: : Luca Bonfanti
2l Dept of Veterinary Sciences University of Turin

Neuroscience Institute Cavalieri Ottolenghi

Adult neurogenesis:
from stem.cells to immature neurons <
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Neurons expressing markers of «immatu_rity» in the a_'duit sheep hippdtampus
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NEUROSCIENCE

Adult neurogenests in mammals

Neurogenesis in adulthood has implications for sense of self, memory, and disease

By Fred H. Gage

Eutherian
mammals

—

Lt 4%

3

|
3

)

ﬁi

. {

4Ty

il

mammals

Y o.v

1

L

(244 Mya)

<P

Cow
Trappin-2, 4, 5, 6, 19, 20
Sheep
Trappin-2
Pig
Trappin-1, 2,3, 7, 8 (2b), 9
Wart hog
Trappin-1, 2
Collared peccary
Trappin-10
Europian hedgehog
Trappin-2
Europian shrew
Trappin-2
Microbat
Trappin-2
Megabat
Trappin-2
Horse
Trappin-2

o
a2

no trappin?
Guinea pig
Trappin-12, Caltrin I, SVP
Rat
no trappin
Mouse
no frappin
Nine-banded armaditio
Trappin-2, 13, 14, 15, 16, 17
Hoffmann’s two-toed sioth
Trappin-21
Cape hyrax
Trappin-2, 18
African elephant
Trappin-2, 18
Tenrec
Trappin-2, 18

genesis, including proliferation, maturation,
migration, differentiation, survival, and inte-



Neurogenic zones and their outcome

e Stem cell

o Neuroblast (neuronal progenitor) Subventricular zone

of the lateral ventricle
Hippocampal granule cell Dentate gyrus

of the hippocampus
Olfactory bulb periglomerular cell

Olfactory bulb granule cell
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NO REPAIR in mammals
Strong reduction in mammals

.

Adult neurogenesis, structural plasticity, repair

Plasticity + repair Plasticity




Adult neurogenesis is a protracted DEVELOPMENTAL process

laC
Embryonic 0@ stem cell niche
Radial glia EIE& @@@ @EE@ lo]oJolojolo]o]o]

' "a

Protracted Persistent

Striatum {guinea-pig)
reuroblast chaine  Calret+ neurons.
Cerebellum (mammals) g
Cerebellum (rabbit) & PaxZ+ interneurons  MapG+
YMS (mouse)

VMM (mouse)

WMM-like (rabbit)

oligodendrocytes

Bonfanti & Peretto 2011 Eur J Neurosci

Dentate gyrus N
Olfactory bulb aN
Developmental neurogenesis

Embrya Birth Postnatal uberty Adulthood
LIFESPAN
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Reduction among mammals

Brains in mammals are DIFFERENT



Adult neurogenesis: only physiological function in mammals?

frontiers

ADULT NEUROGENESIS TWENTY
YEARS LATER: PHYSIOLOGICAL
FUNCTION VERSUS BRAIN
REPAIR

Topic Editors
Paolo Peretto and Luca Bonfanti

|

frontiers in
S 2 NEUROSCIENCE

We need a mammal devoid of olfaction



Blow Hole
Skull

Melon
Eye

L i 2 ]

Median Notch

Dolphins

Aquatic mammals
(cetacea)

LARGE-BRAINED
CORTEX EXPANDED
HIGHLY
GYRENCEPHALIC
LONG LIFESPAN
ECOLOCALIZATION




No olfaction. No olfactory bulb

Mouse (not in scale) Human Dolphin

ABSENT




NEONATAL (9 days)
Tursiops truncatus POSTNATAL (12-18 months)
ADULT (20-50 years)

@ stenella coeruloalba EARLY POSTNATAL (3-6 months)
- ADULT (20-50 years)
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& Q& < Adulthood
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LIFESPAN



Parolisi et al., 2015 Front Neuroanat

Cx
St e LV ¢
k 7 LV
Neonatal mouse Neonatal human Neonatal dolphin

Absence of periventricular germinal layer at birth




LV T. Truncatus - neonatal

SVZ-r (Gm+Cm)

cC

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

CN

Glial meshwork (Gm)
. Cell mass (Cm)

SVZ-like region

Cerebellum (internal control)

Parolisi et al., 2017 Brain Struct Funct



.. many years ago

Kishida et al, 2015 Zool/ Lett

Olfaction

Q
Q}O
2 O
> &
& Q
RO &
& X &
\\'b 0\}
Q >

>
S
38 million years I

No OIfaCtlon Parolisi, Cozzi, Bonfanti, 2017 Brain Struct Funct




The trend seems confirmed

Vestigial SVZ?

Vertebrates

Adult neurogenesis, structural plasticity, repair



What about Humans?

Sanai et al., 2011 Nature g\'
(

)

Spalding et al., 2013 Cell a&/
Sorrells et al., 2018 Nature é‘v

Cipriani et al., 2018 Cereb Cortex (‘

Boldrini et al., 2013 Cell Stem Cell )
Tobin et al., 2019 Cell Stem Cell ,\E

Moreno-Jiménez et al., 2019 Nature Med



Bmalll{l{lﬁsgmgllim 2016;87:205-221

C& Adult Neurogenesis in Mammals:

Variations and Confusions

Hans-Peter Lipp®< Luca Bonfanti ¢

Comparative studies
reveal that

adult neurogenesis
is quite different

in humans and mice

(hippocampus)

Spalding et al., 2013 Cell

Yo KIGT + cells/adult granule cells

They claim
20-fold higher!

0.0E%:

0,00 %

E 3 4 E 7 2 Human
CH57BL/E mice [age in months)™ (40 years)™




Sanai et al, Nature 2011

'apporto di nuovi neuroni
verso il BULBO OLFATTIVO
nelluomo scompare a 18 mesi

8 months

Nell'ippocampo accade tra 7 e 13 anni

3 weeks 6 months 7 years 13 years 19 years 35 years 77 years

~ .
DCX'PSA-NCAM™ I , . O~
o cells| % n
;l ™ 5 £ r‘:_t' ‘

Sorrells et al., Nature 2018




ADULT NEUROGENESIS
Active stem cell niches
Continuous neuronal cell renewal

T

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




Alternatives?




PSA-NCAM
(low adhesive form of NCAM)

Polysialic acid

Brain regions showing PSA-NCAM staining



PSA-NCAM+ neurons in the adult rat paleocortex
(Seki & Arai, Anat Embryol,1991) (Bonfanti et al., Neuroscience, 1992)

PSA-NCAM

Paleocortex
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Doublecortin (DCX) as marker of structural plasticity

Cytoskeletal protein indicator of strucural plasticity
Involved in:

Neuronal migration
Growth-cone dynamics
Gyrencephaly

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



Neurogenic and non-neurogenic plasticity share some markers

A, oy
Structural plasticity LS e
with heurogenesis SRS R
3 . “-\*0,.,--..
W S ey R
N AR e

PSA-NCAM

DCX

Structural plasticity
without neurogenesis
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Neurons expressing markers of «immatu_rity» in the a_'duit sheep hippdtampus
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Cerebral Cortex October 2008;182229-2240
doi:10.1093 /cercor,/bhm2 55
Advance Access publication January 31, 2008

FEATUHE AHT' CLE Maria fingclcs Gomez-Climent, Esther Castillo-Gomez,

Emilio Varea, Ramon Guirado, José Miguel Blasco-Ibdnez,

A Population of Prenatally Generated Cells Carlos Crespo, Francisco José Martinez-Guijarro and

In the Rat Paleocortex Maintains an Juan Nicher
Immature Neuronal Phenﬂtvpe illt(] Neurobiology Unit and Program in Basic and Applied
Adulthood Neurosciences, Cell Biology Dpt., Universitat de Valéncia, Spain

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

& - )
FS @ @ BrdU incorporation

Newly generated neuron
(spontaneous in rabbit;
lesion-induced in rodents)

‘ \\ Immature

Non newly generated
immature neuron

(piriform cortex cortical layer II)
neuron

Elements potentially integrated

ex novo in preexisting circuits Parenchymal

I | progenitor

MR o Bonfanti & Nacher 2012 Prog Neurobiol
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Adult sheep brain

/ )( DCX+
; r scattered cells

multipolar ramified
(9-11 pm)

bipolar ramified
(8-9 pm)

bipolar
(3-6 pym)

Claustrum

Amygdala

D (2.2%) (1,3%)
bipolar ramified
I Type 1 Amygdala (7-9 pm)
B Type2 o=
Piumatti et al 2017 J Neurosci

unipolar-bipolar
(3-6 pm)

Type 1 2

Claustrum



A

B dU~ Sacrifice
Fecundation Puberty 4 %\
| 1 1 111 ]
2y 30 60 120d
N
= Neocortex Claustrum
B DCX+/Ki-67+
B DCX+/BrdU+
[] DCX+
=
3 (0%)
<

N E
O
@ BrdUDCX
* Sacrifice
B Fecundation Bl %«\ Birth §
Internal controls L L I 1 1 L1

5m 7d
in neurogenic zones

Claustrum

The DCX+ cells in cortex,
amygdala, claustrum,
external capsule

are NOT newly generated
but they are born prenatally

Neonatal

Piumatti et al 2017 J Neurosci

(0,7%) (9,7%) (17,7%) (15,9%) (0%)
M DCX+/BrdU+ B DCX+/Ki-67+
L] DCX+ [ bCx+

Neocortex Paleocortex External capsule Claustrum Amygdala All regions



Piumatti et al 2017 J Neurosci . . .
Markers of maturity/immaturity

O

DCXHuC/D

O

DCXCNGA3

DCXPSA

PSA-NCAM

Newlyborn Immature Mature
Classic Cortex layer Il The remaining
CNGA3 neurogenic sites  Amygdala, Claustrum  prain parenchyma
External capsule
Ki-67/BrdU [¥] Neurogenic Non-neurogenic

Structural plasticity

The DCX+ cells are in an intermediate state of immaturity



Time

Marcatori

, AR 5 SR
: , \ %
Ki-67 antigen BrdU DCX (doublecortin) - NeuN
Nuclear protein (Bromodeoxyuridine) Cytoskeletal protein PSA-NCAM (Neuronal nuclear protein)
Cell proliferation Thymidine analog Migration/Cell shape Membrane Neuronal differentiation
Cell proliferation carbohydrate

(possibility to track progeny through time) Anti-adhesive/Migration



Immature neurons can mature through age

(Rotheneichner et al., 2018)

3m-t->9

Perfusion

Perf

PSA-NCAM

PSA-NCAM

PSA-NCAM




Forse i neuroni immaturi non sono limitati alla paleocortex

Paleocortex

Xiong et al., 2008, Exp Neurol

Cai et al., 2009, Exp Neurol

Luzzati et al, 2009, Cereb Cortex
Zhang et al., 2009, Front Neuroanat

Topo

Y Immature neurons
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Aspettativa di vita:
15-25 anni

Cervello grande

Girencefalia



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




La differenza e 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

1 - Rodentia Mus musculus (Mouse), Heterocephalus glaber (Naked mole rat)
2 - Chiroptera Eidolon helvum (SC bat), Epomophorus wahlbergi (WE bat)
3 - Primates Callithrix jacchus (Marmoset), Pan troglodytes (Chimp)
4 - Carnivora Vulpes vulpes (Fox), Felis catus domestica (Cat)
5 - Artiodactyla Ouvis aries (Sheep)
6 - Lagomorpha Oryctolagus cuniculus (Rabbit)
7 - Macroscelidea Elephantulus myurus (Sengi)

8 - Perissodactyla Equus caballus (Horse)

Establishment of 4 comparable brain levels

] White matter
@ Cortical

Subcortical ]Grey SIS

Pc Paleocortex
Nc  Neocortex
Ex Capsula extrema
Ec External capsule
Cl  Claustrum
Pu  Putamen
Am  Amygdala
Ic Internal capsule
Cn Caudate nucleus
Cc  Corpus callosum
Lv  Lateral ventricle




In collaboration with:
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University of
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Zurich marinemammals
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\Qs’ Queen Mary

University of London

Chris Faulkes

Irmgard Amrein
Brain tissues

Brain tissues, data analises 4 ]
! ¥

85 brains

2\ THE GEORGE
Z) WASHINGTON
5] UNIVERSITY

WASHINGTON, DC

:‘égi Chiara La Rosa
T—=" SCIENCE & IMPACT DG VALENCIA
Frederic Levy Juan Nacher Chet Sherwood

Immature neurons expertise Brain tissues

Brain tissues
BrdU treatments



Cat ' F0)5 Rabbit

Paleocortex
™

R Paleocortex

CUCOCEeC

Mouse, NMR  Sengi WEbat, SChat Marmoset Rabbit Sheep Horse 4Chimp
| |
Paleocortex
L1 1 ] L ]
Only Lateral-dorsal Whole cortex
paleocortex neocortex (including whole neocortex)

¥

Neocortex



Densita lineare

Cortical layer Il
perimeter

Mouse

ﬁ

n° di cellule/mm di perimetro corticale (strato Il)

l

DCX+ cells in
B DCx+ cellsin paleocortex

[+

Cat Chimpanzee



Densita lineare (quantita di neuroni immaturi) ed estensione della neocorteccia

Neocortex
extension

s e - = ad@ba @ o
S #

Brain size @

25-
# Comparison to NMR -
*  Comparison to Mouse ok
20+
Young-Adult
Middle age
Senior
15+ sy
=
= k%
2
)
@)
104
5_
c iy v ] 1 ] ] ] ] ¥
NMR WE bat SC bat Marmoset Rabbit Chimpanzee Fox Sheep Cat

Mouse



25-

154

Cells/mm

104

small, lissencephalic brains vs. large, gyrencephalic brains

9 |
Small, lissencephalic brains Large, gyrencephalic brains



ADULT NEUROGENESIS
Active stem cell niches
Continuous neuronal cell renewal

8"‘ .

IMMATURE
NEURONS

Ipotesi

| neuroni immaturi
potrebbero «compensare»
la perdita di neurogenesi
nei cervelli con
grande espansione
della neocorteccia



The claim for adult neurogenesis in humans

Cell Stem Cell

. . . G nature

Human Hippocampal Neurogenesis Persists medicine

throughout Aging

Graphical Abstract Authors Letter  Published: 25 March 2019

— Gyrus iniiieicer Adult hippocampal neurogenesis is
Andrew J. Dwork, René Hen, abundant in neurologically healthy
J. John Mann . . .
subjects and drops sharply in patients
Correspondence . . ; .
mb928@cumc.columbia.edu Wlth Athelmer S dlsease
i n ntermedi ntermedi Satur atur In Brief Elena P. Moreno-Jiménez, Miguel Flor-Garcia, Julia Terreros-Roncal, Alberto Rabano, Fabio Cafini,
0;2\31?; i [ tE;\leuer(;:la(e I l?\le::":j:ﬂale lGraraxz;Tee prisipe Noemi Pallas-Bazarra, Jests Avila & Marfa Llorens-Martin &

\V\YAVI (o]}
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»

Human Hippocampal Neurogenesis Persists in Aged

Adults and Alzheimer’s Disease Patients

Matthew K. Tobin « Kianna Musaraca * Ahmed Disouky « ... David A. Bennett « Konstantinos Arfanakis

Orly Lazarov f « Show all authors « Show footnotes

Published: May 23, 2019 * DOI: https://doi.org/10.1016/j.stem.2019.05.003



in a very hot topic

Hippocampal neurogenesis: a «flame»
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Preliminary results:

La Rosa, Olmeo, Ghibaudi, Amrein, Bonfanti

x10

Py oy

- o ~ ¢

(Ref)




/

Neurons expressing markers of «immaturity» in the adult sheep hippdcampus
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Foto: Ottavia Palazzo

Neuronal maturation:
Mouse: 3-4 weeks

Sheep: 3 months Humans: ???
Monkey: 6 months
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NEUROSCIENCE

Adult neurogenests in mammals

Neurogenesis in adulthood has implications for sense of self, memory, and disease

genesis, including proliferation, maturation,
migration, differentiation, survival, and inte-

By Fred H. Gage genetic markers (4). Moreover, adult neuro-
genesis was shown to occur in limited areas

Mammals?...



Now play with your neurons!



