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Resumo

O factor neurotrdéfico derivado do cérebBrdin-derived neurotrophic factoeBDNF) e
0 seu receptor de alta afinidade, TrkB-FL, desefngenum papel central no sistema nervoso,
dado que promovem suporte tréfico aos neurdniogeerggulam a transmissao e plasticidade
sinapticas.

A sinalizacdo mediada pelo BDNF encontra-se dindiauia doenca de Alzheimer
(Alzheimer’'s diseaseAD), uma doenca neurodegenerativa ha qual ocorre dagéao do
péptido beta amildideaMmyloid-beta-AB). Apesar dos mecanismos envolvidos na reducdo da
sinalizagdo mediada pelo BDNF na AD nédo seremri@ate conhecidos, o restabelecimento
das accdes do BDNF tem sido considerado como utretégga promissora para a terapéutica
desta doenca.

Na ultima década tornou-se claro que a maioria ata®es sinapticas do BDNF,
incluindo as acc¢Bes na transmissdo e plasticidaugptecas e também na libertacdo de
neurotransmissores, € dependente da activacdo edeptores A da adenosina (AR).
Contudo, o uso de antagonistas dgsRAtem sido apontado como uma possivel estratégia
terapéutica para o tratamento da AD.

Dada a falta de evidéncias que clarifiguem os msaars envolvidos nas alteracfes da
sinalizacdo mediada pelo BDNF e o conhecimento wke & activacdo dos.AR facilita a
maioria das acg¢fes sindpticas do BDNF, o objeginmrcipal desta tese foi estudar o impacto
dos péptidos B e dos AaR na sinalizacdo mediada pelo BDNF.

Este trabalho revelou que, em culturas primariaeedgdnios corticais, o Aaumenta
os niveis de mRNA dos receptores TrkB truncadosB-Trl e TrkB-T2, sem afectar os niveis
de mRNA dos receptores TrkB completos, TrkB-FL. Botro lado, verificou-se que ofpA
aumenta os niveis proteicos do conjunto de recepfbrkB truncados e que diminui os niveis
proteicos dos receptores TrkB-FL, por um mecanigmdependente da proliferacdo glial e da
activacdo de caspases. Foi ainda possivel corg@ro A8 induz a clivagem, mediada por
calpainas, dos receptores TrkB-FL, esta clivagerseddpds o local de ligagdo da Shc e antes
do inicio do dominio de cinase de tirosina, pele qtigina um novo receptor TrkB truncado
(TrkB-T’), contendo o local de ligacdo a Shc, e movo fragmento intracelular (TrkB-
intracellular domain ICD), contendo a totalidade do dominio da cindkeentanto, a presenca
destes fragmentos, ndo mostrou afectar a fosfédlado receptor TrkB-FL induzida pela
exposicdo ao BDNF. Interessantemente, foi possietctar o fragmento TrkB-ICD em uma
amostra,post-mortemde cérebro humandlostrou-se também que a inibicdo das calpainas
previne as alteracdes dos niveis proteicos dasrisas do TrkB, induzidas pelopAsem

afectar as alteracdes ao nivel do mRNA do TrkB. draro lado, este trabalho revelou que o

XV



BDNF exdgeno reduz a activagcao da caspase-3 eaffmdas induzida pelopAde uma forma
independentemente dog/R.

Em fatias de hipocampo de ratos adultos, estelt@baostrou que o A diminui as
accOes do BDNF na plasticidade sinaptica, nomeaut@me potenciacdo de longa duragéo
(Long-term potentiationLTP) na area CA1l do hipocampo, bem como no seitoe$obre
libertacdo de neurotransmissores (GABA e glutamat®)sinaptosomas. Notavelmente, o
inibidor das calpainas, MDL28170, mostrou restatml®s efeitos do BDNF, na presenca do
péptido AB, tanto na plasticidade sinaptica como na libedatgfineurotransmissores.

Este trabalho permitiu ainda concluir que o bloquebnico dos AR, in-vivo, através
da administracdo de um antagonista selectivo (KW2B0previne o efeito potenciador do
BDNF na LTP, registadex-vivona area CA1 do hipocampo, e que diminui os nidei;lRNA
e de proteina do receptor TrkB-FL, no hipocampoatie

Em suma, o presente trabalho revelou que o pépfidaduz a clivagem dos receptores
TrkB-FL, mediada pelas calpainas, e que bloqueisaa@®es mediadas pelo BDNF na
plasticidade sinaptica e na libertacdo de GABAuwtaghato por um mecanismo dependente da
actividade das calpainas. Se por um lado, o ef@tBDNF na plasticidade sinaptica é perdido
aquando da inibicdo crdnica dos,R, o efeito protector desta neurotrofina contraxdctdade

induzida pelo & mostrou-se independente da activacdo daRA
Palavras-Chave:
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Abstract

Brain-derived neurotrophic factor (BDNF) and itgtmaffinity full-length receptor,
TrkB-FL, play a central role in the nervous systeyrproviding trophic support to neurons and
by regulating synaptic transmission and plasticity.

BDNF signalling is impaired in Alzheimer's diseg@®), a neurodegenerative disorder
characterized, among other features, by the acationl of the amyloidd (Ap) peptide.
Although the mechanisms implicated in the reducttdrBDNF signalling in AD were not
clarified, the reestablishment of BDNF actions @msidered as a promising strategy for AD
treatment.

In last decade it became clear that most of syoagtions of BDNF, including the ones
upon synaptic transmission, plasticity or upon ntansmitter release, are fully dependent on
adenosine A receptors (AwR) activation. However, evidences indicate thagtRAantagonists
can prevent the deficits in AD animal models.

Given the lack of data clarifying the mechanismdibe the changes on BDNF
signalling, namely changes on TrkB receptors, amel knowledge that AR activation
facilitates most of BDNF synaptic actions, the mg@al of this project was to study the impact
of AB peptides and AR on BDNF signalling.

This work revealed that in rat primary neuronalturds A3 selectively increases
MRNA levels for the truncated TrkB-T1 and TrkB-Tsbforms without affecting TrkB full-
length (TrkB-FL) mRNA levels. Moreover, [Aincreases protein levels of total pool of
truncated TrkB receptors (TrkB-Tc) and decreasdeB-HL protein levels. This effect is
explained by the Brinduced calpain-mediated cleavage on TrkB-FL rammsp downstream of
Shc binding site, which results in the formatioraaiew truncated TrkB receptor (TrkB-T’) and
a new intracellular fragment (TrkB-ICD), which its@ detected irpost-mortemhuman brain
samples. In hippocampal slices it was observed Alfaimpairs BDNF function in a calpain-
dependent way, upon modulation of GABA and glutamatiease from hippocampal nerve
terminals, and upon modulation of long-term poteran (LTP). Finally, the exogenous BDNF
strongly reduces the fAinduced activation of caspase-3 and calpain irrar@al cultures, an
effect not affected by AR agonist or antagonist.

Moreover, for the first time it was shown that alimin vivo blockade of AxR by a
selective antagonist, prevents the facilitatoryiascof BDNF uponex-vivo CAL hippocampal
LTP and decreases both mRNA and protein leveleeftkB-FL receptor in rat hippocampus.

In conclusion, the present work shows thftidduces a TrkB-FL cleavage mediated by
calpain and impairs BDNF-mediated effects in syigaplasticity and neurotransmitter release

in a calpain-dependent way. While the BDNF actipprusynaptic plasticity is abolished under
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chronicin vivo A;aR blocking conditions, the protective actions a§ theurotrophin againstfA

toxicity were found to be dependent ogsR activation.
Keywords:

Alzheimer’'s  disease, neurodegeneration,  neurotngphi long-term  potentiation,
neurotransmitter release, TrkB, KW-6002, istradefgl neuroprotection

XViii



1. Introduction

1. Introduction

1.1. Neurotrophins

Neurotrophins (NTs) are a closely related groupse€reted proteins that promote
growth, survival and differentiation of developimgurons and provide trophic support and
regulate synaptic plasticity in mature neurons [Mhe first neurotrophin was discovered in
1949, by Rita Levi-Montalcini. After a transplantat of a rat sarcoma tumour into chicken
embryos she observed an increased growth and atiogiey of sensory and sympathetic
neurons [2]. This observation led to the postutatimat the tumour was able to release a soluble
factor which induced the abnormal neuronal growtid aifferentiation. Later, with the
collaboration of Stanley Cohen, the soluble fast@s isolated and named as nerve growth
factor (NGF). These findings were rewarded with BloBrize in physiology and medicine in
1986. After the discovery of NGF, more neurotroghivere identified in vertebrates, namely
the Brain-derived neurotrophic factor (BDNF), Newophin-3 (NT3) and NT-4 [3-5].

1.1.1. Neurotrophin release

Neurotrophins are initially synthesised as a pr&mu form (pro-neurotrophin) and
secreted as homodimeric proteins [6, 7]. Pro-neopbins can be subsequently cleaved
intracellularly by furin, or extracellularly by m@ein to produce the mature form
(neurotrophins). Intracellular pro-neurotrophins dze released after the cleavage of the pro-
domain (released as a mature neurotrophin), or lrreleased as an unprocessed pro-
neurotrophin [6]. The pro-neurotrophins and matmeurotrophins preferentially activate
different type of receptors, p75NTR and Trk, respety, which triggers different signalling
pathways producing opposite cellular responsesrdtiephins can be constitutively released,
due to the spontaneous fusing of vesicles withnpdasnembrane, or can be released in a
regulated-way dependent on neuronal activity. Irtigaar, high frequency synaptic activity,
such as theta-burst stimulation (TBS), increasesstmaptic levels of mature BDNF by either
increasing its release and the extracellular plasiependent cleavage of pro-BDNF into
mature BDNF. In opposition, low frequency stimwati which induces synaptic depression,
increases the release of pro-BDNF which remaingeaned at the synapse (see Figure 1.1) [6,
8].
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Figure 1.1 — Regulation of BDNF release upon synaptic activity.

Left: In response to theta-burst stimulation (TBS), tissue plasminogen activator (tPA) and proBDNF are
released into synaptic cleft. 1) Then, tPA cleaves plasminogen producing the active protease plasmin. 2)
Plasmin cleaves proBDNF producing the mature BDNF. 3) BDNF then binds to its high-affinity receptor
(TrkB-FL) triggering multiple intracellular signalling pathways which in turn contribute to long-term
potentiation (LTP). Right: During low-frequency stimulation (LFS) proBDNF is secreted into the synapse
and remains uncleaved in the synapse. Uncleaved proBDNF binds to its high-affinity receptor (p75NTR) and

facilitates the induction of long-term depression (LTD). Figure adapted from [8].
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1.1.2. Neurotrophin receptors

The biological actions of neurotrophins are mesdiaby the activation of their cognate
tropomyosin-related kinase receptor (TrkA, TrkBIokC) and by the activation of the common
p75 neurotrophin receptor (g75), which has been shown to modulate the affinitgl an
selectivity of Trk activation [9]. Trk receptorseamembers of receptor tyrosine kinase (RTK)
superfamily and promote neuronal survival and igt while p78''® is a member of tumour
necrosis factor (TNF) receptor superfamily and gaomote neuronal death under certain
circumstances [1]. TrkA is the cognate receptoN@F [10, 11], while TrkB was identified as
the receptor for BDNF and NT-4/5 [12, 13], and Tk€the receptor for NT-3 [14].

The Trk receptors and p¥5 receptor can function synergistically, antagooéty or
independently of each other [8]. The mature neapttins bind with high affinity to Trk
receptors, and p?5 may act synergistically as a co-receptor [15].opposition, the pro-
neurotrophins bind with high affinity to the g78 with Sortilin acting as a co-receptor. The
effects of neurotrophins upon neuronal survivaffedentiation and synaptic plasticity are
mediated by the Trk receptors system [16], while tipposing effects of pro-neurotrophins,
such as cell death and decreased synaptic funatienmediated by p?5* and Sortilin complex
[17-19].

All Trk receptors share a significant sequence dlogy and a conserved domain
organization. The extracellular region of Trk retoep are composed by a leucine rich domain
flanked by two cysteine rich regions. Under thosendins, and prior to the transmembrane
region, there are two immunoglobulin-like domaindhieth define the ligand binding
specificities of the receptor [20, 21]. Intracedidy, the Trk receptors are composed by a
juxtamembrane sequence that includes the Shc lgirgiie, a tyrosine kinase domain and a C-
terminal tail containing the phospholipase C gan(RiCy) binding site [21].

Considering the focus of the present thesis, hemiteionly BDNF and its receptor

TrkB will be explored in more detail.

1.1.3. Truncated TrkB receptors

The TrkB geneNTRK2)can originate a full-length TrkB receptor (TrkB-Fand, by an
alternative splicing mechanism, it also can oritgrtauncated receptors (TrkB-T1, TrkB-T2 and
TrkB-T-Shc) [22-24]. The TrkB-T1 and TrkB-T2 haveuaique short C-terminal tail (T1 with
11 aminoacid residues and T2 with 9 aminoacid tesjl [22], while the TrkB-T-Shc is a

human brain-specific isoform which lacks the tynesikinase domain but contains the Shc
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binding site. The truncated TrkB receptors canmtivate the canonical signalling pathways of
full-length receptors, since they lack the intradal kinase domain [24]. Additionally,
truncated TrkB receptors can inhibit the BDNF effday acting as dominant negative inhibitors
of the TrkB-FL receptors [23, 25-27]. Indeed, npliistudies have shown that increased levels
of truncated TrkB receptors have a negative impacteuronal function and survival in both
artificial and pathological conditions [28-30].

While the TrkB-FL is the most abundant isoform mgsed in the early developmental
period, in the post-natal period, and throughoumggthe truncated TrkB-T1 receptor became
the most predominant TrkB isoform expressed inldaim [31, 32]. TrkB-T1 can be expressed
by neurons and astrocytes depending on the brajiorre Accordingly, TrkB-T1 is highly
expressed in astrocytes from pre-frontal cortexsutortical white matter, but it is not present
in astrocytes of the cerebellum and motor and Visoidex [33].

One possible biological role of TrkB-T1 is to rémpe extracellular levels and
localization of BDNF in the brain. When extraceluBDNF is abundant, TrkB-T1 binds and
sequesters the available BNDF, and it is intermdlialong with its ligand. After BDNF and
TrkB-T1 internalization, the BDNF can be degradedysosomes or can be sorted to another
cellular location and be released by exocytosis [@8]. Although thein-vivo function of
truncated receptors remains unknown, it was shovanTrkB-T1 deficient mice have increased
anxiety in association with morphological abnortiedi in dendrites of basolateral amygdale
neurons. The same study showed that the deplefidnk®-T1 can also partially rescue the
BDNF haploinsufficiency phenotype, further suggegtthat TrkB-T1 at physiological levels
may regulate and attenuate TrkB-FL signalling [3Bgspite the lack of intracellular kinase
domain, some studies have shown that TrkB-T1 recejuttivates distinct signalling cascades in
astrocytes. In fact, TrkB-T1 alone can promoté*Galease from the endoplasmic reticulum
(ER) in astrocytes, through the activation of Gteno and PL@, with consequent inositol-
1,4,5-triphosphate (IP3) formation (see Figure 137]. Moreover, TrkB-T1 can bind to Rho
GDP dissociation inhibitor | (RhoGDI1) and regulaigtin cytoskeleton and glial morphology
by modulating RhoGTPase activity [38].

1.1.4. TrkB-mediated signalling cascades

The binding of BDNF to TrkB receptor homodimmedistivates the intrinsic tyrosine
kinase domain of the receptor promoting an autcsphorylation of specific tyrosine residues
located in the intracellular domain of TrkB [39,]4h particular, the binding of BDNF to TrkB
results in a fast phosphorylation of 5 tyrosineidass of the receptor, within seconds to

minutes. These phosphorylated residues includerdsityes in the kinase activation loop of
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TrkB (Y701, Y705 and Y706) which regulate the kimaactivity, and 2 tyrosines residues
(Y515 and Y816) responsible for the activation ighalling cascades [41]. Phosphorylation of
Y515 of TrkB (or equivalent residues in other Trkseptors) forms an adaptor binding site that
couples the receptor to phosphatidylinositol-3 &mgPI3K) and mitogen-activated protein
kinases (MAPK) signalling pathways, while phosphatipn of Y816 recruits and initiates
PLCy signalling pathway (see Figure 1.2) [42].

PI3K / Akt signalling pathway:

When phosphorylated at Y515, TrkB receptors récfic homology 2 domain
containing (Shc) adaptor protein through its phoespiosine-binding (PTB) domain [43]. In
turn, Shc protein associates with Growth factoepéar-bound protein 2 (Grb2), Grb-associated
binding protein (Gab1/2) and son of sevenless (S@8pinating in the transient activation of
small GTPases, such as Ras. Active Ras stimulapeslisng through c-Raf/MEK/ERK (MAPK
pathway) and class | PI3 kinase (PI3K) pathway (Begure 1.2) [44]. Activated PI3K
phosphorylates phosphatidylinositol-4,5-bisphospi{&P2), producing the second messenger
phosphatidylinositol-3,4,5-trisphosphate (PIP3),icluhin turn stimulates the serine-threonine
kinase Akt.

The signalling through the PI3K and Akt pathwag aecessary and sufficient for the
survival of certain populations of neurons [45].eTAkt kinase modulates the function of
several substrates involved in the regulation dfstevival and growth. Akt phosphorylates and
inactivates several pro-apoptotic proteins, suchpesaspase-9 and Bcl2-associated death
promoter (BAD), as well as Forkhead 1 transcriptiactor [46, 47]. Activated Akt can also
inactivate GSK-B, a kinase which has been implicated in neuronaptgsis and inhibition of
axon growth [48, 49]. On the other hand, Akt adigatranscription factors that regulate the
expression of anti-apoptotic proteins, such asicy8MP response element-binding protein
(CREB) and nuclear factaB (NF«kB) [50].
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Ras/MAPK pathway:

As mentioned above, the binding of Shc adaptoteprdo the phosphorylated Y515 of
TrkB activates the Ras protein. Activated Ras dtates the MAPK/ERK kinase (MEK) which
in turn activates the extracellular signal regudatsmases (ERK). The ERK/MAPK signalling
cascade activates transcription factors such asBORE], which in turn control the expression
of several proteins implicated in survival, grovaid differentiation of neurons. ERK activates,
by phosphorylation, the ribosomal s6 kinase (RSWlich in turn further activates transcription
factors, such as CREB, c-Fos and &B--[52-54]. Additionally, BDNF enhances protein
translation in neurons through the Erk/MAPK pathway phosphorylating eukaryote initiation
factor 4E (elF4E) and its binding protein (elF4Bding protein-1) [55].

PLCy pathway:

Phosphorylated Y816 of TrkB directly recruits Bl1Gwvhich in turn is phosphorylated
and activated by the TrkB kinase domain. ActivaRidCyl hydrolyses PIPand generates
inositol triphosphate (IP3) and diacylglycerol (DAGS6]. While DAG activates DAG-
regulated protein kinase C (PKC) isoforms, the if®motes the release of Cafrom
intracellular stores, such as ER, through activatié IP3 receptor (IP3R). The increase in
cytosolic C&" activates diverse enzymes, including”@agulated PKC isoforms and €a
calmodulin-dependent kinases (CaMKIl, CaMKK and &dW). PLCy pathway is crucial for
synaptic plasticity, since mice with point mutasoon Y816 of TrkB, but not on Y515, have
impaired long-term potentiation. The PjL@lso promotes the activation of CREB transcription

factor through CaMKIV, and point mutation on Y8l1fosgly impairs CREB activation [57].
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Figure 1.2 — Schematic representation of TrkB receptors signalling pathways.

BDNF binds to the extracellular region of TrkB receptor, which is equal in both TrkB truncated T1 and full-
length (FL) receptor. After the binding of homodimeric BDNF to homodimeric TrkB-FL, the kinase domain
of the receptor became active and trans-phosphorylates the receptor in the tyrosine 515 and 816 (also
named as Y484 and Y785, respectively, when the TrkB signal peptide is ignored for the aminoacid
counting). Phosphorylated tyrosine 515 recruits the binding of Shc adaptor protein, which in turn lead to
the activation of Ras/MEK/ERK (MAPK pathway) and PI3K/Akt signalling pathway. PLCy signalling
pathway is triggered after the binding of PLCy to phosphorylated tyrosine 816 of TrkB. The signalling
mediated by TrkB-FL promotes transcriptional programs that regulate synaptic plasticity, neuronal
differentiation, growth and survival and motility. TrkB-T1 lacks the tyrosine kinase domain, however,

evidences show that its activation can trigger CaZ* waves in astrocytes. Figure adapted from [58]
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1.1.5. BDNF and long-term potentiation

Long-term potentiation (LTP) is a long-lasting liease in synaptic strength induced by
some patterns of synaptic stimulation, such as-frigluency stimulation (HFS) or TBS, and it
is commonly accepted as the neurophysiologicalsbfesi learning and memory [59, 60]. In
opposition, long-term depression (LTD) is a longtiiag depression on synaptic transmission
after a period of low-frequency stimulation of tegnapse. Thus, synaptic plasticity is the
ability of synapses to change their efficacy dejremaon their activity.

The LTP on Cornu Ammonis 1 (CAl) area in the himuopus is dependent on
NMDAR, a glutamate receptor permeable td‘Gans, in which the pore is usually occluded by
Mg?* at a resting membrane potential. During high-fesgay stimulation the synaptic release of
glutamate depolarizes the post-synaptic termifabugh an AMPAR-dependent Nanflux,
and allows the removal of Mjand the consequent activation of the NMDAR byghgamate
in the synapse. The NMDAR-mediated influx of?Cat the post-synaptic terminal activates
Cd*-dependent proteins, such as CaMKIl, which trigipracellular cascades necessary for
LTP induction. The increased cytosolic “Can post-synaptic terminal also triggers the
AMPARs trafficking to post-synaptic density (PSDgsulting in a greater post-synaptic
response to glutamate [61]. LTP is classically did into early LTP (E-LTP) and late LTP (L-
LTP). E-LTP requires modifications in existing s, whereas L-LTP is only induced by
strong stimulation and requiraede-novo proteins synthesis and structural modifications on
synapses [62]. Despite years of intensive investigeon hippocampal LTP induced by HFS,
only recently it was proven that learning actuatiguces LTP in the hippocampus of behaving
animals [63, 64].

The first evidence that neurotrophins are impdrtan synaptic function arise in early
1990s, when it was discovered that exogenous BDN¥Te3, but not NGF, enhances synaptic
activity on neuromuscular synapses [65]. Latewnds found that BDNF or NT-3, but not NGF,
increases the basal synaptic transmission in hgoppal CA1 area [66]. The finding that BDNF
might also have a role in hippocampal LTP came fexperiments preformed in a BDNF-
deficient mice. In this mice model, a significampiairment on hippocampal LTP magnitude
was detected [67]. Interestingly, LTP was restaaftdr reintroduction of BDNF gene in CAl
area by a virus-mediated gene transfer [68], oexygenous addition of BDNF [69]. Several
other works have been demonstrating the centrad afl BDNF in synaptic plasticity.
Accordingly, intrahippocampal infusion of BDNF iivihg rats was shown to elicit long-term
synaptic potentiation [70]; the application of egogus BDNF to hippocampal slices from
young mice enhanced the L-LTP induced by tetammwation, which in the absence of BDNF

only elicit a short-term potentiation (E-LTP) [71the scavenger of endogenous BDNF by
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soluble TrkB-lgG fusion protein or by specific dddies resulted in a reduced hippocampal
LTP magnitude [71, 72] not seen for NT-3 or NT-2][7The TrkB or BDNF null mice have
severe phenotype and die between birth and weageghampering the study of these proteins
in LTP in an adult stage. However, a conditionakBr'rknockout mouse, where the gene
deletion was restricted to the forebrain neuronthépost-natal period, showed impaired LTP
on CA1 hippocampal synapses, and impaired learbi&ttaviour in the adult stage, without
gross phenotypical aberrations [73]. Together,gh®msdences clearly showed that endogenous
BDNF is required for normal LTP and learning, améttexogenous BDNF can induce or
facilitate the LTP expression.

Other studies have provided mechanistic clues tirowhich BDNF and TrkB
activation facilitates LTP at glutamatergic hippogeal synapses (see Figure 1.3). Endogenous
BDNF is released from glutamatergic synapses, iBa&-dependent way, in response to
stimulus used to induce LTP, such as TBS (see €igut) [74, 75]. Released BDNF can
facilitate LTP at excitatory CA1 synapses by insiag presynaptic release of glutamate, and by
amplifying the postsynaptic response to this near®mitter [76]. In particular, BDNF
increases the Gadependent release of glutamate in cortical angddampal nerve terminals
(synaptosomes) [77, 78] and in cultured hippocampalons [79]. The presynaptic stimulation
of glutamate release by BDNF is mediated by a MAf&gendent phosphorylation of the
synaptic vesicle protein synapsin-l. In mice lagkitme synapsin the effect of BDNF upon
glutamate release is strongly attenuated [80]. kb dther hand, BDNF, through its post-
synaptic TrkB receptor, stimulates tyrosine kind&sen, which in turn phosphorylates the
NMDAR and increases its activity [81, 82]. In cukd neurons, BDNF further modulates
glutamatergic synapse at postsynaptic level, byeasing the levels and the trafficking of
AMPAR to membrane [83, 84]. Moreover, exogenous BDMNt nanomolar concentration,
depolarizes and excites hippocampal and corticakams just as quickly and effective as
glutamate at a micromolar concentration [85]. IrctfaBDNF induces a fast neuronal
depolarization, in a TrkB dependent-way, by acthgiNa channel Nal.9 allowing the influx
of sodium ions [85, 86]. Consequently, the BDNFtioeld depolarization activates voltage-
gated C4 channels (VGCC) evoking &4ransients which are detectable in the dendritels an
spines of hippocampal neurons, but not at presimajpes [87]. In this way, BDNF cooperates
with NMDAR during LTP induction by promoting an dtidnal influx of C&" in the post-
synaptic terminal. Thus, pairing a brief applicatiof BDNF in dendrites and a weak burst of
synaptic stimulation, elicit a fast and robust iatiion of LTP [87].

Interestingly, a recent study showed that acutgradual increases in BDNF elicit
distinct signalling and neuronal effects. Whileradual increase in BDNF concentration (slow
perfusion rate) selectively facilitates LTP in hijgampal slices, a rapid increase in BDNF

concentration (fast perfusion rate) increases yimastic basal transmission instead [88]. This
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study highlighted the importance of the kineticsTdtB activation, and explained, in part, some
conflicting results in the literature, regarding fhre- and post-synaptic effects of BDNF.

On top of BDNF-mediated fast changes in synagfficacy, BDNF has also a crucial
role in maintenance of late-phase LTP (L-LTP), gtitaconsolidation and long-term memory
storage [89, 90]. BDNF synthesis is found to bedased in hippocampal neurons 2-4 hours
after L-LTP-inducing stimuli, such as strong TBS1[992]. Unlike E-LTP, the L-LTP
expression is dependent on protein synthesis. Simgly, application of exogenous BDNF is
able to rescue L-LTP in the presence of proteirthgsis inhibitors [93]. This perplexing result
was recently demonstrated to be dependent onRKMatypical PKC isoform present in brain
[94]. Weak TBS normally induce an E-LTP, which |ests than 2 hours, and fail to elicit an L-
LTP. However, when pairing BDNF perfusion and waas, it produces a reliable L-LTP in
CALl area of hippocampus [93]. Moreover, mice lagkiissue plasminogen activator (tPA), a
protease involved in the conversion of pro-BDNBIBDNF, have a selective deficit in L-LTP
expression without affecting E-LTP in hippocamp®5][ Moreover, perfusion of BDNF in tPA
null mice prevented the L-LTP impairment [93]. lede evidences suggest that BDNF may
trigger L-LTP by regulating local dendritic protetranslation and concomitantly increasing
synthesis of LTP-associated proteins, such as @GtaR1, CaMKIl, PSD-95 among others.
BDNF can also regulate actin cytoskeletal dynamibgh are required for structural changes
of synapses and L-LTP formation [96].

10



1. Introduction

Presynaptic

terminal

Postsynaptic
terminal

Figure 1.3 — Modulation of glutamatergic synapse by BNDF.

BDNF can enhance the transmission and plasticity of glutamatergic synapses. Presynaptic activation of
TrkB-FL by BDNF increases the glutamate release. Postsynaptic activation of TrkB-FL increases the
postsynaptic response to glutamate by distinct mechanisms: 1) TrkB induces the phosphorylation of
NMDAR, through Fyn kinase, increasing its activity; 2) TrkB depolarizes the postsynaptic terminal by
promoting the influx of cations through transient receptor potential channels (TRPC) which might facilitate
the Ca2+ entry through NMDAR and voltage-gated channels and 3) TrkB modulates AMPAR expression

and trafficking to the postsynaptic membrane. Figure adapted from [97].
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1.1.6. Facilitation of BDNF synaptic actions by adenosine

Adenosine is a ubiquitous nucleotide that actara®xtracellular signalling molecule.
Adenosine is a neuromodulator that regulates simaptivity, by modulating the presynaptic
neurotransmitter release, by depolarizing or hyplarizing the postsynaptic neuron or even by
regulating glial cells activity. Overall, adenosinets as a depressant of excitatory glutamatergic
transmission and reduces excitability [98]. Extiatar adenosine can derive from the direct
release of intracellular adenosine by equilibrativecleoside transporters (ENT), or from
catabolism of extracellular adenosine triphosph@€P) [99]. Adenosine can be released
constitutively, or in an active-dependent manneoufh a calcium-dependent presynaptic
release [100]. Extracellular adenosine has a staiftlife time, since it is quickly reuptaked or
converted to inosine or to adenosine monophospAdte) by adenosine deaminase (ADA) or
by adenosine kinase (ADK), respectively [99].

Extracellular adenosine exerts its actions throagfiivation of four distinct G protein-
coupled receptors (GPCR) namely;, M4, Az and A receptors. Adenosine ;Areceptors
(A1R) are prevalent in the brain, being highly expedss the cortex, cerebellum, hippocampus
and spinal cord. R and AsR are high affinity receptors, with azkof 70 and 150nM,
respectively [101]. AR are coupled to inhibitory G-proteins {G;) which inhibit synaptic
transmission by inhibiting cyclic adenosine monggptate (CAMP) production [102]. In
opposition, the AR are coupled to stimulatory Gs-proteins and pa@snt synaptic
transmission by increasing cAMP production [1012]10A,,R are mainly expressed in
olfactory bulb and striatum, being also preserttippocampus at lower levels [103, 104]. Both
A2aR and AR can be present in the same synapse, and actisiatettaneously by adenosine
[99]. Regarding the adenosingsR and AR, both have low affinity for adenosine (K 5 and
6UM, respectively) and are weakly expressed in (985

In addition to the modulatory actions of adenodipen neurotransmitter release and
synaptic plasticity, adenosine also modulates th#orss of other modulators, such as
neurotrophins [99]. The first direct evidence fdretcross-talk between adenosine and
neurotrophins, arose from the observation that esler, or a AR agonist, trans-activates
TrkA or TrkB receptors in PC12 cells or hippocampalrons, respectively, in the absence of
neurotrophins [105]. Nevertheless, thesR-mediated transactivation of Trk receptors has
different aspects when comparing to the conventiolk activation by the respective
neurotrophins. In particular, ,AR activation promotes the phosphorylation of an ature,
non-glycosylated, sub-population of Trk recept@sogiated mainly with Golgi membranes. In

addition, this Trk transactivation is only detedéabfter 3 hours of AR activation, while the

12
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classical phosphorylation of Trk receptors by tbgmate neurotrophin, occurs in the mature,
fully-glycosylated, receptors within seconds to atés [106, 107].

In functional experiments, multiple evidences hheen shown that AR activation is
necessary for synaptic effects of BDNF in hippocasadndeed, in hippocampal slices from
young rats, exogenous application of BDNF incredmesal synaptic transmission only when a
previous depolarization stimulus is made, an effdéotked by an AR antagonist. Moreover,
pre-synaptic stimulation, or activation o by a selective agonist or by adenosine, triggered
the excitatory action of BDNF upon synaptic trarssign, in a process dependent on PKA
signalling [108, 109]. Thus, it is concluded thaD®F effects upon synaptic transmission
require an activity-dependent presynaptic reledisalenosine and consequeniyR activation.

In addition, in hippocampal slices from adult ratdere both levels and actions of,R are
increased, the addition of exogenous BDNF spontsigo increases basal synaptic
transmission, an effect fully blocked by an,R antagonist [109]. Interestingly, in ADK-
deficient mice, which have increased levels ofapetlular adenosine, the spontaneous increase
in hippocampal synaptic transmission induced by BD&observed even in young animals, an
effect not present in age-matched wild-type mica. dpposition, the BDNF-induced
spontaneous increase in hippocampal synaptic tiaegm present in adult wild-type mice, is
not detected in age-matched ADK-overexpressing jnidgech have lower adenosine levels
[110]. Furthermore, the genetic deletion giR abolished the excitatory effects of BDNF upon
synaptic transmission in mice [111]. Similarly tpfpocampus, it was also found thaixR and
PKA activation are required for the excitatory BDN&ffects upon transmission in
neuromuscular junction [112]. In addition to synaptansmission, the effects of BDNF upon
synaptic plasticity, both in LTP and LTD, are afsdly dependent on AR activation, since
both effects are lost when extracellular adenosineemoved or when PKA or AR are
inhibited [108, 111, 113-116]. Together, these ltssindicate that AR activation, and
subsequent PKA signalling, are essential to trigherBDNF excitatory effects upon synaptic
plasticity and transmission. Since that exogenoW3NB spontaneously facilitates LTP
induction and expression in hippocampal slices fg@mung animals, it suggests that the release
of adenosine and its precursor ATP induced by tilgb-frequency stimulation is enough to
activate AR and trigger the BDNF actions [99].

Recently, it was shown that, /R activation promotes the translocation of TrkB-eL
lipid rafts domains in the membrane. Importantlyghhfrequency stimulation resulted in
increased levels of TrkB in lipid rafts, an effembolished by the removal of endogenous
extracellular adenosine. Thus, adenosine, througkR Aactivation, promotes an activity-
dependent insertion of TrkB in lipid rafts , fataking the phosphorylation of TrkB-FL and the
BDNF-mediated actions [117].
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Furthermore, the effects of BDNF upon GABA andtgioate release in synaptosomes
are also dependent on R activation gnpublished data from our 13bConversely, the effects
of BDNF upon neuronal branching [118], or upon GABptake at nerve endings [119], do not
depend on tonic activation of,AR (see Figure 1.4). However, pharmacological attwaof
A2aR in synaptosomes enhances the inhibitory effeBfIF upon GABA uptake [119].

The findings that many synaptic actions of BDNE dependent on AR activation
may open new therapeutic possibilities to boosBDB&IF effects in neurodegenerative diseases
where its signalling is known to be impaired. Mplgi evidences showed that BDNF
administration into the brain produces substarigtefits inin-vitro andin-vivo models of
neurodegeneration. However, the translation of dbisroach to patients has been hampered by
difficulty of BDNF to cross the blood-brain barri@BBB) and by the poor bioavailability and
stability of BDNF, which has a short half-life timia biological fluids [120]. Thus, small-
molecules that modulate,AR activity, or its signalling, might constitute aaywto promote
BDNF synaptic effects in situations where BDNF sifjng is compromised. Moreover, in
opposition to the indiscriminate administrationBIDNF into the brain, the approach of/®R
modulation has the advantage of only stimulatingNBDeffects on neuronal subpopulations
which co-express AR, TrkB and BDNF, such as hippocampus or cerelmdér, both regions
affected in Alzheimer’s disease (AD) [105, 121].

Synaptic transmission Synaptic plasticity at
at hippocampus hippocampus
(Dibgenes et al., 2004, 2007 (Fontinha et af., 2008)
and 2014) (Diogenes ef al., 2011)
(Tebano et al., 2008) (Rodrigues et al., 2014)

Transmission at GABA and Glutamate
neuromuscular junction release at nerve endings
(Pousinha et al., 2006) \ / (Unpublished data)

A,.R dependent

BDNF
actions

A,,R independent

GABA uptake at
Neuronal branching A/ \ HPIEOS

nerve endings
(Ribeiro et al., 2010) (Vaz et ai 2002)

Figure 1.4 — Cross-talk between TrkB and A2A receptors.
BDNF actions upon synaptic transmission in hippocampus and neuromuscular junction, as well as,

synaptic plasticity in hippocampus are fully dependent on A4R activation. Figure adapted from [99]
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1.2. Calpain system

Proteases are a class of enzymes that catalysdyitelysis of peptide bounds.
Depending on mechanism of catalysis, proteasescamently classified into 6 subgroups:
aspartic, glutamic, cysteine, metalloproteasesjnaserand threonine proteases. Cysteine
proteases, also known as thiol proteases, uselaaplic cysteine thiol in the active site to
attack the carbonyl-carbon of the amide bond amndidilyse the peptide bond [122]. In the
protease classification system of MEROPS datab428],[ the pure cysteine proteases are
currently divided into 10 clans accordingly to thevolutionary relationship, tertiary structure
and sequence motifs around catalytic site. Each ofgproteases can be further divided into
several families based on their sequence homolGgypains, papain and cathepsins are all
members of clan CA, however, papain and cathepseleng to the C1 family and are
synthetized as inactive proenzymes with N-termpralpeptides, while calpains belong to the

family C2 and are not synthetized as classicalmpemes [124].

1.2.1. Calpains

Calpains (EC 3.4.22.17), previously named a$'-@etivated neutral protease, are
cytosolic proteases ubiquitously expressed in masiraad have the peculiarity of being
activated by a Cainduced conformational change [125]. Calpains waisgovered 50 years
ago, in 1964, when a €adependent protease activity was found in solutaletions of rat brain
at neutral pH [126]. The prototypical members olpam family are the p-calpain and m-
calpain. These proteases differ in thé*'Gancentration required for their activationvitro.
The p-calpain requires 3-50uM of Cé#or half-maximal activity, while m-calpain requird00-
800uM of C&" [127]. Both proteases are heterodimers consistiran 80 kDa catalytic large
subunit (calpain-1 in p-calpain and calpain-2 ircafpain), associated with a common 30-kDa
small regulatory subunit, CAPNS1 (see Figure 15)1984 the catalytic large subunit of p-
calpain (calpain-1) was cloned, and its primaryusege revealed that it contained 4 domains.
The Domain Il of calpain-1 is the catalytic domaimd is similar to papain-like thiol proteases,
while the domain IV is similar to calmodulin-likea€-binding proteins. These findings suggest
that calpains are evolutionary derived from thedusf a thiol protease with a €abinding
protein [128].

Until now, it was found 15 human isoforms of cafpirge subunit based on human
genome sequence, being these homologs classifiethigsitous or tissue-specific [129]. For
instance, the mRNA of calpain-3a and calpain-8amamly found in muscle, while calpain-6 is

found in placenta and calpain-11 in testis [127thdugh the protease domain (domain Il) is
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conserved in calpain family, there are membersl#wdd, or have different, domains resulting in
atypical calpains that may not dependent ofi" Ggg: Calpain-3) or may not have regulatory
subunits. Moreover, there are also a calpain menfBatpain-6), that lacks the essential
cysteine residue of the catalytic triad and may eeén have proteolytic activity [129].
Nevertheless, atypical calpains have a biologieatfion, and recent evidences showed that the
non-catalytic calpain-6 regulates microtubule dyiegnin cultured cells and regulates skeletal
muscle development in mice [130].

The prototypical calpain-1 and calpain-2 (the éargubunits of p- and m-calpain,
respectively) are ubiquitously expressed in mamamatells and are the most abundant and
characterized isoforms in the brain [131]. The aalpsmall regulatory subunit (CAPNS1) are
also expressed in the brain [132]. It was showh¢hipain-2 mRNA levels were 15-fold higher
than calpain-1 levels in whole mice brain homogenathereas the distribution of calpain-1
MRNA was uniform throughout the brain, calpain-2 M#Rwas enriched in certain neuronal
populations including hippocampal and cortical pyidal neurons [133]. Subcellular
localization of calpains is widely attributed tolidde (cytosolic) fraction; however, recent
studies showed that calpains are also associathdiiffierent subcellular compartments. In fact,
evidences obtained from neuroblastoma cells, nalircuitures and rat cortex, showed that -
calpain is present at mitochondrial intermembrapacs, placing it in proximity to its
mitochondrial substrates and to*Ceeleased from mitochondrial stores [134]. Durisghiemic
neuronal injury, the intra-mitochondrial p-calpaan cleave and activate mitochondrial pro-
apoptotic proteins, such as apoptosis inducingofa@lF), which in turn mediate neuronal
death signalling [135]. The m-calpain was also tbhimthe nucleus of cultured neurons, where
this nuclear calpain regulates’Gdependent signalling by cleaving the CaMKIV [136].

The crystal structure of &afree m-calpain revealed that the catalytic siteated in
domain Il (in large subunit), is not assembledhia absence of &4 suggesting that Gamay
trigger conformational changes necessary to forrfuractional active site. Moreover, in
opposition to classical proenzymes (eg: papain)radethe N-terminal propeptide blocks the
active site, the structure of calpain-2 revealet the N-terminal anchor (Domain 1) does not
occupy the active site but inhibits its assembfiyadidition, the structure indicated that the N-
terminal anchor regulates the calpain affinity &'y interacting with the small regulatory
subunit (CAPNS1) [137]. The N-terminus of Domaiis lautolysed during initial G&induced
calpain activation. Although calpain autolysis reelsi the requirement for €ait is not a
prerequisite for its activation [124, 127, 138].rthermore, the domain Il of the large subunit
contains C2 subdomains that are implicated in aométional changes during Eainding and
may be involved in binding to membrane phosphotipjii39, 140]. The carboxy-terminal
domain 1V of calpain large subunit is a calmoduike domain and contains five €zbinding

EF-hand motifs, in which the fifth motif promotdset dimerization and binding to the small
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subunit CAPNS1 [141]. In addition, the 30-kDa CAPINBas two distinct domains. The N-
terminal domain (domain V) contains a hydropholdquence of aminoacids that may interact
with plasma membrane [142, 143]. During calpairnivatibn this domain is autolysed [144].
The Domain VI of CAPNS1 also contains a penta Efghdomain and is very similar to the
domain IV of the large subunit (see Figure 1.5) Biological function of CAPNSL is not fully
understood, and early evidences show that thisl smladinit is not required for catalytic activity
of the large subunit [136]. Neverthelessyitro experiments showed the small subunit acts as a
chaperone and assists in the folding of the catdiytge subunit [136].

Either the large subunit of m-calpain (calpaine)the small subunit CAPNS1 are
essential for mammalian life, since the genetietiteh of these proteins cause early embryonic
lethality in mice [145, 146]. Interestingly, knoakomice for the large subunit of p-calpain
(calpain-1) are viable and fertile, despite showangduced platelet function [147].

DI Dlla Dllb DIl DIV
pcalpain | [ (][ (]] I 00 000 can
Protease C2-like EF hands
DV DVI
L 100 G0 0] capns
EF hands

Figure 1.5 — Schematic representation of p-calpain structure.

The 80-kDa large subunit of u-calpain (CAPN1 or calpain-1), or m-calpain (CAPN2 or calpain-2), contains
four domains (DI to DIV), while the 30-kDa small subunit (CAPNS1) contains two domains (DV and DVI).
CAPNS1 associates with CAPN1, or with CAPN2, to form a heterodimer (u-calpain and m-calpain,
respectively). Domain | is autolysed upon calpain activation. The Domain Ila and IIb constitute the
protease core, and contain the catalytic triad residues (shown with ovals). C2-like domain (DIll) is involved
in binding to phospholipids and Ca2+, and influences the calcium-induced activation of calpain. The
domain IV and VI contain five calcium-binding EF hands motifs (shown with ovals), and associate to form
the heterodimeric calpain. Domain V is a glycine-rich domain and may interact with cell membranes. The

m-calpain large subunit, CAPN2, is structurally similar to CAPN1. The figure was adapted from [148].
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1.2.2. Calpain substrates and cleavage specificity

The substrate specificities of the conventiondpaias (m- and p-calpain) are very
similar. Calpains usually cleaves the substratesnter-domain regions, producing large
fragments rather than small peptides [127]. Thasppposition to digestive enzymes, the
limited hydrolysis of calpains indicates their ftino as modulatory proteases [149]. The
crystallography structure of €abound m-calpain showed that the active site af hiotease is
deeper and narrower than others papain-like presedhe constrains imposed by the cleft size
indicate that the substrate should be in an extkrabmformation to fit the cleft, and may
explain why calpains usually cleave unstructure@ridomain regions [150]. Although the
protease domain (domain Il) is highly conserveddtpain family, the substrate specificities of
non-conventional calpains differ from the conven#ib u- and m-calpain [151]. These
differences suggest that the cleavage in the astteemay depend on interactions between the
substrate and other calpain interfaces. In oppwsito other cysteine proteases, such as
caspases, the cleavage mediated by calpains ismeotly determined by the aminoacids
sequence in the substrate. For calpains, the deagite is strongly determined by the
conformation of the substrate rather than its prymaminoacid sequence [127]. Studies of
bioinformatics have been attempted to predict ¢alpbeavage sites based on known cleavage
sites determined experimentally. The most advamredicting tool uses a machine learning
process instead of the standard sequence analgsisttams, such as the position-specific
scoring-matrix method [152]. However, the accurafycalpain cleavage site prediction still
needs further improvements [153].

Calpains cleave a wide range of substrates. Aaugirdto Calpain for Modulatory
Proteolysis Database (CaMPDB — www.calpain.orgyehare currently 97 experimentally
confirmed mammalian calpain substrates and mora th@00 computationally predicted
mammalian substrates [154]. The confirmed calpabssates include several proteins, such as:
1) cytoskeletal proteins (eg: integrins, cadheringcrotubule-associated proteins MAP1 and
MAP2, neurofilament 1 and 2, glial fibrillary actdprotein - GFAP, spectrin, tau) signal
transduction proteins (CaMKIV, epidermal growthttaceceptor kinase, protein kinase A and
C, GSK3, IP3R, calcineurin,«dB, protein tyrosine phosphatase 1B);apoptotic controllers
(Apaf-1, AlF, Bax, Bid, Bcl-XL, BAK, caspase-3, 8, 9, 12 and 14}) transcription factors
(p53, c-jun, c-fos) and) synaptic proteins (APP, metabotropic and ionotrogiutamate
receptors, dynamin-1, GAP-43, PSD-95), among othfi£s&]. Interestingly, calpains often
produce fragments with a reduced, enhanced or el#erent activity than the original

substrate. For instance, a recent study showed ithatippocampal neurons, an NMDAR-
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dependent activation of calpain induces a cleawadkcatenin at the membrane, producing a
stable fragment that translocates to the nucledsratuces gene transcription [156].

The prototypical substrate of calpains is #ié&spectrin, a structural protein that
maintains cell shape and links the cytoskeletomplesma membrane. The cleavageodif
spectrin by calpain was firstly described in negro@alpain initially cleavesll-spectrin
(280kDa) producing two products with identical étephoretic mobility (150kDa), and then it
subsequently cleaves one product producing a 14&% $ictrin breakdown product (SBDP
145). In addition, caspase-3 cleaves the full-lengjt-spectrin or the SBDP145, to produce an
apoptosis-specific SBDP120 [157].

1.2.3. Regulation of calpain activity

Calpain activity is regulated by its endogenoukibitor calpastatin, and by other
mechanisms including phosphorylation, ?Caequirements modifications and most likely

subcellular localization [127].

Calpastatin

Calpastatin is a ubiquitous endogenous proteih gpecifically inhibits the activity of
p-calpain and m-calpain. Calpastatin is encode@A$Tgene in humans, and due to multiple
promoter usage and alternative splicing, it caminate distinct isoforms with N-terminal
variation [148].

The prototypical calpastatin (~80kDa) contains Nuterminal domain (L Domain),
which function is not completely known, and foupeétive inhibitory domains (I-1V) in which
all four domains have a similar and very high intoity activity against p- and m-calpain [158].
Calpastatin is an intrinsically unstructured proteapable of simultaneously binding to four
molecules of calpain, in the presence of'CJd59]. Each inhibitory domain of calpastatin
contains three conserved subdomains (A, B andn@hd presence of €asubdomain A and C
binds to the calmodulin-like domains of calpain tomain IV in the large subunit and to
domain VI in the small subunit, respectively) [16@hile a peptide derived from subdomain B
inhibits the catalytic activity, indicating that ishregion interacts with domain Il [161].
Recently, two groups simultaneously resolved thgstaflographic structure of calpastatin
bonded to m-calpain in the presence of'Ga39, 162]. This structure showed that m-calpain
binds to ten C& atoms, and that the inhibitory domains of calpast@cognize the C&bound
m-calpain conformation wrapping around the proteasea tight and specific way. The

subdomain B of calpastatin inhibitory domain ocesidhe catalytic cleft, but it avoids its own
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cleavage by looping out and around the active oysteesidue (see Figure 1.6) [139, 162].
Taken together, multiple crystallographic structudd calpains have been shown that*Ca
switches calpain from the inactive to the activaest allowing the binding of calpastatin and
consequent calpain inhibition [137, 139, 162].

Calpastatin can be cleaved by calpains in itg-dtenains regions, but the proteolytic
fragments retain their inhibitory activity [163].eMertheless, calpastatin is cleaved by caspases
during apoptosis, and in this case, it loses itgbitory activity allowing the activation of
calpains [164-166]. Studies have shown that cadpiasis usually found in an aggregated and
phosphorylated state inside the cell, and uponnarease in intracellular &a calpastatin is
dephosphorylated and becomes progressively solubthe aggregation of calpastatin is
regulated by a PKA-mediated phosphorylation [1668]1In addition, PKC phosphorylates
calpastatin, in a different site than PKA, reduditsgnhibitory activity [169]. The regulation of
calpastatin availability and activity through PKAnda PKC-mediated phosphorylation,
respectively, can constitute a way in which actoapains escape from the endogenous
calpastatin inhibition.

Interestingly, mice deficient for calpastatin degtile and viable, and do not show
detectable calpain activation during normal coodgi Similarly, mice overexpressing
calpastatin display no adverse phenotype. Howeklierdegenerative changes upon neurotoxic
and traumatic brain insults were limited in thepeaitatin overexpressing mice and exacerbated

in calpastatin-deficient mice [170-172].

Calcium requirements

Probably the major unresolved question in theaialfield is how calpains are activated
intracellularly. Calpains ifn-vitro conditions require high Gaconcentration to become active
(~30pM or ~500uM of Ca for half-maximal activity for p-calpain and m-calp,
respectively). However, physiological intracellu@e* levels is within nanomolar range, and
reaches, at most, very low micromolar concentration stimulated cells [173]. This non-
physiological high C4 demand raised questions regarding the conditiodgrcalpains could
be activatedin-vivo. Thus, it has been suggested several mechanisahdotivers the Ca
requirement of calpains, in particular the m-calpanside the cell. These include autolysis
[138], phosphorylation [174], interaction with ptaga membrane phospholipids [138, 175] or
binding to an activator protein [176].

Interestingly a study has shown that m-calpain lmamctivated independently of Ta
by a Erk/MAPK-mediated phosphorylation [177]. Retbeit was showed that BDNF and EGF
rapidly activate m-calpain in cultured neurons, \@aMAPK-dependent phosphorylation,

confirming the previous observations [178]. In diddi, m-calpain is inhibited by PKA

20



1. Introduction

phosphorylation [179]. Recent evidences showed Bié@A-mediated phosphorylation on m-
calpain reduces the binding of phosphatidylinostt&-bisphosphate (PJPto the domain 11l of
m-calpain. In opposition, ERK-mediated phosphoigfatincreases the binding of BIB m-
calpain. The Plfacts as a co-factor to m-calpain and it promoteh@rage of m-calpain to the
plasma membrane. In this way, PKA or ERK contrel #ctivity and cellular distribution of m-
calpain by regulating its anchorage to the memiwr§h@0, 181].

Catalytic
cleft

Figure 1.6 — Crystallographic structure of calcium-bound m-calpain enclosed by calpastatin.

Overall 2.4 A-resolution crystal structure of calcium-bound m-calpain (composed by domains DI to DIV)
associated with the inhibitory domain IV of calpastatin (CAST4). CAST4 (in purple) contains the
subdomains A, B and C (as shown in the figure). CAST4 is unstructured in the absence of calpain,
however, the subdomains of CAST4 form o-helices when associated with calcium-bound m-calpain.
Helices of subdomain A and C interact with calpain domain DIV (yellow) and DVI (orange), respectively.
The helix of the subdomain B, which is essential for the inhibitory activity of CAST, contacts with the
protease core DIl (light blue), but escapes from cleavage by looping out and around the catalytic site (red

circle).Gaps in the structure of CAST4 are indicated by missing residues. Figure was adapted from [139].
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1.2.4. Function in physiology and pathophysiology

At physiological conditions, calpains are involved multiple biological functions
including cell development, proliferation, diffeteation, motility, apoptosis, growth cone
guidance, LTP and memory [127]. Dysregulation dpam activity is implicated in several
diseases, including acute and chronic neurologiisalrders, muscle disorders, diabetes, cancer,
among others [127, 150, 182]. For instance, calpaiivity is increased in many types of
cancer, and it contributes to survival, migratiomd anvasion of tumor cells by cleaving
oncogenes (eg: c-Fos, c-Jun, Myc), tumor suppregsoes (p53) and focal adhesion proteins
[148]. In neurons, when Gahomeostasis is disrupted, for example during etaiicity,
epileptic seizures and acute ischemic and hypaoyimyi, the overactivation of p-calpain and m-
calpain may occur, leading to neuronal damage aathd182, 183]. Altered calpain activity
has also been found in chronic neurodegenerats@dairs such as Alzheimer's, Huntington's
and Parkinson's diseases and multiple sclerosi].[A8hile physiological calpain activation
seems to be essential in many biological procesisegxcessive calpain activation contributes
to disease and pathology. Considering the focukisfwork, here it will be discussed in more
detail the importance of calpains on physiologyparticular upon LTP and memory, and in

pathology, in particular upon AD.

Calpains in LTP

The hypothesis that calpains are implicated in nrgrstarted in 1984. This hypothesis
postulated that calpains contribute to LTP by prongpsynaptic remodeling through cleavage
of structural proteins, including spectrin, anditgreasing the number of glutamate receptors in
the post-synaptic membrane [185, 186]. Multipledewices collected until now have reinforced
this initial hypothesis. Indeed, TBS in CA1 hippogaal area, induces €anflux and calpain
activation in PSDs as determined by the formatiércalpain-specific spectrin breakdown
products [187]. Additionally, multiple studies hasieown that the inhibition or downregulation
of calpains, by synthetic inhibitors or siRNA, respively, greatly reduced the induction and
magnitude of hippocampal LTP [188-190]. Recenthstady showed that conditional deletion
of calpain-1 and calpain-2 in the CNS does notoality impair brain development, but reduces
spine density and dendritic branching complexity @Al pyramidal neurons and impairs
hippocampal LTP and spatial memory of the mice [1®dterestingly, BDNF, which it is
released during TBS and importantly contributesLid® induction and memory encoding,
promotes m-calpain activation through ERK activatid78]. On the other hand, genetic

deficiency of calpastatin enhances hippocampal [IBR]. Another recent study showed that p-
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calpain is necessary for synaptic potentiationrduE-LTP, while m-calpain activation limits
the magnitude of the potentiation during L-LTP aditation [193].

Calpains in Alzheimer’s disease

Growing evidence has shown that calpains are otreaéed in AD, and this excessive
activation may contribute to the progression of dismase [194-199]. In association to calpain
overactivation, in AD brains, there is a markedBplétion on calpastatin. The depletion of
calpastatin in the dendrites of AD neurons is ntedisby caspase-1 and 3 cleavages, and
coincides topographically with m-calpain activatiand tau phosphorylation [200]. Another
recent study also observed a correlation betwekraicaactivation and tau phosphorylation in
close proximity to amyloid plagues post-mortemAD brain and in APP transgenic mice (an
AD mice model) [199]. The same study showed thaege deficiency of calpastatin increased
AP amyloidosis, tau phosphorylation, microgliosisymaal dystrophy and increased mortality
in APP transgenic mice. In opposition, the overespion of calpastatin in APP mice had the
opposite effect [199]. A similar conclusion wasaibed in another study, using transgenic APP
mice and a synthetic calpain inhibitor [201]. Fertore, a third study showed that calpain
inhibition reestablishes normal synaptic functiord glasticity, and improves spatial-working
memory in the APP transgenic mice [202]. Togettterse findings highlighted the importance
of the calpain-calpastatin system in AD.

1.3. Alzheimer’s disease

AD is the most common chronic progressive neuredetative disease which affects
about 24 million people worldwide and it increagesncidence with age [203]. In an early
stage of AD the symptoms may begin as a short teemory loss and incapacity to make new
memories, a process which depends on hippocampdistarcholinergic inputs from basal
forebrain nuclei [204]. As the disease progresskeercsymptoms may occur, such as cognitive
dysfunction, psychiatric symptoms, behaviouraluisances and long-term memory loss.

AD was firstly described in 1906 by Alois Alzheimea German psychiatrist, who
examined the brain tissues of a woman who died iloranusual mental illness. He described a
general atrophy and neuronal loss in cortical negli@nd the presence of extracellular amyloid
plagues and intracellular neurofibrillary tanglasabout 1/4 to 1/3 of all cortical neurons [205].
In fact, in AD there is a widespread loss of nesrand synapses in cortical areas, being the

temporal lobes (hippocampus, parahippocampus anygdata) the most affected areas [206].
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For instance, while the number of neurons in temptmbe remains constant between non-
demented subjects, in AD patients more than 50%he$e neurons are lost [207]. As a
consequence of the substantial neuronal loss, fiine matter thickness in cerebral cortex is
diminished and ventricles are enlarged (see Fijufe In addition, multiple evidences indicate
that synapse loss in AD is an early event that gates neuronal loss [208], and is a major
correlate of cognitive impairment [209, 210].

After 80 years of the initial description of AN,was discovered thatfApeptides are
the main component of amyloid plaques [211] and tieaurofibrillary tangles are composed by
hyperphosphorylated tau (p-Tau) protein [212]. Whihe distribution pattern of amyloid
plagues varies throughout the brain between ADeptdj the tau pathology progresses in a
highly regular pattern. Indeed, the neurofibrillangles occur first in the transentorhinal
cortex, spreading sequentially to entorhinal cqrtexhippocampus and then to cerebral cortex
[213].

Currently, several evidences obtained with bioreeskn AD patients, indicate that the
initiating event in AD disease is the abnormal pssing of A and accumulation of amyloid
plaques, which occurs while the individuals ardl stbgnitively normal. Indeed, the first
alterations in biomarkers detected are the decre8g42 levels in cerebrospinal fluid (CSF)
and shortly after, amyloid accumulation in the braieasured by PET amyloid imaging. After a
latency period that varies between individuals, kees of taupathology appear, with increased
levels of total and phosphorylated tau detecte@$#. Alterations in tau biomarkers precede
synaptic dysfunction and brain atrophy, which ardidated, respectively, by decreasée-
fluorodeoxyglucose uptake in PET and structura¢rations in magnetic resonance imaging
(MRI). Initial brain atrophy correlates with neuainloss, and initiates the early memory
symptoms present in mild-cognitive impairment (MGkpge. Acceleration in hippocampal
atrophy rates in MCI stage lead to the progressiasiinical AD stage (see Figure 1.7A and B)
[214-2186].
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Figure 1.7 — Brain atrophy and hypothetical progression model in AD.

(A) Severe atrophy of human brain in late stage of AD (right), compared with normal brain (left). In
advanced stage of AD, the neuronal loss results in the enlargement of lateral ventricles, hippocampal
shrinkage and thinning of cortical gyrus. (B) Hypothetical model of AD progression showing the temporal
order of biomarkers abnormalities across the progression of the disease. In this model, biomarkers of A
accumulation become abnormal early before tau accumulation, neurodegeneration and clinical symptoms
occur. AB accumulation biomarkers include with decreased levels of AB in CSF and increased AB levels in
brain measured by PiB-PET. Tauopathy is indicated by increased levels of total and phosphorylated tau in
CSF. Neurodegeneration is measured by FDG-PET and structural MRI. MCl=mild cognitive impairment.
Figure adapted from [217] and [215]
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1.3.1. Amyloid-B peptides

Based on @ peptide sequence, it was found tht derived from another protein, the
amyloid-precursor protein (APP) [218]. Shortly aftePP identification, it was detected an
autosomal dominant mutation in théP gene in some families with early-onset familial AD
[219]. This point mutation, which was closely lom@tto the carboxy-terminus offfApeptide,
provided an important support to the amyloid cascagpothesis of AD. Then, new findings
showed that familial AD could also be caused byations in presenilin-1IRSEN) [220] and
presenilin-2 PSEN2 genes [221]. Both presenilins are members ofytsecretase protease
complex. The sequential cleavage of APPsecretase (BACE1) andsecretase produces the
AR peptide (seé&igure 1.8A and B) [222, 223]. Until now, dozens mutationsrevéound to be
associated with early-onset familial AD in t#d”P, PSEN1and PSEN2genes [224]. The
majority of those mutations are associated withréiased B8 production or with increased
APB42/AB40 peptides ratio [225-227]. For instance, someatianis in APP neay-secretase
cleavage site affect the cleavage pgecretase and shift the amyloid production {42
instead of 40 [228]. The critical factor for the rate of amigogenesis is the relative
concentration of f42 rather than the totalpAconcentration [227, 229, 230].A2 is the most
hydrophobic and amyloidogenic form of the peptigied it is also more neurotoxic thar40
[231, 232]. A is present in plasma, CSF and brain interstitisdf(ISF) mainly as soluble
APB40 peptide [233], however, the major form presenthie parenchymal amyloid plaques in
AD is the A342 [234, 235].

In sporadic AD, which constitutes more than 95%albfAD cases, there is no known
associated mutation in APP or presenilins [236]liken APP and presenilins, no known
mutations in BACE are linked to familial early-ohgd. Interestingly, a recent work identified
a mutation in APP gene that protects against ADagainst cognitive decline in non-demented
elderly subjects. This mutation (A673T) is locatbose top-secretase cleavage site and reduces
cleavage efficacy, lowering JAproduction up to 40%n-vitro [237]. In opposition, in the AD
brain thep-secretase activity and protein levels were founde increased [238, 239]. Thus, all
the above evidences imply a crucial role @ iA AD, and sustain the hypothesis thdt i& the

leading cause of AD.
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Figure 1.8 — APP processing and Ap formation.

(A) APP is a transmembrane protein composed by 770 aminoacid residues. APP can be processed by the
non-amyloidogenic a-secretase pathway, or by the amyloidogenic [B-secretase pathway. In the non-
amyloidogenic pathway, a-secretase cleaves APP in an extracellular (EC) position (aa. 687), releasing a
large extracellular soluble fragment (SAPP-a). The remaining c-terminal membrane-bound APP fragment
(named APP-CTFa, or C83) is subsequently cleaved by y-secretase complex in the transmembrane
region (TM), producing the p3 fragment and the AICD. In the amyloidogenic pathway, APP is firstly
cleaved by B-secretase (BACE1) in the extracellular portion (aa. 671) generating the SAPP-f fragment and
the membrane-bound APP-CTF@ (also named as C99). The APP-CTFB is then cleaved by y-secretase
complex generating the AICD and the AR peptide. The y-secretase complex, which is composed by
presenilin 1 and 2, nicastrin, APH1 and PENZ2, cleaves APP in distinct positions, producing AB peptides
ranging from 38 to 43 aminoacids length, being the longer peptides (AB-42 and AB-43) the main
pathogenic species. (B) Aminoacid sequence of AB region within APP, showing some APP point
mutations associated with familial AD. The transmembrane region of APP is highlighted in orange and the

secretase cleavage sites are indicated. The figure was adapted from [240, 241].
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1.3.2. Neurotoxicity mediated by Amyloid-B peptides

After the discovery of B peptide as the main component of amyloid plaqne&D,
soon it was discovered that the peptide had neximiwroperties. Indeed, the incubation of
neuronal cells with syntheticfAproduces significant neuronal death [30, 242, 2KRjreover
thein-vivo administration of & into the mice brain also produces significant ndegeneration
and cognitive deficits [244, 245]. In addition, génally engineered mice that over produde A
either by overexpression of APP and/or preseniintaining mutations linked to familial AD,
also recapitulate some key features of AD, inclgdsgnaptic loss and cognitive impairments
[236]. Nevertheless, many AD mice models fail toagtulate a robust neuronal loss and an
evident presence of neurofibrillary tangles [236].

Mechanisms underlying the neurotoxic actions ffpptides are not fully understood,
but the existing data suggests the involvement ufipbe mechanisms such as oxidative stress,
interaction of /A with receptors and ion channels, excitotoxicitynaptic dysfunction,
inflammation, mitochondrial dysregulation, membraeemeability alterations and activation of
caspases and calpains (Figure 1.9) [246-256]. Htenall be discussed in more detail the main

molecular mechanisms that may contribute f@rtéxicity.

Oxidative stress

An increase in markers for DNA, RNA, lipids andi&in oxidation have been found in
AD brain, suggesting an involvement of oxidativeess is the disease [246]. Th@ peptide
found in amyloid plaques, can itself bind to tréiosi metals with high affinity, such as iron,
zinc or cupper, and possess the ability to redbeentto a lower oxidation state. This redox
reaction produces reactive oxygen species (ROSxhwhiill react and damage cellular

components contributing topAneurotoxicity [241].

Calcium homeostasis disruption

Ap disrupts C& homeostasis and synaptic function by interactinigh veeveral
neurotransmitters receptors and ion channels. igtance, # binds with high affinity to the
nicotinic recepton7-nAChR, and this interaction leads to an inhilitin acetylcholine release
and in a7-nAChR-dependent Gainflux, leading to neuronal demise [257]. In adfit AB
peptide affect glutamatergic synapses by intergcivith AMPA and NMDA glutamate
receptors, two major players involved in synaptiaspcity and memory formation. In

particular, studies have shown thgi alters the kinetics of AMPAR and it reduces itsface
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membrane expression by increasing intracellula? @ad phosphorylation of GIuR2 subunit
[258]. However, one of the most studied target&\pfis the C&'-permeable NMDA receptor.
The ionotropic receptor NMDAR plays a central radlesynaptic plasticity, however
when over-activated it contributes to excitotox@l-death by causing a persistent influx of
Cd". Studies have shown thapMligomers can trigger an increase of Gaflux mediated by
NMDAR, resulting in mitochondrial and synaptic dys€tion, excitotoxicity and ROS
production [259-262]. A can also inhibit astrocytic glutamate uptake, ilegdto an
accumulation of extracellular glutamate and an soed NMDAR activation [261, 263]. By
exacerbating the influx of 5 Ap leads to an exacerbated calpain activation, wiricturn
mediates pathogenic effects by cleaving synaptibstsates. Calpain modulates synaptic
function by cleavage of membrane receptors (SUKMBAR), kinases, cytoskeletal proteins
and post-synaptic density (PSD) proteins, leadimgchianges in synaptic organization and
stability [264]. By increasing Gainflux through NMDAR, A3 also induces a calpain-mediated
cleavage of dynamin-1, a protein essential for ¢kiog of synaptic vesicles [265]. Calpain
over-activation also reduces the activity of proteinase A (PKA), which in turn contributes to
a down-regulation of CAMP response element-bindingtein (CREB), a key molecule for
synaptic plasticity, learning and memory [266]. Aduhally, the toxic effects of B are
attenuated by NMDAR antagonists further supporthegrole of NMDAR in A toxicity [261,
267, 268]. Besides the ionotropic receptorf,can also disturb intracellular Ezhomeostasis
by changing the activity of VGCCs [269] and by ewmkthe release of Gafrom intracellular
stores, such as ER [270, 271]. Moreover, studieg lshown that A can associate with lipid
bilayers and spontaneously form novef Qaermeable pores by which uncontrolled Qaflux
may perturb intracellular Gahomeostasis [272]. Although it has been diffitaliobserve this
pores in cell membranes, a recent study used asimgle-channel Caimaging technique and
provided evidences for an intrinsic TCaermeable pore formed bypAoligomers in cell
membrane [273]. Membrane permeabilization and plan@sation are features also observed in
many antimicrobial peptides, such as human LL-JFA]2Interestingly, a recent study showed
that AB42 binds to bacterial membranes and has high arbiwial activity against several
microorganisms, suggesting thap Aelongs to innate immune system and may be a ckefen

mechanism to infections in CNS [275].
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Calpain activation

As briefly mentioned above, fAperturbs C& homeostasis in neurons and promotes
calpain activation [199, 276, 277], an outcome alkserved irpost-morterrhuman AD brains
[194, 195, 197-199, 266, 278]. Interestingly, rdcdata have suggested a bidirectional link
between calpain activation and3 Aleposition. Particularly, in APP overexpressingeanithe
genetic deficiency in calpastatin (an endogenolsagaspecific inhibitor) not only increased
calpain activity, but it also increased® Aamyloidosis and Tau phosphorylation, with addiion
increased somatodendritic dystrophy and mice nitrtf§l99]. This study suggested that
calpain activation can also contribute t@ Aroduction and Tau phosphorylation (two major
hallmarks of AD). Actually, both B peptides and calpain activation have already tiekad
with tau hyperphosphorylation. In one hand, it hasn shown that aggregatefl peptides can
significantly increase tau phosphorylation levelgrimary septal neuronal cultures [279]. This
study also showed thatpAactivates kinases involved in phosphorylationanf, tsuch as GSK3
and MAPK [279]. On the other hand, it has been shdwat calpain activation enhances the
activity of several kinases that mediate tau phosgéation. For instance, calpains can cleave
the inhibitory domain of GSK3, enhancing the kinasgivity [280]. Calpain also cleave the
CDKb5-regulator p35, generating a truncated prodtiot, p25, which causes a constitutive
activation of CDK5 and a consequent hyperphosphtoyl of Tau [196, 281-283]. The p25
fragment was also detected in higher levels in A&8irfs than age-matched controls [196, 284].
To evaluate the role of the calpain cleavage fragrp@5, it was developed a transgenic mouse
that overexpresses the p25 protein under the CaNdKdinoter. The overexpression of this
single fragment was able to recapitulate many reahs of AD, such as progressive neuronal
loss in cortex and hippocampus, forebrain atroptet) pathology, amyloid plaques,
intraneuronal A accumulation, impaired synaptic plasticity and nitige dysfunction [285-
287]. Inhibition of CDK5, as well as inhibition af-Jun N-terminal Kinase (JNK) and p38
mitogen-protein activated kinase (p38 MAPK), isfwignt to prevent the impairment of LTP
induced by A [288]. Moreover, inhibition of CDK5 by a synthetichibitor, or an antisense
oligonucleotide, preventsfAinduced death in cultured hippocampal neurons][Z88cently, it
was shown that calpain-deficient neurons do noverdnp35 to p25 and are more resistant to
excitotoxicity and mitochondrial toxicity. Interasgly, these calpain-deficient neurons became
sensitive to the same toxic stimulus after theatid® with a p25 expressing adeno-associated
virus [191].

In addition, calpain can also cleave tau protegnegating a neurotoxic ~17kDa
fragment which has been detected in hippocampabnsureated with B oligomers [290] and
in cortex of AD brain [195]. The expression of théxic fragment induces neuronal death in

hippocampal cultures [290]. Taken together, thed@wies suggest thatBAriggers calpain
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activation, by perturbing Gahomeostasis, and consequently it activates sekerases, such
as CDK5, which can mediate hyperphosphorylation ©hu, A3 production and

neurodegeneration (Figure 1.9).

Receptors interaction

Several studies have shown thd @an interact with many receptors. There is evidenc
that AB oligomers can bind to cellular prion protein (Brend Ephrin type B receptor 2
(EphB2) and the downstream signalling from botheptors alters NMDAR function
contributing to decreased synaptic plasticity [2292]. A3 oligomers can also interact with
human leukocyte immunoglobulin-like receptor B2IBR) engaging signalling pathways for
neuronal actin organization that results in synagseination [293]. Additionally, it has been
shown that the neurotrophin receptor ¥75is a receptor for A and it is required for B
induced neuronal death [294]pAligomers also compete with insulin for bindingitsulin
receptor [295] and disrupt insulin signalling, winisuggests that Amay contribute to insulin
resistance observed in AD brain [296]. Previouseexpents shown that the receptor for
advanced glycation end products (RAGE) also bird#\ [297] and mediates Binduced
neuronal toxicity [298, 299]. Additionally, aggregd AB42 can trigger neuroinflammatory
activation in microglia by binding and activatingetinnate immune receptor Toll-like receptor
2 (TLR2) [300].

Mitochondrial dysfunction

Challenging the classical view thap A&ccumulates extracellularly, emerging evidence
have shown that A\ also accumulates intracellularly, further conttibg to AD progression
[301]. In fact, the amyloidogenic cleavage of AHBoaoccurs in intracellular membranes of
Golgi and ER, whereas thepApeptide is released to the intracellular spaceoéoy}). In
addition, extracellular B can bind to several receptors, producirfiyrAceptor complexes that
can also be internalized into early endosomes [RIBl-

It has been shown that intracellulap Accumulates in mitochondria from the brain of
transgenic mice expressing mutant human APP aral adsumulates in mitochondria from
cultured cortical neurons from the transgenic ma® most importantly, in the brains of AD
patients [304, 305]. Interestingly, exogenous applied to human neuroblastoma cells can be
internalized and accumulate within mitochondria @30The accumulation of B within
mitochondria correlates with lower enzymatic atyivdf respiratory chain complexes Ill and

IV, lower oxygen consumption and higher levels gllilogen peroxide and oxidative damage
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[304, 305, 307]. In addition to the increased R@&lpction, mitochondrial B also promotes
the opening of the mitochondrial permeability tiios pore (mPTP) by directly interacting
with Cyclophilin D (CypD), a modulator of mPTP foation [308]. Genetic deficiency of CypD
reduces A-induced mitochondrial stress as well as it impeo\weehavioural and synaptic
function in the transgenic APP mice [308]. The apgrof the mPTP releases pro-apoptotic
proteins, such as Cytochrome c, which activatepas®es3 and triggers the intrinsic apoptotic
pathway. Activation of caspase-3 in synapses premiaarly synaptic dysfunction and

behavioural impairment in transgenic APP mice [309]

Complexity of Ap effects

AP toxicity is a complex process, involving multipgend distinct mechanisms. The
study of AB toxicity mechanisms is further hampered by the that distinct A8 preparations
(monomers, oligomers or fibrils) evoke differentipmays. For instance, naturally secretddl A
oligomers, but not fibrils or monomers, potentlyhibit in-vivo hippocampal LTP [310].
Although initial studies described insolubl@ Abrils as neurotoxic, most recent evidences have
shown that soluble B oligomers are also neurotoxic and most probably thire main
responsible for neurodegeneration, and particufarlgynaptic failure in AD [311].

In top of A3 species complexity, B\may also trigger different effects depending an it
concentration. For example, it has been showndligomeric and monomeric (Apreparations
can markedly increase hippocampal LTP at low pidam@oncentration, while at high
nanomolar concentrations the same preparationstéettte well-established reduction in LTP
[312]. These evidences suggest a dual role farwhereas at sub or low-nanomolar levels it
may have a physiological role and beneficial effggthile at high nanomolar or micromolar
concentration it can trigger synaptic dysfunctiond aeurodegeneration.

The effects of 8 may also differ depending on the length of thetiplep For instance,
the AB25-35 peptide, which is the shortest peptide segpudéimat retains the biological activity
of Ap42, showed enhanced toxicity and enhanced aggoegeite in aqueous solution, when
compared to 42 [243, 313].
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Figure 1.9 — Simplified schematic representation of Af toxicity mechanisms.

Extracellular Ap peptides induce synaptic dysfunction and neurodegeneration by multiple mechanisms.
Evidences indicate that AR dysregulates signalling pathways by interacting with several receptors (eg:
p75NTR, RAGE, PrPc, a7-nAChR, mGIuR, insulin receptor, among others) and induces a sustained Ca2+
influx by either interacting with ionic receptors, such as NMDA receptor, or by promoting cell membrane
leakage through a pore formation or reactive oxygen species (ROS) production. The prolonged Ca?* influx
induces calpain overactivation and mitochondrial calcium overload. Intracellular AR (iAB) further impairs
mitochondrial function by interacting with mitochondrial respiratory chain complexes, which decreases
ATP production and increased ROS formation. In addition, the iAB triggers mitochondrial permeability
transition pore (mPTP) formation, with consequent release of pro-apoptotic proteins, and caspase-3
activation. On the other hand, calpain overactivation cleaves and changes the function of several proteins
(eg: synaptic proteins, structural proteins, signalling proteins, among others). Importantly, calpains activate
cyclin-dependent kinase 5 (CDKS5) by cleaving the CDK5-modulator p35 into p25. Increased CDKS5 activity

leads to neurogeneration, AR formation, and tau hyperphosphorylation.
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1.3.3. BDNF signalling in AD

The neurotrophin BDNF prevents the neuronal deéadhced by a wide variety of-
vitro insults, including serum-deprivation, oxidativeess, glutamate excitotoxicity, ischemia,
and A3 peptides [120, 243]. BDNF is required for the ntamance of dopaminergic neurons
and it confers protection against neurotoxins, aEMPTP and 6-OHDA, in boih-vitro and
in-vivo Parkinson’s disease models [314]. In addition, BDd¢livery into entorhinal cortex or
hippocampus reverses the neurodegeneration andvegprcognitive performance in rodent and
primate models of AD [243, 315-317]. Notably, th®MF administration does not reduce
amyloid plaques number in transgenic AD modelsicaithg that amyloid load reduction is not
necessary to achieve neuroprotective effects [314-3n addition to neuroprotective effects,
BDNF also rescues the impairment in the HFS-indUcEd in hippocampal slices treated with
oligomeric A3 [318].

In addition to the benefits of increasing BDNFi@aa$ in AD models, it is noteworthy
that multiple evidences support that BDNF signgllis reduced in AD patients. In fact, it was
reported that irpost-mortermbrain samples from end-stage AD patients, the mR@&#ls of
BDNF are substantially reduced in hippocampus aadetal cortex [319-321], whereas the
levels of BDNF protein are reduced in hippocampud ia multiple areas of cortex [322-324].
In addition, in pre-clinical stages of AD it wasaldetected, in parietal cortex, a reduction in
protein levels of both BDNF and its precursor pfoMNg- [325, 326]. This reduction of BDNF
and pro-BDNF levels positively correlates with @dise progression and the loss of cognitive
function [325]. The importance of BDNF in AD is ther enhanced by a number of studies that
associated BDNF polymorphisms with the disease. BB&F Val66Met polymorphism is
probably the most investigated one, and influenitegacellular trafficking and activity-
dependent secretion of BDNF [327]. Multiple studiese shown that the synergetic interaction
between APOE4 and BDNF Val66Met polymorphisms is associatechwiicreased risk and
progression to AD [328-331]. Interestingly, in ndemented elderly individuals, BDNF
Val66Met polymorphism increases amyloid load initsdrom the APOE4 carriers, but not in
APOE¢4 noncarriers, and this pAdeposition negatively correlates with episodic ragm
encoding [332].

Beyond the reduction on BDNF levels, alteratiamshie levels of TrkB receptors have
also been found in AD brain. In particular, it wesported that TrkB-FL is decreased in
hippocampus and in temporal and frontal cortex atfemts with advanced AD [322, 333]. A
substantial decrease in TrkB, but also in TrkA ankiC, was also found in AD patients in the
cholinergic neurons from the nucleus basalis, aa aeverely affected during the disease [334,

335]. Similarly to what was observed for BDNF, tt@vnregulation in Trk receptors levels is
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progressive, starting in pre-clinical stages, drubirelates with the cognitive decline of patients
[335]. Conversely, the levels of truncated TrkBeggtor, a negative regulator of the full-length
isoform, have been found to be increased in assmeigvith senile plagues in frontal cortex
[322] and hippocampus [336] of AD patients. Moremvue a recent study, it was reported an
increase in protein levels of truncated TrkB reoepin hippocampus and temporal cortex of
AD brains. The same study also found a selectigesase in the mRNA levels of the neuron-
specific TrkB-T-Shc isoform, without detecting @ifences in TrkB-T1 and TrkB-FL transcripts
[337]. Although the overall evidences suggest liatls of truncated TrkB are increased in AD,
in a previous study, no alterations on truncateklBTievels were detected in temporal and
frontal cortex of AD brain [333]. On the other haiiidwas found that TrkB-T1 expression is
increased in the APP/PS1 mice model, and its egjmesncreases with age and amyloid load
in frontal and parietal cortex, but not in hippogars [30]. Interestingly, overexpression of
TrkB-T1 in the APP/PS1 mice exacerbated their apathemory deficits, while the
overexpression of TrkB-FL ameliorates the defi¢@8]. Finally, a recent family-based study
observed a genetic association between polymorphismNTRK2 (TrkB gene) and AD,
enhancing the importance of TrkB in the suscefiytib this disease [338].

Interestingly, recent works suggested that BDNHE ankB may be mechanistically
involved in the pathogenesis of AD. Indeed, in aroblastoma cell line, it was shown that
BDNF increases APP transcription and shifts the Ap®cessing towards the non-
amyloidogenica-secretase cleavage, promoting the accumulatiohl@D and sAPPw [339,
340]. Conversely, blockade of BDNF signalling rdpidctivates the amyloidogenic pathway
and causes apoptotic death in cultured hippocampaions [341]. The role of BDNF in APP
processing might be related with the observatioat ttertain BDNF polymorphisms are
associated with increased Aroduction in the brain [332]. In addition to tef#fects of BDNF
in APP processing, it has been showed that acuieation of TrkB, by BDNF stimulation,
induces a rapid decrease in levels of phosphod/lte in cultured neurons, by a mechanism
dependent on PI3K and GSK3 activity [342]. Howeverent evidences showed that genetic
reduction in BDNF levels (heterozygous BDNF knodjalid not exacerbate the amyloid load
and tau pathology in aged transgenic AD mice mof18, 344]. Nevertheless, similarly to
what was described for TrkB-FL, the genetic dowgutation of BDNF also exacerbated the
spatial learning impairment in the APP/PS1 AD mmiuadel [344].

In summary, the observations that 1) BDNF and FTHBreceptor are required for
synaptic plasticity and neuronal survival on CN&3P 2) Increased TrkB and BDNF signalling
ameliorate the neurodegeneration and cognitive immget in multiple AD models and 3)
BDNF and TrkB levels are reduced in AD brain; rdiske hypothesis that the loss of BDNF
signalling contribute to the progression of AD. Wher the loss of neurotrophic support is a

cause or a consequence of the disease, is a quéstivom being resolved.
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2. Aims

The main goal of this project was to study thpaet of A3 peptides and adenosing,A
receptors on BDNF signalling.

Multiple evidences suggest that BDNF signallingnigaired in Alzheimer’s disease
(AD). Indeed, both BDNF and its TrkB-FL receptovdés are decreased in Appst-mortem
brain samples, while the truncated TrkB-T1 levelks iacreased. In the first part of this work,
we aimed to test whethe3Aoeptide, by itself, could induce similar alterasoon TrkB receptor

isoforms, and to study the mechanisms involvedthadunctional impact (Chapter 4).

BDNF synaptic actions are dependent or potentibyeddenosine £ receptors (AuR)
activation. Therefore, in the second part of thekywae evaluated whether tli-vivo chronic
blockade of AsR receptors, a therapeutic strategy already sfaredD, would affect BDNF
effect upon CAL1 hippocampal LTP (Chapter 5) andtiviieA: 4R inhibition would also affect
the neuroprotective effects of BDNF upofi-laduced toxicity (Chapter 6).
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3. Methods

The methods presented in this chapter were published in Kemppainen et al., 2012 [30], Jerénimo-Santos
et al., 2014a [116] and Jerénimo-Santos et al., 2014b [346]. Experiments in Figure 3.1 were performed by
H.V. Miranda. The methods described in chapters 3.14, 3.15 and 3.16 were used by S.H. Vaz, S. Parreira
and S. Rapaz-Lérias to perform the experiments in chapter 4.8. The KW-6002 administration to animals

(chapter 3.17) was in part performed by V.Batalha.

3.1. Materials

Unless stated otherwise all reagents were purdhiasen Sigma (St. Louis, MO, USA).
Culture reagents and supplements were from Gibaslgy, UK). Recombinant human BDNF
was a gift from Regeneron Pharm. (Tarrytown, NYat Recombinant m-calpain was from
Calbiochem (MA, USA) and the N-terminal His6 taggextombinant human TrkB active
(aa.455-end) was from Millipore (Billerica, MA, USAMG132, ALLN, MDL28170 and
Pepstatin A were from Tocris Bioscience (BristolK)U ABas3s and ABss.s peptide and
zVAD(OMe)-FMK were purchased from Bachem (Bubengd8sfitzerland), and By.4> peptide
was purchased from rPeptide (Georgia, USAN]GABA (4-amino-n-[2,3—3H]butyric acid,
specific activity 92.0 Ci/mmol) and®*Hl]glutamic acid (L-[3,4-3H] glutamic acid, specific

activity 49.6Ci/mmol) were purchased from PerkinEirhife Sciences.

3.2. Amyloid- B peptides

Most of the experiments withpAwere performed using the truncatefl,&ss form, and
in selected key experiments also the full-lengf.A and the reverses_»s peptide were used.
Stock solutions of Bos 35 AB142 and ABss o5 peptides were performed in MilliQ water to a final
concentration of 1mg/mL. To analyse the structpraperties of the different species applied to
neuronal cultures, both ThT binding assays and iatdiorce microscopy (AFM) were
performed. Both B;.4> and AB,s 35 peptides showed a ThT emission wavelength shifivied
by a fluorescence intensity enhancement, typicaB-sheet amyloid structures interaction
(Figure 3.1A). By AFM the Bi.4, and ABys3s peptides show similar structures as a
heterogeneous population exhibiting protofibriladdibrilar ones (Figure 3.1B) [30].

The concentration of 42 present in interstitial fluid (ISF) of human ABrain

parenchyma is not known and difficult to predicevdrtheless, it is estimated thap4® is
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present in ISF at a concentration within nanomaokange [230]. A& toxicity may differ
according to the duration of pAexposure, the species present (monomeric, oligonzer
fibrillar ones) and the length of fApeptide (e.g. 25-35, 1-42). It is, therefore, idifft to use
conditions that mimic exactly what happen in hurddh patients. The concentrations o A
used in our work were 25uM forpBe_ssand 20uM for A, 4, similar to used by others [243]. It
is worthwhile to note that, although thed Aoncentration used is relatively high, the expesur
period to the peptide was much smaller (24 hourgte cultures, 3 hours in the acute slice
preparations) than what happen in human AD pati@etgeral years). Importantly, as a control,

reverse MBzs s peptide was used, also at a concentration of 25uM.
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Figure 3.1 — AB+.42 and AB2s.35 peptides have fibrillary structures.

(A) ThT fluorescence assay with excitation and emission wavelengths of 450 nm and 490 nm,
respectively. Both peptides interacted with ThT, suggesting that they display an increased [-sheet
structure, typical of fibrillary species. (B) AFM analysis of the AB+.42 and ABzs-35. Both peptides appear as

heterogeneous population with protofibrillar and fibrilar structures.

3.3. BDNF

BDNF used was a recombinant human-met-BDNF (sadpliby Regeneron
pharmaceuticals and manufactured by Amgen Inc.kp $tock formulation of BDNF was:
recombinant Human-met-BDNF 1.0mg/ml diluted in 180riNaCl, 10mM sodium phosphate
buffer, pH 7.2 and 0.004% Tween-20. The stock smiutvas diluted by a factor of 50.000, to
achieve a final concentration of BDNF 20ng/ml (esponding to 750 pM). To confirm the
purity, a western-blot using 20ng of supplied BDMfs performed and probed with an
antibody selective for BDNF (Abcam ab46176). It wasly detected a band at ~14kDa,
corresponding to mature BDNF (Figure 3.2).

Blot:
anti-BDNF

Lane 1: Rat hippocampus (70 pg)
Lane 2: Recombinant BDNF (20 ng)

Figure 3.2 - Recombinant BDNF purity.

Western-blot probed with the anti-BDNF (Abcam ab46176) antibody (raised against N-terminal of mature
BDNF) with [lane 1] 70ug of protein from rat hippocampal homogenate (8week-old) and [lane 2] 20ng of
recombinant Human-Met-BDNF. Pro-BDNF (~32kDa) was detected only on hippocampal homogenate.
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3.4. Animals and brain areas used

Sprague-Dawley and Wistar rats were purchased faman Interfauna Iberica, SL
(Barcelona, Spain) and were housed in a temperédre 1°C) and humidity-controlled (55 +
10%) room with a 12:12 hour light/dark cycle wittofl and watead libitum All animals were
handled according with the current Portuguese Lamd with the European Union Directive
(86/609/EEC) on the protection of Animals usedEaperimental and other scientific purposes.
All efforts were made to minimize animal sufferinBats were deeply anesthetized with
halothane before decapitation and tissue prepatatt@r functional studies we used the
hippocampus, which is a brain area severely affeictdD, and where the effects of BDNF are
extensively caracterized. Sincef-fnduced TrkB alterations are similar in corticahda
hippocampal cultures [30], we used cortical cukufer the molecular studies in order to
increase the culture yeld and reduce the numbaniafals.

3.5. Primary Neuronal cultures and drug treatments

Neurons were isolated from foetuses of 18-day mamtfemales. The foetuses were
collected in Hanks’ balanced salt solution (HBSSahyl brains were rapidly removed. The
cerebral cortices were isolated and mechanicatignrented. Further tissue digestion was
performed with 0.025% (wt/vol) trypsin solution BSS without C& and Mdg* (HBSS-2) for
15 min at 37°C. After trypsinization, cells weresliad and resuspended in Neurobasal medium
supplemented with 0.5mM L-glutamine, 25mM glutamécid, 2% B-27 and 25U/mL
penicillin/streptomycin. Cells were plated at a signof 7x1d cells/cnf, on 10ug/ml poly-D-
lysine-coated dishes, and maintained at 37°C inumidified atmosphere of 5% GO
Incubations with & peptides were performed at 7 or 14 DIV for 24 Isolm the experiments

where protease inhibitors were used, the inhibieee incubated 20 min befordd Areatment.

3.6. Human brain sample

Frontal cortex from a control case was obtainednfrthe Lille Neurobank, France

(Male, 41 years oldRost-morteninterval: 11hours) after scientific committee agrent.
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3.7. Western-blot

For neuronal cultures, cells were washed withcimld phosphate buffered saline (PBS)
(137 mM NacCl, 2.7 mM KCI, 8 mM N&alPO,.2H,0O and 1.5 mM KHPQ,, pH 7.4) and lysed
with 1% NP-40 lysis buffer containing (in mM): 50ri§-HCI (pH 7.5), 150 NaCl, 5
ethylenediamine tetra-acetic acid (EDTA), 2 dithieitol (DTT) and protease inhibitors
(Roche, Penzberg, Germany). In experiments werdipgocampi were homogenized, it was
used a Radio-Immunoprecipitation Assay (RIPA) buffentaining: 50mM Tris-HCI (pH 7.5),
150mM NacCl, 5mM ethylenediamine tetra-acetic a@BTA), 0.1% SDS and 1%Triton X-100
and protease inhibitors cocktail (Roche, Penzb@sgmany). Cell lysates or homogenates were
clarified by centrifugation (16.000g, 10min) ane tamount of protein in the supernatant was
determined by Bio-Rad DC reagent. All samples vegnglied with same amount of total protein
and separated on 10% sodium dodecyl sulphate-pglgatde gel electrophoresis (SDS-
PAGE) and transferred onto PVDF membranes (GE Healeé, Buckinghamshire, UK).
Membranes were stained with Ponceau S solutiorhézkc for protein transference efficacy.
After blocking with a 5% non-fat dry milk solutian TBS-T (20 mM Tris base, 137 mM NaCl
and 0.1% Tween-20), membranes were incubated Wwighptimary (overnight at 4°C) and
secondary antibodies (1hour at room temperatur@plliz, immunoreactivity was visualized
using ECL chemiluminescence detection system (AhaensECL Western Blotting Detection
Reagents from GE Healthcare, Buckinghamshire, Ut€) lzands intensities were quantified by
digital densitometry (ImageJ 1.45 software). Thiengities ofa-tubulin or Ponceau S bands
were used as loading control.

The pan-TrkB mouse monoclonal antibody (1:1508)sed against the extracellular
domain of human TrkB (aa. 156-322), was purchasad BD Bioscience (Franklin Lakes, NJ,
USA) and its specificity was confirmed in Figure33.The C-terminal of Trk-FL rabbit
polyclonal antibody (1:2000), raised against thdefninus (C-14), theaull-spectrin (C-3)
mouse monoclonal antibody (1:2500), raised agdinstanall-spectrin (aa. 2368-2472), and
the pan-Caspase-3 (H-277) rabbit polyclonal angb(ti1000) were purchased from Santa
Cruz, inc (CA, USA). The phospho-TrkA (Tyr 490) bétbpolyclonal antibody (1:1500), which
detects TrkB receptor when phosphorylated on threesponding residue (T3}f), was from
Cell Signaling Technology (MA, USA). Phospho-TrkBy¢ 816) antibody (1:1500) specifically
detects TrkB when phosphorylated on *§rAnti-BDNF [ab46176] antibody (1:1000) ane
tubulin rabbit polyclonal antibody (1:5000) wererghased from Abcam (Cambridge, UK). The
specificity of anti-BDNF antibody was confirmed dlbire 3.2). The 1gG-horseradish peroxidase

conjugated secondary antibodies used were goatremtse and goat anti-rabbit (Santa Cruz,
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CA, USA). Mouse anti-rabbit IgG light chain specifdackson ImmunoResearch Laboratories,

West Grove, PA, USA) was used in immunoprecipitagaperiment.

Neuronal

culture

BDNF 20ng/ml +

(24hours)
kDa
TrkB-FL | -145 gy .
anti-TrkB

TrkB-T1 -95

a-tubulin E -95

Figure 3.3 — Anti-TrkB antibody specificity

Western-blot probed with the anti-TrkB antibody (raised against extracellular portion of TrkB receptor)
using non-treated neuronal cultures (7 days in-vitro) [lane 1] or treated with 20ng/mL of BDNF for 24hours
[lane 2]. BDNF exposure leads to a selective down-regulation of TrkB-FL receptors without affecting TrkB-
T1 levels as described in [347].

3.8. Cell death evaluation

Global cell death in neuronal cultures was evaldiaby the lactate dehydrogenase
(LDH) assay (Sigma) according to the manufactur@rgructions and using 120 pl of the
incubation medium. To specifically evaluate the réegof cell death induced by apoptosis,
caspase-3 activation was measured in 50 ug of potéin from cell lysates. General caspase-
3-like activity was evaluated by enzymatic cleavaf@ip-nitroanilide chromophore (pNA) from
the substrate N-acetyl-Asp-Glu-Val-Asp (DEVD)-pN&igma). The proteolytic reaction was
preceded in lysis buffer containing 50 uM DEVD-pNPhe reaction mixtures were incubated
at 37° C for 1 hour, and the release of pNA wasrdghed by measuring absorbance at 405 nm
using a 96-well plate reader. Active caspase-3kQd&} levels were also evaluated by western-
blot using a pan-caspase3 antibo8garfta Cruz Biotech. Extension of neuronal degeneration
was also evaluated by the breakdowrub¥fspectrin, a cytoskeletal protein that is cleavsd

caspase-3 and calpain.
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3.9. N-sequencing

Five micrograms of TrkB active (Millipore) werecmbated with purified m-calpain
(2.5U) and CaGl(2mM) in a final volume of 30ul for 30min at 25°The mixture was resolved
by SDS-PAGE with 2mM of thioglycolic acid in uppeunning buffer and transferred to a
PVDF membrane. After Ponceau S staining, the bdndterest (TrkB-ICD) was cut with a
sharp clean blade. The data was provided by th&eipreequencing service of Instituto de
Tecnologia Quimica e Biol6gica, Universidade Noealisboa. Note that the proline residue is

not detected by N-sequencing.

3.10. RNA extraction and gPCR

RNA isolation and gPCR were performed as previodglscribed [348]. Briefly, total
RNA was extracted from rat neuronal cultures opbgampus (GE Healthcare RNAspin Mini
RNA Isolation Kit). First-strand cDNA were synthesd from 1ug of total RNA (in 20uL)
according to the manufacturer's recommendationpé&cript First Strand Synthesis Systems
for RT-PCR from InvitrogenNY, USA). cDNA was amplified in Rotor-Gene 6000 real-time
rotary analyser thermocycler (Corbett Life Sciertddden, Germany) in the presence of SYBR
Green Master Mix (Applied Biosystems, Foster Ci@, USA) and each specific gene primer
(0.2uM for TrkB-FL and TrkB-T2 and 0.5uM for TrkB2J. Primers specificity was confirmed
by melting curves (Figure 3.4A). The threshold ey(Tt) (Figure 3.4B) and the melting curves
required for the relative quantification [349] wexequired with Rotor-Gene 6000 Software 1.7
(Corbett Life Science)-actin was used as reference internal standardidaagactions were
always performedThe primers used were: 5-GTGATGCTGCTTCTGCTCAA-3ida5 -
CCTCCGAAG AAGACGGAGTG-3' for TrkB FL; 5-TAAGATCCCCTGGATGGGTAG-3’
and 5"-AAGCAGCACTTCCTGGGATA-3' for TrkB T1; 5-CGGSGCATCTCTCGGTCT-3’
and 5-TCCACTTAAGAAGCAAAATAAGC-3' for TrkB T2; 5-AGCCATGTACGTAGC
CATCC-3" and 5-CTCTCAGCTGTGGTGGTGAA-3' fo-actin. The primers for TrkB-T2
were designed using the OligoAnalyzer 3.1 tool,vted by Integrated DNA Technologies
(Coralville, 1A, USA). The TrkB-T2 mRNA sequenceofn Rattus norvegicus was obtained
from the GenBank sequence database of the Nat@eater for Biotechnologynformation

(http://www.ncbi.nlm.nih.goy/ Theprimers were synthesized by Invitrogen.
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Figure 3.4 — Melting curves, amplification curves and Ct numbers from qPCR.

(A) Melting curves of TrkB isoforms (FL, T1 and T2) and B-actin transcripts obtained by gPCR in a control
8 DIV culture. The graph represents the first derivate of raw fluorescence plotted against the temperature.
The single melting peak obtained for each curve indicates that a single PCR product is being amplified.
(B) Raw data obtained in a representative gPCR from a 8 DIV control neuronal culture for TrkB-FL, T1, T2
and B-actin transcripts. The graph represents raw fluorescence plotted against cycle number. The table
represents the cycle threshold (Ct) values for TrkB-FL, T1, T2 and B-actin (values are mean £ SEM of 8

independent control cultures).
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3.11. Immunoprecipitation

Trk-FL receptors were immunoprecipitated from 500fL neuronal cultures lysates
(~1mg total protein) using 2ug of C-terminal Trk-Hiscl4) antibody. After overnight
incubation at 4°C, 30ul of packed G-protein agatwessds were added for 24 hours at 4°C and
then the tube was centrifuged and the supernatzadh(flow) was collected. The remaining
pellet of beads was washed 5 times with lysis budfed resuspended in 100uL of calpain lysis
buffer containing purified m-calpain and Ca@BOmin at 25°C, as described above). The

reactions were boiled at 95°C in the presence wdeing SDS-sample buffer.

3.12.  Calpain in-vitro digestion

In calpain digestion assays, the cultured cellbram tissue were homogenized on ice
in 1% NP-40 buffer containing in (mM): 50 Tris-H@H 7.5), 150 NaCl, 0.1 EDTA, 2 DTT, 1
phenylmethylsulfonyl fluoride (PMSF) and Aprotintimug/ml. The homogenates were clarified
by centrifugation (16.000g, 10min) and protein crtcation was determined. In exogenous
calpain digestion assays, the purified rat m-calfg&albiochem) was incubated for 30min at
25°C in a 100yl final volume of lysis buffer comiaig 100 g of homogenate protein and 2mM
of CaCl (unless stated otherwise). In endogenous calpaeston assays, 5mM of CaCl
and/or MDL28170were added to the homogenates for 4 hours at 28°Calpain digestion
assays (exogenous or endogenous), each conditientha same amount of protein and total
volume. For endogenous calpain activation in syospnes, CaGland/or MDL28170 (20uM)
were added to the intact isolated synaptosomesesdsg in KHR buffer, for 30min at 37°C.
All reactions were stopped by boiling the sample®%2C in the presence of the denaturing

SDS-sample buffer.

3.13.  Acutely prepared hippocampal slices

Male Wistar rats (8-10 weeks old) were deeply tregzed with halothane before
decapitation. The brain was quickly removed inte-¢old continuously oxygenated OO,:
95%/5%) artificial cerebrospinal fluid (aCSF) (188 NaCl, 3 mM KCI, 1.2 mM NakPQ,,

25 mM NaHCQ, 2 mM CaC}, 1 mM MgSQ and 10 mM glucose, pH 7.40) and the
hippocampi were dissected out. The hippocampatsligere cut perpendicularly to the long
axis of the hippocampus (400um thick) and werewalb to recover functionallyand

energetically for at least 1 hour in a resting chanfilledwith continuously oxygenated aCSF,
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at room temperature (22-25°C). In the experimergseevthe effects of KW-6002 were tested,
the slices were used for electrophysiology recasliafter the resting period. In the experiments
where the effects of R\were tested, the slices were then incubated fool8s (the minimum
time required to observe initialpAinduced changes in TrkB receptor) with oxygena€&bF
(control), or with aCSF containingps 35 peptide (2aM) or with aCSF containing fys.3s and
MDL28170 (calpain inhibitor, 20uM), or with [ 42(20uM), or with the inverted Bazs2s After

the incubation period the slices were used fortedpbysiology recordings or for synaptosomal

isolation to evaluate GABA and glutamate release.

3.14. Isolation of synaptosomes

Hippocampal slices were homogenized in ice-caddrisotic sucrose solution (0.32 M,
containing 1mM EDTA, 1 mg/ml bovine serum albumémd 10 mM HEPES, pH 7.4), and
centrifuged at 3,0@Pfor 10 min; the supernatant was centrifuged agaidg00@ for 12 min.
The whole procedure was conducted at 4°C. Thetpeds resuspended in 45% Percoll in KHR
solution consisting of (in mM) NaCl 140, EDTA 1, RES 10, KCI 5, and glucose 5, and was
centrifuged at 14,000g for 2 min. The synaptosofredtion corresponds to the top buoyant
layer and was collected from the tube. Percoll wermoved by two washes with a KHR

solution; synaptosomes were then kept on ice aed within 3 hours.

3.15. [*H] Neurotransmitter release from hippocampal
synaptosomes

The PH]GABA release experiments were performed as presho [350]. For each
experiment, synaptosomes were prepared from appedgly 60 hippocampal slices (30 per
condition) from 6 hippocampi of 3 animals. Synaptags (protein concentration 1-2mg/ml)
were resuspended in 2ml of oxygenated Krebs mediumM: NaCl 125, KCI 3, NakPQ, 1,
glucose 10 NaHC@©?25, CaC} 1.5 and MgS® 1.2) and allowed to equilibrate for 5 min at
37°C. From this time onward, all solutions appliedhe synaptosomes were kept at 37°C and
continuously gassed with &0, (95%/5%). Aminooxyacetic acid (AOAA, 0.1 mM) was
present in all solutions up the end of the expemniiiéo prevent GABA catabolism by inhibition
of GABA transaminase. The synaptosomes were lofofe80 min at 37°C, with*H]GABA
(2.5 uCi/ml, 18.5 nM), together with 0.628V unlabelled GABA to decrease specific activity
of the PH]GABA solutions to 2.3:Ci/nmol) and equally layered onto perfusion charatmer
Whatman GF/C filters (flow rate, 0.8 ml/min; chamielume, 9Qul).
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The PH]glutamate release assays were performed as ebytim our laboratory [350].
All procedures were similar to°HJGABA release experiments with the necessary
modifications. Synaptosomes were loaded with 0.2[fHglutamate (specific activity was 30—
60 Ci/mmol) for 5 min and equally layered onto psidn chambers over Whatman GF/C filters
(flow rate, 0.6 ml/min; chamber volume, 90ul).

After a 20 min washout period, the effluent wallemted for 40 min in 2 min intervals.
The GABA or glutamate release from synaptosomesstiasilated during 2 min with a high-
K* solution (15 mM, isomolar substitution of Naith K* in the perfusion buffer) at th&"gfirst
stimulation period (8] and 29" [second stimulation period £$ minute after starting sample
collection. BDNF (30ng/ml) was added to the supsicin medium at the™®minute, therefore
before S2, and remained in the bath up to the dntheo experiments, and its effect was
quantified as percentage changes of ti8,3atio compared with the,&; ratio in the absence
of BDNF in the same synaptosomal batch and unddfasidrug conditions. Thus BDNF effect
upon $/S; ratio was determined from synaptosomes prepaced $lices incubated without any
drug, incubated with B.or incubated with both fand MDL28170.

3.16. Calculation of drug effects on GABA and gluta  mate
release

At the end of each experiment, aliquots (500 (filgach sample as well as the filters
from each superfusion chamber were analysed bydligcintillation counting. The fractional
release was expressed in terms of the percentagéabfadioactivity present in the preparation
at the beginning of the collection of each samplee amount of radioactivity released by each
pulse of K (S1 and S2) was calculated by integration of tiea af the peak upon subtraction of
the estimated basal tritium release. In each exjaari, two synaptosome-loaded chambers were
used as control chambers, the others being ustzstashambers. In the test chambers, the test
drug was added to the perfusion solution beforea®@ the S2/S1 ratios in control and test
conditions were calculated. The effect of the dam the K-evoked tritium release was
expressed as percentage of change of the S2/i64 iratest conditions compared to the S2/S1

ratios in control conditions, in the same experitagne., with the same pool of synaptosomes).

3.17. KW-6002 treatment

KW-6002 was synthesized according to describedqutores [351]. The drug and the
dose were selected according to described in [35#]r to six week-old male rats were treated
with an orally active A\R antagonist, istradefylline (KW-6002), 3 mg/kg/day 30 days in
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drinking water availablad libitumin light protected bottles. The vehicle (contrgipup were
treated only with vehicle (0.025% methylcellulogewater) as described before [353]. The
weight of the animals and the volume intake wersessed twice a week in both control and
treated animals and the concentration of the swlutidjusted so that the drug intake was
constant. No differences in body weight or wat@ake were detected between the KW-6002
and vehicle group. The animals were sacrificedeeitmmediately or after 24 h of KW-6002

withdrawal.

3.18. Ex-vivo electrophysiology recordings

Long-term potentiation (LTP) induction and quainttion were performed as described
previously [114]. Briefly, the hippocampal slicesorh 8-10 week-old Wistar rats were
transferred to a recording chamber continuouslyesuped with oxygenated aCSF at 32°C
(flow rate of 3ml/min in open system). The stimidat pulses were delivered every 10s
alternately to two independent pathways through cteddes placed on Shaffer
collateral/commissural fibres in stratum radiatiand the fEPSPs were recorded in stratum
radiatum of CA1l area (Figure 3.5A). LTP was indubgdheta-burst protocol consisting of four
trains of 100Hz, 4 stimuli, separated by 200ms Fg3.5B). We used theta-burst stimulation
to induce LTP, since this pattern of stimulation densidered closer to what occurs
physiologically in the hippocampus during episodésearning and memory in living animals
[354]. Furthermore, the facilitatory action of BDNpon LTP is mostly seen undésburst
[72]. In addition, we previously showed that thieef of BDNF upon CA1 LTP is more evident
under weak (as the used in this work) than unadeng®b-burst paradigms [113]. Therefore, we
selected the optimal stimulation paradigm to obsemw effect of BDNF upon LTP, so that we
could evaluate the influence offAipon the effect of BDNF.

One hour after LTP induction in one group of syse) BDNF (20ng/ml) was added to
the superfusion solution and LTP was induced in dtieer group of synapses, no less than
20min after BDNF perfusion. In experiments whereS2®680 was used, it was applied 15min
before BDNF (which corresponds to 35min prior toFLihduction). Whenever an increase on
the slope of fEPSP was detected in the presen@DofF, the intensity of stimulation was
adjusted before LTP induction for similar valuesareled before BDNF application. LTP was
quantified as percentual change in the averagee sbbpghe fEPSP taken from 46-60min after
LTP induction in relation to the average slopehsf fEPSP measured during the 14min before
the induction of LTP. The effect of BDNF upon LTPasvevaluated by comparing the
magnitude of LTP in the first pathway in the abseiwé BDNF (control pathway), with the
magnitude of LTP in the second pathway in the preseof BDNF (test pathway). The
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independence of the two pathways was tested irerldeof experiments by studying the pair-
pulse facilitation (PPF) across both pathways, fleas 10% facilitation being usually observed.
In the absence of drugs, the LTP magnitude wadasinm both independent pathways (Figure

3.5C).
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Figure 3.5 — Electrophysiology recording configuration and LTP magnitude on both pathways.

(A) Schematic representation of a hippocampal transverse slice showing the recording configuration used
to obtain extracellular responses in the CA1 dendritic layer (stratum radiatum) evoked by stimulation of
two separate sets of the Schaffer pathway (S1 and S2). (B) Schematic representation of the 8-burst
stimulus paradigm used to induce LTP. (C) Left: Averaged time course changes in fEPSP slope on both
independent pathways upon sequential 6-Burst stimulation in the first pathway (o) and 60 min after in the
second pathway (e) in rat hippocampal slices (n=5). Right: LTP magnitude (change in fEPSP slope at 46-

60 minutes after 6-Burst stimulation) in relation to pre-6-Burst values (0%) (n=5).
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3.19. Input/ Output curves

Input/output curves were performed after a stdideeline of at least 15 min. The
stimulus delivered to the slice was decreased umiilfEPSPs evoked and subsequently
increased by steps of 20A. Data from three consecutive fEPSPs were coliedte each
stimulation intensity. The range of all input delied to the slice was typically from @@ to a
supramaximum stimulation amplitude of 3G8. The input/output curve was plotted as the

relationship of fEPSP slope versus stimulus intgnsi

3.20.  Statistical analysis

The data are expressed as mean + SEM oh thember of independent experiments.
The significance of differences between the meahswo conditions was evaluated by
Student’s t-test. To perform multiple comparisorstween the means of more than two
conditions a one-way ANOVA followed by a Bonferrqrost-test was performed. To perform
comparisons on LTP magnitude in the presence aeralesof BDNF between different slice
treatments, a two-way ANOVA followed by a Bonferrgost-test was performed. Values of
p<0.05 were considered to represent statisticalgynicant differences.Prism GraphPad

software was used for statistical analysis.
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4. Dysregulation of TrkB receptors and BDNF function
by AB peptide is mediated by calpain

The work presented in subchapter 4.3 was published in Kemppainen et al., 2012 [30].
The remaining work described in chapter 4 was published in Jerénimo-Santos et al., 2014b [346].

The experiments described in subchapter 4.8 were performed by S. Vaz, S. Parreira and S.Rapaz-Lerias.

4.1. Summary

Brain-derived neurotrophic factor (BDNF) and itghraffinity full-length receptor,
TrkB-FL, play a central role in the nervous systeyrproviding trophic support to neurons and
regulating synaptic plasticity and memory. TrkB aB®ONF signalling are impaired in
Alzheimer’'s disease (AD), a neurodegenerative diséavolving accumulation of amylojgl-
(AP) peptide. In the present study, we found that A )sAlectively increases mRNA and protein
levels of truncated TrkB isoforms, and strongly réeses TrkB-FL protein levels without
affecting its mMRNA levels; 2) A induces a calpain-mediated cleavage on TrkB-Feep&rs,
downstream of Shc binding site, originating a newnt¢ated TrkB receptor (TrkB-T’) and an
intracellular fragment (TrkB-ICD), which is alsotdeted inpost-morterrhuman brain samples;
3) AB impairs BDNF function in a calpain-dependent wasyassessed by the inability of BDNF
to modulate neurotransmitter (GABA and glutamagdgase from hippocampal nerve terminals,
and long-term potentiation (LTP) in hippocampatedi. It is concluded thatpAinduced calpain

activation leads to TrkB cleavage and impairmerBDNF neuromodulatory actions.

4.2. Rational

Brain-derived neurotrophic factor (BDNF) is a rm@wophin that promotes neuronal
survival, differentiation and synaptic plasticitirough activation of its full-length receptor,
TrkB-FL. Besides encoding for this receptor, thkBrgene NTRK2 also encodes for truncated
isoforms [355], which may act as negative modukatoir TrkB-FL signalling [25, 29]. Both
decreases in the ratio between full-length (FL) t&indcated (Tc) receptors and reduced BDNF
signaling have been detected in several neurodegféreedisorders. Particularly, hippocampal
and corticalpost-mortemsamples from AD patients revealed a decrease ih BBONF and
TrkB-FL and an increase in TrkB-Tc levels [319, 323, 333]. These changes are thought to
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be involved in spatial memory impairments and, agiogly, the activation or overexpression
of TrkB-FL has been associated to spatial memopravements [30, 316, 356].

AD is characterized not only by the accumulatibmtracellular neurofibrillary tangles
made of hyperphosphorylated tau proteins, but als@xtracellular plaques composed by
amyloidf3 peptides (B). Ap plaques are largely composed bfsfand A4, but also by 8
fragments including the #s_35[357], which has been proposed to be the actigemneof the
full-length AB peptide responsible for its neurotoxic effectsZRaMechanisms underlying the
neurotoxic actions of A peptides are not fully understood, but the existilata suggests that
oxidative stress, perturbation of Caomeostasis, mitochondrial dysfunction, synaptssland
caspases and calpains activation are strongly iedo]253-256]. Calpains are €alependent
proteases that play a physiologic role by the @dgavof several substrates, changing their
function or localization. Abnormal activation oflpains and downregulation of its endogenous
inhibitor (calpastatin) have been linked to AD [19358, 359]. In addition, calpain
overactivation contributes to tau hyperphosphomytat a hallmark of AD, through the
activation of cyclin-dependent kinase 5 (CDK5),ldoled by the cleavage of its regulatory
protein — p35 [282, 360, 361]. Moreover, calpaisoakontributes to the formation and
accumulation of B peptides and its inhibition prevents neurodegédimeraand restores normal

synaptic function and spatial memory in AD animaldals [201, 202, 362].
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4.3. AP increases truncated TrkB protein levels

Since in AD brain decreased TrkB-FL and increaseadcated TrkB receptor levels
have been reported, we hypothesized that amyldia-peptide (8), by itself, could induce
similar changes in TrkB receptor isoforms. To tds$ hypothesis, cortical and hippocampal
cells were cultured for 7 DIV and treated wit peptides and TrkB receptor immunoreactivity
was evaluated by western-blotting. Incubation atical cells with A3,s.35(25uM) induced a
dramatic increase in truncated TrkB receptor legelmpared to control cells (100 £ 2.3 % vs.
223 + 19.9 %; n = 8, p<0.01, Student’'s-test, Figl®A), whereas TrkB-FL receptor levels
decreased (100 + 1.7% vs. 61 + 6.3%; n=8, p<0.@ddedt's-test, Figure 4.1A). The same
pattern of alteration in TrkB receptor isoforms waso observed in hippocampal cultures
(Figure 4.1A). The effects on TrkB receptors upom,sAs exposure were time and
concentration-dependent (Figure 4.1B and C), soléinger incubation times with [Ror higher
concentrations of B produced a more robust effect, with increasingigea on TrkB isoforms
levels.

Since glial cells are enriched in truncated TrkBi3oform [37], we tested the effect of
the AB.s.3s peptide on truncated TrkB in neuronal culturesvimesly treated with the
antimitotic drug 5-Fluorouracil (5-FU). In spite diie marked reduction in the astrocytic
marker, the glial fibrillary acidic protein (GFAPYbserved in the cultures treated with 5-FU
(Figure 4.2A, lower left panel), B25-35 treatment still increased truncated TrkB pemelevels
in a similar magnitude as that observed in cetimfthe same culture but not treated with 5-FU
(Figure 4.2A, right panel). In cortical cultures D1V) treated with the most frequentpA
peptide in AD, the A1-42 (10-20uM for 24h), also caused a concentradgpendent increase
(=28% for 20uM) of the truncated TrkB and a concdmnadependent decrease4(Q% for
20uM) in TrkB-FL levels (Figure 4.2B). We can thfere conclude that in primary neuronal
cultures the B peptide simultaneously increases the levels aicated TrkB receptors and
decreases levels of full-length TrkB receptors,dpmng a similar pattern of alterations as
reported in the brain of AD patients.
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Figure 4.1 — Effect of Ap 25-35 upon truncated and full-length TrkB receptors protein levels.

(A) Primary cultures of cortical cells (upper left panel) and hippocampal cells (lower left panel) were
incubated at 7 DIV with ABas.35 (25uM) for 24h and levels of full-length (TrkB-FL) and truncated TrkB
(TrkB-Tc) were determined by western-blotting. Average data from 8 independent cortical cultures is
shown in right panel (**p<0.01 compared to control (Ctrl), Student’s t-test). (B) Time-dependent changes
in TrkB-FL and TrkB-Tc densities after 3, 8, 24 and 48 hours of incubation of 7 DIV cortical cultures with
ABas.35 (25uM). (C) Dose-dependent changes in TrkB-FL and TrkB-Tc levels after 24 hours of incubation of
7 DIV cortical cultures with ABzs.3s.
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Figure 4.2 — Effect of glial cells upon AB-induced changes in TrkB isoforms levels.

(A) Comparison of the influence of AB2s.35 (25uM) exposure in non-treated cortical cultures and in cultures
treated with 5-Fluorouracil (5-FU) to markedly decrease glial cells number as confirmed by glial fibrillary
acidic protein levels (GFAP). Average effect of ABzs.35 (25uM) on truncated TrkB levels in 3 independent
cultures both conditions were shown in left graph (*p<0.05 as compared with non-treated control,
Student’s t-test). (B) Dose-dependent changes on TrkB-FL and TrkB-Tc levels on 7 DIV cortical cultures
exposed for 24 hours to Api.42 peptide.

Moderate cell death is expected to occur aft@pAptide incubation. Indeed, 24h after
incubating the neurons with 835 (251M) there was an increase (21+5%, p<0.05, na6) i
activity of lactate dehydrogenase (LDH), a solubjéosolic enzyme that is released following
loss of membrane integrity resulting from eitheppipsis or necrosis [363], into incubation
medium. The intracellular caspase-3 activity, atregrmediator of apoptotic cell death, was
even more markedly increased (3 fold increase,rEigu3B, p<0.01, n=4). The cell-permeable
pan-caspase inhibitor, Z-VAD(OMe)-FMK, which is kmo to inhibit apoptotic cellular death
[364], fully blocked the A.sssinduced activation of caspase-3 (Figure 4.3B, px0n=4).
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However, the pan-caspase inhibitor failed to inflicee the .5 3sinduced increase in TrkB-Tc
and decrease in TrkB-FL levels (Figure 4.3C ang€0.05, n=4). These results indicate that
AB-induced alterations on TrkB receptors isoforms raoe a direct consequence of apoptotic
cellular death.
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Figure 4.3 — Effect of caspases inhibition upon Ap-induced changes in TrkB isoforms levels.

(A) Primary cultures of cortical cells were incubated at 7 DIV with ABgs.35 (25uM) for 24h and levels of
released lactate dehydrogenase (LDH) were measured. Average data from 6 independent cortical cultures
is represented (*p<0.05 compared to control (Ctrl), Student's t-test). (B) Caspase3-like activity of cell
lysates measured after 24hours of ABzs.35 (25uM) incubation of 7 DIV cortical cultures, in the presence and
absence of the pan-caspase inhibitor Z-VAD(OMe)-FMK (20uM). (**p<0.01 compared to control (Ctrl);
§p<0.01 compared to AP2s.35 alone; ANOVA with Bonferroni's correction). (C) Representative western-blot
image of TrkB-FL and TrkB-Tc levels detected in neuronal cultures from 7 DIV with ABgs.3s (25uM) in
presence or absence of Z-VAD(OMe)-FMK (20uM). (D) Average data from densitometry quantification of
TrkB-FL (left) and TrkB-Tc (right) immunoreactivity (C) of 4 independent cortical cultures (*p<0.05,
Student’s t-test).
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4.4. AB up-regulates TrkB-T1 mRNA levels

To evaluate the effects of fAupon TrkB receptors expression, we determined the
MRNA levels of the main TrkB isoforms produced biemnative splicing (FL, T1 and T2).
gPCR data showed that neuronal cultures incubatiddAR,s.35 (251 M) for 24 hours displayed
a significant increase of truncated TrkB-T1 (45994, n=8, p<0.05, Figure 4.4) and truncated
TrkB-T2 (58 + 17%, n=8, p<0.05, Figure 4.4) mRNAdés as compared to non-treated control
cultures. Conversely, no significant change of FFKBmMRNA levels was detected upoffiAss
incubation (Figure 4.4, n=8). As shown in FiguréBs.the TrkB-FL and TrkB-T1 are the main
TrkB isoforms present in the cultures, while TrkB-ivas expressed at lower levels. Thus, only

TrkB-T1 will be mentioned henceforward, since ithe main spliced truncated isoform.
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Figure 4.4 — AB peptide up-regulates mRNA levels of truncated TrkB-T1 and T2.

(A) Analysis of mRNA levels by relative gPCR of TrkB full-length (TrkB-FL) and truncated isoforms (TrkB-
T1 and TrkB-T2) on 8 DIV cortical cultures treated with (black bars) or without (white bars-CTR) ABgs-35
(25uM) for 24hours. B-actin was used as an internal loading control. *p<0.05 comparing to control (CTR)

of the respective isoform (n=8, student’s t-test). Values presented are mean + SEM.
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4.5. AR induces a cleavage on TrkB-FL receptors

Although the above results clearly show that TEKB-mRNA levels were not
significantly affected by Poszs a strong decrease of 40 £ 5% in TrkB-FL protewvels was
observed in Bss.3streated cells when compared to control (Figuréddrs=10, p<0.01), as we
previously observed for both [3s.3s and AB;.4» (Figure 4.1) [30]. Thus, in order to assess
whether A could also promote TrkB-FL cleavage, an antibcetyognizing the intracellular C-
terminal of TrkB-FL was used to detect a possibladpct of such cleavage. The results show
that the decrease on TrkB-FL receptors, ippsAstreated cultures, is concomitant with the
formation of a ~32kDa band (Figure 4.5A, n=10, ®©®0compared to control), indicating that
Ap induces a cleavage of TrkB-FL receptor, wherelgeiterates an intracellular domain (ICD)
fragment (designated for now on as TrkB-ICD). Maem in cells treated with the full-length
AB1.42(20 uM) there is also an increase in the formatibhirkB-ICD (Figure 4.6C).

Given that the cytosolic domain of rat TrkB-FLaing at Ly&>* until Gly**)) has a
predicted molecular weight of 41.6 kDa, and sindeBFICD fragment migrates in SDS-PAGE
with a relative molecular weight of ~32kDa, the aslage site might be located ~10kDa
downstream the transmembrane domain of the receffer thus anticipated that thefA
induced cleavage would lead to the generation ofe@ membrane-bound truncated TrkB
receptor ~10kDa heavier than the natural truncafekB-T1 (which lacks the whole
intracellular domain). To directly evaluate thisspibility, we used a pan-TrkB antibody that
recognizes an extracellular epitope and we incrbaiee separation in SDS-PAGE
electrophoresis, which allowed us to identify twstidct truncated TrkB bands: one broad band
at ~90kDa corresponding to the natural truncatddqr1l receptor, and another broad band
around ~100kDa band corresponding to the new tteda@ceptor produced by the cleavage of
TrkB-FL (henceforth designated as TrkB-T’, FigurBB). The TrkB-T’ levels were very low in
control neuronal cultures (Figure 4.5B and FiguréCs, being also negligible in control rat
brain homogenates (Figure 4.7E), indicating thegt fftagment is only formed under conditions
that trigger robust cleavage of TrkB-FL receptor.

Taken together, the data show thd idduces a selective up-regulation of truncated
TrkB-T1 and T2 transcripts, while it simultaneougifomotes TrkB-FL protein cleavage, thus
producing a new truncated receptor (TrkB-T’) andirgracellular fragment containing the C-
terminal of the receptor (TrkB-ICD). The naturalricated receptors produced by alternative
splicing (TrkB-T1 and -T2) and the cleavage-gerestatruncated receptor (TrkB-T’), all
contribute to the total pool of truncated TrkB neiwes, which will be referred in this work as
TrkB-Tc.

60



4. Dysregulation of BDNF signalling by AB peptide

(A) (B)
Blyg = # AB,5 55 (hours)
- r M., 3 8 24 48 CTR
TrkB-FL SN S -150 2% kD
— 05
100 &5 TrkB-FL .. (S .1'150
75 28 ”
8 4w TrkB-T' > : . . . 100
o B -75
8-5 201
2 10k
37 2L
TrkB-ICD = ool L]
N I
K 5
G or
DNl

Figure 4.5 — AB peptide induces a TrkB-FL receptor cleavage.

(A) In left panel is a representative western-blot of 8 DIV neuronal cultures showing TrkB-FL receptor
levels and the TrkB cleavage fragment (TrkB-ICD: ~32 kDa) after 24hours of ABgsss incubation. The
primary antibody used recognizes the C-terminal of Trk-FL. Right panels show the average band intensity
of TrkB-FL (upper histogram) and TrkB-ICD (lower histogram). **p<0.01 comparing to control (n=10,
student’s ttest). (B) Western-blot using a pan-TrkB antibody (extracellular TrkB epitope), which
recognizes simultaneously the full-length (~145 kDa) and the truncated TrkB species: TrkB-T' (TrkB-FL
cleavage product, ~100 kDa) and TrkB-T1 (natural truncated TrkB originated by alternative splicing, ~90
kDa). These bands were detected in neuronal cultures extracts prepared after the exposure to APBzs.3s
(25uM) for 3, 8, 24 and 48 hours or from control cultures (CTR) as indicated above each lane. All values

presented are mean + SEM.

4.6. Calpain mediates the A B-induced TrkB-FL cleavage

The next series of experiments were designeddntiiy the enzyme involved in the
cleavage of TrkB-FL by B. The cell-permeable thiol proteases inhibitor, Zek6caused a
concentration-dependent inhibition of the TrkB-Reavage induced by [As 35 with a maximal
effect achieved at the concentration of 100uM (FEgti6A). To identify which thiol proteases
were involved in the cleavage, several inhibitorsravtested, including the inhibitors of
proteases with calpain-like activityy-acetyl-Leu-Leu-norleucinal (ALLN 20uM)N-acetyl-
Leu-Leu-methional (MG132 2uM) and MDL28170 (20uMind the cell permeable pan-
caspases inhibitor (z-VAD-FMK 20uM). In addition, potent aspartyl proteases inhibitor,
pepstatin A (1uM) was also tested. Neither the asspnhibitor zZVAD-FMK, nor pepstatin A,
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mitigated AB-induced cleavage of TrkB-FL receptors (Figure 4.8Bonversely, the inhibitors
of calpain-like activity ALLN, MG132 and MDL28170igsificantly prevented A-induced

cleavage of TrkB-FL and the subsequent formationTdkB-T' and TrkB-ICD fragments
(Figure 4.6B, n=5, p<0.01).

In parallel, we observed that the exposure of omaircultures to Bos.3s resulted in a
strong activation of calpain, as confirmed by th®Il@l increase (Figure 4.6C, n=4, p<0.001) in
the formation of the calpain-specifidl-Spectrin breakdown products (SBDP 150/145kDa), a
standard assay for monitoring calpain activity. AR 4, peptide (20uM) also induced robust
calpain activation on neuronal cultures (see Figus€E).

Since calpains are calcium-dependent proteases,nex¢ evaluated whether the
activation of endogenous calpains by*Caould induce TrkB-FL cleavage by itself, in the
absence of B. Therefore, cell lysates of neuronal cultures weoeibated with 5mM of CaCl2
for 4 hours at 25°C and, in these conditions, theracteristic TrkB-ICD band was detected, an
effect fully blocked by the calpain inhibitor MDL280 (Figure 4.7A, n=3, p<0.05). The
cleavage of TrkB-FL by endogenous calpains was digected in isolated nerve terminals
(synaptosomes) prepared from adult rat hippocar(ipigsire 4.7B). In addition, the cleavage of
TrkB-FL and subsequent production of TrkB fragmemés observed following the incubation
of neuronal cell lysates, or cortical homogenatemfadult rat, with purified recombinant rat
m-calpain in presence of 2mM €4~100kDa TrkB-T’ and ~32kDa TrkB-ICD; Figure 4.7C)
To confirm the specificity of the fragments detelgte¢he full-length TrkB receptors were
immunopurified from neuronal cultures and incubatéth purified rat m-calpain. The results
showed that rat m-calpain cleaved the immunopurifieceptors producing the characteristic
TrkB-T' and TrkB-ICD fragments, allowing to concledthat the fragments detected arise
specifically from TrkB-FL receptors (Figure 4.7D).

Human TrkB-FL and rat TrkB-FL share the same angioid sequence in the region of
the calpain-cleavage site (Fig.3B). Thus, it isextpd that human TrkB-FL could also be
cleaved by human calpains. Indeed, basal levelskB-ICD were detected in a parietal cortex
homogenate from a human control case (Figure 4.Hgdition of purified m-calpain
completely cleaved human TrkB-FL, further enhancthg levels of TrkB-ICD fragment
(Figure 4.7E). This result clearly showed that haorfakB-FL is also prone to be cleaved by
calpains, leading to the production of TrkB-ICD.fdary to the toxic B.s3s5 the reverse
peptide Mss.25 (25uM) did not induce calpain activation and TrkEavage on neuronal
cultures (Figure 4.8A and B, n=3).

As previously shown, B selectively up-regulates TrkB-T1 mRNA levels (Figut.4).
However, in opposition to what was observed fortgirolevels, the inhibition of calpains by
MDL28170 did not affect the ys-35-induced changes upon mRNA levels of TrkB reaepto
(Figure 4.8, n=4).
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Figure 4.6 — AB-induced cleavage of TrkB-FL is repressed by inhibitors of calpain-like activity.

(A) Western-blot of 8 DIV neuronal cultures showing a concentration-dependent inhibition of Aas.as-
induced TrkB-FL cleavage and TrkB fragments production by E64-d (a general thiol proteases inhibitor).
(B) Upper image: Representative western-blot of 8 DIV neuronal cultures showing the impact of several
protease inhibitors on the AB-induced TrkB-FL cleavage and TrkB fragments production. The protease
inhibitors tested were: zZVAD-FMK 20uM (pan-caspase inhibitor); MG132 2uM, ALLN 20uM, MDL28170
20uM (inhibitors of calpain-like activity) and Pepstatin A 1uM (aspartyl protease inhibitor). All bands
represented in the image are from the same gel and the order of the first two lanes was rearranged. Lower
panel: Average immunoreactive band intensity of TrkB-FL, TrkB-Tc and TrkB-ICD bands (upper, center
and lower histogram, respectively). The order of the histogram bars is the same as the above lanes of the
western-blot (**p<0.01 compared to CTR, #p<0.05 compared to ABas.35, n=5, one-way ANOVA with
Bonferroni’s multiple comparison test). (C) Left image: Representative western-blot showing the effect of
24 hours of ABgs.3s5 (25uM) and ABi42 (20uM) incubation on 8 DIV neuronal cultures upon brain all-
Spectrin levels and the formation of the calpain-specific spectrin breakdown products (SBDPs 145/150),
caspase-3 specific SBDP (120) and TrkB-ICD fragment. Right histogram: Analysis of calpain-specific
SBDPs (145/150) immunoreactive band intensity of control (white bar) and Apgs.3s treatment (black bar),

***p<0.001 comparing to control (n=4, student’s -Test). All values presented are mean + SEM.
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Figure 4.7 — Calpain cleaves rat and human TrkB-FL receptor.

(A) Left: Representative western-blot showing the production of TrkB-ICD upon CaCl, (5mM) incubation
on cell lysates for 4h at 25°C. Right: Analysis of TrkB-ICD immunoreactive band intensity (**p<0.01, n=3,
ANOVA). (B) Western-blot showing levels of TrkB-FL, truncated TrkB-Tc and TrkB-ICD fragment of
isolated synaptosomes incubated in the absence or presence of CaCl, (5mM) or CaCl, with calpain
inhibitor MDL28170 (20uM). (C) Cleavage of rat TrkB by exogenous m-calpain, with consequent
production of TrkB-T' and TrkB-ICD in neuronal cultures lysates (left) and in adult rat brain homogenates
(right). (D) Western-blot performed using anti- C-terminal of Trk-FL antibody (upper panel) and the pan-
TrkB antibody (lower panel). First lane: Immunopurified TrkB-FL receptors from neuronal culture lysates
using the anti- C-terminal TrkB-FL antibody. Second lane: immunopurified TrkB-FL after an In-vitro
digestion with m-calpain. IgGnc (50kDa) and IgGic (20-30kDa) bands correspond, respectively, to the
Heavy and Light chain of Immunoglobulin G of the antibody used for the immunoprecipitation. (E)
Western-blot of post-mortem human cortical sample, showing endogenous levels of TrkB and TrkB-ICD (in
control condition) and depletion of TrkB-FL with concomitant formation of TrkB-ICD when both exogenous
m-calpain and C&’* were added in the absence of calpain inhibitor MDL28170. Ponceau S staining was

used for loading control. All values presented are mean £ SEM.

4.7. TrkB-FL calpain cleavage site is located downs  tream
the Shc binding site

Given the molecular weight (~32kDa) of the TrkBEl®and detected by western-blot,
we hypothesized that the calpain cleavage site dvballocated close to the Shc binding site
(Tyr®™). To clarify this possibility, 5pg of recombinaeytosolic domain of TrkB-FL (Human
TrkB active, aa.455-end, Millipore) were digestedpurified m-calpain. Following membrane
staining after SDS-PAGE electrophoresis, we obsktlat the recombinant cytosolic domain
of human TrkB-FL (~42kDa) were cleaved by m-calppioducing the same characteristic
~32kDa TrkB-ICD fragment band (Figure 4.9A), asedétd in neuronal cultures exposed to
AB. The TrkB-ICD band was then cut (as depicted guFé 4.9A) and analysed by N-terminal
sequencing (Edman degradation) in order to idettiéyfirst five N-terminal aminoacids, hence
revealing the calpain cleavage site position. e N-terminal aminoacids detected were Ser-
GIn-Leu-Lys-Asp (S-Q-L-K-D), which allows to conda that the TrkB-FL is cleaved between
the Asn(N§?° and Ser(S¥ residues, considering the rat TrkB sequence (Figu®®). This
cleavage site is located between the Shc binditeg (3iyr™) and the TrkB kinase domain
(Figure 4.9B and C). Therefore, these data inditteethe truncated TrkB-T’ receptor contains
the Shc binding site (TY¥), whereas the TrkB-ICD fragment contains the cateplyrosine
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kinase domain of TrkB-FL receptor (iféLel?®), as well as the C-terminal tail of TrkB
(GIN®-Gly®?®), since the fragment is recognized by the antibshcific for the C-terminal tail
of Trk-FL, as shown above (Figure 4.5A).
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Figure 4.8 — Calpain inhibition does not block the AB-induced changes on TrkB mRNA levels.

(A) Western-blot showing the effect of ABs.35 and reverse ABss.os peptide (both at 25uM) upon the levels
of TrkB-FL, TrkB-Tc, TrkB-ICD and all-spectrin along with its fragments (SBDP150 and 120), on 8DIV
cortical neurons. (B) Analysis of bands intensities represented in (A) (*p<0.05, **p<0.01, n=3, ANOVA).
(C) mRNA levels obtained by qPCR of TrkB-FL, TrkB-T1 and TrkB-T2 on 8DIV cortical cultures treated
with AB2s.35 (25uM) (black bars) or with both ABgs.ss (25uM) and MDL28170 (20uM) (gray bars) for
24hours. B-actin was used as an internal loading control. *p<0.05 comparing to control (white bars) of the

respective isoform (n=4, ANOVA with Bonferroni’s multiple comparison test).
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Figure 4.9 — Calpain cleaves TrkB downstream Shc binding site (Tyr 515).

(A) Ponceau S staining of a PVDF membrane after transfer from SDS-PAGE. Purified cytosolic domain of
human TrkB (TrkB-active aa.450-end, Millipore) was digested with purified m-calpain, producing TrkB-ICD.
TrkB-ICD band was cut (dashed square) and submitted for N-terminal sequencing (Edman degradation).
CaCl, (2mM) was present in all conditions. (B) Multiple alignment of TrkA, TrkB and TrkC protein
sequences for different species. The Shc binding motif, the Trk kinase domain, and the calpain-cleavage
site identified by N-sequencing are identified in the sequence. Protein sequences were obtained in
UniProtkD, and the multiple alignments were performed using the Clustal Omega tool. The proline residue
(P) present in the TrkB sequence (*) was not detected by N-sequencing. (C) Schematic representation of
mature rat TrkB-FL, TrkB-T1, T2, and human TrkB-T-Shc isoforms showing the relevant domains and
aminoacid residues positions. Calpain-cleavage site (aa. 520) is represented based on N-sequencing
data. Y55 and Y86 represent the phospho-tyrosine residues able to recruit Shc and PLCy, respectively.
Note that the first 31 aminoacid residues of TrkB compose the signal peptide and are not present in the
mature protein. Protein sequences were obtained from UniProtKD database (Accession number; Q63604
for Rat and Q16620 for Human).
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Upon BDNF binding to TrkB-FL receptor, both Y and TyP'° residues of the
receptor are phosphorylated, allowing the bindih§lc adaptor protein and Phospholipasg C-
(PLCy), respectively, with subsequent activation of aling cascades [see 365]. By using
specific antibodies against phosphorylated®fyand Ty?'° of TrkB, we evaluated whether
TrkB-T' or TrkB-ICD fragments could undergo phospylation on Tyr or TyF'®
respectively. In a first attempt, neurons were batad with A for 24hours to produce the
TrkB fragments, and then, BDNF (20ng/mL) was byiedipplied (10 min) to induce TrkB
phosphorylation. Whereas BDNF incubation inducezlis phosphorylation in T3 of TrkB-
FL, such phosphorylation was not detected in thadated TrkB-T' fragment (Figure 4.10A).
The levels of phosphorylated ({9 TrkB-FL upon BDNF exposure were 40 + 9% lower in
the AB-treated cultures than in control cultures (Fighire0A, n=4, p<0.01), a reduction similar
to that observed in total levels of TrkB-FL inducbyg Ap (Figure 4.5A). Thus, the ratio
between the levels of total TrkB-FL and BDNF-inddcgghosphorylated TrkB-FL does not
differ when comparing control cultures with Areated cultures (Figure 4.10A, n=4),
suggesting that TrkB-FL phosphorylation efficacyneened similar regardlesspAreatment. A

similar result was also obtained in more maturdicalrcultures with 15 DIV (Figure 4.10B).
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Figure 4.10 — Effect of AR upon BDNF-induced TrkB phosphorylation on Tyr 515.

(A) Left: Representative western-blot showing phosphorylated Tyrd'® of TrkB-FL (upper image), pan-TrkB
(middle image) and a-tubulin (lower image) on 8 DIV neurons incubated firstly with (or without) 24hours of
AB2s.35 (25uM) and with (or without) 10min of BDNF (20ng/ml). Right: Levels of phosphorylated TrkB-FL
(Tyr®'%) normalized for a-tubulin (upper histogram) and ratio between phosphorylated and total TrkB-FL
levels (lower graph) for control (white bars) and ABgs.35 treatment (black bars). Values are mean + SEM
(**p<0.01, n=4, student’s t-Test, compared to CTR). (B) Western-blot showing phosphorylated Tyr%'® of
TrkB-FL, pan-TrkB, TrkB-ICD and a-tubulin on a 15 DIV cortical culture incubated firstly with (or without)
ABas.35 (25uM, 24hours) and then incubated with (or without) BDNF (20ng/ml) for 10min.
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m-calpain 2U) - - - -
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Figure 4.11 — Effect of AR upon BDNF-induced TrkB phosphorylation on Tyr 816.

Western-blot of 8 DIV neuronal cultures showing the levels of phosphorylated Tyr8'6 of TrkB-FL; the total
TrkB-FL; and total TrkB-ICD. The neurons were firstly incubated with or without AB (25uM) during
24hours, and then, briefly exposed for 10 min to vehicle or BDNF (20ng/ml) to induce TrkB

phosphorylation. Ponceau S staining is shown as a protein loading control.
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4.8. Calpain mediates detrimental effects of A B upon
BDNF actions on GABA and Glutamate release.

The influence of 8 upon the modulatory action of BDNF on glutamate &ABA
release was evaluated on synaptosomes, which wepaned from rat hippocampal slices pre-
treated with B3s.35 (25p1M) or AB142 (20M) for 3hours. The hippocampal synaptosomeas we
loaded with [3H]JGABA or [3H]glutamate as previoudgscribed [350] and neurotransmitter
release was evoked twice (S1 and S2) by perfusitmd® mM KCI for 2 min.

In [3H]glutamate release assays, the S2/S1 ratmontrol conditions was 0.75 + 0.03
and it was increased up to 0.93 + 0.04 when BDNE (a/mL) was added before S2,
corresponding to an enhancement of 27 + 7 % iretloied release of glutamate (Figure 4.12A,
n=5, p<0.05). In [BH]GABA release assays, the S2r8tlo was, in control conditions,
1.06+0.03 and it was significantly decreased t®£0807 when BDNF (20ng/ml) was added
before S2, corresponding to a decrease of 26 +i6 #e evoked release of GABA (Figure
4.12B, n=7, p<0.05). BDNF-induced inhibition of GABand facilitation of glutamate release
from hippocampal synaptosomes was expected baseduprmprevious studies [77]. When
synaptosomes were prepared from hippocampal sli@shad been exposed for 3 hours to
AB2s.35 (25UM) or to A142 (20uM), the S2/S1 ratios in GABA release assay43$ ABos as
1.04 £ 0.06, n=13; S2/S1pA4 1.16 + 0.02, n=3, Figure 4.13A, E and Figure D)2r
glutamate release assays (S2/9%s5As 0.85+0.08, n=10; S2/S1 A4 0.85 = 0.03, n=3,
Figure 4.13B, F and Figure 4.12C) were not sigaifity altered (p>0.05) as compared with
control conditions. However, in synaptosomes preghdrom Al,s.3s and A4 treated slices,
BDNF lost its ability to decrease GABA release &RAB,5.35tBDNF 0.96 + 0.06, n=13; S2/S1
AP1.4+BDNF: 0.95 + 0.17, n=3 Figure 4.13A, E and Figdr#2D) and to increase glutamate
release (S2/S1#s.3stBDNF: 0.78 + 0.07, n=10; S2/SPBAs,+BDNF: 0.86 + 0.07, n=3 Figure
4.13B, F and Figure 4.12C). These results sug@estA3 causes a functional impairment of
BDNF modulatory actions upon glutamate and GABA&ask in the hippocampus.
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4. Dysregulation of BDNF signalling by AB peptide

Figure 4.12 — Modulation of GABA and glutamate release by BDNF, AB1.42 and MDL28170.

Fractional release of [*H]glutamate (A, C and E) and [*H]GABA (B, D and F) evoked by two 15mM K*
stimuli of 2-minuts duration, at 5-7 min (S1) and 29-31 min (S2). BDNF (30 ng/ml) was added at 9 min
and remained in the perfusion solution until the end of the experiments (closed circles), as indicated by the
horizontal bar. Control curves in absence or in presence of ABs.42 (20 uM) and in the presence of MDL
(20uM), performed in parallel with the same synaptosomal batch, are represented by the open circles.
BDNF effect upon [*H]glutamate fractional release (A), modulation of BDNF (30ng/ml) effect upon
fractional release of [*H] glutamate by AB+.42 (20 uM) (C) and by MDL (20 uM) (E). BDNF effect upon
[*H]GABA fractional release (B), and modulation of BDNF (30ng/ml) effect upon fractional release of [*H]
GABA by AB142 (20 uM) (D) and by MDL(20 uM) (F). In each experiment, the S2/S1 ratio obtained while
BDNF was present during S2 was normalized, taking as 100% the S2/S1 ratio obtained in parallel
chambers under the same drug conditions but in the absence of BDNF. Data are represented as mean *

SEM of three to ten independent experiments.

In order to determine the contribution of calpamsards the f-dependent impairment
of BDNF modulation of neurotransmitters releaseppbcampal slices were incubated
simultaneously with both Bys.35 (25uM) and MDL28170 (20uM) for 3 hours. In the abse of
BDNF, MDL28170 did not impact S2/S1 ratios for b@dB#\BA (S2/S1A8,535+tMDL: 1.13 +
0.05, n=4, Figure 4.13C,E) and glutamate relea2t503\3,5.35stMDL: 0.78 + 0.07, n=4, Figure
4.13D,F). On the contrary, in synaptosomes prepfoed hippocampal slices incubated under
similar conditions (82s.3sand MDL28170), the addition of BDNF before S2 afésl the S2/S1
ratio of GABA (S2/S1 B,s535tMDL+BDNF: 0.78 + 0.15, p<0.05 vs S2/SPBA :s+MDL, n=4,
Figure 4.13C,E) and glutamate (S2/Sg,#s+tMDL+BDNF 0.96 + 0.08, p<0.05, vs S2/S1
AB2s3stMDL, n=4, Figure 4.13D,F) release similar to whatl been observed when BDNF was
added alone (Figure 4.13D,F and Figure 4.12A,BE ifitubation of hippocampal slices with
MDL28170 alone for 3 hours did not affect BDNF aos upon glutamate and GABA release
(for glutamate: S2/S1 MDL+BDNF: 0.95 + 0.01, n=3iglte 4.12E; for GABA: S2/S1
MDL+BDNF: 0.69 + 0.28, n=3, Figure 4.12F). Thesesulés strongly suggest that the
impairment caused by fAupon the modulatory action of BDNF on neurotrantamirelease is

rescued by calpain inhibition.
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Figure 4.13 — AB inhibits BDNF effect upon neurotransmitter release in a calpain-dependent way.
Fractional release of [*H] GABA (A and C) and [*H] glutamate (B and D) evoked by two 15mM K* stimuli of
2min duration, at 57 min (S1) and 29-31 min (S2). BDNF (30 ng/ml) was added at 9 min and remained in
the perfusion solution until the end of the experiments (closed circles), as indicated by the horizontal bar.
Control curves in the presence of ABzs-35 (25UM) or ABzs.35 (25uM) and MDL28170 (20uM), performed in
parallel with the same synaptosomal batch, are represented by the open circles. Modulation of BDNF
(30ng/ml) effect upon fractional release of [*H] GABA by ABgs.35 (25uM) (A), or by simultaneous treatment
with ABas.35 (25uM) and MDL28170 (20uM) (C). Modulation of BDNF (30ng/ml) effect upon fractional
release of [*H]glutamate by ABusss (25uM) (B), or by simultaneous treatment with ABas.3s (25uM) and
MDL28170 (20uM) (D). E and F, S2/S1 ratios (%), calculated in each experiment from the fractional
release curves, as described in Materials and Methods. BDNF (30 ng/ml) was tested in synaptosomes
prepared from hippocampal slices treated or non-treated with ABas.35 (25uM) or AB142 (20uM), or treated
simultaneously with ABgsss (25uM) and MDL28170 (20uM), as indicated below each bar. In each
experiment, the S2/S1 ratio obtained while BDNF was present during S2 was normalized, taking as 100%
the S2/S1 ratio obtained in parallel chambers under the same drug conditions but in the absence of BDNF.
Data are represented as mean £ SEM of five to ten independent experiments. *p<0.05, compared with
100%, except when otherwise indicated (one-way ANOVA followed by Bonferroni’s multiple comparison
test).

4.9. Calpain mediates detrimental effects of A B upon
BDNF actions on CAl long-term potentiation

BDNF has a well-documented ability to increase Ldi hippocampal CAl area
through TrkB-FL activation [67, 71]. To evaluatetimpact of /8 upon BDNF effects on LTP,
hippocampal slices were exposed for 3 hours to emgted aCSF with or without 8s.35
(25uM) or AB1.40 (20uM) or even the inverted fAs 25 (251M) peptide. As mentioned in the
methods section, the experiments were conducted) isio independent stimulation pathways,
being each pathway used as control or test innaterdays, in order to compare LTP magnitude
in the absence and in the presence of BDNF, wittenrsame slice. The LTP was firstly induced
by 6-burst stimulation in one pathway and its magnitgqdantified 60 min after LTP induction.
BDNF was then added to the perfusing aCSF and atlote equilibrate for at least 20 min
before inducing LTP in the second pathway.

As expected [113], the-burst stimulus applied in the presence of BDNF iig0dmL)
induced a robust LTP (LTBnr: 40.0+£1.7% increase in fEPSP slope), which wasifsdgntly
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higher (P<0.01) than that obtained in the absedd8DINF (LTPcrr: 22.1+3.9% increase in
fEPSP slope; n= 11, Figure 4.14A, E). Pre-treatnoémippocampal slices with (’for 3 hours

did not affect LTP magnitude when compared to w@té@ slices (LTRs2s.35 23.5+3.5%, n=10
Of LTPap142 17.6£7%, n=5 vs LTHgr 22.1£3.9%, n= 11, Figure 4.14E). However, ifi-A
treated slices, BDNF (20ng/mL) failed to enhancePLifiagnitude (LTRjzs.35 23.5+3.5% vs
LTP agos-as+gone 24.3 +4.7%, n= 10, p>0.05, Figure 4.14B, E and AsTB 17.6+7% vs LTP

ap1-a2+80NE 21.4 £4.0%, n= 5, p>0.05, Figure 4.14C, E).

In slices treated with 25uM of invertedpA..s (control peptide), the facilitation of
BDNF upon LTP was not lost (n=4, p<0.05; Figure5}.ITo evaluate whetherpApeptides
could affect basal synaptic efficiency, input/outpurves were performed and no significant
differences were detected between control slicad, &3,535 or ABis-treated slices (n=4,
Figure 4.14F).

To explore if calpains played a role in th@-lhduced loss of BDNF effect upon LTP,
hippocampal slices were pre-treated simultaneowdly the AB,s.35 and the calpain inhibitor
MDL28170 (20uM), for 3 hours. As shown in Figurd 4D, pre-treatment with MDL28170
rescued the facilitatory effect of BDNF upon LTPT@ap2s-35+mpr: 15.6£3.9% vs LTRszs.
ss+mpL+BDNF.  32.5+£3.3%, n=6, p<0.05, Figure 4.14D, E). MDL281by itself did not
significantly affect LTP magnitude in slices treshteith AB,s.35 (Figure 4.14D).

Taken together, these data demonstrate tifaséverely hampers BDNF action on
hippocampal LTP and neurotransmitter (GABA and ahate) release and that these
impairments are dependent on calpain activatiores&hfunctional results correlate with the
results obtained in neuronal cultures treated Wighshowing a calpain-mediated cleavage of
the TrkB-FL BDNF receptor. Therefore, the datarsiy suggest that f\impairs BDNF/TrkB

mediated actions in hippocampal slices through ehaigism that involves calpain activation.
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Figure 4.14 — AB decreases the effect of BDNF upon LTP, in a calpain-dependent way.

Panels (A-D) show the averaged time courses changes in field excitatory post-synaptic potential (fEPSP)
slope induced by a 6-Burst stimulation in the absence (o) or in the presence of BDNF 20ng/ml (e) in the
second stimulation pathway in rat hippocampal slices without (A, n=11) or with a pre-exposure for 3 hours
to aCSF solution containing 25uM ABgs.35 (B, n=10); 20uM AB+42 (C, n=5); or 25uM ABgsss in the
presence of 20uM MDL28170 (D, n=6). The traces from representative experiments are shown below
panels (A-D); each trace is the average of eight consecutive responses obtained before (1 and 3) and 46—
60 min after (2 and 4) LTP induction. The traces are composed by the stimulus artifact, followed by the
pre-synaptic volley and the fEPSP. The traces (1 and 2) and traces (3 and 4) were obtained in the
absence and presence of BDNF, respectively. (E) LTP magnitude (change in fEPSP slope at 46-60min)
induced by 6-Burst stimulation in relation to pre-6-Burst values (0%), for each group of pre-treated slices
(Control, APgsss, AP2sss + MDL28170, and ABi4). *p<0.05; **p<0.01, one-way ANOVA followed by
Bonferroni’s multiple comparison test. Data are represented as mean + SEM. (F) Input/output curves
corresponding to fEPSP slope evoked by various stimulation intensities (100-360 pA) in non-treated

hippocampal slices or treated for 3hours with ABzs-3s (25uM) or AB1.42 (20uM) (n=4).
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Figure 4.15 — Reverse AB35-25 peptide does not affect BDNF effect upon LTP

Left: averaged time courses changes in field excitatory post-synaptic potential (fEPSP) slope induced by a
B-Burst stimulation in the absence (o) or in the presence of BDNF 20ng/ml (e) in the second stimulation
pathway in rat hippocampal slices pre-exposed for 3hours to inverted ABss.2s peptide (25uM) (n=4). Right:
LTP magnitude (change in fEPSP slope at 46-60 minutes after 8-Burst stimulation) in relation to pre-6-

Burst values (0%) (n=4, *p<0.05, student’s t-test). Data are represented as mean + SEM.
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4.10. Discussion

In this chapter, it was demonstrated th@it gkomotes a calpain-mediated cleavage of
TrkB-FL receptor and that impairs, in a calpaineegent manner, BDNF modulation of
neurotransmitter release and synaptic plasticitprédver, we found that, in primary cortical
cultures, A significantly increases mRNA levels of truncata#tH isoforms without affecting
MRNA levels of TrkB-FL, in a mechanism independeintalpains.

The alterations at the transcriptional level, nigmmbe increase in mRNA levels of
truncated TrkB isoforms is in line with previoustal@howing a correlation between amyloid-
load and up-regulation of TrkB-T1 mRNA levels inrtical regions of a transgenic AD mice
model without affecting TrkB-FL mRNA levels [30]. &elective up-regulation of truncated
TrkB mRNA levels (TrkB-T1 and TrkB-T-Shc), withoahanges in TrkB-FL mRNA levels,
was also reported in the hippocampus of Adst-mortemhuman brain [337]. As we now
clearly show, the influence of pAupon TrkB-FL occurs at the post-translational levather
than at the transcriptional level sinc@ atrongly reduces TrkB-FL protein levels. Remariabl
this occurs through calpain-mediated cleavage &BIFL receptor protein, leading to a
truncated receptor with a different molecular weitgtan the known isoforms of the truncated
TrkB receptors that we named as TrkB-Triterestingly, A did not affect the proportion of
BDNF-induced phosphorylated TrkB-FL over total TrkB levels, in accordance with
previous data showing that sub-lethgd doncentrations do not interfere with BDNF-induced
phosphorylation of TrkB-FL [366]. Thus,pAmay impair BDNF signalling through a decrease
in the TrkB-FL/TrkB-Tc ratio (Tc referring to alkoforms of truncated receptors), rather than
by affecting the phosphorylation of the remainingB-FL. In addition, A could also affect
downstream mediators of TrkB signalling, such as dlocking proteins of TrkB, as already
described for sub-lethal concentrations @f[B66].

By performing a detailed characterization of TrkB-cleavage, it was possible to show
that calpain cleavage of TrkB-FL occurs betweenAbe®® and Set* residues, producing two
TrkB cleavage products: 1) the new truncated Tr&Beptor (TrkB-T’) which is heavier than
the natural truncated TrkB-T1 and -T2 splicing prad and 2) a fragment of ~32kDa which
corresponds to the intracellular domain of TrkB-HltkB-ICD). Moreover, we found that the
calpain cleavage site of TrkB-FL is located dowesin to the Shc binding site (T3,
indicating that the new truncated TrkB-T' generabsdcalpain contains the Shc-binding site
(Tyr"™). Thus, the TrkB-T’ is only 16 aminoacid residigmrter than the described truncated
TrkB-T-Shc isoform, a neuron-specific alternatiy@icng product of human TrkB gene [23].
Although TrkB-T-Shc function is poorly understodgid¢cannot be tyrosine phosphorylated [23],
as the now described TrkB-T’, and it could act asegative regulator of BDNF function. Our

results suggest that TrkB-T' may not act as a rneganhodulator of BDNF signalling since, in
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spite of its presence, the efficiency of TrkB-FLogphorylation by BDNF, assessed as the ratio
between pTrkB-FL/TrkB-FL, was not appreciably afézt

The second B-induced TrkB-FL cleavage product, the TrkB-ICDfresponds to the
remaining intracellular domain (ICD) of TrkB-FL upsam to the cleavage site (3&Gly®?).
The theoretical molecular weight of TrkB-ICD is 8dDa, which is similar to the relative
molecular weight observed in SDS-PAGE (~32kDa).BFfKD was also detected ipost-
mortem human brain samples showing that human endogecalpsins could also cleave
human TrkB-FL receptor. However, we cannot exclimepossibility that the presence of basal
levels of TrkB-ICD detected in the human brain skeemguld be exacerbated due to calpain
activation during thepost-mortem period. Nevertheless, in freshly prepared rat esort
homogenates, and therefore without a signifiqgaodt-mortemdelay, it was also possible to
detect small amounts of TrkB-ICD, suggesting thekBFFL cleavage could also occur in the
alive healthy brain.

It is known that some members of the receptorsiym kinase family can undergo
proteolytic cleavage by caspases, metalloprote@ssscretases, producing intracellular domain
(ICDs) fragments that may possess a biologicaltiandsee 367], as it is the case of the pro-
apoptotic fragment that results from caspase-medidtrkC cleavage upon NT-3 deprivation
[368]. Calpain-mediated proteolytic cleavage usualtcurs between two domains of the
substrate, releasing big stable fragments thaiatsmhave biological activity [see 127]. As an
example, the calpain-generated fragment p25 frof g8avage constitutively activates the
cyclin-dependent kinase 5 (CDKS5), contributing & thyperphosphorylation, morphological
degeneration and neuronal death [196]. Indeed, eapeession of p25 fragment in mice
forebrain is sufficient to recapitulate the majaallimarks of AD, including hippocampal
neuronal loss, aggregation of hyperphosphorylatadaccumulation of fand impairments on
synaptic plasticity and cognition [285, 286]. THere, one may propose that calpains are a key
element of a vicious cycle, since its activatioadg top-amyloid generation [361], which in
turn leads to enhanced calpain activity with subset|impaired signalling of key neurotrophic
molecules such as BDNF (present work). Whether réseilting fragment, TrkB-ICD, also
contributes to exacerbate neuronal damage, awattsef investigation.

The present work clearly demonstrates th@tiApairs the facilitatory effects of BDNF
upon glutamate release and the inhibitory effecBDNF upon GABA release from isolated
nerve terminals (synaptosomes). GABAergic and Ghatargic hippocampal synaptosomes
represent each one approximately 40% of total dppysin-positive nerve terminals, less than
5% of nerve terminals being cholinergic [369]. hetingly, in spite of the greater vulnerability
of the glutamatergic terminals topAtoxicity, as compared with the GABAergic ones [369
370], the effect BDNF upon GABA release was alspaired by 4. Moreover, A impairs
BDNF-mediated effects upon LTP. In all cases it wassible to rescue the effect of BDNF by
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adding a calpain inhibitor (MDL28170), indicatingat the A-induced loss of function of
BDNF at the synapses is mediated by calpains. Fuinfy that the calpain inhibitor prevents
the molecular changes in TrkB receptors as wellpaents the loss of synaptic BDNF
modulatory action, strongly suggests that a singlechanism underlies both phenomena,
highlighting the functional consequence of thgiAduced cleavage of TrkB receptors.

Interestingly, A did not affect LTP magnitude (without BDNF), orslh synaptic
transmission, as evaluated by input/output curVéss provides evidence that3Amay impair
BDNF signalling, even before impairment of synaftiEnsmission and plasticity, suggesting
that loss of neuromodulation by neurotrophins igeay early sign of synaptic impairments
induced by 4. Nevertheless, there are evidences thapéptides could impair LTP [eg: 371].
In our experimental conditions, we did not deteay aignificant change in LTP magnitude
induced by a very-wedkburst in hippocampal slices exposed & Ahis absence of Reffect
upon LTP, already seen by others [372], could betduseveral factors such as the stimulation
protocol, the B preparation, the developmental age or geneticdrackd of the animals used
[372]. Interestingly, Smith and collaborators (2PpGhowed that soluble oligomericpAs,
significantly blocked hippocampal LTP when indudsdhigh-frequency stimulation but not by
0-burst, the type of stimulation used in this work.

Our findings provide a possible biochemical medrarfor previous observations that
TrkB-FL receptors are decreased in pathologicalasibns, including AD [322, 333], where
calpains are found overactivated [194]. Calpainethejent down-regulation of TrkB-FL protein
also occurs after acute insults, such as excitotyxand ischemia [373, 374]. i$ not known
whether calpains can also cleave other Trk recepturch as TrkA or TrkC. However, by
comparing the sequences of Trk receptors, we cadligirthat TrkA and TrkC are probably not
cleaved by calpains, since they both lack the dalpkeavage site present in TrkB, which is
conserved within species. Calpain overactivations haeen associated with several
neuropathological conditions, including prion-liisseases, muscular dystrophies, Huntington’s
disease, Parkinson's disease, Alzheimer’s diseadéple sclerosis, ischemia, stroke, and brain
trauma. Calpain inhibition is therefore a promisitigerapeutic strategy with demonstrated
efficacy in animal models. However, translationctimical trials waits for the development of
selective inhibitors of calpains to be used in hosngee 184].

In summary we highlighted the mechanisms resptméis Ap-induced TrkB receptor
dysregulation. Namely, we found thap Aelectively increases the mRNA levels of truncated
TrkB-T1 and T2 receptors and it induces a calpagthiated cleavage of TrkB-FL protein. The
cleavage of TrkB-FL occurs between ASrand Se¥! and produces a new truncated receptor,
containing the Shc-binding site (TrkB-T’), and awnetracellular cleavage product (TrkB-
ICD), containing the complete kinase domain of KB (see Figure 4.16). At a functional

level, A3 severely impairs BDNF effects upon GABA and glutéenrelease and upon synaptic
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plasticity, in a calpain-dependent way. Taken thget the data demonstrate that calpain
overactivation induced by [A severely impairs BDNF/TrkB-FL signalling, affeaginthe
synaptic actions of BDNF. By detailing the mecharssinvolved in the endogenous
dysregulation of TrkB receptors induced bg,Aas well as the early functional consequences of
this dysregulation, this work reinforces the rasibiior the use of calpain inhibitors as a
therapeutic tool in AD.

TrkB-T1

active

Figure 4.16 — Schematic representation of AB-induced dysregulation of TrkB receptors.

AR peptide selectively increases TrkB-T1 mRNA levels by an unknown mechanism and activates calpains
by perturbing the intracellular Ca?* homeostasis. Activated calpain cleaves TrkB-FL receptor in the
intracellular domain (in the Asn520-Ser52' peptide bond), producing a membrane-bound truncated TrkB-T’
receptor and an intracellular fragment (TrkB-ICD). TrkB-ICD may have a putative biological function and
may have a different structure when comparing to the original intracellular domain of TrkB-FL. The calpain
inhibitor, MDL28170, inhibits calpain-mediated cleavage of TrkB-FL, and restores BDNF function upon

synaptic plasticity and neurotransmitter release in AB-treated hippocampal slices (not shown).
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5. Impact of in-vivo chronic blockade of AzaR upon
BDNF-mediated facilitation on LTP

The work presented in this chapter was published in Jeronimo-Santos et al., 2014a [116].

5.1. Summary

Brain-derived neurotrophic factor (BDNF) throudte tactivation of its receptor (TrkB-
FL) exert well-described neuroprotective effectayplg a major role in hippocampal synaptic
transmission and plasticity such as long-term pagan (LTP), a molecular surrogate for
learning and memory. Impairments in BDNF signallihgve been associated to several
neurodegenerative disorders such as Alzheimer sis@eD). Therefore, the reestablishment of
BDNF actions is considered a promising strategy Adr treatment. While, most of BDNF
synaptic actions, namely on LTP, require the atitvaof adenosine A receptor (AxR), the
antagonists of AR have been proven to prevent AD induced defiaitseiveral animal models.
Therefore in this work we aimed to evaluate the dotpof the chronicin vivo oral
administration of the AR antagonist, KW-6002, in the BDNF actions uporpbigampal CA1
LTP. The results showed that chronic blockade gfRAin male Wistar rats inhibits the
facilitatory action of BDNF upon LTP and decreasesh mRNA and protein levels of the
TrkB-FL receptor in hippocampus. These findingslirthat BDNF signalling may be affected

in chronic AR blocking conditions.

5.2. Rational

Brain-derived neurotrophic factor (BDNF) is a metmophin that, through activation of
it high affinity full-length TrkB receptor (TrkB-F)l, exerts well-described neuroprotective
effects and plays major roles in hippocampal syindpmnsmission and plasticity, such as LTP.
LTP is a form of synaptic plasticity classicallycapted as the neurophysiological correlate of
learning and memory encoding [59]. In fact, in TfkB or BDNF knockout mice, LTP
induction is severely compromised [57, 67, 69, 71].

There are evidences that, in neurodegenerativerddiss such as in AD, BDNF
signalling is drastically impaired. In several @ of AD patienfpost-mortembrains, both
BDNF and TrkB-FL receptor levels are decreasedenttie dominant-negative truncated TrkB

receptors are increased [319, 321-323, 333]. Indé®dAD animal models, where LTP
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induction is strongly impaired [see 375], the pttdion of BDNF actions ameliorate the
observed LTP deficits [356]. The loss of endogenBDINF neuroprotection in AD has been
seen as part of the pathophysiology of AD. In fabe administration of BDNF exerts
neuroprotective actions in rodent and primate n®délAD [315]. However the clinical use of
BDNF has been hampered due to its inability to methe brain and to its short half-life [120].
Therefore, the identification of molecules ableptientiate endogenous BDNF actions gained
emphasis in recent years. One of the drugs atigctiuch attention is adenosine due to its
ability to modulate the actions of BDNF [see 99|deed, evidence has been accumulating that
AR activation is required for BDNF effects upon loppmpal synaptic transmission [108]
and plasticity, namely facilitation of LTP [113, 4]1 Moreover, it has been shown thai,R
activation can induce phosphorylation of an inthata pool of TrkB receptors (associated
with Golgi membranes) without the involvement ofirarophins [105, 107].

However, despite the requirement ofsR activation to promote BDNF actions upon
LTP [113, 114], the administration of,AR antagonists has been proven to prevent AD induced
deficits in different animal models [376-378]. Givehis apparent paradox, it is crucial to
understand whethen vivo A;aR blockade impacts on BNDF effects upon synapiistaiity.
Therefore, in the present study we chronically amisteéred an orally active AR antagonist
(istradefylline; KW-6002; 3mg/kg/day) for one montd 4-6 week-old male Wistar rats and
assessed the impact on BDNF action upon hippoca@¥alL TP.

5.3. Chronic blockade of adenosine A ;AR prevents BDNF-
induced facilitation of CA1 LTP which is not restor ed by
acute A ,5R activation

The 0-burst stimulation delivered to CAl area of hippopal acute slices prepared
from hippocampus taken from 8-10 week old rats @edua statistically significant LTP
(LTPctr: 22+3%, n=5; p<0.01 as compared with baseline, $ttgletest, Figure 5.1A, C). As
expected [113], thé-burst stimulus applied in the presence of BDNF (@0@mL) caused a
marked facilitation of LTP which was significanthigher than that obtained in the absence of
BDNF (LTPspne: 42.0+ 2%, n=5, p<0.01, Student’s t-test, FigurgéAs C). To evaluate the
ability of BDNF to potentiate LTP in hippocampaicsls taken from rats under chronigaR
blockade, KW-6002, an AR oral antagonist, was administered for 1 montim¢{gkg/day). In
the KW-6002 treated group, theburst stimulation increased the slope of the fEB$HR4+ 2%
(n=5, Figure 5.1B, C), which was not different frothe LTP magnitude obtained in
hippocampal slices of animals not treated with AgR antagonist (LTRr: 22+ 3%, n=5,
p>0.05, 2-way ANOVA, Figure 5.1A, C). However, inNk6002 group, BDNF (20 ng/ml) lost
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its ability to further increase LTP magnitude (LdFspne: 26 3%; p<0.05 when compared
with LTPcrr+gpne: 421 2%, n=5, 2-way ANOVA, Figure 5.1B, C). No difénces were

observed in input-output curves obtained in slitesy vehicle or KW-6002 treated group (n=4
and n=6, respectively, p>0.05, 2-Way ANOVA, FigdD, E), indicating that KW-6002

treatment does not account for significant diffeesnin basal synaptic efficiency.

To test if the loss of BDNF effect upon KW-6008dtment was due to the presence of
the AsR antagonist in the tissues, the animals were watd from the drug prior to the
experiment. Given that the maximum plasmatic cotraéion of KW-6002 decreases to half in
around 2 hours [352] the treatment was interru@édours before sacrificing the animals to
assure minimum plasmatic concentration of KW-6d62hese conditions BDNF was still not
able to enhance LTP (LkR(2an): 28+ 6% ; LTRw2an+eone 18+ 6%, n=3, Student’s t-test,
p>0.05, Figure 5.2A, C).

Given that AsR activation is required for the BDNF facilitatoactions on synaptic
transmission [108, 109, 111] and synaptic plasti¢itl3, 114] we tested if acute./R
activation could rescue the BDNF facilitatory effapon LTP, in the KW-6002 treated animals.
Acute ex-vivo activation of AxR with the selective agonist, CGS21680 [379, 3&{jeal 35
min befored-burst stimulation, did not unravel the facilitat@ffect of BDNF (20ng/ml) upon
LTP (LTPxw: 29+ 8% vs LTRw:+eonr+cas 34x 7%, n=5, Student’s t-test, p>0.05, FigureB5.2
D). When applied alone, CGS21680 (30uM) was vilyudévoid of effect upon LTP magnitude
on KW-6002 treated animals (Lkf: 30+ 11% vs LTRw:ces 30+ 7%, n=3, Student’s t-test,
p>0.05, not shown).

Together these data show that chronic administradi KW-6002per sedid not affect
the magnitude of-burst induced LTP comparing to vehicle animalsyéeer, it prevented the
facilitatory effect of BDNF upon LTP even if the gofmacological treatment had been stopped
for 24 hours or if acute activation o6/R had been provided. Therefore, the result suggests
chronic blockade of AR could induce irreversible or long-lasting changesmolecules

involved in BDNF signaling.
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Figure 5.1 — Chronic treatment with KW-6002 abolishes the facilitatory effect of BDNF upon LTP.

Panels (A, B) show the averaged time courses changes in field excitatory post-synaptic potential (fEPSP)
slope induced by a 6-burst stimulation in the absence (o) or in the presence of BDNF 20ng/ml (e) in
hippocampal slices obtained from: (A) animals treated with vehicle for 1 month (n=5); (B) animals treated
with KW-6002 (3mg/kg/day) for 1 month (n=5). The traces from representative experiments are shown
below the respective panels (A, B); each trace is the average of eight consecutive responses obtained
before (1 and 3) and 46-60 min after (2 and 4) LTP induction. The traces are composed by the stimulus
artifact, followed by the pre-synaptic volley and the fEPSP. The left traces (1 and 2) and right traces (3 and
4) were obtained in the absence or in the presence of BDNF, respectively. (C) LTP magnitudes (change in
fEPSP slope at 46-60min) induced by 6-burst stimulation in relation to pre-8-burst values (0%), for the
panels A-D. **p<0.01 compared to vehicle-control, #p<0.05 compared to vehicle-BDNF (ANOVA followed
by Bonferroni post-test). (D) Input/output curves corresponding to responses generated between
amplitude of pre-synaptic fibre volley and (E) fEPSP slope evoked by various stimulation intensities (60—
300 pA) in hippocampal slices taken from vehicle group (o, n=6) and KW-6002 treated group (e, n=4). All
values in the figure are represented as the mean + SEM of n independent experiments with different

animals.

5.4. Chronic A ;AR blockade reduces protein and mRNA
levels of TrkB-FL receptor without affecting BDNF | evels.

Since the prolonged administration of KW-6002 coonpised BDNF effects upon LTP,
which are known to be mediated by TrkB-FL recetotivation, we evaluated if the lack of
effect observed after the pharmacologic treatmentdcbe related to changes in the levels of
TrkB-FL receptors. Using a specific pan-TrkB antlipdhat recognizes the extracellular portion
of TrkB receptor, a significant reduction in protdevels of TrkB-FL in the hippocampus of
KW-6002 treated rats was observed (68 + 12% vs 1008, Student’s t-test, p<0.05, Figure
5.3A, B). Moreover, by relative gPCR, we found gndficant reduction on TrkB-FL mRNA
levels in hippocampus (64 + 7% vs 100%, n=4, Sttidantest, p<0.05, Figure 5.3C). No
significant differences were observed on truncaidd-T1 mRNA and protein levels between
vehicle and KW-6002 treated rats (n=4 and 5, raspdyg, p>0.05, Student's t-test, Figure
5.3B, C). Moreover, total levels of mature BDNF aRdo-BDNF were also analyzed by
western-blot, using an antibody raised against BDHIRd no significant differences were
detected between vehicle and KW-6002 treated g(figure 5.3A and D, n=5, Student’s t-
test).

87



5. Chronic blockade of AR abolishes BDNF actions upon LTP

A) B)
KW-6002 (-24hours) KW-6002 group
O-burst
0-burst
100 il 100 } o Control
Sl ¢ DDNF g0k e BDNF + CGS21680

{
%%%gﬁ@ﬁﬁ

fEPSP slope (% of change)
s 2
H—a——i
H—ee—
H—a—H
H—a—H
H-a—
H—0—

fEPSP slope (% of change)
2
I

201 20+
of------ e o Saagy
20k -20-
20 0 20 40 60 -20 0 20 40 60
Time (min) Time (min)
C) D)
KW-6002(-24h) KW-6002
50 —_— 0- @ @— " "
S-Q\ 40 gé" 40+
o [
g 30+ T 2 30b T
2 o 2 o .8
= 2 ol
— 10 10 m®
(8]
o- ok

Figure 5.2 — Effects of KW-6002 are not reverted by treatment withdrawn or acute AR activation.

Panels (A, B) show the averaged time courses changes in field excitatory post-synaptic potential (fEPSP)
slope induced by a B-burst stimulation in the absence (o) or in the presence of BDNF 20ng/ml (e, A) or in
the presence of BDNF (20ng/mL) and CGS21680 (30nM) (e, B) in hippocampal slices obtained from
animals: (B) treated with KW-6002 (3mg/kg/day) for 1 month (n=5); or (A) animals treated with KW-6002
(3mg/kg/day) for 1 month and withdrawn from the drug 24 hours prior to the experiment (n=3). (C, D) LTP
magnitudes (change in fEPSP slope at 46-60min) induced by 6-burst stimulation in relation to pre-8-burst
values (0%), for the panels A and B, respectively. All values in the figure are represented as the mean +

SEM of n independent experiments.
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Figure 5.3 — Protein and mRNA levels of TrkB-FL receptor are decreased in KW-6002 treated rats.

(A) Representative western-blot comparing TrkB-FL, TrkB-T1, Pro-BDNF and mature BDNF levels in
vehicle- and KW-6002-treated rats. The pan-TrkB antibody used recognizes both the TrkB-FL (~145 kDa)
and truncated TrkB (TrkB-T1: ~95 kDa). The anti-BDNF antibody used in middle panel recognizes both
pro-BDNF (~32kDa) and mature BDNF (~14kDa). o-tubulin was used as a loading control. (B)
Quantification of TrkB-FL and TrkB-T1 band intensities obtained in western-blot for vehicle-treated (white
bars) and KW-6002-treated (black bars) animals. Values were normalised with a-tubulin levels and
represented as fold-change of vehicle (n=5). (C) Relative gPCR data showing mRNA levels of TrkB-FL
and truncated TrkB-T1 from vehicle-treated animals (white bars) and KW-6002 treated animals (black
bars). B-actin was used as an internal loading control. (D) Quantification of pro-BDNF and mature BDNF
band intensities obtained by western-blot for vehicle-treated (white bars) and KW-6002 treated (black
bars) animals. Values were normalised with a-tubulin levels and represented as fold-change of vehicle
(n=5). Data are represented as the mean + SEM of n independent experiments. *p<0.05 when compared

to vehicle (Student's t-test).
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5.5. Discussion

The results presented in this work reveal thativo chronic treatment with the AR
antagonist, KW-6002, impairs BDNF actions upon LTWreover, the data shows that this loss
of BDNF effect is probably a consequence of the mloggulation of its full-length receptor
(TrkB-FL) detected after the treatment with KwW-6002

Evidences show that the levels of BDNF and TrkBdfe both decreased in several
neurodegenerative disorders, particularly in AD93321-323, 333]. Moreover, activation or
overexpression of TrkB-FL in AD mice models impreveognitive function, suggesting that
BDNF signalling deficits are an important contributo the pathogenesis of AD [30, 316, 356].
Previous studies showed that the facilitatory effemediated by BDNF upon synaptic
transmission and plasticity are dependent or piatieot by AsR activation [108, 113, 114].
However evidence is accumulating towards the beia¢feffects of AR antagonists as a
chronic pharmacologic treatment for neurodegeneagatisorders such as AD [see 381]. Indeed,
the neuronal death and memory impairments indugednyloidf3 peptide are prevented by
A.aR antagonists and in the; /R knock-out mice [382, 383]. NeverthelessyR activation or
its downstream molecules such as cAMP were shovatstohave putative beneficial effects on
AD. Actually, the activation of AR is known to facilitate acetylcholine release [3885]
promoting cholinergic transmission which is decesasn AD. Moreover, adenosine, acting at
A2xR, is an effective endogenous anti-inflammatorynagieat can modulate inflammation both
in the periphery and in the brain [386]. Neuronatunation mediated by BDNF [see 387], is
regulated by cAMP [388]; therefore, one could dptte that this action of BDNF could also be
influenced by activation of AR. In addition, AsRs activation can rescue neurite outgrowth
impairment caused by interference with the NGF aigrg cascade in PC12 cells [389] as well
as to promote PC12 cell survival upon NGF withddal&85]. All this data together with the
fact that synaptic actions of BDNF are fully depemidon AAR activation [108, 109, 111-113]
highlighted the need for cautious blockade gfA whenever aiming to protect neurons from
excitotoxicity while aiming to exacerbate neuropigion of BDNF.

In the present study we evaluated the effect efcttronic administration of KW-6002
for 1 month, which is known to be effective in torg AR mediated actions [353], in the
BDNF action upon CA1 hippocampal LTP. In previotsdges the same dose regimen was used
and it had no impact in behavioural tasks and mapyic plasticity or neuronal branching in
healthy animals [353JHowever the consequences of this treatment for BBIgRalling were
not evaluated. Here we show that chronic blockdd&gR in living animals, avoids exogenous
BDNF facilitatory effect upon CA1 hippocampal LTRithout affecting the magnitude of LTP
in absence of BDNF. As previously reported [353 tkW-6002 treatment induces an up-
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regulation on AsR, which could suggest that KW-6002 treatment maptemtiate the
A.AR/TrkB crosstalk. However the consequences of tha&rpacological activation of AR
upon synaptic transmission are similar between robrénd KW-6002 treated animals,
suggesting that the increased levels gfRAdo not result in a gain of function at the syiapt
level [390]. In addition, KW-6002 treated animategerve hippocampal adenosine levels [390].
This implies that chronic KW-6002 treatment may affect the expression of synaptigaR,
therefore explaining why the increase inaR levels does not impact into amplification of
BDNF signalling in plasticity. Indeed it was alrgaceported that different AR antagonists
have different pharmacological profiles for specifiopulations of adenosine,/R receptors
[391, 392]. This would explain the increase igsR levels with no effect in their ability to
modulate BDNF actions as well as the differentitdat of the drug depending on the readout.

We previously reported [114] thétburst induced-LTP in hippocampal slices taken
from young animals (the same age as that usedeimtesent work), is independent on the
endogenous BDNF since it is not altered by the gmgun of TrkB-FL signaling. This might
explain why KW-6002 treatment did not affect thesddad TPper se in comparison with control
slices. However one cannot preclude that KW-60€3atinent may reduce endogenous BDNF
dependent LTP upon ageing [114].

The loss of BDNF effect upon CA1l hippocampal LTPKW-6002 treated animals,
even after 24hours of KW-6002 withdrawal, mightrbtated to the decreased levels of TrkB-
FL observed in these animals. One might specutatiethe levels of TrkB-FL receptor could be
decreased due to increased levels of endogenoud=Biith the consequent over-activation
and downregulation of TrkB-FL receptor as previgusbserved in [347] and Figure 3.3.
However, our data do not support this hypothesisesho significant difference was detected on
total BDNF or pro-BDNF levels in hippocampus frorahicle or KW-6002 treated animals.
Moreover, it is known that cAMP regulates TrkB getnanscription because of its CRE
promoter [393, 394]. Accordingly, since;ZR activation leads to cAMP formation [395], the
chronic treatment with KW-6002 could result in éase of CAMP levels and a concomitant
decrease in TrkB expression. This may explain tbemdregulation of TrkB-FL receptors
detected after AR antagonist treatment. Although the levels oftthacated TrkB-T1 receptor
are not affected by KW-6002 treatment, the rati@BFFL/TrkB-T1 is decreased given the
significant decrease of TrkB-FL receptor levelsvedi that TrkB-T1 receptors are dominant
negative modulators of TrkB-FL receptors [25, 28k decrease on TrkB-FL/TrkB-T1 ratio
might aggravate the loss TrkB-FL signalling.

It is classically established that this particuigne of synaptic plasticity, LTP, in the
hippocampus is a prototypical experimental modat thanslates into forms of learning and
memory associated with that brain area [396]. Altjitohippocampal dependent spatial memory

was not affected in KW-6002 treated animals [3%8}jch do not have any neurodegenerative
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disorder. The question remains whether in AD micadaets, in which BDNF and TrkB-FL
receptors are severely decreased, other formsppiobampal dependent memory that require
BDNF signalling [397, 398] could be affected.

The present work shows thi-vivo chronic blockade of AR, by an orally active
antagonist (KW-6002), ablated the facilitatory effef exogenous BDNF upon hippocampal
CA1 LTP and it promotes a reduction on mRNA andgirolevels of the BDNF receptor (TrkB
full-length).
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6. BDNF mediates neuroprotection against AB-induced
toxicity in a mechanism independent on AR

activation

The work presented in this chapter is in preparation for submission.

6.1. Summary

Brain-derived neurotrophic factor (BDNF) promotaesuronal survival through the
activation of its TrkB-FL receptor.

Evidences have shown that activation of adena&inereceptors (AuR) is essential for
most of BDNF-mediated synaptic actions, such uppmagtic plasticity, transmission and
neurotransmitter release. In this chapter we etdlughe influence of AR upon BDNF-
mediated neuroprotection against neuronal deathced by A25-35 (2.uM) peptide. By
measuring caspase-3 activity and protein leveld, cdhspectrin breakdown, we showed that
BDNF reduces the activation of caspase-3 and calpaduced by A peptide, in cortical
cultures. This BNDF-mediated neuroprotection wag affected by AsR activation or
inhibition. Moreover neither activation nor inhiiih of A;xR, per se significantly influenced
the AB-induced neuronal death and the calpain-mediateavage of TrkB induced bypAIn
conclusion, these results suggest that, in opposiid the fast synaptic actions mediated by
BDNF, the neuroprotection mediated by this neupitio against a strongpAinsult, does not

require A,R activation.
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6.2. Rational

Since the identification of f\peptide as the main component of amyloid plaguesemt
in the brain of AD patients, multiple studies we/eloped in order to clarify the involvement
of AP in the AD neurodegenerative process. Indeed, datav that A is neurotoxic and
promotes cell death and synaptic dysfunction.

In the brain of AD patients, BDNF and TrkB-FL lesedre decreased comparing to age
matched controls, and in opposition, the truncaledB, which is a dominant-negative
modulator of TrkB-FL, is increased. Given the impant on BDNF signalling in AD, the
administration of this neurotrophin direct into theain was considered a possible therapeutic
approach. Indeedin-vivo administration of BDNF to animals models of AD amadso
Parkinson’s disease (PD), produced beneficial &ffedth improved synaptic and cognitive
function and reduced neurodegeneration [120, 3djvever, despite the encouraging results
from pre-clinical studies, the results from the BBNased clinical trials conducted so far (four
in amyotrophic lateral sclerosis and one in diabeteuropathy) have shown inconclusive
results. However, there are no evidence that BD&dehied its target during the treatment [120].
Indeed, BDNF-based therapies have been hamperadultiple technical difficulties, such as
the low penetrance of BDNF through blood-brain learand its rapidn-vivo clearance with
consequent low half-life time in plasma or CSF [[LZBiven these issues, an effort has been
made to find small molecules that can activatectlyehe TrkB-FL, or that can boost BDNF
actions in the brain, by an indirect mechanism.@dalarly, it has been shown that activation of
A2aR is able to transactivate a pool of immature TrkBeptors in the absence of BNDF [105,
107], and to induce the translocation of TrkB ititod rafts microdomains in the membrane
[117]. Functionally, it has been shown that mostNEPmediated synaptic actions, such as in
synaptic plasticity, transmission and neurotranemitelease, are fully dependent on.R
activation. However, some BDNF-mediated actionshsas in neuronal branching and GABA
uptake, are not dependent ognR activation [99].

Thus, agonists of AR or activators of AR-signalling pathways might be
therapeutically relevant in neurodegenerative diseavhere BDNF actions are decreased. In
this chapter it was evaluated whether the neureptive effect of BDNF upon induced

neuronal death was also dependent, or potentiated;sR activation.
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6.3. BDNF reduces cellular death induced by A B

It has been shown, in general cell viability assdlygat BDNF protects neurons fronfs A
toxicity [243]. Therefore, to reproduce this, 8 Diduronal cultures were incubated witf,Ags
peptide (25uM) and BDNF (20ng/mL), and neuronakhless evaluated by analysing caspase-
3 and calpain activation. Caspase-3 is a centrdiat@ of apoptotic cell death, while calpains
have been seen as a central player in necroticdeglth [399].Indeed, calpains rather than
caspases have a prominent rolénivivo excitotoxic neuronal death [171]. However, evidenc
indicate that calpains also play a central rolethe execution of apoptosis [400, 401].
Accordingly, the calpain inhibition has shown puatiee effects in several models, including the
in-vivo Ap-induced neurodegeneration in rats [362]. Thush bptoteases, caspases and
calpains, contribute to cellular architecture dgeament and functional loss in neurons under
degenerative conditions [399].

Incubation of 8 DIV cortical neurons withpss.ss (25uM) for 24 hours induced robust
caspase-3 activation, as evaluated by enzymaticitgchssay and active caspase-3 formation
by western blot (2.5-fold increase in caspase-8/igactand 5-fold increase in active 17-kDa
caspase-3 protein levels, when compared to contrd, 001, n=5, Figure 6.1). Conversely,
ABzsssinduced a 4-fold increase in the levels of the aasg specifiall-spectrin breakdown
product SBDP120 (p<0.001, n=6, Figure 6.2C andA3).expected, A also induced a very
robust increase in SBDP150 levels indicating thévaiion of calpains (p<0.001, n=6, Figure
6.2B and D). When BDNF (20ng/mL) was simultaneoustubated with 535 (25uM), the
levels of caspase-3 activity and 17-kDa caspasa@dtion were significantly reduced by 39
7% and 41 +8%, respectively, when compared ftgs 45 (p<0.01, n=5, Figure 6.1). Moreover,
BDNF reduced the Brinduced formation of SBDP120 and SBDP150, by 68%land 58
+26%, respectively (p<0.01 when compared f§ A=6, Figure 6.2B-D). As a consequence of
the inhibition of both calpain and caspase-3, BDal$o reduced the (Ainduced cleavage of
all-spectrin by 59 + 11% (p<0.01, n=6, Figure 6.2/d&).

Taken together this data show that BDNF signifilsameduces the PA-induced

activation of caspase-3 and calpain.
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Figure 6.1 — BDNF reduces the caspase-3 activation induced by Ap.

(A) Quantification of active Caspase-3 protein levels and (B) Caspase-3 activity, in 8 DIV cortical neurons
non-treated or treated with ABgs.35 (25uM) for 24hours in the absence or presence of BDNF (20ng/mL).
Data is normalized to AB condition given the very low, almost undetectable, caspase activation in control
condition. ***p<0.001, **p<0.01, n.s (not significant) when comparing to control and ###p<0.001 when
compared to AB (n=5, ANOVA followed by Bonferroni post-test) (C) Representative western-blot used in
(A), showing the protein levels of active Caspase-3 (17-kDa). a-tubulin was used as a loading control.

Data represented are mean + SEM of n independent experiments.

96



6. BDNF-mediated neuroprotection is AzaR-independent

(A) . (B)
all-spectrin SBDP 150

1.5+ 1.5+
n.s #H
T

kkk

e
(-}
1

=

(-}
]

E-

* k¥

(fold of CTR)
=)
“
*
SBDP150 levels
(fold of AB)

all-spectrin levels

(=]
T

1 I
o o
(] %]
[ i
[h,
I] [72]

& & s NSRS
G P &0 O P &0
w v
(C) (D)
SBDP 120
1.5+
” i ABjsas (25pM) - -+ #
o~ o - BDNF (20ng/mL) - + - +
g E all-Spectrin .-_ - 250
o
z o
a £ 0.5 b SBDP-150 N - 50
o - SBDP-120 -— 120
ool LI L creoH [ .

Figure 6.2 — BDNF reduces the all-spectrin breakdown induced by AB.

(A) Quantification of all-spectrin breakdown with consequent formation of (B) SBDP150 and (C) SBDP120
breakdown products. SBDP150 and SBDP120 levels are normalized to AR condition given their almost
undetectable amount in control conditions. ***p<0.001, *p<0.05, n.s (not significant) when comparing to
control and #p<0.05 and ##p<0.01 when comparing to AB (n=6, ANOVA followed by Bonferroni post-test)
(D) Representative western-blot used in (A-C), showing the protein levels of all-spectrin, SBDP150 and
SBDP120. GAPDH was used as a loading control. Data represented are mean + SEM of n independent

experiments.
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6.4. Cellular death prevented by BDNF does not requ ire
AsxR activation

To address if the activation o, AR was required for BDNF-mediated neuroprotection,
as it is verified for most synaptic actions mediabg/ this neurotrophin, 8 DIV cortical cells
were incubated with Bys.35 (25p1M) and BDNF (20ng/ml) for 24 hours, in theg@ece or in the
absence of the AR antagonist, SCH58261 (100nM), or they\R agonist, CGS21680 (10nM).
Neither SCH58261 nor CGS21680, added 30 min prfoA® and BDNF, influenced the
BDNF-mediated reduction of caspase-3 levels (FiguBA, n=6) and activity (Figure 6.3B,
n=6) upon A toxicity. Regarding the data fromll-spectrin breakdown, similar results were
obtained. Indeed, the reduction afl-spectrin cleavage (Figure 6.4A) and correspohden
reduction on SBDP150 (Figure 6.4B) and SBDP120yjfeid.4C) formation (cleavage product
mediated by calpains and caspases, respectivetyjcéd by BDNF, in cells incubated
simultaneously with B, was not influenced by the presence of bothRAantagonist and
agonist (n=6).Per se the incubation with SCH58261 (100nM) or CGS2180nM), 30
minutes prior A incubation, did not influenced thefAnduced activation of both caspase-3
(n=4, p>0.05, Figure 6.3 and Figure 6.4C) and ¢alfre=6, Figure 6.4A, B and D).
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Figure 6.3 — A2aR does not influence BDNF-mediated reduction in AB-induced Caspase-3 activation

(A) Quantification of active Caspase-3 protein levels and (B) Caspase-3 activity, in 8 DIV cortical neurons
non-treated or treated with AB25-35 (25uM) for 24hours in the absence or presence of BDNF (20ng/mL)
and SCH58261 (100nM) or CGS21680 (10nM). Data is normalized to AB condition given the very low,

almost undetectable, caspase activation in control condition. ***p<0.001, *p<0.05, when comparing to

control and n.s (not significant) when compared between the conditions indicated by the horizontal line

(n=6, ANOVA followed by Bonferroni post-test) (C) Representative western-blot used in (A), showing the

protein levels of the unprocessed Pro-Caspase-3 (32 kDa) and the active Caspase-3 (17-kDa). Note that

the order of the conditions is different from (A). a-tubulin was used as a loading control. Data represented

are mean £ SEM of n independent experiments.
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Figure 6.4 — A2aR does not influence BDNF-mediated reduction in A-induced spectrin breakdown.

(A) Quantification of all-spectrin breakdown with consequent formation of (B) SBDP150 and (C) SBDP120
breakdown products in 8 DIV cortical neurons non-treated or treated with A25-35 (25uM) for 24hours in
the absence or presence of BDNF (20ng/mL) and SCH58261 (100nM) or CGS21680 (10nM). SBDP150
and SBDP120 levels are normalized to AB condition given their almost undetectable amount in control
conditions. ***p<0.001, **p<0.01, *p<0.05, when comparing to control, n.s (not significant) when compared
between the conditions indicated by the horizontal line and #p<0.05 when comparing to AB (n=6, ANOVA
followed by Bonferroni post-test) (D) Representative western-blot used in (A-C), showing the protein levels
of all-spectrin, SBDP150 and SBDP120. GAPDH was used as a loading control. Data represented are

mean + SEM of n independent experiments.
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6.5. AB-induced TrkB truncation is not influenced by
AsxR activation

As previously shown (Chapter 4.6)p Anduces a calpain-mediated truncation on TrkB-
FL receptor, with concomitant formation of an imgHular fragment (TrkB-ICD) and an
increase on truncated receptor (TrkB-Tc) level6][3As we showed previously,,AR do not
influence calpain activation induced by AHowever, given that AR activation is able to
induce the translocation of TrkB receptors intadipafts microdomains [117], we considered
noteworthy to test the hypothesis thakR might protect TrkB receptors from calpain-mediate
cleavage, by allocating them in a different locatio the membrane.

To test this hypothesis, the levels of TrkB-FLkB+Tc and TrkB-ICD were analysed in
8 DIV cortical cultures treated with[Bs.35 (2514M), in the presence or absence of SCH58261
(200nM) or CGS21680 (10nM).

The results show that, upongAncubation the A\R agonist, did not protected the
TrkB-FL receptor from the Brinduced cleavage (p<0.05, n=6, Figure 6.5A-D). @osely, the
A.aR antagonist did not change the magnitude of TleAvage induced by A(p<0.05, n=6,
Figure 6.5A-D). Moreover, the incubation with thg,R agonist, or antagonist, for 24 hours did
not significantly change TrkB expression (p>0.086nFigure 6.5A and D).

In addition, we also evaluated if BDNF can pravire A3-induced TrkB truncation.
The results show that 24 hours of BDNF (20ng/miculmation on neuronal cultures prevent the
Ap-induced formation on TrkB-ICD and TrkB-Tc (p<0.056+6, Figure 6.5B,C and D), an
effect unaffected by the presence of theR\agonist or antagonist (p>0.05, n=6, Figure 6.5B,C
and D). However, the BDNF incubation also strongdgluced the levels of TrkB-FL, even in
the absence of ;\(p<0.001, n=6, Figure 6.5A and D).
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Figure 6.5 — Effect of A2aR and BDNF upon A-induced TrkB truncation

(A) Quantification of TrkB-FL cleavage with consequent formation of (B) truncated TrkB and (C) TrkB-ICD
fragment, in 8 DIV cortical neurons non-treated and treated with AB25-35 (25uM) for 24hours in the
absence or presence of BDNF (20ng/mL) and SCH58261 (100nM) or CGS21680 (10nM). TrkB-ICD levels
are normalized to AB condition given their almost undetectable amount in control conditions. ***p<0.001,
**p<0.01, *p<0.05, when comparing to control, n.s (not significant) when compared between the conditions
indicated by the horizontal line and #p<0.05 when comparing to Ap (n=6, ANOVA followed by Bonferroni
post-test) (D) Representative western-blot used in (A-C), showing the protein levels of TrkB-FL, TrkB-Tc
and TrkB-ICD. GAPDH was used as a loading control. Data represented are mean + SEM of n

independent experiments.
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6.6. Discussion

The results described in this chapter show thatBh&lF exerts protective effects by
reducing the caspase-3 and calpain activation Uta s toxicity, an effect independent on
AsxR activation.

The BNDF effects are widely described in sevemalitro and in-vivo models of
neurodegenerative disorders, as Parkinson’s ande#ier’s disease [120, 402]. In particular,
BDNF is able to increase cell viability of neuransubated with toxic concentrations oA
peptide [243]. By evaluating the levels of caspasand calpain activation, both proteases
involved in cellular death, it was confirmed the BB neuroprotective effects upor Aoxicity.
Accordingly, the cortical neurons incubated witlfs fogether with BDNF present a robust
reduction in conversion of pro-caspase-3 into acttaspase-3 and in the caspase-3 activity.
Moreover, BDNF reduced the breakdownutifspectrin, a neuronal cytoskeletal protein highly
susceptible to neurodegeneration, and consequeatiyced the formation of the calpain- and
caspase-3-specific spectrin breakdown products EEBD and SBDP120, respectively).

Caspases and calpains may act synergisticallydiace neuronal death. It is now known
that: 1) both calpains and caspases share mudtipfenon substrates; 2) calpains can cleave a
variety of caspases leading to their activationinbibition; 3) caspases can cleave calpastatin
leading to the activation of calpains [256, 3993,4004]. In accordance to the results described
in this chapter, others have shown th@ttAggers the activation of both calpains and caspa
in septal cultured neurons [256]. Therefore, caspas calpains inhibitors can markedly protect
cultured neurons againstpAnduced toxicity. However the effects of calpaindacaspases
inhibitors are not additive, suggesting that othathways might be involved [256]. Here we
show that BDNF can reduce theéd-fnduced activation of both caspase-3 and caldaihas
been shown that BDNF can also block caspase-3atictivin neurons submitted to different
types of insults, such as radiation or hypoxia-ésola [405, 406]. The signalling pathways
implicated in the BDNF-mediated inhibition of bathspase-3 and calpain were not evaluated
in this work. Nevertheless, it is known that BDN&ncactivate PI3K/Akt signalling pathway,
which in turn can halt apoptosis through phosplatigh and inhibition of pro-apoptotic
proteins such as Bad and caspase-9 [407]. Impbrtather member of neurotrophin family,
the neurotrophin-3 (NT-3), also protects corticalirons from A-induced toxicity by inhibiting
caspase-3, -8 and -9, in an Akt-dependent and ERRKAindependent way. In particular, NT-

3 incubation activates Akt, which in turn inducés expression of NAIP-1, a member of the
inhibitors of apoptosis proteins (IAPs), which cdinectly inhibit caspase activation [408].
Although the BDNF-mediated inhibition of caspasés3 most likely Akt-dependent, the

mechanism that contributes to calpain inhibitiomét known and awaits further elucidation.
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Strikingly, BDNF and EGF can activate m-calpairaiMAPK dependant way [178]. However,
although calpains could play multiple biologicale® upon physiological activation, when
overactivated, these enzymes, promote neuronahdsad contribute to neurodegeneration.
Thus, upon physiological conditions the BDNF-meelihiactivation of m-calpain might be
relevant for some BDNF actions, while upon pathmaly conditions, the BDNF might
normalize calpain activity by reducing its excessiactivation, and preventing the
neurodegenerative process.

The actions of BDNF upon synaptic transmission pladticity are well characterized
as being dependent ornp#R receptor activation [108-116]. However, the respresented in
this work indicate that AR activation is not required for BDNF neuroproteetactions upon
Ap insult to 8 DIV primary cortical cultures. Similarto the results obtained here sR
activation is not required for the effect of BDNPBam neuronal branching [99, 118]. Thus,
taken together this data might indicate that tlopttic and survival actions of BDNF do not
depend on AR activation. However, it is not clear why the BDEEtions could be dependent
or independent on AR activation, in distinct situations. Neverthelesgmst A, R-dependent
actions of BDNF are synaptic and fast-mediatedoasti while the trophic and neuroprotective
actions of BDNF are slow and long-lasting evenist tlequire protein synthesis. Thus, one
possibility that might explain the discrepancy ishR dependence is the fundamental difference
between the slow and fast-mediated actions of BDMf¢h in turn involve different signalling
pathways.

One might speculate whether the lack gk expression, in the cultures, could explain
the absence of AR effects. However, this is not the case sinceoalth A.R are not
abundantly expressed in the hippocampus or neoc{®&], the AR is detected in 6 DIV
cortical cultures by immunocytochemistry [409], asdo by western-blot and RT-PCR in 9
DIV cortical cultures [410]. Controversial data Bashown protective effects against insults
either by blocking or activating AR. Accordingly, it has been shown thai,R activation, by
CGS21680, reduces kainite-induced excitotoxicityd9o, in 6DIV cortical cultures [409]. In
opposition, the blockade of AR by SCH58261 improves cell viability against tHatgmate
(20-100@M, 24h) insult, whereas AR activation does not protect neurons, in 9 DIVtical
cultures [410]. In addition, both caffeine (a nalestive adenosine receptor antagonist) and
A2aR antagonists prevent the toxicity induced by 4B Bys.35(25uM) incubation on cultured
cerebellar granule neurons [411]. MoreovepsFA blockade, or genetic deletion of,4R,
prevents synaptotoxicity and memory dysfunction seau by intracerebroventricular
administration of 2nmol of By.4> in mice [383, 412]. Finally, blockade ot/R, by SCH58261,
prevented the reduction in cell viability inducegthe incubation of oligomeric-enriche A,
(500nM), in hippocampal cultures [383]. In this Wpusing cortical neurons, no significant

protective effect of the AR agonist, or antagonist, against the toxicity el by the

104



6. BDNF-mediated neuroprotection is AzaR-independent

incubation of fibrillary-enriched Bys.35(251M) [30] was seen. Considering thaikR inhibition
exerts protective actions, probably it was notisigit to prevent the strong toxic insult used in
this work. Indeed, previous results obtained shothatithe same preparation oA s (25uM,
24hours) decreased cell viability by around 45%.,ileviglutamate (1000puM, 24h) only
decreased viability by around 30% [409]. Moreovére same study showed that the
neuroprotection afforded by,AR blockade against glutamate insult (100 uM, 2&huires the
activation of the corticotrophin-releasing fact@RF) receptor subtype 2. Interestingly, the
agonist of the CRF receptors was able to protaticed neurons when glutamate was present at
lower concentrations (50 and 100uM, 24hour), bitedato protect neurons at a higher
concentration of glutamate (500 and 1000uM) [40%us, this results support the hypothesis
that AxR inhibition might be not able to revert the tokcof a strong insult such aspss a5
(25uM). Nevertheless, it is noteworthy to highligiiat BDNF was able to reduce, very
significantly, both caspase-3 activation awttspectrin breakdown, upon thepss ss (25uM)
insult.

Despite that TrkB gene transcription can be regdlédy C&" or cAMP [393, 394], the
results obtained here show that the activation.gRAwhich is known to increase cAMP levels,
does not significantly change TrkB-FL expressiolihdugh incubation of cortical neurons with
forskolin, which stimulates cAMP production, inceed mRNA transcripts of both full-length
and truncated TrkB within 1 hour, the increase ootgin only appear to be evident after 16
hours [393]. Thus, it is possible that4#R activation had not been sufficient to signifidant
increase TrkB protein levels after 24hours. In fiddj the results also show that acute blockade
of AzaR for 24hours does not changed TrkB expression.aé¥ew thein-vivo chronic blockade
of AzaR for one month decreased both protein and mRNAl$eof TrkB-FL [116].

Finally, we evaluated whether BDNF was able toren¢ the A-induced truncation of
TrkB, which is known to be mediated by calpainswas previously described in [346]. We
found that BDNF significantly reduces the levelsTokB-FL cleavage fragments (TrkB-Tc and
TrkB-ICD). However, in accordance to what had badgtially described [347], the present
results confirm that BNDF strongly downregulate&B-FL protein levels after 24 hours of
incubation. This BDNF-mediated downregulation okB+FL is a fast event, in which total
TrkB-FL receptor levels decrease by 80% in jusio8rh after the ligand binding, a value that
remain almost constant up to 24 hours, at least][3diven that the calpain-mediated cleavage
of TrkB-FL has a much slower time course (FiguréBjFigure 4.5 — B peptide induces a
TrkB-FL receptor cleavage. [346], it is likely thahen calpains became active and begin to
cleave TrkB-FL, the levels of the receptor are atrfally reduced due to the BDNF-mediated
downregulation. Thus, the observation that BDNF/en¢ the formation of TrkB-FL cleavage
fragments might be explained by both calpain itbhi and by BDNF-mediated
downregulation of TrkB-FL.
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Together, these results show that BDNF exertdastoneuroprotective effect uporpA
induced toxicity, by reducing calpain and caspasge8vation. In opposition to most fast

synaptic actions of BDNF, the neuroprotective dffeicthis neurotrophin does not depend on

AsAR activation.
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7. General discussion and conclusions

Multiple studies have shown the vital importan€®DNF in the brain. Indeed, BDNF
is not only essential for the regulation of synaggiasticity and memory formation, but also
confers strong protection to neurons against a widaety of toxins and insults [120].
Interestingly, a growing number of studies havewsihahat BDNF signalling is impaired in
several chronic neurodegenerative disorders, inmojudAD [319-326, 333-337]. Thus, the
dysregulation of BDNF signalling might be a consmae of the disease which in turn could
aggravate the progression of the degenerative gspoe might be one of the leading causes of
the pathology. Indeed, BDNF administration or uptagon of TrkB and BDNF signalling on
AD animal models have shown strong beneficial é#fedncluding the reduction of
neurodegeneration and increased cognitive perfaaefiR0, 243, 315-317, 344, 413]. Despite
the importance of BDNF on AD, the mechanisms tloatiibute to the loss of BNDF signalling
upon AD remained largely unknown.

In this work, it was found that(Ainduces a dysregulation on TrkB receptors levets a
abolishes BDNF actions upon synaptic plasticity awedirotransmitter release, in a calpain-
dependent mechanism. In particulaf iAduces calpain activation on cortical culturesulting
in the cleavage of TrkB-FL receptor in the juxtanfeame region, producing a new truncated
receptor (TrkB-T’) which contains the Shc bindintesand an intracellular domain fragment
(TrkB-1CD) which contains the entire TrkB kinaseng@in. Interestingly, the presence of TrkB-
ICD was detected in human brain sample, indicatiivag endogenous human calpains are able
to cleave human TrkB receptor. Moreoverf} Aelectively increases the mRNA levels of
truncated TrkB isoforms, an effect independentapains.

In addition, the exposure of hippocampal slicesAforesults in the abolishment of
BDNF action upon LTP and upon glutamate and GABkase, an effect reverted by the
inhibition of calpains.

Several studies have demonstrated the benefdalpéin inhibitors in animal models of
neurodegenerative disorders. In particular, calpgahibitors reduce neurodegeneration and
improved cognitive performance in AD animal modé&®9, 201, 202]. The present work shows
that calpain inhibition prevents TrkB receptorsms induced by f\and also restores BDNF
actions reinforcing the rational for the use opeah inhibitors in the therapeutics AD.

Interestingly, most of BDNF synaptic actions ampehdent or facilitated by AR
activation [108-116]. However, inhibitors of,/R, in particular the orally-active KW-6002
inhibitor, have been proposed as a therapeutichlamainst Parkinson’s disease and AD [376-
378]. Here, we evaluated the effect of the chromgivo administration of KW-6002 on the

BDNF actions upon synaptic plasticity. It was shotkiat KW-6002 administration for one

107



7. General discussion and conclusion

month to young rats, reduces the mRNA and protaials of TrkB-FL in the hippocampus, and
also abolishes the facilitatory effect of exogen®BNF upon LTP in hippocampal slices.
Thus, we conclude that,AR inhibition might impair BDNF signalling, at leaistyoung rats.

A4R inhibition has been associated to the reductionemronal excitability and to
neuroprotection against toxic insults such #s[3v6-378, 383, 411, 412]. Here, by evaluating
the extension of caspase-3 and calpain activattowas possible to show that acutg.R
inhibition does not protect cortical neurons agaistrong A insult. Moreover, the activation
of A,aR also does not influence neuronal death inducedfhyHowever, BDNF reduces the
activation of caspase-3 and calpain induced pynault, an effect that it is also observed in the
presence of the AR agonist or antagonist. Thus, it is possible tactude that, in opposition to
synaptic plasticity, the protective action of BDNpon caspase-3 and calpain activation, fin A
toxicity, does not depend on4R activation.

Together, the present work shows thdt dysregulates TrkB receptors and BDNF
actions on synaptic plasticity and neurotransmittdgase, by a calpain-dependent mechanism.
This data reinforces the rational of using calpahibitors for the therapeutics of AD.
Moreover, the acute blockade, or activation, giFA does not influence the protective effect
mediated by BDNF againstpApeptide. Interestingly the chronio vivo blockade of AxR,
which has been considered as a useful therapeutitategy against neurodegenerative
disorders, abolishes BDNF actions upon hippocamapaaptic plasticity and decreases TrkB-
FL receptors levels. This data highlight the cautivat must be taken whenever studyingR\
antagonist as pharmacological tools to treat neagederative disorders where BDNF

signalling is impaired.
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8. Future perspectives

8. Future perspectives

One interesting question raised in chapter 4, Whaald be interesting to address is
whether the TrkB intracellular cleavage fragmentkBFICD) has any biological function.
Calpains usually cleave proteins in interdomairiaes} releasing big stable fragments that can
have a distinct or enhanced biological activity {lLZor instance, calpain cleave p35 protein
into p25, enhancing its activity and promoting d&rmant activation of CDK5, which in turn
contributes to neurodegeneration [196, 282, 28%].36 another study closely-related to this
work, it was described that calpain cleaves Sradgnupon excitotoxicity, bofih-vivo andin-
vitro, releasing a cytosolic 52kDa fragment which cordathe Src kinase domain. The
expression of this fragment in neuronal culturess wafficient to induce neuronal death,
possibly by inactivating Akt kinase [414]. Our preinary results suggest that TrkB-ICD
fragment released after the cleavage, has a ditfezenformation than the native TrkB-FL
protein (see subchapter 10.1). Moreover, TrkB-IQipears to be enriched in the non-cytosolic
fraction (probably located within the nucleus om#er organelle, or even associated with
membranes). Thus, in future, it would be intergstion confirm the subcellular localization of
TrkB-ICD and its putative biological function. Teelp addressing this issue we already have
cloned the TrkB-ICD fragment and generated an esgimg vector containing the fragment, the
pcDNA-TrkB-ICD-V5 (see subchapter 10.2). As futumork, we would like to transfect
neurons or neuronal lines and evaluate: 1) the edibar localization of the fragment by
microscopy; 2) cell viability alterations (since myaof calpain-generated fragments have a pro-
apoptotic role); 3) phosphorylation status of tignalling pathways associated with TrkB-FL
(Akt, ERK, PLCy), since TrkB-ICD might be phosphorylating thesetpins, or TrkB-ICD
might be not functional and attenuating the phosghtion of these signalling molecules by
competing with native kinase receptors. Additionadls a major goal, we would like to evaluate
if the in-vivo administration of calpain inhibitors increases HBbDNsignalling in a
neurodegenerative AD mice model.

Finally, regarding chapter 6, it would be impottam future to identify the molecular

pathways by which BDNF inhibits thefAnduced calpain overactivation.
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10. Appendix

10.1.  TrkB-ICD: putative conformation and localizat  ion.

Preliminary data obtained in this thesis, indidhigt the TrkB-ICD fragment, which is
produced upon calpain-mediated cleavage of TrkBd€eptor, adopts a different conformation
after the cleavage. Indeed, it was observed thatctterminal TrkB antibody is only able to
immunoprecipitate TrkB-FL, but not TrkB-ICD (Figufé®.1A). Given that both TrkB-FL and
TrkB-ICD share the same c-terminal domain (seetidid.1B) and are both recognized by the
c-terminal TrkB antibody in western-blot (denatgriconditions), our hypothesis would be that
after the cleavage of TrkB-FL, the TrkB-ICD fragnemould adopt a different structure in
solution, masking the c-terminal epitope and prémgnthe immunoprecipitation with the c-

terminal TrkB antibody in native conditions.

(A) (B)
AB 7y IvP Wa'shﬂow TrKB-EL
kDa
TrkB-FL > | .. - -150
IgGH(“ > - -50 113
' Calpain --....
TrkB-ICD
-37
TrkB-ICD ~_
19G.c * - -25 C-terminal — -0

IP: Trk-FL (C-terminal)
Blot: Trk-FL (C-terminal)

Figure 10.1 — TrkB-ICD conformation

(A) Left: Western-blotting, probed with TrkB c-terminal antibody, showing the presence of TrkB-FL and the
TrkB-ICD fragment on Ap-treated neuronal cultures. Right: Immunoprecipitation (IP) of AB-treated
neuronal cultures lysate with the TrkB c-terminal antibody. This antibody fully immunoprecipitates TrkB-FL
from the AB-treated neurons, but it failed to immunoprecipitate the 32kDa TrkB-ICD. Thus, the supernatant
(washflow) does not contain TrkB-FL, since it was fully immunoprecipitated, and it contains almost all
original amount of TrkB-ICD. (B) Schematic representation of TrkB-FL, showing calpain cleavage site, c-

terminal, Y515 and Y816 (indicated with P), and TrkB-ICD with a different conformation.
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To identify the subcellular localization of TrkB-IZ it was performed a cytosolic and nuclear
protein extraction, as described in [415], frorfi-#heated cortical neurons. By analysing the
levels of GAPDH (a cytosolic protein), we obsertkedt TrkB-ICD is not enriched in cytosolic
(GAPDH) fraction. However, we cannot conclude theiB-ICD is enriched in nuclear (Lamin)
fraction, since this fraction was contaminated vather fractions and it was also detected the
presence of TrkB-FL (transmembrane protein locateglasma membrane and intracellular
membranes). Thus, our preliminary data suggestsTth&-ICD is not enriched in the cytosolic
fraction.

The indication that TrkB-ICD has a different comf@mtion and that TrkB-ICD seems to
be enriched in nucleus or inside other organefleggest that this fragment may have a distinct

function.

TrkB-FL S50

TrkB-ICD

Lamin

0

5
GAPDH [ |37

Figure 10.2 — TrkB-ICD subcellular localization
Western-blot of cytosolic and non-cytosolic fractions from Ap-treated cultured neurons, showing the levels
of TrkB-ICD and TrkB-FL (transmembrane protein), Lamin A/C (nuclear protein) and GAPDH (cytosolic

protein).
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10.2.  TrkB-ICD: cloning and transfection

In order to study the putative biological roleTokB-ICD fragment, and also to evaluate
its subcellular localization by microscopy, we abtg cloned the fragment sequence into a
mammalian expression vector (by using a PCR clokihg- pcDNA Gateway Directional
TOPO expression biywitrogen).

Given that we identified the TrkB cleavage site Mysequencing, we were able to
design a pair of PCR primers with the proper segegno amplify the TrkB-ICD sequence. In
addition, to be able to amplify the TrkB-ICD seqoenthe primers must also have the required
sequence to facilitate directional cloning and tequired Kozak sequence to promote the
initiation of translation. Moreover, the reversémper should not contain the termination codon
in order to fuse the TrkB-ICD product in frame witle c-terminal V5 tag. Thus, the forward
primer was: 5-CACCATAGCCAGCTCAAGC-3' (the first 4 nucleotides CACCA Wil
promote directional cloning, and the ATi&the initiation codon); and the reverse primasw
5'-GCCTAGGATGTCCAGGTAGAC-3'.

By performing a RT-PCR with the selected prim&rs,were able to amplify a ~910bp
product, which as the expected size of TrkB-ICDdoat (Figure 10.3A). The TrkB-ICD band
obtained with 64°C of annealing temperature wasaadt gel-purified using a DNA extraction
kit. One fifth of total purified TrkB-ICD DNA waspplied in the agarose gel, and its purity was
confirmed by the appearance of a single band (Eig0r3B).
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Figure 10.3 — Amplification of TrkB-ICD by RT-PCR
(A) Agarose electrophoresis showing the amplification of TrkB-ICD fragment by RT-PCR in different
annealing temperatures, from the total mRNA extracted from a rat hippocampus. The expected size of

TrkB-ICD product is 910bp. (B) Agarose electrophoresis showing the gel-purified TrkB-ICD product.

After the purification process, 3 ng of purifiedkB-ICD amplification product were
cloned into 3 ng of linearized pcDNA 3.2 TOPO vedtavitrogern). After the cloning reaction,
the chemically competent E.coli cells (TOP1Ayitroger) were transformed and plated in
selective media overnight at 37°C. Then, six ca@sniere picked and analysed by colony PCR
and three of them contained the plasmid of intengtdt the TrkB-ICD inserted in the correct
direction (Figure 10.4). The results were furthenfaomed by restriction analyses (not shown).
One of the plasmids was selected and its sequerase ultimately confirmed by DNA
sequencing.

Finally, after the successful cloning of TrkB-1G@@o pcDNA 3.2, a neuroblastoma cell
line (SH-SY5Y) was lipo-transfected with the exmies vector (Figure 10.5). The results
obtained indicate the presence of a ~35kDa prateittaining the V5-tag, which matches with
the expected weight of TrkB-ICD plus the linker avis-Tag (4 kDa). This TrkB-ICD-V5 was
not detected by the c-terminal antibody of TrkB t(ishown), possibly due to the epitope
alteration on c-terminus. The results obtained afslicate a slight increase in the levels of
SBDP120 (caspase-3 specific SBDP) in the preseinitee drkB-ICD-V5 (Figure 10.5).
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Clone: 1 2 13‘1 2 13‘1 2 13’1 2 13
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Figure 10.4 — Analysis of selected E.coli colonies by RT-PCR.

Agarose electrophoresis showing the RT-PCR amplification of distinct products based on the mentioned
primers combination. T7 sequences are located on the plasmid and flank the TrkB-ICD insertion product.
All products sizes observed matched with the expected sizes for a plasmid with the TrkB-ICD inserted in

the correct direction.

Lipofect (L) 0.5 15 25 05 1.5 25 05 15 25 0
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Figure 10.5 — Transfection of SH-SY5Y cell line with pcDNA-TrkB-ICD-VS5.

Western-blot probed with anti-all-spectrin antibody (upper panel) and anti-V5-tag antibody (lower panel)
for SH-SY5Y cells 72hours after transfection with different amounts of lipofectamine2000 and plasmid in
24-well plates (0.25x108 cells/ well).
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