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Traumatic brain injury (TBI) is a risk factor for the later development of 

Alzheimer’s disease (AD), although the mechanisms contributing to this increased risk 

are unknown. Insulin resistance is an additional risk factor for AD whereby decreased 

insulin signaling increases synaptic sensitivity to amyloid beta (Aβ) and tau, thus 

contributing to the cognitive decline that characterizes this neurodegenerative disorder. 

Considering this, I used male Sprague-Dawley rats that underwent a lateral fluid 

percussion injury (FPI) at acute (2 and 7 days post-injury), intermediate (28 days post-

injury), and chronic (3 months post-injury) time-points to investigate whether decreased 

insulin responsiveness in TBI animals is playing a role in synaptic vulnerability to AD 

pathology. I was able to detect acute and chronic decreases in insulin responsiveness in 

isolated hippocampal synaptosomes after TBI. In addition to assessing both Aβ and tau 

binding on synaptosomes, I performed electrophysiology at the intermediate and chronic 

time-points to assess the dysfunctional impact of Aβ and tau oligomers as well as the 

protective effect of insulin. While I found no difference in binding or degree of LTP 

inhibition by either Aβ or tau oligomers between sham and TBI animals, I did find that 
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insulin treatment was able to block oligomer-induced LTP inhibition in sham animals but 

not in TBI animals. Since insulin treatment has been discussed as a therapy for AD, this 

gives valuable insight into therapeutic implications of treating AD patients based on a 

patient’s history of associated risk factors. 
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CHAPTER 1. GENERAL INTRODUCTION 

Alzheimer’s Disease 

OVERVIEW  

Alzheimer’s disease (AD) is a devastating neurodegenerative disorder that was 

first reported in 1906 [1,2]. It is the most common form of dementia, affecting over 47 

million people worldwide [3,4]. Over 5 million of those affected are Americans which 

costs the U.S. more than $200 billion each year [1]. This doesn’t even take into account 

the hours put in by unpaid caregivers. As these numbers are estimated to triple by 2050 

[1], this would bankrupt our healthcare system unless we can find a way to combat these 

growing numbers of AD cases. 

Alzheimer’s disease can be classified as either familial or sporadic. Familial AD 

(fAD) is an “early onset” form of AD that represents 2%-5% of all AD cases. This form 

of AD is driven by genetic mutations in amyloid precursor protein (APP) and presenilin 

genes (PSEN1 and PSEN2) which effect pathological protein aggregation that drives the 

disease.  Down syndrome patients contain an additional copy of the APP gene due to the 

trisomy of chromosome 21 and also develop early onset AD [5]. Sporadic AD (sAD) is a 

“late-onset” form of AD that is more complex and constitutes ~95% of all AD cases. The 

presence of the APOΕ4 allele is the major and only undisputed genetic risk factor [6]. 

However, there are a handful of genes involved in cholesterol metabolism, inflammatory 

response, and endocytosis where polymorphisms identified by genome wide association 

study (GWAS) analysis reveals a modest increased effect on AD risk [7]. 

Since the cause of the majority of AD cases (sAD) is unknown, it has proven very 

difficult to treat. While there is still no “disease-modifying” cure, current treatments aim 

at alleviating symptoms which include amnesia, aphasia, agnosia, apathy, language 
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alterations, loss of spatial orientation, and loss of executive functions [8,9]. There are 

currently five pharmacological treatments (4 different drugs) that are FDA approved and 

used in the US which all act on either the cholinergic or glutamatergic circuits affected in 

AD [1].  

Donepezil, rivastigmine, and galantamine are cholinesterase inhibitors whose 

action is to decrease the extra-synaptic metabolism of acetylcholine (Ach) which 

therefore allows for an increased amount of time for the neurotransmitter to act on 

postsynaptic receptors thus increasing neuronal transmission leading to cognitive and 

behavioral benefits. Memantine acts on the glutamatergic system as an NMDA receptor 

antagonist by binding the Mg
2+

 binding site which thereby prevents abnormal 

neurotransmitter glutamatergic signaling. [10] 

 

PATHOLOGY 

AD progresses very slowly, and biochemical alterations can accumulate over the 

course of decades before an affected person begins to show symptoms and memory 

impairment (Figure 1.1). Pre-symptomatic stages of the disease begin with protein 

aggregation and synaptic loss while later stages of the disease present with cell death. In 

the brains of AD patients, neuronal loss is apparent in the cortex and hippocampus, 

evident by hippocampal shrinkage and ventricle enlargement [11] (Figure 1.2). Protein 

deposition is found by the presence of extracellular plaques mainly consisting of amyloid 

beta (Aβ) peptide and intracellular inclusions of neurofibrillary tangles (NFT) composed 

of hyperphosphorylated tau [12]. 
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Figure 1.1: Schematic representation of AD progression in relation to symptomatic stage 

of the disease. 

 

 

 

 

 

 

 

Adapted from Masters et al., 2015 [10]. 
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Figure 1.2: Coronal section of postmortem human brain. 

Brain slices from an elderly non-demented individual on the left compared with that of a 

patient with AD on the right, demonstrating hippocampal and cortical shrinkage along 

with enlarged ventricles in AD. Modified from Figure 1 Yaari et al, 2007 [11]. 
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Aβ is a cleavage product of APP. APP is a membrane spanning protein that is 

cleaved by multiple secretases resulting in either a detrimental amyloidogenic or non-

toxic, non-amyloidogenic producing pathway depending on the specific secretases 

involved (Figure 1.3A). For the non-amyloidogenic process, cleavage of APP by α-

secretase will produce sAPPα and a remaining c-terminal membrane-bound product 

(C83) that undergoes further cleavage by γ-secretase to produce p3 and the amyloid 

intracellular domain (AICD). However, in the amyloidogenic processing pathway, β-

secretase beta-site amyloid precursor protein–cleaving enzyme 1 (BACE-1) cleaves 

rather than α-secretase, resulting in sAPPβ and a different C-terminal fragment (C99). 

C99 is then further processed by γ-secretase cleavage to produce AICD and the 

potentially toxic Aβ peptide which is then released into the space outside the neuron and 

can begin to aggregate [8,13]. The length of the Aβ peptide can vary from 36-43 amino 

acids[14]. However, the two primary forms associated with AD are 40 and 42 amino 

acids in length. Aβ42 has a higher propensity for aggregation and is therefore thought to 

be the more toxic species [8].  
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Tau proteins belong to the microtubule-associated proteins (MAP) family and are 

mainly found in neurons. They are part of the cytoskeletal network and have an important 

role in microtubule assembly and stabilization. The tau gene contains 16 exons, many of 

which are constitutively expressed in all of the isoforms. There are 6 isoforms in humans 

that differ in the addition or the omission of exons 2, 3, and 10 (Figure 1.3B). Exon 2 and 

3 are found towards the N-terminus, and, thus, tau isoforms can be designated 0N, 1N, or 

2N based on the number of inserts added. Exon 10 is found in the C-terminus of tau and 

is named 4R for 4 repeats when it is present and 3R designating 3 repeats when exon 10 

is absent [15]. The different isoforms vary in localization, efficiency in microtubule 

assembly, and aggregation potential. The C-terminus of the protein is mainly the site of 

Figure 1.3: Schematic representations of APP and tau processing and aggregation. 

A) Processing of amyloid precursor protein (APP) in nonamyloidogenic and 

amyloidogenic pathways. Adapted from Figure 1 Querfurth et al., 2010[8]. B) The human 

MAPT gene and the splice isoforms of tau in the human brain. Modified from Figure 1 

Wang et al., 2016[15]. C) Aggregation pathways leading to various conformational 

species including oligomers, annular oligomers, protofibrils, fibrils, and larger aggregates 

including plaques and tangles. Adapted from Figure 3 Ross et al., 2005[16]. 

A) 

B) 

C) 
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phosphorylation and hyperphosphorylation, among other post-translational modifications, 

which can cause tau to aggregate [17]. 

Both amyloid beta and tau have been shown to follow similar abnormal 

aggregation paths (Figure 1.3C) whereby monomers will begin to aggregate together 

forming soluble oligomers. Oligomers then clump further with either additional 

monomers or oligomers to grow and become insoluble protofibrils and fibrils [16]. 

Eventually, other proteins and cellular material are added, and these increasingly 

insoluble entities combine to become the well-known plaques and hyperphosphorylated 

tangles that are characteristic of AD [18]. 

Previously, it was thought that plaques and fibrils might cause all of the damage 

to neurons that is seen in AD. It has become increasingly evident though that it is the 

oligomeric aggregates of both Aβ and tau that contribute to the synaptic dysfunction that 

precedes the cognitive decline and cell death seen in AD [19,20].  Furthermore, it has 

been shown that oligomer toxicity is induced by the conformation, regardless of the 

differing primary structure and sequence of the peptides comprising these oligomers 

[21,22]. Thus, both Aβ and tau oligomers have been shown to accumulate at synapses 

[23] and induce disruptive synaptic alterations (Figure 1.4). Aβ oligomers can accumulate 

at the synapse [24], are capable of inducing changes in the composition, shape, and 

density of the synapse [25,26], can inhibit both early and late phase LTP [27,28], and can 

disrupt calcium dynamics and calcium-dependent signaling [27,29,30]. Tau also 

demonstrates these characteristics where it has been seen internalizing into neurons [20] 

and also inhibiting LTP in its oligomeric aggregation state [19]. It is believed that 

synaptic dysfunction driven by these oligomers underlies the initiation and progression of 

AD [31,32].  
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Figure 1.4: Aβ and tau oligomers bind to synapses and inhibit LTP.   

A) Immunofluorescent images demonstrating co-aggregation and localization (arrows) of 

Aβ and tau at synapses in an AD mouse model (APP/PS1 mice also expressing human 

wild-type tau) (top) and human AD brain (bottom) using the array tomography technique. 

Scale bars represent 5 µm in large panel and 2 µm in inset. Adapted from Figure 2 

Spires-Jones et al., 2017 [23]. B) High-frequency synaptic stimulation (HFS)-induced 

expression of long-term potentiation (LTP) is inhibited in the hippocampus of rat brain 

slices treated for 1 hr with 0.5μM oligomeric Aβ compared to vehicle. Modified Figure 2 

Dineley et al., 2010 [28]. C) HFS-induced expression of LTP is reduced in the 

hippocampus of mouse brain slices perfused with 2.29 μg/ml oTau 4R/2N versus 20 

minute incubation with vehicle. Adapted from Figure 1 Fá et al., 2016 [19].  

A) 

B) C) 
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In the amyloid hypothesis for AD, it is suggested that there is an accumulation of 

Aβ which induces an “Aβ driven cascade” that triggers the initiation of the disease [3]. 

Aβ aggregation drives tau pathology and dysfunction which then leads to neuronal death 

and memory loss seen in the late stages of AD. These downstream changes eventually 

become independent of Aβ pathology [33]. Thus, for this reason, clinical trials 

investigating therapies using antibodies targeting Aβ in the late phase of the disease have 

proven unsuccessful.  

Neuropathology of AD is not limited to Aβ and tau; rather, there are a multitude 

of additional mechanisms that have been proposed to contribute to AD pathogenesis. 

Some of these mechanisms that contribute to the complexity of biochemical cascades 

leading to the induction of AD can be seen in Figure 1.5 and include inflammation, 

altered autophagy, and vascular dysregulation to name a few [34]. It is evident that AD is 

complex, and this may contribute to the difficulty and failure in finding a cure for the 

disease. Therefore, targeting AD associated risk factors can be used as a valid alternative 

approach to reduce AD incidence.  
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Figure 1.5: AD pathological mechanisms and neuropathology. 

 

RISK FACTORS 

Sporadic AD (sAD) is complex and heterogenous and is responsible for >95% of 

all AD cases [1,10]. There is a high disease comorbidity with sAD [10], and a large 

variety of factors increase the risk of developing sAD [4] (Figure 1.6). Some of these risk 

factors are innate such as old age, family history, and APOE genotype. Other risk factors 

are due to lifestyle and/or are event-related such as type 2 diabetes mellitus (T2DM) [35–

37], central insulin resistance [38], traumatic brain injury (TBI) [39–41], mitochondrial 

dysfunction [42,43], neuroinflammation [44], obesity [35], smoking, and sleep 

deprivation. While we cannot control innate factors, event-related risk factors offer an 

opportunity for us to decrease the growing number of AD patients.  

Adapted from Figure 1 Molinuevo  et al., 2018 [34]. 
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Figure 1.6: Strength of evidence on risk factors for dementia.  

 

INSULIN AND AD 

The insulin receptor (IR) is a tyrosine kinase receptor that autophosphorylates and 

can only be phosphorylated in the presence of its substrate, insulin. IRs are located in the 

periphery as well as the central nervous system. Insulin has been found to be synthesized 

by neurons in the brain as well as being transported from the periphery via the CSF 

through receptor-mediated transport [45]. In the CNS, IRs are abundant in the 

hippocampus and cerebral cortex where they are primarily located at synapses. IRs in the 

cerebral cortex have a high turnover rate, whereas the hippocampal IRs have a much 

higher stability [45]. 

IRs are involved in glucose metabolism in the periphery but have more diverse 

functions in the brain [45,46]. While the insulin-sensitive glucose transporter GLUT4 can 

be found in the brain, it is present in a few select nuclei (including the dentate gyrus) and 

Modified from Figure 2 Baumgart et al., 2015 [4]. 
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at a much lower level than the insulin-insensitive glucose transporter isoforms [37]. The 

most abundant glucose transporter found in neurons is the insulin-insensitive GLUT3 

[47]. Therefore, rather than IR primary function being an involvement in glucose uptake 

in the CNS, the role of insulin signaling in the hippocampus has been implicated in 

synaptic remodeling, synaptogenesis, and facilitating learning and memory [48]. 

IRs can affect synaptic activities at both the pre- and post-synapse. 

Presynaptically, insulin signaling has been found to stimulate membrane phospholipid 

metabolism in hippocampal slices by enhancing adrenergic activity [45]. 

Postsynaptically, IR signaling has been shown to enhance NMDA receptor activity in an 

acute time frame (20 minutes but not after 60 minutes) in hippocampal slices due to 

tyrosine phosphorylation of NMDA receptor subunits [49]. Additionally, insulin can also 

act postsynaptically on GABA receptor expression which has been demonstrated to result 

in increased mIPSCs (miniature inhibitory postsynaptic currents) [50]. 

 Molecular cascades activated by the insulin receptor that underscore long-term 

memory storage processes through gene expression and protein synthesis involve 

phosphorylated shc  bound to the IR mediating signal transduction through the Grb-

2/SOS complex to activate Ras/ mitogen-activated protein kinase (MAPK) cascades. 

Alternative signaling elements that interact with the insulin receptor to activate pathways 

involving PI3K, PKC, and AKT/PKB which then are able to interact with the 

Ras/MEK/MAPK cascades can also modulate memory processes and neuronal survival. 

[45]  

Since insulin signaling is involved in learning and memory processes as well as 

synaptic health, it’s unsurprising that disruptions in this important pathway have been 

linked to AD. In addition to T2DM being a risk factor for AD[35–37], cerebral glucose 

metabolism is reported to be decreased in AD[10]. What’s more, even in AD patients 

without diabetes, the hippocampus exhibits insulin resistance shown by decreased insulin 

signaling and insulin-like growth factor (IGF) signaling response versus cognitively 
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normal people with doses of 1nM of insulin and IGF-1 that could not be overcome by a 

10nM dosage stimulation [51].  

Additionally, the protective effects of insulin on Aβ-oligomer binding and 

destruction at the synapse has been reported when looking at hippocampal neuronal 

cultures. In work published by De Felice et al., they showed with immunocytochemistry 

that Aβ-oligomers bind to synapses and cause synaptic loss that can be inhibited with the 

addition of insulin. They went on to show that disruption in the insulin receptor function 

by pharmacologically inhibiting the tyrosine kinase activity of the receptor abolished the 

ability of insulin to block Aβ oligomer binding [52]. This demonstrated that IR function 

is needed for this protection rather than insulin acting as a competitor on Aβ binding sites 

as an explanation for the decreased oligomer binding.  

Conversely, they also showed that application and binding of Aβ oligomers 

caused a loss of insulin receptor surface expression on dendrites and a loss of 

autophosphorylation capacity of the receptor [46]. This showed how physiological insulin 

and pathological Aβ-oligomers negatively regulate the abundance of each other’s binding 

sites. 

In addition to these molecular studies, insulin and insulin-sensitizing therapy has 

been shown to be effective for cognition and behavior in both mouse models of AD as 

well as in patients with mild cognitive impairment (MCI) or early AD [52–55]. 

All of this evidence strongly indicates the existence of an intimate relationship 

between synaptic insulin responsiveness and neuronal sensitivity to AD neuropathology.  
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Traumatic Brain Injury 

OVERVIEW  

Each year, there is an incidence of roughly 2.7 million traumatic brain injuries in 

the US alone [56,57]. Current treatments for a mild TBI include over-the-counter pain 

relievers and just focus on treating any resulting symptoms. For those with a severe TBI, 

the initial treatment focuses on keeping the patient alive as well as preventing any further 

brain damage through removing blood clots, repairing skull fractures, ensuring adequate 

oxygen delivery to the brain, assessing blood pressure and intracranial pressure, and 

monitoring blood flow to the brain as well as brain temperature. For long-term care, these 

patients are then often transferred to a rehabilitation center where they are cared for by a 

multidisciplinary team of providers [58,59]. Possible drug interventions for these cases 

include anti-anxiety medication, anticoagulants, anticonvulsants, antidepressants, muscle 

relaxants, and stimulants to increase alertness and attention [59].  

Molecularly, there are a wide range of effects and complications as a consequence 

of TBI [60] (Figure 1.7). There is disruption and dysfunction in the vascular system that 

leads to a variety of problems with the blood brain barrier (BBB), blood flow, and 

autoregulation. In addition, there are increases of calcium influx resulting in calcium 

overload. This disrupts mitochondrial function and allows for the generation of reactive 

oxygen species (ROS). Moreover, there are neuroinflammation consequences that lead to 

chronic microglia activation which is damaging to the cell. All of these effects are 

happening concurrently, interacting with and, in some cases, exacerbating each other, 

leading to a long list of short-term and long-term deficits including the possibility of AD. 

Even though these disruptions and consequences are known to occur, the exact 

mechanisms contributing to the increased risk of AD after TBI are unknown. 

Furthermore, despite this progress in understanding these molecular changes that occur, 

this has not led to a translational therapeutic benefit since over 30 clinical trials have 
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failed to find a drug intervention that can lead to measurable benefit in TBI patients [58]. 

Figure 1.7: Consequences of traumatic brain injury.  

Molecular alterations after TBI leading to various acute and chronic diseases and 

consequences. 
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ALZHEIMER’S DISEASE CONSEQUENCE 

TBI-induced dementia, in particular, is becoming a more central concern as the 

cost and incidence of AD continue to rise without any effective treatments. There is a 

dose-response relationship whereby the risk for dementia increases with the severity and 

number of injuries, but a single moderate or severe injury can still increase the risk of 

developing dementia diseases.  

There are several things that have been postulated and investigated to contribute 

to the increased susceptibility to AD after TBI.  Among these are the presence of the 

APOE 4 allele (which can increase your chance of generating AD after TBI by 10-fold), 

phosphorylated tau, and accumulating Aβ after TBI [44,61]. The accumulation of Aβ 

plaques that has been seen in about 30% of TBI cases in humans [62–64] has been 

thought to possibly correlate with many things, including elevated levels of soluble Aβ 

after TBI [41], increased Aβ42:40 ratio [63,65], increase in APP processing since both 

APP [66] and β-secretase concentration have been shown to increase after TBI [64,67–

69], and/or decreased  Aβ clearance from the brain. However, the increase in soluble Aβ 

oligomers, APP, and β-secretase seen after TBI is transient whereby there is an increase 

followed by a decrease to normal levels within just a few days [65]. This acute 

accumulation therefore could not account for the susceptibility to AD since the patients 

do not generate dementia within a short time span. Rather, there is a long-term 

susceptibility causing the patient to be more likely to develop Alzheimer’s decades down 

the road. Ergo, the systemic alteration linking the two diseases must be one that is 

chronic.  
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In addition to the Aβ and tau-related changes, there are also several 

pathophysiological mechanisms that are shared between the two diseases that have been 

described and investigated including problems with synaptic plasticity, calcium 

 

Table 1.1: Common pathophysiological mechanisms in TBI and AD.  

Adapted from Table 2 Walker et al., 2013 [61]. 
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dysregulation, oxidative stress, etc [61] (Table 1.1). However, all of these have fallen 

short in finding effective therapies that help alleviate this TBI/AD risk factor connection. 

According to the NIH database clinicaltrials.gov, current ongoing drug 

interventional clinical trials on TBI include near infrared light therapy, intracranial 

administration of SB623 modified stem cells (phase 2), huperzine A in patients who have 

sustained a moderate to severe TBI and looking at memory function (phase 2), melatonin 

treatment in children after mild TBI (phase 2), citicholine/amantadine and its 

combinations on neuro-recovery in the early phase of moderate TBI (phase 4). 

Due to the lack of success in clinical translation of TBI therapies, a group of 

researchers have collaborated in an attempt to streamline and standardize TBI research 

efforts with animal studies. To more adequately find the best drug candidates that hold 

the most potential in translating to a therapy in humans, they formed a preclinical 

consortium known as Operation Brain Trauma Therapy (OBTT) to test drug interventions 

using multiple TBI animal models. Four (nicotinamide, erythropoietin, cyclosporine A, 

and simvastatin) of the five drugs that have been tested so far by this consortium have 

shown sub-par performances compared to expectations based on the published literature. 

The only therapy that was found to have promising results in behavioral outcomes in 

more than one model of TBI was an early post-TBI administration of levetiracetam, 

which they have since advanced to the next phase of testing via a model of TBI using 

large animals (micropigs). [70]  

 

INSULIN AND TBI 

There are a multitude of consequences after TBI that suggest that normal insulin 

functioning can affect TBI recovery and that disruptions may be playing a role in the 

consequences. Several groups have reported hyperglycemia after TBI and found that 

uncontrolled blood glucose levels lead to a poorer outcome and recovery [71,72]. 
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Moreover, previous reports have also found an increased mortality after head injury in 

people with T2DM [73]. One previous report found acute decreased insulin signaling in 

homogenate from the frontal cortex after a controlled cortical impact (CCI)-induced mild 

TBI [74]. They found decreased phosphorylation of the downstream insulin signaling 

element AKT in response to a 10nM insulin stimulation at 2DPI that recovered by 7DPI. 

In this same study, they also found that a repeated mild injury resulted in this decreased 

insulin signaling at 2 DPI, 7 DPI, and 14 DPI and recovered by 28 DPI.  

While this previous finding of acute insulin resistance after a mild TBI is a 

promising start, no studies have investigated TBI-driven insulin resistance at the 

synapses. My research further attempts to evaluate synaptic insulin response specifically 

in the hippocampus to provide valuable insight into whether any changes in this synaptic 

health mechanism contributes to a vulnerable window to AD pathology since insulin 

resistance found here could leave synapses in a weakened state and more susceptible to 

the toxicity exerted by Aβ and tau oligomers. 

 

Aim of the Dissertation 

Traumatic brain injury (TBI) increases the risk of developing Alzheimer’s disease 

(AD) later in life through unknown mechanisms [39–41,61]. Synaptic dysfunction 

stemming from the interaction and binding of toxic amyloid beta (Aβ) and tau oligomeric 

species to the pre- and post-synapse is an early event in AD that leads to the cognitive 

decline that characterizes this disease [20]. Since insulin signaling plays a role in synaptic 

health and function, disruption of this pathway due to insulin resistance has been 

implicated in the susceptibility of the synapse to AD pathology [46,52].  
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The aim of this dissertation was to investigate an altered susceptibility of the 

synapses to AD pathology in relation to TBI-induced changes in signaling and support 

systems to give novel insights into the link between the two conditions. My central 

hypothesis is that TBI promotes insulin resistance at the synapse resulting in increased 

synaptic sensitivity to the dysfunctional effects of Aβ and tau oligomers. I addressed my 

central hypothesis with two specific aims. In my first aim, I confirmed that TBI alters 

insulin responsiveness at the synapse by characterizing hippocampal synaptic insulin 

responsiveness using an ex vivo stimulation method. In my second aim, I tested the 

hypothesis that synaptic vulnerability to the effects of Aβ and tau is increased after TBI. I 

addressed this aim by utilizing ex vivo binding methods with flow cytometry and ELISA 

analysis to specifically determine any binding alterations. I additionally performed 

electrophysiology to investigate changes in functional susceptibility to the oligomers.  

This research will contribute to understanding mechanism(s) underscoring the 

increased risk linking the two diseases, which is critical to develop effective interventions 

to reduce the incidence of AD in TBI subjects. Additionally, this work further illustrates 

the importance of considering a prior history of associated risk factors and how these may 

impact the efficacy of particular treatments that are being investigated for AD in the 

general population. 
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CHAPTER 2. INVESTIGATING SYNAPTIC INSULIN RESISTANCE AFTER FPI 

Modified in part from: 

Franklin W, Taglialatela G (2016) A method to determine insulin responsiveness in 

synaptosomes isolated from frozen brain tissue. J. Neurosci. Methods 261, 128–134. 

And 

Franklin W,  Krishnan B, Taglialatela G. Chronic synaptic insulin resistance after 

traumatic brain injury abolishes insulin protection from amyloid beta and tau oligomer-

induced synaptic dysfunction. Submitted to Scientific Reports. 26 Feb, 2019. 

 

Introduction 

Alterations of insulin signaling in neurons have been linked to many different 

disorders including Type 2 diabetes, inflammation, and Alzheimer’s disease (AD) [75]. 

Synapses are rich with insulin receptors, and insulin has been shown to be an important 

component for maintaining synaptic health/integrity [46,52]. Notably, disruption of this 

pathway due to insulin resistance has been implicated in the susceptibility of the synapse 

to AD pathology [46,52]. Since the risk of developing AD increases after a traumatic 

brain injury, in this chapter, I decided to first investigate if there are changes in synaptic 

insulin responsiveness after TBI by using rats that underwent a lateral fluid percussion 

injury at acute and chronic time points. 
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Materials and Methods 

ANIMALS 

Male Sprague-Dawley rats were utilized for the traumatic brain injuries and 

subsequent experiments in this study.  All rats were 2-4 months old (300-450 grams) at 

the time of surgery/injury. All experimental protocols involving animals in this study 

were approved by Institutional Animal Care and Use Committee of the University of 

Texas Medical Branch. Animals were housed under USDA standards (12:12 hour light 

dark cycle, food and water ad libitum) at the UTMB vivarium. After the designated 

amount of time after surgery/injury, the rats were sacrificed by isoflurane overdose and 

decapitated. The brains were quickly removed, dissected into major regions (frontal 

cortex, parieto-occipital cortex, hippocampus, midbrain, and cerebellum) and opposing 

hemispheres (“ipsilateral” referring to the brain hemisphere that underwent the 

craniotomy in the lateral FPI procedure and “contralateral” for the opposite hemisphere), 

snap frozen, and stored at −80 °C until ready for further analysis.  

An adipocyte-specific ecto-nucleotide pyrophosphate phosphodiesterase (ENPP) 

over-expressing transgenic mouse model of metabolic syndrome and systemic insulin 

resistance, AtENPP1-Tg, was used to confirm the validity of the ex vivo insulin 

responsiveness assay. This mouse model has previously been shown to present with 

marked synaptic insulin resistance [76]. Samples from an adult male AtENPP1-Tg mouse 

that had been fed with high-fat chow (60% calories from fat – 37.1% saturated) for 12 

weeks and a C57Bl/6J (wild-type) mouse that had been fed a regular chow diet (4% 

calories from fat) as previously described in Sallam et al., 2015 were graciously donated 

by Dr. Nicola Abate.  
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PARASAGITTAL FLUID-PERCUSSION INJURY 

For laboratory models used to induce TBI, there are those that induce either static 

or dynamic trauma. Dynamic models can induce impact injury through penetration, 

closed head injuries, acceleration, and direct brain deformation [77]. The TBI model that 

was used for these experiments is a dynamic model of direct brain deformation impact 

injury called fluid percussion injury (FPI). 

This model of TBI is one of the most widely used and established models. First, a 

craniotomy is performed to expose part of the brain where fluid pressure will later be 

applied. The position, lateral or midline, of the craniotomy can be altered to fit the type of 

brain injury classification desired: focal versus diffuse.  

Figure 2.1: Schematic of fluid-percussion traumatic brain injury model. 
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The animal’s craniotomy site is then connected to the transducer end of the injury 

device. The pendulum of this device is lifted to a specified height that corresponds to the 

intensity of injury desired. The higher the pendulum, the more severe the injury. Once the 

pendulum is released, it strikes the back of a saline-filled cylinder that acts as a piston by 

then pushing saline through the craniotomy site causing a direct brain deformation injury. 

The pressure with which the fluid is injected causes the injury. The righting reflex time is 

used as an indication of injury severity.  

The controls used in these experiments are sham injured animals who have 

undergone the craniotomy and the same procedures as the injured animals with the 

exception of the fluid percussion injury itself. The term “ipsilateral” will be used when 

referring to the brain hemisphere that underwent the craniotomy in the lateral FPI 

procedure while “contralateral” refers to the opposite brain hemisphere. 

Craniotomy.  Male Sprague-Dawley rats (300–450 grams) were anesthetized 

(4% isoflurane) and prepared for moderate or sham parasagittal FPI. Rectal temperatures 

were monitored using telethermometers (Yellow Spring Instrument Co., Yellow Springs, 

OH), and temperatures were maintained within a range of 37.5 ± 0.5 °C using an 

overhead lamp and a thermostatically controlled water blanket (Gaymar, Orchard Park, 

NY). Rats were placed in a stereotaxic apparatus, a midline incision of the skin was 

performed, and the skull was exposed. A craniotomy was performed using a 5mm 

diameter Michele trephine at 1 mm lateral (right) to the sagittal suture, midway between 

the lambda and bregma. The bone chip was removed, leaving the dura intact. A modified 

20-gauge needle hub was secured in place over the exposed dura with superglue and 

cemented into place with hygienic dental acrylic.  

Parasagittal Fluid Percussion Injury.  TBI was administered by means of a 

FPI device (AmScien Instuments, Richmond, VA) consisting of a fluid-filled Plexiglass 

cylinder 25-inches-long and 2.5 inches in outside diameter, with one end connected to a 

pressure transducer and the other end closed by a Plexiglass piston mounted on O rings. 
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The animal’s craniotomy hub site was directly connected to the transducer end of the 

injury device. The 3.6-kg pendulum of the device was lifted to a specified height to 

correspond to the intensity of injury desired, moderate injury level for these studies. The 

pendulum was released and struck the back of the sterile saline-filled cylinder causing a 

direct brain deformation injury. The fluid pressure pulse is triggered photoelectrically by 

the strike of the pendulum and was recorded using a FP-302 signal conditioner connected 

to a Windows 8 operating computer. The righting reflex time was recorded and further 

used as an indication of injury severity. At 2 days, 7 days, 1 month, or 3 months after TBI 

or sham injury, the rats were euthanized and brain tissue collected as described above. 

SYNAPTOSOMAL ISOLATION 

Synaptosomes containing both pre- and post-synaptic components were isolated 

from frozen tissue that had been snap frozen on dry ice and transferred to -80°C. Left and 

right hippocampi were homogenized separately in SynPER (Thermo Scientific, Waltham, 

MA) with 1% protease (Sigma, St. Louis, MO) and phosphatase cocktail inhibitors 

(Thermo Scientific, Waltham, MA) on ice. Homogenate was centrifuged (Eppendorf, 

Mississauga, Canada) at 1,200 x g RCF for 10 minutes at 4°C. Supernatant was collected 

and centrifuged (Eppendorf, Mississauga, Canada) at 15,000 x g RCF for 20 minutes at 

4°C. The supernatant was removed, and the pellet was resuspended in 48μL HEPES-

buffered Krebs-like (HBK) buffer (143-mM NaCl, 4.7-mM KCl, 1.3-mM MgSO4, 1.2-

mM CaCl2, 20-mM HEPES, 0.1-mM NaH2PO4, and 10-mM D-glucose, pH 7.4). The 

quality of the synaptosomes are routinely verified by Western blot and electron 

microscopy as previously reported [78].  

Michael Woodson from the UTMB electron microscopy core used frozen, 

isolated synaptosomes to generate the electron microscopy images shown in Figure 2.2D. 

INSULIN RESPONSIVENESS 
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Insulin Stimulation of synaptosomes.  After isolation of synaptosomes, 

insulin stimulations were performed as previously described [78–80]. In short, 100mM 

ATP stock was added for final concentration of 8mM to synaptosomes in HBK for both 

unstimulated and stimulated samples, and U-100 insulin was added for 200nM final 

insulin concentration to insulin-stimulated samples. Samples were vortexed and 

incubated for 15 minutes at 37°C. Synaptosomes were pelleted by centrifugation at 

10,000 x g RCF for 10 minutes at 4°C. Pellets were resuspended in 1X RIPA (75-mM 

NaCl, 25- mM Na2PO4, 1-mM EDTA, 0.5% NP-40, and 0.5% TritonX-100) plus 1% 

protease (Sigma, St. Louis, MO) and phosphatase cocktail inhibitors (Thermo Scientific, 

Waltham, MA) to solubilize the proteins for Western blot and WES detection. Samples 

were then stored at -80°C.  

WES analysis of Insulin Responsiveness.   IR phosphorylation extent 

was analyzed using WES (Protein Simple, San Jose, CA) with specific antibodies against 

the phosphorylated form of the 1150/1151 tyrosine residue of the insulin receptor (Cell 

Signaling Cat. #3024L). The phosphorylated form was normalized against β-tubulin (Cell 

Signaling Cat. #2146S). Another WES was run for the total amount of IR (Cell Signaling 

Cat. #3025S) which was normalized to β-tubulin as well. The ratio of normalized 

phosphorylated-IR over normalized total IR was used to assess the extent of insulin 

responsiveness.  

WESTERN BLOT ANALYSIS FOR SOCS3 

The bicinchoninic acid (BCA) assay method was used for protein estimation to 

prepare samples of equal protein concentration. Samples were prepared in 2-

mercaptoethanol (2-ME) and boiled prior to loading. Thirty micrograms of protein were 

loaded with appropriate marker on 10% sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels followed by transfer to Amersham Protran 

nitrocellulose transfer membrane (GE Healthcare-Life Sciences) for 1 hour at 100V. The 
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membrane was blocked using Odyssey blocking buffer (LI-COR, Lincoln, Nebraska) for 

1 hour at room temperature. Primary antibodies were diluted 1:1000 in 1X TBST and 

incubated with the membrane at 4°C overnight for SOCS3 (Cell Signaling Cat. #2923S) 

and 1 hour at room temperature for β-tubulin (Cell Signaling Cat. #2146S). The 

membrane was washed twice with 1X TBST for 15 minutes each and incubated with LI-

COR secondary antibodies diluted at 1:10,000 in 1X TBST with 3% non-fat dry milk for 

1 hour at room temperature.  The membrane was again washed twice with 1X TBST for 

15 minutes each.  

Western blots were imaged using LI-COR Odyssey infrared imaging system (LI-

COR, Lincoln, Nebraska), application software version 3.0.30. The density of each 

immunoreactive band was measured using Image J software.  

STATISTICAL ANALYSIS 

Data is represented as mean ± SEM. All data were statistically analyzed using 

Graphpad Prism6. Unpaired t-tests were used to determine statistical significance 

between sham and TBI animals for each time point individually for the insulin 

stimulations.  

 

 

Results 

DEVELOPMENT OF EX VIVO INSULIN STIMULATION METHOD 

In order to investigate and assess insulin responsiveness, I had to develop a 

method whereby I would be able to detect phosphorylation of the insulin receptor 

directly, rather than probing for downstream elements. Additionally, I wanted to isolate 

responses of neurons at the synapse to avoid picking up IR activation at the cell body or 
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in other cell types such as glia. Therefore, I developed an ex vivo insulin stimulation 

method on isolated synaptosomes, details of which can be found in my published method 

paper in Journal of Neuroscience Methods [78]. 

To accomplish this detection method, I isolate functional synaptosomes 

containing both pre- and post-synaptic elements (Figure 2.2A) from fresh or frozen tissue 

by fractionation (either using a Percoll sucrose gradient or using synPER reagent 

(Thermo Scientific)) and expose them to insulin in the presence of ATP to detect insulin 

receptor phosphorylation using either Western blot or WES analysis.  

Isolation and confirmation of synaptosomes and IR responsiveness.  Upon 

initially developing the method, I used electron microscopy to visually confirm 

synaptosomal isolation (Figure 2.2D). I additionally confirmed the isolation of the 

synaptosomes by checking for enrichment of post-synaptic density marker PSD-95 in the 

synaptosomal fraction versus total homogenate using Western blot analysis (Figure 

2.2B). I saw an enrichment of this marker in the synaptosomal protein fraction indicating 

that the fractionation procedure was successful. Moreover, I demonstrated a reliable 

phosphorylation of the insulin receptor via Western blot analysis using this method 

(Figure 2.2C).  
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Figure 2.2: Synaptosomal characterization and confirmation of insulin stimulation.  

Optimization of ex vivo insulin stimulation conditions.  After confirming 

synaptosomal isolation as well as confirmation that this ex vivo insulin stimulation allows 

for detection of the insulin receptor directly, I optimized this technique with ATP dosage 

curves, insulin dosage curves, and insulin time course responses. From the data 

investigating insulin-stimulated IR phosphorylation of synaptosomes isolated from frozen 

rat brain tissue that were stimulated with 1.67 units/mL of insulin for 15 min at 37 °C in 

the presence of increasing concentrations of ATP (0–6 mM) in the incubation buffer, I 

A) A schematic showing the pre- and post-synaptic areas retained in the synaptosomal 

isolation. B) Representative Western blot detecting enrichment of the post-synaptic 

marker PSD95 in synaptosomal fraction versus total homogenate, indicating successful 

synaptosomal isolation. C) Representative Western blot detecting insulin-stimulated IR 

phosphorylation in synaptosomes isolated from frozen rat brain and stimulated with 0.333 

units/mL of insulin for 15 min at 37°C with 8mM ATP. D) Representative transmission 

electron microscopy image (3,000 x) of synaptosomal protein fraction. Scale bar 

represents 0.5µm. Blow-out insert images illustrate examples of synaptosomes 

characterized by the presence of the post-synaptic density area (arrows). Modified from 

Figure 1 and Supplemental Figure 2 from Franklin et al., 2016 [78]. 

A) 

B) C) 

D) 
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saw no plateau in insulin receptor activity in this concentration range as determined by 

Western blot (Figure 2.3A). Since the ATP concentration inside the cell is between 0 and 

10 mM, I decided to use an ATP concentration of 8mM for all future experiments. Using 

synaptosomes from frozen mouse brain and stimulating with increasing concentrations of 

insulin for 15 min at 37 °C in the presence of 8 mM ATP, I saw a plateaued response 

beginning at 0.154units/mL of insulin (Figure 2.3B). An insulin-receptor activation curve 

of synaptosomes exposed to 0.333 units/mL of insulin for varying amounts of time from 

0 to 1 h at 37°C with 8 mM ATP was performed and analyzed by Western blot. I found 

maximal IR phosphorylation 10 to 15 minutes after addition of insulin (Figure 2.3C) and 

thus used 15-minute incubations for the remaining experiments. 

Furthermore, I looked at other factors that may influence the ability of the IR to 

activate including post-mortem intervals (PMI) (Figure 2.3D). I looked at PMIs that 

modeled the conditions that would normally occur for collection of autopsy brain human 

specimens (PMI of 8 hours, 12 hours, and 21 hours). To accomplish this, I assessed 

insulin-stimulated phosphorylation of the IR in synaptosomes isolated from brain tissue 

collected from mice at varying times after sacrifice. Mice were sacrificed by CO2 

asphyxiation followed by cervical dislocation and left at room temperature for 1 hour 

prior to being placed at 4°C for the remainder of the specified PMI times. Afterwards, 

brains were collected, snap frozen, and stored at -80°C. Synaptosomes were isolated from 

the frozen mouse brains and stimulated with 0.333 units/mL of insulin for 15 min at 37°C 

with 8mM ATP. I found no significant differences in the ratio of P- IR/IR in the various 

PMI samples versus control where the brain was immediately collected and placed at 

−80°C upon sacrifice.  
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 Figure 2.3: Optimization of ex vivo insulin stimulation method  

 

A) Representative Western blot of insulin-stimulated IR phosphorylation in the presence 

of increasing concentrations of ATP in the incubation buffer and quantification of the 

ratio p-IR/Total IR expressed as average ±SEM from 3 independent experiments. B) 

Representative Western blot showing IR phosphorylation in response to increasing 

concentrations of insulin and quantification of the ratio p-IR/Total IR expressed as 

average ±SEM from 3 independent experiments. C) Representative Western blot showing 

IR phosphorylation at different time points after insulin addition and quantification of the 

ratio p-IR/Total IR expressed as average ±SEM from 3 independent experiments. D) 

Quantification of Western blot’s immunoreactivity from insulin-stimulated 

phosphorylation of the IR in synaptosomes isolated from brain tissue collected from mice 

at varying post-mortem intervals. Modified from Figure 2 and Figure 4 from Franklin et 

al., 2016 [78]. 

A) 

C) 

B) 

D) 
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Comparison of ex vivo and in vivo synaptosomal insulin response. After 

optimization of the method, I wanted to verify that the ex vivo insulin stimulation 

protocol yields results consistent with in vivo physiology by using a transgenic mouse 

model of metabolic syndrome and systemic insulin resistance, AtENPP1-Tg. This mouse 

model has previously been shown to present with marked synaptic insulin resistance 

when assessing downstream insulin signaling elements (AKT and GSK3β) after an 

intraperitoneal (IP) insulin injection (in vivo insulin stimulation), contrary to the response 

seen in wild-type (WT) mice [76] (Figure 2.4A). 

Figure 2.4: Comparison of in vivo and ex vivo synaptosomal insulin response.  

A) In vivo insulin response in the hippocampus of AtENPP1-Tg mice showing blunted 

post-receptor response to systemic insulin elevation (IP insulin injection) compared to 

their WT littermates. Modified from Figure 1S Sallam et al., 2015 [76]. B) 

Representative Western blot detecting insulin-driven phosphorylated IR in isolated 

hippocampal synaptosomes from AtENPP1-Tg and WT mice using the ex vivo insulin 

stimulation technique. Adapted from Figure 5 Franklin et al., 2016 [78]. 

Thus, to confirm that the ex vivo results were consistent with the in vivo situation, 

I isolated synaptosomes from both the WT and AtENPP1-Tg mice, performed this ex vivo 

insulin stimulation protocol, and observed IR phosphorylation/activation to a lesser 

extent in the transgenic animals compared to controls (Figure 2.4B). This data clearly 

A) B) 



 

47 

shows that this ex vivo stimulation correlates and represents the physiology in vivo due to 

detection of a decreased response of the insulin receptor in an animal model of known 

insulin resistance. 

EVALUATE SYNAPTOSOMAL INSULIN RESPONSIVENESS AFTER TBI 

Now with an established technique in place to evaluate synaptic insulin receptor 

responsiveness, I tested the hypothesis that TBI alters insulin responsiveness at the 

synapse after FPI in rats. I performed lateral FPI to induce TBI, collected and dissected 

the brain, and performed ex vivo insulin stimulations and WES analyses on isolated 

synaptosomes of frozen brain tissue prepared from the hippocampi of both the ipsilateral-

hemisphere (side of injury) and contralateral-hemisphere (opposite to the lateral injury). I 

evaluated multiple time-points after injury (2 days post injury (DPI), 7 DPI, 1-month post 

injury (MPI), and 3 MPI).  

In the ipsilateral hippocampus, I found a significant decrease in synaptic insulin 

responsiveness by 7 DPI (Figure 2.5B) that was further decreased by 3 MPI. Moreover, I 

observed a significantly decreased level of IR at the synapse at 7DPI, as compared to 

sham-injured animals (Figure 2.5C). However, this decrease in IR level cannot account 

for the decreased insulin response at this time-point after injury. At 1 MPI, the synaptic 

IR level was normalized back to the level of sham-injured animals, and there was a 

further significant increase in IR level at the synapse at 3 MPI which could be indicative 

of an attempted compensatory mechanism. I also found a significant increase in basal 

(unstimulated) level of IR phosphorylation at 2 DPI (data not shown). Whereas at both 7 

DPI and 3 MPI, the basal level of IR phosphorylation was significantly decreased (data 

not shown). 
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Figure 2.5: Insulin responsiveness in ipsilateral hippocampus.  

 

In the contralateral hippocampus, there was a significant decrease in IR response to 

insulin at 7 DPI and 3 MPI (Figure 2.6B). Interestingly though, unlike the ipsilateral 

hippocampus, I found no difference in synaptic IR level in the contralateral hippocampus 

at any of the time points studied (Figure 2.6C). There was, however, a significantly 

decreased basal level of IR phosphorylation in TBI animals at 7 DPI that then returned to 

normal levels by 1 MPI (data not shown).  

A) Representative WES analysis of insulin stimulated and unstimulated isolated 

synaptosomes from 2 DPI (n =4 for both sham and TBI), 7 DPI (n= 4 sham, n=6 TBI), 1 

MPI (n= 5 sham, n=7 TBI), and 3 MPI (n= 4 for both sham and TBI) animals. 

Quantitative graph of WES analysis showing B) the ratio of P-IR/β-tubulin to IR/β-

tubulin demonstrating that synaptosomal insulin responsiveness is chronically decreased 

after TBI and C) IR/β-tubulin showing the changes in insulin receptor level at the 

synapse. Statistical significance was determined by unpaired t-test analysis. Error bars 

represent standard error. *p < 0.05; **p < 0.01. 

A) B) 

C) 
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Figure 2.6: Insulin responsiveness in contralateral hippocampus.  

In summary, I found a significant decrease in the synaptic insulin receptor’s 

response to insulin at 7 DPI, 1 MPI, and 3 MPI but not at 2 DPI. These data indicate that 

there are chronic deficits in synaptic insulin responsiveness in both the ipsilateral and 

contralateral hippocampi after lateral FPI.  

ASSESS POSSIBLE MECHANISTIC DRIVER OF SYNAPTIC INSULIN RESISTANCE 

I then decided to turn my attention to a possible mechanistic driver of this chronic 

synaptic insulin resistance that I found. Thus, I thought to look for an increased protein 

A) Representative WES analysi of insulin stimulated and unstimulated isolated 

synaptosomes from 2 DPI (n =3 sham, n=4 TBI), 7 DPI (n= 3 sham, n=5 TBI), 1 MPI (n= 

5 sham, n=4 TBI), and 3 MPI (n= 3 sham, n= 4 TBI) animals. Quantitative graph of WES 

analysis showing B) the ratio of P-IR/β-tubulin to IR/β-tubulin demonstrating that 

synaptosomal insulin responsiveness is chronically decreased after TBI and C) IR/β-

tubulin showing that the insulin receptor level at the synapse is unchanged. Statistical 

significance was determined by unpaired t-test analysis. Error bars represent standard 

error. *p < 0.05; **p < 0.01. 

A) B) 

C) 
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level of an insulin receptor inhibitor that could directly bind to the insulin receptor. I first 

decided to try and look at ENPP1, a pyrophosphatase that not only degrades ATP but can 

directly bind to the insulin receptor to remove and prevent phosphorylation. After 

multiple attempts in a variety of samples, I determined that I could not see a sufficient 

amount of ENPP1 in any hippocampal rodent brain samples (homogenate, cytosol, 

synaptosomes ± insulin) (data not shown) which suggests that either ENPP1 is not at a 

detectable protein level in the brain or that the antibody for this protein is not specific 

enough to prove to be a viable method of detection and analysis.  

I then performed a more in-depth literature search for inhibitor candidates, and, 

with the help of employing the brain atlas protein database, I determined an alternative 

protein to investigate as the insulin receptor inhibitor. I decided to look for an 

upregulation of SOCS3. SOCS3 is a protein of the suppressor of cytokine signaling 

(SOCS) family that acts as negative regulators of cytokine and growth factor signaling. 

SOCS3 expression can be induced by IL6 as well as IL10 and has previously been shown 

to negatively regulate insulin signaling [81]. I analyzed the level of this protein in 

synaptic fractions from hippocampi of both brain hemispheres in sham and TBI animals 

at all of my time points (2 DPI, 7 DPI, 1 MPI, and 3 MPI) using Western blot analysis 

(Figure 2.7). 

In the ipsilateral hippocampus, I found a significantly increased level of SOCS3 at 

the synapse in TBI animals versus sham animals at 2 DPI, 7 DPI, and 1 MPI as well as a 

trend of a remaining but not significant increase at 3 MPI (Figure 2.7A/C). Since this 

occurs prior to insulin resistance being found at the synapse at 7 DPI, this could be a 

driving factor in initiating the dysregulation and insulin resistance. In the contralateral 

hemisphere, however, I did not find altered levels of SOCS3 at the synapse at any of the 

time points (Figure 2.7B/D). While I still found synaptic insulin resistance beginning at 7 

DPI in this hemisphere too, it is possible that the two hemispheres have resulting insulin 

resistance from different mechanisms.  
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Figure 2.7: SOCS3 expression in the ipsilateral and contralateral hippocampi.  

 

Conclusions 

I first developed and optimized a consistent, efficient method to measure insulin-

driven ex vivo phosphorylation of the synaptosomal insulin receptor that can reliably 

Western blots of isolated synaptosomes from 2 DPI (n = 4 for both sham and TBI), 7 DPI 

(n= 6 for both sham and TBI), 1 MPI (n= 5 sham, n=7 TBI), and 3 MPI (n= 4 sham, n= 4 

TBI ipsi and n=3 TBI contra) animals isolated from the A) ipsilateral hippocampus and 

B) contralateral hippocampus. Quantitative graphs of the Western blot analysis showing 

SOCS3 normalized to β-tubulin for the C) ipsilateral hippocampus and D) contralateral 

hippocampus. Statistical significance was determined by unpaired t-test analysis. *p < 

0.05; **p < 0.01. 

A) B) 

D) C) 
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reflect the pre-existing insulin responsiveness status in the CNS of the animal. This 

method is advantageous over other methods detecting IR in total brain homogenates due 

to the ability to detect IR response without confounding contributions from other cell 

areas (e.g. cell soma) and cell types (glia) also expressing substantial levels of IR. This 

unique characteristic makes this new method particularly useful in situations when 

insulin responsiveness at the synapses must be differentiated from other subcellular 

compartments as it has been found that Aβ-oligomers induced an IR redistribution from 

the dendrites to the cell body in a hippocampal neuronal culture [52]. 

After the ex vivo synaptic insulin response assay was developed, I longitudinally 

characterized synaptic insulin responsiveness in the hippocampus of rats at different time 

points after FPI. I found a significant decrease in the synaptic insulin receptor’s response 

to insulin at 7 DPI, 1 MPI, and 3 MPI but not at 2 DPI. These data indicate that there are 

chronic deficits in synaptic insulin responsiveness in both the ipsilateral and contralateral 

hippocampi after lateral FPI. 

Moreover, I found a significantly increased level of an insulin receptor signaling 

inhibitor, SOCS3, in synaptosomes at 2DPI, 7 DPI, and 1 MPI in the ipsilateral 

hippocampus which precedes the decreased insulin responsiveness. However, I did not 

find any changes in SOCS3 expression in the contralateral hippocampus.  
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CHAPTER 3. EVALUATING SYNAPTIC VULNERABILITY TO THE EFFECTS OF 

AΒ AND TAU AFTER TBI 

Modified from: 

Franklin W,  Krishnan B, Taglialatela G. Chronic synaptic insulin resistance after 

traumatic brain injury abolishes insulin protection from amyloid beta and tau oligomer-

induced synaptic dysfunction. Submitted to Scientific Reports. 26 Feb, 2019. 

 

Introduction 

In the previous chapter, I demonstrated that there is chronic synaptic insulin 

resistance after TBI. In the current chapter, I wanted to investigate whether this decreased 

insulin responsiveness may lead to increased synaptic sensitivity to AD pathology. I 

decided to evaluate synaptic vulnerability to these proteinaceous species in two ways; 1) 

binding susceptibility using flow cytometry for Aβ oligomers and ELISA analysis for tau 

oligomers and 2) functional vulnerability using electrophysiology to assess oligomer-

induced LTP inhibition as well as any afforded protection by insulin against this 

impairment. 

Materials and Methods 

PARASAGITTAL FLUID-PERCUSSION INJURY 

Craniotomy and fluid-percussion injury were induced using male Sprague-

Dawley rats as previously described in chapter 2. At 1 month or 3 months after TBI or 

sham injury, the rats were euthanized and brain tissue collected for synaptosomal 

isolation as previously described for binding experiments. For electrophysiology 
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experiments, animals were euthanized with an overdose of isoflurane and decapitated 

with a guillotine, and immediately brain tissue was sliced and treated as described below. 

SYNAPTOSOMAL ISOLATION 

Synaptosomes were isolated from frozen tissue using SynPER (Thermo Scientific, 

Waltham, MA) and resuspended in HBK buffer  as described in chapter 2. 

AΒ-BINDING 

Aβ oligomer preparation.  Human Aβ1–42 peptide was purchased from 

Department of Biophysics and Biochemistry, Harvard University, MA. Human Aβ 

oligomers are routinely prepared in our lab [82] from lyophilized synthetic Aβ aliquots of 

0.3mg. 200µL of 1,1,1,3,3,3- Hexafluro-2-propanol (HFP) was used to dissolve the 

lyophilized aliquots. 700µL of DDI water was then added, and a cap with four holes was 

placed on the tube. The sample was magnetically stirred under a fume hood for 48 hours. 

The Aβ oligomers were aliquoted, frozen at -80°C, and used within 3 months. For the 

flow cytometry analysis of Aβ oligomer-binding to synaptosomes, Aβ oligomers spiked 

with Flour 647 tagged Aβ (AnaSpec Inc., Fremont, CA) were utilized. These Aβ 

oligomers were prepared by adding 7µL of the tagged Aβ to the HFP-Aβ mixture 

described above, prior to the addition of water.  The quality of the oligomeric 

preparations was routinely checked by Western blot and dot blot analysis using 6E10 and 

A-11 antibodies (Aβ oligomer specific). 

Aβ oligomer binding challenge.  Oligomeric Aβ to be employed in the same 

experiment was always used from aliquots of the same batch of Aβ. Hippocampal 

synaptosomes were treated with Aβ oligomers for an ex vivo binding challenge and 

evaluated using flow cytometry as previously performed in our lab [83]. An equal 

number of isolated synaptosomes per animal determined by flow cytometry were pooled 

for each experimental group. For each group, the pooled samples were then aliquoted into 



 

55 

10 separate tubes containing 10 million synaptosomes each. This was repeated 3 times for 

3 separate curves. Each sample was incubated with Aβ oligomers tagged with HyLite 

Fluor 647 for the desired μM concentration, ranging from 0 μM to 20 μM, for 1 hour at 

room temp. Synaptosomes were then centrifuged at 15,000 x g RCF for 10 minutes at 

4°C, washed 3 times with HBK buffer, and resuspended in PBS. Data was acquired by a 

Guava EasyCyte flow cytometer (EMD Millipore, Burlington, MA) and analyzed using 

Incyte software (EMD Millipore). 

TAU-BINDING 

Tau-oligomer preparation.  Prepared recombinant tau oligomers were 

graciously given to us by Dr. Rakez Kayed’s laboratory. The tau oligomers were 

produced as previously described [84]. Briefly, full-length human recombinant tau was 

expressed, purified, and aliquoted into a monomeric tau stock solution of 1mg/mL in 

1XPBS buffer at pH 7.4. Aβ42 oligomers seeds were added to a 0.3 mg/ml tau solution in 

1XPBS and incubated on an orbital shaker for 1 hour at room temperature. The tau 

oligomers produced were purified by FPLC and used as seeds in a fresh batch of tau 

monomers. After three rounds of seeding with purified tau oligomers, detection of the 

original Aβ seeds was eliminated due to sufficient dilution. Each batch of oligomers is 

tested using dot blot with T22 (a tau oligomer-specific antibody), Western blot analysis, 

and atomic force microscopy (AFM) to verify the quality of the tau oligomer preparation.  

Ex vivo Tau-oligomer binding.  Synaptosomes were treated with tau 

oligomers for an ex vivo binding challenge and evaluated using ELISA as previously 

performed in our lab [85]. Hippocampal synaptosomes from each animal were challenged 

and evaluated independently. Using flow cytometry, 10 million synaptosomes from each 

animal were aliquoted and challenged with 2 µM of tau oligomers for 1 hour at room 

temperature. The samples were then centrifuged and washed with HBK buffer 3 times to 

thoroughly remove any unbound tau oligomers. Synapse number was acquired using flow 
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cytometry once again, and an equal amount of synaptosomes per sample were analyzed 

by tau5 (total tau) ELISA.  

ELISA Analysis of Tau.  Total tau levels were measured by ELISA analysis 

using the total tau antibody tau5 (Biolegend Cat. # 806401). Samples were incubated on 

the ELISA plate at 4 °C overnight with the coating buffer 0.1 M sodium bicarbonate (pH 

9.6). Samples were discarded and each well was washed with Tris-buffered saline with 

low Tween 20 (0.01%) (TBS-low T) followed by blocking with 10% nonfat milk for 2 

hours. After a second wash, the primary tau5 antibody (1:1000 in 5% nonfat milk in 

TBS-low T; Thermo Scientific) was incubated in each well for 1 hour at room 

temperature. After a third wash, the plates were incubated for 1 hour at room temperature 

with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:10,000 in 

5% nonfat milk in TBS-low T; Promega). Following the fourth wash, 3,3,5,5-

tetramethylbenzidine (TMB-1 component substrate; Sigma-Aldrich) was added to each 

well. After 30 min of incubation in the dark, 1 M HCl was added to stop the reaction, and 

the plate was read at 450 nm for tau detection and quantification.  

ELECTROPHYSIOLOGY 

Animals were euthanized with deep isoflurane anesthesia, decapitated by 

guillotine, and brains were harvested and sliced using Compresstome VF-300 

(Precisionary Instruments, Greenville, NC) in NMDG-aCSF (93 mM NMDG, 2.5 mM 

KCl, 1.2 mM NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM glucose, 5 M sodium 

ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 10 mM MagSO4 ·7H20, 0.5 mM 

CaCl2 ·2H2O, and 12 mM N-acetyl L-Cysteine) to obtain 450 μm transverse brain 

sections. Slices were allowed to recover for 10 minutes in NMDG-aCSF at 35°C. Slices 

were then maintained at room temperature in a modified HEPES holding aCSF solution 

(92 mM NaCl, 2.5 mM KCl, 1.2 NaH2PO4, 30 mM NaHCO3, 20 mM HEPES, 25 mM 

Glucose, 5 mM sodium ascorbate, 2 mM thiourea, 3 mM sodium pyruvate, 2 mM 
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MgSO4 7H20, 2 CaCl2 2H20, 12 N-Acetyl L-Cysteine). Slices were recorded in standard 

recording aCSF (124 mM NaCl, 2.5 mM KCl, 1.2 mM NaH2PO4, 24 mM NaHCO3, 5 

mM HEPES, 12.5 mM glucose, 2 mM MgSO4·7H20 and 2 mM CaCl2·2H20). All 

solutions were aerated using 95% O2 with 5% CO2.  

For oligomer challenges, the slices were incubated for 1 hour at room temperature 

prior to recording with 200nM Aβ oligomers, 50nM tau oligomers, and/or 200nM insulin. 

For slices treated with insulin, 200nM insulin was also present in the aCSF recording 

solution.  

Using a horizontal P-97 Flaming/Brown micropipette puller (Sutter Instruments, 

Novato, CA), borosilicate glass capillaries were used to pull electrodes and filled with 

nACSF to get a resistance of 1–2 MΩ. Evoked field excitatory post-synaptic potentials 

(fEPSPs) recordings were performed by stimulating the Schaffer collateral pathway using 

a stimulating electrode of 22 kΩ resistance placed in the CA3 region and recording in the 

CA1 region. LTP was induced using an HFS protocol (3 x 100 Hz, 20 seconds) as 

previously described [86]. Recordings were digitized with Digidata 1550B (Molecular 

Devices, Sunnyvale, CA), collected using an Axon MultiClamp 700B differential 

amplifier (Molecular Devices), and analyzed using Clampex 10.6 software (Molecular 

Devices). Current stimulation was delivered through a digital stimulus isolation amplifier 

(A.M.P.I, ISRAEL) and set to elicit an fEPSP approximately 30% of maximum for 

synaptic potentiation experiments using platinum-iridium tipped concentric bipolar 

electrodes (FHC Inc., Bowdoin, ME). Baseline recordings were obtained by delivering 

single pulse stimulations at 20 second intervals. All data are represented as a percentage 

change from the initial average baseline fEPSP slope obtained for the 10 minutes prior to 

HFS.  
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INSULIN’S EFFECT ON PROPERTIES OF HIPPOCAMPAL SLICES 

Naïve, male Sprague-Dawley rats were euthanized with deep isoflurane 

anesthesia, decapitated by guillotine, and brains were harvested and sliced as performed 

for the electrophysiology experiments. Slices were then maintained at room temperature 

in a modified HEPES holding aCSF solution and aerated using 95% O2 with 5% CO2. 

Effect on Aβ binding.  Hippocampal brain slices were treated with 

Aβ oligomers ± insulin, synaptosomes isolated, and binding evaluated using flow 

cytometry. Slices were challenged with 2.5µM Aβ-oligomers tagged with HyLite Fluor 

647 diluted in HEPES holding aCSF solution with or without 200nM insulin to mimic the 

insulin stimulation used for the electrophysiology paradigm. A higher concentration of 

Aβ-oligomers was used for these experiments than for the electrophysiology (2.5µM 

rather than 200nM) because the flow cytometry detection method used here cannot detect 

200nM Aβ binding parameters. Each slice was incubated in 0.5mL total solution in a 48 

well cell/tissue culture plate (Costar, Corning, NY) for 1 hour in the dark in a 37°C tissue 

incubator maintained with 95% O2 with 5% CO2. Slices were transferred to 1.5mL tubes 

and washed with HEPES-aCSF to remove any unbound oligomers. Synaptosomes were 

isolated using SynPER as described above and resuspended in PBS. Data was acquired 

by a Guava EasyCyte flow cytometer (EMD Millipore, Burlington, MA) and analyzed 

using Incyte software (EMD Millipore). 

Effect on mitochondria. Hippocampal brain slices were treated with insulin, 

synaptosomes isolated, mitochondria labeled, and flow cytometry used to evaluate 

mitochondria. Slices were treated with either 200nM or 2.5µM of insulin diluted in 

HEPES holding aCSF solution for 1 hour in a 37°C tissue incubator maintained with 95% 

O2 with 5% CO2. Slices were transferred to 1.5mL tubes and washed with HEPES-aCSF, 

and synaptosomes were isolated using SynPER as described above. Synaptosomes were 

then treated with Mitotracker green FM (Invitrogen, Carlsbad, CA) and MitoSense Red 
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(1,1′,3,3,3′,3′- Hexamethylindodicarbocyanine iodide) (EMD Millipore, Burlington, MA) 

for 15 minutes at 37 °C. MitoTracker is a fluorescent dye that diffuses across the 

mitochondrial membrane and reacts with thiol groups of specific mitochondrial 

proteins[87]. The fluorescent dye MitoSense correlates with mitochondria membrane 

potential[88]. The synaptosomes were washed twice with HBK buffer and then 

resuspended in PBS. Fluorescent emittance was acquired by a Guava EasyCyte flow 

cytometer (EMD Millipore, Burlington, MA) and analyzed using Incyte software (EMD 

Millipore). 

STATISTICAL ANALYSIS 

Data is represented as mean ± SEM except for electrophysiology data represented 

as mean ± SD. All data were statistically analyzed using Graphpad Prism6. Unpaired t-

tests were used to determine statistical significance between sham and TBI animals for 

each time point individually for the oligomer binding experiments. For the 

electrophysiology experiments, a one-way ANOVA with Bonferroni’s post hoc test was 

used to determine statistical significance between the LTP of each condition.  

 

 

Results 

QUANTIFY SYNAPTOSOMAL A BINDING AFTER TBI  

I tested the hypothesis that synaptic vulnerability to Aβ binding is increased after 

TBI by utilizing an ex vivo Aβ binding protocol with flow cytometry analysis to generate 

a binding concentration curve for Aβ. After learning flow cytometry and optimizing this 

experiment, I used isolated synaptosomes and performed an Aβ binding curve using 10 

different concentrations of Aβ oligomers labeled with Flour 647 (from 0 μM to 20 μM) 
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with 3 replicates of pooled samples of 1 and 3 MPI animals from the ipsilateral (Figure 

3.1B/C) and contralateral hippocampi (Figure 3.1D/E). To exclude non-synaptosomal 

particles in my analysis and eliminate any nonspecific Aβ oligomer-binding, I used size 

particle standards to size-gate for synaptosomes with parameters set to include particle 

sizes from 1–5 μm. Data were transformed for Scatchard plot analysis to estimate the 

maximum binding capacity (Bmax) and affinity (Kd) of Aβ binding. I did not find 

increases in Aβ binding (neither in Bmax nor in Kd) in hippocampal synaptosomes from 

TBI versus sham animals at either the 1 month or 3 months post-injury time points. These 

results suggest that despite onset of insulin resistance, synapses are not more susceptible 

to Aβ oligomer binding at these intermediate and chronic time points.  



 

61 

 

Figure 3.1: Amyloid-beta oligomer ex vivo binding curves in the ipsilateral and 

contralateral hippocampi.  

A) Representative flow cytometry analysis of pooled synaptosomes isolated from 1 MPI 

sham and TBI animals challenged with increasing concentrations of Aβ oligomers tagged 

with HyLite Fluor 647. Michaelis-Menton graphs with Scatchard plot transformation 

from three separate binding curve analysis showing the percent of synaptosomes with 

bound Aβ oligomers determined by flow cytometry analysis in the ipsilateral 

hippocampus at B) 1 month post-injury (n= 5 sham, n= 7 TBI) and C) 3 months post-

injury (n= 4 for both sham and TBI) and in the contralateral hippocampus at  D) 1 month 

post-injury (n= 5 sham, n= 7 TBI) and E) 3 months post-injury (n= 4 sham, n=3 TBI). 

A) 

B) C) 

D) E) 



 

62 

QUANTIFY SYNAPTOSOMAL TAU BINDING AFTER TBI 

To complement the Aβ oligomer binding data at the intermediate and chronic 

time-points after TBI, my next goal was to determine tau oligomer binding in isolated 

hippocampal synaptosomes at these same time-points.  

Therefore, to assess tau oligomer binding at the synapse, I performed an ex vivo 

binding experiment using a single concentration of tau oligomer on isolated hippocampal 

synapses and quantified the binding with an ELISA. I first optimized conditions for both 

the tau oligomer challenge as well as for the tau-5 ELISA on isolated rat synaptosomes. 

Tau-5 antibody showed high background from endogenous rat tau and thus took several 

experiments to optimize concentration/ incubation time of tau as well as sample 

concentration to load for the ELISA.  

After optimization, to determine whether the chronically decreased synaptic 

insulin responsiveness would affect synaptic vulnerability to tau oligomers, I performed 

an ex vivo tau binding on hippocampal synaptosomes isolated from both sham and TBI 

animals at 1 month and 3 months post-injury using ten million synaptosomes from each 

animal and exposing them to 2µM of tau oligomers for 1 hour, as described in the 

Materials and Methods section. After washing synaptosomes to remove unbound 

oligomers, flow cytometry was used to ensure an equal number of synaptosomes were 

loaded per well for ELISA analysis. Tau-5 antibody was used to quantify the amount of 

tau bound to synaptosomes. I found that both ipsilateral (Figure 3.2A/B) and contralateral 

(Figure 3.2C/D) hippocampal synaptosomes from TBI animals at both time points bound 

similar levels of exogenously added tau oligomers as compared to sham animals. These 

data suggest that, similar to what I found for Aβ-oligomer binding, synapses are not more 

susceptible to tau oligomer binding at the late time points of 1 month or 3 months after 

TBI. 
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Figure 3.2: Ex vivo tau oligomer binding in the ipsilateral and contralateral hippocampi.   

 

 

 

 

 

 

 

Quantification of 2µM tau-oligomer ex vivo binding on isolated synaptosomes 

determined by tau-5 ELISA analysis in the ipsilateral hippocampus at A) 1 MPI (n= 5 

sham, n= 7 TBI) and B) 3 MPI (n= 4 for both sham and TBI) and in the contralateral 

hippocampus at C) 1 MPI (n= 5 sham, n= 7 TBI) and D) 3 MPI (n= 4 sham, n= 3 TBI). 

Error bars represent standard error. 

A) B) 

C) D) 
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ELECTROPHYSIOLOGY ASSESSMENT 

While I did not observe any increases in hippocampal synaptic vulnerability to the 

binding of Aβ or tau oligomers in TBI animals, I wanted to test the hypothesis that there 

is an increase in functional vulnerability of synapses to AD pathology after TBI. 

Therefore, I decided to use electrophysiology to determine if there are functional 

disturbances that are commonly observed in both Aβ and tau oligomer-bound synapses, 

i.e. LTP inhibition. I sought to additionally evaluate whether an application of insulin in 

coordination with the presence of the oligomers can block the oligomer-induced LTP 

suppression.  

Figure 3.3: Electrophysiology experimental design.  

Hippocampal slices of the ipsilateral and contralateral hemispheres prepared from 

sham and TBI animals at both the 1 MPI and 3 MPI time points were evaluated for LTP 

impairment after a treatment challenge with 200nM of Aβ oligomers (Figure 3.4 and 

Figure 3.6), 50nM of tau oligomers (Figure 3.5 and Figure 3.7), and/or 200nM insulin for 

A) Oligomer challenge paradigm for electrophysiological assessment of LTP 

suppression. B) Hippocampal slice schematic of various neural pathways. 

Electrophysiological recording of the Schaffer collateral pathway was performed by 

stimulating at the CA3 and recording from the CA1 region. 

A) 

B) 
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1 hour prior to recording. The electrophysiological assessment recorded from the 

Schaffer collateral pathway in untreated and oligomer-treated slices was performed using 

standard recording aCSF. When insulin treatment was used, slices were recorded using 

standard recording aCSF containing 200nM insulin.  

I saw a reduction in the magnitude of LTP from untreated brain slices in both the 

ipsilateral and contralateral hippocampi from the injured animals’ vs sham animals at 1 

MPI. At 3 MPI, I found this same significant reduction in the magnitude of LTP from 

untreated brain slices from the injured animals’ vs sham animals in the ipsilateral 

hippocampus only.  

In slices treated with Aβ oligomers for 1 hour prior to recording, the magnitude of 

LTP was significantly lower in the TBI versus sham group in the ipsilateral hippocampus 

at 1 MPI (Figure 3.4B). However, in the contralateral hippocampus, I saw the opposite 

effect where the magnitude of LTP, while only modestly higher, was significantly 

increased compared to slices from sham animals when treated with Aβ (Figure 3.6B). For 

tau oligomer-treated slices at 1 MPI, the magnitude of LTP was significantly decreased in 

slices taken from TBI versus sham animals in the contralateral hippocampus only (Figure 

3.7B). However, for 3 MPI, in both hemispheres’ hippocampi, I found no significant 

differences in LTP suppression due to either the Aβ (Figure 3.4D and Figure 3.6D) or tau 

oligomer (Figure 3.5D and Figure 3.7D) treatments for the TBI versus sham group. 

The 200nM insulin treatment during both the Aβ and tau oligomer-challenge was 

able to block LTP suppression in sham hippocampal slices at both time points in the 

ipsilateral (Figure 3.4B/D and Figure 3.5B/D) and contralateral hemispheres (Figure 

3.6B/D and Figure 3.7B/D). Notably, however, the insulin treatment did not block the 

Aβ-induced LTP inhibition in slices from TBI animals in any of these groups (Figure 

3.4B/D and Figure 3.6B/D). While the insulin provided no protection against the tau-

induced LTP reduction in slices from TBI animals in the ipsilateral hemisphere (Figure 

3.5B/D), I did find that insulin provided a partial protection against tau in the 
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contralateral hemisphere at both time points (Figure 3.7B/D). Importantly, in slices 

treated with insulin alone (Figure 3.8), insulin did not enhance LTP expression in sham 

nor in TBI animals in either hemisphere. 

Figure 3.4: Electrophysiological analysis of Aβ oligomer-treatment in ipsilateral 

hippocampus.  

Schaffer collateral field recordings were performed to determine oligomer-induced LTP 

impairment in slices from sham and TBI animals. Graphs of fEPSP’s slopes as a 

percentage of the baseline with representative traces for each condition at A) 1 month 

post-injury and C) 3 months post-injury. Graphs showing the average of the fEPSP slope 

for the final 10 minutes (time points 60-70 minutes post high frequency stimulation) as an 

indication of LTP for each condition at B) 1 month post-injury and D) 3 months post-

injury. 1 MPI n= 4 animals and 3-6 slices per condition; 3 MPI n= 3-5 animals and 3-7 

slices per condition. One way ANOVA with Bonferroni’s post hoc analysis was used to 

determine statistical significance. Error bars represent standard deviation. *p < 0.05 

A) B) 

C) D) 
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Figure 3.5: Electrophysiological analysis of tau oligomer-treatment in ipsilateral 

hippocampus.  

 

Schaffer collateral field recordings were performed to determine oligomer-induced LTP 

impairment in slices from sham and TBI animals. Graphs of fEPSP’s slopes as a 

percentage of the baseline with representative traces for each condition at A) 1 month 

post-injury and C) 3 months post-injury. Graphs showing the average of the fEPSP slope 

for the final 10 minutes (time points 60-70 minutes post high frequency stimulation) as an 

indication of LTP for each condition at B) 1 month post-injury and D) 3 months post-

injury. 1 MPI n= 4 animals and 3-6 slices per condition; 3 MPI n= 3-5 animals and 3-7 

slices per condition. One way ANOVA with Bonferroni’s post hoc analysis was used to 

determine statistical significance. Error bars represent standard deviation. *p < 0.05 

A) B) 

C) D) 
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Figure 3.6: Electrophysiological analysis of Aβ oligomer-treatment in contralateral 

hippocampus. 

 

Schaffer collateral field recordings were performed to determine oligomer-induced LTP 

impairment in slices from sham and TBI animals. Graphs of fEPSP’s slopes as a 

percentage of the baseline with representative traces for each condition at A) 1 month 

post-injury and C) 3 months post-injury. Graphs showing the average of the fEPSP slope 

for the final 10 minutes (time points 60-70 minutes post high frequency stimulation) as an 

indication of LTP for each condition at B) 1 month post-injury and D) 3 months post-

injury. 1 MPI n= 4 animals and 3-6 slices per condition; 3 MPI n= 3-5 animals and 3-7 

slices per condition. One way ANOVA with Bonferroni’s post hoc analysis was used to 

determine statistical significance. Error bars represent standard deviation. *p < 0.05 

A) B) 

C) D) 
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Figure 3.7: Electrophysiological analysis of tau oligomer-treatment in contralateral 

hippocampus.  

  

Schaffer collateral field recordings were performed to determine oligomer-induced LTP 

impairment in slices from sham and TBI animals. Graphs of fEPSP’s slopes as a 

percentage of the baseline with representative traces for each condition at A) 1 month 

post-injury and C) 3 months post-injury. Graphs showing the average of the fEPSP slope 

for the final 10 minutes (time points 60-70 minutes post high frequency stimulation) as an 

indication of LTP for each condition at B) 1 month post-injury and D) 3 months post-

injury. 1 MPI n= 4 animals and 3-6 slices per condition; 3 MPI n= 3-5 animals and 3-7 

slices per condition. One way ANOVA with Bonferroni’s post hoc analysis was used to 

determine statistical significance. Error bars represent standard deviation. *p < 0.05 

A) B) 

C) D) 
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Figure 3.8: Electrophysiological analysis of insulin-treatment alone in ipsilateral and 

contralateral hippocampi.  

WHAT COULD BE CAUSING THE BENEFIT IN LTP BY INSULIN IN THE PRESENCE OF 

OLIGOMERS? 

Although my ex vivo binding studies as well as the electrophysiology results did 

not suggest that there is an increase in oligomer binding after TBI, to try and determine 

why insulin treatment was not able to provide a protection against the Aβ-induced LTP 

Schaffer collateral field recordings were performed to determine the effect of a 200nM 

insulin treatment on LTP in slices from sham and TBI animals. Graphs showing the 

average of the fEPSP slope for the final 10 minutes (time points 60-70 minutes post high 

frequency stimulation) as an indication of LTP at A) 1 month post-injury and B) 3 

months post-injury. 1 MPI n= 4 animals and 3-6 slices per condition; 3 MPI n= 3-5 

animals and 3-7 slices per condition. One way ANOVA with Bonferroni’s post hoc 

analysis was used to determine statistical significance. Error bars represent standard 

deviation. *p < 0.05 

A) B) 
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depression in TBI animals, I wanted to determine if this insulin treatment is capable of 

decreasing the amount of Aβ binding in non-insulin resistant animals (in normal/healthy 

physiology) using similar conditions as those used for my electrophysiological 

experiments. To accomplish this, I used brain slices from naïve, wild-type rats and 

challenged with 2.5µM Aβ-oligomers with or without 200nM insulin for 1 hour at 37°C 

in an aerated tissue incubator, and I assessed Aβ-binding using flow cytometry on 

synaptosomes isolated from these slices (Figure 3.9). I did not detect any change in Aβ-

binding using insulin treatment with this paradigm. Thus, the insulin phenomenon of 

blocking an Aβ-induced deficit in LTP in sham animals but not TBI animals cannot be 

explained by a decrease in Aβ-binding. Rather, this phenomenon may just be due to a 

more functionally resilient synapse of uninjured animals. 

 

Figure 3.9: Insulin’s effect on Aβ binding.  

Brain slices from naïve, wild-type rats were challenged with 2.5µM Aβ-oligomers ± 

200nM insulin for 1 hour to mimic the insulin stimulation used for the electrophysiology 

paradigm. A) Representative flow cytometry size gating and fluorescence of the Aβ-

binding analysis performed on synaptosomes isolated from these slices. B) Quantification 

revealed no changes in Aβ-binding using insulin treatment with this paradigm. Graph 

representing mean ± SEM. N=4 animals total, 11 slices per condition. 

A) B) 
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In a second attempt to investigate the mechanism through which insulin is acting 

on oligomer toxicity that is then failing in the case of TBI animals, I wanted to determine 

if insulin is able to change or enhance synaptic mitochondrial function and/or number 

using the same electrophysiological paradigm. I performed this experiment on brain 

slices from naïve, wild-type rats and stimulated slices for 1 hour at 37°C in an aerated 

tissue incubator with 200nM or 2.5µM insulin. I then isolated synaptosomes, labeled 

mitochondria, and analyzed mitochondrial membrane potential (Mitosense) and 

mitochondrial count (Mitotracker) using flow cytometry (Figure 3.10). Neither insulin 

treatment condition resulted in any changes in mitochondrial membrane potential or 

mitochondrial number versus insulin unstimulated slices; therefore, mitochondrial 

stimulation from insulin is not a mechanism that would be able to explain insulin’s ability 

to block oligomer-induced LTP suppression in sham but not TBI animals. 

 

A) B) 

C) 

D) 
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Figure 3.10: Mitochondria analysis after insulin stimulation.  

 

Conclusions 

Synaptic dysfunction caused by toxic Aβ and tau oligomeric species binding to 

the synapse and disrupting LTP properties is one of the initial events in AD leading to the 

cognitive decline that is associated with this disease [19,20]. Moreover, insulin signaling 

plays a role in synaptic health and function [45], and disruption of this normal 

functioning through insulin resistance at the synapse has been shown to contribute to Aβ-

induced spine loss in AD [46,52]. While I previously found synaptic insulin resistance at 

1 month and 3 months after injury, I found that this did not result in a difference in 

binding nor in LTP functional impairment by either Aβ or tau oligomers at either of these 

time points.  

For my electrophysiology experiments, my results are consistent with those 

demonstrated by multiple groups showing that TBI results in impaired LTP, specifically 

in the hemisphere of injury (ipsilateral). Collectively, my results suggest that TBI does 

not generally affect vulnerability of synapses to Aβ or tau oligomer-induced LTP 

impairments to a higher degree from that seen in sham animals at 1 or 3 months after 

injury. Importantly though, the concurrence of insulin treatment with either of the 

oligomer challenges on hippocampal slices blocked the LTP impairment in both 

ipsilateral and contralateral slices from sham animals. This beneficial effect was not seen 

Brain slices from naïve, wild-type rats were treated with either 200nM or 2.5µM of 

insulin for 1 hour to mimic the insulin stimulation used for the electrophysiology 

paradigm. A) Representative flow cytometry size gating and fluorescence of 

mitochondrial dyes on synaptosomes isolated from these slices. Quantification revealed 

no changes in B) mitochondria double labeled for Mitosense and Mitotracker, C) 

mitochondria analyzed for Mitosense alone, or D) mitochondria analyzed for Mitotracker 

alone indicating that neither insulin concentration altered mitochondria potential or 

mitochondria number using this paradigm. Graphs representing mean ± SEM. Untreated 

n=10 slices, 200nM insulin n=10 slices, 2.5uM insulin n=9 slices. N=3 animals total. 
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for either Aβ or tau in the ipsilateral hippocampus of TBI animals at either time point as 

well as for Aβ impairment at either time point in the contralateral hippocampus. This data 

further corroborates the insulin resistance in the hippocampus after TBI shown by the ex 

vivo insulin stimulation analysis previously described and provides a valuable 

demonstration that even a significant administration of insulin cannot overcome this 

phenomenon to provide a protection that is normally afforded by insulin. 

 Additional experiments to investigate the possible mechanism through 

which insulin provides a benefit on oligomer-induced LTP impairment in healthy brain 

slices were unsuccessful. I found that insulin treatment using the electrophysiology 

paradigm did not decrease Aβ binding nor did the insulin treatment stimulate 

mitochondria to provide a functional benefit to synaptic health. 
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CHAPTER 4. GENERAL DISCUSSION AND CONCLUDING REMARKS 

 Alzheimer’s disease (AD) is a devastating neurodegenerative disorder for 

which there is no resolving therapeutic intervention. While the initial cause of this disease 

is still unknown, there are many innate and event-triggered factors that increase the risk 

of developing AD. For example, type 2 diabetes (T2DM) [35–37], central insulin 

resistance [38], traumatic brain injury (TBI) [39–41], mitochondrial dysfunction [42,43], 

and neuroinflammation [44] are all known risk factors. In general, it is believed that 

synaptic dysfunction underlies the initiation and progression of AD [31,32]. It has 

become increasingly evident that oligomeric aggregates of both amyloid beta (Aβ) and 

tau contribute to this synaptic dysfunction that precedes the cognitive decline seen in AD 

[19,20]. Notably, decreased insulin receptor function increases synaptic sensitivity to the 

binding of and dysfunction caused by Aβ [52], and insulin and insulin-sensitizing therapy 

has been shown to be effective for cognition in mouse models of AD as well as in 

patients with mild cognitive impairment (MCI) or early AD [52–55]. Furthermore, AD 

patients exhibit insulin resistance and decreased insulin signaling response in the 

hippocampus [51]. This multitude of evidence strongly indicates the existence of an 

intimate relationship between synaptic insulin responsiveness and neuronal sensitivity to 

AD neuropathology. Several groups have reported hyperglycemia after TBI and found 

that uncontrolled blood glucose levels lead to a poorer outcome and recovery [71,72]. 

Previous reports have also found an increased mortality after head injury in people with 

T2DM [73]. While one group has reported acute decreased insulin signaling in the CNS 

after TBI [74], no studies have investigated TBI-driven insulin resistance at the synapses, 

particularly in relation to synaptic vulnerability to A and tau.  

Given these premises, the main goal of the present work was 1) to determine 

whether synaptic insulin responsiveness after TBI is dysregulated/decreased and 2) to 
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investigate related changes in synaptic vulnerability (including association to and 

functional disruption of synapses) to Aβ and tau oligomers.  

In chapter 2, I used a moderate fluid-percussion injury (FPI) TBI model in rats to 

first determine if there were alterations in synaptic insulin responsiveness in the 

hippocampus at 2 days post-injury (DPI), 7 DPI, 1-month post-injury (MPI), and 3 MPI. I 

employed an ex vivo insulin stimulation method on isolated synaptosomes to directly 

assess insulin responsiveness of the insulin receptor (IR). I found the synaptic IR to have 

significantly decreased responsiveness as early as 7 DPI after lateral FPI. This injury-

promoted insulin resistance of hippocampal synapses became chronic as deficits were 

observed up to 3 MPI in hippocampi from both hemispheres. While decreased insulin 

signaling in the CNS after acute mild TBI has previously been reported [74], this is the 

first demonstration that insulin signaling is chronically impaired after a moderate TBI. 

Additionally, direct evaluation of the synaptic IR, as performed here, bypasses 

assessment of the overall insulin signaling pathway and reveals that there is a chronic 

impairment at the level of the receptor.  

In the ipsilateral hippocampus, my results revealed a significant increase in IR 

level at 3 MPI at the synapse which could be indicative of an attempted compensatory 

mechanism for the decreased insulin signaling here. However, these possible efforts were 

shown to be futile as I found that there is still a significantly decreased synaptic insulin 

response as well as decreased basal phosphorylation levels at this time point indicating 

that there is a chronic alteration in the response of the receptor that cannot be overcome 

by upregulation of the receptor itself. On the other hand, I did not observe any changes in 

synaptic IR level at any of the time points for the contralateral hemisphere, possibly 

suggesting that any attempt to compensate TBI-related synaptic insulin resistance is 

limited to the ipsilateral hemisphere.  

In order to begin delving into the mechanisms responsible for driving the synaptic 

insulin resistance in TBI animals observed in my study, I determined levels of SOCS3.  
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SOCS3 is a member of the suppressor of cytokine signaling (SOCS) family that act as 

negative regulators of cytokine and growth factor signaling. SOCS3 protein expression 

can be induced by IL6 as well as IL10 and has been shown to negatively regulate insulin 

signaling [81]. Notably, SOCS3 expression has been found to be upregulated in the CNS 

of AD patients [89]. To investigate whether this protein could be playing a role in the 

synaptic insulin resistance I saw in my TBI model, I evaluated the levels of this protein in 

isolated synaptosomes from the ipsilateral and contralateral hippocampi at the 2 DPI, 7 

DPI, 1 MPI, and 3 MPI time points. 

In the ipsilateral hippocampus, I found a significantly increased level of SOCS3 at 

the synapse in TBI animals versus sham animals at 2 DPI, 7 DPI, and 1 MPI as well as a 

trend toward increased levels at 3 MPI. Since increased levels of SOCS3 occur as early as 

2 DPI, prior to onset of synaptic insulin resistance that was observed starting only at 

7DPI, increased SOCS3 levels could potentially be a driving factor in initiating the 

dysregulation and insulin resistance ensuing at the synapses after TBI. This upregulation 

could be a link between the chronic inflammation seen after TBI [61,90] and the insulin 

resistance that I have reported here in hippocampal synapses after injury. 

In the contralateral hemisphere, however, I did not find altered levels of SOCS3 at 

the synapse at any of the time points. Since I still found synaptic insulin resistance 

beginning at 7DPI in this hemisphere too, it is possible that the two hemispheres suffer 

insulin resistance after TBI driven by different mechanisms, with SOCS3 playing a 

significant role only in the ipsilateral hemisphere. This hypothesis is supported by 

previous findings that gene expression level of IL-6 signal transducer (IL6ST), a protein 

involved in the complex for IL-6 signaling, was increased at an acute time point in the 

ipsilateral hemisphere and decreased in the contralateral hemisphere after a lateral, 

moderate TBI [91]. Although further studies are needed to establish the exact 

mechanisms of insulin resistance induction, this scenario would be consistent with prior 

reports describing opposing bilateral changes in proteins involved in TBI-related 
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secondary injuries after a unilateral TBI, specifically in pathways involved in cell death, 

survival, and inflammatory response [91,92].  Future studies could investigate alternative 

proteins that directly bind to the insulin receptor that I did not investigate in this study to 

determine whether they may be involved in the contralateral hemisphere’s insulin 

resistance including alternative SOCS proteins, PTP1B, and Grb10/Grb14 adaptor 

proteins [81]. 

In chapter 3, I aimed to determine whether reduced synaptic insulin 

responsiveness in TBI animals was associated with altered synaptic vulnerability to 

extracellular Aβ and tau oligomers as well as oligomer-induced synaptic dysfunction. I 

used ex vivo binding methodologies to assess synaptic resistance/vulnerability to 

extracellular Aβ and tau oligomer binding. My data indicates that hippocampal synapses 

are not more susceptible to Aβ oligomer binding at the chronic time points of 1 month or 

3 months after moderate FPI. Similar results were obtained using tau oligomers, whereby 

synapses were not more susceptible to tau oligomer binding at the chronic time points of 

1 month or 3 months after TBI in either hemisphere after moderate FPI. 

I further investigated synaptic vulnerability to oligomers by determining 

functional vulnerability through oligomer-induced LTP inhibition. Consistent with 

previous reports [93], I found basal LTP levels to be chronically impaired in the side of 

injury after lateral, moderate FPI through 3 MPI. My electrophysiological results are also 

consistent with my ex vivo binding experiments, suggesting that synaptic vulnerability to 

Aβ and tau oligomers is not increased after TBI as I did not find an increase in oligomer-

induced LTP impairments compared to sham animals at 1 or 3 MPI.  

To explore the relationship between synaptic dysfunction due to the oligomers 

and the hippocampal synaptic insulin resistance I found in my previous data, I 

additionally evaluated oligomer-induced LTP suppression with a concurrent insulin 

treatment. I found that insulin treatment provides protection against Aβ and tau-induced 

LTP functional impairments from both the ipsilateral and contralateral hemispheres from 
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sham animals. This is consistent with the literature showing that insulin inhibits Aβ-

induced impairment of LTP using the same concentrations, animal species, and 

electrophysiological set-up used here [94]. This group suggested that this beneficial effect 

of insulin was due to a direct interaction of Aβ and insulin whereby insulin inhibits the 

formation of soluble Aβ oligomers thus preventing oligomer-induced LTP impairment in 

a manner that is independent of insulin receptor activation. While these two proteins may 

indeed interact to hinder Aβ oligomer formation, my results would argue against this 

conclusion since the beneficial effect of insulin that I observed in slices from sham 

animals was not seen against either Aβ or tau in ipsilateral hippocampal slices from TBI 

animals at both 1 and 3 MPI. Insulin treatment also did not block Aβ impairment at either 

time point in the contralateral hippocampus. I did find that insulin treatment partially 

blocked LTP reduction due to tau oligomers in the contralateral hippocampus at both 

chronic time points, yet I do not have an explanation for this phenomenon. This 

differential finding of insulin treatment in slices from sham and TBI animals suggests 

that activation of the insulin receptor does, in fact, contribute to the functional protection 

afforded by insulin against oligomer toxicity. 

In an attempt to explain how insulin is able to alleviate oligomer-induced LTP 

suppression in the sham animals, a couple of mechanistic experiments were performed in 

hope that this would lead me to investigate if these mechanisms were impaired in TBI 

animals. However, even under standard conditions (using naïve rats), I did not find that 

insulin was able to block or reduce Aβ oligomer binding in hippocampal slices with this 

paradigm. While the work published under Dr. De Felice has demonstrated that insulin 

can block Aβ binding in primary hippocampal neuronal cultures, I have not been able to 

find this demonstration using either ex vivo slices or in vivo. My second attempt at an 

explanation evaluated whether insulin could stimulate mitochondria which could possibly 

cause a functional increase in cell health, thus providing a phenomenon to investigate in 

TBI animals. This attempt also proved unsuccessful as I did not find any mitochondrial 
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changes after an insulin treatment in naïve hippocampal slices using this paradigm. A 

third possibility involves the property of insulin to enhance NMDA receptor activity that 

has previously been described [49]. For this scenario, rather than blocking the LTP-

suppression by oligomers, insulin could be involved in a compensatory mechanism that I 

am seeing as an increase in LTP. However, my electrophysiology data on insulin 

treatment alone on sham hippocampal slices suggests otherwise since insulin treatment 

either did not affect or, in some cases, even significantly decreased LTP. Therefore, a 

mechanism underscoring this beneficial effect seen by insulin on the LTP suppression by 

oligomers is still unknown. Further hypothesis and experiments need to be performed to 

give insight into this mechanism. 

Overall, my results demonstrate that the insulin-resistant induced state after TBI is 

now unresponsive to the beneficial effect of insulin therapy as a treatment against 

impairments due to AD-pathology. This work demonstrates the importance of having 

refined treatments for AD based on a history of risk factors and demonstrates how these 

risk factors may impact the efficacy of particular treatments that are being investigated 

for AD in the general population. 

 

Concluding Remarks 

There are a multitude of future directions that can be taken from here to try to 

understand the complexity of the lateralization seen in the results and what this would 

mean for the susceptibility to neurodegeneration and compensation after TBI. 

Additionally, studies should investigate mechanisms and additional proteins to SOCS3 

that may be acting upstream of the synaptic insulin resistance seen here. These could 

provide lucrative data on determining whether these upstream elements can be targeted 

acutely to prevent the resulting chronic insulin resistance. Further work is also needed to 
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determine the mechanism through which insulin can provide a protection against 

oligomer-induced toxicity (LTP suppression). 

While there is consensus that intranasal insulin treatment benefits cognition by 

acting on neuronal insulin receptors to overcome resistance [95], some have pointed out 

that indirect pathways may influence cognition, and, thus, neuronal insulin signaling may 

not be needed for cognitive enhancement via insulin therapy [95]. Evidence such as 

increased regional cerebral blood flow and enhanced cognition in the insulin-resistant 

type 2 diabetes patients [96] supports this notion. In an opposing conclusion from animal 

models of type 2 diabetes where brain insulin resistance has been confirmed, insulin 

therapy acting on the hippocampus was found to be unsuccessful in improving cognition 

[97]. This could suggest that once brain insulin resistance has developed, insulin 

treatment may not be sufficient to overcome resistance at the cellular level [95].  My 

results would support this overall conclusion using a TBI model showing that brain 

insulin resistance would negate the efficacy of insulin as a therapy to provide protection 

against oligomer-induced synaptic dysfunction in injured animals as well as in AD 

patients with a history of TBI.  
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