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Abstract of the Thesis
Brain-Derived Neurotrophic Factor’s Neuroprotective Effects in Entorhinal Cortex
by

Yaswanraj Yuvaraj

Master of Science in Biology
University of California, San Diego, 2016
Mark H. Tuszynski, Chair

Yimin Zou, Co-Chair

Entorhinal cortex (EC), primary source of input into the hippocampus, is
important for memory and learning. Alzheimer’s patients experience memory loss at
early stages of the disease. The memory loss is associated with neuronal atrophy and
death, which starts in EC. Previous evidence indicates that brain-derived neurotrophic
factor (BDNF) could prevent cell loss and atrophy. The goal of this study was to test
lower dosages of adeno-associated virus (AAV) 2-BDNF (lel1vp/ml, 3el1vp/ml and
3ellvp/ml x2 volume) and AAV9-BDNF (3ellvp/ml). Our hypothesis was the BDNF
gene delivery into the EC will produce a neuroprotective effect preventing cell lose and

cell body atrophy. A perforant pathway lesion was performed in rats that severed the

ix



projections from EC layer II neurons to dentate gyrus to induce cell death or atrophy in
these neurons. Three days prior to the lesion, subject received treatments into the EC.
Rats were euthanized two weeks after lesion, and the brains were analyzed using
stereology to quantify the number of neurons and cell atrophy by measuring cell body
size. Results showed that BDNF treatment produced a neuroprotective effect that
ameliorated cell loss (p<0.01 — 0.05), while control groups had ~30% cell loss. Cell
atrophy was decreased within the AAV9 treatment group (p<0.05). Quantification of
pAKT cell numbers in ECLII showed no effect of BDNF treatment on pAKT activation
after 2 weeks. BDNF does have the potential to prevent early cell lose and atrophy in AD.

This might prove to prevent the early memory observed AD.



I. INTRODUCTION



The overall goal of the project was to study the therapeutic effect of BDNF gene
therapy on cell survival in the entorhinal cortex layer II in a rat model of AD. The
introduction will provide a review of AD, early pathology of AD in the entorhinal cortex,
and BDNF and it’s potential therapeutic role for the treatment of AD.

Alzheimer’s Diseases: Demography

The incidence of AD onset increases with age [1]. A study showed that chance of
acquiring AD increased passed the age of 65 [1]. This is important to consider, since the
average lifespan of humans has increased and is increasing [2, 3]. With increased age
comes a higher risk of people acquiring AD. This means in the future there will be more
people affected by AD.

AD was concluded to have affected 5.3 million people in 2015 in the United
States [4]. By 2050 it is predicted that there will be 10 million people with AD, which a
two fold increase [4]. The significant increase in the amount of people that will have
Alzheimer’s disease needs to be addressed properly. A virus-vector administration of
BDNF might solve this problem by providing a potential solution for the treatment of cell
loss experienced by AD [5].

Categories of AD

Early-onset Alzheimer’s disease (EOAD) seems to follow the same pathological
trend as the patients with late-onset Alzheimer’s disease (LOAD). It has been estimated
that EOAD affects around 200,000 people, which is about 4% of all cases of AD and so
EOAD is considered rare [4]. Anyone with AD prior the age of 65 has been considered to
have EOAD [6]. Of the group with EOAD, it has been suggested some have early-onset

of familial Alzheimer’s disease (EOFAD). Different mutations in three genes have been



suggested to be responsible for EOFAD: amyloid precursor protein (APP) mutations,
presenilin (PSEN) 1 and PSEN2 [7-13]. PSEN participates in the cleaving of APP by
gamma-secretase [14]. The three mutations increase amyloid beta production and plaque
formation.

Mutations have been linked with LOAD, which has an onset of AD after 65 years
of age. Evidence supports that alleles apolipoprotein E (ApoE) €4/¢4 has higher chance of
causing AD compared to ApoE €3/e4 or €3/€3 [15]. Other genome wide association
studies support ApoE susceptibility for LOAD, but other genes such as encoding for the
apolipoprotein J gene, CLU gene and PICALM gene have been associated with LOAD
[16-18]. Evidence supports ApoE g4/e4 role in stabilizing oligomers and increases
plaques levels leading to cognitive decline [19, 20].

Cognitive Deficits

The preclinical phase of AD has been known to show little cognitive deficits [21, 22].
The early sign of AD is typically amnestic mild cognitive impairment (MCI), but not all
patients with MCI progress to AD [23, 24]. During this stage one can expect to see a
higher rate of memory decline than healthy individuals, but MCI patients will not
experience the same level of cognitive decline seen in AD patients [24]. Evidence
supports that ~64% of MCI progress on AD [25]. In the mild stage of AD, patients will
exhibit cognitive decline such as impaired ability to carry out daily tasks, memory loss
and mood changes [24, 26, 27]. The next stage is moderate AD, where patient’s
conditions worsen [26] with effects on speech, memory and sensory processing [27, 28].

This stage is usually accompanied by the loss of former memories and the inability to



form new memories. During the final stage of AD patients cannot care for themselves
and completely rely on external care for all daily actives.
Pathology

To find a solution for AD, one must first understand the pathology of the disease.
Individuals with AD have several different forms of pathology that include the loss of
synaptic connections, neuron atrophy and death, neurofibrillary tangle, and amyloid
plaque formation. This pathology is thought to start in the entorhinal region of the brain
spreading to the rest of the brain, possibly through anatomical pathways. A major theory
for the pathology of AD is the amyloid hypothesis based on the genetic evidence and
findings that beta amyloid peptide is associated with the different forms of pathology.

Senile Plaques

Senile plaques are the landmark pathology in AD. The plaques are made up of the
insoluble amyloid B peptide (A), other proteins and metal ions [29, 30]. The AP is a 4kD
protein derived from the amyloid precursor protein (APP) when APP is cut by beta-
secretase then gamma-secretase [31]. Beta-secretase is a transmembrane aspartic protease
that cleaves APP between residues 671 and 672 [32]. Gamma-secretase is an integral
membrane protein that is an aspartyl protease, which completes the production of AP via
intramembrane cleavage of APP [33]. Gamma-secretase is an inaccurate protease that can
cleave APP at different sites to form AB31 to AR50, but AB40 is known to be the most
abundant form occurring naturally [34]. It was discovered that in neurons AB40 was
produced in the trans-golgi network while AB42 was produced in the endoplasmic
reticulum [35]. Non-neuronal cells on the other hand produce AB40 and AB42 on the cell

surface [35]. The aggregation AP forms senile plaques, which are insoluble and consist of



many other proteins [30]. Recently, it has been shown that the plaques are inert, but what
causes toxicity is the amyloid-beta derived diffusible ligands and A soluble oligomers
[36-38]. APB42 has been shown to be the more toxic compared to AB40, since it formed
oligomers much quicker and was more neurotoxic in vivo and vitro [39, 40].

Neurofibrillary Tangles (NFT)

Alzheimer’s patients also have NTF that are caused by a problem inside the cell
that occurs with the tau protein [41, 42]. In neurons the tau protein plays an important
role in stabilizing microtubules [43-45]. However, within some neurons of Alzheimer
patients the tau protein is modified differently, which alter its functions [43]. The tau
protein is hyperphosphorylated, which prevents the protein from binding and stabilizing
microtubules in neurons [46, 47]. The hyperphosphorylation causes the tau protein to
self-assemble into NTFs [46, 48]. The loss of function of the tau protein has been
connected with the neurodegeneration in AD [49, 50].

Cell Death

A major feature of AD is the loss of cells throughout the brain. In the later stages
of AD there is widespread cell loss in the cortex. AD has been theorized to start ten to
twenty years before diagnosis with the accumulation of AB peptide that leads to synaptic
dysfunction, NFTs, and eventually neuronal death [21, 22, 51]. The spread of AR and
NTF may produce the neurotoxicity that causes cell atrophy and cell death [52]. There is
a sequence of cell death that is observed in the EC followed by death of cells in the
hippocampus, which is then followed by the cell atrophy and cell death of the cerebral

cortex [52, 53].



Synaptic Loss

One of the earliest pathology is the loss of synaptic connections. Neurons can
have numerous pre and postsynaptic connections, and the loss of some synapses does not
always lead to neuronal death but it does lead to other memory impairments in individual.
The degeneration of synapses has been known to be the cause of cognitive decline in
individuals with AD [54]. Individuals experiencing MCI or early AD usually have a
lowered hippocampal synaptic density compared to healthy individual [55-57]. The
decrease in synapses starts during the MCI period prior to AD, and so MCI has been
viewed as a transitional period prior to AD [57]. The loss of synaptic connections has
been shown to occur because of the altered function of the plaques and tau protein [58,
59]. It has also been shown that A oligomers, found to be localized within the radius of
plaques suggesting plaques act as reservoirs, cause decreased dendritic spine density,
LDP and synaptic loss [60-63]. The altered tau protein prevents the proper transportation
of organelles to different areas of the neuron leading to the degeneration of synapses [58,
64]. BDNF can prevent the toxicity on synapses via its role in inducing LTP [65, 66].
Other pathologies that AD patients experiences on top the synaptic loss includes
inflammations, cerebral amyloid angiopathy, the deposits of AP in intracerebral vessels,
and cerebrovascular problems such as hemorrhages and lack of blood to areas [67-69].

Amyvloid Hypothesis

The amyloid hypothesis claims AD occurs due to the increase levels of A peptide
and the major pathology in AD is the consequence of the buildup and inability to clear
AB peptide in the brain [70]. More recently, the hypothesis shifted towards the idea that

soluble oligomers and AB-derived diffusible ligands, are neurotoxic and can drive the



degeneration seen AD. A is linked to tau hyperphosphorylation that leads to the
formation of NFT [71, 72]. Soluble AB oligomers can also lead to the loss of synaptic
connections. It has been suggested that the plaques can act as a reservoir for the
oligomers and AB-derived diffusible ligands, which would supports the claim of the
hypothesis that plaques can lead to degeneration in AD [63].

Progression of AD

A key characteristic of the pathology of AD is the progressive spread of certain
pathology in the brain. The spread of NTF’s seems to a follow a different pattern from
the amyloid plaques in AD. The spread of NTF has been separated into six different
stages. The first two stages occur during the preclinical phase of AD and are called the
transentorhinal stages, since NTF’s form in the superficial layers of the transentorhinal
cortex and spread inward and medially towards the entorhinal cortex [42]. The second
two stages occur during the early stages of AD and is called the limbic stage, since NTF’s
spread to the entorhinal cortex and CA1 of the hippocampus[42]. The final two stages are
called the isocortical stage, since NTF spreads into the hippocampal formation and the
primary neocortex causing dementia in AD patients [42]. The amyloid beta deposits
begin in the isocortex and spread to the entorhinal and hippocampal region, and from
there it continues to spread to the basal forebrain and eventually to the midbrain and then
brainstem and then cerebellum [42, 73].

One possible mechanism for the spread of the pathology is the spread of tau
pathology. Mutated tau proteins are able to enter neurons and assemble wild-type tau into
aggregates and spread the tau-pathology to connected neurons [50, 74-76]. The entorhinal

cortex, first area to express tau-pathology, projects out to the molecular layer of the



dentate gyrus via the perforant pathway [77] [78]. This is the primary source of input into
the hippocampus [77, 78]. Termination of this pathway via pathology of AD can causes
memory impairments [78]. The spread of NTF’s via intraneuronal connections shows the
progression of AD, since connected areas show distribution of NTF first [43, 48, 74, 75,
78]. Earlier stages of AD experience NTF formation in the lateral EC and outer molecular
layers of dentate gyrus, which are connected via perforant pathway [42, 75]. The next
stage is the spread of NTF from lateral to medial EC layer II [42]. This spread is
accompanied by the spread of NTF to middle molecular layer of dentate gyrus as well,
since the medial EC layer II is connected to the middle molecular layer of the dentate
gyrus via perforant pathway [42, 75]. Studying and preventing the spread of tau-
pathology might prevent cognitive decline in AD patients and this might also prevent the
disease from reaching its critical later stages.

Beta amyloid may play a role in the spread of the pathology. The different soluble
oligomer isoforms of AP can be internalized by neurons and transferred from neuron-to-
neuron allowing for the spread of AP and formation of amyloid plaques [79, 80]. The
exact neurotoxic role of AP is still unclear, but it has been shown that Ap oligomer
accumulation causes cytotoxicity after accumulating in the endoplasmic reticulum,
endosome/lysosome and mitochondria [80, 81].

The spread of tau and AP pathology can originate form their synergistic properties. In
mice AP can increase the spread of tau pathology and also promote the spread from the
limbic cortices to the neocortex [82, 83]. It has also been suggested that tau is able to

increase the plaque load in mice compared to wild-type mice [82, 84].



Role of EC in AD

The transentorhinal cortex is the first site of NTF formation and is known to be
the first site of cell loss as the disease progresses [42]. It has been suggested that the
pathology of AD spread via cell-to-cell connections; therefore, the synaptic loss and cell
loss can progress from the transentorhinal region to EC and then into the dentate gyrus
causing memory impairment seen in AD patients[42, 85-87]. On top of this, the loss of
volume in the entorhinal cortex in AD patients has been correlated with loss of cells[52,
86, 87]. Cell loss can cause cognitive decline. Therefore, a proper treatment preventing
the cell loss seen in EC can be an important therapy in preventing cognitive decline in
AD patients.

Atrophy of the cells inside the EC layer Il may lead to problems in memory
processing [86]. This is mainly because EC Layer Il provides the hippocampus with
inputs from sensory-specific, multimodal association cortices and limbic cortices [78].
Evidence supports that atrophy of cells in the EC layer II could lead to cognitive
impairment [52, 86]. For instance, in a study with participants with no cognitive
impairment had an average of ~650,000 neurons in layer II of EC, while participants with
mild dementia had ~30% ECLII cell loss and this progressed to ~90% cell loss in server
cases AD [87]. Clearly, there is a large decrease in neurons of participants with mild
cognitive impairment. This form of cell loss and cognitive impairment is seen to start as
early as during the MCI stage prior AD [42, 52, 86]. On top of layer II loss, the other
layers such as ECLIII has ~40% cell loss, ECLIV has ~50% cell loss and ECLV/ECLVI
together have ~40% cell loss [87]. BDNF treatment at early stages of cell loss in MCI or

AD can potentially prevent cell loss and atrophy.
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The EC, specifically layer II, provides the primary source of neuronal inputs from
sensory-specific, multimodal association cortices and limbic cortices to the hippocampus
[78]. The layer II of EC consists of two different cell types called the stellate and
pyramidal-like cells [88]. The stellate cells within the layer II of EC project to the
molecular layer of dentate gyrus, via perforant pathway, where they synapse on the
granular cells in the dentate gyrus [89]. This projection is the start of the trisynaptic
circuit of the hippocampus that also includes the mossy fiber pathway to CA3 pyramidal
cells [90] and the CA3 pyramidal cells project to the CA1 pyramidal cells via Schaffer
collaterals [91, 92]. The perforant pathway also consists of the projections from EC layer
II1, which synapse on CA1 [93]. Finally, the cells in the CA1 project back to layer V of
the EC. Therefore, EC is a key brain structure in hippocampal circuitry and the role in the
formation of long-term memory.

Current and Proposed Treatment for AD

Currently there is no proposed cure for AD. The treatments that are available only
delay and manage the symptoms of AD. The U.S. Food and Drug Administration have
approved four drugs to treat AD: donepezil, rivastigmine, galantamine, and memantine.
Donepezil, rivastigmine, and galantamine are cholinesterase inhibitors to increase the
levels of acetylcholine. Memantine is an NDMA antagonist, which reduces glutamate
toxicity.

Current clinical trials are focusing on anti-amyloid treatments,
acetylcholinesterase inhibitor treatments, and tau pathology treatments. The anti-amyloid
treatments so far have not been successful. For example, drug called bapineuzumab and

solanezumab, AP antibodies that increase A clearance, both failed in phase 3 clinical
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trials and showed no cognitive improvements in AD patients [94, 95]. There is no AP
treatment available on the market, since most do not pass phase 3, which might mean that
non-amyloid therapy might not suffice for AD treatments and a focus should be placed on
neurotrophin therapies such as BDNF gene delivery, since BDNF neuroprotective effects
could potentially revert the cognitive decline in AD.

Currently, there are no effective treatments for AD. BDNF has the potential to treat
some of the underlying problem in AD via early administration. The neuroprotective
effects can prevent the cell loss in early AD in the EC, in addition to promote synaptic
connectivity and improve learning and memory in animal models [5, 96]. Thus BDNF
could be a potential treatment for AD.

Brain-derived Neurotrophic Factor (BDNF) Background

BDNF was first discovered in 1982 when it was isolated from the pig brain [97].
It 1982, the isolated factor from the pig brain was used by the Barde and colleagues to
promote the survival of cultured embryonic chick sensory neurons [97]. This was the first
time BDNF’s neuroprotective effects were demonstrated in experiments. It was also
confirmed the sequence of BDNF was closely related to nerve growth factor (NGF) [98].
BDNF was the second member of the neurotrophin family to ever be discovered [99].

The neurotrophin family is crucial for the survival, differentiation, and
maintenance of neurons. The family consists of NGF, neurotrophin (NT)-3, NT-4/5, NT-
6 and NT-7 [100]. BDNF is a secretory protein, which is able to help neuronal survival
and growth [99]. The genes coding BDNF are expressed during the development stage
and in adults [99]. It is expressed in the central nervous system (CNS) and the peripheral

nervous system (PNS) [99, 101]. Specifically, BDNF is highly expressed in the
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hippocampal formation and cerebral cortex, but found in a number of other structures
[99, 102]. The genes for BDNF are expressed by neurons and controlled by
neurotransmitters [99].

The neurotrophins are very important for the development of the central and
peripheral nervous system [101, 103]. BDNF is highly conserved in structure and
function throughout evolution [104]. In rats it has been shown that there is an increase in
neurotrophins such as BDNF, NGF and NT-3 levels increase with embryogenesis
occurring [105]. There seems to be a correlation between the expression of neurotrophins
and neuronal growth and development. BDNF -/- mice usually die upon birth and a few
live up to a month old [106]. These mice have an underdeveloped PNS and lack
coordination [107]. Since BDNF promotes growth and development of neurons, it could
potentially be used to treat neurodegenerative diseases such as AD patients. BDNF might
be able to reverse the neuronal deaths that occur in AD patients.

BDNF Receptors

BDNF is located in the olfactory bulb, cortex, hippocampus, basal forebrain, basal
ganglia, amygdala, thalamus, hypothalamus, epithalamus, brainstem, and spinal cord
[108]. In these areas BDNF binds to tropomyosin-related kinase receptor type B (TrkB)
in mammalian brains [109]. NGF is able to bind TrkA receptors [110]. NT-3 binds trkC
receptor, but has been shown to activate trkA as well [111]. Nt4/5 has been shown to bind
trkB receptors [112]. The binding of BDNF to TrkB receptors promotes neuronal survival
and plasticity [109]. Upon binding of BDNF, many intracellular pathways activated such
as the mitogen activated protein kinase (MAPK) pathways, phospholipase C gamma 1

(PLCg) pathway, and phosphoinositide 3-kinase (PI3K) pathway [109]. These pathways
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are described later. These pathways are critical for BDNF’s role in promoting neuronal
survival and plasticity, which may prove beneficial for preventing neuronal loss.

TrkB can occur spliced in different isoforms that lack the catalytic domain [113]
[114]. Two forms of truncated trkB have been suggested to exist: trkB.T1 and trkB.T2.
The trkB and trkB.T1 receptors are conserved in-between humans and mammals, but
trkB.T2 has only been found in rats [114-116]. The trkB.T1 receptor plays an important
role in cell survival. For example, knockout mice of all truncated trkB receptors had
sensory neuronal loss [117]. Heterodimers of trkB and trkB.T1 can be activated upon
BDNF binding and have been known to participate in the development of the monkey
prefrontal cortex, suggesting trkB.T1 role in participating in potential neuronal
maintenance and development [118].

BDNF is also able to bind to the p75 receptors with very low affinity compared to
trkB receptors [109]. The binding of BDNF to p75 is able to promote neuronal survival
and plasticity [109]. Also, p75 has been widely called the death receptor, since it able to
activate apoptotic pathways and cause cell death [119]. It has been suggested that p75 can
heterodimerize with trkA, trkB and trkC receptors leading to change in affinity of
receptor and corresponding ligand binding [120, 121]. In addition p75 receptors can act
independent of ligands and co-expressed with truncated splice variants of trkB to
modulate plasticity [122, 123].

BDNE’s Role in Adult Brain

BDNEF is able to improve learning and memory via the pathways that promote
neuronal survival and plasticity [124-126]. Previous studies have shown BDNF

improving learning and memory via cognitive tests on animal models[127, 128]. The
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reduction in BDNF protein and mRNA expression via BDNF antagonist caused memory
impairments such impaired spatial memory, and working memory in rats or mice in the
Morris water maze and radial arm maze test [129-132]. The reduction in BDNF affected
the retention of memory, since rats trained and then depleted of BDNF resulted in lower
impaired working memory.

Long-term potentiation (LTP) is known as the increase in synaptic strength due to
the reoccurring firing of the neuron. It was shown in hippocampal slices of BDNF
knockout mice there was a reduction LTP. This was reversed by providing the
hippocampal slices of the knockout mice with recombinant BDNF [126]. On top of this it
was shown that BDNF could promote dendritic spine density[133, 134]. BDNF is able to
modulate plasticity via dendritic spine density and induction of LTP. This potential effect
of BDNF might be able to promote learning and memory, which may prove helpful in
treating memory loss.

BDNF has been known to increase neurite growth and LTP via regulation of
glutamate release [135-138]. BDNF stimulates the release of glutamate via the trkB and
PLC-gammal pathway, a pathway known to be crucial for LTP. The increased release of
glutamate and the simultaneous increased probability of NMDA opening have been
suggested to participate in increasing learning and memory [136, 139]. Glutamate has
also been shown to increase cell differentiation and proliferation [140, 141]. The potential
role of glutamate in learning and memory can help prevent cognitive decline in AD
patients administered BDNF.

BDNF is important to the maintenance of the nervous system. Many studies show

BDNF’s relationship to appetite, addiction/dependency and depression. BDNF and TrkB
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are expressed in the hypothalamus, a region of the brain important for appetite control
[142]. It was shown that BDNF +/- mutant mice experienced aggression, anxiety, obesity
and abnormal eating behavior, which were reversed upon treatment with exogenous
BDNF [142, 143]. Also it was shown that the Val66Met variant causes eating disorders
and substance-related disorders [144]. Also, generally humans with major depressive
disorder tend to experience a lower BDNF plasma level [145]. Administration of BDNF
might prove beneficial to many other disorders other than just AD.
Cell Survival

BDNF is able to promote cell survival via the binding of its trkB by activating
intracellular pathways that can cause synaptogenesis, cell survival and cell maintenance,
and thus be a treatment for the synaptic loss and cell loss in AD patients. BDNF has been
shown to prevent excitotoxicity, reduce damage from axotomy and prevent A toxicity.

BDNF, Ischemia and Excitotoxicity

Previous studies have shown that cerebrovascular diseases can increase the risk of
developing AD [146]. It is clear that with age people will experience an increased chance
of cerebrovascular problems. With age also increases the chances of stroke, which has
also been suggested in increasing the chances of developing AD [146]. Cerebrovascular
problems might be the underlying reason for the increased chance of AD with age. Stroke
and cerebrovascular diseases can cause cerebral ischemia [146]. This lack of blood and
nutrition to the brain might decrease the rate metabolites are cleared causing a higher
chance to experience AD.

Upon cerebral ischemia, one can expect inflammation to occur. Cytokines and

chemokines are released upon inflammation to increase the amount of microglia. Studies
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have shown that certain anti-inflammatory cytokines are better for ischemia. For
example, it has been shown that TNF-alpha could worsen ischemia [147]. On the other
hand interleukin-10 seems to produce a neuroprotective effect during ischemia caused by
stroke. BDNF plays a role in regulating these cytokines. Studies have shown that BDNF
increases microglia proliferation [ 148, 149]. TNF-alpha levels were decreased with its
mRNA expression due to BDNF, while IL-10 levels were increased with its mRNA
expression due to BDNF [148]. BDNF is able to reduce the damage caused by ischemic
inflammation by regulating the inflammatory pathway. This neuroprotective effect of
BDNF could be useful if administered properly to the elderly population who has
increased chances of ischemia caused AD.

The neuroprotective effects of BDNF, such as its ability to activate anti-apoptotic
pathways, can prevent the damages from hypoxic-ischemia related injuries. The
deprivation of nutrients can cause apoptosis and build up harmful chemicals/metabolites
leading to an imbalance. BDNF has been known to prevent cell death during ischemic
injuries in animal models [150]. The damage from ischemic injuries is irreversible, but
BDNF has been shown to promote neuronal regeneration and prevent neurological
deficits in vivo and vitro [151, 152].

Previous studies have shown ischemia can cause excitotoxicity via increased
glutamate levels [153]. Following ischemia there is a large influx in Ca?" which has been
linked to the activation of NMDA receptors by increased levels of glutamate [154]. The
study suggests that BDNF is able to regulate Ca** levels via regulation of NMDA
receptors to prevent neuronal death via excitotoxicity [154]. BDNF’s neuroprotective

effect can prevent exocitoxicity damage via administration BDNF prior onset of damage.
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In a similar method to this study, BDNF gene delivery via virus vectors prior damage in
vivo and vitro shows activation of PI3-K/p-AKT and MAPK pathways, which prevent
exocitoxcity damage [155-158]. The neuroprotective effects of BDNF are relevant for
treating cell atrophy and cell death in AD.

BDNF and Axotomy

Axotomy, the severing of axons, can occur via spinal cord injuries. Another
neuroprotective effect BDNF is the prevention of cell death caused by axotomy. Previous
studies have show that BDNF promotes axonal growth and reduced cells death occurring
via axotomy in primate models [159]. Administration of BDNF prior to axotomy
produces a neuroprotective effect, which is able to reduce cell loss and cell atrophy [160-
164]. BDNF’s prevention and recovery in axotomy potential could revert damages
caused to axons in the perforant path lesion model. This could potentially reduce the cell
death and cell atrophy that occurs in ECLIL.

BDNF and Beta-Amyloid

Prior the stage of cell death and cell shrinkage in AD patients, there will the build
up of amyloid plaques. In rat that were injected with A in hippocampus displayed down-
regulated BDNF mRNA and protein levels [ 165]. BDNF is important for the survival and
maintenance of neurons [5]. Therefore, the prevention of BDNF down-regulation might
be able to reverse the symptoms experienced by AD. Previous studies have shown
increased BDNF levels prevent AB1-42 neurotoxicity in SH-SYSY cell line [5, 166].

BDNF Signaling Pathways

BDNF binds to TrkB throughout the brain. The binding of TrkB causes self-

phosphorylation and opens a docking spot of PLC gamma. Self-phosphorylation activates



18

the PLC gamma pathway, which is able to promote the regulation of neurons in the
cortex [167]. PLC gamma activation causes the formation of inositol 1,4,5 triphosphate
(IP3) and diacylgylcerol (DAG). IP3 increases intracellular Ca*" by releasing Ca>" from
intracellular storage. DAG regulates protein kinases C (PKC) [168]. Studies have shown
that inhibition of PLC gamma pathway inhibits long-term potentiation (LTP). The
decrease in Ca*>" or DAG could be the underlying reason behind the decrease in LTP. The
promotion of LTP could be important for maintenance of synaptic connections and thus
prevent the loss of synapses seen in AD patients, potentially decreasing the cognitive
impairment. On top of this, DAG regulates PKC and PKC has been known to regulate
MAPK/ERK pathway conditionally [169].

The activation of MAPK/ERK has been suggested to promote cell survival and
promote plasticity [133, 170, 171]. It has been suggested the activation of MAPK/ERK is
able to inactivate cell death pathway and promote cell survival genes[170]. The activation
of MAPK/ERK via BDNF and TrkB is able to increase neuronal survival in mammalians,
which may be able to prevent neuronal death in ECLII by inactivating the cell death
pathways. This potential effect of BDNF might reduce the amount of neuronal loss
experienced by AD patients if administered before onset of large neuronal loss.

BDNEF is able to activate PI3K, which phosphorylates other downstream proteins
to activate AKT Kinases [172-174]. The activation of PI3K and AKT Kinases is able to
prevent death of neurons [172]. The activation of AKT is able to control the Forkhead
Transcription Factor FKHRLI1 [175]. FKHRL1 controls apoptosis by activating the genes

that carry out cell death [175]. AKT is able to phosphorylate FKHRL1, which causes the
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transcription factor to move the cytoplasm where it cannot control the transcription of
apoptotic genes [175, 176].

On top of this, the PI3K-Akt pathway is also able to control the transcriptional
activity of p53 [177]. p53 is a known transcription factor, which promotes the production
pro-apoptotic proteins [177, 178]. The AKT pathway is able to reduce the activity of p53,
which reduces the expression of apoptotic genes in the hippocampal neurons [177]. Via
BDNF, TrkB, and AKT apoptotic pathways can be shutdown and neuronal death can be
avoided. This effect of BDNF can potentially prevent the loss of neurons in ECLII and
potentially serve as a neuroprotective agent when administered prior to neuronal loss as a
treatment to neurodegenerative diseases.

BDNF Treatments in Models of AD

The administration of BDNF shows a positive outlook for the treatment of AD.
BDNF levels were discovered to be lower than normal in the temporal cortex and blood
for AD and MCI patients [179-182]. This reduced BDNF levels might be contributing to
the symptoms seen in AD patients, since BDNF is required for the maintenance of
neurons. Thus, increasing BDNF with gene therapy in the cortex might prove to be a
possible treatment.

BDNF’s administration has the ability to prevent toxic effects of AP [5, 66, 183].
The loss of neuronal stability, from A or tau toxicity, could cause neurons to die leading
the cell loss seen in AD patients. However, BDNF might be able turn off the apoptotic
pathways via pAKT or pERK preventing AB or NTF affected neurons from dying and

this could reduce the amount of cells lost in AD patients [109, 170, 172, 177].
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Our laboratory showed BDNF treatment prevented cell death and atrophy in
different models of AD: APP transgenic mice, aged or lesion rats and aged or lesion
primates [5, 184]. APP mice delivered BDNF gene therapy in EC performed better on the
Morris water maze tests, which is a spatial memory test. Also, early gene delivery
treatment of BDNF was able to prevent cell loss and atrophy in APP mice. APP mice
treated also expressed higher levels of pERK. Learning and memory was tested in aged,
cognitively-impaired rats using Morris water maze and BDNF protein infusion into
medial entorhinal cortex of aged rats performed better than the control (aged rates
without BDNF) on the Morris water maze [5].. BDNF treatment was able to increase
pERK levels aged rats to match young rats. Next, rats were subjected to a perforant path
lesion and lentiviral BDNF gene delivery treatment was able to reduce cell death and
atrophy, while increasing pAKT, a cell survival pathway. The articles test learning and
memory in aged monkeys. The aged monkeys were tested via visuospatial discrimination
task and were shown be cognitively impaired. However, upon BDNF infusion into
entorhinal cortex the aged monkeys showed an improvement in learning and memory via
their improvement in their visuospatial discrimination task and hypertrophic effects were
observed. Lentiviral BDNF gene delivery treatment of perforant path monkey models
also showed reduced cell loss and atrophy. BDNF has the potential to increase learning
and memory, which can potentially reduce the cognitive decline seen in AD patients.

The projections from EC, perforant pathway, are primary source of inputs into
hippocampus and degeneration of EC, first areas of atrophy in AD, can cause memory
impairments. AD [86]. The perforant path lesion will cause a 30% reduction in cells on

the ispilateral ECLII of the lesion, [185]. which could be prevented via administration
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BDNF gene therapy prior lesion. Since, MCI and AD have a ~37% and ~54% reduction
in ECLII neurons respectively, BDNF gene therapy might prove as a potential answer in
preventing cell loss and cognitive decline. ECLII also has ~25% cell atrophy caused by
AD [86].

The present study examined the effects of BDNF gene delivery on perforant path
lesion in rats. Previous studies in our laboratory showed the effect of lentiviral BDNF
gene delivery in this model prevented cell death and atrophy [5]. An unpublished
findings also showed the effects of a high titer (1e12 vp/ml) of AAV2-BDNF was able to
prevent cell death and atrophy. The goal of this study was to test different virus vectors
(AAV2 or AAV9) on lower dosages. Our hypothesis was that these forms of BDNF
treatment would produce a neuroprotective effect and prevents cell loss and atrophy.

To properly address these problems, a perforant path rat model was used to cause ECLII
cell death and atrophy. BDNF was injected into EC three days prior lesion to produce a
neuroprotective effect. The neuroprotective effect was measured via quantifying number

of cell, cell body size and pAKT levels in ECLII.
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Subjects

The subjects used in this study were male Fischer rats that were ~3 months old
and weight ~250-300 grams. Rats had complete access to food and water, while housed
in the cage at the vivarium of the Veterans Administration San Diego facility. The room
had a 12-hour light-dark cycle with a controlled temperature. The Veterans
Administration San Diego Healthcare System Institutional Animal Care and Use
Committee (IACUC) provided approval for this study.

Surgical Procedure

The rats were anesthetized with one of two anesthesia mixtures: a triple cocktail
mixture (100 mg/ml ketamine, 100 mg/ml xylazine, 10 mg/ml acepromazine and saline)
administered at 0.4 — 0.5 ml/150g or a reversal anesthesia mixture (100 mg/ml ketamine
and 0.5 mg/ml dexdormitor) administered at 0.1 — 0.2 ml/150g.

The rat underwent two surgical procedures. The first procedure was the infusion
of the viral vectors: Control GFP-AAV2, BDNF-AAV2 (lell vector particles/milliliter
(vp/ml) — 5 ul) or AAV2 (3ell vp/ml —5 pl) or AAV2 (3ell vp/ml — 10 pl) and BDNF-
AAV9 (3ell vp/ml — 5 pl). First, the rats were anesthetized with an interperitoneal
injection. After the rat was under anesthesia, the animal was placed in a stereotaxic with
an ear bar placed inside both ears to hold the head still and centered. After a nose bar will
be placed under the rat’s teeth at -3.3 mm to keep the head from moving up and down.
Puralube ointment was placed on the rat’s eyes and the eyes would be covered with foil
to limit light shining on the eyes. A scalpel was used to cut skin above skull. Saline was
added to top of skull and the thin layer of tissue above skull was delicately spread apart. .

Four hemostats are used to hold the tissues and skin back to reveal the skull. After, cotton
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tip applicators are used to clean the excess blood. Depending on the rat, some bone wax
was added to the top of the skull near area of bleeding. A bone drill will be centered at
the bregma. After, coordinates formed from a rat atlas will be used to determine the areas
of injection of the GFP-AAV2, BDNF-AAV2 or BDNF-AAVO vectors. The coordinates
will be used to drill three holes on top of the skull. After 27 gauge needle will be used to
ensure the hole is complete. A 10 pl Hamilton syringe with a 30-gauge needle was loaded
with one of the viral vectors and was attached to the Chymex syringe pump. The viral
vectors were infused at three coordinate sites relative to bregma (AP -8.7 mm, ML -4.2
mm, DV -5.1 mm; AP -8.9 mm, ML -4.7 mm, DV -6.5 mm; AP -8.7 mm, ML -5.4 mm,
DV -5.6 mm) at a rate of 1 pl per minute; after the infusion was complete, the needle
remain in place for an additional 2-minute to allow spread of the viral vector. After the
syringe was slowly raised out of the brain, the holes on top of the skull will be covered
with bone wax. The nose and ear bars are removed and a layer of saline is added to the
top of the skull. Wound clips are used to close the incision. Following the surgery, the
rats given reversible cocktail received reversing agent (antisedan 5 mg/ml and saline)
with an intramuscular injection. If the rats were given a triple cocktail, they woke up on
their own after some time. After surgery all rats received a subcutaneous injection of
lactated ringers containing banamine to reduce post-operative pain and ampicillin as an
antibiotic. The vector was infused three days before the lesion, since it takes about 3
days to observe the expression of the BDNF in the brain. This procedure may allow
BDNEF to act as a more protective role rather than be a treatment.

After three days the rats underwent surgery for the perforant path lesion. Using

the procedure described above, a hole was drilled into the skull at coordinates from a rat
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atlas for the perforant path lesion (AP -7.8 mm, ML -4.0 mm from Bregma). A Model
120 Adjustable wire knife (Kopf Instruments) was lowered into the brain to a depth -6
mm below the bregma. The wire knife was then extended out -2.5 mm in the medial
direction. The wire knife was raised -3.5 mm below bregma (a distance of 2.5 mm in
dorsal direction) and then back down to -6 mm below the bregma. Next, the wire was
retracted and the wire knife was pulled out of the brain. Wound clips were used to close
the incision above the skull. The rats were provided with a Lactate Ringer’s Solution. The
rats were put back into the cage and woke up after some time.

There was a survival period of two weeks. The rats were checked daily till
euthanization to ensure they were healthy and well. After two weeks, the animals are
euthanized and their brains were removed. On the morning of the procedure, a
paraformaldehyde (PFA) with phosphate-buffered saline (PBS) solutions was made.
First, a 4% PFA solution was created. Then a 0.4% parabenzoquinone (PBQ) solution
was created separated. The solutions are then mixed freshly for each rat right before
procedure to produce a final mixture of 2% PFA and 0.2% PBQ. In addition, a PBS
solution was made that contained 50:50 of 0.2 PBS and H20. The solutions were stored
on ice to keep it cold for the perfusion.

The rats were given 0.8 ml of triple anesthesia cocktail. They were checked for
level of consciousness with a pinch to the legs and tail. No muscle contractions indicated
the rats were unconscious and ready for the procedure. Once, the rats were unconscious
an incision was made under the sternum. The ribs were cut to reveal the heart. Once the
heart was visible, hemostats were used to hold the skin back. A needle connected to the

Masterflex Console Drive perfusion pump was inserted into the right ventricle. The
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needle is pushed up into the aorta of the heart and the needle is clipped shut to prevent
backflow. A cut is made on the left atrium to release the pressure produced during the
perfusion. First, the rats are perfused with 300 ml of 0.1% PBS. Next, the rats are
perfused with 250mL of a 1:1 PBQ-PFA solution. Then the brains are carefully removed
and stored in a 1:1 PBQ-PFA solution for two hours in the 4°C fridge. Some animals
were not perfused well, so the brains were left in the PBQ-PFA solution for four hours.
Then the brains are transferred to a sucrose solution and placed on a shaker in a 4°C cold
room. The brains are left in the sucrose solution till the brains sink to the bottom of the
solution. This took about three days. After the brains were taken off the shaker and kept
in a 4°C refrigerator until sectioned.

The brains were cut on a JUNG SM200 Microtome. Tissue-Tek Optimal Cutting
Temperature (O.C.T.) compound was spread evenly on top of the freezing stage and the
brain will be place on top. The O.C.T. Compound acted a cutting medium to mount tissue
onto stage. The brain was horizontally cut with a 40-micron thickness. The left side of the
brain was marked with a puncture hole. Each section was placed into a twenty-four well
plate with tissue cryoprotectant solution (TCS), a cryoprotectant containing phosphate
buffer, ethylene glycol, sodium azide and sucrose. The sections are stored in the -20 °C
freezer.

The sections were checked for BDNF expression via immunohistochemistry.
Using 1 in every 12 sections checked the BDNF expression. The sections were first
rinsed in TBS three times for 5 min each to remove the TCS cryoprotectant. Next, the
tissue was place in tubes with 5-10 mL 0.01 Tris-HCI (pH 9) preheated at 80°C hot water

bath for 20 min. The tubes are removed form the hot water bath and placed in room
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temperature to cool for 30 min. The tissues are then post-fixed in a 2% PFA/0.2% PBQ
for 5 min. The sections were then washed in TBS three times for ten minutes each. The
incubation in Tris-HCL and post-fixation was part of an antigen retrieval process. Next,
the tissues were incubated in 0.6% H>O> in TBS for 30 min to prevent non-specific
staining. Then, the sections are blocked in a 0.25% Triton X-100 + 5% heat inactivated
normal horse serum in TBS for 60 minutes. The primary antibody incubation was
performed in 1mLwith rabbit anti-BDNF (#091207) with a 1:5000 dilutions. It was
produced by Chicago Proteintech for our laboratory. The tissues were incubated at 4°C
for four overnights.

After the primary antibody incubation, the tissues are once again washed in TBS
three times for 5 min each. The tissue was placed in secondary antibody solution with
Donkey anti Rabbit biotin conjugated (1:400) in 0.25% Triton X-100, 5% heat
inactivated normal horse serum with TBS for two hours. Next the tissues was washed in
TBS three times for ten minutes each and then placed in Vectastain Elite ABC solution
(Standard) for two hours at room temperature. After rinsing in TBS, the tissue was
incubated in 3,3-diamino-benzidine-HCI] (DAB) solution freshly made with NiCl,, H>Oo.
The sections are incubated in the DAB solution for 4 min. Then, the sections are washed
in TBS twice for 10 min each. The sections are mounted onto a gelatin covered
microscope slide. The sections are placed in the hood for three to four days to let
dehydrate.

Nissl Staining
Nissl staining was performed on 1 in every 6 sections. After sections were

mounted onto a microscope slide with gelatin to adhere the sections to the slide. Each
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slide held either three to four sections. After the tissue had dried after at least two to three
days, slides were placed in a microscope slide holder, which would be used to submerge
the slides into different solutions for the nissl staining procedure. The slides were
submerged in a 1:1 solution of Chloroform:Ethanol for 30 min. The solution will remove
the lipid in the tissues. This reduces the non-specific binding of the dye to the lipids.
Next, the slides are moved through a series of ethanol (ETOH) that included 100%
ETOH for 2 min. 95% ETOH for 2 min, 70% ETOH for 2 min, and 50% ETOH for 2
min. The dye we are using is in a water-based solution; therefore, the tissues need to be
rehydrated before they are placed in the solution. If tissues are not rehydrated they can
crack. A graded ethanol is used to remove the alcohol and slowly hydrate the tissues.
Finally the slides are placed in H>O for 1 min. The slides are then submerged in 0.25%
Thionin for 20 sec. The 0.25% Thionin was a mixture to 36 mL 1M NaOH, 200 mL 1M
Acetic acid and 764 mL double-distilled H>O heated to boil and then add 2.5 g of thionin
acetate followed by boiling for 45 min, filtered and store at 37°C. Next, the slides were
rinsed in water twice to remove the excess thionin and then rinsed in H,O with 20 drops
of glacial acetic acid that help remove the excess thionin on the tissues. The slides are
usually checked after this step. If staining is too dark, then differentiate longer with the
acetic acid and H>O solution. If staining is too light, then repeat the thionin-staining step.
Next, the excess thionin is washed off and the tissues are dehydrated. To do this was in:
50% ETOH for 2 min, 70% ETOH for 2 min, 80% ETOH for 2 min, 95% ETOH for 2
min and three times in Isopropanol for 2 min. Once again, a graded ethanol procedure is
used to avoid cracks when dehydrating. By the last step, the tissues should be completely

dehydrated. Next, the alcohol can be removed by washing it in: Citrisolv for 2 min,
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Citrisolv for 3 min and Citrisolv for 5 min. Next, the slides are cover slipped with
Distyrene, plasticizer, and xylene (DPX) from VWR Scientific. DPX is a resin, which
hardens over some time. The DPX is added to the microscope slide and then it is covered
with a Brain Research Laboratories division of Cambridge intelligent systems, Inc. 24x60
mm cover glass no.1 thickness. The slides are allowed to dry in fume hood overnight.
Stereology

The Nissl stained sections were used for quantification of cell number and cell
body size using stereology. One in every twelve sections was counted for both the lesions
and intact. A counting frame of 30 by 30 microns was used within a sampling frame of
120 by 120 microns. This meant that only 1/16' of the ECLII area was counted. The
dissector height was 6 to 7 microns depending on the section. The dissector height
ensured that no overlap was to occur between sections and all cells will only be counted
once. The analysis program would provide an estimate of cells inside one sections
counted and then this number would be multiplied by 12 to account for only counting one
in every twelve sections. This provided the raw data for the number of cells on the intact
and lesion side. During the counting process the cell would only be counted if the nucleus
was focused within the dissector height and if it was within in the area outlined to be
ECLII and if it was within in the counting frame. Cell bodies touching the top and right
side of the counting frame were counted, while cell bodies touching the left and bottom
of the sampling frame were excluded. The cell size was determined using the nucleator

function, which outlined the cell and provided a cell size.



30

Immunofluorescence

Immunofluorescence was used to check was activation of downstream markers of
BDNF. Before running all animals activation of specific downstream markers were tested
on three animals. The markers tested were: phosphorylated cAMP response element-
binding protein (CREB), cFos, phospho-AKT, and phosphor-ERK. The first trial ran took
one in twenty-fours sections and sections were stained for BDNF, c-FOS and p-ERK.
The tissue was washed in TBS for 10 minutes 3 times. The sections were blocked with
0.25% Triton-X-100 with 5% heat inactivated normal horse serum in TBS and 0.1%
NaN3 for 60 min. A solution with the primary antibody was created according to 1
ml/well. The antibodies used were: rabbit anti-BDNF (#091207, Chicago Proteintech)
1:500 dilution, goat anti-cFOS (#sc-52-G, Santa Cruz Biotechnology) 1:200 dilution and
mouse anti-p-ERK (#9106, Cell Signaling) 1:200 dilution. The diluent used was 5% heat
inactivated normal horse serum in TBS and 0.1% NaN3. The first trial was incubated in
the primary antibody solution for four overnights on a shaker in 4°C cold-room. In the
second trial different antibodies were used. The antibodies were: rabbit anti-pAKT
(#4060, Cell Signaling) 1:500 dilution and mouse anti-NeuN (MAB377, Millipore) 1:200
dilution in 5% heat inactivated normal horse serum in TBS and 0.1% NaN3. The second
trial was incubated for 1 overnight in the 4°C cold-room. The third trial antibodies were:
rabbit anti-pCREB (#9191, Cell Signaling) 1:200 dilution and mouse anti-synaptophysin
(#S1G-3260, Covance) 1:1000 dilution in 5% heat inactivated normal horse serum in TBS
and 0.1% NaN3. The third trial was incubated 2 overnights in 4°C cold-room.

After primary antibody incubation, the sections were now incubated in the

secondary antibodies for two hours at room temperature consisting of appropriate
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secondary antibodies at Alexa 488, Alexa 594, an Alexa 647 (1:500) and DAPI (1:1000)
in 5% heat inactivated normal horse serum in TBS and 0.1% NaN3. The sections then
were washed in TBS for 10 minutes 3 times. Next, the sections were air-dried, mounted
and cover slipped with Flouromount-G. The sections were analyzed and the pAKT
antibody showed great specificity and staining. It was chosen as the antibody that will be
used to stain all animals to check for neuron viability and functionality.

For the pAKT, one in twelve sections were labeled with rabbit anti p-AKT(#4060,
Cell Signaling) with 1:500 dilution, mouse anti NeuN (MAB377, Millipore) with 1:200
dilution, and chicken anti GFAP (#GFAP 1010, Aves). The secondary antibodies used
were donkey anti chicken Alexa 488 with dilution 1:500, donkey anti rabbit Alexa 594
dilution 1:500, donkey anti mouse Alexa 647 dilution 1:250 and DAPI with 1:1000
dilution in 5% heat inactivated normal horse serum in TBS and 0.1% NaN3. The sections
were mounted, dried and cover slipped with Flouromount-G.

pAKT Cells Quantification

The sections were then scanned onto the computer with 10x objective using the
Keyence Microscope BZ-X710. The images were scanned in different channels: 488 nm,
594 nm and 647 nm. Using the program BZ-X Analyzer the images were stitched
together. Using photoshop, the scanned and stitched images of the NeuN staining
(channel 647) and pAKT staining (channel 594) were loaded in as stack with the NeuN
section on top of the pAKT section. Then the bleed through from the 647 channel was
subtracted from the 594 channel via using the subtract option in photo. The opacity was
set to 25% to ensure cells that were false positive were not as brightly stained and will

not be quantified. Next, the pAKT cells were counted via a rating scale of 1 — 3 with
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brightest cells being rated as a 1. However, after the initial analyses, no difference was
observed across the different rated cell counts and just the total number of counted cells
were analyzed. One dorsal section and one ventral section were counted on both the

intact and lesion sides.
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The Nissl stained sections were able to show that most animals had a correct
perforant path lesion. As shown in Figure 1, the perforant path (arrows) lesions extended
from the medial to the lateral between the EC and the hippocampus. The lesion had
appeared as either a line (Figure 1A) or a cavity (Figure 1B) on the Nissl sections. Some
animals did not have complete lesion due the placement too medially or too laterally that,
resulted in an incomplete lesion. A few subjects had lesions too close to ECLII causing
direct damage in layer II. Both misplacement of the lesions were excluded from analysis.

Next, using BDNF immunohistochemistry BDNF expression was examined, as
shown in Figure 2. The lesion control (Fig. 2A) also showed very low amounts of BDNF
expression in ECLII. The AAV2-BDNF at lell vp/ml (Fig. 2B) resulted in localized
expression of BDNF, but some BDNF fibers could be seen in ECLII. The AAV2-BDNF
at 3el1 vp/ml (Fig. 2C) produced a higher levels of BDNF compared to AAV2
lel1vp/ml BDNF. The AAV2-BDNF at 3el1 vp/ml x 2 volume (Fig. 2D) had even wider
expression of BDNF . Finally, the AAV9 3ell vp/ml BDNF (Fig. 2E) show the greatest
spread and most BDNF expression. Interestingly, BDNF expression was visible on the
intact side of EC in the AAV9-BDNF group EC (Fig. 2G) that was much higher than the
intact side of the control group (Fig. 2F). In summary, the AAV9 vector produced the
largest spread and largest BDNF expression, and as expected the AAV2 group would
have greater spread with the higher titer and volume infused.

The main goal of the present study was to examine the effects of different BDNF
viral vectors (AAV2 vs. AAV9) and concentrations of AAV?2 on cell survival of EC II
neurons following a perforant path lesion. To determine these effects stereology was

performed to quantify the number of cells and cell body size on the intact and lesion side
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of the medial ECLIIL. Also, the area counted was measured, which is presented in Table 1
and a 2-way mixed (Treatment x Lesion/Intact) ANOVA for the area measured showed
that there no significant difference in the area sampled between treatment groups
(F(4,24)=0.95, p=0.45) or between lesion and intact sides (F(1,24)=1.41 p=0.24); no
interaction effect (Treatment x Lesion/Intact) was observed (F(4,24)=0.81, p=.53).
Therefore, the areas sampled were not statistically different between the treatment
groups.

Next, the data from the stereology on neuron count from Nissl sections were
analyzed. As shown in Figure 3, the control group showed a decrease in the number of
cells and cell size on lesion side relative to the intact side (3A-B). In the BDNF groups,
the Nissl stain generally showed (3C-F) a higher cell density and cell size when
compared to control-lesion (3B). Figure 3A displays the control-intact, which looks more
similar to the treatment lesion sides showing treatment was able to recover

Table 2 displays the mean value and standard errors of number of cells for each
group for the intact and lesion sides. A 2-way mixed (Treatment x Lesion/Intact)
ANOVA for the number of cells counted was ran and showed that there no significant
difference between treatment groups (F(4,24)=0.98, p=0.43), there was a significant
effects between lesion and intact sides (F(1,24)=26.8 p=0.0001) across the groups. In
addition a significant interaction effect (Treatment x Lesion/Intact) was observed
(F(4,24)=3.79, p=0.0158). The interaction effect led to post-hoc analyses to determine the
source of interaction via comparing the intact and lesion side for each group. The 1-way
repeated measure data is presented in Table 2. Here, only the control (p = 0.0005) and

AAV2-3ellvp/ml (p = 0.0418*) group shows significant difference between he intact and



36

lesion side. There is about 25% decrease in number of cells in control treatment, but the
BDNF groups showed a lower cell loss that ranged from 2% to 13% (Table 2).

Next, to reduce variability we measured the percent change from intact verse
lesion. We were able to calculate this by dividing the number of intact cells by the
number of lesion cells (size was determined similarly). The animals were processed at
different times leading to possible differences in the levels of fixations and tissue
processing. On top of this, 4-6 sections were counted per animals leading to more
variability. To reduce this variability, the percentage change was measured and displayed
in Figure 4A. The control group had a 27% cell loss verses the treatment groups, which
had much less cell loss (2-13% loss). A 1-way ANOVA was run on percent change of
cells for the different treatment groups to determine if there was a statistically
significance between all five groups and the ANOVA results was significant
(F(4,24)=3.05, p=0.037) (Figure 4A). Then a post hoc Fisher LSD test was run to
determine, which groups produced the statistically significant by comparing the control
group verses the different BDNF treated groups individually. The AAV2 lellvp/ml
BDNF and AAV9 3el1lvp/ml BDNF infused groups were significantly different from the
control group at p <0.01, while AAV2 3ellvp/ml BDNF and AAV2 3ell vp/ml x 2
volume BDNF group had a p <0.05 (Figure 4A). These findings support BDNF does
produce a neuroprotective effect to reduce cell loss formed by the perforant path lesion.

Table 3 displays the mean value and standard errors of measured size of cell body
for each group for the intact and lesion sides. A 2-way mixed ANOVA was run, which
showed that there was a significant main effect of intact/lesion (F(1,24)=21.1, p=0.0001)

and the treatment groups showed a strong trend but was not a significant effect
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(F(4,24)=2.64, p=0.059). There was a clear trend for the AAV9 3ell vp/ml BDNF to
have larger cells on the intact and lesion side compared to the control. The interaction
effect was not significant (F(4,24)=1.41, p=0.25). There was a 20% decrease in cell size
without treatment. Upon treatment cell size was decreased by 3-14% depending on the
group.

Not all animals were stained at the same time, so difference during the processing
of the tissue (e.g., perfusion, fixation, staining) could contribute to difference in cell size
in individual subjects. Therefore, to reduce these differences we compared the percentage
change in cell body size (intact/lesion) (Figure 4B). A 1-way ANOVA was run to
compare all different groups on percentage change in cell body size and found not to be,
significance (F(4,24)=1.92, p=0.14). However, there was trend that showed that the
BDNF groups to show less cell atrophy (3-14%) than the control group (20%).
Therefore, we did individual t-test to examine specific differences between each BDNF
group and the control group. The AAV9-BDNF was significantly different with this
analyses (t(9)=6.60, p=0.033).

To determine the pathway BDNF activated to promote cell survival we analyzed
pAKT activation. The sections were stained for pAKT and the cells quantified and the
raw data is represented in Table 4. For this analysis, the lel 1vp/ml AAV2-BDNF was
not included. A 2-way mixed ANOVA was run (Treatment x Intact/Lesion), which
showed no significance for the treatment (F(3,18)=2, p=0.15). The intact verse lesion
comparison showed no significance (F(1,18)=16.7, p=0.21) and no interaction effect was
found (F(3,18)=0.64, p=0.59).

Table 1: Entorhinal Cortex Laver II Area Sampled
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The table displays the average area measured in each treatment group for both the intact
and lesion side with the number of animals in each group. A 2-way mixed (Treatment x

Intact/Lesion) ANOVA showed no treatment effect, no difference between lesion or
intact side and no interaction effect.

Treatment N:ll:;l;f:l ;)f Intact Az:;ﬁg) (= SEM) Lesion t::?) (= SEM)
Control 5 1040671 + 68574 1121185 +88255
lel1 BDNF 6 1151860 =+ 62599 1188628 + 80565
3ell1 BDNF 8 1175494 + 54212 1194882 + 69772
3ell x 2 BDNF 5 1059815 + 68574 1044051 =+ 88255
AAV9 BDNF 5 1227286 + 68574 1216446 + 88255

Figure 1: Entorhinal Cortex and Hippocampus Anatomy with Lesion

Entorhinal cortex layer II is labeled as II on Figure 1A. The three arrows extending from

layer II represent the perforant pathway. The DG is the dentate gyrus. The lesion is

labeled on both images.
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Figure 2: BDNF Expression
BDNF gene delivery into the EC on the lesion side resulted in elevated expression of
BDNF in ECLIIL. (A) The control treatment (AAV2-GFP) showed very low levels of
BDNF expression, while each of the AAV2-BDNF groups showed greater spread with
amounts of AAV2-BDNF (B-D). AAV9-BDNF showed the highest expression and
widespread (E). In the AAV9-BDNF group, BDNF expression was observed even on the
intact EC (F), suggesting retrograde transport of the AAVO to this side of the brain
compared to intact controls (G).
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Figure 3: Nissl Staining in ECL 11

Comparing 3A and 3B, there is a clear difference in cell density and cell size. Looking at
3C-3F, the treatment groups, compared to the 3B there is an increase in cell density and
cell size. The image groups are labeled right under each image for A-F.



Table 2: Cell Count and Percentage

The data here displays the mean of cell count and the stand error of the mean (SEM) for
the intact and lesion side. An interaction effect was observed and post-hoc analysis
comparing lesion to intact side within groups with Fisher LSD p-values provided.

Treatment | N Intact Lesion Lesion/Intant | P Value
Animals | Count Count (%) Intact vs.
(+SD) (+SD) Lesion

Control 5 27,566 5,160 | 20,436 +5,252 73 p=0.0005*
lell 6 27,186 +5,021 | 26,420 + 4,446 98 p = 0.4997
BDNF

3ell 8 25,763 £1,906 | 22,443 +£3,700 87 p=0.0418*
BDNF

3ell x2 5 24,112 £3,402 | 22,068 +£2,108 92 p =0.2483
BDNF

AAV9 5 25,472 £845 | 24,165 +2,263 94 p= 0.2983
BDNF

Table 3: Cell Size and Percentage

The data here displays the mean of cell body size (um?) and the stand error of the mean
(SEM) for the intact and lesion side. No significance in treatment group or interaction
effect. Lesion verses intact showed a p = 0.00001. Post-hoc analysis comparing lesion to

intact with Fisher LSD was run and p-values displayed.

Treatment | N Intact Cell Lesion Cell | Lesion/Intact | P Value
Animals | Size Size (%) Intact vs.
(+SD) (+SD) Lesion

Control 5 163 +25 131 +26 80 p=0.0246*
lell 6 156 <40 148 + 45 93 p=0.1928
BDNF

3ell 8 179 +29 161 +32 90 p=0.0952
BDNF

3ell x2 5 171 + 14 150 +22 86 p=0.0149*
BDNF

AAV9 5 204 +33 197 +21 97 p= 0.5254

BDNF
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Figure 4: BDNF’s Neuroprotective Effect

(A)Percentage of cell survival in ECLII (intact/lesion) showed that each of the BDNF
treatment increased cell survival following perforant path lesion model. (¥*p<0.05 for
ANOVA, post-hoc Fisher **=p<0.01 vs. Control, *=p<0.05 vs. control). (B) Percentage
of cell size in ECLII (intact/lesion) showed a trend for less atrophy in the BDNF groups.
Though the overall ANOVA not statistically significant, specific t-test comparisons
between each treatment group vs. control showed that the AAV9-BDNF was significantly
different.




Table 4: pAKT Cell Count
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MEAN SEM
Treatment Intact Lesion Intact Lesion
Control 17.3 17.5 2.7 4.0
3el1 AAV2-BDNF 224 28.3 2.7 5.8
3ell x 2 AAV2-BDNF 12.4 14.6 24 34
lell AAV9-BDNF 21.8 22.6 2.7 4.0
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Figure 5: pAKT Cell Counts in ECLII.

Graph displays the average number of pAKT cells + SEM in the control and 3 BDNF

treatment groups. There were no significant differences between the treatment groups or

a difference of intact vs. lesion counts of pAKT cell numbers. These findings showed

that the number of pAKT cells was not altered by BDNF treatment at 2 weeks following

treatment.
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The goal of this study was to determine the efficacy of BDNF gene therapy in a
perforant pathway lesion model with different virus vectors (AAV2 vs. AAV9) and
different dosages of AAV2-BDNF (lell vp/ml, 3el1 vp/ml and 3el1 vp/ml with twice
the volume). Our laboratory has shown the effect of BDNF gene therapy using lentivirus
vectors in rodent and primate models of AD [5, 184]. The data observed in this study
indicate BDNF gene therapy was able to reduced cell death following perforant path
lesion when with AAV2-BDNF at lell vp/ml (5 pl), AAV2-BDNF at 3ell vp/ml at 5 pul
and AAV2-BDNF 3ell vp/ml at 10 pul and AAV9 at 3ell vp/ml at 5 pl. Also, BDNF
gene therapy was able to prevent cell atrophy when delivered with AAVO.

Two virus vectors were used during this study: AAV2 and AAV9, which both
produced different levels of BDNF expression in the EC. As expected, the amount of
BDNF expression with the AAV2 was smaller with the AAV2-BDNF lell vp/ml, higher
followed by the AAV2-BDNF 3ell vp/ml at 5 pl, and then slightly more wider with
AAV2-BDNF 3elll vp/ml at 10 pl . Finally, the AAV9-BDNF 3el1 vp/ml produced the
largest spread and had the most transfected cells (Figure 2). Evidence supports AAV9’s
capabilities in producing a widespread effect [186]. Following AAV9-BDNF, BDNF
expression was also visible on the contralateral ECLII that was higher than intact-control
(Figure 2). This increase in BDNF expression in the contralateral ECLII might be due to
retrograde transport of AAVY, since these neurons project to the contralateral side to
innervate the subicular area and dentate granule cells [187]. AAV9-BDNF spread on the
ipsilateral (lesion) side included the subicular area and parts of the hippocampus.
Retrograde transport of AAV9 can occur through axonal processes after uptake via ligand

bound endocytosis and transport back to the cell body [188-190]. Evidence supports that
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AAV?2 does not experience a widespread effects unlike other AAVs [191, 192]; the
reduce spread of AAV?2 is likely due to AAV2 entering cells via heparan sulfate
proteoglycan and the high amount of this protein found in the brain. [193-197].

In our study, the perforant path lesion successfully induced cell loss with about
27% decrease in neuron number. This finding is consistent with previous studies that
found a 30% decrease [185] and about 20% decrease in perforant path rat lesion model
and [5]. Also on top of this, there was a 45.9% decrease in ECLII in a non-human primate
lesion model (Nagahara et al., 2009). The perforant path lesion models allowed us to
determine the neuroprotective effects of BDNF delivered via AAV2 or AAV9 with
different dosages.

A major finding of this study was that all groups treated with BDNF gene delivery
showed a statistically significant reduction in the percent cell loss (lesion/intact)
following the perforant path lesion. While the control group showed a 27% decrease in
cell number, the AAV2-BDNF (lellvp/ml, 3ell vp/ml and 3el1 vp/ml x 2 volume) and
the AAV9-BDNF (3ell vp/ml) showed only a 2-13% cell loss when compared to the
intact side. All virus vectors and concentration produced a neuroprotective effect on
ECLII. Previous studies in our laboratory showed that lentiviral delivery of BDNF
produced a neuroprotective effect on ECLII and treated rodents had almost no loss of
ECLII cells, while non-human primates experienced a 15% decrease in ECLII cells.
[184]. Also, in an unpublished finding in our laboratory showed that AAV2-BDNF at a
high dosage of 1e12 vp/ml could also prevented cell loss in ECLII. ECLII, primary

source of input into hippocampus, is one of the first areas of cell loss in AD [42, 85-87].
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BDNF gene therapy in AD could potentially prevent cell loss of ECLII neurons and
reduce memory impairment.

These findings support that BDNF does produce a neuroprotective effects and
promotes cell survival. As noted in the introduction, BDNF possesses neuroprotective
effects that reduce neuron death from ischemia, excitotoxicity and axotomy. Our findings
further support the notion that BDNF does increase cell survival. In addition, BDNF also
reduces the neurotoxicity effects of A in cell cultures of primary neurons [5, 183]. On
top of this, BDNF was able to prevent cell death in APP mouse, an AD model, with early
treatment by reducing cell loss from 22% to 11% with BDNF treatment [184]. Together,
these finding suggest BDNF could act as a potential treatment for the prevention of cell
loss in AD.

BDNEF’s neuroprotective effects have been shown to prevent cell atrophy and
prevent the shrinkage of cells. In this study, there was a trend for the different BDNF
group to produce less atrophy than the control group control 20% reduction vs. BDNF 2-
14% reduction. However, only the AAV9 showed a significant reduction in the cell
atrophy. Lentiviral delivery of BDNF has been known to reduce cell atrophy. Previous
papers with monkey perforant path lesion models, BDNF gene delivery via lentivirus was
able to prevent cell atrophy. The monkeys treated with lentiviral-BDNF had cell size
decreased to 92%, while untreated monkeys had cell size decreased to 84% [5]. Previous
evidence supports BDNF’s role in hypertrophy [184, 198, 199]. Interestingly, AAV9
delivery of BDNF had the highest cell body size on the intact (204 um?) and lesion (197
um?) side. The intact control size had a cell size that averaged about to 163 um?, which

was much lower than the AAV9. This might have occurred due to elevated BDNF
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expression in ECLII on the intact side from retrograde transport of the AAV9-BDNF,
described earlier. The difference in cell size on the intact side between the control and
AAV9-BDNF might arise from BDNF’s hypertrophic effects.

BDNF’s neuroprotective effects arise from the pathways it is able to activate. One
such pathway would be the activation of the pAKT, which is a pro-survival pathway as
stated in the introduction. BDNF should activate the PI3K, which is able to activate AKT
via intermediate proteins. pAKT has been suggested to turn off apoptotic genes and
prevent cell death [170, 176, 177]. Therefore, we hypothesized that BDNF gene delivery
would activate the AKT pathway and mediate cell survival effects. However, there were
no statistically significance effects of BDNF treatment on the number of pAKT cells in
ECLII. The quantification of the pAKT occurred two weeks after lesion. It is possible
that BDNF effects on pAKT expression were more prominent at an early time point after
the lesion. Another possible explanation behind the cell survival properties of BDNF is
that BDNF might have activation pERK pathways. However, pERK
immunohistochemistry was attempted with two different pERK antibodies, but they did
not show good labeling and therefore, were not used.

To summarize our findings, BDNF treatments at these lower concentrations of
AAV2 and the AAV9 were able to produce a neuroprotective effect in rats to decrease
loss of entorhinal neurons in layer II. Previous studies with BDNF lentivirus and a high
dosage of AAV2-BDNF produced similar effects. In addition, AAV9-BDNF group was
shown to significantly reduce cell atrophy, while the other BDNF groups displayed a

trend of decreasing cell atrophy compared to the control. These finding support AAV2-
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BDNF treatment at lower concentrations of AAV?2 has the potential to prevent cell
atrophy in AD

Future Directions

BDNF has been shown to be a critical neurotrophin in the brain and future studies
examining its effects in preventing cell survival and atrophy is required to get a better
understanding of the pathways it plays a role in and better delivery methods. For
example, future studies can look at the pERK or PLCgamma pathway to show an in vivo
connection between preventing cell death and atrophy. In addition, future studies could
look at different time points after the lesion to capture the possible effects of BDNF
treatment on the different pathways. AAV2-BDNF at lower dosages and with AAV9-
BDNF were both successful and future studies can test there effects on other AD models
such as APP mice, aged rats, or lesion monkeys. Further investigating BDNF’s
neuroprotective effect against AP and tau neurotoxicity will be useful in understanding
the potential use of BDNF at a treatment for AD. Preliminary experiment in our lab
showed that BDNF was able to reduce tau phosphorylation in primary cultured cortical
cells. Future studies could expand this evidence and test lower dosages of AAV2 and
AAV9 in transgenic mice overexpressing tau.

Conclusions

Overall, BDNF does produce a neuroprotective effect in ECLIIL. This is important,
since the first areas of cell loss occur in the EC in AD, which inevitably leads to the
cognitive impairment symptoms. For instance, mild to moderate AD there was ~60%
decrease in ECLII cells [86, 87]. Previous studies have also shown cell atrophy in AD,

where there was a 25.1% reduction in neuronal volume of cell body [86]. The treatment



of ECLII via BDNF gene therapy can potentially prevent the cell loss and atrophy in

ECLII, which will hopefully prevent cognitive decline AD
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