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Hepiinyn

Av ko péypt mpodteveg Bempelto OTL dev VIAPYEL KOVOTNTO OVOYEVVNONG TOV
VELPIKOD 16TOD GTOV EVIAIKO VELPIKO GUOTNUA, KOTE TN OldpKeln TV TEleLTAi®OY
OEKOETIOV VIAPYOVV OEOOUEVE. TTOL VLIOGTNPILOVY TNV YEVWNON KOl AELTOVPYIKY
EVOOUATOON VEOV VEVPOVOV CE GUYKEKPIUEVES TEPLOYEG TOV EYKEPAAOL OTMG M
VIoKOLMaKk™ OV Kot 1 000vIOTH EAKa ToV ImmoKAaumov. Meléteg oe didpopa Cmukd
HOVTEAD €Yxouv KOTaOEIEEL YEVETIKOVG, TEPIPOAAOVTIKOVG KOl QOPUUKOAOYIKOVS
TAPAYOVTEG TTOL EAEYXOLV T OAOIKOGIO TNG VEVPOYEVESTG GTOV EVIIAIKO OPYOVIGUO.
Avchertovpyla  ovtod TOL  CLOTHMOTOG ExEl  eumAokel otV maboyéveon
VEVPOEKPLMOTIKOV acBeveldv 6mwg 1 acBéveleg tov Xaviwvyktov, A xéuep Kot
[Mopxivoov  kaB®OG KOl VEVPOWLYLOTPIKAOV KOTAGTACE®V OT®OC 1 KoTaOAnym).
Emunpdobeta dedopéva cuviyopodv otnv 1060 OTL QOPUOKOAOYIKY ETAYMOYN NG
vevpoyéveong umopel emmpedost v €vapén kot €EEMEN  GLYKEKPIUEVOV
SVGAEITOVPYLDV TOV EYKEPAAOV OTMG GTN TEPIMTMON TPAVUATOG GTO VELPIKO 10TO Kot
om katdOiym. To to Adyo avtd m cOyypovn QOPUAKOLOYID WAYVEL Yo VEEG
LIKPOLOPLOKEG OVGIEG TOL UTOPOVV VO SIOTEPAGOVY TOV OUUOTEYKEPAAIKO Qparyrd
Kot €lval 0CQOAELG OTN KAWVIKT ¥PNOT, UE TNV KOVOTNTA VO dLEAVOVY TN EVAAIKN
vevpoyéveon mpog Bepameios VELEKQVAMOTIKOV acbeveldv Kot oxetilOlevev HE TO
OTPEC.

H @wvykolMpodn eivor o TpdTo €K TOL GTOUATOG YOPNYOVUEVO PAPLOKO TOV THPE
gykpion ywo ™ Bepomeio ™G VIOTPOTALOVGAG SIIAEITOVGOG LOPPNG TNG TOALUTANG
OKANPLVOTG, U0 ATOUVEAMVOTIKT GUTOAVOCTG OiTloroyiag voco tov KNX. Apa péow
evepyomoinong 3 vmotumwv tov S1P vrodoyéo mov AVAKOLV GTNV OIKOYEVELD TMV
GPCRs ppovpevo tig dpdoelg tov gvdoyevovg S1P (sphingosine-1-phosphate). O
LUNYOVIGHOG TTOL EUTAEKETOL OTIC OEPAMEVTIKEG OPAGEIS TNG PLVYKOAUOING EYKELTOL
omv mopoteTapévny gvepyomoinon tov SI1P1 vmodoyéa ommv empdveln TV
evepyomomuévav T cells kot ocvvemaxdlovdn €vookvTTAP®GON TOV, KATL TOL
ocuuPdrietl o eyKA@PIopd avtdv otovg Aeppadévec. [lapod’ avtd, ot LVTodoyEic TOv
S1P evromilovtar oe Ola ta kKOTTopa ToL KN, ev®d GLUGTNUATIKY YOpnyNom Tng
QWYKOAUOONG €xel amodeyDel OTL EMPEPEL VEVPOTPOGTATEVTIKES OPAGELG Kol avENo
™G £KEpacns Tov vevpotpopkov mapdyovia BDNF and ta vevpikd wdttapa. Ot
evoeigelc autég yuo TIg mBavég dpacels g evykoAuoong oto KNX pog ékavav va

avapotnBodue av Oa propovoe va el KATO0 EXIOPUCT GTO PUVOLEVO TNG EVIMKNG



vevpoyéveonc. Ilpdyuatt, Tpdypott xopnynon Tov QapHAKov in vivo kot in vitro
avénoe to pLOUd TOALUTAOGIOCUOD KOl TNV eMPIOOT TOV TPOSPOUDY VEVPIKDV
KUTTOPOV €V Ol dpAcEls avTéG 68 KVTTAPIKO eminedo cvoyetiotnkay pe Peltioon
™G AmOS00TG TOVTIKMY GE €VOL TEGT GUUTEPLPOPES TOV POIVETOL VO OVOTAPIGTA TO
Aertovpykd  pOAO NG  EVAAIKNG  vevpoyéveong moL  &ivar 0 dly®plopdg
nepPaALOvVI®V.

H dwdpoemavdpootepovn (DHEA) eivar €éva 10 mo d@Bovo vevpooTeEPOEIDEG TOV
TOPAYETOL GTY TEPLPEPELD. OTO TO, EXLVEPPIOIN KO TG YOVAIES EVM EMIONG TAPAYETOL
TOTIKA 6ToV €YKEQOAO. MetafoAikd mpowdvta tg DHEA eival ta owotpoydva kot to
avopoyova. Toa mocd avthig peldvovTol OpopaTikd Kotd Tn y\pavorn Kot EXouvv
oxeTIo0EL e TNV EULPAVION VEVPOEKPLMOTIKOV 0GOEVEIDV OT®G 1 Vo505 AALYEEPC.
H DHEA é£yet deybetl mwg av&avel m vevpoyéveon o€ in vitro kot in vivo HOVTEAL
eved avaotéAdel v emProfr] Opdon TV YAVKOKOPTIKOEW®MV Kol EVIGYVEL TNV
EMOYWYIKY] OPACT) TV OVTIKATOOATTIKMV.

Ta televtaio ypovia oto gpyacTnpld Hog Exel Katadelyfel 1 VEVPOTPOGTUTEVTIKY|
dpdon g DHEA pécm g evepyomoinomng £vOOKVLTTAPI®V LOVOTATIDY TOV EYOVV
o0V TEAIKO OOTEAEGHO TNV EMAYWOYT EKPPOONG OVTIOUTOTTOTIKAOV TPOTEWVDOV OTMG 1
Bcl-2. Eniong, n DHEA oaivetal va ppeitor v dpdon tov Nevptkod avéntikov
napdyovta (NGF) petd omo mpdodeon Kol €vepyomoinon TV VTOSOXEMV TOV
LEWDVOVTOG TNV OTONTMOOT OV TpokaAeital amo anootépnomn ano NGF og vevpdveg
nmov &gaptohv TV emPimor] Tovg oMo OLTOV OTMG PAVNKE OO TEPAUATO CE
TPMTOYEVEIG KOAMEPYIEG AUCONTIKOV VELPOVOY KOl KOTO, TNV ovamTuén oty
emPiwon actnTikdv vevpadv Tov yoyyAov g poyaing pilag ota ngf -/~ movtikia.
[MopdAinia, to epyocmpld pag €xet avomtuéel cvvBetikd puopa g DHEA mov
dTNPovV  TIG VEVPOTPOSTATELTIKES Opdoelg g DHEA olAd otepovvtal Tng
wKovoTTag UETAPOAMOHOD TTPog avdpoyova kol ototpoydva. To pdpla avtd dg
HIKpOHOplokd Kot AMmoQlo  €xouv TNV KovOTnTa  vo  Olomepvodv  TOV
OLLLOTOEYKEPUAKO GPOYLLO KOl UTOPOVV Vo, xopnynbodv meptpepikd ywpig to kivovvo
ELLPAVIONG OPUOVOEEAPTAOUEVOV OVGAELTOVPYLDV.

210 0€0TEPO UEPOG TNG OOAKTOPIKNG HOV JATPIPNG emkevipmOnKa ot depedivion
™m¢ mhovng OpAcNS TV HOPI®V aVTOV Kol GUYKEKPIUEVA €VOC €€ auTOV pE TNV
ovopacicc BNN27 ot vevpoyéveon otov eVAIKO WTOKOUTO KOTO TN YHPOVOT| Kot
™V gueavion g vocov tov AAlyéep. To BNN27 @dvnke avikavo vo avEnocet

VEVPOYEVEST GE TOVTIKOLG Oyplov TOTOL OVTE VO, OVOCTEIAEL TNV peimon Tov



TOALOTAQGLOGHOD TOV TPOSPOUMY VELPIK®V KVLTTAPp®V KoTd TN Yhipavor. Ilapod’
avtd to BNN27 ftav wavd va avooteilel ) peimon oto puBud vevpoyéveong ota
S5XFAD movrtikia, too omoior @épovv 5 petaArdEelg mov €xovv ocuvoebel pe v
owoyevy popen ¢ vocov A yépep. Zta 0o doyovidlakd movtikio o BNN27
elvat ovo va HELDMCEL TNV 0TPOPia TOV YOAVEPYIKDV VELPOV®Y KOl T1) GUGGOPEVLCT
TOV OPVAOEWO0VG emnpedlovtag Oetikd mOALL otoyeion g maboloyiog TG vVOGOL
AACyépep.

10 Tpito Kot TeEAevTaio PHEPOG TNG SaTpPng HOL PEAETNGO TO TPOTO LE TOV OO0
emOpl M TOmOYPOQPiOL TOV UIKPOTEPIPAAAOVTOS TMV VELPIKAOV KLTTAPOV KoL
OULYKEKPIUEVOL QLTI 7OV  ONUIOVPYEiTE amd OaTAEElS HKPOKOV®OV  EAAEUTTIKNG
JTOUNG amd TLPITIO, GTOV TPOCAVATOAIGUO TNG VELPAEOVIKNG AVOYEVVIOTG KO TG
KUTTOPIKNG pHeTavAoTevong. Daivetar 011 T0 GLYKEKPEVO €100¢ TOomOYpapiog TO
omoio yopakpiletor amd pn cvveyduevn yempetpio TapOL’avtd mepLEyel Eva
oTolEl0 avIcoTpOoTiaG OV €ival M KEVIPIKY AEOVO TNG EAAEIMTIKNG SLOTOUNG TOV
HIKPOKOVOV, UTopel Vo KATELOVVEL TN TPOCOVATOMGHO TV VELPAEOV®DY TOL
TEPLPEPIKOD VELPIKOL GLOTNUATOG KOOMDS Kal TN peTavaotevon kuttdpwv Schwann,
To KOTTOPA TNG YAolag mov mepifdiiovy Tovg dEoveg otn meprpépeta. H pedémn g
OLYKEKPIUEVNG TOTOYpapiag pmopel va cupPdiiel otn Onuovpyic UIKPOPOIKOHV
KOTOOKELDV, VEVPOUIGHNTNPOV Y10 TOLTOYPOVN SLEYEPTT KOl KOTOYPOPT] ATOKPIGEMV
VEVPOVIKAOV SIKTV®OV OAAG KOl GTNV OVATTUGT OEPATELTIKOV AVCEMV Y10 ETAYWOYN KO
TPOCAVATOACUO NG VELPAEOVIKNG OVOYEVVIONG GE TEPUITOOT TPUVUATOS GTO

VELPIKO 16T0.



ABSTRACT

The adult mammalian brain possesses only a limited capacity for regeneration under
pathological conditions that cause neuronal cell loss. However, the identification of
endogenous adult neural stem cells (aNSCs) that can proliferate and differentiate into
functional neurons, unveil new intriguing possibilities towards restoration of brain
function in case of a disease. aNSCs that lie mainly in the area of the dentate gyrus
(DG) and in the subventricular zone (SVZ) are generated continuously and after they
differentiate they get integrated to the existing circuit. These cells are responsive to
intrinsic as well as external stimuli that affect their proliferation, their survival and
differentiation. Such molecules are neurotrophins such as Nerve growth factor (NGF)
and Brain derived neurotrophic factor (BDNF), as well as other growth factors such as
hormones, which are also responsible for the patterning of nervous system during
development. Increasing neurogenesis with genetic or pharmacological manipulation
improves performance on various cognitive tasks while it has been recently shown
that there are specific types of functions of the DG that require the integration of new
neurons such as pattern separation.

Neurogenesis has been implicated in the pathophysiology of many neurodegenerative
and neuropsychiatric diseases. Alterations in neurogenesis have been observed in
various animal models of Alzheimer’s disease (AD) and have been linked to
accumulation of a§ amyloid and the development of neuroinflammation. On the other
hand stimulating adult hippocampal neurogenesis in these models either by means of
environmental enrichment, physical exercise or with pharmacological ways reduces
amyloid pathology and improves cognitive function. Finally, adult neurogenesis is
dramatically reduced during ageing and pharmacological agents that succeed to
restore this decline were also effective to alleviate age-related memory deficits.
Nevertheless, the clinical use of many molecules that have been shown to possess
neurogenic properties is often problematic either because of their peptidic nature and
their inability to cross the blood brain barrier or because they accompanied by off
target adverse effects. For this reason, modern pharmacology is seeking of small
lipophilic molecules, which can mimic the actions of endogenous growth factors and
show good availability to the CNS as well as a good safety profile.

In this study I have tested the neurogenic potential of two small molecules that belong

to two different classes. One of them is fingolimod that has been approved for the



treatment of multiple sclerosis based on its ability to inhibit the egress of lymphocytes
from lymphoid nodes, thus preventing its migration to the site of inflammation. It acts
through activation of 5 subtypes of S1P receptors that belong to GPCR superfamily
but also as an intracellular messenger itself by regulating the expression of many
genes such as BDNF and other growth factors. However, S1P is also synthesized de
novo in the CNS and S1P receptors are abundantly expressed in various regions and
by a plethora of cell types in the CNS and the therapeutic effects of fingolimod have
been tested for a wide range of CNS disorders, from neurodegenerative to
neuropsychiatric conditions. Intrigued by the role of S1P during development but also
in the maintenance of an intact nervous system I sought to determine if there are any
effects of the -already in clinical use- agonist of SIPRs, fingolimod in regulation of
adult neurogenesis, which may contribute to its beneficial actions. My results show
that fingolimod can induce the proliferation and survival of adult hippocampal
progenitors in vivo and in vitro through activation of MAPK pathway and induction of
BDNF while it affects behavior that have been associated with the functional role of
adult neurogenesis.

The other molecule that it was tested for its ability to induce adult neurogenesis was a
synthetic analogue of the endogenous neurosteroid Dehydroepiandrosterone (DHEA),
called BNN27. DHEA is synthesized in the periphery from the adrenal glands, but
also is synthesized de novo and secreted locally in the CNS in high concentration.
DHEA has been shown to promote neuronal survival in various models of
neurodegeneration both in vivo and in vitro through divergent mechanisms and recent
data from our laboratory support the idea that some of these effects are mediated by
activation of NGF receptors (namely TrkA and p75"™"). However, the therapeutic use
of DHEA is compromised because it widely affects the endocrine system by its own
or after conversion to other steroid hormones with possible tumorogenic action. In
particular breast, endometrial, or prostate cancers have been associated with
disturbances on estrogens and androgen levels. Moreover the exact actions of DHEA
cannot be distinguished from its metabolites. BNN27, has been developed by
modifications of DHEA structure in order to sustain its neuroprotective properties and
avoid its further metabolism to androgens and estrogen. In this way, BNN27 lacks of
the possible tumorogenic potential of the parent molecule, DHEA. In order to test
whether BNN27 could reproduce the anti-apoptotic effects of DHEA mediated by

activation of NGF receptors’ initiated signaling, we used cultures of sympathetic



neurons that are known to be dependent on NGF for their survival as well as NGF null
mice embryos that exhibit massive cell death in the DRGs during the embryonic
development. BNN27 was found efficient to reduce apoptosis due to NGF deprivation
in both cases. Based on the neuroprotective actions of BNN27 I further sought to
investigate if this molecule could support neurogenesis in the adult rodent
hippocampus. BNN27, was not effective in inducing either proliferation or survival of
neural stem cells in the area in WT mice nor did it reversed neurogenic deficits in old
animals. However, long-term administration of BNN27 ameliorated the neurogenic
and cholinergic deficits in an animal model of amyloidosis, the 5XFAD mice, while it

also reduced the amyloid burden.

One the other part of this study I investigated the effects of microconically patterned
silicon substrates on the behavior of peripheral nervous system neurons and glial
cells. Directed axonal outgrowth is necessary for nerve regeneration after an injury
but also in a broad range of applications in neuroscience such as construction of
microfluidic devices or neuronal interfaces. Among the factors that control the
orientation of a regrowing axon are cellular cues and substrate topography. Based on
their design, different topographies that have been tried so far to manipulate cell
growth, migration, and differentiation of various cell types could be described by the
following geometries: continuous and discontinuous. These geometries could be
further classified based on the directionality as anisotropic, in which cues are
provided along a single axis or isotropic topographies which are uniform in all
directions, providing cues along multiple axesExamples of continuous topographies
are photolithographically fabricated grooved silicon substrates or electrospun polymer
fibers at parallel or random orientation, while discontinuous geometries include
silicon or gold pillars or posts.

Recently the bioengineering lab in IESL in FORTH developed and characterized
micropatterned silicon culture substrates fabricated with the use ultra-fast pulsed laser
structuring. Upon increasing laser fluence surface roughness is also increased and
acquires anisotropic geometrical characteristics. More specifically as we pass from
flat silicon to surfaces that display a higher degree of roughness, substrates are
comprised of microcones with elliptical shape and specific orientation. Surface
roughness and wettablity of the micropatterned Si substrates, influence fibroblast

adhesion as well as differentiation capacity of PC12 cells as response to NGF. At the



framework of our collaboration we aim to investigate the effects of substrate of
topography in cell outgrowth and morphology of PNS populations.We showed that
cultured Schwann cells and sympathetic neurons of SCGs migrate or grow their axons
along the major axis of microcones in parallel alignement. Moreover when Schwann
cells are present they seem to drive the growing axons as it was revealed in coculture
studies of the populations examined as well as in whole DRG explant cultures a
classic model to study neurite outgrowth and Schwann cell migration.

Our study demonstrates for first time that a discontinuous topography could drive the
directional outgrowth of neurons and glial cells of the peripheral nervous system if it
contains at least a feature of anisotropy which is the elliptical shape of the
microcones. This distinct inherent property of our microstructures combined with the
conductance of the material, provides a useful system to explore and control neuronal

functions and subsequent network characteristics.
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INTRODUCTION

Neurogenesis in Brain Development

The mammalian nervous systems is characterized by a unique cellular heterogeneity that
serves its complex functions, such as perception and cognition. Divergent neuronal cell
populations of the Central Nervous System (CNS) arise from a pool of neuroepithelial cells
(NECs), of the neural tube, through a complicated process of self renewal, migration and
differentiation. These cells that possess the capacity to multiply themselves through
division in order to generate neurons as well as 2 types of macroglial cells in the CNS, the
oligodendrocytes and astrocytes, have been characterized as «Neural stem cellsy (McKay
et al., 1997; Gage et al., 2000; Gotz et al., 2005).

Early in embryogenesis and before neurogenesis at embryonic day 8 ( E8 ) in mice, the
neural tube consists of both multipotent stem cells that can give rise to neurons
oligodendrocytes and astrocytes, as well as restricted progenitors (Kalyani et al., 1997 and
1998). The identity of a terminally differentiated neurons is finally determined by
spatiotemporal expression of cell type specification genes that, in turn, are regulated by
various morphogens such as fibroblast growth factors (FGFs), retinoic acid (RA), Sonic
hedgehog (Shh) and bone morphogenetic proteins (BMPs). At the same time neural crest
stem cells give rise to all cell populations of Peripheral Nervous System (PNS) and are
likely to, also, derive from the NECs themselves (Stemple et al., 1992). At this stage and
until E10, NECs initially undergo symmetric division in order to expand their population,
which means that they produce two identical daughter stem cells. Later on, however, and
as they lose their epithelial characteristics they divide asymmetrically producing one
progenitor cells that will become neuron and a new type of stem cell called radial glial cell
(RGC). During this period the neuroepithelium transforms to a tissue with multiple layers
and cells with stem cell characteristics are restricted to a thin layer called ventricular zone
(VZ) overlaying the ventricle. RGCs express various astroglial markers such as the
astrocyte specific glutamate transporter (GLAST), the Ca2+- binding protein S100p, glial
fibrillary acidic protein (GFAP), vimentin and brain-lipid-binding protein (BLBP). RGC
continue to divide asymmetrically to form terminally differentiated neurons as well as new
RGC and basal progenitors that further differentiate to neurons after a round of symmetric
division (Miyata et al., 2001; Noctor et al., 2001). However, RGC retain another role in the

process of neurogenesis which is the proper migration of newborn neurons during brain



development (Barry et al., 2014). During radial migration progenitors of excitatory
glutamatergic neurons in the VZ exit the cell cycle and move perpendicular to the VZ
surface along a chain or radial glial cells in order to reach their final destination forming
the outer layers of the cortex. In contrast tangential type of migration refers to the
movement of neurons in parallel to VZ and does not involve any guidance from RGCs. In
this case progenitors are born in the ganglionic eminence and are destined to become

GABAergic interneurons.

Schematic representation of radial
and tangential migration during

cortical development. CP, cortical
plate; 1Z, intermediate zone; VZ,
ventricular zone. The VZ early in
development has a thickness of ~10 cell

bodies (50 to 100 pm). The CP ranges in

thickness from two to three cell bodies at
the earliest stages of development,

eventually forming a mature cerebral cortex

that is 2 to 4 mm thick.

“2{*’ $ Poduri et al., 2013

Neuro- Radial oRG Migrating Immature Mature Intermediate Mature Interneuron
epithelial  glial (RG) neuron  astrocyte astrocyte progenitor neuron

Once migration is complete and structures have formed, axons and dendrites begin to grow to
their mature size and shape. Moreover newly formed neurons start to make synapses in order
to communicate with other neurons or target tissue. At this point, also, an important portion of
neurons die through apoptosis by a physiological process called programmed cell death due to
failure to compete for chemicals provided by targets. All these events are precisely controlled
by molecules secreted by surrounding cells like neurotrophins that guide the growing axon,

promote synaptogenesis and regulate the survival of neurons.



Neurogenesis in the adult brain.

Until nearly twenty years ago a central dogma in the field of neuroscience, regarding
the development of the nervous system during adulthood, was that established by the
prominent histologist Ramon y Cajal «..Everything may die, nothing may be
regenerated. It is for the science of the future to change, if possible, this harsh
decree..». Since then a lot of things have changed in our view about the regenerative
capacity of the adult nervous system and a milestone to this direction was the
identification of endogenous neural stem cells in the adult mammalian brain. This was
attributed to Joseph Altman, who in 1960 used a radioactive thymidine analog which
is incorporated to the DNA of cells that undergo mitosis, to show with
autoradiography that indeed there are proliferative cells in the adult hippocampus, an
area responsible for learning and memory (Altman and Das 1965). While the lack of
specific markers at that period did not allow Altman to demonstrate that these cells
become neurons, it was Michel Kaplan who 10 years later combined Altman’s
technique with electron microscopy and showed that the cells that incorporated the
radiolabeled thymidine acquire a neuronal phenotype. Indeed, we now known that
thousand of neurons are born every day in specific areas of the brain of the adult
brain, while a considerable number of others is also lost. Moreover, the use of more
advanced technics, like the use of confocal microscopy permitted the tracing of these
cells, especially after the introduction of another thymidine analog (BrdU) that can be
immunohistochemically detected, along with their phenotypic characterization. The
first who made a link between neurogenesis and behavior was Fernando Nottebohm
who showed fluctuations in the volume of brain areas responsible for acquisition of
seasonal song learning in male canaries (Alvarez-Buylla et al., 1988; Nottebohm et
al.,1989), an event that was also correlated with the levels of the steroid Testosterone.
Since then however they have been discovered a myriad of intrinsic factors and
environmental stimuli that control the phenomenon of adult neurogenesis. Finally, the
pharmacological or genetic manipulation of adult neural stem cells fate allowed the

thorough investigation of their functional role.

In the adult mammalian brain there are two distinct areas of proliferation of neural

stem cells and these are the dentate gyrus (DG) of the hippocampus and the



subventricular zone (SVZ). In this study I focused on the role of two small lipophilic

molecules in adult hippocampal neurogenesis.

Cell types, lineage, and architecture of the germinal zone in the adult dentate
gyrus.

As was firstly mentioned by Altman, new neurons are continuously generated in area
of hippocampus from mice to humans. These are originated from self-renewing and
multipotent adult neural stem cells (NSCs) residing in the subgranular zone (SGZ) of
DG. SGZ is considered as a two cells layer underlying the Granular cell layer (GCL)
of the DG and it is formed by cells migrating from the VZ of DG at the late stages of
gestation. There are 2 types of NSCs in this area with regards to their proliferative
properties as well as their phenotype and can be distinguished both morphologically
but also in terms of the expression profile of specific protein markers. Type 1 is
referred to Glial Fibrillary Acidic Protein (GFAP) positive astrocytes with stem cell
characteristics. These could be distinguished based on their orientation to radial
astrocytes (rA) reminiscent of radial glial cells that appear during development, and
horizontal astrocytes (hA). Regarding their morphology rAs possess round or
triangular cell body with thin lamellae tangentially oriented along the SGZ while hAs
have more elongated soma and no radial projection, but instead they extend branches
parallel to the SGZ (Seri et al., 2004). Both types of astrocytes express also markers
of undifferentiated NSCs such as the transcription factor of SRY-related HMG box
family (Sox2) as well as the intermediate filament proteins Nestin, Vimentin, which
however, are common markers of all types of ependymal cells as well. Recently,
promininl (CD133) has emerged as a reliable marker that characterizes GFAP+ radial
and horizontal NCSs in the adult Subependymal zone (SEZ) and DG and allows their
in vivo tracing or their prospective isolation for in vitro experiments
(Beckervordersandforth et al.,2010 and 2014; Walker et al., 2014). Type 1 NSCs
regardless of their morphology comprise a rather quiescent population under normal
conditions despite the fact that hA cells display a degree of proliferation, which is
dependent on notch signaling (Lugert et al., 2010). Asymmetric slow divisions of
Type 1 cells give rise to Transit amplifying progenitors (TAPs) which can differentiate
to either neurons, astrocytes or oligodendrocytes and finally according to a recent

view they become mature astrocytes themselves (Encinas et al., 2011). There are



several types of TAPs, which can be identified on the basis of morphology and marker
expression (Suh et al. 2007; Lugert et al. 2010). These cells have short processes
parallel to the SGZ and they perform a tangential migration. They usually proliferate
in clusters in close proximity with blood vessels. The major difference between type
2A, type 2B, and type 3 cells is that type 2B cells were initially identified in Nestin-
GFP reporter mice and expression of the immature neuronal marker doublecortin
(DCX) in Nestin-GFP+ cells defines the transition between type 2A and type 2B,
whereas Nestin-negative type 3 cells express DCX only (Dhaliwal and Lagace 2011).
The Sox2 trascription factor is still expressed by type 2 cells, before their transition to
late stage TAPs (type 2B) or neuroblasts (type 3) while another transcription factor
belonging to bHLH superfamily, the Ascll (or MASHI) is thought to maintain the
neuronal precursors in the DG in an undifferentiated state (Pleasure et al., 2000; Kim
et al., 2007,2011) and is expressed mainly by type 2A TAPs that will become granule
cell neurons in the DG. Finally, there is down-regulation of DCX and up-regulation of
calretinin and NeuN as immature neurons differentiate into mature glutamatergic

granule neurons.

Maturation of adult-born neurons in DG

The initial maturation stage of NSCs occurs during the first week of age where new
born dentate granule cells (DGCs) are considered to be functionally “silent”: they
have no connection to other neurons in the network and they do not fire typical action
potentials (Esposito et.al., 2005; Ambrogini et.al., 2004;Wang et. al., 2000).
Regulated by the local network activity, new neurons migrate short distance to reside
the inner granule cell layer of DG (Deng et.al., 2010). Physiologically, these new
born cells lack much of the neuronal machinery, since they are characterized by
extremely high resistance and low capacitance (due to their size) (Aimone et.al.,
2010). A key player of neuronal maturation is the excitatory GABAergic input
(possibly dendritic) that new cells receive (Esposito et.al., 2005; Ge et.al.,2000),
because of their high intracellular concentration of CI (Aimone et.al., 2010). This
GABAergic modulation is essential for the neurite outgrowth, migration during the
early maturation stage (Aimone et.al., 2010).

Until the end of the second week after their birth, the adult-born DGCs become more

neuron-like by acquiring polarization: their dendrites extend towards the molecular



layers and axons form the mossy fibers by extending through the hilus towards CA3
(Zhao et.al., 2006). Yet, because of their higher membrane resistance and distinct
firing properties, immature neurons differ from their mature counterparts (Esposito
et.al., 2005). At this time point, (in consistence with the absence of dendritic spines)
adult-born neurons do not receive glutamatergic inputs (Zhao et.al., 2006) whereas
GABAergic inputs from local interneurons still exist (Esposito et.al., 2005). The
timing of the next stage of maturation (begins around the 16™ day) coincides with the
formation of dendritic spines (Zhao et.al., 2006) and the increased plasticity of mossy
fibers, which begin to make synapses on downstream CA3 neurons (Toni et.al., 2008).
Now, another key player, NMDA, is necessary for the maturation and survival of new
neurons (Tashiro et.al., 2006), reflecting the onset of glutamatergic input received by
the new DGCs (Esposito et al., 2005) and thus the involvement of NMDA-related
processes e.g., plasticity (Blish & Gollingrindge, 1993). This time window
corresponds with the gradual transition of GABA, from being depolarizing molecule,
to becoming inhibitory neurotransmitter (Ge et.al., 2006). Adult-born neurons that are
4-6 weeks of age, are more excitable and exhibit higher degrees of synaptic plasticity
compared to their mature counterparts (Ge et.al., 2007), due to their increased
membrane resistance and depolarized potentials (Esposito et.al., 2005), whereas their
action potentials have kinetic characteristics that resemble those of mature DGCs
(Esposito et.al., 2005).

Newly generated neurons in SGZ are structurally and functionally mature in 68
weeks (Van Praag et al. 2002; Zhao et al. 2006) after their birth, however not all of the
neurons that are born survive to reach this stage. Only a proportion of proliferating
cells will find their way and get integrated to granule cell circuitry, while other will
die through apoptosis in this, showing that the phenomenon of adult neurogenesis is a
dynamic process like the one that occurs during development by elimination of excess
neurons. The question about the exact age when this selection takes place was
addressed by Dayer A. et al., 2003 who found that there is a loss of 50% of BrdU-
labeled cells over a 22-day period between day 6-28 of BrdU incorporation. Taking
into consideration that BrdU keeps labeling daughter cells of dividing NSCs for up to
4 days before it is completely diluted the elimination process lasts about 3 weeks. It
was, moreover, discovered lately that resident activated microglia in the physiological
brain is responsible for phagocytotic cell death of the majority of late NCSs and early

postimitotic neurons during the initial period of 4 days while the rest of dying neurons



are lost in a later stage by other means (Sierra A. et al., 2010). After this critical
period, newborn neurons in GCL have been shown to survive for at least 8 months in
rodents (Altman and Das et al., 1965), 12 weeks in the macaque (Gould et al., 2001),

and 2 years in humans (Eriksson et al., 1998).
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Modulation of adult neurogenesis

Enviromental influence.

A lot of intrinsic and extrinsic stimuli are know to influence the capacity the adult
brain to produce new neurons throughout the lifespan. The first proof came from the
work of Kempermann, G., et al., (1997), which showed that mice grown in an
enriched environment have increased neurogenesis and larger volume of hippocampal
granule cell layer. Since however environmental enrichment affects several
parameters such as learning but also physical activity van praag et al., 1999 tried to
dissect the precise role of these different factors. He found that voluntary running of
mice in a wheel was efficient in improving both proliferation and survival of NSCs in
the DG. Meanwhile, it has been discovered ageing was negatively correlated with the
number of proliferating cells in the same area while later it was shown that running is
capable reverse this decline (Kuhn et al., 1996, Praag et al., 2005). Apart from
ageing, another important factor that negatively regulates the phenomenon of
neurogenesis is chronic stress which can be mimicked by the administration of the
adrenal steroid, corticosterone (Gould et al., 1992). On the other hand, antidepressant
treatment with classic monoamine reuptake inhibitors, like fluoxetine, increases both
proliferation and survival of new neurons and counteracts the effects of stress in both
neurogenesis and depressive behavior (Santarelli et al., 2003) in mice. The progenitor
population which responds to the mitogenic action of fluoxetine is the type 2 TAPs
(Encinas et al., 2006). Moreover, the necessity of SGZ neurogenesis for the
behavioral effects of antidepressants was addressed by using X-ray irradiation which
depletes all the actively proliferating cells in the hippocampus. However, not all of
antidepressants seem to act by regulating neurogenesis while their effects may vary
depending on the experimental design and the behavioral tests that were examined
(Zhao et al., 2008). A recent study which sheds light to the exact role of neurogenesis
propose that adult born neurons are necessary for homeostasis of glucocorticoid levels
of the brain regulating stress response, emphasizing the role of hippocampus in the

control of hypothalamic-pituitary-adrenal (HPA) axis (Snyder et al., 2011).



While increasing adult hippocampal neurogenesis improves performance of
experimental animals in various memory tasks, which will be discussed in another
chapter, learning procedure per se have a multifaceted effect on the phenomenon of
neurogenesis. Spatial learning that involves training in water maze platform increases
apoptosis of immature neurons while it increases both survival of more mature
newborn neurons and proliferation of their progenitors in a later stage, creating with
the latter a “neurogenic reserve” for possible demands in the future (Dupret et al.,
2007; Kempermann et al., 2008). Finally, Bruel-Jungerman and colleagues found that
long-term potentiation (LTP), the cellular correlate of “learning,” induced

neurogenesis in the adult hippocampus in vivo (Bruel-Jungerman et al., 2006)

Activity and major neurotransmitter systems

The DG as a structure receives inputs from different regions in the brain while it
participates in the intra-hippocampal circuit. The perforant pathway from the
entorhinal cortex is the major input to the hippocampal DG (Amaral and Lavenex,
2007). From layer 2 of entorhinal cortex (EC), projection neurons extend their axons
toward both the DG and the CA3 areas. Granule cells of the DG project to CA3
pyramidal neurons extend axonal projections called Shaffer collateral toward the CA1
pyramidal neurons. Then, CAl pyramidal neurons signal back to neurons of the
entorhinal cortex. The DG itself contains both the excitatory interneurons (mossy
cells) and the inhibitory interneurons (for example, basket cells) which interact with
neural stem cells in the area that they are interconnected with the previously described
tri-synaptic hippocampal network. In turn, EC receives afferents from the cingulate
gyrus, the temporal cortex, the orbital cortex, and the amygdala. Therefore, the neural
activities at these association cortices may affect the process of hippocampal
neurogenesis which themselves are regulated by neurotrasmitters GABA and
Glutamate. A recent work tried to delineate the role or GABA released from
Parvalvumin (PV) positive interneurons in the DG, in neural stem cell properties
using optogenetic stimulation PV+ cells or experience dependent activation of the DG
granule cells. This revealed that GABA mediates the quiescence of radial glial Like
cells (RGLs) through the y2 subunit of GABA, receptor when there is increased

activity of the PV+ interneurons. However while GABA decrease proliferation of



NSCs, at the same time it has been shown that increases neuronal differentiation
acting on type-b cells which are excited in response to GABA increasing the release
of intracellular Ca++ levels (Tozuka et al., 2005). On the other hand, as it was
mentioned before, the DG is directly innervated by excitatory glutamatergic fibers
from entorhinal cortex. Disruption of the perforant pathway results in increased
neurogenesis, implicating Glutamate in regulation of NSCs proliferation and survival.
In consistence with this, administration of NMDA decreases neurogenesis while
blockage of NMDA receptor by injection of a competitive antagonist rapidly
increases neurogenesis. Thus NMDA receptors seems to mediate the effects of
Glutamate in neurogenesis (Cameron et al., 1995,1997).

Another source of inputs to the hippocampus and specifically to the DG are the
cholinergic fibers of neurons lying on the septum of the basal forebrain (composed
mainly of medial septal nuclei and diagonal band of Broca) (Amaral and Lavenex et
al., 2007). Recent studies have shown that lesion in the medial septum cholinergic
system negatively affects the proliferation of NSCs/neuronal progenitor cells
(Cooper-Kuhn et al., 2004, Van der Borght et al., 2005), and that administration of
acetylcholine esterase (AChE) inhibitors promotes NSC/neuronal progenitor cell
proliferation (Mohapel et al., 2005; Narimatsu et al., 2009). In addition to the previous
reports indicating a role of Achetylocholine (Ach) in the regulation of adult
hippocampal neurogenesis, AchE was able to restore neurogenesis in aged mice on

which the production of new neurons is diminished. (Itou et al., 2011).

Finally, the hippocampal formation receives monoaminergic ascending pathways
(serotoninergic and noradrenergic) (Amaral and Lavenex, et al., 2007) that have been
observed to penetrate the granular cell layer of the DG. We have discussed earlier that
classic monoaminergic antidepressants are the most common pharmacological agents
that increase neurogenesis. Apart from that there is also direct evidence supporting a
role of these neurotransmitters in regulation of neurogenesis. For instance Inhibition
of 5-HT synthesis or lesions in raphe nucleus decreases BrdU incorporation in the DG
while studies with selective agonists of 5-HT receptor of serotonin revealed that
Subtype 5-HT;s and 5-HT,a are important for the effects in the DG (Banasr et al.,
2004, Brezun et al., 1999).



Growth factors

Neurotrophic factors are molecules that define cell fate of various neuronal
populations during development of the peripheral and central nervous system. Brain
derived neurotrophic factor (BDNF) is a key regulator of synaptic plasticity
hippocampal dependent learning and memory during adulthood. Moreover it is
upregulated in response to environmental enrichment, physical exercise and
antidepressant treatment, while it is strongly suppressed by chronic stress and in
depression (Murakami et al., 2005; Lang et al., 2004; Shimizu et al., 2003). Since
there has been an obvious correlation between the levels of BDNF and neurogenesis
in all of the aforementioned conditions it was raised the question if there is a causative
relation between these events. The first link of neurogenesis with BDNF expression
was made from Jaewon Lee et al., 2002 who showed that BDNF +/- mice had reduced
levels of proliferation and survival of NSC’s in the DG compared to WT mice and
this was reversed by caloric restriction. Moreover, local infusion of BDNF to
hippocampus resulted in increased number of newborn granule cells to the dentate
gyrus as well as to other areas such as the hylus (Scharfman et al., 2005). In addition
to this, the effects of BDNF in neurogenesis, have been shown to be responsible for
the behavioral effects of chronic fluoxetine treatment (Ii et al., 2008) providing a
mechanistic alternative to the monamine hypothesis for the action of classic
antidepressants. However, although the contribution of BDNF in the process of
neurogenesis is quite clear the exact receptor that mediates its actions is rather
controversial (Bath et al., 2013). While TrkB, as the classic survival receptor for
BDNF in mature neurons, was initially implicated in this action (Tervonen et al.,
2006; Donovan et al., 2008; Li et al., 2008), p75"'™* gained a lot of attention later on
as an important player in adult neurogesis and probably mediator of this neurotrophin
effects in NSCs (Young et al., 2007; Bernabeau et al., 2010; Colditz et al., 2010; Catts
et al., 2009; Shi et al., 2013). A more recent study however proposed a different
mechanism by which BDNF exerts its proneurogenic and antidepressant actions,
which is the stabilization of y2 subunit-containing GABAa receptors at the cell
membrane, leading in this way to persistent reduction in neuronal excitability

(Vithlani et al., 2013).
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Nerve Growth Factor (NGF) is the first neurotrophin identified and its role in the
development of the nervous system as well in neurodegeneration will be discussed
extensively in another chapter. As far as neurogenesis is concerned little is known
about the role of NGF in regulation of adult neurogenesis compared to its relative
neurotrophin BDNF. However, it has been reported that NGF promotes the survival
of neural stem cells in young but not aged rats and this was correlated with enhanced
cholinergic activation in the hippocampus (Frielingsdorf et al., 2007). This action was
attributed to the increase in the levels of Ach secreted to hippocampus by basal
forebrain cholinergic afferents in response to NGF infusion. Moreover, NGF was
shown to rescue cholinergic and neurogenic deficits in a mouse model of
Hundington’s disease (Yu et al., 2013). On the other, NGF was recently shown to
affect neural stem cells in a cell autonomous manner since AD11 mice, a transgenic
knock in strain, in which the expression of a recombinant antibody leads to a chronic
postnatal neutralization of endogenous NGF show reduced levels of proliferation and
survival of NSCs of the SVZ and produce less number of neurospheres in vitro
(Scardigli et al., 2014). Again, by the two cognate receptors of NGF the pan
neurotrophin receptor p75™ '~ appears to be most probably the one that mediates its
neurogenic effects (Young et al., 2007, Bernabeau et al., 2010; Colditz et al., 2010,
Catts et al., 2009; Shi et al., 2013). Consistent with this notion is the fact that while
the two neurotrophins BDNF and NGF have the same potential to affect neurogenesis
BDNF appears to be more important since it is the more abundantly expressed

neurotrophin in the CNS.

Epidermal Growth Factor (EGF) responsive cells are the neurosphere forming cells of
embryonic and adult brain. The receptor of EGF (EGFR) a type of tyrosine kinase
receptor is expressed by activated multipotent neural stem cells and rapidly dividing
neural progenitors. EGF acts as a mitogen for type C cells in the SVZ but high
concentrations of EGF result in conversion of these cells to highly proliverative glial
like cells with tumorigenic characteristics (Doetsch et al., 2002). Only a 3 day
intracerebroventricular (ICV) administration of EGF can restore the proliferative

capacity of aged mice to the levels of young (Jin et al., 2003).

Vascular endothelial growth factor (VEGF) is a hypoxia-induced angiogenic protein

that exhibits neurotrophic and neuroprotective properties (Meirer et al., 2001). Given



that neurogenesis occurs in close proximity to blood vessels and that clusters of
dividing cells contain endothelial precursors, VEGF may constitute the link between
neurogenesis and angiogenesis. This is supported by the observation that ICV
administration of VEGF can stimulates cell proliferation in the rodent SVZ and SGZ
(Jin et al., 2002) which is associated with an upregulation of cyclin D1, Cyclin E and
cdc25 (Zhu et al., 2003).

Hormones

Adrenal corticosteroids are from the first factors identified to suppress neurogenesis (
Cameron et al., 1994; Gould et al., 1994). Corticosterone belongs to glucocorticoids
that are released to blood circulation after activation of the (Hypothalamo — pituitary —
adrenal) HPA axis by stress (McEwen et al., 2001). Suppression of corticosterone
secretion by adreanalectomy (adx) results in increased mitotic activity of NSCs in the
DG whereas proliferation in SVZ remains unaltered (Rodriguez et al., 2001). The
cognate receptor of glucorticoids (GR) is expressed in the DG however its expression
is more robust in mature granule cells rather than neural progenitors (Cameron et al.,
1993). Studies on the mechanism of corticosterone induced inhibition of NSCs
proliferation revealed a crucial reduction of type D cyclins expression which is
mediated by activation of GR (Sundberg et al., 2006). Finally, other non cell
autonomous mechanisms of the actions of corticosteroids might be involved, since
prolonged exposure to glucocorticoids augments glutamate accumulation in the

hippocampus ( Stein-Behrens et al., 1994).

Sex differences have been observed in the basal levels of neurogenesis in the DG and
have been positively correlated with the amount of sex steroids, like estrogens in the
circulation. This is also confirmed by the fact that females showed increased
proliferative activity during the estrus compared to diestrus period. However, most of
these neurons fail to survive for longer periods and eventually differences are not
evident 2 weeks after BrdU administration, between male and female rats as well
between different phases of estrus cycles (Tanapat et al., 1999). In contrast to this
other studies have reported lower cell proliferation in the presence of high estrogen
levels, though in different species (Galea et al., 1999, Ormerod et al., 2001). In

accordance, Short-term (6—7 days) ovariectomy dramatically reduces cell proliferation
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in the dentate gyrus of adult female rats compared to sham-operated females in
proestrus (Tanapat et al., 1999). On the other hand, long-term ovariectomy (3—4
weeks) does not appear to reduce cell proliferation (Lagace et al., 2007, Tanapat et al.,
2005) or short-term cell survival (I week) compared to sham-operated females,
indicating the potential presence of a compensatory mechanism by which levels of
neurogenesis are returned to normal levels post-ovariectomy. ERa and ERb receptors
are expressed on NSCs derived from embryonic but not from adult brain, and
influence their proliferative and differentiating capacity. Moreover, while ER
activation seems to have a positive impact to the proliferative activity of NSCs the
effects are opposite in the presence of EGF. These results imply that there is a more
complex mechanism underlying the effects of this hormone on neurogenesis.

(Brannvall et al., 2002).

Androgens have also implicated in the regulation of adult neurogenesis in several
species (Rasika et al., 1994; Louissaint et al., 2002) without affecting progenitor
proliferation from testosterone implantation or castration experiments. Since
testosterone is metabolized to estrogens, the hypothesis of an indirect action of this
hormone through its conversion to estradiol was tested. However, only testosterone as
well as another metabolite of it, Dehydroandrosterone, but not estradiol was able to
increase survival of cells on the DG (Spritzer et al., 2007). Androgen receptors are
localized in neural stem cells from adult SVZ and could mediate the effects observed
(Brannvall et al., 2005). However, testosterone implants have been also shown to
increase the levels of growth factors such as BDNF and VEGF that could also
influence the survival rate of neural progenitors (Rasika et al., 1999; Louissaint et al.,

2002).

Neurosteroids

The term neurosteroid refers to a class of cholesterol derivatives which are locally
synthesized in the brain, have been shown to have trophic effects on neurons and glial
cells and to modulate the activity of a variety of neurotransmitter receptors and ion
channels, including GABA,, NMDA and N- and L-type Ca2+ channels. There is also

accumulating evidence that they exert neurogenic actions in the hippocampus while



they influence learning and memory processes (Schumacher et al., 1997,
Charalampopoulos et al., 2008) through neuromodulation or prevention of apoptotic
cell death. It has been proposed that pregnenolone sulfate (Preg — S) could have a
positive impact on cognitive performance during senescence through elevation of
neurogenesis in the hippocampus, an effect that involves modulation of GABAA
receptors (Mayo et al., 2005). Moreover, it was able to protect newborn neurons loss
and reverse spatial memory deficits in APP/PS1 mouse model of Alzheimer’s disease
(Xu et al., 2012). A similar effect has been reported for allopregnenolone which was
found to reverse neurogenic and cognitive deficits in another transgenic mouse with

AD pathology, the 3xTgAD (Wang et al., 2009).

The neurogenic potential of DHEA, have been also tested in several studies, but the
results are conflicting so far. When DHEA was administered for 2 weeks in the form
of a subcutaneously implanted pellet in rats, both proliferation and survival of
newborn neurons was increased in young and aged animals while it the inhibitory
effect of corticosterone was antagonized. The dose that was used achieves plasma
levels of DHEA equivalent with that after a subcutaneous injection of 40mg/kg
(Karishma et al., 2002). However in another study of the same group DHEA pellet
failed to increased neurogenesis in unchallenged with corticosterone rats, however it
was able to enhance the neurogenic capacity of Fluoxetine. In this case, though, the
pellet was the half size of that used in the aforementioned study (Pinnock et al., 2009).
Yet in another study with mice, DHEA was efficient to increase neurogenesis and
depressive phenotype of olfactory bulbectomized (OBX) mice. This action was shown
to be dependent on Sigma-1 receptor (Moriguchi et al., 2013). Moreover DHEA had
direct actions on proliferation and differentiating capacity of human neural stem cells

through NMDA and Sigma-1 receptors (Suzuki et al., 2003).

Neurogenesis in brain disease.

Except for various endogenous and environmental factors, certain acute brain lesions
and pathological conditions, such as stroke, brain trauma, and seizures, are also
known to trigger cell proliferation in the DG but also to induce neurogenesis (Parent
et al., 2003; Kokaia et al., 2006; Lichtenwalner and Parent 2006; Miles and Kernie

2006) in normally non — neurogenic as in striatum in both rodents and humans.
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Ectopic production of new neurons seems to occur by direct conversion of resident
astrocytes (Ernst et al., 2015, Magnusson et al., 2014, Darsalia et al., 2005) indicating
an endogenous response for self-repair. However, it remains unclear both the
functional significance of this phenomenon or its potential therapeutic use. For
instance, although ablation of NSCs does not increase lesion size nor worsens motor
symptoms following MCAO, a mouse model of stroke, it significantly affects the
ability for learning and memory suggesting that neurogenesis contributes to the

recovery of cognitive function after ischemic brain injury (Sun et al., 2013).

Moreover, alterations in neurogenesis have been reported for almost all the classical

neurodegenerative diseases

Parkinson’s disease is a disorder that is characterized by loss of dopaminergic neurons
mainly in the area of Substantia Nigra (SN) leading to dyskinesia and rigidity. In
humans manifestation of the disease is associated with accumulation of a-synuclein
oligomers. Mouse models that overexpress the human form of a-synuclein have
shown reduced rates of neurogenesis (Winner et al. 2004). This is consistent with
evidence from other experimental models that used toxins such as 1-methyl-4-phenyl-
1,2,3,6- tetrahydropyridine (MPTP) or 6 OH-DA to selectively destroy dopaminergic
neurons (Honglinger et al., 2004; Winner et al., 2006). However other studies have
increased dopaminergic neurogenesis despite the decrease in proliferation rate of
NSCs (Yamada et al., 2004, Winner et al., 2006). The new neurons have been
detected in the olfactory bulb (OB), which is the place where neural progenitors of the
SVZ migrate. On the other hand, while there are a few studies supporting the
appearance of newborn dopaminergic neurons in the SN after a lesion (Yoshimi et al.
2005, Zhao et al. 2003) a lot of others have failed to replicate these results (Kay and
Blum 2000; Mao et al. 2001; Lie et al. 2002; Frielingsdorf et al. 2004; Steiner et al.
2006) which was attributed to different methodological approaches for evaluation of

co-localization of BrdU with neuronal markers.

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disease
caused by CAG trinucleotide repeat expansion in the gene of huntingtin. Clinical
manifestations of the disease are progressive involuntary movement, bradykinesia,

cognitive decline and psychiatric syndromes. In cellular level it is characterized by



neuronal damage in medium spiny neurons of the neostriatum and secondarily of the
cortex. Neurogenesis has been found to be decreased in two mouse models of HD, the
R6/1 and R6/2 (Gil et al., 2005; Van der Borght and Brundin 2007) and this was
correlated with decreased performance in spatial learning tasks (Murphy et al., 2000;
Smith et al. 2006). However, since a lot of changes occur at the biochemical level in
these mice including alterations in the expression of receptors and certain growth
factors such as BDNF and in the levels of endocrine hormones it is difficult to
conclude if the decrease in neurogenesis is responsible for the behavioral deficits

observed or if this it is another hallmark of the disease itself (Smith et al., 2005).

Azheimer’s disease (AD) is one of the most common causes of dementia in humans.
The majority of the cases concern the late onset sporadic form of the disease while
there are rare, familial, early- onset autosomal dominant forms of Alzheimer's disease
(FAD) that are caused by mutations in genes encoding amyloid precursor protein
(APP), presenilin-1 (PS1) and presenilin-2 (PS2). Neuropathological signs include
neuronal and synaptic loss due to the development of neurofibrillary tangles,
composed of aggregated hyperphosphorylated tau, and amyloid deposition, composed
of aggregated AP. The small AP oligomeric species rather than its amyloid
counterpart are considered to be the toxic culprit in the disease (Goedert et al., 1991).
The disease is also accompanied by extensive neuroiflammation, which is manifested
with activation of resident microglia and proliferation of astrocytes. The areas that are
mostly affected are associative cortices, hippocampus and basal forebrain.

In order to study the molecular mechanisms contributing to the disease a variety of
mouse models have been developed based on the increase of the levels of Ap42
neurotoxic peptide compared to non-toxic AB40 fragment. This is accomplished by
overexpression of mutant forms of APP, the precursor form of AB42, or PS1, which is
the catalytic component of y-secretase, the enzyme that cleaves APP. A commonly
used AD model, are the triple transgenic mice (3XTg-AD) bearing mutation in 3
genes (APP, PS1 and tau). In this it has been shown decreased proliferation which

was directly associated with the presence of Ab plaques (Rodriguez et al., 2008).

The overall conclusion arising from studies in different transgenic mouse models is
that adult neurogenesis is compromised in AD and precedes neuronal loss; However,

conflicting results emerged in many cases depending on the use of PS1, PS2 or
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different APP single mutations knock-ins. In addition to this, bromodeoxyuridine
(BrdU) regimens, doses, time points analyzed after BrdU treatment, genetic
backgrounds of the mice, and regions investigated vary considerably in all of the
studies contributing in the discrepancies between them (Lazarov & Marr, 2010;
Marlatt & Lucassen, 2010). Another important factor is the age tested. A recent study
that tried to delineate the temporal dynamics in adult hippocampal neurogenesis in
neurodegenerative diseases used the model of prion disease and samples from humans
with Alzheimer’s disease or Creuzfeldt-Jacob’s disease (Gomez-Nikola et al., 2014).
The authors suggest that neurogenesis is increased in the progression of the disease
and partially counteract the effects of chronic neurodegeneration preserving
hippocampal function albeit this is not sufficient to compensate for the extensive
neuronal loss. Moreover, the initial increase in proliferation will exhaust the self-
replacement mechanism, which might finally lead to impairment in neurogenesis at

later stages of the disease, which is also consistent with previous human studies.

Functional role of adult neurogenesis.

As I presented above adult neurogenesis is a sensitive system to environmental
changes and is implicated in various pathological conditions however its
physiological role has not fully elucidated. In order to dissect the function of the
continuous production of new neurons in the adult brain two strategies have been
employed: either depletion of neural stem cells or expansion of their population and
investigation of the consequence in behavior and regeneration capacity after an insult
in the CNS. Methods that have been used to eliminate neurogenesis were the
administration of the antimitotic agent methylazoxymethanol acetate (MAM),
irradiation or genetic ways. Most studies revealed differences in some but not all
hippocampus involving memory tasks (Shors et al., 2002) reflecting deficits mainly in
long term rather than short-term retention of spatial information (Deng et al., 2009
Snyder et al,, 2005). A common function of the DG that seems to rely on
neurogenesis and it was first proposed by computational models is discrimination
between similar stimuli whether these contain spatial information or temporally
adjacent events (Aimone et al., 2006). This process is called pattern separation and

ensures that new memories and old memories do not interfere with one another. In



this context newly added neurons serves as substrate for encoding of novel features
while old neurons are responsible for encoding features similar to familiar memories
(Aimone and Gage, 2011). Experimental data confirmed that adult hippocampal
neurogenesis is a necessary and sufficient phenomenon for spatial pattern separation
(Clelland et al. 2009; Creer et al., 2010). Moreover, worst performance in a spatial
discrimination task in aged mice, have been shown to be correlated with decreased
cell genesis in the DG and running was unable to reverse reduction in both of them
(Creer et al., 2009). In addition to the previous, another two studies demonstrated that
ablating dentate neurogenesis impairs while increasing survival of newborn neurons
by conditional deletion of a proapoptotic gene improves performance on contextual
fear discrimination learning task (Tronel et al., 2010, Sahay et al., 2011) that involves
association of contextual information with an unconditional, a fearful stimuli. Based
on the above observations from animal models, about the role of DG neurogenesis in
pattern separation, it has been recently proposed that deficits in neurogenesis could
result in this case in overlapping of contextual representations of fearful events in
humans (Kheirbek et al., 2009). Given also the role of adult neurogenesis in the
control of emotional behavior such as exploration, anxiety and stress responses
(Surget et al. 2011; Schloesser et al., 2010), the previous assumption suggests that
disorders like Post traumatic stress disorder (PTSD) could arise from a DG
dysfunction and is manifested with generalized fear and increased anxiety. One the
other hand a more recent study showed that increased rate of neurogenesis occurring
in young age or after pharmacological manipulation helps forgetting fearful memories
by facilitating fear extinction, a process that requires remodeling of the hippocampal
circuit.

Finally, a possible role of impaired neurogenesis in the pathophysiology of depression
have widely discussed in the literature because of the fact that common antidepressant
treatments increase neurogenesis in a timecourse that coincides with the first
manifestation of their antidepressant effects, which usually takes 2 - 4 weeks in
humans (Sapolsky M. et al., 2004). However, studies trying to find a causal
relationship between stress neurogenesis and development of depression have failed
so far since suppression neurogenesis does not seem to produce depressive phenotype
in mice (Malberg and Duman, 2003, Santarelli et al., 2003 and Vollmayr et al., 2003).
A very recent study though provided evidence that intact neurogenesis is needed in

order to balance the levels of glucocorticoids after a stressful event (Snyder et al.,
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2011).

Microneurotrophins

As it was mentioned before, the term neurosteroids refers to steroid hormones that are
produced locally in the nervous system by neurons and glial cells, after metabolism of
circulating precursor molecules but they can also be synthesized de novo from
cholesterol. (McEwen et al., 1994; Baulieu et al., 1998; Schumacher et al., 1999). The
main neurosteroids include pregnenolone (PREG) and pregnenolone sulfate (PREGS),
progesterone (PROG), allopregnanolone (ALLO), dehydroepiandrosterone (DHEA),
DHEA sulfate (DHEAS), Testosterone (T) and Estradiol. (E2). These have been
shown to regulate brain function in an autocrine and paracrine manner via membrane
or nuclear receptors (Baulieu, 1998; Baulieu et al., 2001; Plassart-Schiess and
Baulieu, 2001; Singh, 2006). However, it is often very difficult to distinguish the

actions of each one of them, since they produce numerous active metabolites in vivo.
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alternative pathway involving the intermediacy of sterol and/or steroid



hydroperoxides. DHEA is reversibly converted to DHEAS and is the precursor of

several metabolites, including sex steroid hormones.

DHEA and its sulfate derivative DHEAS is the most abundant steroid in blood stream
of humans and are produced mainly from adrenal glands. Brain concentration of these
steroids is even higher, implying that there is a significant amount of DHEA
synthesized locally in the brain while a proportion of it should be derived from the
periphery after crossing the blood brain barrier (BBB) (Lacroix et al., 1987). In
rodents, plasma levels of DHEA are very low since adrenal glands are incapable to
produce this steroid, however it is biosynthesized in the brain in sufficient amounts
(Maninger et al., 2009). The limiting enzyme for the production of DHEA, P450c17,
is localized in many areas of the human and rodent brain including the hippocampus,
in the spinal cord as well as in the peripheral nervous system such as in dorsal root
ganglia (DRGs) from early developmental stages (Compagnone NA 1995, Marcus D.
2012).

The amount of circulating and brain DHEA and its metabolite’s DHEAS has been
found to be substantially reduced during aging and in patients with alzheimer’s
disease (Maringer et al., 2009). This led to the exploration of a potential therapeutic
use of this steroid in neurodegenerative diseases. DHEA is generally considered to
exert neuroprotective actions in the brain, modulate neurotransmitter release and
improve synaptic plasticity and cognition in rodents (Vallee et al., 2001, Hajszan et
al., 2004). These effects are mediated by a wide range of membrane initiated and
intracellular mechanisms including modulation of GABA,, NMDA and sigma
subtype 1 (cl) receptors. However no one of the currently known classical nuclear
hormone receptors is involved in these actions (Nicole Maringer 2009). Recently our
lab discovered new mediators of DHEA neuroprotective action namely the NGF
receptors, TrkA and p7SNTR. DHEA binds to both receptors with high affinity, at the
nanomolar concentration (Kd), and activates their downstream signaling pathways
such as mitogen activated protein kinase (MAPK) prosurvival pathway and this of
RHO kinase pathway respectively (Lazaridis et al., 2011). The aforementioned effects
were tested in, neural crest derived, PC12 cells that express both of the receptors and
have been widely used to study the effects of NGF on differentiation and survival as
well as in NNRS cell line that express only p7SNTR. DHEA was proved capable to

reduce apoptosis after serum deprivation in these cells only in the presence of TrkA
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while the effect was abolished when TrkA was deleted with the use of SIRNAs for the
receptor or in the case of NNRS cells. In addition, DHEA protected NGF dependent
population of the peripheral nervous system such as DRGs and Superior cervical
ganglia (SCGs) from apoptosis after NGF withdrawal both in vivo and in vitro.

In accordance with our hypothesis, other reports in the literature support a
neurotrophic action of DHEA similar with that of NGF. DHEA as well as NGF
support Ach secretion from basal forebrain neurons to the hippocampus. (Olivier et
al., 2006; Auld et al., 2001). These neurons express the two cognate receptors of
NGF, which appears to have a physiological role in maintenance of its cholinergic
activity but not its survival (Crowley et al., 1994). Basal forebrain cholinergic system
is responsible for a variety of cognitive functions through afferents that sends to
hippocampus and cortex and consists one of the first areas that are affected in AD and

during ageing (Terry et al., 2003)
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represented, the basal forebrain cholinergic system (BFCS) and the brainstem
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The BFCS and the BCS encompass the Ch1-4 and Ch5-6 groups, respectively.

DHEA’s neuroprotective properties, mediated through different mechanisms
described above, as well as its small size and lipophilic nature make it an ideal
candidate drug for the treatment of various neurodegenerative conditions. However,

DHEA therapeutic use is compromised because it widely affects the endocrine system



by its own or after conversion to other steroid hormones with possible tumorogenic
effects. In particular breast, endometrial, or prostate cancer has been associated with
disturbances on estrogens and androgen levels (Henderson et al., 2000, Takahashi et
al., 2000).

To overcome these obstacles we chemically modified DHEA structure at positions C3
or C17 in order to develop molecules devoid of androgenic and estrogenic action that
still retain its neuroprotective properties. A library of 10 DHEA derivatives was tested
for their efficacy to protect PC12 cells from serum free induced apoptosis and 3 of
them, compound 20,23 and 27 were proved efficient to significantly reduce apoptosis
almost at the levels of parent molecule DHEA. In order to evaluate the carcinogenic
potential of these molecules the expression levels of ER regulated genes was checked
after treatment with compounds of human carcinoma cell lines. The 3 compounds that
were chosen did not display any agonistic effect on ER receptors or induce the
proliferation of these cells (Calogeropoulou et al., 2008). Aiming to assess the
potential NGF mimetic effects of our synthetic compounds we focused on one of
them, called BNN27 ((R)-3B,21- dihydroxy- 17R,20-epoxy-5-pregnene), which
proved to be the most potent, and at the same time the most soluble in hydrophilic
diluents, making it easy to handle in in vivo experiments. Binding assays on HEK293
cells transfected with the cDNA of the specific receptor for each neurotrophin (TrkA,
TrkB, TrkC) as well as of the pan-neurotrophin receptor p75~ " revealed that BNN27
selectively interacts with NGF receptors, TrkA and p75NTR (Ki: 1.86+0.4nM and
3.9+1.2nM respectively) and shows lesser affinity for receptors of BDNF and NT3. In
accordance to these results BNN27 selectively induced phosphorylation of TrkA
receptor and promotes release of RhoGDI from p75"'™" decreasing the activity of
RhoA as it happens after binding of NGF. Moreover, BNN27 was proved capable of
decreasing apoptosis of sympathetic neurons after NGF deprivation in vitro but also
of DRGs of E13.5 ngf -/- embryos that are dependent on NGF at this age for their
survival. However, BNN27 was unable to promote survival of these populations for
longer time points or induce differentiation of PC12 cells and this was attributed to
transient activation of MAPK pathway in response to BNN27 compared to sustained

activation of the pathway after binding of NGF to TrkA (Pediaditakis et al., 2015).

S1P Agonists: Biology and Pharmacology
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SIP is produced by the sphingosine kinase — dependent phosphorylation of
sphingosine, a lipid mediator, which is the metabolic product of ceramide that in turn

derives after hydrolysis of membrane sphingomyelin.
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Cellular levels of S1P are low and tightly controlled by the balance between its
synthesis and degradation. S1P acts through 5 types of SIP receptors (S1P1-5) which
belong to the class of G protein coupled receptors (GPCRs) while it is also known to

act as an intracellular messenger itself (Hait et al., 2009).

The S1PR1 subtype is coupled exclusively with the Gi/o type of alpha subunit and
hence inhibits adenylyl cyclase, resulting in a reduction in cAMP production. SI1PRI
subtype activation results in an increase in intracellular calcium concentration, while
can stimulate pathways involving the rat sarcoma (Ras) family of small GTPases and
extracellular signal-regulated kinase (ERK) to enhance proliferation and can activate
the phosphatidylinositide 3-kinase (PI3K)/Akt (protein kinase B) pathway to inhibit
apoptosis. Moreover, this receptor subtype activates the PI3K/Rac pathway to
promote cytoskeletal rearrangement and cellular migration (Hannun et al.,2008).
Similar to S1PR1s, the SIPR2-5 receptors couple with Gi/o but also with G12/13 to
enhance Rho activation and hence inhibit Rac. The SIPR2 and S1PR3 couple
additionally with Gq to activate phospholipase C (PLC) (Kumlesh et al., 2013). Thus,
this receptor family can elicit many cellular responses in a temporal and spatial

manner that is dependent on the receptor expression pattern in each cell type.
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In this way S1P has been implicated in vascular development and the physiological
function of immune and cardiovascular system acting on endothelial cells as well as

on lymphocytes and myocytes respectively.

CNS actions

Apart from its actions in the periphery, S1P is also synthesized de novo in the CNS
and S1P receptors are abundantly expressed (Blondeau et al., 2007, Beer et al., 2000,
Deogracias et al., 2012) in various brain regions and by a plethora of cell types
including oligodendrocytes, neurons and astrocytes as well as by their progenitors
regulating basic functions as their proliferation, survival and differentiation (Hurst et
al., 2008, Stuart et al., 2009, Coelho et al., 2007, Colombaioni et al., 2004). Moreover,
S1P signaling has been found to be important for proper neural development and
normal neural function (Herr et al., 2007, Mizugishi et al., 2005).

Particularly, S1P1 receptor has been found adjacent to lateral ventricles of mouse
whereas SIP increased GTPyS binding through activation of G proteins in SVZ,
implicating a role of S1P in neurogenesis (McGiffert et al., 2002, Waeber et al.,
1999). The latter is also indicated by embryonic lethality of Sphk1 KO and S1P1 null
mice characterized by decreased mitosis and increased apoptosis rate during
development of the nervous system (Mizuguishi et al., 2005). In addition, S1P
induced the proliferation and morphological changes of embryonic hippocampal

neural progenitors in cultures via ERK signaling (Harada et al., 2004) while S1P
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receptors are also expressed in rat and human embryonic neural stem cells and are
functionally coupled to Gi and Gq proteins (Hurst et al., 2008, Stuart et al., 2009).
Finally, levels of S1P in the spinal cord are increased following injury (62) and it has
been found to possess a chemo-attractant role through s1p1 activation for neural stem/
progenitor cells, which have been reported to migrate towards sites of injury in the
CNS.

Particular attention has been given to alterations in S1P signaling at different stages of
Multiple Sclerosis (MS), the devastating demyelinating disorder of the CNS.
Compared with control individuals, patients with MS have been reported to have a
lower content of sphingomyelin in their white matter (Wheeler et al., 2008) but an
increased level of SIP in their cerebrospinal fluid (Kulakowska et al., 2010).
Moreover, S1P1 and S1P3 expression have been shown to be elevated in reactive
astrocytes in chronic MS lesions (Doorn et al., 2010) or under proinflammatory
conditions (Fischer et al., 2011). An important role of S1P1 in the control of reactive
astrogliosis has been also suggested from studies in experimental models of MS.
More specifically genetic deletion of S1P1 from astrocytes or treatment with its
functional antagonist Fingolimod, produced a reduction of the elevated S1P levels
occurring in animals challenged by EAE (Choi et al., 2011) and correlated with the

progression of the disease.

S1P receptors agonists

There are several well-characterized agonists and antagonists of SIPR; however, most
compounds have been directed toward modulating the activity of S1P1.

FTY720 (Fingolimod/Gilenya; Novartis) is the prototypical SIPR agonist and was
approved by the U.S. Food and Drug Administration as a first line oral therapy for
relapsing-remitting multiple sclerosis (MS) (Chun et al., 2010, Brinkmann et al.,
2010). Although FTY720 acts as an agonist at picomolar to nanomolar concentrations
on S1P1 and S1P3-5, it also acts as a functional antagonist for SIP1 by inducing
endocytosis and degradation of this receptor (Mandala et al., 2002, Brinkmann et al.,
2002). However sustained internalization of S1P1 receptor is responsible for the

inhibition of Lymphocyte egress and its concomitant sequestration in lymphoid



organs preventing in this way their infiltration to the CNS that causes the damage of

myelin in Multiple Sclerosis.
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Direct CNS effects of the S1P receptor modulator, Fingolimod.

Apart from its immunomodulatory effects, fingolimod can easily penetrate the BBB
and it is well documented the last few years that it affects, as its parent molecule S1P,
various CNS cell populations exerting neuroprotective and neurorestorative actions.
In animal models of MS such as the relapsing—progressive EAE model in mice,
prophylactic and therapeutic fingolimod treatment inhibited subsequent relapses and
axonal loss in the spinal cord, and facilitated motor recovery while lower dose than
0,3mg/kg as well as short administration is not efficient, even it produces a rapid and

substantial lymphopenia. (Foster et al., 2007).

Moreover, fingolimod was proven insufficient to suppress EAE when initiated at a
very late stage of the model (after 4 months), during the non-relapsing, secondary
advanced progressive stage, after accumulation of significant neurological deficits,
which suggests that immunosuppression is not sufficient to confer protection from
demyelination and neurodegeneration (Al-Izki et al., 2011). The same opinion is
proposed from another study in which fingolimod was found to be effective in
reducing oligodendrocyte and axonal loss in the corpus callosum in the cuprizone
model of demyelination, an effect that was independent from its peripheral action on

lymphocytes (Kim et al., 2011).
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Clinical data support also the notion that fingolimod could afford neuroprotection
since Phase III clinical studies revealed that patients who received fingolimod therapy
showed reduced brain volume loss (BVL) compared to those that received IFNB-1a, a
common drug that is prescribed for the treatment of MS (Barkhof et al., 2014;
Calabresi et al., 2014; Kappos et al., 2010).

Fingolimod was also found effective to preserve neuronal function and reduce injury
in other animal models of neurodegeneration. Experimental studies in mice and rats
have shown therapeutic efficacy of fingolimod after ischemic brain injury (Czech et
al., 2009; Shichita et al., 2009; Hasegawa et al., 2010; Pfeilschifter et al., 2011a,b;
Wei et al., 2011; Kraft et al.,, 2013) with doses from 0.25 to 1 mg/kg applied
systemically. The beneficial effects on lesion size and functional outcome in stroke
models were accompanied by a reduction in cleaved caspase-3 and TUNEL positive
neurons in the infarcted brain areas such, (Hasegawa et al., 2010), and an activation of
pro-survival pathways such as extracellular signal-regulated kinase (ERK1/2), protein
kinase B/Akt kinase (PKB/Akt) and Bcl-2 upregulation (Hasegawa et al., 2010; Wei
etal., 2011).

Disturbances in the levels of S1P have been linked to the development of AD mostly
from clinical studies revealing altered ratio of ceramide to S1P correlated to elevated
ASM and acid ceramidase (AC) along with a reduction in activity of Sphkl and
Sphk2(Brunkhorst et al., 2014). In addition to this S1P receptor modulation by
fingolimod emerges as a promising therapeutic approach in AD models reducing both
the production (Takasugi et al., 2013) and the neurotoxicity (Asle-Rousta et al.,
2013; Doi et al., 2013; Hemmati et al., 2013;Fukumoto et al., 2014) of AP peptide.

Apart from these studies there is a growing amount of evicence that fingolimod also
affects mood and cognition conferring potential therapeutic action in neuropsychiatric
disorders. The first study indicating these properties of fingolimod was that of
Deogracias et al., 2011 who showed that this drug is capable to increase the
production of the neurotrophic factor BDNF and relief motor symptoms in an animal
model of RETT syndrome, the Mecp2 KO mice which are characterized by decreased
levels of BDNF. The authors have associated these effects with activation the of

MAPK pathway in cortical neurons expressing S1P1 receptors. However, S1P as well



as its analog fingolimod —p have also intracellular targets acting as histone
deacetylase (HDAC) inhibitors regulating epigenetically the expression of many
transcription and growth factors. (Hait et al., 2011 and 2014). In this way fingolimod
was found to facilitate deletion of fear memories and proposed as a potential
therapeutic agent in post-traumatic stress disorder (PTSD). Consistent with the
previous findings is a recently published study that fingolimod confers antidepressant-
like activity by inhibiting deacetylase activity, which partially attributed to the

increased levels of neurogenesis on stressed animals (Nuzzo et al., 2015).

Neurogenesis as a therapeutic target for neurodegenerative diseases.

Although considerable progress has been made in the understanding of molecular
mechanisms underlying neurodegenerative events efforts to develop efficient drugs
for devastating diseases such as Alzheimer’s disease have been failed so far.
Moreover, almost all of neurodegerenarive conditions are characterized my decline in
cognitive functions with mood regulation and memory being severely affected. The
discorvery of adult hippocampal neurogenesis, which consists one of the major form
of plasticity during adulthood, raised new hopes for therapeutic intervention. After an
injury in the CNS neurotrophic factors are released from neighboring cells providing
trophic support and triggering neurogenesis. These factors are mainly large proteins
responsible for patterning of the nervous system during development such as BDNF
NGF and FGF2. Unfortunately, however, the therapeutic use of these molecules is
limited due to difficulties in peripheral administration to patients. For this reason there
has been an attempt to discover new micromolecular substances that mimic their

neurotrophic actions and can be easily used in clinical practice.

Extracellular matrix controls cell behavior.
Except for secreted and soluble factors neural stem cells and newborn neurons receive

signals from their surrounding microenvironment that regulate its basal functions,
defined as the extracellular matrix (ECM). This is a complex mixture consisting of
fibrous proteins (such as collagen) and other macromolecules (glycosaminoglycans,
proteoglycans, cell-binding adhesive glycoproteins) that are organized in a formation
characterized by distinct biophysical, mechanical and biochemical properties

according to each tissue (Hines 2009). ECM plays an important role both during
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development and in regeneration after tissue injury contributing to stem cell pool
maintenance, differentiation and proper migration to their destination.

From a biochemical point of view, the ECM displays both direct and indirect
signaling properties, since it can act directly by binding cell surface receptors or by
non-canonical growth factor presentation (Gattazzo et al., 2014). However, physical
properties such as rigidity, porosity, topography and insolubility dictate the assembly
of ECM proteins with specific spatial distribution in an intermediate 2D to 3D
microenviroment providing topographical cues in micro and nanoscale that influence

cell shape and movement (Singh et al. 2010).
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The role of topography.
In vitro, it has been shown from early on that cells respond to this kind of

topographical features (Harrison 1912), while it was Paul Weiss in 1945 that
described the «contact guidance» effect to explain the tendency of the cells to orient
themselves along anisotropic features of the surface (such as fibers or ridges). In vivo,
there are a number of instances in the developing nervous system in which cells
migrate along tracts of glial cells or oriented ECM fibers. For example, during cortical
development, cortical neurons are guided along radial glial cells (Rakic et al., 1972;
O'Rourke et al., 1995). The migrating neurons wrap around the radial glia, which act
as both the scaffold and the source of new neurons (Malatesta et al., 2008). In a
similar manner, migrating neuroblasts of the external granule layer of the cerebellum
follow already existing axon tracts (Hynes et al., 1986). Interestingly, when granule
neurons from the cerebellum were cultured with astroglial fibers from the
hippocampus, and hippocampal neurons with astroglial fibers from the cerebellum,

migration of each type of neuron was identical to that in the homotypic culture,



indicating that the glial fibers may provide a generic pathway for neuronal migration
in vivo (Hatten et al., 1990). In contrast to this, a different mode of migration has been
observed in the adult brain. There neuroblasts from the SVZ move in chains to the OB
using blood vessels as scaffolds instead of radial glial cells although these are present

along the RMS (Lois et al., 1996; Bovetti et al., 2006)

Another phenomenon observed in the developing nervous system is that of guidance
by guidepost cells, specific cells in the embryonic environment which serve as
intermediate locations during axon pathfinding (Palka et al., 1992). Though this may
not be a case of contact guidance in a continuous surface it depicts that axons may
grow in intervals, responding to a local cue with a structural change before stopping
to seek out the next permissive local cue. As will be discussed in the next section,
axons can be guided in vitro by discontinuous structures on the order of the size of a
single cell, indicating that the idea of guidance by contact with guidepost structures

may be broadly applicable for navigating axons.

Contact guidance has been also observed during peripheral nerve regeneration when
after a nerve transection Schwann cells proliferate and get oriented in parallel chains
in order to form longitubinal structure containing also ECM, called the band of
Biingner, that serves as a scaffold guiding the regenerating axon and providing trophic

support (Torigoe et al., 1996).

Types of topographies that has been tested so far in vitro.

The development of microfabrication techniques over last 20 years, including
electrospinning, self-assembly of materials, and lithography based methods, enabled
as to generate artificial scaffolds with desirable characteristics in order to study in
vitro the effects of specific topographical cues on various cell functions. In all of these
studies two major types of topographies have been implemented so far based on the
phenomenon of contact guidance and guidepost effect that were presented above.
These are continuous anisotropic topographies including grooved surfaces, aligned
fibers, cell-inspired surfaces and guidance conduits, or discontinuous isotropic

topographies like nanorough surfaces or patterned with pillars or posts.
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Microgrooved topography studies have revealed that neurite response to topography
in terms of alignment or outgrowth increases with increasing groove depth from
around 0.2 to 4 um (Miller et al., 2002; Walsh et al., 2005; Hirono et al., 1988), where
no effect is observed on feature sizes less than 200 nm. Grooved surfaces with heights
in the sub-micron to micron range showed that dorsal root ganglia (DRG) neurons
interacted with both grooves and plateaus. However, increasing groove height resulted
in both increased alignment and increased restriction of cell somata and neurites onto
either the groove or the plateau, reducing crossing between features separated by a
step (Miller et al., 2002). In a similar vein adult rat hippocampal neural stem cells
align their neurites on the direction of grooves 44 ym high (Recknor et al., 2006). The
position of the neuronal somata is important in this case because it determines the
angle at which an approaching neurite contacts the feature (a wall or edge). Thus
when axons react the edge of the platform or groove from a perpendicular angle, they
tended to stay straight and cross the feature, whereas axons approaching the feature
from a more parallel angle tending to turn through the relatively small angle required
to align to the feature. This was made clear by a study showing that cortical neurons
cultured in relatively swallowed grooves they were either aligned with them or cross
over them according to the angle of the axon that was approaching them (Li et al.,

2005).



Distance between anisotropic topographical cues has also been shown to play a role in
directed neurite guidance. Both groove floors and plateaus present distinct
topographical cues to cells, and can vary in width from the subcellular (nanometer and
single-micron) to the cellular (tens of microns) to the supracellular (up to hundreds of
microns) scales. Both sympathetic and sensory neurons have aligned neurites to
grooves of 300 nm depth, with groove widths varying from 100-400 nm and plateaus
varying from 100-1600 nm, and tended to grow on the ridge edges and plateaus rather
than in the grooves. Of note is also that the smallest patterns with 100 nm features did

not guide as well as the larger width patterns (Johansson et al., 2006).

Though the vast majority of studies using grooved substrates report parallel alignment
of neuronal cell bodies, neurites, or glial cells other types of guidance have been
reported as well. In particular, it has been demonstrated that submicron grooves can
elicit perpendicular contact guidance in CNS neuroblasts (Nagata et al., 1993) and rat
hippocampal cells (Gomez et al., 2007; Rejnicek et al., 2007), in a manner dependent
on surface feature sizes. Neurites undergoing this form of contact guidance extended
at an angle perpendicular to the features, crossing over adjacent grooves and ridges
rather than extending parallel to a single feature. When a cellular extension reaches a
linear topographical discontinuity, it can either cross it or follow it. It appears that this
choice depends both on substrate dimension and cell type, and it may be that cellular
processes of a certain type resist conforming to features which are too closely spaced
and too deep, and instead cross between adjacent features, resulting in perpendicular
contact guidance. This particular phenomenon has also been reported in vivo (Ono et
al., 1997), as well as in 2D and 3D, microexplant and organotypic cerebellar cultures

(Nagata et al., 20006).

Aligned fibers of different material is another popular type of surface topography that
has been used to control orientation of neurite outgrowth and guide cell migration.
This type of topography resembles structures the in vivo environment of the mature
nervous systems such as CNS white matter tracts in the spinal cord. Nerve guidance
channels with longitudinally oriented tracks serving as scaffold for axon regeneration
resembling the bands of Biingner that are formed after nerve transection has also been
used (Yu and Shoichet 2005). In vitro, the adhesion and outgrowth of DRG neurons

was shown to be increased on these scaffolds, especially in the presence of Laminin -
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derived peptides. In another in vitro guidance channel study, DRG explants were
cultured on polypropylene filaments inside a PVC hollow fiber membrane, and the
effect of filament diameter on neurite outgrowth and SC migration was measured
(Wen et al., 2006). Fibers ranged from supracellular (100 to 500 um) to cellular
(30 um) to subcellular (5 um) in diameter, and an inverse relationship between
filament diameter and both SC migration and neurite outgrowth was found. In
addition, when fibers were uncoated, SCs migrated ahead of neurite outgrowth,
indicating that SCs may be establishing a pathway for neurite growth, but when fibers
were coated with Laminin or Fibronectin, the neurites actually grew past the Schwann
cells, indicating that with permissive ECM support, neurite growth may be
independent of Schwann cell migraton. Finally, another study explored the effects of
electrospun fibers of polyethersulfone with different dimensions on the behavior of
adult NSCs, and they found that fibers of small dimension (283 nm) promoted
oligodendrocyte specification, whereas larger fibers (749 nm) increased neuronal

differentiation.

Isotropic discontinuous
Respectively, according to the guide post effect that was explained above, a number

of studies have shown that neurites follow interrupted guidance cues with a high
degree of fidelity (kriparamanan et al., 2006). In this case the outgrowth of neurites
remain patterned but it is extended in every direction and that is why this type of
geometry is characterized as isotropic. Hippocampal neurons plated on surfaces with
1 um tall pillars either 0.5 or 2 um in diameter and arranged in a grid 1.5 to 4.5 um
apart aligned to pillar geometries, moving between adjacent pillars (Dowell-Mesfin et
al., 2004). The neurites tended to span the smallest distance between pillars, aligning
either at 0° or 90°, with the highest alignment with the larger pillars at the smallest
spacing. As the spacing between pillars increased, the fidelity of alignment decreased,
and at 4.5 um spacing, the distribution of neuronal arbor was similar to that found on
a flat surface. In addition, at an early time in culture (1 day), the neurons on the pillar
topographies, unlike the flat surfaces, had a single presumed axon forming. This

indicates that guidepost-like topography may facilitate neuronal differentiation.

Surfaces with varying heights that are less than 1 micron different are often
considered to be nanostructured, or nanorough. These surfaces have been used with a

variety of cell types and surface chemistries, and a range of responses has been



observed in terms of cellular adhesion, proliferation, and morphology(Martinez et al.,
2009). Roughness is often measured in terms of an average feature size, called R,.
Some studies of neurons on globally isotropic surfaces with nanoscale features have
been performed, with mixed results. One study showed that nanotextured titanium
nitride films with R, values from 1.3 to 5.6 nm reduced attachment of primary
hippocampal neurons relative to Poly-D-Lysine (PDL) coated glass (Cyster et al.,
2004). Another study found that embryonic primary cortical neuron adhesion and
viability was affect in a unimodal fashion by nanotextured silicon with R, from 18 to
204 nm, where an intermediate value of R,=64 nm promoted an optimal response, and
both higher and lower roughness reduced this response (Khan et al., 2005). In
addition, local nanoroughness on the order of growth cones promoted PC12 extension
and neuronal gene expression patterns in the absence of NGF (Tamplenizza et al.,

2013).

Finally, One approach to elicit neuronal guidance and reconstruct an in vivo-like
environment is to co-culture neurons with other cells, with and without additional
topographical guidance features. Cells by themselves provide both biochemical and
topographical cues to regenerating axons. For example, aligned monolayers of
Schwann cells can direct neuronal outgrowth to follow the direction of alignment
even in the absence of other topographical cues (Thompson et al., 2006). In addition,
Schwann cells can be guided by topography themselves, and like neurites appear to be
sensitive to the depth of anisotropic groove topography (Hsu et al., 2006), leading to
studies which indicate that there is a synergy between the cues presented by cells and
cues presented by topography. When Schwann cells were preseeded onto grooved
scaffolds of 15 um depth, over 60% of them aligned on 50 and 100 um width grooves,
while over 90% aligned on 2-20 um grooves. These patterned cultures which
presented DRG neurons with both cellular and geometric topographical cues were
able to orient the neurites in the direction of the imposed topography and the aligned

Schwann cells (Leitz et al., 2006).

Cell types such as meningeal cells and astrocytes have also been used to direct neurite
outgrowth in vitro, though they tend to be associated with inhibiting regrowth in the
injury environment (Fawcett et al., 1999). In particular, outgrowth of both postnatal
and adult DRG neurons aligned to monolayers of meningeal cells which were

preplated on substrates with anisotropic nanoscale roughness (Walsh et al., 2005),
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from 250 nm to 1 um in depth. As expected, neurites did align to topography without
the intervening cell layer, and increased topography depth in conjunction with
meningeal cells elicited increased alignment. However, the meningeal cells appeared
to provide some additional cue beyond their topography, as the neurites showed
enhanced orientation and growth when presented with the intermediate cell layer, with
the effect more pronounced with younger neurons. Similarly, DRG neurons were
guided by astrocyte monolayers which had been oriented by an electric field
(Alexander et al., 2006). Interestingly, the same response could be seen on fixed
aligned astrocytes, indicating that the astrocytes are not necessarily providing active
biochemical cues. Further, astrocytes have also been shown to promote neuronal
differentiation and alignment. When neural progenitor cells were plated on
microgrooved surfaces with and without an intermediate layer of astrocytes, though
the progenitor cells could orient to both surfaces, only in the presence of astrocytes,
grooves induced increased differentiation into cells expressing neuronal markers

(Recknor et al., 2009).

From these studies, it seems that guidance cues from cells are able to provide some
information which geometric topography alone cannot, but it is not clear if this
information is primarily biochemical or topographical. For instance, polymer replicas
of Schwann cells aligned in 2D surfaces though were able to support the oriented
growth of DRG neurites depicting that biochemical cues are not necessary for this

functions (Richardson et al., 2011).



AIM OF THE STUDY

The adult mammalian brain possesses only a limited capacity for regeneration under
pathological conditions that cause neuronal cell loss. However, the identification of
adult neural stem cells that can proliferate and differentiate into functional neurons,
unveil new intriguing possibilities towards restoration of brain function in case of a
disease. In this direction, there are two main strategies that have been tried. One is the
transplantation of either exogenous neural stem cells from donor organism or induced
pluripotent stem cells from the same organism. Nevertheless in most of the cases
these attempts have failed because of the inadequate growth of the transplanted cells
in the host environment. In the contrary, endogenous neural stem cells that lie mainly
in the area of the dentate gyrus (DG) and in the subventricular zone (SVZ) are
generated continuously and get integrated to the existing hippocampal circuit getting
involved in its function as mediator of memory formation and consolidation. These
cells are responsive to intrinsic as well as extrincic stimuli that affect their
proliferation, their survival and differentiation. Such molecules are neurotrophins as
Nerve growth factor (NGF) and Brain derived neurotrophic factor (BDNF), as well as
other growth factors such as hormones, which are also responsible for the patterning
of nervous system during development. Nevertheless, the therapeutic use of these
molecules is often compromised due to their polypeptide nature and their inability to
cross the blood brain barrier or because they produce off target undesirable effects.
Thus there is the need for clinically relevant, small lipophilic molecules, which can
mimic the actions of endogenous growth factors and show good availability to the

CNS.

In the first part of this study I have tested the pro-neurogenic potential of two small

molecules that belong to two different classes.

The first of them is fingolimod, an oral drug that has been approved for the treatment
of multiple sclerosis based on its ability to inhibit the egress of lymphocytes from
lymphoid nodes, thus preventing its migration to the site of inflammation. Fingolimod
mimics the actions of sphingosine-1-phosphate a metabolic product of membrane
sphingolipids, that is produced by phosphorylation of sphingosine by sphingosine
kinase (SphK1 and Sphk?2) and acts through activation of 5 subtypes of S1P receptor
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that belong to GPCR superfamily but also as an intracellular messenger itself.
Furthermore, the enzyme for conversion of fingolimod to its active metabolite
fingolimod-p it is expressed in the nucleus where the latter binds to histodeacytylace
(HDAC) regulating the expression of many genes such as BDNF and other growth
factors.

Endogenous S1P is mainly implicated in the development of cardiovascular system
and regulation of lymphocyte trafficking under inflammation. However, in the past
few years there has been a growing amount of evidence about a specific role of this
lipid as well as its analog, fingolimod, in regulation of various cell functions inside
the CNS affecting its development and the maintenance of its integrity.

Taking this into consideration the potential therapeutic effects of Fingolimod have
been tested for a wide range of CNS disorders, from neurodegenerative to
neuropsychiatric conditions. Fingolimod was found effective to ameliorate cognitive
decline and apoptosis in the hippocampus of afy amyloid injected mice and reduced its
levels in an animal model of Alzheimers disease (AD) (Asle rousta et al.,
2013, Takagushi et al., 2013). Short-term treatment with fingolimod increased the
levels of neurotrophic factor BDNF in the brain conferring neuroprotection and
alleviating the motor symptoms in an animal model of RETT syndrome (Deogracia et
al., 2012).

In addition to this, inhibition of HDAC by fingolimod, facilitated extinction of fear
memories (Hait et al., 2014) and conferred antidepressant effects in stressed mice

(Nuzzo et al., 2015).

Since neurogenesis consists one of the major mechanisms of brain plasticity, affecting
mood and cognition, we hypothesized that some of the above actions could be

attributed to increased neurogenesis after treatment with fingolimod.

Using the thymidine analogue BrdU to trace neural stem cells, I have observed an
increase in the proliferative capacity as well as in the net production of new neurons
in the area of Dentate gyrus of the Hippocampus after administration of fingolimod in
young adult and adult mice. However this was not evident for older, middle aged
mice. Moreover, immunohistochemical detection of S1P1 the most prominent subtype
that mediates the actions of fingolimod in the periphery and CNS, with various

markers of NSC lineage revealed expression of the latter in rapidly dividing



progenitors expressing the neural precursor cell specific transcription factor mashl
and DNA replication licensing factor (Mcm2), marker of proliferation. In order to
make a mechanistic exploration of this action in the molecular level I used
neurosphere cultures of neural stem/ precursor cells (NS/PCs) isolated from P7 mouse
hippocampus. In specific, the area of DG was dissected and after dissociation cells
were cultured for 2-3 passages in the presence of EGF/FGF in order to form
neurospheres. Postnatal hippocampal NS/PCs express S1P1 receptor in vitro as was
detected with immunocytochemistry and western blot and when fingolimod-p, which
is the active metabolite of fingolimod in vivo, applied to the cultures increased their
proliferative activity. Furthermore, the use of pertussis toxin (PTX) (an uncoupler of
Gi protein from the enzyme adenylate cyclase) or a specific inhibitor of MEKI1
(U0126) completely abolished the proliferative effects of fingolimod-p indicating that
these are dependent on activation of SIP1 and subsequent induction of MAPK
pathway. Furthermore, fingolimod-p was proved efficient to induce stimulation of
ERK1/2 kinase in a PTX-sensitive manner. In addition to the above effects
fingolimod-p significantly reduced apoptosis after growth factor withdrawal in vitro
and this action was attributed to increased levels of BDNF as a monoclonal a-BDNF
antibody restored apoptosis rate to basal levels. Finally the effects I observed in
neurogenesis were correlated with improved performance in an adult neurogenesis

related task, which is the context discrimination after fear conditioning.

In a second part of this study I focused on the neuroprotective and neuroregenerative
actions of another small synthetic molecule, an analogue of the endogenous
neurosteroid Dehydroepiandrosterone (DHEA). DHEA is a neurosteroid that is
synthesized in the periphery from the adrenal glands, but also is synthesized de novo
and secreted locally in the CNS in high concentration. During lifetime though, the
circulating concentrations of DHEA both in plasma and CSF decline with age and this
reduction has been correlated with the development of various neurodegenerative
diseases such as senile dementia. DHEA has been shown to promote neuronal
survival in various models of neurodegeneration both in vivo and in vitro through
divergent mechanisms most of which implicate modulation of GABAA NMDA and
SIGMA-1 receptors on which DHEA binds with low affininty (Maninger et al., 2009).
For instance DHEA protect cells in the hippocampus from NMDA induced
excitotoxicity by upregulating GABAA receptors (Kimonides et al., 1998, Belelli et

39



al., 2005). DHEA, also, has been reported to exert neurogenic action on adult
hippocampus mediated via NMDA and Sigma-1 receptors (Suzuki et al., 2004).
Moreover, it antagonizes the neurotoxic effects of glucocorticoids, although it is not
known if GR receptor is directly implicated (Kimonides et al., 1999, Karishma et al.,
2002).

Finally, recent data from our laboratory support the view that DHEA binds to both
NGEF receptors (TrkA and p75) activating intracellular pathways to promote survival
of neurons. DHEA was shown to compensate NGF withdrawal in primary cultures of
sympathetic neurons that express both of the receptor will reduced cell death in vivo
in NGF-/- mice at embryonic day E13.5 in the area of dorsal root ganglia (DRG). In
accordance with our hypothesis, other reports in the literature support a neurotrophic
action of DHEA similar with that of NGF. DHEA as well as NGF support Ach
secretion from basal forebrain neurons to the hippocampus. (Olivier et al., 2006; Auld
et al., 2001). These neurons express the two cognate receptors of NGF, which appears
to have a physiological role in maintenance of its cholinergic activity but not its
survival (Crowley et al., 1994) Basal forebrain cholinergic system is responsible for a
variety of cognitive functions through afferents that sends to hippocampus and cortex
and it is from the first areas that are affected in AD and ageing.

DHEA’s neuroprotective properties, mediated through different mechanisms
described above, as well as its small size and lipophilic nature make it an ideal
candidate drug for the treatment of various neurodegenerative conditions. However,
DHEA therapeutic use is compromised because it widely affects the endocrine system
by its own or after conversion to other steroid hormones with possible tumorogenic
action. In particular breast, endometrial, or prostate cancer has been associated with
disturbances on estrogens and androgen levels (Henderson et al., 2000; Takahashi et
al., 2006). Moreover the exact actions of DHEA cannot be distinguished from its
metabolites.

BNN27, has been developed by modifications of DHEA structure in order to sustain
its neuroprotective properties and avoid its further metabolism to androgens and
estrogen. In this way, BNN27 lacks of the possible tumorogenic potential of the
parent molecule, DHEA.

In order to test the efficacy of BNN27 to reproduce the anti-apoptotic effects of
DHEA, the neural crest derived PC12 cell line expressing functional TrkA receptors

was used as well as primary neurons, the superior cervical ganglia sympathetic



(SCG’s) neurons. BNN27 was found capable to reduce apoptosis in PC12 cells after
serum deprivation as well as in SCG’s in culture after NGF withdrawal. Also, In Vivo
administration of BNN27 to pregnant mothers compensated for lack of NGF in E13,5
ngf null embryos.

Both NGF and DHEA have been reported in the literature to induce adult
hippocampal neurogenesis. Given the aforementioned role of neurogenesis as a
potential therapy for neurodegenerative disease, especially these that are accompanied
by deterioration of cognitive function, we sought to test the pro-neurogenic capacity
of our synthetic DHEA analogue BNN27. To this aim I followed the previously
described protocol that was established for the evaluation of the neurogenic properties
of fingolimod.

BNN27, was not effective to induce either proliferation or survival of neural stem
cells in the area of DG in WT mice in any of the ages tested (3,7, and 12 months).
However, BNN27 was proved capable to restore neurogenesis in an animal model of
amyloidosis, which is the 5XFAD mice, when administered in the form of
subcutaneous pellet prior to the development of any AP pathology (at 1,5 months of
age). These effects were correlated with reduction in the number of A plaques at the
end of the 1,5 month treatment period compared to control animals, albeit no
significant differences were detected in activation of microglia in the same area. In
addition to this, BNN27 was effective to restore atrophy of basal forebrain cholinergic

neurons observed in SXFAD compared to WT littermates.

In the final part of this study I was interested in the development of new culture
platforms in order to orient neuronal outgrowth and cell migration. A variety of
methods have employed so far in the literature in order to tailor surfaces of different
types of biomaterials from soft ones such as collagen to more rigid like silicon in
order to manipulate cell function of neural cells and NSCs in vitro. To date, this has
been achieved with the aid of micro- and nanofabrication techniques giving rise to
various anisotropic topographies, either in the form of continuous or discontinuous
structures. The growing field of bioengineering is aiming at understanding the way
specific characteristics of the microenviroment can yield cell responses in order to
harness this knowledge for the development of in vivo scaffolds that promote tissue
regeneration. Moreover, it enables the construction of microfluidic devices where

neuronal cells can grow in a controllable manner making feasible the recapitulation of
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in vivo physiology in a dish with wide application in neuroscience
(compartmentalized cultures) or pharmacology (investigation of the pharmacological
actions and pharmacokinetic profiles of novel molecules) (Park et al., 2009; Taylor et
al., 2005). Finally, topologically defined artificial networks allows for the
development neurochips and biosensors reading electrical signals produced by the

cells (Voelker and Fromherz 2005).

In this study we propose a currently unexplored geometry of a 3D culture substrate for
neuronal cell growth comprising discontinuous subcellular microstructures with
anisotropic geometrical cross-section in the form of parallel oriented elliptical
microcones (MCs). This was made possible by ultra-short pulsed laser processing.
Using increasing laser fluence, three types of micropatterned Si surfaces, which
exhibit different geometrical characteristics (denoted as low, medium and high
roughness substrates, respectively), have been fabricated and characterized as to
surface morphology, wetting properties and surface chemistry. These three
micropatterned Si substrates together with the unpatterned flat Si have been applied to
in vitro cell cultures. The cell models used included, peripheral nervous system (PNS)
populations like sympathetic neurons of SCGs, DRGs and Schwann cells as well as
NSCs of the embryonic cortex. The ability of each substrate to promote guidance of
neuronal outgrowth and cell migration was evaluated by using immunofluorescence.
The specific interaction of living cells with the underlying structures and the effects of

the imposed topography in cell shape were also investigated using SEM analysis.



MATERIALS AND METHODS

Animals.

Male C57/BL6 mice and ngf +/— mice that were obtained from the Jackson
Laboratory and maintained on C57BL/6 background were kept on a 12h light/dark
cycle (lights on at 07.00a.m.) with ad libitum access to food and water. Animals were
habituated to housing conditions for one-week prior the beginning of the experimental
procedures. Animal experimentation received the approval of Veterinary Directorate
of Prefecture of Heraklion, Crete and was carried out in compliance with Greek
Government guidelines and the guidelines of our ethics committee. Genotyping was
performed on tail DNA using the following primers: NGFKOU2 (5'CCG TGA TAT
TGC TGA AGA GC3'), NGFU6 (5'CAG AAC CGT ACA CAG ATA GC3'), and
NGFD1 (5'TGT GTC TAT CCG GAT GAA CC3'). Genomic PCR reactions
containing the 3 primers were incubated for 32 cycles at 95°C (30 s)/59°C (30 s)/72°C

(1 min).

Fabrication and characterization of micropatterned Si substrates

Single crystal n-type Silicon (1 0 0) wafers were subjected to laser irradiation in a
vacuum chamber evacuated down to a residual pressure of 10 mbar. A constant
sulfur hexafluoride (SFe) pressure of 500 Torr was maintained during the process
through a precision microvalve system. The irradiating laser source was constituted
by a regenerative amplified Ti:Sapphire (A = 800 nm) delivering 150 fs pulses at a
repetition rate of 1 kHz. The sample was mounted on a high-precision X-Y
translation stage normal to the incident laser beam. The laser fluence used in these
experiments was in the range 0.68-1.50 J/cm®. After laser irradiation, micro-
structured surfaces were morphologically characterized by scanning electron
microscopy (SEM), as previously described (Simitzi et al., 2014). SEM analysis was
performed on a JEOL 7000 field emission scanning electron microscope with an
acceleration voltage of 15 kV. An image processing algorithm (ImageJ, National
Institutes of Health, Bethesda, MD, USA) was implemented in order to determine the
topological characteristics of the MCs, including height (h), base major (b) and minor
(b") axes, interspike distance (c¢) and density (D) from top, side-view and cross-

sectional SEM images.
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Substrate coating

In some cases, substrates were immersed in 0.01% type I collagen (Sigma Aldrich
Chemie GmbH, Munich, Germany) or Poly-D-Lysine (PDL- Sigma Aldrich Chemie
GmbH, Munich, Germany) for 2 h at room temperature (RT) and washed in PBS prior
to culture initiation. Electron microscopy analysis showed that protein deposition
conformed to the underlying topography of the substrates and did not bridge spikes
(data not shown). The coated or non-coated substrates were directly placed in 48-well
cell culture plates (SARSTEDT, Neurberg, Germany).

The substrates were sterilized in an autoclave and further used for the in vitro assays.

For each case, flat Si substrates have been used as a control.

Tissue processing and immunofluoresence.

C57/Bl6 mice treated as mentioned in the text were euthanized with pentobarbital and
trans-cardially perfused with saline followed by 4% Paraformaldehyde (PFA, Sigma)
in PBS. The brains were dissected and post-fixed overnight in the same solution at
4°C. After thorough washing in PB 0,IM brains were cryoprotected by being
immersed in 30% sucrose solution in PB 0,1 M for 24h at 4°C until they sunk and
were frozen in isopentane at -40°C. 40uM coronal sections were cut in the
dorsoventral axis of hippocampus (from bregma -1.34mm to -3.80) and stored in
cryoprotective medium (30% glycerol/30% ethylene glycol in 50 mM phosphate

buffer) at -20 °C until they processed for immunofluoresence.

For in vivo experiments in ngf +/- embryos, mice heterozygous for the NGF gene
disruption were interbred to obtain mice homozygous for the disrupted gene. The
pregnant mothers were treated daily with an intraperirtoneal injection of BNN27 (100
mg/kg/day) or vehicle (4.5% ethanol in 0.9% saline) starting from the third day after
gestation until day E13,5 or E17,5. At the end of the treatment mothers were
euthanized by cervical disocation and embryos were collected and fixed overnight in a
solution of 4% PFA, 15% Picric Acid, 0.05% GA in phosphate buffer 0.1 at 4°C. The
next day embryos washed in 0.1 M phosphate buffer and cryoprotected by being
immersed in a 30% sucrose solution in PB 0,IM at 4°C until they sink. Finally,
embryos were frozen in OCT in isopentane at —40°C. The samples were sectioned (16

um) in a freezing microtome and mounted onto Superfrost plus slides (Menzel-Glaser



J1800AMNZ). Slides were post fixed for 10 min in cold acetone and left to dry for 10

min at room temperature and stored at -20 until later use.

NS/PCs cultures.

The hippocampi of postnatal day 7 (P7) C57/BL6 mice were digested for 30min in
accutase solution (Sigma) at 37°C. After mechanical dissociation cells were plated at
a density of 5x10* per ml into uncoated T25 culture flasks in Dulbecco’s Modified
Eagle’s Medium/Nutrient Mixture F-12 Ham (Sigma) supplemented with 1% B27
(InVitrogen), L-glutamine 2mM (Gibco), D-glucose 0.6%, primocin 100pg/ml
(InVitrogen), in the presence of 20 ng/ml FGF2 (R&D) and EGF (R&D) and allowed
to form neurospheres. Cells were passaged every 5th day by dissociating neurospheres

into single cells with accutase (Sigma).

NS/PCs proliferation and survival assay.

For the proliferation assay, passages 1 to 3 of primary neurospheres were dispersed to
single cell suspension and the last were plated in Poly-D-Lysine/Laminin coated
dishes, and stayed for 24h in complete medium. The day after cells deprived of
EGF/FGF for 3h and then exposed for 24h to 1 puM fingolimod-p in the presence or
absence of 300 ng/ml Pertussis Toxin (PTX) or 10 uM of ERK1/2 inhibitor U0126
that were added 30min or 3h before drug addition. At the end of the treatments, 10
mM BrdU was applied to the cultures for 16h in order to label all actively
proliferating cells before they were fixed and stained against BrdU. For the
assessment of the effects of fingolimod on survival of NPCs after growth factors
withdrawal, cells were plated as above and cultured for 72h in EGF/FGF-free medium
in the presence or absence of 1 uM fingolimod-p, with or without the addition of 10
pg/ml anti-BDNF neutralizing antibody. Finally, cells were fixed and stained with in
situ cell death detection labeling kit TUNEL (Roche) according to the manufacturers

instructions.
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Superior Cervical Ganglia Neuronal Cultures

Superior cervical ganglia (SCG) were dissected from newborn (PO—P1) rat pups and
dissociated in 0.25% trypsin (Gibco, 15090) for 30 min at 37°C. After dissociation
SCG neurons were re-suspended in RPMI culture medium 1640 containing 3% fetal
bovine serum (FBS), 100 units/ml penicillin, 0.1 mg/ml streptomycin, 10mM
antimitotic agent FAU with uridine, and 50 or 100 ng/ml NGF (Millipore, 01-125).
Cells were plated on collagen coated 24-well plates and cultured for 7 d prior to use.
For NGF withdrawal experiments, cells were washed twice with NGF free medium
and culture for 48h in medium lacking NGF and containing anti-NGF antibody at
1:500 dilution (Millipore, AB1526). At the end of the treatment period neurons were
immunostained against NF200kD and TUNEL assay (Roche) was conducted

according to manufacturer instructions in order to stain apoptotic neurons.

Immunofluoresence.

Free-floating sections or NS/PCs attached in Poly-D-Lysine/Laminin and fixed with
4% PFA solution for 15 min, were washed twice with 0.1 M PB pH 7.4 and blocked
in 5% BSA in 0,3% Triton X-100 in PBS (PBST) for 1h at RT before they were
incubated with primary antibodies in 0,3% PBST overnight at 4°C. The day after
sections or cells were washed twice with PBS and incubated with Alexa Fluor
chromophore conjugated secondary antibody (1:1000 dilution, InVitrogen) in 0,3%
PBST for 1h at RT. Finally, sections were washed twice again with PBS and mounted
onto slides using antifade reagent with DAPI (InVitrogen). For detection of BrdU-
labeled nuclei, specimens have been previously incubated in 2N HCIl at 37°C,
followed by a 10min rinse in 0.1M sodium tetraborate pH 8.5 and 2 rinses with PBS
before blocking step.

Immunocytochemistry

After removal of the medium, cells were fixed with 4% paraformaldehyde in PBS
0.1M for 30 minutes, blocked for 1h at RT in PBS 0.3% Triton X-100 containing 5%
Donkey serum and incubated overnight at 4°C with primary antibodies in blocking
buffer. Schwann cells were stained with anti-S100b (1:500 Abcam, Rab Mab
ab52642), while neurons were stained with anti-NF200kD (1:10000 Abcam, Chicken



polyclonal ab4680). Additionally, fibronectin, which is expressed by non-neuronal
cells was detected using an anti-rat fibronectin antibody (1:100 Millipore, rabbit
polyclonal Ab2047). After 3 washes with PBS, specimens were incubated for 1h at
RT with Alexa Fluor 546 goat anti-rabbit IgG (MoBiTec A-11010) or Alexa Fluor
TM 488 goat anti-mouse IgG (MoBiTec A-11001) secondary antibodies, diluted
1:500 in PBST. The cells were washed and nuclei counterstained with 4 0,6-
diamidino-2phenylindole dihydrochloride (DAPI; 1:1000) or TOPRO (1:5000). The

substrates were mounted on coverslips with antifade reagent (Invitrogen).

Results were evaluated with a Laser Scanning Spectral Confocal Microscope (Leica

TCS SP2).

Scanning electron microscopy (SEM)

The morphology of the cells growing on the patterned surfaces was analyzed by SEM.
After culture termination, the cells were washed with 0.1M sodium cacodylate buffer
(SCB) and then incubated in the same solution for 15 min. After repeating this step
twice, the cells were fixed using 2% glutaraldehyde, 2% formaldehyde in 1% SCB
fixative buffer for 1 h at 4°C. All surfaces were then washed twice (for 15 min each
time) with 1% SCB at 4°C, dehydrated by immersion in serially graded ethanol
solutions (50-100%) and incubated for 15 min in dry 100% ethanol. Prior to electron
microscopy examination, the samples were sputter-coated with a 10 nm gold layer
(Humme Technics Inc, Alexandria, Virginia USA). SEM analysis used a JEOL 7000

field emission scanning electron microscope at an acceleration voltage of 15 kV.

Quantitative evaluation with image processing
Quantitative information (regarding cell number, neurite length, etc.) was assessed

using an image processing algorithm (ImageJ).

Orientation of silicon cone morphology

Top view electron microscopic images of the micropatterned Si substrates were taken
digitally and opened with ImagelJ. Images were inverted, thresholded (using the same
threshold value for all images) and the major axis for each spike has been graphically
selected. The orientation angle of the spike was measured as the angle between the
major axis of the ellipse and the vertical axis of the image plane (Oy). Its values

ranged between 0°, signifying a perfectly aligned spike, to 90° for a vertical spike.
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Only the absolute values have been considered, therefore no discrimination between
leftward or rightward divergence from the Oy axis was taken into account. This was
repeated for all spikes in each image and stored in an Excel spreadsheet. Using the
frequency function for the set of angle values and a given set of bins (0-10°, 10-30°,
30-60° and 60-90°), the values occurring in each defined interval were counted. At

least 60 spikes for each roughness type have been used for the analysis.

Schwann cell outgrowth orientation on the micro-patterned Si substrates

To determine Schwann cell orientation on the different micro-patterned silicon
substrates, the cell nucleus orientation was measured, according to respective
literature [26-28]. Elliptical-shaped cells were outlined by hand and the major and
minor axis of each cell ellipse was manually traced. The angle of the cell nucleus was
then determined using the major axis of the cell ellipse. The orientation angle of the
nucleus was measured as the angle between the major axis of the ellipse and the
vertical axis of the image plane (Oy). Its values ranged between 0°, signifying a
perfectly aligned cell nucleus, to 90° for a vertical cell nucleus. Only the absolute
values have been considered, therefore no discrimination between leftward or
rightward divergence from the Oy axis was taken into account. This was repeated for
all the nuclei in each image. The values from all fields of views were inserted in a
spreadsheet. The orientation of the cell nuclei with respect to the y-axis was binned
into 30e intervals ranging from 0° to 90° to generate an orientation frequency, f, for
the iy, interval i=1,2,3 (using the Frequency Function). The orientation angle has been

calculated from at least 500 cell nuclei for each roughness type.

Axonal orientation on the micro-patterned Si substrates

Assuming each axon (stained with anti-NF) connecting two somatas (stained with
DAPI) as a vector, the orientation angle of this vector has been calculated and used as
an index of the axonal outgrowth orientation. The orientation angle of each axon was
measured as the angle between the axonal vector and the vertical axis of the image
plane. Its values ranged between 0°, signifying a perfect alignment to 90° for a vertical
outgrowth. Only the absolute values have been considered, therefore no
discrimination between leftward or rightward divergence from the Oy axis was taken

into account. This was repeated for all the axons in each image. The values from all



fields of views were inserted in a spreadsheet. The orientation of the axons with
respect to the y-axis was binned into 30¢ intervals ranging from 0° to 90° to generate
an orientation frequency, f, for the iy interval i=1,2,3 (using the Frequency Function).
This procedure was repeated for n experiments (to get the standard error). The
orientation angle has been calculated from at least 300 axons for each roughness type.

Axonal thickness of NF positive axons was measured from fluorescence microscopy
images of high magnification (x 63 objective). For each axon the average thickness of
the values in at least two points has been calculated. The axonal thickness was binned
into 3 intervals, ranging from 0 to >4 um, to generate an orientation frequency, f, for
the iy interval i=1-3 (using the Frequency Function). The axonal fasciculation has

been calculated from at least 80 axons for each roughness substrate type.

Cell counts and quantification.

For quantification of BrdU+ cells in the hippocampus, one every six adjacent sections
was chosen and processed for immunofluorescence against BrdU, based on a
modified unbiased stereology protocol (Malberg et al., 2000, Rossi et al.,2006). The
number of BrdU+ cells was then counted under x40 magnification under a fluorescent
microscope (Leica DMLB equipped with a DC300 F camera) at the area of (granular
cell layer) GCL and SGZ (defined as a two cell layer in the borders of GCL, omitting
these in the outermost focal plane, for a total of 10 sections and the average number of
cells was estimated. The mean was then multiplied with the total number of sections
(approximately 60) in order to estimate the total number of cells per DG.

To measure the total volume of DG, the area of GCL was outlined and computed
using images in every 6" adjacent section for a total of 10 sections in photos taken by
a confocal fluorescence microscope (Leica TCS SP2). Subsequently, and according to
the Cavalieri principle, the areas summed and multiplied with the intersection distance
and average section thickness to estimate the entire DG volume in mm’.

For in vivo co-localization experiments confocal analysis under x63 oil lenses was
conducted. The percentage of double labeled cells for the each marker was estimated

by counting the cells in the DG in three sections of total 5 mice.

In order to quantify apoptotic neurons in embryos caspase-3+ cells inside the area of

the DRG were counted in 12-14 sections being 160uM apart from one another across
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most of the rostrocaudal extent of the spinal cord and the mean of apoptotic cells per
sections was estimated.

For in vitro experiments, the number of BrdU or TUNEL positive cells in each culture
was counted using an objective (%32) from 8-10 visual fields for every condition.
DAPI-stained cells represent the total cell number. Finally, the percentage of
BrdU+/DAPI+ or TUNEL+/DAPI+ or TUNEL+/ NF200kD cells was normalized to
the control condition.

Numbers of cells (Schwann cells and sympathetic neurons) that have been grown on
the micro-patterned silicon substrates were determined by counting cell nuclei stained
with DAPI. Nuclei number was assessed with ImageJ v1.36, using the "Cell Counter"
plugin. The results represent the means of at least three different experiments (n=~30

fields of view for each roughness type and time of culture).

Schwann cells

Schwann cell primary cultures were prepared from sciatic nerves of P2-P4 rat pups.
Upon dissection, nerves were enzymatically triturated in a Trypsin 0.25% and 1%
collagenase Type 1 (Sigma CO0130) in HBSS solution for 30min at 37° C. The
enzymes were deactivated by adding Dulbecco’s modified Eagle’s medium (DMEM;
Invitrogen, Grand Island, NY, USA) containing 10% fetal bovine serum (FBS;
Biosera, Sussex, UK) to the cells and the sciatic nerves were mechanically dissociated
into single cell suspensions and plated to dishes. Before the first passage, Schwann
cells were purified from contaminating fibroblasts using anti- thyl.1 antibody (AbD
Serotec) and rabbit complement (Calbiochem) according to Brockes et al. [25]. Then
10° cells were seeded onto micropatterned silicon scaffolds and cultured for 4 — 6 days
until fixation for further analysis, with medium replacement every 2 days. In some
experiments, PDL coating has been used. Schwann cells had a purity of more than

90%, and in these primary cultures only S100-positive Schwann cells were evaluated.

Co-culture of Dissociated SCGs and Schwann cells

Schwann cells were cultured on the micro-patterned Si substrates, as described above,
for 2 days. Then, dissociated SCGs were seeded to the monolayer of Schwann cells
and cultured for an additional time period of 4 days in RPMI medium containing 10%

FBS, 1%p/s supplemented with 100ng/ml NGF.



DRG whole explant culture.

Mouse embryos (embryonic day (E) 13.5) were dissected from pregnant mice. DRGs
from the lumbar region (L1-L4) were collected in cold PBS, then seeded onto the
micro-structured Si substrates (2 — 3 DRG per substrate) and incubated in growth
medium (DMEM)-F12, (GIBCO/Life Technologies 22320-022) supplemented with
10% FBS and 100ng/ml NGF. Explants were incubated 3-5 days in vitro (DIV) until

fixation for further analysis.

Western blot analysis and ELISA

Cells were harvested in lysis buffer (50 mM Tris-HCI, 0.15 M NaCl, 1% Triton-
X100, pH 7.4) supplemented with protease inhibitors (1 mM PMSF and 1 g/ml
aprotinin). Total protein was quantified with BCA protein kit (Pierce) and 30 pg of
total protein was loaded and run on sodium dodecyl sulfate-polyacrylamide gel. The
proteins were then transferred to a nitrocellulose membrane and blocked in a solution
of 5% BSA and 0.1% Tween-20 in TBS (TBS-T) for 1h followed by incubation with
the primary antibody in blocking solution overnight at 4°C. The next day, the
membranes washed 3 times in TBS-T and incubated in anti-rabbit secondary antibody
conjugated to horseradish peroxidase (1:5000) in blocking solution for 1h. Finally, the
membranes washed again in TBS-T and incubated for detection with enhanced
chemiluminescence (ECL) substrate (Pierce).

For BDNF expression in hippocampal NS/PCs each protein-sample was quantified
with specific mouse BDNF ELISA kit (Boster Immunoleader) according to
manufacturers instructions and normalized to pg/mg of total protein. Then, relative

BDNF expression was normalized to the control conditions in each experiment.

Antibodies and reagents.

The following primary antibodies and dilutions were used: rat anti-BrdU (1:300,
Abcam); rabbit anti caspase -3 antibody (1:250, cell signaling); rabbit polyclonal anti-
EDGI, (1:100, Abcam); rabbit monoclonal anti-EDG1 (1:1000, Abcam); goat anti-
DcX,(1:150, Santa Cruz); mouse anti-Mashl (1:50, BD Pharmingen); chicken anti-
GFAP (1:1000, Chemicon); goat anti - Mcm2 (1:100, santa Cruz); mouse anti-NeuN
(1:200, Chemicon) ; chicken anti-NF200kD (1:10.000, abcam); rabbit polyclonal anti-
p-p44/42 and p44/42 MAPK (1:1000, Cell Signaling), rabbit anti — TrkA (1:100,
Millipore).
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The following reagents were used in proliferation and survival assay: fingolimod,
fingolimod—phosphate (Novartis, BASEL), BNN27 pellets releasing 10/mg/kg day
were custom made by Innovative Research of America. Human BDNF (Novus
Biologicals), Anti-BDNF (mab#9 Developmental Studies Hybridoma Bank), U0126
(Sigma), Pertussis Toxin (Sigma), NGF (MILLIPORE), Anti — NGF (Millipore,
AB1526).

Contextual fear discrimination.

Male mice, 3 months old, received either a vehicle or fingolimod treatment for 14d,
once a day, 0.3mg/kg/day, i.p. On the 15™ day, mice (one at a time) were placed in
the fear conditioning chamber (MedAssociates, Inc), which was controlled through a
custom-made interface connected to the computer. After 7min of habituation to the

conditioning chamber, each mouse received one mild electrical foot-shock (600ms,

0.75 mA), and remained in the chamber for another 5min20 The following day
(testing day), mice were returned to the training chamber using the same context
(context A) for 3min. Subsequently, they were removed from the chamber, and after
1h of rest, they were placed in the same chamber in which the context was modified
by the addition of olfactory auditory and visual cues (mild scent on the walls, open
fan, and red floor) for another 3min. Mice in the no—shock group followed the
same protocol as above, but did not receive any electrical foot-shock during the
training day. The freezing behaviour was analyzed manually using the J-Watcher
software (http://www.jwatcher.ucla.edu/). Context discrimination ratio is defined as
(Freezing in context A - Freezing in context B)/(Freezing in context A + Freezing in

Context B).

Statistical analysis

Statistical analysis was performed using Graphpad Prism software or Microsoft Excel.
Statistical significance was assessed by unpaired two-tailed Student’s t-tests, ANOVA
followed by Fisher’s predicted least-square difference post hoc tests when necessary
or 2-way-ANOVA with fingolimod treatment and age as the factors followed by
Bonferroni post hoc tests when appropriate. Statistical significance was established at

p <0.05.



RESULTS

Fingolimod induces adult neurogenesis in young but not in aged mice.

In order to test the effect of chronic exposure to Fingolimod on the proliferation rate
of NP/SC cells in vivo, we administered a therapeutic dose of Fingolimod
(0,3mg/kg/day) for 14 days and the thymidine analog BrdU (100mg/kg) for the last
five days of the treatment. Stereological counting of BrdU+ cells in the area of SGZ
of the dentate gyrus revealed that fingolimod significantly increased the number of
proliferating cells in 3 months old mice, compared to the untreated control animals
(2831 £ 138 vs. 2295 £ 103 BrdU+ cells; n=7, mean + SD, p<0.05) (Figure 1a,b) after
a 2 week treatment. Since neurogenesis dramatically declines during ageing (Kuhn et
al., 1996) we would like to further test if the pro-neurogenic properties of Fingolimod
are retained in older ages. The stimulatory effect of fingolimod on proliferation of
NS/PCs was present in the 7 month old mice (1368 = 86 Vs 939+ 78 BrdU+ cells;
n=6, mean = SD p<0.05) of the DG as compared to the untreated controls taking the
vehicle only. (Figure 1b,h). However, fingolimond did not have any effect on the
proliferation of NS/PCs in the 12 months old animals (3784 125 BrdU+ cells vs. 495
+ 64 BrdU+ cells; n=7, mean + SD) compared to the controls of the same age (Figure
1b,h).
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Figure 1: (a) Illustrative graph that shows the exact time of administration of BrdU and fingolimod in
animals for the assessment of proliferation of NSCs. (b) Coronal section of dorsal DG from 3 months
old C57/BL6 mice injected with Fingolimod or vehicle daily for 14d, co-injected with BrdU for the last
5 days. Sections were immunostained for BrdU (green) and counterstained with DAPI. (c¢)
Quantification of BrdU+ cells in SGZ in Fingolimod or vehicle treated mice of different ages(mean +

SD; n = 6; * P<0.05; ***P<0.02).

As a next step we estimated the total number of immature neurons, stained with
microtubule protein marker DcX, in the SGZ and GZ of the hippocampus in the same
samples, in order to investigate the effects of the drug in the production of new
neurons. 2-way ANOVA analysis of DCX+ cell number showed significant effects of
age and treatment and an interaction between age and treatment as above (p<0.0001)
suggesting that the animals respond differently to the treatment in relation to their age.
Bonferroni post-hoc analysis also showed that the difference in the number of BrdU+
cells between treated and untreated animals at 3 and 7 months remains significant

(p<0.001) which is not the case for middle aged animals (12 months of age).
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Figure 1: (a) Immunofluoresence staining of DG section of mice treated with either fingolimod or the
vehicle for 14 days. (b) Quantification of DcX+ cells in SGZ in Fingolimod or vehicle treated mice of

different ages (mean + SD; n = 6; * P<0.05; ***P<0.02).

evaluation of NP/SC survival, as well as the number of BrdU+ NSCs that survived
after 21 days of administration (1475 £ 65, n=7 vs. 1102 £ 53; n=6, mean £+ SD,
p<0.05) (Figure lc,d). Most of the BrdU+ cells were also stained positive for NeuN,
suggesting a neuronal phenotype (Figure 2f). The increase of the number of new
neurons in the area of the DG following Fingolimod treatment was also checked by
staining with Doublecortin (DcX) (6866 & 372 vs. 4135 £ 368; 2150 + 25 DcX+ cells
Vs. 1770 = 60 and 670 + 126 Vs 443 £ 64 DcX+ cells, n=7, mean + SD, p<0.05)
(Figure 1g,h).

However, from the pool of proliferative neural stem cells lying in the SGZ of the DG,
only a limited number survive and mature to become a fully differentiated neuron,
while a substantial portion of them are eliminated during the first 2 weeks of their life
through programmed cell death (Cameron & McKay, 2001). Aiming to test if
fingolimod treatment, also affects, the survival of NS/Pcs the thymidine analog Brdu
was administered for the first 5 days of a 3 week treatment period in a different set of
experiments. Fingolimod was proved capable to increase the number BrdU+ cells,
NS/PC cells that survived after 21 days of administration (1475 + 65, n=7 vs. 1102 +

53; n=6, mean £ SD, p<0.05) compared to vehicle treated animals (Figure 3).
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Figure 3: Coronal section of dorsal DG from 3 months old C57/BL6 mice injected with Fingolimod or
vehicle daily for 21 days, co-injected with BrdU for the first 5 days. Sections were immunostained for
BrdU (green) and NeuN (red). (c) Higher magnification of a confocal image of BrdU and NeuN stained
cells in SGZ. (d) Quantification of BrdU+ cells in SGZ and GCL in Fingolimod or vehicle treated 3
months old mice (mean £ SD; n = 6; *P < 0.05 vs vehicle). (e) Percentage of BrdU+/NeuN+ cells in the

DG of Fingolimod or vehicle treated mice.

Most of the BrdU+ cells were also stained positive for NeuN, suggesting that they
acquired a neuronal phenotype (Figure 3 c,d). The fact that this percentage was not
significantly altered following fingolimod treatment indicates that the increase in the

number of BrdU+ cells reflects an increase in the net production of new neurons.

S1P1 receptor is expressed in neural progenitor cells.

S1P1 is the most prominent, from slp receptor subtypes, in mediating the effects of
fingolimod in the immune system as well as in the CNS (Groves et al., 2013). For
this reason I sought to delineate its expression pattern in different cell types of NSC

lineage, by performing immunohistochemical experiments of S1P1 receptor with



several well-established markers of adult NSCs. S1P1 was not detectable in GFAP
positive cells in the DG which means that it is not expressed by quiescent slowly
divided neural stem cells but, there was a strong co-localization with the transcription
factor Mashl, that is known to be expressed by transit amplifying NPCs. Moreover,
S1P1 staining was also observed in few DcX positive neuroblasts. Most importantly,
almost all S1P1 positive cells were labeled for the DNA replication licensing factor
(MCM2) marker of proliferation (Figure 2a). These findings suggest that expression
of S1P1 in the SGZ is restricted to rapidly dividing neural progenitors. The above
results were confirmed in vitro in cultures of postnatal hippocampal neural stem cells
that were grown in the presence of EGF. Western blot analysis and
immunofluorescence staining for SIP1 receptor revealed that it is abundantly
expressed by these cells. More specifically, the expression was more pronounced in

the center of hippocampal neurospheres, while all the cells were positive for Mashl.
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Figure 3: (a) S1P1, DcX, Mashl and Mcm?2 staining in the DG of 3 months old C57/BL6 mice. (b)
Quantification of the percentage of S1P1+ cells stained for the indicated marker. (d) Western blot
analysis of SI1P1 expression in neurospheres derived from the respective area as indicated. (e)
Immunohistochemical detection of S1P1 in postnatal hippocampal neurospheres. (mean = SD; n = 3)

scale bar, 37.5uM.
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Fingolimod induced proliferation of NS/PCs in culture through activation of
MAPK pathway.

In order to test if the mitogenic effects of Fingolimod that we observed in vivo are cell
autonomous, meaning that the drug acts directly on NSCs, we used neurosphere
cultures deriving from the hippocampus of C57/bl6 mice of postnatal day 7 (P7)
because at this age NSC’s of the marginal zones acquire for the first time
characteristics of adult neural precursors while they yield the maximum number of
cells due to their high proliferation rate. Isolated cells were grown in the presence of
EGF/FGF to form neurospheres and after 1-3 passages they were plated in Poly-D-
Lysine/Laminin-coated dishes, deprived of EGF for 3h and exposed for 24 h to 1 uM
fingolimod-p, which is the active metabolite of fingolimod in vivo. At the end of the
treatment 10mM BrdU were applied to the cultures for 16 h in order to label all
actively proliferating cells. Quantification of the percentage of BrdU+ cells at the end
of the treatment revealed that fingolimod-p significantly increased the proliferative
activity of NP/CS (Figure 3a). Since induction of MAPK pathway - initiated from
activation of cell surface receptors - has been widely implicated in the actions of both
endogenous S1P as well as of fingolimod’s on various cell functions we would like to
test its involvement on the effects we observed. Pre-incubation of culture media with
pertussis toxin, an uncoupler of Gi from the enzyme adenylate cyclase, or a specific
inhibitor of MEKI1 (U0126) completely abolished the proliferative effects of
fingolimod-p in postnatal hippocampal NS/PCs (Figure 3b). Furthermore, fingolimod-
p was proved efficient to induce stimulation of ERK1/2 MAPK kinase in a pertussis
sensitive manner (Figure 3C). The data above indicate that activation of SIP1
receptor and subsequent stimulation of MAPK pathway is responsible for the

mitogenic effects of Fingolimod-p on postnatal neural stem cells.
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Figure 4: (a) BrdU staining of hippocampal neural stem cells after they have been treated for 24h as
indicated in the absence of growth factors. Scale bar: 100 uM and (b) Percentage of BrdU+/DAPI+
(mean = SD; n = 3; *P < 0.05 vs vehicle treated cells) (¢) Phosphorylation of ERK /2 after 10 min
exposure of NS/PCs culture in growth factor free medium in the presence or absence of 1pM
fingolimod—p after they have been pre-incubated or not with PTX. Western blot analysis was
performed and relative optical density (OD) of phosphorylated ERK 1/2 (pERK) to this of total ERK
1/2 (tERK) was estimated and normalized to control values (mean = SD; n = 3; *P < 0.05 vs vehicle-

treated cells).

Fingolimod affected the survival of NS/PC cells via an induction of BDNF
expression.

BDNF as we discussed above is a major factor that supports the growth of neurons
during development of the nervous system and regulates synaptic plasticity and
survival of newborn neurons during adulthood. Recent findings have shown that
treatment with fingolimod increases the expression of BDNF in neurons in vitro and

in vivo, promoting thus their survival (Deogracias et al., 2012). On the other hand
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NSCs are capable of secreting BDNF themselves.25,26 In accordance to the already
known actions in neuronal cells I showed using elisa quantification of BDNF in
postnatal hippocampal neural stem cells in culture increased production of this
neurotrophin after 24h of treatment with 1puM fingolimod-p. The use of MEK
inhibitor U0126 did not block this effect (Figure 4b). In addition to this, fingolimod-p
was able to decrease apoptosis rate of NS/PC after growth factor withdrawal for 72h
(Figure 4c), as it was revealed by TUNEL staining (Figure 4a). The prosurvival
effects of fingolimod were attenuated by the use of an anti-BDNF neutralizing
antibody showing that increased BDNF expression after fingolimod treatment is

sufficient to protect these cells from apoptosis after growth factor withdrawal.
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Figure S: (a) TUNEL staining of hippocampal neural stem cells after 72h treated as indicated in the
absence of growth factors. (b) BDNF protein levels quantified by ELISA in lysates of hippocampal
NSC cultures treated with 1 uM fingolimod—p or not in the presence or absence of U0126 or perts toxin
for 24h (mean + SD; n = 3; *P < 0.05 vs vehicle treated cells). (c) Percentage of TUNEL+/DAPI+
(mean + SD; n = 3; *P < 0.05, vs vehicle treated cells). Scale bar: 50uM



Fingolimod treatment improved contextual fear memory.

We next wanted to investigate if elevated neurogenesis by fingolimod treatment could
be correlated to a behavioral outcome such as an improvement of memory function. In
order to test this, we used a context discrimination paradigm, a cognitive task that has
been shown to reflect the functional role of adult hippocampal neurogenesis.
According to this, mice were placed in the training chamber and received a mild foot
shock. The next 2 days mice were returned either to the same context (context A) or
to a slightly modified one (context B) and they were evaluated for their freezing
behavior. Mice that have been treated with Fingolimod for 2 weeks displayed
significantly increased discrimination ratio (Figure 5c¢) (-0,05 + 0,03 Vs 0,17 = 0,05,
N=13, mean + SEM, p<0.05) and less freezing in context B (Figure 5a) (32,7% =+ 3,5
vs 22,6% =+ 3,7 % freezing, N=13, mean £ SEM, p<0.05) compared to context A
during the first day post training. Fingolimod treatment did not affect freezing neither

in context A or context B (Figure 5b) in non-shocked animals.

*
c 03
a % b 0,25
45 No - Shocked Group g
40 % 015
35 .g
w30 a £ 01
T 25 1 W Context A £
o 10 Context B g 005
w20 4
X oo 8 (=]
T £ 4 0
s
10 b
5 & : I - -0,05
% m !
. .

0,1
Vehicle Fingolimod Vehicle Fingolimod Vehicle Fingolimod

Figure 6 : (a) Percent of time freezing in context A ( black bars) and context B ( grey bars ) one day
after fear conditioning, for mice that were treated with either vehicle or Fingolimod for 14 days. (b)
Percentage of freezing in context A and B for mice that have not received shock during the training
day. (c) Discrimination ratio, which represent (freezing in context A — freezing in context B) to
(freezing in context A + freezing in context B) (mean + SEM; n = 13; *P < 0.05, t-test compared with

vehicle).

BNN27 reduces apoptosis after NGF deprivation in neurons in vitro and in
vivo.

The NGF mimetic properties of the DHEA analog, BNN27, were tested in NGF

dependent neuronal populations such as SCGs and DRGs of the peripheral nervous
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system for which NGF is necessary for their proper development during late
embryogenesis and early post-natal life (Crowley et al., 1994; Smeyne et al., 1994).
Sympathetic neurons were isolated from superior cervical ganglia of P1 rats and
cultured in the presence of 100ng/ml NGF for 7 days to form an extensive network.
The antimitotic agent FDU was also added to the medium in order to eliminate any
non-neuronal cell in the culture. After 1 week cells were washed and switched to
medium without NGF containing also a monoclonal anti-NGF neutralizing antibody
with or without the addition of 100nM BNN27. 48h later cells were fixed the rate of
apoptosis was quantified using TUNEL staining. BNN27 significantly reduced
apoptosis compared to anti-NGF condition from 63%+3.6 to 43+3.2. Moreover, the
anti-apoptotic effects of BNN27 were abolished with the addition of a selective TrkA
inhibitor ( 64%+3.17).

The percentage of apoptotic neurons was correlated also with the levels of
phosphorylated form of the proapoptotic protein JNK (Jun- amino- terminal kinase )
after 18h of NGF deprivation. JNK, a kinase of MAPK pathway is activated in NGF
dependent populations after in absence of the neurotrophin phosphorylating
downstream c- JUN, triggering in this way apoptosis by upregulating the expression

of pro- apoptotic genes (Estus et al., 1994, Palmada et al., 2002).
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Figure 7: Sympathetic neurons, from superior cervical ganglia (SCG) isolated from P1 rats were
cultured for 7 days in the presence of NGF (100 ng/ml), then they washed and cultured for 48h in either
in the same medium or in NGF-free medium in the presence of a NGF polyclonal neutralizing antibody
with or without 100 nM BNN27 and in the absence or the presence of TrkA inhibitor. Neurons were
stained with an antibody against NF200kD (Red) and with TUNEL (Green). Over 300 neurons were
counted in six to seven randomly selected optical fields and the percentage of TUNEL+ , apoptotic
neurons for each condition is presented as mean from three (3) separate experiments (¥*P<0.01 relative
to anti-NGF condition). C. In different cultures treated in the same way the activity of JNK was

assessed by western blot analyses, 18 h after NGF deprivation. Scale bar represents 100 uM

BNN27 was also capable to delay apoptosis in DRGs of NGF null mice embryos when
administered to pregnant mother from day E6.5 until E13.5. At this age, TrkA starts to
abundantly been expressed in a subpopulation of sensory neurons of the DRG, which
becomes dependent on NGF for their survival (Crowley et al., 1994) and as a result, it
is observed a dramatic loss of these neurons in NGF null mice through induction of
programmed cell death (White et al., 1996). BNN27 administered to pregnant mothers
heterozygous for the deletion of NGF resulted in less caspase-3 positive neurons in the
DRGs of ngf null embryos at E13,5 compared to homozygous mice for NGF deletion
that were not treated with BNN27 during gestation. However, at E17,5 most of TrkA

positive neurons have been lost despite the presence of BNN27.
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Figure 8: Mice heterozygous for NGF deletion were crossed and pregnant mothers were treated from
E6.5 until the indicated embryonic day with either saline or 100mg/kg BNN27 per day. (a) Caspace-3

(green) positive neurons in the area of DRGs from E13.5 embryos of the indicating genotype treated or
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not with BNN27. (b) Trka staining (green) on DRGs of E13.5 and (c) E17.5 embryos for the respective
genotype and treatment. (d) Number of caspase-3 positive neurons per section in E13.5 embryos treated

or not with BNN27 (Mean + SD; n= 7,* P< 0,05)

BNN27 does not induce neurogenesis in the adult dentate gyrus of C57/BL6
mice.

Both DHEA and NGF have been shown to promote the survival of newborn neurons
in the adult hippocampus (Karisma et al., 2002, Frielingsdorf et al., 2007). In order to
test the hypothesis that the synthetic neurosteroidal analogue BNN27 possesses any
pro-neurogenic properties we administered the thymidine analog BrdU in groups of
mice of different ages (from 3 to 18 months of age) for the last 5 days of a 2-week
treatment period with either the vehicle or BNN27. Steorological counts of Brdu+
cells in the SGZ of the DG have revealed that BNN27 was not capable to increase the

proliferation rate of adult neural stem cells in no one of the ages tested.
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Figure 8: Total Brdu+ cells in the DG of C57/BL6 mice of the indicative age that were treated
intraperitoneally for 14 days with either the vehicle ( 5% EtOH ) or BNN27 and were also injected with



100mg/kg BrdU for the last 5 days (a) or the first 5 days (b). At the end of the treatment period mice

were sacrificed and their brain processed for immunofluorescence for Brdu (Mean + SD;n=7; P>0.05).

In addition to this, neither DHEA nor BNN27 were proven capable to increase the
survival of adult NSCs of the SGZ, in 3 months C57/BL6 mice.

BNN27 attenuates neurogenic deficits in 5XFAD mice.

Altered neurogenesis is an early common manifestation of AD in both animal models
and human patients (Mu and Gage 2011) and was associated with the accumulation of
the neurotoxic AP amyloid. Pharmacological induction of hippocampal neurogenesis
in this case might help to compensate for neuronal lose in this area and alleviate
cognitive symptoms related to AD pathology. Despite the lack of efficacy of BNN27
to induce neurogenesis in the intact adult brain I wanted to further investigate if
BNN27 was capable to restore neurogenesis under a neurodegenerative condition. To
this aim I used a mouse model of amyloidosis observed in patients with AD, the
5XFAD mice, which carry 5 mutations linked with the familial form of the disease.
These mice develop amyloid pathology, as well as neurogenic deficits (Moon et al.,
2014), from 1,5 month of age accompanied by neuroiflammation and neuronal cell
death in the area of subiculum, cortex and hippocampus at later stages (Oakley et al.,
2006). BNN27 was administered in 1,5 months old SXFAD mice and WT littermates
in the form of subcutaneous implanted pellet that release 3 mg of the substance per
day for 60 days. Control mice were also implanted a placebo pellet. Stereological
quantification of DcX+ cells in the DG revealed significantly reduced number of
newborn neurons in the SGZ of the DG in 5XFAD compared to WT mice of the same
age. However, BNN27 almost reversed this reduction to the levels of WT mice albeit

it did not have any effect in neurogenesis in intact mice as it was expected.
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Figure 9: SXFAD mice and WT littermates were implanted a BNN27 pellet releasing 10mg/kg/day or
a placebo pellet at 1,5 months of age (before the manifestation of amyloid pathology) and were
sacrificed 2 months later. DcX positive cells in the DG were stereologically counted in 10 section
through the rostrocaudal axis of hippocampus and multiplied by the total number of sections per
hippocampus to estimate the total number of cells. (Mean + SD; n=5;*P<0.05, **P<0.05 Vs 5XFAD

vehicle treated)

BNN27 rescues cholinergic atrophy in basal forebrain of 5XFAD mice.

Another hallmark of AD is the neurodegeneration of basal forebrain cholinergic
system that projects to the hippocampus and cortex and has been linked to
deterioration of cognitive functions that appear in subjects affected by the disease
(Hefti et al., 1986, Auld et al., 2002). The cholinergic neurons in the area of Medial
septum (MS) and Vendral Diagonal Band of Broca (VDB) express both of the

cognate receptors of NGF (TrkA and p75" ™%

) and their activation is responsible for
the maintenance of the cholinergic phenotype of these neurons by regulating
expression of ChAT (choline acetylransferase), the necessary enzyme for
Acetylocholine biosynethesis, as well as for their proper functionality. Furthermore,
blocking NGF signaling results to cholinergic neuron atrophy AD phenotype
including development of amyloid pathology (Capsoni et al., 2011, chen et al., 1997)
while administration of NGF to rodents and humans promotes regeneration of

axotomized cholinergic neurons in this area and alleviates cognitive symptoms

(Kordower et al., 1994, Tuszynski et al., 1990).

Taking into consideration the agonistic effects of BNN27 on NGF receptors I sought

to examine if our synthetic analogue BNN27 possesses any possible neurotrophin-like



properties on this system. In addition to this, the neurogenic effects of NGF in adult
hippocampus have been attributed to an increase in cholinergic activity (Frielingsdorf
et al., 2007). Initially analyzing the phenotype SXFAD mice I found that there is a
significant reduction in the soma size of neurons in the area of MS stained against
ChaT, compared to WT of the same age and BNN27 reversed this atrophy. However,

more animals are needed in order to draw a safe conclusion.
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Figure 10: The mean area of somata of neurons in the area of medial septum stained against Chat (b)
was estimated using image j in 4 sections been 200uM apart and the mean was calculated for its

condition (a) (Mean + SD; n=5,%P<0.05)

BNN27 reduces amyloid burden in 5XFAD mice.

Finally, aiming to further explore the potential therapeutic role of BNN27 in AD I
sought to determine if treatment with BNN27 affects amyloid pathology in the
5XFAD mice. The aff amyloid burden in the hippocampus was quantified by counting
the number of plaques in the area after immunostaining with an antibody against af-
amyloid. By 3,5 months of age at the end of the experiment SXFAD mice had
widespread plaques covering the area of the DG. Transgenic mice that were treated

with BNN27, however, showed significant less number of plaques.
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Figure 10: 5XFAD mice and WT littermates were implanted a BNN27 pellet releasing 10mg/kg/day

or a placebo pellet at 1,5 months of age (before the manifestation of amyloid pathology) and were
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sacrificed 2 months later. The number of plaques stained with a monoclonal antibody against AB;7.24
(a) were counted in 5 random sections throughout the rostrocaudal axis of the hippocampus of SXFAD

mice and the mean was estimated (b) (Mean = SD; n=6,*P<0.05).

Characterization of microconically structured Si surfaces

Culture substrates were manufactured by ultra-short pulsed laser structuring of
crystalline silicon (Si) wafers. This technique offers the advantage of patterning Si
surfaces with periodic arrays of topographical features of microscale size (spikes),
while offering high accuracy and reproducibility (Stratakis et al., 2012). Upon
increasing the laser energy (fluence), three types of microconical morphologies
exhibiting different geometrical characteristics (denoted as low, medium and high
roughness substrates, respectively) were formed (Figure 1A).

Top SEM views revealed an arbitrary shaped cross-section of the microcones (MCs)
at low fluences that became almost elliptical as the laser fluence increased (Fig. 1B).
In order to determine the directionality of the attained microstructures, the orientation
angle of each MC with respect to the vertical (y) axis of the image plane was
statistically determined from SEM micrographs (Figure 1C-D). According to this
analysis, low roughness Si substrates displayed a broad range of orientation angles
(23, 26, 24 and 27% of the microcones had angles in the range of 0-10°, 10-30°, 30-
60° and 60-90°, respectively). On the contrary, the majority of conical features in the
medium and high roughness substrates (68% and 79 % respectively) were mostly
showing a parallel alignment (oriented at an angle of 0-10°) (Figure 1D). Therefore,
although at the lower fluence the microstructures did not seem to follow a preferred
orientation, the increase of laser energy resulted in a directional orientation of MCs,
described as semiperiodical discontinuous topography with anisotropic features (the

major axis of the MCs’ elliptical cross-section are parallel aligned).
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Figure 1: Quantitative evaluation of MCs directionality. (A) Scanning electron microscopy images
(Tilted view) of micropatterned Si substrates of different roughness: low (a), medium (b) and high (c).
(B) Scanning electron microscopy images (Top view) of micropatterned Si substrates of different
roughness: low (a), medium (b) and high (c). (C) The same images after thresholding and binarizing.
(D) MC directionality expressed in terms of the orientation angles’ (frequency) distribution. The
orientation angle of the MCs was measured as the angle between the major axis of the elliptical cross-
section and the y-axis of the image plane. The number of features exhibiting an orientation angle value
within a specific range is expressed as percentage of microcones. At least 60 spikes for each roughness

type have been used for the analysis.

Based on this topographical model (i.e. ellipitical microcone), the specific geometrical
characteristics of each structure have been accordingly calculated from SEM image
analysis. Thus, increasing laser fluence, MCs' intercone distance correlated positively
with height (R*=0.947) and negatively with distance (R*= 0.9839). MCs height and
intercone distance varied from 1.26 and 2.59 pm in the low roughness structures to
8.63 and 6.50 um in the high roughness structures, respectively, while MCs' density
ranged from 10° to 10"/cm” [Table 1].

Table 1: Geometrical characteristics of the different substrates. *

Type of | Density, Height, Base Base Interspike
Roughness D+STDEV a £ STDEV | major axis, | minor axis, | Distance,
(*10%cm?) (um) b+ STDEV | b+ ¢t STDEV
(pm) STDEV (pm)
(nm)
Low 9.75+1.54 1.26+0.28 1.96+0.35 1.11£0.20 2.59+0.72
Medium 5.01+0.19 3.76+£0.42 3.57+0.43 1.98+0.34 4.71+0.37
High 2.50+0.26 8.63+1.17 7.25+0.72 3.78+0.77 6.50+0.84

* Geometrical characteristics of the different substrates used for this study, calculated out of scanning
electron microscopy (SEM) images with the aid of image processing software (ImageJ). The mean
values were calculated from at least ten individual measurements. The data were subjected to ANOVA
followed by Tukey test for multiple comparisons between pairs of means. The difference in height
between surfaces of low, medium and high roughness surfaces was highly significant (p< 0.001). The
difference in base major axis and interspike distance between surfaces of low and high roughness

surfaces was highly significant (p< 0.001).
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Although MC roughness increase was correlated with surface hydrophobicity (Zorba
et al., 2006), thermal treatment and/or subsequent protein coating rendered
micropatterned surfaces superhydrophilic, while preserving the initial roughness
(Simitzi et al., 2014). Therefore, surface topography was the sole variable parameter

in the biological system studied here.
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Figure 2: (A) Confocal microscopy images of S100b positive Schwann cells grown on different silicon
substrates for 5 days of culture: Flat (a), low (b), medium (c) and high (d) roughness Si substrates.
Scale bar: 150 um. (B) Numbers of Schwann cells grown on flat Si and laser micropatterned Si
substrates of different roughness for 5 days of culture. The results are expressed as cells/mm’® (+
standard error of the mean, SE) and represent the means of 3 different experiments (n=30 fields of view
for each roughness type). (C) Composite of fluorescence images showing both the entire Schwann cell
body (Green) and its nucleus (Blue) on a micropatterned Si substrate of low (a) and high (b) roughness
substrate. Thresholded and binarized images showing (c,d) was used for quantification of the
orientation angle. (D) This was defined as the angle between the major axis of the ellipse of the nucleus
and the vertical axis of the image plane. The number of cells exhibiting an orientation angle value
within a specific range is expressed as percentage of cells + standard error of the mean. The results
represent the means of three different experiments. The significance level (p) was calculated using the
student's t-test between flat and medium or high roughness Si substrates at the orientation angle range

of 0-30 degrees (*: p<0.05).



Effect of surface roughness on Schwann cell growth and morphology

Previous studies have shown that microstructrured Si substrates could support growth
and differentiation of PC12 cells, which represent a neuronal cell model terminally
differentiating into neuron-like cells upon stimulation with nerve growth factor
(Simitzi et a., 2014). In order to move into a more physiologically relevant system we
used another type of a neural crest derived cells, the Schwann cells, which consist the

glial cells of the PNS.

Primary Schwann cells isolated from embryonic sciatic nerves were seeded onto
micropatterned Si substrates and upon culture termination cell growth was assessed
both qualitatively (immunostaining with S100b antibody) and quantitatively
(computer-based image analysis of DAPI nuclear staining). As shown in Figure 2 all
three micro-patterned Si substrates could equally well support the growth of Schwann
cells. A striking, however, observation was that the growth pattern of Schwann cells
was markedly affected by the substrate microtopography. Although arbitrary cell
growth takes place in the micropatterned surfaces at low fluences, cells tend to follow
a preferential orientation during growth at substrates of medium and high roughness.

In order to quantify this phenomenon, the orientation of the cell nuclei was
determined by measuring the angle between the major axis of the nuclear ellipse and
the y-axis of the image plane (Figure 2C). According to this analysis, Schwann cells
displayed a broad range of orientation angles on low roughness Si substrates (34.8,
34.8 and 32.4% of the cells were outgrown at angles of 0-30°, 30-60° and 60-90°,
respectively), a response similar to flat Si (34.4, 41.4 and 24.2% of the cells were
outgrown at angles of 0-30°, 30-60° and 60-90°, respectively). On the contrary, the
majority of the Schwann cells on the medium and high roughness substrates were
mostly aligned in parallel (77.2% and 78.8 % of the cells had an orientation angle of
0-30° values, respectively) (Figure 2D). It was therefore clear that a directional cell
outgrowth was dictated by the substrates of mid and high roughness. Interestingly,
cell nucleus and cytoskeleton (Fig. 2C) were mostly aligned with the MCs’
orientation, indicating that cells could sense the discontinuous directional

topographical features at subcellular lengthscales.
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Effect of surface roughness on axonal growth and network formation of
sympathetic dissociated neurons

The effect of microconical topography on neurite outgrowth and network formation
was evaluated using rat sympathetic neurons isolated from the superior cervical
ganglia (SCG), which is the neuronal population arising from neural crest cells during
development. In order to quantitatively evaluate cell outgrowth on the different
substrates, scaffolds were stained with DAPI and the number of nuclei/mm? surface
area was evaluated using image analysis (Figure 3B). While very few neurons were
grown on the collagen-coated flat Si substrates, micropatterned Si substrates were
able to support neuronal outgrowth.

More importantly, albeit sufficient neuronal outgrowth could be observed in all of the
three micropatterned substrates (Fig. 3A) the axons on the low roughness substrates
(Fig. 3Aa) were shown to grow randomly, whereas neurons on medium (Fig. 3Ab)
and high (Fig. 3Ac) roughness substrates exhibited a directional growth giving rise to
a network of parallel aligned axons. It should be noted that, although a limited number
of neurons could grow onto micropatterned substrated that were not covered by a
protein coating, the same effect of topography-guided axonal orientation was
observed in this case as well (data not shown).

To further describe this oriented axonal outgrowth, the axon orientation angle, defined
as the angle between the axonal vector and the y- axis of the image plane, has been
measured (Figure 3C). Although the growth was very sparse, the neurons on the flat
Si substrates were almost isotropically distributed (30.2, 35.2 and 34.6% of the
neurons had an orientation angle of 0-30°, 30- 60° and 60- 90° values, respectively).
Neurons on the low roughness substrates showed a slight orientation preference at 0-
30°angles (41.7, 35.1 and 23.2% of the neurons had an orientation angle of 0-30°, 30-
60° and 60- 90° values, respectively). While neurons on medium roughness showed an
increased preference to parallel alignment (58.5, 28.0 and 13.5 % of neurons had an
orientation angle of 0-30°,30- 60° and 60- 90° values, respectively). Finally, the best
conditions for directional growth were observed in the case of high roughness
substrates (78.9, 15.3 and 5.8 % of neurons had an orientation angle of 0-30°, 30- 60°
and 60- 90° values, respectively). The results presented above indicate that neuronal
outgrowth orientation was highly influenced by substrate morphology. It can be

postulated that the development of the axon network is driven by the MCs preferential



orientation, which accordingly becomes more pronounced as the roughness increases.
Conclusively, it appears that neurons as well as schwann cells can sense
discontinuous directional topographical cues with sizes ranging at the subcellular

lengthscale.
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Figure 3: Effect of surface topography on neuronal growth. (A) Confocal microscopy images of
neurofilament positive sympathetic neurons grown on low (a), medium (b) and high (c) roughness
micropatterned Si substrates for 6 days. Scale bar: 150 um. (B) Numbers of sympathetic neurons grown
on collagen-coated flat and laser micropatterned Si substrates of different roughness for 6 days of
culture (DOCs). The results are expressed as cells/mm? (+ standard error of the mean, SE) and
represent the means of three different experiments. The significance levels (p) were calculated using
ANOVA followed by Tukey test for multiple comparisons between pairs of means (n =30 fields of
view for each roughness type and time of culture). The difference between surfaces each rough surface
and the flat surface was highly significant (p <0.001). (C) Quantitative evaluation of axonal outgrowth
orientation. Axonal orientation is expressed in terms of the orientation angles’ distribution. The
orientation angle of each axon was measured as the angle between the axonal vector and the vertical
axis of the image plane. The number of cells exhibiting an angle value within a specific range is
expressed as percentage of cells + standard error of the mean. The results represent the means of three
different experiments. The significance level (p) was calculated using the student's t-test between low

and high roughness Si substrates at the orientation angle range of 0-30 degrees (*: p<0.05).
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Spatial relationship and type of interaction among neurons and the
substrate.

SEM revealed that neurons were grown on top of the microcones. More specifically,
they seem to grow in contact with the elliptical walls of the upper parts of the cones in
high roughness substrates while they appear to contact only with the top of the tips. in
low roughness. In accordance the majority of axons take the form of a “tensed rope”
that crosses between the cones with only some neuritic extensions exploring the space
between the spikes in the high roughness in contrast with low rougness substrates on
which the axons grow randomly, some times even over the cones, forming a more
messy network. Moreover of note is that while Schwann cells adopt their shape to the
imposed topography acquiring a more splindle like morphology SCG neurons keep its

round form.

Figure 4 : Tilted views of scanning electron microscopy images of SCGs (A) on low (a) and high
roughness (b) micropatterned substrates. Top views of scanning electron microscopy images of
Schwann cells (B) on low (¢) and medium (d) roughness micropatterned substrates. Scale bar: 10 pm.



Coculture of SCGs and Schwann cells on microconically structured Si
surfaces.

It is well documented that during development or in response to injury, Schwann cell
supports axonal outgrowth (Mahanthappa et al., 1996; Pearse et al., 2004). In order to
examine if Schwann cells were capable to guide the neurite outgrowth of SCGs the
latter were cultured on substrates pre-seeded with Schwann cells. As shown in Figure
5, Schwann cells exhibit a directional growth onto the anisotropic medium roughness
substrates, while at the same time SCG neurons cultured on top of them followed their

preferential orientation.

Figure 5: Effect of surface roughness on neuronal outgrowth. Confocal microscopy images of S100b
positive Schwann cells (green) and Neurofilament positive sympathetic neurons (red) grown on

medium roughness micropatterned Si substrates. Scale bar :150pm.

Effect of surface roughness on Schwann cell migration and neurite
outgrowth in DRG explants.

In a similar vein, we studied the interaction among Schwann cells with neurons,
grown in our substrates using in a naturally occurring coculture system, which is the
whole DRG explant. In this case, flat Si surfaces could not support whole ganglion
explant outgrowth with or without pre-coating, while laser micropatterned surfaces
allowed DRG growth, even in the absence of protein coating.

On the low roughness substrates, however, the cells and the axons migrated away
from the DRG explants in an isotropic manner (Figure 6a), while on medium and high
roughness substrates, the Schwann cell migration and axon growth followed a
directional orientation (Figure 6b). Moreover, Scanning electron and confocal

microscopy analysis revealed that most of the axons were grown on top of underlying
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Schwann cells that were oriented parallel to the anisotropic MCs (Figure 6c¢). It is
therefore postulated that the elliptical MCs of medium and high roughness substrates

dictate a virtual path to Schwann cells, which in turn guide axonal outgrowth.

Figure 6: Confocal microscopy images of whole DRG explants on low (a) and high (b) roughness
micropatterned Si substrates and (c) XZ optical section depicting the spatial relationship of the two cell
types in Y axis. S100 positive Schwann cells and Neurofilament positive sympathetic neurons are

labeled with green and red, respectively. Scale bar: 300 um and 5 pm.

Schwann cells are known to modify their environment by synthesizing and secreting
extracellular matrix (ECM) components, such as vitronectin, laminin and fibronectin
(Bunge et al., 1978). Indeed, staining with a fibronectin-specific antibody showed that
in a DRG explant grown on a micropatterned Si substrate of high roughness (Fig. 7A),
axons developed within an interconnected network of Fn fibrils following, most of the

times, their directional orientation (Figure 7B).

(B)

Figure 7: Fibronectin organization and axonal outgrowth on medium roughness micropatterned Si



substrates: (A) Representative montage of confocal microscopy images of Neurofilament (NF) positive
sympathetic neurons (red), fibronectin (green) and nuclei (blue) on medium roughness micropatterned
Si substrates. Scale bar: 150pum. (B) Higher magnification confocal microscopy images of Fibronectin

(Fn) (a) and Neurofilament positive sympathetic neurons (b). Co-staining of Fn, NF and TOPRO (c).
Effects of surface roughness on cortical NSCs

Neural stem cells have been also shown to respond to topographical cues of their
microenviroment which have an impact in their morphology (Lim et al., 2010;
McNamara et al., 2010) or its differentiation capacity. In order to test the influence of
our substrates on an undifferentiated multipotent cell population we used neural stem
cells of the embryonic cortex. Whole neurospheres were seeded to substrates of
different roughness that were coated or not with adhesive proteins PDL/Laminin.
After 1 week of culture in the presence of EGF and FGF neurospheres were alive but
did not grow in substrates without coating (Figure 8A). However, in coated substrates
neural stem cells started to migrate from the sphere capturing all the surrounding area
independent of surface roughness though in high roughness (Figure 8B) they
exhibited an oriented pattern of migration showing that embryonic cortical NSC cells

sense the microscale topography of the microcones.

nestin

Figure 8: E13,5 cortical neural stem cells seeded on high rougness silicon substrates without (A) or

with (B) the presence of PDL/Laminin coating and stained against markers of NSCs.
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DISCUSSION

Despite the advances that have been made in the understanding of the molecular
mechanisms underlying neurodegenerative diseases, the results of the attempts for the
development of adequate therapeutics are so far discouraging. One of the reasons for
this might be that current drugs, claiming to prevent cell death, are insufficient to
compensate for the extensive neuronal loss observed in most of neurodegenerative
conditions or they have been applied in a an irreversible stage of the disease.
Neurogenesis, which is the ability of the adult brain to continuously generate new
neurons during adulthood, in this case, could hold promise as a new therapeutic
strategy for the treatment of neurological disorders. The new neurons arise from
undifferentiated neural stem cells with the ability to proliferate that lie in specific
regions of the murine as well as of human brain and have been found to respond to
changes in cellular microenviroment under pathological conditions. Moreover, the
proliferation and survival rate of neural stem cells that determines the number of new
neurons that are produced is regulated by a plethora of intrinsic and extrinsic stimuli
thus it is amenable to pharmacological manipulation.

However, molecules such as growth factors that have been proposed to promote
neuroprotection and neuroregeneration in animal models usually yield adverse effects
(Svensson et al., 2008, Takahashi et al., 1990) or they cannot be easily administered
to patients so as to test their efficacy. For this reason, modern pharmacology is
seeking for clinically relevant solutions such as small molecules that can easily
penetrate the BBB and act on specific types of cells in the CNS.

Fingolimod is the first oral disease-modifying agent approved for multiple sclerosis,
due to its ability to block the egress of autoreactive T cells from lymphoid nodes.
Since this is a drug already in the market its safety profile is known and it is quite well
tolerated in doses that are proposed (Brinkmann et al., 20100. Its mechanism of action
lies on the sustained activation and internalization of SIP1 receptor on these cells.
However, more recent evidence support the idea that fingolimod retains its
functionality inside the CNS, where SI1P1 receptor is expressed by many cell types,
and more specifically that confers neuroprotection by increasing the secretion of
BDNF which is a key regulator of brain plasticity during adulthood (deogracias et al.,
2012). In a similar vein, I found that SI1P1 is also expressed by adult NSCs of the

dentate gyrus and fingolimod is able to increase both the proliferation and survival of



these cells. In accordance to this, another recent study has shown that isolated
quiescent NSCs of the SVZ are rich in mRNA for receptors of SIP implicating a role
for this sphingolipid in regulation of stem cell quiescence. Conclusively these findings
lead us to speculate that fingolimod might force quiescent neural stem cells to enter
the cell cycle and proliferate in response to sustained activation and internalization of
S1P1. Indeed fingolimod-p the active metabolite of fingolimod in vivo was found
efficient to induce stimulation of ERK, which is widely implicated in this process
(Pages et al., 1999; Brunet et al., 1999). This action was sensitive to Pertussis toxin,
which means that was mediated through activation of a GPCR receptor, coupled to a
Gi protein, which probably is the SIP1. In contrast, PTX as well as the ERKI1
inhibitor MEK1 did not abolish the effects of fingolimod on survival of NSCs which
were blocked however by the use of an anti-BDNF neutralizing antibody. Since NSCs
are known to secrete BDNF themselves (Barnabe-Heider et al., 2003), the latter may
act as autocrine survival factor for these cells. This mechanism might involve
intracellur targets and not the surface receptor since endogenous S1P as well as its
analogue fingolimod-p binds to histone deacetylase HDAC1 and HDAC2, inhibiting
their enzymatic activity and thus enhances histone acetylation. (Hait et al., 2011 &
14). This in turn results in induction of gene expression of various transcription and
growth factors including BDNF.

Moreover, the cellular effects in the production of new neurons after treatment with
fingolimod, were correlated to increased performance in a cognitive task which
reflects the function of adult hippocampal neurogenesis. This was the context
discrimination after fear conditioning that has been used to reveal the important role
of DG in pattern separation, which is the ability to discriminate between similar
subjects. Deficits in this function have been linked to generalization of emotions
associated with a conditional stimulus, like the testing chamber in our case, after a
stressful event, which was a mild footshock. This condition might also be the case in
PTSD and increasing neurogenesis by pharmacological or environmental ways has
been proposed as a therapeutic strategy for this disorder. According to this,
fingolimod might be proved beneficial to people suffering from it. Interestingly this
has also been proposed from another research group that which showed that
fingolimod facilitates deletion of established fearful memories; an effect that has been
associated to an epigenetic induction of brain plasticity mechanisms (Hait et al.,

2014). In addition to the previous, another recent study has also suggested
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neurogenesis related behavioural effects of fingolimod and specifically that confers
antidepressant-like activity in stressed animals by inhibiting deacetylase activity
(Nuzzo et al., 2015). Although the authors, in contrast to our results, did not detect
any increase in neurogenesis in non-stressed animals, this might occur because of
differences in the experimental design and particularly due to the fact that they
examined neurogenesis 12 days after the end of fingolimod treatment.

In MS neurogenesis is upregulated at the first stages of the diseases albeit newborn
neurons fail to survive for longer periods, as it has been observed for other
neurodegenerative conditions. (Giannakopoulou et al., 2013; Chang et al., 2008;
Gomez-nikola et al., 2014). In addition to this, MS is accompanied by cognitive
deterioration due to neuronal loss and atrophy in various brain regions including the
hippocampus. The manifestations of these deficits include memory loss and
depression (Czerniawski et al., 2014; Siegert et al., 2005). In this context, fingolimod,
due to its pro-neurogenic effects might be proved more useful in controlling these
negative symptoms, compared to other therapies in MS. In addition to this, the above
results suggest that fingolimod consists a drug candidate for alleviation of cognitive
symptoms in other than MS neurodegenerative diseases.

In the other part of my work I occupied with investigation of potential neuroprotective
and neurogenic properties of new steroidal molecules, called microneurotrophins.
These novel and patented from our lab molecules, were synthesized based on C17-
modifications on Dihydroepiandrosterone (DHEA) structure, an endogenous
neurosteroid with well known neuroprotective properties (Charalampopoulos et al,
2004 and 2008). The DHEA analogues that were selected from a bigger library of
molecules, retain the anti-apoptotic actions of DHEA but are devoid of the estrogenic
and androgenic activity of DHEA, which compromise its clinical use due to the
increased risk for the development of hormone-related carcinomas. Our team has
previously published that DHEA mimics some of the actions of NGF after binding
and activation of its cognate receptors, namely TrkA and p75NTR (Lazaridis et al.,
2011).

In this study I investigated further the molecular mechanisms underlying the
neuroprotective actions and the pro-neurogenic potential of one of these
microneurotrophins, called BNN27, which has been found to be the most efficient in
reducing apoptosis of PC12 cells after serum deprivation (Calogeropoulou 2009).

Similarly to the parent molecule DHEA, BNN27 shows high binding affinity to both



TrkA and p75"™ (with a Ki of 1.86+0.4 nM and 3.9+£1.2 nM respectively, n=6) and

efficacy to activate TrkA and p75™'%

MAPK and RhoGDI kinases, respectively (Pediaditakis et al., 2015). Moreover, I

initiated signaling pathways such as this of

showed using primary sympathetic neuron isolated from rat SCGs, that BNN27 was
capable to protect NGF dependent populations in vitro, from NGF deprivation
induced cell death, through activation of TrkA receptor. The antiapoptotic effects of
BNN27 were also tested in vivo, in NGF null embryos, which exhibit massive cell
death in the DRGs during embryonic days E13,5 to E17,5 when TrkA is expressed in
these populations. BNN27 reduced apoptosis rate in the DRGs, as it was revealed
after quantification TUNEL+ cells at day E13,5, but was incapable to support survival
and finally rescue TrkA positive neurons when E17,5 embryos were examined.
Indeed, NGF is physiologically secreted in axon terminals and is retrogradely
transported to soma where it produces sustained activation of MAPK pathway and
this is necessary for long-term survival of NGF responsive populations during
development (Harrington et al., 2011). Moreover, sustained phosphorylation of
ERK1/2 is responsible for differentiation of PC12 cells in response to NGF. BNN27
did only transiently stimulated erk1/2 phosphorylation in PC12 cells and thus was also
unable to promote their differentitation (Data not shown). The specific “handicap” of
BNN27 compared to NGF may arise from the way of interaction between the two

molecules with TrkA or with the complex of TrkA with p75"™

and the stability of
their association.

Since both NGF and DHEA has been reported to facilitate neurogenesis in the rodent
hippocampus (Frielingsdorf et al., 2007; Karishma et al., 2002 ), I wondered if
BNN27 is also effective to induce either proliferation or survival of NSCs in this area.
However, BNN27 chronic administration did not increase proliferation neither
survival of NSCs in vivo, in the area of DG of ¢57/BL6 mice nor did it reversed the
decline of neurogenesis in older mice. The reason for which BNN27 failed to increase
neurogenesis in these mice is unknown but we could speculate that they are
implicated differences in the experimental protocols that were followed or differences
in the mechanism of action of these molecules. In the unique report of exogenous
administration of NGF to WT mice (Frielingsdorf et al., 2007) the increase in
neurogenesis was correlated to enhanced Ach secretion from the basal forebrain
neurons that project to hippocampus (Mohapel et al., 2005). Since NGF has a pivotal

role in regulation of the basal forebrain cholinergic system function it would be very
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interesting to test the NGF mimetic actions of BNN27 on this system although
preliminary results show that BNN27 administration does not affect the soma size or
ChaT expression in cholinergic neurons of this area. Therefore this might be a reason
for the inability of BNN27 to increase the production of new neurons compared to
NGF. On the other hand, studies investigating DHEA’s capacity to induce
neurogenesis in adult hippocampus has produced quite conflicting results. Prolonged
administration of DHEA in the form of a subcutaneous pellet (100mg) and over the
survival period increased the number of newborn neurons and antagonized the
corticosterone induced suppression in neurogenesis (Karrisma et al., 2002). However
in a follow up study the same group failed to detect any neurogenic effect of DHEA
using a slightly smaller size of pellet although they found that it could act
synergistically with antidepressant fluoxetine in increasing the proliferation of NSCs
(Pinnock et al., 2009). In addition, a more recent study showed that a 2 week
administration of a relevant dose to that we used (60mg/kg) reversed the neurogenic
deficits of olfactory balbectomized mice bud it did not have any effect in
neurogenesis in intact mice (Moriguchi et al., 2014). Similarly, in another study
chronic DHEA treatment prevented the impairment of long term survival of newborn
caused by Infusion of the toxic fragment of aB-amyloid (ABs_35) while it hardly
increases neurogenesis in non-infused mice (Liang et al., 2010). Actually, another
neurosteroid, allopregnenolone, administered to 3xTgAD mice, a model of AD
characterized by overexpression of APP, reversed the reduction in the proliferation of
NSCs in the DG but it was unable to further increase neurogenesis in no-TG animals
(Chang et al., 2010).

There is an increasing amount of evidence supporting that elevation of neurogenesis
in the hippocampus could be effective way to ameliorate cognitive impairment in AD
and other neurodegenerative diseases. Thus, in order to test the possible therapeutic
effects of microneurotrophin BNN27 in an animal disease model we chose the
5XFAD mice that bear five mutation linked with the familial form of alzheimer’s
disease and shows amyloid pathology and neuroinflammation in areas of cortex and
the hippocampus from 1,5 months of age. Although it is generally accepted that
neurogenesis is altered in AD, there have been a lot of discrepancies in the literature
coming from studies either in animal models or post mortem human samples
regarding whether neurogenesis is upregulated or downregulated. These controversies

arise from the progression of the disease in each case, the time of observation and



most importantly the mutated genes in each transgenic line (Mu et al., 2011). A more
meticulous investigation of the dynamics of neurogenesis during the time course of
the disease revealed that there is an increase in production of newborn neurons early
on, before any apparent manifestation of the disease and that it eventually declines in
later stages, (Gomez-Nicola et al., 2014). The 5SXFAD mice consist a very aggressive
AD model because of the rapid accumulation of aB-amyloid from a very young age
and display reduced rate of neurogenesis at least at 6 months of age compared to WT
littermates, as it was shown in a recent study (Moon et al., 2014). I implanted a
BNN27 or placebo pellet at 1,5 month old 5XFAD mice and non-TG littermates and
quantified the number of new neurons in DG stained against the microtubule protein
DcX, when mice had reached 3 months of age. I firstly confirmed the reduction in
neurogenesis between the two genotypes and I observed a significant reversal of this
deficit in mice received the BNN27 pellet compared to placebo. The aforementioned
observation was also correlated with a reduction in the number of af} - amyloid
deposits in the same group of mice. Both DHEA and NGF can increase the production
and secretion of APP, thus switching the balance in favor of non-amyloidogenic route
that produces soluble form of af-amyloid (Danenberg et al., 1996, Rossner et al.,
1998). The latter can affect, when present in its aggregate form, NPCs’ fate and
survival through regulation of ca®” homeostasis (Haughey et al., 2002). According to
this idea BNN27 could exert beneficial effects in neurogenesis by reducing the levels
of ap-amyloid. However the mechanism by which this effect could be mediated and
whether is similar with that of NGF needs further elucidation.

NTR

AP amyloid also binds to p75 thus inducing cell death of mature hippocampal

neurons (Sotthibundhu et al., 2008). However cumulative evidence suggest that the
function of p75™ N is totally different in NSCs. Activation of p75™ '~ has been shown
to increase proliferation of NSCs (Young et al., 2007, Catts et al., 2008) and Binding
of AB amyloid to p75™'® was proposed to be the reason for the increased production
of new neurons during the first stages of amyloidosis in animal models overproducing
AP amyloid such as the APP/PS1 transgenic mice while in later stages which however

may result to depletion of NSCs in later stages (Sotthibundhu et al., 2009). Having

this in mind it is unlikely BNN27 to reverse neurogenesis in SXFAD mice through

NTR NTR

activation of p75" = considering also the fact that small molecules agonist of p75

were found efficient to increase neurogenesis in WT mice (Shi et al., 2013).

83



Other receptors, such as 61 have been implicated in the actions of DHEA in the CNS
and thus it could be a possible target o BNN27. More specifically, the 61 receptor
antagonist NE100 completely prevented the protective effects of DHEA against the
AB25-35-impaired long term survival of newborn neurons while the NMDAr channel
blocker MK801 failed to affect the DHEA-action (Liang et al., 2010). Finally, as I
mentioned before, GABA is an important regulator of adult neurogenesis (Claudio
Giachino et al., 2013, Palloto et al., 2014) and DHEA has been shown to bind and
modulate GABA, signaling (Majewska et al., 1990). The potential involvement of
GABA receptors as mediator of BNN27 actions remains to be elucidated both in
neurogenic as well as a neuroprotective molecule.

Conclusively, the scope of this study was the investigation of the possible neurogenic
effects of two small lipophilic molecules, the one of which is already in clinical
use,that can easily be administered as a therapeutic agent in a wide spectrum of
neuropsychiatric diseases. As finglolimod is concerned, my results are consistent with
convergent data indicating its neuro-restorative and regenerative capacity and support
the idea that it may be beneficial for the control of negative symptoms in cognition
that accompany neurodegenerative conditions, at least in young adults, also through
regulation of adult neurogenesis. The ability of this substance to induce neurogenesis
under pathological conditions such as stroke or AD it would be of great importance
for its emergence as a novel theraupeutic approach for these disorders.

On the other hand BNN27 consists a novel molecule whose full repertoire of
properties is now beginning to be unraveled. Although it seems to have agonistic
effects on Trka and p75, as far as activation of specific downstream pathways are
concerned, the exact degree of similarity with NGF is unclear. For instance BNN27
cannot support the long-term survival of NGF dependent populations indicating that it
cannot substitute NGF in its basic physiological functions. Albeit BNN27 has been
shown effective to prevent the reduction of neurogenesis in an animal model of AD
and decrease amyloid burden when administered prophylactically, before the
development of the disease. The exact mechanism underlying this effect as well as
whether this effect could be related to a functional outcome such as prevention of

cognitive deterioration in this mice remains to be elucidated.



The scope of the last part of this study was to examine the effects of a non-explored
substrate topography on the behavior of nervous system cell populations. This is
characterized by a discontinuous type of geometry, presenting however ever a feature
of anisotropy which is the elliptical cross section of the microcones. The exploration
of cell responses in specific topographical patterns could contribute to the
development of 3D artificial niches that will support the growth of transplanted cell
for tissue regeneration. Moreover the control of neuronal network morphology will
enable the development of devices serving as neuronal interfaces.

Our microconical structured silicon surfaces have been proved efficient in supporting
the oriented growth of a various cell types of the PNS as well as neural progenitors of
the CNS, which is very important for the axon guidance during the regenerative
process. In almost all of the cases though, the surface had to be functionalized first,
with the use of adhesive proteins of the ECM such as collagen or PDL and laminin.
Many parameters of the surface of materials, such as surface chemical groups and
topography can affect cell adhesion (Corey et a., 2003). However, for Si it has been
shown that the critical factor that affects the change of cell adhesion is the surface
topography rather than chemical groups (Fan et al., 2002). More specifically the
adhesion of substantia nigra cells is adverse on the polished Si wafer but is good
enough on etched Si wafer with Ra in the range 20—70 nm. This is in agreement with
previous reports that rough surfaces promote cell adhesion (Schakenraad et al.,1996).
However in our case the height of the microcone was in the range of pM even in low
roughness substrates. Only in the case of DRG explants the adhesion was increased
with surface roughness without protein coating and this might happen because of the
different lengthscale of whole ganglion which permit multiple contacts with
surrounding microcones as it was revealed from SEM analysis. In addition to this the
organotypic culture of DRG explant include many other cell types except for neurons
such as Schwann cells which are known to secret components of the ECM like FN
that facilitate contact with the substrate while the non neuronal cells themselves make
a «carpet» on which neurons can grow.

Mechanical properties of the substrate are also an important issue in neuronal
development and regeneration. Usually neurons of the CNS prefer to grow on soft
materials resembling the elastic properties of the brain (Discher et al., 2005; Suter et
al., 2011) however neurons of the periphery such as DRGs have better outgrowth with

increased stiffness of the substrate (Koch et al., 2012). Neurites from DRG neurons
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displayed maximal outgrowth on substrates with a Young's modulus of ~1000 Pa,
whereas hippocampal neurite outgrowth is independent of substrate stiffness. Silicon
has a Young’s modulus of the order of Gpa thus it seems from our study that even
more rigid substrates than those that were tested by Koch and colleagues could
equally well support neurite outgrowth of DRGs. Stem cells are also sensitive to
mechanical forces of their environment and it has been shown that solely substrate
stiffness can trigger their differentiation towards a specific lineage (Engler et al.,
2006). It appears that an increase in substrates modulus favors neuronal differentiation
while an astrocytic phenotype is observed in softer materials (Saha et al., 2008). NCSs
from the embryonic cortex showed very good growth in all the substrates and
preferred orientation in high roughness substrates. However, we did not observe any
sign of differentiation under our experimental conditions after 1 week in culture in the
presence of growth factors EGF and FGF. It would be of interest for future study to
test the capacity of our substrates to promote differentiation of NSCs under
differentiation conditions after growth factor withdrawal.

Finally, many cells types that do not form extensive cell projections (e.g. fibroblasts,
Schwann cells) have been shown to rearrange the shape of both their cytoskeleton and
the nucleus showing a whole cell response to the imposed topography of artificial
microstructured surfaces (Martinez et al., 2009). However neural cells have the
unique ability to extend long protrusions that navigate the environment through the
growth cone in order to reach their final target destination while the soma remains
intact. In order to investigate the influence of our microconical structrured surfaces on
cell shape of the different cell types tested in this study we performed SEM analysis
of cultures of Schwann cells or SCG neurons. Our results show that Schwann cells
transform their shape from polygonal to a more splindle-like that in order to get
aligned to the underlying topography. On the other hand neuronal cell bodies remain
spherical in shape though the axons extending from them acquire a specific
orientation, which is the orientation of microcones elliptical cross section in high
roughness substrates.

Future studies need to take advantage of the inherent properties of these substrates
such as the preferred orientation and conductance of the material in order to develop
devices that will provide the ability to investigate and monitor network responses

under pharmacological or electrical stimulation.
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