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Adult neurogenesis is limited to specific brain regions in the mammalian brain, such as the
hippocampal dentate gyrus and the subventricular zone/olfactory bulb system. Alterations in
adult neurogenesis appear to be a common hallmark in different neurodegenerative diseases
including Parkinson’s disease (PD), Alzheimer’s disease (AD), and Huntington’s disease (HD).
This is remarkable, because the distinct pathological proteins responsible for the different
diseases induce the loss of different neural populations. Impaired adult neurogenesis was
shown in numerous animal models of neurodegenerative diseases; however, only few post-
mortem studies have been performed. We will review concepts related to the interplay
between cellular plasticity in regions of adult neurogenesis with a specific focus on cell-
autonomous and non-cell-autonomous factors. Furthermore, various strategies aimed to
stimulate neuronal plasticity will be discussed within the context of a potential translation
into therapeutic approaches for neuropsychiatric symptoms associatedwith PD, HD, and AD.

REGULATION OF NEUROGENESIS
IN THE ADULT BRAIN

Altman and colleagues were the first scientists
to report adult neurogenesis (Altman and

Das 1965; Altman 1969), and this observation
changed the dogma that the mammalian brain
is incapable of generating new neurons. New
neurons generated throughout life are one com-
ponent of brain plasticity—a cellular process—
however, limited to distinct brain regions har-
boring adult neural stem and precursor cells,
primarily the subventricular zone (SVZ) adja-
cent to the lateral ventricles and the subgranular
zone (SGZ) of the dentate gyrus (DG) of the

hippocampus. As described in detail elsewhere
in the literature, adult neurogenesis involves
several crucial steps of neural development.
An important aspect regarding adult neurogen-
esis is its modulation as a result of a variety of
genetic, epigenetic, and transcriptional factors
as well as environmental factors, age, and acute
and chronic diseases (Ma et al. 2010; Mu et al.
2010). At this point, one may ask: Why is the
generation of new neurons in distinct regions of
the brain important for neurodegenerative dis-
eases?

Gradual loss of different neuronal popula-
tions occurs in monogenic and sporadic neuro-
degenerative diseases. Diseased neurons have
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deficits in synaptic transmission and this is as-
sociated with axonal and dendritic degenera-
tion (reviewed in Luo and O’Leary 2005). Im-
paired adult neurogenesis in neurodegenerative
diseases indicates that in addition to losing
existing neurons, the adult brain’s endogenous
capacity for cell renewal and the putative func-
tion of these new neurons is compromised or
lost.

Despite disease-specific patterns of neurite
degeneration and loss of neurons within specif-
ic neurotransmitter populations, “pre-disease”-
related symptoms observed in the early stages
of Parkinson’s disease (PD), Alzheimer’s disease
(AD), and Huntington’s disease (HD) frequent-
ly include depression, anxiety, cognitive, or ol-
factory dysfunction, symptoms linked to olfac-
tory or hippocampal function (Simuni and
Sethi 2008; Stout et al. 2011; Hinnell et al.
2012), the main regions of adult neurogenesis.
Therefore, there may be an increased vulnera-
bility within regions of cellular plasticity caused
by the underlying neurodegenerative processes
(Braak et al. 2003; Pavese et al. 2010; Carlesimo
et al. 2012). Specifically, there may be neuro-
genesis-related dysfunctions for distinct sen-
sory, emotional, and cognitive processes in the
context of different neurodegenerative diseases.
In particular, some of the patients’ symptoms
early in the course of these diseases may be con-
nected to deficits in adult neurogenesis.

In addition to the primarily diseased neu-
rons, many neurodegenerative diseases present
with pathology in glial cells and changes in the
brain environment. Therefore, an important as-
pect of neurodegeneration may affect surround-
ing cells and signals—in particular, glia. The fate
of “newly generated neurons in a diseased brain”
represents a unique model system to study ear-
ly cell-autonomous and non-cell-autonomous
changes in neurodegenerative diseases.

Therefore, the next question is, are new neu-
rons a strategy to replace neurons lost during the
progress of neurodegenerative diseases?

In PD, this question has been addressed by
various approaches of cell-replacement thera-
pies. Since the early 1980s, transplantation of
human dopamine-producing fetal midbrain
neurons into the striatum of PD patients was

performed. These studies provided the proof
of principle that transplanted fetal cells survive,
produce dopamine, and functionally integrate,
also shown by an increased fluorodopa uptake
in the putamen (Hauser et al. 1999). Although
open-label trials led to striking clinical improve-
ments, the negative outcome of double-blind
trials in the United States was a severe setback
because of adverse side effects, namely, graft-
induced dyskinesias and limited motor im-
provements, terminating transplantation pro-
grams for more than a decade (Freed et al.
2001). The limited occurrence of Lewy bodies
(2%–5%) in grafted human fetal mesencephal-
ic neurons and an increased microglial response
within the graft in few patients with PD suggest-
ed an adverse host-to-graft interaction. More
importantly, the presence of a fetal synuclein-
opathy triggered extensive studies on cell–cell
interactions and disease-specific propagation of
a-synuclein (a-syn) in PD (Kordower et al.
2008; Li et al. 2008). Currently, transplantation
approaches are further explored with a specific
focus on the precise selection of patients and the
cell type chosen for transplantation. Specifi-
cally, human pluripotent stem cell–derived
neuronal cells might provide a future cellular
source for these techniques. Recently, a new trial
has been instated that aims at reviving and re-
fining transplantation techniques, funded by
the EU as the multicenter project TRANSEURO
(Petit et al. 2014).

All of these techniques will strongly rely on
an in-depth understanding of how young neu-
rons are able to integrate and survive in a rather
hostile neurodegenerative microenvironment.
To foster this understanding, the adult neural
stem cell niche with its endogenous pool of neu-
ral stem cells for adult neurogenesis is an ideal
“physiological” scenario. In this regard, a re-
cently published differentiation paradigm for
human pluripotent stem cells that enriches for
hippocampal DG granule neurons will be of
great value. This differentiation paradigm reca-
pitulates the expression patterns of key develop-
mental genes during hippocampal neurogene-
sis, shows characteristics of neuronal network
maturation, and produces PROX1þ neurons
that functionally integrate into the DG (Yu et
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al. 2014). Specifically, this advance will allow
one to combine classical rodent model–based
hippocampal neurogenesis studies with disease
modeling using human neurons and will offer
important insights into the neurodevelopmen-
tal aspects of neurodegenerative diseases. We
will review current reports about adult neuro-
genesis in monogenic and sporadic neurode-
generative disorders and try to decipher com-
mon pathogenic mechanisms.

PD: DISEASE MECHANISMS

PD is the most common movement disorder
with an increasing prevalence because of an ag-
ing population (de Lau and Breteler 2006). Mo-
tor symptoms include bradykinesia, rigidity,
resting tremor, and postural instability, pre-
dominantly linked to the degeneration of dop-
aminergic neurons in the substantia nigra pars
compacta.

The neuropathological hallmark of PD is the
accumulation of a-syn as intracellular deposits
in Lewy bodies and Lewy neurites (Spillantini
et al. 1998). Mutations in the humana-syn gene
(A30P, E46K, H50Q, and A53T) are observed in
rare autosomal-dominant forms of PD (Poly-
meropoulos et al. 1997; Kruger et al. 1998; Zar-
ranz et al. 2004; Appel-Cresswell et al. 2013).

Nonmotor symptoms in PD like depres-
sion, anxiety, cognitive and olfactory deficits,
and autonomic dysfunction are likely associat-
ed with other neurotransmitter systems. These
symptoms occur both early and throughout the
entire disease course and have a strong impact
on the quality of life. In particular, depression is
an important nonmotor symptom, present in
up to two-thirds of all PD patients (Tolosa et al.
2009; Gallagher et al. 2010; Hinnell et al. 2012).
Moreover, large-scale epidemiological studies
observed cognitive impairments in up to 20%
of PD patients at disease onset (Aarsland et al.
2009); in advanced stages, more than 80% of
patients may develop dementia (Hely et al.
2008). Recent studies in PD patients point to
an early affection of the hippocampus and ol-
factory bulb (OB) in the disease process (Braak
et al. 2003; Weintraub et al. 2011; Carlesimo
et al. 2012), making the investigation of adult

hippocampal and OB/SVZ neurogenesis the
focus of research.

ADULT NEUROGENESIS IN PD

Human Disease

Postmortem analysis of adult neurogenesis in
PD and related synucleinopathies are still very
limited and technically challenging. In particu-
lar, the analysis of proliferation in the SVZ of
human PD brains led to conflicting results. An
interesting debate has emerged over the ques-
tion of whether a decreased proliferation of SVZ
progenitors is present in PD patients at a late
stage of the disease (Höglinger et al. 2004; van
den Berge et al. 2011).

A significant reduction of proliferating
cell nuclear antigen (PCNA)-positive cells in
the human SVZ (n ¼ 4 per group) of patients
with clinically and pathologically diagnosed
PD (mean age 68.5 + 3.2, postmortem time
26.5 + 4.8) compared with controls (mean age
66.0 + 11.1, postmortem time 27.8 + 10.5)
was reported (Höglinger et al. 2004). Fewer pro-
liferating cells (epidermal growth factor receptor
[EGFR]-positive cells) in the human SVZ were
also reported in a different study (O’Keeffe et al.
2009). In general, the limited numbers of post-
mortem cases is still a common drawback of
these studies.

The Hol group (van den Berge et al. 2011)
investigated 10 controls, 10 PD patients, and
five patients with incidental Lewy body disease
and detected no difference in the number of pro-
liferating cells for PCNA or the G2/M phase
marker phosphohistone H3 for PD and age-
and sex-matched controls. Similar amounts of
PCNA and H3 positive cells were found in in-
cidental Lewy body disease. This PD cohort
(79.5 + 5.5 for controls and 79.3 + 5.0 for
PD) was more than 10 years older than the pop-
ulation in the study from the Hirsch group with
a very short postmortem time (means between
5 and 8 h within the different groups). The do-
nor population was matched for a broad range
of variables, most importantly Braak staging.

The published studies largely differ in the
postmortem times, the analyzed area of the
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SVZ, the markers, and immunostaining proto-
cols used. Although this controversy is not yet
conclusively solved at present, sufficient study
numbers and standardized fixation, immuno-
staining, and analysis methods will be necessary
to draw a final conclusion regarding SVZ pro-
liferation in PD.

Even less is known about neurogenic activ-
ity in the DG of the hippocampus in PD. The
Hirsch group observed a decreased number
of DG cells expressing nestin and b-III-tubulin
in three PD patients and five patients suf-
fering from PD with dementia (PDD) com-
pared with three controls (Höglinger et al.
2004). Interestingly, PDD shows a more severe-
ly decreased number of nestin-expressing cells
in the human DG. The number of Sox2-
expressing cells in the DG is reduced in demen-
tia with Lewy bodies (DLB), and this was
paralleled by an increase in a-syn-positive cells
(Winner et al. 2012). The current findings
are of particular interest because a decreased
hippocampal neurogenesis was also described
in patients suffering from depression. Namely,
the number of proliferating cells in the human
DG stained with the marker minichromosome
maintenance 2 was significantly reduced in de-
pressed patients (n ¼ 10) compared with 10
healthy controls (Lucassen et al. 2010), and
increased in patients treated with selective se-
rotonin reuptake inhibitors (SSRIs) or tricyclic
antidepressants (Boldrini et al. 2009, 2012).

At this point, we also will have to acknowl-
edge that the human system may rely on dif-
ferent dynamics (Spalding et al. 2013). Spe-
cifically, neuronal precursor cells generated
in the lateral ventricle wall, the site of origin
of newly generated OB neurons in other mam-
mals, do not migrate to the human OB. Re-
cently, the Frisen group identified a unique pat-
tern of adult neurogenesis in humans by
retrospective birth dating and revealed contin-
uous generation of striatal interneurons in
humans (Ernst et al. 2014). Therefore, some
hypotheses and data obtained in rodent models
concerning stem cell niches and adult neuro-
genesis, but also more general mechanisms,
may or may not be translated to the human
condition.

Adult Neurogenesis in Transgenic Animal
Models of PD

The majority of transgenic animal models for
PD lack significant nigrostriatal degeneration.
However, progressive neuropathology, and, spe-
cifically, nonmotor deficits frequently observed
in PD have been obtained. Transgenic mice–
carrying mutations or overexpressing PD-relat-
ed genes are of particular interest for these pur-
poses. Specifically, the functional role of genes
encoding for a-syn, leucin-rich repeat kinase 2
(LRRK2), parkin, PINK1, and DJ-1 have been
studied in transgenic animals (for review, see
Rockenstein et al. 2007; Dawson et al. 2010).

The analysis of adult neurogenesis in the
different transgenic animal models of PD re-
vealed distinct impairments of proliferative ac-
tivity and survival of newly generated neurons
(reviewed in Winner et al. 2011; Marxreiter et al.
2013). Here, we will focus on a-syn and LRRK2
models.

a-syn has been identified in several species,
indicating that an evolutionary conserved role
and physiological modulation of a-syn was
specifically attributed to neuronal remodeling,
namely, songbird learning. Although not essen-
tial for cell survival or synapse formation, a-syn
plays an important role in presynaptic dopa-
mine recruitment and synaptic transmission
(Iwai et al. 1995; Abeliovich et al. 2000). Recent-
ly, we used double a/b-syn knockout mice
(Chandra et al. 2004), and observed that the
knockdown of a/b-syn resulted in a propor-
tional increase of new neurons in the hippo-
campal DG (Winner et al. 2012). To elucidate
mechanisms of a-syn-mediated neurodegener-
ation in PD, transgenic a-syn models overex-
pressing of a-syn were used (Masliah et al.
2000; Hashimoto et al. 2003; Nuber et al. 2008).

The first transgenic mouse model described
for a-syn was a mouse-carrying human wild-
type (wt) a-syn under the control of the human
platelet–derived growth factor (PDGF)-b pro-
moter (Masliah et al. 2000). Accumulation of
human a-syn in various brain regions, includ-
ing the cortex and the hippocampal formation
and spatial memory deficits, are present (Mas-
liah et al. 2011). In the hippocampal DG, co-
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expression of human wt a-syn and neural pro-
genitor markers in the DG is found as early as
Sox2 expression, but also later in developing
doublecortin (DCX)-expressing neuroblasts
and mature neurons (Winner et al. 2004,
2012). The overexpression of wt a-syn led to a
decreased hippocampal neurogenesis paralleled
by increased cell death. At the same time, the
proliferation of neural stem cells was not affect-
ed (Winner et al. 2004). We labeled newly gen-
erated neurons in the DG of PDGF wt a-syn
animals with an enhanced green fluorescent
protein (eGFP) retrovirus, and we observed
that dendrite outgrowth of newly generated
neurons was significantly impaired in the wt
a-syn mice. At the same time, an increased
spine density in new neurons was observed in
the wt a-syn mice, possibly indicating a com-
pensatory effect because of reduced connectiv-
ity. Reductions in mushroom spines, reflecting a
lack of maturation, most likely indicate that
overexpression of a-syn hinders normal levels
of presynaptic activity. To further distinguish
cell-autonomous from non-cell-autonomous
effects, we investigated selective overexpression
of wt a-syn in newly generated neurons. Again,
we observed a decrease in dendritic length and
impaired dendritic branching (Winner et al.
2012). When endogenous mouse a/b-syn was
absent, the effect of dendrite length reduction
following selective overexpression of a-syn in
newly generated neurons by injecting a retrovi-
rus overexpressing human a-syn was no longer
present in the a/b-syn knockout mice. These
experiments showed that cell-autonomous
overexpression of wt a-syn induced a reduction
in dendrite length. This reduced dendrite length
could be modulated by changes in the concen-
tration of endogenous a-syn levels (Winner
et al. 2012). These data strongly suggest differ-
ential effects of cell-intrinsic wt a-syn and over-
expressed a-syn in surrounding DG cells on
hippocampal neural stem cells and the matura-
tion of newly generated DG neurons in this
transgenic a-syn model, and provides evidence
that gene dosage has an impact on neurite out-
growth and maintenance.

A conditional model expressing human wt
a-syn under the control of the calcium/cal-

modulin-dependent protein kinase (CaMK)-
IIa promoter showed widespread distribution
of a-syn in the brain including the hippocam-
pus, which was partly reversed by shutdown
of the transgene (Nuber et al. 2008). These an-
imals showed motor impairments and spatial
learning deficits by 12 months of age. Interest-
ingly, a decreased DG neurogenesis without af-
fecting proliferation of adult neural stem cells
was observed. More importantly, this detrimen-
tal effect on DG neurogenesis was reversible by
conditional cessation of transgene expression,
indicated by an increased number of DCX-ex-
pressing DG neuroblasts (Nuber et al. 2008).

Interestingly, the expression of human mu-
tant A53T a-syn under the PDGF promoter led
to a severe neuropathological phenotype (Ha-
shimoto et al. 2003), paralleled by an even more
severe decreased hippocampal neurogenesis.
The number of newly generated neurons was
significantly reduced; even the proliferation of
neural stem cells in the DG of these transgenic
mice was decreased (Crews et al. 2008; Kohl
et al. 2012). Besides the contribution of a-syn
to impaired proliferation, differentiation, and
survival of newly generated DG neurons, com-
promised neurotransmitter systems (serotoner-
gic or dopaminergic efferents) may play an ad-
ditional role for the decreased DG neurogenesis.

In addition, animals transgenic for LRRK2
containing the most frequent G2019S mutation
show increased anxiety-related behavior (Mel-
rose et al. 2010). Moreover, LRRK2 is highly
expressed in the hippocampus, in particular,
in PSA-NCAM expression neuroblasts (Melrose
et al. 2007). Importantly, transgenic G2019S
LRRK2 mice showed reduced proliferation of
neural stem cells, which finally led to a strong
decrease (by 77%) of survival of newly generat-
ed neurons in the DG (Winner et al. 2011). In
addition, transfection studies outlined that
dendritic branching was severely impaired in
primary neuronal cultures in vitro (MacLeod
et al. 2006) as well as in newly generated neurons
of the adult hippocampus in vivo (Winner et al.
2011), whereas knockout of LRRK2 resulted in
an increase in dendrite length (Paus et al. 2013).

The impact of overexpressed a-syn on den-
dritic development and spine formation of new
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DG neurons (Winner et al. 2012) showed the
significance of the a-syn protein itself on the
integration of new neurons in the DG, a crucial
step in hippocampal neurogenesis (van Praag
et al. 2002). Moreover, the deleterious effect of
mutant A53T a-syn on the proliferative capac-
ity of neural stem cells in the DG in contrast to
wt a-syn (Crews et al. 2008; Kohl et al. 2012) is
suggestive of a differential effect ofa-syn species
as well as different structural states of a-syn
(i.e., oligomers, fibrils, and aggregates) (Winner
et al. 2011) on proliferating and maturing hip-
pocampal neurons.

Further possible mechanisms are related to
alterations in the expression of proneurogenic
growth factors. Activation of the cAMP response
element-binding (CREB) protein by the phos-
phodiesterase inhibitor rolipram was able to
rescue the dendrite outgrowth defect following
a-syn overexpression (Winner et al. 2012). Re-

cently, we detected a reduction of brain-derived
neurotrophic factor (BDNF) and glial cell–
derived neurotrophic factor (GDNF) in A53T
a-syn mice compared with nontransgenic litter-
mates (Kohl et al. 2012). Although serum levels
of BDNF are reduced in PD patients (Scalzo et
al. 2010), impairments of the local trophic
support of newly generated DG neurons might
play a role in the reduction of neurogenesis
in the A53T a-syn transgenic model (Fig. 1).

AD: DISEASE MECHANISMS

AD, first described by the German psychiatrist
and neuropathologist Alois Alzheimer in 1906,
is the most common form of dementia in adult-
hood. Patient deficits include olfactory deficits,
memory impairment, and cognitive and func-
tional deterioration. Widespread neurodegen-
eration throughout the basal forebrain, cortex,

A  Physiological B  Transgenic PDGF WTS

C  CAG-WTS-GFP retrovirus D  α/β-syn ko + CAG-WTS-GFP

α/β-syn ko 

α-syn expression level around newborn neurons α-syn expression level in newborn neurons

α/β-syn ko EndogenousEndogenous OverexpressionOverexpression

Unchanged mushroom
spine density

Mushroom spine
density ↓

Unchanged mushroom
spine density

Unchanged dendrite length

Spine density ↓

Spine density ↓

Spine density ↑

Dendrite length ↓

Dendrite length ↓

Figure 1. Model of effects of human wild-type a-synuclein (WTS) and mouse endogenous a-synuclein in the
dentate gyrus (DG). (A) A newly generated neuron integrating into the DG is shown on the left part of all images;
the right part depicts a higher magnified insert of a dendrite showing spines and the larger mushroom spines
(A–D). (B–D) Models showing the impact of WTS on dendrite and spine development. (B) Platelet-derived
growth factor (PDGF) WTS transgenic mice. (C) Retroviral overexpression of WTS using a CAG-WTS-green
fluorescent protein (GFP) construct. (D) Retroviral overexpression of WTS on an a/b-synuclein knockout
background. Cell-specific overexpression of WTS results in decreased dendrite length and spine density (B,C),
whereas nonspecific overexpression (C) leads to a decrease in mushroom spines, as indicated in the purple
panels showing an example of magnification of the spines (according to Winner et al. 2012). CAG, Cytomeg-
alovirus (CMV) enhancer fused to the chicken b-actin promoter.
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and limbic system as a result of neuronal and
synaptic loss is observed. Specific hallmarks of
AD are neurofibrillary tangles caused by hyper-
phosphorylated tau proteins and amyloid
plaque deposition (Hardy and Selkoe 2002).
Amyloid-b (Ab) is the product of proteolysis
of amyloid precursor protein (APP) by b- and
g-secretase enzymes (reviewed in Crews et al.
2010b). No curative treatment exists for AD.

Genetic studies have identified mutations in
genes like APP, presenilin (PSEN)1, and PSEN2
to cause familial AD. They result in toxic Ab
oligomers and deposition of the Ab42 peptide
and the accumulation of intracellular and/or
extracellular Ab species (i.e., K670N/M671 L,
Swedish mutation; V717I, London mutation;
V717F, Indiana mutation) or amyloid angiop-
athy (i.e., D23N, Iowa mutation) (Selkoe 1998;
Walsh and Selkoe 2007). Presenilin is the cata-
lytic component of g-secretase cutting APP (De
Strooper 2003) and, at the same time, plays a
role in regulating the Notch and Wnt signaling
mechanisms by sequentially cleaving the notch
receptor to generate a notch intracellular do-
main (NICD) (Kojro and Fahrenholz 2005).
For AD research, a model of great interest is
the triple transgenic (tg) model (overexpression
of Swedish mutant APP, mutant P301L tau in a
homozygous mutant of PS1 [M146V]) knock-
in mouse, because these mice develop hip-
pocampal tangle-like pathology, neurological
deficits, and amyloid deposition (Crews et al.
2010a).

ADULT NEUROGENESIS IN AD

Human Disease

Studies of human AD have not been able to
clarify the role of AD pathology on adult neuro-
genesis yet. Although an increase in protein ex-
pression and cell numbers of neurogenesis-re-
lated proteins (e.g., DCX and PSA-NCAM,
TUC-4 and NeuroD) from AD hippocampus
(Jin et al. 2004) was reported, other studies
found an increase in gliosis and vascular-asso-
ciated changes in presenile AD human hippo-
campus (Boekhoorn et al. 2006) or a decrease
in DCX- and Sox2-positive cells in human AD
in combination with increased BMP6 levels

(Crews et al. 2010a). Some of these contradic-
tory findings might be explained by a gene
expression study, showing that AD neuropa-
thology in the prefrontal cortex is preceded by
changes in gene expression that point to in-
creased synaptic activity and plasticity in hu-
man AD brains at different Braak stages (Bossers
et al. 2010). Clearly, future studies depend on
defined clinical data providing treatment and
precise disease stages. Approaches like measur-
ing the concentration of the nuclear bomb test–
derived 14C in genomic DNA might be a means
to better analyze cell turnover dynamics in AD
in the future (Spalding et al. 2013).

Adult Neurogenesis in Transgenic Animal
Models of AD

When comparing studies of adult neurogenesis
in animal models of AD, there seems to be a
huge variability, depending on promoters, age
of the animal and age of onset of the disease,
transgene expression, neurotransmitter level,
and amount of overexpression/loss of the dis-
ease-causing protein. In different AD transgenic
models, adult neurogenesis was altered in both
directions, decreased and increased (reviewed
in Lazarov and Marr 2010; Marlatt and Lucas-
sen 2010; Mu et al. 2010). Experimental condi-
tions largely differ and have been extensively
discussed (Lazarov and Marr 2010; Marlatt
and Lucassen 2010). Another difficulty in char-
acterizing adult neurogenesis in AD is that
there are both extracellular (amyloid-mediated)
and intracellular (tau-mediated) AD pathology
and, thus, it is hard to delineate cell-autono-
mous and non-cell-autonomous effects of AD
pathology in the stem cell niche.

Although a single APP transgene mutation
(Indiana mutation) induced a decreased adult
neurogenesis in animals with amyloid deposi-
tion (Donovan et al. 2006), double and triple
mutations of APP (APP Swedish and Indiana)
under many circumstances result in increased
proliferation and, in some cases, survival of
new neurons (Haughey et al. 2002; Mirochnic
et al. 2009). A potential explanation of these
divergent results might be a temporal distinct
susceptibility in response to protein overexpres-
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sion associated with glial response and aberrant
cell-cycle changes, as described in other brain
regions (Yang et al. 2001; Varvel et al. 2009).

An important study in adult neurogenesis
was performed in the commonly used pan AD
model, the triple transgenic mice (3xTg-AD)
harboring three mutant genes (APP, PSEN1,
and tau). Decreased proliferation was detected
and correlated with the presence of b-amyloid
plaques (Rodriguez et al. 2008).

Sisodia and colleagues studied the neural
stem cell (NSC) autonomous versus nonauton-
omous effect by performing coculture experi-
ments of NSCs and microglia derived from
PSEN mutants or controls. A decreased prolif-
eration and less neuronal lineage commitment
could be achieved in wild-type NSCs when co-
cultured with PSEN1 mutated microglia (Choi
et al. 2008). This indicates that the non-NSC-
autonomous mechanisms might be an impor-
tant key to understanding how AD-related pro-
teins act on newly generated neurons. A detailed
summary of the divergent reports on adult neu-
rogenesis in PSEN models (reviewed in van Tijn
et al. 2010) recently indicated the difficulty that
most of these studies were performed in young
mice and, rarely, old mice (e.g., PS1-P264 L/KI
mice) (Zhang et al. 2007). More recently, it has
become more evident that Ab interferes with
the homeostasis of intrahippocampal neuro-
transmitters, such as the g-aminobutyric acid
(GABA) and glutamate (Schinder et al. 2009).
In particular, Ab-mediated alterations of the
GABAergic neurotransmission or an imbalance
between hippocampal GABAergic and gluta-
matergic neurotransmission result in an im-
paired hippocampal neurogenesis in AD. Spe-
cifically, Ab modifies the balance between
excitatory and inhibitory inputs on adult-born
neurons (Sun et al. 2009). Furthermore, risk
genes for AD, such as the apolipopotein E,
may have a detrimental effect on adult hippo-
campal neurogenesis as a result of altered sig-
naling that promotes glial differentiation at the
expense of neurogenesis (Li et al. 2009).

Investigating adult neurogenesis in AD is
involved in a larger picture of alterations in syn-
aptic plasticity, spine morphology, and axonal
pathology. A systematic comparison of different

AD transgenic models under the same promot-
er with a similar labeling paradigm, sex, age,
and background including analysis of neuronal
circuits, activity-dependent modifications, and
functional testing is a crucial requirement to
draw meaningful conclusions for the relevant
AD preclinical models.

HD: DISEASE MECHANISMS AND
CURRENT TREATMENT

Cytomegalovirus (CMV) enhancer fused to the
chicken b-actin promoter (CAG) trinucleotide-
repeat expansion (.39) within the disease-
causing huntingtin gene causes HD, a progres-
sive autosomal-dominant neurodegenerative
disease and the most common hereditary hyper-
kinetic movement disorder (for review, see
Pringsheim et al. 2012). An extended polyglut-
amine tract in the huntingtin (htt) protein was
found (MacDonald et al. 1993). The clinical
symptoms of HD are progressive involuntary
choreatic movements, cognitive decline, and af-
fective symptoms (reviewed in Walker 2007).
Impaired olfactory and cognitive functions as
well as depressive symptoms are frequently pres-
ent in patients and presymptomatic gene carri-
ers and precede the onset of motor symptoms
for many years (Mochel et al. 2007; Stout et al.
2011). Despite the fact that, since the discovery
of the HD gene in 1993, the disease is diagnosed
years before the onset of first symptoms; so far,
no disease-modifying therapy exists. Oligomer-
ization and aggregation of the mutant htt result
in neuronal damage in medium spiny neurons
of the neostriatum and other neurons, such as in
the cortex (reviewed in Li and Li 2004; Sathasi-
vam et al. 2010).

ADULT NEUROGENESIS IN HD

Human Disease

Curtis et al. (2003) described an increased cell
proliferation in the SVZ of human HD patients.
Increased PCNA numbers correlated with se-
verity of disease and the number of CAG re-
peats. In the human ventricle wall, the PCNA/
glial fibrillary acidic protein (GFAP)-colabeled
cells were found in the most superficial regions
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close to the ventricular edge (Curtis et al. 2003,
2005). The same group could not detect signifi-
cant differences in cell proliferation in the DG of
HD patients compared with healthy controls
(Low et al. 2011), using PCNA as a proliferation
marker. The patient samples used in this study
were at a much later stage of progression of the
disease compared with studies in HD mice, and
medication, such as antidepressant treatment
(SSRIs), might have had an additional effect
on DG neurogenesis (Boldrini et al. 2009,
2012; Lucassen et al. 2010).

PCNA/b-III tubulin-positive cells were re-
ported close to the human HD caudate nucleus
(Curtis et al. 2005), which might suggest poten-
tial migration of neural precursors to the degen-
erating striatum. This phenomenon of neuro-
blasts migrating toward the striatum was also
reported in transgenic HD mice (R6/2) (Phil-
lips et al. 2005; Kohl et al. 2010). However, these
striatal neuroblasts were not able to mature into
functional neurons, indicating that the striatal
microenvironment did not allow functional in-
tegration. New insights might arise from further
investigation of the quiescent stem cell popula-
tion in these brains, specifically NSCs that ex-
press Sox2 and GFAP. Using a novel carbon-14
dating approach, a recent study indicates that
newly generated neuronal precursors exist in
the striatum that may have migrated from the
SVZ (Ernst et al. 2014). The newly generated
neurons in the striatum appear to be interneu-
rons. The medium spiny neurons depleted in
HD are most likely not renewed postnatally at
a significant level; however, in HD brains, a re-
duction of postnatally generated interneurons
and cells of the oligodendrocyte lineage was de-
tected (Ernst et al. 2014). These new labeling
techniques might be crucial to unravel the dis-
tinct turnover of specific neuronal populations
within the HD striatum.

Adult Neurogenesis in Transgenic Animal
Models of HD

The R6/1 and R6/2 lines are the most widely
used animal models for HD. These transgenic
mice carry highly expanded CAG repeats by
introduction of exon 1 of the human HD gene

into the mouse germline. They differ in their
number of CAG repeats and develop a progres-
sive neurological phenotype that shows some of
the features of HD, including involuntary ste-
reotypic movements, tremor, and epileptic sei-
zures, as well as nonmotor symptoms (Mangi-
arini et al. 1996).

Several studies have reported reduced pro-
genitor proliferation rates in the DG in both
mouse models (the slower progressing R6/1
line) (Lazic et al. 2004, 2006) and R6/2 mice
with a fast disease progression (Gil et al. 2004,
2005; Phillips et al. 2005; Kohl et al. 2007).
This resulted in a reduction of newly generated
neurons, although, in most reports, neuronal
differentiation was not compromised. Several
studies also observed a reduced number of neu-
roblasts and immature neurons (Kohl et al.
2007; Peng et al. 2008; Fedele et al. 2011).

Different stimuli known to increase adult
neurogenesis were tested. Physical activity and
environmental enrichment (van Dellen et al.
2000; Spires et al. 2004) had positive effects on
survival, cognitive performance, and striatal
BDNF levels (Pang et al. 2006), as well as reduc-
tion of neuronal intranuclear inclusion load
(Benn et al. 2010). Neither asialoerythropoietin
(Gil et al. 2004), running (Kohl et al. 2007), nor
seizures (Phillips et al. 2005) were able to reverse
the reduction of adult neurogenesis in these HD
models; only environmental enrichment could
increase levels of hippocampal neurogenesis to
some extent (Lazic et al. 2006).

In contrast to decreased proliferation in the
DG, SVZ proliferation was reported to be un-
changed in R6/2 mice (Phillips et al. 2005; Kohl
et al. 2010). A reduction in newly generated
neurons was present in the OB, which more
severely affected GABAergic than dopaminergic
newly generated neurons (Kohl et al. 2010). In
the OB, huntingtin aggregates were described in
mature neurons in the granule cell layer (GCL)
and glomerular layer, but not in GFAP-positive
B cells or epidermal growth factor (EGF) recep-
tor–positive C cells in the SVZ or DCX-positive
newly generated neuroblasts in the SVZ or OB.
This finding suggests a non-cell-autonomous
mechanism of aggregated huntingtin on newly
generated neurons (Kohl et al. 2010).
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An important observation in regard to stria-
tal plasticity was that adenoviral overexpression
of BDNF and Noggin in the ventricular wall
increased the number of new neurons in the
striatum of R6/2 htt mutant mice. Under
these conditions, newly recruited striatal neu-
rons expressed striatal neuronal markers, such as
DARPP-32 and GAD67. In addition, extended
neuronal fibers to the ipsilateral globus pallidus
were noted, indicating that these new striopalli-
dal projection neurons survived and integrated
as GABAergic striatal neurons. This integra-
tion was accompanied by substantial motor im-
provement and longer survival (Cho et al. 2007),
and indicates that changing the striatal micro-
environment will be crucial for survival of new
neurons in HD.

Other promising models for HD are a full-
length human mutant huntingtin mouse with
97 glutamine repeats on a bacterial artificial
chromosome (Gray et al. 2008) and yeast artifi-
cial chromosome mice expressing normal
(YAC18) and mutant (YAC46 and YAC72) hun-
tingtin (Hodgson et al. 1999). These mice show
progressive motor deficits, neuronal synaptic
dysfunction, and late-onset cortical and striatal
neuropathology. Nine- and 12-mo-old YAC128
mice showed significant reductions in hippo-
campal neurogenesis (Simpson et al. 2011).
Moreover, younger YAC128 animals showed a
slight, but significant reduction in DC cell pro-
liferation and in the number of neuroblasts at 3
mo of age (Simpson et al. 2011). The analysis of
15-wk-old mice of the knock-in Hdh Q111
model revealed no differences in cell prolifera-
tion and numbers of DCX-positive neuroblasts,
but, in male mice, a reduced number of mature
DCX neuroblasts was found (Orvoen et al.
2012).

In addition, a rat model of huntingtin has
been established (truncated huntingtin cDNA
fragment encoding for 51 CAG repeats under
the control of the rat huntingtin promoter
[von Horsten et al. 2003]). These rats show
adult onset of reduced anxiety, cognitive im-
pairment, and slowly progressive motor dys-
function.

The 51 CAG repeats in this model more
closely reflect the human disease, and the longer

survival of these animals allows age-related
studies. Adult neurogenesis was analyzed in 8-
and 12-mo-old HD rats. The decrease in hippo-
campal progenitor cells was accompanied by an
expansion of the quiescent stem cell pool (char-
acterized by BrdU and Sox-2 coexpression) and
diminished CREB signaling (Kandasamy et al.
2010). Phospho-Smad 2, which is involved in
transforming growth factor (TGF)-b1 signaling
that is physiologically not present in subgranu-
lar stem cells, is increased in neural quiescent
stem cells in these HD transgenic rats, indicat-
ing that TGF-b signaling is involved in modu-
lating adult neurogenesis in HD (Kandasamy
et al. 2010).

A next crucial step for this area of research
will be a detailed analysis of stem-cell-autono-
mous versus non-cell-autonomous actions in
HD, as well as exploring the impact of different
size aggregates for adult neurogenesis and test-
ing compounds that have been shown to be
protective to HD in rodent models to determine
whether they have an impact in modulating
adult neurogenesis (Miller et al. 2010).

CONCLUDING REMARKS

For PD, AD, and HD, the transfer of promising
therapeutic approaches into clinical applica-
tions will depend on early-stage treatment. In
this regard, compounds that are effectively able
to restore distinct aspects of adult neurogenesis
might be of specific interest for future clinical
studies. Specifically, improving neuropsychiat-
ric and severely disabling symptoms is an urgent
need and will have a major impact on the qual-
ity of life for all patients suffering from these
devastating disorders.
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