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The goals of this research were to investigate the combined effects of aging 

and inflammation on brain-derived neurotrophin (BDNF) protein biology and 

BDNF-dependent synaptic plasticity in the hippocampus.  For the past two decades 

neurotrophin research has generated a large body of evidence supporting the role 

for neurotrophins in facilitating multiple forms of synaptic plasticity and memory in 

the hippocampus.  However, little is known about the effects that both aging and 

neuroinflammation may impose on these neurotrophin-related pathways.   

 To carry out the experiments in this study we utilized multiple models: (1) A 

rodent model of aging and inflammation using young (3-month-old) and aged (24-

month-old) Fisher344/Brown Norway rat F1 crosses (F344xBN).  An inflammatory 

response in the central nervous system (CNS) was peripherally-induced in these 

animals following an intraperitoneal (i.p.) injection of live E.coli.  (2) A murine 

model of Alzheimer’s disease (AD) with inflammation.  APP/PS1 transgenic mice 

were given an i.p. injection of lipopolysaccharide (LPS) to induce an inflammatory 
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response. (3) An in vitro model of AD and inflammation using a human 

neuroblastoma SH-SY5Y cell line that received treatment of amyloid beta protein 

(Aβ) and recombinant interleukin-1 beta (IL-1β). Data was collected using the 

following experimental methods: (a) hippocampal synaptoneurosomal 

fractionationation to enrich for synaptic proteins of interest; (b) co-

Immunoprecipitation for protein-protein interactions in hippocampal tissue; (c) 

Western Blot to determine protein expression levels; (c) electrophysiology to 

measure LTP and LTD. 

 The results of these works indicated that the combination of aging and 

inflammation produce a shift in the ratio of BDNF protein isoforms (pro : mature); 

and this shift in the ratio of BDNF protein isoforms are consistent with a shift in 

hippocampal synaptic plasticity from LTP to LTD.  Furthermore, these data showed 

that inflammatory markers have the capacity to act at the level of synapses to 

induce changes in BDNF protein expression, as well as normal synaptic events that 

include exocytosis and cell signaling.  Recommendations from these findings suggest 

that further research examining the effects of aging and neuro-inflammation on 

hippocampal function may provide insight into the phenotypic symptomology 

associated with some neurodegenerative disorders, which include hippocampal 

dysfunction and memory impairments. 
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CHAPTER I: 
 

INTRODUCTION 

 

I.1.   Aging and cognitive function 

Aging has long been thought to be the primary cause of cognitive decline in 

humans; presumably responsible for 90% of memory related neurodegenerative 

disorders.  Disorders that span from age-related mild-cognitive impairment (MCI) 

and early-stage dementia to later-stage clinical Alzheimer’s disease (AD) all have a 

common link to age and age-associated cognitive decline contributing to the clinical 

symptomology of memory loss and learning impairments [106].  Currently, there is 

extensive work being done to further understand the onset and/or progression of the 

cognitive decline associated with aging.  Unfortunately, necessary work attempting 

to elucidate the cellular mechanisms underlying this phenomenon has yet to be 

performed. 

 Environmental factors have a strong contribution to, the potential onset, and 

severity of aging-associated cognitive decline.  Psychological stress, surgical 

procedures and infections are common life events that are shown to activate the 

innate immune system and negatively influence cognitive function in the aged brain 

[15,156,162].  This phenomenon is quite interesting; as high functioning aged 

individuals often show significant cognitive decline following an inflammatory 

event.  Therefore, it is important to understand how, and why the aging brain 
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becomes vulnerable to challenging life events that compromise the innate immune 

system. 

 

I.2.  The innate immune system and neuroinflammation in aging brain 
 
   Microglia are the predominant immune cell in the brain responsible for 

regulating the inflammatory response.  The inflammatory response is characterized 

by the production, processing and release of the pro-inflammatory cytokines 

interleukin-1 beta (IL-1β), tumor necrosis factor alpha (TNFα) and interleukin-18.  

The interleukins, IL-1β and IL-18, are synthesized as inactive precursor proteins 

that are cleaved by the cysteine protease caspase-1 following activation of the 

NALP1 (NAcht leucine-rich-repeat protein 1) inflammasome [36].  These events 

occur in both the peripheral (PNS) and central nervous systems (CNS); with recent 

evidence identifying a communicative link between the two systems [14].  

Inflammation in the CNS occurs through peripheral activation of microglia in the 

brain, therefore having pronounced effects on neural activity and brain function [14, 

87].  The mechanism through which glia affect brain function is not clear, however 

it is hypothesized that the physiological state of microglia cells in the brain may 

contribute to the overall differences. 

Aging alters the basal state of microglia in the brain.   Microglia in the aged 

brain are in a primed, or sensitized state at rest; as indicated by the upregulation of 

glial activation markers MHCII (major histocompatibility complex II and CD11b 

(complement receptor 3) [14, 45, 110, 118, 122, 129, 144.].  In contrast, microglia in 
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young brain is in a quiescent state, and express low basal levels of glial activation 

markers [111].  Having a primed glial cell means that the cell has a reduced 

threshold for activation, as seen in the aged brain [14].  This is one speculation in 

support of aged brain vulnerability – microglia can easily be activated.  A number of 

peripheral immune challenges, such as infection, surgery and stress can trigger a 

neuroinflammatory response, and this response is significantly exaggerated with 

aging, as indicated by heightened levels, and prolonged expression of pro-

inflammatory cytokines in the aged brain [1, 22, 51, 121, 137, 138].  Moreover, these 

age-related increases in the level and expression of pro-inflammatory cytokines in 

the brain can significantly impact brain function.   

Age can impact both the severity and duration of the neuroinflammatory 

response.  Following an immune challenge, young animals mount a rapid immune 

response and recovery whereas aged animals generate a response more severe, and 

much longer than young animals [1, 13, 22, 51, 121, 137, 138].  The time course for 

the neuroinflammatory response was further characterized by Barrientos and 

colleagues using young (3-month-old) and aged (24-month-old) Fischer 344 x Brown-

Norway (F344xBN) rats.  Following a peripheral infection with live E. coli, IL-1β 

levels in young animals, specifically in the hippocampus, were elevated 2 hours 

post-infection with levels returning to baseline at 24 hours.  Aged animals also 

exhibited elevated levels of hippocampal IL-1β 2 hours post-infection, however 

heightened IL-1β was most pronounced at day 4 post-infection with sustained 

elevations through day 8, and eventually returning to baseline at day 14.  There 
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were significant functional consequences resulting from increased IL-1β in the 

hippocampus.  Deficits in hippocampal function were exacerbated and prolonged in 

the aged animals following infection; a result that paralleled the time course for 

elevated levels of IL-1β [11, 13].  Thus, there is a strong correlation between 

infection-evoked upregulation of IL-1β and hippocampal dysfunction, and aging 

appears to play a large role in regulating these behaviors. 

 

I.3.  Hippocampal function: BDNF and neuroinflammation 

Pro-inflammatory cytokines are specifically linked to cognition and memory.  

Increased levels of cytokines, as a result of inflammation can contribute to the 

cognitive deficits and memory impairments associated with neurodegenerative 

disorders, like Alzheimer’s disease (AD) [35, 61].  Furthermore, elevated levels of 

the pro-inflammatory cytokine IL-1β are strongly associated with memory 

impairments when elevated in the hippocampus – a key brain region responsible for 

learning and memory [8-10, 49, 57-59, 112, 113].  Therefore, the hippocampus and 

hippocampal processes are being studied to measure the deleterious effects of 

inflammation on memory and cognition.      

  The hippocampus is the primary brain structure involved in learning and 

memory.  These phenomena are easily identified behaviorally; however 

hippocampal synaptic plasticity, specifically long-term potentiation (LTP), is 

thought to represent the cellular and molecular correlate underlying learning and 

memory acquisition [86, 89].  Brain-derived neurotrophic factor (BDNF) is shown to 
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regulate LTP, as well as other forms of synaptic plasticity in the hippocampus [85, 

96].  Furthermore, BDNF drives synaptic signaling mechanisms that are thought to 

play a critical role in initiating and maintaining synaptic processes that underlie 

some enduring forms of long-term learning and memory [21, 23, 152].  Thus, it is 

important to understand how BDNF functions on a cellular and molecular level in 

order to fully understand the mechanisms of synaptic plasticity that underlie 

memory. All of which may be target by aging and neuroinflammation. 

BDNF is highly expressed in the hippocampus and is shown to be important 

in the induction and facilitation of multiple forms of synaptic plasticity.  It is now 

well established that BDNF, and its interaction with the tropomyosin receptor 

kinase B (TrkB) receptor induces, and facilitates LTP in a naturalisitc and 

physiological manner [25, 66, 72].  BDNF enhances LTP by increasing NMDA (N-

methyl-D-aspartate) phosphorylation [40, 79] and currents [32, 76, 134], and by 

decreasing inhibitory post-synaptic currents (IPSCs) [47, 146].  More interestingly, 

BDNF supports synaptic remodeling and promotes intracellular signaling necessary 

for the maintenance of LTP.  Therefore, the expression of hippocampal LTP relies 

heavily on the presence, and function of BDNF and TrkB at synapses [3, 96].  
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 BDNF is first synthesized as a precursor protein containing a pro-domain 
(proBDNF), which later undergoes proteolytic cleavage by either plasmin – an 
extracellular protease activated by cleavage of plasminogen by tissue plasminogen 
activator (tPA) (Pang 2004), or furin – an intracellular Golgi-associated enzyme 
(Mowla 2001).  ProBDNF cleavage results in the production of the mature form of 
the BDNF protein (mBDNF).  Diagram 1 (D.1) illustrates the production and 
proteolytic processing of the full-length BDNF protein (Barker 2009).  The mBDNF 
protein isoform binds to, and activates the TrkB receptor; an event important for 
facilitating LTP.   

 

 

 

 

 

D1 

Diagram D.1:   Full-length proBDNF is synthesized in cell body 
and can be released (3+4) or undergo intracellular or extracellular 
cleavage producing a postsynaptic effect via TrkB or p75 receptors.  
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If proBDNF is not cleaved into mBDNF, proBDNF has the capacity to bind 

to, and activate the p75NTR receptor.  The consequence of this interaction has an 

opposing effect on signaling and plasticity to that of the mature isoform.  ProBDNF 

activation of p75NTR can induce, and facilitate long-term depression (LTD); a form of 

hippocampal synaptic plasticity that is correlated with memory impairments – an 

opposition to LTP [85, 93].  Thus, processing of the BDNF protein plays an 

important role in determining its cellular functions [5], and may contribute 

differentially to multiple forms of memory-related synaptic plasticity [85, 164].   

One compelling model illustrating the bi-directional modulation of synaptic 

plasticity by different BDNF protein isoforms is shown in Diagram 2 (D.2) [85].  

Both high-frequency stimulation (HFS) and low-frequency stimulation (LFS) can 

Diagram D.2:  Following TBS proBDNF is released and processed 
producing mBDNF which can facilitate LTP following TrkB binding 
(LEFT).  LFS promotes release of proBDNF, which is not processed 
and facilitates LTD following p75 binding (RIGHT). 
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cause proBDNF release [85].  It has been hypothesized that LTP induced by HFS 

not only promotes proBDNF release, but also initiates extracellular cleavage of 

proBDNF by plasmin.  This results in mBDNF production and the resulting 

activation of the TrkB receptor necessary to faciliate LTP and promote cell 

signaling necessary for learning and memory [85, 105, 140].  In contrast, the 

induction of LTD following LFS promotes proBDNF release, but in the absence of 

plasmin.  This prevents proBDNF cleavage and mBDNF production; resulting in a 

ratio shift of protein isoforms at synapses that leads to p75NTR receptor binding, 

LTD induction and activation of cell-death mediated pathways resulting in cell 

death [85, 164].  A change in the ratio of BDNF protein isoforms has a significant 

impact on memory.  For example, cleavage of proBDNF in the hippocampus is 

positively correlated with acquisition of contextual fear memory, whereas decreased 

cleavage is associated with extinction [7].  Furthermore, aged Wistar rats with 

memory impairments are reported to have lower levels of total BDNF protein, but 

higher ratios of proBDNF to mBDNF relative to controls [132].  Similarly, training 

in a spatial learning task increases levels of proBDNF in both the young and aged 

rats, but only the young rats show a corresponding increase in mBDNF [131].  Thus, 

BDNF protein isoforms play a large role in regulating opposing forms of synaptic 

plasticity and memory in the hippocampus.   
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I.4.  IL-1β  and hippocampal function 

Elevated levels of hippocampal IL-1β can completely block several forms of 

LTP in hippocampus [16, 24, 29, 30, 67].  Recent work done by Chapman and 

colleagues (2010) found that only theta-induced L-LTP recorded from Schaeffer 

collateral-CA1 synapses in hippocampus was impaired in aged F344xBN rats 

following a peripheral infection, while other forms of L-LTP (4 train stimulation) 

and E-LTP (1 train stimulation) were unaffected [24].  Administration of 

interleukin-1 receptor antagonist (IL-1Ra) immediately before a peripheral infection 

ameliorated age and infection-evoked deficits in hippocampus-dependent memory 

[46], and hippocampal L-LTP [24]; suggesting the involvement of IL-1 signaling.  

The cell biological mechanisms by which IL-1β interferes with hippocampal function 

are not fully understood, however due to the large role BDNF protein isoforms play 

in regulating multiple forms of synaptic plasticity that underlie memory, it is 

plausible that IL-1β may interfere with the processing of BDNF, and/or alter BDNF-

dependent signaling pathways.  

There is recent evidence stating that IL-1β can produce overall changes in 

BDNF biology, however these conclusions are few and controversial.  Infusion of IL-

1β into hippocampus decreases BDNF transcription [10] while blocking IL-1 

signaling with IL-1Ra prevents it [9].  In addition, elevated levels of IL-1β in the 

neurons directly disrupt downstream targets of BDNF-TrkB signaling [149], while 

others have shown that some these downstream targets are unaffected in rodent 

brain [31].  Furthermore, similar shifts in synaptic plasticity that require BDNF for 
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full expression, such as deficits in LTP and enhancement of LTD) seen with age and 

inflammation also occur in hippocampus of AD brain [24, 27, 68, 127, 167].  These 

data suggest that changes in hippocampal synaptic plasticity driven by BDNF 

signaling may give rise to the memory impairments observed with age and 

inflammation, as well as AD.  Thus, IL-1β may target BDNF and BDNF-dependent 

signaling pathways to alter hippocampal function 

I.5.  Neurodegenerative disorders: neurotrophins and inflammation 

Neurotrophins, both nerve-growth factor (NGF) and BDNF, are first 

synthesized as precursor pro-proteins that later undergo proteolytic cleavage to 

produce the mature forms of the protein.  Both pro forms of NGF and BDNF can 

bind to p75NTR, and activate its associated signaling pathways [117].  The clinical 

symptomology of AD is associated with neural dysfunction in the basal forebrain 

and hippocampus that includes deficits in synaptic plasticity, synaptic function and 

apoptotic cell death [70, 78, 86, 89, 125-127, 166].  Furthermore, the 

neurodegeneration associated with AD is strongly correlated with activation of the 

p75NTR receptor and initiation of its related apoptotic pathways downstream [70, 

166].  Full-length neurotrophins, NGF and BDNF, are ligands of the p75NTR 

receptor, and it is through this interaction that perturbations in synaptic function 

and initiation of apoptotic pathways occur [85, 117].  Interestingly, the toxic 

amyloid beta fragment (Aβ) of the processed amyloid-precursor protein (APP); a 

pathological hallmark of AD [37, 50, 94], is also found to be a direct ligand and 

activator of the p75NTR receptor; acting on, and activating similar downstream 
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synaptic signaling pathways [38, 70, 136, 166].  These data suggest that there may 

be an intriguing link between pro-neurotrophins, their post-synaptic receptors and 

their downstream synaptic signaling mechanisms, and the mechanisms underlying 

the early-stage changes in synaptic function associated with AD.   

I.6.  Purpose of the thesis 

The main goal of this dissertation is to provide evidence for a BDNF-

dependent cellular signaling mechanism by which the combination of age and 

inflammation interact to produce specific deficits in long-term forms of 

hippocampus-dependent memory and synaptic plasticity.  In addition, these works 

aim to identify a common mechanism involved in the phenotypic changes associated 

with age and inflammation, with that of Alzheimer’s disease by way of a common 

signaling pathway through the p75NTR receptor.  

Chapter one introduces the topics of discussion, and provides background 

information necessary to understand the work that was performed for the thesis 

projects.  The second chapter discusses work that identified an age and infection-

evoked change in the ratio of BDNF protein isoforms at hippocampal synapses; a 

significant decrease in the amount of mBDNF protein, but not proBDNF.  

Furthermore, reduced levels of mBDNF at synapses perturbed mBDNF – TrkB 

downstream signaling.  In the third chapter, a time course for the age and infection-

evoked reductions in mBDNF was identified.  Decreases in mBDNF protein levels 

and mBDNF – TrkB signaling events persisted for 8 days post-infection before 
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returning to baseline levels at day 14; a result that paralleled elevated levels of IL-

1β following infection.  Chapter three unveiled another form of hippocampal 

synaptic plasticity, LTD, that is affected by age and inflammation.  The combination 

of age and infection caused an enhancement of LTD in hippocampal slices following 

LFS.  LTD can be facilitated by proBDNF – p75NTR receptor-ligand interactions in 

the hippocampus.  This interaction was increased in hippocampal tissue from aged 

animals with a recent history of infection; however, the pathways downstream of 

p75NTR activation were unchanged.  Finally, the fourth chapter provides evidence 

for the deleterious effects of Aβ and IL-1β both independently and co-occurring.  Aβ 

and IL-1β upregulate proBDNF protein expression but does not affect mBDNF 

expression.  Interestingly, the introduction of IL-1β to an Aβ rich environment 

increases proBDNF levels beyond that of Aβ and IL-1β alone.   
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The research questions addressed in this dissertation are as follows: 

 

Research Question 1: 

Does the combination of age and a peripheral infection interact to produce changes 
in the expression of BDNF protein isoforms and the activation of BDNF-dependent 
signaling pathways at hippocampal synapses? 

 

Research Question 2: 

How long do age and infection-evoked deficits in mBDNF and mBDNF-dependent 
signaling persist? 

 

Research Question 3: 

Does the combination of age and infection alter other forms of hippocampus-
dependent synaptic plasticity, such as LTD? 

 

Research Question 4:   

Do Aβ and IL-1β interact to alter expression of BDNF protein isoforms? 
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CHAPTER II  

 

AGING AND A PERIPHERAL IMMUNE CHALLENGE INTERACT TO 
REDUCE MATURE BRAIN-DERIVED NEUROTROPHIC FACTOR AND 

ACTIVATION OF TRKB, PLCγ-1 AND ERK IN HIPPOCAMPAL 
SYNAPTONEUROSOMES 

 

Giuseppe P. Cortese, Ruth M. Barrientos, Steven F. Maier, and Susan 
L. Patterson 

 
 

Department of Psychology and Neuroscience, and The Center for Neuroscience, 
University of Colorado, Boulder, Colorado 80309 

Journal of Neuroscience - 31(11):4274–4279. 
 

II.1. Abstract 

For reasons that are not well understood, aging significantly increases brain 

vulnerability to challenging life events.  High-functioning older individuals often 

experience significant cognitive decline after an inflammatory event such as 

surgery, infection, or injury.  We have modeled this phenomenon in rodents and 

have previously reported that a peripheral immune challenge (intraperitoneal 

injection of live Escherichia coli) selectively disrupts consolidation of hippocampus-

dependent memory in aged (24-month-old), but not young (3-month-old), F344xBN 

rats.  More recently, we have demonstrated that this infection-evoked memory 

deficit is mirrored by a selective deficit in long-lasting synaptic plasticity in the 

hippocampus. Interestingly, these deficits occur in forms of long-term memory and 

synaptic plasticity known to be strongly dependent on brain-derived neurotrophic 
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factor (BDNF). Here, we begin to test the hypothesis that the combination of aging 

and an infection might disrupt production or processing of BDNF protein in the 

hippocampus, decreasing the availability of BDNF for plasticity-related processes at 

synaptic sites.  We find that mature BDNF is markedly reduced in Western blots of 

hippocampal synaptoneurosomes prepared from aged animals following infection. 

This reduction is blocked by intra-cisterna magna administration of the anti-

inflammatory cytokine IL-1Ra (interleukin 1-specific receptor antagonist). Levels of 

the pan-neurotrophin receptor p75NTR and the BDNF receptor TrkB (tropomyosin 

receptor kinase B) are not significantly altered in these synaptoneurosomes, but 

phosphorylation of TrkB and downstream activation of PLCγ-1 (phospholipase Cγ-

1) and ERK (extracellular response kinase) are attenuated— observations 

consistent with reduced availability of mature BDNF to activate TrkB signaling. 

These data suggest that inflammation-evoked reductions in BDNF at synapses 

might contribute to inflammation-evoked disruptions in long-term memory and 

synaptic plasticity in aging. 

II.2. Introduction 

Aging is associated with increased variability in cognitive functioning, in part 

because aging brains are more vulnerable to negative life events such as infections, 

surgery, and stress [15, 156, 162].  We have recently developed a rodent model to 

study the mechanisms involved in this vulnerability [11].  Twenty four-month-old 

Fischer-Brown Norway rats are aged, but not senescent; they generally do not show 

significant physical or cognitive impairments.  However, in response to signals 
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triggered by activation of the peripheral innate immune system (by an 

intraperitoneal injection of Escherichia coli), they show an exaggerated 

inflammatory response in the brain.  Following the immune challenge, hippocampal 

production of the pro-inflammatory cytokine interleukin-1β (IL-1β) is potentiated 

and prolonged in the aging rats relative to their younger (3-month-old) counterparts 

[12].  This exaggerated elevation in IL-1β does not compromise initial learning or 

formation of short-term memories, nor does it disrupt basal synaptic function or 

short-term synaptic plasticity—instead it is paralleled by specific deficits in 

hippocampus-dependent long-term memory tasks (e.g., contextual fear and place 

learning) and theta burst-evoked late-phase long-term potentiation (L-LTP) [12,24].  

Conversely, blocking IL-1 signaling in the brain with IL-1-specific receptor 

antagonist (IL-1Ra) ameliorates the deficits in memory [46] and L-LTP [24].  It is 

not clear how aberrantly elevated levels of IL-1β in the hippocampus may produce 

limited, selective impairments in long-lasting forms of synaptic plasticity and 

memory. However, one intriguing possibility is suggested by the observation that 

infusion of IL-1β into the hippocampus decreases its capacity for transcription of 

brain-derived neurotrophic factor (BDNF) [10], and infusion of IL-1Ra protects it 

[9].  BDNF plays a critical role in forms of long-lasting synaptic plasticity thought to 

be associated with consolidation of hippocampus-dependent memory [21, 23, 84, 

152].  BDNF is synthesized as a precursor protein proBDNF that is post-

translationally cleaved to produce mature BDNF (mBDNF).  This processing of the 

BDNF protein appears to play a key role in determining its cellular functions [5, 
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53].  Pro-BDNF binds preferentially to the pan-neurotrophin receptor p75NTR, 

activates apoptosis-related signaling pathways, and may facilitate long-term 

depression in the hippocampus. In contrast, cleaved mBDNF binds to TrkB 

(tyrosine kinase B) tyrosine kinase receptors, promotes cell survival, and facilitates 

some forms of long-term potentiation.  In the experiments presented here, we have 

examined the combined effects of aging and an infection on levels of pro- and 

mature BDNF protein isoforms and their receptors in the hippocampus.  The 

infection appears to produce limited, relatively subtle synaptic deficits rather than 

large-scale, nonspecific disruptions in hippocampal function [24], and there is 

increasing evidence that some important pro-plasticity effects of BDNF are exerted 

locally at synapses [65, 124].  We have therefore prepared hippocampal 

synaptoneurosomes, enriching for peri-synaptic proteins, and increasing the 

probability of detecting subtle changes in proteins at synaptic sites. 

II.3. Materials and Methods 

Animals. The rats used were 3- and 24-month old male Fischer344/Brown Norway 

F1 crosses from the National Institute on Aging Aged Rodent Colony.  Animals were 

pair housed, on a 12 h light/dark cycle, with ad libitum access to food and water. 

Upon arrival, rats were allowed to acclimate to the animal facility for 2 weeks 

before experiments were begun. All experiments conformed to protocols approved by 

the University of Colorado Animal Care and Use Committee.   
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E. coli infection model.  Stock E. coli cultures (ATCC 15746; American Type Culture 

Collection) were thawed and cultured overnight in 40ml of brain-heart infusion 

(Difco) in an incubator (37°C, 95% air plus 5% CO2).  The bacterial content in 

individual cultures was quantified by extrapolating from previously determined 

growth curves.  Cultures were centrifuged for 15 min at 3000 rpm, the supernatants 

were discarded, and the bacteria were resuspended in sterile PBS, yielding a final 

dose of 2.5 x 109 colony-forming units in 250 µl.  All animals received an 

intraperitoneal injection of 250µl of either E. coli or the vehicle (sterile PBS). 

Blocking CNS consequences of the peripheral infection.  IL-1RA was injected into 

the cisterna magna, rather than into the cerebral ventricles or the hippocampus, 

because this procedure does not require surgery (which can itself produce memory 

impairments in aging animals).  Rats were briefly anesthetized with halothane.  

The dorsal aspect of the skull was shaved and swabbed with 70% EtOH; then a 27 

gauge needle attached via PE50 tubing to a 25µl Hamilton syringe was inserted into 

the cisterna magna.  The IL-1RA (112µg; Amgen) by intra-cisterna magna 

administration in a total volume of 3µl; the animals received an intraperitoneal 

injection of either E. coli or vehicle immediately after. 

Synaptoneurosome preparation.  All tissue was collected 5 d after the injections. 

This time point was selected because of the following: (1) all of the animals have 

completely recovered from the acute infection (e.g., fever has subsided) [13]; (2) the 

aging, but not the young E. coli-injected rats show significant impairments in long-

term memory [11] and L-LTP [24]; and (3) levels of IL-1 protein in the hippocampus 
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are still significantly elevated in the aging rats, but not in the young rats [12].  Rats 

underwent rapid decapitation, and hippocampi were extracted.  Tissue was minced 

in 500µl of homogenization buffer (HB) with protease and phosphatase inhibitors 

[1MTris, 1Msucrose, 0.5MEDTA, 0.25MEGTA, 0.5M NaF, 1 M benzamidine, and 

100 mM AEBSF (4-(2-aminoethyl) benzenesulfonyl fluoride)] and homogenized 

using a glass tissue grinder with a Teflon pestle.  Nuclear material and unbroken 

cells were removed by centrifugation at 960 x g for 15 minutes.  The remaining 

supernatant was centrifuged at 10,000 x g for 15 minutes, yielding an S2 cytosolic 

fraction and a P2 crude synaptoneurosomal fraction containing both pre-synaptic 

and postsynaptic material. The P2 synaptoneurosomal pellet was washed gently in 

100µl of HB.  The P2 pellet was then homogenized using a 0.5ml plastic pestle in 

100µl of HB with 10µl of 10x sodium chloride-TRIS-EDTA (1x final concentration) 

and sonicated.  The P2 fraction obtained using this protocol is enriched for peri-

synaptic components including pre-synaptic and postsynaptic proteins, terminal 

mitochondria and cytoplasm and synaptic vesicles [20, 160].  Synaptic enrichment of 

the P2 fraction was confirmed using synaptophysin and postsynaptic density 95 

(PSD95), common synaptic markers. Protein content was quantified using the BCA 

protein assay (Bio-Rad). 

Western blots.  Samples were prepared under reducing conditions in 4x Laemmli 

buffer and heated at 70°C for 5 minutes.  For Western blotting, 40µg of protein 

sample was loaded onto 4–12% NuPage (Invitrogen) Bis-Tris SDS-polyacrylamide 

gels and transferred onto polyvinylidene fluoride membranes (Millipore).  
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Membranes were blocked in 5% milk/PBST (PBS with Triton) for 30 minutes at 

room temperature; all primary antibody incubations were at 4°C overnight followed 

by 3 x 10 minute washes with PBST; secondary antibody incubations were at room 

temperature for 1 hour and washed 3 x 10 minutes. The following primary 

antibodies (and dilutions) were used: mature BDNF (1:1000; sc-546; Santa Cruz 

Biotechnology), proBDNF (1:500; ab72440; Abcam), phospho-TrkB (1:700; 

pTrkBY816, antisera gift from Moses Chao, New York University School of 

Medicine, New York, NY) and total TrkB (1:1000; sc-8316; Santa Cruz 

Biotechnology), p75 (1:500; gift from Mark Bothwell, University of Washington, 

Seattle, WA), phospho-PLCγ1 (phospholipase Cγ-1) (1:1000; 07–2134) and total 

phosphorylated and unphosphorylated) PLCγ-1 (1:500; 05–366; Millipore), phospho-

ERK (extracellular response kinase) (1:1000; 9101) and total ERK (1:1000; 9102; 

Cell Signaling Technology), and phospho-AKT (1:1000; 4058) and total AKT (1:1000; 

9272; Cell Signaling Technology).  Blots were probed with synaptic markers 

synaptophysin (1:1000; sc-12737; Santa Cruz Biotechnology) and PSD95 (1:1000; 

United Biomedical) to validate synaptoneurosomal fractions, and β-tubulin 

(1:100,000; MAB1637; Millipore Bioscience Research Reagents) and β-actin (1:5000; 

sc-47778; Santa Cruz Biotechnology) as loading controls.  Identity of the BDNF 

isoform bands in synaptoneurosomes was confirmed by comparison with extracts 

from HeLa cells transfected with a plasmid that overexpresses BDNF, producing 

both the pro- and mature form.  Secondary antibodies were purchased from GE 

Healthcare and Bio-Rad, and were diluted in the range of 1:5000–1:10000; 
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SuperSignal West Pico Chemiluminescent was purchased from Pierce. Following 

chemiluminescent application, blots were exposed to autoradiography film (Denville 

Scientific).  Blots were stripped using Restore Western Blot Stripping Buffer 

(Pierce) for 15 minutes, washed 3 x 10 min in PBST, and subjected to standard 

Western blotting conditions. 

Analysis.  Protein bands were quantified using ImageJ software, and all bands were 

normalized to their actin controls. Because we had previously shown that the 

combination of age and infection uniquely disrupts BDNF-dependent plasticity and 

memory, we hypothesized that it might also uniquely reduce BDNF (and related 

proteins).  We therefore used an unpaired t test to determine whether the level of 

the protein of interest in the aged + E. coli group differed from the level of the 

protein in the other groups.  The p value listed for each protein (or phosphorylation 

state ratio) is for an unpaired t test comparing the mean of the aging + E. coli group 

to the mean of the summed values of the other test groups. 
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II.4. Results 

Levels of the mature BDNF protein isoform are significantly reduced in 
hippocampal synaptoneurosomes prepared from aged animals with a 
recent history of infection.  

  

 

 

 

 

 

 

 

 

Figure 1.  Infection differentially affects BDNF protein isoforms in aged vs. young animals. 
Western blot analysis showing enrichment of synaptic material in synaptoneurosomes, and levels 
of pro- and mature BDNF in hippocampal synaptoneurosomes prepared from young and aged 
rats, with and without a recent history of infection. (A) Representative examples of blots probed 
with a PSD95 antibody to confirm enrichment of synaptic material in the synaptoneurosomal (P2) 
vs. the cytosolic (S2) fractions. (B) Levels of proBDNF were not significantly reduced by the 
combination of aging and infection. (C) Infection markedly reduced mature BDNF in synaptic 
fractions from aged animals. Band intensities were quantified (NIH-ImageJ), normalized to actin 
controls, and expressed as percentages of mean protein levels from young vehicle-injected rats. 
Error bars indicate SEM. All graphs (here and below) represent a minimum of three independent 
experiments with 1–2 animals per group in each experiment. Asterisks indicate statistical 
significance from all other groups; individual P-values are reported in the text. 



 

 

23 

We hypothesized that aging and a recent history of infection might interact to 

disrupt biosynthesis or processing of BDNF protein in the hippocampus, decreasing 

the availability of BDNF for plasticity-related processes at synaptic sites.  To begin 

investigating this possibility, we prepared synaptoneurosomes from hippocampi 

collected from young and aging rats 5 days after a vehicle or E. coli injection.  This 

procedure produces a significant enrichment in synaptic proteins, making it 

possible to identify subtle experience-dependent changes in the protein composition 

of synapses [160].  Western blot analysis detected a specific proBDNF signal 

(ab72440 antibody; Abcam) in the 30–35 kDa range (Fig. 1B).  The combination of 

age and infection produced a trend toward a slight (10–15%) reduction in the 

proBDNF signal, but it did not reach significance (t(18) = 1.234, p = 0.232).  In 

contrast, further analysis with an antibody for the mature domain of BDNF (sc-546 

antibody; Santa Cruz Biotechnology) [75] revealed that age and infection together 

reduced levels of mBDNF by more than half (t(22) = 2.615, p = 0.0158) (Fig. 1C).   

 

Levels of receptors for BDNF are not significantly altered by aging or a 
history of infection.  

In contrast to its effects on BDNF protein, the combination of age and 

infection produced no detectable changes in levels of BDNF receptors in 

hippocampal synaptoneurosomes prepared 5 days after the initial E. coli injection.  

Expression of the p75NTR receptor was unchanged (antibody gift from Mark 

Bothwell, University of Washington, Seattle, WA) (Fig. 2B).  Similarly, total levels 

of TrkB did not vary significantly across conditions, nor was there a shift in the 
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relative proportions of full-length versus truncated (lacking the tyrosine kinase) 

TrkB receptor isoforms (sc-8316; Santa Cruz Biotechnology) (Fig. 2A). 

 

 

 

 

 

 

 

 

 

 

 

Age and infection interact to reduce activation of TrkB and 
downstream signaling systems. 

Activation of TrkB by mBDNF triggers a series of phosphorylation events, 

beginning with the receptor, which can activate proteins in the three major growth 

factor-regulated signaling pathways: the PLCγ-1 pathway, the Ras/ERK pathway, 

and the PI3K (phosphatidyl inositol 3-kinase)/Akt pathway [54, 62].  We found that 

the ratio of phospho-TrkB (antisera gift from Moses Chao) to total TrkB (sc-8316; 

Santa Cruz Biotechnology) was significantly reduced by the combination of age and 

Figure 2. Age and infection do not alter levels of BDNF receptors under the conditions of the 
study. Western blot analysis was performed on hippocampal synaptoneurosomes prepared from 
young and aged rats, with and without a recent history of infection. Levels of the (A) pan 
neurotrophin receptor p75NTR, and (B) principal TrkB receptor isoforms were unchanged. 
Quantification was as above. 
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infection (t(14) = 4.680, p = 0.0004) (Fig. 3A).  We next asked whether this was 

associated with reduced activation of PLCγ-1, ERK, and or Akt.  We found that the 

ratio of phospho-PLCγ-1 (07–2134; Millipore) to total PLCγ-1 (05–366; Millipore) 

was significantly reduced in synaptoneurosomes from aged rats following infection 

(t(10) = 4.468, p = 0.0012) (Fig. 3B).  This was also true of the ratio of phospho-ERK 

(9101; Cell Signaling Technology) to total ERK (9102; Cell Signaling Technology) 

(t(10) = 5.581, p = 0.0002) (Fig. 3C).  In contrast, we found that the ratio of phospho-

Akt to total Akt was not significantly reduced under the conditions examined (t(10) 

< 1, p = 0.6568) (Fig. 3D). 
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Figure 3. Aging and infection reduce activation of TrkB and downstream activity in major TrkB-
signaling pathways. Levels of phosphorylated TrkB (A), PLCγ-1 (B), and ERK (C) were 
significantly lower in synaptoneurosomes prepared from aged animals 5 days following infection; 
levels of phosho-Akt (D) were not. Quantification was as above. 
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Central administration of the anti-inflammatory cytokine IL-1Ra 
ameliorates the infection-induced reductions in mBDNF and activated 
TrkB in synaptoneurosomes from aged rats. 

IL-1β is a major mediator of inflammatory responses in the brain as well as 

in the periphery.  We have previously shown that blocking the actions of IL-1β in 

the brain, by injecting IL-1Ra into the cistern magna at the time of the 

intraperitoneal E.coli injection, blocks infection-evoked deficits in long-term 

synaptic plasticity and memory in aged rats [24, 45].  Here we report that 

administration of IL-1Ra also blocks E. coli-evoked reductions in mBDNF (t(10) = 

0.3511, p = 0.7328) (Fig. 4A) and phospho-TrkB (t(10) = 1.339, p = 0.2102) (Fig. 4B). 

 
 

 

Figure 4. Blocking IL-1β signaling in the CNS blocks the E. coli-evoked reduction in synaptic 
levels of mBDNF protein (A) and phospo-TrkB in aged rats (B). E. coli injected rats received a 
concurrent injection of the anti-inflammatory cytokine IL-1Ra or vehicle into the cisterna magna. 
Hippocampi were collected, and synaptoneurosomes prepared 5 days after the injections. 
Quantification was as above. 
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II.5. Discussion 

We have previously demonstrated that a peripheral immune challenge 

produces profound disruptions in forms of hippocampus-dependent long-term 

memory and synaptic plasticity known to be BDNF dependent in aged, but not 

young, F344xBN rats [11, 24].  Here, we have extended these observations, 

examining for the first time the combined effects of aging and infection on levels of 

BDNF protein isoforms and their receptors at synaptic sites in the hippocampus.  

Our key findings are that an immune challenge in aging rats (1) triggered a 

minimal reduction in proBDNF and a much larger reduction in mature BDNF 

detectable in hippocampal synaptoneurosomes prepared 5 days after the injections, 

after all the rats had recovered from the acute infection; (2) had no significant 

effects on levels of BDNF receptors; but (3) significantly reduced phosphorylation of 

TrkB, and downstream activation of PLCγ-1 and ERK, consistent with decreased 

availability of mBDNF for activation of TrkB; and (4) no longer reduced mBDNF 

and phospho-TrkB if IL-1 receptors in the brain were blocked with a selective 

antagonist.   

These new data are consistent with the hypothesis that the interaction of 

aging and an infection might decrease availability of BDNF at hippocampal 

synapses, and thus might contribute to selective deficits in forms of long-lasting 

plasticity and memory that require BDNF for their full expression.  We found that 

the interaction of aging and infection reduced levels of mBDNF at synaptic sites by 
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> 50%.  Mouse models of BDNF haploinsufficiency have provided evidence that a 

critical threshold level of BDNF is necessary for full function in memory-related 

plasticity.  Heterozygous BDNF (+/-) mice with approximately half the normal levels 

of BDNF in their brains have significant impairments in long-lasting synaptic 

plasticity [71, 108, 105] and in hippocampus-dependent learning and memory [80].   

The consequences of reduction of BDNF protein isoforms are not yet so well 

studied, but mBDNF appears to play an important role in some forms of long-

lasting synaptic plasticity in the hippocampus.  Mature BDNF can be generated by 

cleavage of proBDNF by plasmin, an extracellular protease activated by tissue 

plasminogen activator (tPA)-dependent cleavage of plasminogen [104].  Theta burst 

stimulation is reported to induce secretion of tPA, and to increase extracellular 

conversion of proBDNF to mBDNF in cultures of hippocampal neurons [102].  

Application of mBDNF, but not a cleavage-resistant proBDNF, can rescue deficits in 

theta burst L-LTP hippocampal slices from mice lacking tPA or plasminogen [105].  

Mature BDNF can also rescue the impairment of theta-burst L-LTP caused by 

inhibition of protein synthesis in wild-type mice [105], suggesting that the mBDNF 

isoform may be one of the proteins whose production is required for long-lasting 

enhancement of synaptic efficacy.  There is now some corresponding evidence that 

production of adequate amounts of mBDNF may be important for hippocampus-

dependent memory.  A recent study indicates that increased cleavage of precursor 

proBDNF in the hippocampus is positively correlated with acquisition of contextual 

fear memory, while decreased cleavage is associated with extinction [7].   
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The effects of aging on BDNF mRNA and protein have been extensively 

studied and generally found to be modest [105]. However, a few studies have now 

examined the impact of aging on BDNF protein isoforms.  Aged Wistar rats with 

memory impairments are reported to have lower levels of total BDNF, but higher 

ratios of proBDNF to mBDNF than controls from a related strain known to have 

better preservation of cognitive function [132].  Perhaps not surprisingly, training in 

a spatial learning task increased levels of proBDNF in both young and aged Wistar 

rats, but only the young rats showed a corresponding increase in mBDNF [131]. 

Several studies have examined the effects of immune challenge or pro-

inflammatory cytokines on BDNF in the brain.  Lipopolysaccharide (LPS) is a 

component of the cell wall of Gram-negative bacteria.  A potent endotoxin, it leads 

to the release of pro-inflammatory cytokines such as IL-1β and tumor necrosis factor 

α [44].  BDNF mRNA in the principle neurons of the hippocampus was strongly 

downregulated 4 hours after an intraperitoneal injection of LPS or IL-1β [73].  

Depolarization-induced release of BDNF from slices of dentate gyrus was not 

altered by administration of LPS several days earlier [128].  However, when levels 

of BDNF protein were examined 7 hours after intraperitoneal injection of LPS, LPS 

was found to produce a dose-dependent reduction in BDNF in the cortex and 

hippocampus [56].   

Much less is known about the effects of immune challenge on BDNF protein 

isoforms, but intraperitoneal injection of a single very high dose of LPS (3 mg/kg) is 

reported to produce a small (~15%) reduction in both proBDNF and mature BDNF 
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in crude synaptoneurosomes prepared from the brains of young mice 3 days after 

the injection [123].  We have previously shown that a peripheral E. coli infection 

produces an exaggerated inflammatory response in the brains of aging animals, 

paralleled by specific deficits in forms of long-term memory and synaptic plasticity 

known to be strongly dependent on BDNF [12, 13, 24].  We now report that this 

inflammation also gives rise to a large reduction in mBDNF and TrkB signaling at 

synapses in the hippocampus.   

It is not yet clear how exaggerated CNS inflammation may impact levels of 

BDNF protein isoforms.  The precise circumstances and sites of BDNF production, 

processing, and release, and the stability of the resulting isoforms is currently a 

very active, complex, and controversy-filled area of investigation [5]—and rather 

beyond the scope of this initial report.  However, the work presented here provides 

new insights into naturalistic events that can affect BDNF production and 

processing in vivo and should provide a basis for further investigation of the 

interactions of aging, inflammation, and BDNF biology. 
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Chapter III  

 

A time course for IL-1β  and its effects on BDNF 

 

III.1. Abstract 

There is a strong communicative link between the innate immune system 

and the central nervous systems (CNS).  A peripheral infection (injection of live E. 

coli) produces CNS inflammation that is characterized by the upregulation of pro-

inflamamtory cytokines interleukin-1 beta (IL-1β), tumor necrosis factor alpha 

(TNFα) and interleukin 6 (IL-6) in the brain of F344xBN rats [12].  More 

interestingly, aged (24-month-old) animals show an exaggerated and prolonged 

CNS immune response compared to young (3-month-old) counterparts.  Levels of 

pro-inflammatory cytokines, specifically IL-1β in the hippocampus of aged animals 

were significantly elevated compared to young animals at day 4 post-infection; and 

increase that persisted through day 8 before returning to baseline levels at day 14 

[13].  We previously report that the combination of aging a peripheral infection 

produces a significant decrease in levels of mature, but not pro- BDNF (brain-

derived neurotrophic factor) protein at hippocampal synapses 4-5 days post-

infection; a result consistent with decreases in mBDNF-dependent downstream 

phosphorylation targets ERK (extracellular-signal-regulated kinase) and PLCγ-1 

(phospholipase C gamma-1) [31].  Here, we show that decreases in mBDNF and 
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pPLCγ-1, but not pERK persists for 8 days post-infection returning to baseline 

levels at day 14; a result that parallels the time course of heightened IL-1β 

following a peripheral infection.  Together, our findings suggest that the pro-

inflammatory cytokine IL-1β directly alters BDNF protein levels and interferes with 

BDNF-dependent signaling in hippocampus.       

III.2. Introduction 

Aging significantly renders the brain more vulnerable to challenging life 

events such as infections, surgery, and psychological stress [15, 156, 162].  Higher 

functioning aging individuals have shown significant cognitive decline following an 

inflammatory event, such as infection or injury [15, 156, 162].  It is well documented 

that triggering the immune response, through activation of the NALP1 (NAcht 

leucine-rich-repeat protein 1) inflammasome and its constituent caspase-1, results 

in increased production of pro-inflammatory cytokines such as IL-1β, TNFα and IL-

6; providing clear evidence for the presence of cytokines in the central inflammatory 

response [14, 36, 95].   Although this phenomenon is evident in many behavioral 

analyses, very little is known about the underlying cellular mechanisms.   

Aging-associated neuroinflammation has now been modeled in rodents.  From 

this, we learned that aged brain vulnerability to immune challenges (like infection, 

stress and surgery) is quite evident and pronounced; as indicated by an exaggerated 

inflammatory response accompanied by cognitive decline in aged, but not young 

animals [11, 12, 15, 22, 51, 52, 121, 156, 162].  Until recently, little was known 
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about the relationship between peripheral immune challenges and the CNS 

inflammatory response; let alone changes that exist with aging.  However, there is 

now experimental data showing that elevated levels of pro-inflammatory cytokines 

are produced in the brain (de novo) following peripheral infections; an effect more 

pronounced in aged animals with IL-1β found to be most abundant in key areas of 

the brain responsible for memory, such as the hippocampus [8-10, 14].  Therefore, 

IL-1β in the brain, as a result of CNS inflammation, has the capacity to significantly 

influence neural function, and these effects can be influenced with aging.    

Heightened levels of IL-1β in the hippocampus is shown to be strongly 

correlated with significant impairments in hippocampal function; as seen with 

deficits in hippocampus-dependent memory and impairments in hippocampus-

dependent forms of synaptic plasticity, like long-term potentiation (LTP) [8, 10, 34, 

154, 155].  Barrientos and colleagues have modeled this phenomenon of aging-

associated cognitive decline following an immune challenge using young (3-month-

old) and aged (24-month-old) Fischer-Brown Norway (F344xBN) rats [11].  They 

found that deficits in long-term forms hippocampus-dependent memory in aged 

animals following infection paralleled elevated levels of IL-1β both in time (24 hour, 

4 day and 8 day post-infection) and severity, as shown by greater and prolonged 

memory deficits in the aged animals following contextual-fear conditioning and 

Morris Water Maze tasks [11, 13].  In addition, impairments in long-term memory 

were mirrored by deficits in hippocampal late-phase long-term potentiation (L-LTP) 
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4 days post-infection [24]; a form of long-lasting synaptic plasticity and memory 

known to require brain-derived neurotrophic factor (BDNF) [21, 23, 84, 152].   

BDNF is a member of the neurotrophin family of proteins highly expressed in 

hippocampus and thought to play a large role in long-term forms of synaptic 

plasticity and memory [21, 23, 83, 84, 152].  BDNF is first synthesized as a 

precursor protein containing a pro-domain (proBDNF), which later undergoes 

proteolytic cleavage by plasmin, an extracellular protease activated by cleavage of 

plasminogen by tissue plasminogen activator (tPA) [104], or the intracellular Golgi-

associated enzyme furin [98] to produce the mature form of the BDNF protein 

(mBDNF).  This processing of the BDNF protein plays an important role in 

determining its cellular functions [5].  ProBDNF binds to, and activates the pan-

neurotrophin receptor p75NTR.  The mature form of BDNF is shown to interact with 

the receptor tyrosine kinase B (TrkB) in order to facilitate long-term forms of 

synaptic plasticity, in addition to activating downstream signaling pathways that 

include PLCγ-1 and ERK [117].  Previously, we demonstrated that the combination 

of age and infection reduced levels of mBDNF protein in hippocampal 

synaptoneurosomes prepared from aged animals 4 days following a peripheral 

infection [31].  In addition, we showed that events downstream of mBDNF – TrkB 

interactions were also perturbed with aging and a 4-day infection, as seen with 

decreases in phosphorylated PLCγ-1 and ERK [31].  Thus, we began to test the 

hypothesis that reductions in mBDNF and mBDNF-dependent downstream 
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signaling will parallel elevations in IL-1β in aged animals following infection; 

persisting for 8 days, but not 14 days post-infection. 

Here we show that levels of mBNDF in hippocampal synaptoneurosomes 

from aged and infected animals are still reduced at 8 day post-infection, but recover 

to basal levels at day 14 compared to age and young counterparts.  In addition, 

decreases in phosphorylated PLCγ-1, but not ERK, follow this same time frame.  

These data suggest that elevated levels of IL-1β in the hippocampus directly 

parallel decreases in levels of mature BDNF.  Also, the reductions in mBDNF are 

consistent with reductions in the phosphorylation of PLCγ-1 suggesting events 

downstream of mBDNF activity are also affected by elevated IL-1β.  Thus, this work 

provides further evidence for the direct influence of IL-1β on BDNF and BDNF-

dependent signaling in the hippocampus; a finding that may underlie the age and 

infection-evoked deficits in hippocampus-dependent memory and hippocampal 

synaptic plasticity previously observed.     

III.3. Materials and Methods 

Animals. The rats used were 3- and 24-month old male Fischer344/Brown Norway 

F1 crosses from the National Institute on Aging Aged Rodent Colony. Animals were 

pair housed, on a 12 h light/dark cycle, with ad libitum access to food and water. 

Upon arrival, rats were allowed to acclimate to the animal facility for 2 weeks 

before experiments were begun. All experiments conformed to protocols approved by 

the University of Colorado Animal Care and Use Committee.  E. coli infection 
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model. Stock E. coli cultures (ATCC 15746; American Type Culture Collection) were 

thawed and cultured overnight in 40 ml of brain-heart infusion (Difco) in an 

incubator (37°C, 95% air plus 5% CO2). The bacterial content in individual cultures 

was quantified by extrapolating from previously determined growth curves. 

Cultures were centrifuged for 15 min at 3000 rpm, the supernatants were 

discarded, and the bacteria were resuspended in sterile PBS, yielding a final dose of 

2.5 x 109 colony-forming units in 250µl. All animals received an intraperitoneal 

injection of 250µl of either E. coli or the vehicle (sterile PBS).   

Synaptoneurosome preparation. Tissue was collected at days 8 and 10 post 

injections.  Rats underwent rapid decapitation, and hippocampi were extracted. 

Tissue was minced in 500µl of homogenization buffer (HB) with protease and 

phosphatase inhibitors [1MTris, 1Msucrose, 0.5MEDTA, 0.25MEGTA, 0.5M NaF, 1 

M benzamidine, and 100mM AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride)] 

and homogenized using a glass tissue grinder with a Teflon pestle. Nuclear material 

and unbroken cells were removed by centrifugation at 960 x g for 5 minutes. The 

remaining supernatant was centrifuged at 10,000 x g for 15 minutes, yielding an S2 

cytosolic fraction and a P2 crude synaptoneurosomal fraction containing both 

presynaptic and postsynaptic material. The P2 synaptoneurosomal pellet was 

washed gently in 100µl of HB. The P2 pellet was then homogenized using a 0.5ml 

plastic pestle in 100µl of HB with 10µl of 10x sodium chloride-TRIS-EDTA (1x final 

concentration) and sonicated.  The P2 fraction obtained using this protocol was 
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previously characterized [31].  Protein content was quantified using the BCA 

protein assay (Bio-Rad). 

Western blots. Samples were prepared under reducing conditions in 4x Laemmli 

buffer and heated at 70°C for 5 minutes. For Western blotting, 40µg of protein 

sample was loaded onto 4–12% NuPage (Invitrogen) Bis-Tris SDS-polyacrylamide 

gels and transferred onto polyvinylidene fluoride membranes (Millipore). 

Membranes were blocked in 5% milk/PBST (PBS with Triton) for 30 minutes at 

room temperature; all primary antibody incubations were at 4°C overnight followed 

by 3 x 10 minutes washes with PBST; secondary antibody incubations were at room 

temperature for 1 h and washed 3 x 10 minutes. The following primary antibodies 

(and dilutions) were used: mature BDNF (1:1000; sc-546; Santa Cruz 

Biotechnology), proBDNF (1:500; ab72440; Abcam), phospho-TrkB (1:700; 

pTrkBY816, antisera gift from Moses Chao, New York University School of 

Medicine, New York, NY) and total TrkB (1:1000; sc-8316; Santa Cruz 

Biotechnology), p75 (1:500; gift from Mark Bothwell, University of Washington, 

Seattle, WA), phospho-PLCγ-1 (phospholipase Cγ-1) (1:1000; 07–2134) and total 

(phosphorylated and unphosphorylated) PLCγ-1 (1:500; 05–366; Millipore), 

phospho-ERK (extracellular response kinase) (1:1000; 9101) and total ERK (1:1000; 

9102; Cell Signaling Technology).  Blots were probed with synaptic marker PSD95 

(1:1000; United Biomedical) to validate synaptoneurosome fractions, and β-tubulin 

(1:100,000; MAB1637; Millipore Bioscience Research Reagents) and β-actin (1:5000; 

sc-47778; Santa Cruz Biotechnology) as loading controls.  Identity of the BDNF 
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isoform bands in synaptoneurosomes was confirmed by comparison with extracts 

from HeLa cells transfected with a plasmid that overexpresses BDNF, producing 

both the pro- and mature form. Secondary antibodies were purchased from GE 

Healthcare and Bio-Rad, and were diluted in the range of 1:5000–1:10000; 

SuperSignal West Pico Chemiluminescent was purchased from Pierce. Following 

chemiluminescent application, blots were exposed to autoradiography film (Denville 

Scientific). Blots were stripped using Restore Western Blot Stripping Buffer (Pierce) 

for 15 minutes, washed 3 x 10 minute in PBST, and subjected to standard Western 

blotting conditions. 

Analysis. Protein bands were quantified using ImageJ software, and all bands were 

normalized to their actin controls. Because it had previously shown that the 

combination of age and infection uniquely disrupts hippocampus-dependent 

memory and this deficit parallels upregulation of IL-1β 8 days, but not 14 days post 

infection, we hypothesized that reductions in BDNF (and related proteins) may also 

follow this same time frame.  We therefore used an unpaired t test to determine 

whether the level of the protein of interest in the aged + E. coli group differed from 

the level of the protein in the other groups. The p value listed for each protein (or 

phosphorylation state ratio) is for an unpaired t test comparing the mean of the 

aging + E. coli group to the mean of the summed values of the other test groups. 

III.4. Results 

Levels of mBDNF are reduced 8 days, but not 14 days post-infection in 
hippocampal synaptoneurosomes prepared from aged animals 
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To determine changes in synaptic levels of BDNF proteins we isolated 

synaptoneurosomal fractions from hippocampus of 3-month-old and 24-month-old 

animals 8 and 14 days following injection of vehicle saline or live E. coli.  We 

previously reported that levels of mBDNF were significantly reduced (~60%) in aged 

animals 4 days post-infection [31].  We now find that this decrease still persists 8 

days following infection of live E. coli (Fig 1a; p=0.02), and return back to baseline 

levels at day 14 post-infection (Fig1b) in aged, but not young animals.  

Furthermore, we did not observe any change in the levels of proBDNF with age (Fig 

1a, panel 2) or infection (Fig 1b, panel 2) at day 8 and 14 post-infection (p=0.7).    
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Figure 1.  Infection differentially affects BDNF protein isoforms in aged vs. young animals 8 
days, but not 14 days pos-infection. Western blot analysis showing levels of pro- and mature 
BDNF in hippocampal synaptoneurosomes prepared from young and aged rats, with and without 
a recent history of infection. (A) Infection markedly reduced mature BDNF in synaptic fractions 
from aged animals 8 days post-infection (panel 1, lane 2).  ProBDNF was unchanged (panel 2). 
(B) Levels of mBDNFand proBDNF were not significantly reduced by aging and 14 days 
following infection. Band intensities were quantified (NIH-ImageJ), normalized to actin controls, 
and expressed as percentages of mean protein levels from young vehicle-injected rats. Error bars 
indicate SEM. All graphs (here and below) represent a minimum of three independent 
experiments with 1–2 animals per group in each experiment. Asterisks indicate statistical 
significance from all other groups; individual P-values are reported in the text. 
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Levels of BDNF receptors are not altered by age or infection at day 8 
and 14 post-injection. 

 In contrast to its effects on BDNF protein, the combination of age and 

infection produced no detectable changes in levels of BDNF receptors in 

hippocampal synaptoneurosomes prepared 8 and 14 days after the initial E. coli 

injection.  Levels of TrkB expression, both the full-length (145kDa) and truncated 

(95kDa) forms are not changed by age and infection at day 8 post-infection (Fig 2a, 

panel 1; p=0.7) and day 14 post-infection (Fig 2b, panel 1; p=0.6).  In addition the 

proBDNF receptor p75NTR is unaffected by age, and infection at day 8 (Fig 2a, panel 

2 [p=0.9]) and 14 post-infection (Fig 2b, panel 2; p=0.5).  These results suggest that 

the combination of age and infection specifically acts on BDNF protein levels and 

not on post-synaptic receptor expression. 
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Figure 2. Age and infection do not alter levels of BDNF receptors.  Western blot analysis was 
performed on hippocampal synaptoneurosomes prepared from young and aged rats, with and 
without a recent history of infection. Levels of the pan neurotrophin receptor p75NTR and 
principal TrkB receptor isoforms were unchanged (A) 8 days and (B) 14 days post-infection. 
Quantification was as above. 
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Age and infection decrease TrkB activation downstream signaling 
systems are 8 days post-injection. 

To determine if limited availability of mBDNF at hippocampal synapses 

reduces activation of TrkB , and downstream mBDNF – TrkB events we explored 

expression levels of phosphorylated TrkB, PLCγ-1 and ERK.  The TrkB receptor is 

autophosphorylateed following neurotrophin binding, specifically mBDNF [117].  

Here we report that phospho- TrkB is significantly reduced in hippocampal 

synaptoneurosomes prepared from aged animals 8 days following a peripheral 

infection (Fig 3a; p=0.02).  This reduction in pTrkB did not persist for 14 days post-

infection (Fig 4a; p=0.3).  To examine if reductions in TrkB activation affected 

downstream events we explored two related signaling pathways, PLCγ-1 and ERK.  

Reductions in pTrkB were consistent with reductions in the amounts of pPLCγ-1 

(Fig 3b; p=0.02) and pERK (Fig 3c; p=0.02) in synaptic fractions prepared from aged 

animals 8 days post-infection.  However, levels of phospho- PLCγ-1 and ERK were 

not significantly altered in aged animals 14 days post-infection (Figs 4b [p=0.1] and 

4c [p=0.6]).  
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Figure 3. Aging and infection reduce activation of TrkB and downstream activity in major TrkB-
signaling pathways 8 days post-infection. Levels of phosphorylated TrkB (A), PLC-γ1 (B), and 
ERK (C) were significantly lower in synaptoneurosomes prepared from aged animals 8 days 
following infection.  Quantification was as above. 
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III.5. Discussion 

A single peripheral immune challenge, i.p. injection of live E. coli, into aged 

rats produces a prolonged and exaggerated inflammatory response in the CNS [11].  

Following a peripheral infection, levels of the pro-inflammatory cytokine IL-1β are 

significantly upregulated in the hippocampus; causing pronounced deficits in 

hippocampus-dependent memory and synaptic plasticity [13, 24].  Levels of 

Figure 4. Reductions in phospho- TrkB and downstream TrkB-signaling pathways do not persist 
for 14 days post-infection. Levels of phosphorylated TrkB (A), PLC-γ1 (B), and ERK (C) were 
unchanged in synaptoneurosomes prepared from aged animals 14 days following infection.  
Quantification was as above. 
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hippocampal IL-1β were most abundant 4-5 days following infection [13], and 

deficits in memory and plasticity were observed at this time point [13, 24].   It was 

previously reported that peripherally-induced increases in IL-1β in hippocampus 

persists up to 8 days following a single injection of live E. coli, but returns to 

baseline levels by day 14 [13].  More interestingly, impairments in hippocampus-

dependent memory parallel these increases in hippocampal IL-1β; with observed 

deficits in behavioral performance on memory tasks at day 8, but not day 14 post-

infection [11].   

The mature BDNF protein isoform plays a large role in facilitating forms of 

synaptic plasticity that underlies some forms of memory [18, 21, 152].  BDNF is 

shown to facilitate these forms of plasticity via TrkB signaling; an event that causes 

autophosphorylation of the receptor kinase itself, as well as phosphorylation of 

downstream proteins PLC-γ and ERK [117].  We have previously reported that 

synaptic levels of mBDNF protein are significantly reduced in hippocampal 

synaptoneurosomes from aged animals 5 days following a peripheral infection [31].  

Furthermore, reductions in synaptic levels of mBDNF were consistent with 

decreases in autophosphorylation of the TrkB receptor (pTrkB), pPLCγ-1 and pERK 

at the same time point [31].   Here, we extend the initial findings and show that 

reductions in levels of mBDNF protein persist for 8 days post-infection, but return 

to baseline levels at day 14.  We observed a similar decreasing trend in protein 

expression of pPLCγ-1 and pERK at day 8, but not day 14 post-infection; suggesting 
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that these decreases are consistent with infection-evoked upregulation of IL-1β in 

hippocampus.   

 It is becoming clearer that the aged brain is vulnerable to inflammatory 

events that can have precipitous declines in normal cognitive function; the likes of 

which include severe memory impairments and the potential onset of memory-

associated neurodegenerative disorders.  We now have mechanistic evidence 

suggesting that age and infection-evoked hippocampal dysfunction occurs by 

targeting BDNF and BDNF-dependent signaling at synapses [31].  We see that 

hippocampus-dependent memory impairments follow, in concert the heightened 

levels of IL-1 following a peripheral infection; at days 4-5 post-infection, persisting 

through day 8, and returning to baseline levels at day 14 [13].  Thus, in order to 

fully understand the prolonged effects of inflammation in the aged brain on synaptic 

mechanism, we have extended on our 4-5 day time point and determined that a 

single inflammatory event is capable of have persistent effects on BDNF protein 

expression and BDNF-dependent signaling in the hippocampus.     

 This work is the first to report that a single, acute peripheral inflammatory 

event can have prolonged effects on neural function.  It is quite remarkable that an 

acute infection can have persistent effects on neural function up to 8 days following 

the event.  More specifically, we have identified a specific target (BDNF protein 

expression at hippocampal synapses), and a potential mechanism (BDNF-dependent 

synaptic signaling pathways), by which the pro-inflammatory cytokine IL-1β acts on 

to potentially cause cognitive impairments and memory deficits.   
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 We found that decreases in the phosphorylation of PLCγ-1 and ERK occurred 

4-5 days post-infection [31], however only reductions of pPLCγ-1, but not pERK 

extended to 8 days post-infection in aged animals.  One possibility for this may be 

due to the fact that phosphorylation of PLCγ-1 is an event closely associated with 

activation of TrkB; a synaptic target of mBDNF [117].  In addition, ERK 

phosphorylation occurs farther downstream of PLCγ-1, and ERK activation is not 

specific in that it can be phosphorylated by a number of cellular events; including 

Ca2+ influx thorough a number of post-synaptic receptors aside from Trks [146].   

 Altering BDNF protein isoforms and BDNF-dependent can affect learning 

and memory acquisition [131, 132].  Our results indicate that these effects on BDNF 

occur as a result of aging and infection.  Thus, this may be one potential mechanism 

that underlies the cognitive decline and memory impairments with aging.  Synaptic 

failure is a phenomenon thought to underlie the early-stage hippocampal 

inefficiencies contributing to the memory impairments associated with Alzheimer’s 

disease (AD) [125].  In addition to aging, neuroinflammation significantly influences 

the onset and severity of AD pathologies [61].  In addition, there is a strong 

correlation between increases in IL-1β and hippocampal dysfunction observed in AD 

[35, 61, 119].  Therefore, it is possible that a common mechanism underlying 

cognitive dysfunction associated with aging, and potentially AD may be dependent 

on BDNF protein at synapses, as well as activation of downstream signaling 

cascades.    
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CHAPTER IV 

 

Aging and CNS Inflammation Arising from a Peripheral Infection 
Enhances LTD and Increases proBDNF – p75NTR Interactions 

 

 

IV.1. Abstract 

Older individuals often experience precipitous declines in cognitive function 

after events (Ex. surgery, infection, or injury) that trigger activation of the 

peripheral immune system. Aging sensitizes the hippocampal inflammatory 

response to peripheral infection, increasing the size and duration of the resulting 

spike in interleukin-1beta (IL-1β). We have previously demonstrated that in aging 

(24-month-old), but not in young (3-month-old) F344xBN rats, a peripheral immune 

challenge (i.p. injection of live E. coli) triggers an exaggerated elevation in 

hippocampal IL-1β, which in turn disrupts forms of hippocampal long-term memory 

and synaptic plasticity known to be BDNF-dependent [11, 24]. 

Hippocampal memory processes are thought to involve shifts in the balance 

of plasticity processes - LTP and LTD (long-term potentiation and depression of 

excitatory synaptic transmission). Numerous studies have shown that disruptions 

in hippocampal LTP [4, 6, 39, 42, 114, 116, 148], and enhancements of hippocampal 

LTD [93, 163] are strongly correlated with memory impairments. In addition, shifts 

in the direction of hippocampal synaptic plasticity have been reported in rodent 

models of neurodegenerative diseases associated with memory loss [77]. 
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       Interestingly, BDNF modulates both LTP and LTD. BDNF is synthesized as a 

precursor protein (proBDNF), and cleaved to produce the mature BDNF protein 

isoform (mBDNF). Pro-BDNF binds preferentially to the pan-neurotrophin receptor 

p75NTR, activates apoptosis-related signaling pathways, and facilitates long-term 

depression (LTD) in the hippocampus. In contrast, mBDNF binds to TrkB receptors, 

promotes cell survival, and is required for some forms of long-term potentiation 

(LTP). 

We have previously found that mBDNF, but not pro-, is significantly reduced 

in hippocampal synaptoneurosomes prepared from aged animals following an 

infection [31] - an observation consistent with reduced theta burst L-LTP at 

Schaffer collateral-CA1 synapses in these animals [24].  Here, we report that the 

combination of age and infection enhance hippocampal LTD and increase proBDNF 

- p75NTR interactions in hippocampal tissue.  Furthermore, we do not observe 

changes in sortilin and pJNK, proteins associated with p75NTR signaling; suggesting 

a non-apoptotic role for proBDNF – p75 activity.  This work begins to examine the 

functional role of endogenous BDNF protein isoforms in memory-related plasticity 

processes. It may also provide novel insights into the early stages of synaptic failure 

in a variety of disorders associated with dysregulated brain inflammatory responses 

(Ex. post-operative cognitive dysfunction, autoimmune diseases, depression, PTSD 

and some neurodegenerative disorders). 

 

IV.2. Introduction 
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The combination of aging and a peripherally-induced CNS inflammatory 

response, characterized by elevated levels of the pro-inflammatory cytokine IL-1β, 

impairs hippocampus-dependent memory consolidation in 24-month, but not 3-

month old F344xBN rats [11].  These age and infection-evoked declines in memory 

are mirrored by specific deficits in theta-burst evoked hippocampal late-phase long-

term potentiation (L-LTP) [24].  Theta burst L-LTP involves mBNDF-dependent 

activity at hippocampal synapses, and this form of long-term synaptic plasticity is 

associated with long-lasting forms of memory in the hippocampus [21, 23, 84, 152].  

However, the mechanisms through which age and infection interact to produce 

specific deficits in plasticity and hippocampus-dependent memory are still poorly 

understood. 

BDNF is first synthesized as a precursor protein containing a pro-domain 

(proBDNF), which later undergoes post-translational cleavage to produce the 

mature form of the BDNF protein (mBDNF) [98, 104].  This processing is critical in 

determining the cellular function of BDNF because each isoform has distinct and 

reciprocal functions at hippocampal synapses.  Mature BDNF facilitates multiple 

forms of LTP in the hippocampus important for the acquisition and consolidation of 

multiple forms of memory [85, 96, 104, 140].  In addition, mBDNF – Trk receptor 

activity activates downstream signaling pathways that include PLCγ-1 (phosphor-

lipasce C gamma-1) and MAPK (Ras-mitogen-activated protein kinase), which are 

necessary for facilitating plasticity and promoting cell survival [96, 117]. ProBDNF, 

on the other hand, has been shown to facilitate LTD following binding and 
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activation of the pan-neurotrophin receptor p75NTR; an event linked to memory 

impairments and memory-related neurodegenerative diseases [93, 164].  P75NTR is 

necessary for facilitating synaptic plasticity in the hippocampus, however, p75NTR 

activation by pro-neurotrophins also initiates downstream signaling pathways that 

regulate apoptosis: these include JNK (c-Jun NH(2)-terminal kinase and NF-κB 

(nuclear factor-kappa B) [85, 117].  To regulate apoptosis, p75NTR requires the 

formation of a complex with sortilin, a type I transmembrane glycoprotein that is a 

member of the mammalian vacuolar protein sorting 10p domain [133, 143].  

Additionally, sortilin is necessary for regulating apoptosis and neurodegeneration 

associated with AD [145].  The apoptotic function occurring through p75NTR 

signaling is more pronounced, however, its role in regulating synaptic plasticity is 

less known.  Mechanisms driven by distinct BDNF protein isoforms can have 

entirely different effects on synaptic function.  They can play a large role in 

regulating synaptic plasticity and memory in the hippocampus, as well as initiate 

cell death and associated with memory impairments.  Thus, it is critical to 

determine which BDNF isoforms and signaling pathways are at play that may 

contribute to changes in plasticity and memory associated with age, inflammation 

and potentially neurodegenerative disorders.    

We have previously reported that levels of the mature BDNF protein isoform, 

but not the full-length pro BDNF protein are significantly reduced in hippocampal 

synaptoneurosomes prepared from aged, but not young animals with a recent 

history of infection [31].  The reduction in the mBDNF protein isoform is consistent 
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with the age and infection-evoked declines in hippocampal L-LTP and 

hippocampus-dependent memory previously observed [13, 26].  However, additional 

effects on hippocampal function that may arise from shifting the ratio of the 

endogenous proBDNF and mBDNF protein isoforms have not yet been identified.   

In the present study, we observed enhanced LTD in hippocampal slices 

prepared from aged animals with a recent history of infection.  Furthermore, we 

observed an increase in proBDNF – p75NTR interactions; suggesting a potential 

cellular signaling mechanism which may be facilitating this enhancement of LTD.  

Interestingly, sortilin and p75NTR downstream activator protein JNK were 

unaffected by age and infection.  These effects are dependent on IL-1 signaling, as 

administration of the IL-1β-receptor antagonist (IL-1RA) blocks the enhancement of 

LTD, as well as the increase in proBDNF – p75NTR receptor – ligand interaction.  

These results extend our initial findings, demonstrating that the combination of 

aging and a peripherally-triggered CNS inflammatory response can influence other 

forms of BDNF-associated synaptic plasticity in the hippocampus.  Furthermore, 

these data provide further support for the idea that aging and inflammation can 

shift levels of endogenous BDNF protein isoforms at hippocampal synapses; a result 

that is consistent with shifts in the polarity of hippocampal synaptic plasticity. 
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IV.3. Materials and Methods 

 Animals.  The rats were 3- and 24-month old male Fischer344/Brown Norway F1 

crosses from the NIA Aged Rodent Colony.  Animals were group housed, on a 12-

hour light dark cycle, with ad libitum access to food and water.  Upon arrival, all 

rats were allowed to acclimate to the animal facility for at least a week before 

experiments are begun.  All experiments were conducted in accordance with 

protocols approved by the University of Colorado Animal Care and Use Committee. 

Infection.  One day prior to the start of experimentation, stock E. coli cultures 

(ATCC 15746; American Type Culture Collection, Manassas, VA) were thawed and 

cultured overnight (15–20 hour) in 40mL of brain-heart infusion (BHI; DIFCO 

Laboratories, Detroit, MI) in an incubator (37 oC, 95% air + 5% CO2). The number 

of bacteria in individual cultures was quantified by extrapolating from previously 

determined growth curves. Cultures were then centrifuged for 15 minutes at 3000 

rpm, the supernatants were discarded, and the bacteria were resuspended in sterile 

phosphate buffered saline (PBS), to achieve a final dose of 2.5 X 10 9 CFU in 250µl.  

All animals received an intraperitonneal (i.p.) injection of 250µl of either E. coli or 

the vehicle (sterile PBS).   

IL-1RA Administration.  IL-1RA was administered immediately before i.p. 

injections of vehicle saline or live E. coli.  Rats were briefly anesthetized with 

halothane. The dorsal aspect of the skull was shaved and swabbed with 70% ETOH. 

A 27-gauge needle attached via PE50 tubing to a 25µl Hamilton syringe was 
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inserted into the cisterna magna.  To verify entry into the cisterna magna, ~ 2µl of 

CSF was drawn.  In all cases, CSF was clear of red blood cells indicating entry into 

the cisterna magna. Vehicle (0.9% saline) or hIL-1RA (100µg) was administered in 

3µl total volume. 

Slice Preparations.  Physiology experiments were performed 4-5 days after the 

initial infection This time point was chosen based on several observations: (1) all of 

the animals have completely recovered from the infection and (2) the 24 month old 

rats, but not the 3 month old rats have significantly higher levels of proBDNF 

present at hippocampal synapses [31].   

 Hippocampi were collected from rats following decapitation.  Transverse 

hippocampal slices (400µm) were prepared using conventional techniques (E.g. [107, 

108]).  Slices were maintained in an interface chamber at 28oC, and perfused with 

an oxygenated saline solution (124.0mM NaCl, 4.4mM KCl, 26.0mM NaHCO3, 

1.0mM NaH2PO4, 2.5mM CaCl2, 1.3mM MgSO4, 10mM glucose).  Slices were 

permitted to recover for at least 90 minutes before recording. Field excitatory 

postsynaptic potentials (fEPSP) were recorded from Schaffer collateral–CA1 

synapses by placing both stimulating and recording electrodes in the stratum 

radiatum. All stimuli were delivered at intensities that evoked field EPSP slopes 

equal to 40% of the maximum in each slice.  Test stimuli were delivered once every 

minute, and test responses were recorded for 15-30 minutes prior to beginning the 

experiment to assure stability of the response.   
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Stimulation Protocol.  LTD was induced in hippocampal slices using the following 

low-frequency stimulation protocol: 1Hz for 15 minutes (900 pulses total).  The 

same stimulus intensity was used for tetanization and evoking test responses. 

Co-Immunoprecipitation and Crosslinking.   Hippocampi from young and aged 

animals with and without a recent history of infection were collected 4-5 days post 

injection.   Tissue was homogenized using a glass Teflon pestle in cold RIPA buffer 

(50mM Tris-HCl, 150mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 0.1% SDS) 

and centrifuged at 15,000 x g for 10 minutes to remove insoluble material and 

unbroken cells.  Co-IP:  All steps were done at 40C and/or on ice; 1.5mg of protein 

brought to 1mL total volume was used for the assay.  The tissue lysate was pre-

cleared by adding 25µL of protein agarose beads and disrupted for 3 hours.  

proBDNF was immunoprecipated by an antibody specifically raised against the pro-

domain of full-length BDNF  Antibody was added to the cleared lysate at a 

concentration of 1:100 and allowed to incubate for 1 hour while neutating.  After, 

50µL protein agarose beads were added and the complex was allowed to form 

overnight.  All beads were spun at 20,000 x g for 30 seconds.  Beads were washed 3 

x in washing buffers (high to low salt and with and without lysate detergent) for 25 

minutes.  After the final wash, beads were dried and 15 µL of 4x Laemmli sample 

buffer was added and samples were heated at 700C to dissociate the complex. 

Interactions were analyzed using Western Blot analysis.   

Western Blot Analysis.   Fractionated samples obtained were prepared under 

reducing conditions in 4x Laemmli sample buffer and heated at 70˚C for 10 
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minutes.  For Western blotting, samples were loaded onto NuPage Novex 

(Invitrogen) Bis-Tris pre-cast gels, transferred onto polyvinylidene fluoride 

membranes (Millipore, Billerica, MA, USA) and probed for BDNF (sc-546; Santa 

Cruz Biotechnology, Santa Cruz, CA, USA) pJNK (9251; Cell Signaling, Danvers, 

MA, USA), sortilin (612101; BD, San Jose, CA, USA) and TrkB (sc-8316; Santa Cruz 

Biotechnology, Santa Cruz, CA, USA).  Blots were probed with β-tubulin (MAB1637; 

Millipore, Billerica, MA, and actin (sc-47778; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA) for loading controls.  Secondary antibodies were purchased from GE 

Healthcare (Buckinghampshire, UK) and SuperSignal West Pico Chemiluminescent 

was purchased from Pierce (Rockford, IL, USA).  Following chemiluminescent 

application, blots were exposed to autoradiography film (Midsci, St. Louis, MO, 

USA).  Blots were stripped using Restore Western Blot Stripping Buffer (Pierce) for 

15 minutes and washed 3 x 10 minutes in 0.1% PBS/Tween and subjected to 

standard Western blotting conditions. 

IV.4. Results 

LTD is enhanced in aged animals with a recent history of infection 

It has been previously reported that the combination of age and infection 

impairs hippocampus-dependent memory [8-10, 49, 57-59], and these memory 

deficits are consistent with impairments in hippocampal LTP [24, 33, 154, 155].  

Therefore, we examined whether this combination of age and infection can alter 

other forms of hippocampal synaptic plasticity, such as LTD.   
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For these experiments hippocampal slices from young and aged animals with 

and without a recent history of injection, as well aged animals that received IL-1RA 

icm immediately before E. coli injection were tetanized using low-frequency 

stimulation (1Hz for 15 minutes; a total of 900 pulses) to induce LTD.  We observed 

an enhancement of LTD in 24-month-old animals 4 days post-infection with live E. 

coli (Fig 1), compared to young and age-matched vehicle-injected controls (Fig 1).  

Also, IL-1RA blocked the enhancement of LTD in aged and infected animals. The 

aged vehicle-injected animals, as well as young vehicle and E. coli injected animals 

produced a steady LTD response (exhibited 25% drop in slope from baseline), 

whereas the aged-infected animals exhibited an enhancement of LTD  (dropping 

about 60% from baseline and 40% from control animals [page=f(3,56)=662.584, 

p<0.001; pinfection=f(3,56)=989.512, p<0.001]). 

 

 

 

 

 

 

 

Figure 1.  LTD is significantly enhanced in aged rats following infection.  LTD enhancement 
is blocked with administration of IL-1RA into icm of rats before injection of E. coli.  Slices 
were prepared from animals 4 d after the E. coli, IL-1RA and vehicle injections.  LTD was 
elicited at the Schaffer collateral–CA1 synapse using the following stimulus protocols: low-
frequency stimulation (1 Hz stimulus delivered for 15 minutes, 900 pulses total).  LFS 
produced a moderate LTD response in age and young vehicle (blue & green) and young 
infected rats (red). Age and infection significantly enhanced the LTD response (purple), which 
was blocked by IL-1RA.  Error bars indicate SEM. 
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proBDNF – p75 interactions increase in hippocampal tissue from aged 
animals following infection 

The proBDNF protein isoform is reported to be involved in facilitating LTD in 

the hippocampus through its interaction with the p75NTR receptor [164].  We have 

previously reported that levels of mBDNF, but not proBDNF are decreased in 

hippocampal synaptoneurosomes prepared from aged, but not young animals with a 

recent history of infection.  This suggests that neurons in these animals have an 

increased ratio of pro – to – mature BDNF protein isoform expression. 

 We therefore began to test the hypothesis that increases in proBDNF – 

p75NTR interactions parallel an enhancement in hippocampal LTD.  To do this, 

proBDNF and p75NTR proteins were crosslinked and co-immunoprecipated from 

hippocampal tissue from 3-month-old and 24-month-old animals with and without a 

previous history of infection.  Age and infection had no impact on basal levels of 

p75NTR and proBDNF respectively (Fig 2a).  We observed a 2.5-fold increase in the 

amount of proBDNF – p75NTR interaction as indicated by immunoblotting (Fig 2b, 

lane 4).  Basal levels of receptor – ligand interactions were consistent amongst the 

young and aged counterparts (Fig 2, panel 3, lanes 1-3).  ProBDNF – p75NTR 

interactions were significantly increased with age and infection (p<0.001) while no 

change was detected in aged vehicle animals, as well as young vehicle and E. coli 

injected animals; suggesting that neither aging- nor infection alone have a 

detectible effect on proBDNF – p75NTR interactions.  
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Levels of sortilin and downstream activation of JNK were unaffected by 

age and infection. 

A p75NTR – sortilin complex is necessary for p75NTR activation and induction 

of downstream apoptotic signaling [133, 143].  The phosphorylation of JNK occurs 

following pro-neurotrophin binding to p75NTR [117].  To test the involvement of 

sortilin in our system, and determine if downstream events are affected by age and 

infection we used Western Blot analysis to look at levels of sortilin and pJNK in 

hippocampal tissue.  Surprisingly, we find that protein levels of sortilin (p=0.6) and 

pJNK (p=0.8) are unchanged in all groups; young and aged animals with and 

without infection (Fig 3).  These results suggest an anti-apoptotic role for proBDNF 

– p75NTR activity; one that may be important for regulating synaptic plasticity, like 

LTD, which does not require apoptosis.         

Figure 2.  proBDNF – p75 interactions increase with age and infection.  Co-
immunoprecipitation of proBDNF follwed by Western blot analysis of showing levels of p75NTR in 
hippocampal lysates prepared from young and aged rats, with and without a recent history of 
infection. (A) Starting lysate showing no change in levels of proBDNF and p75NTR (B) proBDNF 
was pulled down in lysates and immunoblot for p75NTR reveals an increase in receptor – ligand 
interaction with age and infection.  Error bars indicate SEM. All graphs (here and below) 
represent a minimum of three independent experiments with 1–2 animals per group in each 
experiment. Asterisks indicate statistical significance from all other groups; individual P-values 
are reported in the text. 
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IL-1RA blocks the enhancement of LTD and the increases in proBDNF 
– 75NTR interactions in aged and infected animals. 

A peripheral injection of live E. coli (i.p.) produces an inflammatory response 

in the CNS as indicated by upregulation of IL-1β in the hippocampus [13].  It has 

been previously reported that this peripheral infection produces specific deficits in 

hippocampus-dependent memory, impairments in hippocampal L-LTP, and 

significant decreases in mBDNF protein expression at synapses [24, 31].  Even more 

interestingly, blocking IL-1 signaling with IL-1RA prevented the deficits in 

memory, the impairments in L-LTP and the decreases in mBDNF protein 

expression [24, 31]. 
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Figure 3. Aging and infection does not alter downstream activity in major p75-signaling 
pathways.  Levels of Sortilin (panel 1) and phosphorylated JNK (panel 3) were uchanged in 
hippocampal lysates prepared from aged animals 5 d following infection; levels.  Phosphorlated 
proteins were normalized to their respective total levels. Error bars indicate SEM. All graphs 
(here and below) represent a minimum of three independent experiments with one to two animals 
per group in each experiment. ** indicates no statistical significance from all other groups; 
individual p values are reported in the text.  
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 To determine if the observed enhancement of LTD, as well as increases in 

proBDNF – p75NTR interactions are dependent on IL-1 signaling we injected the IL-

1 receptor antagonist IL-1RA into the cistern magna of the aged rats immediately 

before an i.p. injection of vehicle saline or E. coli.  We found that blocking IL-1 

signaling in the CNS also blocked the enhancement of LTD (Fig 4a, purple).   In fact 

we see an improvement of plasticity in aged vehicle animals, as indicated by a 

reduced expression of LTD compared to other controls; suggesting IL-1RA may 

block low-level endogenous inflammatory responses (Figure 4a, purple).  Injections 

into the cisterna magna did not seem to cause additional changes in the expression 

of LTD in aged vehicle animals – LTD expression was consistently ~25% below 

baseline as seen in Fig 1 where animals only received i.p. injections (Fig 4a, red & 

blue).  Furthermore, a vehicle injection icm did not change the enhancement of LTD 

in the aged animals follwling E. coli infection (as seen in Fig 1 [Fig 4a, green]).  

Consistent with the electrophysiological data, we find that that the increased 

proBDNF – p75NTR interactions were also blocked by IL-1RA (Fig4b); suggesting 

that proBDNF may regulate LTD via p75NTR in the hippocampus, and can be 

significantly effected by IL-1 regulated inflammation.  
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Figure 4. Enhancement of LTD and increase in proBDNF – p75NTR are blocked by 
administration of IL-1RA into icm of aged animals immediately before E. coli injection.  LTD 
stimulation protocol and co-immunoprecipitation wer discussed in Figs 1 & 2.  (A) IL-1RA blocks 
infection-evoked increases in LTD (green) in hippocampal slices prepared from aged and infected 
animals (purple).  Vehicle treatments icm and i.p. had no effect on LTD expression (red & blue).  
(B) proBDNF was pulled down in lysates and immunoblot for p75NTR reveals an increase in 
receptor – ligand interaction with age and infection (panel 3, lane 2) which is blocked with 
administration of IL-1RA (panel 2, lane 3).  E.coli and IL-1RA did not alter protein expression in 
the starting material (panels 1 & 2).   
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IV.5. Discussion  

In the experiments presented here, we have examined the effects of aging 

and a peripheral immune challenge (i.p. injection of live E. coli) on hippocampal 

LTD, as well as the synaptic role of the proBDNF protein and p75NTR receptor in 

hippocampus.  The principle findings of this study are that the combination of age 

and infection (1) enhance hippocampal LTD following low-frequency stimulation in 

Schaffer collaterals in area CA1 of hippocampus, (2) produce increased proBDNF – 

p75NTR receptor-ligand interaction at hippocampal synapses; a potential mechanism 

for facilitating enhanced LTD and (3) these events depend on IL-1 signaling in the 

brain as administration of IL-1Ra icm blocks these effects.  

These findings are consistent with our previous results indicating that the 

combined effects of aging and infection produce significant memory impairments in 

the hippocampus, as well as significant reductions in hippocampal L-LTP [11, 24].  

Furthermore, this combination produces a shift in the ratio of mBDNF protein 

expression to that of proBDNF [31].  The present results extend these initial 

behavioral, electrophysiological and protein biochemical findings by identifying 

another form of hippocampal synaptic plasticity (LTD) affected by age and infection.  

In addition, these works have identified a potential cellular mechanism through 

proBDNF – p75NTR signaling that may be responsible for facilitating the observed 

enhancements of hippocampal LTD.   
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 The facilitation of LTD through proBNDF and its interaction with p75NTR is 

not fully understood and its role in normal physiological systems remains 

controversial.  The current evidence in support of the hypothesis that proBDNF is 

involved in regulating LTD through p75NTR activation, is reported in murine models 

involving complex genetic manipulations [85, 120, 164].  For example, surgical 

procedures and viral delivery methods used in the development of genetic models 

are essentially peripheral immune challenges and compromising the immune 

system; an event that we now know can have a significant impact on brain function.  

In addition, the studies done in the field of neurotrophin biology have utilized 

multiple models of overexpression, which renders the true endogenous system 

compromised and physiologically challenged.   

The work presented here is the first to investigate the endogenous 

interactions between proBDNF and p75NTR, and further correlate this interaction 

with the regulation of hippocampal LTD in a naturalistic rodent model of aging and 

peripherally induced CNS inflammation.  We report that proBDNF – p75NTR 

interactions are significantly increased in hippocampal tissue from aged animals 

with a recent history of infection [Fig 2].  Furthermore, we find that increased 

receptor – ligand interactions are specifically correlated to enhancements in 

hippocampal LTD in aged and infected animals compared to young and aged 

counterparts [Fig 1].  Young vehicle and infected animals, and aged vehicle animals 

displayed consistent LTD [Fig 1] and detectable levels of basal receptor – ligand 

interactions [Fig 2].  We find these effects to be specifically linked to the 
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inflammatory response; as IL-1Ra prevents both the enhancement of LTD and 

increases in proBDNF – p75NTR interactions [Fig 4].  This work is significant in that 

these findings provide evidence for a potential mechanism via proBDNF activation 

of p75NTR for the facilitation of LTD in a naturalistic model; a finding that 

contributes to the initial reports on BDNF-dependent modulation of plasticity in the 

hippocampus.    

Multiple forms of synaptic plasticity (LTP and LTD) regulated by BDNF and 

BDNF-dependent signaling pathways play a large role in the expression of learning 

and memory [21, 23, 85, 96, 163, 164].  Changes in hippocampal synaptic plasticity 

produce significant changes in memory expression.  For example, alterations in 

hippocampal LTP [4, 6, 39, 42, 114, 116, 148] and enhancement of hippocampal 

LTD [93, 163] are strongly correlated with significant memory impairments.  More 

interestingly, shifts in hippocampal synaptic plasticity are commonly observed, yet 

still controversial, in rodent models of Alzheimer’s disease (AD) [27, 68, 127].  LTD 

is enhanced in models of AD, however other groups have shown that LTD is 

unaffected, and that memory problems arise more so from deficits in LTP [78].  The 

mechanisms through which changes in memory-related synaptic plasticity occur 

both naturally and in AD are not yet clear.  BDNF plays a large role in regulating 

multiple forms of synaptic plasticity important for memory.  Thus, BDNF and its 

related signaling pathways may be responsible for the underlying changes in 

synaptic plasticity observed naturally, as well as with memory-associated 

neurodegenerative disorders. 
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Biological changes associated with AD include shifts in BDNF and NGF 

(nerve-growth factor) expression [61, 109], activation of p75NTR receptor [38, 136], 

changes in hippocampal synaptic plasticity [70, 78, 166] and the presence of pro-

inflammatory cytokines following an inflammatory response [35, 61].  These events 

have all been identified and targeted independently with AD.  Similarly, 

inflammation-induced upregulation of IL-1β has profound and individualistic effects 

on LTP [16, 24, 30, 67, 150], BDNF protein expression [31, 135] and BDNF-

dependent signaling pathways [31, 135, 149].   Thus, it is important to identify a 

potential link between the effects of neuroinflammation, and the signaling 

pathways necessary for the synaptic plasticity underlying memory in order to better 

understand the pathologies associated with memory-related disorders, and BDNF 

may be a potential link. 

LTD occurs following the activation of p75NTR by pro-neurotrophins [85, 164].  

LTD is a correlate of memory impairments [93], and activation of p75NTR initiates 

downstream cellular events involved in cell death [117].  It is hypothesized that the 

occurrence of these events, in combination with aging underlies the memory 

impairments, cognitive decline and neurodegeneration associated with AD, 

however, it is unclear how this occurs.   

We have previously reported that the combination of aging and inflammation 

impairs hippocampal L-LTP [24] and shifts the ratio of pro- and mature BDNF 

protein isoforms at synapses [31].  We now report that LTD is enhanced, and 

proBDNF – p75NTR interactions are increased in aged animals with a recent history 
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of infection [Figs1 & 2].  Furthermore, we did not observe changes in p75NTR 

downstream activators of apoptosis, such as pJNK and sortilin [Fig 3].  Since 

markers of apoptosis are unchanged, we propose that the combination of aging and 

inflammation in the brain may be an early event promoting synaptic inefficiency 

and synaptic failure; a process thought to be occurring in the early-stage 

pathologies of MCI and AD [125].  In conclusion, our findings provide support that 

the endogenous proBDNF – p75NTR system may facilitate LTD in the hippocampus, 

and further providing implications for a mechanism potentially underlying the early 

synaptic events that occur in memory-related disorders.   
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CHAPTER V 

 

ProBDNF expression changes with Aβ  and IL-1β  treatment 

 

V.1. Abstract 

Alzheimer’s disease (AD) is characterized by severe memory loss resulting 

from the aggregation of monomeric Aβ in entorhinal cortex and hippocampus.  

Aging still remains the primary process underlying AD onset; however 

inflammatory components, such as interleukin-1 beta (IL-1β) can dictate the 

severity of AD pathologies. IL-1β and Aβ independently impair memory, produce 

deficits in synaptic plasticity and alter BDNF (brain-derived neurotrophic factor) 

biology in the hippocampus.  BDNF is synthesized as precursor pro protein 

(proBDNF) that later undergoes proteolytic cleavage to produce the mature form of 

BDNF (mBDNF).  ProBDNF interacts with the pan-neurotrophin receptor p75NTR 

and activates cell death-mediated pathways.  Increase in proBDNF and p75NTR 

expression and activity correlate with the neurodegeneration associated with AD.  

Here we show that levels of proBDNF, but not mBDNF are significantly increased 

in BDNF-expressing human neuroblastoma SH-SY5Y cells following treatment with 

IL-1β and Aβ alone.  Increases in proBDNF were further enhanced with the 

combination of Aβ and IL-1β.  To determine the effects of inflammation in AD we 
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injected 6-month-old and 10-month-old APP/PS1 transgenic mice with lipo-

polysaccharide (LPS) and found that levels of the proBDNF receptor p75NTR are 

increased in an age and infected manner.  Levels of proBDNF, but not mBDNF 

were increased in an aged dependent manner only, unaffected by infection. 

 

V.2. Introduction 

Clinical symptomology associated with Alzheimer’s disease (AD) includes 

early stage delirium, mild cognitive impairment (MCI), dementia, and memory loss 

[48, 63].  Upregulation of the amyloid precursor protein (APP), along with the 

accumulation of the secretase-dependent production of insoluble-oligomeric 

amyloid-beta protein (Aβ) are primary biochemical characteristics of AD [37, 50, 94].  

These behavioral and biochemical changes associated with AD are significantly 

influenced by compromising the innate immune system [35, 61].  The effects of 

inflammation on AD pathologies have been well studied in a clinical setting; 

however the cell biological mechanisms underlying them are poorly understood.  

Here we explore several synaptic proteins and signaling pathways in the rodent 

brain and a neuronal cell line that may be targeted by AD and neuroinflammation; 

potentially giving rise to the cognitive decline and memory impairments commonly 

observed.     

Central and peripheral infections have the capacity to initiate the innate 

immune response, which is characterized by the production and release of pro-
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inflammatory cytokines interleukin-1 beta (IL-1β) and tumor necrosis factor-alpha 

(TNFα), to name a few [14, 43].  Following an infection, or immune challenge, 

production and processing of pro-inflammatory cytokines occurs – a process 

dependent on the activation of the NLRP1 inflammasome (nucleotide binding 

domain, leucine-rich repeat (LRR)-containing receptor-1) [95].  Activation of the 

NLRP1 inflammasome promotes the cleavage of pro-caspase 1 that produces 

initiates the maturation and release of IL-1β [95].  Elevating levels of cytokines 

following an inflammatory event can exacerbate the cognitive impairments caused 

by Alzheimer’s disease, as demonstrated in both animal models of the diseases as 

well as human patients [35, 61].  Furthermore, upregulation of IL-1β and TNFα can 

cause excessive release and accumulation of the Aβ protein in the brain; a process 

known as oligomerization and plaque formation [60].   

Aside from the evident clinical symptoms of AD (including significant 

cognitive dysfunction and severe memory loss), there seems to be a critical cellular 

event that occurs which may give rise to AD-associated impairments – the targeting 

of neuronal synapses by Aβ plaques.  Individuals with AD-associated dementia 

report having significant cortical atrophy that includes neuronal loss, decreased 

spine density and neurite degeneration [55, 69, 79, 147].  Furthermore, synaptic 

targeting by oligomeric Aβ in the basal forebrain and hippocampus is correlative 

with significant deficits in synaptic plasticity – forms of plasticity known to underlie 

memory [70, 86, 89, 127, 166].  Because of this strong correlation, extensive work 

has gone into examining the effects of Aβ plaques on multiple forms of synaptic 
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plasticity, specifically in the entorhinal cortex and hippocampus – primary brain 

regions affected by AD due to abundant inputs from entorhinal cortex into 

hippocampus for facilitating learning and memory [101, 126, 140].  However, the 

cellular and biochemical mechanisms behind changes in memory and plasticity 

have yet to be identified. 

BDNF is a member of the neurotrophin family of proteins that is highly 

expressed in the hippocampus and is important for the induction and facilitation of 

multiple forms of synaptic plasticity [93, 96].  Forms of hippocampal synaptic 

plasticity, like long-term potentiation (LTP) and long-term depression (LTD), have 

long been accepted as a model for the cellular and molecular mechanisms 

underlying the synaptic changes associated with learning and memory [21, 23, 96, 

152].  Deficits in synaptic plasticity are commonly observed in models of AD [78, 

127] and neuroinflammation [11, 24, 147] alone, but whether these forms of 

plasticity rely on BDNF and BDNF-dependent signaling is still not fully known. 

BDNF is first synthesized as a precursor protein containing a pro-domain 

(proBDNF), which later undergoes proteolytic cleavage to produce the mature form 

of the BDNF protein (mBDNF) [98, 104].  Mature BDNF binds to TrkB (tyrosine 

kinase B) tyrosine kinase receptors, promotes cell survival, and facilitates some 

forms of long-term potentiation.  In contrast, proBDNF binds preferentially to the 

pan-neurotrophin receptor p75NTR, activates apoptosis-related signaling pathways, 

and may facilitate long-term depression in the hippocampus.  Recent work has 

provided some insight into the mechanisms that may underlie AD-associated, as 
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well as inflammation-evoked changes in synaptic plasticity.  It is reported that IL-

1β can directly interfere with BDNF-dependent signal transduction and BDNF-

associated forms of synaptic plasticity [24, 149, 150].  Furthermore, Aβ is shown to 

directly bind to- and activate the p75NTR, thereby altering synaptic plasticity and 

activating downstream apoptotic pathways that are thought to underlie the 

neurodegeneration associated with AD [38, 70, 78, 136, 166]. Thus, we hypothesize 

that levels of BDNF protein isoforms and BDNF-associated synaptic target proteins 

will be altered in an in vitro model of AD and neuroinflammation, as well as in the 

APP/PS1 transgenic mice following LPS infection.   

 

V.3. Materials and Methods 

Cell culture, plasmids and transfection methods.  PC-12 cells (ATCC) were cultured 

in Dulbecco's Modified Eagle's Media (DMEM) with 10% fetal bovine and 5% horse 

serum serum with penicillin (100 U/ml), Streptomycin (100µg/ml) and L-Glutamine.  

Human SH-SY5Y neuroblastoma cells (generous gift of Dr. Matt LaVoie) were 

cultured in DMEM with 10% fetal bovine serum with penicillin and streptomycin.  

BDNF was cloned into lentiviral expression vector pCMV-IRES mCherry (generous 

gift of Dr. Kevin Jones). Transient transfections were performed using 

Lipofectomine 2000 plus reagent (Invitrogen) according to the manufacturer's 

protocol.  Transfections were performed using 10µg plasmid DNA per 10cm dish in 

Opti-MEM media for 18 hours.  Following transfections treatments were 

administered.    
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Pharmacological agents and Treatments.  Recombinant rat IL-1β was purchased 

from R&D Systems (Minneapolis, MN) and reconstituted in sterile phosphate buffer 

saline (PBS) with 0.1% BSA.  Synthetic Aβ was prepared 24 hours prior to 

treatment and reconstituted in NaOH (generous gift of Dr. Michael Stowell).  SH-

SY5Y cells were treated with 10ng/mL of rrIL-1β for 4 hours.  Cells were treated 

with synthetic Aβ at a concentration of 500nM for 24 hours.  Following whole-cell 

lysates and synaptoneurosomes were prepared.  For lysates, plates were washed in 

ice cold PBS to remove residual media and lysed in 1x RIPA Buffer [50mM Tris-

HCl; 150mM NaCl; 0.1% SDS; 0.5% Na-Deoxycholate; 1% Triton X-100; 1mM 

PMSF] (300µL buffer per 10cm dish) on ice for 25 minutes.  Lysate was centrifuged 

for 10 minutes at 14,000 x g in a cold microfuge producing soluble fraction 

(supernatant) and insoluble fraction (pellet).  Pellet was lysed in 250µL 2% SDS and 

sonicated.  Protein levels were assessed using Western Blot analysis.   Both IL-1β 

and Aβ were dissolved in sterile phosphate-buffered saline prior to dilution of the 

doses in the tissue culture media  

 

V.4. Results 

Aβ  and IL-1β  independently increase levels of pro-, but not mature 
BDNF protein 

Pro-forms of neurotrophins are upregulated, and their related signaling 

pathways are altered in Alzheimer’s disease [82].  Similar effects are also observed 

with inflammation [31, 149].  To determine whether Aβ and IL-1β change levels of 
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BDNF protein isoform expression we analyzed human neuroblastoma SH-SY5Y cell 

lysates following treatment with synthetic Aβ and rrIL-1β.  Lysates collected from 

cells treated with Aβ (500nM for 24 hours) displayed a 2-fold increase in levels of 

proBDNF [Figure 1a, panel 1, lane 2; p=0.006].  Levels of mBDNF consistently 

trended upwards, however this was not found to be significant [Figure 1a, panel 2, 

lane 2; p=0.7].  Similar results were observed following treatment with rrIL-1β 

(10ng/mL for 4 hours).  Levels of proBDNF protein also increased 2-fold compared to 

controls [Figure 1b, panel 1, lane 2; p=0.02], while levels of mBDNF trended 

upwards without significance [Figure 1b, panel 2, lane 2; p=0.7].   

 

The pro-inflammatory cytokine IL-1β  exacerbates the Aβ-dependent 
alterations in BDNF protein expression  

Inflammatory events significantly increase the deleterious effects associated 

with Alzheimer’s disease in humans [35, 61].  To emulate this in vitro, we first 

treated SH-SY5Y cells with Aβ (500nM for 24 hours) followed by IL-1β at 20 hours 

post-Aβ for the final 4 hours.  We find that the introduction of pro-inflammatory IL-

1β to a ‘pre-Aβ – in vitro’ environment significantly enhances the increase in 

proBDNF of Aβ alone (Fig 1b, panel 1, lane 3 [p=0.006].  To determine if the reverse 

treatment scheme also had significant effects on BDNF levels we pre-treated cells 

with IL-1β (10ng/mL for 4 hours) followed by treatment with Aβ (500nM for 24 

hours).  We found that the increase in proBDNF was no different to that IL-1β or Aβ 

treatment alone (Fig 1a, panel 1, lane 3).  All single and co-treatments had no 

significant effect on mBDNF protein levels (p=0.7).       
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Figure 1.  Aβ and IL-1β differentially affect proBDNF protein expression.  Western blot analysis 
showing levels of pro- and mature BDNF in SH-SY5Y lysates following individual and co-
treatment of Aβ and IL-1β.  (A) Representative examples of blots probed with pro- and mature 
BDNF.  Levels of proBDNF were increased with Aβ treatment (panel 1, lane 2), and this increase 
was further enhanced when IL-1β was administered for 4 hours after 24 hours of Aβ treatment 
(panel 1, lane 2).  This represents an inflammatory event in an Aβ-rich environment.  Levels of 
mBDNF were unchanged (panel 2) (B) Levels of proBDNF were also increased with IL-1β 
treatment for 4 hours (panel 1, lane 2).  four hour pre-treatment with IL-1β followed by  24 hour 
treatment of Aβ increased proBDNF from vehicle, but did not exacerbate this effect.  Levels of 
mBDNF were also unchanged (panel 2).  Band intensities were quantified (NIH-ImageJ), 
normalized to actin controls, and expressed as percentages of mean protein levels from vehicle 
lysates. Error bars indicate SEM. All graphs represent a minimum of three independent 
experiments.  Asterisks indicate statistical significance from vehicle samples; co-treated were 
compared to single treated; individual P-values are reported in the text. 
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V.5. Discussion 

Aggregation of amyloid beta protein is a key hallmark of Alzheimer’s disease 

[126].  Many hypotheses have been advanced regarding the effects of Aβ 

oligomerization on early stage synaptic failure, synaptic plasticity, and cell 

signaling.  One common hypothesis, the ‘Aβ hypothesis’, states that there is an 

imbalance in the rate of production and clearance of Aβ, causing Aβ aggregation 

that leads to gradual synaptic failure and neuronal dysfunction [125, 126].  This is 

supported by a number of studies that have identified specific deficits in synaptic 

plasticity (like LTP), synaptic transmission and cell signaling pathways, including 

neurotrophin-based pathways (like TrkB and p75NTR) that are affected by Aβ 

oligomers [78, 82, 136, 151].  Further studies have provided additional evidence for 

an inflammatory component that may be at play in regulating the effects of Aβ in 

the AD brain.  Glial cells, the primary innate immune cell responsible for regulating 

the immune response, are activated in the presence of Aβ plaques.  Whether 

inflammation acts independently to influence functional deficits observed in AD, or 

occurs as a result of having the disease is not yet clear and still in debate.  However, 

there is convincing evidence supporting the hypothesis that activation of the 

immune response, characterized by the upregulation of pro-inflammatory cytokines 

(such as IL-1β and TNFα), acts independently on the AD brain to influence the 

pathologies associated with the disease [35, 61, 119]. 
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 Although the role of inflammation on governing the multiple effects of Aβ 

oligomers on synaptic events still warrants clarification, it is well appreciated that 

both pro-inflammatory IL-1β and AD-associated Aβ share common cellular 

pathways that target synaptic plasticity in the brain.  There are multiple forms of 

synaptic plasticity currently known, and they have long been accepted as a model 

for the cellular and molecular mechanisms underlying the synaptic changes 

associated with learning and memory [21, 23, 96, 152].   There are two isoforms of 

the BDNF protein, and each isoform has a distinct bi-directional modulation of 

synaptic plasticity at synapses.  ProBDNF is shown to facilitate LTD following 

p75NTR binding and activation, whereas mBDNF facilitates LTP through the TrkB 

receptor [85].  It is hypothesized that deficits in memory and plasticity associated 

with AD and inflammation independently occur through BDNF-dependent 

signaling – the common pathway shared.  Experimental support for this stems from 

the fact that infection-evoked elevations in IL-1β completely block LTP [14, 150]; a 

result consistent with perturbations in BDNF-dependent signaling [149].  

Furthermore, similar deficits in LTP, as well as signaling through BDNF-dependent 

pathways are also observed in systems with abundant Aβ oligomers present [78]; as 

seen by Aβ-dependent upregualtion of proBDNF and activation of the proBDNF-

associated receptor p75NTR [61, 82, 136].   

Here we find that the pro-inflammatory cytokine IL-1β exacerbates the 

effects of Aβ on BDNF protein levels and BDNF-associated synaptic proteins in 

vitro.  Neuronal administration of Aβ and IL-1β alone produces a significant 
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upregulation of the proBDNF protein isoform; an increase that is further that is 

enhanced when the presence of Aβ and IL-1β co-occur in a neural environment.  In 

vitro analysis of BDNF and BDNF-dependent signaling pathways is not well 

studied in neuroinflamamtory models of AD; however our work further supports 

and generally compliments the current in vivo data. 

The functional consequences of neuroinflammation and AD are strikingly 

similar when analyzed independently, however the combination of AD and 

neuroinflammation is poorly understood and not well studied.  Currently, there is 

human and animal data suggesting that cognitive deficits, as well as 

neurodegeneration and cellular dysfunction associated with mid – to – late stage 

AD are exacerbated following immune challenges (like illness and infection), but 

data is minimal [35, 61].   

 In conclusion, we provide an in vitro system modeling the presence of an 

inflammatory response on Aβ abundant neurons – levels physiological to that of the 

AD phenotype.   Our data is the first to report that BDNF protein isoforms and 

BDNF-associated synaptic proteins are significantly altered in Aβ treated human 

neuroblastoma SH-SY5Y cells following additional treatment with IL-1β.  Thus, this 

system represents a pathway in which neuroinflammation, AD and BDNF function 

converges.  Additional experiments will uncover more specific details about this 

mechanism, which in turn may provide targets for more effective therapeutics.  
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Chapter VI 

  

DISCUSSION 

 

 The pertinent findings of the current study are summarized in this chapter.  

Research questions will be addressed and the significance of each finding will be 

concluded.  Implications of the current research and understanding of the 

mechanisms underlying both aging and neurodegenerative disorders will be 

examined.  Finally, implications for future studies and therapeutic approaches will 

be discussed.   

 

VI.1. Topical Discussion 

Understanding Memory 

 The classical experiments conducted with patient HM served as an important 

human model that provided significant insight into the numerous forms of memory 

present in the human brain.  More specifically, we learned how different brain 

regions, such as hippocampus and entorhinal cortex for example, are responsible for 

regulating different forms of memory.  Furthermore, in the last two decades a 

significant rise in neurodegenerative disorders associated with memory loss have 
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been identified and clinically observed.  Because of this, numerous research groups 

have focused on understanding the molecular and cellular basis of memory in order 

to identify more effective therapeutics targeting the behavioral and cellular 

pathologies associated with these disorders.   

The hippocampus has long been thought to be the primary brain structure 

involved in learning and memory consolidation; receiving inputs from several brain 

structures (like basal forebrain) and consolidating them as long-term memory.  

Extensive work on hippocampal function and hippocampal long-term potentiation 

(LTP) has provided a primary model for studying the cellular mechanisms 

underlying learning and memory acquisition [86, 89].   The most widely known and 

well-studied form of LTP requires NMDAR (N-methyl-d-aspartate receptor) activity 

at synapses in the CA1 Schaffer collaterals of the hippocampus [91].  It is through 

NMDA receptor Calcium (Ca2+) influx that multiple forms of synaptic plasticity in 

the hippocampus can be initiated and facilitated [96].  These forms of hippocampal 

synaptic plasticity (LTP) are categorized as: a) early-phase LTP (E-LTP) and b) 

late-phase LTP (L-LTP).  E-LTP, a physiological representation of short-term 

plasticity and memory, is shown to be a preface to LTP and is independent of gene 

transcription; however induction requires Ca2+ influx, and facilitation depends on 

activation of Ca2+/calmodulin-dependent protein kinase II and protein kinase C 

(PKC).  Activation of these kinases goes on to phosphorylate AMPA (α-amino-3-

hydroxy-5-methyl-4-isoxazole propionic acid) receptors that proceeds to regulate 

post-synaptic receptor membrane insertion and additional increased kinase activity 
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[17, 81, 86, 88, 90, 91, 96, 130, 142].  L-LTP, shown to be a molecular representation 

of long-term memory (LTM) has similar activity at synapses to that of E-LTP 

including AMPA and NMDA receptor activation and cation influx [17, 91].  

However, L-LTP differs from E-LTP in that it requires nuclear transcription, de 

novo protein synthesis and local dendritic protein synthesis, all of which are shown 

to last for several hours [19, 64, 97, 141, 142, 159, 168].  These forms of plasticity 

are shown to occur in hippocampus and underlie several forms of memory.  

Glutamatergic-dependent receptor activity (NMDA and AMPA) causing cation 

influx in neurons is important for the induction and facilitation of several forms of 

LTP.  Aside from ion influx however, there are a number of other molecules and cell 

signaling events that occur at synapses that are as equally important for regulating 

LTP.   

A number of studies have shown that BDNF – TrkB signaling, as well as 

glutamate receptor-dependent ion influx are important cellular processes 

underlying learning and memory.  Learning animals are found to have increased 

neurotrophin signaling at hippocampal synapses, as indicated by increased auto-

phosphorylation of TrkB receptors following mBDNF binding [26].  This same group 

also showed that animal learning can be mimicked by theta-burst stimulation of 

hippocampal slices; and reported theta-dependent increases in TrkB 

phosphorylation and NMDA-dependent Src kinase (sarcoma tyrosine-protein 

kinase) activation; a downstream event of NMDA receptor activation [26].  In 

further support, several other groups have shown that disruptions in hippocampus-
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dependent synaptic plasticity are consistent with specific declines in hippocampus-

dependent learning and memory [18, 92]; suggesting that multiple forms of synaptic 

plasticity may give rise to multiple forms of memory.  These works provide evidence 

that LTP is a physiological memory correlate, and these forms of plasticity rely not 

only on glutamatergic receptor activation, but also on BDNF and BDNF-dependent 

signaling at hippocampal synapses.  It is important to note that there are multiple 

forms of synaptic plasticity that occur in the hippocampus aside from LTP, and 

BDNF is shown to be equally involved in facilitating these forms as well.  Thus, we 

must discuss another form of hippocampal synaptic plasticity, long-term depression 

(LTD). 

LTD, like LTP is another cellular and molecular model for synaptic changes 

associated with learning and memory.  LTD has been well studied in multiple brain 

regions (including cerebellum, striatum and peri-rhinal cortex); however the most 

prominent work in understanding the mechanisms and behaviors of LTD has been 

done in the hippocampus [93].  It is not known whether LTD has an independent 

role in regulating forms of synaptic plasticity underlying learning and memory 

because it is unclear whether LTD occurs in parallel with LTP, or only serves as an 

opposition to LTP, thereby having a negative effect on memory (e.g. deleting stored 

memories and failure to acquire memory) [93].  The idea that LTD is a reciprocal 

phenomenon of LTP and may be associated with memory impairments is still in 

debate; however there has been abundant work in identifying independent 

mechanisms that regulate LTD which are found to be characteristically different 
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from LTP.  Unlike physiological theta frequency [induced by high frequency 

stimulation (HFS) [4 pulses at 100Hz] in hippocampus to induce LTP, LTD follows 

patterns of activity that require prolonged low frequent activity in hippocampus 

[low frequency stimulation (LFS) [600-900 pulses at 1-5 hertz (Hz)] [17, 164].  As 

seen with LTP, both AMPA and NMDA receptor activity as well as ion influx are 

necessary for LTD, however Ca2+ influx through NMDA receptors is not required 

and often does not occur during LTD.  Interestingly, there exists a compensatory 

mechanism to counter NMDA inactivity.  In the absence of NMDA receptors, 

calcium influx can still occur through utilization of voltage-gated calcium channels 

(VDCCs) [99, 100].  Thus, LTD is a form of synaptic plasticity that follows the 

classical Hebbian requirement of pre- and post-synaptic activity, however the 

mechanisms of action are functionally different.  Although synaptic plasticity still 

occurs (as seen by ion influx and changes in post-synaptic neurons), there seems to 

be an inherent difference in the expression of memory associated with LTP and 

LTD, and the LTD memory correlate is still not fully understood.   

There have been a number of studies in support of the hypothesis that LTD is 

associated with memory impairments.  Damage to hippocampus and hippocampal 

connections (such as the fornix) is shown to produce anterograde amnesia, as well 

as difficulties performing tasks that require the use of spatial information and 

memory [93].  Furthermore, activating a stress response in rats is shown to promote 

low-frequency firing patters in hippocampus (much like LFS-induced LTD), as well 

as alter LTP; suggesting a form of plasticity underlying both stress-association 
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memories and potential cognitive decline which may eventually lead to severe 

memory impairments [41, 93, 165].   

In studies of memory-associated neurodegenerative disorders (such as 

Alzheimer’s disease), long-term forms of synaptic plasticity as well as the molecular 

structure and function of synapses are shown to be markedly effected in brain of 

animals modeling these diseases [55, 69, 77, 147].   It is proposed that shifts in 

forms of synaptic plasticity, from LTP to LTD, occur in neurodegenerative disorders 

suggesting that the induction of LTD is consistent with the memory impairments 

that are characteristic of these disorders [27, 68, 127].  These works have been 

followed up in an attempt to identify the cell biological mechanisms underlying the 

changes in memory and synaptic plasticity commonly observed with the disease 

pathology.  To answer this question, a number of researchers began to look at 

whether the key players and pathways involved in regulating memory-associated 

synaptic plasticity in the brain were responsible for the memory impairments 

observed in clinical cases of memory-associated neurodegenerative diseases.  This 

led to the discovery that neurotrophins, NGF and BDNF specifically, and their 

related signaling pathways are significantly affected in Alzheimer’s disease, 

therefore opening up a new and important area of investigation [2].   

As previously mentioned we see that BDNF is strongly involved in 

facilitating several forms of synaptic plasticity in the hippocampus; both LTP and 

LTD [85].  More specifically and mechanistically, variants of the BDNF protein are 

shown to be primarily responsible for the facilitation of these different forms of 
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plasticity [85].  BDNF is first synthesized as a precursor protein that contains a pro-

domain (proBDNF) that gets cleavage, and produces the mature form of the protein 

(mBDNF) [85].  Both protein isoforms are shown to be released at synapses in an 

activity-dependent manner; however each isoform interacts with distinct synaptic 

receptors having independent functional outcomes.  The mature form of BDNF is 

shown to facilitate LTP and activate downstream signaling pathways PLCγ and 

ERK following TrkB receptor binding [85, 117].  In contrast, proBDNF binds to – 

and activates the p75NTR receptor, regulates LTD and activates cell death mediated 

pathways [85].  More interestingly, there are strong implications for AD-associated 

pathologies and alterations in BDNF-dependent forms of synaptic plasticity and 

signaling pathways [2].  Furthermore, activation of p75NTR by pro-neurotrophins is 

thought to underlie the synaptic changes and initiate the cell death that is observed 

in AD [2, 28, 78, 136].  Thus, there seems to be in intriguing, and potentially 

important link between neurotrophin biology and AD pathology.   

Memory: Age and Neuroinflammation 

 Aging has long been associated with cognitive decline.  In addition, aging still 

remains the primary culprit underlying memory-associated neurodegenerative 

disorders that include several forms of dementia, MCI and clinical Alzheimer’s 

disease.  Research in the last decade has provided some critical evidence linking 

aging-associated cognitive decline with the onset of dementia and AD.   
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 One interesting link, data suggests, is that environmental factors and 

negative life events may contribute to and/or exacerbate the cognitive decline 

associated with aging.  These events include psychological stress, surgeries and 

infections which occur commonly throughout life, but are shown to have negative 

effects on cognitive function in the aged brain [15, 156, 162].  These findings were 

both interesting and informative; however it was still unclear how these normal life 

events were capable of affecting cognition.  Recent work has explored this 

phenomenon and the findings show that these negative life events can produce an 

inflammatory response in the CNS; and it is through these acute inflammatory 

responses that cognition may be altered.  Furthermore, CNS inflammation is 

becoming an important area of investigation with great focus on elucidating the 

underlying mechanisms associated with the clinical symptomology associated with 

cognitive dysfunction and neurodegenerative disorders.  To do this, it is critical to 

identify what additional factors (e.g. environmental) are acquired while aging.  

We now know that aging significantly renders the brain more vulnerable to 

challenging life events such as infections, surgery, and psychological stress.  As 

mentioned above, this phenomenon is evident in many behavioral analyses with 

aging and diseased individuals; however the molecular and cellular mechanisms 

which underlie these deficits are poorly understood.  The use of a rodent model of 

aging-associated cognitive decline [11] has provided some insight into the molecular 

and cellular mechanisms that may underlie memory and plasticity deficits 

associated with aging and neuroinflammation.  The initial findings outlined in 
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Chapter 2 of this dissertation are the first to identify a potential mechanism, 

through BDNF-dependent activity and pathways that may underlie hippocampal 

deficits observed in the aged brain following inflammation.  In addition, these works 

provide convincing evidence that the combination of aging and peripherally-induced 

CNS inflammation may be a strong contributing factor to the early-stage synaptic 

failure associated with memory-related neurodegenerative diseases.  The 

significance of these works identifies and targets specific cellular events and 

neuronal signaling mechanisms that may underlie the cognitive decline associated 

with the combined effects of age and neuroinflammation.  Furthermore, these works 

provide a potential mechanistic link between early stage memory impairments and 

later onset of memory-associated neurodegenerative disorders that expand our 

understanding in the field and may lead to more specific and effective therapeutic 

targets.   

 

VI.2. Discussion of the Results 

Research Question 1 

Does the combination of age and a peripheral infection interact to 
produce changes in the expression of BDNF protein isoforms and the 

activation of BDNF-dependent signaling pathways at hippocampal 
synapses? 

 

 Hippocampal synaptoneurosomes prepared from young (3-month-old) and 

aged (24-month-old) F344xBN rats with and without a recent history of a peripheral 
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infection (i.p. injection of live E. coli) were examined in order to detect changes in 

protein expression.  A peripheral infection did not produce changes in synaptic 

levels of mBDNF in young animals with and without infection, in addition to aged 

vehicle animals.  However, we observed ~60% decrease in the expression of mBDNF 

protein at hippocampal synapses in aged animals following infection.  More 

interestingly, this deficit in mBDNF was consistent with decreases in levels of 

phosphorylated TrkB, ERK and PLCγ-1 [31]; events associated with mBDNF 

activity at synapses [117].  Interestingly, we detected a slight, but not significant 

(~20%) decrease in the expression of the full-length proBDNF protein isoform as a 

result of age and infection.  These data suggest that a change in the ratio of BDNF 

protein isoforms occurs at hippocampal synapses in aged animals following 

infection.  Interestingly, we did not see decreases in phosphorylated AKT, another 

downstream cellular pathway linked to mBDNF activity.  These results will be 

discussed further later in this chapter. 

 

Research Question 2:   

How long do age and infection-evoked deficits in mBDNF and mBDNF-
dependent signaling persist? 

  

It is previously reported that a peripheral infection of live E. coli produces an 

exaggerated and prolonged inflammatory response in the brain, characterized by 

upregulation of IL-1β in the hippocampus of aged F344xBN rats [12].  This 

exaggerated inflammatory response (upregulation of IL-1β) in the hippocampus of 
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aged animals is shown to extend 8 days, but not 14 days following a single 

peripheral infection [13].  More interestingly, heightened levels of IL-1β were 

consistent with hippocampus-dependent memory impairments and deficits.  Deficits 

in hippocampus-dependent memory followed, in parallel the time course for 

heightened levels of IL-1β in hippocampus following infection; memory deficits 

continuing through day 8 and restored by day 14 [13].  Thus, we have explored the 8 

day and 14 day time-point in order to determine if these effects are consistent with 

decreases in mBDNF protein expression and mBDNF-dependent signaling at 

synapses.   

 Hippocampal synaptoneurosomes from aged F344xBN rats were prepared in 

order to identify changes in the expression of BDNF protein isoforms, as well as 

downstream target proteins of BDNF activity.  We observed a moderate, yet 

significant decrease in the expression of mBDNF (~40%) 8 days following a 

peripheral infection.  At day 14 post-infection levels of mBDNF recover to baseline 

levels of expression.  There was no change in the expression levels of proBDNF or 

the p75NTR+ receptor at day 8 or day 14 post-infection.  Furthermore, levels of 

phosphorylated TrkB, ERK and PLCγ-1 were also decreased at day 8 post-infection, 

but not day 14, with no changes in total levels of the proteins at either time point.    

These data expand our previous results at day 4-5 post-infection, identifying 

changes in mBDNF protein isoforms and downstream mBDNF signaling proteins at 

day 8 following a peripheral infection in aged animals.  This suggests that the 

residual effects of a single peripheral infection have the capacity to alter BDNF 
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biology at hippocampal synapses throughout the duration of the inflammatory 

response.   

 

Research Question 3:  

Does the combination of age and infection alter other forms of 
hippocampus-dependent synaptic plasticity, such as LTD? 

  

Transverse hippocampal slices were prepared from aged animals that have 

received a peripheral infection of live E. coli (5 days post-infection), or an icm 

injection of IL-1 receptor antagonist (IL-1RA) immediately before E. coli injection to 

block IL-1 signaling.  LTD was significantly enhanced in aged animals with a recent 

history of infection following low-frequency stimulation compared to young and aged 

counterparts.  This infection-evoked enhancement of hippocampal LTD was blocked 

with administration of IL-1RA, suggesting that infection-induced IL-1 signaling is 

necessary for enhancement of LTD.   

 To investigate further we propose that age and infection may increase 

proBDNF – p75NTR interactions, a pathway that facilitates LTD in hippocampus 

[164].  Co-immunoprecipitation assays using hippocampal lysates from aged 

animals with a recent history of infection reveal that proBDNF – p75NTR receptor-

ligand interactions are increased compared to lysates used from young and aged 

counterparts.  Total levels of p75NTR are unchanged with aging alone and aged 

animals following infection.  Interestingly, this increase of receptor-ligand 
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interactions is blocked in hippocampal lysates from aged animals that received IL-

1RA immediately before E. coli injection.   

 These data suggest that the combination of age and infection enhance 

hippocampal LTD, as well as proBDNF – p75NTR interactions; a potential pathway 

underlying enhanced hippocampal LTD.  Furthermore, these events are dependent 

on infection-evoked increases in IL-1β and IL-1 signaling, as IL-1RA blocks both the 

enhancement of LTD and the increases in proBDNF – p75NTR interactions.       

 

Research Question 4:   

Do Aβ  and IL-1β  interact to alter expression of BDNF protein isoforms? 

  

A key characteristic in the clinical symptomology of Alzheimer’s disease is 

the accumulation of Aβ peptides resulting from cleavage of the APP protein [37, 50, 

94].  Excess Aβ in the brain of AD models exhibit enhancements in hippocampal 

LTD, changes in the ratio of neurotrophin protein expression (pro:mature), and 

increased activation of the p75NTR receptor [27, 68, 70, 109, 127, 166].  These 

phenotypes are currently expressed in our model of aging and peripherally-induced 

CNS inflammation, and the effects of CNS inflammation in models of AD have yet 

to be investigated. 

 Human neuroblastoma SH-SY5Y cells overexpressing BDNF were used to 

determine the effects of Aβ and IL-1β on BDNF in neurons.  Our in vivo findings 

(60% reduction in mBDNF expression [31]) were replicated in our in vitro model 
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following treatment of 10ng/mL of rat-recombinant IL-1β for 4 hours.  In addition, 

levels of proBDNF were significantly increased following IL-1β treatment; a result 

we did not see in our previous in vivo findings.  One possibility for this finding is 

that we lose the aging component in cells lines, and increase in proBDNF may not 

occur in aging brain, but do in culture.   Treatment with Aβ (500nM for 24 hours) 

only slightly reduced levels of mBDNF by about 20%.  However, proBDNF was 

significantly upregulated following Aβ treatment, a finding consistent with IL-1β 

treatment.  These data provide evidence for the effects of the inflammatory 

molecule IL-1β and the AD-associated peptide Aβ on BDNF expression alone.   

 To further examine the effects of inflammation on AD we prepared two in 

vitro systems to model this:  

1) Inflammatory environment encounters AD oligomers: Neurons in an 

inflamed state (treatment  of SH-SY5Y cells with the pro-inflammatory 

cytokine IL-1β for 4 hours) followed by presence of AD-associated 

oligomers (treatment of cells with Aβ for 24 hours)   

2) Cells expressing AD phenotype encounter an inflammatory event (SH-

SY5Y cells first treated with Aβ for 24 hours, followed by treatment of IL-

1β for 4 hours). 

From these experiments we found that neurons expressing an AD phenotype 

(oligomeric Aβ) produce a sensitized response following an inflammatory event 

(increased IL-1β).  Levels of proBDNF significantly increased beyond levels of IL-1β 
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and Aβ alone, as well as co-treatment of IL-1β followed by Aβ.  Furthermore, 

mBDNF protein expression was unchanged with all treatments: IL-1β and Aβ alone 

and both co-treatments (as described above).  Thus, these results further support 

the hypothesis that the effects of increased AD-associated Aβ on BDNF are 

significantly influenced by an inflammatory event.   

 

VI.3. Significance of Findings 

Age and inflammation interact to produce specific deficits in mBDNF 
and activation of downstream signaling pathways . 

We have previously demonstrated that a peripheral immune challenge 

produces profound disruptions in forms of hippocampus-dependent long-term 

memory and synaptic plasticity known to be BDNF dependent in aged, but not 

young, F344xBN rats [11, 24].  The work completed and discussed in Chapter 2 

have extended these observations, examining for the first time the combined effects 

of aging and infection on levels of BDNF protein isoforms and their receptors at 

synaptic sites in the hippocampus.  The key findings of this work are that an 

immune challenge in aging rats (1) triggered a minimal reduction in proBDNF and 

a much larger reduction in mature BDNF detectable in hippocampal 

synaptoneurosomes prepared 5 d after the injections, after all the rats had 

recovered from the acute infection; (2) had no significant effects on levels of BDNF 

receptors; but (3) significantly reduced phosphorylation of TrkB, and downstream 

activation of PLCγ-1 and ERK, consistent with decreased availability of mBDNF for 
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activation of TrkB; and (4) no longer reduced mBDNF and phospho-TrkB if IL-1 

receptors in the brain were blocked with a selective antagonist.   

These data are consistent with the hypothesis that the interaction of aging 

and an infection might decrease availability of BDNF at hippocampal synapses, and 

thus might contribute to selective deficits in forms of long-lasting plasticity and 

memory that require BDNF for their full expression.  We found that the interaction 

of aging and infection reduced levels of mBDNF at synaptic sites by > 50%.  Mouse 

models of BDNF haploinsufficiency have provided evidence that a critical threshold 

level of BDNF is necessary for full function in memory-related plasticity.  

Heterozygous BDNF (+/-) mice with approximately half the normal levels of BDNF 

in their brains have significant impairments in long-lasting synaptic plasticity [68, 

104, 108] and in hippocampus-dependent learning and memory [80].   

The consequences of reduction of BDNF protein isoforms are not yet so well 

studied, but mBDNF appears to play an important role in some forms of long-

lasting synaptic plasticity in the hippocampus.  Mature BDNF can be generated by 

cleavage of proBDNF by plasmin, an extracellular protease activated by tissue 

plasminogen activator (tPA)-dependent cleavage of plasminogen [118].  Theta burst 

stimulation is reported to induce secretion of tPA, and to increase extracellular 

conversion of proBDNF to mBDNF in cultures of hippocampal neurons [102].  

Application of mBDNF, but not a cleavage-resistant proBDNF, can rescue deficits in 

theta burst L-LTP hippocampal slices from mice lacking tPA or plasminogen [104].  

Mature BDNF can also rescue the impairment of theta-burst L-LTP caused by 
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inhibition of protein synthesis in wild-type mice [104], suggesting that the mBDNF 

isoform may be one of the proteins whose production is required for long-lasting 

enhancement of synaptic efficacy.  There is now some corresponding evidence that 

production of adequate amounts of mBDNF may be important for hippocampus-

dependent memory.  A recent study indicates that increased cleavage of precursor 

proBDNF in the hippocampus is positively correlated with acquisition of contextual 

fear memory, while decreased cleavage is associated with extinction [7].   

The effects of aging on BDNF mRNA and protein have been extensively 

studied and generally found to be modest [105]. However, a few studies have now 

examined the impact of aging on BDNF protein isoforms.  Aged Wistar rats with 

memory impairments are reported to have lower levels of total BDNF, but higher 

ratios of proBDNF to mBDNF than controls from a related strain known to have 

better preservation of cognitive function [132].  Perhaps not surprisingly, training in 

a spatial learning task increased levels of proBDNF in both young and aged Wistar 

rats, but only the young rats showed a corresponding increase in mBDNF [131]. 

Several studies have examined the effects of immune challenge or pro-

inflammatory cytokines on BDNF in the brain.  Lipopolysaccharide (LPS) is a 

component of the cell wall of Gram-negative bacteria.  A potent endotoxin, it leads 

to the release of pro-inflammatory cytokines such as IL-1β and tumor necrosis factor 

α [44].  BDNF mRNA in the principle neurons of the hippocampus was strongly 

downregulated 4 h after an intraperitoneal injection of LPS or IL-1β [73].  

Depolarization-induced release of BDNF from slices of dentate gyrus was not 
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altered by administration of LPS several days earlier [128].  However, when levels 

of BDNF protein were examined 7 h after intraperitoneal injection of LPS, LPS was 

found to produce a dose-dependent reduction in BDNF in the cortex and 

hippocampus [56].   

Much less is known about the effects of immune challenge on BDNF protein 

isoforms, but intraperitoneal injection of a single very high dose of LPS (3 mg/kg) is 

reported to produce a small (~15%) reduction in both proBDNF and mature BDNF 

in crude synaptoneurosomes prepared from the brains of young mice 3d after the 

injection [123].  We have previously shown that a peripheral E. coli infection 

produces an exaggerated inflammatory response in the brains of aging animals, 

paralleled by specific deficits in forms of long-term memory and synaptic plasticity 

known to be strongly dependent on BDNF [12, 13, 24].  We now report that this 

inflammation also gives rise to a large reduction in mBDNF and TrkB signaling at 

synapses in the hippocampus.   

It is not yet clear how exaggerated CNS inflammation may impact levels of 

BDNF protein isoforms.  The precise circumstances and sites of BDNF production, 

processing, and release, and the stability of the resulting isoforms is currently a 

very active, complex, and controversy-filled area of investigation [5]—and rather 

beyond the scope of this initial report.  However, the work presented here provides 

new insights into naturalistic events that can affect BDNF production and 

processing in vivo and should provide a basis for further investigation of the 

interactions of aging, inflammation, and BDNF biology. 
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Decreases in mBDNF and BDNF-dependent signaling pathways 
following a single peripheral infection in aged animals persists 8 days, 
but not 14 days post-infection 

A single peripheral immune challenge, i.p. injection of live E. coli, into aged 

rats produces a prolonged and exaggerated inflammatory response in the CNS [11].  

Following a peripheral infection, levels of the pro-inflammatory cytokine IL-1β are 

significantly upregulated in the hippocampus, causing pronounced deficits in 

hippocampus-dependent memory and synaptic plasticity [13, 24].  Levels of 

hippocampal IL-1β were most abundant 4-5 days following infection [13], and both 

deficits in hippocampus-dependent memory and plasticity were observed at this 

time point [13, 24].   It was previously reported that peripherally-induced increases 

in IL-1β in hippocampus persists up to 8 days following a single injection of live E. 

coli, but returns to baseline levels by day 14 [13].  More interestingly, impairments 

in hippocampus-dependent memory parallel these increases in hippocampal IL-1β; 

with observed deficits in behavioral performance on memory tasks at day 8, but not 

day 14 post-infection [11].   

The mature BDNF protein isoform plays a large role in facilitating forms of 

synaptic plasticity that underlies some forms of memory [18, 21, 152].  BDNF is 

shown to facilitate these forms of plasticity via TrkB signaling; an event that causes 

autophosphorylation of the receptor kinase itself, as well as phosphorylation of 

downstream proteins PLCγ-1 and ERK [117].  We have previously reported that 

synaptic levels of mBDNF protein are significantly reduced in hippocampal 

synaptoneurosomes from aged animals 5 days following a peripheral infection [31].  
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Furthermore, reductions in synaptic levels of mBDNF were consistent with 

decreases in autophosphorylation of the TrkB receptor (pTrkB), pPLCγ-1 and pERK 

at the same time point [31].   Here, we extend the initial findings and show that 

reductions in levels of mBDNF protein persist for 8 days post-infection, but return 

to baseline levels at day 14.  We observed a similar decreasing trend in protein 

expression of pPLCγ-1 and pERK at day 8, but not day 14 post-infection; suggesting 

that these decreases are consistent with infection-evoked upregulation of IL-1β in 

hippocampus.   

 It is becoming clearer that the aged brain is vulnerable to inflammatory 

events that can have precipitous declines in normal cognitive function; the likes of 

which include severe memory impairments and the potential onset of memory-

associated neurodegenerative disorders.  We now have mechanistic evidence 

suggesting that age and infection-evoked hippocampal dysfunction occurs by 

targeting BDNF and BDNF-dependent signaling at synapses [31].  We see that 

hippocampus-dependent memory impairments follow, in concert the heightened 

levels of IL-1 following a peripheral infection; at days 4-5 post-infection, persisting 

through day 8, and returning to baseline levels at day 14 [13].  Thus, in order to 

fully understand the prolonged effects of inflammation in the aged brain on synaptic 

mechanism, we have extended on our 4-5 day time point and determined that a 

single inflammatory event is capable of have persistent effects on BDNF protein 

expression and BDNF-dependent signaling in the hippocampus.     
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 This work is the first to report that a single, acute peripheral inflammatory 

event can have prolonged effects on neural function.  It is quite remarkable that an 

acute infection can have persistent effects on neural function up to 8 days following 

the event.  More specifically, we have identified a specific target (BDNF protein 

expression at hippocampal synapses), and a potential mechanism (BDNF-dependent 

synaptic signaling pathways), by which the pro-inflammatory cytokine IL-1β acts on 

to potentially cause cognitive impairments and memory deficits.   

 We previously reported that decreases in the phosphorylation of PLCγ-1 and 

ERK occurred 4-5 days post-infection [31], and these reductions now extended to 8 

days post-infection in aged animals.  However, these reductions are not consistent 

between proteins and are not as pronounced as the reductions at day 4-5 post-

infection.  It may be possible that levels of IL-1β following infection may be so 

closely related to BDNF activity that as cytokine levels decay over time, the 

reductions in downstream BDNF targets also decay.  Furthermore, one possibility 

for the inconsistent reductions with PLCγ-1 and ERK may be due to the fact that 

phosphorylation of PLCγ-1 is an event closely associated with activation of TrkB; a 

synaptic target of mBDNF [117].  In addition, ERK phosphorylation occurs farther 

downstream of PLC, and ERK activation is not specific in that it can be 

phosphorylated by a number of cellular events; including Ca2+ influx thorough a 

number of post-synaptic receptors aside from Trk receptors (Wiegert&Bading 2011).   

 Altering BDNF protein isoforms and BDNF-dependent can affect learning 

and memory acquisition [131, 132].  Our results indicate that these effects on BDNF 
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occur as a result of aging and infection.  Thus, this may be one potential mechanism 

that underlies the cognitive decline and memory impairments with aging.   

Synaptic failure is a phenomenon thought to underlie the early-stage 

hippocampal inefficiencies contributing to the memory impairments associated with 

Alzheimer’s disease (AD) [125].  In addition to aging, neuroinflammation 

significantly influences the onset and severity of AD pathologies [61].  In addition, 

there is a strong correlation between increases in IL-1 and hippocampal dysfunction 

observed in AD [35, 61, 119].  Therefore, it is possible that a common mechanism 

underlying cognitive dysfunction associated with aging, and potentially AD may be 

dependent on BDNF protein at synapses, as well as activation of downstream 

signaling cascades.    

Age and inflammation enhances hippocampal LTD via proBDNF – p75 
receptor-ligand binding. 

In the experiments presented here, we have examined the effects of aging 

and a peripheral immune challenge (i.p. injection of live E. coli) on hippocampal 

LTD, as well as the synaptic role of the proBDNF protein and p75NTR receptor in 

hippocampus.  The principle findings of this study are that the combination of age 

and infection (1) enhance hippocampal LTD following low-frequency stimulation in 

Schaffer collaterals in area CA1 of hippocampus, (2) produce increased proBDNF – 

p75NTR receptor-ligand interaction at hippocampal synapses; a potential mechanism 

for facilitating enhanced LTD and (3) these events depend on IL-1 signaling in the 

brain as administration of IL-1RA icm blocks these effects.  



 

 

102 

These findings are consistent with our previous results indicating that the 

combined effects of aging and infection produce significant memory impairments in 

the hippocampus, as well as significant reductions in hippocampal L-LTP [11, 24].  

Furthermore, this combination produces a shift in the ratio of mBDNF protein 

expression to that of proBDNF [31].  The present results extend these initial 

behavioral, electrophysiological and protein biochemical findings by identifying 

another form of hippocampal synaptic plasticity (LTD) affected by age and infection.  

In addition, these works have identified a potential cellular mechanism through 

proBDNF – p75NTR signaling that may be responsible for facilitating the observed 

enhancements of hippocampal LTD.   

 The facilitation of LTD through proBNDF and its interaction with p75NTR is 

not fully understood and its role in normal physiological systems remains 

controversial.  The current evidence in support of the hypothesis that proBDNF is 

involved in regulating LTD through p75NTR activation, is reported in murine models 

involving complex genetic manipulations [85, 120, 164].  For example, surgical 

procedures and viral delivery methods used in the development of genetic models 

are essentially peripheral immune challenges and compromising the immune 

system; an event that we now know can have a significant impact on brain function.  

In addition, the studies done in the field of neurotrophin biology have utilized 

multiple models of overexpression, which renders the true endogenous system 

compromised and physiologically challenged.   
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The work discussed in Chapter IV is the first to investigate the endogenous 

interactions between proBDNF and p75NTR, and further correlate this interaction 

with the regulation of hippocampal LTD in a naturalistic rodent model of aging and 

peripherally induced CNS inflammation.  This work is significant in that these 

findings provide evidence for a potential mechanism via proBDNF activation of p75 

for the facilitation of LTD in a naturalistic model; a finding that contributes to the 

initial reports on BDNF-dependent modulation of plasticity in the hippocampus.    

Multiple forms of synaptic plasticity (LTP and LTD) regulated by BDNF and 

BDNF-dependent signaling pathways play a large role in the expression of learning 

and memory [21, 23, 85, 96, 152, 163, 164].  Changes in hippocampal synaptic 

plasticity produce significant changes in memory expression.  For example, 

alterations in hippocampal LTP [4, 6, 39, 42, 114, 116, 148] and enhancement of 

hippocampal LTD [93, 163] are strongly correlated with significant memory 

impairments.  More interestingly, shifts in hippocampal synaptic plasticity are 

commonly observed, yet still controversial, in rodent models of Alzheimer’s disease 

(AD) [27, 68, 127].  LTD is enhanced in models of AD, however other groups have 

shown that LTD is unaffected, and that memory problems arise more so from 

deficits in LTP [78].  The mechanisms through which changes in memory-related 

synaptic plasticity occur both naturally and in AD are not yet clear.  BDNF plays a 

large role in regulating multiple forms of synaptic plasticity important for memory.  

Thus, BDNF and its related signaling pathways may be responsible for the 
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underlying changes in synaptic plasticity observed naturally, as well as with 

memory-associated neurodegenerative disorders. 

Biological changes associated with AD include shifts in BDNF and NGF 

(nerve-growth factor) expression [61, 109], activation of p75NTR receptor [38, 136], 

changes in hippocampal synaptic plasticity [70, 78, 166] and the presence of pro-

inflammatory cytokines following an inflammatory response [35, 61].  These events 

have all been identified and targeted independently with AD.  Similarly, 

inflammation-induced upregulation of IL-1β has profound and individualistic effects 

on LTP [16, 24, 29, 30, 67, 150], BDNF protein expression [31, 135] and BDNF-

dependent signaling pathways [31, 135, 149].   Thus, it is important to identify a 

potential link between the effects of neuroinflammation, and the signaling 

pathways necessary for the synaptic plasticity underlying memory in order to better 

understand the pathologies associated with memory-related disorders, and BDNF 

may be a potential link. 

LTD occurs following the activation of p75NTR by pro-neurotrophins [85, 164].  

LTD is a correlate of memory impairments [93], and activation of p75NTR initiates 

downstream cellular events involved in cell death [117].  It is hypothesized that the 

occurrence of these events, in combination with aging underlies the memory 

impairments, cognitive decline and neurodegeneration associated with AD, 

however, it is unclear how this occurs.   
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ProBDNF activation of p75NTR involves a complex formation with sortilin that 

then activates downstream JNK and NFκB [117, 143].   Interestingly, we did not 

observe changes in the expression of p75NTR, as well as its downstream activators of 

apoptosis, pJNK and sortilin.  Since markers of apoptosis are unchanged, we 

propose that the combination of aging and inflammation in the brain may be an 

early event promoting synaptic inefficiency and synaptic failure; a process thought 

to be occurring in the early-stage pathologies of MCI and AD [125].  In conclusion, 

our findings provide support that the endogenous proBDNF – p75NTR system may 

facilitate LTD in the hippocampus, and further providing implications for a 

mechanism potentially underlying the early synaptic events that occur in memory-

related disorders.   

Abeta and IL-1 alter expression of BDNF protein isoforms . 

There has since been a large separation between immunologists and 

neuroscientists.  The neglect of glial cells, along with the idea that CNS function is 

immune to peripheral events cannot continue if we want to make significant strides 

in understanding neurodegenerative disorders.  It was only in the last decade that 

an extensive communication between the peripheral immune system and the 

central nervous system was uncovered [87].  Immune responses in the periphery is 

capable of activating microglial cells in the CNS causing de novo cytokine 

production in the brain [74, 103, 153].  Since these discoveries, a number of research 

groups have successfully linked pro-inflammatory cytokine production in the brain 

to impairments in memory, deficiencies in synaptic plasticity, changes in 
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neurodendocrine function and alterations in cell signaling [14].  Furthermore, some 

of the underlying mechanisms responsible for the neural deficits following 

inflammation are found to involve BDNF and BDNF-associated signaling pathways 

[31, 149].  These works have provided firm evidence that neuroimmunity 

significantly influences brain function.   

During this same time period (in the past decade) significant advancements 

were also being made in the field of Alzheimer’s disease.  In an attempt to 

understanding the cell biological mechanisms underlying AD pathologies, 

researchers have invested a significant amount of time and resources into 

uncovering the neuronal consequences of Aβ accumulation.  Like IL-1β, Aβ plaques 

are strongly associated with cognitive decline and memory impairments, deficits in 

synaptic plasticity and perturbations in synaptic transmission and cell signaling 

[78, 125, 126].  Here too, it was found that BDNF and BDNF-dependent signaling 

pathways were targeted by Aβ [82, 136].    

The functional consequences of neuroinflammation and AD are strikingly 

similar, yet poorly understood and not well studied.  Currently, there is human and 

animal data suggesting that cognitive deficits associated with mid – to – late stage 

AD, as well as neurodegeneration and cellular dysfunction are exacerbated 

following immune challenges (like illness and infection), but data is minimal [35, 

61].   
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 The data discussed in Chapter V provide an in vitro system modeling the 

interactions between inflammatory responses and the presence of Aβ  on neurons – 

levels physiological to that of the AD phenotype.   Our data is the first to report that 

BDNF protein isoforms and BDNF-associated synaptic proteins are significantly 

altered in Aβ treated human neuroblastoma SH-SY5Y cells following additional 

treatment with IL-1β.  Thus, this system represents a pathway in which 

neuroinflammation, AD and BDNF function converges.  Additional experiments will 

uncover more specific details about this mechanism, which in turn may provide 

targets for more effective therapeutics.        

Aggregation of amyloid beta protein is a key hallmark of Alzheimer’s disease 

[126].  Many hypotheses have been advanced regarding the effects of Aβ 

oligomerization on early stage synaptic failure, synaptic plasticity, and cell 

signaling.  One common hypothesis, the ‘Aβ hypothesis’, states that there is an 

imbalance in the rate of production and clearance of Aβ, causing aggregation that 

leads to gradual synaptic failure and neuronal dysfunction [125, 126].  This is 

supported by a number of studies that have identified Aβ-associated deficits in 

memory-related synaptic plasticity (like LTP), synaptic transmission and cell 

signaling pathways; including neurotrophin-based pathways (like TrkB and p75NTR)  

[78, 82, 136, 151].  Further studies have provided additional evidence for an 

inflammatory component that may be at play in the Aβ-rich AD brain.   

Glial cells, which are involved in the innate immune response as well as 

synaptic transmission in neurons, are activated in the presence of Aβ plaques.  
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Whether inflammation acts independently to cause cognitive deficits associated 

with AD, or occurs as a symptom of AD is not yet clear and still in debate.  

However, there is convincing evidence supporting the hypothesis that activation of 

the immune response, characterized by the upregulation of pro-inflammatory 

cytokines (such as IL-1β and TNFα), acts independently on the AD pathology to 

influence the deleterious effects of the disease [35, 61, 119].  These findings support 

our hypothesis that inflammation may work in combination with another unknown, 

possibly aging, in order to produce significant declines in brain function, and the 

effects of age and inflammation may be greater in an AD brain compared to a 

normal aging brain which still is affected.      

 Although the role of inflammation on governing the multiple effects of Aβ 

oligomers on synaptic events still warrants clarification, it is well appreciated that 

both pro-inflammatory IL-1β and  AD-associated Aβ share common cellular 

pathways that target synaptic plasticity in the brain.  There are multiple forms of 

synaptic plasticity currently known, and they have long been accepted as a model 

for the cellular and molecular mechanisms underlying the synaptic changes 

associated with learning and memory [21, 23, 96, 152].   There are two isoforms of 

the BDNF protein, and each protein isoform has a distinct bi-directional modulation 

of synaptic plasticity at synapses.  ProBDNF is shown to facilitate LTD following 

p75NTR binding and activation, whereas mBDNF facilitates LTP through the TrkB 

receptor [85].  It is hypothesized that deficits in memory and plasticity associated 

with AD and inflammation independently occur through BDNF-dependent 
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signaling – the common pathway shared.  Experimental support for this stems from 

the fact that infection-evoked elevations in IL-1β completely block LTP [14, 150]; a 

result consistent with perturbations in BDNF-dependent signaling [149].  

Furthermore, similar deficits in LTP, as well as BDNF-dependent signaling are also 

observed in systems with abundant Aβ oligomers present [reviewed in Li 2010]; as 

seen by Aβ-dependent upregualtion of proBDNF and activation of the proBDNF-

associated receptor p75NTR [61, 82, 136].  Now, our studies find that the pro-

inflammatory cytokine IL-1β exacerbates the effects of Aβ on BDNF protein levels 

and BDNF-associated synaptic proteins in vitro.   

What is additionally interesting about the results discussed in Chapters IV 

and V are that the impairments associated with age and infection share similar 

pathology to those observed in early stage dementia and memory-related 

neurodegenerative diseases like Alzheimer’s disease.  Ratio shifts in BDNF protein 

isoforms and their given association to specific signaling pathways that result from 

the combined effects of age and neuroinflammation may contribute to the early-

stage neurodegeneration and synaptic failure associated with later disease onset.  

Both Alzheimer’s disease (AD) and Parkinson’s disease (PD) are found to have 

overlapping clinical symptomology that include early stage delirium, memory 

impairments and dementia [48, 63], however these diseases have distinct 

biochemical markers that underlie their individual pathology.  Upregulation of the 

amyloid precursor protein (APP) along with the accumulation of the secretase-

dependent production of insoluble-oligomeric amyloid-beta protein (Aβ) are primary 
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characteristics of AD [37, 50, 94].  In contrast to Aβ aggregation, Lewy body 

formation is a defining pathological characteristic of sporadic PD [139].  Although 

these markers are biochemically different, both Lewy body formation and Aβ plaque 

production are found in association with clinical cases of PD patients with dementia 

following post-mortem tissue analysis [63], thus linking PD-associated dementia 

with Aβ production.  Aside from evident clinical symptoms, such as memory 

impairments (AD and PD) and motor dysfunctions (PD), there seems to be a 

common cellular component to this degeneration – the targeting of neurons and 

their synapses.  Individuals with AD-associated dementia report having significant 

cortical atrophy including neuronal loss, decreased spine density and neurite 

degeneration [55, 69, 77, 147].  More interestingly, increased release of cytotoxic 

inflammatory mediators (i.e., cytokines) following an inflammatory event is shown 

to exacerbate the deleterious effects of neurodegenerative diseases, as demonstrated 

in both animal models of AD, as well as human AD subjects [35, 61].  Therefore it is 

suggestive that a common link between symptoms of dementia and 

neurodegenerative disorders may be Aβ plaque accumulation in the brain; and these 

effects can be significantly influenced by inflammation.  Due to the strong 

correlation between mechanisms of synaptic plasticity and memory in the brain, 

extensive work has gone into examining the effects of Aβ plaque accumulation on 

synaptic plasticity, specifically in the entorhinal cortex and hippocampus – primary 

brain regions affected by AD due to abundant inputs from entorhinal cortex into 

hippocampus for facilitating learning and memory [101, 140].  Numerous studies 
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have shown that Aβ plaque formation can inhibit LTP in the hippocampus [78, 127].  

To our interest, however, there is additional evidence suggesting that Aβ can also 

induce and facilitate LTD.   For example, in vivo treatment with both synthetic Aβ 

peptide and Aβ extracts from human AD brain are shown to induce, and facilitate 

LTD in hippocampus region CA1 [27, 68, 127].  However, it is important to note that 

other groups have found no effect on LTD with Aβ treatment [115, 157, 158].  Thus, 

the mechanisms by which Aβ acts to influence synaptic plasticity are poorly 

understood, however researchers have begun exploring neurotrophins (specifically 

BDNF) and their signaling pathways because of its importance in regulating 

multiple forms of synaptic plasticity.   

There is a global interest in developing therapeutics to combat both 

Alzheimer’s disease and Parkinson’s disease.  Current therapeutic approaches have 

targeted the clinical symptomologies, including cognitive decline, memory 

impairments and motor dysfunction well into the mid stages of the disease and 

throughout its progression.  However, current available therapies are designed to 

keep symptoms at bay and do not address the early stage events that may be causal 

in the development of neurodegenerative diseases.  Thus, it seems important to 

identify early cellular events, as well as the cell biological mechanisms at play that 

may occur before the disease onset.  From this, we open the possibility for the 

development of more effective therapeutic strategies. 

From the collection of data discussed throughout this dissertation we can 

conclude that activation of the innate immune system has significant and 
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pronounced effects on normal brain function.  We see that neural processes in brain 

regions important for memory and cognition are specifically targeted by pro-

inflammatory cytokines following an inflammatory episode.  On a molecular level, 

we see that the pro-inflammatory cytokine IL-1β alters hippocampal function by 

targeting BDNF and BDNF-dependent signaling.  More interestingly, the 

deleterious effects of pro-inflammatory molecules on memory, neural processes and 

BDNF biology are more pronounced in the aging brain.  These works find 

commonalities between aging and inflammation and Alzheimer’s disease that 

include cognitive decline, neural dysfunction and perturbations in BDNF biology.  

The cooperative function of IL-1β and Aβ on neural processes may provide the 

necessary information in determining the early cellular events and cell biological 

mechanisms that underlie Alzheimer’s disease.       



 

 

113 

 
BIBLIOGRAPHY 

 
1. Abraham J, Jang S, Godbout JP, Chen J, Kelley KW, Dantzer R, 

Johnson RW (2008). Aging sensitizes mice to behavioral deficits induced 
by central HIV-1 gp120. Neurobiol Aging 26(4):614-21. 

 
 

2. Allen SJ, Watson JJ, Dawbarn D (2011). The neurotroshins and their 
role in Alzheimer’s disease. Curr Neuropharmcol. 9(4):559-73. 

 
 

3. Aoki C, Wu K, Elste A, Len G, Lin S, McAuliffe G, Black IB (2000). 
Localization of brain-derived neurotrophic factor and TrkB receptors to 
postsynaptic densities of adult rat cerebral cortex. J Neurosci Res 59: 
454–463. 

 
 

4. Bach ME, Barad M, Son H, Zhuo M, Lu YF, Shih R, Mansuy I, Hawkins 
RD, Kandel ER (1999). Age-related defects in spatial memory are 
correlated with defects in the late phase of hippocampal long-term 
potentiation in vitro and are attenuated by drugs that enhance the 
cAMP signaling pathway. Proc Natl Acad Sci 96:5280-5285. 

 
 

5.          Barker PA (2009). Whither proBDNF? Neuron 12(2):105-6. 
 
 

6. Barnes CA & McNaughton BL (1985). An age comparison of the rates of 
acquisition and forgetting of spatial information in relation to long-term 
enhancement of hippocampal synapses. Behav Neurosci 99:1040-1048. 
 
 

7. Barnes P & Thomas KL (2008). Proteolysis of proBDNF is a key 
regulator in the formation of memory. PLoS One 3:e3248. 
 
 

8. Barrientos RM, Higgins EA, Sprunger DB, Watkins LR, Rudy JW, 
Maier SF (2002). Memory for context is impaired by a post context 
exposure injection of interleukin-1 beta into dorsal hippocampus. Behav 
Brain Res. 134:291–298. 
 
 



 

 

114 

9. Barrientos RM, Sprunger DB, Campeau S, Higgins EA, Watkins 
LR, Rudy JW, Maier SF (2003). Brain-derived neurotrophic 
factor mRNA downregulation produced by social isolation is 
blocked by intrahippocampal interleukin-1 receptor antagonist. 
Neuroscience 121:847-853. 
 
 

10. Barrientos RM, Sprunger DB, Campeau S, Watkins LR, Rudy 
JW, Maier SF (2004) BDNF mRNA expression in rat 
hippocampus following contextual learning is blocked by 
intrahippocampal IL-1β administration. J Neuroimmunol 
155:119-126. 
 
 

11. Barrientos RM, Higgins EA, Biedenkapp JC, Sprunger DB, 
Wright-Hardesty KJ, Watkins LR, Rudy JW, Maier SF (2006). 
Peripheral infection and aging interact to impair hippocampal 
memory consolidation. Neurobiol Aging 27:723-732. 
 
 

12. Barrientos RM, Watkins LR, Rudy JW, Maier SF (2009a). 
Characterization of the sickness response in young and aging rats 
following E. coli infection. Brain Behav Immun (4):450-4. 
 
 

13. Barrientos RM, Frank MG, Hein AM, Higgins EA, Watkins LR, Rudy 
JW, Maier SF (2009b) Time course of hippocampal IL-1β and memory 
consolidation impairments in aging rats following peripheral infection. 
Brain Behav Immun 23:46 –54. 
 
 

14. Barrientos RM, Frank MG, Watkins LR, Maier SF (2012). Aging-
related changes in neuroimmune-endocrine function: implications for 
hippocampal-dependent cognition. Horm Behav. 62(3):219-27. 
 
 

15. Bekker AY, Weeks EJ (2003). Cognitive function after anesthesia 
in the elderly. Best Pract Res Clin Anaesthesiol 17:259-272. 
 
 

16. Bellinger FP, Madamba S, Siggins GR (1993). Interleukin-1β inhibits 
synaptic strength and long-term potentiation in the rat CA1 
hippocampus. Brain Res. 628,227–234. 
 



 

 

115 

 
17. Bliss TV & Collingridge GL (1993). A synaptic model of memory: long-

term potentiation in the hippocampus. Nature 361,31–39. 
 
 

18. Bliss TV, Collingridge GL, Morris RG (2003). Introduction. Long-term 
potentiation and structure of the issue. Philos Trans R Soc Lond B Biol 
Sci 358:607-611. 
 
 

19. Bliss T, Collingridge G, Morris RG (2007). The Hippocampus Book. In: 
(Andersen P, Morris RG, Amaral D, O'Keefe J, eds). Oxford  New York: 
Oxford University Press. 
 
 

20. Booth RF, Clark JB (1978). A rapid method for the preparation of 
relatively pure metabolically competent synaptosomes from rat brain. 
Biochem J. 176:365–370. 
 
 

21. Bramham CR, Messaoudi E (2005). BDNF function in adult 
synaptic plasticity: the synaptic consolidation hypothesis. Prog 
Neurobiol 76:99-125. 
 
 

22. Buchanan JB, Sparkman NL, Chen J, Johnson RW (2008). Cognitive 
and neuroinflammatory consequences of mild repeated stress are 
exacerbated in aged mice. Psychoneuroendocrinology 33,755–765. 
 
 

23. Chao MV (2003). Neurotrophins and their receptors: a 
convergence point for many signaling pathways. Nat Rev 
Neurosci 4:299-309. 
 
 

24. Chapman TR, Barrientos RM, Ahrendsen JT, Maier SF, 
Patterson SL (2010). Synaptic correlates of increased cognitive 
vulnerability with aging: peripheral immune challenge and aging 
interact to disrupt theta-burst late-phase long-term potentiation 
in hippocampal area CA1. J Neurosci 30:7598-7603. 
 
 



 

 

116 

25. Chen G, Kolbeck R, Barde YA, Bonhoeffer T, Kossel A (1999). 
Relative contribution of endogenous neurotrophins in 
hippocampal long-term potentiation. J Neurosci 19:7983–7990. 

26. Chen LY, Rex CS, Sanaiha Y, Lynch G, Gall CM (2010).  
Learning induces neurotrophin signaling at hippocampal 
synapses. Proc Natl Acad Sci 13;107(15):7030-5. 
 
 

27. Cheng LL, Yin WJ, Zhang JF, Qi JS (2009). Amyloid beta-protein 
fragments 25-35 and 31-35 potentiate long-term depression in 
hippocampal CA1 region of rats in vivo. Synapse 63:206–214. 
 
 

28. Clewes O, Fahey MS, Tyler SJ, Watson JJ, Seok H, Catania C, Cho K, 
Dawbarn D, Allen SJ (2008). Human ProNGF: biological effects and 
binding profiles at TrkA, P75NTR and sortilin. J Neurochem. 
107(4):1124-35. 
 
 

29. Coogan A & O'Connor JJ (1997). Inhibition ofNMDA receptor-mediated 
synaptic transmission in the rat dentate gyrus in vitro by IL-1β. 
Neuroreport 8,2107–2110. 
 
 

30. Coogan AN, O'Neill LA, O'Connor JJ (1999). The P38 mitogen-activated 
protein kinase inhibitor SB203580 antagonizes the inhibitory effects of 
interleukin-1β on long-term potentiation in the rat dentate gyrus in 
vitro. Neuroscience 93,57–69. 
 
 

31. Cortese GP, Barrientos RM, Maier SF, Patterson SL (2011). 
Aging and a peripheral immune challenge interact to reduce 
mature brain-derived neurotrophic factor and activation of TrkB, 
PLCγ1, and ERK in hippocampal synaptoneurosomes. J Neurosci 
31(11):4274-9. 
 
 

32. Crozier RA, Black IB, Plummer MR (1999). Blockade of NR2B-
containing NMDA receptors prevents BDNF enhancement of 
glutamatergic transmission in hippocampal neurons. Learn Mem 
6: 257–266. 
 
 

33. Cumiskey D, Curran BP, Herron CE, O'Connor JJ (2007). A role 
for inflammatory mediators in the IL-18 mediated attenuation of 



 

 

117 

LTP in the rat dentate gyrus. Neuropharmacology 52, 1616–
1623. 

34. Cunningham AJ, Murray CA, O’Neil LAJ, Lynch MA, O’Connor JJ 
(1996). Interleukin-1 (IL-1) and tumor necrosis factor (TNF) inhibit 
long-term potentiation in the rat dentate gyrus in vitro. Neurosci Lett. 
203:17–20. 
 
 

35. Cunningham C, Wilcockson DC, Campion S, Lunnon K, Perry VH 
(2005). Central and systemic endotoxin challenges exacerbate the local 
inflammatory response and increase neuronal death during chronic 
neurodegeneration. J Neurosci 25:9275-9284. 
 
 

36. De Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD, Keane RW 
(2008). A molecular platform in neurons regulates inflammation after 
spinal cord injury. J Neurosci. 28(13):3404-14. 
 
 

37. De Strooper B, Vassar R, Golde T (2011). The secretases: enzymes with 
therapeutic potential in Alzheimer disease. Nat Rev Neurol 6:99-107. 
 
 

38. Dechant G & Barde YA (2002). The neurotrophin receptor p75(NTR): 
novel functions and implications for diseases of the nervous system. Nat 
Neurosci 5:1131-1136. 
 
 

39. Deupree DL, Turner DA, Watters CL (1991). Spatial performance 
correlates with in vitro potentiation in young and aged Fischer 344 rats. 
Brain Res 554:1-9. 
 
 

40. Di Luca M, Gardoni F, Finardi A, Pagliardini S, Cattabeni F, Battaglia 
G, Missale C (2001). NMDA receptor subunits are phosphorylated by 
activation of neurotrophin receptors in PSD of rat spinal cord. 
NeuroReport 12: 1301–1305. 
 
 

41. Diamond DM, Park CR, Campbell AM, Woodson JC (2005). Competitive 
interactions between endogenous LTD and LTP in the hippocampus 
underlie the storage of emotional memories and stress-induced 
amnesia. Hippocampus 15,1006–1025. 
 



 

 

118 

 
42. Diana G, Domenici MR, Scotti de Carolis A, Loizzo A, Sagratella S 

(1995). Reduced hippocampal CA1 Ca(2+)-induced long-term 
potentiation is associated with age-dependent impairment of spatial 
learning. Brain Res 686:107-110. 
 
 

43. Dinarello CA (2004). Interleukin-18 and the treatment of rheumatoid 
arthritis. Rheum Dis Clin North Am. 30(2):417-34,ix. 
 
 

44. Drum SK, Oppemtom JJ (1989). Macrophage derived mediators: IL1, 
TNF, IL6, IGN and related signals. In: Fundamental immunology (Paul 
WE, ed), pp 639–661. New York: Raven. 
 
 

45. Frank MG, Barrientos RM, Biedenkapp JC, Rudy JW, Watkins LR, 
Maier SF (2006). mRNA up-regulation ofMHC II and pivotal pro-
inflammatory genes in normal brain aging. Neurobiol. Aging 27,717–
722. 
 
 

46. Frank MG, Barrientos RM, Hein AM, Biedenkapp JC, Watkins 
LR, Maier SF (2010). IL-1RA blocks E. coli-induced suppression 
of Arc and long-term memory in aged F344xBN F1 rats. Brain 
Behav Immun 24:254-262. 
 
 

47. Frerking M, Malenka RC, Nicoll RA (1998). Brain-derived 
neurotrophic factor (BDNF) modulates inhibitory, but not 
excitatory, transmission in the CA1 region of the hippocampus. J 
Neurophysiol 80: 3383–3386. 
 
 

48. Galvin JE, Lee VM, Trojanowski JQ (2001). Synucleinopathies: 
clinical and pathological implications. Arch Neurol 58:186–190.  

 
 

49. Gibertini M, Newton C, Friedman H, Klein TW (1995). Spatial 
learning impairment in mice infected with Legionella 
pneumophila or administered exogenous interleukin-1-beta. 
Brain Behav Immun 9:113-25. 
 
 



 

 

119 

50. Glenner GG & Wong CW (1984). Alzheimer's disease: Initial report of 
the purification and characterization of a novel cerebrovascular amyloid 
protein. Biochem. Biophys. Res. Commun 120:885–890. 
 
 

51. Godbout JP, Chen J, Abraham J, Richwine AF, Berg BM, Kelley KW, 
Johnson RW (2005). Exaggerated neuroinflammation and sickness 
behavior in aged mice following activation of the peripheral innate 
immune system. FASEB J. 19,1329–1331. 
 
 

52. Godbout JP, Moreau M, Lestage J, Chen J, Sparkman NL, J  OC, 
Castanon N, Kelley KW, Dantzer R, Johnson RW (2008). Aging 
exacerbates depressive-like behavior in mice in response to activation of 
the peripheral innate immune system. Neuropsychopharmacology 
33,2341–2351. 
 
 

53. Greenberg ME, Xu B, Lu B, Hempstead BL (2009). New insights in the 
biology of BDNF synthesis and release: implications in CNS function. J 
Neurosci. 29:12764 –12767. 
 
 

54. Greene LA & Kaplan DR (1995). Early events in neurotrophin 
signalling via Trk and p75 receptors. Curr Opin Neurobiol 5:579 –587. 
 
 

55. Griffin WS, Liu L, Li Y, Mrak RE, Barger SW (2006). 
Interleukin-1 mediates Alzheimer and Lewy body pathologies. J 
Neuroiflamm 3:5. 
 
 

56. Guan Z & Fang J (2006). Peripheral immune activation by 
lipopolysaccharide decreases neurotrophins in the cortex and 
hippocampus in rats. Brain Behav Immun 20:64 –71. 
 
 

57. Hauss-Wegrzyniak B, Dobrzanski P, Stoehr JD, Wenk GL (1998). 
Chronic neuroinflammation in rats reproduces components of the 
neurobiology of Alzheimer’s disease. Brain Res. 780:294–303. 
 
 

58. Hauss-Wegrzyniak B, Willard LB, Del Soldato P, Pepeu G, Wenk GL 
(1999). Peripheral administration of novel anti-inflammatories can 



 

 

120 

attenuate the effects of chronic inflammation within the CNS. Brain 
Res. 815:36–43. 
 
 

59. Hauss-Wegrzyniak B, Lynch MA, Vraniak PD, Wenk GL (2002). 
Chronic brain inflammation results in cell loss in the entorhinal cortex 
and impaired LTP in perforant path-granule cell synapses. Exp Neurol. 
176:336–341. 
 
 

60. Hickman SE, Allison EK, El Khoury J (2008). Microglial dysfunction 
and defective beta-amyloid clearance pathways in aging Alzheimer's 
disease mice. J Neurosci. 28(33):8354-60. 
 
 

61. Holmes C, Cunningham C, Zotova E, Woolford J, Dean C, Kerr S, 
Culliford D, Perry VH (2009). Systemic inflammation and disease 
progression in Alzheimer disease. Neurology 73:768-774. 
 
 

62. Huang EJ & Reichardt LF (2003). Trk receptors: roles in neuronal 
signal transduction. Annu Rev Biochem 72:609–642. 
 
 

63. Hurtig HI, Trojanowski JQ, Galvin J, Ewbank D, Schmidt ML, Lee VM, 
Clark CM, Glosser G, Stern MB, Gollomp SM, Arnold SE (2000). α-
Synuclein cortical Lewy bodies correlate with dementia in Parkinson's 
disease. Neurology 54:1916–1921. 
 
 

64. Kandel ER (2011). The molecular biology of memory storage: a dialogue 
between genes and synapses. Science 294,1030–1038. 
 
 

65. Kang H & Schuman EM (1996). A requirement for local protein 
synthesis in neurotrophin-induced hippocampal synaptic plasticity. 
Science 273:1402–1406. 
 
 

66. Kang H, Welcher AA, Shelton D, Schuman EM (1997). Neurotrophins 
and time: different roles for TrkB signaling in hippocampal long-term 
potentiation. Neuron 19:653–664. 
 
 



 

 

121 

67. Katsuki H, Nakai S, Hirai Y, Akaji K, Kiso Y, Satoh M (1990). 
Interleukin-1β inhibits longterm potentiation in the CA3 region of 
mouse hippocampal slices. Eur. J. Pharmacol. 181,323–326. 
 
 

68. Kim JH, Anwyl R, Suh YH, Djamgoz MB, Rowan MJ (2001). Use-
dependent effects of amyloidogenic fragments of (beta)-amyloid 
precursor protein on synaptic plasticity in rat hippocampus in vivo. J. 
Neurosci 21:1327–1333. 
 
 

69. Knobloch M & Mansuy IM (2008). Dendritic spine loss and 
synaptic alterations in Alzheimer's disease. Mol. Neurobiol 
37:73–82. 
 
 

70. Knowles JK, Rajadas J, Nguyen TV, Yang T, LeMieux MC, Vander 
Griend L, Ishikawa C, Massa SM, Wyss-Coray T, Longo FM (2009). The 
p75 neurotrophin receptor promotes amyloid-beta(1-42)-induced 
neuritic dystrophy in vitro and in vivo. J Neurosci  29(34):10627-37. 
 
 

71. Korte M, Carroll P, Wolf E, Brem G, Thoenen H, Bonhoeffer T (1995). 
Hippocampal long-term potentiation is impaired in mice lacking brain-
derived neurotrophic factor. Proc Natl Acad Sci. 92:8856-8860. 
 
 

72. Kossel AH, Cambridge SB, Wagner U, Bonhoeffer T (2001). A caged Ab 
reveals an immediate/instructive effect of BDNF during hippocampal 
synaptic potentiation. Proc Natl Acad Sci 98:14702–14707. 
 
 

73. Lapchak PA, Araujo DM, Hefti F (1993). Systemic interleukin-1 beta 
decreases brain-derived neurotrophic factor messenger RNA expression 
in the rat hippocampal formation. Neuroscience 53:297–301. 
 
 

74. Laye S, Goujon E, Combe C, VanHoy R, Kelley KW, Parnet P, Dantzer 
R (1996). Effects of lipopolysaccharide and glucocorticoids on expression 
of interleukin-1β converting enzyme in the pituitary and brain of mice. 
J. Neuroimmunol. 68,61–66. 
 
 

75. Lee R, Kermani P, Teng KK, Hempstead BL (2001). Regulation of cell 
survival by secreted proneurotrophins. Science 294:1945–1948. 



 

 

122 

 
 

76. Levine ES, Kolb JE (2000). Brain-derived neurotrophic factor increases 
activity of NR2B-containing N-methyl-d-aspartate receptors in excised 
patches from hippocampal neurons. J Neurosci Res 62: 357–362. 
 
 

77. Li S, Hong S, Shepardson NE, Walsh DM, Shankar GM, Selkoe D 
(2009). Soluble oligomers of amyloid beta protein facilitate hippocampal 
long-term depression by disrupting neuronal glutamate uptake. Neuron 
62:788–801. 
 
 

78. Li S, Shankar GM, Selkoe DJ (2010). How do Soluble Oligomers of 
Amyloid beta-protein Impair Hippocampal Synaptic Plasticity? Front 
Cell Neurosci. 4:5. 
 
 

79. Lin SY, Wu K, Levine ES, Mount HTJ, Cuen PC, Black IB (1998). 
BDNF acutely increases tyrosine phosphorylation of the NMDA 
receptor subunit 2B in cortical and hippocampal postsynaptic densities. 
Mol Brain Res 55: 20–27. 
 
 

80. Linnarsson S, Bjorklund A, Ernfors P (1997). Learning deficit in BDNF 
mutant mice. Eur J Neurosci. 9:2581-2587. 
 
 

81. Lisman J, Schulman H & Cline H (2002). The molecular basis of 
CaMKII function in synaptic and behavioural memory. Nature Rev. 
Neurosci. 3,175–190. 
 
 

82. Longo FM, Massa SM (2005). Neurotrophin receptor-based strategies 
for Alzheimer's disease. Curr Alzheimer Res. 2(2):167-9. 
 
 

83. Lowenstein DH, Arsenault L (1996). The effects of growth factors on the 
survival and differentiation of cultured dentate gyrus neurons. J 
Neurosci. 1;16(5):1759-69. 
 
 

84. Lu B (2003). BDNF and activity-dependent synaptic modulation. Learn 
Mem. 10(2):86-98. 
 



 

 

123 

 
85. Lu B, Pang PT, Woo NH (2005). The yin and yang of 

neurotrophin action. Nat Rev Neurosci . 6(8):603-14. 
 
 

86. Lynch M A (2004). Long-term potentiation and memory. Physiol. Rev. 
84, 87–136. 
 
 

87. Maier SF, Watkins LR (1998). Cytokines for psychologists: implications 
of bidirectional immune-to-brain communication for understanding 
behavior, mood, and cognition. Psychol. Rev. 105,83–107. 
 
 

88. Malenka RC & Nicoll RA (1999). Long-term potentiation — a decade of 
progress? Science 285,1870–1874. 
 
 

89. Malenka RC (2003a). The long-term potential of LTP. Nature Rev. 
Neurosci. 4,923-926. 
 
 

90. Malenka RC (2003b). Synaptic plasticity and AMPA receptor 
trafficking. Ann. NY Acad. Sci. 1003,1–11. 
 
 

91. Malenka RC & Bear MF (2004). LTP and LTD: an embarrassment of 
riches. Neuron 44,5–21. 
 
 

92. Martin SJ, Grimwood PD, Morris RG (2000). Synaptic plasticity and 
memory: an evaluation of the hypothesis. Annu Rev Neurosci 23:649-
711. 
 
 

93. Massey PV & Bashir ZI (2007). Long-term depression: multiple forms 
and implications for brain function. Trends Neurosci. 30(4):176-84.  
 
 

94. Masters CL, Simms G, Weinman NA, Multhaup G, McDonald BL, 
Beyreuther K (1985). Amyloid plaque core protein in Alzheimer disease 
and Down syndrome. Proc. Natl Acad. Sci 82:4245–4249. 
 
 



 

 

124 

95. Mawhinney LJ, de Rivero Vaccari JP, Dale GA, Keane RW, Bramlett 
HM (2011). Heightened inflammasome activation is linked to age-
related cognitive impairment in Fischer 344 rats. BMC Neurosci. 
1;12:123. 
 
 

96. Minichiello L (2009). TrkB signalling pathways in LTP and learning. 
Nat Rev Neurosci. (12):850-60. 
 
 

97. Morris RG, Moser EI, Riedel G, Martin SJ, Sandin J, Day M, O'Carroll 
C (2003). Elements of a neurobiologicaltheory of the hippocampus: the 
role of activitydependent synaptic plasticity in memory. Philos. Trans. 
R. Soc. Lond. B Biol. Sci. 358,773–786. 
 
 

98. Mowla SJ, Farhadi HF, Pareek S, Atwal JK, Morris SJ, Seidah NG, 
Murphy RA (2001). Cleavage Biosynthesis and post-translational 
processing of the precursor to brain-derived neurotrophic factor. J Biol 
Chem 16:12660-6. 
 
 

99. Mulkey RM & Malenka RC (1992). Mechanisms underlying induction of 
homosynaptic long-term depression in area CA1 of the hippocampus. 
Neuron 9,967–975. 
 
 

100. Mulkey RM, Herron CE, Malenka RC (1993). An essential role for 
protein phosphatases in hippocampal long-term depression. Science 
261,1051–1055. 
 
 

101. Nagahara AH, Merrill DA, Coppola G, Tsukada S, Schroeder BE, 
Shaked GM, Wang L, Blesch A, Kim A, Conner JM, Rockenstein E, 
Chao MV, Koo EH, Geschwind D, Masliah E, Chiba AA, Tuszynski MH 
(2009). Neuroprotective effects of brain-derived neurotrophic factor in 
rodent and primate models of Alzheimer’s disease. Nat Med 3:331-37. 
 
 

102. Nagappan G, Zaitsev E, Senatorov VV, Jr., Yang J, Hempstead BL, Lu 
B (2009). Control of extracellular cleavage of ProBDNF by high 
frequency neuronal activity. Proc Natl Acad Sci 106:1267-1272. 
 
 



 

 

125 

103. Nguyen KT, Deak T, Owens SM, Kohno T, Fleshner M, Watkins LR, 
Maier SF (1998). Exposure to acute stress induces brain interleukin-
1beta protein in the rat. J. Neurosci. 18,2239–2246. 
 
 

104. Pang PT, Teng HK, Zaitsev E, Woo NT, Sakata K, Zhen S, Teng KK, 
Yung WH, Hempstead BL, Lu B (2004a). Cleavage of proBDNF by 
tPA/plasmin is essential for long-term hippocampal plasticity. Science 
306:487-491. 
 
 

105. Pang PT & Lu B (2004b). Regulation of late-phase LTP and long-term 
memory in normal and aging hippocampus: role of secreted proteins 
tPA and BDNF. Ageing Res Rev 3:407– 430. 
 
 

106. Patel TR (2012). Environmental enrichment: aging and memory. Yale J 
Biol Med. 85(4):491-500.  
 
 

107. Patterson SL, Grover LM, Schwartzkroin PA, Bothwell M (1992). 
Neurotrophin expression in rat hippocampal slices: a stimulus 
paradigm inducing LTP in CA1 evokes increases in BDNF and NT-3 
mRNAs. Neuron 9:1081-1088. 
 
 

108. Patterson SL, Abel T, Deuel TA, Martin KC, Rose JC, Kandel ER 
(1996). Recombinant BDNF rescues deficits in basal synaptic 
transmission and hippocampal LTP in BDNF knockout mice. Neuron 
6:1137-45. 
 
 

109. Peng S, Wuu J, Mufson EJ, Fahenstock M (2005). Precursor form of 
brain-derived neurotrophic factor and mature brain-derived 
neurotrophic factor are decreased in the pre-clinical stages of 
Alzheimer’s disease. J Neurochem 93(6):1412-21. 
 
 

110. Perry VH, Matyszak, MK, Fearn, S (1993). Altered antigen expression 
of microglia inthe aged ro dent CNS. Glia 7, 60–67. 
 
 

111. Perry VH (1998). A revised view of the central nervous system 
microenvironment and major histocompatibility complex class II 
antigen presentation. J. Neuroimmunol. 90,113–121. 



 

 

126 

 
 

112. Pugh CR, Kumagawa K, Fleshner M, Watkins LR, Maier SF, Rudy JW 
(1998). Selective effects of peripheral lipopolysaccharide administration 
on contextual and auditory-cue fear conditioning. Brain Behav Immun. 
12:212–229. 
 
 

113. Pugh CR, Nguyen KT, Gonyea JL, Fleshner M, Wakins LR, Maier SF, 
Rudy JW (1999). Role of interleukin-1β in impairment of contextual fear 
conditioning caused by social isolation. Behav Brain Res. 106:109–118. 
 
 

114. Radecki DT, Brown LM, Martinez J, Teyler TJ (2005). BDNF protects 
against stress-induced impairments in spatial learning and memory 
and LTP. Hippocampus15(2):246-53. 
 
 

115. Raymond CR, Ireland DR, Abraham WC (2003). NMDA receptor 
regulation by amyloid-beta does not account for its inhibition of LTP in 
rat hippocampus. Brain Res 968:263–272. 
 
 

116. Redman S (1996). The hippocampus, long-term potentiation and 
memory. Clin Exp Pharmacol Physiol. 23(10-11):961-4. 
 
 

117. Reichardt LF (2006). Neurotrophin-regulated signaling pathways. 
Philos Trans R Soc Lond B Biol Sci 361:1545–1564. 
 
 

118. Rogers J, Luber-Narod J, Styren SD, Civin WH (1988). Expression of 
immune system-associated antigens by cells of the human central 
nervous system: relationship to the pathology of Alzheimer's disease. 
Neurobiol. Aging 9,339–349. 
 
 

119. Rogers J, Webster S, Lue LF, Brachova L, Civin WH, Emmerling M, 
Shivers B, Walker D, McGeer P (1996). Inflammation and Alzheimer's 
disease pathogenesis. Neurobiol Aging 17(5):681-6. 
 
 

120. Rösch H, Schweigreiter R, Bonhoeffer T, Barde YA, Korte M (2005). The 
neurotrophin receptor p75NTR modulates long-term depression and 



 

 

127 

regulates the expression of AMPA receptor subunits in the 
hippocampus. Proc Natl Acad Sci.102(20):7362-7. 
 
 

121. Rosczyk HA, Sparkman NL, Johnson RW (2008). Neuroinflammation 
and cognitive function in aged mice following minor surgery. Exp. 
Gerontol. 43,840–846. 
 
 

122. Rozovsky I, Finch CE, Morgan TE (1998). Age-related activation of 
microglia and astrocytes: in vitro studies show persistent phenotypes of 
aging, increased proliferation, and resistance to down-regulation. 
Neurobiol. Aging 19,97–103. 
 
 

123. Schnydrig S, Korner L, Landweer S, Ernst B, Walker G, Otten U, Kunz 
D (2007). Peripheral lipopolysaccharide administration transiently 
affects expression of brain-derived neurotrophic factor, corticotropin 
and proopiomelanocortin in mouse brain. Neurosci Lett 429:69 –73. 
 
 

124. Schratt GM, Nigh EA, Chen WG, Hu L, Greenberg ME (2004). BDNF 
regulates the translation of a select group of mRNAs by a mammalian 
target of rapamycin-phosphatidylinositol 3-kinase-dependent pathway 
during neuronal development. J Neurosci 24:7366 –7377.  
 
 

125. Selkoe DJ (2002). Alzheimer’s disease is a synaptic failure. Science 
289(5594):789-91. 
 
 

126. Selkoe DJ (2004). Cell biology of protein misfolding: the examples of 
Alzheimer's and Parkinson's diseases. Nat Cell Biol. 6(11):1054-61. 
 
 

127. Shankar GM, Li S, Mehta TH, Garcia-Munoz A, Shepardson N, Smith I, 
Brett FM, Farrell MA, Rowan MJ, Lemere CA, Regan CM, Walsh DM, 
Sabatini BL, Selkoe DJ (2008). Soluble amyloid β-protein dimers 
isolated directly from Alzheimer disease patients potently impair 
synaptic plasticity and memory. Nat. Med 14:837–842. 
 
 

128. Shaw KN, Commins S, O’Mara SM (2001) Lipopolysaccharide causes 
deficits in spatial learning in the watermaze but not in BDNF 
expression in the rat dentate gyrus. Behav Brain Res 124:47–54. 



 

 

128 

 
 

129. Sheffield LG & Berman NE (1998). Microglial expression of MHC class 
II increases in normal aging of nonhuman primates. Neurobiol. Aging 
19,47–55. 

 
 

130. Shepherd JD & Huganir RL (2007). The cell biology of synaptic 
plasticity: AMPA receptor trafficking. Annu.Rev. Cell Dev. Biol. 23,613–
643. 
 
 

131. Silhol M, Arancibia S, Maurice T, Tapia-Arancibia L (2007). Spatial 
memory training modifies the expression of brain-derived neurotrophic 
factor tyrosine kinase receptors in young and aged rats. Neuroscience 
146:962-973. 
 
 

132. Silhol M, Arancibia S, Perrin D, Maurice T, Alliot J, Tapia-Arancibia L 
(2008). Effect of aging on brain-derived neurotrophic factor, proBDNF, 
and their receptors in the hippocampus of Lou/C rats. Rejuvenation Res 
11:1031-1040. 
 
 

133. Skeldal S, Sykes AM, Glerup S, Matusica D, Palstra N, Autio H, 
Boskovic Z, Madsen P, Castrén E, Nykjaer A, Coulson EJ (2012). 
Mapping of the interaction site between sortilin and the p75 
neurotrophin receptor reveals a regulatory role for the sortilin 
intracellular domain in p75 neurotrophin receptor shedding and 
apoptosis. J Biol Chem. 287(52):43798-809.  
 
 

134. Song DK, Choe B, Bae JH, Park WK, Han IS, Ho WK, Earm YE (1998). 
Brain-derived neurotrophic factor rapidly potentiates synaptic 
transmission through NMDA, but suppresses it through non-NMDA 
receptors in rat hippocampal neuron. Brain Res 799: 176–179. 
 
 

135. Song C, Zhang Y, Dong Y (2013). Acute and subacute IL-1β 
administrations differentially modulate neuroimmune and neurotrophic 
systems: possible implications for neuroprotection and 
neurodegeneration. J Neuroinflammation 10:59. 
 
 



 

 

129 

136. Sotthibundhu A, Sykes AM, Fox B, Underwood CK, Thangnipon W, 
Coulson EJ (2008). Beta-amyloid(1-42) induces neuronal death through 
the p75 neurotrophin receptor. J Neurosci. 28(15):3941-6. 
 
 

137. Sparkman NL, Martin LA, Calvert WS, Boehm GW (2005). Effects of 
intraperitoneal lipopolysaccharide on Morris maze performance in year-
old and 2-month-old female C57BL/6J mice. Behav. Brain Res. 159, 
145–151. 
 
 

138. Sparkman NL & Johnson RW (2008). Neuroinflammation associated 
with aging sensitizes the brain to the effects of infection or stress. 
Neuroimmunomodulation 15,323–330. 
 
 

139. Spillantini MG, Schmidt ML, Lee VM, Trojanowski JQ, Jakes R, 
Goedert M (1997). Alpha-synuclein in Lewy bodies. Nature 3 
88(6645):839-40. 
 
 

140. Squire LR & Kandel ER (2000). Memory Chapter 5. Scientific American 
Library, New York. 
 
 

141. Sutton MA & Schuman EM (2006). Dendritic protein synthesis, 
synaptic plasticity, and memory. Cell 127,49–58. 
 
 

142. Sweatt J & Mem L (1999). Toward a molecular explanation for long-
term potentiation. Learn. Mem. 6,399–416. 
 

143. Tall AR & Ai D (2011). Sorting out sortilin. Circ Res. 108(2):158-60.  
 
 

144. Tafti M, Nishino S, Aldrich MS, Liao W, Dement WC, Mignot E (1996). 
Major histocompatibility class II molecules in the CNS: increased 
microglial expression at the onset of narcolepsy in canine model. J. 
Neurosci. 16,4588–4595. 
 
 

145. Takamura A, Sato Y, Watabe D, Okamoto Y, Nakata T, Kawarabayashi 
T, Oddo S, Laferla FM, Shoji M, Matsubara E (2010). Sortilin is 
required for toxic action of Aβ oligomers (AβOs): extracellular AβOs 



 

 

130 

trigger apoptosis, and intraneuronal AβOs impair degradation 
pathways. Life Sci. 91(23-24):1177-86. 
 
 

146. Tanaka T, Saito H, Matsuki N (1997). Inhibition of GABAA synaptic 
responses by brain-derived neurotrophic factor (BDNF) in rat 
hippocampus. J Neurosci 17: 2959–2966. 
 
 

147. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, 
Hansen LA, Katzman R (1991). Physical basis of cognitive alterations 
in Alzheimer's disease: synapse loss is the major correlate of cognitive 
impairment. Ann. Neurol 30:572–580. 
 
 

148. Tombaugh GC, Rowe WB, Chow AR, Michael TH, Rose GM (2002). 
Theta-frequency synaptic potentiation in CA1 in vitro distinguishes 
cognitively impaired from unimpaired aged Fischer 344 rats. J Neurosci 
22:9932-9940. 
 
 

149. Tong L, Balazs R, Soiampornkul R, Thangnipon W, Cotman CW (2008). 
Interleukin-1β impairs brain derived neurotrophic factor-induced signal 
transduction. Neurobiol Aging 29:1380-1393. 
 
 

150. Tong L, Prieto GA, Kramár EA, Smith ED, Cribbs DH, Lynch G, 
Cotman CW (2012). Brain-derived neurotrophic factor-dependent 
synaptic plasticity is suppressed by interleukin-1β via p38 mitogen-
activated protein kinase. J Neurosci. 32(49):17714-24. 
 
 

151. Turner PR, O'Connor K, Tate WP, Abraham WC (2003). Roles of 
amyloid precursor protein and its fragments in regulating neural 
activity, plasticity and memory. Prog Neurobiol. 70(1):1-32. 

152. Tyler WJ, Alonso M, Bramham CR, Pozzo-Miller LD (2002). From 
acquisition to consolidation: on the role of brain-derived neurotrophic 
factor signaling in hippocampal-dependent learning. Learn Mem 9:224-
237. 
 
 

153. Van Dam AM, Bauer J, Tilders FJ, Berkenbosch F (1995). Endotoxin-
induced appearance of immunoreactive interleukin-1 beta in ramified 
microglia in rat brain: a light and electron microscopic study. 
Neuroscience 65,815–826. 



 

 

131 

 
 

154. Vereker E, Campbell V, Roche E, McEntee E, Lynch MA (2000a). 
Lipopolysaccharide inhibits long-term potentiation in the rat dentate 
gyrus by activating caspase-1. J Biol Chem 275:26252–8. 
 
 

155. Vereker E, O’Donnell E, Lynch MA (2000b). The inhibitory effect of 
interleukin-1β on long-term potentiation is coupled with increased 
activity of stress-activated protein kinases. J Neurosci 20:6811–9. 
 

156. VonDras DD, Powless MR, Olson AK, Wheeler D, Snudden AL (2005). 
Differential effects of everyday stress on the episodic memory test 
performances of young, mid-life, and older adults. Aging Ment Health 
9:60-70. 
 
 

157. Wang HW, Pasternak JF, Kuo H, Ristic H, Lambert MP, Chromy B, 
Viola KL, Klein WL, Stine WB, Krafft GA, Trommer BL (2002). Soluble 
oligomers of beta amyloid (1-42) inhibit long-term potentiation but not 
long-term depression in rat dentate gyrus. Brain Res 924:133–140. 
 
 

158. Wang Q, Rowan MJ, Anwyl R (2004). Beta-amyloid-mediated inhibition 
of NMDA receptor-dependent long-term potentiation induction involves 
activation of microglia and stimulation of inducible nitric oxide 
synthase and superoxide. J Neurosci 24:6049–6056. 
 
 

159. Whitlock JR, Heynen A J, Shuler MG & Bear MF (2006). Learning 
induces long-term potentiation in the hippocampus. Science 313,1093–
1097. 
 
 

160. Whittaker VP (1993). Thirty years of synaptosome research. J 
Neurocytol 22:735–742. 
 
 

161. Wiegert JS & Bading H (2011). Activity-dependent calcium signaling 
and ERK-MAP kinases in neurons: a link to structural plasticity of the 
nucleus and gene transcription regulation. Cell Calcium 49(5):296-305. 
 
 



 

 

132 

162. Wofford JL, Loehr LR, Schwartz E (1996). Acute cognitive impairment 
in elderly ED patients: etiologies and outcomes. Am J Emerg Med 
14:649-653. 
 
 

163. Wong TP, Howland JG, Robillard JM, Ge Y, Yu W, Titterness AK, 
Brebner K, Liu L, Weinberg J, Christie BR, Phillips AG, Wang YT 
(2007). Hippocampal long-term depression mediates acute stress-
induced spatial memory retrieval impairment. Proc Natl Acad Sci. 
104(27):11471-6. 
 
 

164. Woo NH, Teng HK, Siao CJ, Chiaruttini C, Pang PT, Milner TA, 
Hempstead BL, Lu B (2005). Activation of p75 by proBDNF facilitates 
hippocampal long-term depression. Nat Neurosci 8:1069-77. 
 
 

165. Xu L, Anwyl R, Rowan MJ (1997). Behavioural stress facilitates the 
induction of long-term depression in the hippocampus. Nature 387,497–
500. 
 
 

166. Yang T, Knowles JK, Lu Q, Zhang H, Arancio O, Moore LA, Chang T, 
Wang Q, Andreasson K, Rajadas J, Fuller GG, Xie Y, Massa SM, Longo 
FM (2008). Small molecule, non-peptide p75 ligands inhibit Abeta-
induced neurodegeneration and synaptic impairment. PLoS One 
3(11):e3604. 
 
 

167. Yun SH, Park KA, Sullivan P, Pasternak JF, Ladu MJ, Trommer BL 
(2005). Blockade of nicotinic acetylcholine receptors suppresses 
hippocampal long-term potentiation in wild-type but not ApoE4 
targeted replacement mice. J Neurosci Res. 82(6):771-7. 
 
 

168. Zhou Y, Wu H, Li S, Chen Q, Cheng XW, Zheng J, Takemori H, Xiong 
ZQ (2006). Requirement of TORC1 for late-phase long-term potentiation 
in the hippocampus. PLoS One 1, e16. 

 


