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“Once development was ended, the fonts of growth and regeneration of the axons and
dendrites dried up irrevocably. In the adult centers, the nerve paths are something fixed, and
immutable: everything may die, nothing may be regenerated.”

Santiago Ramon y Cajal, 1928

Autoradiographic and histological evidence of postnatal hippocampal neurogenesis in rats.

Altman & Das, 1965

Adult Neurogenesis?



Adult hippocampal neurogenesis
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Adult hippocampal neurogenesis in humans



Adult hippocampal neurogenesis in humans
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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.

Adult hippocampal neurogenesis, the lifelong generation of new
neurons in a brain region that is central to learning and memory
(Altman and Das, 1965), exerts a strong fascination for scientists
and the public alike. Knowledge about this process has funda-
mentally changed our ideas about how the hippocampus works
and, by extension, our ideas about the structural substrates that
underlie human cognition, cognitive aging, and the loss of hippo-
campal functions in, for example, Alzheimer’s disease or stress-
related disorders and depression.
Two prominently published studies have now reignited the

scientific debate about adult neurogenesis in humans. A report
by Sorrells et al. (2018) concluded that neurogenesis in the
human hippocampal dentate gyrus drops to undetectable
amounts during childhood, and that the human hippocampus
must function differently from that in other species, in which adult
neurogenesis is conserved (Sorrells et al., 2018). In another
study, Boldrini et al. (2018) came to the opposite conclusion
and reported lifelong neurogenesis in humans. Thus, in the
space of only a few weeks, two reports have been published
that could not bemore different. Herein, we discuss how the cur-
rent state of knowledge about adult hippocampal neurogenesis
applies to the human situation (Figure 1).

The Evidence for Adult Neurogenesis in the
Human Brain
In 1998, Eriksson and colleagues applied the current ‘‘gold stan-
dard’’ adult hippocampal neurogenesis method, which was
previously established in animal studies, on the human hippo-
campus (Eriksson et al., 1998). They identified patients who had
received infusions of the thymidine analog bromodeoxyuridine
(BrdU) for tumor-staging purposes, but did not receive any treat-
ment that is thought to affect cell generation, and they analyzed
the brains postmortem. Their conclusion from five brains was
that adult neurogenesis could be detected in the human hippo-
campus in the same location and numbers as expected based
on work in rats. BrdU and other halogenated thymidine analogs,
such as IdU or CldU, are incorporated into the DNA of dividing
precursor cells and can be detected immunohistochemically. De-
tecting a BrdU-positive neuron thus indicates that the neuron has
originated froma cell that underwent division at exactly the time at
which BrdU was applied, since BrdU has a short biological half-
life. Incorporation of thymidine analogues or 14C into DNA could
theoretically be caused by processes other than duplication of
DNA duringmitosis, such as DNA repair or methylation. However,
BrdUdoes not appear to be significantly incorporated duringDNA
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Evidence
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The hippocampus has been
described as one of the few sites
in the mammalian brain capable of
generating new cells continuously
throughout life. Two recent studies
that report contradicting findings
on adult human hippocampal neu-
rogenesis, however, reminds us of
the caveats and challenges of
studying this phenomenon in post-
mortem tissues.

It has been 56 years since the first evi-
dence of adult hippocampal neurogene-
sis in the mammalian system was
reported [1] and 20 years since it was first
demonstrated in the human brain [2].
Despite substantial supporting data,
recent contradicting reports by Sorrells
and colleagues [3] and Boldrini and col-
leagues [4] show that the very existence
of human hippocampal neurogenesis can
still be a subject for debate.

Sorrells and colleagues [3] examined 18
adult and 19 perinatal or postnatal sam-
ples of postmortem brain tissue obtained
from individuals of wide age range (14
gestational weeks to 77 years) with vari-
ous causes of death (full medical history
was not provided by the authors). Upon
extensive immunohistochemical analysis
of cells labeled with markers for prolifera-
tion (Ki-67+), young immature neurons
(DCX/PSA-NCAM+), radial glia-like stem
cells, and glia in the hippocampus, the
authors observed the highest number of

proliferating cells and young immature
neurons during the first year of life in
the dentate gyrus (DG), which is known
to be the primary site of adult hippocam-
pal neurogenesis. In line with existing lit-
erature [5,6], the authors reported a sharp
age-dependent decrease in the number
of these cells. 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.

By contrast, Boldrini and colleagues [4]
examined 28 postmortem hippocampal
tissue samples derived from healthy
adults ‘without cognitive impairment,
neuropsychiatric disease, or (history of
medical) treatment’ from 14 to 79 years
of age. The authors used similar immuno-
histochemistry methods as Sorrells and
colleagues did to visualize various cell
types relevant to hippocampal neurogen-
esis, including quiescent neural progeni-
tors, proliferating intermediate
progenitors, young immature neurons,
and mature granule neurons. They sub-
divided the DG into anterior, mid, and
posterior based on the relative location
of the DG to the lateral geniculate visible
on the coronal planes of the brain
sections.

In contrast to Sorrells and colleagues’
observations, Boldrini and colleagues
were able to detect all of the immature
and mature cell types in the adult human
DG, as shown in previous other studies
[2,7,8]. Furthermore, they did not observe
a substantial decline in the number of
these cells with age. The number of cells
for each cell type were estimated to be at
least thousands per DG subregion, sup-
porting a previous study that showed sim-
ilar numbers for adult-born hippocampal
cells [6]. Most of these cell types were
stably detected across age, except for

quiescent neural stem cells (GFAP/
Sox2/Nestin+), which showed an age-
dependent decrease specifically in the
anterior-mid DG. The authors also found
that the DG volume remained largely
unchanged, whereas measures for neu-
roplasticity and angiogenesis declined
with age in the anterior DG. These con-
comitant decreases were also found to be
significantly correlated with each other.

At first, it may appear surprising that the
two studies used similar methods and
reached completely opposite conclusions
as to whether adult human hippocampal
neurogenesis exists. However, a closer
look at the subtle differences in their
methods may provide clues to why this
might have happened.

One of the key strengths of Boldrini and
colleagues’ study, not implemented by
Sorrells and colleagues, is the use of
stereology, which is widely regarded
as the gold standard for unbiased quan-
tification in histological studies. The
adult brains examined by Sorrells and
colleagues also had at least 20 h longer
postmortem delay compared with those
used by Boldrini and colleagues, which
may have further diminished the immu-
noreactivity of markers such as DCX [9].
Furthermore, the majority of control
adults studied by Sorrells and col-
leagues had various diseases, such as
cancer and stroke, whereas Boldrini
and colleagues took rigorous measures
to ensure that their subjects were phys-
ically and psychologically healthy.
Therefore, it is difficult to say that the
findings of Sorrells and colleagues rep-
resent adult human hippocampal neu-
rogenesis in the general population, and
there is a high chance that Boldrini and
colleagues were more likely to have
generated accurate estimates of
neurogenesis in healthy human adults
using a bias-free approach, such as
stereology.
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Functional Relevance of Adult Hippocampal Neurogenesis: Learning and Memory

New Dentate Gyrus granule cells:

• Increase spatial memory capacity

• Reduce interference between memories (pattern separation)

• Add information about time to memories

• Are involved in forgetting of established context-memories.



•Adult Hippocampal Neurogenesis is reduced in some animal
models of depression.

•Many treatments for depression promote Adult Hippocampal
Neurogenesis and/or are dependent on functional neurogenesis.

Functional Relevance of Adult Hippocampal Neurogenesis: Mood



Adult Hippocampal Neurogenesis: Regulated by environmental influences



Adult Hippocampal Neurogenesis: is modifiable
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Adult Hippocampal Neurogenesis emerging as Target of choice?
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Intermittent fasting enhances recognition
memory and adult hippocampal neurogenesis
via the longevity gene Klotho and miR-497.
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Neurogenesis depletion using anti-
mitotic drug Temozolomide causes
changes in affective behaviour in
mice.

Egeland et al. Translational Psychiatry
2017



Human Hippocampal Stem Cell line – Controlled Environment

+EGF
+FGF

Differentiation

Cell
ProliferationAdd

4-OHT

Remove
4-OHT
EGF
FGF

Identification and 
validation of new genes 
and microRNAs involved 

in Proliferation and/or 
Neuronal Differentiation



Human Hippocampal Stem Cell line – Stress Model

Identification of 
drugs for 

repositioning as 
new 

antidepressants

Powel et al. 2017a, b

Identification of the 
mode of action of 
antidepressants

Anacker et al., 2011, 2013a, 
2013b

Identification of 
nutrient-derived 

bioactives
preventing stress-
induced decrease 
of neurogenesis

Stangl et al. in preparation



AHN: A Target for intervention

HEALTH
DISEASE

PREVENTION

TREATMENT

AHN: A Biomarker for Health status, disease 
prediction and monitoring

HEALTH
DISEASE

PREDICTION

MONITORING

Resveratrol 

Longevity      

Intermittent Fasting 

PPAR! 
Peroxisome proliferator 

-activated receptor  

Mir-497 

Adult 
Hippocampal 
Neurogenesis 

Klotho Wnt3a 



AHN: A Biomarker for Health status, disease prediction and monitoring

Human Serum

Semi-automated cell profiling platform

Cellular read-out: Stem cellness- Proliferation-
Differentiation (inc. neurogenesis)- Neurite
outgrowth – Senescence- Cell death…

Aleksandra Maruszak et al., bioRxiv
Murphy et al. in preparation

Human Hippocampal Progenitor cell line 

AHN: A Biomarker for Health status, disease 
prediction and monitoring

HEALTH
DISEASE

PREDICTION

MONITORING



Why using serum? 

(i) The neurogenic niche is localized around blood vessels allowing for potential 
communication with the systemic environment. 

(i) Cognitive/mood impairments and adult hippocampal neurogenesis can be ameliorated 
through systemic perturbations such as exercise and diet.

(iii) The systemic milieu can inhibit or promote adult neurogenesis in an age-dependent 
fashion in mice.



In vitro Parabiosis assay

Healthy Young donors
(n=27, Mean age: 29.7)

Healthy Old donors
(n=35, Mean age: 77.7) 

Tytus Murphy et al. in preparation



Older donor serum increases apoptotic hippocampal stem cell death
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Age of Donor serum alone is not linked to hippocampal stem cell proliferation and differentiation
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Chiara de Lucia, unpublished data, in preparation

Hippocampal and DG volumes are correlated with the percentage of Neuroblasts
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Cognitive Decline is linked to lower percentage of Neurons

Chronological age alone does not correspond to biological 
age when investigating neurogenesis
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Does older donor serum induces a molecular ageing phenotype?

LumiR pre-processing



Functional network analysis reveals conserved ageing molecular signature

Villeda et al., 2014Murphy et al. in preparation



Data: Tytus Murphy and Chiara de Lucia
Image from Lopez-Otin et al., 2013
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Older donor serum induces a molecular ageing phenotype in hippocampal stem cells



Old_Young in vitro parabiosis recapitulates some molecular hallmarks of Ageing

Ageing expression profile of hippocampal 
stem cells exposed to Old v. Young serum

Y (Mean age: 29.7); O (Mean age: 77.7) 

Ageing Cellular profile of hippocampal stem 
cells exposed to Old v. Young serum

Age is associated with increased heterogeneity:
Reflecting a lifetime of unequal exposure to changing environments / different 
life styles e.g. diet à Chronological age ⍀ biological age

The systemic environment is a major determinant of hippocampal stem cell 
biology during ageing.



Mu & Gage, 2011
Maruszak et al. 2013

Systematic comparison needed with
same:

-Age
-gender
-genetic background
-neuropathology stage
-methods of neurogenesis detection

Hippocampal neurogenesis in Alzheimer’s Disease (rodent models)



Gatt et al. 2018

Hippocampal neurogenesis in Alzheimer’s Disease (human postmortem tissues)



Hippocampal neurogenesis in Alzheimer’s Disease

Alterations in AHN occur at the very early stage of AD progression

Prior to processes that may secondarily affect neurogenesis (neuronal loss, amyloid
deposition and inflammation).

AHN= An integral part of AD pathology



-Can we clarify the longitudinal changes in hippocampal neurogenesis during AD progression?

-Can we predict AD conversion from Mild Cognitive Impairment (MCI)?

Hippocampal neurogenesis in Alzheimer’s Disease

MCI AD

L o n g i t u d i n a l  p a t i e n t s  s e r u m  s a m p l e s



Longitudinal serum samples AddNeuroMed and KHP-DCR cohorts

conversion

Mild cognitive 
impairment

Dementia due to 
Alzheimer’s disease

Longitudinal blood collection from MCI 
converters to AD
(N=38, 2-6 follow-up visits)

Mild cognitive impairment 
(non-converters)

Longitudinal blood collection from MCI 
non-converters (N=18, 3-6 follow-up 
visits)

Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



Can we monitor AD progression?

Signatures of disease progression
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Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



Increased number of 
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Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



Can we distinguish MCI converters from MCI non-converters? 

Signatures of disease progression



MCI converters and non-converters have a different cellular profile
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Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



Who will convert to AD? 

Signatures of disease progression
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Who will convert to AD? 

•Baseline serum sample data
•Stepwise logistic regression
èModel predicting conversion from MCI to AD with an accuracy of 96.75%

96.75% chance of correct classification

Area under the Receiver Operating Characteristic (ROC)
curve: 0.9675 - Sensitivity cut-off: 72%

OR P>z

Education 
(years)

0.72 0.040

Av cell count 
(proliferation)

1.03 0.001

Ki67 
(proliferation)

1.35 0.038

CC3 
(differentiation)

3.49 0.016

Intercept 1.68e-
15

0.012

p=0.0001, Pseudo R2=0.6672
Hosmer-Lemeshow chi2(8) = 9.22
Prob > chi2 = 0.3244

Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



Who will convert to AD: Machine Learning Cross-validation 

Area under the Receiver Operating
Characteristic (ROC) curve: 0.93 -
Sensitivity 90.3%, Specificity
79.0%.

Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 

Education 
(years)

Av cell count 
(proliferation)

Ki67 
(proliferation)

CC3 
(differentiation)

Support Vector Machine Classifiers using the
Radial-Based Kernel were trained to predict
conversion status.

Performance of the classifier was assessed
using 1000 repeats of 5-fold cross-validation

Ben Liu, Alejo J Nevado-Holgado
Simon Lovestone [Oxford University, UK]



Who will convert to AD: Proteomics

SOMAScan assay on baseline serum samples of MCI converters and non-
converters: 4006 different protein epitopes.

Receiver-operator characteristic-

curve for predicting conversion to 

Alzheimer’s disease using a panel of 

207 proteins. Area under the curve,

AUC=0.94 Sensitivity= 91.65%, 

Specificity= 81.68%.
Ben Liu, Alejo J Nevado-Holgado
Simon Lovestone [Oxford University, UK]

Aleksandra Maruszak et al., 
bioRxiv 175604; doi: https://doi.org/10.1101/175604 



1- Can we monitor AD progression? ✓
Conversion to AD is significantly associated with changes in hippocampal
progenitor cell count, proliferation, cell death and neurogenesis.

Our human hippocampal progenitor cell-based assay enables monitoring disease progression and predicting 
conversion to AD

3- Can we predict AD conversion? ✓
Education and baseline assay readouts on hippocampal progenitor cell
count, proliferation and cell death predict conversion to AD with high
accuracy.

2- Can we distinguish MCI converters from MCI non-converters? ✓
MCI converters can be distinguished from MCI non-converters using
markers of proliferation, neurogenesis and cell death.
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Average adjusted prediction for each of the observed values for education or CC3, while other variables are left at their observed values.



§Validation study has started.

§Up to 3.5 years for intervention to delay AD conversion/ for stratification in
clinical trials.

§Assay for testing candidate molecules to rescue the conversion cellular
phenotype.

§Assay for monitoring interventions/disease progression.

Our human hippocampal progenitor cell-based assay enables monitoring disease progression and predicting conversion to AD
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