
PSR in theUnitedStates is 4.6, and this is projected
to decline to 1.9 by 2100 (80% PI: 1.6 to 2.2).
Whereas the population aging issues of devel-

oped countries have beenwidely discussed (23), the
likely patterns in developing populations that cur-
rently have youngpopulations are lesswell known.
China’s PSR is projected to decline to 1.8 (80% PI:
1.4 to 2.3) from the current high level of 7.8. Brazil’s
PSR is currently 8.6 and is projected to decline to
1.5 (80% PI: 1.0 to 2.0), which is well below the
current Japanese level. India has a PSR of 10.9, but
this is projected to decline to 2.3 (80%PI: 1.5 to 3.2)
by the end of the century. The only country in Fig.
3 that is projected tohave a PSRabove 3 by the end
of the century is Nigeria, whose PSR is currently at
the high level of 15.8 and is projected to decline
to 5.4 (80% PI: 3.4 to 7.8).
These results suggest some important policy

implications. Rapid population growth in high-
fertility countries can create a range of challenges:
environmental (depletion of natural resources, pol-
lution), economic (unemployment, low wages,
poverty), health (high maternal and child mor-
tality), governmental (lagging investments in
health, education, and infrastructure), and social
(rising unrest and crime) (24).
Among the most robust empirical findings in

the literature on fertility transitions are that higher
rates of contraceptive use and female education
are associated with faster fertility decline (25).
These suggest that the projected rapid population
growth could bemoderated by greater investments
in family planning programs to satisfy the unmet
need for contraception (26, 27), as well as invest-
ments in girls’ education. It should be noted, how-
ever, that the UN projections are based on an
implicit assumption of a continuation of existing
policies and reformefforts, but an intensification of
current investments would be required for faster
changes to occur. It should also be noted that the
projections do not take into account potential neg-
ative feedback from the environmental conse-
quences of rapid population growth. The addition
of several billion people in Africa could lead to
severe resource shortages that, in turn, could affect
population size through unexpected mortality, mi-
gration, or fertility effects.
The implications are not all negative, however.

Rapid fertility decline bringswith it the prospect of
a potential long-lasting demographic dividend in
countries that currently have high fertility, such as
Nigeria (see Fig. 3). Figure 3 also suggests that de-
velopingcountrieswithyoungpopulationsbut lower
fertility (e.g., China, Brazil, and India) are likely to
face the problems of aging societies before the end
of the century. This prediction suggests that these
countries need to invest some of the benefits from
their demographic dividends in coming decades
in provisions for future seniors, such as social
security, pension, and senior health care funds.
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ADULT NEUROGENESIS

A latent neurogenic program in
astrocytes regulated by Notch
signaling in the mouse
Jens P. Magnusson,1* Christian Göritz,1* Jemal Tatarishvili,2 David O. Dias,1

Emma M. K. Smith,3 Olle Lindvall,2 Zaal Kokaia,2 Jonas Frisén1†

Neurogenesis is restricted in the adult mammalian brain; most neurons are neither
exchanged during normal life nor replaced in pathological situations.We report that stroke
elicits a latent neurogenic program in striatal astrocytes in mice. Notch1 signaling is
reduced in astrocytes after stroke, and attenuated Notch1 signaling is necessary for
neurogenesis by striatal astrocytes. Blocking Notch signaling triggers astrocytes in the
striatum and themedial cortex to enter a neurogenic program, even in the absence of stroke,
resulting in 850 T 210 (mean T SEM) new neurons in a mouse striatum.Thus, under Notch
signaling regulation, astrocytes in the adult mouse brain parenchyma carry a latent
neurogenic program that may potentially be useful for neuronal replacement strategies.

N
eurogenesis in the adult brain is largely
restricted to the dentate gyrus and the
subventricular zone lining the lateral
ventricles. However, astrocytes close to
a lesion can display neural stem cell prop-

erties when assayed in vitro (1–3), and astro-
cytes can be forced to either convert into (4, 5)
or produce neurons (6) when reprogrammed
by ectopic expression of transcription factors
in vivo.

To explore the in vivo neurogenic potential
of astrocytes, we used Connexin-30–CreER (Cx30-
CreER) transgenicmice (7) carrying aR26R–yellow
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fluorescent protein (YFP) reporter allele (8) for
genetic fate mapping after experimental stroke.
Stroke was induced by transient occlusion of the

middle cerebral artery, a procedure that gener-
ated an ischemic lesion primarily in the striatum.
We waited 1 week between giving tamoxifen and

inducing the stroke, to allow for the tamoxifen
to be eliminated and exclude the possibility of
recombination in other cell types after stroke
(Fig. 1A). The Cx30-CreER transgene allows spe-
cific recombination in a large subset of paren-
chymal astrocytes throughout the brain (37 T 10%
of glutamine synthetase+, S100+ cells in the stria-
tum, mean T SEM) (fig. S1), as well as in subven-
tricular zone astrocyte-like neural stem cells (9).
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Fig. 1. Striatal astrocytes produce neuroblasts after stroke. (A) Experi-
mental time line. In uninjured Cx30-CreER mice, recombined DCX+ neuro-
blasts are restricted to the subventricular zone (B) but appear also in the
striatum after stroke (C and D). Arrowheads highlight examples of neuro-
blasts. LV, lateral ventricle. Error bars in (D) show SEM. w, weeks. (E to G)
Many recombined striatal astrocytes up-regulate Ascl1 [(D) and (E)], and
clusters of recombined, proliferating (Ki67+) cells expressing Ascl1 (F) or
DCX (G) appear in the striatum. (H) Some recombined cells express the
mature neuronal marker NeuN. (I to N) Injection of Adeno-GFAP-Cre virus
with astrocyte-specific Cre expression into the striatum does not trigger a
neurogenic reaction [(I) and (K)], but after stroke recombined astrocytes up-
regulate Ascl1 and produce neuroblasts [(J) and (L) to (N)]. Scale bars: (C)
and (J), 500 mm; (E) to (H) and (K) to (N), 10 mm.
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As previously described, stroke triggered the
appearance ofmany doublecortin-positive (DCX+)
recombined neuroblasts in the affected striatum
(10, 11) (Fig. 1, B to D) (n = 12 mice). We found
signs that some of these neuroblasts might have
been generated locally within the striatum,
rather than having migrated from the subven-
tricular zone. Beginning at 2 days after stroke,
scattered astrocytes in the medial striatum ex-
pressed Ascl1 (Fig. 1E and fig. S2), a proneural
transcription factor (12). At this time point, all
S100+,Ascl1+ astrocytes proliferated (fig. S2, C
to F) and subsequently formed clusters of re-
combined, proliferating Ascl1+ cells (Fig. 1F),
no longer expressing the astrocyte marker S100
(fig. S2, G andH). Up to ~70% of S100+ astrocytes
expressed Ascl1 in the most dense patches along

the border of the lesion (fig. S3). Two weeks after
the stroke, tightly packed clusters of recom-
bined DCX+,Ki67+ neuroblasts appeared in the
medial striatum; these neuroblasts were small
and round and lacked the bipolar processes seen
onmigrating neuroblasts (Fig. 1G). All DCX+ cells
coexpressed polysialylated neural cell adhesion
molecule (PSA-NCAM) (fig. S2I). The number of
cells in the striatum expressing Ascl1 and DCX
increased from 2 to 7 weeks (3900 T 990 DCX+

cells per lesion at 7 weeks, mean T SEM) after
the stroke (Fig. 1D) but maintained their general
distribution (fig. S3). All described intermediate
stages were continuously present, indicating that
new astrocytes were being recruited for at least
7 weeks. Some of these neuroblasts developed
into mature NeuN+ neurons (340 T 160 cells per

striatum at 7 weeks after stroke, mean T SEM)
(Fig. 1, D andH)—of which several expressed neu-
ronal nitric oxide synthase (nNOS), a marker for
GABAergic medium-sized striatal interneurons—
and formed synaptic connections (fig. S4).
Because Cx30-CreER mice also target cells in

the subventricular zone, it was not possible to
exclude a periventricular origin of these new
cells. We specifically fate-mapped striatal astro-
cytes by injecting adenovirus expressing Cre un-
der either the general cytomegalovirus (CMV)
promoter or the astrocyte-specific human glial
fibrillary acidic protein (GFAP) promoter in the
striatum of R26R-YFP mice (94 to 99% specific-
ity) (fig. S5). We used an oblique injection route,
allowing local recombination of striatal astrocytes
without transducing cells in the subventricular
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Fig. 4. Deletion of RBP-Jk
triggers neuroblast
production by astrocytes
in the striatum and medial
cortex. (A to C) Deletion of
RBP-Jk in astrocytes of adult
Cx30-CreER mice leads to the
appearance of ectopic Ascl1+

cells and DCX+ neuroblasts in
the striatum in the absence of
injury. Arrowheads point to
examples of neuroblasts. cKO,
conditional knockout. (D and E)
With time, some striatal
neuroblasts mature into
neurons. (F to L) Injection of
Adeno-GFAP-Cre virus into the
striatum of animals heterozy-
gous for the mutated RBP-Jk
allele does not cause Ascl1+ or
DCX+ cells to appear [(F) and
(H)] but in homozygous
animals induces astrocytes to
up-regulate Ascl1 and
produce neuroblasts [(G) and
(I) to (L)]. Arrowheads in (J) to
(L) highlight individual cells.
(B) and (M to R) Cx30-CreER–
mediated RBP-Jk deletion
triggers the appearance of
Ascl1+ cells and neuroblasts
also in the superficial medial
cortex [red areas in (M), arrows
in (B)]. Arrowheads in (R) show
cell clusters. Error bars in (C),
(D), and (N) show SEM. Scale
bars: (B) and (G), 500 mm;
(E) and (H) to (L), 10 mm; (O)
and (Q), 200 mm; (P) and
(R), 25 mm.
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zone or rostral migratory stream (Fig. 1, I and J,
and fig. S6, A and B). The virus injection itself
did not cause any ectopic Ascl1+ or DCX+ cells to
appear (Fig. 1, I and K, and fig. S6, A and C).
Animals were subjected to stroke and analyzed
7 weeks later. Many Ascl1+ cells and DCX+ neu-
roblasts, some of which expressed NeuN, ex-
pressed YFP in the virus-injected area of the
striatum (Fig. 1, J and L to N, and fig. S6, B and
D to G) (n = 6 mice), demonstrating that stri-
atal astrocytes had generated neuroblasts after
the stroke.
Sevenweeks after stroke, 31 T 4% (mean T SEM)

of recombined neuroblasts were found in clusters
in Cx30-CreER mice, indicative of a local striatal
origin. A fate-mapping study demonstrated that
33% of striatal neuroblasts derive from nestin-
expressing subventricular zone stem cells after
stroke (13), which suggests that approximately
between one-third and two-thirds of the new neu-
rons derive from striatal astrocytes after stroke.
Cx30-CreER–recombined striatal astrocytes

in uninjured animals were negative for the neu-
ral stem cell marker nestin, whereas 95% were
Sox2-positive (fig. S1, B, F, and H). In transgenic
reporter mice where activation of the Notch1
receptor leads to expression of b-galactosidase
(b-Gal) (14), b-Gal mRNA was abundant in the
uninjured brain parenchyma, and half of all
S100+ striatal astrocytes were positive for the
b-Gal protein (Fig. 2, A, B, and E) (n = 5 mice).
The nuclei of these cells also contained the
cleaved Notch1 intracellular domain (NICD),
which is present in cells with active Notch
signaling (Fig. 2, A and E).
Neural stem cell quiescence is regulated in

part by Notch1 signaling (12, 15). We found that
stroke caused a reduction in the protein levels of
Notch receptors 1, 2, and 3, as well as the Notch
ligands Dll1, Jagged1, and Jagged2, whereas Dll3
levels were increased, in the affected striatum
3 days after stroke (fig. S7). Two weeks after
stroke, both NICD protein and b-Gal mRNA in
Notch1 reporter mice had become undetectable
in a large area in the striatum, demonstrating
that cells no longer had active Notch1 signaling
(Fig. 2, C and D) (n = 6 mice). However, many
NICD-negative astrocytes still contained detect-
able b-Gal protein (Fig. 2, C and E), probably due
to a relatively high stability of this protein (16).
Most Ascl1+ astrocytes were located on the very
border of the area devoid of NICD immunore-
activity andwere negative for NICD (Fig. 2F). They
did, however, still contain low levels of b-Gal pro-
tein 3 days and 2 weeks after stroke (Fig. 2G).
Theabsence ofNICDandpresence of b-Gal protein
suggested that Notch1 signaling was reduced
as astrocytes entered the neurogenic program
and that the astrocytes that up-regulated Ascl1
and produced neuroblasts after stroke were the
ones that had been identifiable by having active
Notch1 signaling before the injury (fig. S8).
To assess whether reduction of Notch1 signal-

ing is required for triggering striatal astrocytes
to enter the neurogenic program in response to
stroke, we artificially maintained Notch1 signal-
ing after stroke.We used Cx30-CreERmice homo-

zygous for conditional NICD alleles, in which
tamoxifen administration results in ectopic ex-
pression of NICD and green fluorescent protein
(17). Seven weeks after stroke, Cx30-CreER;R26R-
YFP control mice had recombined Ascl1+ and
DCX+ cells in the striatum, as expected (6 and
16 cells/mm2, respectively; n = 4mice). However,
virtually no recombined Ascl1+ cells (0.04 cells/
mm2) or DCX+ cells (0.02 cells/mm2) were found
in the striatum when NICD was ectopically ex-
pressed in astrocytes (n = 4 mice) (Fig. 3 and fig.
S9). Thus, reduced Notch1 signaling is necessary
for activation of the latent neurogenic program
in the striatum.
We next asked whether experimental reduc-

tion of Notch signaling in striatal astrocytes could
activate the latent neurogenic program, even in
the absence of stroke. We deleted RBP-Jk (CSL),
an obligatory transcription factor for canonical
Notch signaling that is present in all NICD+ stri-
atal astrocytes (fig. S10A), using Cx30-CreER;
R26R-YFP mice homozygous for conditional
RBP-Jk null alleles (18). Abolishing Notch sig-
naling in astrocytes largely phenocopied the
effect of stroke (n = 20mice) (Fig. 4, A and B, and
fig. S10, B to F). Ascl1+ astrocytes first appeared in
the medial striatum 2 weeks after tamoxifen ad-
ministration and 1 week later across the entire
striatum. Proliferation was restricted to the
S100+,Ascl1+ cells in the medial striatum (fig. S11).
From 3 weeks after recombination, tightly packed
clusters of recombined, proliferating cells ex-
pressing Ascl1 and DCX, or containing a mix of
both, appeared in the same region (figs. S10, C to
F; S11F; and S12). The vastmajority of neuroblasts
(83 T 2%, mean T SEM) were found in clusters in
the striatum 3 weeks after tamoxifen adminis-
tration, suggesting that striatal astrocytes repre-
sent the dominating source of neuroblasts after
blocking Notch signaling.Whereas the number
of striatal Ascl1+ cells was highest 4 weeks after
tamoxifen injection, neuroblast numbers in-
creased with time, peaking at up to 17,000 cells
per striatum 8 weeks after the administration
of tamoxifen (6400 T 3200 DCX+ cells per stria-
tum, mean T SEM) (Fig. 4C). Even 34 weeks
after tamoxifen administration, Ascl1+ astro-
cytes and some DCX+ cells were present in the
striatum. If each cluster originated from a sin-
gle astrocyte, we estimated that each Ascl1+

astrocyte initiates a series of four to five cell
divisions before differentiating into DCX+ cells
that divide once, resulting in ~40 neuroblasts.
Over time, DCX+ cells developed elaborate pro-
cesses and neuronalmorphology, and up to 1500
recombined cells per striatum expressed NeuN
(850 T 210 cells per striatum at 34 weeks, mean T
SEM) (Fig. 4, D and E), of which the majority
were positive for nNOS and some had formed
synaptic connections (fig. S13).
Deletion of RBP-Jk exclusively in striatal astro-

cytes, using either the Ad-GFAP-Cre or Ad-CMV-
Cre virus, caused up-regulation of Ascl1 in 43 T 4%
(mean T SEM) of the recombined astrocytes
and the generation of recombined neuroblasts
(13 T 5% of YFP+ cells at 8 weeks after virus in-
jection) in mice homozygous (n = 9 mice), but

not heterozygous (n = 21 mice), for the condi-
tional RBP-Jkmutation (Fig. 4, F to L, and fig. S14,
A to E). Some neuroblasts developed branched
processes and up-regulated NeuN (fig. S14F).
No migration of recombined neuroblasts was
observed from the subventricular zone in these
experiments, demonstrating the specificity of
the recombination strategy to striatal astro-
cytes and corroborating on-site neurogenesis
within the striatum.
We finally asked whether the Notch-regulated

latent neurogenic program was restricted to as-
trocytes in the striatum. Analysis of the brains of
Cx30-CreER;R26R-YFPmice inwhichRBP-Jk had
been ablated in astrocytes revealed a neurogenic
potential of astrocytes also in the medial cortex
(Fig. 4M). Ascl1-expressing astrocytes and cell
clusters, as well as up to 2900 DCX+ neuroblasts
(1600 T 530 DCX+ cells 8 weeks after tamoxifen
administration, mean T SEM), were seen in the
superficial cortex in all animals (n = 20 mice), in
a band <200 mm on either side of the medial
longitudinal fissure (Fig. 4, B andM to R, and fig.
S15). DCX+ cells in this area never acquired bi-
polar processes but were always small, round,
and tightly clustered together. No ectopic DCX+

cells were seen in other parts of the central ner-
vous system. In mice in which astrocytes were
targeted instead using a GLAST-CreER trans-
gene (7), recombined ectopic Ascl1+ and DCX+

cells were generated in the same regions as in the
Cx30-CreER mice, both after stroke (striatum;
n = 9mice) and after RBP-Jk deletion (striatum
and medial cortex; n = 6 mice) (fig. S16). Nei-
ther stroke nor deletion of RBP-Jk resulted in
generation of neuroblasts from oligodendrocyte
progenitors (fig. S17).
Our results reveal a latent neurogenic po-

tential in a population of astrocytes outside the
neurogenic niches and delineate its molecular
regulation. In contrast to other mammals, adult
humans exhibit substantial neurogenesis in
the healthy striatum (19). Our results raise the
possibility that some new striatal neurons may
derive from local astrocytes in the adult human
brain, rather than from the adjacent subventric-
ular zone. Neuronal loss in the striatum charac-
terizes several neurological conditions. Blocking
canonical Notch signaling resulted in a compa-
rable density of new neurons (42 neurons/mm3),
as has been reported to have beneficial effects after
interneuron transplantation (39 neurons/mm3;
see supplementarymaterials andmethods) in an
animal model of Parkinson’s disease (20), sug-
gesting that inducing endogenous generation
of interneurons can be an attractive alternative
to transplantation. Our findings of a latent neu-
rogenic program within the striatum and the
characterization of itsmolecular regulation point
to a route for developing neuronal replacement
therapies.
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In 2010, the international community, under the auspices of the Convention on Biological
Diversity, agreed on 20 biodiversity-related “Aichi Targets” to be achieved within a
decade. We provide a comprehensive mid-term assessment of progress toward these
global targets using 55 indicator data sets.We projected indicator trends to 2020 using an
adaptive statistical framework that incorporated the specific properties of individual
time series. On current trajectories, results suggest that despite accelerating policy and
management responses to the biodiversity crisis, the impacts of these efforts are unlikely
to be reflected in improved trends in the state of biodiversity by 2020. We highlight
areas of societal endeavor requiring additional efforts to achieve the Aichi Targets, and
provide a baseline against which to assess future progress.

C
ontinued degradation of the natural world
and the goods and services it provides to
humankind has led to the adoption of nu-
merous international agreements aimed
at halting the decline of biodiversity and

ecosystem services [e.g., (1)]. The Parties to the
Convention on Biological Diversity (CBD) in 2002
committed to a significant reduction in the rate
of biodiversity loss by 2010 (2), which, despite
some local successes [e.g. (3)], did not lead to a
reduction in the overall rate of decline (4, 5). Re-
newed commitments were made in the Strategic
Plan for Biodiversity 2011–2020 (6), which calls
for effective and urgent action this decade. These
goals are supported by 20 “Aichi Biodiversity Tar-

gets” to be met by 2020 at the latest (table S1),
covering “pressures” on, “states” of, and “benefits”
from biodiversity and “responses” to the bio-
diversity crisis [sensu (4, 7); table S2]. Objectively
quantifying progress toward these international
environmental commitments is critical for as-
sessing their impact and efficacy, yet as the mid-
point of this 10-year period approaches, progress
toward the Aichi Targets has not been quantita-
tively evaluated.
To address this gap, we assembled a broad suite

of indicator variables to estimate historical trends
and project to 2020 (8). Building on the CBD’s
indicative list (9), we performed a data scoping
of more than 160 potential indicators and re-

viewed them against five criteria for inclusion,
namely: (i) high relevance to a particular Aichi
Target and a clear link to the status of biodiver-
sity; (ii) scientific or institutional credibility; (iii)
a time series ending after 2010; where unavail-
able but indicator fills a sizable gap, data ending
as near to 2010 as possible; (iv) at least five an-
nual data points in the time series; and (v) broad
geographic (preferably global) coverage. Of the 163
potential indicators, 55met these criteria (table S1),
almost double the number used to test whether
the 2010 target had been met (4). In total, we as-
sembled indicators for 16 of the 20 targets (table
S1), and progress to two more was measurable.
We fittedmodels to estimate underlying trends

using an analysis framework adaptive to the
highly variable statistical properties of the in-
dicators. Dynamic linear models (10) were fitted
to high-noise time series, while parametric mul-
timodel averaging (11) was used for thosewith low
noise. We projected model estimates and confi-
dence intervals to 2020 to estimate trajectories
and rates of change for each indicator (Fig. 1).
As most targets lack explicitly quantifiable def-

initions of “success” for 2020 (and those that
have definitions for some components lack them
for others), it was not generally possible to mea-
sure progress in terms of distance to a defined
end point. Therefore, we assigned indicators as
states, pressures, benefits, or responses and com-
pared projected values in 2020 against modeled
2010 values (underlying trend estimates) for all
indicators, while additionally measuring abso-
lute progress where possible.
Societal responses to the biodiversity crisis

generally showed improvements, with 21 of 33
response indicators (64%) projected to increase
significantly by 2020, and most of the remainder
having an increasing mean trend. Those increas-
ing significantly included eight of nine indicators
of protected area coverage, representativeness, and
management (target 11) and all four indicators
of sustainable management (fisheries and forest
certification, organic farming, and conservation
agriculture; targets 6 and 7), along with two of
three indicators for research and data provision
(Global Biodiversity Information Facility records,
research into economic valuation of biodiversity;
targets 2 and 19) and two of three indicators of
biodiversity awareness (percentage of people who
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