This image was generated in the Lab of FH Gage at the Salk Institute
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To Aoypa

- "In the adult centers the nerve paths are something fixed, ended
and immutable. Everything may die, nothing may be regenerated."
Santiago Ramon y Cajal

"O eviRAIkoC eyKEpaAog dev EXEl Th duvaTOTNTA va dNHIOUPYEI
véouc Neupwveg”

Golgi staining Drawing of Golgi-stained cerebelum by Ramon y Cajal
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Altman and Das, 1965

Autoradiographic and Histological Evidence of
Postnatal Hippocampal Neurogenesis in Rats

JOSEPH ALTMAN aAnD GOPAL D. DAS
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ABSTRACT

(24}

In the autoradiograms of voung rats injected with thymidine-H? many

of the gn'lnule cells of the dentate gyrus were found labeled. The number of labeled
cells declined rapidly with increased age at the time of injection. Histological studies
showed the presence in young rats of a large germinal matrix of mitotic cells in the
ependymal and subependymal layers of the third and lateral ventricles. The areal
extent and cell population of this germinal pool declined rapidly from birth on, with
4 transient rise with a peak at about 15 days. During this latter period the number of
“undifferentiated” cclls near the granular laver of the dentate gyrus showed a rapid
of “undi

rise with a subsequent decline. The decline in the b

T iated” cells

was accompanied by a rise in the number of differentiated granule cells. Cell counts
in homologous parts of the dentate gyrus indicated & six-fold increase in the number
of differentiated granule cells from birth to three months. We postulated that un.
differentiated cells migrate postnatally frJom the forebrain ventricles to the hippo-

campus where they b differ
Asl A hi 1

The ible functional significance of

x di.

pon’tinn of testosterone-H* by cells of the hipp

1 with reference to our finding of incor.
Tl

P icating that they may

function as receptors of gonadal hormones.

It is commonly held that neurons in the
central nervous system of higher verte-
brates are formed during embryonic devel-
opment and that neurogenesis does not
occur postnatally. This belief is based on
the absence of neurons with mitotic figures
in the brains of adult birds and mammals,
in general, and the absence of signs of
regenerative neuronal proliferation follow-
ing brain lesions or trauma in particular.
‘This conclusion has not been seriously
questioned until recently, even though
some investigators argued for the exist-
ance in the mature brain of “indifferent
cells” (Schaper. 1897) or “medulloblasts”
(Bailey and Cushing, '25) which can dif-
ferentiate into neurons (for a history, see
Globus and Kuhlenbeck, '44; Jones, '32;
Kershman, '38), while others claimed to
have observed mitotic neurons in young
mammals (for a history, see Kjellgren, '44).

In pilot studies employing fine-resolu-
tion autoradiography, we have recently
observed (Altman, '62b) that following
intracranial injection of thymidine-H* into
young adult rats there was an accumula-
tion of reduced silver grains over the nu-
clei of a few neurons in the neocortex and,
more commonly and consistently, over the

J. Comr. NEun., 124: 319-336.

granules cells of the hippocampus. This
finding was subsequently confirmed in
normal adult rats and adult cats after
intraperitioneal or intraventricular injec-
tion of thymidine-H' (Altman, '63a). Since
there is good evidence that thymidine, a
specific precurser of chromosomal DNA, is
utilized exclusively by the nuclei of cells
that are preparing for multiplication
(Hughes, '59; Hughes, et al., '58; Leblond,
et al., '59; Taylor, et al., '57), these results
suggested the possibility of neurogenesis in
some forebrain structures in adult mam-
mals. That the autoradiographic “labeling”
of cell nuclei in the brain following injec-
tion of thymidine-H* is associated with
cellular proliferation was supported by our
observation of the labeling of a good pro-
portion of those glia cells that were in-
duced to multiply in regions of experimen-
tal brain lesions or in areas structurally
and functionally connected with the trau-
matized sites (Altman, '62a). The same
conclusion could also be drawn from the
finding that neuroglia and microglia cells

1This study was :up‘rorted by the U. S, Atomic
Energy C issi an vy aid was re-
ceived from the John A. Hartford Foundation. We
wish to thank Elizabeth Altman, William J. Anderson
and Louise Wasserman for their assistance in various
phases of this program,
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HIPPOCAMPAL NEUROGENESIS

Fig. 1 Low and high power microphotographs of autoradiograms frem the area of the
dentate gyrus of the hippocampus in a rat injected with thymidine-H* at the age of ten days
and killed two months after the injection. Note labeling of granule cells, predominantly in
the internal border (basal surface) of the granular layer. A, 100 x: B, 256 x; C, 640 X.
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To Adypa KatappeeL evteAwc!

20 years ago...
Eriksson et al., Nature 1998

7% 1998 Nature America Inc. « hitp:/imedicine.nature.com

A2 1998 Nature America Inc. « hitp://medicine.nature.com

ARTICLES
Neurogenesis in the adult human hippocampus

PETER S. ERIKSSON', EKATERINA PERFILIEVA', THOMAS BIORK-ERIKSSON?, ANN-MARIE ALBORN',
CrAEes NORDBORG?, DANIEL A. PETERSON' & FreD H. GAGE'
Department of Clinical Neuroscience, Institute of Neurology’, Department of Oncology’, Department of Pathology’,
Sahlgrenska University Hospital, 41345 Goteborg, Sweden
‘Laboratory of Genetics, The Salk Institute for Biological Studies, 10010 North Tonrey Pines Road, La .blla,
California 92037, USA
C d should be add, dto F.H.G.

The genesis of new cells, including neurons, in the adult human brain has not yet been demon-
strated. This study was undertaken to investigate whether neurogenesis occurs in the adult
human brain, in regions previously identified as neurogenic in adult rodents and monkeys.
Human brain tissue was obtained postmortem from patients who had been treated with the
thymidine analog, bromodeoxyuridine (BrdU), that labels DNA during the S phase. Using im-
munofluorescent labeling for BrdU and for one of the neuronal markers, NeuN, calbindin or neu-
ron specific enolase (NSE), we demonstrate that new neurons, as defined by these markers, are
generated from dividing progenitor cells in the dentate gyrus of adult humans. Our results further

indicate that the human hippocampus retains its ability to generate neurons throughout life.

Loss of neurons is thought to be irreversible in the adult human
brain, because dying neurons cannot be replaced. This inability
to generate replacement cells is thought to be an important
cause of neurological disease and impairment. In most brain re-
gions, the generation of neurons is generally confined to a dis-
crete developmental period. Exceptions are found in the dentate
gyrus and the subventricular zone of several species that have
been shown to generate new neurons well into the postnatal and
adult period"”. Granule neurons are generated throughout life
from a population of continuously dividing progenitor cells re-
siding in the subgranular zone of the dentate gyrus in the rodent
brain®. ‘Newborn’ neurons generated from these progenitor cells
migrate into the granule cell layer, differentiate, extend axons
and express neuronal marker proteins™*.

We examined whether progenitor cells reside in the adult
human hippocampus and whether new neurons are born within
the dentate gyrus of the adult human brain. Postmortem tissue
from the hippocampus and the subventricular zone of caudate
nucleus was obtained from cancer patients (n = 5) who received

Fig. T Newly generated cells can be detected in the adult human brain in
patients previously treated with BrdU. a, The hippocampal region of the
adull human brain immunoperoxidase-stained for the neuronal marker
NeuN. b, The hippocampal dentate gyrus granule cell layer (GCL) visualized

one intravenous infusion (250 mg; 2.5 mg/ml. 100 ml) of bro-
modeoxyuridine (BrdU) for diagnostic purposes''. One patient
diagnosed with a similar type and location of cancer, but with-
out BrdU treatment, was included as a control. A thymidine ana-
log, BrdU is incorporated into the DNA of dividing cells and can
be detected immunohistochemically in their progeny™ ",

Cell genesis and survival in the adult human dentate gyrus
The number of surviving labeled, proliferating progenitors was
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PROOF OF NEURON FORMATION in the mature human  modeoxyuridine (BrdUj—that was injected into the patients to
brain includes these micrographs of hippocampal tissue from  assess tumor growth. BrdU becomes integrated into the DNA
adults who died of cancer. The images, derived through differ-  of dividing cells (such as stem cells) but is not retained by al-
ent methods, mark neurons in red. The green ina neuron inthe  ready established neurons. Its presence therefore signals that the
left image and the dark shading of a neuron in the right image  marked cells differentiated into neurons only after the BrdU
reveal that the cells’ chromosomes harbor a substance—bro-  was delivered, late in the patients’ lives.

* The study provided strong evidence for the presence of adult neurogenesis in

humans
* It did not enable any quantitative estimates
* ... whether adult neurogenesis decreased with primate evolution, and whether the

extent of this process in humans is sufficient to have any functional impact



The extent of neurogenesis
in different regions of the adult brain

Rodent brain

Neocortex
Constitutive and reactive: few reports in favor,
many opposed

Subventricular zone - olfactory bulb

Constitutive: numerous independent
reports

S5 WA

Constitutive: few reports in favor Hypothalamus Dentate gyrus
in rats but not in mice Constitutive: first month Constitutive: numerous
Reactive: several strong reports of life but not later independent reports

Human brain
Neocortex
Constitutive and reactive: solid evidence
against; no strong evidence in favor

Subventricular zone -
olfactory bulb
Constitutive: declines
sharply after birth in the
subventricular zone;
no olfactory bulb
neurogenesis

Striatum

Constitutive: one study
presented several lines
of evidence in favor;
one study did not detect
neuroblasts

Dentate gyrus

Constitutive: a number of
reports in favor



Adult neurogenesis in the subgranular zone of the dentate gyrus in the hippocampus
Neupoyéveon otnV UTTOKOKKLWEN {wvn TNE 060VTWTHG EALKOG TOU UITITOKAUITOU

WHERE NEW NEURONS FORM

In the adult brain, new neurons arise in the hippocam- HUMAN BRAIN
pus, a structure involved in learning and memory.
Although the original discovery was made in rodents,
new brain cells have since been found in adult humans
as well. More specifically, the fresh crop of neurons
arises in an area of the
hippocampus called
the dentate gyrus,
highlighted in the
brain slices at
the right.

Cross section
of hippocampus

Hippocampus

Dentate
gyrus



Adult neurogenesis in the SGZ

Molecular layer

Granular cell layer *
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SGZ

Hilus

Circuitry regulations Microvascular Extracellular matrix

Y Radial-glia like cell Intermediate Neuroblast 1 Mature granular neurons

progenitor cells

‘ Granular neurons )f Astrocytes fnlerneurons




Adult Neural Stem Cells — Hippocampus (DG)

Radial glia-like
stem cells Neural
progenitor

cells

Stages, time scale

Proliferation

~25h

Marker expression
GFAP, Nestin, Sox2

Expansion phase

Specific

Mature newborn granule cells

Immature newborn
granule cells

Differentiation
Migration

Synaptic
integration

~ 4 days ~ 4-10 days ~ 2-4 weeks

519 ¢ PSA-NCAM, TuJ1

e

NeuN, Calbindin

Survival and elimination phase

Radial glia- Transiently
like amplifying
stem cells progenitor cells

Maturation of
dendritic spines

Dendrite extension
Axon extension

Increased synaptic plasticity Lowered treshold for LTP
Activity dependent recruitment Increased synaptic
Survival or apoptosis plasticity



Signals, Transcription Factors, and Epigenetic Regulators
during Adult Hippocampal Neurogenesis

Immature N //
RGLs neuron P Ay
Type1 cell Intermediate progenitors ‘\g \\ g
s A Q >,' j \\ ,7"' i/’
r hl Type3 cell \ [ Granule Y
T \ \
ype2a cell Type2b cell \| cell } /'
o) | £
!|'/ J[y"“ ,:f'l
!:l ”."—fv/
J";-"""
Granule /‘\
cell layer o )
“"ET/V'
Subgranular “‘s
zone [
Quiescence Proliferation/ Fate specification Morphogenesis and Maturation
Activation differentiation
Signals BMP, Notch, GABA Canonical Wnt, Canonical Wnt, NT-3 Wnt/PCP, Notch, Glutamate, NRG2,

Transcription

factors

Epigenetic

regulation

IGF, Shh, FGF-2,
EGF, Dopamine

Hes5, FoxQ, REST Sox2, TIx Tbr2, Ascli/Mashi,
NeuroD1, Prox1
Gadd45b, Fmrp, Mbd1
LSD1

EDNF, Reelin, GABA

NeuroD1,Prox1,
CREB, AP-17?

Gadd45b, MeCP2

Neurcnal activity

CREB

MeCP2, HDAC2

Goncalves et al., Cell 2016




Adult hippocampal neurogenesis and
cognitive flexibility — linking memory
and mood

Cognitive flexibility: A cognitive process of executive function by
which previously learned behavioral strategies can be modified to
adapt to changes in environmental contingencies.

Enables adaptation to new situations by switching from previously
held beliefs or thoughts to new response strategies.

Anacker & Hen, Nat Rev Neurosci 2017



The hippocampus is a heterogeneous structure with gradually
segregated functional differences along its dorso-ventral axis

Human
* Anxiety
* Aversion .
* Goal-directed behaviour POSt&?gf Hippocampus
Anterioy
Ventral
e Reward
e Pleasure
e Motivation

e Fear responses
e Fear learning

-/ ?Glucocorticoids

* Defensive behaviour

* Aversion

* Appetitive behaviour

* Neuroendocrine responses

Nature Reviews | Neuroscience



Lesions of the dorsal
hippocampus primarily
impair cognition and

spatial learnin =
p g POStEfIOr H|ppocar@
Dorsal

In humans, the
posterior
hippocampus, which is >
analogous to the
dorsal hippocampus in
rodents, is larger in
individuals who
require a large
capacity for processing
spatial and contextual
information, such as
taxi drivers.

Human

Nature Reviews | Neuroscience



e Lesions of the ventral
hippocampus alter
emotional behavior,
social interactions and B
stress resilience Dorsa_JH'ppocampus

) \
* In humans, the w

anterior hippocampus, D g
which is analogous to &2l
the ventral
hippocampus in
rodents, is smaller in
unmedicated patients
with depression and
larger in
antidepressant-treated
patients than in
healthy individuals Nature Reviews | Neuroscience

Human

_———"’-’_’_’_'—— _X

Anterio




The ventral hippocampus and the neural circuitry of mood and anxiety
Human

* Anxiety L BEXF immature neurons

« Aversion | Posterior

» Goal-directed behaviour Hippocampus
Dorsal

Anterioy

Ventral

| \thature neurons

e Reward
e Pleasure
e Motivation

e Fear responses
e Fear learning

* Defensive behaviour
* Aversion

* Appetitive behaviour
* Neuroendocrine responses

Nature Reviews | Neuroscience



a High neurogenesis

Neurogenesis T —
faCiIitateS Safety platform
cognitive flexibility | e
. Tajestiony a safety platform
by allowing the
formation of new @ ... P—

clearance flexibility

distinct memory traces Q — s Q
00 . 000
O

b Low neurogenesis

Hippocampal neurogenesis
may be necessary for
cognitive flexibility,

Mouse cannot

as it allows the avoidance find changed
. position of a
of interference between e Q

novel and previously

formed memories o Yot o ﬁ%
O czrg/qce o exibitity

Q0
oo oo Proactive oo
o o interference o

Granule Memory O Memory Overlap between
cell engram 1 J engram 2 engram 1 and engram 2
MEMORY TRACES

Nature Reviews | Neuroscience



To sum up...

The hippocampus has repeatedly been implicated in learning and
memory, as well as in the behavioral response to stress and in the
pathophysiology of mood disorders.

Adult neurogenesis in the DG has been proposed to regulate information
processing in the hippocampus, and young neurons may contribute to the
circuitry both by integrating new information and by inhibiting the activity
of the dense network of mature granule cells.

This inhibitory effect of adult-born neurons may be important to erase
previously established, fear-associated memories and to allow new, non-
fear-associated memories to be formed instead (cognitive flexibility).

At the same time, inhibition may facilitate sparse encoding of new
information (pattern separation).

Increasing neurogenesis or enhancing cognitive flexibility may thus
represent promising new treatment strategies for patients with
compromised DG gyrus function, facilitating efficient stress recovery and
preventing or counteracting the development of chronic
psychopathology.
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Questioning human neurogenesis

Neurons are born in the brain’s hippocampus throughout
adulthood in mammals, contributing to the region’s
functions in memory and mood.
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d0i:10.1038/nature25975

Human hippocampal neurogenesis drops sharply in
children to undetectable levels in adults

Shawn F. Sorrells™?, Mercedes F. Paredes™**, Arantxa Cebrian-Silla?, Kadellyn Sandoval®?, Dashi Qi*, Kevin W. Kelley!,
David James’, Simone Mayer™?, Julia Chang?, Kurtis I. Auguste?, Edward F. Chang?, Antonio J. Gutierrez’,

Arnold R. Kriegstein?, Gary W. Mathern®?, Michael C. Oldham"2, Eric J. Huang'", Jose Manuel Garcia-Verdugo®,
Zhengang Yang® & Arturo Alvarez- Buylla?

NeulN DAPI
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d0i:10.1038/nature25975

Human hippocampal neurogenesis drops sharply in
children to undetectable levels in adults

Shawn F. Sorrells™?*, Mercedes F. Paredes"**, Arantxa Cebrian-Silla®, Kadellyn Sandoval*?, Dashi Qi°, Kevin W. Kelley,
David James®, Simone Ma_ver“3, Julia Chang®, Kurtis I. Auguste, Edward F. Chang=, Antonio J. Gutierrez’,

Arnold R. Kriegstein3, Gary W. Mathern®?, Michael C. Oldham™2, Eric J. F{L1311gf"5'. Jose Manuel Garcia-Verdugo®,

Zhengang Yang® & Arturo Alvarez- Buylla?

Human tissue collection

37 post-mortem specimens from controls

22 post-operative neurosurgical specimens from patients with epilepsy
18-77 years of age

For infant cases, when the brain was at full term (37-40 gestational weeks) and autopsy
was performed within two days after birth, we refer to the case as ‘birth’



Human DG proliferation declines sharply during infancy
and a layer of proliferating progenitors does not form in the SGZ

The number of Ki-67+Sox1+ or Ki-67+Sox2+ cells decreased in the hilus during the first year
of life, but these cells did not form a discrete layer beneath the GCL at any of the ages
studied.
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Figure 2 | Human DG proliferation declines sharply during infancy
and a layer of proliferating progenitors does not form in the SGZ.

a, Maps of Ki-67" (green) cells in the DG from samples of individuals that
were between 22 gestational weeks and 35 years of age; GCL in blue.

b, Ki-67"SOX1" and Ki-677SOX2" cells (arrows) are distributed across

the hilus and GCL and the number of double-positive cells decreases
between 22 gestational weeks and 1 year of age. ¢, d, Quantification

of Ki-67" (c) and Ki-67 "SOX2" (d) cells in the hilus and GCL. For
quantifications, dots indicate staining replicates (>3) (each age n=1).
Scale bars, I mm (a) and 100 um (b).



The number of young neurons declines in the human DG
from infancy into childhood
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Figure 3 | The number of young neurons declines in the human DG DG. d, Maps of DCX"PSA-NCAM™ cells (yellow dots; GCL, blue outline).
from infancy into childhood. a, DCX" cells at birth are distributed in a e, DCX"PSA-NCAMT cells in the DG (birth to 77 years) are rare by 7
continuous field (left) or tight clusters (middle) and express PSA-NCAM and 13 years of age (arrows). For quantifications, dots indicate staining
(right). b, Outlines of cell types in the GCL at 22 gestational weeks, birth replicates (>3) (each age, n=1). Scale bars, ] mm (d), 20pm (a, ) and

and 7 years of age. ¢, Quantification of DCX*PSA-NCAM™ cells in the s5pm (b).



The SGZ forms during
macaque development but
new neurons are rare in
adults
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Figure 4 | The SGZ forms during macaque development but new = 2 0~ $5 20 oo
neurons are rare in adults. a, b, Maps and immunostaining of Ki-67 " cells = 8 3 i — L
(a) and DCX™ cells (b) in the macaque SGZ (from E150 to 23 years of age). B 5 s
¢, DCXTPSA-NCAM " cellsin the SGZ (1.5 and 7 years). d, DCX"PSA- s 3

NCAM™ or DCX*TTUJ17 cells (23 years). e, f, Quantification of Ki-67
cells (e) and DCXTPSA-NCAM™ cells (f) in the macaque GCL, hilus
and molecular layer (ML). n= 1 animal per age; dots indicate staining
replicates (>3). g, Immunogold (DCX-Au) transmission electron
microscopy of neurons (light green overlay) at different stages of 9 Macaque SGZ:
maturation. Left, small DCX™ cell; middle, DCX™ cell with a short process, AN DN phaciclypas

¥

mitochondria and prominent endoplasmic reticulum (arrow); right, large
DCX™ cell with round soma, few organelles and an expansion into the
GCL. Scale bars, 500 pm (a, b (left)), 50um (a, b (right)), 20 pm (¢, d) and
1 pm (g).



To sum up...

The authors observed the highest number of proliferating cells and young
immature neurons during the first year of life in the dentate gyrus (DG)

A sharp age-dependent decrease in the number of these cells was
reported.

Only a few isolated young neurons were observed by 7 and 13 years of
age.

No young neurons were detected in the DG of adult patients with
epilepsy or healthy adults.

A similar age-dependent reduction was also seen in rhesus macaques.

, raising questions of how human DG plasticity differs from
other species in which adult hippocampal neurogenesis is abundant.

Interestingly, a lack of neurogenesis in the hippocampus has been
suggested for aguatic mammals (dolphins, porpoises and whales), species
known for their large brains, longevity and complex behaviour.

Understanding the limitations of adult neurogenesis in humans and other
species is fundamental to interpreting findings from animal models.



One month later...
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Human tissue
collection

28 postmortem
hippocampal tissue
samples derived from
healthy adults

14-79 years of age

Cell Stem Cell

Human Hippocampal Neurogenesis Persists

throughout Aging

Graphical Abstract

Dentate Gyrus

Quiescent || Intermediate Intermediate | Immature/| Mature
Neural Neural Neural Granule | Granule
Progenitors ||Progenitors(l-Il)] Progenitors(lll) ' Neurons | Neurons

Age-Related Changes
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Highlights
e Pools of quiescent stem cells are smaller in aged human
hippocampal dentate gyri

e Proliferating progenitor and immature neuron pools are
stable with aging

e Angiogenesis and neuroplasticity decline in older humans

e Granule neurons, glia, and dentate gryus volume are
unchanged with aging

Authors

Maura Boldrini, Camille A. Fulmore,
Alexandria N. Tartt, ...,

Andrew J. Dwork, René Hen,

J. John Mann

Correspondence
mb928@cumc.columbia.edu

In Brief

Boldrini et al. find persistent adult
neurogenesis in humans into the eighth
decade of life, despite declines in
quiescent stem cell pools, angiogenesis,
and neuroplasticity. Over a 65-year age
span, proliferating neural progenitors,
immature and mature granule neurons,
glia, and dentate gryus volume were
unchanged.



Even old brains can make new neurons...
But new neurons in older brains may make fewer connections

Dentate Gyrus
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Fewer Quiescent Neural
Progenitors and

Human Dentate Gyrus

* Sox2+ QNP pool was smaller in the
anterior-mid DG of older people

* Nestin+ and Sox2/Nestin+ INP type
I-1l cells were not fewer in older
humans in anterior, mid or
posterior DG

* Ki-67+ cells unchanged between
14 and 79 years of age
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NestindR cell number

Ax104

c
&
2
E
3
€ 3
3
o
«
~
e
X

o T ST D
NUCLEAR REDIM & i e Wes" Sis. !,
¢ 4« . - 3 .a'l
e, L .’t‘~ ¥ “:,.“‘ ’ ‘ ‘....
3 : AR Tsez
R ‘3
";‘D ';' Py

L
SGZ 2
x Fo SNy
GCL
" s
3 )/
-~ X
, 3
e somm -
L
\‘\ 80 um
Anterior DG Mid DG Posterior DG
!i:a.-mu"‘ rho= - 378
l‘. . $ &
. s we s “w *we
L4 » .: s » : -.
- .. e %
20 40 80 80 20 a0 60 80 20 40 60 80
Age (years) Age (years) Age (years)



. e . *PéA-NcAMI ,.Q :-‘B'.- C L o ',,

Fewer PSA-NCAM+ cells in w0/ e (o8p WY vifl AR
: ‘ LN b ‘.'V; :é ﬂ '\ ) ‘Qn'_ &

- r" AN 43 ;

aging human DG i+l N
ging e P ! A4 Ko N

el oy \' 6’ : 3 *
S sez 1"53\ 4 & / \&{ ,,F.
'\'. : '

- Umpoara
=> Decline in neuroplasticity - s W Sl
Anterior DG Mid DG Posterior DG
D é [ 5
e PSA-NCAM was detected in neural E 1% T ends | e B | e T o ey

ex107

cells with immature, bipolar, and

it *

pyramidal morphology
z 2x10
* PSA-NCAM/DCX marker of P
neuroblasts
* PSA-NCAM marker of VU gee] wee @ =
neur0p|aStICItY G 2 e Immature Cells Unipolar Cells Pyramidal Cells
g‘:.w:lb'
* PSA-NCAM+ mature GNs were all 3% ecw
fewer in anterior DG with olderage :'we . .. - . UL

Age (pmars) Age (ywuars) Age (pwars)



Age-associated DG

angiogenesis decline and

stable DG volume

* smaller total capillary area
and length and shorter and
less branched capillaries
correlating with fewer PSA-
NCAMH+ cells selectively in
anterior-mid DG
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To sum up...

Pools of quiescent stem cells are smaller in aged human hippocampal DG

Proliferating progenitor and immature neuron pools are stable with aging

The older brains had less vascular development

The neurons in older hippocampi expressed lower levels of proteins
associated with plasticity, or the formation of new neural connections

Granule neurons, glia, and DG volume are unchanged with aging



Adult human hippocampal neurogenesis
exists or not?

Controversy, evidence and
remaining questions...
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Neurogenesis:
Controversy and
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The hippocampus has been
described as one of the few sites
inthe mammalian brain capable of
generating new cells continuously
throughout life. Two recent studies
that report corntradicting findings
on adult human hippocampal neu-
rogenesis, however, reminds us of
the caveats and challenges of
studying this phenomenon in post-
mortem tissues.

poifarating cale and young immatrs
newrons during s first year of e In
the dentate gyrus (DG), which is known
to be e primary g8 of adult hppocam-
pd nawrogensss. In ine with sxdstng iit-
eratura 5 f], the asthors reportad asham
age-dependent dacrease in the number
of thase cals. Only a faw isolatad young
neurons wers obsenved by 7 and 13 years
of ags. No young narons wers dstsctad
intha DG of adut patents witheplspsy or
healty aduts. A similar age-depsndant
reduction was dso ssen in rhesus
maca|ues.

By contrast, Bodrini and colsaguss [4]
examinad 28 postmaortam hippocampd
tissus sampes derved fom  heslthy
acduts ‘without cognitve imparmment,
newropsychiatic deeass, or (history of
medica) tragment’ fom 14 to 79 ysars
of ags. The authors usad amier immuno-
histochemistry methods a8 Somsls and
collsrause dd to visudizs vaious o=l

CellPress

REVIEWS

quescant nsward stem cels  (GFAP/
Sox2/MNeatin®), which showed an age-
dependent decraase specificdly n e
anteror-mid DG. The auhors also found
that the DG woume ramanad Ergaly
unchanged, wharsas measures for nau-
roplasticity and angoganess  decined
with 208 n the antenor DG. Thass con-
comitant decraases wers dso foundtobs

Atfirst itr —

two studi
reachado
a3 o wha
NELFOQEnE
look at
mathods |
might haw

Oneof th

collsagus
Somslls &
starsoloo

| 7%00?5&!;3&!;2 nrpressias: Kempemann et al., Human Adult Neurogenesis: Evidence and Remaining Questions, Cell Stem Cell (2018), https://
doi.org/10.1016/].5tem.2018.04.004
Cell Stem Cell

Human Adult Neurogenesis: Evidence and
Remaining Questions

Gerd Kempermann,'* Fred H. Gage,>" Ludwig Aigner,® Hongjun Song,* Maurice A. Curtis,” Sandrine Thuret,®

H. Georg Kuhn,”:® Sebastian Jessberger,® Paul W. Frankland,'® Heather A. Cameron,'" Elizabeth Gould,’'? Rene Hen,'*
D. Nora Abrous,'* Nicolas Toni,'® Alejandro F. Schinder,'® Xinyu Zhao,'” Paul J. Lucassen,'® and Jonas Frisén'®."
1German Center for Neurodegenerative Diseases (DZNE) Dresden and CRTD (Center for Regenerative Therapies Dresden), Technische
Universitat Dresden, Dresden, Germany

2Laboratory of Genetics, The Salk Institute for Biological Studies, La Jolla, CA USA

“Institute of Molecular Regenerative Medicine, Spinal Cord Injury and Tissue Regeneration Center Salzburg, Paracelsus Medical University,
Salzburg, Austria

“Department of Neuroscience, University of Pennsylvania, Philadelphia, PA, USA

SDepartment of Anatomy and Medical Imaging and Centre for Brain Research, The University of Auckland, Auckland, New Zealand
6King's College London, Institute of Psychiatry, Psychology & Neuroscience, Department of Basic and Clinical Neuroscience, London, UK
“University of Gothenburg, Institute for Neuroscience and Physiology, Section for Clinical Neuroscience, Gethenburg, Sweden

BCharité — Universitatsmedizin Berlin, Neurocure Cluster of Excellence, Berlin, Germany

®HiFo / Brain Research Institute, University of Zurich, Zurich, Switzerland

10Program in Neuroscience and Mental Health, Hospital for Sick Children, Toronto, ON M5GOA4, Canada

T1Section on Neuroplasticity, National Institute of Mental Health, National Institutes of Health, Bethesda, MD, USA

*2Princeton Neuroscience Institute, Princeton University, Princeton, NJ, USA

*3Departments of Neuroscience and Psychiatry, Coumbia University, New York, NY, USA

“Neurocentre Magendie, INSERM U1215, Bordeaux, France

*SLausanne University Hospital, Department of Psychiatry, Center for Psychiatric Neurosciences, Lausanne, Switzerland

8Neuronal Plasticity Lab, Leloir Institute - CONICET, Buenos Aires, Argentina

7Waisman Center and Department of Neuroscience, University of Wisconsin-Madison School of Medicine and Public Health, Madison,
WI, USA

8Brain Plasticity group, Swammerdam Institute for Life Sciences, Center for Neuroscience, University of Amsterdam, the Netherlands
9Department of Cell and Molecular Biology, Karolinska Institute, Stockholm, Sweden

*Correspondence: gerd kempermann@dzne.de (G.K.), gage@salk.edu (F.H.G.), jonas.frisén@ki.se (J.F.)
https://doi.org/10.1016/}.stem.2018.04.004

Renewed discussion about whether or not adult neurogenesis exists in the human hippocampus, and the
nature and strength of the supporting evidence, has been reignited by two prominently published reports
with opposite conclusions. Here, we summarize the state of the field and argue that there is currently no
reason to abandon the idea that adult-generated neurons make important functional contributions to neural
plasticity and cognition across the human lifespan.



Key evidence

Birthdating study Birthdating study Birthdating study

with BrdU with IdU with 14C

N=5 N=4 N =55

Eriksson et al. 1998 Emst et al. 2014 Spalding, Bergmann
etal. 2013

Proposed functional contribution

» Temporal and spatial contextualization of
information

Avoidance of catastrophic interference,
“behavioral pattern separation”

Flexible integration of new information
into pre-existing contexts

Forgetting

Affective behaviors

4

Spatial navigation, Episodic memory, Autobio-
graphic memory, Adaptability to novel contexts

Isolation of Proxy marker studies Marker panel study
neurogenic precursor  in disease cases

cells

4 reports, > 10 reports, see main text Knoth et al., 2010

e.g. Palmer et al. (2001) for references Boldrini et al., 2018

Supporting evidence



* Technical issues:
the limitations of marker studies
guantitative aspects (stereology)
* Conceptual contexts
potential species differences (fig.)
functional aspects
evolutionary considerations



What we see: What it might mean:
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No markers known

Emphasis on
expansion phase

Emphasis on
latency phase



different mammalian species might have developed different solutions to
the problem of how to provide a critical population of highly plastic cells
to the network

the balance between retained neurogenic potential from proliferating
progenitor cells or from a reservoir of pre-generated, highly excitable
cells might also vary between human individuals

this balance is likely to change across the lifespan

If the duration of the window of plasticity lengthens with age, extremely
low numbers of proliferating cells could still contribute to a reservoir of
plastic cells that sustain the required functionality

the process of adult neurogenesis may somewhat parallel what occurs in
the female reproductive system of mammals, where all stem cell
proliferation that generates the population of egg cells occurs very early in
life

there might also be a ““neurogenic menopause,” in which the potential is
used up, and this might indeed contribute to age-related cognitive decline



There is currently no reason to abandon the idea that
adult-generated neurons make important functional
contributions to neural plasticity and cognition across
the human lifespan.

There is a clear need for additional ways to study the
generation of new neurons in adult humans.
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