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Resumo

A quiotorfina (KTP, L-tirosina-L-arginina) € um dipéptido endégeno descrito, pela primeira
vez em 1979, como sendo uma potente molécula analgésica. O seu efeito analgésico é
semelhante ao dos opioides, ocorrendo através da libertacdo indireta de Met-encefalinas
(Met-enk), sendo reversivel pela acdo da naloxona. Atualmente é aceite que a KTP atua
através da activacdo de um receptor acoplado a uma proteina Gi (KTPr), capaz de induzir o
influxo de Ca?* através de um processo mediado pela fosfolipase C. Além disso, a acdo do
KTPr pode ser antagonizada pelo dipéptido L-Leucina-L-Arginina (KTPan).

Nas ultimas décadas, varios estudos tém revelado o papel da KTP na modulacdo de
diversos mecanismos do sistema nervoso central (SNC) e periférico. A KTP tem sido
descrita como tendo accdo antiepiléptica, termorreguladora, anti-hibernacgéo,
comportamental e moduladora de stress, sendo estes efeitos ndo mediados pela agcédo de
opidides. No entanto, a grande maioria dos estudos sobre a KTP tém explorado a sua
potencial aplicagdo no tratamento da dor. Mais recentemente, a relacdo entre a dor e a
Doenca de Alzheimer (DA), duas condi¢Bes de extrema relevancia epidemiologica, sugeriu
0 uso de farmacos relacionados com a KTP como uma nova estratégia terapéutica para a
DA.

As evidéncias mostram que a dor cronica agrava a DA, e que a limitacdo em expressar
verbalmente e percecionar a dor dos doentes com DA pode levar a um agravamento da
doenca. A DA tem vindo a provar-se ser uma doenga neurodegenerativa complexa, onde a
presenca de placas amildides cerebrais, principalmente constituidas pelo péptido beta
amiléide (AB), e os emaranhados neurofibrilares, formados pela proteina tau hiperfosforilada
(p-Tau), sd@o as duas principais caracteristicas histopatolégicas desta doenca.
Adicionalmente, sabe-se que a excitotoxicidade, bem como a desregulacédo da sinalizacdo
do factor neurotréfico derivado do cérebro (BDNF), estdo envolvidas em doencas
neurodegenerativas como a DA. A semelhanca do que foi observado em doentes com dor
persistente, os doentes com DA apresentam uma diminuicdo dos niveis de KTP no liquido
cefalorraquiano (LCR), sendo esta alteracdo inversamente proporcional ao aumento dos

niveis de p-Tau no LCR desses mesmos doentes.

Recentemente, a KTP foi sugerida como sendo um agente neuroprotetor endégeno. Em
particular, quando injectada intracerebroventricularmente (i.c.v.), a KTP melhora os défices
de memdria num modelo da DA esporadica em rato. No entanto, a KTP tem uma
capacidade muito limitada para atravessar a barreira hematoencefalica (BHE). O potencial
terapéutico da KTP como farmaco com possiveis aplicagbes no SNC contribuiu para o

desenvolvimento de derivados sintéticos da KTP que atravessam a BHE. Assim, o derivado
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amidado da KTP, a quiotorfina-amidada (KTP-NH,), foi desenhado e produzido com o intuito
de superar a BHE.

Neste trabalho, o objetivo principal foi explorar o uso terapéutico da KTP-NH, como um
novo farmaco para o tratamento da DA. A caracteriza¢do e comparagéo do impacto da KTP
e da KTP-NH: na funcéo sinaptica foi primeiramente avaliada em condicdes miméticas as
fisiologicas. Dado o interesse particular no tratamento da DA, o potencial neuroprotetor de
ambos os péptidos foi avaliado sobre a fisiopatologia de DA induzida pelo péptido AR
(Capitulo 3). Por fim, este trabalho correlacionou os mecanismos sinapticos protegidos pela
acdo da KTP-NH: contra a toxicidade induzida pelo péptido AB, e a melhoria dos défices de
memoria observados apdés a administracdo sistémica de KTP-NH. num modelo da forma

esporadica de DA em rato (Capitulo 4).

Registos eletrofisioldgicos obtidos na area CAL de fatias de hipocampo, preparadas a partir
de murganhos adultos machos C57BL/6J, e pré-expostas ou superfundidas com KTP e
KTP-NH., permitiram caracterizar o efeito de ambos os péptidos na funcdo sinaptica em
condicbes ndo patoldgicas. Os resultados revelaram que perfusdo dos péptidos, em
concentracdes que variaram entre os 5 nM os 50 uM, afectou a transmisséo sinaptica basal
num processo dependente da concentracdo dos mesmos. Enquanto a KTP aumentou
ligeiramente a transmisséo sinaptica, com um efeito maximo medido a 50 nM, a KTP-NH
causou a sua diminuicdo gradual. Para concentragfes de 5 mM, largamente em excesso ao
gue se sera provavel ocorrer endogenamente, a acdo dos péptidos rapidamente inibiu a
transmissao sinaptica, sendo esses efeitos reversiveis. De facto, este efeito inibitorio foi
total ou parcialmente eliminado com a respectiva remocdo da KTP ou da KTP-NHz. Assim,
em condi¢cdes nao patoldgicas, estes resultados apontam para a existéncia de diferencas
entre 0s mecanismos sinapticos de ambos os péptidos. No entanto, nem a KTP (50 nM),
nem a KTP-NH. (50 nM) afetaram significativamente 1) a eficiéncia da transmissao
sindptica, avaliada por curvas de input/output; 2) a plasticidade de curto prazo, avaliada
através da potenciacdo poOs-tetanica e facilitacdo mediada por pares de sinais; ou 3) a
libertacdo de glutamato. Juntos, esses dados apontam para que o efeito de ambos os
péptidos na transmissdo sinaptica ndo seja mediado por mecanismos pré- ou pos-
sindpticos.

7

A plasticidade singptica € um mecanismo chave nos processos de memoria e
aprendizagem. A potenciacdo de longo prazo (em inglés long-term potentiation, ou LTP) foi
avaliada em fatias de hipocampo, pré-expostas por 3h ou agudamente superfundidas com
KTP (50 nM) ou KTP-NH; (50 nM). Para testar condic¢des fisiopatoldégicas miméticas de DA,
as fatias de hipocampo foram pré-tratadas com espécies oligoméricas do péptido AB (200

nM), uma das espécies soluveis do péptido AB mais toxicas. Adicionalmente, as espinhas
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dendriticas foram avaliadas em cultura de neurdnios corticais ap0s o tratamento com KTP
(50 nM) ou KTP-NH (50 nM), e na presenga ou auséncia do péptido AB (25 uM) por 24h.
Os resultados demonstraram que a KTP-NHz, mas ndo a KTP, teve um efeito neuroprotetor
contra os défices induzidos pelo péptido AR na magnitude da LTP. No entanto, essas
diferencas contrastaram com o efeito neuroprotector molecular semelhante. A accdo de
ambos os péptidos restaurou a densidade de espinhas dendriticas afectada pela acdo do
péptido AB, sem induzir efeitos téxicos nos neurdnios. Para se avaliar se o efeito
neuroprotetor da KTP-NHz (50 nM) sobre a LTP poderia ser antagonizado pelo KTPan, as
fatias foram pré-tratadas durante 30 min com KTPa: (250 nM). Os resultados mostraram
gue o KTPa: antagonizou o efeito neuroprotetor da KTP-NH. sobre os défices induzidos
pelo péptido AR na LTP. No entanto, néo ficou claro se, sozinho, o0 KTPan teve uma acao
neuroprotetora preventiva contra o péptido A, ou sobre qual foi 0 mecanismo afectado que

induziu toxicidade pela adicao prévia do KTPan antes da adicdo da KTP-NH..

O aumento dos niveis intracelulares de Ca?" é uma constante nos processos mediados por
KTP. Assim, a técnica de imagiologia de calcio foi utilizada para se exclarecer se 0 aumento
dos niveis de Ca?" poderia ser causado diretamente pela atividade da KTP e/ou se tais
aumentos seriam necessarios para o surgimento das acdes mediadas pela KTP. Os
resultados revelaram que nem a presenca da KTP (50nM) ou da KTP-NH; (50nM) afetaram
os niveis intracelulares de Ca?" em neurénios, ndo havendo alteracdes significativas na

homeostase neuronal de Ca?*.

A sobreativagéo das calpainas ocorre devido ao aumento dos niveis intracelulares de Ca?*,
geralmente como consequéncia da excitotoxicidade induzida pelo péptido AB. Assim, a
acdo de ambos os péptidos (50 nM) foi avaliada sobre a atividade in vitro das calpainas em
homogenatos de tecido cortical de murganhos. No entanto, os resultados revelaram que
nem a KTP nem a KTP-NH; afetaram a ativacdo das calpainas e, consequentemente, nao
evitaram a clivagem do receptor de BDNF, em inglés tropomyosin receptor kinase B-full
length (TrkB-FL), um receptor com conhecida ac¢do neuroprotectora e € um substrato de

calpainas em condigbes de toxicidade induzida pelo péptido Ap.

Finalmente, num modelo da forma esporadica de DA em rato, a administracao sistémica de
KTP-NH. protegeu contra os défices na memaria de trabalho espacial e memaria episoédica,
sem afetar a actividade motora ou induzir um comportamento ansiogénico nestes animais.
O efeito neuroprotetor induzido pela KTP-NH, foi correlacionado com a prevencdo dos
défices moleculares induzidos pelo péptido AB tanto na magnitude da LTP em fatias
hipocampais pré-tratadas como na perda de espinhas dendriticas em cultura de neurénios

corticais.
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Concluindo, este trabalho reuniu novas evidéncias sobre os efeitos neuromoduladores da
KTP e da KTP-NH; sobre a fungéo sindptica, destacando as a¢des neuroprotetoras da KTP-
NH.. Em condicbes miméticas as fisiologicas, a auséncia de efeitos sobre a fungéo
sindptica reforca o potencial terapéutico de ambos os péptidos, sugerindo a inexisténcia de
efeitos secundarios sobre a transmisséo sinaptica. Tanto a nivel molecular como funcional,
os resultados atestam o efeito neuroprotetor da KTP-NH, (Capitulo 3), corroborando com os
resultados obtidos pela sua administracéo sistémica num modelo da forma esporadica de
DA em rato (Capitulo 4), o que fornece importantes evidéncias para o uso da KTP-NH;
como um possivel farmaco no tratamento da DA, entre outras. A luz da complexa
fisiopatologia da DA, no futuro sera importante determinar se o efeito neuroprotector da
KTP-NH. é potenciado num tratamento independente, ou se as suas a¢fes devem ser
integradas num regime de politerapia. Entre outros aspectos, a identificacdo da janela de
tempo para intervencao terapéutica com KTP-NHz no tratamento da DA sera fundamental
para determinar se sua acao € preventiva ou se é capaz de reverter os défices moleculares

e cognitivos presentes na fisiopatologia da DA.

Palavras-chave: Quiotorfina, Quiotorfina-amidada, Doenca de Alzheimer, Plasticidade

Sinaptica, Neuroprotegéo
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Abstract

Kyotorphin (KTP, L-tyrosyl-L-arginine) is an endogenous dipeptide, described for the first
time in 1979, as a potent analgesic molecule. Its naloxone-reversible opioid-like analgesic
effect is indirectly mediated by the inducing the release of Met-enkephalin (Met-enk). It is
currently accepted that KTP acts through a specific Gi-coupled receptor (KTPr), inducing
Ca?" influx in a phospholipase C-mediated process. Moreover, this KTPr-mediated action
can be antagonized by the dipeptide L-Leucine-L-Arginine (KTPan).

Over the last decades, several studies have been revealing KTP role in the modulation of
several mechanisms in the central and peripheric nervous systems. KTP has been described
as having an antiepileptic, thermoregulatory, anti-hibernation, behavioral and stress
modulatory actions, being these non-opioid-mediated effects. However, the vast majority of
KTP research has been explored its potential application in pain treatment. More recently,
the link between pain and Alzheimer’s Disease (AD), two conditions with high epidemiologic
relevance, supported the use of KTP-related drugs as new therapeutic strategies for AD.

Evidence shows that chronic pain aggravates AD, and the limited capacity of AD patients to
verbally express and perceive pain can worsen disease progression. AD has proven to be a
highly complex neurodegenerative disease, of which brain amyloid plaques, mainly
constituted by amyloid beta (AB) peptide, and neurofibrillary tangles formed by
hyperphosphorylated tau (p-Tau) protein, are the two histopathological hallmarks of this
disease. Additionally, excitotoxicity, as well as dysregulation of brain-derived neurotrophic
factor (BDNF) signaling, are known to be involved in neurodegenerative disorders such as
AD. Similarly to what was observed in patients with persistent pain, AD patients have
decreased cerebrospinal fluid (CSF) KTP levels, which are inversely correlated to the

increase of p-Tau levels in CSF of those patients.

Recently, KTP was suggested to be an endogenous neuroprotective agent. In particular,
when intracerebroventricular (i.c.v.) injected, KTP ameliorated memory impairments in a rat
model of sporadic AD. However, KTP has a limited capacity to cross the blood-brain barrier
(BBB). The potential therapeutic value of KTP as a central nervous system (CNS) drug led to
the development of synthetic KTP derivatives, which might cross the BBB. Accordingly, the
KTP amidated-derivative, the Amidated-Kyotorphin (KTP-NH,), was designed and produced

to overcome the BBB.

In this work, the main goal was to explore the therapeutic use of KTP-NH; as a new drug for
AD treatment. It started with the characterization and comparison of the impact of KTP and
KTP-NH, in synaptic function under physiological mimetic conditions. Then, given the

particular interest of this work in AD treatment, the neuroprotective potential of both peptides
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was evaluated upon AB-induced AD (Chapter 3). Finally, this work correlated the synaptic
mechanisms protected by KTP-NH: action against AB-induced toxicity, and the ameliorated
memory impairments observed after the systemic administration of KTP-NH; in a model of
sporadic AD in rat (Chapter 4).

Electrophysiological recordings obtained in the CAl1 area of hippocampal slices prepared
from adult male C57BL/6J mice, pre-exposed or superfused with KTP and KTP-NH, allowed
the characterization of the effects of both peptides on synaptic function under non
pathological conditions. Results revealed that for concentrations ranging from 5 nM to 50
UM, the peptides affected the basal synaptic transmission in a concentration-dependent
manner. While KTP slightly increased synaptic transmission, with a maximal effect
measured at 50 nM, KTP-NH; had a gradual inhibitory effect. At concentrations of 5 mM,
largely in excess of what is likely to occur endogenously, peptides’ action rapidly inhibited
synaptic transmission, being these effects reversible. In fact, this inhibitory effect was totally
or partially eliminated with the respective removal of KTP or KTP-NH.. Thus, under non-
pathological conditions, these findings suggested a different effect on synaptic mechanisms.
However, neither KTP (50 nM), nor KTP-NH; (50 nM), significantly affected: 1) synaptic
transmission efficiency, evaluated by input/output curves; 2) short-term plasticity, evaluated
by post-tetanic potentiation and paired-pulse facilitation; or 3) glutamate release. Together,
these findings suggested that the effects of both peptides on synaptic transmission were
likely not directly mediated by pre- or post-synaptic mechanisms.

Synaptic plasticity is a key mechanism in memory and learning processes. Long-term
potentiation (LTP) was evaluated in hippocampal slices, which were either pre-exposed for
3h or acutely superfused with KTP (50 nM) or KTP-NH, (50 nM). For testing mimetic AD
pathophysiological conditions, hippocampal slices were pre-treated with oligomeric AR
peptide species (200 nM), one of the most soluble toxic AR species. Additionally, dendritic
spines were evaluated in cultured cortical neurons, after the treatment with KTP (50 nM) or
KTP-NHz (50 nM), and in the presence or absence of AR peptide (25 uM) for 24h. Results
demonstrated that KTP-NH_, but not KTP, had a neuroprotective effect against AB-induced
impairments on LTP magnitude. However, these differences contrasted with the similar
molecular neuroprotective effect. The action of both peptides restored the density of
dendritic spines affected by the action of the AB peptide, without inducing toxic effects on
neurons. To evaluate whether the neuroprotective effect of KTP-NH, (50 nM) over LTP could
be antagonized by KTPan, slices were pre-treated for 30 min with KTPan (250 nM). The
results revealed that KTPay antagonized the neuroprotective effect of KTP-NH. over AR

peptide-induced impairments in LTP. However, it is still unclear if KTPay, alone, had a
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preventive neuroprotective action against AB peptide, or which affected mechanism might

prompt toxicity when KTPa was added prior to KTP-NH..

Elevation of intracellular Ca?* levels are a hallmark of KTP-mediated processes. Thus,
calcium imaging technique was used to understand whether the increase in Ca?" levels
could be directly caused by KTP activity and/or whether such increases would be necessary
for the emergence of KTP-mediated actions. The results revealed that neither the presence
of KTP (50 nM) nor KTP-NH: (50 nM) affected Ca?" intracellular levels in neurons, so there

were no significant changes in neuronal calcium homeostasis.

Calpain overactivation happens due to increased intracellular Ca?* levels, usually as a
consequence of AR peptide-induced excitotoxicity. As such, the action of both peptides (50
nM) over calpain in vitro activity was assessed using mice cortical tissue homogenates.
Results revealed that neither KTP nor KTP-NH; impacted calpain activation and,
consequently, did not prevent calpain-induced cleavage of the BDNF receptor, the
tropomyosin receptor kinase B-full length (TrkB-FL), which has a well-known neuroprotective

role, and it is a substrate for calpains under AB-induced toxicity.

Finally, in a rat model of sporadic AD, systemic administration of KTP-NH protected against
spatial working-memory and episodic memory deficits, without affecting motor activity or
inducing an anxiety-like behavior in the animals. Moreover, this KTP-NH-induced
neuroprotective effect was correlated with the prevention of Ap-induced deficits, in both LTP

magnitude of pre-treated hippocampal slices and spine density of cortical neuronal cultures.

In conclusion, the present work collected novel evidence of KTP and KTP-NH;
neuromodulatory effects over synaptic function, highlighting the neuroprotective actions of
KTP-NH.. Under physiological mimetic conditions, the absence of effects over synaptic
function bolsters the therapeutic potential of both peptides, suggesting the absence of side-
effects upon synaptic transmission. At molecular and functional levels, these findings
supported the KTP-NH, neuroprotective effect (Chapter 3), confirming the results obtained
through its systemic administration in a rat model of sporadic AD (Chapter 4), which provides
important evidence for the use of KTP-NH; as a drug for treatment of AD and, eventually,
other diseases. In light of the complex pathophysiology of AD, in the future, it will be
important to determine whether KTP-NH, neuroprotective effect is potentiated as a
standalone treatment, or if its actions should be included as a broader multidrug treatment
regimen. Among other aspects, in the treatment of AD, identifying the time-window for
therapeutic intervention with KTP-NH. will be essential to ascertain whether its action relies
on the prevention or if this drug is able to recover the molecular and cognitive deficits

present in AD pathophysiology.
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Preface

In research, the design of a new study rarely emerges from a vacuum. It always starts with a
guestion, and specific tasks naturally emerge based on some hypothesis that can be
supported by experimental evidence. As expected, new scientific evidence commonly raises
new questions and hypotheses to be tested. We can enter in a never-ending loop of
consecutive iterations, especially in basic science where we still have so much to discover.
This work was not an exception to this phenomenon. It started as a collaboration between
the fields of pharmacology & neurosciences and biochemistry, and more specifically

between Ana M. Sebastido’s and Miguel Castanho’s Laboratories at iMM | JLA.

This story started a few years before the beginning of my work, when a new molecule - the
Amidated-Kyotorphin (KTP-NH;) was developed at Miguel Castanho’s Lab, as an interesting
synthetic derivative of Kyotorphin (KTP). KTP is an endogenous dipeptide with the inability to
cross the brain-blood barrier (BBB), which drastically reduces its therapeutic value. To
overcome this difficulty, KTP-NH, was synthetized. Besides being capable of crossing the
BBB, KTP-NH; has been studied for some years, showing a surprisingly neuroprotective
effect against memory impairments present in a dementia rat model. Given that Alzheimer’s’
Disease (AD) is the major cause of dementia nowadays, the interest of evaluating the

potential therapeutic use of KTP-NH to treat AD patients was set out.

The motivation of this work was to study the neuroprotective effect of KTP-NH; in the context
of AD. In addition, having in mind that little was known about the physiological actions of
KTP-NH; and KTP (the endogenous peptide form), the effects of both peptides were

characterized and compared in the synaptic function.

This thesis was organized in 6 chapters. It starts with the introduction chapter, providing a
context for this study. Although this chapter can be somehow exhaustive in some topics, the
information was selected to give a broad vision of the past, present, and future landscape of
the research in KTP and KTP-NH.. It was focused on aspects that can help understanding

this work, namely its scientific motivation, rationality, and main findings.

The chapter of objectives presentes both general and specific aims. Given the high
exploratory component of this work, some results led to new questions and, consequently, to
the design of new experiments to answer them. However, the aims converged to a better

understanding of KTP and KTP-NH: actions upon central nervous system.

Then, the results of this work were presented within the next two chapters. During the
development of this work, we were able to prepare an original research article (Chapter 3),

and publish another (Chapter 4). Chapters 3 and 4 include the sections of these scientific
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papers (introduction, materials and methods, results, and discussion), with slightly structural
adaptations to the original manuscripts. Each of those chapters have a brief chapter
rationale and publication information section, where all authors’ contributions were clearly

described, as well as the funding support.

Chapter 3 — Characterization of KTP and KTP-NH: effects in synaptic functions under non-
pathological conditions and AB-induced pathophysiology

Belo RF, Miranda-Lourenco C, Costa-Coelho T, de Almeida-Borlido C, Vaz SH, Martins V,
de Alves Pereira B, Pérez-Peinado C, Valle J, Vicente Miranda H, Fonseca-Gomes J,
Ferreira CB, Andreu D, Heras M, Bardaji E, Castanho MARB, Neves V, Sebastido AM, and

Di6genes MJ (in preparation).
Chapter 4 — The neuroprotective effect of KTP-NH, systemic treatment

Belo RF*, Martins MLF*, Shvachiy L, Costa-Coelho T, de Almeida-Borlido C, Fonseca-
Gomes J, Neves V, Vicente Miranda H, Outeiro TF, Coelho JE, Xapelli S, Valente CA, Heras
M, Bardaji E, Castanho MARBS3, Diogenes MJ® and Sebastido AMS (2020) The
Neuroprotective Action of Amidated-Kyotorphin on Amyloid B Peptide-Induced Alzheimer’s
Disease Pathophysiology. Front. Pharmacol. 11:985. doi: 10.3389/fphar.2020.00985
(Appendix).

Chapter 5 includes a conclusion of the main findings obtained along chapter 3 and 4, and
the future perspectives, where | briefly presented the ongoing work, among other ideas
and thoughts, which summarized my personal vision on how this work will pave the way for

future studies.

The last chapter includes the references used along this dissertation. All figures presented
along this thesis were created by me, unless otherwise stated. Figure and table indexes

were adapted to flow over the manuscript.

Finally, the experimental work was developed between February 2016 and February 2020,
at iMM | JLA, under the supervision of Doctor Maria José Didgenes, and co-supervision of
Doctor Vera Neves and Doctor Ana Maria Sebastido, except from a 2-months period (June
and July 2017), when | worked under the supervision of Doctor David Andreu, at Peptide
Synthesis Core Facility, Universitat Pompeu Fabra, Barcelona Biomedical Research Park

(Barcelona).
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Funding

I was funded by Fundacéo para a Ciéncia e a Tecnologia (FCT), between March 2016 and
February 2020 (PD/BD/114337/2016). My 2-months short internship in Barcelona was
supported by a Marie Sklodowska-Curie Mobility Grant (INPACT-H2020-RISE, 2014).

Between March 2020 and April 2021, | was supported with a fellowship from Genome®" -
POCI-01-0145-FEDER-022184, supported by COMPETE 2020 — Operational Programme
for Competitiveness and Internationalisation (POCI), Lisboa Portugal Regional Operational
Programme (Lisboa2020), Algarve Portugal Regional Operational Programme (CRESC
Algarve2020), under the PORTUGAL 2020 Partnership Agreement, through the European
Regional Development Fund (ERDF).

Finally, all the work presented in this dissertation was financially supported by several grants
and funding agencies, being this information detailed at the rationale and publication
information section of chapter 3 and 4.
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1.1. Kyotorphin: more than an analgesic molecule

Kyotorphin (KTP) was described for the first time in 1979, by Hiro Amano’s group, in Kyoto
University (Takagi et al., 1979a). This dipeptide has been studied over the last decades,
revealing its role on the modulation of several mechanisms, which consolidates its proposed

function as a neurotransmitter (Ueda, 2021).

1.1.1. Historical overview
During the American Revolution, opium, and later morphine, were widely used to alleviate
pain in wounded soldiers (Ueda, 2021). By the late 1800s, and around 100 years after the
successful isolation and crystallization of morphine from opium (Schmitz, 1985), morphine
overused and its addiction had become a huge global problem. In the late 1960s, academics
were highly motivated to develop new opiates or morphine derivatives that did not cause
addiction, tolerance, and dependence. In the early 1970s, the discovery for the first time of
morphine (opiate)-binding receptors in the mammalian brain (Hughes et al., 1975) paved a

new research line where KTP discovery can be included.

In 1986, the World Health Organization presented clinical guidelines to recommend the use
of morphine pills in pain treatment. Importantly, there are many reported side-effects
associated with morphine administration including sedation, dizziness, constipation, nausea,
urinary retention, motor impairment, respiratory depression, addition, and tolerance
(Benyamin et al., 2008). However, tolerance is responsible for the dose escalation needed
when opioids are chronically administrated, which increases not only the incidence but also
the severity of side-effects. Unfortunately, due to addiction, opiate overuse is still a major
cause of death in several countries. Nevertheless, its use continues to be highly significant

for pain management in palliative care (Ueda, 2021).

1.1.2. Discovery and isolation
In 1975, Ueda and Amano’s team started to search endogenous morphine-like substances
present in bovine brain extracts using an adapted method developed by Kosterlitz's team
(Takagi et al., 1966). This method consisted in a bioassay system for observing the inhibitory
effects of the studied extracts on ileum contraction caused by electrical stimulation.
Importantly, knowing that the drug naloxone had a reversible inhibitory action on morphine
analgesic effect, it was commonly used as a positive control. Specifically, in the presence of
morphine-like substances, naloxone can restore ileum electrical-induced contraction. In
these studies, the presence of several unidentified compounds in the brain extract could
mask this naloxone-reversible action. To overcome this problem, Ueda and Amano’s team
developed a novel method consisting on the intracisternal (i.cist.) injection of the studied

extracts in rodents to assess their analgesic naloxone-reversible effect (Ueda et al., 1979).



Chapter 1 — Introduction

In addition, for the assessment of anti-nociceptive effect, the authors also applied a tail-pinch
test, intended to target the central pain processing instead of reflecting a spinal reflex
(Takagi et al., 1966), as depicted in Figure 1 - Analgesic effect (yellow panel). Finally, using
both assays, the authors proceeded with profiling the analgesic effect of fractionated
substances, that were obtained through performing successively chromatographic
techniques using the studied bovine brain extracts (Shiomi and Ueda, 1985; Takagi et al.,
1979b); Figure 1 - First Detection and Isolation (green panel). Then, the final fraction
obtained by this process unveiled the presence of a single compound with endorphin-like
properties (Shiomi and Ueda, 1985). This was identified as a dipeptide constituted by a L-
tyrosine-L-arginine, which was later named as Kyotorphin (KTP) — a combination of the

words Kyoto (Japan) and [mor]phine (Takagi et al., 1979a); Figure 1 (blue panel).

1.1.3. Distribution and subcellular localization
Although initially discovered and isolated from brain tissue of bovines (Takagi et al., 1979b),
KTP was later found in several other mammalian brains including in humans (Dzambazova
and Bocheva, 2010). The KTP distribution across brain regions was firstly assessed in rat,
after dividing their brains into eight parts (Glowinski and lversen, 1966), and high-
performance liquid chromatography (HPLC) coupled to a electrochemical detector was used
to detect aromatic residues, such as in the tyrosine of KTP (Ueda et al., 1980). The KTP
concentration is different among different brain regions and spinal cord, ranging for a
maximum in midbrain (719.5 ng/g) and a minimum concentration in striatum (45.5 ng/qg);
Figure 1 - Brain and spinal cord distribution (pink panel). As expected, the highest levels of
KTP are correlate with the most sensitive areas to morphine or electrical stimulation-induced
analgesia, such as the lower brain stem and the spinal cord, particularly the dorsal half
(Shiomi et al., 1981a, 1981b; Ueda et al., 1980). However, around 50% of total brain KTP is
found in cortex, where opiate receptors and enkephalins levels are low, suggesting other
non-opioid physiological actions for KTP (Ueda et al., 1980). Furthermore, KTP is also found
in pituitary (Shiomi et al., 1981b), and adrenal glands (Kawabata et al., 1996), suggesting a

peripheral role.

Depending on the cellular fraction analyzed, KTP concentration is higher in the crude
mitochondrial P2 fraction (92.2 % of the total), followed by the nuclear P1 fraction (7.4%),
and the microsome + cytosol S2 fraction (0.4%) (Ueda et al., 1982). Importantly, KTP is
highly concentrated in the synaptosomal fraction of synaptic terminals (Ueda et al., 1982,
1986b, 1987a); Figure 1 - Subcellular localization (pink panel). KTP can be incorporated into
rat brain synaptosomes and be released in a Ca?-dependent process upon a K*
depolarization, indicating that KTP might be released from neuronal endings (Ueda et al.,
1986a); Figure 2 (0).
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Figure 1. Kyotorphin Discovery. First Detection and lIsolation (green panel): Bovine brain
extracts were consecutively fractioned through performing successively chromatographic techniques
and the analgesic effect of the fractionated substances was studied (Shiomi and Ueda, 1985; Takagi
et al., 1979b). Analgesic effect (yellow panel): The naloxone-reversible analgesic potential of each
substance was analyzed using a tail-pinch test after the intracisternal injection in mice (Takagi et al.,
1966). Kyotorphin (blue panel): Molecular structure of Kyotorphin (KTP). The authors identified a
single substance in the fraction obtained after Sephadex G-50, Dowex 50W2, and Bio Gel P-2
chromatographic techniques were applied. The amino acid analysis and dansylation to determine the
N-terminal amino acid revealed a dipeptide constituted by a L-tyrosine-L-arginine, confirmed by
comparing the retention factor value of a synthetic compound using high-performance liquid
chromatography (HPLC) (Takagi et al., 1979a). Brain and spinal cord distribution (pink panel):
KTP distribution around the brain and the spinal cord is different, as represented by the pink column
gradient. KTP concentration (ng/g tissue) is higher in midbrain and lower in striatum, as the following:
719.5 in the midbrain, 556.5 in the pons and medulla oblongata, 405.1 in the dorsal half of the spinal
cord, 391.8 in the hypothalamus, 367.1 in the cerebral cortex, 230.2 in the ventral half of the spinal
cord, 119.3 in the thalamus, 101.8 in the cerebellum, 61.8 in the hippocampus, and 45.5 in the
striatum (Ueda et al., 1980). Subcellular localization (pink panel): KTP is highly concentrated in the

synaptosomal fraction of synaptic terminals (Ueda et al., 1982, 1986b, 1987a).
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1.1.4. Biosynthesis
KTP can be either biosynthesized by an ATP-dependent synthetase from tyrosine and
arginine amino acids (a.a.), or it can be produced from the enzymatic processing of
polypeptides (Ueda et al.,, 1986b). A specific KTP synthetase was firstly identified in rat
brains, with an ATP and MgCl,-dependent enzymatic activity (Ueda et al., 1987b; Tsukahara
et al., 2018). Its enzymatic activity converted L-tyrosine (L-Tyr) and L-arginine (L-Arg) into
KTP (Figure 2 (1)).

The distribution of KTP synthetase is correlated with the KTP levels around the brain, where
its enzymatic activity is highest in midbrain, medulla oblongata, and synaptosome fractions
(Ueda et al.,, 1980). However, its molecular characterization has not been entirely
determined. An in vitro experiment showed that tyrosyl-tRNA synthetase (TyrRS) from
Bacillus stearothermophilus can catalyze KTP synthesis (Kitabatake et al., 1987; Ueda et al.,
1987b), whereas Streptomyces septatus aminopeptidase can synthesize several other
dipeptides instead of KTP (Arima et al., 2006). In mammals, the TyrRS is a potential KTP
synthetase (Tsukahara et al., 2018). Interestingly, in PC12 cells treated with a SiRNA
antisense for TyrRS, the activity of human recombinant TyrRS was selectively blocked for
KTP synthesis, without affecting cell survival and proliferation, or the synthesis of several
other tyrosine-containing dipeptides (e.g. tyrosine-tyrosine, tyrosine-proline, and tyrosine
tryptophan) (Tsukahara et al., 2018). As expected, the expression of TyrRS mRNA is also
higher in the midbrain and medulla oblongata, which correspond to rat brain regions where
KTP synthetase activity is also higher (Ueda et al., 1987b). Additionally, its enzymatic
catalyze is also detected in rat adrenal glands and spinal cord, which provides additional

support for KTP possible role in the peripheral system (Kawabata et al., 1996).

As already mentioned, some evidence points towards KTP being produced from precursor
polypeptides degradation by membrane-bound aminopeptidases or cytosolic Ca?*-activated
proteases (Ueda et al., 1985b; Yoshihara et al., 1990; Akasaki et al., 1995); Figure 2 (2). In
fact, the accumulation of KTP, released from brain slices, is time-dependent in the presence
of bestatin, which is a membrane-bound aminopeptidase inhibitor (Ueda et al., 1985b).
Similarly, this also occurs in synaptosomes, possibly due to the activation of calcium-
activated neutral proteases, calpain-1 or calpain-2 (Yoshihara et al., 1988). Interestingly, a
novel type of calpain lacking the caseinolytic activity was identified as the one responsible
for this accumulation (Yoshihara et al., 1990); Figure 2 (2). Nevertheless, calpastatin
appeared as a subtract for this novel calpain and/or as a precursor of KTP. Since calpain
activation requires a higher Ca?* level than the neurons resting state concentration, calpain-
calpastatin system activation can be driven by active neurons (see “working hypothesis”

highlighted on Figure 2).
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Figure 2. Kyotorphin biosynthesis, clearance, and signaling pathway activation. (0) Kyotorphin
(KTP) can be released from neuronal endings in a Ca2*-dependent process upon a K* depolarization
(Ueda et al., 1986a). (1) KTP can be synthetized by a tyrosyl-tRNA synthetase (TyrRS) from L-
Tyrosine (Tyr) and L-Arginine (Arg), in a Mg2* and ATP-dependent mechanism (Ueda et al., 1987b;
Tsukahara et al., 2018). (2) KTP can be produced from the degradation of precursor polypeptides by
membrane-bound aminopeptidases or cytosolic Ca?*-activated proteases (Akasaki et al., 1995; Ueda
et al., 1985b; Yoshihara et al., 1990). Additionally, calpastatin appeared as a subtract for a novel type
of calpain, lacking the caseinolytic activity, and as a precursor of KTP (Yoshihara et al., 1990). (3)
KTP clearance happens mainly due to degradation by aminopeptidases (Ueda et al., 1985a), or KTP
can be uptaken by astrocytes, or excreted to the cerebrospinal fluid through peptide transporters 2
(PEPT2) (Xiang et al., 2010). (4) Despite the inability to fully characterize the KTP receptor (KTPr),
collected evidence indicates that KTPr is a Gi/o-coupled receptor, which activity is antagonized by the
dipeptide L-Leucine-L-Arginine, or KTP antagonist (KTPant). (5) KTPr activates Gi-mediated
phospholipase C (PLC), leading to an increase of inositol 1,4,5-triphosphate (InsPs) levels,

consequent InsP3 receptor (InsPsR) activation, and, ultimately to a Ca?* influx, from extracellular
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space. This Ca?* influx is driven by the conformational coupling of the vesicular InsPsR and the
transient receptor potential C1 (TRPC1) (Zarayskiy et al., 2007), and by the opening of PLC-mediated
InsP3R-gated Ca?* channel (Ueda et al., 1995a, 1995b). (6) KTP is possible incorporated by neurons
through unidentified transporters (Thakkar et al., 2008), and (7) it has a role on Met-enkephalin (Enk)
vesicular incorporation and release (Axelrod et al., 1962). Figure inspired and adapted from (Ueda,

2021); AC — Adenylate cyclase; ER — endoplasmic reticulum.

1.1.5. Clearance
KTP inactivation mainly occurs due to peptidases degradation (Figure 2 (3)). In fact, KTP is
subject to a rapid degradation in the presence of diluted suspensions of rat brain
homogenates (Ueda et al., 1985a), and in lung and skin from rats (Orawski and Simmons,
1992).

Several studies have been reported the KTP degradation by aminopeptidases, trying to
identify and characterize the specific KTP-degrading aminopeptidase (KTPase), and its
activity inhibitors (Vaught and Chipkin, 1982; Matsubayashi et al., 1984; Ueda et al., 1985a;
Akasaki et al., 1991; Akasaki and Tsuji, 1991; Orawski and Simmons, 1992; Akasaki et al.,
1995). Interestingly, KTPase activity is inhibited by bestatin but not by puromycin, a potent
inhibitor of soluble aminopeptidases. In fact, the co-administration of bestatin (i.cist.)
potentiated KTP analgesic effect, but the systemic pre-treatment with naloxone abolished
this effect (Ueda et al.,, 1985a). A more recent study successful purification of a specific
bestatin-sensitive KTPase (Akasaki et al., 1995).

Additionally, KTP can be excreted to the cerebrospinal fluid (CSF), or up taken by
astrocytes, through peptide transporter 2 (PEPT2) (Xiang et al., 2010). PEPT2 relies on pH
gradient to transport di- and tripeptides, being considered a high-affinity and a low-capacity
transporter. It is found in the brain, and more specifically in astrocytes, ependymal cells,
epithelial cells of choroid plexus, kidney and retina (Berger and Hediger, 1999; Dieck et al.,
1999; Liu et al., 1995). Since PEPT2 is not present at blood brain barrier (BBB), it cannot
directly transport peptides from blood to central nervous system (CNS) (Berger and Hediger,
1999). The indirect interaction between KTP and PEPT2 was firstly described through a
competitive study in rat synaptosomes (Fujita et al., 2004, 1999). Later, KTP uptake by
PEPT2 was measured with peptides-induced inward currents (Thakkar et al., 2008).
Importantly, the enhancement of KTP antinociceptive effect was observed in PEPT2 KO

mice (Jiang et al., 2009).
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1.1.6. Signaling Pathway

1.1.6.1. Receptor and antagonist

One of the most puzzling aspects of KTP signaling pathway is the inability to fully
characterize the high-affinity KTP receptor (KTPr), despite all evidence pointing towards its
existence (Ueda, 2021). Studies using 3H-KTP revealed that KTP is able to bind to cells
membranes in the brain, with both low- and high-affinity (Kitabatake et al., 1987; Ueda et al.,
1989). The high-affinity binding of KTP suggests a receptor-mediated binding (Ueda et al.,
1989), which levels are correlated with KTP (Ueda et al., 1980), and KTP synthetase levels
(Ueda et al., 1987b). Moreover, dipeptides with tyrosine or arginine in their compaosition also
bind to the putative KTPr, with L-leucine-L-arginine (Leu-Arg) presenting the higher affinity,
followed by KTP, L-tyrosine-L-leucine, and L-tyrosine-L-lysine (Ueda et al., 1989).

Interestingly, KTP binding was blocked in the presence of guanosine triphosphate (GTP)
gamma and MgCl,, suggesting that the KTP receptor is coupled with G proteins - oritis a G
protein-coupled receptor (Ueda et al., 1989). In fact, KTP showed a concentration-
dependent effect on GTPase activity, which was not observed when Leu-Arg was used.
Therefore, both high affinity for binding to KTPr and the inability of inducing GTPase activity,
suggested Leu-Arg as an antagonist for KTPr (KTPan) (Ueda et al., 1989).

Importantly, depending on the specific G-protein coupled to the KTP receptor, the signaling
pathway activated by KTP might have different outcomes. As such, the authors
demonstrated that, similarly to the p-opioid receptors (Ueda et al.,, 1990, 1988), the KTP
receptor is Gi/o-coupled (Figure 2 (4)). In addition, KTP also induces Gi-mediated activation
of phospholipase C (PLC), whose activity is measured by inositol 1,4,5-triphosphate (InsP3)
levels. Remarkably, KTPa is also able to reverse KTP-induced PLC activation in

synaptosomal membranes (Ueda et al., 1989).

Later studies further support the hypothesis of KTPr being either a specific opioid receptor,
or a receptor formed by &- and p-opioid receptors oligomerization (Machuqueiro and
Baptista, 2007; Rackham et al., 1982). Nevertheless, although the binding pocket of KTPr
must be different from the one in opioid receptors (Takagi et al., 1979b; Rackham et al.,
1982; Ueda and Inoue, 2000), conformational studies confirmed their structural similarity
(Machuqueiro and Baptista, 2007), which was already expected since both KTP and

morphine share similar chemical structures.



Chapter 1 — Introduction

1.1.6.2. Ca?* influx
Under physiological condition, KTP-mediated Gi-PLC-InsP; activation provokes a Ca?* influx,
from extracellular space into the cytosol, through InsPs-mediated InsP; receptor (InsP3R)
activation (Ueda et al., 1996). As detailed in Figure 2 (5), this Ca?* influx is driven by the
conformational coupling of the vesicular InsPsR and the transient receptor potential C1
(TRPC1) (Zarayskiy et al., 2007), and by the opening of PLC-mediated InsPsR-gated Ca?*
channel (Ueda et al.,, 1995a, 1995b). Moreover, KTP also induced “°Ca?" release from

45Ca?*-preloaded vesicles (Ueda et al., 1996).

1.1.6.3. Met-enkephalin release
As already pointed out, KTP shows a naloxone-reversible opioid-like analgesic effect
(Rackham et al., 1982; Takagi et al., 1979b). In fact, when intracerebroventricular (i.c.v.)
injected, KTP has an analgesic effect 4.2 times more potent than Met-enkephalin (Met-enk)
(Takagi et al., 1979b), which is a neurotransmitter pentapeptide able to regulate pain
transmission in the CNS (Takagi et al., 1979a; Lewis and Stern, 1983). Despite the
mechanisms underlying this effect have been investigated since KTP discovery, they remain

unclear in several aspects.

Although KTP itself does not appear to directly bind to opioid receptors, its indirect-action
relies on Met-enk- and B-endorphin-mediated activation of &- and/or p-opioid receptors
(Takagi et al., 1979b; Rackham et al., 1982; Ribeiro et al., 2011b). In addition, several
studies confirmed a KTP-mediated Met-enk release (Takagi et al.,, 1979b; Shiomi et al.,
1981a; Janicki and Lipkowski, 1983), in a process mediated by endogenous opioids. As
such, in guinea pig striatal slices, Met-enk release increased in 1.6- or 3.4-fold, depending of
1 or 10 uM KTP superfusion, respectively (Shiomi et al., 1981a). Both CaCl, removal and the
addition of tetrodotoxin stopped KTP-induced Met-enk release, suggesting a role on
spontaneous excitatory activity. This can be explained by the tetrodotoxin-sensitive voltage-
dependent Na* channels activation mediated by excitatory neurotransmitters release, such
as glutamate (Shiomi et al., 1981a). In fact, when slices were stimulated, the addition of 1
MM KTP potentiated Met-enk electrical stimulation-induced release (3.6-fold), whereas a 2-
fold increase was observed in slices electrical stimulation at 10 Hz. Similarly, 10 uyM KTP

also increased by 2.2-fold Met-enk release in spinal cord preparation (Shiomi et al., 1981a).

Regarding spinal cord, KTP has an excitatory effect on spontaneous activity of neurons
located on the nucleus reticularis paragigantocellularis of the medulla oblongata, but it
decreases neuronal activity in lamina V type neurons in the spinal dorsal horn (Satoh et al.,
1980). These effects are also antagonized by naloxone, offering indirect evidence for the

involvement of Met-enk.
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In addition, KTP might also have an inhibitory action on some enkephalinases and,
consequently, in the reduction of the Met-enk enzymatic degradation (Perazzo et al., 2017b;
Vaught and Chipkin, 1982), which can lead to a relatively long-lasting analgesic effect
(Hazato et al., 1986; Takagi et al., 1979b).

As suggested recently (Ueda, 2021), studies are needed to better understand if KTP-
induced Met-enk release requires both activation of G;-PLC-InsP; mechanism and
physiological depolarization of nerve terminals (see “working hypothesis” highlighted on
Figure 2). In addition, it is possible that KTP might be incorporated by neurons through
unidentified transporters (Figure 2 (6)), and not through PEPT2 (Thakkar et al., 2008).
PEPT2 is usually involved in the process of enkephalin clearance (Thakkar et al., 2008), and
it has a role on Met-enk vesicular incorporation and release (Figure 2 (7)), as observed in
the case of tyramine-induced noradrenaline release (Axelrod et al., 1962). Moreover, it is
also not clear how KTP selectively induces the Met-enk release without affecting
noradrenaline, gamma-aminobutyric acid (GABA), or D-aspartate when they were preloaded

into vesicles (Janicki and Lipkowski, 1983).

1.1.6.4. Peripheral Action
At peripheral level, KTP was able to increase both amplitude and quantal content of the fast
excitatory postsynaptic potentials from bullfrog sympathetic ganglion cells, without affecting
resting membrane potential, input membrane resistance, action potentials amplitude and
duration, and cellular ganglia-acetylcholine sensitivity (Hirai and Katayama, 1985). Another
study showed that KTP inhibited noradrenaline-induced proliferation in brown fat cell
cultures, which also indicates the existence of KTPr in these cells and, probably, on other

peripheral tissues (Bronnikov et al., 1997).

Interestingly, KTP showed a non-opioid dependent analgesic effect in mice tested with a
peripheral pain reflex, since naloxone was unable to prevent it (Inoue et al., 1997). This data
suggested that KTP mechanism of action might have two distinct pathways leading to
analgesia depending on the opioids’ receptors activation and other opioid-independent
mechanism. Nevertheless, when peripherally administrated at extremely low doses (on
femtomolar range), KTP elicited nociceptive responses in a mechanism dependent of the
releasing of substance P by primary afferent neurons endings (Inoue et al., 1999; Ueda and
Inoue, 2000). In fact, KTP showed a bell-shaped dose-response curve when peripheral pain
was tested through intraplantar injection in mice (Inoue et al., 1999). The observed KTP dual
role on analgesic mechanisms was suggested to be mediated by different G proteins
activation, leading to a differential effect in PLC activation, which is highly dependent of KTP

used dose.

11
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1.1.7. Other physiological effects
The wide physiological effects of KTP are dependent on several factors, namely the animal
species used (mammals, amphibia, or fish), and the experimental conditions, such as KTP
concentration and temperature. During the last years, several studies have been exploring
other KTP non-opioid-mediated effects, such as its potential as antiepileptic,

thermoregulator, and anti-hibernation, behavioral and stress modulator.

The antiepileptic and anticonvulsant potential of KTP was firstly explored in 1995 (Godlevsky
et al., 1995). The impact of KTP (and other derivatives) was assessed in picrotoxin-induced
convulsions after injection in mice lateral ventricle or into hippocampal CA1 (Cornu Ammonis
1) area. The KTP antiepileptic effect was dose- and target site-dependent. These findings
were later confirmed, when KTP (i.c.v.) showed an anticonvulsant effect in a

pentylenetetrazol seizure rat model (Bocheva and Dzambazova-Maximova, 2004).

Moderated concentrations of KTP were found in hypothalamus (Ueda et al., 1980), an
important area for thermoregulation and stress regulation, which promoted several studies
on those processes. Regarding the thermoregulation, the studies were contradictory
(Dzambazova and Bocheva, 2010). On one hand, at 22°C room temperature (RT), KTP
injection (i.c.v.) in unrestrained cats third ventricle did not change body temperature (Clark
and Ponder, 1980), but, at 24°C RT, it caused a dose-dependent hypothermic response in
mice (Sakurada et al., 1983). This response was also higher than when induced by Met-enk.
Then, the administration of thyrotropin hormone, a pituitary hormone with the regulatory role
on thyroid gland growth and function, prevented this naloxone-irreversible KTP hypothermic
effect, suggesting a pituitary-thyroid regulatory effect instead of the opioid receptors’
activation. KTP also inhibited noradrenaline-induced proliferation of cultured brown
preadipocytes and brown adipose tissue in vivo, in a process dependent of Ca?* signaling,
suggesting the existence of KTPr in brown adipose tissue, which is an essential source in

heat production process (Bronnikov et al., 1997, 2006).

Stress is known to be a physiological transitory state essential to restore the homeostasis of
a system after an intrinsic or extrinsic stimulus (stressors) (Murison, 2016; Yaribeygi et al.,
2017). The stress response includes triggering several compensatory mechanisms, ranging
from molecular allostasis to adaptive behavior, to account for the survival of the individual
and the species (Murison, 2016). Thus, stress is not a maladaptive response but rather a
complex adaptive response, which is highly dependent on the type, timing, and severity of
the stressor applied. Within this context, the administration of KTP and L-Arg (i.c.v.) in rats
normally hydrated increased plasmatic oxytocin (OT) levels, a stress-hormone in rodents,
without affecting vasopressin levels (Summy-Long et al.,, 1998), which induces

vasoconstriction and regulates blood pressure by increasing it. This study revealed that both
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KTP and L-Arg excess levels in CNS might mimic a stress response through the activation of
the sympathetic nervous system, triggering the release of OT, and elevating both blood
pressure and plasmatic glucose levels. On the other hand, KTP might attenuate vasopressin
release by directly act into magnocellular neurons or by indirectly modulate a pressor-
regulatory compensatory reflex.

KTP was also suggested as an anti-stressor molecule, reducing the secretion of both
adrenocorticotropic hormone (ACTH) and corticosterone, known to have a role on the
regulation of basal activity of the hypothalamic-pituitary-adrenal (HPA) axis. Rats treated
with KTP immediately after exposure of acute immobilization, cold and heat stresses had
restored levels of plasmatic ACTH and corticosterone when compared to stressed animals,

suggesting that KTP prevented the HPA axis activation (Dzhambazova, 2015).

The behavioral effect of KTP was explored in different species (Dzambazova and Bocheva,
2010). Mice treated with KTP had no changes in motor abilities evaluated through the open-
field test (Shi et al., 1991). However, when injected at high doses, KTP induced sedation and
reduced motor activity in mice (Sakurada et al., 1983). Interestingly, its presence abolished
the extinction of the avoidance response to pole-jumping in rats (Yamamoto et al., 1982);
and even affected the learning of an aversive taste in chicks (Kastin et al., 1981). More
recently, studies in rats and goldfish reported the suppression of exploratory activity by KTP
action, presumably mediated by monoaminergic brain systems, such as the serotonergic

system (Kolaeva et al., 2000).

In the brain of hibernating animals, KTP can act as an electron-acceptor, which may affect
its regulation of Ca?* currents in excitable tissues such as the heart (Marinov and Ziganshin,
1997). In fact, KTP was able to block Ca?* influx currents in cold- and warm-blooded species
(Dzambazova and Bocheva, 2010), and, more specifically, in frogs, and rats and ground
squirrels (Ignat’ev et al., 1998), respectively. These findings supported KTP's role in the anti-
hibernation process, such as in thermoregulation, and heart functioning. Moreover, KTP had
a dose-dependent cardiac effect in rats, which indicated a possible indirect regulatory role in
B-adrenergic action by triggering endogenous opioid release in rat cardiac muscle (Li et al.,
2006).

1.1.8. Classification as a neurotransmitter
Over these years, several studies have been profiling the characteristics of KTP and its
mechanisms of action to better understand if this peptide can be classified as a
neurotransmitter (Salio et al., 2006; Ueda, 2021). Accordingly, as already mentioned, despite
being an analgesic molecule, several studies have been unravelling novel physiological

functions of KTP on the CNS. In summary, KTP presents several characteristics that can
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attest its role as a neuromodulator and, as some authors argue, some of them suggesting

KTP as a neurotransmitter (Ueda, 2021).

14

KTP induces a significant higher release of Met-Enk in brain and spinal cord tissue;
Although is potent analgesic effect, KTP is unevenly distributed in the brain, being
more than 50% of its total amount in areas where it will presumably act in an opioid-
independently manner;

KTP can be produced by a specific synthetase from L-tyrosine and L-arginine, or
through the enzymatic cleavage of polypeptides precursors;

KTP is also mainly located in the synaptosome fraction or nerve-ending, and it can
be preloaded into the synaptosome and released in a Ca?'-dependent process
upon a high K* depolarization;

KTP has a specific G-coupled receptor (KTPr), which activation triggers a Gi-PLC-
mediated activation and inhibition of adenylyl cyclase (AC), and provokes a Ca?*
influx;

KTPan (L-Leu-L-Arg) is a specific KTPr antagonist;

KTP can be cleared by either aminopeptidase action, uptake by astrocytes or
excreted to CSF through PEPT2 action.
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1.2. Therapeutic potential of Kyotorphin

Peptides assume a vast role of biological functions in diverse physiological processes, acting
as regulators, neurotransmitters, or growth factors among others, and their application is
recognized across all biomedical sciences, ranging from therapeutic drugs to nutritional uses
(Salio et al., 2006; Merighi et al., 2011; Santos et al., 2012). Among peptides’ family, the use
of di- and tripeptides on drug discovery and development raised a special interest, due to
their possible oral administration, cost-effective synthesis (with a low-cost mass production),
and simplicity to perform molecular structural and quantitative structure-activity studies
(Santos et al.,, 2012). Peptides have high selectivity to targets, show an efficient activity,
which, together with their low toxicity, made them very attractive as potential drugs. To
improve their pharmacological properties and even add biological functions, small peptides
can be easily transformed into derivatives by chemical transformations, such as cyclization,
hydroxylation, amidation, acylation and binding to some other hydrophobic groups, (Santos
et al., 2012). As a dipeptide formed by two a.a. (L-tyrosine-L-arginine), KTP was not an

exception for this raised interest.

1.2.1. Pharmacological limitation
Several studies attested the effects of KTP following its systemic administration, such as
intraperitoneal (i.p.), intravenous (i.v.) and oral, and the results were somehow disappointing.
KTP has very weak activity when administered systemically: a high dose of 200 mg/kg was
needed for a brief analgesic effect in rodents (Chen et al., 1998). The striking difference in
activity between KTP effect when systemic administrated versus i.c.v. injected assigned its
limited capacity to cross the BBB, preventing it from reaching the brain (Jiang et al., 2009;
Serrano et al.,, 2014a, 2014b). In addition, this can also be a consequence of its

susceptibility to various clearance mechanisms.

BBB, a physical barrier constituted by specialized endothelial cells tightly attached, is one of
the first defence lines in the CNS, filtering and regulating compounds exchanges, and
hampering pathogenesis invasion (Terstappen et al., 2021). This constitutes one major
limitation when developing drugs to be delivered on the CNS. Nevertheless, the potential
therapeutic value of KTP as a CNS drug (explored in the next topic), combined with this

limitation contributed to the development of several KTP derivatives.

1.2.2. Synthetic derivatives
During the last decades, several groups have been working in different strategies to modify
KTP, such as 1) to conjugate KTP with lipophilic groups (Chen et al., 1998; Wang et al.,
2001; Lopes et al., 2006b; Ribeiro et al., 2011a; Serrano et al., 2014b); 2) chirality (Lopes et
al., 2006a; Rybal’chenko et al., 1999); 3) cationicity improvement (Ribeiro et al., 2011b); and
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4) the use of unnatural a.a. and substitution of peptides bonds (Dzimbova et al., 2014,
Serrano et al., 2014b). Interestingly, some of these changes aimed to add new functions to
the original peptide (Perazzo et al., 2017a). From the several synthetic KTP derivatives
developed, this work was focused on the Amidated-Kyotorphin (KTP-NH).

1.2.2.1. Amidated-Kyotorphin

The KTP-NH; was synthesized with the substitution of KTP carboxylic group (-OH) with an
amine group (-NH), which increased the peptide global net charge (from +1 to +2 at
physiological pH) (Ribeiro, 2012). This also changed its hydrophobicity while partially
maintained its molecular structure. As such, this structural change promoted KTP-NH:
interaction with biological membranes, which increased its capability to cross the BBB
(Ribeiro et al., 2011a, 2011b; Serrano et al., 2014b). Figure 3 presents both chemical
structures of KTP and KTP-NH..

1.2.3. Functional studies
Recent studies profiled the analgesic effect of KTP-NH2 when systemically administrated
(oral and i.p.) in acute, sustained, and chronic neuropathic and inflammatory pain models
(Ribeiro et al., 2011a, 2011b). The equi-effective dose of KTP-NH. (32.3 mg.kg™?) was about
fivefold more than of morphine (5 mg.kg?), when i.p. injected in an animal model of acute
pain. As expected, oral administration required higher doses to achieve similar efficacy. In
animal models of chronic pain, the analgesic effect of KTP-NH; was only observed after a
week of daily i.p. treatment (32.3 mg.kg?). Despite naloxone administration prevented
analgesia, the authors reported that KTP-NH: binding to opioids receptors was minimal
(Ribeiro et al., 2011b). Furthermore, the putative neuroprotective actions of KTP-NH, were

explored in more recent studies, which will be presented in later sections.
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Figure 3. Chemical structure of Kyotorphin (left) and Amidated-Kyotorphin (right). Adapted from
PepDraw (Freeman, 2015).
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1.2.4. Side-effects
The side-effects of this small and cost-effective molecule remain doable, with studies
reporting a reduction in micturition, and without causing toxicity, and unaffecting motor
responses, blood pressure, and food and water intake (Ribeiro et al., 2011b, 2013). In
addition, contrary to morphine, after systemic administration, KTP-NH. did not cause
constipation, which offers an advantageous alternative over the current opioids treatment
(Ribeiro et al., 2013).
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1.3. Pain and Alzheimer’s Disease: can Kyotorphin be the solution?

As already mentioned, the interest on KTP goes behind its analgesic properties, raising a
crescent attention for its other physiological functions described, such as non-opioid actions
without enkephalin release, or actions unrelated with pain processing (Dzambazova and
Bocheva, 2010). The next subsections briefly explore the therapeutic use of KTP for pain

and focus on its possible use for Alzheimer’s Disease (AD) treatment.

1.3.1. Pain treatment: the obvious application
The vast majority of KTP research has been related to its potential application on pain
treatment (Dzambazova and Bocheva, 2010). Nowadays, pain is considered the 5" vital sign
and although it is persistently affecting a substantial part of the population is still undervalued
(Finnerup et al., 2018). According to the International Association for the Study of Pain
revised definition, pain can be referred to as “an unpleasant sensory and emotional
experience associated with, or resembling that associated with, actual or potential tissue
damage” (Raja et al., 2020). In a raw context, pain usually triggers an adaptive response to
protect the individual against the harmful stimulus. Noteless, pain is always a personal
experience, and its perception is highly influenced by biological, psychological, and social
factors. Although verbalization of pain is a common behavior to express pain, the absence of
it does not mean the absence of the individual experience of pain. Foremost, regardless of
their side-effects, the use of opioids is still essential for pain relief, but alternative drugs are

highly needed for long-lasting chronic pain illness.

Patients with persistent pain had decreased levels of KTP in CSF (0.24 + 0.04 pmol.ml?)
when compared to normal human CSF (1.19 + 0.51 pmol.ml) (Nishimura et al., 1991). This
finding adds support to evidence suggesting that KTP acts as an endogenous
neuromodulator of pain processes. Thus, people suffering from pain might benefit from
therapies that restore or increase the endogenous levels of KTP. As such, the use of
arginine-based therapies was explored by some researchers as an approach to indirect

stimulate KTP endogenous production.

1.3.1.1. Arginine-based therapies
The production of KTP through its TyrRS synthetase is three-fourfold more than the one
resulting from polypeptides degradation (Ueda et al., 1987b). The L-Arg levels needed to
foster this enzymatic reaction (Tsukahara et al., 2018; Ueda et al., 1980) are clearly higher
than the reported levels found in the human plasma for the enzymatic (Schmidt et al., 2016).

Thus, several studies supported the possibility of using L-Arg as a KTP precursor.

In mice, the arginine (Arg) oral administration (1 g.kg™) induced an increase on KTP levels in

midbrain, medulla oblongata and olfactory bulb of those animals (Tsukahara et al., 2018),
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which is related with the already reported TyrRS levels. Interestingly, these results also
indicated that the Arg consumption had a dose-dependent analgesic effect in thermal
nociception (Tsukahara et al., 2018).

Additionally, the systemic i.c.v. administration of L-Arg induced an analgesia effect in mice
submitted to thermal and mechanical nociception tests (Neyama et al., 2018). These effects
were reversible by naloxone and N-methyl-L-Leu-L-Arg (NMLR) administration, a synthetic-
stable KTPr antagonist (Ueda et al., 2000). In preproenkephalin- or proopioimelanocortin
knockout mice the Arg-induced analgesia was attenuated, suggesting that Arg triggered
opioid-like analgesia through an indirect activation of the KTPr, being this a process

mediated by endogenous opioid release (Neyama et al., 2018).

Other authors also reported Arg-induced analgesia (Kawabata et al., 1993). In patients with
persistent pain, i.v. administration of L-Arg induced a naloxone-reversible analgesia effect
(Arima et al., 1996; Takagi et al., 1990). Interestingly, Arg also mediates gastrointestinal
relaxation, which makes it very attractive for pain relief in terminal patients as a morphine-
combine therapy, since it can reduce the morphine-induced constipation (Calignano et al.,
1991).

1.3.1.2. Nitric Oxide

It is also known that L-Arg is a substrate for nitric oxide synthase (NOS), leading to the
formation of nitric oxide (NO). In fact, both L-Arg and NO have been reported as having a
dual role on pain processing, acting as analgesic agents as well as nociceptive promoters
(Kawabata et al., 1993). Figure 4 illustrates the possible mechanism for L-Arg as a KTP- or a
NO-induced precursor, which was presented for the first time in 1993 (Kawabata et al.,
1993). Briefly, in the brain, L-Arg can be either considered an antinociceptive inducer, acting
via KTP-Met-enk pathway, or a pro-nociceptive inducer when acting via NO-cyclic guanosine
monophosphate (cGMP) pathway. Other authors confirmed the involvement of NO in the
KTP-induced antinociception mechanism (Bocheva et al., 2003; Bocheva and Lazarova,
2003).

Nowadays, NO is considered both a neurotransmitter and a secondary signaling molecule,
having an essential role either on physiological and pathophysiological processes, such as in
regulation of cell survival, differentiation and proliferation of neurons (Tripathi et al., 2020).
NO has a relevant function on pain processing in CNS, and it has been implicated in
synaptic plasticity processes, among others (Janicki and Jeske-Janicka, 1998). Furthermore,
some authors defended that KTP undergoes a fast degradation and that the originated L-Arg

induces the NO formation (Arima, 1996; Takagi and Nomura, 1997). Thus, NO formation can
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be the reason for the naloxone-resistant and opioid independent KTP analgesic effect at
peripheral level.
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Figure 4. Possible mechanism for L-Arginine metabolism in both central and peripheric
nervous systems. L-Arginine (L-Arg) can be a subtract for either nitric oxide (NO) synthase or for
kyotorphin (KTP) synthetase. In the brain, L-Arg can act via KTPr-Met-enk pathway, inducing an
opioid-dependent antinociceptive effect, or act via NO-cyclic guanosine monophosphate (cGMP)
pathway, promoting a nociceptive effect. Moreover, at peripheral level, NO production leads to both
antinociception and nociceptive action, depending on if the increase level of cGMP is acting to
increase the blood flow and/or through nociceptors activation, or it is increasing the vascularity
permeability in an inflamed tissue, respectively. Points of action of inhibitors and blockers used: (1) L-
leucyl-L-arginine (KTPant); (2) naltrindole and naloxone; (3) naloxone; (4) L-NG-nitroarginine methyl

ester; (5) methylene blue. Adapted from (Kawabata et al., 1993).
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1.3.2. Alzheimer’s Disease: the desirable application
KTP has been pointed as a possible neuroprotector factor against neurodegeneration,
neuroinflammation, and neuronal death (Dzambazova and Bocheva, 2010). During the last

decade, several studies attested KTP interest for AD treatment (Ueda, 2021).

This neurodegenerative disease was described for the first time in 1907 by a German
psychiatrist, Alois Alzheimer. When Alzheimer was working in Frankfurt, he had the
opportunity to meet Auguste Deter, a 51-year-old woman who presented short-term memory
loss that rapidly deteriorated into severe dementia. After her death in 1906, Alzheimer was
able to perform her brain autopsy and to identify several pathological aspect, including
cortex shrinkage and the presence of senile plaques and neurofibrillary tangles (NFTs) (Alois
Alzheimer Biography, 2016). These two have become the histopathological hallmark of this

disease, which is now known as Alzheimer’s Disease (Citron, 2010; Price et al., 1991).

1.3.2.1. Epidemiology
AD is a chronic progressive neurodegenerative disease and the most common cause of
dementia in elderly, with death occurring, on average, 4-8 years after diagnosis. Nowadays,
only in the USA, 5.8 million people are living with Alzheimer’'s dementia, of whom only 3%

are under 65 years old (Alzheimer’s Association, 2019).

Importantly, age is the greatest risk factor for developing AD (Sengoku, 2020), but AD is not
a normal part of aging (Hebert et al., 2010). By 2050 it is expected that both incidence and
prevalence of AD will be higher due to the expected increase in the older population over 60
years old (Alzheimer’s Association, 2020; Mayeux and Stern, 2012). Additionally, women
have a higher probabilistic risk of being diagnosed with AD, which can be partially explained

by their higher life-expectancy when compared with men (Mielke et al., 2018).

1.3.2.2. Etiology
AD can be classified according to the age of onset, which is highly dependent on genetic
predisposition (Sims et al., 2020). Early-onset AD, also referred as familial AD, is usually
developed in people between 30 and 60 years old, and genetics plays a major contribution
for the etiology of these AD cases. On the other hand, late-onset AD, also referred as
sporadic AD, accounts for the most of AD cases (around 95%), with people being diagnosed
around 65 years old (Bali et al., 2012).

Several mutations on genes expressing AD-related protein have been identified. The most
common are in amyloid precursor protein (APP) gene, with 22 reported mutations, and in
presenilin genes 1 and 2 (PSEN1 and PSENZ2) genes, with 32 and 19 reported mutations,
respectively, being all transmitted in an autosomal dominant process (Canevelli et al., 2014;

Lanoiselée et al., 2017). Both APP and PSEN1 mutations are linked to early-onset dementia,
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and generally account for a faster disease progression, leading to less frequent clinical
symptoms such as legs’ muscles weakness and stiffness, and prominent language
impairment (Canevelli et al., 2014). Additionally, APP gene is located in chromosome 21
thus, research conducted with Down Syndrome’s patients, a trisomy of the chromosome 21,
offers an invaluable insight of AD pathophysiology. As such, the additional copy of the APP
gene is already identified as the responsible inducer of AD-related dementia manifestation
developed in the lifetime of these individuals (Lott and Head, 2019). Contrary, PSEN2
mutations, rarely found in familial AD cases, are usually associated with late-onset AD
(Canevelli et al., 2014).

Less than 1% of AD cases have origin in known genetic mutations (Sims et al., 2020), and
Apolipoprotein E (APOE) genotype is the strongest genetic risk factor for sporadic AD. Of
the three common APOE alleles (e2, €3, €4), APOEe¢4 allele has a dose-dependent
associated with the decrease in the onset-age, and the presence of one or two &4 alleles
increases AD risk by 3- and 12-fold, respectively, but the presence of the APOEe2 allele is
associated with AD decreased risk (Corder et al.,, 1993; Strittmatter et al., 1993).
Additionally, a specific TREM2 gene variant, that encodes an inflammatory response-
mediator receptor in myeloid cells, increases AD risk similarly as having one APOEe¢4 allele
(Guerreiro et al., 2013; Jonsson et al., 2013). Interestingly, having first-degree relatives with
late-onset AD increases around twice the expected lifetime risk of developing the disease,

although no Mendelian inheritance transmission pattern is found (Bekris et al., 2010).

Over the last years, genome-wide association studies (GWAS) have identified several
common and rare genetic variants as AD risk factors, including in amyloidogenic production
and clearance pathways, lipid production, inflammatory response, and endocytosis (Karch
and Goate, 2015). Despite the individual expression of common genetic variants slightly
increasing the risk of developing AD, when combined they can almost double that risk
(Escott-Price et al., 2015).

Finally, we are witnessing a current shift towards the understanding of this disease, which is
now perceived as a multifactorial disease, and where 70% of risk factors are related to
genetic variants (Lane et al., 2018; Sims et al., 2020). Nevertheless, the presence of
cerebrovascular disease and its antecedents, clinical history of hypertension, smoking,
obesity, and dyslipidaemias account as other non-genetic risk factors reported (Xu et al.,
2015).

1.3.2.3. Pathology and Pathogenesis
As already mentioned, the two histopathological hallmarks of AD are the presence of brain

amyloid plaques and NFTs. Plagues are primarily formed by the aggregation of the
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extracellular misfolded amyloid beta (AB) peptide with 40 or 42 a.a. (AB40 or AB1.40, AB42 or
ABi-42, respectively) (Citron, 2010; Price et al., 1991). This is partially originated by the
aberrant proteolytic cleavage of the transmembrane APP (Chen et al., 2017). The APP is a
large glycoprotein, coded by the APP gene, with an important physiological role on neuronal
development, signaling, intracellular trafficking, among others. In neurons, this protein can
be sequentially cleavage by B- and y-secretases, and, upon synaptic activity, AB peptide
production and secretion are known to be stimulated (Gouras et al., 2015; Serrano-Pozo et
al., 2011). The increased AB42/AB40 ratio found in plagues happens due to AB42 higher
insolubility and tendency for fibrillization (Lane et al., 2018; Takahashi et al., 2017).
Moreover, AD patients with described mutations in APP, PSEN1, and PSEN2 genes have an
AB peptide overproduction, and specially of the AB42 fragment (Masters et al., 2015), that
accumulates in CNS and leads to a higher plasmatic AB42/AB40 ratio (GAmez-Isla et al.,
1999; Potter et al., 2013).

NFTs are essentially formed by the misfolded hyperphosphorylated tau (p-Tau) protein
(Citron, 2010; Price et al., 1991). These tangles usually appear accompanied by neuropil
threads, which are thought to be the result of dendrites and axon breakdown products
(Serrano-Pozo et al.,, 2011). Moreover, NFTs are less AD-specific than amyloid plaques
since they are also observed in other neurodegenerative diseases, such as several subtypes

of frontotemporal dementia and corticobasal degeneration (Gouras et al., 2015).

Plaques’ accumulation starts in the basal portions of the frontal, temporal, and occipital
lobes. Later, plagues are detected in the limbic system, being the hippocampal mildly
impaired, and, finally, they appear in subcortical areas, such as in the primary isocortical
areas, and molecular layer of the cerebellum and subcortical nuclei (striatum, thalamus,
hypothalamus, subthalamic nucleus, and red nucleus) (Braak and Braak, 1991; Thal et al.,
2002). On the other hand, the accumulation of NFTs starts in the medial temporal lobes,
affecting the hippocampus, and spreads to other areas of the neocortex (Masters et al.,
2015). Interestingly, plaques deposits reach a plateau early after the appearance of the first
cognitive symptoms, without showing a correlation with the severity or the duration of the
associated dementia (Hyman et al., 1993; Ingelsson et al., 2004; Serrano-Pozo et al., 2011).
In contrast, NFTs formation occurs in parallel to both neuronal and synapse loss, and it is

better correlated with the clinical symptoms and disease progression (Ingelsson et al., 2004).

The deposition of AB peptide in cerebral blood vessels leads to cerebral amyloid angiopathy
(Noguchi-Shinohara et al., 2016). The presence of granulovascular degeneration, consisting
of large double-membrane bodies accumulation, and Hirano Bodies, that are eosinophilic
rod-like cytoplasmic inclusions observed in the cytoplasm of hippocampal pyramidal neurons

are other microscopic alterations associated to AD brains (Serrano-Pozo et al., 2011).
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In addition to protein aggregation-induced neurotoxicity, alteration of glial response,
imbalance of neuronal calcium homeostasis, cholinergic dysfunction, and extensive neuronal
and synaptic loss are also observed (Sims et al., 2020). The disruption of NO homeostasis is
also known to accelerate the development of AD (De La Torre and Stefano, 2000).

Excitotoxicity as well as dysregulation of brain-derived neurotrophic factor (BDNF) signaling
are known to be involved in neurodegenerative disorders such as AD (Budni et al., 2015;
Jerénimo-Santos et al., 2015). BDNF is an important neurotrophic factor with a well-studied
regulatory action on neuronal survival, differentiation and maturation, and synaptic plasticity
(Binder and Scharfman, 2004). This neurotrophin enhances hippocampal long-term
potentiation (LTP) through the activation of the tropomyosin receptor kinase B-full length
(TrkB-FL), contributing to synaptic plasticity facilitation (Fontinha et al., 2008; Minichiello,
2009; Lu et al., 2015). Importantly, AR peptide triggers excitotoxicity through N-methyl-D-
aspartate receptor (NMDAR)-mediated Ca?* influx, leading to an overactivation of calpain.
This causes a pathological cleavage of TrkB-FL, with a formation of a membrane TrkB
truncated fragment and of its intracellular domain fragment (TrkB-ICD), which impairs
synaptic plasticity by abolish LTP and decrease neuronal spine density (Fonseca-Gomes et
al., 2019; Jeronimo-Santos et al., 2015; Tanqueiro et al., 2018).

AD patients show a generalized brain atrophy, being the hippocampi one of the most
affected areas (Citron, 2010). The synaptic loss triggered by amyloid and tau pathologies
(Forner et al., 2017; Overk and Masliah, 2014), is preceded by the loss of pyramidal and
cholinergic neurons, which is predominant in cortex and hippocampal CA1l region. This
degeneration strongly correlates with the progressive cognitive decline in AD patients, firstly
characterized by impairments in memory, spatial orientation, attention, and executive

functions.

Despite the collected evidence, AD full pathogenesis is yet to be clarified. From all proposed
hypotheses, the amyloid cascade has been shaping the mechanistic research as well as the
drug discovery research over the last 25 years (Sims et al., 2020). According, AB-induced
toxicity triggers a complex cascade of events leading to neurodegeneration, which ultimately
drives into the cognitive dysfunction observed in AD patients (Hardy and Higgins, 1992).
Other theories include the cholinergic hypothesis, where a selective dysfunction of this type
of neurons is suggested to be the cause for the AD patients cognitive decline (Terry and
Buccafusco, 2003), and the mitochondria-associated endoplasmic reticulum membrane
hypothesis, which implies that metabolic changes affecting the homeostasis of these cellular
structures lead to alterations on APP processing and tau phosphorylation, contributing to AD

pathology (Area-Gomez et al., 2018; Area-Gomez and Schon, 2017).
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1.3.2.4. Diagnosis and biomarkers

Non-cognitively impaired elderly might also present neuropathological hallmarks of AD, such
as amyloid plagues and NFTs (Mufson et al., 2016), offering another puzzling evidence for
this disease. The criteria for AD diagnosis have been revised over the last years, in
particular, by the International Working Group, and the National Institute of Ageing-
Alzheimer Association. The latest proposed criteria for monitoring AD progression
subdivides it into three phases: 1) preclinical AD, mild-cognitive impairment (MCI), and
dementia due to AD (Figure 5 (A)).

AD patients might have no symptoms for years (preclinical or prodromal phase), which might
be explained by the activation of several molecular compensatory mechanisms (Bobkova
and Vorobyov, 2015). However, during this stage, several changes in AD biomarkers
measured in the brain, CSF, and blood can already be detected in these patients (Figure 5
(B)). By the time that the first cognitive symptoms appear, the disease is already set,
biomarkers levels are higher, and patients show symptoms of MCI that still do not affect
most of their daily activities. Then, AD patients start to develop all dementia symptoms and
to lose their individuality. AD became a highly demanding disease for society, mainly due to
the full dependence of these patients in later stages of the disease progression (Alzheimer’'s
Association, 2019).

Nowadays, clinical diagnosis criteria include cognitive assessment, to identify AD-associated
impairments, specifically short-term memory loss. The presence of AD biomarkers, and/or
cerebral structural abnormalities or injuries, imply the need of complementary exams to
correctly assess the AD diagnosis. Blood tests are usually performed to exclude other
conditions that may contribute to similar cognitive symptoms (Lane et al., 2018; Mucke,
2009). Cerebral imaging studies are also recommended for AD diagnosis and to evaluate
disease progression (Blennow and Zetterberg, 2018; Huang and Mucke, 2012). Structural
abnormalities and degenerative atrophy can be identified in structural magnetic resonance
imaging (MRI) studies (Hort et al., 2010). These studies can be also used for differential
diagnosis and evaluate the cerebrovascular compromising that might mimic or co-occur with
AD (Lane et al., 2018). Additionally, positron-emission tomography (PET) can be performed
to detect amyloid deposits, where the compounds used bind to fibrillar -amyloid

(Ikonomovic et al., 2016).

Finally, the presence of higher levels of tau, p-Tau and decreased levels of AB42 in CSF can
also be used to diagnose AD (Blennow and Zetterberg, 2018). These CSF biomarkers can
predict the favourable AD progression from individuals with MCI (Olsson et al., 2016), which
are extremely helpful for clinicians to identify the expected 15% of MCI cases that will

eventually progress to AD (Davatzikos et al., 2011).
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A Dementia due to AD
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Figure 5. Alzheimer’'s Disease progression. (A) Alzheimer's Disease (AD) symptomatology
continuum associated to its currently accepted classification: preclinical, mild cognitive impairment
(MCI), and dementia. (Alzheimer’s Association, 2020). (B) Biomarkers for AD pathological cascade
model (Jack et al., 2013).

1.3.2.5. Current treatment options
AD has no cure and the available pharmacological treatments are limited and only slightly
attenuate the symptoms (Alzheimer’s Association, 2019). Worldwide, scientific research on
AD and AD-related fields represents a collective effort to find more appropriated treatments.
However, the high complexity of this disease has proven to be a challenge. Over the last
years, we have witnessed the devastating results in clinical trials failures using the most

promising drugs to fight AD, mainly designed to overcome amyloid and tau pathologies.

Nevertheless, four drugs are currently approved for the clinical use in AD patients to
temporarily ameliorate their symptoms: Rivastigmine, Donepezil, Galantamine, and
Memantine (Massoud and Léger, 2011). The first three are acetylcholinesterase inhibitors,
hampering the acetylcholine degradation, an essential neurotransmitter for postsynaptic
stimulation (Birks and Harvey, 2006; Seltzer, 2007; Onor et al., 2007; Birks et al., 2009; Loy

and Schneider, 2006; Robinson and Plosker, 2006). They induce a transient increase of
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acetylcholine at synaptic level, acting as a compensatory therapy for the loss of cholinergic
neurons in AD. In contrast, Memantine is indicated for moderate to severe AD-related
dementia (Epperly et al., 2017). It is a NMDAR antagonist, and its action counteracts the
glutamate-induced excitotoxicity through mainly blocking the extra-synaptic glutamate
NMDAR (Johnson and Kotermanski, 2006; Tanqueiro et al., 2018). This excitotoxicity is
observed in later stages of AD and it contributes to a faster disease progression (Kavirajan,
2009; Massoud and Léger, 2011).

Several additional pharmacologic factors might have a protective role on AD progression,
such as undertaking oestrogen, statins, antihypertensive medications, and non-steroidal
anti-inflammatory drugs. In addition, being intellectually and/or physically active, by receiving
cognitive training, emotional, physical, and social stimulation, and music therapy, alongside
with having a diet rich in folate, vitamin E/C and coffee have shown to be protective against
AD and increasing the general quality of life of these patients (Mayeux and Stern, 2012; Xu
et al., 2015; Zucchella et al., 2018).

1.3.3. Link between pain and Alzheimer’s Disease
The prevalence of persistent pain increases with age, aggravated by the inherent difficulties
of clinicians to assess and manage pain, leaving a significant percentage of elderlies
untreated (Kaye et al., 2010). Further evidence show that chronic pain aggravates AD, and
the limited capacity to verbally express and percept the pain and discomfort of these patients
can lead to a pain underestimation, which can worsen the disease progression without

adequate treatment (Borsook, 2012).

Similarly to what was observed in patients with persistent pain (Nishimura et al., 1991), AD
patients have decreased levels of KTP in CSF (Santos et al., 2013), which may be a
consequence of the disease-specific cortical thinning and hippocampal volume loss. In fact,
decreased cortical mass, with an acceleration loss phase during the early stages of the AD,
might result in less capability of KTP production and it can explain its dropping levels in the
CSF (Sabuncu et al., 2011; Santos et al., 2013). More importantly, the decreased levels of
KTP also had an inverse correlation with p-Tau levels in CSF of AD patients, as shown in
Figure 6 (A) (Santos et al.,, 2013). Since p-Tau in CSF acts as a biomarker of
neurodegeneration (Schraen-Maschke et al., 2008), being released from senescent neurons,
and being KTP also produced in neuronal cells, it is expected that KTP levels naturally fall as
neurons die (Santos et al., 2013). Thus, KTP decreased levels in CSF strongly suggest KTP

as a candidate for a new AD biomarker (Santos et al., 2013).

This association between AD and pain (Figure 6 (B)), two conditions with extreme

epidemiologic relevance, reinforce the need of finding a new therapeutic strategy that
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combines both analgesic and neuroprotective effects in one single pharmacological agent.
Furthermore, the simultaneously implication of NO in molecular mechanisms subjacent to
both KTP-induced analgesia and AD, with the decreased levels of KTP in the brain probably
contributing to a decrease in NO synthase activity causing a NO deficit, only reinforced the
interest of using KTP as a putative drug for AD therapy.
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Figure 6. Link between pain and Alzheimer’'s Disease. (A) Bar graph of kyotorphin (KTP)
concentration levels (nM) versus hyperphosphorylated tau (p-tau) levels (pg/mL) measured in
cerebrospinal fluid (CSF) of Alzheimer’s Disease (AD) patients (grey bars) and age-matched controls
(white bar). Each bar corresponds to the average of KTP levels of clustering data regarding p-tau
levels, using classes with regular intervals of 100 pg/mL. Statistical analysis, using one-way ANOVA
with Dunnett’s post-hoc test, shows that above 400 pg/mL all AD classes have significantly lower KTP
levels when compared to controls (*p <0.04, **p <0.0075,***p <0.0006); and or to the 100- to 200-
pg/mL p-tau class (#p <0.04, ##p <0.0046), supporting an inverse correlation between KTP and p-tau
levels of AD patients. (B) Representation of the potential clinical implications of the link between AD
and pain presented in the study of Santos et. al, 2013. The characterized neuronal degeneration
observed in AD lead to a decrease of KTP levels, presumably by its production being affected by less
available neurons, which increased the possibility of AD patients experiencing chronic pain by
decreasing their pain tolerance. In parallel, the cognitive deficits attained by AD patients might also
hampered the self-reported pain and, together, these might foster their clinical condition. Finally, given
the neuroprotective potential of KTP, decreased levels might result into an amplification of the
degenerative scenario, worsening AD progression. Therefore, the authors suggested that a
pharmacotherapy with KTP-related drugs might be favorable to AD progression, mainly due to their

dual neuroprotective and analgesic action. Adapted from (Santos et al., 2013).
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1.3.3.1. Kyotorphin and Amidated-Kyotorphin as neuroprotective agents
During the last years, the potential neuroprotective action of KTP began to be explored in the
context of AD and dementia (Figure 7). In summary, after KTP levels were found to be
decreased in CSF of AD patients (Santos et al., 2013), the pharmacological use of KTP-
related drugs as a dual action in targeting both AD and pain symptoms was suggested to
counteract the amplification of the neurodegenerative feedback loop maintained by the lack
of KTP (Figure 6 (B)). Among other KTP-derivatives, KTP-NH;, appeared as an interesting
candidate for testing its neuroprotective action, mainly due to its confirmed capability of

crossing the BBB.

Besides having an acute and chronic well-characterized analgesic-profile when systemic

administrated (see previous topic Functional studies regarding KTP-NH,), in a mouse model

of lipopolysaccharide-induced inflammation, KTP-NH, was efficient in decreasing the
number of leukocyte rolling, without affecting the microcirculatory environment (Conceicéo et
al.,, 2016). Systemic KTP-NH. treatment also had remarkable effects on ameliorating
cognitive symptoms induced in a cerebral hypoperfusion dementia model, possible through
neuronal rescue of impaired cells (S& Santos et al.,, 2016). Additionally, KTP-NH, also
showed a systemic glucocorticoid-mediated anti-inflammatory action (Perazzo et al., 2017b).
Accordingly, the impact on the glucocorticoid system might account for the molecular link
between analgesia, anti-inflammation, and neuroprotection observed by KTP-NH-
administration (Perazzo et al., 2017b).
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Figure 7. Timeline of studies exploring the neuroprotective potential of Kyotorphin and
Amidated-Kyotorphin. These studies explored the therapeutic use of both Kyotorphin (KTP) and
Amidated-KTP (KTP-NH) in the context of Alzheimer's Disease (AD) and dementia. References:
1(Santos et al., 2013); ?2(Conceicéo et al., 2016); 3(Sa Santos et al., 2016); 4 (Perazzo et al., 2017b);
5(Angelova et al., 2018); é(Belo et al., 2020); LPS — lipopolysaccharide; STZ — streptozotocin.
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Interestingly, i.c.v. injection of KTP in a sporadic AD rat model ameliorated memory
impairments without affecting AB amyloid deposits in the hippocampus (Angelova et al.,
2018). Finally, our recent work was the first to provide evidence for the use of KTP-NH: in
AD pathophysiology. As such, the chronical i.p. injection of KTP-NH: in a sporadic AD rat
model was able to counteract AB-induced memory impairment, possible by protecting

neuronal synapses and plasticity (see Chapter 4).
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2.1. General and specifics objectives

Despite the putative therapeutic potential of KTP in pain and AD, its inability to cross the
BBB makes its clinical use a challenge. KTP-NH;, a KTP derivative, was designed to
overcome this pharmacokinetic hindrance, which increases its therapeutic value as a CNS
drug. In this study, the main goal was to explore the therapeutic use of KTP-NH; as a new
drug for AD treatment.

Although recent studies have shown a remarkably analgesic, anti-inflammatory, and
neuroprotective action of KTP-NH,, its functional and molecular impacts on synaptic
functions are still unknown. Similarly, the synaptic effects of KTP are yet to be uncovered.
Thus, the first specific aim of this work was to characterize and to compare KTP and KTP-
NH; effects in synaptic function under non-pathological conditions (Chapter 3).

Then, given the particular interest of this work in AD treatment, the second specific aim
was to evaluate the neuroprotective potential of both peptides in AB-induced AD
pathophysiology (Chapter 3). Since AB peptide was used as the insult to mimic the in vitro
AD pathophysiological environment, the neuronal mechanisms known to be impaired by its
presence, and that could be potentially protected by KTP and KTP-NH. actions, were

explored here.

Finally, the third specific aim was to correlate the synaptic mechanisms protected by KTP-
NH. action against AB-induced toxicity and the ameliorated memory impairment observed

after systemic administration of KTP-NH: in a rat model of sporadic AD (Chapter 4).
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3.1. Chapter rationale and publication information

The higher therapeutic interest on KTP-NH. - the KTP synthetic derivative especially
designed to overcome the BBB, clearly pointed that a comparative study between KTP and
KTP-NH. was needed. Given their potential in AD treatment, this chapter aimed to
characterize and to compare the functional and molecular effects of both peptides in CNS,
not only under non-pathological conditions, but also in AB-induced pathophysiology
conditions. The performed experiments were design to study the impact of exogenous
administration of both peptides in synaptic mechanisms that could be either modulated by
KTP and KTP-NH; action, or that are known to be impaired by AB peptide, the elected insult
to mimic the AD pathophysiology.

This chapter included the manuscript prepared for an original research article to be
submitted soon. Besides having design and conceptualize this study, | performed all
experiments and statistical analysis included. Catarina Miranda-Lourencgo helped with the
electrophysiological recordings and co-performed the glutamate release experiments. Tiago
Coelho e Carolina Almeida-Borlido equally contributed to immunocytochemistry analysis
under my supervision. Sandra H. Vaz was responsible by both glutamate release and
calcium imaging experiments supervision, and results interpretation. Valéria Martins and
Beatriz de Alves Pereira helped with technical support and cell cultures manipulation. Clara
Pérez-Peinado and Javier Valle helped with KTPa synthesis under supervision of David
Andreu. Hugo Vicente Miranda was responsible for the preparation of the oligomeric species
of AB. Me, Jodo Fonseca-Gomes and Catarina B. Ferreira were responsible by the neuronal
cell cultures. Montserrat Heras and Eduard Bardaji were responsible for the synthetize of
both KTP and KTP-NH: peptides. Miguel A. R. B. Castanho, Vera Neves, Ana M. Sebastido,
and Maria José Didgenes were responsible for the concept and design of the study,

interpreted the results and supervised the work.

This study was supported by Santa Casa da Misericérdia de Lisboa (MB37-2017) and FCT:
PTDC/NEU-OSD/5644/2014, and PTDC/BIA-VIR/29495/2017. FCT supported Catarina
Miranda-Lourenco (SFRH/BD/118238/2016), Jodo Fonseca-Gomes (PD/BD/114441/2016),
Catarina B. Ferreira (PD/BD/128390/2017).
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3.2. Introduction

Kyotorphin (KTP), a dipeptide constitute by L-Arginine-L-Tyrosine was discovery in 1979
(Takagi et al.,, 1979a). It has a described naloxone-reversible opioid-like analgesic effect,
which indirectly triggers the release of Met-enkephalin in central nervous system (CNS)
(Takagi et al., 1979b; Rackham et al., 1982). The mechanisms underlying this effect remain
unclear in several aspects, but it currently accepted that KTP acts through a specific Gi-
coupled receptor (KTPr), inducing the Ca?* influx in a phospholipase C-mediated process
(Takagi et al., 1979b; Shiomi et al., 1981b; Ueda et al., 1995b, 1995a, 1996). Moreover,
KTPr action can be antagonized by the dipeptide L-Leucine-L-Arginine (KTPan).

During the last two decades, the vast majority of KTP research has been related to its
possible application in pain treatment, but some studies also explored its other non-opioid
dependent functions (Dzambazova and Bocheva, 2010; Ueda, 2021). Nowadays, the
interest in KTP as a drug for CNS goes behind its analgesic properties, which has recently
increased due to its role in neuroprotection, including as a possible drug for Alzheimer’s

Disease (AD) treatment.

AD has proven to be a highly complex disease and a challenge for drug discovery and
development (Bondi et al., 2017). At the molecular level, the presence of brain amyloid
plaques, primarily formed by the aggregation of the extracellular misfolded amyloid beta (AB)
peptide, and neurofibrillary tangles, are the hallmarks of the AD (Citron, 2010; Price et al.,
1991). Moreover, excitotoxicity, dysregulation of brain-derived neurotrophic factor (BDNF)
signaling, and inflammation are known to be present in this disease (Budni et al., 2015;
Jer6nimo-Santos et al.,, 2015; Dansokho and Heneka, 2018). BDNF, an important
neurotrophic factor, is involved in synaptic plasticity mechanism (Binder and Scharfman,
2004), enhancing hippocampal long-term potentiation (LTP) and neuronal spine density,
through tropomyosin receptor kinase B-full length (TrkB-FL) activation (Fontinha et al., 2008;
Minichiello, 2009; Lu et al., 2015). Importantly, AB leads to a Ca?*-induced overactivation of
calpains, causing the pathological cleavage of TrkB-FL, with the formation of a TrkB
truncated form and of an intracellular domain fragment (TrkB-ICD), and consequently
affecting synaptic plasticity (Fonseca-Gomes et al., 2019; Jer6nimo-Santos et al., 2015;

Tanqueiro et al., 2018).

To assess synaptic function, electrophysiological recordings are usually performed, and, in
particular, LTP induction in hippocampal CAl area allows the study the molecular
mechanisms of synaptic plasticity that correlate with memory and learning processes (Bliss
and Collingridge, 1993). Moreover, hippocampi is one of the most affected brain areas in AD

patients (Citron, 2010), which strongly correlates with the progressive memory decline in

38



Chapter 3 — Characterization of KTP and KTP-NH: effects in synaptic functions under non-

pathological conditions and AB-induced pathophysiology

these patients. Their limited capacity to verbally express and percept pain can lead to a pain
underestimation and, without the adequate treatment, to the worsen of AD progression
(Borsook, 2012). Furthermore, AD patients have decreased levels of KTP in cerebrospinal
fluid (Santos et al.,, 2013), which may be a consequence of the disease-specific cortical
thinning and hippocampal volume loss. As such, the link between pain and AD, two
conditions with extreme epidemiologic relevance, suggested the use of KTP-related drugs as

new therapeutic strategies for AD treatment (Santos et al., 2013).

The striking difference in the KTP analgesic effects obtained by systemic and focal
intracerebroventricular (i.c.v.) administration assigns its very limited capacity of reach the
brain, mainly due to its inability to cross the blood-brain barrier (BBB) and susceptibility to
clearance mechanisms (Jiang et al., 2009; Serrano et al., 2014a, 2014b). Within this context,
several groups have been working in different strategies to modify and add new function to
the original peptide (Perazzo et al., 2017a).

Amidated-Kyotorphin (KTP-NH2) was synthesized with the substitution of KTP carboxylic
group (-OH) with an amine group (-NH.). This change increased the peptide global net
charge, enhancing its interaction with biological membranes, including its capability to cross
the BBB (Ribeiro et al., 201l1a, 2011b). Besides having an acute and chronic well-
characterized analgesic-profile, without major side-effects (Ribeiro et al., 2011a, 2011b),
KTP-NH, showed remarkably anti-inflammatory effects (Conceicéo et al., 2016; Perazzo et
al., 2017a). Moreover, our recent studies unveiled the neuroprotective effect of KTP-NH; on
ameliorating cognitive symptoms induced 1) in a cerebral hypoperfusion dementia model,
possible through neuronal rescue of impaired cells (Sa Santos et al., 2016), and 2) in a AB-
induced sporadic AD model, possible by protecting neuronal synapses and plasticity (Belo et
al., 2020).

In this work, we aimed to characterize and compare the effects of KTP and KTP-NH, to
assess possible differences in mediating synaptic activity. More specifically, given our
particular interest in unravelling the partially unknown neuroprotective effect of both peptides
in Ap-induced AD pathophysiology, we explored the effects of both peptides in several

neuronal mechanisms that are known to be impaired by AB action.
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3.3. Materials and Methods

3.3.1. Peptides

3.3.1.1. Amyloid 8 peptide
As previously used in the lab (Belo et al., 2020), in vitro experiments using primary cortical
cultures were performed using the Amyloid B (AB) peptide fragment 25-35 (AB2s.35) (Bachem,
Bubendorf, Switzerland). This fragment represents the biologically active region of Ap,
causing similar dysfunctions as the AB peptide 1-42 (AB1-42) (Kaminsky et al., 2010; Pike et
al., 1995). Stock solutions of AB2s.35 were prepared in milliQ water to a final concentration of
1 mg/mL. To prepare oligomeric species of ABia42 (ABoig), APB142 (1 mg/ml) (A-42-T,
GenicBio, Shanghai, China) was suspended in phosphate-buffered saline (PBS),
supplemented with 0.025% ammonia solution, and adjusted to a final pH 7.2 (HCI). Species
separation was based on an ultrafiltration process, as previously described (Giuffrida et al.,
2009). Briefly, AB1-42 (220 uM) was set to oligomerize by constant shaking at 600 rpm, at
37°C for 16 h and ultracentrifuged (40 000 g, 30 min) for separation of fibrils (pellet). The
supernatant was further separated in centrifugal filters (30 kDa Amicon Ultra). The
concentration of the retained fraction, corresponding to oligomers > 30 kDa, was
spectrophotometrically determined (€280 =1490 Mcm™). These oligomers aliquots (120-220

UM) were immediately stored at -80°C until further use.

3.3.1.2. KTP, KTP-NH2 and KTPant
KTP (L-Tyrosine-L-Arginine) and KTP-NH; (L-Tyrosine-L-Arginine-NH,) peptides were
synthesized as previously described (Ribeiro et al., 2011b). KTPan (L-Leucine-L-Arginine)
was synthesized as routinely by our group (Cavaco et al., 2020), using a Prelude synthesizer
(Gyros Protein Technologies, Tucson, AZ) running Fmoc (FastMoc) SPPS protocols at 0.1
mmol scale on a fmoc-L- Arg(boc)-wang resin. Eight-fold excess of Fmoc-L-amino acids and
N,N,N’,N-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophosphate (HBTU), in the
presence of a double molar amount of N,N-diisopropylethylamine (DIEA), were used for the
coupling steps, with N,N-dimethylformamide (DMF) as a solvent. After chain assembly, full
deprotection and cleavage were carried out with the addition of 3 mL of 95% trifluoroacetic
acid (TFA), 2.5% H.0, 2.5% triisopropylsilane (TIS) (v/v), and the preparation was shacked
(200 rpm), for 90 min, at room temperature (RT). After that, the resin was filtered and the
peptide was isolated through precipitation with ice-cold diethyl ether, and centrifugation at
4,000 g, 4°C for 10 min. Then, the supernatant was removed, and the pellet was dissociated
using a vortex. Then, 10 mL of MiliQ water was added, and the peptide was lyophilized
inside a vacuum chamber. Analytical reversed-phase HPLC was performed on a Luna C18
column (4.6 x 50 mm, 3 uym; Phenomenex, USA). Linear gradients of solvent B (0.036% TFA

40



Chapter 3 — Characterization of KTP and KTP-NH: effects in synaptic functions under non-

pathological conditions and AB-induced pathophysiology

in Acetonitrile) into solvent A (0.045% TFA in H20) were used at a flow rate of 1 mL/min and
with ultraviolet (UV) detection at 220 nm. Preparative HPLC runs were performed on a Luna
C18 column (21.2 x 250 mm, 10 ym; Phenomenex) using linear gradients of solvent B
(0.08% TFA in Acetonitrile) into solvent A (0.1% TFA in H2O) at a flow rate of 25 mL/min and
with UV detection at 220 nm. Fractions of adequate HPLC homogeneity and with the
expected mass were combined and lyophilized. LC-MS was performed in a LC-MS 2010EV
instrument (Shimadzu, Kyoto, Japan) fitted with an XBridge C18 column (4.6 x 150 mm, 3.5
um; Waters, Spain), eluting with linear gradients of solvent B (0.08% Formic Acid (FA) in
Acetonitrile) into solvent A (0.1% FA in H2O) over 15 min at 1 mL/min. All peptides were
prepared in previously filtered and sterile milliQ water and, accordingly of their use in ex vivo

and in vitro experiments, 1 mM and 5 mM stock solutions were stored at -20°C.

3.3.2. Brain areas dissection and acute hippocampal slices preparation
Brain tissue and acute hippocampal slices were obtained and maintained as routinely in the
lab (Belo et al., 2020). Briefly, male C57BL/6J mice (8-11 weeks old), purchased to Charles
River Laboratories (Lyon, France), were deeply anesthetized with isoflurane and
decapitated. Then, brains were quickly removed and placed in ice-cold artificial cerebral-
spinal fluid solution (aCSF; 124 mM NaCl, 3 mM KCI, 1.2 mM NaH2PO,, 25 mM NaHCOs3, 2
mM CacClz, 1 mM MgSO,, and 10 mM glucose, pH 7.4), continuously oxygenated (O./COx:
95%/5%). For the calpain assays and synaptosomes isolation, cortices and hippocampi were
respectively dissected in this step. To obtain acute hippocampal slices to conduct
electrophysiological recordings, both hippocampi were dissected and placed in a Mcllwain
tissue chopper, properly oriented to allow the cut of acute hippocampal slices, with a
thickness of 400 um, perpendicularly to the long axis of the hippocampus. Then, to
guarantee the functional and energetic tissue recovery, slices were placed in a resting

chamber filled with continuously oxygenated aCSF at RT for 1h.

3.3.3. Ex vivo electrophysiological recordings
Ex vivo electrophysiological recordings were conducted as routinely in the lab (Belo et al.,
2020). Briefly, acute hippocampal slices were placed into a recording chamber continuously
superfused with aCSF at 32°C and continuously oxygenated (flow rate of 3 mL/min), unless
other way stated below (Figure 8 (A)). Field-excitatory postsynaptic potentials (fEPSP) were
extracellularly recorded using a microelectrode filled with aCSF (2-6 MQ), placed in the
stratum radiatum of the CA1 area. Stimulation was applied using a bipolar concentric wire
electrode placed on Shaffer collateral/commissural fibers in stratum radiatum in either one or
both independent pathways (S1 or S2). The intensity of stimulation was initially adjusted to
obtain the fEPSP slope with a minimal spike contamination and of around 50% of the

maximal slope. Recordings were obtained with an Axoclamp 2B amplifier (Axon Instruments,
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Foster City, CA, United States), digitized and continuously stored on a personal computer
with the WInLTP software (Anderson and Collingridge, 2001). Depending on the followed
protocol, stimulation pulses were delivered every 10/20 s and individual responses were
monitored as the averages of six/eight consecutive signals. Either slopes and/or amplitudes
of the fEPSP initial phase, and/or the amplitude of presynaptic fiber volley (PSFV) were
guantified. For all electrophysiological recordings, the baseline was defined as the average
of 5 points recorded, usually with 10 min duration, immediately prior to any followed
manipulation known to be liable of perturbing the recorded signal (e.g. changes in
stimulation input, and peptides perfusion). This baseline is essential for having an initial
stable read-out, working as an internal control, which was used to normalize the respective

experiment.

3.3.3.1. Concentration/effect curves
To study the effect of KTP and its amidated form in synaptic transmission, hippocampal
slices were superfused with increasing concentrations of the peptides, prepared in
continuously oxygenated aCSF, after the obtention of a stable baseline of fEPSP slopes and
amplitudes. Every tested concentration (from 5 nM to 5 mM) of each peptide was superfused
for 32 min each (16 points), within a close circuitry. After the superfusion of the highest
concentrated solution, slices were superfused with aCSF without peptides for 20 min in an
open circuitry to assure a complete removal of peptides in circulation (Figure 8 (C)). Both
fEPSP slope and amplitude were quantified as the percentage of change in the respective
average taken between the last 10 min of each perfused solution (the last 5 points) in
relation to the respective average of fEPSP measured during the baseline. Note that
peptides physiological concentrations are usually within a nanomolar scale (nM-scale), and
similarly to other neurotrophic peptides, a small amount of these molecules is enough to
induce a perturbation on the basal synaptic transmission when compared to

neurotransmitters (HOkfelt et al., 2003).

3.3.3.2. Input/Output curves
Input/Output (I/0) curves were used to evaluate the synaptic transmission efficacy. Similarly,
after obtaining a stable baseline, with an average fEPSP slope around 0.5 mV/ms, the
stimulation was decreased to 60 pA, which represents no evoked-fEPSP, and subsequently
increased by steps of 20 pA until a supramaximal stimulation of 320 pA. Both fEPSP slope
and the amplitude of PSFV were quantified as the average of three consecutive fEPSP
recorded for each stimulation intensity. The 1/O curves were plotted as 1) the fEPSP slope
against the stimulus intensity, 2) the PSFV amplitude against stimulus intensity, and 3) the

fEPSP slope against PSFV amplitude, providing a measure of basal synaptic efficiency.
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Figure 8. Hippocampal slices treatment and respective electrophysiological recordings

protocols used. (A) (a) Schematic representation of an acute hippocampal slice with the

electrophysiological recording configuration used to obtain field excitatory postsynaptic potentials
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(fEPSP) from CAL area under the stimulation of two independent Schaffer pathways (S1 and S2). (b)
Schematic representation of a recorded signal tracing showing the stimulus artifact (1), the
presynaptic volley (2), and the fEPSP (3). Adapted from (Didgenes et al., 2011) (B) Representation of
the applied long-term potentiation (LTP) protocol for long-exposure treated slices. After a stable
baseline (10 min), LTP was induced through a weak 6-burst protocol (3 trains of 100 Hz, 3 stimuli,
separated by 200 ms). Post-tetanic potentiation (PTP) was quantified as the average of the first 3
recorded signals (6 min) after LTP induction, whereas LTP magnitude (presented as LTP) was
quantified using the last 5 points (10 min) of 1 h of recording. (C) Representation of the applied
Concentration/effect curves protocol. After obtaining a stable baseline, six solutions of increasing
concentration (5 nM, 50 nM, 500 nM, 5 uM, 50 uM, and 5 mM), of each peptide (KTP or KTP-NH>)
were successively superfused during 32 min each, and fEPSP recorded. After the perfusion of the
highest concentrated solution, slices were superfused with continuously oxygenated aCSF for 20 min.
Both fEPSP slope and amplitude were quantified as the percentage of change in the respective
average taken between the last 10 min of each perfused solution (the last 5 points) in relation to the
respective average of fEPSPs measured during the baseline. (D) Representation of the applied LTP
protocol for acute-exposure treated slices. In these experiments, firstly a LTP was induced (control,
with aCSF perfusion) in one of the two available stimulation pathways (S1 or S2), and then, the
second LTP was induced in the other stimulation pathway (S1 or S2), after peptides superfusion for a
minimal of 20 (50 nM KTP or 50 nM KTP-NH2). Similarly, PTP and LTP were quantified as already
described. (E) Representation of the applied Input/Output (I1/O) curves and Paired-pulse facilitation
(PPF) protocols for acute-exposure treated slices. Regarding PTP, after obtaining a stable baseline,
the stimulation was decreased to 60 yA, which represents no evoked- fEPSP, and subsequently
increased by steps of 20 pyA, for 6 min each, until a supramaximal stimulation of 320 pA. Regarding
PPF, two consecutive evoked-fEPSP were recorded using a PPF stimulation protocol with
successively higher interstimuli intervals (10, 20, 50, 70, and 100 ms), for 6 min each. (F) Long-
exposure treatment used to evaluate KTP and KTP-NH: effect (50 nM) and in the presence or
absence of AR (200 nM), as well as KTPant (250 nM). A single LTP was induced as before in S1
pathway.

The maximum slope values were obtained by extrapolation upon nonlinear fitting of the I/O
curve. The effects of KTP and KTP-NH, were evaluate as the following: an 1/O curve was
firstly performed in a slice superfused with continuously oxygenated aCSF solution (control
condition), in one of independent pathway (S1 or S2); then, a second solution of aCSF with
KTP or KTP-NH: (50 nM) started to be perfused, and after 20 min, a second I/O curve was
performed on the contrary pathway (S2 or S1, respectively) (Figure 8 (D)).

3.3.3.3. Paired-pulse facilitation
Paired-pulse facilitation (PPF) was conducted as routinely in the lab (Di6genes et al., 2014).
After obtaining a stable baseline, two consecutive evoked-fEPSP were recorded from

hippocampal CA1 area using a PPF stimulation protocol with successively higher interstimuli
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intervals (10, 20, 50, 70, and 100 ms), for 6 min each (3 recorded fEPSP-pairs). PPF
magnitude was quantified as the slope ratio of the second and the first evoked stimuli
(fEPSP2/fEPSP1), as the ratios average of the 3 recorded fEPSP-pairs within the same
electrical stimulation range. The superfusion of solutions of continuously oxygenated aCSF
(control), with KTP or KTP-NH, (50 nM) were also used similarly in PPF recordings to what

was described before regarding the I/O curves protocol (Figure 8 (E)).

3.3.3.4. Long-term potentiation and post-tetanic potentiation

LTP induction and quantification were performed as described previously (Belo et al., 2020;
Di6genes et al., 2011). After fEPSPs stabilization (baseline), LTP was induced through a
weak 6-burst protocol (3 trains of 100 Hz, 3 stimuli, separated by 200 ms). The 6-burst
induced LTP pattern of stimulation is considered closer to what physiologically occurs in
hippocampi during episodes of learning and memory in living animals (Albensi et al., 2007).
We used a mild LTP protocol sensitive to changes in LTP magnitude. LTP magnitude was
guantified as the percentage of change in the average slope of fEPSPs taken between 50 to
60 min after LTP induction (last 5 points) in relation to the average slope of fEPSPs
measured during the 10 min before 6-burst induced LTP (baseline, 5 points). In addition,
post-tetanic potentiation (PTP) magnitude was quantified as the percentage of change in the
average fEPSP slopes obtained in the first 6 min (3 recorded points) after LTP induction
(Habets and Borst, 2007).

The acute effects of KTP and KTP-NH, (50 nM) were evaluate in a context of synaptic
plasticity (Figure 8 (C)). Once more, these experiments followed similar protocols concerning
slices treatments and time-points. A first LTP (Figure 8 (B)) was induced in a slice
superfused with continuously oxygenated aCSF (control condition) in one pathway, and
then, after starting the perfusion of aCSF solutions with KTP or KTP-NH, (50 nM), a second
LTP was induced in the other pathway (Figure 8 (C)). To evaluate the effects of peptides-
long exposure, slices were pre-treated for 3h at RT with solutions of continuously
oxygenated aCSF with KTP or KTP-NH; (50 nM), in the presence or absence of 200 nM
ABoig- In addition, the effect of KTPan: over KTP-NH, was evaluated in the same conditions by
adding 250 nM KTPan: 30 min prior to co-incubating with 50 nM KTP-NH..

3.3.4. Synaptosomes isolation
Hippocampal tissue isolated from adult animals was homogenized using a Potter
homogenizer with 5 mL of ice-cold sucrose solution (320 mM sucrose, 1 mM
ethylenediaminetetraacetic acid (EDTA), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1 mg/mL bovine serum albumin (BSA), pH 7.40),

and a Teflon pestle. Then, after adding an additional 5 mL of the sucrose solution, the
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homogenates were centrifuge at 3 000 g for 10 min at 4°C (Avanti J-25I, Beckman Model,
rotor: JA-25.50). Supernatants were collected and a new centrifugation was conducted at 14
000 g for 12 min at 4°C. The obtained pellet was resuspended in 2 mL of 45% (v/v) Percoll
solution in KHR (140 mM NaCl, 1 mM EDTA, 10 mM HEPES, 5 mM KCI, 5 mM glucose, pH
7.40) and centrifuged at 14 000 g for 2 min at 4°C (Heraues sepatech — Biofuge 28RS
centrifuge). The synaptosomal fraction, which was identified as the top layer, was carefully
collected through pipette aspiration to a new Eppendorf, washed in 1 mL of KHR solution
and centrifuged once more in the same conditions. The synaptosomes were kept on ice and

used within 3 hours.

3.3.5. [°*H]Glutamate release
Both synaptosomal fraction preparation and [*H]Glutamate release assays were conducted
as routinely in the lab (Vaz et al., 2015). The synaptosomes were resuspended in
oxygenated aCSF and allowed to equilibrate for 5 min at 37°C. From this time onward, all
solutions used were continuously oxygenated and kept at 37 °C. The synaptosomes were
loaded with 0.2 pM [*H]glutamate (specific activity 30—60 Ci/mmol) for 5 min and equally
layered over Whatman GF/C filters (Milipore, MA, USA), onto a six-chamber superfusion
apparatus (flow rate, 0.6 ml/min; chamber volume, 90 ul). The effluent was collected for 40
min in 2 min intervals, after a 20 min washout period. Glutamate release from synaptosomes
was elicited two times using a high-concentration K* solution (15 mM, isomolar substitution
of Na* with K* in the perfusion buffer), with a stimulation period of 2 min each. The first
period occurred 5 min after starting the sample collection (S1, first stimulation period) and,
the second at the 29" min (S2, second stimulation period). Solutions of 50 nM KTP and 50
nM KTP-NH; were prepared in the superfusion medium (control condition), and started to be
perfused at 9" min. Each condition (control, KTP and KTP-NH.) was tested in duplicate
within each experiment. After that, aliquots of 500 pL of each sample as well as the filters
from each superfusion chamber were analyzed by liquid scintillation counting. The fractional
release was expressed as the percentage of the total radioactivity present in the
synaptosomes at each time point, and the averages of duplicates of each condition were
considered as independent experiments. Then, the amount of radioactivity released by each
pulse of K* (S1 and S2) was calculated as the difference between the average of the 2
points of the peak, and the average of the 3 points before and the 3 points after the peak.
Statistical differences were analyzed using the averaged ratios between the S2 and S1 of

each condition.

3.3.6. Primary cortical cultures
Primary cortical cultures were obtained from cortices of Sprague-Dawley fetuses (E18/19),

as routinely in the lab (Jerénimo-Santos et al., 2015). Briefly, pregnant animals were deeply
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anaesthetised with isoflurane (Esteve, Barcelona, Spain), and decapitated. The collected
fetuses were placed in Ca?'- and Mg?*-free Hank’s Balanced Salt Solution (HBSS) (Gibco,
Paisley, UK), at 4°C. After brains dissection, and meninges removed, the isolated cortical
tissue was mechanically fragmented and enzymatically digested with 0.025% (w/v) of trypsin
solution in HBSS for 15 min at 37°C. A solution of HBSS supplemented with Fetal Bovine
Serum (FBS) 20% (w/v) was used to neutralize the action of trypsin, and the cellular
suspension was centrifuged at 190g. After discarding the supernatant, the cells were
resuspended in the same solution by pipette aspiration to better dissociate cells. This
washing process was repeated twice more times. Finally, cells were resuspended in warmed
supplemented Neurobasal medium (0.5mM L-glutamine, 25mM glutamic acid, 2% B-27, and
25 U/mL penicillin/streptomycin), and filtered (BD Falcon Cell Strainer 70 mM, Thermo
Fisher Scientific, Waltham, MA, United States), to unsure a single cells suspension. The cell
density was determined using a hemocytometer to count cells in a 0.4% trypan blue solution.

Cells were plated at 1x10° cells/mL in 8-wells Ibidi plates with a glass bottom (ibidi GmbH,
Martinsried, Germany), and in96- and 12-wells flat-bottom cell plates covered with glass
coverslips (Corning® Costar® TC-treated, Sigma). Both cell plates and coverslips were
previously sterilized under UV light, and coated overnight with 10 mg/mL of poly-D-lysine
(Sigma, St. Louis, MO, United States) and washed with sterile H>O twice.

For immunocytochemistry and cell viability assays, cells were incubated with 50 nM KTP or
50 nM KTP-NH; in the presence or absence of 25 uM ABa2s.35, during 24h, after 13 days in
vitro (DIV13). During this maximum period of 14 days, all cells were maintained at 37°C in a
humidified atmosphere of 95/5% O,/CO..

3.3.7. Calcium imaging
Cortical cultured neurons plated in 8-wells ibidi plates, as described above, were used
between 10-14 DIV to conduct the calcium imaging assays. Briefly, at the experiment day,
the supplemented Neurobasal medium was removed, and cells were carefully washed twice
with external physiological solution Ca?*-HEPES buffer (125 mM NaCl, 1.25 mM NaH,PO,, 3
mM KCI, 10 mM D(*)-glucose, 2 mM CacCl,, 2 mM MgClz, 2 mM MgSO,4 and 10 mM HEPES;
pH 7.4 adjusted with NaOH). Then, cells were loaded with 5 yM of fluorescent dye fura 2-
acetoxymethyl (Fura 2AM) in Ca*-HEPES buffer, for 45 min at 37°C in a humidified
atmosphere of 95/5% 0,/CO,, and washed three times with Ca?*-HEPES buffer. Fura 2AM
is @ membrane cell ratiometric dye that binds to intracellular Ca?* allowing to observe its

evolution over time.

Then, ibidi plates were placed on a heated chamber where cells were kept at 37°C in a

humidified and oxygenated atmosphere (95/5% O2/CO,). This chamber was installed in an
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inverted microscope (Axiovert 135TV, Zeiss) with epifluorescent optics and equipped with a
high-speed wavelength switcher/multiple excitation fluorimetric system, Lambda DG4 (Sutter
Instrument, Novato, CA, USA), with a 175W Xenon arc lamp, and band-pass filters of 340
and 380 nm wavelengths. Data was recorded by a CDD camera (Photometrics CoolSNAP
fx), whereas image pairs were obtained every 5-10 s, by sequentially exciting the
preparations at 340 nm and 380 nm, for 250 ms at each wavelength, and the emission
fluorescence was recorded at 510 nm. These pairs images were processed and analysed by
software MetaFluor (Universal Imaging, West Chester, PA, USA), allowing to obtain ratio
images for further analysis. Solutions of 50 nM KTP or KTP-NH,, prepared in Ca?*-HEPES
buffer, were carefully applied in the cells medium after establishing a 15 min baseline period.
In addition, after 40 min of peptides addition, cells were challenged with 2 yM ionomycin, an
effective Ca?* ionophore that induces necrotic cell death (Montagne et al., 2015), by
substantially increasing the intracellular calcium levels. As such, this step allows to identify
viable cells so that only those cells that responded to ionomycin through a substantial
increase of ratio 340/380 nm were considered for statistical analysis. In addition,
experiments were performed on cells with a baseline fluorescence ratio around 0.5, which
corresponds approximately to the expected intracellular calcium concentration of around 100
nM (Barhoumi et al., 2010; Knot, 2005). Regions of interest were obtained by defining the
profile of the cells and averaging the fluorescence intensity within the delimited area.
Intensity values were converted to ratio 340/380 nm and the all the values were normalized

by the first ratio of each cell.

3.3.8. Immunocytochemistry
In order to evaluate the neuroprotective effect of peptides treatment, spine density was
counted as previously reported (Belo et al., 2020). Briefly, after being washed with PBS
twice, cells from DIV 14 primary cortical cultures were fixed in 4% paraformaldehyde in PBS
(pH 7.4) for 15 min at RT. Firstly, cells were incubated with a blocking solution (3% (w/v)
BSA) (Sigma-Aldrich) in PBS with 0.1% (v/v) Triton X-100, cells for 1h at RT; secondly, to
specifically detect neurons, cells were incubated with mouse microtubule-associated protein
2 (MAP2) primary antibody (1:200, Millipore), in blocking solution, inside a wet-chamber at
4°C overnight; thirdly, after washed with PBS twice, cells were co-incubated, also in blocking
solution, with goat anti-mouse-Alexa Fluor 568 secondary antibody (1:200, Invitrogen), Alexa
Fluor 488 Phalloidin (1:40, Invitrogen) probe, for filamentous actin (F-actin) staining, and
Hoechst 33342 (6 pug/mL) for nuclear staining, for 1h at RT inside a dark-wet chamber.
Finally, after washing with twice PBS, coverslips were mounted in Mowiol mounting solution.
The use of a confocal laser point-scanning microscope LSM 880 with Airyscan (Carl Zeiss

Microlmaging, Thornwood, NY, United States), allowed the clear identification of dendritic
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protrusions, due to the observed conjugation between MAP2 (568, red), a major cytoskeletal
component of neurons (Dinsmore and Solomon, 1991), and F-actin (488, green), an
important protein in the constitution of the cytoskeleton of dendritic spines (Koskinen and
Hotulainen, 2014). The number of dendritic protrusions allowed to evaluate spine density. As
previously reported (Alonso et al., 2004; Ji et al., 2010), each primary culture were
considered an independent experiment, and the number of protrusions were counted per
parent dendrite, within a 10 um, and 25 um apart from the cell body. Independent averages
were computed with the number of protrusions counted in 3 different dendrites of each

neuron, 6 neurons per condition.

3.3.9. Cell viability assays
Cell viability was assess using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and the cell counting kit-8 (CCK-8) colorimetric assays. The MTT assay
allows the global evaluation of cellular metabolic activity by quantifying the bioreduction of
the MTT into a formazan (a purple-colored product). Similarly, CCK-8 contains a tetrazolium
salt, the 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium
(WST-8), that can be reduced by cellular dehydrogenases to a formazan product (an
orange-colored product), which is soluble in Neurobasal medium. The amount of formazan
produced in both assays is directly proportional to the number of living and metabolic active
cells. To note that although MTT is highly cytotoxic, CCK-8 is very stable, it has little
cytotoxicity, with a higher detection sensitivity, and the handling procedure is shorter and
less aggressive than when using any other tetrazolium salts such as MTT. The MTT (#CTO01,
Sigma-Aldrich, MO, USA) stock solution used was prepared as 5 mg/mL in PBS (pH 7.4)

and store at -20°C.

Briefly, primary cortical neurons (DIV 13) cultured in 96-wells plaques were treated with
supplemented Neurobasal medium (control), with 25 uM AB2s.3s alone or with 50 nM KTP or
50 nM KTP-NH; for 24h at 37°C in a humidified atmosphere of 95/5% O,/CO.. After 24 h, for
MTT assays, the cell medium was replaced with 6% (v/v) MTT, and for CCK-8 assays with a
solution of 10% (v/v) CCK-8 (Dojindo EU GmbH, Munich, Germany), both prepared in
warmed supplemented Neurobasal medium and in a total of 200 uL per well. Cells were
incubated for an additional 3h (MTT assays) or 2h (CCK-8 assays), respectively, at 37°C in a
humidified atmosphere of 95/5% O,/CO,. Then, the medium solution was removed from
plaques incubated with MTT, and 200 pL of dimethylsulfoxide (DMSQO) (Merck, Kenilworth,
NJ, USA) was added per well, allowing the complete solubilization of the produced formazan
product through several pipette aspirations. The absorbance was measured at 570 nm with
background subtraction at 650 nm, in a microplate reader Infinite M200 (Tecan, Mannedorf,
Switzerland). On the other hand, after 2h of incubation with the CCK-8 solution, 100 pL of
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each well were transferred onto a new 96-well plate and absorbance at 460 nm was
measured using a microplate reader Infinite M200. Cell viability of each condition can reflect
the toxicity of each incubation agent. The quantification of cell viability using MTT assays
was computed as a ratio between the average of replicated wells of each condition and the
average of replicated wells with untreated cells condition (control). On the other hand, the
guantification of cell viability using CCK-8 assays was computed as an index between 0 and
1, using the ratio between the difference between the average of replicated wells of each
condition and the average of replicated wells incubated with 6% (v/v) isopropanol as the
negative control agent, and the absorbance of replicated wells with plated cells without

treatment as a positive control [ (X — negative control) / positive control].

3.3.10. Calpain enzymatic assay
The collected cortical tissue of 4 animals was homogenized as independent samples, by
adding Radio Immuno Precipitation Assay (RIPA) buffer: 50 mM Tris-base (pH 7.5), 150mM
NaCl, 5mM EDTA, 0.1% Sodium Dodecyl Sulphate (SDS), and 1% Triton X-100,
supplemented with phosphatase inhibitors: 10nM NaF; 5mM NasVO, and a protease
inhibitor cocktail (Complete Mini-EDTA free from Roche, Penzberg, Germany), at 4°C, and
using a Vibracell VC250 Ultrasonic Liquid Processor (Sonics & Materials, CT, USA).
Samples were centrifugated at 16 000 g for 10°C at 4°C and their protein content was
guantified using the Bio-Rad DC reagent (Bio-Rad, Berkeley, CA, USA). Then, sample
conditions used in the enzymatic assay were prepared with 100 pg of protein, whereas
sterile MiliQ water was added to ensure a volume of 100 pL per sample. Then, samples
were treated with 50 nM KTP or KTP-NH,, with or without co-treatment of 250 nM KTPant.
After adding the purified rat m-calpain (1 enzymatic unit, EU; Calbiochem, San Diego, CA,
USA) and/ or 2 mM CacCl,, samples were incubated for 30 min at RT. Negative controls
samples were prepared only with tissue homogenates and sterile MiliQ water. The
enzymatic reaction was stopped by rising the temperature of samples to 95°C and

immediately stored at -20°C until sample preparation for Western Blot.

3.3.11. Western blot (WB)
After conducting calpain in vitro enzymatic assay, samples were prepared by adding a
loading buffer (350 mM Tris-HCI (pH 6.8), 10% SDS, 30% glycerol, 600 mM Dithiothreitol,
0.06% bromophenol blue), and then boiled at 95°C for 5 min. Next, samples and the
molecular weight marker (PageRuler™ Plus Prestained Protein Ladder, 10 to 250 kDa,
ThermoFisher Scientific, Massachusetts, USA) were loaded and separated on 12% SDS—
polyacrylamide gel electrophoresis (SDS—PAGE) within a standard migration buffer (25 mM
Tris-base (pH 8.3), 192 mM Glycine, 10% SDS), at a constant voltage between 80 and 120

mV. Subsequently, proteins were electrotransferred, at 400 mA for 1h30, from the gel to a
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polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Buckinghamshire, United
Kingdom), previously activated with methanol for 5 min, within the standard buffer (25 mM
Tris (pH 8.3), 192 mM glycine, 15% methanol) for wet transfer conditions. Afterwards,
membranes were stained with Ponceau S solution (Sigma-Aldrich®) to check for
transference efficacy and blocked with a 3% BSA in TBS-T (Tris-Buffered Saline with
Tween-20 containing in mM: Tris-base 20; NaCl 137 and 0.1% Tween-20) during 1h at RT to
avoid non-specific binding. Membranes were incubated with the primary antibodies overnight
at 4°C, and then with the HRP-conjugated secondary antibodies (1:10000, Santa Cruz
Biotechnology, Dallas, TX, USA) for 1h at RT, all diluted in 3% BSA solution in TBS-T. The
primary antibodies used were the rabbit polyclonal antibody anti-Trk-FL (1:1000, Santa Cruz
Biotechnology, Dallas, Texas, USA), raised against the C-terminus (C-14), the mouse
monoclonal antibody anti-all-spectrin (C-3), raised against human spectrin (a.a. 2368-2472)
(1:2500, Santa Cruz Biotechnology, Dallas, TX, United States), and the mouse monoclonal
antibody anti-GAPDH (1:5000, Invitrogen, Carlsbad, California, USA). Chemiluminescent
detection was performed with ECL Plus Western Blotting Detection Reagent (GE
Healthcare, Buckinghamshire, UK) in the ChemiDoc™ XRS* System from Bio-Rad. The
integrated intensity of each band was calculated using computer-assisted densitometry
analysis with Image-J 1.45 software (Bethesda Softworks, Bethesda, MD, United States)
and normalized to the integrated intensity of the loading control (GAPDH). Images were
prepared for printing in Image Lab software 5.2.1 (software available in ChemiDoc XRS*
system, Bio-Rad).-The ratio between TrkB-ICD and TrkB-FL was quantified as the average

between independent sample conditions.

3.3.12. Ethics

For this study, all C57BL/6J mice were housed in groups of 4/5 per cage and maintained
under controlled conditions (21 + 1°C; 55 + 10% humidity; 12:12 h light/dark cycle). Sprague-
Dawley pregnant rats were, purchased from Charles River Laboratories (Lyon, France),
were housed alone during a maximum period of 4 days, under controlled conditions (20 +
2°C; 14:10 h light/dark cycle, lights on between 7 a.m. and 9 p.m.). All animals had
unrestricted access to food and water. The handling of animals and all described procedures
were conducted according to the European Community (86/609/EEC; 2010/63/EU;
2012/707/EU) and Portuguese (DL 113/2013) legislation for the protection of animals used
for scientific purposes, and they were approved by the Ethical Committee for Animal
Research of Instituto de Medicina Molecular | Jodo Lobo Antunes, Faculty of Medicine,
University of Lisbon, and the Portuguese Competent Authority for Animal Welfare (DGAV) in
Portugal.
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3.3.13. Statistical Analysis
Data are expressed as mean + standard error of the mean (mean + SEM), where n is the
number of independent experiments. We considered as independent experiments the results
obtained 1) from each cell cultures; 2) through electrophysiological recording in hippocampal
slices of different animals; 3) from each tissue homogenates prepared from different

animals. The data normality was confirmed using the Shapiro-Wilk test.

Results obtained through immunocytochemistry (number of dendritic protrusions), cell
viability assays, electrophysiological recordings, namely in LTP magnitude of experiments
where AB was co-incubated, were analyzed using two-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparisons test (when comparing all conditions between each
other), and/or followed by Sidak’s multiple comparisons test (when all condition were
compared with the control). In addition, those results obtained through electrophysiological
recording where KTPa.x was also used were also analyzed using a three-way ANOVA
followed by Tukey’s multiple comparisons test. The remaining results obtained through
calpain enzymatic assay, [*H]Glutamate release, calcium imaging, and electrophysiological
recordings where no AR was used, namely in LTP, PTP, PPF, concentration/effect curves,
and 1/0 curves, were analyzed using one-way ANOVA followed by Tukey’s multiple
comparisons test (when comparing all conditions between each other), and/or followed by

Dunnett’s multiple comparisons test (when all condition were compared with the control

Values of p-value < 0.05 were considered to represent statistically significant differences. All
statistical analyses were conducted using the Prism Software (GraphPad Prism®, version
8.0.2, California, USA).
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3.4. Results

3.4.1. KTP and KTP-NH2 caused concentration-dependent changes in
synaptic transmission

To better understand the physiological effect of both peptides on basal synaptic
transmission, we performed ex vivo electrophysiological recordings to obtain their
concentration/effect curves. Briefly, we evaluated changes in the average of fEPSP recorded
in CA1 hippocampal area of acute slices prepared from adult C57BL/6J male mice, and
perfused with successively higher concentrations of each peptide, ranging from 5 nM to 5
mM (see Figure 8 (F)). Table 1 summarizes the averages obtained from the recorded fEPSP
slope and amplitude, and the number of independent experiments (N), considering the effect
of both KTP and KTP-NH..

As observed in Figure 9, both peptides had a concentration-dependent effect on basal
synaptic transmission. More specifically, KTP showed a slightly inverted-U shape profile of
action , although statistical analysis comparing KTP effect on the averaged fEPSP amplitude
or slope revealed no statistical differences between KTP concentrations (p = 0.05, Mixed-
effects model; n = 3-6; Figure 9 (B), (D)). One the other hand, KTP-NH, gradually decreased
synaptic transmission over the consecutive increase of peptides concentration (Figure 9).
Significant differences were detected when analyzing the KTP-NH, effect on the averaged
fEPSP amplitude (50 nM KTP-NHzvs. 5 uM KTP-NHz; 500 nM KTP-NH; vs. 5 uM KTP-NH..
p < 0.05, Mixed-effects model followed by Tukey’s multiple comparisons test; n = 4-5; Figure

9 (B)).

Table 1. The effect of KTP and KTP-NH2 upon synaptic transmission. Values obtained from the
concentration-effect curves. The averaged fEPSP slope and amplitude were recorded from adult
C57BL/6J male mice acute hippocampal slices. Slices were perfused with oxygenated aCSF solutions
(baseline of 10 min), aCSF solutions with successfully higher concentrations of KTP or KTP-NHz,
ranging from 5 nM to 5 mM (last 10 min of 32 min total), and aCSF washout solution (aCSF, last 10

min of a 20 min total). Data are presented as mean (%) + SEM.

KTP KTP-NH2
Slope (%) Amplitude (%) N Slope (%) Amplitude (%) N
baseline 1.05+ 0.544 0.288+ 0.393 | 6 -0.505+ 0.767 -0.945+ 0.530 | 5
5nM 0.705+ 3.90 747+ 3.08 6 -1.48+ 3.49 -2.80+ 3.26 5
50 nM 299+ 203 119+ 299 6 113+ 6.46 -3.48+ 5.07 5
500 nM 3.64+ 461 7.74+ 157 6 -9.21+ 104 -851+ 8.54 4
5uM 286+ 347 825+ 3.6 6 -146+ 8.18 -189+ 6.31 5
50 uM 215+ 09.73 0.626 + 5.05 3 -24.4+ 9.60 -27.9+ 8.09 5
5mM -46.2+ 3.01 411+ 121 3 -50.0+ 5.94 -53.0+ 6.92 5
aCSF 891+ 1938 3.02+ 164 4 -39.1+ 6.79 -39.6 + 5.53 5
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When peptides were applied in the concentration of 5 mM, a marked decreased of fEPSP
slopes and amplitudes were recorded. While the inhibitory effect of KTP-NH. (5 mM) was
partially washed out by aCSF solution, the effect of the KTP (5 mM) was fully reverted for

levels of synaptic transmission higher than the initial basal levels.
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Figure 9. KTP and KTP-NH; had a concentration-dependent effects in hippocampal basal
synaptic transmission. The averaged time courses changes in field excitatory postsynaptic potential
(fEPSP) amplitude (A) and slope (C), as % baseline, recorded from adult C57BL/6J male mice acute
hippocampal slices. Recordings were measured during slices perfusion of oxygenated aCSF solutions
with successfully higher concentrations of either Kyotorphin (KTP, orange points) or Amidated-
Kyotorphin (KTP-NH2, blue points) peptides, ranging from 5 nM to 5 mM, and then washout with
aCSF solution. Bar chart depicting the effect of KTP (orange bars) and KTP-NH2 (blue bars),
regarding the different concentration superfused, ranging between 5 nM and 50 uM (% baseline
average changes in fEPSP amplitude (B) and slope (D) at the last 10 min of a total of 32 min).
Regarding KTP-NH2, statistical analysis using Mixed-effects model followed by Tukey’s multiple
comparisons test revealed differences in fEPSP amplitude between 50 nM vs. 5 pM (n = 5), and 500
nM vs. 5 pM (n = 4-5), on KTP-NH: effect upon. * p < 0.05, ** p-value < 0.01. Data are represented as

mean = SEM.
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Since peptides physiological concentrations are usually within a nanomolar scale (Hokfelt et
al., 2003), 50 nM was the concentration chosen to be use for KTP and KTP-NH- in the
following experiments. Statistical differences were found between the effect in the averaged
fEPSP amplitude of 50 nM KTP (from baseline to 500 nM; p < 0.05, Mixed-effects model

followed by Dunnett’'s multiple comparisons test; n = 6).

3.4.2. KTP and KTP-NH2 did not affect synaptic transmission efficiency

The effects of both peptides upon synaptic transmission efficiency were evaluated through
I/0O recordings (see Figure 8 (E)). Briefly, evoked fEPSP were recorded in CA1 hippocampal
area of acute slices prepared from adult C57BL/6J male mice, superfused with oxygenated
aCSF (control), or with either 50 nM KTP or 50 nM KTP-NH,. Figure 10 includes both
averaged fEPSP slope (A) and averaged PSFV amplitude (B) versus stimulus intensity.
Firstly, the amplitude of the PSFV correlates with the number of stimulated fibers and
informs about axonal excitability. Secondly, the slope of fEPSP correlates with the activation
of postsynaptic receptors, which is triggered by the release of presynaptic neurotransmitters
and informs about the level of postsynaptic activation (Burke, 1987).

No statistical differences (p = 0.05, one-way ANOVA; n = 4-7) were observed between
conditions when comparing the maximal value obtained through extrapolation upon 1)
nonlinear fitting of the fEPSP slope, and the stimulus intensity (control: 3.19 + 0.492 mV/ms;
KTP: 2.15 £ 0.432 mV/ms; KTP-NH2: 2.29 + 0.430 mV/ms; Figure 10 (C)), and 2) nonlinear
fitting of the PSFV amplitude and stimulus intensity (control: 1.45 + 0.213 mV; KTP: 0.961 +
0.135 mV; KTP-NHz: 1.01 £ 0.220 mV; Figure 10 (D)). Despite the slightly decrease
observed for higher stimulus intensity in both fEPSP slope and PSFV amplitude induced by
peptides presence, that can be better perceived when fEPSP slope averages were plotted
against PSFV amplitude averages were plotted (Figure 10 (E)), the peptides presence did

not impact synaptic transmission efficiency.

3.4.3. Long-exposure to KTP impaired 0-burst-induced LTP magnitude
Synaptic plasticity was evaluated through 8-burst LTP-induction in hippocampal CA1l area of
acute slices prepared from adult C57BL/6J male mice (Figure 11). Slices were superfused
with aCSF (Control), and with KTP or KTP-NH; (50 nM) during fEPSP recordings (acute-
exposure, Figure 8 (D)), or were pre-incubated for 3 hours with the similar solutions and

fEPSP recorded during aCSF superfusion (long-exposure, Figure 8 (F)).

After slices stabilization (baseline), a 8-burst LTP (3x3) was induced, as a synaptic correlate
of the basic mechanisms involved in memory and learning processes (Bliss and Collingridge,
1993), and LTP magnitude was assessed as the average fEPSP slopes obtained between

50 and 60 min after LTP induction. No statistical differences were found between the acute-
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exposure effect of both peptides on LTP magnitude when compared to control condition
(control: 32.8 £ 4.50, n = 13; KTP: 21.0 £ 5.58, n = 8; KTP-NH: 29.2 + 16.4, n = 5; p = 0.05,
one-way ANOVA; n = 5-13; Figure 11 (D)). However, slices pre-incubated with KTP (50 nM)
had a significant decreased LTP magnitude when compared to control condition (KTP: -14.9
+ 8.52 vs. control: 38.0 + 8.60, p < 0.05, one-way ANOVA with Dunnett's multiple
comparisons test; n = 6-11; Figure 11 (H)), but no significant differences were found in slices
pre-incubated with KTP-NH; (50 nM) (KTP-NH.: 17.7 £ 7.79, n = 6).
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Figure 10. Neither KTP nor KTP-NH; affected hippocampal synaptic transmission efficiency.

Input/Output (1/0O) curves were plotted as (A) field excitatory postsynaptic potential (fEPSP) slope, or
(B) presynaptic fiber volley (PSFV) amplitude, versus stimulation intensities (60 — 320 pA), recorded
from adult C57BL/6J male mice acute hippocampal slices. These recordings occurred during the
perfusion of oxygenated aCSF solution alone (control, black points), or with either 50 nM KTP (orange
squares) or 50 nM KTP-NH:z (blue triangles). Histograms depicting the maximum value (top
parameter) obtained through extrapolation upon nonlinear I/O curves fitting, using either (C) fEPSP
slope, or (D) PSFV amplitude, versus stimulation intensities, to compare KTP (orange bars), or KTP-
NH:z (blue bars) acute-exposure effect, with control condition (white bars). No statistical differences
were found using one-way ANOVA (n = 4-7). (E) I/O curves represented as fEPSP slope versus
PSFV amplitude. Data are represented as mean = SEM.
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Figure 11. KTP long-exposure, but not KTP-NH,, decreased 8-burst-induced LTP magnitude.
The averaged time courses changes in field excitatory postsynaptic potential (fEPSP) slope (%
baseline) induced by a 8-burst stimulation in adult C57BL/6J male mice acute hippocampal slices,
during the acute perfusion (A) of oxygenated aCSF solution alone (control, black points), or with
either 50 nM KTP (orange squares) or 50 nM KTP-NH:z (blue triangles), or using slices pre-exposure
to the same solutions for 3h (E). (B, F) Tracings from representative experiments. For each condition,
fEPSP tracings recorded at baseline (baseline, grey line) and after 8-burst-induced LTP (LTP, black
line) from the same slice are showing overlaid. Bar chart depicting the control (white bars), and KTP
(orange bars), or KTP-NH:z (blue bars) peptides effect on PTP (C and G) or LTP magnitude (D and H),
as the fEPSP slope, as % baseline, between 0-6 min, or between 50-60 min, after 6-burst LTP
induction, respectively. A significant decrease was only found for LTP magnitude on slices pre-
exposure to KTP, when compared to control (one-way ANOVA with Dunnett’'s multiple comparisons

test; H). *** p-value < 0.001. Data are represented as mean + SEM.
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3.4.4. KTP and KTP-NH: did not affect short-term plasticity
To evaluate the impact of both peptides on short-term plasticity, we assessed their effect
upon post-tetanic potentiation (PTP, Figure 11 (C and G)) and paired-pulse facilitation (PPF,
Figure 12). These are short-transient changes that occur at the presynaptic neuron and
increase the probability of neurotransmitter releasing in an exclusive Ca?'-dependent

mechanism (Zucker and Regehr, 2002; Korogod et al., 2007).

PTP was assessed as the average fEPSP slopes obtained in the first 6 min (Habets et al.,
2007), after the already described hippocampal 8-burst-induced LTP protocol (Figure 8 (D)).
The effects of peptides acute-exposure (control: 92.6 £ 10.3, n =13; KTP: 97.6 + 16.0, n = §;
KTP-NH,: 144 + 35.8 n = 5; p > 0.05, one-way ANOVA; n = 5-13; Figure 11 (C)), or long-
exposure (control: 88.0 £ 9.87, n = 11; KTP: 74.5 + 11.3, n = 6; KTP-NH,: 61.9 £ 12.5, n = 6;
Figure 11 (G)), showed no statistical differences when compared with control conditions (p 2
0.05, one-way ANOVA; n = 5-13).

To assess the paired Ca?*-mediated facilitation, a PPF protocol, with successively higher
interstimuli intervals, ranging from 10 to 100 ms (see Figure 8 (D)), was applied in
hippocampal CAL area of acute slices prepared from adult C57BL/6J male mice. PPF were
recorded in slices superfused with aCSF alone (Control), and with KTP or KTP-NH; (50 nM).
Facilitation was evaluated as the ratio between the second and the first evoked fEPSP slope
within the same electrical stimulation range. No statistical differences were found when in
the presence of peptides (p > 0.05, two-way ANOVA; n = 4-9; Figure 12). However,
independent significant differences (p < 0.05, two-way ANOVA with Tukey’s multiple
comparisons test; n = 4-9) were found within interstimuli intervals, and within conditions. In
fact, KTP-NH, effect for 10 ms interstimuli interval is significant lower when compared to
control (Figure 12, § symbols). Significant differences between interstimuli intervals effects
were found for 1) control condition, between 10 ms and all the other interstimuli intervals; 2)
KTP (50 nM), between 10 and 50 ms, and 10 and 70 ms interstimuli intervals; and, 3) KTP-
NH: (50 nM), between 10 ms and all the other interstimuli intervals and also between 20 and

50 ms, and 20 and 70 ms interstimuli intervals (Figure 12, * symbols).

Additionally, when considering only the 50 ms of interstimuli interval of all conditions, no
statistical differences were found when compared to control (p-value = 0.05, one-way
ANOVA, n = 4-9). Table 2 summarized the averaged PPF ratio (fEPSP2/fEPSP1),

considering peptides presence and interstimuli intervals.

58



Chapter 3 — Characterization of KTP and KTP-NH: effects in synaptic functions under non-

pathological conditions and AB-induced pathophysiology

§ 1 Control
22 M KTP
B KTP-NH,

Aok = ‘ okokk

2.0 sk [ ‘ .
- *
—

|

181 .

A1 000r F
L

1.2 [

1.01
0.8+
0.6-
0.4-
0.2-
0.0

Paired pulse facilitation (PPF)

PPORS PR PRSP

Interstimulus interval (ms)

Figure 12. Acute-exposure of either KTP or KTP-NH; did not affect hippocampal short-term
facilitation. Paired-pulse facilitation (PPF), with consecutively higher interstimuli intervals (10 to 100
ms), were recorded from adult C57BL/6J male mice acute hippocampal slices, during the perfusion of
oxygenated aCSF solution alone (control, white bars), or with either 50 nM KTP (orange bars) or 50
nM KTP-NH2 (blue bars) peptides. Bar graph presents the averaged PPF ratio, measured between
the second and the first field excitatory postsynaptic potential (fEPSP) slope signals recorded.
Statistical analysis using two-way ANOVA (n = 4-9) did not found differences when considered
peptides presence (condition) as the main effect, but differences were found between interstimuli
intervals within conditions (*, simple effects within interstimuli intervals) and across conditions (8§,
simple effects within condition). * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value <

0.0001, § p-value < 0.05. Data are represented as mean + SEM.

Table 2. Short-term facilitation evaluated with paired-pulse facilitation upon KTP and KTP-NH>
effects. Averaged PPF ratios, measured between the second and the first recorded field excitatory
postsynaptic potential (fEPSP) slope, considering peptides presence and interstimuli intervals. Values
are presented as mean + SEM.

Control KTP KTP-NH,
10 |1.12+0.177 | 1.14 £ 0.264 | 0.550 = 0.096
20 | 145+ 0.197 |1.40+ 0.389 | 1.03+ 0.165
50 [1.64+ 0.103|1.68+ 0.168 | 1.39+ 0.074
70 [1.61+ 0.094|1.62+ 0.197 | 1.44+ 0.091
100 |1.52+ 0.072 | 1.52 + 0.165 | 1.34 + 0.069
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3.4.5. KTP and KTP-NH: did not affect synaptosomal glutamate release
Since glutamate release is directly related to presynaptic activity (Nicholls, 1998), we
evaluated whether this process could be modulated by KTP or KTP-NH in synaptosomal
fraction of mice hippocampus. As such, the ratio between S1 and S2 peaks of [*H]glutamate
fractional release (Figure 13 (A)) was analyzed for each condition. No statistical differences
were found between conditions when compared to control condition (control: 0.65 + 0.125;
KTP: 0.95 £ 0.290; KTP-NH,: 0.607 £ 0.212; = 0.05, one-way ANOVA; n = 4-7; Figure 13
(B)). These results shown that neither 50 nM KTP nor 50 nM KTP-NH: affected glutamate

release from hippocampal synaptosomes.
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Figure 13. Neither KTP nor KTP-NH; affected synaptosomal glutamate release. (A) Average
fractional release of [®*H]glutamate release from hippocampal synaptosomes prepared from C57BL/6J
adult male mice tissue. Both first stimulation (S1) and second (S2) peaks were analyzed as the
average of the indicated 2 points and normalized to the respective baseline, which included the
average of the precedent and succeeding 3 points. In control condition, both S1 and S2 were
obtained using the with the (B) Bar chart depicting the ratio between S2 and S1 shown no statistical
differences between peptides perfusion when compared to control condition (p-value = 0.05, one-way

ANOVA, n =5). Data are represented as mean + SEM.

3.4.6. KTP and KTP-NHz2did not affect calcium homeostasis
To evaluate the impact of both peptides on calcium homeostasis, we measured variations in
intracellular calcium concentrations ([Ca?']i) in cultured cortical neurons. Briefly, through
calcium imaging, we recorded changes in [Ca?*]i during 70 min, using Fura 2AM. A baseline
period of 15 min was recorded and then, neurons were exposed to KTP or KTP-NH. (50
nM). After 40 min, ionomycin (2uM) was added, as a positive control, and recordings were

obtained for an additional 15 min period (Figure 14 (A)).
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Peptides effects were assessed by the ratio (%) between the average of the normalized
calcium fluorescence ratio (340/380 nm) obtained considering two recording periods: 10-15
min (5, 6 and 7" points, baseline in Figure 14 (A)), and 47.5-52.5 min (20, 21 and 22
points, effect in Figure 14 (A)) after the recordings started. These results showed no
detectable variations when peptides were added when compared to control condition
(control: 139.10% + 10.474; KTP: 146.01% * 9.1052; KTP-NH.: 173.43% + 29.574; = 0.05,
one-way ANOVA; n = 3-5; Figure 14 (B)). During these experiments, [Ca?']i levels were
progressively increasing in neurons, probably due to hostile recordings conditions. However,
adding ionomycin attested neurons viability allowing to measure their responsiveness when

Ca?* saturation was elicited, which also induced their eventual death (Morgan and Jacob,

1994).
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Figure 14. Neither KTP nor KTP-NH; affected neuronal calcium homeostasis. (A) Graph showing
a 70 min time course of Ca?*-dependent fluorescence recorded and averaged from FURA-2AM in
primary neuronal cultures (DIV13). As indicated, 50 nM KTP or KTP-NH2 were added at the 15" min
and 2 uM of ionomycin was added at 55" min. Normalized calcium fluorescence ratio (340/380) were
obtained using several reactive cells for each recording. To evaluate the effect (%) of both peptides,
the averaged effect (3 indicated points: 20-22") was normalized with the averaged baseline (3
indicated points: 5-71) for each condition. (B) Bar chart depicting peptides effect (%) in normalized
calcium homeostasis from each condition. Statistical analysis using one-way ANOVA did not indicate

significant differences between conditions (n = 5-6). Data are represented as mean + SEM.
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3.4.7. KTP and KTP-NH: prevented the ApB-induced decrease in spine
density of primary neuronal cultures without causing toxicity
To address the molecular synaptic mechanisms involved in the neuroprotective action of
KTP-NH, and to compare the putative differences between its endogenous molecule - the
KTP dipeptide, we evaluated the effect of both peptides upon spine density of primary
neuronal cultures. Cells were treated for 24h with KTP or KTP-NH; (50 nM), in the presence
or absence of ABazs.35 peptide (25 uM).

By conjugating MAP2 (red) and Phalloidin (green) labelling in immunocytochemical assays,
the dendritic protrusions were identified (yellow). This method allowed to evaluate the effect
of both peptides on the number of dendritic spines (Figure 15 (A)). The representative
segments of 10 um of counted dendrites for each analyzed condition are illustrated in Figure
15 (B). As expected, APzss3s action significantly decreased the number of dendritic
protrusions when compared the control condition (AB2s3s: 6.54 + 0.324 vs. control: 8.06 +
0.306; p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 6), which was
prevented when cultures were co-treated with 50 nM KTP-NH; (AB2s3s + KTP-NH2: 9.60 +
0.299, n = 6; Figure 15 (C)). In fact, co-treatment with KTP-NH. upon AB-induced insult
significantly increased the number of dendritic protrusions when compared to control
condition (p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 5-6).
Interestingly, co-treatment with 50 nM KTP also prevented the AB-induced impairment in the
number of dendritic protrusions (AB2s.3s + KTP: 9.08 = 0.386 vs. control: 8.06 + 0.306; p >
0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 6). In addition, KTP alone
(KTP: 7.17 = 0.786; n = 6) did not significantly alter dendritic protrusions when compared to
both control and AB.s.3s condition, but KTP-NH; alone significantly increase them when
compared to control condition (KTP-NH: 8.37 £ 0.167 vs. control: 8.06 £ 0.306; p < 0.05,
two-way ANOVA with Tukey’s multiple comparisons test; n = 5-6).

To assess the toxicity effect of both peptides, two viability assays were performed using
primary neuronal cultures (DIV13) incubated with 25 pM AB2s.35 alone or with 50 nM KTP or
50 nM KTP-NH; for 24h: the MTT assay, and the cell counting kit-8 (CCK8) assay (Figure
16). The results showed no significant differences between all conditions for MTT assay
(control: 0.87 £ 0.179; AB2s.35: 0.73 £ 0.160; KTP: 0.86 + 0.146; AB2s.35s + KTP: 0.76 + 0.115;
KTP-NH2: 0.81 + 0.165; AB2s.35s + KTP-NH2: 0.71 + 0.121; p > 0.05, two-way ANOVA, n = 5;
Figure 16 (A)).
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Figure 15. Co-incubation with KTP or KTP-NH; prevented AB incubation-induced impairments
in dendritic spine of primary neuronal cultures. (A) Representative image of an untreated neuron
(control) obtained from primary neuronal cultures. Primary neuronal cultures (DIV13) were incubated
with 25 uyM AB2s3s and/or with 50 nM KTP or KTP-NH2 for 24h. MAP2 (red) specifically labels
neurons, while phalloidin (green) labels F-actin. The merge between both labels (yellow) allows the
identification of dendritic protrusions. To evaluate spine density, the number of protrusions per 10 pm
of the parent dendrite with a distance of 25 um from the cell body were counted (3 parent dendrites
per neuron, 6 neurons per condition). (B) Treatment effects on synaptic density (10 pum). (C) Bar chart
depicting spine density as the number of protrusions from each condition. Statistical analysis using
two-way ANOVA followed by Tukey’s multiple comparisons test indicates a significant difference
between conditions (n = 5-6). While 25 yM ABzs.3s treatment (ABzs-3s) diminished the number of
protrusions in cortical neurons, 50 nM KTP or KTP-NH2 co-treatment (AB2s.3s + KTP and AB2s.35 +
KTP-NHz, respectively) restored spine density. In addition, 50 nM KTP or KTP-NH: treatment alone
did not impact spine density. * p < 0.05, ** p < 0.01, ** p < 0.001, *** p < 0.0001. Data are
represented as mean = SEM. These results were partially presented in our previous work (Belo et al.,
2020).

On the other hand, although the presence of AR.s3s appeared as a major source of
variability when CCK8 assay results were analyzed using a two-way ANOVA (control: 0.60 +
0.065; AB2s-35: 0.50 + 0.102; KTP: 0.54 + 0.111; AB2s35 + KTP: 0.45 + 0.153; KTP-NH.: 0.55
1 0.120; AB2s35 + KTP-NH2: 0.50 + 0.083; n = 4; p < 0.05 (for AB), two-way ANOVA; Figure
16 (B)), the post-hoc tests applied were not powerful enough to discriminate the statistical

significant differences between specific conditions.
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Figure 16. Neither AB nor KTP or KTP-NH, presented a cytotoxic effect in cortical cultured
neurons. Primary neuronal cultures (DIV13) were incubated with 25 yM AB2s.35 and/or with 50 nM
KTP or KTP-NH:z for 24h. (A) Bar chart depicting cell viability measured using MTT assays (n = 5). No
statistically significant differences were found between conditions using a repeated-measures two-
way ANOVA (n = 5). (B) Bar chart depicting cell viability measured using CCK-8 assays (n = 4).
Statistically analysis using a repeated-measures two-way ANOVA shown a significant difference

explained by ABzs.3s presence. Data are represented as mean + SEM.

Therefore, as expected from previously molecular results regarding spine density, neither 50
nM KTP or KTP-NH incubated for 24h were sufficient to compromise cortical cultured
neurons viability. Interestingly, despite the reported AB-induced impairments on dendritic
spines, in the same controlled environment, AB2s.3s did not affect neurons overall metabolic
activity, suggesting that the achieved AB-induced toxicity level and time of incubation were

also not enough for a significant decreasing on cell viability.

3.4.8. KTP-NH2, but not KTP, was able to prevent AB-induced impairment
in LTP magnitude

Since the neuronal spine density has been associated with synaptic reinforcement during
hippocampal long-term potentiation (LTP) (Luscher and Malenka, 2012; Toni et al., 1999),
we assessed the effect of both KTP and KTP-NH; (50 nM) upon hippocampal 86-burst-
induced LTP to corroborate the neuroprotective results observed in immunocytochemistry
assays. Here, fEPSP were recorded in CAl hippocampal area of acute slices prepared from
adult C57BL/6J male mice, pre-incubated for 3h with ABoig (200 nM), a known to be toxic
conformational arrangement of AB (Giuffrida et al., 2009), and co-incubated with either KTP
or KTP-NH: (50 nM) (Figure 8 (F)).

As expected, LTP magnitude was significantly decreased in AB condition (control: 32.1 +
5.66 vs. AB: -4.51 £ 6.53, p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test;
n = 5-9; Figure 17 (B)).
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Figure 17. Incubation with KTP-NH, (but not with KTP) reduces the impact of A on LTP
magnitude. (A) The averaged time courses changes in field excitatory postsynaptic potential (fEPSP)
slope (% baseline) induced by a 8-burst stimulation in C57BL/6J adult male mice hippocampal slices
with a pre-exposure of 3 h to aCSF solution (Control, n = 9) with 200 nM ABaig (AR, N = 5), 50 nM KTP
(KTP, n = 6), 50 nM KTP-NH2 (KTP-NH2, n = 6), 200 nM ABoig and 50 nM KTP (ApB + KTP, n = 5), or
200 nM ABoig and 50 nM KTP-NH2 (AR + KTP-NH2z, n = 5). (B) Bar chart depicting the effect on LTP
magnitude (% average changes in fEPSP slope at 50-60 min normalized to the defined baseline of 10
min immediately before 8-burst stimulation) regarding each group under study (Control, AR, KTP, AR
+ KTP, KTP-NH2, and AB + KTP-NH). Statistical analysis using two-way ANOVA followed by Tukey’s
multiple comparisons test indicates a significant difference between all the conditions (n = 5-9). (C)
Tracings from representative experiments. For each condition, fEPSP tracings recorded at baseline
(baseline, grey line) and after 8-burst-induced LTP (LTP, black line) from the same slice are showing
overlaid. * or * p < 0.05; **, 88 or ** p < 0.01, 38 p < 0.001; **** p < 0.0001. Data are represented as
mean % + SEM. These results were already partially presented in Figure 11 regarding peptides long-

exposure effects.

Interestingly, LTP magnitudes measured in slices pre-incubated with KTP alone (KTP: -14.9
+ 8.52, n = 6), or in the presence of AR (AR + KTP: -5.50 + 2.52, n = 5) were significantly
decreased when compared to control condition (p < 0.05, two-way ANOVA with Tukey’s
multiple comparisons test; n = 5-9). On the other hand, LTP magnitudes measured in slices
pre-incubated with KTP-NH, (KTP-NHz: 17.7 £ 7.79, n = 6), and co-incubated with AR (Ap +
KTP-NH.: 24.2 £ 3.50, n = 5) were not significantly different from control condition (p = 0.05,
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two-way ANOVA with Tukey’s multiple comparisons test; n = 5-9), but they were significantly
higher when compared to LTP magnitude obtained with KTP incubation alone (p < 0.05, two-

way ANOVA with Tukey’s multiple comparisons test; n = 5-6; * symbols in Figure 17 (B)).

Moreover, when these effects were independently analyzed according to peptides presence
(¢ and * symbols for KTP and KTP-NH., respectively, in Figure 17 (B)), the results cleared
revealed that KTP action was not able to prevent AB-induced LTP impairments in slices co-
incubated with AB (AR + KTP vs. AB, p = 0.05, two-way ANOVA with Tukey’s multiple
comparisons test; n = 5-6;  symbols in Figure 17). On the contrary, co-incubation with KTP-
NH;2 was able to prevent AB-induced impairments on LTP (AR + KTP-NH; vs. AB, p < 0.05,
two-way ANOVA with Tukey’s multiple comparisons test; n = 5; * symbols in Figure 17). In
summary, although these results clearly indicate that KTP-NH. prevented AB-induced
impairments on LTP, without affecting LTP itself, KTP does not have this action.

3.4.9. KTPant was able to antagonize the KTP-NH2 neuroprotective effect
against AB in LTP magnitude

To evaluate if the KTP-NH neuroprotective effect on synaptic plasticity could be affected by

the presence of the KTPa.: dipeptide, LTP magnitude was evaluated, as previously

described. Hippocampal slices were pre-incubated with KTPa.: (250 nM) 30 min before the

incubation with the other peptides, and remain up until the end of the pharmacological

treatments (Figure 8 (F)).

The statistical analysis comparing the effect between all conditions revealed that significant
differences were mainly explained due to 1) the presence of AB, 2) the interaction between
KTP-NH, and AB; and 3) the interaction between KTP-NH, and KTPa (Figure 18 (B)). As
expected, the presence of AB alone caused a significant decrease in LTP magnitude when
compared to control condition (p-value < 0.05, three-way ANOVA with Tukey’s multiple
comparisons test; n = 5-16). KTPax alone (KTPa: 31.3 = 6.19) had no significant effect on
LTP magnitude (KTPax vs. control, p = 0.05, three-way ANOVA with Tukey’s multiple
comparisons test; n = 4-16), and it was significantly different when compared to AB condition
(p < 0.05, three-way ANOVA with Tukey’s multiple comparisons test; n = 4-5). These
findings are highlighted in Figure 18 (C).

When incubated 30 min prior to the co-incubation with AB and KTP-NH2, KTPanx significantly
reduced LTP magnitude when compared to control condition (AR + KTP-NH; + KTPay: 9.35 £
4.70; p < 0.05, three-way ANOVA with Tukey’s multiple comparisons test, Figure 18 (B), and
two-way ANOVA with Sidak’s multiple comparisons test, Figure 18 (E); n = 6-16).
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Figure 18. Pre-exposure to KTPan: prevented the neuroprotective effect of KTP-NH, against AB-
induced impairments upon LTP magnitude. (A) The averaged time courses changes in field
excitatory postsynaptic potential (fEPSP) slope (% baseline) induced by a 8-burst stimulation in
C57BL/6J adult male mice hippocampal slices with a pre-exposure of 30 min of 250 nM KTPant
(KTPant, n = 4), and 3 h to aCSF solution (Control, n = 16) with 200 nM ABaiig (AB, n = 5), 50 nM KTP-
NH2z (KTP-NHz, n = 6), 200 nM ABoig and 50 nM KTP-NH2 (AR + KTP-NH2, n = 5), 200 nM ABoig and
50 NM KTPant (AR + KTPant, n = 4), 50 nM KTP-NHz and 50 nM KTPant (KTP-NH2 + KTPant, n = 4), or
200 nM ABolig and 50 nM KTP-NHz and 50 nM KTPant (AR + KTP-NH2z + KTPant, n = 6). (B, C, D, E) Bar
chart depicting the effect on LTP magnitude (% average changes in fEPSP slope at 50-60 min
normalized to the defined baseline of 10 min immediately before 8-burst stimulation) regarding each
group under study (Control, AR, KTP-NH2, KTPant, AR + KTP-NH2, AR + KTPant, KTP-NH2 + KTPant, AR
+ KTP-NH2 + KTPant). Statistical analysis using a three-way ANOVA (B), or using a two-way ANOVA

67



Chapter 3 — Characterization of KTP and KTP-NH: effects in synaptic functions under non-

pathological conditions and AB-induced pathophysiology

(C, D, E), followed by Tukey’s multiple comparisons test indicates a significant difference between all
the conditions (B, C, D), or followed by Sidak’s multiple comparisons test indicates a significant
difference between the control and all conditions (E). (F) Tracings from representative experiments
(KTPant conditions). For each condition, fEPSP tracings recorded at baseline (baseline, grey line) and
after 8-burst-induced LTP (LTP, black line) from the same slice are showing overlaid. * p < 0.05, ** p
< 0.001. Data are represented as mean £ SEM. These results were already partially presented in
Figure 11 (long-exposure), and in Figure 17 (control, AR, KTP-NHz and AB + KTP-NH2 conditions).

Furthermore, when KTPa was pre-incubated in slices that where then treated with KTP-NH;
(KTP-NH2 + KTPan: 6.12 = 4.22), the magnitude of LTP was significant lower than in the
control condition (p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test, Figure
18 (D), and with Sidak’s multiple comparisons test, Figure 18 (E); n = 4-16). Moreover,
despite the finding that LTP magnitude was higher when KTPax was incubated prior to AB
addition (AR + KTPanx: 14.6 + 8.35, n = 4), than in slices incubated with AB only, LTP
magnitude was neither different from A, control, nor KTP-NH: conditions (p = 0.05, three-
way ANOVA with Tukey’s multiple comparisons test; n = 4-16). Although these controversial
results point towards KTPan being able to antagonize the ability of KTP-NH; to protect LTP
against AB, they need to be clarified. On one hand, KTP.: alone had a preventive
neuroprotective action against AR but, on the other hand, when added prior to KTP-NH>
treatment, LTP magnitude was decreased which may indicate a crosstalk between KTPan

and KTP-NH, mechanisms of action.

3.4.10. KTP and KTP-NH: did not prevent calpains activation
It is known that in AD calpains are overactivated as a consequence of hyperexcitability
induced by AR peptide. Calpains are responsible for the cleavage of TrkB-FL, affecting
BDNF-mediated role on synaptic plasticity through abolish in LTP and decrease neuronal
spine density (Fonseca-Gomes et al., 2019; Jer6nimo-Santos et al., 2015; Tanqueiro et al.,
2018). As such, the effects of both KTP and KTP-NH- (50 nM) in the presence or absence of
KTPan: (250 nM) were assessed using calpain in vitro enzymatic assays in cortical

homogenates (Figure 19).

The concomitant TrkB-FL cleavage and TrkB-ICD production, as well as the production of
the calpain-cleaved 145 and 150 kDa all-spectrin breakdown products (SBDP145 and
SBDP150, respectively) allowed to assess calpain activation (Zhang et al., 2009). As such,
the WB was performed with sample from calpain in vitro enzymatic reactions (Figure 19 (B)),
and the densitometry analyses was quantified as the ratio between TrkB-ICD and TrkB-FL
levels (Figure 19 (A)). These results revealed that, irrespectively of KTPan presence, neither
KTP nor KTP-NH2 were able to block calpain activation (p-value > 0.05, one-way ANOVA

(conditions with m-calpain and CacCl,), n = 4).
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Figure 19. Neither KTP nor KTP-NH; prevented calpains activation or calpains-induced TrkB-
FL cleavage. Calpain in vitro enzymatic assay was conducted using cortical homogenate samples
treated with 50 nM KTP or KTP-NH:z in the presence or absence of KTPant. As expected, calpain
cleavage-activity only occurred in samples with the presence of both m-calp and CaCl.. (A)
Densiometric analysis of results obtain from western blotting of calpain enzymatic reaction samples
as the ratio between TrkB-ICD and TrkB-FL levels. Data are represented as mean = SEM. Statistical
analysis using one-way ANOVA did not found significant differences between conditions with both m-
calp and CaClz.. (B) Representative immunoblots of TrkB-FL (145 kDa), TrkB-ICD (32 kDa), all-
spectrin (250 kDa), 150 kDa all-spectrine breakdown product (SBDP150. 150 kDa), and GAPDH
(37 kDa). GAPDH was used as a loading control.
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3.5. Discussion

In the present work, we demonstrated significant differences between KTP and KTP-NH:
actions, especially on their neuroprotective effect upon AB-mediated toxicity. More precisely,
both peptides presented a recovering action on dendritic spines density in cortical cultured
neurons when co-incubated with AR peptide, but only KTP-NH;, was able to counteract AB-
induced impairments on LTP evaluated in acute hippocampal slices.

Peptides are important regulators, acting as neurotransmitters among others, and their
application is already recognized across all biomedical sciences (Santos et al., 2012).
Previous studies revealed interesting neuroprotective actions regarding the application of
KTP and its synthetic amidated-derivative, the KTP-NH,. More specifically, KTP i.c.v
injection ameliorated memory impairments in a sporadic AD rat model (Angelova et al.,
2018), whereas KTP-NH; intraperitoneal treatment prevented cognitive symptoms induced in
a cerebral hypoperfusion dementia model (Sa Santos et al., 2016), and in a AB-induced
sporadic AD model (Belo et al.,, 2020). Nevertheless, none of these studies compared
whether KTP and KTP-NH; dipeptides have similar effects on the CNS.

Within this work, we profiled the effects of KTP and KTP-NH: upon neuronal functions that
might be modulated by their action or be impaired by AB peptide. AR peptide is a neurotoxic
agent, and a well-known constitute of senile plaques found in brains of AD patients (Citron,
2010; Price et al., 1991). It is commonly used to trigger AD-related molecular dysfunctions
and to mimic the AD pathophysiological environment (Kaminsky et al., 2010; Pike et al.,
1995). Nowadays, AD is the neurodegenerative disease with higher impact in society, and
the most common cause of dementia in elderly (Alzheimer’s Association, 2020). Additionally,
the AD-specific cognitive deficits are largely dependent on the hippocampus, an essential
brain area for memory and learning processes (Bliss and Collingridge, 1993). In this work, ex
vivo electrophysiological recordings were used to study neuronal electrical activity (Suter et
al., 1999), and fEPSP were recorded from the hippocampal CAl area. Hippocampal slices
were either pre-exposed or acutely superfused with KTP and KTP-NH.. For testing mimetic
AD pathophysiological conditions, slices were pre-treated with oligomeric species of A

peptide, one of the most soluble toxic AB species (Giuffrida et al., 2009).

Synaptic plasticity, a crucial mechanism for the sustained strengthening of synaptic
connections that are essential for several cognitive functions, can be evaluated through LTP,
a well-known process related to memory and learning processes (Bliss and Collingridge,
1993). At molecular level, reinforcement of LTP is associated with an increase of neuronal
spine density (Luscher and Malenka, 2012; Toni et al., 1999), in a process mediated by
BDNF (Figurov et al., 1996; Tyler and Pozzo-Miller, 2001). Importantly, AR triggers
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excitotoxicity through NMDAR-mediated Ca?* influx, leading to an overactivation of calpains
and causing the TrkB-FL cleavage, which impaired plasticity by abolishing LTP and
decreasing neuronal spine density (Jer6bnimo-Santos et al., 2015; Tanqueiro et al., 2018;

Fonseca-Gomes et al., 2019).

Our results demonstrate that KTP-NH (50 nM), but not KTP (50 nM), has a neuroprotective
effect against AB-induced impairments on LTP magnitude. Neither slices pre-exposed or
superfused with KTP-NH; alone nor superfused with KTP alone have significantly affected
LTP. However, LTP is significantly decreased in slices pre-exposed to KTP. These
demarked differences observed between KTP and KTP-NH; effects contrasted with the fact
that both are equally capable to restore AB impaired neuronal spine density, and neither of
them cause toxicity in cortical cultured neurons. Several factors can possible explain these
findings: 1) differences between peptides’ membrane permeabilities (Ribeiro et al., 2011a,
2011b), KTP-NH- benefits from the added amidation-permeability capacity, which favors its
neuroprotection action upon LTP magnitude; 2) different degree of exposure, since cultured
neurons are more exposed and accessible to drugs than when comparing to hippocampal
slices, KTP molecular action can be more effective in preventing the molecular loss of
dendritic spines than in preventing LTP impairments; 3) temporal differences in AR peptide
toxicity, since there are evidence showing that AB may functionally impair LTP mechanism
before inducing neuronal spine loss and cell death (Chen et al., 2000). To some extent, the
KTP neuroprotective action can counteract Ap-induced impairments in dendritic spines
density but not in LTP, probably because LTP can be more affected by AB. However, it is yet
to be explained why KTP alone abolished LTP since these findings contrast with the
previous study where the neuroprotective action of KTP (i.c.v.) was demonstrated (Angelova
et al., 2018). Additionally, to evaluate whether the reported KTP-NH, neuroprotective effect
on synaptic plasticity could be antagonized by KTPay, LTP magnitude was studied in slices
pre-treated for 30 min with KTPax (250 nM). The results reveal that KTPa remarkedly
reduced LTP magnitude in slices co-treated with KTP-NH. and AR peptide, but apparently
also attenuated the decrease in LTP magnitude induced by AB peptide. However, it is still
not clear if KTPax alone had a preventive neuroprotective action against AB, nor which

mechanism might prompt toxicity when added prior to KTP-NH; treatment.

Regarding basal synaptic transmission, under physiologic conditions, our results showed
that both peptides presented a concentration-dependent effect. KTP concentrations ranging
from 5 nM to 50 uM induced a slight, but not significant, inverted-U shaped-change on
synaptic transmission, which is the classical effect of most drugs (Calabrese and Baldwin,
2001). On the other hand, the synaptic transmission decreased when increasing the KTP-

NH2 concentration. Nevertheless, several neuropeptides have been reported to act in the
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neuromodulation of glutamatergic synapses and, more specifically, on inhibiting glutamate
release from presynaptic terminals (Merighi et al., 2011). Interestingly, some peptides act
downstream of axonal excitability through indirectly interacting with G-protein subunits, with
neuropeptides receptors coupling more often with Gi/G, types of G-proteins (Merighi et al.,
2011). This is consistent with KTPr being Gi-coupled (Ueda et al., 1989), which can explain
the decrease in synaptic transmission caused by KTP-NH; action. Additionally, both
peptides completely disrupted synaptic transmission at 5 mM, and these disruptive effects
were partially or completely washed out with the removal of KTP or KTP-NH2, respectively.
These findings correlated with the structural amidation of KTP, which increased the KTP-
NH. potential for interacting with biological membranes and it may foster its cellular
permeability (Ribeiro et al., 2011a, 2011b). Thus, KTP-NH, effect might happen faster, in a
more irreversible process, and/or as a consequence for the increased difficulty to completely
clear it from the intracellular space. Future experiments with a longer washout period should
be conducted to better understand this aspect.

Input/output curves recordings give information about axonal excitability and the level of
postsynaptic activation, allowing the study of synaptic efficiency. The results showed that
superfusion of both peptides (50 nM) does not affect synaptic efficiency in the CAl
hippocampal area. On the other hand, short-term plasticity is related to short Ca?*-transient
changes that occur at the presynaptic neuron and increase the probability of
neurotransmitter releasing in an exclusive Ca?*-dependent mechanism. The effects of both
peptides were evaluated in phenomena of potentiation and facilitation using, respectively,
PTP and PPF electrophysiological recordings. Similarly, the acute superfusion of both
peptides (50 nM) do not impact the overall short-term plasticity. However, considering the
PPF results obtained at 10 ms interval, KTP-NH; slightly decreased synaptic facilitation
when compared to control, which is in line with its action in decreasing synaptic
transmission. Additionally, glutamate release is directly triggered by presynaptic activation
(Nicholls, 1998) and, thus, we evaluated whether this process could be mediated by KTP or
KTP-NH, presence in the synaptosomal fraction of mice hippocampus. However, as
expected from previous studies regarding KTP-mediated vesicular releasing (Janicki and
Lipkowski, 1983), both peptides do not impact glutamate release. As such, the suggested
decrease in synaptic facilitation induced by KTP-NH; was not confirmed. Together, these

findings point to a non-mediated effect of both peptides at the presynaptic side.

Elevation of intracellular Ca?* levels are needed to activate KTP-mediated processes, such
as in Ca?*-mediated Met-enkephalin release, and even for the release of synaptosomal KTP
for neuronal endings (Takagi et al., 1979b; Ueda et al., 1986a). In order to evaluate whether

Ca?" increased levels are needed to induce KTP-mediated action or if they are directly
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caused by KTP activity, the neuronal calcium homeostasis was assessed upon peptides’
addition. Our results revealed that KTP and KTP-NH. do not affect the neuronal calcium
homeostasis. In addition, we also evaluate in vitro peptides action regarding calpain activity.
As already mentioned, calpains overactivation is a consequence of hyperexcitability induced
by AB peptide, however its activation happens due to increased intracellular Ca?* levels.
Similarly, neither KTP nor KTP-NH; impact calpain activation and, consequently, do not

prevent the calpains-induced TrkB-FL cleavage.

Finally, this work was the first to compare the effect of both KTP and KTP-NH- upon synaptic
functions. It reveals that KTP-NH: has a solid neuroprotective effect against Ap-induced AD
pathophysiology, by preventing deficits in LTP magnitude and dendritic spines, whereas KTP
action only prevents neuronal spine loss. Remarkably, at the studied concentrations, both
peptides maintain most of their synaptic physiological functions. These findings raise their
attractiveness as pharmacological tools to be used as neuroprotective drugs for the
treatment of neurological diseases such as AD. Furthermore, it will be interesting to assess
peptides’ anti-inflammatory role in the context of AD. An inflammatory environment might
contribute to neurodegeneration and neuronal loss (Dansokho and Heneka, 2018). As such,
inflammation has been indicated as a plausible cause for the disease onset and its

progression.
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4.1. Chapter rationale and publication information

The findings of the previous chapter unveiled the synaptic mechanisms protected by KTP-
NH: action against AB-induced toxicity, namely in LTP and dendritic spines density. In the
light of this thesis, in this chapter, the KTP-NH; neuroprotection action was correlated with
the ameliorated memory impairment observed in an animal model of sporadic AD after the
systemic administration of KTP-NH..

As such, this chapter included a collaborative study designed to investigate 1) whether the
systemic administration of KTP-NH2> would be effective to ameliorate memory impairment in
a rat model of sporadic AD, and 2) correlated with the synaptic mechanisms protected by
KTP-NH, action against AB-induced toxicity. It included the introduction, materials and
methods, results and discussion sections of the my peer-revised original research article
(Belo et al., 2020). In this work, Margarida and | performed all the experiments, and | wrote
the first draft of the manuscript. | performed the electrophysiological recordings, the
immunocytochemistry experiments, and all formal statistical analysis presented. Margarida
was responsible by the in vivo experiments: the surgery was conducted together with Sara
Xapelli, the whole animal perfusion fixation procedure with the contribution of Joana E.
Coelho, and the animal behavioral studies with Liana Shvachiy. In addition, Margarida did
both western-blots and immunohistochemistry procedures under the guidance of Claudia
Valente. Me and Jo&o Fonseca-Gomes were responsible by the neuronal cell cultures. Tiago
Coelho e Carolina Almeida-Borlido contributed equally to immunocytochemistry analysis
under my supervision. Hugo was responsible for preparing the oligomeric species of A.
Vera Neves contributed to the interpretation of the results. Maria José Diégenes, Miguel A.
R. B. Castanho, and Ana M. Sebastido were responsible for the concept and design of the

study, interpreted the results and supervised the work.

This study was supported by Santa Casa da Misericérdia de Lisboa (MB37-2017) and FCT:
PTDC/NEU-OSD/5644/2014, and PTDC/BIA-VIR/29495/2017. Jodo Fonseca-Gomes was
supported by FCT (PD/BD/114441/2016). Joana E. Coelho was supported by FCT
(SFRH/BPD/87647/2012).
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4.2. Introduction

Kyotorphin (KTP) is an endogenous dipeptide composed by tyrosine and arginine (L-tyrosyl-
L-arginine) residues, first described as a powerful analgesic molecule (Takagi et al., 1979b,
1979a). Given its analgesic properties, KTP has been investigated as a drug for pain
treatment (Ribeiro et al., 2011b; Santos et al., 2013). Although mechanisms underpinning
KTP-induced analgesic effects are still not entirely understood, some authors argue that KTP
binds to a specific Gi-coupled protein receptor (KTPr), which despite numerous efforts, has
never been isolated (Ueda et al., 1989). Nevertheless, it is well-known that KTP triggers the
release of met-enkephalins (met-enk) and B-endorphins in a naloxone-reversible opioid
receptors mediated-mechanism (Oliveira et al., 2016; Shiomi et al., 1981b; Takagi et al.,
1979b; Ueda et al.,, 1982), an effect antagonized by the dipeptide L-Leu-L-Arg (a KTPr
antagonist) (Ueda et al., 1989; Kawabata et al., 1992).

Interestingly, despite the high expression of KTP in the cortex, the levels of enkephalins and
of opioid receptors are low, suggesting other non-opioid physiological actions for KTP (Ueda
et al.,, 1980). Remarkably, KTP has been pointed as a possible neuroprotective factor
(Dzambazova and Bocheva, 2010), emerging as a novel drug to be explored for Alzheimer’s

disease (AD) and other therapeutic applications.

AD is a chronic progressive neurodegenerative disease and the most common cause of
dementia in elderly. The presence of senile plaques (amyloid beta (AB) peptide) and
neurofibrillary tangles (hyperphosphorylated tau (p-Tau) protein) in the brain are the
molecular hallmarks of the disease (Citron, 2010; Price et al., 1991). AD represents a
challenge for drug discovery since effective neuroprotective treatments are still needed. It
was reported that AD patients present decreased levels of KTP in cerebrospinal fluid (CSF)
(Santos et al., 2013) suggesting the increase in KTP levels as a possible therapeutic
strategy.

Despite the encouraging recent data showing that intracerebroventricular (i.c.v) injection of
KTP ameliorates memory impairments in a sporadic AD rat model (Angelova et al., 2019), its
weak activity when administered systemically (Chen et al., 1998) renders KTP as an
unrealistic pharmacological tool to fight AD. Amidated-Kyotorphin (KTP-NHy), is a KTP
derivative capable of crossing the blood brain barrier (BBB) (Ribeiro et al., 2011a, 2011b),
and with efficacy to decrease neuronal damage induced by cerebral hypoperfusion (Sa
Santos et al., 2016). Altogether, these findings prompted us to investigate whether systemic
administration of KTP-NH, would be effective to ameliorate memory impairment in an animal
model of sporadic AD, and if so, which are the synaptic mechanisms operated by KTP-NH>

to protect synapses against AB-induced toxicity.
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4.3. Materials and Methods

4.3.1. Drugs

4.3.1.1. Amyloid B peptide

For in vivo experiments, Amyloid 8 (AB) peptide 1-42 (AB1.42) (H-1368, Bachem Bubendorf,
Switzerland) was dispersed in water at a concentration of 2.25 mg/mL.

In order to prepare oligomeric species of AB1.42 (ABoig), AB1-42 (1 mg/ml) (A-42-T, GenicBio,
Shanghai, China) was suspended in phosphate-buffered saline (PBS), supplemented with
0.025% ammonia solution and adjusted to a final pH 7.2 (HCI). Species separation was
based on an ultrafiltration process, as previously described (Giuffrida et al., 2009). Briefly,
AB1-42 (220 uM) was allowed to oligomerize by constant shaking at 600 rpm, at 37°C for 16 h
and ultracentrifuged (40 000 g, 30 min) for separation of fibrils (pellet). The supernatant was
further separated in centrifugal filters (30 kDa Amicon Ultra). The concentration of the
retained fraction, corresponding to oligomers > 30 kDa, was spectrophotometrically
determined (€280 =1490 M-cm™). Oligomers aliquots (120-220 uM) were immediately stored
at -80°C until further use.

In addition, in vitro experiments using primary neuronal cultures were performed using the
AB fragment 25-35 (AB2s3s) (Bachem, Bubendorf, Switzerland). AB2s.3s represents the
biologically active region of AB and induces the same molecular and cellular dysfunction as
ABi-42 species, being this effect similar to what has been observed in AD brains (Kaminsky et
al., 2010; Pike et al., 1995). Stock solutions of AB2s.35 were prepared in milliQ water to a final

concentration of 1 mg/mL.

4.3.1.2. KTP-NH2 peptide
KTP-NH. peptide was synthesized as previously described (Ribeiro et al., 2011b). For in
vivo experiments, KTP-NH, was dissolved in physiological saline solution (0.9 % NacCl,
vehicle solution), as a 100 mM stock solution, and it was administered at a dose of 32.3
mg/Kg, at a volume of 1 mL/Kg. The selected dose was based on previous results regarding
KTP-NH, analgesic action profile (Ribeiro et al., 2013, 2011b). For ex vivo and in vitro
experiments, KTP-NH; was prepared in previously filtered and sterile milliQ water as 1 mM

and 5 mM stock solutions respectively.

4.3.2. Intracerebroventricular injection of AB peptide
Male Wistar rats (8-10 weeks), purchased from Charles River Laboratories (Lyon, France),
were housed in a group of 2 per cage and maintained under controlled conditions (20 + 2°C;
14:10 h light/dark cycle, lights on between 7 a.m. and 9 p.m.). All animals had unrestricted

access to food and water. The handling of animals and all described procedures were
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conducted according to the European Community (86/609/EEC; 2010/63/EU; 2012/707/EU)
and Portuguese (DL 113/2013) legislation for the protection of animals used for scientific
purposes, and they were approved by the Ethical Committee for Animal Research of Instituto
de Medicina Molecular Jo&o Lobo Antunes (iMM), Faculty of Medicine, University of Lisbon,
and the Portuguese Competent Authority for Animal Welfare (DGAV) in Portugal.

The animal model of AD was created based on the ABi_s i.c.v. injection method, as
previously described (Canas et al.,, 2009; Zhang et al., 2015). Surgical procedures were
performed when animals reached 230-320g and during the light period. Briefly, animals were
anesthetized with isoflurane (2-3% in O,) using a RC2 Rodent Anesthesia System (VetEquip
Inc., California, USA), firstly using a plexiglas chamber and thereafter maintained via facial
mask. EMLA® cream was applied in the ear canal, and Bupivacaine Hydrochloride 0.25% (8
mg/Kg, SC) was administered at the incision site for local anesthetics. Lacryvisc®
(Carbomer 974P 0.3%) was applied on the eyes to avoid dehydration. Buprenorphine (0.05
mg/Kg, SC) was also administered pre-emptively for general analgesia, so it would be

already in action when animals recovered from anesthesia.

Twelve animals were i.c.v. injected with AB peptide (2.25 mg/mL) in 5 puL and fourteen were
injected with 5 pL of water (vehicle) at day zero. Injections were performed with a 33-gauge
Hamilton microsyringe (Hamilton Company, Nevada, USA) using a microinjection pump
(World Precision Instruments, Inc., Florida, USA) with a rate of 500 nL/min, in the right lateral
ventricle using a stereotactic system (anteroposterior: -0.84 mm from Bregma, medial/lateral:
1.5 mm and dorsal/ventral: -3.5 mm). Injections lasted 10 min and the needle with the
syringe was left in place for 2 min after the injection to ensure complete infusion of Ap.
Animal body temperature was kept constant at 37°C using a heating pad. A timeline of all
the experimental events is depicted in Figure 20 (A). Previous work reported soluble forms of
AB on the hippocampus of i.c.v. AB injected animals (Canas et al., 2009), thus showing A
diffusion through this brain region. Compared with transgenic models of AD, the i.c.v. AB-
induced sporadic model of AD is more relevant for the study of AB-induced
pathophysiological traits of AD. Moreover, the transgenic models of AD are usually used to
study the familial form of the disease, which barely represents 5% of AD cases (Lecanu and

Papadopoulos, 2013).Chronic intraperitoneal KTP-NH. treatment
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Figure 20. Experimental design. (A) Animals were i.c.v. injected with AR (AB1-42) or vehicle (water)
at day 0. On day 2, KTP-NH: or vehicle (saline solution) i.p. administration began, simultaneously with
handling. Behavioral tests were performed between days 15 and 20: Y-Maze Spontaneous
Alternation test (YM-SAT), Open Field test (OFT), and Novel Object Recognition test (NORT). On day
21 animals were sacrificed (1) for molecular analyses (WB and IHC). (B) Four experimental groups
were tested: Control (i.c.v. and i.p. vehicle administration, n = 7); AB (i.c.v. AR administration and i.p.
vehicle treatment, n = 6); KTP-NH: (i.c.v. vehicle administration and i.p. KTP-NH: treatment, n = 7),
and AB + KTP-NHz (i.c.v. AB administration and i.p. KTP-NH: treatment, n = 6).

Thirteen animals underwent a chronic 18-day treatment regimen of KTP-NH; (32.3 mg/Kg,
single i.p. dose/day), starting the second day after i.c.v. administration of AB1-s (AR + KTP-
NH2 group, n=6) or vehicle (KTP-NH: group, n=7), and lasting until sacrifice. The remaining
thirteen animals received the vehicle solution following the same treatment regimen: AR +
vehicle (AB group, n = 6) and vehicle + vehicle (control group, n = 7).The experimental
groups of animals are depicted in Figure 20 (B). During the last 5 days of i.p. treatments
(KTP-NH2 or vehicle), animals were tested in the behavioral paradigms identified below.
During behavioral assessment days, injections were performed after animal testing and

before return to the animal house.

4.3.3. Behavioral testing
Behavioral tests were performed from the fifteenth day after ABi2 injection, following a
previously described protocol (Canas et al., 2009; Cunha et al., 2008). The handling period
coincided with the first 13 days of KTP-NH; treatment, where animals were handled for a few
minutes before the i.p. injection so that they became used to the experimenter and to the
testing room. All behavioral tests were carried out between 9 a.m. and 6 p.m.. All the
apparatus used were cleaned with 70% ethanol between animals switching. After placing the
animal inside the behavioral apparatus, the experimenter immediately left the room. The

experimenter conducting behavioral analysis was blinded to treatment conditions.

Tests were performed in the following order: Y-Maze Spontaneous Alternation Test (YM-
SAT), Open Field Test (OFT), and Novel Object Recognition Test (NORT) (Figure 20 (A)).
The YM-SAT was performed before the NORT to evaluate working memory for a less
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complex paradigm first. Since OFT and NORT use the same testing arena, the OFT was
performed during the first 5 min of the first day of NORT habituation period (first contact with
the arena).

4.3.4. Y-Maze Spontaneous Alternation Test (YM-SAT)
The spontaneous alternation version of the Y-Maze test evaluates spatial working memory
by taking advantage of the willingness of rodents to explore new environments. The testing
protocol for YM-SAT has been described in detail previously (Maurice et al., 1996). The
wood-made maze used was composed of 3 arms (30 x 10 x 20 cm each), converging to an
equal angle. Visual cues were placed on the walls of the maze. Briefly, without prior
habituation, animals were individually placed at the end of one arm and allowed to freely
move through the maze for 8 min. Two independent investigators visually recorded arm

entries, and the comparison between recordings showed total agreement.

An entry was considered valid when all four limbs of the animal were within the arm. An
alternation was defined as entries in all three arms on consecutive occasions. The number of
maximum possible alternations for each animal was therefore the total number of arm
entries minus two. The percentage of spontaneous alternation was calculated as actual
alternations/maximum alternations x 100. In addition, the total number of arm entries was

used as a measure of locomotor activity.

4.3.5. Open Field Test (OFT)
The OFT is widely used to assess individual spontaneous locomotor activity and anxiety-like
behavior when animals are introduced to a novel environment (Bailey and Crawley, 2009;
Castanheira et al., 2018; Prut and Belzung, 2003). Importantly, this test allows to detect bias
in animal behaviour that could affect performance on NORT, since locomotor activity can
impact exploratory drive (Broadhurst, 1958, 1957). The open field arena consisted of an
empty square wood box (67 x 67 x 51 cm height), virtually divided into three concentric
squares: a peripheral, an intermediate and a central zone. The testing protocol has been
described in detail previously (Gould et al., 2009). Briefly, animals were individually placed in
the center of the arena and allowed to freely move for 5 min. The behaviour was video-
recorded and analyzed by the tracking software Smart® (version 2.5; Panlab, Barcelona,
Spain). The reference point used for the animal tracking position was defined as the center
of the animal dorsum. Both total travelled distance (cm) and average velocity (cm/s) were
measured to assess locomotor activity. In addition, the percentage of time spent in the arena
periphery was used as an indicator of the level of anxiety-like behavior. All animals were

tested only once.
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4.3.6. Novel Object Recognition Test (NORT)
Considering that episodic long-term memory is the predominant cognitive deficit in AD,
animals were subjected to the NORT (Antunes and Biala, 2012). To assess long-term
memory a retention interval (RI) of 24h was used. This test consists of three phases:
habituation, familiarization (training), and test. The habituation phase consisted of 3 sessions
of habituation to the arena (15 min each day). During both familiarization and test phases,
two objects were added to the same arena, always in the same place. The objects used in
this test were translucent glass bottles and brown glass bottles without labels, that were
similar in size and shape, but which the animals were able to discriminate between them. To
prevent coercion to explore the objects, animals were individually placed in the middle of the
opposite wall where objects were, with their backs to them, and allowed to freely move for 5
min. In the familiarization phase, animals were presented with two equal objects, which we
herein name as ‘familiar’ objects. During the familiarization phase, chosen objects were
counterbalanced between animals within the same experimental group to reduce any object
preference effect. Similarly, object localization was counterbalanced between both arena
sides, to eliminate possible preference confounds for a specific side of the arena. Following
sample-objects exposure, animals returned to the home cage for 24 h. In the test phase, one
of the previously experienced objects (now considered familiar objects) was substituted by a
new object (considered the novel object). Exploration was scored when the animal touched
an object with its forepaws or snout, bit, licked, or sniffed the object from a distance of no
more than 1.5 cm. Running around the object or climbing on it was not recorded as
exploration. Animal movements were recorded using the SMART® video-tracking software
(version 2.5; Panlab, Barcelona, Spain). A post-analysis was conducted to refine the results
obtained by software measures. Two independent investigators made the post-analysis with

a high degree of concordance between them.

Three indexes were calculated in order to evaluate both preference between objects and
recognition of the novel object: 1) the object preference index, which is the ratio between the
time spent exploring one object over the total time spent exploring both objects [object 1 or
object 2 / (object 1 + object 2)], and it is assessed both in the training and test phases; 2) the
object recognition index, which is the ratio between the time spent exploring the novel object
and the total time spent exploring both objects [novel / (novel + familiar)], and it is an index
of retention, used for analysis of the test phase performance; and finally, 3) the object
discrimination index, which is the ratio between the difference between the time spent
exploring the novel and the familiar object, and the total time spent exploring both objects
[(novel - familiar) / (novel + familiar)], allowing an easier visualization of data since no

memory retention scores as zero (Antunes and Biala, 2012).
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4.3.7. Western Blot (WB)
After behavioral tests, three/four animals from each group were deeply anesthetized with
isoflurane (Esteve, Barcelona, Spain) and decapitated. Their brains were quickly removed
and placed in ice-cold aCSF, continuously oxygenated (O2/CO;: 95%/5%) to isolate both
hippocampi. The left and the right hippocampi were individually frozen in liquid nitrogen and
stored at -80°C. The two hippocampi were analyzed separately to allow the separate
guantification of the hippocampus of the side of the i.c.v. injection (right, ipsilateral) and of
the contralateral to it. Since both hippocampi could be differently exposed to AB, they could
display different degrees of gliosis. Using a Potter homogenizer, tissue homogenates were
prepared from frozen samples by solubilizing them in Radio-Immunoprecipitation Assay
(RIPA) buffer: 50 mM Tris-base (pH 7.5), 150mM NaCl, 5mM Ethylenediaminetetraacetic
Acid (EDTA), 0.1% Sodium Dodecyl Sulphate (SDS), and 1% Triton X-100, supplemented
with phosphatase inhibitors: 10nM NaF; 5mM NazVO4 and a protease inhibitor cocktalil
(Complete Mini-EDTA free from Roche, Penzberg, Germany). Samples were centrifuged at
13 000 g, 4°C for 10 min, and the supernatant was collected and placed in fresh tubes.
Protein concentration was quantified through Bradford method, using Bio-Rad DC reagent
(Bio-Rad Laboratories, Berkeley, CA, United States). All samples were prepared with the
same amount of total protein (35 ug), by adding a loading buffer (350 mM Tris-HCI (pH 6.8),
10% SDS, 30% glycerol, 600 mM Dithiothreitol, 0.06% bromophenol blue), and then boiled
at 95°C for 5 min. Next, samples and the molecular weight marker (PageRuler™ Plus
Prestained Protein Ladder, 10 to 250 kDa, ThermoFisher Scientific, Massachusetts, USA)
were loaded and separated on 12% SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
within a standard migration buffer (25 mM Tris-base (pH 8.3), 192 mM Glycine, 10% SDS),
at a constant voltage between 80 and 120 mV. Subsequently, proteins were
electrotransferred, at 400 mA for 1h30, from the gel to a polyvinylidene difluoride (PVDF)
membrane (GE Healthcare, Buckinghamshire, United Kingdom), previously activated with
methanol for 5 min, within the standard buffer (25 mM Tris (pH 8.3), 192 mM Glycine, 15%
methanol) for wet transfer conditions. Afterwards, membranes were stained with Ponceau S
solution (Sigma-Aldrich®) to check for transference efficacy, and blocked with a 3% bovine
serum albumin (BSA) in TBS-T (Tris-Buffered Saline with Tween-20 containing in mM: Tris
base 20; NaCl 137 and 0.1% Tween-20) during 1h at RT to avoid non-specific binding.
Membranes were incubated with the primary antibodies overnight at 4°C, and then with the
HRP-conjugated secondary antibodies (1:10000, Santa Cruz Biotechnology, Dallas, TX,
USA) for 1h at RT, all diluted in 3% BSA solution in TBS-T. The primary antibodies used
were rabbit polyclonal antibody anti-GFAP (1:5000, Sigma, St. Louis, MO, USA), goat

polyclonal antibody anti-lba-1 (1:1000, Abcam, Cambridge, UK), and mouse monoclonal
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antibody anti-GAPDH (1:5000, Invitrogen, Carlsbad, California, USA). Chemiluminescent
detection was performed with ECL Plus Western Blotting Detection Reagent (GE
Healthcare, Buckinghamshire, UK) in the ChemiDoc™ XRS* System from Bio-Rad. The
integrated intensity of each band was calculated using computer-assisted densitometry
analysis with Image-J 1.45 software (Bethesda Softworks, Bethesda, MD, United States)
and normalized to the integrated intensity of the loading control (GAPDH). Images were
prepared for printing in Image Lab software 5.2.1 (software available in ChemiDoc XRS*

system, Bio-Rad).

4.3.8. Immunohistochemistry
After behavioral tests, three animals of each group were deeply anesthetized with
ketamine/xylazine mixture (120 mg/Kg /16 mg/Kg) at a volume of 1 mL/Kg. After reaching a
deep anesthesia state, the animals were perfused transcardially with approximately 200 mL
of warmed (37°C) 0.9% saline solution, to clear the blood from the circulatory system,
followed by approximately 500 mL of 4% paraformaldehyde (PFA) in PBS, 140mM NacCl,
3mM KCI, 20mM NaxHPO4, 1.5mM KH2PO4, pH 7.4) (Gage et al., 2012). Animals were then
decapitated, and their brains were carefully removed and maintained for post-fixation in the
same fixative solution at 4°C overnight. After that, brains were washed twice with PBS, and
then cryoprotected at 4°C by immersion in increasing concentrations of sucrose (15% and
30%). Subsequently, brains were gelatin-embedded (7.5% gelatin in 15% sucrose) and then
sectioned at a thickness of 12 um on a cryostat (LEICA CM 3050S, Wetzlar, Germany), by
the Histology and Comparative Pathology Laboratory of iMM. Only the coronal sections
located at the level of hippocampus (around - 2.92 mm and - 5.04 mm from Bregma) were
collected, mounted on SuperFrost® Plus slides (Menzel-Glaser, Braunschweig, Germany)

and stored at -20°C for further use.

For the immunohistochemical analyses, slices were placed in PBS for 10 min at 37°C to
remove the gelatin from brain tissue. Then, each slice was surrounded with DAKO pen
(Dako, Glostrup, Denmark) to protect staining areas from drying out and from mixing with
each other. After an incubation in glycine (0.1M) for 10 min to remove the small toxic
aldehydes originated from PFA degradation, sections were subsequently treated with 0.1%
Triton X-100 in PBS (10 min) for membrane permeabilization, washed twice (10 min each
time) with PBS in the presence of 0.1% Tween-20 (PBS-T) and then blocked with a blocking
solution (10% FBS, 6/10% BSA in PBS-T) for 30 min at RT. Next, slices were incubated with
the primary antibodies overnight at 4° C, and with the fluorophores coupled-secondary
antibodies for 2h at RT in a humidified dark chamber. The nuclei were stained with Hoechst
33342 (20 pg/mL, Invitrogen) for 10 min at RT. The slices were mounted in Mowiol (Sigma).

The primary antibodies used were mouse monoclonal antibody anti-GFAP (1:1000, Millipore,
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Burlington, Massachusetts, USA), and goat polyclonal antibody anti-lbal (1:1000, Abcam).
The secondary antibodies were donkey anti-mouse-Alexa Fluor 568, and donkey anti-goat-
Alexa Fluor 488 (1:500, Invitrogen). Images were acquired on an inverted wide field
fluorescence microscope (Zeiss Axiovert 200, Zeiss, Oberkochen, Germany), using a
monochrome digital camera (AxioCamMR3, Zeiss), with a 40X objective (Zeiss). The
software AxioVision 4.7.1 (Carl Zeiss Imaging Systems) was used for image acquisition.
Immunofluorescence images were acquired in two areas of the hippocampus: cornu

ammonis 1 (CAl) and dentate gyrus (DG), of both hemispheres of each animal.

4.3.9. Freshly Prepared Hippocampal Slices and Drug Treatment

Male C57BL/6J mice (8-11 weeks old), purchased to Charles River Laboratories (Lyon,
France), were housed in groups of 4/5 per cage and maintained under controlled conditions
(21 + 1°C; 55 + 10% humidity; 12:12 h light/dark cycle). Animals were deeply anesthetized
with isoflurane (Esteve, Barcelona, Spain) and decapitated to quickly remove their brains.
Then, brains were placed in ice-cold artificial cerebral-spinal fluid solution (aCSF; 124 mM
NaCl, 3 mM KCI, 1.2 mM NaH;PO4, 25 mM NaHCOs3, 2 mM CaCl;, 1 mM MgSOs, and 10
mM glucose, pH 7.4), continuously oxygenated (O2/CO,: 95%/5%) to dissect both
hippocampi. Acute hippocampal slices were cut, with a thickness of 400 um, perpendicularly
to the long axis of the hippocampus using a Mcllwain tissue chopper, and placed in a resting
chamber filled with continuously oxygenated aCSF at RT for 1h to guarantee the functional
and energetic recovery. Slices were incubated for 3h at RT with continuously oxygenated
aCSF with 50 nM KTP-NH: in the presence or absence of 200 nM Aoiig.

4.3.10. Ex Vivo Electrophysiological Recordings
Long-term potentiation (LTP) induction and quantification were performed as described
previously (Diégenes et al.,, 2011). Briefly, hippocampal slices were transferred to a
recording chamber continuously superfused with oxygenated aCSF at 32°C (flow rate of 3
mL/min). Stimulation pulses were delivered every 20 s using a bipolar concentric wire
electrode placed on Shaffer collateral/commissural fibers in stratum radiatum, and field-
excitatory postsynaptic potentials (fEPSPs) were recorded extracellularly through a
microelectrode filled with aCSF (2-6 MQ) placed in the stratum radiatum of the CAl area.
The intensity of stimulation was initially adjusted to obtain a fEPSP slope with a minimal
spike contamination and of around 50% of the maximal slope. Recordings were obtained
with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA, United States), digitized
and continuously stored on a personal computer with the WIinLTP software (Anderson and
Collingridge, 2001). Individual responses were monitored, averages of six consecutive
responses were obtained, and the slope of the initial phase of the fEPSP was quantified.
After fEPSPs stabilization, LTP was induced through a 8-burst protocol (3 trains of 100 Hz, 3
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stimuli, separated by 200 ms). The 6-burst induced LTP pattern of stimulation is considered
closer to what physiologically occurs in hippocampi during episodes of learning and memory
in living animals (Albensi et al., 2007). We used a mild LTP protocol since this proved to be
sensitive to synaptic plasticity changes along with aging (Diégenes et al., 2011), and allows
assessing both further improvements or impairments on LTP magnitude. LTP magnitude
was quantified as the percentage of change in the average slope of fEPSPs taken between
50 to 60 min after LTP induction in relation to the average slope of fEPSPs measured during
the 10 min before 8-burst induced LTP (baseline).

4.3.11. Primary Neuronal Cultures and Drug Treatment

Primary neuronal cultures were obtained from fetuses of 18/19-days pregnant Sprague-
Dawley females, as routinely in the lab (Jer6bnimo-Santos et al., 2015). Briefly, animals were
deeply anaesthetised with isoflurane and decapitated. The fetuses were collected and
placed in cold Ca?- and Mg?*-free Hank’s Balanced Salt Solution (HBSS) (Gibco, Paisley,
UK). The brains were dissected, the cerebral cortices were isolated, and the meninges were
removed. Then, the tissue was mechanically fragmented, followed by enzymatic digestion
with 0.025% (w/v) of trypsin solution in HBSS for 15 min at 37°C. To neutralize the action of
trypsin, HBSS supplemented with FBS 20% (w/v) and cellular suspension was centrifuged at
190g. The supernatant was discarded, and the cells were resuspended in the same solution
by pipette aspiration in order to dissociate cells. This process was repeated three times.
After washing, cells were resuspended in supplemented Neurobasal medium (0.5mM L-
glutamine, 25mM glutamic acid, 2% B-27, and 25 U/mL penicillin/streptomycin). Then, cell
suspension was filtered (BD Falcon Cell Strainer 70 mM, Thermo Fisher Scientific, Waltham,
MA, United States), to obtain single cells and cell density was determined by counting cells
in a 0.4% trypan blue solution using a hemocytometer. Cells were plated at 1x10° cells/well
on 12-wells flat-bottom cell plates covered with glass coverslips (Corning® Costar® TC-
treated, Sigma), and maintained at 37°C in a humidified atmosphere of 95/5% O,/CO., for 14
days. The coverslips were previously sterilized under UV light, coated overnight with 10
mg/mL of poly-D-lysine (Sigma, St. Louis, MO, United States) and washed with sterile H>O.
After 13 days in vitro (DIV13), cells were incubated with 50 nM KTP-NH- in the presence or
absence of 25 uM AB2s.35, during 24h.

4.3.12. Immunocytochemistry
In order to evaluate the neuroprotective effect of drug treatment, spine density was counted
as previously done in our lab (Tanqueiro et al., 2018). Briefly, primary neuronal cultures at
DIV14 were fixed in 4% PFA in PBS (pH 7.4) for 15 min at RT, after being washed with PBS
twice. Using a blocking solution (3% (w/v) BSA) (Sigma-Aldrich) in PBS with 0.1% (v/v)

Triton X-100, cells were incubated for 1h at RT. To specifically detect neurons, cells were
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incubated with mouse microtubule-associated protein 2 (MAP2) primary antibody (1:200 in
blocking solution) (Millipore), overnight at 4°C in a wet-chamber. After this, cells were
washed with PBS twice and then co-incubated in blocking solution with goat anti-mouse-
Alexa Fluor 568 secondary antibody (1:200, Invitrogen), Alexa Fluor 488 Phalloidin (1:40)
(Invitrogen), which recognizes filamentous actin (F-actin), and Hoechst 33342 (6 pg/mL) for
nuclear staining, for 1h at RT inside a dark-wet chamber. After being washed with PBS
twice, coverslips were mounted in Mowiol mounting solution. Using a confocal laser point-
scanning microscope LSM 880 with Airyscan (Carl Zeiss Microlmaging, Thornwood, NY,
United States), the observed conjugation between MAP2 (568, red) and F-actin (488, green)
allowed the clear identification of dendritic protrusions, since F-actin has an important role in
the constitution of the cytoskeleton of dendritic spines (Koskinen and Hotulainen, 2014).
Spine density was assessed as the number of protrusions, counted per 10 um of the parent
dendrite, as previously reported (Alonso et al., 2004; Ji et al., 2010) with a distance of 25 um
from the cell body. Independent averages were computed with counts of 3 different dendrites
of each neuron, 6 neurons per condition, with each primary neuronal culture being

considered an independent experiment.

4.3.13. Statistical Analysis

Data are expressed as mean + standard error of the mean (mean = SEM), where n is the
number of independent experiments. Results of each animal per group, and results acquired
from different hippocampal slices of different animals were considered independent
experiments. The data normality was confirmed using the Shapiro-Wilk test. Results
obtained using behavioral paradigms, OFT, YM-SAT, NORT (object recognition index and
object discrimination index), through electrophysiological recordings (LTP magnitude), and
using immunocytochemistry (number of dendritic protrusions) were analyzed using two-way
ANOVA, followed by the Tukey’'s multiple comparisons test. In addition, significant
differences between means of NORT object preference index within each phase were
evaluated through unpaired two-tailed Student’s t-test. Results obtained by western blot
were analyzed using two-way ANOVA. Values of p < 0.05 were considered to represent
statistically significant differences. All statistical analyses were conducted using the Prism
Software (GraphPad Prism®, version 8.0.2, California, USA).
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4.4. Results

4.4.1. KTP-NH2 treatment prevented episodic long-term and spatial
working memory dysfunction induced by A

To evaluate the influence of KTP-NH: in an animal model of AD (Canas et al., 2009; Zhang

et al., 2015), KTP-NH, (32.3 mg/Kg) or saline solution (vehicle) was i.p. administered for 18

days to rats that had received a 5 pL i.c.v injection of AB1-42 (2.25 mg/mL) or water (vehicle)

(Figure 20 (A)). As such, the experimental groups are the following: control group (vehicles);

KTP-NH- group (vehicle + KTP-NH, treatment); AB group (AB and vehicle treatment); and A
+ KTP-NH: group (AB and KTP-NH;treatment) (Figure 20 (B)).

Episodic long-term memory, considered the predominant cognitive deficit in AD, was
evaluated through the NORT with a retention time of 24 h (see Methods). As expected, in
the training phase (Figure 21, grey bars), the four groups of animals explored approximately
the same amount of time the two identical objects. In the test day (Figure 21, black and white
bars), animals from the AB group did not react to novelty (p > 0.05, unpaired two-tailed
Student’s t-test to compare % of time spent with familiar vs. novel object; n = 6; Figure 21
(C)), whereas the control group did (p < 0.0001, unpaired Student's t-test to compare % of
time spent with familiar vs. novel object; n = 7; Figure 21 (A) and (C) respectively).
Remarkably, the AB induced-impairment in the NORT was totally recovered in the animals
that had been treated with KTP-NH; (Figure 21 (D)). These treated animals showed a clear
preference for exploring the novel object more than the familiar one (p < 0.0001, unpaired
Student's t-test to compare % of time spent with familiar vs. novel object; n = 6), thus
behaving like control animals. The KTP-NH. group also behaved like a control group (p >
0.05, unpaired two-tailed Student’s t-test to compare % of time spent with familiar vs. novel
object; n = 7; Figure 21 (B)), indicating that per se KTP-NH;, is not a memory enhancer,
though markedly ameliorating memory deficits elicited by Ap.

To better compare performances among the four groups of animals, the time spent exploring
each object in the test day was converted into the object recognition index [novel / (novel +
familiar)], and the object discrimination index [(novel — familiar) / (novel + familiar)], which
were calculated for each animal and averaged within each group (Figure 22 (A), and (B),
respectively). The object recognition index ranges from 0 to 1, where obtained values around
0.5 reflect an absence of discrimination between the novel and the familiar objects. The
discrimination index ranges from -1 to +1, and obtained values around O reflect lack of object

discrimination. In both indexes, higher obtained values indicate higher memory performance.

As depicted in Figure 22, the recognition index attained by the AB group was significantly

different from the control group (AB: 0.48 + 0.046 vs. control: 0.71 + 0.028; p < 0.05, two-

89



Chapter 4 — The neuroprotective effect of KTP-NH2 systemic treatment

way ANOVA with Tukey’s multiple comparisons test; n = 6-7). Importantly, the index
displayed by the AB + KTP-NH- group, (0.67 + 0.020, n = 6) was similar to the control group
(p > 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 6-7), and significantly
different from AR group (p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n
= 6-7).

1.0q sedekk 1.0q *kdk
3 3
2 2 08
8 3
c c
o o
O |- e @ |-
£
o B
o o
g g
2 2
= =)
T T
F1 F2 Familiar  Novel F1 F2 Familiar ~ Novel
Training Test Training Test
Cantrol KTP-NH;
1.04 1.0+ dedekok
> >
< 4
£ 084 £ 0.8
O Q
o o
c =
o (]
2 T ....... E .....
[ [
o o
k3] B
o @
= o
O o]
T 1
F1 F2 Familiar ~ Novel F1 F2 Familiar  Novel
Training Test Training Test
AR AB + KTP-NH;

Figure 21. The KTP-NH: treatment mitigates AB-induced impairments in long-term (24h)
episodic memory. Long-term episodic memory was evaluated through the Novel Object Recognition
test (NORT). After 3 arena habituation sessions, the training phase consisted of one session with two
identical objects (F1 and F2) placed inside the arena. The test phase occurred on the following day
(24 h later), where one of the familiar objects (Familiar) was replaced by a novel object (Novel).
During both phases, animals freely explore the objects for 5 min and the results are given by the time
spent exploring any one of the two objects allows to calculate the Object Preference Index, i.e., F1 or
F2 / (F1 + F2) and Familiar or Novel / (Familiar + Novel). A preference index above 0.5 indicates a
preference of that specific object, whereas equal to 0.5 represents no preference. Statistical analysis
using unpaired two-tailed Student’s t-test showed no statistical differences in preference between
objects during the training phase (as expected), and revealed a significant preference for the novel
objects during the test phase for control (A), KTP-NH2z (B), and AR + KTP-NHz (D) groups (n = 6-7),
which indicates that memory is conserved within these animals. For the A group (C), data showed
that there was no preference between familiar and novel objects (n = 6). **** p < 0.0001. Data are

represented as mean + SEM.
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Moreover, the KTP-NH. treatment alone (KTP-NH: group) did not affect the object
recognition index (0.68 = 0.028, n = 7) when compared to the control group (p > 0.05, two-
way ANOVA with Tukey’s multiple comparisons test; n = 6-7). Thus, this analysis further
confirms that KTP-NH: treatment had beneficial effects on the performance of AB i.c.v.
injected animals in long-term memory testing. Similar findings were obtained by calculated
scores of the discrimination index (control: 0.43 £ 0.058; AB: -0.05 £ 0.091; KTP-NH2: 0.36 +
0.053; and AR + KTP-NH2: 0.35 £ 0.039, two-way ANOVA with Tukey’s multiple comparisons
test; n = 6-7).

To determine whether KTP-NH; treatment could counteract the A induced-impairments in
spatial working memory, animals were subjected to the YM-SAT and their performance was
assessed through the percentage of spontaneous alternation as described in methods
(Figure 22 (C)). As expected, animals from AP group had a lower percentage of
spontaneous alternation when compared with animals from the control group (AB: 55 + 3.5
vs. control: 69 £ 2.0, p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n =

6-7), confirming that ABi.c.v. injected animals had an impairment in spatial working memory.
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Figure 22. KTP-NH. treatment mitigates AB-induced impairments in long-term episodic
memory and spatial working memory. (A) Object recognition index was calculated from the data
obtained in the test day of the Novel Object Recognition test (NORT), as [novel / (novel + familiar)],
and it ranges from 0 to 1 (where 1 means only exploration of the novel object and zero exploration
only of the familiar object). (B) Object discrimination index was also calculated from the data obtained
in the test day of NORT, as [(novel — familiar) / (novel + familiar)], and it ranges from -1 to 1, where
zero means no discrimination between both objects. (C) The percentage of spontaneous alternation
was calculated from data obtained during the Y-Maze Spontaneous Alternation test (YM-SAT), as
actual alternations/maximum alternations x 100. For each statistical analysis, significant differences
between the group of AB animals (n = 6) and all the other groups (n = 6-7) were assessed using two-
way ANOVA followed by Tukey’s multiple comparisons test. * p < 0.05, ** p <0.01, *** p £0.001. Data

are represented as mean + SEM.
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However, when AR i.c.v. injected animals were treated with KTP-NHz (AB + KTP-NH2 group)
the percentage of spontaneous alternation in the YM-SAT (67 = 1.3, n = 6) was similar to the
control group (p > 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 6-7),
and significantly different from that of the A group (p < 0.05, two-way ANOVA with Tukey’s
multiple comparisons test; n = 6-7), implying that KTP-NH. treatment reduced the AR
induced-deficits in YM-SAT. Moreover, KTP-NH alone had no significant effect, since the
percentage of spontaneous alternation of A
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the OFT arena (Figure 23 (C)), which also indicates an absence of appreciable changes in
anxiety-like behaviour.

4.4.2. Hippocampal gliosis immediately after testing was not different
among the groups

To assess if AR could lead to an increase in the proliferation of astrocytes and microglia at
the time of testing which could suggest gliosis and thus inflammation, WB assays were
performed with protein extracts obtained from hippocampal homogenates prepared upon
animal sacrifice after behavioral testing. GFAP and Iba-1 were used as markers for
astrocytes and microglia, respectively (Figure 24). Densitometry analyses of the WB
revealed no significant changes (n=3-4; p > 0.05, two-way ANOVA) in samples from AB
injected animals when compared with control and in response to KTP-NH: treatment, thus
indicating an absence of proliferation of astrocytes or microglia.
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Figure 24. Neither Ap nor KTP-NH; affected hippocampal gliosis assessed by immunoblotting.
Protein levels were assessed by western blot using tissue homogenates from each isolated
hippocampus of 13 animals, 3-4 for each experimental group (Control, KTP-NHz, AB, and AR + KTP-
NH2). (A) Representative immunoblots of GFAP (50 kDa), Iba-1 (17 kDa) and GAPDH (37 kDa).
GAPDH was used as a loading control. (B) Densitometry analysis of the right (R) (side of i.c.v
injection) hippocampus, performed for all groups with ImageJ software. No statistically significant
differences were found between animal groups regarding GFAP or lba-1 immunoreactivity and (p >

0.05, two-way ANOVA, n = 3-4). Data are represented as mean + SEM.
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Nevertheless, since WB assay did not provide information about morphological changes of
astrocytes and microglia, immunohistochemistry analysis of glial cell morphology was
performed to further address this issue. As shown in Figure 25, regardless of the
hippocampal area analyzed (CA1 or DG), there was no evidence of astrogliosis (evaluated
by GFAP immunoreactivity) or microgliosis (evaluated by Iba-1 immunoreactivity), either in
control or AR animals, treated or untreated with KTP-NH>, since no morphologic differences
in glial cells were noticeable.
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Figure 25. Neither AB nor KTP-NH, affected hippocampal gliosis assessed by
immunohistochemistry labeling. At day 21, thirteen deeply anesthetized animals were
transcardially perfused with ice-cold saline and 4% PFA solutions. After decapitation, brains were
removed and gelatin-embedded to be sectioned on a cryostat. Coronal sections located at
hippocampus level were collected and mounted for labelling with GFAP to stain astrocytes (red) and
Iba-1 to stain microglia (green). Nuclei were stained with Hoechst (blue). Images of both CA1 and DG
hippocampal areas were acquired on an inverted wide-field fluorescence microscope (Zeiss Axiovert
200), with a 40x objective. The figure includes representative images of each experimental group
(Control, KTP-NH2, AB, and AB + KTP-NHz). There was no difference in GFAP or Iba-1 staining
between conditions. Scale bar, 50 pum.
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4.4.3. KTP-NH2 prevented the impairment in 0-burst-induced LTP
magnitude caused by AR

To address the synaptic mechanisms involved in the ability of KTP-NH, to mitigate memory
impairment in animals injected with AB, we assessed the effect of KTP-NH. upon 6-burst-
induced LTP in hippocampal slices that had been incubated with 200 nM Aoiig, @ known to

be toxic conformational arrangement of AB (Giuffrida et al., 2009).

LTP magnitude (Figure 26 (C)), recorded in slices pre-incubated with 200 nM ABig for 3 h
(AB) was significantly decreased when compared to that attained in control slices incubated
for a similar amount of time in the absence of AB (control: 25.4 + 6.15 vs. AB: -4.52 £ 6.53, p

< 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 5-8).
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Figure 26. Incubation with KTP-NH: reduces the impact of AR on LTP magnitude upon 08-burst-
induced LTP. (A) The averaged time courses changes in field excitatory postsynaptic potential
(FEPSP) slope (% baseline) induced by a 6-burst stimulation in animal hippocampal slices with a pre-
exposure of 3 h to aCSF solution (control, n = 8) with 200 nM ABoig (AB, n = 5), 50 nM KTP-NH2 (KTP-
NH2, n = 4), or 200 nM ABoig and 50 nM KTP-NH2 (AB + KTP-NH2, n = 5). (B) Tracings from
representative experiments. For each condition, fEPSP tracings recorded at baseline (baseline, grey
line) and after 6-burst-induced LTP (LTP, black line) from the same slice are showing overlaid. (C)
Histogram depicting the effect on LTP magnitude (% average changes in fEPSP slope at 50-60 min
normalized to the defined baseline of 10 min immediately before 6-burst stimulation) regarding each
group under study (control, AR, KTP-NH2, Ap + KTP-NH2). Statistical analysis using two-way ANOVA
followed by Tukey’s multiple comparisons test indicates a significant difference between the AR

condition (n = 5), and all the other groups (n = 4-8). * p < 0.05. Data are represented as mean + SEM.
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Remarkable, in slices co-incubated with 200 nM ABoig and 50 nM KTP-NHz (AB + KTP-NH2),
LTP magnitude (24.2 + 3.50, n = 5) attained values similar to those in control slices (p >
0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 5-8). Moreover, LTP
magnitude in slices pre-incubated with only 50 nM KTP-NH2 (KTP-NH2) was similar (27.0 +
8.10, n = 4) to that in control slices (p > 0.05, two-way ANOVA with Tukey’s multiple
comparisons test; n = 5-8). Altogether, these results clearly indicate that KTP-NH prevents

AB-induced impairment of LTP without by itself affecting LTP.

4.4.4. KTP-NH2 prevented the decrease in spine density caused by AR
action on cultured cortical neurons

To further investigate the synaptic correlates of the protective action of KTP-NH, against AB-
induced synaptic impairment, we evaluated the effect of KTP-NH2 on spine density of
cultured cortical neurons. The conjugation between MAP2 (red) and Phalloidin (green)
labels, allowed the identification of dendritic protrusions (yellow) (Figure 27 (A)), as a
morphological readout of the treatment modulation of the number of dendritic spines. The
representative segments of 10 um of counted dendrites for each analysed condition are
illustrated in Figure 27 (B).

In accordance with previous studies (Tanqueiro et al., 2018), cultured cortical neurons
exposed to ABusss for 24 h, showed a significant decrease in the number of dendritic
protrusions when compared to the control condition (AB: 6.58 + 0.153 vs. control: 8.07 +
0.153; p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n = 5) (Figure 27
(C)). Remarkably, the AB-induced impairment in the number of dendritic protrusions was
absent when neurons were co-treated with 50 nM KTP-NH2 (AR + KTP-NH2: 9.60 + 0.134 vs.
control: 8.07 £ 0.153; p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test; n =
5). KTP-NH, alone did not significantly alter dendritic protrusions when compared to the
control condition (KTP-NH.: 8.41 + 0.071 vs. control: 8.07 £ 0.153; p > 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 5).
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Figure 27. Incubation with KTP-NH; mitigates A incubation-induced impairments in spine.
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(A) Representative image of an untreated neuron (control) obtained from primary neuronal cultures.
Primary neuronal cultures (DIV13) were incubated with 25 uM AR2s.35 and/or with 50 nM KTP-NH2 for
24 h. MAP2 (red) specifically labels neurons, while phalloidin (green) labels F-actin. The merge
between both labels (yellow) allows the identification of dendritic protrusions. To evaluate spine
density, the number of protrusions per 10 um of the parent dendrite with a distance of 25 um from the
cell body were counted (3 parent dendrites per neuron, 6 neurons per condition). (B) Treatment
effects on synaptic density (10 um). (C) Histogram depicting spine density as the number of
protrusions from each condition. Statistical analysis using two-way ANOVA followed by Tukey’s
multiple comparisons test indicates a significant difference between conditions (n = 5). While 25 uM
AB2s-3s treatment (AB) diminished the number of protrusions in cortical neurons, 50 nM KTP-NH: co-
treatment (Ap + KTP-NH2) restored spine density. In addition, 50 nM KTP-NH2 treatment (KTP-NHz)

did not, by itself, impact spine density. **** p < 0.0001. Data are represented as mean + SEM.
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4.5. Discussion

A main finding in the present work is that systemically applied KTP-NH: prevents memory
dysfunction induced by AB. At the synaptic level we could demonstrate that KTP-NH-
prevents synaptic plasticity and spine density impairments caused by AR, suggesting that
KTP-NH., mitigates memory deficits by protecting hippocampal synapses against ApR-induced
toxicity.

Since the hippocampus is required for performance in the NORT (Goulart et al., 2010), this
test has been considered a useful tool for basic and preclinical research in the context of AD
(Rajagopal et al., 2014). In addition, the sustained strengthening of synaptic connections that
characterizes hippocampal long-term potentiation (LTP) is taken as a synaptic correlate of
the basic mechanisms involved in memory and learning processes (Bliss and Collingridge,
1993). Accordingly, abnormal performance in memory tasks, especially hippocampal-
dependent ones (Figurov et al., 1996; Korte et al., 1998; Pang and Lu, 2004), are associated
with impairments in LTP (Morris et al., 1986). Our data showing that KTP-NH. prevented the
AB-induced impairment of hippocampal LTP, strongly suggest that the reestablishment of
synaptic plasticity is one of the mechanisms underlying the cognitive actions of KTP-NH..
Furthermore, at a molecular level, neuronal spine density has been associated with synaptic
reinforcement during LTP (Luscher and Malenka, 2012; Toni et al., 1999). In fact, spine
density is known to be reduced in cultured cortical neurons incubated with AR peptide
(Tanqueiro et al., 2018). Our results show that KTP-NH; restores AB-induced decrease in
spine density, further explaining its neuroprotective actions upon synaptic plasticity. These
results pave the way for further studies on the mechanism of action of KTP-NH; addressing

if it reestablishes spine density in vivo.

While the presence of episodic memory impairments mimics the clinical hallmarks detected
in AD patients in the early stages of the disease (Alescio-Lautier et al., 2007; Gold and
Budson, 2008; Huntley and Howard, 2010), motor dysfunctions are better noticed in
moderate to severe stages of AD (Zidan et al., 2012). In the present work, we could detect
episodic memory dysfunctions through the YM-SAT and NORT, without signs of clear motor
dysfunctions, judged by OFT performance. This indicates that the sporadic AD model used
mostly mimics the earlier stages of AD. It is known that loss of synapses, mainly in the
hippocampus, is one of the earliest consequences of AB toxicity (Canas et al., 2009), and
that this loss correlates with the initial memory impairments in AD patients (Coleman et al.,
2004). Furthermore, compared to the transgenic models of AD available, the use of this
sporadic AD model, where the AR injection is responsible for the induced-pathophysiological

traits of AD, allows us to have a direct understanding of the effect of KTP-NH, administration
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on the AB-induced dysfunction. Our findings that systemic administration of KTP-NH: is able
to prevent memory loss as well as synaptic plasticity dysfunctions induced by A, highlight
the therapeutic potential of BBB permeable KTP analogues in early stages of AD. This may
gain particular relevance since the few therapeutic tools so far available for early disease
stages are mostly symptomatic to increase cholinergic function. As we show, the KTP
derivative is able to enhance synaptic plasticity and, importantly, to prevent retraction of
dendritic spines in cultured neurons, thus to prevent synaptic atrophy, a clear sign of

neuroprotective ability.

KTP biosynthesis occurs in the nerve terminals (Ueda et al., 1986b), which is especially
relevant in AD pathophysiology, where the loss of cortical mass evolves fast during the early
stages of the disease (Sabuncu et al., 2011). This cellular death implies less KTP production
capability, resulting in a decrease of KTP concentration in the CSF of AD patients (Santos et
al., 2013). Accordingly, the increase of KTP levels in the brain emerged as a possible
therapeutic tool for AD treatment. However, KTP has pharmacokinetic hindrances, such as
its limited capacity to cross the BBB and its high susceptibility to clearance mechanisms,
which hampered its clinical use (Serrano et al., 2014b). Our work shows that it is possible to
circumvent this problem by using a BBB permeant KTP analogue, KTP-NH>. The introduced
structural change increased the peptide global net charge, increasing its capacity to interact
with biological membranes, most notably giving it the ability to cross the BBB (Ribeiro et al.,
2011a).

Besides having an acute and chronic well-characterized analgesic-profile when systemically
administrated (Ribeiro et al., 2011b, 2011a), this small and cost-effective molecule also
showed a remarkable anti-inflammatory effect. Accordingly, independent studies developed
by our lab showed that KTP-NH. impacts the glucocorticoid system, which might account for
the molecular link between analgesia, anti-inflammation, and neuroprotection (Perazzo et al.,
2017b). Neuroinflammation caused by A has been commonly linked to the presence of
gliosis and, in some studies, to neuronal damage. In the present work, gliosis was evaluated
on day 21 after AB i.c.v. injection by both immunohistochemistry and western blotting and, in
agreement with previous data (Canas et al., 2009), no significant signs of astrogliosis nor
microgliosis were detected in the hippocampus. However, it is important to highlight that the
peak of the inflammatory response after AR injection is one week after injection (McLarnon,
2014). So, we cannot discard initial AB-induced neuroinflammation nor an influence of KTP-
NH. that may have occurred before memory assessment. Nevertheless, our results show

that at least immediately after memory testing, there were no signs of gliosis.

In summary, we clearly show that, in a sporadic AD model, systemic administration of KTP-

NH. protects spatial working- and episodic memory, without affecting motor activity or
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inducing anxiety-like behavior. Moreover, KTP-NH: prevented AB-induced deficits in LTP
magnitude and in spine density. We, therefore, highlight a neuroprotective action of KTP-
NH. against the early stages of AD pathophysiology. While these results are promising as
far as pharmacodynamics is concerned, they clearly push towards the need of further
studies on the pharmacokinetics of KTP-NH: after its systemic administration through
different routes, as well as to the need of other studies directed towards other hallmarks of
AD. Indeed, in light of the complex pathophysiology of AD, it is important to know whether
KTP-NH. has a greater potential as a standalone treatment, or rather as part of a broader

multidrug treatment regimen.
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5.1. Conclusion

This study collected new evidence of KTP and KTP-NH, neuromodulatory effects in synaptic
function. These peptides were studied not only under non-pathological conditions but also
under AB-induced AD pathophysiological condition, which provided cumulative insights for

their possible use in AD treatment.

Firstly, the characterization between both peptides demonstrates significant differences
between their action, especially on their neuroprotective role against AB-induced
impairments, which were partially unexpected. Briefly, despite both peptides showed a
protective action against the decreasing in dendritic spines density of cortical cultured
neurons induced by AB peptide, only KTP-NH, was able to counteracts AB-induced
impairments on hippocampal LTP. Moreover, apart from slightly differences assessed on
basal synaptic transmission, at the studied concentration of 50 nM, both peptides did not
impact synaptic physiological functions. This lack of side effects increases their
pharmacological attractiveness. These findings highlight the inherent concerns in adapting
existing molecules with attractive functions to develop new drugs. The KTP-NH, exemplifies
that changing the original molecular structure to add or enhance specific characteristics can
affect its primordial function. However, the urgent need to find new drugs with a clinical
application prioritize studies using synthetic drugs with functional impacts. These functional
studies using the new synthetic derivatives can be conducted even before the full
understanding of their mechanism of action. Interestingly, studying the effectiveness of a
drug in the relief of specific symptoms of a disease can offer new insights regarding the
disease itself, the drug action, or both. Nonetheless, the exhaustive study of the original
molecule that inspired the production of synthetic derivatives should not be neglected to

uncover its mechanisms of action and endogenous function.

Although the massive efforts of the scientific community to unravel the pathophysiological
mechanisms of AD, much are yet to be discovery. It is now clear that AD is a very complex
and multifactorial disease, which progresses silently many years before the emergence of
the first symptoms. In fact, when the first cognitive symptoms appear and patients are
diagnosed, the majority of molecular damage (most likely to be unreversible) is already
settled. Therefore, not only the treatment time-window should be swift into the early years of
the disease progression, but also a more holistic approach should be considered to treat the
upcoming patients that are still cognitively healthy. Moreover, given that several
neurodegenerative disorders share common symptoms, prospective studies are needed to
develop new tools to correctly predict patients’ prognosis and promptly reveal which

diseases a given person will likely have in the future.
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Ageing is a crucial risk factor for the development of several disorders, including neurological
disorders such as AD. Apart of encouraging people to adopt and to maintain a healthier
lifestyle, where having good eating and sleeping habits, as well as being physical and mental
active are considered the pillars, the use of some pharmacologic drugs with a preventive role
on the onset of some diseases is already being a common practice. For instance, using low
doses of acetylsalicylic acid to prevent cardiovascular diseases (Truong, 2015).
Furthermore, elderlies are usually under a heavier pharmacological regimen mainly due to
common comorbidities, and pharmacological interaction cannot be lightly discarded (Boparai
and Korc-Grodzicki, 2011). As such, drugs with multiple proposes can offer a solution to

target symptoms with similar origins or that are commonly manifested together.

In that sense, KTP-related drugs can emerge as a pharmacological solution. Although
additional studies are still needed to fully understand the therapeutic value of these peptides,
KTP-NH. already presented remarkably results as an analgesic molecule, with anti-
inflammatory properties, and an impressive neuroprotective role. In fact, KTP-NH; had a
neuroprotective effect against AB-induced memory impairments associated to AD
pathophysiology. The systemic administration of KTP-NH- in a sporadic AD model revealed
to be crucial for the protection of spatial working memory and episodic memory, without
affecting motor activity or inducing anxiety-like behavior in animals. In addition, this work
reported that the neuroprotective action of KTP-NH;, presumably acted in the prevention of
AB-induced deficits in LTP magnitude and spine density (Chapter 4).Thus, the molecular
findings presented in this work regarding KTP-NH> neuroprotective effect in AB-induced AD
pathophysiology (Chapter 3) supported the neuroprotective results obtained through its
systemic administration in a rat model of sporadic AD (Chapter 4), which provided important

evidence for the use of KTP-NH; as a drug for AD treatment.

In summary, this work paves the way for future studies comparing KTP and KTP-NH effects
in CNS and, more specifically, for studying new applications regarding KTP-NH;
neuroprotective action. As such, to identify the therapeutic time-window for using KTP-NH>
in the treatment of AD will allow us to better understand whether the action of this peptide
relies on the prevention, or on the recovery, of molecular and cognitive deficits present in AD
pathophysiology. Moreover, the characterization of KTP-NH, effect in the AD-specific
inflammatory process can also provide new evidence for how this peptide protects against
AB-induced deficits. Finally, it is remarkable that in small molecules such as dipeptides, a
unique change on their structure can severely impact their function. In that sense, studying
both molecular structures and its physical-chemical properties can reveal which of them are

of utmost important for the desirable effects.
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5.2. Future Perspectives

Despite this work unveiled some interesting findings, several questions remained to be
answered. As such, during this work, | also participated in additional KTP-related projects of

which | will present next.

5.2.1. KTP-NH2 treatment in 5XFAD transgenic mice model of AD
To better understand the neuroprotective role of KTP-NH. in AD, we designed an in vivo
study to evaluate the effect of chronical treatment of KTP-NH; in a 5xFAD transgenic AD
mice model. This AD model is characterized by having five AD-related mutations expressed
in two human transgenes: the Swedish (K670N/M671L), Florida (1716V), and London
(V7171) mutations in APP gene, and the M146L and L286V mutations in PSEN1 gene
(5xFAD (B6SJL) | Alzforum, 2019). Accordingly, these animals are expected to rapidly

develop severe amyloid pathology, starting to manifest cognitive symptoms at 4-months old.

A colony of this 5XFAD model was stablished at Rodent Facility of iMM, FMUL. The handling
of animals and all the applied procedures were conducted according to the European
Community (86/609/EEC; 2010/63/EU; 2012/707/EU) and Portuguese (DL 113/2013)
legislation for the protection of animals used for scientific purposes, and they were approved
by the Ethical Committee for Animal Research of iMM, FMUL, and the Portuguese
Competent Authority for Animal Welfare (DGAV) in Portugal.

Briefly, animals of 4-months old underwent a chronic treatment regimen of KTP-NH; (32.3
mg/Kg in saline solution, single i.p. dose/day) or of the respective saline solution, for at least
10 weeks (except weekends), and until animals’ sacrifice. A battery of behavioral tests was
applied to all animals to evaluate memory and learning processes, among others. These
tests were applied when animals were 6-month-old, having received the treatment for about
1.5 months. Then, animals were sacrificed, and the brain collected. In some animals, the
hippocampus was isolated and acute hippocampal slices were prepared for conducting
electrophysiological recordings, such as LTP. The remaining brain areas were independently
dissected (hippocampus, cortex, striatum, brainstem, and cerebellum), raised in PBS, and
rapidly frozen for future molecular studies. Alternatively, some animals were perfused
transcardially with PBS solution, followed by a 4% PFA solution, their brains removed, and
half hemisphere was used to dissect and isolate the brain areas as before, and the other half
was maintained intact, and its tissue was prepared for immunohistochemistry studies. All
animal tissue was stored at -80°C for future use. Tail's samples of all animals were collected

to confirm animals’ genotype, which was performed by polymerase chain reaction (PCR).

Although all behavioral and electrophysiological experiments were concluded by the time

that this dissertation was written, due to time constrains, the results are still being carefully
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analyzed and they were not included in this thesis. Nevertheless, we are now planning the
remaining molecular analysis, such as protein levels quantification by western-blot and
immunohistochemistry analysis, to study the impact of this KTP-NH; treatment in synaptic
functions and neuroinflammation processes of this model. Finally, we expect that the results
of this study will offer some additional evidence to better understand the KTP-NH:-induced
neuroprotective effect. As such, we aimed to perceived if the chronical treatment of KTP-NH;
is able to sustain, at some level, its appreciated neuroprotective effect to counteract the
cognitive deficits onset or the worsening of them through disease progression in the 5xFAD
model. Moreover, the molecular studies will be used to assess the anti-inflammatory

potential of KTP-NH in the Ap-induced inflammation.

5.2.2. Effect of KTP and KTP-NH2 in AB-induced inflammatory in vitro
models

Given that KTP-NH; has an anti-inflammatory action with a proposed dual mechanism
regarding the glucocorticoid-mediated effect or its independent mechanism (Perazzo et al.,
2017b), exploring KTP and KTP-NH: impact in Ap-induced inflammatory can reveal
additional insights regarding KTP-NH; neuroprotective effect. As such, the use of in vitro Ap-
induced inflammatory models using neuronal cortical cultures and co-cultures of astrocytes
and microglia offer the opportunity to study the impact of both peptides on an induced
inflammatory environment, which can be related with AD-specific inflammation (Dansokho
and Heneka, 2018). Specifically, the expected astrogliosis and microgliosis phenomena can
be evaluated, as well as their progression followed overtime, through the molecular
guantification of inflammatory biomarkers using western-blot, immunocytochemistry, and/or

ELISA assays. Unfortunately, this study was not started due to time constrains.

5.2.3. Structural relevance of KTP-related drugs
As briefly mentioned, see previous section Synthetic derivatives, KTP and its derivatives are
essential composed by two a.a. (in L- or D-form), linked to small chemical relevant groups or
other larger molecules. To better understand if the observed functional effects of KTP and
KTP-NH, are precisely obtained due to their chemical structure (L-Tyr-L-Arg-OH and L-Tyr-
L-Arg-NH, respectively), or are a direct consequence of the chemical properties of the a.a.
included in their structures, other dipeptides were study (Figure 28 (C)). As such, six new

dipeptides were synthetized as the following:
e Tyrosine-Lysine (L-Tyr-L-Lys). Changing the arginine (Figure 28 (B)) by other similar
cationic a.a., such as the lysine (Figure 28 (B)), kept a similar chemical structure.

However, the lack of arginine prevents the Arg-induced NO production. Thus,

studying these peptides in the context of analgesia will offer new evidence to better
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understand the role of KTP in NO production (more about this topic in previous
section Nitric Oxide);

e Phenylalanine-Arginine (L-Phe-L-Arg). The substitution of tyrosine by another
phenolic a.a. removed the similarities with morphine (Figure 28 (A)), but maintained
the phenolic ring.

o Phenylalanine--Lysine (L-Phe-L-Lys). These peptides included both explained

changes.

Note that the amidated form of all above mentioned peptides were also synthesize for a
comparison study: L-Tyr-L-Lys-NH,, L-Phe-L-Arg-NH,, and L-Phe-L-Lys-NH,. Additionally,
KTP, KTP-NH_, and KTPa were also synthesized. Interestingly, KTPan: (Leucine-Arginine, L-
Leu-L-Arg) only differed from KTP in one a.a. - the leucine, that, unlike tyrosine and
phenylalanine, does not present a phenolic ring, not sharing a similar structure. Furthermore,
as an attempted to study the peptides’ interaction with cell membranes and their possible
intracellular trajectory, additional peptides were synthetized. As such, a fluorophore, the
Quasarsz, was used to label KTP, KTP-NH; and KTPay, allowing their identification by
confocal microscopy. However, the fluorophore addition not only doubled the final size of
peptides, but it also changed their hydrophobic properties.

Preliminary MTT results, using undifferentiated SHY-Y5Y neuroblastoma cells incubated
with not only these six peptides, but also KTP, KTP-NH, and KTPa.y, indicated that,
regardless of the applied concentration (5 nM, 50 nM, 500 nM, 5 uM), or incubation period
(30 min, 2 h, 4 h, and 24 h), these peptides did not induce significant toxicity. Additionally, an
exploratory imaging experiment with undifferentiated SHY-Y5Y neuroblastoma cells
incubated for 30 min with the Quasarsr-labeled KTP, KTP-NH. or KTPant, revealed lower
level of fluorescence in cells incubated with KTP. These results can be partially explained by

the differences between peptides capability to enter inside cells.

Additionally, these preliminary findings were obtained with a reduce number of independent
samples (N=3), and they need to be supported with additional control experiments to confirm
the suggested findings. As such, these reasons were taken into consideration for not include

them in this dissertation.

Note that, all of this work was developed during a two-month internship at Dr. David
Andreu’s Laboratory, Universitat Pompeu Fabra, Barcelona Biomedical Research Park

(Barcelona), with the help of Dr. Javier Valle and Dr. Clara Pérez-Peinado.
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Figure 28. Chemical structure of synthetized peptides and their aminoacids. (A) Kyotorphin
(KTP) and morphine; (B) The four aminoacids used to synthetize the studied peptides; (C) Studied
peptides. Figures were obtained using PepDraw (Freeman, 2015) and (Wikimedia Foundation, 2021);

Tyr-Arg — Kyotorphin; Tyr — Tyrosine; Lys — Lysine; Arg — Arginine; Phe — Phenylalanine.
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Kyotorphin (KTP, L-tyrosyl-L-arginine) is an endogenous dipeptide initially described to
have analgesic properties. Recently, KTP was suggested to be an endogenous
neuroprotective agent, namely for Alzheimer’s disease (AD). In fact, KTP levels were
shown to be decreased in the cerebrospinal fluid of patients with AD, and recent data
showed that intracerebroventricular (i.c.v.) injection of KTP ameliorates memory
impairments in a sporadic rat model of AD. However, this administration route is far
from being a suitable therapeutic strategy. Here, we evaluated if the blood-brain permeant
KTP-derivative, KTP-NH2, when systemically administered, would be effective in
preventing memory deficits in a sporadic AD animal model and if so, which would be
the synaptic correlates of that action. The sporadic AD model was induced in male Wistar
rats through i.c.v. injection of amyloid B peptide (AB). Animals were treated for 20 days
with KTP-NH2 (32.3 mg/kg, intraperitoneally (i.p.), starting at day 3 after AR administration)
before memory testing (Novel object recognition (NOR) and Y-maze (YM) tests). Animals
were then sacrificed, and markers for gliosis were assessed by immunohistochemistry
and Westemn blot analysis. Synaptic correlates were assessed by evaluating theta-burst
induced long term potentiation (LTP) of field excitatory synaptic potentials (fEPSPs)
recorded from hippocampal slices and cortical spine density analysis. In the absence of
KTP-NH; treatment, AB-injected rats had clear memory deficits, as assessed through
NOR or YM tests. Importantly, these memory deficits were absent in AB-injected rats that
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had been treated with KTP-NH,, which scored in memory tests as control (sham i.c.v.
injected) rats. No signs of gliosis could be detected at the end of the treatment in any
group of animals. LTP magnitude was significantly impaired in hippocampal slices that
had been incubated with AB oligomers (200 nM) in the absence of KTP-NH,. Co-
incubation with KTP-NHz (50 nM) rescued LTP toward control values. Similarly, AB
caused a significant decrease in spine density in cortical neuronal cultures, and this
was prevented by co-incubation with KTP-NH, (50 nM). In conclusion, the present data
demonstrate that i.p. KTP-NH, treatment counteracts AB-induced memory impairments
inan AD sporadic model, possibly through the rescuing of synaptic plasticity mechanisms.

Keywords: amidated-kyotorphin, Alzhei

altemation test, long-term p:

’s di jloid B ide, novel object recognition test, Y-Maze

INTRODUCTION

Kyotorphin (KTP) is an endogenous dipeptide composed by
tyrosine and arginine (i-tyrosyl-L-arginine) residues, first
described as a powerful analgesic molecule (Takagi et al,
1979a; Takagi et al., 1979b). Given its analgesic properties,
KTP has been investigated as a drug for pain treatment
(Ribeiro et al.,, 2011b; Santos et al., 2013). Although
mechanisms underpinning KTP-induced analgesic effects are
still not entirely understood, some authors argue that KTP
binds to a specific Gi-coupled protein receptor (KTPr), which
despite numerous efforts, has never been isolated (Ueda et al.,
1989). Nevertheless, it is well-known that KTP triggers the
release of met-enkephalins (met-enk) and B-endorphins in a
naloxone-reversible opioid receptors mediated-mechanism
(Takagi et al, 1979a; Shiomi et al,, 1981; Ueda et al., 1982;
Oliveira et al,, 2016), an effect antagonized by the dipeptide 1-
Leu-1-Arg (a KTPr antagonist) (Ueda et al., 1989; Kawabata
et al., 1992).

Interestingly, despite the high expression of KTP in the cortex,
the levels of enkephalins and of opioid receptors are low,
suggesting other non-opioid physiological actions for KTP
(Ueda et al,, 1980). Remarkably, KTP has been pointed as a
possible neuroprotective factor (Dzambazova and Bocheva,
2010), emerging as a novel drug to be explored for Alzheimer’s
disease (AD) and other therapeutic applications.

AD is a chronic progressive neurodegenerative disease and
the most common cause of dementia in elderly. The presence of
senile plaques (amyloid beta (AB) peptide) and neurofibrillary
tangles (hyperphosphorylated tau (p-Tau) protein) in the brain
are the molecular hallmarks of the disease (Price et al., 1991;
Citron, 2010). AD represents a challenge for drug discovery since
effective neuroprotective treatments are still needed. It was
reported that AD patients present decreased levels of KTP in
cerebrospinal fluid (CSF) (Santos et al,, 2013) suggesting the
increase in KTP levels as a possible therapeutic strategy.

Despite the encouraging recent data showing that
intracerebroventricular (i.c.v) injection of KTP ameliorates
memory impairments in a sporadic AD rat model (Angelova
et al,, 2019), its weak activity when administered systemically

memory, synapti

(Chen et al,, 1998) renders KTP as an unrealistic pharmacological
tool to fight AD. Amidated-kyotorphin (KTP-NH,), is a KTP
derivative capable of crossing the blood brain barrier (BBB)
(Ribeiro et al., 2011a; Ribeiro et al., 2011b), and with efficacy to
decrease neuronal damage induced by cerebral hypoperfusion (Sa
Santos et al, 2016). Altogether, these findings prompted us to
investigate whether systemic administration of KTP-NH, would be
effective to ameliorate memory impairment in an animal model of
sporadic AD, and if so, which are the synaptic mechanisms operated
by KTP-NH, to protect synapses against AB-induced toxicity.

MATERIALS AND METHODS

Drugs

Amyloid 3 Peptide

For in vivo experiments, Amyloid § (AB) peptide 1 to 42 (AB, )
(H-1368, Bachem Bubendorf, Switzerland) was dispersed in
water at a concentration of 2.25 mg/ml.

In order to prepare oligomeric species of AB 4 (ABaig), AP s
(1 mg/ml) (A-42-T, GenicBio, Shanghai, China) was suspended in
phosphate-buffered saline (PBS), supplemented with 0.025%
ammonia solution and adjusted to a final pH 7.2 (HCI). Species
separation was based on an ultrafiltration process, as previously
described (Giuffrida et al, 2009). Briefly, AB; 4> (220 M) was
allowed to oligomerize by constant shaking at 600 rpm, at 37°C for
16 h and ultracentrifuged (40,000g 30 min) for separation of fibrils
(pellet). The supernatant was further separated in centrifugal filters
(30 kDa Amicon Ultra). The concentration of the retained fraction,
corresponding to oligomers > 30 kDa, was spectrophotometrically
determined (eygp = 1490 M™' cm™). Oligomers aliquots (120-
220 puM) were immediately stored at ~80°C until further use.

In addition, in vitro experiments using primary neuronal
cultures were performed using the AP fragment 25-35 (AB5s.35)
(Bachem, Bubendorf, Switzerland). AP,s 35 represents the
biologically active region of AP and induces the same
molecular and cellular dysfunction as AB;_4, species, being this
effect similar to what has been observed in AD brains (Pike et al.,
1995; Kaminsky et al, 2010). Stock solutions of APB,s 35 were
prepared in MilliQ water to a final concentration of 1 mg/ml.
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KTP-NH, Peptide

KTP-NH, peptide was synthesized as previously described
(Ribeiro et al.,, 2011b). For in vivo experiments, KIP-NH, was
dissolved in physiological saline solution (0.9% NaCl, vehicle
solution), as a 100 mM stock solution, and it was administered at
a dose of 32.3 mg/kg, at a volume of 1 ml/kg. The selected dose
was based on previous results regarding KTP-NH, analgesic
action profile (Ribeiro et al., 2011b; Ribeiro et al,, 2013). For ex
vivo and in vitro experiments, KTP-NH, was prepared in
previously filtered and sterile milliQ water as 1 and 5 mM
stock solutions, respectively.

Intracerebroventricular Injection of

AB Peptide

Male Wistar rats (8-10 weeks), purchased from Charles River
Laboratories (Lyon, France), were housed in a group of 2 per
cage and maintained under controlled conditions (20 + 2°C;
14:10 h light/dark cycle, lights on between 7:00 am and 9:00 pu).
All animals had unrestricted access to food and water. The
handling of animals and all described procedures were
conducted according to the European Community (86/609/
EEC; 2010/63/EU; 2012/707/EU) and Portuguese (DL 113/
2013) legislation for the protection of animals used for
scientific purposes, and they were approved by the Ethical
Committee for Animal Research of Instituto de Medicina
Molecular Joao Lobo Antunes (iMM), Faculty of Medicine,
University of Lisbon, and the Portuguese Competent Authority
for Animal Welfare (DGAV) in Portugal.

The animal model of AD was created based on the AB;_ 4
i.c.v. injection method, as previously described (Canas et al,
2009; Zhang et al., 2015). Surgical procedures were performed
when animals reached 230 to 320 g and during the light period.
Briefly, animals were anesthetized with isoflurane (2-3% in O,)
using a RC2 Rodent Anesthesia System (VetEquip Inc.,
California, USA), firstly using a plexiglas chamber and
thereafter maintained via facial mask. EMLA® cream was
applied in the ear canal, and Bupivacaine Hydrochloride 0.25%
(8 mg/kg, SC) was administered at the incision site for local
anesthetics. Lacryvisc® (Carbomer 974P 0.3%) was applied on

the eyes to avoid dehydration. Buprenorphine (0.05 mg/kg, SC)
was also administered pre-emptively for general analgesia, so it
would be already in action when animals recovered
from anesthesia.

Twelve animals were i.c.v. injected with AP peptide (2.25 mg/
ml) in 5 pl and 14 were injected with 5 pl of water (vehicle) at day
zero. Injections were performed with a 33-gauge Hamilton
microsyringe (Hamilton Company, Nevada, USA) using a
microinjection pump (World Precision Instruments, Inc.,
Florida, USA) with a rate of 500 nl/min, in the right lateral
ventricle using a stereotactic system (anteroposterior, ~0.84 mm
from bregma; medial/lateral, 1.5 mm; and dorsal/ventral, -3.5
mm). Injections lasted 10 min, and the needle with the syringe
was left in place for 2 min after the injection to ensure complete
infusion of AB. Animal body temperature was kept constant at
37°C using a heating pad. A timeline of all the experimental
events is depicted in Figure 1A. Previous work reported soluble
forms of AP on the hippocampus of i.c.v. AP injected animals
(Canas et al., 2009), thus showing A diffusion through this brain
region. Compared with transgenic models of AD, the i.c.v. AB-
induced sporadic model of AD is more relevant for the study of
AB-induced pathophysiological traits of AD. Moreover, the
transgenic models of AD are usually used to study the familial
form of the disease, which barely represents 5% of AD cases
(Lecanu and Papadopoulos, 2013).

Chronic Intraperitoneal KTP-NH,
Treatment

Thirteen animals underwent a chronic 18-day treatment
regimen of KTP-NH, (32.3 mg/kg, single i.p. dose/day),
starting the second day after i.c.v. administration of AP, ,,
(AP + KTP-NH, group, n=6) or vehicle (KTP-NH, group,
n=7), and lasting until sacrifice. The remaining thirteen animals
received the vehicle solution following the same treatment
regimen: AR + vehicle (AP group, n = 6) and vehicle +
vehicle (control group, n = 7). The experimental groups of
animals are depicted in Figure 1B. During the last 5 days of i.p.
treatments (KTP-NH, or vehicle), animals were tested in the
behavioral paradigms identified below. During behavioral

A jc.v.injection B
of AB Control KTP-NH,
(or vehicle) ns7 n=7
cv. i.c.v. vehicle
| e e |
=1 1
Time Q0 2 15 20 21
(days) |

i.p. KTP-NH, administration

(or vehicle)

FIGURE 1 | Experimental design. (A) Animals were i.c.v. injected with AB (AB1_42) or vehicle (water) at day 0. On day 2, KTP-NH; or vehicle (saline solution) i.p.
administration began, simultaneously with handling. Behavioral tests were performed between days 15 and 20: Y-Maze Spontaneous Altemation test (YM-SAT),
Open Field test (OFT), and Novel Object Recognition test (NORT). On day 21 animals were sacrificed (1) for molecular analyses (WB and IHC). (B) Four experimental
groups were tested: Control (i.c.v. and i.p. vehicle administration, n = 7); AB (i.c.v. AB administration and i.p. vehicle treatment, n = 6); KTP-NH; (i.c.v. vehicle
administration and i.p. KTP-NH; treatment, n = 7), and AR + KTP-NH; (i.c.v. A administration and i.p. KTP-NH: treatment, n = 6).

Frontiers in Pharmacolog www.frontiersin.org
gy 9

July 2020 | Volume 11 | Article 985

133



Appendix

134

Belo et al.

Neuroprotective Action of Amidated-Kyotorphin

assessment days, injections were performed after animal testing
and before return to the animal house.

Behavioral Testing

Behavioral tests were performed from the fifteenth day after AR,
42 injection, following a previously described protocol (Cunha
et al,, 2008; Canas et al., 2009). The handling period coincided
with the first 13 days of KTP-NH, treatment, where animals
were handled for a few minutes before the i.p. injection so that
they became used to the experimenter and to the testing room.
All behavioral tests were carried out between 9:00 am and 6:00
pM. All the apparatus used were cleaned with 70% ethanol
between animals switching. After placing the animal inside the
behavioral apparatus, the experimenter immediately left the
room. The experimenter conducting behavioral analysis was
blinded to treatment conditions.

Tests were performed in the following order: Y-Maze
Spontaneous Alternation Test (YM-SAT), Open Field Test
(OFT), and Novel Object Recognition Test (NORT) (Figure 1A).
The YM-SAT was performed before the NORT to evaluate working
memory for a less complex paradigm first. Since OFT and NORT
use the same testing arena, the OFT was performed during the first
5 min of the first day of NORT habituation period (first contact with
the arena).

Y-Maze Spontaneous Alternation Test (YM-SAT)

The spontaneous alternation version of the Y-Maze test evaluates
spatial working memory by taking advantage of the willingness
of rodents to explore new environments. The testing protocol for
YM-SAT has been described in detail previously (Maurice et al.,
1996). The wood-made maze used was composed of 3 arms (30 x
10 x 20 cm each), converging to an equal angle. Visual cues were
placed on the walls of the maze. Briefly, without prior
habituation, animals were individually placed at the end of one
arm and allowed to freely move through the maze for 8 min. Two
independent investigators visually recorded arm entries, and the
comparison between recordings showed total agreement.

An entry was considered valid when all four limbs of the
animal were within the arm. An alternation was defined as
entries in all three arms on consecutive occasions. The number
of maximum possible alternations for each animal was therefore
the total number of arm entries minus two. The percentage of
spontaneous alternation was calculated as actual alternations/
maximum alternations x100. In addition, the total number of
arm entries was used as a measure of locomotor activity.

Open Field Test (OFT)

The OFT is widely used to assess individual spontaneous
locomotor activity and anxiety-like behavior when animals are
introduced to a novel environment (Prut and Belzung, 2003;
Bailey and Crawley, 2009; Castanheira et al., 2018). Importantly,
this test allows to detect bias in animal behaviour that could
affect performance on NORT, since locomotor activity can
impact exploratory drive (Broadhurst, 1957; Broadhurst, 1958).
The open field arena consisted of an empty square wood box
(67 x 67 x 51 cm height), virtually divided into three concentric
squares: a peripheral, an intermediate and a central zone. The

testing protocol has been described in detail previously (Gould
et al., 2009). Briefly, animals were individually placed in the
center of the arena and allowed to freely move for 5 min. The
behaviour was video-recorded and analyzed by the tracking
software Smart® (version 2.5; Panlab, Barcelona, Spain). The
reference point used for the animal tracking position was defined
as the center of the animal dorsum. Both total travelled distance
(cm) and average velocity (cm/s) were measured to assess
locomotor activity. In addition, the percentage of time spent in
the arena periphery was used as an indicator of the level of
anxiety-like behavior. All animals were tested only once.

Novel Object Recognition Test (NORT)

Considering that episodic long-term memory is the predominant
cognitive deficit in AD, animals were subjected to the NORT
(Antunes and Biala, 2012). To assess long-term memory a
retention interval (RI) of 24 h was used. This test consists of three
phases: habituation, familiarization (training), and test. The
habituation phase consisted of 3 sessions of habituation to the
arena (15 min each day). During both familiarization and test
phases, two objects were added to the same arena, always in the
same place. The objects used in this test were translucent glass
bottles and brown glass bottles without labels, that were similar in
size and shape, but which the animals were able to discriminate
between them. To prevent coercion to explore the objects, animals
were individually placed in the middle of the opposite wall where
objects were, with their backs to them, and allowed to freely move
for 5 min. In the familiarization phase, animals were presented with
two equal objects, which we herein name as ‘familiar’ objects.
During the familiarization phase, chosen objects were
counterbalanced between animals within the same experimental
group to reduce any object preference effect. Similarly, object
localization was counterbalanced between both arena sides, to
eliminate possible preference confounds for a specific side of the
arena. Following sample-objects exposure, animals returned to the
home cage for 24 h. In the test phase, one of the previously
experienced objects (now considered familiar objects) was
substituted by a new object (considered the novel object).
Exploration was scored when the animal touched an object with
its forepaws or snout, bit, licked, or sniffed the object from a distance
of no more than 1.5 cm. Running around the object or climbing on
it was not recorded as exploration. Animal movements were
recorded using the SMART(Svideo—tracking software (version 2.5;
Panlab, Barcelona, Spain). A post-analysis was conducted to refine
the results obtained by software measures. Two independent
investigators made the post-analysis with a high degree of
concordance between them.

Three indexes were calculated in order to evaluate both
preference between objects and recognition of the novel object:
1) the object preference index, which is the ratio between the
time spent exploring one object over the total time spent
exploring both objects [object 1 or object 2/(object 1 + object
2)], and it is assessed both in the training and test phases; 2) the
object recognition index, which is the ratio between the time
spent exploring the novel object and the total time spent
exploring both objects [novel/(novel + familiar)], and it is
an index of retention, used for analysis of the test phase
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performance; and finally, 3) the object discrimination index,
which is the ratio between the difference between the time spent
exploring the novel and the familiar object, and the total time
spent exploring both objects [(novel - familiar)/(novel +
familiar)], allowing an easier visualization of data since no
memory retention scores as zero (Antunes and Biala, 2012).

Western Blot

After behavioral tests, three/four animals from each group were
deeply anesthetized with isoflurane (Esteve, Barcelona, Spain)
and decapitated. Their brains were quickly removed and placed
in ice-cold aCSF, continuously oxygenated (O,/CO,: 95%/5%) to
isolate both hippocampi. The left and the right hippocampi were
individually frozen in liquid nitrogen and stored at —80°C. The
two hippocampi were analyzed separately to allow the separate
quantification of the hippocampus of the side of the i.c.v.
injection (right, ipsilateral) and of the contralateral to it. Since
both hippocampi could be differently exposed to AP, they could
display different degrees of gliosis. Using a Potter homogenizer,
tissue homogenates were prepared from frozen samples by
solubilizing them in Radio-Immunoprecipitation Assay (RIPA)
buffer: 50 mM Tris-base (pH 7.5), 150 mM NaCl, 5 mM
Ethylenediaminetetraacetic Acid (EDTA), 0.1% Sodium
Dodecyl Sulphate (SDS), and 1% Triton X-100, supplemented
with phosphatase inhibitors: 10 nM NaF; 5 mM Na;VO, and a
protease inhibitor cocktail (Complete Mini-EDTA free from
Roche, Penzberg, Germany). Samples were centrifuged at
13,000g, 4°C for 10 min, and the supernatant was collected and
placed in fresh tubes. Protein concentration was quantified
through Bradford method, using Bio-Rad DC reagent (Bio-Rad
Laboratories, Berkeley, CA, United States). All samples were
prepared with the same amount of total protein (35 pg), by
adding a loading buffer (350 mM Tris-HCI (pH 6.8), 10% SDS,
30% glycerol, 600 mM Dithiothreitol, 0.06% bromophenol blue),
and then boiled at 95°C for 5 min. Next, samples and the
molecular weight marker (PageRuler™ Plus Prestained Protein
Ladder, 10 to 250 kDa, ThermoFisher Scientific, Massachusetts,
USA) were loaded and separated on 12% SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) within a standard migration
buffer (25 mM Tris-base (pH 8.3), 192 mM Glycine, 10% SDS), at
a constant voltage between 80 and 120 mV. Subsequently,
proteins were electrotransferred, at 400 mA for 1 h 30 min,
from the gel to a polyvinylidene difluoride (PVDF) membrane
(GE Healthcare, Buckinghamshire, United Kingdom), previously
activated with methanol for 5 min, within the standard buffer (25
mM Tris (pH 8.3), 192 mM Glycine, 15% methanol) for wet
transfer conditions. Afterward, membranes were stained with
Ponceau S solution (Sigma-Aldrich™) to check for transference
efficacy, and blocked with a 3% bovine serum albumin (BSA) in
TBS-T (Tris-Buffered Saline with Tween-20 containing in mM:
Tris base 20; NaCl 137 and 0.1% Tween-20) during 1 h at RT to
avoid non-specific binding. Membranes were incubated with the
primary antibodies overnight at 4°C, and then with the HRP-
conjugated secondary antibodies (1:10000, Santa Cruz
Biotechnology, Dallas, TX, USA) for 1 h at RT, all diluted in
3% BSA solution in TBS-T. The primary antibodies used were
rabbit polyclonal antibody anti-GFAP (1:5000, Sigma, St. Louis,

MO, USA), goat polyclonal antibody anti-Iba-1 (1:1000,
Abcam, Cambridge, UK), and mouse monoclonal antibody
anti-GAPDH (1:5000, Invitrogen, Carlsbad, California, USA).
Chemiluminescent detection was performed with ECL Plus
Western Blotting Detection Reagent (GE Healthcare,
Buckinghamshire, UK) in the ChemiDoc"™ XRS* System from
Bio-Rad. The integrated intensity of each band was calculated
using computer-assisted densitometry analysis with Image-J 1.45
software (Bethesda Softworks, Bethesda, MD, United States) and
normalized to the integrated intensity of the loading control
(GAPDH). Images were prepared for printing in Image Lab
software 5.2.1 (software available in ChemiDoc XRS" system,
Bio-Rad).

Immunohistochemistry

After behavioral tests, three animals of each group were deeply
anesthetized with ketamine/xylazine mixture (120 mg/kg/16 mg/
kg) at a volume of 1 ml/kg. After reaching a deep anesthesia state,
the animals were perfused transcardially with approximately
200 ml of warmed (37°C) 0.9% saline solution, to clear the
blood from the circulatory system, followed by approximately
500 ml of 4% paraformaldehyde (PFA) in phosphate buffer (PBS,
140 mM NaCl, 3 mM KCl, 20 mM Na,HPO,, 1.5 mM KH,PO,,
pH 7.4) (Gage et al,, 2012). Animals were then decapitated, and
their brains were carefully removed and maintained for post-
fixation in the same fixative solution at 4°C overnight. After
that, brains were washed twice with PBS, and then cryoprotected
at 4°C by immersion in increasing concentrations of sucrose (15%
and 30%). Subsequently, brains were gelatin-embedded (7.5%
gelatin in 15% sucrose) and then sectioned at a thickness of 12 um
on a cryostat (LEICA CM 30508, Wetzlar, Germany), by the
Histology and Comparative Pathology Laboratory of iMM. Only
the coronal sections located at the level of hippocampus (around
—2.92 mm and -5.04 mm from Bregma) were collected, mounted
on SuperFrost® Plus slides (Menzel-Glaser, Braunschweig,
Germany) and stored at —20°C for further use.

For the immunohistochemical analyses, slices were placed in
PBS for 10 min at 37°C to remove the gelatin from brain tissue.
Then, each slice was surrounded with DAKO pen (Dako,
Glostrup, Denmark) to protect staining areas from drying out
and from mixing with each other. After an incubation in glycine
(0.1 M) for 10 min to remove the small toxic aldehydes
originated from PFA degradation, sections were subsequently
treated with 0.1% Triton X-100 in PBS (10 min) for membrane
permeabilization, washed twice (10 min each time) with PBS in
the presence of 0.1% Tween-20 (PBS-T) and then blocked with a
blocking solution (10% Fetal Bovine Serum (FBS), 6/10% BSA in
PBS-T) for 30 min at RT. Next, slices were incubated with the
primary antibodies overnight at 4°C, and with the fluorophores
coupled-secondary antibodies for 2 h at RT in a humidified dark
chamber. The nuclei were stained with Hoechst 33342 (20 ug/ml,
Invitrogen) for 10 min at RT. The slices were mounted in Mowiol
(Sigma). The primary antibodies used were mouse monoclonal
antibody anti-GFAP (1:1000, Millipore, Burlington,
Massachusetts, USA), and goat polyclonal antibody anti-Ibal
(1:1000, Abcam). The secondary antibodies were donkey anti-
mouse-Alexa Fluor 568, and donkey anti-goat-Alexa Fluor 488
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(1:500, Invitrogen). Images were acquired on an inverted wide
field fluorescence microscope (Zeiss Axiovert 200, Zeiss,
Oberkochen, Germany), using a monochrome digital camera
(AxioCamMR3, Zeiss), with a 40x objective (Zeiss). The software
AxioVision 4.7.1 (Carl Zeiss Imaging Systems) was used for
image acquisition. Immunofluorescence images were acquired in
two areas of the hippocampus: cornu ammonis 1 (CA1) and
dentate gyrus (DG), of both hemispheres of each animal.

Freshly Prepared Hippocampal Slices and
Drug Treatment

Male C57BL/6] mice (8-11 weeks old), purchased to Charles
River Laboratories (Lyon, France), were housed in groups of 4/5
per cage and maintained under controlled conditions (21 + 1°C;
55 + 10% humidity; 12:12 h light/dark cycle). Animals were
deeply anesthetized with isoflurane (Esteve, Barcelona, Spain)
and decapitated to quickly remove their brains. Then, brains
were placed in ice-cold artificial cerebral-spinal fluid solution
(aCSF; 124 mM NaCl, 3 mM KCl, 1.2 mM NaH,PO,, 25 mM
NaHCOj;, 2 mM CaCl,, 1 mM MgSO,, and 10 mM glucose, pH
7.4), continuously oxygenated (O,/CO,: 95%/5%) to dissect both
hippocampi. Acute hippocampal slices were cut, with a thickness
of 400 um, perpendicularly to the long axis of the hippocampus
using a McIlwain tissue chopper, and placed in a resting chamber
filled with continuously oxygenated aCSF at RT for 1 h to
guarantee the functional and energetic recovery. Slices were
incubated for 3 h at RT with continuously oxygenated aCSF
with 50 nM KTP-NH, in the presence or absence of 200
nM A

Ex Vivo Electrophysiological Recordings

Long-term potentiation (LTP) induction and quantification were
performed as described previously (Diogenes et al., 2011). Briefly,
hippocampal slices were transferred to a recording chamber
continuously superfused with oxygenated aCSF at 32°C (flow
rate of 3 ml/min). Stimulation pulses were delivered every 20 s
using a bipolar concentric wire electrode placed on Shaffer
collateral/commissural fibers in stratum radiatum, and field-
excitatory post-synaptic potentials (fEPSPs) were recorded
extracellularly through a microelectrode filled with aCSF (2-6
MQ) placed in the stratum radiatum of the CAl area. The
intensity of stimulation was initially adjusted to obtain a fEPSP
slope with a minimal spike contamination and of around 50% of
the maximal slope. Recordings were obtained with an Axodamp
2B amplifier (Axon Instruments, Foster City, CA, United States),
digitized, and continuously stored on a personal computer with
the WinLTP software (Anderson and Collingridge, 2001).
Individual responses were monitored, averages of six consecutive
responses were obtained, and the slope of the initial phase of the
fEPSP was quantified. After fEPSPs stabilization, LTP was induced
through a 8-burst protocol (3 trains of 100 Hz, 3 stimuli, separated
by 200 ms). The 6-burst induced LTP pattern of stimulation is
considered closer to what physiologically occurs in hippocampi
during episodes of learning and memory in living animals
(Albensi et al., 2007). We used a mild LTP protocol since this
proved to be sensitive to synaptic plasticity changes along with

aging (Diogenes et al., 2011), and allows assessing both further
improvements or impairments on LTP magnitude. LTP
magnitude was quantified as the percentage of change in the
average slope of fEPSPs taken between 50 to 60 min after LTP
induction in relation to the average slope of fEPSPs measured
during the 10 min before 8-burst induced LTP (baseline).

Primary Neuronal Cultures and

Drug Treatment

Primary neuronal cultures were obtained from fetuses of 18/19-
days pregnant Sprague-Dawley females, as routinely in the lab
(Jeronimo-Santos et al., 2015). Briefly, animals were deeply
anaesthetised with isoflurane and decapitated. The fetuses were
collected and placed in cold Ca®*- and Mg**-free Hank’s
Balanced Salt Solution (HBSS) (Gibco, Paisley, UK). The
brains were dissected, the cerebral cortices were isolated, and
the meninges were removed. Then, the tissue was mechanically
fragmented, followed by enzymatic digestion with 0.025% (w/v)
of trypsin solution in HBSS for 15 min at 37°C. To neutralize the
action of trypsin, HBSS supplemented with FBS 20% (w/v) and
cellular suspension was centrifuged at 190g. The supernatant was
discarded, and the cells were resuspended in the same solution by
pipette aspiration in order to dissociate cells. This process was
repeated three times. After washing, cells were resuspended in
supplemented Neurobasal medium (0.5 mM r-glutamine, 25
mM glutamic acid, 2% B-27, and 25 U/ml penicillin/
streptomycin). Then, cell suspension was filtered (BD Falcon
Cell Strainer 70 mM, Thermo Fisher Scientific, Waltham, MA,
United States) to obtain single cells, and cell density was
determined by counting cells in a 0.4% trypan blue solution
using a hemocytometer. Cells were plated at 1 x 107 cells/well
on 12-wells flat-bottom cell plates covered with glass coverslips
(Corning® Costar® TC-treated, Sigma), and maintained at 37°C
in a humidified atmosphere of 95/5% O,/CO,, for 14 days. The
coverslips were previously sterilized under UV light, coated
overnight with 10 mg/ml of poly-p-lysine (Sigma, St. Louis,
MO, United States) and washed with sterile H,O. After 13
days in vitro (DIV13), cells were incubated with 50 nM KTP-
NH, in the presence or absence of 25 UM A,s_ss, during 24 h.

Immunocytochemistry

In order to evaluate the neuroprotective effect of drug treatment,
spine density was counted as previously done in our lab
(Tanqueiro et al,, 2018). Briefly, primary neuronal cultures at
DIV14 were fixed in 4% PFA in PBS (pH 7.4) for 15 min at RT,
after being washed with PBS twice. Using a blocking solution (3%
(w/v) BSA) (Sigma-Aldrich) in PBS with 0.1% (v/v) Triton X-
100, cells were incubated for 1 h at RT. To specifically detect
neurons, cells were incubated with mouse microtubule-
associated protein 2 (MAP2) primary antibody (1:200 in
blocking solution) (Millipore), overnight at 4°C in a wet-
chamber. After this, cells were washed with PBS twice and
then co-incubated in blocking solution with goat anti-mouse-
Alexa Fluor 568 secondary antibody (1:200, Invitrogen), Alexa
Fluor 488 Phalloidin (1:40) (Invitrogen), which recognizes
filamentous actin (F-actin), and Hoechst 33342 (6 pg/ml) for
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nuclear staining, for 1 h at RT inside a dark-wet chamber. After
being washed with PBS twice, coverslips were mounted in
Mowiol mounting solution. Using a confocal laser point-
scanning microscope LSM 880 with Airyscan (Carl Zeiss
Microlmaging, Thornwood, NY, United States), the
observed conjugation between MAP2 (568, red) and F-actin
(488, green) allowed the clear identification of dendritic
protrusions, since F-actin has an important role in the
constitution of the cytoskeleton of dendritic spines (Koskinen
and Hotulainen, 2014). Spine density was assessed as the number
of protrusions, counted per 10 um of the parent dendrite, as
previously reported (Alonso et al., 2004; Ji et al,, 2010) with a
distance of 25 pum from the cell body. Independent averages were
computed with counts of 3 different dendrites of each neuron, 6
neurons per condition, with each primary neuronal culture being
considered an independent experiment.

Statistical Analysis

Data are expressed as mean + standard error of the mean (mean +
SEM), where n is the number of independent experiments. Results
of each animal per group, and results acquired from different
hippocampal slices of different animals were considered
independent experiments. The data normality was confirmed
using the Shapiro-Wilk test. Results obtained using behavioral
paradigms, OFT, YM-SAT, NORT (object recognition index and
object discrimination index), through electrophysiological
recordings (LTP magnitude), and using immunocytochemistry
(number of dendritic protrusions) were analyzed using two-way
ANOVA, followed by the Tukey’s multiple comparisons test. In
addition, significant differences between means of NORT object
preference index within each phase were evaluated through
unpaired two-tailed Student’s t-test. Results obtained by
Western blot (WB) were analyzed using two-way ANOVA.
Values of p < 0.05 were considered to represent statistically
significant differences. All statistical analyses were conducted
using the Prism Software (GraphPad Prism®, version 8.0.2,
California, USA).

RESULTS

KTP-NH, Treatment Prevented Episodic
Long-Term and Spatial Working Memory
Dysfunction Induced by AB
To evaluate the influence of KTP-NH, in an animal model of AD
(Canas etal, 2009; Zhang et al., 2015), KTP-NH, (32.3 mg/kg) or
saline solution (vehicle) was i.p. administered for 18 days to rats
that had received a 5 pl i.c.v injection of AB;_y (2.25 mg/ml) or
water (vehicle) (Figure 1A). As such, the experimental groups
are the following: control group (vehicles); KTP-NH, group
(vehicle + KTP-NH, treatment); AP group (AP and vehicle
treatment); and AP + KTP-NH, group (AP and KTP-NH,
treatment) (Figure 1B).

Episodic long-term memory, considered the predominant
cognitive deficit in AD, was evaluated through the NORT with
a retention time of 24 h (see Methods). As expected, in the

training phase (Figure 2, gray bars), the four groups of animals
explored approximately the same amount of time the two
identical objects. In the test day (Figure 2, black and white
bars), animals from the AB group did not react to novelty (p >
0.05, unpaired two-tailed Student’s t-test to compare % of time
spent with familiar vs. novel object; n = 6; Figure 2C), whereas
the control group did (p < 0.0001, unpaired Student’s t-test to
compare % of time spent with familiar vs. novel object; n = 7;
Figure 2A). Remarkably, the AR induced-impairment in the
NORT was totally recovered in the animals that had been treated
with KTP-NH, (Figure 2D). These treated animals showed a
clear preference for exploring the novel object more than the
familiar one (p < 0.0001, unpaired Student’s t-test to compare %
of time spent with familiar vs. novel object; n = 6), thus behaving
like control animals. The KTP-NH, group also behaved like a
control group (p > 0.05, unpaired two-tailed Student’s t-test to
compare % of time spent with familiar vs. novel object; n = 7;
Figure 2B), indicating that per se KTP-NH,, is not a memory
enhancer, though markedly ameliorating memory deficits
elicited by AP.

To better compare performances among the four groups of
animals, the time spent exploring each object in the test day was
converted into the object recognition index [novel/(novel +
familiar)], and the object discrimination index [(novel -
familiar)/(novel + familiar)], which were calculated for each
animal and averaged within each group (Figures 3A, B,
respectively). The object recognition index ranges from 0 to 1,
where obtained values around 0.5 reflect an absence of
discrimination between the novel and the familiar objects. The
discrimination index ranges from —1 to +1, and obtained values
around 0 reflect lack of object discrimination. In both indexes,
higher obtained values indicate higher memory performance. As
depicted in Figure 3, the recognition index attained by the AP
group was significantly different from the control group (Ap:
0.48 +0.046 vs. control: 0.71 +0.028; p < 0.05, two-way ANOVA
with Tukey’s multiple comparisons test; n = 6-7). Importantly,
the index displayed by the A + KTP-NH, group, (0.67 + 0.020,
n = 6) was similar to the control group (p > 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 6-7), and
significantly different from AP group (p < 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 6-7).
Moreover, the KTP-NH, treatment alone (KTP-NH, group)
did not affect the object recognition index (0.68 + 0.028, n = 7)
when compared to the control group (p > 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 6-7).
Thus, this analysis further confirms that KTP-NH, treatment
had beneficial effects on the performance of AP ic.v. injected
animals in long-term memory testing. Similar findings were
obtained by calculated scores of the discrimination index
(control: 0.43 + 0.058; AB: —0.05 + 0.091; KTP-NH,: 0.36 +
0.053; and AP + KTP-NH,: 0.35 + 0.039, two-way ANOVA with
Tukey’s multiple comparisons test; n = 6-7).

To determine whether KTP-NH, treatment could counteract the
AP induced-impairments in spatial working memory, animals were
subjected to the YM-SAT, and their performance was assessed
through the percentage of spontaneous alternation as described in
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FIGURE 2 | The KTP-NH, treatment mitigates AB-induced impaimerts in long-term (24 h) episodic memory. Long-term episodic memory was evaluated through
the Nowvel Object Recognition test (NORT). After 3 arena habituation sessions, the training phase consisted of one session with two identical objects (F1 and F2)
placed inside the arena. The test phase occurred on the following day (24 h later), where one of the familiar objects (Familiar) was replaced by a novel object (Novel).
During both phases, animals freely explore the objects for 5 min and the results are given by the time spent exploring any one of the two objects allows to calculate
the Object Preference Index, i.e., F1 or F2 / (F1 + F2) and Familiar or Novel / (Familiar + Novel). A preference index above 0.5 indicates a preference of that specific
object, whereas equal to 0.5 represents no preference. Statistical analysis using unpaired two-tailed Student’s t-test showed no statistical differences in preference
between objects during the training phase (as expected), and revealed a significant preference for the novel objects during the test phase for control (A), KTP-NH,
(B), and AB + KTP-NH; (D) groups (n = 6-7), which indicates that memory is conserved within these animals. For the AB group (C), data showed that there was no
preference between familiar and novel objects (n = 6). ****p < 0.0001. Data are represented as mean + SEM.

Object Recognition Index 3>

Object Discrimination Index

Conrol

AR KIP:NH,  AB+
KTP-NH

Control

A

(2]

Spontaneous alteration (%)

Conol  Ap

KTPNH,  AB+ KTPNH,  Ap+
KTP-NH, KTP-NH,

FIGURE 3 | KTP-NH, treatment mitigates AB-induced impairments in long-term episodic memory and spatial working memory. (A) Object recognition index was
calculated from the data obtained in the test day of the Novel Object Recognition test (NORT), as [novel / (novel + familiar)], and it ranges from O to 1 (where 1
means only exploration of the novel object and zero means only exploration of the familiar object). (B) Object discrimination index was also calculated from the data
obtained in the test day of NORT, as [(novel ~ familiar) / (novel + familiar)], and it ranges from —1 to 1, where zero means no discrimination between both objects. (C)
The percentage of spontaneous altemation was calculated from data obtained during the Y-Maze Spontaneous Altemation test (YM-SAT), as actual altemations/
maximum alternations x 100. For each statistical analysis, significant differences between the group of A animals (n = 6) and all the other groups (n = 6-7) were
assessed using two-way ANOVA followed by Tukey's muttiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001. Data are represented as mean + SEM.

methods (Figure 3B). As expected, animals from AP group had a
lower percentage of spontaneous alternation when compared with
animals from the control group (AB: 55 + 3.5 vs. controk: 69 + 2.0,
p < 0.05, two-way ANOVA with Tukey’s multiple comparisons test;
n = 6-7), confirming that AP icv. injected animals had an
impairment in spatial working memory. However, when AP i.c.v.
injected animals were treated with KTP-NH, (A + KTP-NH,
group) the percentage of spontaneous alternation in the YM-SAT

(67 £ 1.3, n = 6) was similar to the control group (p > 0.05, two-way
ANOVA with Tukey's multiple comparisons test; n = 6-7), and
significantly different from that of the AP group (p < 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 6-7),
implying that KTP-NH, treatment reduced the AP induced-
deficits in YM-SAT. Moreover, KTP-NH, alone had no
significant effect, since the percentage of spontaneous alternation
of animals from KTP-NH, group (68 + 24, n = 7) was not
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significantly different from the control group (p > 0.05, two-way
ANOVA with Tukey’s multiple comparisons test).

Performance in the NORT and in the YM-SAT can be
affected by changes in locomotion, by anxiety-like behavior, or
by alterations in exploratory drive. To control for these
parameters, animals were assessed in the OFT. No statistically
significant differences (Figure 4; p > 0.05, two-way ANOVA; n =
6-7) were found between any of the experimental groups when
analyzing the total distance travelled (Figure 4A), or the average
velocity (Figure 4B). In addition, the total number of entries in
the YM-SAT arms was also analyzed (control: 26 + 1.6; AP: 23 +
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FIGURE 4 | Neither AB nor KTP-NH; treatment affected locomotor activity or
anxiety-like behaviour. Results obtained during the Open-field test (OFT)
performance allow the assessment of locomotor activity through the (A) total
distance travelled (cm), and (B) average velocity (cm/s). (C) Anxiety-like
behaviour was evaluated through the percentage of time spent in the
periphery of the OFT. Statistical analysis using two-way ANOVA did not reveal
significant differences (p < 0.05) between groups (n = 6-7). Data are
represented as mean + SEM.

1.5; KTP-NHy: 25 + 2.0; AR + KTP-NH,: 21 + 15), and no
significant differences were found between any of the groups (p >
0.05, two-way ANOVA; n = 6-7). Together, these results show
that neither AB, nor KTP-NH,, alone or in combination, caused
appreciable effects in locomotor activity that could mask
performance in the NORT or YM-SAT. Similarly, no
statistically significant differences (p > 0.05, two-way ANOVA,
n = 6-7) were found between groups for the percentage of time
spent in the periphery of the OFT arena (Figure 4C), which also
indicates an absence of appreciable changes in anxiety-
like behaviour.

Hippocampal Gliosis Immediately After
Testing Was Not Different Among the
Groups

To assess if AR could lead to an increase in the proliferation of
astrocytes and microglia at the time of testing, which could
suggest gliosis and thus inflammation, WB assays were
performed with protein extracts obtained from hippocampal
homogenates prepared upon animal sacrifice after behavioral
testing. GFAP and Iba-1 were used as markers for astrocytes and
microglia, respectively (Figure 5). Densitometry analyses of the
WB revealed no significant changes (n=3-4; p > 0.05, two-way
ANOVA) in samples from A injected animals when compared
with control, and in response to KTP-NH, treatment, thus
indicating an absence of proliferation of astrocytes and
microglia cells. Nevertheless, since WB assay did not provide
information about morphological changes of astrocytes and
microglia, immunohistochemistry analysis of glial cell
morphology was performed to further address this issue. As
shown in Figure 6, regardless of the hippocampal area analyzed
(CA1 or DG), there was no evidence of astrogliosis (evaluated by
GFAP immunoreactivity) or microgliosis (evaluated by Iba-1
immunoreactivity), either in control or AP animals, treated or
untreated with KTP-NH,, since no morphologic differences in
glial cells were noticeable.

KTP-NH; Prevented the Impairment in 6-
Burst-Induced LTP Magnitude Caused by
AB

To address the synaptic mechanisms involved in the ability of
KTP-NH, to mitigate memory impairment in animals injected
with AP, we assessed the effect of KTP-NH, upon 6-burst-
induced LTP in hippocampal slices that had been incubated
with 200 nM AR, (Figures 7A, B), a known to be toxic
conformational arrangement of AP (Giuffrida et al., 2009).

LTP magnitude (Figure 7C), recorded in slices pre-incubated
with 200 nM ARy for 3 h (AB) was significantly decreased when
compared to that attained in control slices incubated for a similar
amount of time in the absence of AP (control: 25.4 + 6.15 vs.
AB: -4.52 + 6.53, p < 0.05, two-way ANOVA with Tukey’s
multiple comparisons test; n = 5-8). Remarkable, in slices co-
incubated with 200 nM A,;;; and 50 nM KTP-NH, (A + KTP-
NH,), LTP magnitude (24.2 + 3.50, n = 5) attained values similar
to those in control slices (p > 0.05, two-way ANOVA with
Tukey’s multiple comparisons test; n = 5-8). Moreover, LTP
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FIGURE 5 | Neither AB nor KTP-NH; affected hippocampal gliosis assessed by immunoblotting. Protein levels were assessed by westem blotting using tissue
homogenates from each isolated hippocampus of 13 animals, 3-4 for each experimental group (Control, KTP-NHz, AB, and AR + KTP-NH,). (A) Representative
immunoblots of GFAP (50 kDa), Iba-1 {17 kDa) and GAPDH (37 kDa). GAPDH was used as a loading control. (B) Densitometry analysis of the right (R) (side of i.c.v
injection) hippocampus, performed for all groups with ImageJ software. No statistically significant diferences were found between animal groups regarding GFAP or
Iba-1 immunoreactivity and (p > 0.05, two-way ANOVA, n = 3-4). Data are represented as mean + SEM.
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FIGURE 6 | Neither AB nor KTP-NH, affected hippocampal gliosis assessed by immunohistochemistry labeling. At day 21, thirteen deeply anesthetized animals
were transcardially perfused with ice-cold saline and 4% PFA solutions. After decapitation, brains were removed and gelatin-embedded to be sectioned on a
cryostat. Coronal sections located at hippocampus level were collected and mounted for labelling with GFAP to stain astrocytes (red) and Iba-1 to stain microglia
(green). Nuclei were stained with Hoechst (blue). Images of both CA1 and DG hippocampal areas were acquired on an inverted wide-field fluorescence microscope
(Zeiss Axiovert 200), with a 40x objective. The figure includes representative images of each experimental group (Control, KTP-NH,, AB, and AR + KTP-NH,). There
was no difference in GFAP or Iba-1 staining between conditions. Scale bar, 50 pm.
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FIGURE 7 | Incubation with KTP-NH; reduces the impact of AR on LTP magnitude upon 6-burst-induced LTP. (A) The averaged time courses changes in field
excitatory post-synaptic potential fEPSP) slope (% baseline) induced by a 8-burst stimulation in animal hippocampal slices with a pre-exposure of 3 h to aCSF
solution (control, n = 8) with 200 NM AB,, (AB, n = 5), 50 nM KTP-NH, (KTP-NH;, n = 4), or 200 nM AR, and 50 nM KTP-NH, (AB + KTP-NH;, n = 5). (B)
Tracings from representative experiments. For each condition, fEPSP tracings recorded at baseline (baseline, grey line) and after 6-burst-induced LTP (LTP, black
line) from the same slice are showing overlaid. (C) Histogram depicting the effect on LTP magnitude (% average changes in fEPSP slope at 50-60 min normalized to
the defined baseline of 10 min immediately before 8-burst stimulation) regarding each group under study (control, AB, KTP-NHz, AB + KTP-NH_). Statistical analysis
using two-way ANOVA followed by Tukey's muttiple comparisons test indicates a significant difference between the AB condition (n = 5), and all the other groups

(n = 4-8). *p < 0.05. Data are represented as mean + SEM.

magnitude in slices pre-incubated with only 50 nM KTP-NH,
(KTP-NH,) was similar (27.0 + 8.10, n = 4) to that in control
slices (p > 0.05, two-way ANOVA with Tukey’s multiple
comparisons test; n = 5-8). Altogether, these results clearly
indicate that KTP-NH, prevents Af-induced impairment of
LTP without by itself affecting LTP.

KTP-NH, Prevented the Decrease in Spine
Density Caused by AB Action on Cultured
Cortical Neurons

To further investigate the synaptic correlates of the protective
action of KTP-NH, against AB-induced synaptic impairment, we
evaluated the effect of KTP-NH, on spine density of cultured
cortical neurons. The conjugation between MAP2 (red) and
Phalloidin (green) labels, allowed the identification of dendritic
protrusions (yellow) (Figure 8A), as a morphological readout of
the treatment modulation of the number of dendritic spines. The
representative segments of 10 um of counted dendrites for each
analysed condition are illustrated in Figure 8B.

In accordance with previous studies (Tanqueiro et al., 2018),
cultured cortical neurons exposed to AP,s 35 for 24 h, showed a
significant decrease in the number of dendritic protrusions when
compared to the control condition (AB: 6.58 + 0.153 vs. control:
8.07 £ 0.153; p < 0.05, two-way ANOVA with Tukey’s multiple
comparisons test; n = 5) (Figure 8C). Remarkably, the AB-induced
impairment in the number of dendritic protrusions was absent
when neurons were co-treated with 50 nM KTP-NH, (A + KTP-
NH,: 9.60 + 0.134 vs. control: 8.07 + 0.153; p < 0.05, two-way
ANOVA with Tukey’s multiple comparisons test; n = 5). KTP-NH,

alone did not significantly alter dendritic protrusions when
compared to the control condition (KTP-NH,: 841 + 0071 vs.
control: 8.07 + 0.153; p > 0.05, two-way ANOVA with Tukey’s
multiple comparisons test; n = 5).

DISCUSSION

A main finding in the present work is that systemically applied
KTP-NH, prevents memory dysfunction induced by AB. At the
synaptic level we could demonstrate that KTP-NH, prevents
synaptic plasticity and spine density impairments caused by A,
suggesting that KTP-NH, mitigates memory deficits by
protecting hippocampal synapses against AB-induced toxicity.
Since the hippocampus is required for performance in the
NORT (Goulart et al, 2010), this test has been considered a
useful tool for basic and preclinical research in the context of AD
(Rajagopal et al., 2014). In addition, the sustained strengthening
of synaptic connections that characterizes hippocampal long-
term potentiation (LTP) is taken as a synaptic correlate of the
basic mechanisms involved in memory and learning processes
(Bliss and Collingridge, 1993). Accordingly, abnormal
performance in memory tasks, especially hippocampal-
dependent ones (Figurov et al., 1996; Korte et al., 1998; Pang
and Lu, 2004), are associated with impairments in LTP (Morris
et al,, 1986). Our data showing that KTP-NH, prevented the AB-
induced impairment of hippocampal LTP, strongly suggest that
the reestablishment of synaptic plasticity is one of the
mechanisms underlying the cognitive actions of KTP-NH,.
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FIGURE 8 | Incubation with KTP-NH, mitigates AB incubation-induced impairments in spine. (A) Representative image of an untreated neuron (control) obtained

from primary neuronal cultures. Primary neuronal cultures (DIV13) were incubated with 25 pM ABos.a

and/or with 50 nM KTP-NH; for 24 h. MAP2 (red) specifically

labels neurons, while phalloidin (green) labels F-actin. The merge between both labels (yellow) allows the identification of dendritic protrusions. To evaluate spine
density, the number of protrusions per 10 um of the parent dendrite with a distance of 25 pm from the cell body were counted (3 parent dendrites per neuron, 6
neurons per condition). (B) Treatment effects on synaptic density (10 pm). (C) Histogram depicting spine density as the number of protrusions from each condition.
Statistical analysis using two-way ANOVA followed by Tukey’s muttiple comparisons test indicates a significant diference between conditions (n = 5). While 25 uM
ABzs.as treatment (AB) diminished the number of profrusions in cortical neurons, 50 nM KTP-NH. co-treatment (AB + KTP-NH;) restored spine density. In addition,
50 nM KTP-NH; treatment (KTP-NH,) did not, by itself, impact spine density. ****p < 0.0001. Data are represented as mean + SEM.

Furthermore, at a molecular level, neuronal spine density has
been associated with synaptic reinforcement during LTP (Toni
et al., 1999; Luscher and Malenka, 2012). In fact, spine density is
known to be reduced in cultured cortical neurons incubated with
AP peptide (Tanqueiro et al., 2018). Our results show that KTP-
NH, restores AP-induced decrease in spine density, further
explaining its neuroprotective actions upon synaptic plasticity.
These results pave the way for further studies on the mechanism
of action of KTP-NH, addressing if it reestablishes spine density
in vivo.

While the presence of episodic memory impairments mimics
the clinical hallmarks detected in AD patients in the early stages
of the disease (Alescio-Lautier et al., 2007; Gold and Budson,
2008; Huntley and Howard, 2010), motor dysfunctimls are
better noticed in moderate to severe stages of AD (Zidan
et al, 2012). In the present work, we could detect episodic
memory dysfunctions through the YM-SAT and NORT,
without signs of clear motor dysfunctions, judged by OFT

Frontiers in Phama

performance. This indicates that the sporadic AD model used
mostly mimics the earlier stages of AD. It is known that loss of
synapses, mainly in the hippocampus, is one of the earliest
consequences of AP toxicity (Canas et al,, 2009), and that this
loss correlates with the initial memory impairments in AD
patients (Coleman et al., 2004). Furthermore, compared to the
transgenic models of AD available, the use of this sporadic AD
model, where the AP injection is responsible for the induced-
pathophysiological traits of AD, allows us to have a direct
understanding of the effect of KTP-NH, administration on the
AB-induced dysfunction. Our findings support that systemic
administration of KTP-NH, is able to prevent memory loss as
well as synaptic plasticity dysfunctions induced by AP, highlight
the therapeutic potential of BBB permeable KTP analogues in
early stages of AD. This may gain particular relevance since the
few therapeutic tools so far available for early disease stages are
mostly symptomatic to increase cholinergic function. As we
show, the KTP derivative is able to enhance synaptic plasticity
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and, importantly, to prevent retraction of dendritic spines in
cultured neurons, thus to prevent synaptic atrophy, a clear sign
of neuroprotective ability.

Furthermore, KTP biosynthesis occurs in the nerve terminals
(Ueda et al, 1986), which is especially relevant in AD
pathophysiology, where the loss of cortical mass evolves fast
during the early stages of the disease (Sabuncu, 2011). This
cellular death implies less KTP production capability, resulting in
a decrease of KTP concentration in the CSF of AD patients
(Santos et al., 2013). Accordingly, the increase of KTP levels in
the brain emerged as a possible therapeutic tool for AD
treatment. However, KTP has pharmacokinetic hindrances,
such as its limited capacity to cross the BBB and its high
susceptibility to clearance mechanisms, which hampered its
clinical use (Serrano et al, 2015). Our work shows that it is
possible to circumvent this problem by using a BBB permeant
KTP analogue, KTP-NH,. The introduced structural change
increased the peptide global net charge, increasing its capacity
to interact with biological membranes, most notably giving it the
ability to cross the BBB (Ribeiro et al., 2011a).

Besides having an acute and chronic well-characterized
analgesic-profile when systemically administrated (Ribeiro
et al.,, 2011a; Ribeiro et al., 2011b), this small and cost-effective
molecule also showed a remarkable anti-inflammatory effect.
Accordingly, independent studies developed by our lab showed
that KTP-NH, impacts the glucocorticoid system, which might
account for the molecular link between analgesia, anti-
inflammation, and neuroprotection (Perazzo et al, 2017).
Neuroinflammation caused by AP has been commonly linked
to the presence of gliosis and, in some studies, to neuronal
damage. In the present work, gliosis was evaluated on day 21
after AP i.c.v. injection by both immunohistochemistry and
Western blotting and, in agreement with previous data (Canas
et al, 2009), no significant signs of astrogliosis nor microgliosis
were detected in the hippocampus. However, it is important to
highlight that the peak of the inflammatory response after A
injection is one week after injection (McLarnon, 2014). So, we
cannot discard initial AB-induced neuroinflammation nor an
influence of KTP-NH, that may have occurred before memory
assessment. Nevertheless, our results show that at least
immediately after memory testing, there were no signs of gliosis.

In summary, we clearly show that, in a sporadic AD model,
systemic administration of KTP-NH, protects spatial working-
and episodic memory, without affecting motor activity or
inducing anxiety-like behavior. Moreover, KTP-NH, prevented
AB-induced deficits in LTP magnitude and in spine density. We,
therefore, highlight a neuroprotective action of KTP-NH, against
the early stages of AD pathophysiology. While these results are
promising as far as pharmacodynamics is concerned, they clearly
push toward the need of further studies on the pharmacokinetics
of KTP-NH, after its systemic administration through different
routes, as well as to the need of other studies directed toward
other hallmarks of AD. Indeed, in light of the complex
pathophysiology of AD, it is important to know whether KTP-
NH, has a greater potential as a standalone treatment, or rather
as part of a broader multidrug treatment regimen.
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