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PROGRESSIVE Degeneration



Causes ofdNetronaldegeneration

ACUTE Degeneration

Infection
Stroke(ictus)
Traumatic injuries
é .

PROGRESSIVE Degeneration
Neurodegenerativediseases

(ParkinsoniHuntington Alzheimer,
Amyotrophidaterakclerosis)



Stroke  (ictus)

Primary cause of disability (USAed EU)
Secondary Cause of death (world widle

POOR BLOOD FLOW TO THE CNS RESULTS IN CELL DEATH

|Ischemic stroke (85%)
Haemorrhagic stroke1ss)

Normal middle Bloked middle
cerebral artery cerebral artery

The Right Hemisphere of a patient after an event of stroke involving
the middle cerebral artery



Hunti ngt diseades

Healthy __subject

Huntington's disease is a genetic
neurodegenerative disorder
(polyglutamine diseases)

The HD is caused bythe expansion of a
normally occurring CAG tripletrepeat
within the coding

region of the huntingtin gene.

That results in an expanded glutamine
tract in the protein, causing a pathological
gain-of-function of the huntingtin protein.

HD subject...
AT,

\, ‘A_

St®: striatum

Ve ventricle
Cesx: cortex

The striatum is the primary site of pathology.
Strong degeneration of the striatal projection
neurons(medium spiny neurons)

Other brain regions, such as the neocortex,

undergo neuronaldegeneration

HD results in involuntarychoreic movements
(Greek for o0danced uncgc
movements), as well as dementia and psychiatric
dysfunction


http://upload.wikimedia.org/wikipedia/commons/6/67/Huntington.jpg
http://upload.wikimedia.org/wikipedia/commons/6/67/Huntington.jpg

Cronio B1z220ZER(

Giulio Bizzozero classification of tissues

labile stable everlasting
Continous renewal Minimum renewal No renewal
Regenerativecapacity Regenerativecapacity No regenerativecapacity

EPIDERMIS LIVER SNC



Regeneration in planarian

Planarians can regenerate an entire body includirnte brain from a
small piece of the body in which no brain tissues remain.



Regeneration ofthe entire brain

Pluripotent stem cells are activatedand form a blastema

They repeatsthe embryonic developmentsteps

step 5 (120h)
step 1 step 2 step 3 — —_—
(12h) (24h) (36—48h) (72h)

ﬁrﬁﬁﬂ‘ =

A
= - . neural network formation
rudiment formation

Sa

functional recovery

Agata K , Umesono Y Phil. Trans. R. Soc. B 2008;363:2071-2078



The planarianmaintains continously active signalsthat regionalizethe embryo.
By interfiring with the activity of a morphogen ( FGF )n nou-darakeRNAI
planariansA Brains are ectopically formed in all regions of the body

nou-darake RNAI
Control planarians

?

(a)

notdaraie RNA) nou-darake RNAI

* u \‘ P Bian e planarians

(¢) (d)

nou-darake,
drainseverywher® | n Japanes eAgaak,Umesono Y Phil. Trans. R. Soc. B 2008;363:2071-2078




however, such events are much rarer in the
vertebrates..

Among these there are some salamannlede(ep, for example the Axolotls , which «

regenerate whole parts of the body .

Paedomefphosisretention of larval
traits in the adult life. Neateny, they
reach sexual maturity without
undergoing metamorphosis



http://upload.wikimedia.org/wikipedia/en/b/b2/SpottedSalamander.jpg
http://upload.wikimedia.org/wikipedia/en/b/b2/SpottedSalamander.jpg

Preamp.

Spinal Cord

Regeneration in Axolotl
( Neotenic animal )

Ependymal
tube

Sensory
ganglia

| @ Radial glia-like ependymoglial cells - 4 Neuron
Tanaka and Ferretti 2009




== Dorsal spinal cord
transplant
Ventral spinal cord
transplant

“eGFP+ tissue were removed:from
prospective jposterior.ventral, or dorsal
neural tube regions.of .germlineeGFP
transgenic embryos.ad grafted into
white hosts. The tail was.amputated:in
the adult life.

Green cells.givaise to cellswith the
samedorsoventralposition.




Sonic hedgehog

The ventricular glial progenitors retain the expression of
morphogens and genes specific to the embryonic stage als
during adult life .

These cells are then able to direct the formation of differen
neuronal subtypes also post lesion.




The anurans amphibians show capacity for regeneration. Howeve
only during the larval stage

cer
a amp D
ob !
: Regenerationof the anterior

| telencephalonand the
olfactory bulbs

Note : Even in
mammals and
birds remarkable
regenerative
capabilities are
displayed during
embryonic life.

Yoshino et al., 2004




Regeneration ofthe optic tectum
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The cells of the VZ
arva v v respond to the lesion
with an increased
proliferation both
before(larva) and
after metamorphosis
(Froglet).

8 days 30 days

Froglet

intact 30 days

20

Mitotic Index

0 10 20 30
Days after removal (days)



Even in mammals display remarkable regenerative
capabilities.
However, only during embryonic stages

Note: in adult mammals:
the peripheral nervous systeniPNS)
the central nervous systeniCNS)
display different regenerativecapacity



The peripheral nervous systemHNS)

The PNS possesses the = / ==
potential for regeneration

Key role:
AGlia A cellule di Schwann
Amacrophages

Limiting-Factor:
Distance
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The central nervous system (CNS)

The CNS loses the abllity to regenerate
during adulthood. Why?

Limiting Factors

AEnvironment: no expressionof essential

growht factors
ASlow degradation of thedistalstump

AGlia: Astrocytes
A Reactiveastrogliosis
A Glial scar




Reactive astrogliosis and glial scar formation

(a) Healthy tissue (b) Moderate astrogliosis (c) Severe astrogliosis

| Glial Scar. RLLELN

(b) Severe astrogliosis with scar formation g
. . Mature Glial Scar
Following tissue
Proliferated + Other
damage,astrocytes astrocytes cell types
: |
becpme hyp_ertrophlc, s Bordering along
begin to proliferate. Seglate of ot
ISsSue damagqge
Sl::::'r: inflammatign
due to:
In severecasesthey e
« Ischemia

form aglial scarthat
forms a barrier for cells

« Cytotoxicity
* Infection
+ Autoimmune

and externalmolecules e
but also for the axons.

The Glial Scar helps to maintain | 85| &

- . m -: ]

the integrity of the neuronal Axons > | 5 & | € Inflammatory

tissue. However, glial scar also 52 Cells

prevents neuronal regrowth.

Sofroniew MV 2009




ASTROC ytes

This type of glial cell is missing in other vertebrates

Physiological funtions

Regulateblood flow in the brain
Metabolic support

Glycogenfuel reservebuffer
Maintenanceof extracellular ionbalance
Neurotrasmitter uptake and release
Modulation of synaptictransmission

Some ofthemeé act asneural progenitors




In adult mammals, LEsioNs strongly stimulate the
ASTROCYTE PROLIFERATION

Eventhe astrocyteghat act as neural progenitorsncrease
their proliferation after injury..

Thus, lesions stimulate the proliferation of

ADULT NEURAL STEM CELLS




WHAT IS THE NEUROGENIC POTENTIAL
OF THE MAMMALIAN ADULT BRAIN?

HOW MANY TYPES OF NEURONS CAN BE
GENERATED?




Neuronal diversity in the central nervous system

Each areaA huge diversity of .neurond!
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Adult neural stemcells give rise toall neuronaltypes?

NO!!
U SVVZa olfactory bulb interneurons

U0 SGZA dentategyrusgranulecells

Adult neural progenitors give rise to specific
subpopulations of neurons



Comparativestudiesé

haveshownthat in some mammalian species including humans
low levelof neurogenesiscan alsooccurin regionsnormally
non-neurogenicin mice, such asthe:

Striatum (rabbit, guinea pig, non humanprimates, human)
NeoCcorteéX (non human primates, rabbit)
Amygdala (non human primates, prairie vole)




Adult neurogenesigan the
rabbit striatum

Newly generated
neurons

in the adult
rabbit striatum

BrdU proliferation marker
Luzzati et al, 2006 NeuN mature neuronsmarker



Adult neurogenesigan the ‘ 2
Guineapig

D

syz dPSB CC

n°® of DCX+ cells
4+ \ ,

4 '..‘_—_—_. n :
P1 P7 P18 P53 P150 P240

DCX marker of immature neurons

Luzzati et al, 2014



Adult neurogenesigan the
human striatum

Retrospective Birth Dating of
Neurogenesis in the striatum of the adult human brain Striatal ~ Cells revealed continuous
I generation of striatal interneurons
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Comparativestudies demonstratethatadultneurogenesisanalsooccurin
regionsnormallynon-neurogeniam mice

In addition, it has been shown thabrain lesionscan
Induce neurogenesis in these same regions also In
laboratory rodents

PATHOLOGIC CONDITION
Striatum (mice, rat)

Neocortex mice, rat)

Hippocam pal CA1 (mice, rat)



OPEN QUESTIONS

WHAT IS THE RELEVANCE OF THESE FINDINGS
IN TERM OF FATE POTENTIAL?

- Whatis the fate and the role of the newborn neuror?s

- Whatis the identity of the progenitors activated after lesion?

AConstitutively active adult NSCshavea broadercell fate potential

or
ANeural progenitorsthat are quiescentin physiological condition
and becomeactive after lesions?



NEUROGENESIS INDUCED BY
NEURODEGENERATION

Differents brain lesions can induceneurogenesis in non canonical regions

targeted  apoptosis of cortico -spinal neurons
Greenfluorescentnanospherescarrying chlorin e6were microinjected into the dorsal spinatord.
The nanosphereswereretrogradelytransported to thesomataof layer V corticospinal motor neurons
Photoactivatedchlorin e6 produced singlet oxygen within neuronal lysosomes, inducing apoptosis
exclusivelyin nanospherecontaining motor neurons.

Microinjectionof greenfluorescentnanospherecarryngChlorine

-

1I/IT1

Chen J et al. PNAS 2004;101:16357-16362



Newly generatedBrdU+ cells
can be induced to
differentiate into mature
neurons in regions of the
cortex undergoing targeted
apoptotic CSMN
degeneration.
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Weeks after induction 2 4 8 12

Chen J et al. PNAS 2004;101:16357-16362



A subset of newbornlayer

M \/ cortical neurons extends
{ axons to the cervical spinal
y cord.

They observedvery few cellse

BrdU+/FG+
Adult-born CSMN/mm’

O =N W b OO0 N ®
[ Y T T T R |

A AL v

T8 12 18 56
Weeks after induction

Hypothesis: ineffective

attempt to replace the

degenerate neurons




Neuronal replacement from endogenous precursors in the
adult brain after stroke

ANDREAS ARvIDssoN', Tove CoLLIN', DeNiz Kirik?, ZaaL Kokata' & OLLE Linpvarr! Nature Medicine 2002

Strokeinducesincrease of cell proliferation in the SVZ
Thereforeg they suggestedhat striatal newly generated neuroblastsigrated from
the SVZ to thelesionedstriatum

Neurons
showing a
mature
morphology




The appearance ofstriatal neurogenesisafter stroke
persists forat least fourmonths

D S
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: e Time after MCAO (weeks)

8 weeks

Thored P et al. 2006



Some cells differentiate iIntdDARPP32 , medium spiny neurons marker
STRONG SELECTIOMN
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Hypothesis : attempt to replace the
degenerate neurons




Brain Injury Does Not Alter the Intrinsic Differentiation
Potential of Adult Neuroblasts J. Neurosci . 2009

Fang Liu,'* Yan You,"* Xiaosu Li,' Tong Ma,! Yanzhen Nie,! Bin Wei,! Tiejun Li,? Huanbing Lin,’ and Zhengang Yang!

Lesion:
Stroke

Through
stereotaxic
injections of a
retroviral vector
encoding the GFP
reporter genein the
rat SVZ, Liu et al.,
2009 demonstrated
the SVZ origin of
at least part of the
newly generated
striatal neurons
after MCAO.




Newborn neuronsdo not expressmarkersof mature striatal neuronsnor
transcription factors involved in their specification (for example CtipZ0xpl)

normale
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A few cells, less than 5% of the initial population of newly génerated neurons,
expresscalretinin, a marker of a small subtype of striatal, but also OB

interneurons
Newborn neurons in the striatum expres$p§ a transcription factor associated

to the olfactory bulb interneurons specification.

Strong selection



Hypothesis

Considering that:

1. Sp8 is associated with the specification of OB interneurons,

2. calretinin expression is restricted to a very small population of striatal
neuronsand is also expressed bB interneurons

it has been proposed that newly born neurons
in the damaged striatum could represent
misdirected OB neurons



Ischemia-induced neurogenesis of neocortical layer 1
progenitor cells

Koji Ohira'4, Takahiro Furuta?, Hiroyuki Hioki?, Kouichi C Nakamura®*#, Eriko Kuramoto?, Yasuyo Tanaka?,
Nobuo Funatsu?, Keiko Shimizu®, Takao Qishi®, Motoharu Hayashi®, Tsuyoshi Miyakawa'+*¢, Takeshi Kaneko®* &

Shun Nakamura®%’

Mild ishemia carotid arteries of rats wecludedor 10 min.

A increas@ the number of microglcells d
A did notinduction ofcell death oNeuN+ cells "
A increas@ thenumberof Ki67-positivecells ,
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uschnlamia 3
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Nature

Neuroscience

2010




Ischemia-induced neurogenesis of neocortical layer 1
progenitor cells

Koji Ohira'4, Takahiro Furuta?, Hiroyuki Hioki?, Kouichi C Nakamura®*#, Eriko Kuramoto?, Yasuyo Tanaka?,
Nobuo Funatsu?, Keiko Shimizu®, Takao Qishi®, Motoharu Hayashi®, Tsuyoshi Miyakawa'+*¢, Takeshi Kaneko®* &
Shun Nakamura®%’

Mild ishemia carotid arteries of rats wecludedor 10 min.

A increas@ the number of microglcells d
A did notinduction ofcell death oNeuN+ cells "
A increas@ thenumberof Ki67-positivecells )
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|
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Differentiate into
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They injected a retrovirusexpressingthe GFP reporterinto the layer1
of the neocortexlday afterischemia

Newborn neuronsgeneratedafter lesion migrated to the deepestayers

In contrast, few neurons werdabelledwhen the retrovirus was injected into the SVZ

Nature

Neuroscience

2010




Estimated number of layer 2—-6

newly generated cells mm?
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] Control [l !schemia

Local progenitors and transient neurons

o

Newbor neuronsdifferentiated into
GABAergic interneurons,

they expressed

neuropeptideY (NPY),
somatostatin(SOM)

Weeks Strong selection !

Hypothesis

anti-convulsantand
anti-epileptogenicfunctions



MODEL OF ACUTE NEURODEGENERATION
INTRASTRIATAL INJECTION OF QUINOLINIC ACID (QA)

RRRRRRRRRRRRRR STEM CELLS AND REGEN

Striatal astrocytes produce neuroblasts in an excitotoxic model of
Huntington’s disease

Giulia Nato'?, Alessia Caramello’-?, Sara Trova'?, Valeria Avataneo:2, Chiara Rolando®, Verdon Taylor?,
Annalisa Buffo?*, Paolo Peretto'2*# aj ico Luzzati®?*#

NMDAr agonist that causesexcitotoxic death

- 4
\ Selectivelossof GABAergic
medium spiny projection neurons
— (95% of all striatal neurons)
—
\ 4

motor alterations in lesionedanimals

The QA njection into the rodent brain reproducesa
neurodegenerativephenotyperesemblingthat observedin patients
sufferingfromHu nt | ndseasa 0 s



QA INDUCES NEURONAL DEGENERATION

Stronglossof neurons
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QA LESION INDUCES A NEUROGENIC RESPONSE

-DCX o

1 esioned
. area

18

DCX+

neuroblasts

organised into:
. —<——iD

A inaividuail
cells (iD)

A clusters (cD)




QA LESION INDUCES A NEUROGENIC RESPONSE

Single optical plane

The clusters of DCX+
cells were closely
associated to clusters
of cells expressing
the proliferation
marker Ki67

+ cluster
Ki67+ cluster

=

Ki67
A proliferating cell marker




QA stimulates the appearance of TAP dike

progenitors (ki6 7+ cellsin clusterssK cell3
thatgiveriseto neuroblastthatinitiallycluster(cKD,cDcell$ andsubsequently
dispersasindividualkells(iD cell3

A

Ki67-DCGX-Ascl1

Ki67+cells in clustetsexpressethe TAPmarkersas



Reslice

GFAR GFP

The 8% of Ki6 7+ cells
In clusters express
iIn GFAP-GFP mice

GFAP A expressedoy astrocytes




INDUCIBLE GENETIC FATE MAPPING
GLAST: PAN ASTROCYTIC MARKER
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