et al., 1993). 

Progesterone treatment for TBI  

Animal studies:   Pre-injury treatment with exogenous estrogen to intact males and 

ovariectomized female rats significantly improved postinjury cerebral blood flow (Roof and 

Hall, 2000). Similar results were observed in 30 min postinjury treatment with estrogen or 

progesterone to ovariectomized rats in a weight drop focal injury model. Treatment with 

progesterone or estrogen decreased intracranial pressure at 4 and 24 hr postinjury, and this 

correlates with decreased brain water content (Shahrokhi et al., 2010). A similar outcome is 

observed in injured males after delayed administration of progesterone at 1 hr, 6 hr and 24 hr 

postinjury. The brain edema is significantly decreased in progesterone treated male rats at 48 

hr postinjury, and the serum progesterone level correlated with decreased edema percentage 

(Wright et al., 2001). The progesterone treatment has also shown to be beneficial in the 

pediatric model showing reduced lesion in neonatal male rats with controlled cortical impact 

injury (Geddes et al., 2014) and adult rat with repeated mild TBI (Webster et al., 2015). The 
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progesterone treatment has also influenced neuronal viability following brain injury. Female 

ovariectomized rats implanted with physiological levels of progesterone show decreased 

neuronal loss in the hippocampus at 7 days post-controlled cortical impact injury, and it 

reversed injury induced mitochondrial respiration alterations at 60 min post-TBI (Robertson 

et al., 2006). There is decreased immunoreactivity of glial fibrillary acidic protein and cluster 

of differentiation-68 in the progesterone treated group at three months postinjury, indicating 

anti-inflammatory and anti-oxidant activity of progesterone (Webster et al., 2015). This study 

suggests that progesterone is also neuroprotective in the secondary injury phase. Progesterone 

treatment also rescued deficits in cognitive, motor and somatosensory functions following 

injury (Geddes et al., 2014; Webster et al., 2015). 

Clinical trials:   Phase II clinical trials with progesterone were successful showing 

progesterone is neuroprotective towards brain injury in humans. Treatment with progesterone 

within 8 hr of injury to severe TBI patients has shown a significant decrease in mortality rates 

compared to the placebo group, and improved brain injury outcome (GOS) assessed after 3 

and 6 months of injury (Xiao et al., 2008). Severe TBI male patients aged 18 to 60 yr with 

DAI treated with medroxyprogesterone (1 mg/kg every 12 hr for 5 days orally administered) 

within 8 hr of injury also showed improvement in outcome (GOS) compared to placebo 

group assessed 3 months postinjury (Shakeri et al., 2013). The early treatment with 

progesterone within 4 hr of injury in moderate to severe TBI patients with DAI also showed 

improvement in outcome (Soltani et al., 2017).  

In a randomized phase III SYNAPSE clinical trial of 1195 female and male severe TBI 

patients aged 23 to 51 yr, 591 patients were treated intravenously with progesterone. The 

clinical outcome of the placebo and treatment groups did not differ after 6 months of injury, 

and there was no difference in mortality (Skolnick et al., 2014). A similar outcome was 

reported in the PROTECT phase III multi-centre clinical trials in moderate to severe TBI 

patients with very early administration of progesterone. Intravenous treatment with 

progesterone within 4 hr of injury did not improve clinical outcome (Wright et al., 2014). 

Secondary outcome analysis of the PROTECT phase III clinical trials did not show 

improvement in memory, attention, executive and motor functions (Goldstein et al., 2017). 

These two PROTECT and SYNAPSE phase III clinical trials failed to demonstrate 

progesterone as a neuroprotective agent in human brain injury.   
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1.1.3 Biomarkers for brain injury 

 

TBI leads to primary and secondary pathological events where various neuronal and non-

neuronal cell types and proteins expressed by these cells are involved (Figure 1.2). These 

include myelin basic protein by oligodendrocytes (Thomas et al., 1978); interleukin-6 

(Gebhard et al., 2000), glial fibrillary acidic protein and calcium binding protein B (Pelinka et 

al., 2004) by astrocytes; reactive microglia and macrophages (Ramlackhansingh et al., 2011); 

spectrin break down products (Pineda et al., 2007), neurofilament heavy, medium and light 

polypeptide chain (Petzold, 2005), microtubule-associated protein tau (Ost et al., 2006; Yang 

et al., 2017), ubiquitin C-terminal hydrolase-L1 (Papa et al., 2010; Papa et al., 2012) and 

amyloid precursor protein by neurons.  

 

Figure 1.2: TBI biomarkers 

Various proteins change in expression after brain injury expressed by neurons, microglia, 

macrophages and astrocytes. 

 

Neurofilament is a dominant axonal cytoskeletal protein. The high molecular weight heavy 

neurofilament subunit (NFH) is phosphorylated and released by damaged axons in brain 

injury. In moderate to severe TBI rats, the NFH levels are detected in blood within 24 to 48 

hr of injury and can be used as a blood biomarker (Anderson et al., 2008). The 

phosphorylated NFH in serum is high in severe TBI patients compared to mild to moderate 
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TBI cases observed at 24 hr and 72 hr post-trauma. The serum levels of elevated NFH 

following TBI correlate with the 6 months GOS and can be used as a predictive outcome after 

brain injury (Shibahashi et al., 2016). Neurofilament medium polypeptide concentration in 

serum and cerebrospinal fluid increase in 44% of severe TBI and polytrauma cases. The 

elevation of serum neurofilament medium polypeptide in polytrauma patients indicates the 

consequence of other injuries (Martinez-Morillo et al., 2015). Following brain injury, 

neurofilament light protein levels also elevated in serum of severe TBI patients and the levels 

predicted the poor 12-month outcome (Shahim et al., 2016). 

The microtubule-associated intracellular tau protein plays an important role in neuronal 

development and axonal stabilization. The post-mortem analysis of cerebrospinal fluid and 

serum in severe TBI cases showed elevated levels of tau (Olczak et al., 2017). Different 

forms of tau have been reported to vary in expression under neuronal stress. The oligomeric 

and phosphorylated tau increases significantly in injured cortex from 4 hr to 2 weeks 

postinjury in rats, whereas no change in total tau and non-phosphorylated tau forms (Hawkins 

et al., 2013). The cis-form, but not trans-form of phosphorylated tau is increased in injured 

axons in the absence of tau oligomers or tau tangles in human TBI brains (Kondo et al., 2015; 

Albayram et al., 2017). The levels of cis phosphorylated tau in mice is robust in moderate to 

severe or blast induced TBI compared to transient expression in mild TBI (Kondo et al., 

2015). The notable increase in cis phosphorylated tau is observed from 12 hr postinjury 

(Kondo et al., 2015). The cis phosphorylated tau following repeated mild TBI, spreads and 

causes neurotoxicity observed after 6 months of injury (Kondo et al., 2015). The increased 

levels of cis phosphorylated tau correlates with the poor brain injury outcome in TBI patients 

after 1 yr of injury (Albayram et al., 2017). In CTE patients, elevated cis phosphorylated tau 

staining correlates with the increased tau oligomerization, early tangles, astrogliosis and 

microgliosis in cortex and thalamus (Albayram et al., 2017). Treatment with cis monoclonal 

antibody prevented a range of pathological outcome in vivo and in vitro (Kondo et al., 2015; 

Albayram et al., 2017). The elevated levels of tau observed prior to the development of any 

macroscopic neuronal lesions in mild TBI (Olczak et al., 2017). Therefore, due to the rapid 

activation of tau to neuronal insult, it can be used as a diagnostic approach in TBI.  

In human Alzheimer’s brain tissue, reactive microglia colocalizes with tau, and extracellular 

tau internalizes to microglia indicating the downstream pathological events (Bolos et al., 

2016). Some studies show that microglial activation precedes tau phosphorylation during 

neuronal damage and reactive microglia induces tau hyperphosphorylation in vivo (Bhaskar 
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et al., 2010; Maphis et al., 2015). The microglial activation correlates with the tau pathology 

in vitro and in vivo (Maphis et al., 2015). The soluble factors derived from microglia induce 

tau phosphorylation via p38 mitogen-activated protein kinase pathway observed in mouse 

primary cortical cultures and is inhibited by treatment with interleukin-1 receptor antagonist 

(Bhaskar et al., 2010). In addition, toll-like receptor-4 knockout mice shows decrease tau 

phosphorylation in neuronal injury (Bhaskar et al., 2010). This suggests that interleukin-1 and 

toll-like receptor-4 play an important role in microglial activation which further results in tau 

phosphorylation in neuronal insult.   

Astrocytes in response to brain injury play a role in axonal injury, neuroinflammation and 

immune response. The immune response induced by pro-inflammatory cytokines precedes 

activation of astrocytes and microglia under the neuronal stress (Norden et al., 2016). The 

microglial (Ionized calcium binding adaptor molecule-1, Iba1) and astrocyte (Glial fibrillary 

acid protein, GFAP) reactivity was detected after 24 hr of injury whereas pro-inflammatory 

cytokine expression in microglia precedes astrocyte cytokine expression observed within 2 hr 

of injury (Norden et al., 2016). A similar outcome was observed in mice subjected to 

moderate to severe brain injury showing rapid changes in cytokine expression precedes Iba1 

and GFAP reactivity (Villapol et al., 2017).  

Among these proteins, amyloid precursor protein (APP) is known to play a direct role in 

modulating brain injury. The expression of APP increases significantly following brain injury 

observed in both animal models and TBI patients (McKenzie et al., 1996). The extent of 

neuronal damage is initially identified by axonal swelling observed within 15 min of injury in 

the corpus callosum and fornix following mild or severe head injury (Blumbergs et al., 1995; 

Greer et al., 2013). The upregulated APP levels in axons stay elevated at 90 days following 

brain injury (Itoh et al., 2009). The elevated APP positive neurites correlate with increased 

expression of activated microglia in TBI cases (Griffin et al., 1994) where APP positive 

damaged axons are later phagocytosed by microglia or macrophages (Itoh et al., 2009). APP 

expression also increases significantly in astrocytes following injury (Siman et al., 1989; 

Otsuka et al., 1991). In excitotoxic injury, APP is mainly produced by reactive astrocytes 

rather than reactive microglia at injury area (Topper et al., 1995). Along with APP, the 

inflammatory cytokine, interleukin-1β expression also increased rapidly in cortex and 

hippocampus observed within 6 hr of controlled cortical impact injury in rat (Ciallella et al., 

2002). This suggests the role of APP in primary and secondary effects of brain injury.  
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The morphology of the axonal injury varies with the injury severity and time (McKenzie et 

al., 1996; Hayashi et al., 2009). Mice subjected to mild TBI show axonal swelling within 3 to 

4 min of injury and then major axonal swelling has expanded in size as time progress (Greer 

et al., 2013). Majority of the injured axons show multifocal axonal swelling and 

disconnections, a limited number of axons demonstrate continuity (Greer et al., 2013). The 

majority of APP accumulates in swollen axons where further disconnections are happening 

(Greer et al., 2013).  

The axonal damage and bulb formation observed in TBI patients within 2 hr of injury and 

increases with the survival time observed up to 24 hr (McKenzie et al., 1996). The post-

mortem analysis of severe TBI cases survived less than 2 hr show neurofilament stained 

beaded axons and density or thickness increases with the survival time. Initial APP staining 

shows weaker immunoreactivity within 2 hr of injury compared to neurofilament but 

increases significantly by 24 hr of injury indicating the widespread axonal damage (Romero 

Tirado et al., 2018). In TBI cases survived more than 24 hr show loss of beaded axons and 

white matter cellular density stained with neurofilament whereas APP immunoreactivity 

increases until 26 days of injury (Romero Tirado et al., 2018).  

Overall, the expression of APP by neurons and glia, rapid onset and long-lasting APP 

expression changes to neuronal injury has made APP as a gold standard measure of axonal 

injury (Topper et al., 1995; Itoh et al., 2009; Ryu et al., 2014). APP is also found to be 

neuroprotective in brain injury (Thornton et al., 2006; Corrigan et al., 2011; Corrigan et al., 

2012c, b, a). The dual role of APP in neuroprotection and neurotoxicity is due to the 

difference in proteolytic processing of APP, detailed in section 1.2.1 (APP proteolytic 

processing, figure 1.4).   
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1.2 Neuroprotection of amyloid precursor protein in TBI 

 

1.2.1 Amyloid Precursor Protein structure 

 

APP is a type I transmembrane glycoprotein with a large extracellular domain and a short 

intracellular domain which is expressed in both neuronal and non-neuronal cell types 

(Nalivaeva and Turner, 2013). The APP gene is located on chromosome 21 (21q21.3) in 

humans, and the first full-length c-DNA clone of APP with 695- residues was cloned in 1987 

(Kang et al., 1987). It is part of a gene family with three major homologs, APP, amyloid 

precursor-like protein 1 (APLP1) and amyloid precursor-like protein 2 (APLP2) (Wasco et 

al., 1992; Wasco et al., 1993). In humans, APP has four major splice variants, APP695 in 

neurons, APP770, APP714 and APP751 in non-neuronal tissue generated by the alternative 

splicing of exons 7 and 8 encoding the Kunitz family of serine protease inhibitor (KPI) and 

MRC antigen OX2 domains respectively (Sandbrink et al., 1996). Besides these, there are 

two less common isoforms, LAPP lacking exon 15 present in leucocytes, brain microglia and 

astrocytes and APP639 excluding exons 2, 7 and 8 expres only in fetal tissue and adult liver 

(Pangalos et al., 1996; Sandbrink et al., 1996; Tang et al., 2003).  

The APP has a multi-domain structure with nine structural domains termed D1-D9 (Figure 

1.3) (Perreau et al., 2010). E1 domain (extracellular domain 1) comprises D1 – heparin 

binding domain or growth factor-like domain (GFLD) (Small et al., 1994; Rossjohn et al., 

1999) and D2 – metal binding domain (Bush et al., 1993; Hesse et al., 1994; Barnham et al., 

2003); extension domain - ED (reported in APP695 but not in APP770 and APP751) 

(Coburger et al., 2013); D3 – acidic domain; D4 – kunitz protease inhibitor (KPI) domain 

(present in APP770 and APP751 isoforms) (Kitaguchi et al., 1988; Tanzi et al., 1988); D5 – 

OX2 domain (present in APP770 and APP714) (Muller-Hill and Beyreuther, 1989); D6a – 

Glycosylated region or E2 domain, D6b – Juxta membrane region (Jin et al., 1994; Arribas et 

al., 1997); D7 – unstructured domain; D8 – transmembrane domain (Kang et al., 1987; 

Vassar et al., 1999) and D9 – cytoplasmic domain (Kang et al., 1987).  

The newly translated APP polypeptide undergoes various post-translational modifications 

like glycosylation, sulphation, phosphorylation and palmitoylation and APP may be either 

trafficked to the cell surface or endosomes (Weidemann et al., 1989; Knops et al., 1993; 

Bhattacharyya et al., 2013). 



Chapter 1: Amyloid Precursor Protein Introduction 

 

21 
 

 

Figure 1.3: Amyloid precursor protein structural domain organisation  

Arrangement of the structural domains in APP isoforms. The APP695 isoform lack KPI (D4) 

and OX2 (D5) domains, APP751 has only KPI domain whereas APP770 has both KPI and 

OX2 domains. The amyloid beta peptide (Aβ) region is highlighted in red. 
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APP proteolytic processing:   The APP undergoes sequential proteolytic processing via two 

main pathways (Figure 1.4). The APP can be proteolytically processed by either α or β-

secretases releasing soluble ectodomain fragments sAPPα (Sisodia, 1992; Ikezu et al., 1998) 

or sAPPβ (Haass et al., 1992) as well as the membrane associated carboxy-terminal 

fragments CTF83 and CTF99. These carboxy-terminal fragments are further processed by γ-

secretase generating the APP intracellular domain (AICD) along with p3 (Sastre et al., 2001) 

or amyloid beta peptides (Vassar et al., 1999).  

 

 

Figure 1.4: Proteolytic processing of the amyloid precursor protein 

The non-amyloidogenic pathway involves α - and γ – secretase cleavage and results in the 

formation of sAPPα, C83, P3 peptide and AICD. The amyloidogenic pathway involves β - 

and γ – secretase activity and produces sAPPβ, C99, Aβ 40/42 and AICD. 

Among these fragments, amyloid beta is strongly implicated in causing neurotoxicity in 

Alzheimer’s disease. The intracellular fragment of APP, AICD can be transported to the 

nucleus where it can modulate gene expression. AICD binds to amyloid beta degrading 

enzymes neprilysin and transthyretin promoter sequence and regulates its expression 

(Belyaev et al., 2009; Kerridge et al., 2014). The AICD produced from APP695 isoform but 

not from APP751 and APP770 modulate neprlysin and transthyretin expression (Belyaev et 

al., 2010; Kerridge et al., 2014). The nuclear signalling of AICD produced from APP695 

correlates with the β-secretase activity thereby promote amyloid beta clearance (Goodger et 

al., 2009; Belyaev et al., 2010).  
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The extracellular sAPPα fragment has various functions that include neurite outgrowth 

(Small et al., 1994), metal homeostasis (White et al., 1999a), cell adhesion (Soba et al., 

2005), synaptic plasticity, neuromuscular transmission, spatial learning, (Weyer et al., 2011) 

dendrite outgrowth (Mattson, 1994), synaptogenesis, axonal growth and neuronal migration 

(Moya et al., 1994; Young-Pearse et al., 2008), insulin and glucose metabolism (Needham et 

al., 2008), regulates cholesterol metabolism (Liu et al., 2007) and neuroprotection in brain 

injury (Thornton et al., 2006).  

1.2.2 Neuroprotective role of APP in brain injury 

 

APP expression following brain injury:   APP is widely used as an axonal injury marker in 

TBI (see Chapter 1, 1.1.3). APP shows an early response to brain injury which results in 

increased protein and mRNA levels within 30 min (Van den Heuvel et al., 1999). A similar 

response in APP immunoreactivity observed in moderate to severe lateral fluid percussion 

injury in male rats (Pierce et al., 1996). The APP immunoreactivity is gradually increased to 

7 days, and then levels remain elevated over a period of three months after TBI (Itoh et al., 

2009). In severe head injury cases, APP immunoreactivity observed in the neocortex, 

dystrophic neurites, white matter tracts with damaged axons (Gentleman et al., 1993) and 

amyloid beta deposition in cortex (Roberts et al., 1991). A widespread axonal damage in the 

cortex, thalamus, hippocampus, dorsolateral striatum, cingulum and corpus callosum 

following moderate to severe fluid percussion injury in male rats indicating diffuse axonal 

injury (Pierce et al., 1996; Bramlett et al., 1997).  

The APP immunoreactivity is higher in neuronal perikaryon when compared to the axonal 

reactivity after brain injury (Van Den Heuvel et al., 1998). The increased immunoreactivity 

of APP in neuronal cell body correlates with increased APP mRNA expression following 

head impact in the ovine model (Van den Heuvel et al., 1999). Similar response reported in 

pediatric focal head injury in merino lambs. The APP mRNA expression is significantly 

higher in neurons of cortex, cerebellum and brain stem compared to the APP positive axons 

observed within 2 hr of injury (Van Den Heuvel et al., 2000). Inhibition of APP mRNA by 

cyclosporin following head injury has significantly decreased the APP mRNA and protein 

expression within 6 hr of TBI resulting neuroprotective response by switching non-

amyloidogenic processing of APP (Van Den Heuvel et al., 2004).  
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As mentioned above APP is processed either by amyloidogenic or non-amyloidogenic 

pathways (Figure 1.4) and produce different fragments. There were elevated levels of sAPPβ 

and Aβ42 in the ventricular cerebrospinal fluid of TBI patients, with a corresponding 10-fold 

decrease in sAPPα levels as compared to sAPPβ (Olsson et al., 2004).  

sAPPα neuroprotection in TBI:   The proteolytic enzymes responsible for APP processing 

are also altered during neuronal damage, and approaches targeting APP neuroprotection have 

tried to enhance sAPPα secretion or lower amyloid beta burden (Figure 1.5). The α-, β- 

(Blasko et al., 2004; Wen et al., 2004) and γ-secretases (Li et al., 2009) are upregulated in 

TBI and results in increased production of amyloid beta peptides (Chen et al., 2004) and 

sAPPα (Olsson et al., 2004). In the long-term TBI cases, increased production of neurotoxic 

amyloid beta is a risk factor for the development of Alzheimer’s disease (Guo et al., 2000). 

Since β- and γ-secretase activity is responsible for amyloid beta production, modulating these 

two secretases has improved TBI outcome in animal models (Yu et al., 2012; Lin et al., 

2017). γ-secretase antagonist treatment following moderate TBI decreased infarct volume and 

improved motor performance 4 days postinjury (Lin et al., 2017). Treatment with lithium, a 

β-secretase modulator, decreased β-secretase levels and reduced amyloid beta burden in the 

hippocampus at 3 days postinjury, along with improved cognitive functioning 17 days 

following controlled cortical impact injury in mice (Yu et al., 2012).  

sAPPα can regulateβ-secretase and inhibit amyloid beta production in vivo. Alzheimer’s 

disease double transgenic mice overexpressing sAPPα significantly suppressed amyloid beta 

pathology by lowering both soluble and insoluble amyloid beta peptides (Obregon et al., 

2012). Physiological sAPPα can act as an endogenous inhibitor of β-secretase activity by 

lowering amyloid beta production (Peters-Libeu et al., 2015). This β-secretase inhibitory 

activity depends on a structural conformation of sAPPα, whereas sAPPβ lacking 16 amino 

acids at the C-terminus adopts a different structural conformation by refolding and lacks 

inhibitory activity (Peters-Libeu et al., 2015). This suggests sAPPα can induce a 

neuroprotective response against amyloid beta neurotoxicity during the acute phase of injury.  

Treatment with the α-secretase agonist etazolate, 2 hr after closed head injury, in mice 

increased sAPPα levels, reduced infarct volume and improved cognitive performance within 

24 hr of injury (Siopi et al., 2013). Treatment with the protein kinase C agonist Bryostatin 1 

activates α-secretase, and following mild TBI the treated mice showed elevated α-secretase 

and lower β-secretase levels in cortex and hippocampus and this correlated with reduced 
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cognitive deficits 14 days postinjury (Zohar et al., 2011). This suggests enhancing the non-

amyloidogenic pathway following brain injury promotes a neuroprotective signal and 

improves TBI outcome.  

The overexpression of sAPPα can protect neurons from further damage. sAPP protects 

hippocampal neurons from oxidative stress by inhibiting Ca
2+ 

overload due to glutamate 

excitotoxicity (Mattson, 1994). Treatment with sAPP695 or sAPP751 increased neuronal 

survival in the hippocampus following ischemic brain injury in rats (Smith‐Swintosky et al., 

1994). Exogenous treatment with sAPPα directly at the impact site showed improvement in 

motor outcome and decreased neuronal loss over 7 days after diffuse and focal injury in rat 

and mouse models (Thornton et al., 2006; Corrigan et al., 2012b). Therefore, even though 

different approaches target different APP processing secretases, the neuroprotective activity 

is mediated only by sAPPα (Figure 1.5).  

 

 

Figure 1.5: APP neuroprotection in brain injury 

Either activation of α-secretase or inhibition of β- and γ-secretases has shown a 

neuroprotective response in brain injury through neuroprotective sAPPα.   
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1.2.2.1 Neuroprotective domains of sAPPα 

 

The neuroprotective activity of sAPPα is mediated by the two growth factor-like domains D1 

and D6a (Figure 1.3). Treatment with either of these two domains caused a similar effect as 

full-length sAPPα in improving cognitive and motor outcome and reduced axonal injury 

following diffuse TBI in rats (Corrigan et al., 2011). These findings suggested the D1 and 

D6a domains share some similar properties. Of note, the D1 and D6a domains have heparin 

binding sites.  

D1 domain:   The D1 domain comprises one α-helix and nine β-strands. It has a β-hairpin 

loop at residues 96-110 with a disulphide bond between Cys98 and Cys105 that constrains 

the heparin binding site (Rossjohn et al., 1999) (Figure 1.6). The heparin binding site 

encompasses amino acid residues from 96-110 (Asn96, Trp97, Cys98, Lys99, Arg100, 

Gly101, Arg102, Lys103, Gln104, Cys105, Lys106, Thr107, His108, Pro109 and His110). A 

peptide encompassing residues 96-110 showed high binding affinity to heparin column 

(Small et al., 1994; Corrigan et al., 2014). The APP96-110 binds to heparin sulphate 

proteoglycans (HSPG) and promote neurite outgrowth. Presence of disulphide bond in 

APP96-110 is important for heparin binding and neurite outgrowth activity. Treatment with 

APP96-110 peptide (containing a disulphide bond between cysteines 98 and 105) inhibited 

APP and HSPG mediated neurite outgrowth, whereas treatment with APP96-110 peptide 

lacking the disulphide bond failed to inhibit neurite outgrowth (Small et al., 1994). Mutation 

in the 96-110 residues: Lys99Asn, Arg100Gln, or Arg102Gly diminished its heparin binding 

activity. Upon binding to heparin column, the APP96-110 wildtype peptide eluted at a high 

salt concentration (540 mM) whereas mutant peptide eluted at a low salt concentration (230 

mM NaCl) indicating less heparin binding affinity (Small et al., 1994; Corrigan et al., 2014).  
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Figure 1.6: Structure of APP D1 domain 

D1 domain showing one α-helix and nine β-strands, β-hairpin loop (96-110 residues) with 

the disulphide bond between cysteines 98 and 105. The heparin binding site is shown by the 

green arrow (Rossjohn et al., 1999).  
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D6a domain:   The heparin binding site in D6a is structurally different from D1 where D6a 

has an elongated structure with a concave surface (Wang and Ha, 2004). The elongated 

groove of basic amino acids favours strong HSPG binding. It comprises of seven basic amino 

acid residues (Arg431, His438, Arg480, Lys484, His488, His495 and Arg392, APP751 

numbering) (Wang and Ha, 2004) (Figure 1.7). These heparin binding residues showed high 

binding affinity to a heparin column. The entire E1 domain (D1 and D2) eluted at 450 mM 

NaCl, while E2 eluted at 540 mM NaCl from the heparin column, which is due to 

interference by the acidic region in E1 (Hoefgen et al., 2014).  

 

Figure 1.7: Structure of APP D6a domain 

The secondary structure of E2 domain showing six α-helices represented in blue (A), 

conserved heparin binding residues highlighted in green (B) (Wang and Ha, 2004). 

Functions of the APP heparin binding domains 

Compared to D1, D6a possess a stronger binding affinity to HSPGs. A binding site 

competition study using radio-labelled sAPP, D1 and E2 domains with cell surface HSPG 

indicated that E2 domain is responsible for HSPG binding, whereas D1 contributed to the 

protein-receptor interaction site (Reinhard et al., 2013). The E2 domain interaction is 

supported by the presence of elongated grove of basic residues on protein surface which 

favours tight binding to HSPG when compared to basic residues on D1 which is dominated 

by β-hairpin loop (Reinhard et al., 2013). This suggests that D1 is the main receptor binding 

site of sAPP.  
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In addition to heparin binding sites, both E1 (D1 and D2) and E2 (or D6a) domains have 

metal binding sites (Hesse et al., 1994; Barnham et al., 2003). The APP and APLPs play a 

role in metal homeostasis by modulating copper, zinc and iron metabolism (White et al., 

2002; Duce et al., 2010; Dahms et al., 2012; Dlouhy et al., 2019; Roisman et al., 2019). 

Elevated intracellular copper level increases the cell surface APP by increasing its exocytosis 

whereas zinc and iron has no role in APP distribution (Cater et al., 2008; Acevedo et al., 

2011). Cu
2+

 binds to E1 metal binding site and mediates lipoprotein oxidation (White et al., 

1999a; White et al., 2002). Copper alters APP processing by inhibiting amyloid beta 

production and promoting the nonamyloidogenic pathway. Treatment with Cu
2+

 to CHO cells 

increase sAPP695α, C' terminal APP695 secretion and inhibit amyloid beta production 

(Borchardt et al., 1999).  

E2 domain comprises of two metal binding sites M1 and M2 where M1 has high specificity 

to Cu
2+

 and Zn
2+

 and highly conserved among APP family members (Dahms et al., 2012; 

Roisman et al., 2019). The metal binding (Cu
2+

 and Zn
2+

)
 
to M1 site in E2 domain results in 

the formation of stable functional state confirmations (Dahms et al., 2012). The heparin 

binding affinity to the E2 domain is enhanced by a higher degree of Cu
2+

 followed by Zn
2+

 

binding to M1 metal binding site (Dienemann et al., 2015). APP forms stable ternary 

complexes upon binding of Cu
+
 at M1 site, and weak protein-ligand interactions are disrupted 

by heparin binding to APP (Young et al., 2018). The heparin binding to APP and APLPs 

induce dimerization (Gralle et al., 2006; Dahms et al., 2010).  

The APP and APLPs undergo homo (APP:APP, APLP1:APLP1, APLP2:APLP2) or 

heterodimerization (APP:APLP1, APP:APLP2, APLP1:APLP2) (Soba et al., 2005). The 

dimerization sites in APP includes two sites (E1 and E2) in extracellular region and GxxxG 

motif in transmembrane region (Wang and Ha, 2004; Soba et al., 2005; Munter et al., 2007). 

The dimerization sites in extracellular APP695 are located in E1 from 91-111 residues and in 

E2 from 448-465 residues (Beher et al., 1996; Rossjohn et al., 1999; Wang and Ha, 2004; 

Soba et al., 2005). In the E1 domain, the disulphide bridge between Cys98 and Cys105 is 

important to stabilize the intermolecular dimerization of APP through hydrophobic 

interaction (Kaden et al., 2008). The dimerization at cell surface induces cell-cell adhesion 

and neurite outgrowth (Soba et al., 2005). The microRNA, miR-34a mediates neurite 

outgrowth activity of dimerized APP by inhibiting RhoA GTPase activity (Luu et al., 2019).  
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1.2.2.2 Role of endogenous APP in neuroprotection 

 

The lack of APP expression in APP-/- mice makes them more vulnerable to TBI (Corrigan et 

al., 2012a). The APP-/- mice showed increased motor and learning deficits and neuronal 

damage in the cortex and CA3 region of hippocampus compared to APP+/+ mice following 

mild diffuse axonal injury. This established the importance of endogenous APP in the 

neuroprotective response. Treatment of APP-/- mice with sAPPα following CCI improved 

cognitive and motor performance and reached APP+/+ injured mice performance levels by 6 

to 7 days postinjury (Corrigan et al., 2012c). Treatment with recombinant D1 protein or 

APP96-110 peptide also improved motor and cognitive performance and reduced neuronal 

loss in APP-/- mice following focal injury. Similar responses were observed in rats after 

treatment with D1 or APP96-110 peptide in the diffuse injury model (Corrigan et al., 2014). 

The 15 amino acid APP96-110 peptide is as effective as the entire D1 domain. Therefore, the 

neuroprotective activity of sAPPα can be narrowed down to residues 96-110 (Corrigan et al., 

2014). The molecular mechanism of sAPPα mediated neuroprotection in brain injury is yet to 

be defined.   

1.2.3 sAPPα receptors 

 

The ectodomain of APP can act as a cell surface receptor (Kang et al., 1987; Reinhard et al., 

2013). The search for potential APP binding partners has shown APP interacts with various 

receptors and ligand molecules. The presence of two heparin binding sites in the extracellular 

APP favours it to act as a growth factor receptor in either its membrane bound state or as 

sAPPα. APP can undergo dimerization with its family members APLP1 or APLP2, and this 

promotes neurite outgrowth (Soba et al., 2005) (Table 1.5). Since sAPPα is secreted, it could 

interact with plasma membrane, synaptic or extracellular matrix proteins.  

Table 1.5: List of sAPPα interacting proteins 

Protein Function Reference 

Soluble APP alpha (sAPPα) Cell adhesion and neurite 

outgrowth 

(Soba et al., 2005) 

Amyloid precursor-like protein 1 & 

2 (APLP1, APLP2) 

Cell adhesion and neurite 

outgrowth 

(Soba et al., 2005; Rice et 

al., 2019) 

Amyloid beta Amyloid beta neurotoxicity (Lorenzo et al., 2000) 
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Extracellular matrix proteins:   The extracellular matrix proteins include proteoglycans 

(HSPGs, chondroitin sulphate proteoglycans), glycoproteins (laminin, fibronectin), structural 

proteins (collagen, elastin) and other matricellular proteins. The ectodomain of APP interacts 

with various extracellular proteins (Table 1.6), and sAPPα is known to interact with HSPGs  

(Narindrasorasak et al., 1991). Presence of heparin binding sites in D1 and D6a domains 

favours APP interaction with HSPGs, reelin and laminin to promote neurite outgrowth 

(Kibbey et al., 1993; Small et al., 1994; Hoe et al., 2009).  

Table 1.6: List of sAPPα interacting extracellular matrix proteins 

Protein Function Reference 

Heparan sulphate proteoglycan Neurite outgrowth (Narindrasorasak et al., 

1991) 

Heparin APP dimerization in E1 domain (Small et al., 1994; 

Hoefgen et al., 2014) 

Reelin Neurite outgrowth (Hoe et al., 2009) 

F-spondin Alter APP proteolytic processing 

by inhibiting β-secretase  

(Ho and Sudhof, 2004) 

Laminin Neurite outgrowth (Kibbey et al., 1993) 

Netrin-1 Regulate amyloid beta production (Lourenco et al., 2009) 

Fibulin-1 Fibulin-1 modulates APP 

mediated neurotrophic activities 

(Ohsawa et al., 2001) 

Collagen Cell adhesion (Beher et al., 1996) 

Glypican Inhibits APP induced neurite 

outgrowth 

(Williamson et al., 1996; 

Reinhard et al., 2013) 

Syndecan -- (Reinhard et al., 2013) 

Slit Axonal guidance and neural circuit 

formation 

(Wang et al., 2017) 

Extracellular matrix protein 2 

(SPARl1) 

-- (Bai et al., 2008) 

  



Chapter 1: Amyloid Precursor Protein Introduction 

 

32 
 

Synaptic proteins:   The APP is an active component of pre and postsynapse and plays a role 

in synaptic vesicle recycling (Iwai et al., 1995; Marquez-Sterling et al., 1997; Wang et al., 

2009; Rice et al., 2019). The binding of sAPPα to the inhibitory neurotransmitter, gamma-

aminobutyric acid type B receptor subunit 1 and 2 regulates presynaptic vesicle release and 

synaptic transmission (Rice et al., 2019). The APP deficient mice show neuromuscular 

dysfunction resulting in poor motor function (Zheng et al., 1995). Also, APP null mice 

showed age-dependent cognitive deficits and impairment of long-term potentiation correlated 

with loss of presynaptic terminals and increased reactivate gliosis in the hippocampus and 

frontal cortex (Dawson et al., 1999). Lack of APP expression attenuates synaptic vesicle 

proteins, include synaptophysin, synaptotagmin-1 and synaptic vesicle protein 2A, but the 

opposite trend observed in APLP1-/- and APLP2-/- mice (Laßek et al., 2014). This suggests 

that APP and its family members regulate presynaptic machinery and sAPPα interacting 

synaptic membrane proteins listed in table 1.7.  

 

Table 1.7: List of sAPPα interacting synaptic proteins 

Protein Function Reference 

Synaptotagmin-1,2,9 Promote amyloid beta generation (Kohli et al., 2012; 

Gautam et al., 2015) 

α- or β-synuclein Promote amyloid beta generation (Kohli et al., 2012; 

Roberts et al., 2017) 

Synaptic vesicle glycoprotein-2A -- (Kohli et al., 2012) 

Glutamate receptors (GluN1, N2) Enhance cell surface expression of 

GluN1 and N2 

(Cousins et al., 2015) 

Gamma-amino butyric acid B 

receptor 1 & 2 

Inhibit presynaptic vesicle release 

and transmission  

(Bai et al., 2008; Rice 

et al., 2019) 
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Cell adhesion molecules: In addition to synaptic and extracellular matrix proteins, APP is 

reported to interact with various cell adhesion molecules (Table 1.8) and transmembrane 

receptors (Table 1.9). The cell adhesion molecules are membrane bound cell surface proteins 

support cell adhesion with the extracellular region. These include immunoglobulin, 

contactins, cadherins, neuroligins/neurexins and leucine rich repeat superfamily proteins (de 

Wit and Ghosh, 2016). These proteins play a role in nervous system development, synapse 

formation and regulate synaptic plasticity (Tan et al., 2017). APP act as a cell adhesion 

molecule and promote neuronal migration, axonal growth and guidance and synaptogenesis 

(Sosa et al., 2013; Chen et al., 2016).  

The interaction of APP with neural cell adhesion molecule has a synergistic effect on 

promoting neurite outgrowth (Chen et al., 2016). Moreover, APP interacts with contactin and 

promote neuronal migration (Ramaker et al., 2016). APP and APLPs interact with integrin-1β 

and regulate neurite outgrowth (Young-Pearse et al., 2008). sAPPα competes with the full-

length APP and interacts with integrin-1β to promote neurite outgrowth (Young-Pearse et al., 

2008). However, recent study contradicted APP and integrin-1β mediated neurite outgrowth, 

showing the growth cone adhesion mediated axonal outgrowth function of APP is 

independent of integrin-1β (Sosa et al., 2013).  
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Table 1.8: List of sAPPα interacting cell adhesion proteins 

Protein Function Reference 

Immunoglobulin superfamily  

Neuron-glia cell 

adhesion molecule (L1 / 

NgCAM) 

Enhance APP expression and axonal 

growth and development 

(Osterfield et al., 2008) 

Neural cell adhesion 

molecule 1  

Neurite outgrowth (Bai et al., 2008; Chen et 

al., 2016) 

Down syndrome cell 

adhesion molecule 

-- (Jia et al., 2017) 

Thy1 cell surface antigen  -- (Bai et al., 2008) 

Neurofascin  -- (Bai et al., 2008) 

Contactin superfamily  

Contactin Enhance APP expression and axonal 

growth and development 

(Osterfield et al., 2008; 

Ramaker et al., 2016) 

Cadherin superfamily  

N-Cadherin Promotes APP cis-dimerization and 

enhance amyloidogenic APP processing 

(Asada-Utsugi et al., 

2011) 

Calsyntenin 1  Axonal transport alters APP processing 

and increase amyloid beta production 

(Bai et al., 2008; Steuble 

et al., 2012; Vagnoni et 

al., 2012) 

Leucine rich repeat molecules 

Lingo-1 Promote lysosomal degradation of the 

amyloid beta peptide 

(Bai et al., 2008; de Laat 

et al., 2015) 

Nogo receptor  Reduces surface expression of APP and 

favours APP processing by β-secretase 

resulting in amyloid beta production 

(Zhou et al., 2011) 

Nogo 66 receptor Reduce the amyloid beta level (Park et al., 2006b) 

Notch receptors Activates notch signalling pathway (Fischer et al., 2005; Oh 

et al., 2005) 

Integrin superfamily  

Integrin β1 Neurite outgrowth (Young-Pearse et al., 

2008) 
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Table 1.9: List of sAPPα interacting other transmembrane receptors 

Protein Function Reference 

Epidermal growth factor Neuronal proliferation (Caille et al., 2004) 

Neurotrophin receptor p75 Neurite outgrowth (Hasebe et al., 2013) 

Death receptor 6  Regulate APP mediated neuronal 

survival  

(Xu et al., 2015) 

Prion protein  CNS development (Bai et al., 2008; Kaiser et 

al., 2012) 

British precursor protein (BRI2) Enhance cellular APP and 

modulate APP processing 

(Fotinopoulou et al., 

2005) 

Pancortin (AMY, AMZ, BMY, 

BMZ isoforms) 

Cortical precursor cell migration (Rice et al., 2012) 

Calreticulin Regulate amyloid beta production 

by modulating γ-secretase activity 

(Stemmer et al., 2013) 

Homer 2 & 3 Inhibit APP processing (Parisiadou et al., 2008) 

Plasma membrane calcium 

ATPase 2 (ATP2b2) 

-- (Bai et al., 2008) 
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1.3 Hypothesis and Aims 

 

Brain injury leads to extensive neuronal damage and APP show rapid onset of molecular 

changes following injury. Previous studies in our lab (in collaboration with A.Prof Corinna 

van den Heuvel and colleagues from the University of Adelaide) has demonstrated that 

endogenous APP (Corrigan et al., 2012a) and its α-secretase processed fragment, sAPPα 

(Thornton et al., 2006) is neuroprotective in brain injury. The neuroprotective site of APP 

was narrowed down to 96-110 amino acid residues. Exogenous treatment with APP96-110 

peptide improved TBI outcome (Corrigan et al., 2014; Plummer et al., 2018). However, the 

mechanism of APP mediated neuroprotection in TBI is unknown.  

 

 

Figure 1.8: Hypothesis 

APP is upregulated after brain injury. The α-secretase processed APP fragment, - sAPPα 

binds to some receptor/s to give rise to the neuroprotective signal. The sAPPα receptor/s 

mediated neuroprotective mechanism is unknown. 

 

This PhD thesis was initiated on the hypothesis that sAPPα/APP96-110 mediates its 

neuroprotective actions in TBI by binding to receptor/s (Figure 1.8). Therefore, by 

identifying sAPPα interacting proteins, we can make inroads into understanding APP’s 

mediated neuroprotective mechanism in TBI. 
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AIMS: To address this hypothesis, the aims of this PhD project are as follows,  

 

Identification of sAPPα interacting proteins:   We used the APP96-110 peptide to identify 

interacting proteins from C57BL/6J and APP-/- mouse. Since endogenous APP is 

neuroprotective in brain injury, APP-/- mice were used to rule out endogenous potential 

binding partners. In this study, the biotin-streptavidin affinity capture method followed by 

mass spectrometry was used to identify the protein hits. Results were explained in CHAPTER 

3. Among various proteins identified, APLP2 was found to be a potential interactor with 

APP96-110, so considered for further study.  

 

Role of APLP2 in brain injury:   Since APLP2 was found to interact with APP96-110, so, 

we further investigated its role in brain injury. In this study, we used APLP2 littermates, 

APLP2+/+ and APLP2-/- mice. Identifying sex differences is one of the key outcome of this 

study, so female and male animals were considered. A mild controlled cortical impact injury 

method was used. The injured animals and uninjured controls were analysed for motor 

performance and histology. The motor performance was assessed by DigiGait. This study 

was done in collaboration with Prof Peter Crack and Dr Linh Miles, The University of 

Melbourne. Results were explained in CHAPTER 4. 
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2 CHAPTER: Materials and Methods 
 

2.1 Animal models 

 

All mice used in this project were approved by the animal ethics committee of The University 

of Melbourne and used under the established guidelines provided by the Australian National 

Health and Medical Research Council. Animals were maintained under reversed 12/12-hour 

light/dark cycle with constant food and water supply. The APP-/- and APLP2-/- lines were 

backcrossed on to a C57BL/6J background at least 14 times resulting in greater than 99.99% 

purity and were maintained as an in-house mouse colony. The C57BL/6J mice were sourced 

from the Animal Resources Centre (Canning Vale, Australia) and a breeding colony 

established during these studies. 

2.2 Biotin-streptavidin affinity capture assay 

 

2.2.1 Preparation of mouse brain homogenate 

 

Adult C57BL/6J or APP-/- mice brains (10-12 weeks old) were isolated, and protein 

extraction was done. Brain tissue was weighed and then resuspended in 1:10 parts (w/v) of 

neuronal protein extraction reagent (N-PER
TM

, Thermo scientific, Australia) plus 1X 

complete protease inhibitor EDTA free at 4
o
C. Brain tissue and buffer were placed into a 

dounce homogenizer to break down the brain tissue with 15 strokes. The homogenised tissue 

was transferred to a centrifuge tube and incubated for 10 min on ice followed by 

centrifugation at 10,000 × g for 10 min at 4
o
C. The supernatant was collected and transferred 

to a clean centrifuge tube, and the total protein content of each sample was determined using 

Pierce
TM

 bicinchoninic acid (BCA) protein assay kit (Thermo scientific). Samples were 

stored at -20
o
C until required for experimentation. 

2.2.2 Biotin-streptavidin affinity capture method 

 

The adult C57BL/6J or APP-/- mice brain extracts were used as the prey protein source for 

the biotin-streptavidin affinity capture assay. The biotin-tagged synthetic peptides (Auspep, 

Australia) were used as bait source: biotinylated wildtype APP96-110 (Biot-Asn-Trp-Cys-

Lys-Arg-Gly-Arg-Lys-Gln-Cys-Lys-Thr-His-Pro-His-NH2 (APP96-110WT, with a 

disulphide bond between cysteines 98 and 105), biotinylated mutant APP96-110 peptide 
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(Biot-Asn-Trp-Cys-Asn-Gln-Gly-Gly-Lys-Gln-Cys-Lys-Thr-His-Pro-His-NH2 (APP96-

110mut, with a disulphide bond between cysteines 98 and 105).  

The Pierce
TM

 Pull-Down Biotinylated Protein-Protein Interaction Kit (Thermo scientific) was 

used following the manufacturer’s instructions with some modifications. Briefly, 150 µl of 

streptavidin resin per column was added and washed with the manufacturer’s tris buffer 

saline (TBS) for 3 times (250 µl each column volume) by centrifuging columns at 1250 × g 

for 1 min. The APP96-110WT or APP96-110mut peptides (100 µg) was dissolved in 250 µl 

of TBS buffer then added to the streptavidin resin column and incubated for 1 hr at 4
o
C 

followed by 3 column volume washes with TBS buffer for 5 min each. A No Peptide control 

column was incubated with TBS buffer under the same conditions as the APP96-110WT or 

APP96-110mut peptide columns. Brain lysates (6 mg) from either C57BL/6J or APP-/- tissue 

samples were incubated with each column for 1 hr at 4
o
C on a rotating platform. A series of 

washing steps were done with 5 min incubation for each wash. Three different wash buffers 

were used: N-PER
TM

 buffer, wash buffer (TBS) and 50 mM Triethylammonium bicarbonate 

(TEAB) buffer (Appendix 2). Two washes for each buffer was done, and all wash fractions 

were collected. After washing, the bound proteins were eluted with 40 µl of manufacturer 

acid elution buffer pH 5.0. Three elutions, each with a 5 min incubation, was done. Total 

protein quantification of the eluted samples was done using BCA protein assay.   

2.2.3 Mass spectrometry  

 

The pull-down assay eluted samples were trypsin digested. The trypsin stock was prepared by 

dissolving in 50 mM TEAB buffer in a 1:50 w/v ratio. Trypsin stock was added to the eluted 

protein sample at a ratio of 0.2:1 (w/w) and incubated overnight at 37
o
C. The trypsin 

digestion was terminated by adding 1% formic acid to the samples before mass spectrometry 

analysis. Liquid Chromatography and Mass Spectrometry (LC-MS/MS) was carried out on 

LTQ Orbitrap Elite (Thermo Scientific) with a nano ESI interface in combination with an 

Ultimate 3000 nano HPLC (Dionex Ultimate 3000) column. The trypsin digested sample was 

injected into an enrichment column at an isocratic flow rate of 5 µl/min. All spectra were 

acquired in positive mode with full scan MS spectra scanning from mass to charge ratio (m/z) 

300-1650. The top 20 most intense protein hits were subjected to rapid collision dissociation, 

dynamic exclusion with 30 seconds applied for repeated proteins. Results were saved on a 

Mascot server (version 1.3.0.1). Using the SwissProt database and Mus musculus taxonomy, 

protein hits were scanned. In silco trypsin digestion was performed for up to two missing 
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cleavages. The peptide tolerance was set to 1.2 Da and fragment mass tolerance was set to 0.6 

Da. Result files were exported and viewed in Scaffold viewer software 4.1.  

2.3 Biochemical analysis 

 

2.3.1 Affinity chromatography 

 

HiTrap Heparin column (GE Healthcare, Australia) of 1ml capacity connected to a AKTA 

Purifier (GE Healthcare) was used. The heparin column was pre-equilibrated with 5 column 

volumes of 20 mM Tris HCl pH 7.5 at 1 ml/min flow rate. 10 µl of 1 mM biotin tagged 

APP96-110WT or APP96-110mut peptides prepared in PBS was loaded onto a heparin 

column. The bound peptide was eluted on a linear salt gradient from 0 to 2 M NaCl at a flow 

rate of 1 ml/min, and the eluted peptide was detected at UV absorbance 280 nm. UNICORN 

5.1 software was used to visualize results and chromatogram was saved in pdf format. 

2.3.2 SDS-PAGE electrophoresis 

 

For electrophoresis, 2-10 µg of protein sample was loaded per lane for analysis. Samples 

were prepared by adding 1X sample buffer containing 15 mM tris (2-carboxyethyl) 

phosphine (TCEP) and MilliQ water and heated at 95
o
C for 10 min. After cooling, the sample 

was loaded on to a 12% Bis-Tris SDS-PAGE gel along with a prestained protein ladder and 

run at 150 V for 65 min. Gels were stained with Coomassie blue dye solution and imaged 

using the ChemDOC
TM

 MP System (Bio-Rad) under Coomassie blue filter with the inbuilt 

ImageLab software used to view and export images in tif file format.  

2.3.3 Agarose gel electrophoresis 

 

2.5% w/v agarose gels were prepared by dissolving in Tris-Acetate-EDTA (TAE) buffer 

(Appendix 2) and melting the agarose in a microwave oven for about 1 min. After the agarose 

was completely melted, GeRed
TM

 Nucleic Acid Gel Stain, which enables visualisation of 

DNA bands, was added and allowed to cool briefly before pouring into a cassette and gel 

allowed to solidify. Polymerase chain reaction (PCR) of DNA samples were loaded along 

with a 100 base pair ladder (Bioline, UK) and the gels were run at 100 V for 90 min in TAE 

buffer. The ChemDOC
TM

 MP System was used to image the gel and the PCR bands and 

images exported in tif format for further analysis. 
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2.4 Cell culture 

 

2.4.1 Genotyping 

 

Genotyping was performed using PCR with primer sets to the APLP2 gene and to the Jarid R 

and F genes for sex determination. Briefly, genomic DNA was extracted from samples using 

the alkaline genomic DNA extraction method. To a tissue sample (1 to 2 mm of mouse tail) 

200 µl of 50 mM NaOH was added to the tube and vortexed for 1 min then incubated at 95
o
C 

for 10 min. 4 mM Tris buffer pH 8.0 was then added to the samples and vortexed for 1 min 

and samples were stored at -20
o
C until PCR was performed. The PCR procedures for APLP2 

gene was performed as described previously (von Koch et al., 1997). The PCR primers and 

thermo-cycling conditions are outlined in Table 2.1. PCR reaction mixture contains 6 µl 

master mix, 32 nM primers, 3 µl genomic DNA and PCR water to adjust the volume to 12 µl. 

PCR samples stored at 4
o
C and analysed by agarose gel electrophoresis.  

Table 2.1: Polymerase chain reaction list of APLP2 and Jarid R & F genes 

Gene APLP2 Jarid R & F 

Forward primer 5′-GCCAAGCTTGAGTCGGTGTATCCGT 

GCT-3′ 

5′-CTGAAGCTTTTGGCTTTGAG-3′ 

Reverse primer 5′-GCGACCGGAGGAGACGCAGATCGG 

GAGCT CGCC-3′ 

5′-CCACTGCCAAATT CTTTGG-3′ 

Control primer 5′-CCATTGCTCAGCGGTG CTG-3′  

Denaturation 95oC - 1 min 940C - 5 min 

Annealing 95
0
C - 1 min, 60

0
C - 1 min 94

0
C - 20 seconds, 54

0
C - 1 min 

Primer extension 720C - 1 min 720C - 40 seconds 

Cycles Annealing and primer extension 35 cycles Annealing and primer extension 35 

cycles 

Gene 

identification 

APLP2+/+ – 400 bp 

APLP2-/- – 350 bp 

APLP2 heterozygous – both 400 and 350 bp 

Female – single band at 331 bp 

Male – double band at 302 bp 
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2.4.2 Primary cell culture 

 

Postnatal day 4 to 6 old mouse brains from C57BL/6J or APLP2-/- female and male mice 

were used for cerebellar granule cultures. The pups were killed by decapitating their heads 

using sterile scissors. The brain was removed and placed into separate wells in a dish 

containing cold Krebs buffer solution (Appendix 2). The cerebellum was dissected out and 

the meninges and choroid plexus removed. From each pup, a 1 to 2 mm tail sample was 

collected for genotyping APLP2 and sex status. The isolated cerebellum was trypsin digested 

in 15 ml of Krebs buffer containing trypsin (Appendix 2) and gently triturated tissue using a 1 

ml pipette 20 times then incubated at 37
o
C for 15 min. Trypsin digestion was terminated by 

adding 10 ml of DNase and Soy Bean Trypsin Inhibitor mixture (Appendix 2) with gentle 

trituration a couple more times. After incubating at room temperature for 5 min, the cell 

suspension was centrifuged at 1550 × g for 3 min and the supernatant solution discarded. To 

the pellet, a 1:1 volume of Krebs buffer was added and mixed well to achieve a single cell 

suspension. The cell suspension was diluted 4-fold with Krebs buffer and the number of cells 

in the suspension mixture was determined using haemocytometer with trypan blue dye. Total 

cell count = number of cells / number of squares × 10
4
 × dilution factor × total volume. The 

desired number of cells were diluted in Basal Medium Eagle without glutamine (BME) 

plating media (Appendix 2). Cells were plated at a density of 375,000 cells/cm
2
 on poly-D-

lysine (Appendix 2) pre-coated 48 well plates. Cells were allowed to adhere to the plastic 

surface of the plate by incubating for 2 hr in a 37
o
C humidified incubator supplemented with 

5% CO2 then media was changed to Neurobasal (NB) media containing B27 supplement, 10 

µg/ml gentamycin and 0.5 mM glutamine supplements (Appendix 2). After 48 hr, an 

antimitotic agent, Cytosine β-D arabinofuranoside (Appendix 2), was added to the NB 

growth media and media was changed.  

2.4.3 Human neuroblastoma cell line culture 

 

Human neuroblastoma SHSY-5Y cells (American Type Culture Collection, Rockville, MD, 

USA) were grown to confluence in T-25 flasks in Dulbecco’s Modified Eagles Medium 

nutrient mix F12 (DMEM F12) supplemented with 10% fetal calf serum, 100 U/ml penicillin 

and 100 µg/ml streptomycin in a 5% CO2 humified incubator at 37
o
C. Media was replaced 

every 2 to 3 days and flasks were split twice a week. For experiments, cells were seeded at a 

density of 2.5 × 10
4
 cells/cm

2
. Low passage numbers were used. 
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2.4.4 Cell viability assays 

 

MTT assay: The cell viability of primary cultures was done using a colorimetric 3-(4,5-

Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium Bromide (MTT) assay. MTT solution was 

prepared in PBS solution (Appendix 2) and added to each cell culture well at the completion 

of the experiment and incubated for 2 hr in the 37
o
C humidified incubator with 5% CO2. To 

solubilize the formazan crystal formed by the MTT reagent, the culture media was replaced 

with dimethyl sulfoxide (DMSO) at half of the initial media volume. DMSO was added to an 

empty well and was used as the blank for analysis. The MTT absorbance was measured at 

590 nm with a reference filter of 620 nm using the FLUOstar Omega microplate reader. In 

each experiment, untreated and treatment groups were done in triplicates. The cell viability of 

untreated control group was set as 100% and treatment groups were normalized to the 

untreated control group, and percentage cell survival was calculated.  

 

𝑷𝒆𝒓𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝒄𝒆𝒍𝒍 𝒔𝒖𝒓𝒗𝒊𝒗𝒂𝒍 

=  
𝑀𝑒𝑎𝑛 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑔𝑟𝑜𝑢𝑝 −  𝐵𝑙𝑎𝑛𝑘

𝑀𝑒𝑎𝑛 𝑠𝑢𝑟𝑣𝑖𝑣𝑎𝑙 𝑟𝑎𝑡𝑒 𝑜𝑓 𝑢𝑛𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑔𝑟𝑜𝑢𝑝 −  𝐵𝑙𝑎𝑛𝑘
 ∗  100 

 

CCK-8 assay:  The cell viability of undifferentiated human neuroblastoma SH-SY5Y cells 

was measured using a colorimetric cell counting kit (CCK-8). This kit measures live cell 

mitochondrial dehydrogenase activity which results in the release of coloured formazan dye 

in reaction with CCK-8 reagent, and the absorbance was measured. Cells were treated with 

CCK-8 reagent (20 µl of CCK-8 reagent per 200 µl of media per well) and incubated at 37
o
C 

for 2 hr in a humidified environment at 5% CO2. The color change of the media was 

proportional to the number of viable cells in the well. Absorbance was measured at 490 nm 

using FLUOstar Omega microplate reader. The measured absorbance values of treatment 

groups were normalized to the untreated control group assuming 100% cell viability. The 

percentage of cell viability was calculated same as done in MTT assay. Each untreated and 

treatment groups were done in triplicates.  
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2.4.5 Oxidative stress assay  

 

To study the role of APLP2 expression on oxidative stress, cultured mouse brain cerebellar 

granule neurons were used. Oxidative stress was induced using hydrogen peroxide (H2O2). 

Postnatal day 4 to 6 cerebellar granule neurons were used, and H2O2 titration was done on 4 

day old cultures. Various concentrations of H2O2 (0, 40, 50, 60 and 70 µM) was prepared in 

NB media containing B27 supplement minus AO, 10 µg/ml gentamycin and 0.5 mM 

glutamine. The H2O2 treated granule neurons were assayed after 24 hr for cell viability as 

measured by MTT assay.  

2.4.6 Cell culture treatment with APP96-110 peptide 

 

Primary cell cultures:  C57BL/6J mouse cerebellar granule neurons were plated at a density 

of 375,000 cells/cm
2
 in a poly-D-lysine pre-coated 48 well plate. Day 5 old cultures were 

treated with 60 µM H2O2 prepared in NB/AO media (see Appendix 2) for 30 min then 

APP96-110WT peptide at different concentrations (0, 1, 10 and 30 µM prepared in PBS) was 

added to the cultures and incubated for 24 hr before cell viability was measured using the 

MTT assay.  

SH-SY5Y cell cultures:  The human neuroblastoma SH-SY5Y cells were plated in 96 well 

plate at a density of 4 × 10
4
 cells/well in DMEM F12 media containing 10% FCS, 100 U/ml 

penicillin and 100 µg/ml streptomycin. After 24 hr of growth, undifferentiated cells were 

treated with 230 µM H2O2 or 70 mM glutamate prepared in DMEM F12, 1.5% FCS, 100 

U/ml penicillin and 100 µg/ml streptomycin. APP96-110WT peptide at different 

concentrations (0, 1, and 10 µM prepared in PBS) was added to the cultures and incubated for 

24 hr before cell viability was measured using the CCK-8 assay.  

2.5 In vitro animal studies 

 

2.5.1 Generation of APLP2 littermates 

 

APLP2-/-  and C57BL/6J mice were mated to generate the heterozygous APLP2+/- mice. 

These APLP2+/- female and male mice were mated to generate progeny having a genetic 

background of either a) APLP2+/-, b) APLP2+/+ and c) APLP2-/-  in a ratio of 2:1:1 

respectively based on the Michaelis Menton genetics. Mice genotyping was performed as 

described in Section 2.4.1.  
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2.5.2 Controlled cortical impact injury (CCI) 

 

Animals were anaesthetized by intraperitoneal injection with freshly prepared 100 mg/kg of 

ketamine (Lyppard, Australia) and 10 mg/kg of xylazine (Lyppard) mix. The foot paw 

withdrawal reflex was tested to ensure the mice were unresponsive before starting CCI 

procedure. The skull area of the mice was shaved and cleaned with ethanol and a midline 

incision was made using a sterile surgical blade to expose the cranium region. At 2.5 mm 

lateral to Bregma on the right hemisphere side of the skull, a 3 mm burr hole was made using 

an electric drill (Dremel 10.8V). The skull piece was removed exposing the cortical brain 

tissue with care taken to ensure no damage was made to the internal brain tissue. Brain injury 

was created by driving a 2 mm flat impactor tip controlled by the LinMot-Talk 1 software to 

a depth of approximately 1.5 mm and at a velocity of 1 m/s with 100 ms dwell time. The 

injury area was closed with bone wax and Loctite 454 gel. The scalp was sutured with wax 

coated softsilk suture. The sham operated animals undergo the same surgical procedures as 

the TBI mouse except CCI. The animals were kept on a heating pad at 37
o
C and were 

injected with 0.6 mg/kg of buprenorphine (Temgesic 300 mcg/ml, Australia) intraperitoneally 

for post-recovery. Mice were monitored for any abnormal behaviour during post-recovery 

phase for 4 hr and information recorded on health monitoring sheets. Commercial baby mash 

feed was given to recovering mice for the first two days, and wound was monitored over 7 

days post-CCI procedure. All drugs used in this study were purchased under The University 

of Melbourne Animal facility schedule drug licence.  

2.5.3 Motor function assessment using DigiGait 

 

The motor performance was assessed using a DigiGait. The APLP2+/+ and APLP2-/- mice of 

both females and males were placed on the DigiGait apparatus and their gait recordings taken 

from 3 days before and 7 days post-surgery. The mouse ventral tail surface was painted black 

using a non-toxic removable marker to avoid background noise during gait recording. The 

mouse was allowed to walk on a motorized transparent flat treadmill at 15 cm/sec speed. 

Three trial runs were done with 2 min intervals before capturing an 8 sec video on the ventral 

plane of the animal using DigiGait
TM

 Video Imaging Acquisition software. The recorded gait 

videos were further processed in three steps as detailed below.  
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Pre-processing of gait recording: The pre-processing was done using DigiGait image 

acquisition software. The recorded gait video was viewed frame by frame and 4 sec video of 

a mouse with a stable run was selected for analysis. For a stable run, four limbs have to be in 

contact with the treadmill. 

Gait video processing:  Video processing was done using DigiGait analysis software. In this 

phase, the chamber boundaries were assigned, and mouse snout direction was defined. Later 

the snout length and width were adjusted to avoid the snout signal being picked up. Smart 

filters were used to reduce the background noise and to define paw contact area to the 

treadmill. The software automatically process the gait recordings of each paw after filters 

adjustment.  

Post-processing and quality control:  The errors in gait graph generated during gait video 

processing stage were fixed in the post-processing phase using DigiGait analysis software. 

The quality control review was done to each limb separately by viewing the gait graph. The 

manual correction analysis was done by using three commands “Correct”, “Connect” and 

“Exclude”. The “Correct” was used when the software recognises paw as on the treadmill 

when it was off. The “Connect” combines the selected region where the paw was recognized 

as off the treadmill when it was still on. Finally “Exclude” removes a selected region result of 

background noise or false signal. These videos were processed, and all gait parameters for 

each limb were saved in .csv file format. The software is capable of generating 51 different 

gait parameters, and these were presented in Table 2.2. 
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Table 2.2: List of gait parameters generated for each limb 

1. Swing Time 27. Swing duration Coefficient of Variation 

2. Percent Swing Stride 28. Paw area at peak stance 

3. Brake time 29. Paw area variability at peak stance 

4. Percent Brake Stride 30. Hind limb shared stance time 

5. Propel time 31. Percent Shared stance 

6. Percent Propel Stride 32. Stance Factor Ratio 

7. Stance time 33. Gait Symmetry Ratio 

8. Percent Stance Stride 34. Max Rate of Change during breaking 

9. Stride time 35. Min Rate of change during propulsion 

10. Percent Brake stance 36. Tau – propulsion 

11. Percent Propel stance 37. Overlap distance 

12. Stance/swing ratio 38. Paw Placement Positioning 

13. Stride length 39. Ataxia coefficient 

14. Stride Frequency 40. Midline distance 

15. Paw Angle 41. Paw drag 

16. Absolute paw Angle 42. Forelimb Weight Support 

17. Paw Angle Variability 43. Sciatic Functional Index  

18. Stance width 44. Tibial Functional Index  

19. Step Angle 45. Peroneal Functional Index  

20. Stride length variability 46. Phase Dispersion 

21. Stride width variability 47. Paw Area Coefficient of Variation 

22. Step angle variability 48. Double Support Coefficient of Variation 

23. Number of steps 49. Total Number of Strides 

24. Stride length Coefficient of Variation 50. Animal Length 

25. Stance width Coefficient of Variation 51. Animal Width 

26. Step Angle Coefficient of Variation  
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2.5.4 Transcardial perfusion 

 

After 7 days of post-surgery, mice were subjected to transcardial perfusion and post-fixation 

with freshly prepared 4% paraformaldehyde (PFA) (Appendix 2). Mice were anesthetised by 

freshly prepared ketamine (120 mg/kg) and xylazine (16 mg/kg) in saline solution 

intraperitoneally with 26-gauge needle. The foot withdrawal reflex was tested for full 

anaesthesia. The mouse was placed on its back and thoracic cavity was cut opened without 

damaging the internal organs. The connective tissue around the heart was torn. 1/4
th
 inch of 

butterfly needle was inserted into the left ventricle, and cold PBS was perfused at constant 

speed 1 ml/min for 5 min or until the liver turns pale. The mouse was perfused with cold 4% 

PFA prepared in PBS at 1 ml/min speed for 5 min. After perfusion, the brain was removed 

and stored in 70% ethanol at 4
o
C. 

2.5.5 Histological analysis 

 

Brains were paraffin embedded and 16 serial sections per brain of 5 µm thickness and 200 

µm apart representing bregma 0 to -4 were collected. Sections were stained with 

Hematoxylin and eosin (H&E) to measure lesion volume, cortical injury, dentate gyrus 

volume and hippocampal injury. H&E stained sections were digitally scanned using 

Pannoramic SCAN II, Grey Grasshopper 3 CCD monochrome camera attached to Carl Zeiss 

Plan-Apochromat 20X/NA 0.8 objective (3D HISTECH). Scanned slides were visualized in 

CaseViewer software for further analysis. 

2.5.5.1 Lesion volume measurement 

 

Hematoxylin and eosin staining.  Four serial sections per brain representing approximately 

bregma -0.5, -1.5, -2.5 and -3 were considered for lesion volume analysis. The volume of 

undamaged tissue in each hemisphere was measured by using a closed polygon tool in 

CaseViewer software. Lesion volume was calculated as follows. 

1. Total volume of uninjured cortex or contralateral hemisphere (mm
2
) =  

 Sum of area of all contralateral hemispheres per brain (mm2) × thickness between sections (0.2 mm)  

 

2. Total volume of injured cortex or ipsilateral hemisphere (mm
2
) =  

 Sum of area of all ipsilateral hemispheres per brain (mm
2
) × thickness between sections (0.2 mm) 
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𝐋𝐞𝐬𝐢𝐨𝐧 𝐯𝐨𝐥𝐮𝐦𝐞 (%) =
Total volume of uninjured cortex − Total volume of injured cortex

Total volume of uninjured cortex
× 100  

 

2.5.5.2 Cortical injury 

 

Four serial sections per brain were cut from approximately bregma -2.3 for analysis. Neurons 

with cell body and clearly defined single prominent nucleus under impact site were counted 

manually in CaseViewer software. Some dark neurons with clear cell body and prominent 

nucleus were also considered for analysis (Garman, 2011). The appearance of dark neurons 

due to perfusion fixation is a common artefact, and not all dark neurons are apoptotic 

neurons. The apoptotic dark neurons appear shrunken and varying in size were not considered 

for analysis. Total number of cells was calculated based on the following formula.  

𝐓𝐨𝐭𝐚𝐥 𝐧𝐮𝐦𝐛𝐞𝐫 𝐨𝐟 𝐜𝐞𝐥𝐥𝐬/𝐦𝐦𝟐 = Sum (
Total number of neurons in all 4 sections/brain

Average area of region of interest in all 4 sections/brain (𝑚𝑚2)
) 

 

2.5.5.3 Hippocampal injury assessment 

 

Three serial sections per brain representing approximately bregma -1.2 to -2.1 were 

considered of analysis. The morphologically healthy neurons with clear defined cell body and 

prominent nucleus at CA2 and CA3 regions of the hippocampus were counted manually 

using the CaseViewer software. The total number of cells was calculated in same manner as 

mentioned in cortical injury.  

2.5.5.4 Dentate gyrus volume measurement 

 

The granular layer of dentate gyrus was measured in 5 sections per brain at approximately 

bregma -1.5 to -3. The closed polygon tool was used in CaseViewer software to outline the 

granular layer area. The dentate gyrus volume was calculated by summing the area of all 

sections per brain multiplied by the distance between sections i.e. 200 µm. The µm
3
 is then 

converted to mm
3
 (1mm

3
 = µm

3
/1000000000).  

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑑𝑒𝑛𝑡𝑎𝑡𝑒 𝑔𝑦𝑟𝑢𝑠

= 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑖𝑣𝑒 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑝𝑒𝑟 𝑏𝑟𝑎𝑖𝑛 (µ𝑚2) ∗ 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑠 (200 µ𝑚) 

  



Chapter 2: Materials and Methods 

 

50 
 

2.5.5.5 Immunohistochemistry analysis 

 

Paraffin embedded sections of 5 µm thickness were deparaffinized in a series of two 100% 

xylene solutions for 5 min each followed by incubation in 100% ethanol-1, 100% ethanol-2, 

80% ethanol-3 and water for 2 min each. Heat-inactivated antigen retrieval method was 

performed by boiling slides in sodium citrate buffer (Appendix 2) for 10 min two times with 

a 2 min interval between each boiling step. Cooled slides were then washed in water followed 

by permeabilization in PBST for 10 min. The slides were washed with two changes of water 

and two changes of PBS for 5 min each. After washing, peroxidase blocking for 10 min in 

3% H2O2 (Appendix 2) was done. Slides were washed thoroughly in PBS for three times, 5 

min each. The nonspecific sites were blocked with 10% goat serum in PBS for 60 min at 

room temperature. The sections were then incubated in primary antibody (diluted in PBS, see 

Table 2.3 for the list of primary antibodies used and respective dilutions) overnight and 

washed with two changes of PBS for 5 min each. Sections were incubated in secondary 

antibody (diluted in PBS, refer to Table 2.3 for respective dilutions used) and incubated for 

60 min or overnight. The secondary antibody was detected using the 3,3'-diaminobenzidine 

(DAB) staining. Sections were then counterstained with hematoxylin for 35 seconds and 

washed under running tap water for 5 min. Finally, tissue dehydration was done with a series 

of reagents including water for 2 min, three serial changes in 100% ethanol for 30 seconds 

each and three serial changes in 100% xylene for 2 min each. The dehydrated sections were 

mounted using Fronine safety mount no.4 and dried overnight. Slides were digitally scanned 

using Pannoramic Scan II and viewed in CaseViewer software. n = 4 - 6 animals per group 

were considered.  
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Table 2.3: List of primary and secondary antibodies used for immunohistochemistry 

 
Primary Antibody Secondary Antibody DAB 

staining Name Species Dilution Suppliera Species Dilution Suppliera Incubation 

APP Mouse 1:200 In house 
Goat anti 

mouse 
1:1000 

Dako 

(P0447) 

60 min 8 min 

GFAP Mouse 1:500 

Cell 

signalling  

(3670) 

Goat anti 

mouse 
1:2000 

Dako 

(P0447) 

60 min 8 min 

CD68 Rabbit 1ug/ml 

Abcam  

(ab125212) 

Goat anti 

rabbit 
1:1000 

Dako 

(P0448) 

60 min 8 min 

NFH Rabbit 1:1000 

Abcam 

(ab8135) 

Goat anti 

rabbit 
1:1000 

Dako 

(P0448) 

60 min 8 min 

Iba1 Rabbit 1:500 

Wako 

(019-19741) 

Goat anti 

rabbit 
1:500 

Dako 

(P0448) 

Overnight 8 min 

Tau AT180 Mouse 1:100 

ThermoFisher  

(MN1040) 

Goat anti 

mouse 
1:500 

Dako 

(P0447) 

Overnight 8 min 

Total Tau Rabbit 1:500 

Dako 

(A0024) 

Goat anti 

rabbit 
1:1000 

Dako 

(P0448) 

Overnight 2 min 

a
Catalogue number highlighted in parenthesis. 

2.6 Transcription binding site prediction 

 

The human (NC_000011.10) and mouse (NC_000075.6) APLP2 nucleotide sequence was 

extracted from NCBI. The promoter region of human and mouse APLP2 sequence was 

identified using sequence information available in NCBI. The 3 kb upstream to the promoter 

region was selected for analysis. Using this APLP2 sequence, the sex hormone regulatory 

motifs were identified using online tool PROMO version 8.3. In PROMO search, the 

maximum dissimilarity rate was set to default (15). In the case of APLP2 human sequence, 

the species was selected to only human, but in APLP2 mouse sequence, all species were 

selected.  



Chapter 2: Materials and Methods 

 

52 
 

2.7 Statistical analysis 

 

 The cell culture data represents a minimum of three independent experimental repeats 

with each treated group has triplicates. Animal studies have a minimum of 8 to 12 

animals per group. For behavioural studies 8 to 12 animals per group were considered and 

for immunohistochemical analysis, these animals were further divided, which contains 4 

to 6 animals per antibody or H&E staining. The statistical analysis was done by Two-way 

or One-way analysis of variance (ANOVA) where applicable.  

 The untreated or sham operated and treatment or postinjury groups were compared by 

Tukey or Bonferroni multiple comparison tests depending on the number of repeats or 

animals.  

 The data represented in Mean ± SEM values and the p-value summary was *p < 0.05, **p 

< 0.01, ***p < 0.001 and ****p < 0.0001.  

 All statistical analysis was done using GraphPad Prism software 7.04 (USA).  
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3 CHAPTER: Identification of sAPPα interacting proteins 
 

3.1 Introduction 

 

APP modulates neuroprotection following brain injury. The neuroprotective site in sAPPα 

has been narrowed down to residues 96-110 (Corrigan et al., 2014). This 96-110 region has a 

β-hairpin loop structure stabilized by a disulphide bond between Cys98 and Cys105 

(Rossjohn et al., 1999). Presence of a disulphide bond is important for heparin binding 

activity and neurite outgrowth as its abolition affects these properties (Small et al., 1994). 

The APP96-110 peptide showed high affinity binding to a heparin column, while a mutant 

peptide with changes to the heparin residues (99 Lys-Asn, 100 Arg-Gln, 102 Arg-Gly) had a 

lower affinity to heparin. The wildtype APP96-110WT peptide eluted at 540 mM, while 

mutant APP96-110mut eluted at a lower salt concentration of 230 mM NaCl (Corrigan et al., 

2014). It was concluded the heparin binding activity of APP96-110 correlates to the peptide’s 

neuroprotective response in TBI.  

Treatment with APP96-110WT, via intracerebroventricular administration, significantly 

improved motor and cognitive performance and reduced neuronal loss in APP-/- mice 

following focal brain injury, whereas no improvement occurred in the APP96-110 mutant 

peptide treated group (Corrigan et al., 2014). An advantage of the positively charged arginine 

residues in APP96-110 is increased blood brain barrier permeability. This was demonstrated 

by intravenous injection of APP96-110WT following 30 min postinjury showing similar 

functional outcome as intracerebroventricular injection (Corrigan et al., 2014; Plummer et al., 

2018). Delaying intravenous administration of 96-110 to 5 hr postinjury is as effective as 

early treatment (30 min postinjury) in reducing neuronal damage and improving motor 

outcome (Plummer et al., 2018). This suggests APP96-110 represents a novel therapeutic 

agent for treating brain injury. However, the mechanism of APP96-110 mediated 

neuroprotection in TBI is not known.  

Diffuse axonal injury is a common feature in brain injury and leads to degeneration of white 

matter (Strich, 1956). APP96-110 peptide treatment reduces the number of injured axons in 

the corpus callosum at 7 days postinjury in rats (Corrigan et al., 2014). Astrocyte and 

microglial activation in the corpus callosum is significantly decreased after 3 days following 

APP96-110 peptide treatment of impact acceleration diffuse injury (Plummer et al., 2018). 

This suggests the APP96-110 peptide can regulate neuroinflammation in TBI. Another major 
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pathological event in TBI is excitotoxicity. Treatment with APP96-110 has no effect on 

severe excitotoxic model, but the glutamic acid induced elevated intracellular calcium levels 

were reduced in rat primary cortical cultures (Chiu et al., 2017), suggesting APP96-110 has 

modest anti-excitotoxic neuroprotective effect in TBI.  

A way to understand the mechanism driving APP96-110’s neuroprotective actions in TBI is 

to identify the APP96-110 receptor(s) because the biological process could be regulated by 

protein-protein interactions that mediate both intracellular and extracellular actions. 

Therefore, identifying APP96-110 receptor(s) helps us to understand APP96-110’s 

neuroprotective function, and the cellular and molecular mechanisms and pathways it is 

acting through.  

There are various methods to identify protein-protein interactions: in silico screening of 

molecular interaction databases, and in vitro systems involving affinity capture, 

immunoprecipitation and cross-linking (Phizicky and Fields, 1995). The affinity capture 

technique combined with mass spectrometry is a powerful approach to identify protein 

interactions that take place in a native state in a cellular environment. The proteomic 

approach allows the detection of low abundant or transient interactions (Aebersold and Mann, 

2003). Furthermore, when combined with bioinformatics analysis this helps interpreting the 

complex proteomics data that is typically generated, and provides additional information on 

protein interactions, physiological function, cellular distribution, molecular pathways, as well 

as physiological or pathological pathways.  
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Study design 

The biotin-streptavidin affinity capture method (Wilchek and Bayer, 1990) was used to 

capture APP96-110 interacting proteins. The biotin-streptavidin technique is a commonly 

used system to detect protein-protein interactions. The basic principle of this method is biotin 

binds with high affinity to streptavidin. Therefore, a biotin tagged molecule is captured on to 

a streptavidin coupled resin (Figure 3.1). Target protein(s) having affinity to molecule bind 

and unbound are washed off. Finally, the protein interactions are dissociated by changing the 

pH of the system and target protein/s are eluted (Wilchek and Bayer, 1990). The eluted 

proteins are detected by western blotting or by proteomic approach (Ten Have et al., 2011). 

Using this biotin-streptavidin approach various receptors were identified, for example, APP 

synaptic receptors from mice brain lysate (Kohli et al., 2012), protein tyrosine phosphatase σ 

interacting proteins from  mice spinal cord lysate (Lang et al., 2014), Checkpoint kinase 1 

receptor from HeLa cells (Kim et al., 2016) and B-cell lymphoma 2 interaction with inositol 

1,4,5-trisphosphate receptor (Zhong et al., 2011).   

 

Figure 3.1: Formation of streptavidin-biotin complex 

The biotin (B) tagged molecule is captured on to streptavidin (S) forming a streptavidin-

biotin complex. 
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A summary of the key steps used to identify APP96-110 interacting proteins was shown in 

Figure 3.2.  In this study, C57BL/6J and APP-/- mice brain lysates were used as the target 

tissue. The APP-/- mice were used in order to reduce any potential competitive binding of 

endogenous APP to its receptors. The brain homogenates were prepared using the neuronal 

protein extraction reagent N-PER
TM

. This is a commercial buffer that extracts native 

functional proteins from multiple cellular components by solubilizing both membrane and 

soluble proteins.   

The bait was biotinylated APP96-110 with a disulphide bond. Two APP peptides were used: 

wildtype APP96-110 (APP96-110WT) and mutant APP96-110 (APP96-110mut) biotin-

tagged peptides. APP96-110WT corresponds to the wildtype or normal peptide sequence 

(Biot-Asn-Trp-Cys-Lys-Arg-Gly-Arg-Lys-Gln-Cys-Lys-Thr-His-Pro-His-NH2). APP96-

110mut corresponds to the inactive APP96-110 peptide containing three mutant residues in 

the heparin binding site (Biot-Asn-Trp-Cys-Asn-Gln-Gly-Gly-Lys-Gln-Cys-Lys-Thr-His-

Pro-His-NH2). APP96-110mut provides a powerful control as it is similar to APP96-110WT 

in sequence and structure but it is not neuroprotective (Corrigan et al., 2014).  Also, a no-

peptide control was included to establish background binding to the streptavidin beads.  

The APP96-110WT, APP96-110mut and no-peptide streptavidin columns were incubated 

with C57BL/6J or APP-/- mice brain homogenates. The unbound proteins were washed off 

and bound proteins were eluted by acid elution buffer pH 2.8 (Figure 3.2). The proteins that 

were binding to either APP96-110WT, APP96-110mut or no-peptide control were identified 

by mass spectrometry and analysed.  
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Figure 3.2: Summary of the key steps used to isolate APP96-110 binding molecules 
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3.2 Results 

 

3.2.1 APP96-110 heparin binding activity 

 

APP96-110 has heparin binding activity, so we tested whether biotinylation of this peptide 

affects its heparin binding properties. The heparin binding activity of the biotin-tagged 

APP96-110WT and APP96-110mut peptides was measured using heparin affinity 

chromatography and a linear salt gradient. The APP96-110WT peptide showed high binding 

affinity to the heparin column and eluted at 462 mM NaCl, while APP96-110mut did not bind 

to the column and all was contained in the wash steps (Figure 3.3). Inline with this study, the 

un-biotinylated APP96-110WT peptide showed a comparable higher binding affinity than 

mutant peptide eluting at 540 mM and 230 mM respectively (Corrigan et al., 2014). 

Therefore, while biotinylation decreased the binding affinities of the two peptides, APP96-

110WT retained strong heparin binding compared to APP96-110mut. 

 

Figure 3.3: Heparin binding affinity chromatography 

 

Affinity chromatography of biotin-tagged APP96-110 peptides. The green dotted line 

represents a linear salt gradient from 0 to 2 M NaCl. (A) represents binding of APP96-

110WT peptide to heparin column and eluted at 462 mM NaCl, UV absorbance 280 nm and 

(B) APP96-110mut peptide showed no binding to the column and washed off. 
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3.2.2 Identifying proteins that interact with APP96-110 

 

To identify the protein(s) that bind to APP96-110 we used brain homogenates from 

C57BL/6J or APP-/- mice. The brain homogenates were prepared by pooling four brains from 

each genotype and the proteins extracted with the neuronal protein extraction reagent N-

PER
TM

. The affinity capture technique was repeated in eight independent binding 

experiments using either C57BL/6J or APP-/- brain homogenates. Proteins bound to the 

APP96-110WT, APP96-110mut and no-peptide control were eluted using an acid buffer (pH 

2.8). The wash and elution fractions were collected from each repeat experiment and protein 

quantification was performed by the BCA assay. A 2 µg sample of the wash and elution 

fractions were separated on 12% Bis-Tris SDS-PAGE gels, Coomassie blue stained and 

visualized using ChemDOC
TM

 MP System (Bio-Rad).  

Compared to no-peptide control and APP96-110mut elution fractions, APP96-110WT elution 

showed distinct protein bands indicating interacting proteins (Figure 3.4). Proteins with 

varying molecular weight from approximately 100 to 25 KDa were found to interact with 

APP96-110WT. Prominent bands were observed around 49 KDa, 98 KDa and 62 KDa in 

APP96-110WT sample.    

 

 

 

 

 

 

 

Figure 3.4: Identification of interacting proteins in affinity capture method  

Pull down assay using (A) C57BL/6J mouse brain lysate, Coomassie blue stained gel 

showing from left, molecular weight in KDa, elution-1 (C = no-peptide control, M = APP96-

110mut, and N = APP96-110WT), L = molecular weight ladder, first wash (Wash1) and 

elution-2. (B) Pull-down assay using APP-/- brain extract, four experimental repeats from 

left, L = molecular weight ladder, acid elution of APP96-110WT, APP96-110mut and no-

peptide control. The gel was Coomassie blue stained. The red boxes represent the elution 

fractions used for mass spectrometry analysis. 
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3.2.2.1 Screening mass spectrometry data  

 

The APP96-110WT, APP96-110mut and no-peptide eluted fractions were trypsin digested 

and processed for LC-MS/MS on an LTQ Orbitrap Elite mass spectrometer. Full scan MS 

spectra scanning from mass to charge ratio (m/z) of 300-1650 were acquired in positive mode 

and saved to the Mascot server. Peptide hits were identified using the Mus musculus 

taxonomy in the SwissProt database. This data was extracted from the Mascot server and 

visualized using the open source Scaffold viewer software 4.  

The proteins identified from C57BL/6J or APP-/- mice were clustered according to their 

sample groups (APP96-110WT, APP96-110mut and no-peptide) for analysis. The proteins 

with a ≤ 5% false discovery rate, minimum of two matching peptide hits and ≥ 95% peptide 

threshold were screened for further analysis with the Scaffold viewer. In total, 570 proteins 

were identified. A Venn diagram was generated showing the distribution of protein hits 

between the three samples (APP96-110WT, APP96-110mut and no-peptide (Figure 3.5) 

using Scaffold viewer.  

 

 

Figure 3.5: Venn diagram of proteins identified in affinity capture method 

 

Venn diagram showing interacting protein hit distribution between APP96-110WT, APP96-

110mut and no-peptide control samples. This Venn diagram was generated by combining 

binding proteins data from C57BL/6J and APP-/- mice. In total, 570 proteins were identified.    
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3.2.2.2 Background contaminants from affinity capture assay 

 

To differentiate between real interactors and background contaminants we used the no-

peptide control to rule out proteins that were binding to the streptavidin beads or column. 

Moreover, APP96-110mut peptide also enables us to exclude proteins that were non-specific. 

In affinity binding assays, along with negative controls, the number of experimental 

replicates helps to minimize false positives by identifying proteins that consistently bind 

across multiple independent experiments. In this study, a total of eight independent 

experimental repeats was performed and this allowed us to exclude commonly identified 

background contaminants.  

The proteins binding to the no-peptide sample alone or in combination with APP96-110WT 

and/or APP96-110mut peptides were classified as background contaminants (Figure 3.5). Out 

of 570 proteins, 224 proteins were identified as background contaminants. This includes two 

proteins binding to the empty column, 41 proteins were in common between no-peptide and 

APP96-110mut, 10 proteins between no-peptide and APP96-110WT and 171 proteins in 

common between all three samples (no-peptide, APP96-110WT and APP96-110mut). This 

list of background contaminants (Appendix 1, Suppl table 3.1) can be used as a reference list 

for future affinity purification assays.  

These background contaminants included ECM and cellular membrane proteins, but the 

majority were cytoplasmic proteins. The cellular membrane or ECM proteins that were 

detected in APP96-110 wildtype, mutant and no-peptide samples include excitatory amino 

acid transporter 1 and 2, brevican core protein, tenascin-R, synaptic vesicle glycoprotein 2A, 

myelin basic protein, myelin proteolipid protein, receptor-type tyrosine-protein phosphatase 

zeta, sodium/potassium-transporting ATPase subunit alpha-2 and beta-1 and complement 

component 1 Q subcomponent-binding protein. A limitation of this proteomic approach is the 

lack of protein abundance and binding affinity information, so these proteins were considered 

as nonspecific interactors and not considered for analysis.  

Interestingly, proteins that were known to interact with APP were also detected in the 

APP96-110mut and no-peptide samples, and were therefore excluded for further analysis. 

These include synaptotagmin-1 (Kohli et al., 2012), and plasma membrane calcium-

transporting ATPase 2 (Bai et al., 2008). 
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3.2.2.3 Proteins interacting with APP96-110 wildtype and mutant   

 

The mutation of three basic amino acids (Lys99Asn, Arg100Gln, Arg102Gly) in the APP96-

110mut peptide markedly diminished its heparin binding activity. Proteins that were 

identified to interact with both APP96-110 wildtype and mutant peptides may represent non-

specific binders, or proteins that can still interact with APP96-110mut but are unable to 

induce a neuroprotective signal. Since the affinity capture and mass spectrometry screen does 

not provide affinity information we are unable to distinguish between these possibilities and 

did not consider these proteins further as candidates for the current study.  

There were 118 proteins that bind to both APP96-110 wildtype and mutant (Figure 3.5) were 

listed in supplementary table 3.2 (Appendix 1). These include five cellular membrane, one 

ECM and 112 intracellular proteins.  
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3.2.2.4 List of APP96-110 wildtype interacting proteins 

 

Of the 570 hits, 222 proteins were found to interact with APP96-110WT alone (Figure 3.5), 

i.e. did not also bind to APP96-110mut or no-peptide. The APP96-110WT alone interacting 

proteins were annotated based on their subcellular location (Figure 3.6). We hypothesise that 

APP96-110 or sAPP would be acting via either a cell surface receptor or an extracellular 

matrix molecule. The gene annotation information generated by the Scaffold viewer software 

was checked manually using the UniProt database because some proteins were classified with 

multiple subcellular distributions. The cellular membrane proteins were further classified into 

plasma membrane or extracellular matrix (ECM) or synaptic membrane proteins. The 

APP96-110WT binding molecules were then further ranked based on the number of positive 

repeat experiments. Hits that were detected in at least three independent experiments were 

shortlisted.  

Of the 222 APP96-110WT alone interacting proteins, there were 18 cellular membrane and 

204 intracellular proteins. Of the 177 intracellular proteins, 122 were common between 

C57BL/6J and APP-/-, 54 proteins only bound to C57BL/6J and one interacted with APP-/- 

alone (Appendix 1, Supp table 3.3). There were 15 cellular membrane and three ECM 

molecules and proteins detected in ≥ three experimental repeats were listed in table 3.1   

 

Figure 3.6: Flow chart for screening APP96-110 interacting proteins 

Flow chart representing step-wise screening process to identify APP96-110WT interacting 

proteins. The 18 cellular membrane or ECM proteins binding to APP96-110WT peptide were 

considered for further analysis. 
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Table 3.1: List of APP96-110 interacting proteins 

APP96-110WT interacting cellular membrane or ECM proteins from C57BL/6J or APP-/- 

mice. Total eight experimental repeats (four each for BL/6 and APP-/-) was done. The 

total unique peptide count (P) and total unique spectral count (S) was represented. 

 C57BL/6J APP-/- 

 Experimental 

repeats 

1 2 3 4 1 2 3 4 

Protein / Gene P S P S P S P S P S P S P S P S 

 

Calcium-dependent secretion 

activator (CAPS1)   

24 27 24 26 25 26 29 31 9 9 7 7 14 15 12 12 

Synaptic vesicle membrane 

protein VAT-1 homolog-like 

(VAT1L) 

4 4 6 6 5 5 4 5 3 6 6 6 5 5 5 5 

Serine/threonine-protein kinase 

(DCLK1)  

2 2 3 3 4 4 1 1 1 1 3 3 3 3 1 1 

ATP-sensitive inward rectifier 

potassium channel 10 (KCJ10) 

1 1 2 2 2 2 3 3 1 1 2 2 2 2 2 2 

Amyloid-like protein 2 (APLP2)  1 1 1 2 1 1 2 3 1 1 1 1 2 2 1 1 

Neuroligin-3 (NLGN3)   3 3 4 4 2 2 4 4 1 1 3 3 4 4 

Neurexin-1 (NRX1A)     1 1 1 1 2 2 1 1 2 2 1 1 1 1 

Neurocan core protein (NCAN)   2 2 3 3 3 3 2 2   1 1     

Chondroitin sulfate proteoglycan 

5 (CSPG5 

3 3 2 2 2 2 1 1   1 1   1 1 

FERM, RhoGEF and pleckstrin 

domain-containing protein 1 

(FARP1)  

  2 2 1 1 2 2 1 1     1 1 

Synaptic vesicle glycoprotein 2C 

(SV2C)   

2 2 2 2 2 2 2 2     1 1   

Synaptic vesicle glycoprotein 2B 

(SV2B)   

  2 2 2 2 2 2         

Potassium voltage-gated channel 

subfamily A member 2 (KCNA2)  

4 4 3 3 3 3 3 3         

Potassium voltage-gated channel 

subfamily A member 1 (KCNA1) 

2 2 2 2 2 2 1 1         

N-terminal EF-hand calcium-

binding protein 2 (NECA2)  

3 3 2 2 2 2 2 2         
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3.3 Discussion  

 

In this study, APP96-110 peptide interacting proteins were identified using the biotin-

streptavidin affinity capture system followed by mass spectrometry. By neutralizing basic 

charge residues (Lys99Asn, Arg100Gln, Arg102Gly) in wildtype APP96-110 peptide, the 

APP96-110mut peptide is not neuroprotective in TBI and it showed no binding to the heparin 

column. Since APP96-110’s neuroprotective activity correlated to its heparin binding activity 

(Corrigan et al., 2014), it would be expected that heparan sulfate proteoglycans (HSPGs) 

could bind to APP96-110. However, no HSPGs were shortlisted to interact only to APP96-

110WT. The structure of HSPGs is distinct to heparin with less substituted sulfate groups and 

varied secondary structure (Capila and Linhardt, 2002). Mostly, HSPGs interact with proteins 

through ionic bonding between positively charged basic amino acids of proteins with 

negatively charged sulfo or carboxyl groups on HSPGs. In some cases, the heparin binding 

activity depends on pH and Ca
2+

 level. For example, slightly lower pH favours binding of 

serum amyloid P component to glycosaminoglycan and amyloid beta peptide to heparin 

(Brunden et al., 1993; Danielsen et al., 1997) whereas Annexin and Selectin binding to 

HSPGs depends on Ca
2+

 level (Koenig et al., 1998; Capila et al., 1999). In the current study, 

the experimental conditions may not favour the binding of HSPGs to APP96-110. In addition, 

the E1 domain of APP contributes to the protein-receptor interaction site and has low affinity 

binding to heparin compared to the E2 domain (Reinhard et al., 2013).   

Among the shortlisted APP96-110 receptors, a range of cellular membrane and ECM proteins 

were identified (Table 3.1). There were eleven proteins identified in common between APP 

expressing C57BL/6J and APP knockout mice. Majority of the cellular membrane proteins 

were synaptic proteins: synaptic vesicle membrane protein VAT-1 homolog-like, 

serine/threonine-protein kinase DCLK1, neuroligin-3, neurexin-1, FERM, RhoGEF and 

pleckstrin domain-containing protein 1 and synaptic vesicle glycoprotein 2C.  

Plasma membrane proteins identified in both C57BL/6J and AAPP-/- includes calcium-

dependent secretion activator, ATP-sensitive inward rectifier potassium channel-10, and 

amyloid precursor-like protein 2. APLP2 categorised under plasma membrane also expressed 

at pre and postsynaptic membranes (Wang et al., 2009).  

ECM proteins were neurocan core protein and chondroitin sulfate proteoglycan 5 detected in 

both C57BL/6J and APP-/-. Moreover, APP96-110 interacted with four other proteins that 
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were detected in C57BL/6J mice expressing endogenous APP but not in APP knockout mice. 

These include synaptic proteins like synaptic vesicle glycoprotein 2B and potassium voltage-

gated channel subfamily A member 1 and 2, and a plasma membrane protein N-terminal EF-

hand calcium-binding protein 2.  

These APP96-110 interacting proteins share some common structural and functional features. 

APP, APLP2, neurocan core protein, chondroitin sulfate proteoglycan 5, synaptic vesicle 

glycoprotein 2B and 2C are glycoproteins. Like APP, APLP2 (Soba et al., 2005), neurexin-1, 

neuroligin-3, (Chen et al., 2008) neurocan core protein and chondroitin sulfate proteoglycan 5 

(Grumet et al., 1994; Jin et al., 2018) are cell adhesion molecules. The ectodomain of APP 

regulates ion channels (Kim et al., 2006; Santos et al., 2009; Linde et al., 2011; Doshina et 

al., 2017). APP interacts with voltage-dependent L type calcium channel α1C subunit (Yang 

et al., 2009). Treatment with secreted isoforms of APP695 and 751 regulates calcium levels 

and protects neurons from glutamate excitotoxicity in rat embryonic hippocampal neurons 

(Mattson, 1994). This indicates APP has a role in modulating calcium homeostasis. The ion 

channels identified to interact with APP96-110 were calcium-dependent secretion activator, 

N-terminal EF-hand calcium-binding protein 2, ATP-sensitive inward rectifier potassium 

channel-10 and potassium voltage-gated channel subfamily A member 1 and 2.  

The ECM proteins identified to interact with APP96-110 are neurocan (also called 

chondroitin sulfate proteoglycan-3 (CSPG-3)) and neuroglycan C (also called CSPG-5) 

detected in both genotypes. Both APP and APLP2 exist as CSPGs and are neuronal specific 

(Pangalos Menelas et al., 1995). CSPGs are bound to the core protein through post-

translational modification at serine residues in the glycosaminoglycan domain, for example, 

Ser638 in L-APP and Ser614 in APLP2-751 (Thinakaran et al., 1995). The levels of L-APP 

CSPG are upregulated in rat brain 12 days after hippocampal injury (Salinero et al., 1998). 

Like APP, neurocan levels are also upregulated after brain injury. Neurocan is upregulated by 

32% compared to contralateral cortex observed 7 days after unilateral knife lesion in rats, and 

is predominantly expressed in astrocytes and oligodendrocytes (Asher et al., 2000). Similar 

findings were observed in mice and rats models 7 days post-CCI (Yi et al., 2012; Mahmood 

et al., 2014). CSPGs are known to inhibit axon regeneration, however, the role of neurocan 

and neuroglycan C in brain injury and axonal regeneration are yet to be understood. In mouse 

cerebellar granule neurons, neurocan promotes neurite outgrowth by binding to HSPGs like 

syndecan-3 and glypican-1 (Akita et al., 2004). Binding assays with radiolabelled sAPP (
125

I 

sAPP) in Chinese hamster ovary cells showed syndecan-2 and glypican-1 bind to sAPP at the 
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plasma membrane (Reinhard et al., 2013). These reports provide a link between sAPP 

interaction with neurocan and HSPGs as common targets. However, the physiological and 

pathological role of the sAPP and neurocan interaction with HSPGs is yet to be known.   

In this study, a range of pre and postsynaptic and vesicle membrane proteins were identified 

to interact with APP96-110. APP and APLPs are localized in both pre and postsynaptic 

regions and participates in synaptic vesicle recycling (Marquez-Sterling et al., 1997; Wang et 

al., 2009). The APP ectodomain is known to interact with various synaptic proteins like 

synaptotagmin-1, 2, and 9 (Gautam et al., 2015), synaptic vesicle glycoprotein 2A (Kohli et 

al., 2012), NEM sensitive fusion protein glutamate (N1/N2) (Cousins et al., 2015) and 

gamma-amino butyric acid B (1/2) receptors (Bai et al., 2008; Rice et al., 2019) (see Chapter 

1, 1.2.3). In addition to these synaptic proteins, APP96-110 bound to synaptic cell adhesion 

molecules, neurexin-1 and neuroligin-3.  

The cell-cell interaction between cell adhesion molecules plays an important role in synaptic 

plasticity (Luthl et al., 1994; Muller et al., 1996), axonal pathfinding (Cohen et al., 1998), 

neuronal growth and development (Neugebauer et al., 1988; Kolkova et al., 2000; Chen et al., 

2016). The axo-glial signalling of neurexin-1 (expressed by axons) interacts with neuroligin-3 

(expressed by oligodendrocytes) and regulates myelination and oligodendrocyte 

differentiation (Proctor et al., 2015). The presynaptic neurexins and postsynaptic neuroligins 

undergo trans-synaptic interactions during synapse formation (Tsetsenis et al., 2014). The 

neurexin-neuroligin interaction mediate synapse formation through differentiation of 

glutamate and GABA axons (Graf et al., 2004). The α-neurexin promotes development of 

functional excitatory and inhibitory synapse (Pettem et al., 2013; Um et al., 2014) by 

interacting with extracellular domain of calysntenin-3, a cell adhesion molecule (Lu et al., 

2014). Calysntenin-1 is co-transported with APP along the axon and this regulates 

amyloidogenic processing of APP and amyloid beta production (Steuble et al., 2012; Vagnoni 

et al., 2012). APP itself acts as cell adhesion molecule and is known to interact with various 

cell adhesion molecules (see Chapter 1, table 1.8). The interaction of APP with neurexins and 

neuroligins is yet to be understood.  
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Selection of APLP2 as the lead APP96-110 receptor hit 

Among the APP96-110WT binding hits identified and shortlisted, APLP2 was chosen as the 

lead molecule for further investigation. APLP2 bound to APP96-110 from both C57BL/6J 

and APP-/- in all eight experimental repeats. This made APLP2 a highly reproducible binding 

partner to APP96-110.  

Finding APLP2 as a hit to APP96-110 is consistent with previous reports showing APLP2 

binds to APP (Soba et al., 2005; Kaden et al., 2009; Wang et al., 2009; Rice et al., 2019). 

Coimmunoprecipitation of transiently expressed myc/HA-tagged human APP, APLP1 or 

APLP2 (APP/APLPs) in COS-7 cells with anti-myc and anti-HA antibodies showed homo 

and heterointeraction of APP, APLP1 and APLP2 (Soba et al., 2005). Similar findings were 

observed in vivo showing that mature and high molecular weight APP/APLPs undergo 

heterointeractions. The coimmunoprecipitation from WT, APP-/-, APLP1-/- or APLP2-/- 

brain extracts showed mature forms of APP 100, 108, 120 KDa are detected with 

APP/APLP1 complexes, whereas with APP/APLP2 or APLP1/APLP2 complexes only the 

120 KDa form was identified and all these forms are enriched at the synaptic plasma 

membrane (Soba et al., 2005).  

The dimerization of APP/APLPs depends on E1 domain, the region which contains APP96-

110 (Soba et al., 2005). APP homodimerization is stabilized by the disulphide bond between 

Cys98 and Cys105 in E1 domain (Kaden et al., 2008). The coimmunoprecipitation of E1 

domain deletion constructs of APP/APLPs with either full length or E1 deletion constructs of 

APP/APLPs showed weak or no interaction. Similar results were observed by 

coimmunoprecipitation of APP/APLPs lacking entire ectodomain (Soba et al., 2005). This 

suggests the E1 domain, which corresponds to the one in APP96-110, is important for 

dimerization. 

Importance of APP-APLP2 interaction 

The mice lacking endogenous APP and APLP2 are not viable and die within first week of 

birth, indicating importance of these two proteins in neuronal development (von Koch et al., 

1997). APP and APLP2 expression is essential for normal development and synaptic function 

(Wang et al., 2005; Yang et al., 2005; Weyer et al., 2011). Central and peripheral synaptic 

function is modulated by the transsynaptic interaction of APP and APLP2 (Wang et al., 

2009). The trans-cellular interaction of APP and APLP2 promotes intercellular adhesion 
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(Soba et al., 2005). Neurons expressing APP lacking either E1 or both E1 and E2 domains 

has reduced synaptic puncta formation, indicating the importance of these APP regions on 

synaptogenic activity (Wang et al., 2009). The cell adhesion property of APP/APLPs depends 

on E1 but not E2 (Soba et al., 2005) and this strongly supports the model that APLP2 binds to 

APP E1 domain (i.e. the region that includes the 96-110 sequence) to modulate synapse 

formation and cell adhesion.  

It was decided to investigate the role of APLP2 as a neuroprotective molecule in TBI for the 

following key reasons:  

 Firstly, the binding studies identified APLP2 as a highly reproducible binding partner to 

96-110. 

 Secondly, a number of studies by other groups have established by in vitro biochemical 

and cell based studies, and in vivo studies that APP and APLP2 interact via the APP region 

containing APP96-110 (Soba et al., 2005; Wang et al., 2009; Rice et al., 2019).  

 Thirdly, APP and APLP2 share some common physiological functions that are relevant for 

mediating neuroprotection -  cell adhesion (Soba et al., 2005), neurite outgrowth (Small et 

al., 1994), synaptogenesis (Wang et al., 2009) and synaptic plasticity (Weyer et al., 2011). 

 Fourthly, the availability of in-house of the APLP2 knockout mouse would allow us to 

directly test the role of APLP2 in TBI.  

These reasons strongly favoured us selecting APLP2 for further study in TBI in this PhD.  
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3.4 Conclusion  

 

The sAPPα molecule is neuroprotective in TBI, and the active site has been narrowed down 

to the APP96-110 sequence. This 15-amino acid peptide has a heparin binding site that 

correlates with its neuroprotective activity (Corrigan et al., 2014). To help decipher the 

underlying mechanism of sAPPα or APP96-110 neuroprotection, the APP96-110 receptor(s) 

were identified. Amongst the shortlist of cellular membrane or ECM proteins identified, 

APLP2 was selected as the lead candidate ligand. The E1 domain of APP has been shown to 

bind to the APLP2 ectodomain to result in a heterodimer interaction (Soba et al., 2005). APP 

and APLP2 share some common activities relevant to neuroprotection.  
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4 CHAPTER: Role of APLP2 in brain injury 
 

4.1 Introduction 

 

Amyloid precursor-like protein 2 shares structural and functional similarity with APP being 

ubiquitously expressed and proteolytically processed by α, β and γ-secretases (Eggert et al., 

2004; Hogl et al., 2011). Both APP and APLP2 play roles in cell adhesion (Soba et al., 2005), 

neurite outgrowth (Kibbey et al., 1993; Cappai et al., 1999), metal homeostasis (White et al., 

1999a; Needham et al., 2014), synaptic plasticity, neuromuscular transmission, spatial 

learning (Weyer et al., 2011), enhanced NMDA receptor expression (Cousins et al., 2015), 

insulin and glucose metabolism (Needham et al., 2008).  

A body of data established APP to be neuroprotective in TBI (Thornton et al., 2006; Corrigan 

et al., 2011; Corrigan et al., 2012b, c, a; Corrigan et al., 2014; Plummer et al., 2018) (see 

Chapter 1, 1.2.2), however the role for APLP2 in brain injury is not known. In Chapter 3, we 

identified APLP2 as a robust interacting protein to the APP TBI neuroprotective peptide 

APP96-110 suggesting APLP2 has a role in brain injury. To determine if APLP2 can 

modulate TBI, we investigated APLP2’s role in brain injury using APLP2 knockout mice 

(ALP2-/-).  

APLP2-/- mice were first generated in 1997 along with the single and double knockouts of its 

family members APP and APLP1 (von Koch et al., 1997). All single knockouts (APP-/-, 

APLP1-/- and APLP2-/-) and the double knockouts APP:APLP1 and APLP1:APLP2 are 

viable. However, the APP:APLP2-/- double knockout is lethal resulting in death within first 

week of birth, suggesting an important function for APLP2 in survival and neuronal 

developement (von Koch et al., 1997). APLP2-/- mice are fertile with reduced body weight 

(von Koch et al., 1997). There is no upregulation of APP or APLP1 in the absence of APLP2 

expression in APLP2-/- mice under normal conditions (von Koch et al., 1997). Elevated 

copper levels in the cortex and liver are reported in APLP2-/- mice (White et al., 1999b). Age 

dependent changes in metal levels - increased magnesium and copper levels at 3 months and 

12 months of age respectively and decreased iron level at 3 months of age - is observed in 

APLP2-/- mice (Needham et al., 2014). Similar to wildtype and APP-/- mice, the lack of 

APLP2 expression has no effect on neuromuscular junction morphology in newborn mice. 

However, the pre and postsynaptic areas in newborn APLP2-/- mice is less compared to the 

APP deficient mice (Klevanski et al., 2014). Recent studies in our lab found that APLP2-/- 
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mice show less number of myelinated axons in the optic nerve, corpus callosum and sciatic 

nerve (Truong et al., 2019). The alpha motor neurons are also decreased in APLP2-/- mice 

(Truong et al., 2018).  

In this chapter, APLP2+/+ and APLP2-/- mice, both on a C57BL/6J background, were used. 

Identifying if there were sex-dependent differences in brain injury was one of the key 

outcomes of this study because sex differences have been reported in TBI (Chapter 1, 1.1.2). 

The human and animal data shows the outcome from TBI varies between females and males 

with females less affected. Evidence suggests female sex hormones are neuroprotective in 

brain injury (Roof et al., 1993; Wagner et al., 2004b; Geddes et al., 2014; Webster et al., 

2015). The alteration in cerebral blood flow (Arellano-Orden et al., 2011), neuronal loss, 

inflammatory response (Villapol et al., 2017) and oxidative stress (Bayir et al., 2004) are 

higher in males compared to females. The onset of inflammatory responses is delayed in 

females, but they still show pathological changes (Villapol et al., 2017). The sex differences 

in pathological events correlate with neuropsychological changes following brain injury. 

Behavioural studies of TBI patients show long-term psychological problems are higher in 

females than males, and the degree of behavioural changes varies with sex (Styrke et al., 

2013; Hsu et al., 2015). So, both females and males are susceptible to brain injury with 

varying level of pathology and symptom onset. Therefore, we considered both female and 

male mice of both genotypes for this TBI study. 

  



Chapter 4: Role of APLP2 in brain injury 

 

73 
 

Study Design 

Controlled cortical impact injury (CCI):   A focal brain injury model was used in this study. 

CCI is a commonly used brain injury method, used in preclinical animals like ferrets 

(Lighthall, 1988), mice (Smith et al., 1995), rats (Dixon et al., 1991), pigs (Duhaime et al., 

2000) and sheep (Anderson et al., 2003). An important feature of this method is having 

control over injury severity like biomechanical parameters (velocity, depth and area of injury) 

and high reproducibility of injury and its symptoms (Fox et al., 1998).  

CCI involves a craniotomy, where the skull piece is removed over the injury area, and the 

cortex is exposed without damaging the tissue. Sham animals undergo the craniotomy 

procedure, whereas the injury group undergo both craniotomy and CCI. In this study, the 

APLP2+/+ and APLP2-/- mice were divided into sham or injury groups with both females 

and males (Figure 4.1).  

 

Figure 4.1: TBI experimental groups 

 

APLP2 littermates – APLP2+/+ and APLP2-/- mice divided into sham or injury groups 

which contains both female and male mice. n = 12 animals per group  
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A mild CCI was performed over the right hemisphere. In mild TBI the cortex, hippocampus 

and thalamus are affected and leads to neuropathology, and cognitive and motor deficits (Fox 

et al., 1998). Mild TBI animals show some recovery in neuropathology, motor and cognitive 

performance over time (7 to 28 days postinjury)  (Fox et al., 1998; Chen et al., 2003). In this 

study, motor function and neuropathology were assessed postinjury.  

The study involved 3 days of gait training on the DigiGait followed by surgery and then gait 

performance recorded every 24 hr until 7 days. After 7 days post-surgery the animals were 

killed, and the brains collected for histopathological assessment. The tissue morphology and 

neuronal loss assessed by hematoxylin and eosin staining (H&E). Axonal injury was assessed 

by APP and neurofilament heavy polypeptide chain (NFH) antibodies. Inflammatory 

response by glial fibrillary acid protein (GFAP), cluster of differentiation 68 (CD68) and 

ionized calcium binding adaptor molecule 1 (Iba1) antibodies. The neurodegeneration was 

assessed by total tau and phosphorylated tau (AT180). The study design is represented in 

figure 4.2. 

 

 
Figure 4.2: TBI study design 

 

The motor performance was analysed by DigiGait and neuropathology of primary and 

secondary injury assessed using established markers.  
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Gait changes in TBI:   TBI leads to unsteadiness and imbalance observed in injured cases 

(Basford et al., 2003). The initial rate of recovery is fast in the first 6 months of severe TBI in 

limb movements, gait and posture measurements. However, in long-term, TBI cases continue 

to exhibit neuromotor abnormality observed after 2 yr of injury (Walker and Pickett, 2007). 

Similar outcome observed in children after 1 yr of moderate to severe TBI (Kuhtz-Buschbeck 

et al., 2003). The long-term complications in gait also observed in animal TBI models. 

Axonal injury in preterm rats shows neuropathology, gait abnormalities and neuromuscular 

deficits at adulthood (Delcour et al., 2011). 

In addition to gait kinetic properties, gait kinematics are also affected in TBI cases (include 

varied degree of knee flexion at initial foot contact, increased trunk amplitude of movement, 

anterior pelvic tilt, reduced peak knee flexion at toe-off and increased lateral center of mass 

displacement) (Williams et al., 2009). The abnormal gait performance correlates with altered 

muscle activation pattern in TBI patients. Compared to healthy controls, TBI patients show 

abnormal muscle activation (tibialis anterior, medial gastrocnemius and rectus femoris 

muscle) (Acuna et al., 2018).  

Other than muscular deformities, TBI also leads to bone loss (Smith et al., 2016). TBI 

induced inflammatory response on bone and bone marrow, elevate proinflammatory 

cytokines via NF-kB signalling pathway resulting in the bone loss (Singleton et al., 2019). 

Osteoporosis and osteopenia observed in TBI patients which correlates with increased risk of 

fractures (Banham-Hall et al., 2013). There is an increased risk of upper limb fractures in 

mild TBI cases (Jodoin et al., 2016). The co-occurrence of bone fractures along with TBI 

worsens the outcome (Suto et al., 2018). In brain injury, neuromuscular and musculoskeletal 

junctions, various muscles and ligaments are affected at multiple regions, further limiting 

mobility. This area of research has gained interest in recent years and is at an early stage to 

understand the root cause of abnormal gait in TBI patients. DigiGait was used in this study to 

assess the gait changes post-surgery. 
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Gait analysis:   DigiGait (Mouse Specifics, Inc. USA) captures images of the animal walking 

on a transparent motorized treadmill. It analyses gait performance (Figure 4.3).  

 

Figure 4.3: Gait analysis 

DigiGait instrument (A) and 

animal walking chamber 

showing digitally printed paw 

signals of forelimbs and hind 

limbs (B). 

It is most commonly used for mice (Sashindranath et al., 2015) and rats (Berryman et al., 

2009). DigiGait quantifies postural and kinematics and measures spatiotemporal gait 

parameters for all four limbs (left fore, right fore, left hind and right hind). It is used in 

neuromuscular (Mancuso et al., 2011; Kim et al., 2014), musculoskeletal and bone related 

(Vincelette et al., 2007; Berryman et al., 2009) disease models. DigiGait is more sensitive 

than conventional rotarod. The gait changes in the asymptomatic stage of Amyolateral 

sclerosis mice were detected by DigiGait but not with the rotarod ((Mancuso et al., 

2011)Unpublished data, Phan Troung, The University of Melbourne).  

DigiGait generates 51 gait parameters for each limb (listed in chapter 2, table 2.2). Of the 51 

gait parameters, in this chapter the most commonly affected gait parameters in all 

experimental groups were listed according to the gait cycle (Figure 4.4). These included the 

spatial parameter stride length and the temporal parameters stride frequency, stance, stride, 

propel and swing duration.  

 

Figure 4.4: Gait cycle 

It is divided into two main phases (60% stance phase and 40% swing phase). The late stance 

phase is subdivided into the propulsion phase. The gait parameters considered for detailed 

analysis are categorised according to their gait phase 
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4.2 Results 

 

4.2.1 Motor performance is affected by both craniotomy and CCI  

 

To test gait changes induced by craniotomy and CCI, we measured the motor performance of 

APLP2+/+ and APLP2-/- sham or injury mice. Craniotomy procedure was done in sham, 

whereas craniotomy and CCI performed in the injury group. Gait performance was recorded 

on the DigiGait at 15 cm/sec speed on a flat treadmill for all four limbs (left fore, right fore, 

left hind and right hind). All animals had gait training for the 3 days prior to the surgery 

(craniotomy alone or craniotomy and CCI), and surgery was the day 0 time point. The post-

surgery gait data (day 1 to 7) is normalized to day 0 assuming both genotypes show similar 

gait performance before TBI. This is because APLP2-/- female and male mice show similar 

motor function as APLP2+/+ female and male mice at 12 weeks of age (Truong et al., 2018). 

Two-way ANOVA followed by Bonferroni multiple comparison test was done by comparing 

post-surgery over 7 days versus day 0. 

DigiGait generates 51 gait parameters for each limb. All these gait parameters were analysed 

independently for all four limbs in all experimental groups from day 0 to day 7 time points. 

Two-way ANOVA followed by post hoc test was done and statistically different gait 

parameters at any time point (day 0 to 7) post-CCI were identified. Then, the most affected 

gait parameters in both genotypes were shortlisted. These resulted in six gait parameters: 

stance, stride, swing and propel duration, stride length and frequency (Table 4.1). Changes in 

these gait parameters were reported in TBI cases (Kuhtz-Buschbeck et al., 2003; Williams et 

al., 2009; Howell et al., 2017) and in animal models following brain injury (Neumann et al., 

2009; Delcour et al., 2011; Sashindranath et al., 2015). These parameters were considered for 

further detailed analysis in this chapter.  

Table 4.1: Gait parameters 

Stance duration Time spent while the limb is in contact with the floor, expressed in seconds 

Stride duration Time interval between two consecutive steps of the same limb, expressed in seconds 

Stride frequency Number of strides of the same limb per minute, expressed as steps/second 

Stride length The distance between two strides of the same limb, expressed in centimetres  

Propel duration Propel phase begins when heel lifts off the floor and ends when toe lifts from the floor 

and time spent is expressed in seconds 

Swing duration Time spend while the limb is not in contact with the floor, expressed in seconds 
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Gait disturbances due to craniotomy procedure 

Craniotomy procedure caused significant gait disturbances in both genotypes (Table 4.2). The 

female mice expressing APLP2 showed craniotomy induced gait changes over 7 days post-

surgery. The stance, swing, propel and stride durations and stride length were reduced with 

an increase in stride frequency in APLP2+/+ female sham. Like APLP2 expressing females, 

APLP2-/- females also showed altered gait performance observed only on day 2 where stride 

duration and stride length were reduced, and stride frequency was increased. Following 

craniotomy, females of both genotypes showed an overall increase in the number of steps.  

The craniotomy procedure in males of both genotypes also affected the gait performance but 

to a less extent. The APLP2 expressing males showed reduced swing duration on day 6 and 

APLP2-/- males at day 7 with extended stance duration and stride length. This data indicates 

that craniotomy procedure can, in some instances, affect gait performance and highlights the 

importance of having a craniotomy alone control group. 

Gait disturbances due to CCI (craniotomy and CCI) 

CCI leads to significant gait disturbances in both genotypes (Table 4.2). APLP2 expressing 

females following CCI showed reduced swing and stride durations and stride length with 

increased stride frequency on day 4 and day 7. Stance duration was also reduced on day 7 in 

APLP2+/+ females post-CCI. Similar to the APLP2 expressing females, APLP2-/- females 

also changed gait performance after CCI. The females lacking endogenous APLP2 expression 

has decreased stance duration at day 3 and propel duration at day 7 post-CCI.  

The gait performance was more significantly affected in APLP2 expressing males after brain 

injury showing prolonged swing, stance and stride durations, stride length and decreased 

stride frequency. The gait changes were observed on day 1, 5, 6 and 7 post-CCI in APLP2+/+ 

males. Males without APLP2 expression also showed poor gait performance with extended 

swing, stance and stride durations and reduced stride frequency after CCI. The gait 

disturbances were detected at day 1 and day 6 in APLP2-/- males post-CCI. 

Brain injury has affected the normal gait performance in both female and male mice with or 

with APLP2 expression. However, the CCI induced gait disturbance in both genotypes was 

different between females and males. The number of steps was increased in injured females 

whereas the opposite effect was seen in injured males. Therefore, it is important to consider 

both females and males for TBI study.  
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Table 4.2: The gait changes post-surgery in APLP2+/+ and -/- mice over 7 days  

p-values listed below, ns – not significant. Increase (I – red) or decrease (D – blue) in gait 

performance compared to pre-surgery was represented. 

 

Limb Gait parameter APLP2 +/+ female APLP2 +/+ male APLP2 -/- female APLP2 -/- male 

Sham TBI Sham TBI Sham TBI Sham TBI 

Day1 

Left hind Swing duration ns ns ns 0.007 I ns ns ns ns 

Stance duration 0.009 D ns ns ns ns ns ns ns 

Stride duration ns ns ns 0.008 I ns ns ns ns 

Stride length ns ns ns 0.007 I ns ns ns ns 

Stride frequency ns ns ns 0.007 D ns ns ns ns 

Right hind Swing duration ns ns ns 0.023 I ns ns ns 0.030 I 

Stride duration ns ns ns 0.030 I ns ns ns ns 

Stride length ns ns ns 0.035 I ns ns ns ns 

Day 2 

Left fore Stance duration 0.050 D ns ns ns ns ns ns ns 

Stride duration 0.005 D ns ns ns ns ns ns ns 

Stride length 0.005 D ns ns ns ns ns ns ns 

Stride frequency 0.016 I ns ns ns ns ns ns ns 

Right fore Stance duration 0.016 D ns ns ns ns ns ns ns 

Stride duration ns ns ns ns 0.019 D ns ns ns 

Stride length ns ns ns ns 0.020 D ns ns ns 

Stride frequency 0.047 I ns ns ns 0.006 I ns ns ns 

Day 3 

Right fore Stance duration ns ns ns ns ns 0.048 D ns ns 

Left fore Stride duration 0.04 D ns ns ns ns ns ns ns 

Stride length 0.040 D ns ns ns ns ns ns ns 

Day 4 

Left fore Swing duration 0.041 D 0.018 D ns ns ns ns ns ns 

Stance duration 0.029 D ns ns ns ns ns ns ns 

Stride duration 0.001 D 0.022 D ns ns ns ns ns ns 

Stride length 0.001 D 0.021 D ns ns ns ns ns ns 

Stride frequency 0.004 I 0.033 I ns ns ns ns ns ns 

Day 5 

Right hind Stance duration ns ns ns 0.036 I ns ns ns ns 

Left fore Stance duration 0.0003 D ns ns ns ns ns ns ns 

Stride duration 0.0004 D ns ns ns ns ns ns ns 

Stride length 0.0004 D ns ns ns ns ns ns ns 

Stride frequency 0.001 I ns ns ns ns ns ns ns 

Right fore Propel duration 
  

0.007 D ns ns ns ns ns ns ns 
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Table 4.2 continuation 
 

Limb Gait parameter APLP2 +/+ female APLP2 +/+ male APLP2 -/- female APLP2 -/- male 

Sham TBI Sham TBI Sham TBI Sham TBI 

Day 6 

Left hind Swing duration ns ns ns 0.029 I ns ns ns ns 

Stride duration ns ns ns 0.007 I ns ns ns ns 

Stride length ns ns ns 0.006 I ns ns ns ns 

Stride frequency ns ns ns 0.007 D ns ns ns ns 

Right hind Swing duration ns ns 0.049 D ns ns ns ns ns 

Stance duration ns ns ns 0.037 I ns ns ns 0.008 I 

Stride duration ns ns ns 0.037 I ns ns ns 0.013 I 

Stride length ns ns ns 0.035 I ns ns ns 0.013 I 

Stride frequency ns ns ns 0.038 D ns ns ns 0.034 D 

Left fore Stride duration 0.019 D ns ns ns ns ns ns ns 

Stride length 0.028 D ns ns ns ns ns ns ns 

Stride frequency 0.032 I ns ns ns ns ns ns ns 

Right fore Stance duration 0.017 D ns ns ns ns ns ns ns 

Propel duration 0.038 D ns ns ns ns ns ns ns 

Day 7 

Left hind Swing duration ns 0.026 D ns 0.035 I ns ns ns ns 

Stance duration ns ns ns 0.009 I ns ns ns ns 

Stride duration ns ns ns 0.001 I ns ns ns ns 

Stride length ns ns ns 0.001 I ns ns ns ns 

Stride frequency ns ns ns 0.002 D ns ns ns ns 

Right hind Swing duration ns 0.030 D ns ns ns ns ns ns 

Stance duration ns ns ns 0.007 I ns ns 0.033 I ns 

Stride duration ns ns ns 0.010 I ns ns ns ns 

Stride length ns ns ns 0.011 I ns ns 0.045 I ns 

Stride frequency ns ns ns 0.008 D ns ns ns ns 

Left fore Stance duration ns 0.023 D ns ns ns ns ns ns 

Stride duration 0.022 D 0.001 D ns ns ns ns ns ns 

Stride length 0.024 D 0.002 D ns ns ns ns ns ns 

Stride frequency 0.032 I 0.002 I ns ns ns ns ns ns 

Propel duration ns ns ns ns ns 0.012 D ns ns 

Right fore Propel duration 0.045 D ns ns ns ns ns ns ns 
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4.2.2 Onset and pattern of gait impairment is sex-dependent following CCI  

 

The effect of sex difference on the onset and pattern of gait impairment was assessed in both 

genotypes. The gait data was analysed for all four limbs independently (left fore, right fore, 

left hind and right hind) for both sham operated and injured mice (Table 4.2).  

The onset of gait changes depends on sex difference following craniotomy or CCI 

The craniotomy induced gait disturbance in both female genotypes was observed after 48 hr 

whereas delayed effect was observed in males with or without APLP2 expression (Figure 

4.5). The gait disturbance in APLP2 expressing males was observed after 6 days and APLP2-

/- males after 7 days of craniotomy. However, the brain injury showed an opposite trend in 

the onset of gait disturbance compared to craniotomy alone procedure in all experimental 

mice. Following CCI, there was an early onset of gait impairment in males than females of 

both genotypes i.e, after 24 hr of injury (Figure 4.5). The delayed onset of gait disturbance 

was observed after 4 days of injury in APLP2 expressing females and after 3 days of injury in 

APLP2-/- females. This identifies differences in symptom onset between females and males 

which varies with the experimental TBI procedure. 

CCI induces localized severe injury response in males  

The pattern of gait disturbance was assessed in all four limbs of a mouse following 7 days of 

surgery. The craniotomy or combined craniotomy and CCI procedures had affected gait 

performance in both forelimbs and hind limbs of APLP2 expressing females whereas only 

forelimbs in APLP2-/- females (Figure 4.5). Interestingly, only hind limbs were affected in 

sham operated and injured males with or without APLP2 expression (Figure 4.5). The 

surgery on the right motor cortex has shown initial gait impairment in the right hind limb in 

males of both genotypes. In addition, left hind limb was also affected in APLP2 expressing 

males and this correlates with worse gait outcome in these mice following CCI. Therefore, 

this data, for the first-time showing difference in gait pattern in both sexes following brain 

injury and a localized injury response observed in males at acute phase.  
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Figure 4.5: Onset and pattern of gait changes following CCI 

 

The time point the gait change occurs from 1 to 7 days post-surgery with respect to each 

limb was represented in APLP2+/+ and APLP2-/- female and male sham or injury mice. 
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4.2.3 Sex differences in gait following TBI 

 

To identify the sex differences in motor function after brain injury, gait performance between 

female and male APLP2+/+ or APLP2-/- were compared at the different time points (day 1 to 

7) in all four limbs (Table 4.3).  

 
Table 4.3: Sex differences in gait performance following TBI  

List of p values showing gait changes in females and males after injury of APLP2+/+ and -

/- mice. ns represents not significant.  

Limb Gait parameter Pre-

injury 

Days postinjury 

1 2 3 4 5 6 7 

1. APLP2+/+ female injury vs male injury 

Left 

hind 

Swing duration ns ns ns ns ns 0.020 0.004 <0.0001 

Stance duration ns ns ns ns ns ns ns 0.005 

Stride duration ns 0.046 ns ns ns 0.046 0.009 <0.0001 

Stride length ns 0.043 ns ns ns ns 0.007 <0.0001 

Stride frequency ns ns ns ns ns ns 0.030 0.000 

Right 

hind 

Swing duration ns ns ns ns ns ns ns 0.029 

Stance duration ns ns ns ns 0.019 0.015 0.039 0.0002 

Stride duration ns ns ns ns ns 0.037 0.035 0.0001 

Stride length ns ns ns ns ns 0.038 0.033 0.0001 

Stride frequency ns ns ns ns ns ns ns 0.0002 

Left 

fore 

Stance duration ns ns ns ns ns ns ns 0.036 

Stride duration ns ns ns ns ns ns ns 0.008 

Stride length ns ns ns ns ns ns ns 0.011 

Stride frequency ns ns ns ns ns ns ns 0.004 

Right 

fore 

Swing duration ns ns ns ns ns ns ns 0.018 

Stride duration ns ns ns ns ns ns ns 0.012 

Stride length ns ns ns ns ns ns ns 0.012 

Stride frequency ns ns ns ns ns ns ns 0.011 

2. APLP2-/- female injury vs male injury 

Right 

hind 

Stance duration ns ns ns ns ns 0.019 0.035 ns 

Stride duration ns ns ns ns ns ns 0.02 ns 

Stride length ns ns ns ns ns ns 0.024 ns 

Stride frequency ns ns ns ns ns 0.044 ns ns 
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Right hind limb 

The injury on the right motor cortex has significantly impaired the gait performance in right 

hind limb of males of both genotypes in acute phase showing prolonged stance and stride 

durations, stride length and reduced stride frequency compared to females (Figure 4.6). The 

stance duration in male APLP2+/+ following injury was more significantly increased than 

females at day 4 (p = 0.019), day 5 (p = 0.015), day 6 (p = 0.039) and day 7 (p = 0.0002) 

(Figure 4.6A). A similar trend was observed in male APLP2-/- mice after injury showing 

prolonged stance duration at day 5 (p = 0.019) and day 6 (p = 0.035) compared to female 

APLP2-/-, but reached baseline performance rate by day 7 (Figure 4.6E).  

CCI led to extended stride duration in both APLP2+/+ males at day 5 (p = 0.037), day 6 (p = 

0.035), day 7 (p = 0.0001) and in APLP2-/- males at day 6 (p = 0.02) compared to the 

respective females (Figure 4.6B, F).  

Following injury, stride length was also more prolonged in males than females of both 

genotypes: APLP2+/+ males at day 5 (p = 0.038), day 6 (p = 0.033) and day 7 (p = 0.0001) 

and in APLP2-/- males at day 6 (p = 0.024) (Figure 4.6C, G).  

The increased stride duration and stride length of injured males in both genotypes correlate 

with the significantly decreased stride frequency. APLP2+/+ males shown reduced stride 

frequency at day 7 (p = 0.0002) and APLP2-/- males at day 5 (p = 0.044) compared to injured 

APLP2+/+ females (Figure 4.6D, H).  

The gait changes were significantly affected following injury at later time points in males 

from day 4 onwards in APLP2+/+ and from day 5 in APLP2-/- mice (Figure 4.6). This 

suggests that mice lacking APLP2 expression have a delay in the onset of gait alterations 

compared to mice with endogenous APLP2, and this effect is sex-dependent. The APLP2+/+ 

injured males display abnormal gait performance up to day 7 (stance and stride duration, 

stride length and frequency). However, APLP2-/- injured males only showed deviation in 

normal gait performance at much later time points (stance at day 5, 6; stride duration and 

length at day 6, stride frequency at day 5).  
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Figure 4.6: Sex differences following brain injury in the right hind limb 

The gait changes in the right hind limb of (A to D) APLP2+/+ and (E to H) APLP2-/- injured 

mice data represented in Mean ± SEM values. The x-axis represents days postinjury, and Y-

axis represents the gait parameter. The horizontal dotted line represents normal gait 

performance. Two-way ANOVA followed by Tukey multiple comparison between injured 

female (blue) and injured male (red) *p = < 0.05, ***p = < 0.001 and postinjury compared 

to day 0 ^p = < 0.05, ^^p = < 0.01, ^^^p = <0.001 was done.   
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Left hind limb. 

The sex differences in the left hind limb were observed only in mice expressing endogenous 

APLP2 but not in APLP2-/-. Following CCI, the gait alteration in males left hind limb 

followed a similar trend as observed in the right hind limb showing extended stance and 

stride duration, stride length and reduced stride frequency. In addition, swing duration was 

also more prolonged in males left hind limb than females post-CCI.  

Following CCI, the sex difference in swing duration was contributed by both female and 

male mice where females showed reduced swing duration and males with extended swing 

time. The swing duration was more significantly increased in APLP2+/+ males compared to 

females post-CCI observed at day 5 (p = 0.0204), day 6 (p = 0.0043), and day 7 (p = 

<0.0001) (Figure 4.6A). Similarly, stance duration was also prolonged in APLP2+/+ males at 

day 7 (p = 0.005) where females showed no change in stance duration post-CCI (Figure 

4.7B). 

Changes in stride parameters were observed between injured female and male mice where 

males showing significant increase in stride duration at day 1 (p = 0.0462), day 5 (p = 

0.0461), day 6 (p = 0.0093) and day 7 (p = <0.0001) and stride length at day 1 (p = 0.0434), 

day 6 (p = 0.0074) and day 7 (p = <0.0001) (Figure 4.7C, D). This data correlates with 

decreased stride frequency in CCI males observed at day 6 (p = 0.0298) and day 7 (p = 

0.0004) (Figure 4.7E). Moreover, female CCI mice did not show changes in any stride related 

parameters in left hind limb.  
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Figure 4.7: Sex differences in gait performance in left hind limb of APLP2+/+ mice 

following TBI 

Y-axis represents gait parameters, X-axis shows days postinjury and horizontal dotted line 

showing normal gait performance. Data is represented in Mean ± SEM values. Two-way 

ANOVA with Bonferroni post hoc test comparing female injury (blue) and male injury (red) 

*p = <0.05, **p = <0.01, ***p = < 0.001, ****p = < 0.0001 and female and male 

postinjury time points with day 0 ^p = < 0.05, ^^p = < 0.01, ^^^p = < 0.001.    
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Forelimbs  

Sex differences in the right and left forelimbs was observed in APLP2+/+ mice but not 

APLP2-/-. The females shown normal gait performance in the right fore limb over 7 days 

postinjury where males at day 7 shown prolonged swing (p = 0.0175) and stride durations (p 

= 0.0124), stride length (p = 0.0118) and reduced stride frequency (p = 0.0111) (Figure 4.8A, 

B, C, D).  

Interestingly, the gait changes in left fore limb followed opposite trend than right fore limb 

where injured females showed changes in gait performance but not injured males. Females 

showed reduced stance (p = 0.0363) and stride durations (p = 0.0081) and stride length (p = 

0.011) and higher stride frequency (p = 0.0043) at day 7 (Figure 4.8E, F, G, H).  

Following CCI, sex differences were observed in all four limbs of APLP2+/+, whereas only 

right hind limb in APLP2-/- mice. Gait changes in APLP2+/+ males was observed in right 

hind, left hind and right fore limbs where females showed normal gait performance 

postinjury. However, in left fore limb, deviation from normal gait performance was observed 

in females than males postinjury. Overall, males of both genotypes showed poor gait 

performance with a reduced number of steps and females with an increase in the number of 

steps following CCI. Therefore, this study highlights the importance of sex-dependent motor 

function deficits in different limbs due to brain injury.  

 

 

  



Chapter 4: Role of APLP2 in brain injury 

 

89 
 

 

Figure 4.8: Sex differences in gait performance in APLP2+/+ mice fore limbs following CCI 

Sex differences following brain injury in (A, B, C, D) right and (E, F, G, H) left forelimbs of 

APLP2 expressing mice. Gait parameters represented in Y-axis and days postinjury in X-axis, 

baseline performance rate in dotted horizontal line. Data represent Mean ± SEM values. 

Two-way ANOVA with Bonferroni test comparing female (blue) and male (red) mice 

postinjury, *p = <0.05, **p = <0.01 and injured females at day 7 compared to day 0 time 

point, ^p = <0.05, ^^p = <0.01. 
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4.2.4 APLP2 modulates motor function in sex-dependent manner following 

TBI  

 

To understand the effect APLP2 expression on motor deficits following TBI, a sex-specific 

comparison was done between the injury groups of both genotypes with respected to limbs 

(Table 4.4).  

Females of both genotypes showed no difference in gait performance in all four limbs after 

injury. Both APLP2+/+ and APLP2-/- females shown similar stance duration, stride 

frequency and stride length after 7 days of injury in left hind limb (Figure 4.9A, B, C).  

In the case of male APLP2+/+, gait performance was significantly impaired following injury 

in left hind limb at day 1, 6 and 7 compared to day 0, whereas APLP2-/- males showed no 

significant difference (Figure 4.9D, E, F). Compared to the APLP2-/- males, APLP2+/+ 

males shown prolonged stance duration (p = 0.028) and stride length (p = 0.05) and reduced 

stride frequency (p = 0.035) in left hind limb at day 1 (Figure 4.9D, E, F).  

Other than changes in left hind limb, APLP2+/+ injured males also showed worse gait 

performance in right fore limb at day 7 compared to injured APLP2-/- males (Table 4.4).  

This data indicates that more gait parameters were affected in males if they express 

endogenous APLP2. Therefore, endogenous APLP2 expression modulates motor 

performance in a sex-dependent manner with male APLP2+/+ being more susceptible.   
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Table 4.4: Role of APLP2 expression on gait performance following TBI.  

List of p – values showing gait changes between APLP2+/+ and APLP2-/- mice, sex 

specific. 

 

Limb Gait parameter Preinjury Days postinjury 

1 2 3 4 5 6 7 

1. APLP2+/+ female injury vs APLP2-/- female injury 

  ns ns ns ns ns ns ns ns 

2. APLP2+/+ male injury vs APLP2-/- male injury 

Left hind Stance duration ns 0.028 ns ns ns ns ns ns 

 Stride length ns 0.050 ns ns ns ns ns ns 

 Stride frequency ns 0.035 ns ns ns ns ns ns 

Right fore Swing duration ns ns ns ns ns ns ns 0.022 

 Stride duration ns ns ns ns ns ns ns 0.033 

 Stride length ns ns ns ns ns ns ns 0.031 

 Stride frequency ns ns ns ns ns ns ns 0.024 

 Propel duration ns ns ns ns ns ns ns 0.036 
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Figure 4.9: Endogenous APLP2 expression modulates motor performance in sex-dependent 

manner. 

(A, B, C) females of both genotypes show similar gait performance after injury in left hind 

limb (LH). (D, E, F) APLP2+/+ males show significant gait disturbance in left hind limb 

than APLP2-/- males after TBI. The x-axis represents days postinjury and Y-axis represents 

the gait parameter. APLP2+/+ female or male injury in red and APLP2-/- female or male 

injury in blue. A horizontal dotted line represents normal gait performance. Data represent 

Mean ± SEM values. Two-way ANOVA with Bonferroni post hoc test was done. *p = < 0.05 

injured males of APLP2+/+ compared to APLP2-/-. ^p = <0.05, ^^p = 0.01, ^^^p = 0.001 

APLP2+/+ male injury compared to day 0. 
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4.2.5 APLP2 deficient females are less susceptible to brain injury 

 

The extent of tissue damage and the number of viable neurons were assessed following CCI. 

The tissue morphology assessed by lesion volume and neuronal loss was evaluated after 7 

days of surgery using H&E staining (Appendix 3, suppl figure 4.1). The neuron with the cell 

body and a single prominent defined nucleus was considered (Garman, 2011). Four serial 

sections were considered to measure lesion volume approximately representing bregma -0.5, 

-1.5, -2.5 and -3 and cortical injury representing from bregma -2.3, of the brain (Figure 4.10).  

 

Figure 4.10: Assessment of tissue morphology and neuronal loss by H&E staining postinjury 

Brain sections for H&E analysis to measure lesion volume (A) and cortical injury (B). 

Neurons considered for analysis represented with a yellow arrow (C), scale bar of 20 µm. 

Following TBI, the percentage lesion volume has increased significantly in APLP2+/+ 

female (p = 0.0018) and male (p = 0.0005) mice (Figure 4.11A) compared to respective sham 

operated mice. In APLP2-/- mice, only males show significantly increased tissue damage 

post-CCI compared to male sham (p = 0.0045) (Figure 4.11C). A similar finding was 

observed for cortical injury. Significant cortical neuronal loss occurred in APLP2+/+ female 

(p = 0.007), APLP2+/+ male (p = 0.0041) and APLP2-/- male (p = 0.0071) mice, but not in 

APLP2-/- females compared to their respective sham operated mice (Figure 4.11B, D).  

The lack of APLP2 expression significantly decreased lesion volume in females (p = 0.0024) 

following injury compared to APLP2+/+ female injury (Figure 4.11E). While there was a 

trend for less cortical neuron loss in APLP2-/- females compared to APLP2+/+ females, it 

was not significantly different. In the case of injured males, there was no significant 

difference in lesion volume or cortical injury between both genotypes. This data suggests that 

APLP2 expression has a role in modulating brain injury in sex-dependent manner.  
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Figure 4.11: TBI leads to a significant increase in cortical neuronal loss in both genotypes 

except APLP2-/- females 

Neuronal loss following TBI was represented in APLP2+/+ (A, B) and APLP2-/- mice (C, 

D).  E, F represents lesion volume and cortical injury, compared between APLP2+/+ and 

APLP2-/- injured mice. Data was represented in Mean ± SEM values. One-way ANOVA 

followed by Tukey post hoc test was done , **p = < 0.01, ***p = < 0.001, ns = not 

significant. 
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In addition to the cortex, mild CCI also affects the hippocampus and thalamus. The extent of 

neuronal loss in the hippocampus CA2 and CA3 (3 sections / brain approximately 

representing bregma -1.2 to -2.1), and the volume of dentate gyrus granular layer (5 sections / 

brain from bregma -1.5 to -3) was measured (Figure 4.12) (Appendix 3, suppl figure 4.2, 4.3).  

 

Figure 4.12: Assessment of hippocampal and dentate gyrus neuronal loss post-CCI by H&E 

staining 

H&E stained brain sections measuring hippocampal injury (A) and dentate gyrus volume 

(C). Dentate gyrus granular layer volume measurement (B), Scale bar represents 200 µm. 

Significantly less neuronal damage was measured in the hippocampus in females of both 

genotypes following injury compared to sham groups. In contrast, the opposite effect was 

observed in males with both APLP2+/+ (p = 0.0053) and APLP2-/- males (p = 0.0167) 

showing significantly greater loss of CA2 and CA3 hippocampal neurons postinjury 

compared to respective sham operated mice (Figure 4.13A, C). CCI did not affect the dentate 

gyrus volume in both genotypes. Sex differences were not observed for either hippocampal 

injury or dentate gyrus volume.  

APLP2 expression did not affect neuronal loss in the hippocampus or dentate gyrus in both 

sexes. These results also confirm that the impact of CCI was mild causing less neuronal 

damage to regions below the injured cortex.  

Overall, there was a trend in APLP2-/- females showing less neuronal damage in cortex, 

hippocampus and dentate gyrus than APLP2+/+ females, but was not significantly different. 

These results correlate with significantly less lesion volume in females lacking endogenous 

APLP2 expression indicating APLP2 role in modulating brain injury in sex-dependent 

manner.  
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Figure 4.13: Males expressing endogenous APLP2 are more susceptible to hippocampal and 

dentate gyrus damage following CCI 

Hippocampal injury and dentate gyrus volume in APLP2+/+ (A, B) and APLP2-/- (C, D) 

post-TBI. E, F represents hippocampal injury and dentate gyrus volume comparison between 

APLP2+/+ and APLP2-/- injured mice. Data represent Mean ± SEM values. One-way 

ANOVA with Tukey post hoc test was done, *p < 0.05, **p < 0.01, ns = not significant.  
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4.2.6 APLP2 expression regulates axonal injury in sex-dependent manner 

 

Diffuse axonal injury is most commonly observed in TBI (Adams et al., 1982; Gennarelli et 

al., 1982; Ryu et al., 2014). The extent of the axonal injury was assessed by APP and NFH 

immunostaining 7 days postinjury (Figure 4.14). APP positive profiles 

(fusiform/swollen/granular) were manually counted along the entire length of the corpus 

callosum. Since the lack of APLP2 expression may influence APP expression in APLP2-/- 

injured mice, NFH expression was also used as a marker of diffuse axonal injury. Since NFH 

did not show binding to injured axons the whole field of view was used to quantitate NFH 

immunoreactivity in the corpus callosum using image J software.  

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑓𝑖𝑒𝑙𝑑 𝑜𝑓 𝑣𝑖𝑒𝑤 𝑜𝑓 𝑁𝐹𝐻 𝑖𝑚𝑚𝑢𝑛𝑜𝑟𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 / 100 µ𝑚2

= 100 ∗
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

𝐴𝑟𝑒𝑎 
 

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝐷𝐴𝐵 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 − (𝐴𝑟𝑒𝑎 ∗ 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑚𝑒𝑎𝑛) 

 

 

Figure 4.14: Immunostaining of axonal injury following CCI 

Axonal injury in APLP2+/+ male injury mice corpus callosum stained with APP and NFH 

antibodies. The granular (black arrow) and fusiform (pink arrow) profiles of APP 

immunostaining were considered for analysis. Scale bar represents 20 µm.   
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The APP immunoreactivity was significantly increased following TBI in APLP2+/+ females 

(p = <0.0001) and males (p = <0.0001) (Figure 4.15A), and APLP2-/- females (p = <0.0001) 

and males (p = 0.0018) (Figure 4.15C) compared to respective sham operated mice.  

In contrast, NFH immunostaining showed no significant difference between sham and injury 

of both genotypes except in APLP2-/- males (p = 0.0467) (Figure 4.15D). Among APP and 

NFH immunoreactivity, sex difference in axonal injury was observed only in mice expressing 

endogenous APLP2, with males showing more axonal damage (p = 0.0191) (Figure 4.15A).  

Females with or without APLP2 expression has no difference in APP staining postinjury. In 

contrast, following TBI, males expressing endogenous APLP2 shown a significant increase in 

APP immunostaining (p = <0.0001) compared to APLP2-/- males (Figure 4.15E). The NFH 

immunoreactivity showed no difference in axonal injury between both genotypes. This data 

suggests that endogenous APLP2 expression regulates axonal injury and males are more 

susceptible to brain injury.   
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Figure 4.15: APLP2 regulates axonal injury in sex-dependent manner  

Axonal injury following TBI assessed by APP (A, C, E) and NFH (B, D, F) in APLP2+/+ (A, 

B) and APLP2-/- (C, D) mice. A distinct pattern of axonal injury was detected by APP and 

NFH. Endogenous APLP2 expression increase axonal injury in males but no difference in 

females (E). One-way ANOVA followed by Tukey multiple comparison test was done and 

data represent mean ± SEM values. *p = <0.05, **p = <0.01, ****p = <0.0001, ns = not 

significant. 
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4.2.7 Males expressing endogenous APLP2 are more susceptible to 

neurodegeneration 

 

The extent of neurodegeneration was assessed by staining for tau at 7 days postinjury. Tau is 

a microtubule-associated protein that plays an important role in neuronal development and 

axonal stabilization. TBI leads to rapid tau phosphorylation, observed within 8 hr and 

continues for 7 days postinjury, and correlates with axonal damage (Albayram et al., 2017). 

In this study, tau pathology in the corpus callosum was assessed by measuring total tau and 

phosphorylated tau at Thr 231 (with Tau AT180 antibody) (Figure 4.16).  

 

Figure 4.16: Immunostaining of proteins indicating neurodegeneration following brain injury 

Immunodetection of phosphorylated tau AT180 and total tau staining in APLP2+/+ male 

injured mice brain sections. Arrows highlight cells considered for analysis in the corpus 

callosum. Scale bar represents 20 µm. 

Tau expression following brain injury varied between females and males and depended on 

APLP2 expression. The female APLP2+/+ showed no difference between sham and injury, 

either in total tau or phosphorylated tau staining. In contrast, male APLP2+/+ showed a 

significant increase in both total tau (120% increase, p = 0.0037) and tau AT180 (73.6% 

increase, p = 0.0005) staining following TBI and also differed from injured female 

APLP2+/+ (55.5% higher total tau p = 0.0407, 65.3% higher tau AT180 p = 0.0008) (Figure 

4.17A, B).  

Comparing between APLP2+/+ and APLP2-/- injured mice there was no difference in total 

tau staining. However, phosphorylated tau immunoreactivity was significantly higher in 

males expressing endogenous APLP2 (p = 0.0017) but there was no difference in females 

(Figure 4.17F). This data suggest, tau phosphorylation was modulated by APLP2 expression 

and APLP2+/+ males were more susceptible to neurodegeneration following TBI. 
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Figure 4.17: Rapid increase in tau pathology in males expressing endogenous APLP2 post-

CCI 

The tau pathology following brain injury was measured using total tau and phosphorylated 

tau AT180. Both total tau and AT180 staining increased in males expressing endogenous 

APLP2 but no difference in females following TBI (A, B). APLP2-/- mice following injury 

show no difference in tau pathology (C, D). APLP2 expression does not affect total tau levels 

(E) whereas tau AT180 levels are high in APLP2+/+ males (F) postinjury. Data show Mean 

± SEM values. One-way ANOVA and Tukey post hoc test was done, *p < 0.05, **p < 0.01, 

***p < 0.001, ns = not significant. 
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4.2.8 APLP2 expression does not affect astrogliosis induced by TBI 

 

The neuroinflammatory response post-CCI was assessed by measuring glial fibrillary acid 

protein (GFAP) reactivity in corpus callosum and thalamus at day 7 postinjury. GFAP is 

expressed in both reactive and non-reactive astrocytes, and the astroglial response promotes 

reactive astrocytes. These were identified by increased GFAP staining in the neuronal cell 

body, decreased number of process and increased thickness of cellular process (Wilhelmsson 

et al., 2006) (Figure 4.18).  

 

Figure 4.18: Immunostaining of GFAP representing astrogliosis following brain injury 

Astrogliosis following CCI represented by GFAP immunostaining in APLP2+/+ male injured 

mice showing reactive (arrows) astrocytes. Scale bar represents 20 µm. 

Reactive astrocytes were significantly increased following TBI in both the corpus callosum 

and thalamus of APLP2+/+ (corpus callosum - female p = <0.0001, male p = <0.0001; 

thalamus – female p = <0.0001, male p = <0.0001) compared to sham (Figure 4.19A, B). 

Similar response was observed in APLP2-/- mice postinjury (corpus callosum - female p = 

<0.0001, male p = <0.0001; thalamus – female p = <0.0001, male p = <0.0001) (Figure 

4.19C, D).  

Sex differences in astrogliosis were observed in the corpus callosum where males of both 

genotypes APLP2+/+ (p = 0.009) and APLP2-/- (p = 0.0095) showed a greater number of 

reactive astrocytes compared to females (Figure 4.19A, C). No sex-dependent differences in 

astrogliosis were observed in the thalamus. This indicates that corpus callosum was most 

affected in CCI and males were more susceptible than females to astrogliosis in both 

genotypes. There was no difference in GFAP immunoreactivity either in the corpus callosum 

or thalamus between APLP2+/+ and APLP2-/- mice following injury. Therefore, APLP2 

expression does not significantly affect the astroglial response following brain injury.  
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Figure 4.19: TBI induces rapid astrogliosis 

Rapid astroglial activation observed in corpus callosum and thalamus post-CCI. It is 

measured by GFAP in APLP2+/+ (A, B) and APLP2-/- (C, D) mice. Males show increased 

glial response in the corpus callosum of APLP2+/+ (A) and APLP2-/- (C) mice whereas no 

sex differences in the thalamus (B, D). Lack of APLP2 expression has no difference in 

astroglial response compared to APLP2+/+ either in the corpus callosum (E) or thalamus 

(F). One-way ANOVA and Tukey post hoc test was done, and data represent mean ± SEM 

values. **p = < 0.01, ****p = < 0.0001, ns = not significant. 
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4.2.9 APLP2 regulates microglial activation in sex-dependent manner in TBI 

 

In addition to astrocytes, the microglia and macrophages also play key roles in 

neuroinflammation after brain injury and contribute to chronic neurodegeneration. Microglia 

and macrophage activation were measured with Iba1 (microglia and macrophage) and CD68 

(macrophages) after 7 days of CCI. The Iba1 reactivity was measured in both corpus 

callosum and thalamus and CD68 reactivity in corpus callosum alone because minimal 

immunostaining of CD68 was detected in the thalamus. The reactive microglia and 

macrophages were identified by increased staining of Iba1 or CD68 around neuronal cell 

body and an increase in the number and thickness of process (Banati, 2002) (Figure 4.20). 

 

Figure 4.20: Immunoreactivity of microglia and macrophages following CCI 

Immunostaining of Iba1 staining microglia and macrophages and CD68 staining 

macrophages in CCI brain sections APLP2+/+ male mice. The cells considered for analysis 

were shown by arrows. Scale bar represents 20 µm.  
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Following CCI, rapid activation of microglia and macrophages was observed in both 

genotypes. The Iba1 reactivity was significantly increased after TBI in APLP2+/+ mice 

compared to sham (corpus callosum - female p = <0.0001, male p = <0.0001; thalamus – 

female p = <0.0001, male p = <0.0001) (Figure 4.21A, B). Similar response was observed in 

mice lacking endogenous APLP2-/- expression showing significant increase in Iba1 reactivity 

in injured mice compared to sham (corpus callosum - female p = 0.0005, male p = 0.0004; 

thalamus – female p = 0.002, male p = <0.0001) (Figure 4.21C, D).  

Sex difference was not observed in Iba1 reactivity following CCI. Both female and male 

mice with or without endogenous APLP2 expression showed a similar trend in microglia and 

macrophage activation in corpus callosum and thalamus after injury. 

 

Figure 4.21: TBI induces rapid microglial and macrophage reactivity 

The reactive microglia and macrophage measure by Iba1 immunoreactivity. In both 

genotypes, after injury, the Iba1 reactivity was significantly increased in the corpus callosum 

(A, C) and thalamus (B, D). Data represented in Mean ± SEM values. One-way ANOVA with 

Tukey post hoc test was done, **p = < 0.01, ***p = < 0.001, ****p = < 0.0001, ns = not 

significant. 
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TBI induces rapid macrophage activation measured with CD68. The number of reactive 

macrophages increased significantly postinjury in both APLP2+/+ (female p = <0.0001, male 

p = <0.0001) and APLP2-/- mice (female p = <0.0001, male p = <0.0001) (Figure 4.22A, B) 

compared to uninjured sham. Both female and male mice showed a similar trend in 

macrophage reactivity postinjury. Similar to Iba1 reactivity, no sex difference in CD68 

immunostained macrophages was observed in both genotypes following brain injury.   

 

 

Figure 4.22: TBI leads to a significant increase in reactive microglia 

Macrophage activation in APLP2+/+ (A) and APLP2-/- (B) mice corpus callosum. Data 

represent Mean ± SEM values. One-way ANOVA with Tukey multiple comparison test was 

done comparing sham and injury groups, ****p = < 0.0001 and female injury with male 

injury, ns = not significant. 
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To understand the APLP2 role in neuroinflammation, APLP2+/+ and APLP2-/- mice Iba1 

and CD68 immunoreactivity were compared. Lack of APLP2 expression in females showed a 

significant decrease in microglia and macrophage activation (Iba1) (p = 0.0391) but not 

macrophages alone (CD68) in the corpus callosum compared to APLP2+/+ females (Figure 

4.23A, C). This suggests that microglia activation but not macrophages, modulated by 

APLP2 expression. In the case of males, there was a trend towards decreased microglia and 

macrophage (Iba1) response in the absence of APLP2 expression in the corpus callosum, but 

this was not significantly different from APLP2+/+ males. There was no difference between 

both genotypes in microglia and macrophage (Iba1) reactivity in thalamus following injury. 

Therefore, endogenous APLP2 expression modulates microglial activation in sex-dependent 

manner.  

 

Figure 4.23: APLP2 regulates microglial reactivity in sex-dependent manner in TBI 

(A, B) The Iba1 reactivity in corpus callosum and thalamus and (C) CD68 immunostaining in 

the corpus callosum. Data was represented in Mean ± SEM values. One-way ANOVA with 

Tukey post hoc test was done, *p = < 0.05, ns = not significant. Females in red and males in 

blue. 
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4.2.10 APLP2 constitute sex hormone transcription binding sites 

 

Our results showing sex-dependent effects suggest APLP2’s mechanism of action could 

involve modulation by sex hormones. To investigate this, hormone-dependent transcription 

binding sites in the APLP2 promotor sequence were screened for using an in silico approach.  

The 3 kb upstream genomic sequence of mouse and human APLP2 was screened for sex 

hormone regulatory motifs using the online program PROMO version 8.3. The consensus 

sequence of progesterone response element (G.ACA…TGT.C) (Lieberman et al., 1993; Yin 

et al., 2012), estrogen response element (GGTCA…TGACC) (Driscoll et al., 1998) and 

androgen response element (GGA/TACA…TGTTCT) (Roche et al., 1992) were sex hormone 

motifs identified in APLP2.  

Both the mouse or human APLP2 sequence contained multiple progesterone, estrogen and 

androgen binding motifs (Figure 4.24). The progesterone response element is similar to the 

androgen response element (Beato, 1989; Nelson et al., 1999), and the overlap of androgen 

and progesterone was represented in figure 4.24. The transcription binding motifs of alpha 

and beta isoforms of progesterone receptor were identified in both mouse and human APLP2 

sequence. The alpha and beta isoforms of the estrogen receptor were identified in mouse but 

only alpha isoform in the human sequence.  

In mouse APLP2 sequence, the predicted sex hormone binding sites for progesterone receptor 

were identified at 24 regions which include both alpha and beta (sequence overlap), estrogen 

receptor alpha and beta (sequence overlap) at five sites and ten androgen receptor binding 

sites. The human APLP2 sequence has 24 progesterone receptor alpha and beta (sequence 

overlap), four alpha estrogen receptor sites and six androgen receptor binding sites.  

 

 

Figure 4.24: List of sex hormone regulatory motifs in mouse and human APLP2 sequence 

The numbers represent nucleotide base pairs. 
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4.3 Discussion 

 

4.3.1 Craniotomy controls in TBI  

 

Traditionally craniotomy controls are commonly used in the CCI model. A recent study 

shows that heat generated during the drilling process in craniotomy damages the blood brain 

barrier and it varies with the drilling speed and continuous or interment drilling. The low 

speed (1K) continuous drilling or high speed (15K) pulsed drilling minimizes the damage to 

blood brain barrier (Shoffstall et al., 2018). In this study, high speed and pulsed drilling was 

used. The drill operated procedure in craniotomy leads to increased lesion volume after 24 hr 

and continue until 7 days even though there is no visible lesion observed at the time of 

procedure in female rats (Cole et al., 2011). The tissue damage following TBI assessed by 

hyaluronic acid, and its expression level increased in sham until 24 hr whereas, in injured 

male rats, it continues to increase until 3 days postinjury (Xing et al., 2014). The growing 

body of evidence suggesting craniotomy also trigger an inflammatory response and causes 

behavioural changes in the sham group (Cole et al., 2011; Lagraoui et al., 2012). Craniotomy 

elevates inflammatory cytokines levels following 24 hr, compared to naïve animals (Cole et 

al., 2011; Lagraoui et al., 2012; Zhang et al., 2018). The kinetic analysis of inflammation 

related transcripts reveals that the inflammatory response in craniotomy alone group lasts for 

a shorter duration than severe CCI group observed in male mice (Lagraoui et al., 2012). This 

suggesting craniotomy also induces changes in the neuronal environment but to a lesser 

extent compared to the CCI group. Moreover, surgical sham are important to consider for 

separating the CCI effect from the surgical procedure effects.  

Craniotomy procedure itself causes changes in behavioural outcome observed in female rats 

showing impairment in sensory and motor function in comparison with the naïve group, 

assessed by revised neuronal severity score (Cole et al., 2011). Similar results were observed 

in male craniotomised mice with changes in stance, swing and stride duration and stride 

frequency which were absent in naïve mice (Sashindranath et al., 2015). We observed gait 

changes in both genotypes of female and male mice following craniotomy (Table 4.2). 

Female mice showed reduced stance, swing, propel and stride durations and increased stride 

frequency. However sham operated males showed reduced swing duration and prolonged 

stance duration and stride length. Interestingly, in wildtype mice, the craniotomy in females 

showed more gait disturbances than males, but opposite trend was observed in CCI group 
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(Table 4.2). The sham operated wildtype females were hyperactive and showed escaping 

behaviour following craniotomy and this may resulted in the increase in the number of steps 

in these mice. 

4.3.2 Gait changes following brain injury 

 

In this study, the postinjury gait performance was significantly different from the preinjury in 

all experimental mice, suggesting CCI has affected the normal gait performance in these 

animals (Table 4.2). Injured females of both genotypes showed a similar trend of gait 

disturbances as craniotomised mice where an overall number of steps were increased. 

However, in both male genotypes CCI has reduced the number of steps due to prolonged 

swing, stance and stride durations and stride length. Similar results were reported in male 

mice with mild CCI (Sashindranath et al., 2015). Moderate to severe CCI also causes 

prolonged swing and stance durations observed in male mice after 3 days of injury (Neumann 

et al., 2009). The extended stance duration is also reported in TBI patients (Williams et al., 

2009) and in long-term TBI surviving rats (Delcour et al., 2011). These reports correlate with 

our data where TBI leads to changes in swing, stance and stride durations. In addition, we 

also observed changes in stride length and frequency post-surgery.  

TBI leads to decreased gait velocity (or stride frequency) and stride length observed in young 

and adult TBI cases (Kuhtz-Buschbeck et al., 2003; Williams et al., 2009; Howell et al., 

2017) and in male mice (Neumann et al., 2009) at single time point. However, in this time 

course study, we found variation in stride length in sex-dependent manner. Injured females of 

both genotypes showed reduced stride length with increased stride frequency, whereas 

injured males showed prolonged stride length with decreased stride frequency over 7 days 

postinjury (Table 4.2). This sex differences in stride length correlates with the pattern of gait 

changes in the acute phase of surgery where stride length affected in fore limbs of females 

and in hind limbs of males of both genotypes.  

The mild CCI on right somatosensory motor cortex is expected to cause behavioral changes 

on the left side of the body where left fore and hind limbs will be most affected. However, 

our results showed majority of the damage to the right side limbs of both genotypes (Figure 

4.5). The extent of neuronal damage on the ipsilateral cortex (right hemisphere) was analysed 

(Chapter 4, Results 4.2.5) in all experimental groups (sham and injured) and confirmed that 

CCI has affected only the right motor cortex. The extent of right motor cortex damage 
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following surgery was measured by lesion volume and cortical injury (Figure 4.11), 

confirming the somatosensory motor cortex damage in mild CCI. In addition, the neuronal 

damage was also detected in the contralateral hemisphere, observed in corpus callosum 

(Chapter 4, Results 4.2.6 to 4.2.9). Moreover, additional tests may be required to confirm the 

same region of motor cortex being affected during CCI in all experimental animals because 

different areas in the brain innervate different types of muscle fibers.   

4.3.3 Sex differences in motor function following TBI 

 

Sex differences in behavioural outcome reported in mild TBI mice where males showing 

poor motor behaviour, working memory and spatial learning compared to females (Tucker et 

al., 2016). Impaired locomotor activity and working memory were observed in male rats than 

female rats following mild TBI (Wright et al., 2017). We also found that mild CCI has 

affected the gait performance more in males than females of both genotypes (Table 4.3). TBI 

has slow down the gait performance in males whereas the minimal effect on females of both 

genotypes in the acute injury. The poor functional outcome in males correlates with the quick 

onset of gait impairment following CCI.  

The onset of gait changes after brain injury is early in males than females of both genotypes 

(Figure 4.5). Following CCI, gait impairment was observed after 24 hr of injury in males 

whereas delayed onset in females of both genotypes. Rotarod assay on mild TBI mice 

reported deficits in motor performance of males from 24 hr until 3 days postinjury whereas 

no difference in females (Tucker et al., 2016). Using DigiGait, we observed gait changes in 

females after CCI in both genotypes indicating DigiGait as a more sensitive tool for detecting 

subtle gait changes than traditional rotarod assay (Mancuso et al., 2011), Unpublished data, 

Phan Troung, The University of Melbourne). A study on male TBI mice also showed 

impairment in motor function from 24 hr of injury and continue until 7 days postinjury using 

DigiGait (Sashindranath et al., 2015). In the open field test, changes on motor behaviour 

observed in females after 24 hr of injury and continued till 3 weeks. Moreover, these females 

are active compared to injured males (Tucker et al., 2016). We also observed that injured 

females are more active than injured males and can be due to increased gait performance in 

the left hind limb (Figure 4.7A) and left forelimb (Figure 4.8E, F, G, H) of injured females.  

We observed craniotomy has an opposite effect than CCI on symptom onset in both sexes. 

The onset of gait impairment in females is early than males following craniotomy in both 
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genotypes. The gait disturbances observed after 24 hr and continue until 7 days post-surgery 

in female mice expressing endogenous APLP2 (Table 4.2). These results correlate with 

female rats showing sensory and motor deficits observed after 24 hr and 7 days of craniotomy 

(Cole et al., 2011). Therefore, considering both sexes are important in TBI study and a 

careful analysis of craniotomy controls has to be done in TBI study to understand the effect 

of brain injury alone. 

4.3.4 APLP2 role in brain injury 

 

Motor function 

Brain injury leads to neuromuscular changes and increases the risk of musculoskeletal 

injuries, further lead to gait disturbances (Herman et al., 2017; Acuna et al., 2018). We found 

that APLP2 interacts with APP96-110 neuroprotective region and several studies suggest the 

important role of APP and APLP2 in formation and development of neuromuscular junctions 

(Akaaboune et al., 2000; Wang et al., 2005; Weyer et al., 2011; Klevanski et al., 2014). 

Similar to APP-/- mice, the APLP2-/- mice also show reduced grip strength and locomotor 

activity in age and sex-dependent manner (Zheng et al., 1995; von Koch et al., 1997; Truong 

et al., 2018). A recent study in our group, found sex differences in locomotor activity in 

APLP2-/- healthy mice (Truong et al., 2018). There is age dependent motor function decline 

in males but not females lacking endogenous APLP2 expression observed at 44 weeks but not 

at 12 weeks of age. These results correlate with the age dependent increase in alpha motor 

neurons in the spinal cord of APLP2-/- females but not males (Truong et al., 2018). We found 

that, at 12 weeks of age in APLP2-/- mice, brain injury leads to increased motor deficits in 

males than females (Figure 4.6E, F, G, H).  

Following brain injury, the APP-/- male mice showed increased motor deficits compared to 

APP expressing mice (Corrigan et al., 2012c). However, the lack of APLP2 expression in 

males has shown better motor function than APLP2 expressing males following CCI (Figure 

4.9D, E, F). Interestingly, we found no difference in gait performance in females with or 

without APLP2 expression after injury (Figure 4.9A, B, C). The better gait performance of 

APLP2 deficient females in brain injury may be due to increase in fast twitch muscle 

activation during treadmill running. APLP2-/- female shows increased fast twitch muscle 

fibre area at 12 weeks of age compared to APLP2-/- males or APLP2+/+ female or male mice 

(Truong et al., 2018). Overall, mice without APLP2 expression has outperformed the APLP2 
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expressing mice following injury suggesting the endogenous APP expression may 

compensate the function of APLP2.   

Neuropathology 

Mice lacking endogenous APP expression showed increased hippocampal astrogliosis, 

reduced dendritic length and impaired synaptic function (Seabrook et al., 1999). In contrast, 

APLP2 deficient mice have no change in hippocampal neuronal morphology or function, 

dendritic spine density and no impairment in neuronal function and synaptic transmission 

(Midthune et al., 2012) indicating APP may be compensating the function of APLP2.  

Following brain injury, lack of endogenous APP expression leads to an increase in cortical, 

hippocampal and dentate gyrus neuronal loss 7 days post-CCI in male mice (Corrigan et al., 

2012c). APLP2 deficient male mice also showed similar outcome 7 days postinjury with 

increased lesion volume, cortical and hippocampal neuronal loss except for no difference in 

dentate gyrus volume. Interestingly, females of both genotypes shown less neuronal damage 

in the hippocampus, and dentate gyrus suggesting secondary injury affects in females are 

delayed or endogenous sex hormones may play a neuroprotective role in the acute injury. 

Lack of APLP2 expression has also decreased lesion volume and cortical damage in females 

but not males indicating APLP2 expression may modulate sex hormones.  

Lack of endogenous APP expression has increased axonal damage following 3 days 

postinjury (Corrigan et al., 2012a). We found a similar outcome in both female and male 

mice without APLP2 expression showing increased APP immunostaining 7 days post-CCI. 

Sex specific comparison of axonal injury between both genotypes shows no difference in 

females with or without APLP2, whereas males expressing endogenous APLP2 showed 

increased axonal injury. The endogenous female sex hormones may be protecting neurons 

from injury and lack of APLP2 expression in mice may have modulated the endogenous APP 

expression resulting in less axonal damage in APLP2-/- males compared to APLP2+/+ males.  

The axonal injury correlates with the tau pathology reported in male rats with long-term CCI. 

After 6 months of injury, there is increased APP expression, phosphorylated tau and 

accumulation of oligomeric tau (Acosta et al., 2017). We also found increased axonal damage 

in APLP2+/+ males correlates with increased tau phosphorylation at the acute stage of brain 

injury. Interestingly, tau pathology was observed only in males expressing endogenous 

APLP2 but remains unchanged in APLP2+/+ females and APLP2-/- females and males post-
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CCI. A huge body of evidence is suggesting amyloid and tau pathology are interdependent in 

Alzheimer’s disease and females are more affected. However, an opposite trend was observed 

in TBI, where injured females show no difference in tau pathology in the presence of axonal 

injury. The less neuronal damage and behavioural deficits in APLP2 expressing females than 

males is may be due to the absence of tau pathology at acute brain injury. This data indicates 

that the secondary injury in females is either may be a delayed onset or sex hormones has 

neuroprotective role or both.  

APP is expressed by both neuronal and non-neuronal cells such as astrocytes and microglia 

(Haass et al., 1991). The APP expression increases in activated microglia (Barger and 

Harmon, 1997) and reactive astrocytes (Siman et al., 1989; Nihashi et al., 2001) under 

neuronal stress response (Banati et al., 1995). Similar to APP, APLP2 is also expressed in 

non-neuronal cells like astrocytes and microglia (Sandbrink et al., 1994) and its expression 

also increase in response to external stress (Araki and Wurtman, 1998; White et al., 1998; 

White et al., 2003). The increase in expression of activated microglia following brain injury 

correlates with increased APP immunoreactivity in TBI cases (Griffin et al., 1994). The 

decrease in axonal injury also reduces glial reactivity (Jiang and Brody, 2012; Plummer et al., 

2018). Similarly, in this study, the extent of axonal damage correlates with reactive astroglia, 

microglia and macrophage response in both sexes and genotypes.  

We found sex differences in astrogliosis in both genotypes indicating astroglial response in 

males is severe at acute injury than females. However, no sex differences were observed in 

microglial or macrophage activation after 7 days of injury in both genotypes. The sex 

differences in astroglial response after mild CCI correlates with the recent study looking at 

reactive astrocytes after moderate to severe brain injury in mice (Villapol et al., 2017) and 

astrogliosis in mild TBI rats (Wright et al., 2017) showing males are more susceptible at the 

acute phase of injury.  

The APP-/- mice following inflammatory neuronal injury show reduced astrocyte and 

microglial response, suggesting APP as a key player in modulating the inflammatory 

response in TBI (Carrano and Das, 2015). Treatment with APP96-110 peptide following CCI 

has significantly reduced both microglial and astrocyte reactivity indicating the 

neuroprotective response of APP96-110 region (Plummer et al., 2018). We found that lack of 

APLP2 expression in females showed decreased microglial response compared to APLP2 

expressing females but no difference between males following CCI. Astrogliosis following 
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CCI was contributed equally by both sexes and genotypes. The difference in activation of 

microglia and astrocytes in the absence of APLP2 expression explains that APLP2 is playing 

a role in regulating the microglial response similar to APP (Banati et al., 1995). These results 

correlate with decreased lesion volume in APLP2-/- females (Figure 4.11E) and fewer motor 

deficits following CCI (Table 4.2). The better performance of APLP2-/- females postinjury 

compared APLP2+/+ females can be due to the decreased inflammatory response. However, 

this trend was not seen in APLP2-/- males. Therefore, following TBI, APLP2 expression can 

modulate secondary injury effects and can be an important target to elucidate further in 

neuroinflammation. 

APLP2 role in modulating sex hormones 

Following CCI, sex differences were observed in both genotypes. Previous studies in our 

group found APLP2 deficient females are more susceptible to stroke than males 

(Unpublished). In contrast, the opposite effect was observed in TBI. Females of both 

genotypes show fewer gait changes, delayed onset of gait impairment, decreased astrogliosis 

and tau pathology than males. In addition, wildtype females also show decreased axonal 

injury than males. Therefore, in brain injury, females are more protected compared to males. 

In the absence of endogenous APLP2, there is much less damage in females with less extent 

of tissue damage and microglial inflammatory response than wildtype females. These results 

strongly suggest APLP2 has a role in modulating female sex hormones. The progesterone and 

estrogen transcription binding motifs were identified in the APLP2 mouse and human 

sequence. Therefore, APLP2 may modulate female sex hormones and can be a reason for 

females being less susceptible to brain injury.  
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4.4 Conclusion 

 

The lack of APLP2 expression leads to increased neuronal damage after TBI though there are 

sex differences. The motor function and histological assessment following CCI suggested 

males are more susceptible to acute brain injury than females. This might be due to the 

delayed onset of pathological response in females or neuroprotective nature of endogenous 

sex hormones. The progesterone and estrogen sex hormone regulatory motifs were identified 

in APLP2 suggesting its role in modulating sex hormones. Like APP, APLP2 also play a role 

in inflammatory mechanism after brain injury. Further studies are needed to understand the 

APLP2 mediated APP neuroprotection in TBI.  
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5 Chapter: Future directions 
 

sAPPα interacting proteins 

Several studies show that APP and APLP2 play an important role in synaptic function 

(Akaaboune et al., 2000; Soba et al., 2005; Wang et al., 2005; Wang et al., 2009; Weyer et 

al., 2011; Klevanski et al., 2014; Weyer et al., 2014). Synaptic proteins like neurexin-1 and 

neuroligin-3 were identified to interact with the neuroprotective 96-110 region of APP 

(Chapter 3, table 3.1). Similar to APP and APLP2 heterointeraction, the neurexins and 

neuroligins also undergo transsynaptic interactions and mediate synapse formation (Graf et 

al., 2004; Tsetsenis et al., 2014). In addition, APP also share some common molecular targets 

with neurexin and neuroligins which include Calysntenin (Steuble et al., 2012; Vagnoni et al., 

2012; Lu et al., 2014) and GABA receptor (Graf et al., 2004; Rice et al., 2019) (See Chapter 

3, 3.3). In common, these proteins are cell adhesion molecules and APP is reported to interact 

with various other cell adhesion molecules (Chapter 1, table 1.8). Understanding APP 

interaction with these synaptic proteins will help elucidate APP’s role in synaptic function.  

APP and APLP2 role in secondary brain injury  

In brain injury, inflammation, excitotoxicity and oxidative stress are some of the key 

secondary pathological events that drive neuronal damage. sAPPα is reported to play an 

important role in regulating oxidative stress. sAPPα treatment has rescued rat hippocampal 

neurons from amyloid beta induce oxidative damage by lowering intracellular Ca
2+

 level and 

reactive oxygen species (Goodman and Mattson, 1994). The neuroprotective nature of sAPPα 

over oxidative stress correlates with increased nonamyloidogenic processing of APP 

(Clement et al., 2010) and transient increase in the production of sAPPα (Rose et al., 2018).  

To understand the role of APLP2 in oxidative stress, we used cerebellar granule neurons with 

(C57BL/6J) and without APLP2 expression (APLP2-/-). The H2O2 titration was done on 4 

days old cultures and cell viability was measured after 24 hr of treatment with MTT assay. 

There was no difference in cell viability between C57BL/6J and APLP2-/- neurons (Figure 

5.1A). These results were consistent with the APP response to oxidative stress (White et al., 

1998). The primary cortical and cerebellar granule neurons from mice with or without APP 

expression show no difference in cell viability to oxidative stress and glutamate excitotoxicity 

(White et al., 1998). However, we found that APLP2 expression modulates sex hormones 
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(Chapter 4), so both female and male primary neuronal cultures need to be tested separately 

to understand the role of APLP2 on oxidative stress.  

We further tested whether APP96-110 treatment rescue neuronal loss induced by oxidative 

stress in C57BL/6J female and male cerebellar granule neurons. These cells were treated with 

60 µM H2O2 (showing 50% cell viability) for 30 min followed by APP96-110 treatment. 

After 24 hr of H2O2 and APP96-110 treatment cell viability was measured by MTT assay. 

Treatment with APP96-110 peptide did not rescue neuronal loss induced by oxidative stress 

and also both female and male granule neurons showed a similar response (Figure 5.1B).  

 

 

Figure 5.1: APLP2 expression on oxidative stress  

Cerebellar granule neurons of (A) C57BL/6J and APLP2-/- mice were treated with varying 

concentration of H2O2 (µM). (B) C57BL/6J granule neurons were treated with 60 µM H2O2 

following 30 min post APP96-110 (µM). After 24 hr of treatment, cell viability was measured 

by MTT assay. The treatment group is normalized to untreated (UT) where viability has taken 

as 100%. The data represents Mean ± SEM values from four independent experimental 

repeats with cell viability assay done in triplicates. Two-way ANOVA followed by Tukey 

multiple comparison between untreated and treatment groups, *p <0.05, **p < 0.01, ***p < 

0.001, ****p < 0.0001. ns = not significant. 
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We have also tested APP96-110 role on oxidative stress and glutamate-induced excitotoxicity 

in SH-SY5Y human neuroblastoma cells. Treatment with 70 mM glutamate and 230 µM 

H2O2 induced around 40% cell death (Figure 5.2A, B). Different concentrations of APP96-

110 peptide were treated after 30 min of 70 mM glutamate treatment or simultaneously with 

230 µM H2O2 treatment to SH-SY5Y cells. After 24 hr of treatment, cell viability was 

measured by CCK-8 assay. The treatment with APP96-110 did not rescue cells from 

excitotoxicity and oxidative stress (Figure 5.2A, B). This data correlates with the C57BL/6J 

primary cultures data (Figure 5.1B). The APP96-110 neuroprotective response may not act 

upon oxidative stress or excitotoxicity, or it is not accurately model in these culture systems. 

Lack of positive controls and experimental repeats are the limitations of this study. So, 

additional experiments need to be done to test the APP96-110 neuroprotective mechanism.  

 

 

Figure 5.2: APP96-110 treatment on excitotoxicity and oxidative stress 

SH-SY5Y human neuroblastoma cells treated with (A) 70 mM glutamate following 30 min 

post APP96-110 (µM) and (B) 230 µM H2O2 and APP96-110 peptide (µM). After 24 hr of 

treatment cell viability was measured by CCK-8 assay. The treatment groups data is 

normalized to untreated controls taken as 100% viability and expressed in Mean ± SEM. 

Two-way ANOVA followed by Tukey multiple comparison test was done. The asterisk 

represent comparison between treated and untreated groups where *p < 0.05, **p < 0.01, 

***p < 0.001 and ****p < 0.0001. 
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We found that lack of APLP2 expression also leads to microglia/macrophage and astrocyte 

activation following brain injury (Chapter-4, 4.2.8, 4.2.9) to a lesser extent than APLP2 

expressing mice. Interestingly, microglial activation but not astrocytes were modulated by 

APLP2 in a sex-dependent manner, where females are more protected than males. So, 

understanding the role of APLP2, and APP, in modulating neuroinflammation will further 

explain the neuroprotective mechanism of sAPPα in brain injury.   

APLP2 role in mediating APP neuroprotection in brain injury 

It is well established through many studies that sAPPα has actions upon neuroprotection 

(Smith‐Swintosky et al., 1994; Thornton et al., 2006; Corrigan et al., 2012c, b, a; Siopi et al., 

2013), dendrite spine density (Weyer et al., 2014), synaptic plasticity (Hick et al., 2015; Rice 

et al., 2019), cell proliferation (Demars et al., 2011), neurite outgrowth (Gakhar-Koppole et 

al., 2008), rescue from oxidative stress (Mattson et al., 1993; Goodman and Mattson, 1994; 

Rose et al., 2018) and tau pathology (Stein et al., 2004) (see Chapter-1, 1.2.2). The neurite 

outgrowth promoting activity of sAPPα involves activating the MAP-Kinase pathway 

(Greenberg et al., 1995; Gakhar-Koppole et al., 2008). sAPPα rescues neurons from 

neurotoxic stress via G-protein coupled activation of the Akt survival pathway (Milosch et 

al., 2014). sAPPα also promotes cell survival by activating phosphatidylinositol-3-kinase and 

Akt kinase signalling pathway, which results in the activation of ERK1 and ERK2 MAP-

kinases (Cheng et al., 2002).  

sAPPα’s molecular mechanism to mediate neuroprotection in brain injury remains undefined. 

Treatment with sAPPα or D1 or APP96-110 peptide following TBI reduced key pathological 

events and improved functional recovery in mice and rat models (Thornton et al., 2006; 

Corrigan et al., 2011; Corrigan et al., 2012c, b; Corrigan et al., 2014; Plummer et al., 2018) 

(refer Chapter-1, 1.2.2). In this PhD thesis, we found that APLP2 itself is also playing an 

important role in modulating brain injury. However, due to time constraints, it was not 

possible to determine whether APLP2 mediates APP96-110 neuroprotection, by testing the 

efficacy of sAPPα or D1 or APP96-110 in APLP2-/- mice postinjury.  This experiment will 

indicate if APLP2 and APP are molecularly linked in TBI, or act independently. 
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Appendix 1: Supplementary data 
 

Supplementary table 3. 1: List of background contaminants from affinity capture experiment 

Samples: No-peptide control (C), APP96-110mut (M) and APP96-110WT (N) with eight 

experimental repeats each sample. Numbers next to the samples in fourth column represent 

the number of times identified in C or M or N samples. 

S.No. Accession ID Protein 

No. of times 

identified at ≥ 95% 

probability in all 

samples 

1 SYT1_MOUSE Synaptotagmin-1   1C, 3M, 8N 

2 PGCB_MOUSE Brevican core protein  2C, 2M, 7N 

3 TENR_MOUSE Tenascin-R   6C, 7M, 8N 

4 SYN1_MOUSE Synapsin-1   1C, 2M, 3N 

5 SYN2_MOUSE Synapsin-2   1C, 2M, 4N 

6 STXB1_MOUSE Syntaxin-binding protein 1   5C, 4M, 1N 

7 SV2A_MOUSE Synaptic vesicle glycoprotein 2A   3C, 4M, 8N 

8 EAA1_MOUSE Excitatory amino acid transporter 1   8C, 8M, 8N 

9 EAA2_MOUSE Excitatory amino acid transporter 2  3C, 4M, 8N 

10 MBP_MOUSE Myelin basic protein   8C, 8M, 8N 

11 MYPR_MOUSE Myelin proteolipid protein   3C, 4M, 7N 

12 PRPTZ_MOUSE Receptor-type tyrosine-protein phosphatase zeta   3C, 6M, 8N 

13 AT1B1_MOUSE Sodium/potassium-transporting ATPase subunit 

beta-1   

7C, 8M, 8N 

14 AT1A2_MOUSE Sodium/potassium-transporting ATPase subunit 

alpha-2   

3C, 5M, 8N 

15 VATB2_MOUSE V-type proton ATPase subunit B, brain isoform  2C, 7M, 8N 

16 VATE1_MOUSE V-type proton ATPase subunit E 1   1C, 2M, 3N 

17 TMOD2_MOUSE Tropomodulin-2   3C, 6M, 4N 

18 C1QBP_MOUSE Complement component 1 Q subcomponent-

binding protein 

3C, 7M, 8N 

19 1433B_MOUSE 14-3-3 protein beta/alpha   5C, 7M, 8N 

20 1433E_MOUSE 14-3-3 protein epsilon   6C, 8M, 8N 

21 1433F_MOUSE 14-3-3 protein eta   5C, 6M, 7N 

22 1433G_MOUSE 14-3-3 protein gamma   8C, 8M, 8N 

23 1433T_MOUSE 14-3-3 protein theta    5C, 8M, 8N 

24 1433Z_MOUSE 14-3-3 protein zeta/delta   8C, 8M, 8N 

25 CN37_MOUSE 2',3'-cyclic-nucleotide 3'-phosphodiesterase   4C, 6M, 8N 

26 ODO1_MOUSE 2-oxoglutarate dehydrogenase, mitochondrial   3C, 6M, 5N 

27 CH60_MOUSE 60 kDa heat shock protein  3C, 4M, 8N 

28 RLA0_MOUSE 60S acidic ribosomal protein P0   1C, 1M, 8N 

29 RLA1_MOUSE 60S acidic ribosomal protein P1   2C, 6M, 8N 

30 RLA2_MOUSE 60S acidic ribosomal protein P2   4C, 6M, 8N 

31 ACACA_MOUSE Acetyl-CoA carboxylase 1   4C, 8M, 4N 

32 ACTB_MOUSE Actin, cytoplasmic 1   8C, 8M, 8N 

33 TCP4_MOUSE Activated RNA polymerase II transcriptional 

coactivator p1 

1C, 1M, 8N 

34 ADT1_MOUSE ADP/ATP translocase 1  7C, 7M, 8N 

35 ADT2_MOUSE ADP/ATP translocase 2   3C, 8M, 8N 

36 ARF1_MOUSE ADP-ribosylation factor 1   3C, 3M, 5N 

37 AKAP5_MOUSE A-kinase anchor protein 5   2C, 1M, 4N 



___________________________________________________________________________ 

122 
 

Supplementary table 3.1 continuation 

 

 

S.No. Accession ID Protein 

No. of times 

identified at ≥ 95% 

probability in all 

samples 

38 ACTZ_MOUSE Alpha-centractin   3C, 8M, 6N 

39 AP2A1_MOUSE AP-2 complex subunit alpha-1   1C, 4M, 5N 

40 AP2B1_MOUSE AP-2 complex subunit beta  2C, 5M, 8N 

41 ATPA_MOUSE ATP synthase subunit alpha 7C, 8M, 8N 

42 ATPB_MOUSE ATP synthase subunit beta 8C, 8M, 8N 

43 E41L3_MOUSE Band 4.1-like protein 3 4C, 4M, 8N 

44 ACTY_MOUSE Beta-centractin   3C, 8M, 8N 

45 CANB1_MOUSE Calcineurin subunit B type 1   3C, 3M, 6N 

46 KCC2A_MOUSE Calcium/calmodulin-dependent protein kinase type 

II subunit alpha  

3C, 4M, 4N 

47 KCC2B_MOUSE Calcium/calmodulin-dependent protein kinase type 

II subunit beta   

2C, 4M, 4N 

48 CMC1_MOUSE Calcium-binding mitochondrial carrier protein 

Aralar1   

3C, 4M, 8N 

49 CALM_MOUSE Calmodulin   8C, 8M, 8N 

50 CTNB1_MOUSE Catenin beta-1   1C, 2M, 1N 

51 CLH1_MOUSE Clathrin heavy chain 1   3C, 8M, 4N 

52 COF1_MOUSE Cofilin-1   1C, 7M, 8N 

53 KCRB_MOUSE Creatine kinase B-type  6C, 8M, 2N 

54 KCRU_MOUSE Creatine kinase U-type 7C, 6M, 1N 

55 NDUA4_MOUSE Cytochrome c oxidase subunit NDUFA4  6C, 8M, 8N 

56 DYHC1_MOUSE Cytoplasmic dynein 1 heavy chain 1   2C, 4M, 4N 

57 BDH_MOUSE D-beta-hydroxybutyrate dehydrogenase, 

mitochondrial   

2C, 5M, 8N 

58 ODO2_MOUSE Dihydrolipoyl lysine-residue succinyl transferase 

component of 2-oxoglutarate dehydrogenase 

complex 

6C, 8M, 4N 

59 DPYL2_MOUSE Dihydropyrimidinase-related protein 2   3C, 7M, 8N 

60 DNJA1_MOUSE DnaJ homolog subfamily A member 1   1C, 2M, 8N 

61 DREB_MOUSE Drebrin   6C, 8M, 1N 

62 DCTN2_MOUSE Dynactin subunit 2   4C, 8M, 8N 

63 EF1A1_MOUSE Elongation factor 1-alpha 1  1C, 4M, 8N 

64 EF1A2_MOUSE Elongation factor 1-alpha 2 3C, 4M, 8N 

65 EF1B_MOUSE Elongation factor 1-beta   4C, 8M, 2N 

66 EF1G_MOUSE Elongation factor 1-gamma 1C, 1M, 3N 

67 EFTU_MOUSE Elongation factor Tu 2C, 4M, 6N 

68 CAZA2_MOUSE F-actin-capping protein subunit alpha-2   3C, 8M, 8N 

69 CAPZB_MOUSE F-actin-capping protein subunit beta   3C, 8M, 8N 

70 GLNA_MOUSE Glutamine synthetase   3C, 8M, 5N 

71 G3P_MOUSE Glyceraldehyde-3-phosphate dehydrogenase   7C, 8M, 8N 

72 GNAO_MOUSE Guanine nucleotide-binding protein G(o) subunit 

alpha   

6C, 8M, 8N 

73 GBB4_MOUSE Guanine nucleotide-binding protein subunit beta-4   1C, 3M, 7N 

74 HS12A_MOUSE Heat shock 70 kDa protein 12A 3C, 4M, 8N 

75 HSP7C_MOUSE Heat shock cognate 71 kDa protein   8C, 8M, 8N 

76 HSBP1_MOUSE Heat shock factor-binding protein 1   4C, 4M, 2N 

77 HS90B_MOUSE Heat shock protein HSP 90-beta   3C, 4M, 6N 

78 ROA3_MOUSE Heterogeneous nuclear ribonucleoprotein A3 1C, 4M, 3N 

79 HNRPK_MOUSE Heterogeneous nuclear ribonucleoprotein K  1C, 4M, 4N 

80 ROA2_MOUSE Heterogeneous nuclear ribonucleoproteins A2/B1   1C, 2N, 2N 
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Supplementary table 3.1 continuation 

 

S.No. Accession ID Protein 

No. of times 

identified at ≥ 95% 

probability in all 

samples 

81 H2A1_MOUSE Histone H2A type 1   4C, 5M, 2N 

82 H2B1M_MOUSE Histone H2B type 1-M   4C, 8M, 8N 

83 MAP1A_MOUSE Microtubule-associated protein 1A   3C, 4M, 7N 

84 MAP1B_MOUSE Microtubule-associated protein 1B  3C, 4M, 4N 

85 MTAP2_MOUSE Microtubule-associated protein 2   3C, 4M, 4N 

86 MAP6_MOUSE Microtubule-associated protein 6   3C, 4M, 7N 

87 M2OM_MOUSE Mitochondrial 2-oxoglutarate/malate carrier 

protein  

1C, 3M, 7N 

88 GHC1_MOUSE Mitochondrial glutamate carrier 1   3C, 4M, 8N 

89 MYL6_MOUSE Myosin light polypeptide 6   8C, 8M, 2N 

90 ML12B_MOUSE Myosin regulatory light chain 12B   6C, 5M, 1N 

91 NFL_MOUSE Neurofilament light polypeptide   3C, 7M, 1N 

92 NP1L1_MOUSE Nucleosome assembly protein 1-like 1   3C, 2M, 8N 

93 NP1L4_MOUSE Nucleosome assembly protein 1-like 4   3C, 4M, 8N 

94 PRDX6_MOUSE Peroxiredoxin-6   3C, 4M, 8N 

95 MPCP_MOUSE Phosphate carrier protein 4C, 6M, 8N 

96 PCCA_MOUSE Propionyl-CoA carboxylase alpha chain 3C, 8M, 4N 

97 PCCB_MOUSE Propionyl-CoA carboxylase beta chain 3C, 8M, 4N 

98 PYC_MOUSE Pyruvate carboxylase 8C, 8M, 8N 

99 ODPB_MOUSE Pyruvate dehydrogenase E1 component subunit 

beta  

6C, 8M, 4N 

100 RAB3A_MOUSE Ras-related protein Rab-3A   2C, 2M, 3N 

101 AT2A2_MOUSE Sarcoplasmic/endoplasmic reticulum calcium 

ATPase 2   

2C, 4M, 8N 

102 SEPT7_MOUSE Septin-7   2C, 4M, 5N 

103 2ABA_MOUSE Serine/threonine-protein phosphatase 2A 55 kDa 

regulatory subunit B alpha isoform  

2C, 4M, 4N 

104 2AAA_MOUSE Serine/threonine-protein phosphatase 2A 65 kDa 

regulatory subunit A alpha isoform   

3C, 8M, 8N 

105 PP2AA_MOUSE Serine/threonine-protein phosphatase 2A catalytic 

subunit alpha isoform   

2C, 7M, 7N 

106 PP2BA_MOUSE Serine/threonine-protein phosphatase 2B catalytic 

subunit alpha isoform  

1C, 6M, 7N 

107 PP1B_MOUSE Serine/threonine-protein phosphatase PP1-beta 

catalytic subunit   

2C, 4M, 7N 

108 SFXN3_MOUSE Sideroflexin-3   1C, 3M, 6N 

109 AT1A1_MOUSE Sodium/potassium-transporting ATPase subunit 

alpha-1  

3C, 5M, 8N 

110 AT1A3_MOUSE Sodium/potassium-transporting ATPase subunit 

alpha-3   

7C, 8M, 8N 

111 SPTN1_MOUSE Spectrin alpha chain, non-erythrocytic 1   6C, 8M, 3N 

112 SPTB2_MOUSE Spectrin beta chain, non-erythrocytic 1   4C, 4M, 1N 

113 SKP1_MOUSE S-phase kinase-associated protein 1  1C, 5M, 8N 

114 GRP75_MOUSE Stress-70 protein, mitochondrial   3C, 3M, 4N 

115 SUCB1_MOUSE Succinyl-CoA ligase [ADP-forming] subunit beta 3C, 4M, 7N 

116 SNP25_MOUSE Synaptosomal-associated protein 25   2C, 5M, 8N 

117 TCPE_MOUSE T-complex protein 1 subunit epsilon   1C, 4M, 5N 

118 PURA_MOUSE Transcriptional activator protein Pur-alpha   4C, 4M, 8N 

119 PURB_MOUSE Transcriptional activator protein Pur-beta   3C, 4M, 5N 

120 TERA_MOUSE Transitional endoplasmic reticulum ATPase  2C, 3M, 8N 
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Supplementary table 3.1 continuation 

 

S.No. Accession ID Protein 

No. of times 

identified at ≥ 95% 

probability in all 

samples 
121 TBA1A_MOUSE Tubulin alpha-1A chain   8C, 8M, 8N 

122 TBAL3_MOUSE Tubulin alpha chain-like 3   7C, 8M, 4N 

123 TBA4A_MOUSE Tubulin alpha-4A chain   8C, 8M, 8N 

124 TBB2A_MOUSE Tubulin beta-2A chain   7C, 8M, 8N 

125 TBB2B_MOUSE Tubulin beta-2B chain   5C, 8M, 7N 

126 TBB3_MOUSE Tubulin beta-3 chain   8C, 8M, 8N 

127 TBB4A_MOUSE Tubulin beta-4A chain   8C, 8M, 8N 

128 TBB4B_MOUSE Tubulin beta-4B chain   8C, 8M, 8N 

129 TBB5_MOUSE Tubulin beta-5 chain 8C, 8M, 8N 

130 TBB6_MOUSE Tubulin beta-6 chain   6C, 5M, 8N 

131 NSF_MOUSE Vesicle-fusing ATPase  7C, 8M, 8N 

132 VATA_MOUSE V-type proton ATPase catalytic subunit A   3C, 7M, 8N 
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Supplementary table 3. 2: Proteins identified to interact with both APP96-110WT and 

APP96-110mut peptides 

S.no. Gene Protein 

No. of times identified at ≥ 95% 

probability  

C57BL/6J APP-/- 

96-110 

mut 

96-110 

WT 

96-110 

mut 

96-110 

WT 

1 4F2 4F2 cell-surface antigen heavy chain   4  1 

2 GRB2 Growth factor receptor-bound protein 2   3 4 1  

3 MK01 Mitogen-activated protein kinase 1   4 4 4 4 

4 MK03 Mitogen-activated protein kinase 3   4 4   

5 MPP2 MAGUK p55 subfamily member 2   4 1 1  

6 NCDN Neurochondrin   4 4 1 3 

7 ADPRH [Protein ADP-ribosyl arginine] hydrolase  4 4 4 3 

8 AL1L1 Cytosolic 10-formyltetrahydrofolate 

dehydrogenase  

3 3   

9 ALG2 Alpha-1,3/1,6-mannosyltransferase  1 4  3 

10 AN32A Acidic leucine-rich nuclear 

phosphoprotein 32 family member A     

3 4  4 

11 AP1B1 AP-1 complex subunit beta-1   1 4  3 

12 AT2B1 Plasma membrane calcium-transporting 

ATPase 1 

3 4  1 

13 CALB1 Calbindin   4 2 2  

14 CAMKV CaM kinase-like vesicle-associated 

protein  

2 4  4 

15 CAZA1 F-actin-capping protein subunit alpha-1   1 4  2 

16 CDK5 Cyclin-dependent-like kinase 5   1 4   

17 CDS2 Phosphatidate cytidylyltransferase 2  4  3 

18 CSN1 COP9 signalosome complex subunit 1    4  4 

19 CSN3 COP9 signalosome complex subunit 3    2  2 

20 CSN4 COP9 signalosome complex subunit 4   4 4 2 4 

21 CSN5 COP9 signalosome complex subunit 5    4  4 

22 CSN8 COP9 signalosome complex subunit 8   2 4  4 

23 CTBP1 C-terminal-binding protein 1  1 4   

24 DBNL Drebrin-like protein  4 4   

25 DC1I1 Cytoplasmic dynein 1 intermediate chain 

1   

4 2   

26 DC1L1 Cytoplasmic dynein 1 light intermediate 

chain 1   

4 2   

27 DCTN1 Dynactin subunit 1   4   

28 DDB1 DNA damage-binding protein 1   1 4   

29 DMXL2 DmX-like protein 2   4 4 1 4 

30 DNM1L Dynamin-1-like protein   4 1   

31 DUS3 Dual specificity protein phosphatase 3   4 4 4  

32 EF2 Elongation factor 2  2 4  1 

33 EMAL2 Echinoderm microtubule-associated 

protein-like 2   

 4  4 

34 FNTA Protein farnesyltransferase/geranylgeranyl transferase 

type-1 subunit alpha  

4  2 

35 FXL16 F-box/LRR-repeat protein 16   1 4  2 

36 GNAI1 Guanine nucleotide-binding protein G(i) 

subunit alpha-1  

3 4   

37 GPDM Glycerol-3-phosphate dehydrogenase 4 4 4 3 
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Supplementary table 3.2 continuation  

S.no. Gene Protein 

No. of times identified at ≥ 95% 

probability  

C57BL/6J APP-/- 

96-110 

mut 

96-110 

WT 

96-110 

mut 

96-110 

WT 

38 GPX41 Phospholipid hydroperoxide glutathione 

peroxidase 

 2  2 

39 GUAD Guanine deaminase   4 4 1  

40 HD Huntingtin    4  1 

41 HMGCL Hydroxymethylglutaryl-CoA lyase 4 1 1  

42 HPRT Hypoxanthine-guanine phosphoribosyl 

transferase  

1 1   

43 HS105 Heat shock protein 105 kDa    1 4   

44 HSP74 Heat shock 70 kDa protein 4    3   

45 IDHG1 Isocitrate dehydrogenase [NAD] subunit 

gamma 1 

2 4   

46 IF5A1 Eukaryotic translation initiation factor 

5A-1 

2 4   

47 IMPCT Protein IMPACT   3 4   

48 ITPR1 Inositol 1,4,5-trisphosphate receptor type 

1   

4 4   

49 KAP2 cAMP-dependent protein kinase type II-

alpha regulatory subunit   

1 4  4 

50 KAP3 cAMP-dependent protein kinase type II-beta regulatory 

subunit   

4  1 

51 KAPCB cAMP-dependent protein kinase catalytic 

subunit beta  

1 4  2 

52 LANC1 LanC-like protein 1  2 1   

53 LANC2 LanC-like protein 2   2 4  3 

54 LPPRC Leucine-rich PPR motif-containing protein 4  4 

55 NCKP1 Nck-associated protein 1   1 4   

56 NDRG2 Protein NDRG2  2 3  1 

57 OLA1 Obg-like ATPase 1  4 4  4 

58 OTUB1 Ubiquitin thioesterase  4 1   

59 PCBP2 Poly(rC)-binding protein 2  1 3   

60 PFD3 Prefoldin subunit 3   2 4   

61 PFKAL ATP-dependent 6-phosphofructokinase, 

liver type   

1 4   

62 PFKAM ATP-dependent 6-phosphofructokinase, 

muscle type   

3 4  4 

63 PFKAP ATP-dependent 6-phosphofructokinase, 

platelet type     

 3  1 

64 PI42A Phosphatidylinositol 5-phosphate 4-

kinase type-2 alpha   

3 4  4 

65 PI42B Phosphatidylinositol 5-phosphate 4-

kinase type-2 beta  

4 4 2 4 

66 PI51C Phosphatidylinositol 4-phosphate 5-

kinase type-1 gamma   

3 4  3 

67 PPM1E Protein phosphatase 1E   2 4  2 

68 PPR1B Protein phosphatase 1 regulatory subunit 1B 4   

69 PRDX1 Peroxiredoxin-1   4 4 4 2 

70 PRDX2 Peroxiredoxin-2   4 3   

71 PRDX5 Peroxiredoxin-5, mitochondrial  3 4  2 

72 PROF2 Profilin-2   3 4 3 3 

73 PRS4 26S protease regulatory subunit 4   2 4  4 

74 PRS6A 26S protease regulatory subunit 6A   4  4 
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Supplementary table 3.2 continuation  

S.no. Gene Protein 

No. of times identified at ≥ 95% 

probability  

C57BL/6J APP-/- 

96-110 

mut 

96-110 

WT 

96-110 

mut 

96-110 

WT 

75 PRS6B 26S protease regulatory subunit 6B   3 4  4 

76 PRS8 26S protease regulatory subunit 8    4  4 

77 PSD11 26S proteasome non-ATPase regulatory 

subunit 11   

1 4  4 

78 PSD13 26S proteasome non-ATPase regulatory 

subunit 13   

1 4  4 

79 PSDE 26S proteasome non-ATPase regulatory 

subunit 14  

2 4  4 

80 PSMD1 26S proteasome non-ATPase regulatory 

subunit 1    

4 4 1 4 

81 PSMD5 26S proteasome non-ATPase regulatory 

subunit 5  

3 4  4 

82 PSMD8 26S proteasome non-ATPase regulatory 
subunit 8   

1 4  2 

83 PYGB Glycogen phosphorylase, brain form   4   

84 QIL1 Protein QIL1   1 4  4 

85 RL11 60S ribosomal protein L11   1 4  1 

86 RNF14 E3 ubiquitin-protein ligase RNF14    1 4  4 

87 ROGDI Protein rogdi homolog   2 4  3 

88 RS10 40S ribosomal protein S10   4  3 

89 RS3 40S ribosomal protein S3   2 4  4 

90 RS4X 40S ribosomal protein S4, X isoform   3   

91 RTN4 Reticulon-4   4  4 

92 S12A5 Solute carrier family 12 member 5  1 4  3 

93 SAHH2 Putative adenosyl homocysteinase 2   2 4  4 

94 SAHH3 Putative adenosyl homocysteinase 3   4  3 

95 SCRN1 Secernin-1   4 4 4 4 

96 SEP11 Septin-11    4   

97 SEPT3 Neuronal-specific septin-3   1 4   

98 SEPT6 Septin-6  1 4   

99 SEPT8 Septin-8    4   

100 ST4A1 Sulfotransferase 4A1   2 2  2 

101 STX1B Syntaxin-1B    4  3 

102 SYDC Aspartate--tRNA ligase, cytoplasmic   1 4  4 

103 TCPA T-complex protein 1 subunit alpha   1 3   

104 TCPB T-complex protein 1 subunit beta    2 2   

105 TCPG T-complex protein 1 subunit gamma   1 1   

106 TCPQ T-complex protein 1 subunit theta  4 3   

107 TCPZ T-complex protein 1 subunit zeta  2 3   

108 THIO Thioredoxin  4 2 4  

109 TXNL1 Thioredoxin-like protein 1   4 4 4 4 

110 UBA1 Ubiquitin-like modifier-activating 

enzyme 1   

3    

111 UBP5 Ubiquitin carboxyl-terminal hydrolase 5    4 4 2 4 

112 UCHL1 Ubiquitin carboxyl-terminal hydrolase 

isozyme L1    

4 3   

113 USP9X Probable ubiquitin carboxyl-terminal 
hydrolase FAF-X   

 4   

114 VAC14 Protein VAC14 homolog   3   

115 WDR7 WD repeat-containing protein 7   4 4  4 
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Supplementary table 3. 3: Intracellular proteins identified to interact with APP96-110WT. 

S.no. Gene Protein 

No. of times identified 

at ≥ 95% probability 

C57BL/6J  APP-/- 

1 MADD MAP kinase-activating death domain protein   4 4 

2 AP3D1 AP-3 complex subunit delta-1    4 4 

3 AP3B2 AP-3 complex subunit beta-2    4 4 

4 AP3M2 AP-3 complex subunit mu-2   4 4 

5 AP3S1 AP-3 complex subunit sigma-1    4 1 

6 AP3M1 AP-3 complex subunit mu-1    4 
 

7 SYEP Bifunctional glutamate/proline--tRNA ligase    4 4 

8 SYIC Isoleucine--tRNA ligase  4 4 

9 SYMC Methionine--tRNA ligase 4 4 

10 SYRC Arginine--tRNA ligase 4 4 

11 SYLC Leucine--tRNA ligase 4 4 

12 SYTC2 Probable threonine--tRNA ligase 2    4 4 

13 SYYC Tyrosine--tRNA ligase 4 3 

14 SYAC Alanine--tRNA ligase 3 4 

15 SYTC Threonine--tRNA ligase 3 4 

16 SYK Lysine--tRNA ligase     4 4 

17 SYHM Probable histidine--tRNA ligase, mitochondrial   4 3 

18 SYNC Asparagine--tRNA ligase, cytoplasmic     4 1 

19 AIMP2 Aminoacyl tRNA synthase complex-interacting multifunctional 

protein 2    

4 4 

20 AIMP1 Aminoacyl tRNA synthase complex-interacting multifunctional 

protein 1    

4 4 

21 UBP15 Ubiquitin carboxyl-terminal hydrolase 15    4 4 

22 ATG3 Ubiquitin-like-conjugating enzyme  4 2 

23 UBP11 Ubiquitin carboxyl-terminal hydrolase 11  4 2 

24 UBE2O E2/E3 hybrid ubiquitin-protein ligase   4 4 

25 UBR4 E3 ubiquitin-protein ligase UBR4 4 2 

26 HUWE1 E3 ubiquitin-protein ligase HUWE1 4 
 

27 ARI1 E3 ubiquitin-protein ligase ARI1 3 
 

28 CSN2 COP9 signalosome complex subunit 2    4 4 

29 CSN7A COP9 signalosome complex subunit 7a    4 4 

30 CSN6 COP9 signalosome complex subunit 6    4 4 

31 CSN7B COP9 signalosome complex subunit 7b   4 4 

32 COPA Coatomer subunit alpha  4 2 

33 COPB Coatomer subunit beta    4 4 

34 COPB2 Coatomer subunit beta-2 4 
 

35 COPG1 Coatomer subunit gamma-1  4 3 

36 COPG2 Coatomer subunit gamma-2   4 1 

37 COPE Coatomer subunit epsilon   4 
 

38 COPD Coatomer subunit delta    4 
 

39 EIF3A Eukaryotic translation initiation factor 3 subunit A    4 4 

40 EIF3B Eukaryotic translation initiation factor 3 subunit B    4 4 

41 EI3JA Eukaryotic translation initiation factor 3 subunit J-A   2 4 

42 EIF3C Eukaryotic translation initiation factor 3 subunit C  4 3 

43 EIF3E Eukaryotic translation initiation factor 3 subunit E    4 4 

44 EIF3F Eukaryotic translation initiation factor 3 subunit F    4 4 

45 EIF3K Eukaryotic translation initiation factor 3 subunit K  4 3 

46 EIF3L Eukaryotic translation initiation factor 3 subunit L    4 4 

47 EIF3M Eukaryotic translation initiation factor 3 subunit M  4 3 
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Supplementary table 3.3 continuation  

S.no. Gene Protein 

No. of times identified 

at ≥ 95% probability 

C57BL/6J  APP-/- 

48 MCA3 Eukaryotic translation elongation factor 1 epsilon-1   4 3 

49 EIF3I Eukaryotic translation initiation factor 3 subunit I  4 2 

50 EIF3G Eukaryotic translation initiation factor 3 subunit G   4 2 

51 EIF3D Eukaryotic translation initiation factor 3 subunit D   4 2 

52 IF4G2 Eukaryotic translation initiation factor 4 gamma 2  3 1 

53 EIF3H Eukaryotic translation initiation factor 3 subunit H   4 1 

54 IF4A2 Eukaryotic initiation factor 4A-II 4 
 

55 IF4G1 Eukaryotic translation initiation factor 4 gamma 1    3 
 

56 ELP1 Elongator complex protein 1   4 1 

57 ELP2 Elongator complex protein 2   4 1 

58 EMAL1 Echinoderm microtubule-associated protein-like 1   4 2 

59 EMAL4 Echinoderm microtubule-associated protein-like 4   4 1 

60 PSD12 26S proteasome non-ATPase regulatory subunit 12    4 4 

61 PSMD3 26S proteasome non-ATPase regulatory subunit 3     4 4 

62 PSMD7 26S proteasome non-ATPase regulatory subunit 7    4 4 

63 PSMD6 26S proteasome non-ATPase regulatory subunit 6    4 4 

64 PRS10 26S protease regulatory subunit 10B    4 4 

65 HNRPD Heterogeneous nuclear ribonucleoprotein D0    4 4 

66 ROAA Heterogeneous nuclear ribonucleoprotein A/B   4 3 

67 HNRPQ Heterogeneous nuclear ribonucleoprotein Q   3 2 

68 HNRPU Heterogeneous nuclear ribonucleoprotein U   4 1 

69 CSK22 Casein kinase II subunit alpha  4 4 

70 CSK2B Casein kinase II subunit beta  3 4 

71 DJB11 DnaJ homolog subfamily B member 11   4 1 

72 DNJA3 DnaJ homolog subfamily A member 3, mitochondrial     4 
 

73 GNL1 Guanine nucleotide-binding protein-like 1   3 2 

74 GBLP Guanine nucleotide-binding protein subunit beta-2-like 1   1 3 

75 GBB5 Guanine nucleotide-binding protein subunit beta-5    3 
 

76 IPO7 Importin-7  4 3 

77 IMA3 Importin subunit alpha-3 4 2 

78 PAK1 Serine/threonine-protein kinase   4 4 

79 PPP6 Serine/threonine-protein phosphatase 6 catalytic subunit   4 2 

80 STRAP Serine-threonine kinase receptor-associated protein   3 1 

81 PAK3 Serine/threonine-protein kinase  3 1 

82 PP6R1 Serine/threonine-protein phosphatase 6 regulatory subunit 1   3 
 

83 PAK2 Serine/threonine-protein kinase PAK 2    3 
 

84 RBGPR Rab3 GTPase-activating protein non-catalytic subunit    4 4 

85 RB3GP Rab3 GTPase-activating protein catalytic subunit   3 1 

86 RGPA1 Ral GTPase-activating protein subunit alpha-1    4 
 

87 RLGPB Ral GTPase-activating protein subunit beta    4 
 

88 RL9 60S ribosomal protein L9    4 
 

89 RL18 60S ribosomal protein L18   3 
 

90 RS17 40S ribosomal protein S17   3 1 

91 RS7 40S ribosomal protein S7   4 
 

92 RS18 40S ribosomal protein S18   1 2 

93 RS14 40S ribosomal protein  2 2 

94 RS16 40S ribosomal protein S16   4 1 

95 SRP54 Signal recognition particle 54 kDa protein    4 4 

96 SRP68 Signal recognition particle subunit   4 
 

97 KIF1A Kinesin-like protein   4 4 
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Supplementary table 3.3 continuation  

S.no. Gene Protein 

No. of times identified 

at ≥ 95% probability 

C57BL/6J  APP-/- 

98 KAPCA cAMP-dependent protein kinase catalytic subunit alpha 4 4 

99 AN32E Acidic leucine-rich nuclear phosphoprotein 32 family member E     4 4 

100 TRNT1 CCA tRNA nucleotidyl transferase 1, mitochondrial    4 4 

101 RAGP1 Ran GTPase-activating protein 1    4 4 

102 NRDC Nardilysin    4 4 

103 EXOG Nuclease EXOG, mitochondrial    4 4 

104 HCD2 3-hydroxyacyl-CoA dehydrogenase type-2    4 4 

105 PLCB1 1-phosphatidylinositol 4,5-bisphosphate phosphodiesterase beta-1    4 4 

106 ECHB Trifunctional enzyme subunit beta, mitochondrial    4 4 

107 LA Lupus La protein homolog    4 4 

108 K0513 Uncharacterized protein KIAA0513    4 4 

109 ECHA Trifunctional enzyme subunit alpha, mitochondrial    4 4 

110 NUCL Nucleolin   4 4 

111 DGKE Diacylglycerol kinase epsilon  4 4 

112 YBOX1 Nuclease-sensitive element-binding protein 1   4 4 

113 ACBG1 Long-chain fatty acid CoA ligase  4 4 

114 AN32B Acidic leucine-rich nuclear phosphoprotein 32 family member B   4 4 

115 MMS19 MMS19 nucleotide excision repair protein homolog   4 3 

116 U2AF2 Splicing factor U2AF 65 kDa subunit   4 3 

117 THUM1 THUMP domain-containing protein 1   4 3 

118 RO60 60 kDa SS-A/Ro ribonucleoprotein   4 3 

119 DMXL1 DmX-like protein 1   4 3 

120 OXR1 Oxidation resistance protein 1   4 3 

121 SART3 Squamous cell carcinoma antigen recognized by T-cells 3   4 3 

122 MPC2 Mitochondrial pyruvate carrier 2   3 4 

123 SC23A Protein transport protein  3 3 

124 ERMIN Ermin   4 2 

125 U520 U5 small nuclear ribonucleoprotein 200 kDa helicase   4 2 

126 PSB1 Proteasome subunit beta type-1   4 2 

127 TECR Very-long-chain enoyl-CoA reductase   4 2 

128 DCE1 Glutamate decarboxylase 1   4 2 

129 PSMD4 26S proteasome non-ATPase regulatory subunit 4   4 2 

130 PI42C Phosphatidylinositol 5-phosphate 4-kinase type-2 gamma   4 1 

131 ARF4 ADP-ribosylation factor 4   4 1 

132 PDE1B 
Calcium/calmodulin-dependent 3',5'-cyclic nucleotide 
phosphodiesterase 1B  

4 1 

133 RPGP2 Rap1 GTPase-activating protein 2   4 1 

134 NECA1 N-terminal EF-hand calcium-binding protein 1  4 1 

135 STK39 STE20/SPS1-related proline-alanine-rich protein kinase   4 1 

136 SAC1 Phosphatidylinositide phosphatase  3 1 

137 PDPK1 3-phosphoinositide-dependent protein kinase 1  3 1 

138 HXK1 Hexokinase-1   2 2 

139 LSM7 U6 snRNA-associated Sm-like protein  2 1 

140 PABP1 Polyadenylate-binding protein 1  2 1 

141 NIPS2 Protein NipSnap homolog 2   4 
 

142 BORG4 Cdc42 effector protein 4   4 
 

143 AKA12 A-kinase anchor protein 12   4 
 

144 PSB4 Proteasome subunit beta type-4   4 
 

145 PPM1G Protein phosphatase 1G   4 
 

146 VPS18 Vacuolar protein sorting-associated protein 18 homolog   4 
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Supplementary table 3.3 continuation  

S.no. Gene Protein 

No. of times identified 

at ≥ 95% probability 

C57BL/6J  APP-/- 

147 DDX1 ATP-dependent RNA helicase  4 
 

148 PTH2 Peptidyl-tRNA hydrolase 2, mitochondrial   4 
 

149 FTO Alpha-ketoglutarate-dependent dioxygenase 4 
 

150 ARHGA Rho guanine nucleotide exchange factor 10   4 
 

151 EI2BA Translation initiation factor eIF-2B subunit alpha   4 
 

152 NF1 Neurofibromin   4 
 

153 BIG3 Brefeldin A-inhibited guanine nucleotide-exchange protein 3   4 
 

154 DCTN4 Dynactin subunit 4   4 
 

155 TIM50 Mitochondrial import inner membrane translocase subunit   4 
 

156 PRP8 Pre-mRNA-processing-splicing factor 8   4 
 

157 VATH V-type proton ATPase subunit H   4 
 

158 ATE1 Arginyl-tRNA--protein transferase 1    4 
 

159 HDAC2 Histone deacetylase 2    4 
 

160 DPY30 Protein dpy-30 homolog    4 
 

161 NDRG3 Protein NDRG3    4 
 

162 FAK2 Protein-tyrosine kinase 2-beta    4 
 

163 SF3B1 Splicing factor 3B subunit 1    3 
 

164 PDE2A cGMP-dependent 3',5'-cyclic phosphodiesterase    3 
 

165 VP33A Vacuolar protein sorting-associated protein 33A    3 
 

166 SRGP3 SLIT-ROBO Rho GTPase-activating protein 3    3 
 

167 QORL2 Quinone oxidoreductase-like protein 2    3 
 

168 UGGG1 UDP-glucose:glycoprotein glucosyltransferase 1   3 
 

169 E41L2 Band 4.1-like protein 2   3 
 

170 MTMR5 Myotubularin-related protein 5   3 
 

171 WASF1 Wiskott-Aldrich syndrome protein family member 1   3 
 

172 SAC2 Phosphatidylinositide phosphatase SAC2    3 
 

173 ARL8B ADP-ribosylation factor-like protein 8B    3 
 

174 DHB12 Very-long-chain 3-oxoacyl-CoA reductase   3 
 

175 ODBA 2-oxoisovalerate dehydrogenase subunit alpha, mitochondrial    3 
 

176 LONM Lon protease homolog, mitochondrial    3 
 

177 PROSC Proline synthase co-transcribed bacterial homolog protein    4 
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Appendix 2: Reagents and buffers list  
 

1. Poly-D-lysine (100X) 

5 mg/mL of poly-D-lysine stock diluted to 0.1 mg/mL in borate water (1.24 g boric 

acid, 1.9 g of sodium tetraborate and 400 mL of H2O). Store at -20°C.  

2. Poly-D-lysine (1X) 

0.5 mL of poly-D-lysine (100X) diluted into a final volume of 50 mL in borate water. 

Store at 4°C.  

3. Krebs stock buffer (10X) 

36.25 g NaCl, 2.0 g KCl, 0.7 g NaH2PO4.H2O, 13.0 g D-glucose, 0.05 g phenol red 

and 29.7 g HEPES acid in 450 mL of dH2O. Volume adjusted to 500 mL and pH 

adjusted to 7.4. Filter sterilized and stored at 4°C.  

4. Krebs buffer 

1.5 g Bovine Serum Albumin dissolved in 450 mL of dH2O. 50 mL of 10X Krebs 

buffer and 4 mL of 3.85% MgSO4 added into the solution. Filter sterilised and stored 

at 4°C. 

5. Trypsin stock (20X) 

25 mg of trypsin (~7500 units/mg) dissolved in 10 mL 1X Krebs buffer. Filter 

sterilized and stored in aliquots of 1 mL at -20°C.  

6. DNase / Soy Bean Trypsin Inhibitor (SBTI) (10X) 

8 mg of DNase and 26 mg of SBTI dissolved in 10 mL Krebs buffer. Filter sterilised 

and stored in aliquots of 0.5 mL at -20°C. 

7. DNase / Soy Bean Trypsin Inhibitor (SBTI) (0.2X) 

500 µl of 10X DNase/SBTI in 25 ml 1X Krebs buffer.  

8. Cytosine β-D arabinofuranoside (AraC) (10 mM) 

4.8 mg in 2 ml H2O (MilliQ quality). Filter sterilize and store 50 µl aliquots at -20
o
C.  

9. Basal Medium Eagle without glutamine plating media  

1X BME, 10% heat-inactivated fetal bovine serum, 2 mM glutamine and 10 µg/ml 

gentamycin. 

10. Neurobasal media (NB/27) 

Neurobasal media, B27 supplement, 10 µg/ml gentamycin and 0.5 mM glutamine. 

11. Neurobasal media (NB/AO) 

Neurobasal media, Antioxidant supplement, 10 µg/ml gentamycin and 0.5 mM 

glutamine. 
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12. Tris-Acetate-EDTA (TAE) buffer (50X) 

242 g Tris (hydroxymethyl) aminomethane, free base, 18.61 g disodium EDTA, 57.1 

ml glacial acetic acid to 1000 ml dH2O. 

13. Phosphate buffer saline (PBS) 

137 mM NaCl (80 gm), 2.7 mM KCl (2 gm), 10 mM Na2HPO4 (14.4 gm), 2 mM 

KH2PO4 (2.72 gm) in 1000 ml H2O (MilliQ quality), pH adjusted to 7.4 with HCl.  

14. Paraformaldehyde (PFA) (4%) 

Weighed and prepared in a toxic chemical fume hood. 2 gm of PFA in 25 ml H2O 

(MilliQ quality) mixed and kept on a heat block at 50
o
C to 60

o
Cwith continuous 

stirring. One drop of 3 M NaOH added and stirred thoroughly until the solution turns 

clear. 25 ml of 2X PBS was added and pH tested using a pH strip (7 - 8). Stored at 

4
o
C and must be used within one week.  

15. Sodium citrate buffer (10 mM) 

2.94 gm of Trisodium citrate dehydrate in 1000 ml H2O (MilliQ quality). pH adjusted 

to 6.0 with 1 N HCl. 0.05% Tween 20 added and must be used within 3 months.  

16. Hydrogen peroxide (3%) 

20 ml of 30% H2O2 in 180 ml 1X PBS.  
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Appendix 3: Supplementary figures 
 

 

Supplementary figure 4.1: Lesion volume measurement:  

The H&E stained brain sections of APLP2+/+ male sham and injury mice representing 

bregma coordinates -0.5, -1.5, -2.5 and -3. The volume of both ipsilateral and contralateral 

hemispheres was measured to calculate the lesion volume.    
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Supplementary figure 4.2: Cortical injury and dentate gyrus volume measurement:  

The H&E stained brain sections of APLP2+/+ male sham and injury mice showing cells 

considered for cortical injury measurement, shown in yellow arrows (A, B) and volume of 

dentate gyrus (C, D).  
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Supplementary figure 4.3: Hippocampal injury measurement:  

The H&E stained brain sections of APLP2+/+ male sham and injury mice showing cells 

considered for hippocampal injury measurement in both CA2 and CA3 regions.   
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