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Adult neurogenesis:

from stem cells to immature neurons



Neurons expressing markers of «immaturity» in the adult sheep hippocampus

DCX
PSA-NCAM

Foto: Ottavia Palazzo



Published 3 days ago



Neurogenic zones and their outcome

Subventricular zone
of the lateral ventricle

Dentate gyrus
of the hippocampus



Two main problems in adult neurogenesis field:

1) scarce capacity for  REPAIR

2) substantial REDUCTION in humans



Adult neurogenesis, structural plasticity, repair

Plasticity + repair Plasticity

NO REPAIR in mammals
Strong reduction in mammals



Adult neurogenesis is a protracted DEVELOPMENTAL process
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Bonfanti & Peretto 2011 Eur J Neurosci



Repair (plasticity?)

Non mammalian
vertebrates

Mammals

Brains in mammals are DIFFERENT

Reduction among mammals



We need a mammal devoid of olfaction

RMS

Adult neurogenesis: only physiological function in mammals?



LARGE-BRAINED
CORTEX EXPANDED

HIGHLY 
GYRENCEPHALIC
LONG LIFESPAN

ECOLOCALIZATION

Dolphins

Aquatic mammals
(cetacea)



ECHOLOCALIZATION

No olfaction. No olfactory bulb
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Tursiops truncatus
NEONATAL (9 days)
POSTNATAL (12-18 months)
ADULT (20-50 years)

Stenella coeruloalba EARLY POSTNATAL (3-6 months)
ADULT (20-50 years)

LIFESPAN

Adulthood

(5-10 years)



Absence of periventricular germinal layer at birth

Parolisi et al., 2015 Front Neuroanat



SVZ-like region

T. Truncatus - neonatal

Parolisi et al., 2017 Brain Struct Funct
Cerebellum (internal control)

Already at birth, the SVZ is vestigial
and does not work



38 million years

No olfaction

Kishida et al, 2015 Zool Lett

Olfaction

… many years ago

Parolisi, Cozzi, Bonfanti, 2017 Brain Struct Funct



Vestigial SVZ?

Mammals

Adult neurogenesis, structural plasticity, repair

Vertebrates

The trend seems confirmed



What about Humans?

Spalding et al., 2013 Cell

Sanai et al., 2011 Nature

Cipriani et al., 2018 Cereb Cortex

Boldrini et al., 2013 Cell Stem Cell

Tobin et al., 2019 Cell Stem Cell

Moreno-Jiménez et al., 2019 Nature Med

Sorrells et al., 2018 Nature

X



RMS

Comparative studies
reveal that
adult neurogenesis
is quite different
in humans and mice

(hippocampus)

Spalding et al., 2013 Cell

They claim
20-fold higher!

SGZ



Sanai et al, Nature 2011 

L’apporto di nuovi neuroni
verso il BULBO OLFATTIVO
nell’uomo scompare a 18 mesi

Sorrells et al., Nature 2018 

Nell’ippocampo accade tra 7 e 13 anni



Dal topo all’uomo
la neurogenesi adulta
si riduce di molto



Alternatives?



PSA-NCAM
(low adhesive form of NCAM)

Polysialic acid

protein

Brain regions showing PSA-NCAM staining

Bordeaux, 1991



PSA-NCAM+ neurons in the adult rat paleocortex

(Seki & Arai, Anat Embryol,1991) (Bonfanti et al., Neuroscience, 1992)

PSA-NCAM
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Doublecortin (DCX) as marker of structural plasticity

Microtubule-associated protein

Francis et al , 1999, Neuron
Gleeson et al, 1999, Cell
Horesh et al, 1999, Hum mol Genet

Cytoskeletal protein indicator of strucural plasticity

Involved in:

Neuronal migration
Growth-cone dynamics
Gyrencephaly



Structural plasticity

without neurogenesis

Structural plasticity

with neurogenesis

PSA-NCAM

Doublecortin (DCX)

Neurogenic and non-neurogenic plasticity share some markers

PSA-NCAM
DCX



Neurons expressing markers of «immaturity» in the adult sheep hippocampus

DCX
PSA-NCAM

Foto: Ottavia Palazzo



They express immature markers
They have no synapses
They are covered by glial lamellae

Bonfanti & Nacher 2012 Prog Neurobiol



Immature neurons
in the cortical layer II

(Sheep)

Piumatti et al 2017 J Neurosci







Claustrum

Amygdala

Piumatti et al 2017 J Neurosci



The DCX+ cells in cortex,
amygdala, claustrum,

external capsule
are NOT newly generated

but they are born prenatally

Internal controls
in neurogenic zones

Piumatti et al 2017 J Neurosci



Markers of maturity/immaturity

The DCX+ cells are in an intermediate state of immaturity

Piumatti et al 2017 J Neurosci



NeuN
(Neuronal nuclear protein)

Neuronal differentiation

Ki-67 antigen
Nuclear protein
Cell proliferation

BrdU
(Bromodeoxyuridine)

Thymidine analog
Cell proliferation

(possibility to track progeny through time)

PSA-NCAM
Membrane

carbohydrate
Anti-adhesive/Migration

DCX (doublecortin)
Cytoskeletal protein
Migration/Cell shape

Marcatori



Immature neurons can mature through age

(Rotheneichner et al., 2018)

Aequorea victoria



Forse i neuroni immaturi non sono limitati alla paleocortex

Topo

Xiong et al., 2008, Exp Neurol
Cai et al., 2009, Exp Neurol
Luzzati et al, 2009, Cereb Cortex
Zhang et al., 2009, Front Neuroanat

Paleocortex

Neocortex

Immature neurons

Coniglio
?



Aspettativa di vita:
15-25 anni

Cervello grande

Girencefalia



DCXHu

Piumatti, Palazzo, La Rosa, Bonfanti et al, 2018, J 
Neurosci



La differenza è enorme

Piumatti, Palazzo, La Rosa et al, 2018, J Neurosci



Is there a trend in the occurrence/type/distribution/amount
of immature neurons among mammals?



Study in 12 mammalian species

Establishment of 4 comparable brain levels



In collaboration with:

Irmgard Amrein
Brain tissues, data analises

Bruno Cozzi
Brain tissues

Juan Nacher
Immature neurons expertise

Chet Sherwood
Brain tissues 

Chris Faulkes
Brain tissues

Frederic Levy
Brain tissues 
BrdU treatments

85 brains

Chiara La Rosa



DCX+ neurons in 
Paleo- and Neo-cortex

Paleocortex

Neocortex



DCX+ cells in 
neocortexDCX+ cells in paleocortex

Densità lineare                             n° di cellule/mm di perimetro corticale (strato II) 

Mouse Cat Chimpanzee

Cortical layer II 
perimeter



Neocortex
extension

Densità lineare (quantità di neuroni immaturi) ed estensione della neocorteccia

Brain size



small, lissencephalic brains vs. large, gyrencephalic brains



Ipotesi

I neuroni immaturi
potrebbero «compensare»
la perdita di neurogenesi

nei cervelli con 
grande espansione 
della neocorteccia

IMMATURE 
NEURONS



The claim for adult neurogenesis in humans

My vision:

None of these papers show substantial cell proliferation.

All these papers speak about «immature neurons» instead of «newly generated neurons»

The TITLE of these papers is wrong: they do not show «adult neurogenesis»



Dentate gyrus

Hippocampal neurogenesis: a «flame» in a very hot topic



Preliminary results:
La Rosa, Olmeo, Ghibaudi, Amrein, Bonfanti



Neurons expressing markers of «immaturity» in the adult sheep hippocampus

DCX
PSA-NCAM

Foto: Ottavia PalazzoNeuronal maturation:
Mouse: 3-4 weeks
Sheep: 3 months Humans: ???
Monkey: 6 months
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Mammals?...



Now play with your neurons!


