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Infection

Stroke(ictus)

Traumatic injuries
é.

Neurodegenerative diseases

(Parkinson, Huntington, Alzheimer,

Amyotrophiclateralsclerosis..)



Primary cause of  disability (USA ed EU)

Secondary Cause of  death (world wide)

Ischemic stroke (85%)

Haemorrhagic stroke(15%)

Stroke (ictus)

Normal middle

cerebral artery

Bloked middle 

cerebral artery

The Right Hemisphere of a patient after an event of stroke involving

the middle cerebral artery 



Huntingtonôsdisease

Huntington's disease  is a genetic 

neurodegenerative disorder 

(polyglutamine diseases)

The HD is caused by the expansion of  a 

normally occurring CAG triplet repeat 

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. 

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 neuronal degeneration

HD results in involuntary choreic movements 

(Greek for òdanceó uncontrollable jerking 

movements), as well as dementia and psychiatric 

dysfunction 

Healthy subject HD subject

cortex

ventricle

striatum

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


Giulio Bizzozero classification of tissues

labile     stable everlasting

Continous renewal

Regenerativecapacity

Minimum renewal

Regenerativecapacity

No renewal

No regenerativecapacity
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Regeneration in planarian

Planarians can regenerate an entire body including the brain from a 

small piece of  the body in which no brain tissues remain.



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

Regeneration of the entire brain

Pluripotent stemcellsare activatedand form a blastema

They repeatsthe embryonicdevelopmentsteps



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

The planarianmaintains continously activesignalsthat regionalizethe embryo. 

By interfiring with the activity of  a morphogen ( FGF ) in nou-darakeRNAi 

planarians ĄBrains are ectopically formed in all regions of  the body

Control

nou-darake RNAi 

planarians

nou-darake RNAi 

planarians

nou-darake RNAi 

planarians

nou-darake,

ôbrains everywhereõ in Japanese



however, such events are much rarer in the 

vertebrates..

Among these there are some salamanders (urodeles) , for example the Axolotls , which can 

regenerate whole parts of  the body . 

Paedomorphosis: retention of  larval 

traits in the adult life. Neoteny, 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


Spinal Cord

Regeneration in Axolotl

Mchedlishvili et al. 2007Tanaka and Ferretti 2009

( Neotenic animal )



Dorsal spinal cord

transplant

Ventral spinal cord

transplant

eGFP+ tissue were removed from 

prospective posterior ventral or dorsal 

neural tube regions of  germline eGFP

transgenic embryos and  grafted into 

white hosts. The tail was amputated in 

the adult life.

Green cells give rise to cells with the 

same dorsoventralposition.



The ventricular glial progenitors retain the expression of  

morphogens and genes specific to the embryonic stage also 

during adult life .

These cells are then able to direct the formation of  different 

neuronal subtypes also post lesion.

Mature uninjured

Regenerated

PAX6-PAX7

PAX6 PAX7

NeuNPAX7-Btub



The anurans amphibians show capacity for regeneration. However 

only during the larval stage

Note : Even in 

mammals and 

birds remarkable 

regenerative 

capabilities are 

displayed during 

embryonic life.

Regenerationof  the anterior

telencephalonand the 

olfactory bulbs

Yoshino et al., 2004



Regeneration of the optic tectum



The cells of  the VZ 

respond to the lesion 

with an increased 

proliferation both 

before (larva) and 

after metamorphosis

(Froglet ).
Yoshino and Tochinai 2004

larva

Froglet



Even in mammals display remarkable regenerative 

capabilities.

However, only during embryonic stages

Note: in adult mammals:

the peripheral nervous system (PNS) 

the central nervous system (CNS)

display different regenerativecapacity



The peripheral nervous system (PNS)

The PNS possesses the 

potential for regeneration

Zochodne DW 2012

Keyrole: 

ÅGliaĄ cellule di Schwann

Åmacrophages

Limiting Factor 

Distance 



The central nervous system (CNS)

Limiting Factors:

ÅEnvironment: no expressionof  essential

growht factors

ÅSlow degradation of  the distal stump

ÅGlia: Astrocytes

Ą Reactiveastrogliosis

ĄGlial scar

The CNS loses the ability to regenerate 

during adulthood. Why?



Reactive astrogliosis and glial scar formation

Following tissue 

damage, astrocytes 

become hypertrophic, 

begin to proliferate.

In severe cases, they 

form a glial scar that 

forms a barrier for cells 

and external molecules  

but also for the axons.

The Glial Scar helps to maintain 

the integrity of  the neuronal 

tissue. However, glial scar also 

prevents neuronal regrowth.
Sofroniew MV 2009



ASTROC ytes

Regulateblood flow in the brain 

Metabolic support

Glycogenfuel reservebuffer

Maintenance of  extracellular ion balance

Neurotrasmitter uptake and release

Modulation of  synaptic transmission

Some of  themé act as

Physiological funtions :

This type of  glial cell is missing in other vertebrates



Even the astrocytes that act as neural progenitors increase 

their proliferation after injury..

Thus, lesions stimulate the proliferation of

In adult mammals, strongly stimulate the 





Neuronal diversity in the central nervous system

Each area Ą huge diversity of  neurons!!!



LV

SVZ

OB

üSVZĄ

üSGZ Ą

Hip

NO!!

Adult neural progenitors give rise to specific 

subpopulations of neurons 

Adult neural stemcellsgive rise to all neuronal types?

olfactory bulb interneurons

dentate gyrus granulecells



Striatum (rabbit, guineapig, non human primates, human)

Neocortex (non human primates, rabbit)

Amygdala (non human primates, prairie vole)

Comparative studiesé
haveshownthat in some mammalianspecies, including humans, 

low levelof  neurogenesiscan alsooccur in regionsnormally

non-neurogenicin mice, suchasthe:



LV SVZ

Striatum
Newly generated

neurons

in the adult

rabbit striatum

Luzzati et al, 2006

Adult neurogenesisin the 

rabbit striatum

BrdU proliferation marker

NeuNmature neuronsmarker



Adult neurogenesisin the 

Guinea pig

Luzzati et al, 2014

DCX marker of immature neurons



Adult neurogenesisin the 

human striatum

DCX+ neuron in the human striatum

Ernst, 2014

Retrospective Birth Dating of 

Striatal Cells revealed continuous

generation of striatal interneurons



In addition, it has been shown that brain lesions can 

induce neurogenesis in these same regions also in 

laboratory rodents

PATHOLOGIC CONDITION

Striatum (mice, rat)

Neocortex (mice, rat)

Hippocampal CA1 (mice, rat)

Comparative studiesdemonstratedthatadultneurogenesiscan alsooccurin 

regionsnormallynon-neurogenicin mice



- What is the fate and the role of  the newborn neurons?

- What is the identity of  the progenitors activated after lesion?

ÅConstitutively activeadult NSCshavea broadercell fate potential

ÅNeural progenitorsthat are quiescentin physiologicalcondition

and becomeactiveafter lesions?

or



NEUROGENESIS INDUCED BY

NEURODEGENERATION

Differents brain lesions can induce neurogenesis in non canonical regions

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

targeted apoptosis of cortico -spinal neurons .

Green fluorescent nanospherescarrying chlorin e6 were microinjected into the dorsal spinal cord.

The nanosphereswere retrogradelytransported to the somataof  layer V corticospinal motor neurons 

Photoactivatedchlorin e6 produced singlet oxygen within neuronal lysosomes, inducing apoptosis 

exclusively in nanosphere-containing motor neurons.

Irradiation

Targetedapoptosis

Microinjectionof green fluorescentnanospherecarryngChlorine 



Newly generated BrdU+ cells 

can be induced to 

differentiate into mature 

neurons in regions of  the 

cortex undergoing targeted 

apoptotic CSMN 

degeneration.

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

Strong Selection !

Targeted
apoptosis

BrdU
2 4 8 12



A subset of  newborn layer 

V cortical neurons extends 

axons to the cervical spinal 

cord.

They observedvery few cellsé

Hypothesis: ineffective 

attempt to replace the 

degenerate neurons



Nature Medicine 2002

Strokeinduces

Therefore, they suggested that striatal newly generated neuroblasts migrated from 

the SVZ to the lesioned striatum 

Dcx / Brd

U

Neurons

showing a 

mature 

morphology

Dcx

BrdU



The appearance of  striatal neurogenesis after stroke 

persists for at least four months

Thored P et al. 2006

DCX



Some cells differentiate into DARPP32+ , medium spiny neurons marker 

STRONG SELECTION

darpp32

BrdU

Hypothesis : attempt to replace the 

degenerate neurons



Through 

stereotaxic 

injections of  a 

retroviral vector 

encoding the GFP 

reporter gene in the 

rat SVZ,  Liu et al., 

2009 demonstrated 

the SVZ origin of  

at least part of  the 

newly generated 

striatal neurons 

after MCAO.

Lesion: 

Stroke

J. Neurosci . 2009



A few cells, less than 5% of  the initial population of  newly generated neurons, 

express calretinin, a marker of  a small subtype of  striatal, but also OB 

interneurons

Newborn neurons in the striatum express Sp8, a transcription factor associated 

to the olfactory bulb interneurons specification.
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Newborn neuronsdo not express markersof  mature striatal neuronsnor

transcription factors involved in their specification (for example Ctip2, Foxp1)

Strong selection



Considering that:

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

2. calretinin expression is restricted to a very small population of  striatal 

neurons and is also expressed by OB interneurons

it has been proposed that newly born neurons 

in the damaged striatum could represent 

misdirected OB neurons

Hypothesis



Nature Neuroscience 2010

Mild ishemia: carotid arteries of  rats were occluded for 10 min. 
Ą increase in the number of  microglia cells

Ą did not induction of  cell death of  NeuN+ cells

Ą increasein the number of  Ki67-positive cells



They injected a retrovirus expressingthe GFP reporter into the layer1 

of  the neocortex1 dayafter ischemia

Nature Neuroscience 2010

Mild ishemia: carotid arteries of  rats were occluded for 10 min. 
Ą increase in the number of  microglia cells

Ą did not induction of  cell death of  NeuN+ cells

Ą increasein the number of  Ki67-positive cells

Newborn neuronsgeneratedafter lesionmigrated to the deepest layers

In contrast, few neurons were labelled when the retrovirus was injected into the SVZ



anti-convulsantand 

anti-epileptogenic functions

Strong selection !

Hypothesis

Local progenitorsand transient neurons.

Newbor neuronsdifferentiated into

GABAergic interneurons, 

they expressed

neuropeptideY (NPY), 

somatostatin(SOM)



Selectiveloss of GABAergic

medium spiny projection neurons

(95% of  all striatal neurons)

motor alterations in lesionedanimals

The QA injection into the rodent brain reproducesa 

neurodegenerative phenotyperesemblingthat observedin patients

suffering from Huntingtonôsdisease.  

NMDAr agonist that causesexcitotoxicdeath

Striatum



300 ˃ m

NeuN

SVZ

STR

Strong lossof  neurons

NeuN Ąmature neuronsmarker

5 weeks post lesion



DCX+ 

neuroblasts 

organised into: 

Åindividual

cells (iD)

Åclusters (cD)

Lesioned

area

5 w.p.l .

DCX Ą immature neuronsmarker



The clusters of DCX+ 

cells were closely 

associated to clusters 

of cells expressing 

the proliferation 

marker Ki67

Max intensity projection Single optical plane

Ki67 

Ą proliferating cell marker



Ki67+cells in clustersexpressedthe TAP markersasASCL1

QA stimulates the appearance of TAP -like

progenitors (ki67+ cellsin clusters, cK cells)

thatgiverise to neuroblasts thatinitiallycluster (cKD,cDcells) and subsequently

disperse asindividualcells(iD cells)

Ki67 Ą proliferating cellmarker

DCX Ą immature neurons marker



The 8% of  Ki67+ cells

in clusters express GFP

in GFAP-GFP mice

GFAP- GFP

DCX

Ki67

GFAP- GFP

Ki67

cK

Reslice

BV

GFAP Ą expressedby astrocytes



X

INDUCIBLE GENETIC FATE MAPPING

GLAST: PAN ASTROCYTIC MARKER



GLAST+ 

ASTROCYTES

GENERATE 

Ki76+ CLUSTERS 

AND 

DCX+ 

NEUROBLASTS


