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Synaptic protein �-synuclein (�-SYN) modulates neurotransmission in a complex and poorly understood manner and aggregates in the
cytoplasm of degenerating neurons in Parkinson�s disease. Here, we report that �-SYN present in dopaminergic nigral afferents is
essential for the normal cycling and maintenance of neural stem cells (NSCs) in the brain subependymal zone of adult male and female
mice. We also show that premature senescence of adult NSCs into non-neurogenic astrocytes in mice lacking �-SYN resembles the effects
of dopaminergic fiber degeneration resulting from chronic exposure to 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine or intranigral
inoculation of aggregated toxic �-SYN. Interestingly, NSC loss in �-SYN-deficient mice can be prevented by viral delivery of human
�-SYN into their sustantia nigra or by treatment with L-DOPA, suggesting that �-SYN regulates dopamine availability to NSCs. Our data
indicate that �-SYN, present in dopaminergic nerve terminals supplying the subependymal zone, acts as a niche component to sustain the
neurogenic potential of adult NSCs and identify �-SYN and DA as potential targets to ameliorate neurogenic defects in the aging and
diseased brain.
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Introduction
The subependymal zone (SEZ), located in the lateral ventricle
walls, is the largest neurogenic niche of the rodent adult brain and

continually provides local-circuitry neurons to the olfactory bulb
(OB) (Chaker et al., 2016). SEZ neurogenesis is supported by a
population of neural stem cells (NSCs; also called B1 cells) that
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Significance Statement

We report an essential role for the protein �-synuclein present in dopaminergic nigral afferents in the regulation of adult neural
stem cell maintenance, identifying the first synaptic regulator with an implication in stem cell niche biology. Although the exact
role of �-synuclein in neural transmission is not completely clear, our results indicate that it is required for stemness and the
preservation of neurogenic potential in concert with dopamine.
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can be recognized by expression of astrocytic markers GFAP or
glutamate-aspartate transporter (GLAST) together with stemness-
associated transcription factor Sox2. B1 cells exhibit a radial mor-
phology with a primary cilium-containing apical process that
protrudes into the ventricle to contact the CSF (Mirzadeh et al.,
2008). They generate transcription factor Ascl1-positive transit-
amplifying progenitor (TAP) cells that mainly differentiate into
fate-specified PSA-NCAM�/�III-tubulin�/doublecortin� neu-
roblasts, which migrate following the rostral migratory stream
(RMS) to the OB, where they become granular and periglomeru-
lar interneurons involved in odor discrimination (Chaker et al.,
2016; Lledo and Valley, 2016).

The SEZ microenvironment sustains NSC maintenance and
contributes to balance NSC self-renewal and differentiation. Al-
though neurotransmission has been traditionally associated with
signaling between neurons, innervation is emerging as one key
component of the SEZ microenvironment. The subependymal
niche is directly supplied by fibers of different origins, including
dopaminergic (DAergic) afferents from the substantia nigra (SN),
serotoninergic fibers from raphe nuclei and cholinergic axons
from striatal neurons (for review, see Berg et al., 2013; Bjornsson
et al., 2015). Selective lesion of DAergic fibers results in reduced
proliferation of TAP cells in the SEZ of rodents and primates
(Baker et al., 1993; Coronas et al., 2004; Höglinger et al., 2004;
Van Kampen et al., 2004; Yamada et al., 2004; Freundlieb et al.,
2006; Winner et al., 2006, 2009; O’Keeffe et al., 2009; Kim et al.,
2010; Lao et al., 2013). Intriguingly, inhibiting actions of long-
term DA receptor stimulation have also been reported (Kippin et
al., 2005), suggesting that DA effects on specific cell types of the
neurogenic lineage require further analysis (Berg et al., 2013).

Despite the increasing interest in how innervation regulates
adult neurogenesis, the potential role of synaptic regulators of neu-
rotransmitter release also remains largely unexplored. �-Synuclein
(�-SYN) is a 140 amino acid natively unstructured brain protein
particularly enriched in axon terminals, where it associates with
synaptic vesicles and regulates different forms of synaptic plastic-
ity through mechanisms that have not been completely eluci-
dated (Venda et al., 2010; Cheng et al., 2011; Burré, 2015). �-SYN
is also the main constituent of the intraneuronal pathological
aggregates, known as Lewy bodies (LBs), characteristically found
in degenerating DAergic nigral neurons of patients with Parkin-
son’s disease (PD) (Poewe et al., 2017). Missense mutations in the
SNCA/PARK1 gene encoding aggregation-prone �-SYN, as well
as SNCA gene amplifications resulting in higher protein levels,
cause a familial form of PD indicating its causal role in the disease
(Poewe et al., 2017).

Here, we have analyzed the role of �-SYN in adult olfactory
neurogenesis. Young mice lacking �-SYN exhibit reductions in
newly generated OB neurons and in NSC activation that are char-
acteristically found in aged wild-type mice. At the cellular level,
we show that �-SYN is not expressed by SEZ resident cells but is
present in afferents supplying the SEZ, including DAergic fibers.
Acting as a niche factor, �-SYN is essentially required for main-
taining normal numbers of NSCs in an undifferentiated and cy-
cling state. Interestingly, neurogenic defects observed in mutant
mice mimic those found in toxic models of parkinsonism. The
action of �-SYN appears related to DA innervation as adenovirus-
mediated reintroduction of �-SYN into SN neurons and DAergic
pharmacotherapy rescues the mutant phenotype. Our work de-
scribes a direct effect of �-SYN in DAergic fibers on the mainte-
nance of adult NSCs.

Materials and Methods
Animals and in vivo treatments
Generation of Snca mutant mice and their genotyping by PCR have been
described previously (Abeliovich et al., 2000). All animals were gender
group-housed with standard pelleted food and tap water ad libitum.
Animal handling and all experimental procedures were performed in
accordance to European Union 86/609/EEC and Spanish RD1201/2005
guidelines, following protocols approved by the ethics committee on
experimental research of corresponding institutions. For intranigral viral
injections, 1 �l adeno-associated viral serotype 5 vectors (AAV5) (1.0 �
10 13 vg/ml) carrying the human �-SYN under the control of a chicken
�-actin (CBA) promoter (AAV5-CBA-h-�-SYN) was unilaterally in-
jected into a region immediately above the SNpc (using stererotactic
coordinates �2.9 mm anteroposterior, 1.3 mm lateral, and �4.5 mm
dorsoventral from bregma) of 2 month mice of either sex at a rate of
0.4 �l/min using a 10 �l Hamilton syringe fitted with a glass capillary
(outer diameter of 250 �m), and the needle was left in place for an
additional 5 min period before it was slowly retracted. The same proce-
dure was used for intranigral inoculations of 2 �l of either LB fractions,
containing toxic fibrillary �-SYN, or non-LB fractions, containing solu-
ble or finely granular �-SYN (Recasens et al., 2014). For chronic treat-
ment with 1-methyl-4-phenyl-1,2,3,6-tetra-hydropyridine (MPTP)
(Sigma-Aldrich), mice of either sex were injected with three subcutane-
ous injections of 20 mg/kg of body weight MPTP per week during
3 months. For L-DOPA treatment, mice of either sex were given
benserazide-hydrochloride (Sigma-Aldrich; 5 mg/kg of body weight) to
block peripheral decarboxylation of the L-DOPA followed, 30 min later, by
L-DOPA methyl ester (Sigma-Aldrich) at a dose of 20 mg/kg body weight in
saline solution (0.9% NaCl) with ascorbic acid at 0.5 mg/ml. The drugs
were administered as a 200 �l-volume intraperitoneal injection per day,
3 consecutive days and control animals were injected with an equivalent
volume of saline solution. BrdU (Sigma-Aldrich; 10 mg/ml in saline) was
administered by intraperitoneal injection at 50 mg/kg body weight using
saline as vehicle. Some animals were injected once and perfused 1 h after
the injection and some animals were injected seven times in a 12 h period,
with one injection every 2 h, and perfused 30 d after the last injection.

Behavioral tests
Olfactory habituation-dishabituation test. The two synthetic odorants
used in our habituation-dishabituation test, geraniol (3,7-dimethyl-2,6-
octadien-1-ol) and citralva (geranonitrile, 3,7-dimethyl-2,6-octadien-1-
nitrile), were kindly supplied by Ventós dealer of International Flavors
and Fragrances. Male mice were placed in a 22.5 cm � 22.5 cm open
Plexiglas box with solid light green walls and �1 cm of wooden chips
bedding on the floor. After 3 min of free exploration, a cotton stick
soaked in mineral oil was introduced into the box through a hole of 1 cm
of diameter located at 8 cm above the box ground and at 11.2 cm from the
lateral corner of the box. The stick protruded from the wall �3 cm. The
stick was held in place for 1 min and thereafter it was substituted by a
series of 5 consecutive fresh cotton sticks soaked also in nonodorant
mineral oil to produce a habituation to the novel object and the entrance
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and exit of cotton sticks in and out the box, and also serving as a control
between genotypes in the response to nonodorant stimuli. After 6 trials of
a nonodorant stimulus, mice were exposed to 6 subsequent trials of
geraniol and 6 trials of citralva, both diluted (1:20) in mineral oil. We
used a new stick every time and used sticks were left in a sealed container,
so the remaining odor was no longer available to mice. The exposure of
the odorant stimuli was of the same length and characteristics than the
mineral oil exposure. We used a digital video system to record every test
and the olfactory exploration of mice was evaluated. Actions recorded as
olfactory exploration included smelling, sniffing, and heading the nose
toward the cotton stick either with physical contact with the cotton or at a
close distance (2–3 cm). For evaluation purposes, we used tracking soft-
ware (Smart Junior, Panlab S.L., Harvard Apparatus) that divided the
smelling box image into two concentric and rectangular areas that delim-
ited: a close area from the stick to the border, 3 cm away, and the rest of
the box. Those divisions were exactly the same for every experimental
animal. Any kind of exploratory behavior (e.g., sniffing at a close dis-
tance) directed to the odor stimulus and confined inside this area was
measured as a sign of specific olfactory exploration. After each test, the
olfactory exploration box was thoroughly wiped clean with 5% alcohol
and dried. We used a novel group of mice for every experiment. Details
and analyses of olfactory behavior tests performed here are described in
detail (Pérez-Villalba et al., 2015).

Open field test. General motor activity was examined in a square
45 (W) � 45 (D) � 40 (H) cm open field (Panlab S.L., Harvard Appara-
tus). The open field was indirectly and homogeneously illuminated. Male
mice were nicely placed always on the inferior left corner of the open field
and observed for 20 min. After each test, the open field was thoroughly
wiped clean with 5% alcohol and dried. For evaluation purposes, the
tracking software (Smart Junior, Panlab S.L., Harvard Apparatus) auto-
matically measured the total distance traveled and mean speed of every
experimental subject.

Context conditioning. Context conditioning was produced by the asso-
ciation of a conditioning stimulus, such as context, with a single 0.7 mA
electric foot shock during 2 s (unconditioning stimulus). The condition-
ing context consisted on a 20 cm (width) � 20 cm (depth) � 25 cm
(height) aluminum lightly illuminated box with three metal walls, a
methacrylate front door, and a stainless-steel grid on the floor (Smart
Junior, Panlab S.L., Harvard Apparatus). Each male mouse was placed in
the conditioning box, received one foot shock after 3 min, and was taken
out of the cage 2 min later. This protocol has been shown to be effective
in reproducing an associative learning between the context (in the forms
of a conditioning stimulus) and the shock (the unconditioning stimulus)
(Milanovic et al., 1998). To assess short- and long-term memory of con-
text fear conditioning, mice were tested 1 or 24 h later in the same con-
ditioning box, in the absence of any foot shock. In both cases, freezing
behavior during 5 min was evaluated. Freezing conditioning response
was defined as the cessation of all movement with the exception of
respiration-related movement (Fanselow, 1980), usually performed in a
crouching posture, lasting at least 2 s, and it was shown to be specific and
not generalized to other contexts as mice did not freeze significantly
when placed in an alternative context. The alternative context, to which
the mice were exposed also for 5 min either 1 or 24 h after the condition-
ing, consisted of a different conditioning box in which the walls were
covered with color wrapping paper, the stainless-steel grid on the floor
was substituted by wooden chips bedding, the illumination came from a
direct light at the ceiling of the box and which was impregnated with pine
scent. Mice were randomly assigned to pass first through the learning test
in the conditioning box and then the alternative context, or the opposite.

Sucrose preference test. Male mice were single-housed and allowed to
drink from two different bottles in their home cage. One bottle contained
regular tap water, and the other bottle had 3% sucrose diluted in the same
water. Both bottles were measured and changed daily (3% sucrose was
prepared fresh every day); and after 3 d of habituation, the rate of sucrose
preference was calculated by dividing consumption of sweet water by
consumption of tap water.

Elevated plus maze. The elevated plus maze has been described as a
simple method for assessing anxiety responses of rodents (Pellow et al.,
1985), as it challenges mouse proclivity toward dark, enclosed spaces

(approach) and an unconditioned fear of heights/open spaces (avoid-
ance) (Barnett and Smart, 1975). The elevated plus maze was a gray-
painted Plexiglas apparatus with four 30-cm-long and 5-cm-wide arms
(two open and two enclosed by 15.25 cm high walls). Each arm of the
maze is attached to sturdy metal legs such that it is elevated 40 cm off the
ground. In this task, the open arms are normally avoided and rodents
spend the majority of the time in the closed arms of the maze. Each male
mouse was gently left in the middle of the elevated plus maze facing
always the same arm. The task was recorded during single 5 min testing
sessions, and the different behaviors, such as time spent and number of
entries in the open arms, displayed by each animal were measured by
tracking software (Smart Junior, Panlab S.L., Harvard Apparatus).

Determination of dopamine and metabolites
Whole dissected striata were frozen in liquid nitrogen (N2) and stored at
�80°C until use. Frozen striatal samples were homogenized in 500 �l of
4% perchloric acid and then centrifuged for 10 min at 10,000 � g (4°C).
The concentration of DA in the supernatants was determined by high-
performance liquid chromatography coupled to tandem mass spectrom-
etry. The chromatographic system consisted of a Micromass Quatro
triple-quadrupole mass spectrometer equipped with a Z-spray electro-
spray ionization source with a LC-10A (Shimadzu) coupled to the
MassLynx software version 4.1 for data acquisition and processing. Sam-
ples were analyzed by reversed-phase high-performance liquid chroma-
tography (HPLC) with a C18 Mediterranea SEA column (Teknokroma)
(5.0 � 0.21 cm) with 3 �m particle size. In all cases, 20 �l of the extract
was injected onto the analytical column. The mobile phase consisted of
the following gradient system (min/%A/%B) (A, 0.5% formic acid; B,
methanol): 2/95/5, 5/5/95, 13/5/95, 13.10/95/5, and 30/95/5. The flow
rate was set at 0.2 ml/min. The ESI source values were as follows: capillary
voltage, 3 kV; extractor, 2 V; RF lens, 0.5 V; source temperature, 120°C;
desolvation temperature, 350°C; desolvation gas (nitrogen, 99.9% pu-
rity) flow 500 L/h; cone (gas flow): 30 L/h. The analyzer parameters were
LM resolution 13, HM resolution 13, and ion energy 1 for MS1 and MS2;
multiplier, 650 V; collision gas argon; interchannel delay 0.02 s; interscan
delay 0.05 s. Analyzed compounds were identified by retention time and
spectra matching of standards (1 mM), determining the transition (m/z),
cone energy (V), and collision energy (eV) for each as follows: 154.2¡137.2,
15, 15 for DA; 183.4¡137.1, 15, 10 for HVA and 169.4¡123.3, 15, 10 for
DOPAC. Calibration curves were obtained using 6 point standards (from
0.01 to 100 �M) (Sigma-Aldrich) for each compound. The amounts of total
metabolites were calculated based on the weight of the dissected striatum,
and the results were expressed as nanograms per gram of tissue.

Immunohistochemistry and stereology
Animals of either sex were deeply anesthetized and transcardially per-
fused with 4% PFA in 0.1 M phosphate buffer, pH 7.4, and brains pro-
cessed for vibratome sectioning at 40 �m or dissected to obtain whole
mounts of the SEZ as described. Sections were blocked in phosphate
buffer containing 10% FBS and 0.2% Triton X-100. For BrdU immuno-
detection, sections were first treated with 2N HCl for 17 min at 37°C
followed by several phosphate buffer rinses. After blocking, sections were
incubated in rabbit antibodies to �-SYN (1:1200, AbD Serotec), Ki67
(1:150, Abcam), �-catenin (1:100, Cell Signaling Technology), TH (1:
600, Pel-Freez), �-III-tubulin (1:175, Sigma-Aldrich), S100� (1:100,
Dako), or epidermal growth factor receptor (EGFR) (1:100, Cell Signal-
ing Technology), mouse antibodies to S100� (1:500, Sigma-Aldrich),
�-III-tubulin (1:200, Covance), Ki67 (1:50, Novocastra), �-SYN (1:1200,
BD Biosciences), Ascl1 (1:150, BD Biosciences), Neu-N (1:100, Milli-
pore), TH (1:500, Sigma-Aldrich), or human �-SYN (1:1350, Abcam,
ab27766), rat antibodies to BrdU (1:800, Abcam), goat antibodies to
Sox2 (1:150, R&D Systems), �-tubulin (1:150, Santa Cruz Biotechnol-
ogy), and chicken antibodies to GFAP (1:800, Millipore), alone or in
different combinations for 24 – 48 h at 4°C. After several washes, the
sections were incubated for 1 h at room temperature with appropriate
fluorescently labeled secondary antibodies: Alexa-555-conjugated goat
anti-mouse, Alexa-488-goat anti-rabbit and anti-mouse, Alexa-647-goat
anti-rabbit, and Alexa-488-donkey anti-chicken at 1:500 (Invitrogen), or
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Cy3-donkey anti-chicken and Cy3-goat anti-mouse (1:1000, Jackson
ImmunoResearch Laboratories). DAPI (1 �g/ml, 5 min, Sigma-Aldrich)
was used for counterstaining. Immunostained sections and whole
mounts were photographed using a confocal laser scanning microscope
FV-10i (Olympus), and separate images were taken with restrictive filters
of excitation in each fluorescent channel every 1 �m, and the tracing of
individual cells across the tissue and subsequent quantitative analyses
were performed on high-resolution image stacks. Volumes of OBs were
calculated using a point-counting grid of an associated area following the
Cavalieri method in equivalent sections stained with cresyl violet. Pin-
wheels and B1 cells were quantified in randomly chosen fields, covering
equivalent anterodorsal or posterodorsal regions of immunostained SEZ
whole mounts. At least 20 fields (at 100� magnification) per region were
quantified in each subject.

SEZ dissociation and flow cytometry analysis
The SEZs from 2- to 3-month-old mice of either sex were microdissected
and dissociated following recommendations of the Neural Tissue Disso-
ciation Kit (Miltenyi) with minimal modifications. Briefly, SEZs were
minced and digested in a solution containing 0.025% trypsin-EDTA
(Invitrogen) using the gentleMACS Octo Dissociator. To isolate striatal
astrocytes, the striatum close to the SEZ was collected and processed in
parallel. The cell suspension was diluted with 3 ml of washing medium
(0.6% glucose, 0.1% NaHCO3, 5 mM HEPES, 2 mM L-glutamine, 0.4%
BSA, 1� antibiotic/antimicotic in DMEM/F-12), filtered through a
40 �m nylon filter, and then centrifuged (300 � g, 10 min). The Dead
Cell Removal Kit (Miltenyi Biotec) was used to remove dead cells from
cell samples, following the manufacturer’s instructions. Briefly,
magnetic-activated cell sorting was performed on the dissociated cells,
using magnetic bead-bound antibodies against apoptotic and necrotic
cells. Finally, the eluted living fraction was pelleted (300 � g, 10 min),
resuspended in 100 �m blocking buffer (Ca and Mg-free HBSS, 10 mM

HEPES, 2 mM EDTA, 0.1% glucose, 0.5% BSA), and incubated with
combinations of the following antibodies: CD45-BUV395 (1:200, BD
Biosciences), 04-Biotin (1:30, Miltenyi), CD31-BUV395 (1:100, BD Bio-
sciences), Ter119-BUV395 (1:200, BD Biosciences), streptavidin-Alexa350 (1:
200, Invitrogen), EGF-Alexa488 (1:300, Invitrogen), CD120b-PE (1:20,
BD Biosciences), CD24-PerCP-Cy5.5 (1:300, BD Biosciences), GLAST-
APC (1:20, Miltenyi), PSA-NCAM-APC (1:50, Miltenyi) and CD9-
Vio770 (1:20, Miltenyi), and DAPI 50 (�g/ml) (1:500, Sigma) at 4°C for
30 min. After washing with 1 ml of blocking buffer, labeled samples were
centrifuged (300 � g, 10 min, at 4°C) and resuspended in 0.5 ml of
blocking buffer. Cells were analyzed using a LSR-Fortessa (BD Biosci-
ences) with 350, 488, 561 and 640 lasers.

Statistics and data analysis
All experiments were conducted double-blind to the genotype and treat-
ment. All values are expressed as the mean � SEM of the indicated
number (n) of independent subjects. For HPLC experiments, values were
normalized to the mean level of control group. Differences among means
were analyzed using a two-tailed Student’s t test, one or two-way ANOVA or,
in the event of failure in normality test, by a Mann–Whitney U test. For
the analysis of context fear conditioning, the factors considered in the
two-way-ANOVA were as follows: “context conditioning” and “geno-
type.” In the two-way repeated-measures ANOVA measurements of
odor habituation and odor sensitivity, the factors considered were “stick
order” and “genotype.” For the analysis of MPTP or L-DOPA experi-
ments, the factors considered were “treatment” and “genotype.” For the
analyses of adenovirus insertion, the factors considered were “AAVsyn”
and “genotype.” When ANOVA showed significant group differences,
pairwise comparisons were tested by Bonferroni’s post hoc analysis. Sta-
tistical analyses were performed using SPSS version 24 (IBM) or Prism
version 5 (GraphPad Software).

Results
Young adult Snca-null mice exhibit decayed olfactory
behavior and neurogenesis
As an assessment of the potential implication of �-SYN in adult
neurogenesis, we evaluated olfactory discrimination in 2 month

Snca wild-type and mutant male mice (Abeliovich et al., 2000).
To discard competing behaviors, such as exploration of novel
stimuli and motivation, associative learning and memory, reward
seeking, or anxiety, we first checked that mice did not differ in
their performance in open-field, classical contextual condition-
ing, and sucrose preference tests, or in the elevated plus maze
(Fig. 1a– d) (Abeliovich et al., 2000; Peña-Oliver et al., 2010, 2012,
2014). We then measured their capacity to perceive synthetic non
emotional odorants using a threshold detection test (Perez-
Villalba et al., 2015). Each mouse was first presented with a series
of six cotton swabs freshly soaked in mineral oil to habituate the
animals to the sticks. Afterward, each mouse was exposed to cot-
ton sticks impregnated with increasing concentrations of a scent
diluted in mineral oil (1:160, 1:80, 1:40, 1:20, or 1:10) to deter-
mine the minimum concentration that triggered exploration.
Both genotypes performed equally well in the detection test for
geraniol, a sweet rose-like scent, and citralva, a lemon-like citrus
odorant, and the threshold was set at 1:20 for both scents (data
not shown).

Another group of mice were then tested in a classic olfactory
discrimination test (Perez-Villalba et al., 2015). In brief, after six
presentations of mineral oil-soaked swabs, animals were exposed
to six successive presentations of geraniol, followed by a similar
series of citralva. Habituation to the first odor and reaction (dis-
habituation) to the second one were quantitated as the time that
the animal spent paying attention to and sniffing each stick.
Wild-type mice actively explored geraniol in the first presenta-
tions, then habituated (i.e., interest declined over successive ex-
posures), and exhibited renewed interest toward the new scent,
but Snca mutant mice reacted more poorly than wild types to
geraniol and did not appear to discriminate citralva (Fig. 1e).
Reduced olfactory discrimination is characteristically found in
aged mice (Maslov et al., 2004; Luo et al., 2006; Bouab et al., 2011;
Rey et al., 2012). Remarkably, we found equally reduced activity in
odor detection and discrimination in 12 month mice of the two
genotypes (Fig. 1e). Together, the data indicated that lack of �-SYN
results in specific defects in olfactory discrimination that are prema-
turely displayed at young ages.

A connection between fine olfactory discrimination and adult-
born OB neurons has been experimentally established (Lledo and
Valley, 2016). The rate of olfactory neurogenesis can be deter-
mined by birth dating experiments in which the animals are in-
jected with BrdU 4 weeks before death. Under these conditions,
BrdU is detected only in those cells that retained it because they
abandoned the cell cycle immediately after exposure to the nu-
cleoside. In young Snca mutants, the densities of BrdU� cells (in
cells � 10/mm 3: 21.3 � 5.7 vs a wild-type value of 31.6 � 7.2, n �
4, p 	 0.05; Fig. 1f) and of BrdU� cells, which were also positive
for the neuronal differentiation marker NeuN (in cells � 10/
mm 3: 6.4 � 1.0 vs a wild-type value of 13.4 � 0.1, n � 3, p 	 0.01)
were significantly reduced, indicating that �-SYN is indeed re-
quired for adult neurogenesis.

During fetal development, expression of �-SYN has been re-
ported to increase concomitantly with neuronal differentiation
(Zhong et al., 2010). Likewise, we could not detect �-SYN in
premigratory recently generated �-III-tubulin� neuroblasts in
the SEZ or the posterior half of the RMS, but its levels increased
progressively in neuroblasts as they matured and approached the
OB (Fig. 2a). Despite the increasing presence of �-SYN in matur-
ing neuroblasts, their density (22.9 � 1.5% of DAPI in Snca�/�,
n � 3, vs 19.7 � 1.3% in Snca�/ � mice, n � 4), spatial distribu-
tion along the rostrocaudal axis (data not shown), or survival
(18.1 � 2.0% caspase 3� neuroblasts in Snca�/� vs 17.9 � 5.2 in
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Snca�/ � mice, n � 3) was unchanged by
the mutation, indicating that �-SYN does
not play a distinct intrinsic role in
neuroblasts.

Synaptic �-SYN in DA terminals
maintains stemness in the adult SEZ
We next considered the possibility that re-
duced production of newly generated OB
neurons in Snca mutants could be the re-
sult of defects in NSC activity in the SEZ.
Immunocytochemical stainings with an-
tibodies to �-SYN and to �-catenin,
which clearly delineate the membranes of
SEZ cells, indicated that subependymal
cells did not appear to contain detectable
levels of �-SYN (Fig. 2b). In contrast, high
levels were found in synaptophysin� and
TH� fibers supplying the adjacent stria-
tum, some of which entered the SEZ and
were in close proximity to many GFAP�/
Sox2� cells (46 � 2%, n � 3; Fig. 2b–e).
Whole-mount en face preparations of the
lateral ventricle wall unmasks a cyto-
architectural organization in repetitive
units, named pinwheels, composed of
rosettes of ependymal cells surrounding
very slender cytoplasmic processes of B1
cells that end in a primary cilium in con-
tact with the ventricular CSF (Mirzadeh et
al., 2008). Confocal 3D reconstructions
of SEZ whole mounts revealed �-SYN�

puncta in close apposition to GFAP� B1
cell processes traced from the ventricular
surface (Fig. 2f), suggesting the possibility
that �-SYN could be a niche regulator of
NSCs. In agreement with this possibility,
we scored reduced densities of pinwheels
and of GFAP � uniciliated B1 cells in
whole mounts of 2 month Snca mutants
(Fig. 3a,b). Likewise, we found reduced
proportions of GFAP� cells (Fig. 3c,d) or
GFAP�/Sox2� cells (12.5 � 1.7% in
Snca�/� vs 3.9 � 0.7% in Snca�/ � mice,
n � 3, p 	 0.01; Fig. 3c,d) and reduced
proportions of GFAP� cells, which were
also positive for the proliferation marker
Ki67 (Fig. 3c,d). The proportion of Ascl1�

cells at 2 months was, however, similar be-
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4

the response to O sticks. Snca �/� mice reacted to geraniol
sticks 1–3 and then habituated during subsequent 4 – 6 expo-
sures, and reacted again to the first presentations of C sticks.
Snca � / � mice, however, displayed lower olfactory explora-
tion and no reaction to the second stimulus. At 12 months, the
two genotypes showed age-related olfactory deficits but no
differences between them. f, Representative immunofluores-
cent detection of BrdU � (red) in OB coronal sections of
Snca�/� and Snca �/ � mice. White arrowheads point at
BrdU � cells. Data are mean � SEM of a number of indepen-
dent mice indicated in parentheses. *p 	 0.05 (Student’s t
test). **p 	 0.01 (Student’s t test). Scale bar: f, 20 �m.
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tween genotypes (relative to DAPI: 14.8 � 0.8% in Snca�/� vs
17.4 � 0.7% in Snca�/ � mice, n � 4), indicating that progression
into TAP cells was not affected by the mutation. The SEZ matures
to its final cytoarchitectural organization and becomes inner-
vated during the first 2 weeks after birth (Tramontin et al., 2003;
Bjornsson et al., 2015). Analyses at postnatal day 7 revealed nor-
mal proportions of GFAP� cells (13.2 � 2.8% in Snca�/� vs
14.0 � 3.1% in Snca�/ � mice, n � 3) and of GFAP� cells that
were positive for Ki67 (43.4 � 3.0% in Snca�/� vs 45.1 � 12.7%
in Snca�/ � mice, n � 3; Fig. 3e), suggesting that �-SYN is re-
quired for the maintenance and activity, but not the generation,
of adult subependymal NSCs.

We next asked ourselves about the specific effects of �-SYN in
NSC biology. We observed reduced proportions of GFAP� cells
with detectable levels of the activation marker EGFR (23.0 �
2.0% in Snca�/� vs 14.8 � 2.0% in Snca�/ � mice, n � 3, p 	

0.05) accompanied by increased proportions of GFAP� cells that
were also positive for S100� (Fig. 3d), a calcium-binding protein,
which is a marker of non-neurogenic mature astrocytes (Raponi
et al., 2007; Codega et al., 2014), suggesting that activated NSCs
were becoming prematurely exhausted in the absence of �-SYN.
Activated (a)NSCs coexist in the SEZ with dormant or quiescent
(q)NSCs, and these two populations can be detected by flow cy-
tometry using specific marker combinations (Codega et al., 2014;
Mich et al., 2014; Llorens-Bobadilla et al., 2015; Chaker et al.,
2016); therefore, we decided to quantitatively analyze the fraction
of quiescent and activated NSCs using this methodology in SEZ
dissociates of 2.5 month mice. Elimination of CD45�/CD31�/
Ter119�/O4� (lin�) cells (microglia and circulating lympho-
cytes, endothelial cells, erythrocytes, and oligodendrocytes) was
followed by cell labeling using antibodies to the glial marker
GLAST, the cell progeny marker CD24, the tetraspanning CD9,
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which is more highly expressed in NSCs than in astrocytes, and a
fluorescently labeled EGF to label the EGFR, which is absent in
qNSCs (Codega et al., 2014; Mich et al., 2014; Llorens-Bobadilla
et al., 2015). The population of NSCs was defined as those cells
that were GLAST�/CD24�/lo/CD9high and represented 2.2 � 0.2%
(n � 5) of all cells in the SEZ homogenate; among them, aNSCs
or NSCs with detectable levels of EGFR represented �45%–
50% of all NSCs. In line with our histological analysis, Snca
mutants had reduced proportions of aNSCs (Fig. 3f). Interest-
ingly, we also found a reduction in the proportion of CD9 high

cells among the GLAST� population as some of these cells exhib-
ited CD9 levels more similar to those of striatal astrocytes (Fig.
3g,h). This, together with the increase in GFAP� cells that were
also S100��, correlated with the loss of neurogenic potential in
the Snca mutants.

A fraction of B cells of the SEZ can incorporate and retain
BrdU for several weeks due to their long cell cycles (Maslov et al.,
2004; Codega et al., 2014). To test whether �-SYN was indeed
acting directly on these activated B cells, we injected 2.5 month

mice with BrdU and allowed the animals to survive a month. We
found reduced numbers of label-retaining cells (BrdU-LRCs) in
the SEZ of Snca mutant versus wild-type mice (508 � 36 in
Snca�/�, n � 4, and 338 � 23 in Snca�/ � mice, n � 6, p 	 0.01);
but, more importantly, the proportion of BrdU-LRCs, which
were S100��, was significantly increased in null mice (14.0 �
2.1% in Snca�/�, n � 11 vs 28.7 � 4.0% in Snca�/ � mice, n � 9,
p 	 0.01), suggesting that aNSCs were indeed withdrawing from
the cell cycle and engaging terminal differentiation. Interestingly,
the total number of BrdU-LRCs (351 � 102 in Snca�/�, n � 6 vs
375 � 28 in Snca�/ � mice, n � 4) and the frequency of BrdU-
LRCs that were terminally differentiated into S100�� astrocytes
(42.3 � 3.9% in Snca�/� vs 49.3 � 3.3% in Snca�/ � mice, n � 3)
did not differ and were equally lower in the two genotypes at 12
months. All these data together with the olfactory behavior sug-
gested that �-SYN is necessary to maintain activated B1 cells
undifferentiated, preventing or delaying a premature terminal
differentiation into mature resident astrocytes.
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Among �-SYN� terminals supplying the SEZ, many also con-
tain detectable levels of TH (Fig. 2b) and originate in the ventral
mesencephalon (Freundlieb et al., 2006; Lennington et al., 2011;
Höglinger et al., 2014). To evaluate the possibility that lack of
�-SYN in DAergic fibers was responsible for the neurogenic phe-
notype of the Snca mutant mice, we stereotactically injected
AAV5 carrying a �-actin promoter-driven human �-SYN cDNA
(AAV5-CBA-h-�-Syn) into the SNpc of 2 month Snca wild-type
and mutant mice (Fig. 4a). This procedure results in the expres-
sion of �-SYN in nigral neurons without causing neurodegenera-
tion or decrease in TH� fibers (Fig. 4b,c). Unilaterally infected or
sham-operated mice were injected with BrdU 4 weeks after the
surgery and allowed to survive for 4 more weeks. In contrast to
the sham situation, the number of BrdU-LRCs did not differ
between infected Snca wild-type and mutant mice in the SEZ
ipsilateral to the injection (Fig. 4d), indicating that restoration of
�-SYN levels maintains B1 cells in a cycling state allowing
them to incorporate BrdU. Moreover, restoration of �-SYN in
the knock-outs reduced the proportion of GFAP � cells that
were also S100� � to wild-type levels 8 weeks after the infec-
tion (Fig. 4e). These data indicated that �-SYN present in
DAergic nigral synaptic terminals prevents exit from cell cycle
and differentiation of NSCs into non-neurogenic astrocytes.
Furthermore, the results reinforce the idea that �-SYN is re-
quired in the adult mature SEZ, in line with a lack of pheno-
type in early postnatal mutant animals.

Subependymal neurogenic potential is sustained by a
functional nigrostriatal pathway
Because Snca-null mice exhibit reportedly reduced levels of total
striatal DA (Abeliovich et al., 2000), we considered the possibility
that DA availability could be playing a role in NSC maintenance.

Interestingly, striatal DA levels become significantly reduced at
12 and 24 months compared with the levels measured at 2
months by HPLC (Fig. 5a). We therefore decided to evaluate
whether sustained levels of DA are indeed required for the main-
tenance of B1 cells by subcutaneously injecting 3 month mice
with MPTP, which selectively lesions DAergic neurons (Fig. 5b).
Most MPTP treatments in vivo aimed at evaluating effects of DA
loss in neurogenesis have been acute or subacute, meaning that a
dose of MPTP ranging from 20 to 50 mg/kg of body weight was
repeatedly injected during a 48 h interval, and mice were killed
between 2 and 21 d later (Höglinger et al., 2004; Yamada et al.,
2004). Instead, we used a chronic regimen, consisting of three
injections of 20 mg/kg MPTP per week during 3 months, to better
reproduce the progressive nature of PD (Muñoz-Manchado et
al., 2013). The striatum and SEZ of MPTP-treated mice were
largely devoid of TH� fibers (Fig. 5c), and we could observe a
reduction in the proportion of Ki67�-activated GFAP� (15.5 �
1.5% in saline-injected, n � 7 vs 10.2 � 1.0% in MPTP-injected
mice, n � 6, p 	 0.05) or GFAP�Sox2� (25.3 � 1.8% in saline-
injected vs 17.0 � 1.3% in MPTP-injected mice, n � 3, p 	 0.05)
cells at the end of the treatment. Similarly to the Snca mutant
phenotype, reduced proportions of proliferating GFAP� cells
were accompanied by an elevated incidence of GFAP�S100��

cells in MPTP-treated wild-type mice (Fig. 5d). Because the re-
sults suggested that DAergic fibers contribute to B1 cell cycling,
we treated another group of mice with the same MPTP regimen,
injected them with BrdU in the last day of the treatment, and
allowed them to survive for 4 more weeks. We found reduced
numbers of BrdU-LRCs in DA-depleted animals (Fig. 5e), indi-
cating that synaptic DA regulates the cycling of activated NSCs in
addition to its previously reported effects on TAP cell prolifera-
tion (Höglinger et al., 2004; O’Keeffe et al., 2009).
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In another set of experiments, nigral LB-enriched fractions of
pathological �-SYN purified by sucrose gradient from post-
mortem PD brains, or fractions lacking toxic �-SYN as con-
trols (non-LB), were stereotactically inoculated into the SNpc
of 2 month mice that were evaluated 4 months after the sur-
gery. We had previously shown that pathological �-SYN ini-
tiates a slowly progressive axon-initiated DAergic nigrostriatal
degeneration (Recasens et al., 2014). Loss of striatal and,
hence, subependymal TH � fibers was again accompanied by
an increase in the proportion of GFAP � cells which were also
positive for the astrocyte marker S100� (Fig. 5f,g). The results
found in chronic models of experimental parkinsonism to-
gether indicated that DA is required to maintain GFAP � B1
cells undifferentiated.

Neurogenic deficits of young, but not old, Snca-null mice can
be restored by DAergic pharmacotherapy
Based on the above observations, we next set out to study whether
reduced DA levels and/or availability could underlie the defects in
B1 cell behavior in the absence of �-SYN, by exogenously raising
DA levels. To do so, we injected 2 month Snca wild-type and
mutant mice with one intraperitoneal injection of 5 mg/kg bensera-
zide, to block peripheral decarboxylation, followed 30 min later by
another injection of either 20 mg/kg L-DOPA in saline plus 0.5
mg/ml ascorbic acid or vehicle solution alone for 3 consecutive days,
and killed the animals 24 h after the last injection (Fig. 6a). HPLC
analyses indicated that systemic administration of L-DOPA resulted
in elevated levels of striatal DA and eliminated differences between
genotypes (Fig. 6b). Furthermore, the rise in the level of DA did not
result in the activation of GFAP� cells in wild-type mice but restored
the proportions of GFAP� cells that were Ki67� in mutants to wild-
type levels (Fig. 6c). In another set of mice injected with BrdU on the
last day of the L-DOPA treatment and allowed to survive for 4 weeks,
we found that the numbers of BrdU-LRCs in the SEZ as well as the
density of BrdU�NeuN� new periglomerular neurons had been
also restored by DA pharmacotherapy (Fig. 6d,e). These data to-
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gether indicated that DA contributes to the maintenance of the un-
differentiated, and therefore cycling, neurogenic status of NSCs and
suggested that �-SYN may be required to mediate DA availability to
NSCs. In line with increased proliferation in the SEZ and neurogen-
esis to the OB, the olfactory deficits of Snca mutants were also re-
stored by the treatment with L-DOPA (Fig. 6f).

Our results suggested that a certain level of DA is necessary to
maintaining NSCs in their cycling state and that L-DOPA con-
tributed to this maintenance in animals with lower levels of DA.
To further test this possibility, we decided to evaluate whether
increased levels of DA would restore cycling in elderly mice that
exhibit reduced levels of neurogenesis due to decreased numbers
of activated NSCs that are less likely to undergo cellular division
(Maslov et al., 2004; Luo et al., 2006). As shown above, 12 month
mice of both genotypes exhibited reduced percentages of BrdU-
LRCs in the SEZ compared with 2 month mice. These numbers
did not change when the animals were injected with L-DOPA
(saline-injected: 1.3 � 0.2 in Snca�/� and 1.1 � 0.3 in Snca�/ �

mice; L-DOPA-injected: 1.1 � 0.4 in Snca�/� and 1.1 � 0.2 in
Snca�/ � mice, n � 3). Likewise, the proportion of periglomeru-
lar BrdU� neurons, which was always lower than in young mice,
was not modified by the treatment in any of the genotypes and
remained unchanged (saline-injected: 4.0 � 0.8 BrdU� cells �
10/mm 3 in Snca�/� and 3.9 � 0.7 in Snca�/ � mice; L-DOPA-
injected: 3.9 � 0.3 in Snca�/� and 2.8 � 0.9 in Snca�/ � mice,
n � 3). These data suggested that DA acts on cells that can still
proliferate preventing their differentiation but cannot revert their
terminally differentiated state.

Discussion
We have identified an essential requirement for DA and DAergic
synaptic �-SYN in adult NSC maintenance. Our data add to
previously reported effects of DA on TAP cell proliferation and
suggest the possibility that niche regulation by DA could contrib-
ute also to the long-term maintenance of neurogenic potential.
Moreover, our results uncover a novel role of �-SYN in NSC
maintenance, likely through the regulation of DA availability.
Our data indicate a previously unexplored relationship between
�-SYN dysfunction and premature neurogenic senescence and
support a model whereby �-SYN is necessary for the effects of DA
extrasynaptic neurotransmission in the maintenance of neuro-
genic potential in the SEZ.

In the dentate gyrus, normal �-SYN appears necessary for the
survival and differentiation of newly generated neurons (Winner
et al., 2012), whereas a detrimental effect is synergistically played
by DA depletion and post-translational modifications of �-SYN
(Schlachetzki et al., 2016). As with regards to gain-of-function
experiments, decreased numbers of newly generated neurons
have been observed in the OB of transgenic mice overexpressing
wild-type or mutated human �-SYN (Winner et al., 2004, 2008;
Nuber et al., 2008; Marxreiter et al., 2009, 2013; Peng and Ander-
sen, 2011; Winner and Winkler, 2015). However, the promoters
used to drive the expression of �-SYN in these studies are acti-
vated only in neurons and, indeed, in many of these instances,
reduced olfactory neurogenesis and neuroblast survival occurred
in the absence of consistent changes in progenitor proliferation.
Uncovering which phenotypes are the result of a complete �-SYN
elimination, such as those described here, can help define the
involvement of the protein in normal physiology. But they could
potentially also help in the elucidation of the pathogenic role of
this molecule. Misfolded �-SYN accumulates in LB of PD-affected
nigral neurons likely resulting in its loss in nerve terminals; therefore,

Snca mutants may be recapitulating some of the pathological fea-
tures of PD.

The contribution of neurogenesis to the pathology of neuro-
degenerative disorders is currently an area of intense investiga-
tion. PD motor cardinal symptoms are frequently accompanied
by a broad spectrum of nonmotor dysfunctions, including anxi-
ety, depression, and alterations in olfactory perception or mood
(Obeso et al., 2014). This together with reports of reduced pro-
liferation in germinal areas of postmortem PD brain samples had
suggested that adult neurogenesis could also be affected by the
disease (Winner and Winkler, 2015). However, two main issues
account for the difficulty in relating potential alterations in olfac-
tory neurogenesis to PD (Huisman et al., 2004; Marxreiter et al.,
2013). First, recent evidence indicates that OB neurogenesis in
humans is restricted to very early postnatal ages (see, e.g., Ernst et
al., 2014). Second, DA actions on progenitor populations of the
adult brain are not completely understood, as different studies
have provided some inconsistent results. It has been reported that
postmortem brains of PD patients display reduced numbers of
cells that are positive for the cell cycle marker PCNA in the sub-
ependymal and subgranular zones (Höglinger et al., 2004). In
rodents, most studies indicate that DAergic innervation to the
SEZ positively regulates the cycling activity of EGFR� TAP cells,
although suppression of DA signaling or chronic treatments with
DA antagonists have raised the alternative possibility that DA is a
negative regulator of progenitor proliferation (Baker et al., 1993;
Coronas et al., 2004; Höglinger et al., 2004; Van Kampen et al.,
2004; Yamada et al., 2004; Freundlieb et al., 2006; Winner et al.,
2006, 2009; O’Keeffe et al., 2009; Kim et al., 2010; Lao et al., 2013).
The situation is far less understood as with regards to B1 cells. A
previous report suggested that DA inhibits the proliferation of B1
cells, but the data were derived from very long treatments with a
D2R antagonist (Kippin et al., 2005). Moreover, an increase in
BrdU incorporation by GFAP� cells of the SEZ or no change at all
following D3R activation with two different agonists have been
reported (Kim et al., 2010; Lao et al., 2013). These apparently
contradictory results may reflect compensatory changes to differ-
ent DAergic situations or the complexity of DA actions in terms
of signaling or receptive cells (Liu et al., 2006; Aponso et al., 2008;
Park and Enikolopov, 2010).

We propose here that DA is required to maintain the cycling
status of B1 cells. Moreover, because exogenous DA administra-
tion does not affect neurogenesis in wild-type mice, we propose
that a certain threshold level of DA is required to prevent cell
cycle exit and/or terminal differentiation and that compromised
DA availability, as in cases of �-SYN dysfunction or aging, can
result in loss of NSC potential. This effect has important conse-
quences as cells abandon the stem cell compartment leading to
permanent changes. The effects of DA (and of �-SYN-regulated
DA availability) in NSCs could be mediated by actions on EGFR.
Although EGFR has been considered for quite some time a
marker of TAP cells, it is present and regulates aNSCs; it has been
reported that the levels of EGFR in the SEZ in vivo are reduced in
animals treated with 6-OHDA and treatment of neurospheres
with DA induces the release of EGF, a secretion that requires
activation of the EGFR (O’Keeffe et al., 2009). The levels of EGFR
are significantly reduced as mice age (Enwere et al., 2004), and we
have found that the proliferation of NSCs in 12 month mice
cannot be restored by increasing DA levels. Moreover, EGF re-
portedly prevents the maturation of GFAP� SEZ cells toward
nonmultipotent S100�� astrocytes (Raponi et al., 2007). There-
fore, reduced DA levels could play a role both in PD brains and
during aging.

Perez-Villalba et al. • �-Synuclein and Neurogenesis J. Neurosci., January 24, 2018 • 38(4):814 – 825 • 823



Slight changes in �-SYN synaptic levels appear to have signif-
icant effects on neurotransmitter release (Al-Wandi et al., 2010),
and �-SYN is considered a synaptic modulator, although its spe-
cific function is not fully understood yet. Young mice lacking
synucleins exhibit increases in SNARE, complexin, and synapsin
proteins, and �-SYN promotes survival through cooperation
with the presynaptic chaperone CSP�, possibly at a step regulated
by SNAREs (Lou et al., 2017). Work with multiple mutants of
synucleins suggests that �-SYN is the most efficient family mem-
ber in maintaining normal levels of DA throughout adulthood,
whereas �-SYN may compensate for �-SYN loss in young, but
not in aged, animals (Connor-Robson et al., 2016). Under de-
manding conditions requiring fine tuning of functional capabil-
ities, loss of function or incomplete compensation from other
members of the synuclein family can be especially detrimental
in aged individuals or when �-SYN aggregates, as it occurs in
�-synucleinopathies. Once released, DA can diffuse a certain dis-
tance and act at extrasynaptic DA receptors and transporters out-
side active zones, even in conventional neuronal circuits of the
basal ganglia. It is likely that DA receptors in the SEZ act as striatal
receptors and that DA action and reuptake occur when diffusing
molecules encounter cell membranes or processes (Beaulieu and
Gainetdinov, 2011).

Adult neurogenesis is presently the only endogenous neuronal
replacement mechanism; therefore, increasing the knowledge
about signaling within the SEZ microenvironment could be
fundamental to develop strategies aimed at promoting intrinsic
repair by endogenous progenitors (i.e., in neurodegenerative dis-
eases). Genomic 14C level-based retrospective birth dating anal-
ysis in postmortem human brains has indicated that NSCs in the
adult human SEZ do not longer contribute new neurons for the
OB, but they do generate new neurons for the striatum (Ernst et
al., 2014). Interestingly, parkinsonian deficits are most relevant in
basal ganglia adjacent to the SEZ neurogenic niche; therefore,
restoration by endogenous progenitors emerges as an exciting pos-
sibility, especially if a potential to generate striatal neurons is ulti-
mately corroborated. On the other hand, postnatal neurogenesis
offers a way to understand the role of proteins, such as �-SYN, on
different stages of neuronal development in adult individuals.
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Vila M (2014) Lewy body extracts from Parkinson disease brains trigger
alpha-synuclein pathology and neurodegeneration in mice and monkeys.
Ann Neurol 75:351–362. CrossRef Medline

Rey NL, Sacquet J, Veyrac A, Jourdan F, Didier A (2012) Behavioral and
cellular markers of olfactory aging and their response to enrichment.
Neurobiol Aging 33:626.e9 – 626.e23. CrossRef Medline

Schlachetzki JC, Grimm T, Schlachetzki Z, Ben Abdallah NM, Ettle B,
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