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Neural stem cells continuously generate newborn neurons that
integrate into and modify neural circuitry in the adult hippocam-
pus. The molecular mechanisms that regulate or perturb neural
stem cell proliferation and differentiation, however, remain poorly
understood. Here, we have found that mouse hippocampal radial
glia-like (RGL) neural stem cells express the synaptic cochaperone
cysteine string protein-α (CSP-α). Remarkably, in CSP-α knockout
mice, RGL stem cells lose quiescence postnatally and enter into a
high-proliferation regime that increases the production of neural
intermediate progenitor cells, thereby exhausting the hippocam-
pal neural stem cell pool. In cell culture, stem cells in hippocampal
neurospheres display alterations in proliferation for which hyper-
activation of the mechanistic target of rapamycin (mTOR) signaling
pathway is the primary cause of neurogenesis deregulation in the
absence of CSP-α. In addition, RGL cells lose quiescence upon spe-
cific conditional targeting of CSP-α in adult neural stem cells. Our
findings demonstrate an unanticipated cell-autonomic and circuit-
independent disruption of postnatal neurogenesis in the absence
of CSP-α and highlight a direct or indirect CSP-α/mTOR signaling
interaction that may underlie molecular mechanisms of brain dys-
function and neurodegeneration.

adult neurogenesis | DNAJC5 | adult-onset neuronal ceroid lipofuscinosis |
synaptic neurodegeneration | lysosome

Hippocampal postnatal neurogenesis is a remarkable form of
neural plasticity based on the integration of newborn neu-

rons in preexisting neural circuits in the adult brain (1). Multiple
studies support the notion that adult neurogenesis is important
for learning and memory recall, particularly in the performance
of behavioral pattern separation (2–4). Significant progress has
been made in recent years in understanding the molecular, cel-
lular, and synaptic mechanisms that regulate and perturb adult
neurogenesis (5). In the dentate gyrus, radial glia-like (RGL)
stem cells constitute a relatively quiescent cell population that
undergoes self-renewal and commits to either an astrocytic or neu-
ronal cell fate (6, 7). The generation of new neurons occurs through
sequential differentiation steps of proliferating intermediate neural
progenitors that evolve into postmitotic immature neurons before
finally becoming mature hippocampal granule cells (5). Critical
points of regulation of postnatal neurogenesis are the maintenance
of quiescence (8) and neuronal survival (9). The molecular mech-
anisms underlying these key phenomena, and factors that can per-
turb them, nevertheless remain poorly understood. Recent studies
have emphasized the importance of molecular chaperones to con-
trol factors that regulate neural stem cell quiescence (10, 11) and to
promote the survival of newborn neurons (12).
Cysteine string protein-α (CSP-α) is a molecular cochaperone

that belongs to the heat shock protein-40 (Hsp40) family; it
forms a trimeric chaperone complex with heat shock cognate-70
(Hsc70) and small glutamine-rich tetratricopeptide containing

protein-A (SGTA) (13). Interestingly, CSP-α is required to maintain
the stability of the SNARE protein SNAP25 at synaptic termi-
nals (14–16). SNAP25 cannot maintain its function without a
chaperone, which is probably due to the molecular stress induced
during cycles of assembly and disassembly of the SNARE com-
plex (15, 17). Remarkably, knockout (KO) mice lacking CSP-α
suffer from a devastating and early synaptic degeneration (18)
that is particularly evident in highly active neurons (19). The
early lethality of CSP-α KO mice has so far impaired the per-
forming of functional in vivo studies of CSP-α in adulthood.
Molecular mechanisms of neurodegeneration, although not yet
well understood, are linked to damage of SNAP25 (20) when
CSP-α is absent. Interestingly, CSP-α is linked to human disease
(21). The Parkinson’s disease-linked protein, α-synuclein, cooper-
ates with CSP-α to chaperone the SNARE complex (14). Moreover,
mutations in the human gene encoding CSP-α (DNAJC5) cause
adult-onset neuronal ceroid lipofuscinosis (22).
Although the expression of CSP-α in nonneural tissues was

reported long ago (23), little attention has been paid to its
functions beyond the synapse. Here, we have found that hippo-
campal RGL stem cells express CSP-α, which prompted us to
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investigate the potential role of CSP-α in postnatal neurogenesis.
Interestingly, we have found striking alterations in neurogenesis
in the dentate gyrus of CSP-α KO mice: RGL escape from the
quiescent state, inducing hyperproliferation of intermediate
neural progenitors and exhausting the neural stem cell pool.
Importantly, this deregulation of neurogenesis is caused by
hyperactivation of the mechanistic target of rapamycin (mTOR)
pathway and can be rescued in vitro and in vivo upon pharma-
cological blocking of the kinase activity of mTOR-complex 1
(mTORC1) with rapamycin. The use of conditional KO mice
shows that the phenotype also arises upon inducing the genetic
removal of CSP-α in RGL cells in adulthood. Our study reveals a
key unforeseen implication of a molecular cochaperone whose
absence disrupts cell cycle progression in neural stem cells.

Results
Increased Number of Hippocampal Newborn Neurons in CSP-α KO
Mice. CSP-α is a synaptic vesicle protein universally expressed
in central and peripheral nerve terminals (24); however, its ex-
pression and function in nonneuronal cells, such as neural stem

cells, have not yet been studied. To precisely identify these cells,
we used CSP-α KO mice and control littermates expressing GFP
under the nestin promoter (25) (Fig. 1A). We examined the
hippocampal subgranular zone (SGZ) with antibodies against
CSP-α and found that in control mice, beyond the prominent
synaptic localization, CSP-α was present in RGL neural stem
cells. These cells were easily identified as GFP+ cells exhibiting a
characteristic glial fibrillary acidic protein-positive (GFAP+)
process extending perpendicularly into the molecular layer of the
dentate gyrus (Fig. 1A, squares and Movie S1). As expected, we
did not detect any CSP-α expression in CSP-α KO mice (SI
Appendix, Fig. S1). Next, we looked for potential alterations in
cell division by monitoring cell cycle activity through the in-
corporation of the thymidine analog 5-bromo-2′-deoxyuridine
(BrdU) at the SGZ (Fig. 1 B–E). CSP-α KO and littermate
control mice received a single i.p. injection of BrdU on postnatal
day (P) 10 and were killed on P15 (Fig. 1C). The number of
BrdU-labeled nuclei in the hippocampus was significantly higher
in CSP-α KO mice (Fig. 1B) [120.9 ± 3.5 cells per section for WT
(n = 3) and 146.4 ± 4.7 cells per section for CSP-α KO (n = 3);
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Fig. 1. Postnatal increase of newborn neurons at
the hippocampal neurogenic niche in CSP-α KO mice.
(A, Left and Center) Maximum intensity projections
of a z-stack of confocal images from nestin-GFP
transgenic CSP-α WT mouse hippocampal slices la-
beled with DAPI (dark blue), anti-GFP (light blue),
and anti-GFAP (green) antibodies. (A, Right) Areas
within dashed-line squares are magnified, showing
three optical sections [XY (Middle), XZ (Upper), and
YZ (Right)] of RGLs in the dentate gyrus identified by
the colocalization of nestin (blue) and GFAP (green).
Better visualization is provided in Movie S1. We have
found that 100% of nestin+/GFAP+ cells express CSP-
α (28 cells observed in three different mice). (B)
Maximum intensity projection of a z-stack of confo-
cal images of CSP-α WT and KO hippocampal slices
labeled with antibodies against BrdU (red) and NeuN
(blue) 5 d after BrdU injection. (C) Increased number
of BrdU+ nuclei per section in CSP-α KO mice com-
pared with WT mice 5 d postinjection (four sections
per mouse for WT and four to five sections per
mouse for CSP-α KO; n = 3 for each genotype). Sacr.,
sacrifice. (D) Maximum intensity projection of a z-
stack of confocal images of CSP-α WT and KO
hippocampal slices labeled with antibodies against
BrdU (red) and NeuN (blue) 20 d after BrdU injection.
(E) Increased number of newborn neurons identified
as BrdU+ nuclei per section colocalizing with NeuN in
CSP-α KOmice at 20 d postinjection [four sections per
mouse for WT (n = 4) and four and five sections per
mouse for CSP-α KO (n = 3)]. Numbers in bars indicate
the number of mice used. Mean ± SEM (*P < 0.05,
Student’s t test).
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P < 0.05, Student’s t test; Fig. 1C], which is consistent with higher
cell proliferation. To investigate if those cells were newborn
neurons, we carried out a second set of experiments wherein
mice were again injected with BrdU on P10 but BrdU incorpo-
ration was analyzed on P30. Remarkably, the number of new-
born neurons, identified as NeuN+ cells with BrdU+ nuclei (Fig.
1D), turned out to be twofold higher in CSP-α KO mice com-
pared with controls [25.4 ± 11.3 cells per section for WT (n = 4)
and 54.7 ± 5.8 cells per section for CSP-α KO (n = 3); P < 0.05,
Student’s t test; Fig. 1E]. This phenotype could be due to either a
net increase in proliferation or, alternatively, a better survival
rate under otherwise normal cell proliferation. To distinguish
between those two possibilities, we investigated BrdU in-
corporation during an extremely short postinjection period (2 h;
SI Appendix, Fig. S2 A and B). This experiment revealed that the
number of cells incorporating BrdU was also higher in CSP-α
KO mice (SI Appendix, Fig. S2B), supporting the notion that in
the absence of CSP-α, the higher number of newborn cells is, at
least in part, explained by cell hyperproliferation. This finding was
further confirmed by a substantial increase in the level of labeling
with the mitotic marker Ki-67 (SI Appendix, Fig. S2 C and D).
Overall, our data show a clear enhancement in the production of
newborn neurons in the hippocampus of CSP-α KO mice that
could be explained by cell hyperproliferation. Since our observa-
tions demonstrate the expression of CSP-α in RGL neural stem
cells, we decided to investigate these cells, the cell lineage im-
mediately derived from them, and their involvement in neuronal
differentiation during postnatal neurogenesis.

Fast and Progressive Depletion of the RGL Neural Stem Cell Pool in
the CSP-α KO Hippocampal SGZ.We used antibodies against nestin,
Sox2, and minichromosome maintenance type 2 (MCM2) to
identify all RGL neural stem cells as nestin+, Sox2+ cells and
dividing RGL neural stem cells as nestin+, Sox2+, MCM2+ cells
in hippocampal slices. On P15, RGL neural stem cells were
readily identified in control and CSP-α KO mice as nestin+,
Sox2+ cells exhibiting characteristic nestin+ vertical processes
(Fig. 2 A and B and SI Appendix, Fig. S3). The number of these
cells constituting the neural stem cell pool was similar in WT and
CSP-α KO mice (Fig. 2C). In contrast, the number of dividing
neural stem cells was found to be significantly higher in CSP-α
KO mice compared with controls (Fig. 2C). Moreover, a most
interesting observation was that the proportion of proliferating
cells with respect to the total number of RGL cells was increased
in the absence of CSP-α. These results suggested that the ab-
sence of CSP-α activates cell cycling in neural stem cells. Strik-
ingly, the same analysis carried out at P30 (Fig. 2 D and E)
highlighted a significant reduction in the pool size of nestin+,
Sox2+ cells in CSP-α KO mice (886.4 ± 31.1 cells per section for
WT and 599 ± 36.5 cells per section for CSP-α KO; n = 3 for
each genotype; P < 0.01, Student’s t test; Fig. 2F). Interestingly,
however, the percentage of proliferating cells (nestin+, Sox2+,
MCM2+) relative to the total number of RGL cells (Fig. 2F)
remained elevated (137 ± 21.2 cells per square millimeter for
WT and 234.3 ± 22.9 cells per square millimeter for CSP-α KO;
n = 3 for each genotype; P < 0.05, Student’s t test). In addition,
we investigated whether the lack of CSP-α in nestin+, GFAP+ or
Sox2+, MCM2+ cells fromWTmice could be a molecular feature
of either transition to proliferation or a proliferative state. This
was not found to be the case (Fig. 1A and SI Appendix, Fig. S4).
Overall, those observations reflect that CSP-α may favor a qui-
escent state and that its absence disinhibits RGL neural stem cell
proliferation. In the absence of CSP-α, the unleashing of pro-
liferation progressively leads to an important increase in the
proportion of proliferating versus quiescent cells that likely ex-
hausts the stem cell pool. This observation would be consistent
with the notion of the limited self-renewal capacity of neural
stem cells. To further investigate the developmental progress of

newborn cells, we subsequently examined the characteristics of
neural intermediate progenitor cells.

Increased Proliferation and Altered Positioning of Neural Intermediate
Progenitor Cells. Antibodies against doublecortin (DCX) were used
to label neural intermediate progenitor cells (SI Appendix, Fig. S5 A,
light blue, and B, blue). In addition, we used antibodies against
MCM2 to label dividing neural intermediate progenitor cells (SI
Appendix, Fig. S5 A and B, red). Interestingly, the number of DCX+

cells was found to be much higher in the absence of CSP-α
(2,127.2 ± 252.2 cells per square millimeter for WT vs. 4,168.3 ±
239.8 cells per square millimeter for CSP-α KO; n = 3 for each
genotype; P < 0.05, Student’s t test; SI Appendix, Fig. S5C). MCM2
nuclear labeling, in contrast, allows the quantification of dividing
neural intermediate progenitor cells (DCX+, MCM2+). The number
of DCX+, MCM2+ cells was elevated in the dentate gyrus of CSP-α
KO mice, whereas the percentage of actively dividing DCX+ cells
(DCX+, MCM2+/total MCM2+ ratio; SI Appendix, Fig. S5C) was
the same as that in the WT controls (43 ± 2% for WT and 45 ± 5%
for CSP-α KO; n = 3 for each genotype; P > 0.05, Student’s t test).
These observations suggested that the increased mitotic activity of
RGL stem cells (nestin+, Sox2+ cells) translated into a high number
of DCX+ cells, following the expected progression of cell differen-
tiation steps, once postnatal neurogenesis has been activated. Cu-
riously, a close examination of MCM2+ cells (Fig. 2B) in the dentate
gyrus of CSP-α KOmice revealed a widespread distribution of those
cells across the entire granule cell layer in contrast to the confined
positioning of the same cell type characteristically observed in the
SGZ of WT mice (SI Appendix, Fig. S5D). Taken together, these
findings highlight a clear dysfunction of neurogenesis in the absence
of CSP-α caused by an as yet unknown mechanism. Hippocampal
neurogenesis is regulated by GABAergic synaptic inputs from
parvalbumin-expressing interneurons (8, 26). As such, the ob-
served alterations in neurogenesis could perhaps be explained by a
secondary effect of GABAergic synaptic degeneration as pre-
viously described for CSP-α KO mice (19).

Normal GABA Spontaneous Release onto Dentate Gyrus Granule Cells.
To investigate if any GABAergic synaptic degeneration in CSP-α
KO mice occurs earlier than 3 wk as previously described (19),
we recorded miniature inhibitory postsynaptic currents produced
by granule cells in response to the spontaneous release of GABA
released from parvalbumin-positive cells (SI Appendix, Fig. S6 A
and B). We could not identify significant differences in the
amplitude, kinetics, or frequency of events in mutant and control
mice (SI Appendix, Fig. S6 C–F). These observations are
consistent with the notion that no neurodegenerative changes to
GABAergic synaptic inputs take place at early postnatal ages in
the CSP-α KO dentate gyrus. Based on these findings, we ruled
out the possibility that the loss of quiescence was due to
alterations in the GABAergic neuronal circuitry. Consequently,
we decided to study circuit-independent mechanisms that could
explain our findings.

Hyperproliferation of Cultured Neurospheres Obtained from the CSP-
α KO Mouse Hippocampus. We cultured neurospheres from hip-
pocampi of newborn mice to obtain suitable conditions to study
circuit-independent mechanisms of neural stem cell proliferation
in vitro. Our neurospheres were healthy and enriched in neural
stem cells, and expressed CSP-α (SI Appendix, SI Results and
Figs. S7 and S8). Although CSP-α KO neurospheres grew well in
culture, they were noticeably larger than neurospheres prepared
from WT mice (SI Appendix, Fig. S9 A–C). A possible explana-
tion for this difference could be due to an augmented cellularity
in the event that mitotic activity was intrinsically increased. To
investigate this possibility, we dissociated the neurospheres, la-
beled the cells with fluorescently labeled antibodies against the
proliferation marker antigen Ki-67, and quantified the number
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of dividing cells. Consistent with the notion of a higher mitotic
activity, the number of Ki-67+ cells was significantly increased in
CSP-α KO neurospheres (SI Appendix, Fig. S9D). We also care-
fully monitored the number of neurospheres over time in culture
and quantified them at every passage. The time course of the number
of neurospheres, examined along seven consecutive passages, was
found to be different in the mutant mice compared with WT con-
trols. We plotted the percentage of the number of neurospheres

produced per passage normalized to littermate WT controls (SI
Appendix, Fig. S9E, Right) and aligned those plots to the maximum
peak of every culture versus the relative passage number (SI Ap-
pendix, Fig. S9E, Left) to study the average growing trend of all the
mutant cultures. The amplitude of the peak (at relative passage 0)
was significantly different from the amplitude at relative passage
number −3 (P = 0.0286, Mann–Whitney U test), but not from the
amplitude at relative passage number +2 when proliferation
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and MCM2 (green) at P30. (E) Magnification of the area enclosed within the dashed-line squares in D. (F) At P30, the RGL cell pool size (nestin+, Sox+ cells per
square millimeter) is clearly reduced and the number (nestin+, Sox+, MCM2+ cells per square millimeter) and percentage of dividing RGL cells are strongly
increased in CSP-α KO mice compared with WT controls (six to seven sections per mouse for WT and seven sections per mouse for CSP-α KO; n = 3 for each
genotype). Numbers in bars indicate the number of mice used. Mean ± SEM (*P < 0.05, Student’s t test).
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decreased in the mutant-type neurospheres (P = 0.0576, Mann–
Whitney U test). Although these results suggest that hypoprolifer-
ation occurs after hyperproliferation, only the existence of the
hyperproliferation ascending phase was statistically significant. Such
a finding, however, could suggest an initial deregulated increase in
neurosphere-forming efficiency, reflecting an increase in stem cell
proliferation leading to stem cell depletion, similar to what happened
in situ to the hippocampal stem cell pool (Fig. 2). These observations
suggest that the absence of CSP-α disrupts stem cell quiescence by a
circuit-independent mechanism. While such a role for CSP-α was
unexpected, the relative cellular homogeneity of neurospheres com-
pared with the brain nevertheless provides advantages to search for
possible molecular mechanisms underlying this effect.

Hyperactivation of the mTOR Signaling Pathway Causes Hyperproliferation
of Neurospheres. The role of CSP-α as a cochaperone involved in
maintaining the stability of the SNARE complex, particularly the
SNARE protein SNAP25, is well established (14, 15). We ex-
amined levels of the SNARE proteins SNAP23, SNAP25, and
SNAP29 in neurospheres and found that SNAP25 is practically
absent, while the levels of the more abundant SNAP23 and SNAP29
were similar in CSP-α KO and WT neurospheres (SI Appendix, Fig.
S10). Next, we searched for proteins related to CSP-α [CHL1 (27)
and dynamins (28)] and explored proteins and pathways involved
in neural stem cell proliferation [p27 (11, 29), Wnt/β-catenin (30),

Notch (31), sonic hedgehog (Shh) (32), and PI3K/Akt/mTOR (33)].
We only found changes in the mTOR signaling pathway, revealed by
increased levels of the phosphorylated form of the ribosomal protein
S6 (pS6) (Fig. S10), which is indicative of the activation of the kinase
S6K, a downstream target of the mTORC1 pathway. This suggested
that, in cultured neurospheres, CSP-α might directly or indirectly act
as a down-regulator of the mTORC1-dependent signaling pathway.
It is well established that mTORC1 hyperactivation stimulates cell
cycle progression through the downstream effector S6K1 and the
translational inhibitor 4E-BP in a rapamycin-sensitive manner (34).
Accordingly, we decided to test the rapamycin effect on neuro-
spheres in culture from mutant and control mice. We incubated
neurospheres in rapamycin (25 nM) for 7 d, starting from the time at
which cells were cultured, and identified robust inhibition of
S6 phosphorylation, which was detected in both genotypes but was
particularly evident in protein extracts from mutant cells that, under
control conditions, confirmed prominent levels of S6 phosphoryla-
tion compared with WT samples (Fig. 3A). Interestingly, as pre-
viously observed (SI Appendix, Fig. S9), the size of CSP-α KO
neurospheres incubated in vehicle was larger than that of WT
neurospheres grown under the same conditions (Fig. 3 B and C).
In contrast, upon treatment with rapamycin, the size of the mutant
neurospheres became similar to that of WT neurospheres (Fig. 3
B and C and SI Appendix, Fig. S11), consistent with the notion that
overgrowth in the absence of CSP-α is produced by the hyper-
activation of mTORC1-dependent signaling. These results suggest
that the hyperproliferation of RGL stem cells seen in the hippo-
campus (Fig. 2) could be due to the hyperactivation of mTOR-
dependent mechanisms that control cell cycle progression. To
check this, we decided to determine if the rapamycin-mediated
rescue of proliferation in neurospheres in vitro could be translated
to in vivo conditions.

Rapamycin-Mediated Blocking of the mTOR Signaling Pathway
Rescues Neurogenesis Dysfunction in CSP-α KO Mice in Vivo. We
administered vehicle or rapamycin to mice (10 mg/kg) starting at
P10 and continuing through P30, whereupon animals were killed
for analysis (Fig. 4A). As previously observed (Fig. 2), in the
group of mice treated with vehicle only, the number of dividing
cells identified as MCM2+ cells (Fig. 4B) increased dramatically
in the CSP-α KO hippocampus compared with WT controls
(1,204.4 ± 23.5 cells per square millimeter for WT in vehicle and
2,660 ± 201.9 cells per square millimeter for CSP-α KO in ve-
hicle; n = 3 for each genotype; P < 0.05, two-way ANOVA; Fig.
4D, Left). Remarkably, the number of dividing RGL cells
(nestin+, Sox2+, MCM2+ cells) was also increased in CSP-α KO
mice (124 ± 4 cells per square millimeter for WT in vehicle and
194 ± 4.9 cells per square millimeter for CSP-α in vehicle; n =
3 for each genotype; P < 0.05, two-way ANOVA). In addition,
for the same conditions, the total number of RGL stem cells
(nestin+, Sox2+ cells) was found to be significantly lower in the
mutants [506 ± 7.7 cells per square millimeter for WT (n = 4)
and 308 ± 26.3 cells per square millimeter for CSP-α KO (n = 5);
P < 0.05, two-way ANOVA; Fig. 4D], and the percentage of
dividing RGL stem cells (nestin+, Sox2+, MCM2+ cells normal-
ized to the total number of RGL cells) was clearly increased in
the absence of CSP-α (25 ± 1.3% for WT in vehicle and 55 ±
3.5% for CSP-α KO in vehicle; n = 3 for each genotype; P < 0.05,
two-way ANOVA; Fig. 4D, Right). We then analyzed the changes
induced by rapamycin. Remarkably, treatment with rapamycin
did not induce changes in any of the parameters in WT mice
compared with vehicle. In contrast, rapamycin dissipated the
differences between RGL cells from CSP-α KO and WT mice
(Fig. 4 C and D). In the CSP-α KO mice, rapamycin reduced the
number of dividing cells (MCM2+ cells) (2,660 ± 201.9 cells per
square millimeter for CSP-α KO in vehicle vs. 1,735 ± 202.8 cells
per square millimeter for CSP-α KO in rapamycin; n = 3 for each
condition; P < 0.05, two-way ANOVA; Fig. 4D, Left) and the
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Fig. 3. Hyperactivation of the mTORC1 signaling pathway causes hyper-
proliferation in CSP-α KO neurospheres. (A) Rapamycin (25 nM) strongly
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Fig. 4. Rescue of neural stem cell quiescence in vivo upon pharmacological inhibition of the mTORC1-dependent signaling pathway in CSP-α KO mice. (A)
Time line for treatment with vehicle or rapamycin (10 mg/kg). Sacr., sacrifice. (B) Maximum intensity projection of a z-stack of confocal images of CSP-α WT
and KO hippocampal dentate gyri labeled with antibodies against nestin (blue), Sox2 (red), and MCM2 (green) from 30-d-old mice treated with vehicle.
Magnified views (Lower) of the areas in dashed squares (Upper) show the notable increase in neurogenic proliferation (MCM2+ cells in green, arrowheads) in
CSP-α KO mice. (C) Confocal images, as in A, taken from 30-d-old mice treated with rapamycin (10 mg/kg, administered once per day for 5 consecutive days
per week for ∼20 d). Magnified views (Lower) of areas in dashed squares (Upper) show the strong reduction in the number of MCM2+ cells (green,
arrowheads) in CSP-α KO mice, indicating the normalization of stem cell proliferation upon pharmacological inhibition of the mTORC1-dependent signaling
pathway. (D) Rapamycin reestablishes the total number of proliferating cells (MCM2+ cells; Left), the number of dividing RGL stem cells (nestin+, Sox2+,
MCM2+ cells; Center), and the percentage of activated proliferating RGL stem cells (Right) (four to six sections per mouse for WT and KO; n = 3 for each
genotype, except for quantification of nestin+, Sox2+ cells of mice treated with vehicle) to WT levels. Numbers in bars indicate the number of mice used.
Values represent mean ± SEM (*P < 0.05, two-way ANOVA).
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Fig. 5. Increased proliferation and loss of quiescence in RGLs lacking CSP-α in the dentate gyrus of the Sox2CreERT2:Dnajc5flox/− conditional mouse model. (A) Genomic
strategy for cre-recombinase-dependent deletion at Dnajc5 mouse locus. (B) Timeline for treatment with tamoxifen (TMX; 75 mg/kg) and EdU (50 mg/kg). (C) Max-
imum intensity projection of a z-stack of confocal images of slices labeled with EdU and TO-PRO-3. Slices were obtained from Sox2CreERT2:Dnajc5flox/+ animals injected
with vehicle and Sox2CreERT2:Dnajc5flox/− animals injectedwith TMX (75mg/kg). (D) Increased number of EdU-positive nuclei per section in Sox2CreERT2:Dnajc5flox/+:vehicle
compared with Sox2CreERT2:Dnajc5flox/−:TMX animals at 2 d postinjection (dpi) of EdU (6–7 sections/mouse, n = 3 for each genotype). (E) Maximum intensity projections
of a z-stack of confocal images of Sox2CreERT2:Dnajc5flox/+:vehicle and Sox2CreERT2:Dnajc5flox/−:TMX hippocampal dentate gyri labeled with antibodies against nestin
(blue), Sox2 (red), and MCM2 (green) are shown at P42. (F) Magnification of the area enclosed within the dashed-line square in C. (G) Size of the RGL cell pool
(nestin+, Sox2+ cells per square millimeter; six to seven sections per mouse; n = 4 for each genotype) is significantly decreased, and the percentage of dividing RGL
cells (six to seven sections per mouse; n = 3 for each genotype) is significantly increased in Sox2CreERT2:Dnajc5flox/−:vehicle mice compared with Sox2CreERT2:Dnajc5flox/:
TMX mice. No differences were found in the number of dividing RGL cells (nestin+, Sox2+, MCM2+ cells per square millimeter; six to seven sections per mouse; n =
3 for each genotype). Quantifications after tamoxifen treatment for 12 d. *P < 0.05. White circles correspond to values from individual mice.
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number of proliferating RGL cells (nestin+, Sox2+, MCM2+

cells) (194 ± 4.9 cells per square millimeter for CSP-α KO in
vehicle vs. 124 ± 10.9 cells per square millimeter for CSP-α KO in
rapamycin; n = 3 for each condition; P < 0.05, two-way ANOVA).
Importantly, although we could not detect significant changes in
the total numbers of RGL cells (nestin+, Sox2+ cells) in CSP-α
KO mice under both conditions (Fig. 4D), rapamycin decreased
the proportion of dividing RGL cells (nestin+, Sox2+, MCM2+

cells) in the CSP-α KO (55 ± 3.5% for CSP-α KO in vehicle vs.
33 ± 6.0% for CSP-α KO in rapamycin; n = 3 for each condition;
P < 0.05, two-way ANOVA; Fig. 4D, Right).
Overall, our observations indicate that the uninhibited hyper-

proliferation of RGL cells that leads to a progressive, fast, and severe
depletion of the stem cell pool is fully reversible upon pharmaco-
logical treatment with rapamycin. Furthermore, these results indicate
that the absence of CSP-α in vivo disrupts neural stem cell quies-
cence, allowing uncontrolled cell cycle progression downstream of
the mTORC1 signaling pathway. As CSP-α is expressed in virtually
every neuron, it is difficult to conclude from the observations in a
conventional KO mouse model that the loss of quiescence in vivo
unequivocally constitutes a cell-autonomous mechanism rather
than being secondary to an unknown neuronal alteration. To
solve this caveat, we proceeded to generate a conditional CSP-α
KO mouse to specifically remove CSP-α from RGLs in a time-
controlled manner.

Loss of Quiescence in Adult RGLs in Vivo by Conditional Specific
Targeting of CSP-α in Neural Stem Cells. We used mouse embry-
onic stem (ES) cells harboring a modified allele of Dnajc5 (the
mouse gene coding for CSP-α) with loxP sites flanking exon 2
(Fig. 5A) to generate a mouse line for the conditional deletion of
CSP-α (Experimental Procedures). Once the mice were generated,
we bred them against the UBCCreERT2 line in which Cre-recombinase
activity is induced under the promoter of the ubiquitin C human
gene in widespread cells and tissues and only in the presence of
tamoxifen. The neurological phenotype, early lethality, and anal-
ysis of protein levels in these mice validated the genomic strategy
to generate further conditional CSP-α KO mouse lines (SI Ap-
pendix, SI Results and Fig. S12). Next, to investigate the conse-
quences of removing CSP-α from neural stem cells, we used
Sox2CreERT2 transgenic mice, which have been previously used
specifically to induce Cre-recombinase activity with tamoxifen in
hippocampal neural stem cells (35). We bred this line with the
Dnajc5flox/flox and CSP-α heterozygous mice to obtain Sox2CreERT2:
Dnajc5flox/+ and Sox2CreERT2:Dnajc5flox/− littermate mice to be
used for experiments. The rationale behind this strategy was to
halve the floxed allele genetic load to maximize the Cre-recombinase
efficiency in Sox2CreERT2:Dnajc5flox/− mice. Tamoxifen has been
widely used as a tool to investigate neurogenesis in conditional
KO mouse lines, and the lack of effect of this molecule on neural
stem cells is well documented (36). In addition, we in-
dependently showed that tamoxifen itself does not have any ef-
fect on cell proliferation at the hippocampal SGZ in WT mice
(SI Appendix, Fig. S13). We set two experimental groups in our
study: Sox2CreERT2:Dnajc5flox/+ mice injected with vehicle as control
mice and Sox2CreERT2:Dnajc5flox/− mice injected with tamoxifen to
investigate neural stem cell biology in the absence of CSP-α (Fig.
5B). We analyzed the number of cell nuclei labeled with 5-ethynyl-
2′-deoxyuridine (EdU) in hippocampal slices at the SGZ and found
a significant increase of EdU+ cells in Sox2CreERT2:Dnajc5flox/− mice
compared with controls (22.3 ± 4.1 cells per section for WT and
38.1 ± 2.9 cells per section for CSP-α KO; n = 3 for each genotype;
P < 0.05; Fig. 5 C and D), indicating higher proliferation activity as
a consequence of CSP-α targeting. Next, we used immunohisto-
chemistry to specifically explore RGL cells and found that the
total number of RGL cells (nestin+, Sox2+), but not dividing RGL
cells (nestin+, Sox2+, MCM2+), was significantly decreased in
the Sox2CreERT2:Dnajc5flox/− mice compared with control mice

[Sox2CreERT2:Dnajc5flox/+ in vehicle: 288.3 ± 33.4 cells per square
millimeter (n = 4), Sox2CreERT2:Dnajc5flox/− in tamoxifen: 150.2 ±
23.6 cells per square millimeter (n = 4); P < 0.05; Fig. 5 E–G]. The
percentage of dividing RGL stem cells was clearly increased in
Sox2CreERT2:Dnajc5flox/− mice (Fig. 5G). Taken together, these
observations are consistent with the results obtained with CSP-α
KO mice in vivo and in cultured neurospheres, and support the
notion that CSP-α plays a key role in maintaining the quiescence
of hippocampal neural stem cells by a mechanism independent
of neuronal circuitry, and not secondary to any paracrine input
associated with neuronal alterations.

Discussion
Our study has identified the cochaperone CSP-α as a key factor
that either directly or indirectly impacts the maintenance of
neural stem cell quiescence in the postnatal dentate gyrus. Such
a role is surprising because the major established functions for
CSP-α as a cochaperone have been mainly restricted to the
synaptic terminals so far (14–16, 18–21). We have demonstrated
that CSP-α is present in situ in RGL neural stem cells in the
dentate gyrus (Fig. 1) and in cultured neurospheres (SI Appendix,
Fig. S7). Consistent with our observations, the expression of
CSP-α in quiescent neural stem cells has been reported in several
recent single-cell transcriptomic analyses of the adult SGZ and
subventricular zone (37–39) and in a proteomic study carried out
on human neural stem cells derived in vitro from ES cells (40).
We have clearly shown that the proliferation of hippocampal
RGL cells is dramatically increased in CSP-α KO mice (Fig. 2).
At P15, the total number of RGL cells was the same in mutant
and control mice (Fig. 2). In contrast, at P30, the total number of
RGL cells was strongly reduced compared with control mice
(Fig. 2), suggesting that maintained hyperproliferation causes
progressive exhaustion of the stem cell pool. Such a phenotype
could be consistent with a disruption of asymmetrical self-
renewal, and, although beyond the scope of this study, it is po-
tentially of significant interest to study the mechanisms and ca-
pacities for long-term self-renewal of neural stem cells (6, 7).
Since CSP-α KO mice die early (around 4–5 wk of age), we
generated inducible conditional mice in which CSP-α is elimi-
nated specifically in neural stem cells after 1 mo of age (Fig. 3) to
investigate how important CSP-α is for adult neurogenesis. In-
terestingly, in these mice, similar to what we observed in the
dentate gyrus of conventional CSP-α KO mice, neural stem cells
displayed a clearly hyperproliferative phenotype (Fig. 3). These
observations also support the notion that CSP-α plays a direct or
indirect role, but not secondary to neurodegeneration, in the
maintenance of neural stem cell quiescence. Most likely that role
is cell-autonomous; however, we cannot completely rule out that
CSP-α KO in intermediate progenitors might feed back to neural
stem cells to proliferate in a paracrine manner.
Our data show that the downstream target of mTORC1, SK6

kinase, increases its kinase activity in the absence of CSP-α, which is
likely triggered by hyperactivation of the mTORC1 (Fig. 4 and SI
Appendix, Fig. S10). Consistent with this notion, rapamycin sup-
pressed the S6 hyperphosphorylation (Fig. 4) and reverted the
characteristic hyperproliferative phenotype observed in CSP-α KO
mice, in vitro in cultured neurospheres (Fig. 4 and SI Appendix, Fig.
S11) and in vivo in the dentate gyrus, to WT levels (Fig. 5). How
and which other proteins within the full mTOR pathway become
modified upon removal of CSP-α is an open issue that requires
deeper investigations. The pivotal role of mTORC1 in controlling
the self-renewal, proliferation, and differentiation of several types
of stem cells (41, 42), including adult neural stem cells (43, 44), is
well established. Consistent with our observations (Figs. 2, 3, and
5), evidence in the literature indicates that persistent mTORC
activation in different types of nonneural stem cells increases cell
proliferation and ultimately induces stem cell exhaustion (45, 46).
Indeed, mTORC1 hyperactivation is a biochemical hallmark of
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the tuberous sclerosis complex (TSC), a multisystem genetic dis-
order caused by loss of function of the TSC1/TSC2 heterodimer
that physiologically regulates mTORC1 activation. Notably, there
are certain similarities between the neural stem cell phenotypes
present in CSP-α KO mice and the phenotypes found in TSC
mouse models (41) and other mouse models (43), with mutations
that lead to mTOR hyperactivation. Notably, Hsc70 interacts
with TSC2, and, furthermore, the interaction is stronger with the
pathogenic TSC2 R611Q version (47). This mutant version does
not interact with TSC1 and fails to inhibit S6K-T389 phosphorylation
(48) likely due to secondary unfolding. The requirement of
CSP-α to maintain proper protein folding in the mTOR pathway
warrants further investigation. In addition, the CSP-α KO
phenotype is comparable to the phenotype observed in the
hippocampus upon conditional deletion of phosphatase and
tensin homolog on chromosome 10 (PTEN) in postnatal/young
adult neural stem cells (6, 43). PTEN is a negative regulator of
PI3K signaling; therefore, its deletion leads to mTOR hyper-
activation. Interestingly, PTEN-deleted adult neural stem cells
display increased cell proliferation and depletion of the RGL
pool. Our data indicate that, in the absence of CSP-α, RGL cell
proliferation translates into a high number of intermediate
progenitor cells (SI Appendix, Fig. S5), consistent with the notion
that RGL cells differentiate toward a neural cell fate. We have
also observed obvious alterations in the neuronal positioning of
dividing progenitors at the SGZ (SI Appendix, Fig. S5), another
feature previously known to occur upon mTOR hyperactivation
as a consequence of the deletion of disrupted-in-schizophrenia 1
(DISC1) (49, 50). A very recent study has shown that autocrine
signaling mediated by milk fat globule-EGF 8 (Mfge8) prevents
developmental exhaustion of the adult neural stem cell pool (51).
Remarkably, loss of Mfge8 promotes activation of RGLs and
mTOR1 signaling that become rescued by rapamycin-mediated
inhibition (51). Given the striking similarity of phenotypes re-
lated to mTOR hyperactivation in mice lacking CSP-α and mice
lacking Mfge8, it would not be surprising that CSP-α could play a
role within the signaling pathway mediated by this niche factor.
This scenario certainly deserves to be further investigated.
Overall, our data support a key connection of CSP-α with the
maintenance of neural stem cell quiescence via a (likely) cell-
autonomous mechanism dependent on the mTOR signaling
pathway. A question that arises concerns the direct or indirect
molecular relationship between CSP-α and the mTORC-
dependent pathway that impacts neural stem cell proliferation.
This question, which is beyond the scope of our data, remains un-
resolved. Nevertheless, an abbreviated explanation of our findings
could be that CSP-α plays, within the IP3K/Akt/mTORC1 cascade,
a regulatory role in key biochemical reactions that maintain quies-
cence under basal conditions. Such a role for CSP-α could involve
the stabilization of specific proteins or protein complexes that re-
quire the cochaperone activity of CSP-α, as is required for SNARE
complex stability (14, 15) or the polymerization of dynamin1 (28). In
any case, although we do not have any evidence supporting the
participation of signaling pathways besides the mTOR pathway, we
cannot completely rule out that, additionally, other pathways could
be involved in the phenotype we have described.
How do our results fit within the proposed role of CSP-α to

maintain highly active synapses and to prevent neurodegeneration?
Recent studies elegantly demonstrated the ability of neuronal cir-
cuitry mechanisms mediated by parvalbumin interneurons to control
quiescence in hippocampal adult neural stem cells (8, 26). Certainly,
during our study, we considered that the loss of quiescence in CSP-α
KO mice could be a consequence of the presynaptic degeneration
that GABAergic terminals in these mice suffer from (19). However,
we can rule out that the early RGL cell hyperproliferation that we
observe is caused by a lack of GABAergic input from parvalbumin-
positive interneurons. At early postnatal ages, when neural stem cell
hyperproliferation is clear, we could not detect obvious signs of

GABAergic degeneration based on electrophysiological measure-
ments of synaptic transmission (SI Appendix, Fig. S6). Furthermore,
the phenotype observed in neurospheres is likely to be due to a cell-
autonomous and not circuitry-dependent mechanism (Fig. 4 and SI
Appendix, Fig. S6). This notion is, however, supported by the higher
cell proliferation found in the Sox2CreERT2:Dnajc5flox/− mice.
Nonetheless, the fact that the synaptic competence of parvalbumin-
positive interneurons progressively worsens in CSP-α KO mice
suggests that, at some later stage, the postnatal neurogenesis will
undergo circuit-dependent alterations in these mice. Future ap-
proaches will need to study this possibility at late postnatal ages
using conditional ablation of CSP-α expression in parvalbumin-
positive interneurons without compromising mouse viability.
CSP-α KO mice suffer from presynaptic degeneration and

early lethality due to a severe neurological phenotype (18). In
humans, mutations in the DNAJC5 gene that encodes CSP-α
cause adult-onset neuronal ceroid lipofuscinosis (NCL4), a
neurodegenerative disease with pathological features related to
lysosomal storage disorders (22). Interestingly, lysosomes func-
tion as a scaffolding platform on which mTORC1 becomes ac-
tivated. The Rag GTPases bring mTORC1 to the lysosomal
surface in response to nutrients; once there, mTORC1 kinase
activity is promoted by Rheb GTPase in response to insulin and
energy levels (52). The details on how the high-molecular-weight
protein complex mTORC1 swiftly docks on the Rag GTPases at
the lysosomal surface are not well understood yet (52), and it
would not be surprising if a cochaperone plays a role there.
Remarkably, CSP-α has been found to be dynamically associated
with the lysosome, depending on nutrient levels and the activa-
tion status of mTORC1 (53). Future experiments will investigate
the molecular details between CSP-α and mTORC1 to support
lysosomal function. Therefore, our study certainly opens inter-
esting perspectives, beyond the alterations in neurogenesis, to
understand the role of CSP-α in brain disorders and neuro-
degeneration. The mTOR pathway has been widely implicated
in neurodegenerative disorders, particularly because mTORC
hyperactivation exerts potent inhibition of autophagy (54), and a
number of observations point to failures in autophagic degradation
as a major culprit in neurodegeneration (55). Notwithstanding,
much attention is being paid to rapamycin as a therapeutic option
in the treatment of neurodegeneration (56). Therefore, the un-
expected relationship between CSP-α and the mTOR signaling
pathway that we have discovered undoubtedly opens
unanticipated alternatives to explore mechanisms to understand
and combat neurodegeneration.

Experimental Procedures
Mice. CSP-α KO (18), nestin-GFP (57) and conditional Dnajc5 (CSP-α) KO
mouse strains (described below) were used in this study. All procedures in-
volving animals were performed in accordance with European Union Di-
rective 2010/63/EU on the protection of animals used for scientific purposes
and were approved by the Committee of Animal Use for Research at the
University of Seville.

Generation of Conditional Dnajc5 (CSP-α) KO Mice. Mice were generated from
ES cells acquired from the European Conditional Mouse Mutagenesis Pro-
gram. Themutant cells were generated by recombinant insertion of a KO first
mutant construct (58) containing loxP sites flanking exon 3 of the mouse
DNAJC5 gene (ENSMUSE00000170833 chromosome 2: 181282045–181282258).
Chimeric mice were generated at the Animal Transgenic Unit of the Center of
Animal Biotechnology and Gene Therapy, Universitat Autònoma de Barcelona,
as described in SI Appendix, SI Materials and Methods.

Immunohistochemistry and Confocal Imaging. Tissue was obtained from con-
trol and CSP-α KO mice. An antigen retrieval protocol (modified from ref. 6)
was used for nestin, Sox2, and MCM2 antibodies before an immunofluores-
cence protocol. Extended immunohistochemistry, acquisition, and image
analysis protocols are explained in SI Appendix, SI Materials and Methods.

8008 | www.pnas.org/cgi/doi/10.1073/pnas.1817183116 Nieto-González et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
31

, 2
02

1 

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817183116/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1817183116


www.manaraa.com

BrdU and EdU Labeling. BrdU (Sigma) was injected i.p. into CSP-α WT and
KO mice, while EdU (BaseClick GmbH) was injected i.p. into Sox2CreERT2:
Dnajc5flox/+ and Sox2CreERT2:Dnajc5flox/− mice to perform proliferation assays.
The protocols for immunolabeling BrdU and revealing EdU are explained in
SI Appendix, SI Materials and Methods.

Other Methods. Procedures related to electrophysiology, neurosphere cul-
ture, flow cytometry, rapamycin treatment, protein biochemistry, and other
methods are explained in detail in SI Appendix, SI Materials and Methods.
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