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A simulation model of
neuroprogenitor proliferation
“dynamics predicts age-related loss
. of hippocampal neurogenesis but
e not astrogenesis

Sol Beccari'?, Jorge Valero', Mirjana Maletic-Savatic* & Amanda Sierra(®%23
. Adult hippocampal neuroprogenitors give rise to both neurons and astrocytes. As neuroprogenitors
. are lost with increased age, neurogenesis concomitantly decreases. However, the dynamics of neuron
and astrocyte generation throughout adulthood has not been systematically examined. Here, we
analyzed the hippocampal niche both longitudinally (from 2 h to 30d of cell life) and transversally (from
1mto 12m of age) and generated a Marsaglia polar random simulation model to predict newborn
cell dynamics. The sharp decrease in newborn neuron production throughout adulthood was largely
predicted by the number of proliferating neuroprogenitors at each age. In contrast, newborn astrocyte
. decay was slower and associated with their increased yield in mature mice. As a result, the niche shifted
. from neurogenic to neuro/astrogenic with increased age. Our data provide a simple “end-point” model
. tounderstand the hippocampal niche changes across adulthood and suggest yet unexplored functions
. of newborn astrocytes for the aging hippocampal circuitry.

In the adult hippocampus, new neurons are continuously generated throughout life but markedly decline with
- age in rodents!~ and humans*®. New cells arise from the asymmetric division of radial neural stem cells (NSCs)
. located in the SGZ (subgranular zone) of the dentate gyrus (DG). Transient amplifying cells (TAPs) subsequently
: follow a cascade of events that includes proliferation, survival, and differentiation into mature granule neurons®.
© After about 30 days, these cells integrate into the granule cell synaptic circuitry” where they are involved in mem-
. ory and learning as well as mood control in mice®-!.

In addition to neurons, newborn astrocytes are also produced in the SGZ neurogenic niche, as ini-
tially shown by conventional pulse-and-chase labeling experiments with the thymidine analog BrdU
(Bromo-deoxyuridine)'*>!"*. More recently, hippocampal NSCs have been observed to directly give rise to astro-
cytes at both the population and single cell level using targeted transgenic expression of fluorescent reporters'*!>.

. Newborn astrocytes participate in the glial scar formed in the hippocampus during epileptic crisis'S but their
functional contribution to the hippocampal circuitry in physiological conditions has been largely neglected®.
Furthermore, while the age-related decline of newborn neurons is well reported and associated with a loss of
neuroprogenitors (both NSCs and TAPs) or with their reduced mitotic potential (reviewed in'), little is known
about the generation of newborn astrocytes with increased age.

Here, we set to systematically analyze the differential production of newborn neurons and astrocytes across
adulthood. Live imaging of the hippocampal neurogenic niche over the 4-week integration period and through
adulthood imposes technical restrictions not currently surmountable. Thus, we resorted to a computational sim-

: ulation approach to trace the fate of simulated proliferating neuroprogenitors and their offspring across adult-

: hood from 1 month to 12 months of mouse life. We utilized a Marsaglia polar model to generate populations of
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simulated newborn cells and examine their conversion into neurons or astrocytes from 2 h to 30 days of newborn
cell life, based on the data obtained experimentally after the injection of BrdU. The combination of experimentally
estimated and computationally simulated data allowed us to illuminate the differential dynamics of newborn
neurons and astrocytes throughout adulthood and demonstrate that the age-related newborn neuron decline is
due to reduced number of proliferating neuroprogenitors and not counteracted by compensatory mechanisms,
such as neuroprogenitor proliferation or newborn cell survival and/or differentiation. In contrast, the yield of
newborn astrocytes increased over time and as a result, the niche switched from neurogenic to neuro/astrogenic
in mature mice.

Methods

Animals and 5-bromo-2’-deoxyuridine (BrdU) injections.  All experiments were performed in male
C57BL/6JOlaHsd mice purchased from Harlan at 3 weeks of age (after weaning) and maintained in-house until
they reached 1, 2, 6 and 12 months. C57 mice were chosen as they are the most widely used strain for transgenic
mouse models. The OlaHsd substrain has a deletion in the gene encoding for alpha synuclein, which is involved
in the etiopathology of Parkinson’s Disease in the striatum'®, and may have differences in the aging process com-
pared to other substrains. Nonetheless, it remains widely used and overall is genetically very similar to other
C57BL/6] substrains'. Mice were fed a standard diet ad libitum, and housed in a 12 hour light-dark cycle in
the animal facility at the University of the Basque Country (UPV/EHU). All procedures were approved by the
Ethics Committees of the University of the Basque Country UPV/EHU and were conducted in accordance with
European recommendations (European Directive 2010/63/EC). Mice received four intraperitoneal injections of
BrdU (150 mg/kg, diluted in 0.1% NaOH, PBS), every 2h and were sacrificed 2 h, 2d, 4d, 10d, or 30d later.

Immunofluorescence. Animals were deeply anesthetized and perfused transcardially with PBS followed
by 4% paraformaldehyde (PFA) in PBS. After 4h postfixation in 4% PFA, serial 50 um thick sagittal sections
were collected using systematic-random sampling with a VT 1200 S vibratome (Leica Microsystems GmbH,
Wetzlar, Germany) in 6 parallel sets. Inmunofluorescence was performed using standard procedures!® including
a 15min preincubation with 2 M HClI for 15 min at 37 °C. Primary antibodies were incubated overnight at 4 °C: rat
anti-BrdU (1:300; AbD Serotech, Kidlington, UK), rabbit anti-GFAP (1:1000; DakoCytomation, Denmark), rabbit
anti-NeuN (1:1000; Abcam Discover, England), and rabbit anti-Ki67 (1:1000; Vector Laboratories, Burlingame,
CA, USA). Secondary antibodies were incubated for 2h at room temperature: RRX-goat anti-rat and Alexa
488-goat anti-rabbit (1:500, Jackson ImmunoResearch, West Grove, PA), and DAPI (5 mg/ml; 1:1000, Sigma).
Rinsed slices were mounted on glass slides with Fluorescent Mounting Medium (DakoCytomation, Denmark),).

BrdU cell quantification. Quantitative analysis of cell populations was performed by using a modified opti-
cal fractionator sampling?. Total BrdU™ cells were counted in 1-6 of the six series in a Zeiss LSM epifluorescence
microscopy under a 20X objective. To avoid overestimation, cells whose nuclei were contained in the uppermost
focal plane were disregarded. Only cells in the SGZ or the granule cell layer were counted, whereas cells in the
hilus or the molecular layer were excluded. Individual BrdU™ cells were identified based on DAPI nuclear stain-
ing. A 40x objective was used to unequivocally identify single BrdU™ nuclei in highly dense cell clusters (Fig. S1).
Total BrdU™ cells counted were extrapolated to the whole or the septal hippocampus (spanning from —1 mm to
—2.5mm in the AP axes, from Bregma; approximately six slices in each of the six series). Experiments involv-
ing marker expression of BrdU™ cells (minimum of 50 cells per animal, randomly selected) were performed in
z-stacks obtained in a Leica SP8 laser scanning microscope using a 63X oil-immersion objective and a z-step
of 0.70 um. Brightness and contrast were adjusted equally for the entire image in each channel (RGB format)
using Adobe Photoshop 7.0 (Adobe Systems Incorporated, San Jose, CA). Raw data of cell counting is shown in
Tables S1-S5.

Statistical analysis. The normality of each of the experimentally quantified populations of BrdU™ cells
along the time course (from 2h to 30d) and across ages (from 1 m to 12 m), as well as those expressing NeuN
and GFAP was assessed using the Shapiro Wilk test using SigmaPlot 11.0 (Systat Software, San Jose, CA). Only
two of the 24 populations analyzed (BrdU™ cells at 10d in 2 m mice, and BrdU™ cells at 30d in 12 m mice) did
not follow a normal distribution. The effect of age and time of injection in was analyzed by two-way analysis of
variance (ANOVA), followed by posthoc analysis with Holm-SidaK’s test. Neuronal and astrocytic yield values
were not normally distributed, thus they were analyzed by Kruskal-Wallis analysis, followed by posthoc analysis
with Tukey’s test. Only p < 0.05 is reported to be significant. Data in graphs is expressed as mean + SEM (standard
error of the mean). N, mean, and standard deviation values for experimentally determined and Marsaglia simu-
lated data (see below) are shown in Table S6. Data modeling was performed using GraphPad Prism 5 (GraphPad
Software, Incl, San Diego, CA) and the fitting of different models was compared in GraphPad using Akaike’s
information criterion with correction for finite sample sizes (AICc)?! to determine the optimal fitting.

Generation and analysis of pseudorandom simulated data. Marsaglia polar method?? was imple-
mented to generate pseudorandom and normally distributed populations of BrdU™ cells and their progeny with
mean and standard deviation corresponding to those experimentally determined in each age. Groups of nested
pseudorandom data were generated following these biological-related restrictions: 2h <2d >4d > 10d > 30d >
(GFAP" 4 NeuN™). Two possible strategies were compared to satisfy that the sum of GFAP*™ and NeuN" new-
born cells was less than the total amount of newborn cells found at 30d [(GFAP' + NeuN™) <30d]: randomly
determine the percentage of GFAP™ cells and condition the proportion of NeuN™ to this value (GFAP-locked), or
vice versa (NeuN-locked). We chose the GFAP-locked strategy, as it rendered a smaller deviation of the simulated
populations from the experimentally estimated populations (4.7% vs. 7.6%, respectively). Nonetheless, the main
findings reported here are also reached using the NeuN-locked strategy (Supplementary Text).
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Data availability. The datasets generated and/or analyzed in this study are included in the Supplementary
Text (Tables S1-S6).

Results

The newborn cell dynamics in the hippocampal niche is similar throughout adulthood. The
decay of proliferating neuroprogenitors across age as well as the decay of newborn neurons along the BrdU time
course at particular ages are well documented!~*!#?>24, Here we have performed a systematical analysis of the
decay of both newborn neurons and newborn astrocytes: i) longitudinally (from 2h to 30d of cell life), and ii)
transversally (at 1 m to 12m of age). In both experimental designs, we used a semicumulative BrdU paradigm, in
which BrdU was injected at 150 mg/kg every 2 h for 6h' (4x BrdU; Fig. 1A). The saturating dose of BrdU** pre-
vents dilution of the BrdU label over the time period investigated®. In addition, a repeated injections paradigm
increases the number of labeled cells and maximizes the probability of observing BrdU™ cells in older animals,
particularly at later stages of the neurogenic cascade.

The number of BrdU™ cells in the granular cell layer (GCL) and subgranular zone (SGZ) of the hippocampus
declined with increased age and this was evident at all time points studied (Fig. 1B,C), in agreement with previous
reports!~>14232¢ 'We found very little evidence of BrdU™ cells in the hilus or molecular layer that could hinder
the interpretation of our results. At all ages studied (1-12 months), the maximum number of BrdU™ cells in the
whole hippocampus was detected at 2d (Fig. 1B), reflecting a period of net cell expansion between 2h and 2d. The
same pattern was observed in the septal portion of the hippocampus, in spite of receiving different innervation
compared to the temporal portion®® (Fig. S2A). The peak of cell production at 2d was to some extent smaller com-
pared to other studies that used a single BrdU injection paradigm (1x BrdU)'*!*?42>, This peak is not detected in
longer cumulative labeling paradigms (8x BrdU, injected every 3 h for 24 h)?, suggesting that in multiple BrdU
injection paradigms the overlap between the cell cycle progression and survival of the first labeled cohort as well
as the continued labeling of subsequent cohorts of proliferating cells complicates the interpretation of the prolif-
eration peak.

After the 2d peak, the number of BrdU™ cells significantly declined up to 30d at all ages examined (Fig. 1C).
Further, we found no major differences in the overall BrdU™ time course when the number of BrdU™ cells was
normalized to the number at 2 h at each age, either in the whole or the septal hippocampus (Fig. 1D; Fig. S2B).
Thus, these data suggest that the dynamics of newborn cells across the time course of 30 days largely depends on
the initial number of proliferating neuroprogenitors labeled with BrdU at 2 h. To further test this observation, we
analyzed in more detail each step of the neurogenic cascade throughout adulthood, focusing on proliferation,
survival, and differentiation.

We first examined the period of increased net proliferation between 2h and 2d. This peak results from the
combination of cell cycle completion, further divisions, and ongoing apoptosis*. We found no significant dif-
ferences in the relative increase of newborn cells from 2h to 2d across ages (Fig. 1D), suggesting that the net
increment of cells (proliferation minus apoptosis) is maintained through adulthood. To further delve into the
proliferation of 2d cells, we analyzed the expression of the proliferation marker Ki67, expressed in cells during all
active phases of the cell cycle?”. We found that 2d BrdU™ cells were mitotically active at similar rates from 1 m to
12 m (Fig. S2C,D). While a more detailed analysis of the cell cycle duration of the different neuroprogenitor pop-
ulations may reveal age-induced changes, our data show similar net increments at 2d and similar Ki67 expression,
and are consistent with no major differences in the proliferation capacity of the neuroprogenitor population up
to12m.

The critical periods of newborn cell survival are maintained across adulthood. After the period
of net proliferation, the number of newborn cells declines due to ongoing apoptosis®. In physiological conditions
and up to 12 m, apoptotic newborn cells are rapidly cleared by unchallenged resident microglia and, as a result,
they are very difficult to quantify, particularly in older mice®. Instead of quantifying newborn cell death, here we
have focused on analyzing their total numbers as a measure of net survival, which reflects the difference between
ongoing proliferation and apoptosis, in three periods: 2-4d, 4-10d, and 10-30d. At all ages, the highest rate of
cellloss per day occurred in the first 2-4d (Fig. 2A), indicating that the main critical period of survival was main-
tained. Indeed, 40-56% of the newborn cells were lost in the 2-4d period from 1-12m (Fig. 2B). Mature mice (6,
12 m) had a small but significant decrease in the cell loss rate in the 4-10d period (26-34% in 1-2m vs. 10-11% in
6-12m) (Fig. 2B), resulting in an overall increased net survival at 30d compared to young mice (Fig. 1D).

To further understand the longitudinal decay of the BrdU* labeled cells at each age after the 2d peak, we
mathematically modeled their behavior over time. The best fitting was obtained when each age population was
adjusted to an exponential decay curve with plateau (Fig. 2C; Table S7). The BrdU™ cell decay from 2d to 30d
was remarkably similar in young (1-2m) mice, with a half-life of 2.7-2.8d and a survival plateau reached at
10.3-12.8% (of the 2d peak). Similar parameters were obtained in a set of independent data previously published
and obtained from 1 m mice using either 1x BrdU or 8x BrdU paradigms®, validating the results obtained here
and the possibility of BrdU dilution (Fig. S2E; Table S7). In mature mice (6-12m), in contrast, BrdU™ cell half-life
was shorter (1.1d) but more cells survived and the survival plateau was reached at 22.1-29.4% (of the 2d peak).

Neuron and astrocyte productions are inversely regulated across adulthood.  Finally, we exam-
ined whether increased age would influence differentiation of newborn cells into neurons vs. astrocytes by ana-
lyzing the expression of neuronal NeuN or astrocytic GFAP in BrdU™ cells at 30d. Astrocytes were also identified
based on their ramified (i.e., non-radial) morphology, to disregard the quantification of potential label-retaining
radial NSCs. Because both detecting antibodies were made in rabbit and used in adjacent sections, their com-
bined number only roughly added to 100%. Nonetheless, it is possible that BrdU labels not only newborn cells
derived from radial NSCs but also other cell populations such as microglia, although they proliferate at very
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Figure 1. Age-related decline in hippocampal neurogenesis. (A) Experimental design used to analyze the
neurogenic cascade in young (1 and 2m) and mature (6 and 12 m) mice. Mice received an injection of BrdU
every 2h for 6h (4x total) and were sacrificed (SAC) at different time points after the last injection. (B)
Representative confocal z-stacks of the dentate gyrus (DG) of 1, 2, 6 and 12 m mice at 2 h, 2d, 4d, 10d, and

30d after the BrdU injections (magenta). DAPI staining indicates cell nuclei and the outline of the DG. Scale
bar =100 um; z=16.5um. (C) Absolute number of BrdU™ cells per hippocampus along the BrdU time course.
N =5 for Imo and 2mo mice at 2 h, 2d, 4d, 10d, 30d; N =4 for 6mo mice at 2 h, 2d, 4d, 10d, 30d; N =7 for
12mo mice at 2 h, 2d, 4d and 10d, and N =10 for 12mo mice at 30d. 2-way ANOVA (time after injection x age)
showed a significant interaction between the two variables F(12, 88) =122.982, p < 0.001. Thus 1-way ANOVA
was used to analyze statistical differences due to the time after BrdU injection at each age: F(4, 20) = 199.587,

p <0.001 for 1 m; F(4,20) = 145.638, p < 0.001 for 2m; F(4,15) =97.491, p < 0.001 for 6 m; and F(4,33) =43.665,
p <0.001 for 12 m. Holm-Sidak was used as a posthoc test. a, b, c and d represent significance compared to the
prior time point for 1 m, 2m, 6 m and 12 m mice, respectively. One symbol represents p < 0.05, two: p < 0.01,
and three: p < 0.001. The number of BrdU* cells in the septal hippocampus is shown in Fig. S2A. Raw data is
shown in Table S1. (D) Percentage of BrdU™ cells per hippocampus. Absolute cell count was normalized to

the number of BrdU ™ cells found at 2h. N as in Fig. 1C. 2-way ANOVA (time after injection X age) showed
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no significant interaction between the two variables: F(12, 88) = 1.463, p=0.154; no significant effect of age:
F(3,88) =0.553, p=0.647; and a significant effect of the time after injection: F(4,88) =237.431, p < 0.001. While
no overall effect of age was found, we analyzed statistical differences due to the age at each time point after

the injection using 1-way ANOVA: F(3,17) =0.33, p=0.814 at 2d; F(3,17) = 3.329, P=0.045 at 4d (although
posthoc analysis by Holm-Sidak did not reveal any significant differences); F(3,17) = 1.364, p =0.287 at 10d;
F(3,20) =91.088, p < 0.001 at 30d. Holm-Sidak was used as a posthoc test. The symbols indicate p < 0.01
between 2m vs. 12m; and “%$ represent p < 0.001 between 1 and 2m vs. 6m, 1 and 2m vs. 12m, and 6 m

vs. 12m, respectively. The percentage of BrdU™ cells in the septal hippocampus is shown in Fig. S2B. The
percentage of BrdU™ cells expressing Ki67 at 2d is shown in Fig. S2C,.D.N=10at Im,2m; N=8at 6m; N=14
at 12m. Raw data is shown in Table S4. Points represent mean + SEM.

low levels®®. The percentage of newborn neurons (NeuN*, BrdU™) decreased significantly from 6 m onwards
(51-56%) compared to 1-2m (79-87%). In contrast, the percentage of newborn astrocytes (GFAP*, BrdU™)
increased significantly at 6-12m (40-44%) compared to 1-2m (18-19%; Fig. 2D,E). The number of newborn
neurons decayed continuously from 1 m to 12m, in a pattern reminiscent to that of proliferating neuroprogen-
itors (BrdU™ cells at 2h) (Fig. 1C). In contrast, the number of newborn astrocytes remained largely constant
through adulthood and decreased at a very slow rate (Fig. 2F).

Next, we compared the dynamics of the three populations (proliferating neuroprogenitors, newborn neurons,
and newborn astrocytes) and modeled their transversal decay across adulthood. The optimal fitting was obtained
using exponential decay curves (Fig. 2G; Table S7) and the decay occurred at very different rates. The population
of proliferating neuroprogenitors and newborn neurons decayed throughout adulthood at a high rate, leading to
a population half-life of 53 and 49d, respectively.

Intrigued by the fast decay of newborn neurons, we performed a similar analysis of a sample of
doublecortin-labeled neuroblasts from human tissue, previously published®. The optimal fitting was obtained
when the samples were split into two populations, younger and older than 2 years-of-age (y). Importantly, the 2y
splitting point coincides with a previously identified maturation benchmark of the human brain, at 2-3y when
it reaches 90-95% of adult brain weight®. Similarly, the human hippocampal volume increases sharply up to 2y
and more slowly afterwards®. We found that in infants under 2y, the density of neuroblast decayed exponentially
with a half-life of 191d. The exponential decay of neuroblast density and the roughly linear increase in hippocam-
pal volume from birth up to 2y suggests that the total number of neuroblasts decays more exponentially with
increased time. After the 2y benchmark and through adulthood the hippocampal volume is fairly constant and
starts to decrease only in advanced age (over 70y) in healthy people*!. We found that in children over 2y and up
to 100y the loss of neuroblast density slowed down and they decayed with a half-life of 25y (Fig. S2E,G; Table S7).

In contrast, the population of newborn astrocytes in the mouse hippocampus decayed at a slower rate and
had a relatively long half-life of 161d (Fig. 2G). These data suggested a differential production of neurons and
astrocytes across adulthood and prompted us to analyze the neurogenic and astrogenic yield of the primary pro-
liferating neuroprogenitors.

The age-related decrease in neurogenesis is predicted by the proliferation of neuroprogen-
itors. Current methodology does not allow following the fate of newborn cells in the hippocampus in real
time, but only in fixed tissue at different time points. Therefore, to examine the relationship between proliferating
neuroprogenitors and their offspring, we turned to mathematical modeling, commonly used to estimate param-
eters experimentally difficult to derive®>*. From the proliferating neuroprogenitors at 2 h, we extracted the mean
survival and differentiation rates experimentally estimated at 30d to estimate the number of simulated neurons
and astrocytes produced at each age. We found very significant linear correlation between the number of prolifer-
ating neuroprogenitors and simulated newborn neurons from 1 m to 12m (R*=0.981). In contrast, the number
of simulated newborn astrocytes was poorly predicted by the number of proliferating neuroprogenitors across
adulthood (R*= 0.444)(Fig. 3A,B; Table S8). However, this direct simulation was based only on the mean values
and did not take into account the biological variability of the populations.

Thus, we generated a pseudorandom simulation model using a Marsaglia polar method that took into account
both the mean and standard deviation of the survival and differentiation rates estimated experimentally. In this
discrete (i.e., non-continuous) simulation model we imposed a few biological restrictions based on the observed
data (Figs 1 and 2): i) that the maximum number of BrdU™ cells needs to be reached at 2d; ii) that the number of
BrdU+ cells continuously decays afterwards; and iii) that at 30d the total number of BrdU+- cells is the sum of
neurons and astrocytes (Fig. 3C). With these biologically-imposed restrictions, two models are possible: simulate
the number of newborn astrocytes and calculate the number of newborn neurons as the total BrdU+ cells at 30d
minus the number of newborn astrocytes (GFAP-locked model) or vice versa, simulate the number of newborn
neurons and calculate the number of newborn astrocytes (NeuN-locked model; Tables S9-S11). Here we present
the results for the GFAP-locked model, which showed a smaller deviation from the experimentally estimated data
compared to the NeuN-locked model (4.7% vs. 7.6%, respectively; Table S6). Then, we generated pseudorandom
populations of 1000 BrdU™ labeled neuroprogenitors and their offspring at 2, 4, 10, and 30d for each age.

We validated the Marsaglia simulation model obtained from our experimentally estimated data (4x BrdU)
and compared it against an independent set of data, previously obtained in 1 m mice using 1x BrdU and 8x BrdU
paradigms at different time points (2, 3,4, 8, 11, 15, 18, 22 and 32d)?. First, we generated the simulated longitu-
dinal decay curve for 1 m mice (Fig. 3D; Table S7; R*=0.951), which indeed produced a similar cell half-life and
survival plateau as the fitting curve obtained with the experimentally estimated data (Fig. 2C). Next, we compared
the simulated 4x BrdU curve to the experimental 1x and 8x BrdU longitudinal decays by calculating the difference
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Figure 2. Longitudinal and transversal decays of newborn cell populations. (A) Loss of BrdU™ cells per day,
calculated as the total number of BrdU™* cells lost in the hippocampus during the periods 2d-4d, 4d-10d, and
10d-30d. N per group as in Fig. 1C. The effect of age in the loss of BrdU™ cells per period was analyzed using
1-way ANOVA: F(2,12) =134.198, p < 0.001 at 1 m; F(2, 12) =83.114, p < 0.001 at 2 m; F(2,9) =553.774,
p<0.001 at 6m; F(2,21) =94.635, p < 0.001. Holm-Sidak was used as a posthoc test.*, ** and *** indicate

P <0.05,p<0.01 and p < 0.001 between periods for each age, respectively. (B) Cell loss rate of BrdU™ cells,
calculated as the percentage of BrdU™ cells lost from the number of BrdU™ cells at 2d at each interval in the

hippocampus. N per group as in Fig.

1C. The effect of the period in the loss of BrdU™ cells at each age was

analyzed using 1-way ANOVA: F(3,17) =2.593, p=0.086 at 2d-4d; F(3,17) =10.098, p < 0.001 at 4d-10d;
F(3,20) =2.66, p=0.076 at 10-30d. Holm-Sidak was used as a posthoc test. a, b, and c represent significance
respect to 1 m, 2m, and 6 m, respectively. Two symbols are used for p < 0.01 and three for p < 0.001. Bars
represent mean & SEM. (C) Longitudinal decay of BrdU™ cells over the time course (2d-30d), calculated as an
exponential curve with plateau. Fitting curve, cell half-life, survival plateau (%), and R? are indicated (further
data is shown in Table S7). The longitudinal decay of 1 m mice in 1x BrdU, 4x BrdU, and 8x BrdU paradigms
is shown in Fig. S2E. (D) Representative confocal z-stacks of the DG of 1 and 12 m mice at 30d after the
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BrdU injections. BrdU™ cells (magenta) were co-labeled with the mature neuronal marker NeuN (in cyan)

or the astrocyte marker GFAP (in red). DAPI staining indicated cell nuclei (in white). Scale bars =10 um;
z=14pm. (E) Expression of NeuN and GFAP in the BrdU™ cells at 30d (in %). N=4 at Imand 2m,N=6
at6m, and N=5 at 12m for % NeuN* cells. N=9 at Im and 2m, N=10 at 6m, and N=20 at 12m for %
GFAP™ cells.1-way ANOVA analysis was F(3,15) =10.913, p < 0.001 for % NeuN" cells and F(3,44) =4.18,
p=0.011 for % GFAP" cells. Holm-Sidak was used as a posthoc test. a, b, and c represent significance respect
to 1 m, 2m, and 6 m, respectively. Two symbols are used to represent p < 0.01 and three for p < 0.001. Bars
represent mean &+ SEM. Raw data is shown in Tables S2 and S3. (F) Absolute number of newborn neurons
(BrdU™, NeuN™*) and astrocytes (BrdU*, GFAP™) at 30d in the hippocampus. N=5at Im and 2m, N=4
at6m, and N=15 at 12m for % NeuN" BrdU" cells; N=5at Imand2m,N=4at6m,and N=15at 12m

for GFAPY, BrdU" cells.1-way ANOVA analysis was F (3,25) =115.154, p < 0.001 for NeuN", BrdU™ cells

and F(3,25) =53.589, p < 0.001 or GFAP*, BrdU™" cells. a, b, and ¢ represent significance respect to 1m,

2m, and 6 m, respectively. Two symbols are used to represent p < 0.01 and three for p < 0.001. Bars represent
mean £ SEM. (G) Transversal decay of BrdU " (2h), BrdU* NeuN" (30d) and BrdU* GFAP* (30d), is best fitted
with an exponential curve. Fitting curve, cell half-life, and R? are indicated (further data is shown in Table S7). The
transversal decay of human neuroblasts labeled with doublecortin is shown in Fig. S2EG. N per group as in Fig. 2F.

between the mean value of BrdU™ cell number for each time point and the value predicted from the simulated
longitudinal decay curve (Fig. 3D). Overall, we found no significant differences between our Marsaglia simula-
tion model and the independent set of samples obtained with 1x BrdU (p =0.1124) and 8x BrdU (p =0.0822)
paradigms or with the experimentally estimated 4x BrdU (p = 0.9448), validating the use of this model to analyze
BrdU* newborn cell dynamics.

We then used the Marsaglia simulated data to examine the relationship between proliferating neuroprogeni-
tors and their progeny. We found a strong linear correlation between the number of proliferating neuroprogeni-
tors (at 2d) and the number of newborn neurons produced from them and detected 30d later, at all ages examined
(R*=0.850) (Fig. 3E; Table S8). In contrast, the number of astrocytes generated at different ages was poorly
explained by the number of initial proliferating neuroprogenitors (R*=0.067). Furthermore, in 6-12 m mice, the
number of simulated astrocytes was largely above the fitting curve of the astrogenesis decline (Fig. 3F; Table S8),
suggesting a differential production of astrocytes from neuroprogenitors across adulthood.

To further confirm this difference in the production of astrocytes across ages, we calculated the neurogenic
and astrogenic yield (ratio of the number of newborn neurons and newborn astrocytes at 30d divided by the
number of proliferating neuroprogenitors at 2h) from both the experimentally estimated data and the Marsaglia
simulated data. Experimentally, the newborn neurons were produced from neuroprogenitors at a fairly con-
stant yield across adulthood, although we detected an increase at 6 m but not at 12m (we ascribe this finding
to the larger variability of the 6 m group) (Fig. 3G). Computationally, we found a significantly smaller neuronal
yield at 2m, 6 m, and 12 m compared to the experimentally estimated data, most likely related to the use of the
GFAP-locked model, which optimized the simulation of newborn astrocytes. When the NeuN-locked data were
used, we found smaller differences between the experimentally estimated and the Marsaglia simulated neuronal
yields (Table S11). Importantly, the same trend was found for newborn neurons in both the GFAP-locked and the
NeuN-locked models (Table S11), demonstrating a roughly constant neuronal yield from 1m to 12 m.

In contrast, the astrogenic yield was significantly smaller in 1-2 m than in 6-12 m mice in both the experimen-
tally estimated and the Marsaglia simulated data for the GFAP-locked model (Fig. 3H) and for the NeuN-locked
model (Table S11). As a result, the neuron-to-astrocyte ratio decreased from 4.8 at I m to 1.2 at 12 m in the exper-
imental data, and from 4.4 at 1 m to 0.8 at 12 m in the Marsaglia simulated data. These data thus demonstrate that
newborn neurons and astrocytes are produced with different dynamics across adulthood. In young mice (1-2m),
the proliferating neuroprecursors are largely neurogenic, whereas in mature mice (6-12m) they produce a similar
yield of astrocytes and neurons.

The increased astrogenic yield across adulthood is associated with the increased BrdU cell
survival during the late critical periods. We finally explored the cellular mechanism underlying the dif-
ferential yield of neurons and astrocytes. Two observations caught our attention: 1, the astrogenic yield in mature
mice was larger compared to young mice (Fig. 3H); and 2, the net survival (the difference between proliferation
and apoptosis) of BrdU* newborn cells at 30d in 6-12m mice was higher compared to 1-2m mice (Fig. 2B,C).
These data led us to hypothesize that the increased BrdU + newborn cell net survival at 30d in mature mice (6,
12 m) could be due to the increased production or survival of astrocytes. To test this hypothesis, we created differ-
ent computational scenarios in which we compared the effect of adding more newborn neurons and/or astrocytes
to our basic model described above. To analyze which scenario best matched the experimentally estimated data
and the Marsaglia simulation, we utilized the neuron-to-astrocyte ratio, calculated as the ratio between the neu-
ronal yield and the astrocytic yield (Fig. 3G,H).

We first modeled the 30d net survival at 6m and 12m as a sum of the baseline net survival and neuron/
astrocyte production (as at 1 m) and the extra net survival at 6m and 12 m. This extra survival was modeled with
three different contributions of neurons and astrocytes: 100:0, 50:50, and 0:100%, respectively (Fig. 4A). We next
examined which scenario best matched the neuron-to-astrocyte ratio (obtained from Fig. 3G,H). The 100N:0A
scenario rendered far-off ratios at 6m and 12 m both in the experimentally estimated and the Marsaglia simulated
data (Fig. 4B), demonstrating that neurons were not the main cell type driving the increased net survival at 30d
in mature mice compared to young mice.
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Figure 3. Neurogenesis but not astrogenesis decline is due to the disappearance of proliferating
neuroprogenitors. (A,B) Linear regression of the number of newborn neurons (A) and astrocytes (B) at 30d
generated from proliferating progenitors at 2 h across adulthood. Estimated number of BrdU" cells at 2h

(Fig. 1C) were correlated with the simulated number of BrdU" NeuN* or BrdU* GFAP cells at 30d, calculated
from the estimated survival and differentiation rates (Figs 1D and 2E, respectively). Each dot represents an
individual value. The linear regression curve, R? and p-value are shown (further data is shown in Table S8). N
per group as in Fig. 2F. (C) Cartoon representing the Marsaglia simulation model restrictions based on Figs 1
and 2. In the model, the number of simulated BrdU™ cells at 2d must be equal or larger than at 2h. After 2d,
each time point should have the same or fewer BrdU™ cells. At the end of the 30d period, the sum of newborn
astrocytes and neurons should be equal or smaller than the total BrdU™* cells at 30d. A comparison between the
experimentally estimated and the Marsaglia simulated data is shown in Table S6. (D) Longitudinal decay of 1 m
simulated BrdU™ cells over the time course (2d-30d), calculated as an exponential curve with plateau. Fitting
curve, cell half-life, survival plateau (%), and R? are indicated (further data is shown in Table S7). Individual
dots represent two independent sets of BrdU data from single (1x BrdU) and cumulative (8x BrdU) injection
paradigms?®. N = 3 for 2dp, 3dp, 4dp, 11dp, 18dp and 32dp and N = 4dp, 8dp, 15dp, 22dp in 1x BrdU; N =3 for
6dp, 8dp, 11dp, 15dp, 22dp, and 32dp and N =4 for 2dp, 4dp, 18dp for 8x BrdU. (E,F) Linear regression analysis
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of the simulated number of newborn neurons (E) and astrocytes (F) at 30d, generated from the proliferating
progenitors at 2 h across adulthood using the Marsaglia polar simulation model. Pseudorandom simulated
numbers of BrdU™ cells at 2h and BrdU" NeuN* or BrdU" GFAP cells at 30d were obtained using the mean
and standard deviation values (Figs 1C,D and 2E, Table S6). 1,000 pseudorandom cells per age group for each
population were generated. Each dot represents an individual value. The linear regression curve, R%, and p-value
are shown (further data is shown in Table S8). (G,H) Neuronal (G) and astrocytic (H) yield of proliferating
neuroprecursors derived from the experimentally estimated and the Marsaglia simulated data. Kruskal-Wallis
analysis was H(3) =425.9, p < 0.001 for neuronal yield, and H(3) =2367, p < 0.001 for astrocitic yield. a, b, and
c represent significance compared to 1 m, 2m, and 6 m, respectively (p < 0.05) for Marsaglia simulated data.
Two symbols are used to represent p < 0.01 and three for p < 0.001. Bars represent mean -+ SEM. Further data is
shown in Table S11.

A better fit of the neuron-to-astrocyte ratio resulted from 50N:50 A and 0 N:100 A scenarios (Fig. 4B).
To determine the optimal scenario of newborn neuron vs newborn astrocyte contribution that rendered
neuron-to-astrocyte ratios identical to the experimentally estimated and the Marsaglia simulation, we used a sim-
ple iterative parameter search strategy. This strategy was based on comparing two scenarios (initially, 50 N:50 A
and ON:100 A), determining a middle point in between (i.e.; 25N:75A), and comparing this third point with
the best fitting of the initial pair (see more details in Supplementary Methods). This procedure was performed
iteratively until the goal neuron-to-astrocyte ratio was reached. Using this method, we obtained that at 6 m, the
neuron-to-astrocyte ratio was 38 N:62 A (experimentally estimated) and 28 N:72 A (Marsaglia simulation). The
relative contribution of neurons to the increased net survival was even smaller at 12 m, as the neuron-to-astrocyte
ratio was 2N:98 A in the experimentally estimated data. The 12 m Marsaglia simulated neuron-to-astrocyte yield
could only be optimized when the baseline production of neurons was below the levels of 1 m mice, resulting in
proportions of -12N:112 A. The negative proportion of neurons could either be the result of data variability (and
refer in fact to an optimal scenario of 0N:100 A) or represent a reduced production of neurons in favor of astro-
cytes. Overall, these data demonstrate that the increased net survival of total BrdU™ cells during the late critical
periods reflects the increased production of astrocytes at 12 m compared to 1 m mice.

Discussion

Here, we have performed a systematic analysis of the dynamics of the neurogenic cascade both longitudinally
(along the cell life, from 2h to 30d) and transversally (across adulthood, from 1m to 12m), using BrdU labeling
to quantify proliferating neuroprogenitors and their progeny (i.e., neurons and astrocytes). From the parame-
ters experimentally determined in each age group and for each time point with minimally biologically-imposed
restrictions, we generated a simple but useful simulation model of newborn cell dynamics across adulthood to
demonstrate age-related changes in newborn cells that have not been evident to date. We report four main find-
ings: 1, the longitudinal dynamics of newborn cell production and survival is largely identical throughout adult-
hood; 2, the neurogenic yield of proliferating neuroprogenitors is constant over time: the number of newborn
neurons is proportional to the number of proliferating neuroprogenitors from 1 m to 12 m; 3, the astrocytic yield
of proliferating neuroprogenitor increases in mature mice and is associated with an increased BrdU™ cell net sur-
vival; and 4, as a result, the niche switches from neurogenic to neuro/astrogenic in mature mice.

First, we analyzed the longitudinal dynamics of newborn cells and found that it was largely similar in young
and mature mice, depending only on the initial number of proliferating neuroprogenitors, labeled with BrdU.
A similar newborn cell longitudinal decay was obtained in juvenile (1 m) mice using three different BrdU pro-
tocols (1x, 4x, and 8x), disregarding any potential BrdU dilution that could hinder the interpretation of our
results. Nonetheless, one potential shortcoming of using BrdU to label proliferating neuroprogenitors is that
the number of labeled cells depends on blood brain barrier (BBB) permeability. Importantly, hippocampal BBB
has been reported to be stable in mice up to 15m of age*, eliminating the possibility that more BrdU enters the
brain with advanced age. Thus, the initial labeling of neuroprogenitors relies on three different factors: 1, the
relative proportion of different neuroprogenitor subpopulations; 2, their relative mitotic activity; and 3, the rel-
ative duration of their cell cycle, particularly of the S phase. The neuroprogenitors labeled in the BrdU protocol
used here are mostly TAPs, as the NSCs are a quiescent population of which only a small fraction is mitotically
active'®, Recently, it has become evident that NSCs are very heterogeneous, currently including both radial and
horizontal cells'*#!>%>. Radial NSCs are lost over time!*, potentially diminishing their proliferative capacity along
the way*. Combined, these two observations (deforestation vs senescence)'” have been proposed to explain the
well-described phenomenon of decay in neurogenesis during aging®”. The labeling protocol used here does not
allow us to discriminate between these hypotheses, as we have not analyzed TAPs, radial, and horizontal NSCs
separately. Nonetheless, the combined population of neuroprogenitors behaved homogenously, as they transver-
sally decayed at a constant rate. These data suggest that any changes in one subpopulation may be compensated by
opposite changes in another: for example, an increased cell cycle in radial NSCs may be compensated by increased
number of TAPs with shorter cell cycles, a hypothesis that should be experimentally addressed.

We next analyzed the transversal decay of proliferating neuroprogenitors and newborn neurons from 1 m to
12 m, and found that they followed an exponential decay with a half-life of 53 and 49d, respectively. These data
are in agreement with the decay of the population of proliferating cells (labeled with Ki67) and the population of
neuroblasts (labeled with doublecortin) found in a previous study in mice up to 9m (44 and 53d, respectively)®.
The age-related decline of neurogenesis is well described in the hippocampus!-#435-#%) while it does not occur
to the same extent but at a lower rate in the other main neurogenic region, the subventricular zone (SVZ)*-*°. In
the hippocampus of many mammalian species, neurogenesis exponentially declines with age, with the sharpest
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Figure 4. Hippocampal neuroprogenitors produce differential neurogenic and astrogenic outputs throughout
adulthood. (A) Cartoon represents the strategy used to create different scenarios of newborn neuronal and
astrocyte survival (100:0, 50:50, and 0:100%) to account for the increased (extra-) survival found at 6 m and

12 m compared to 1 m. (B) Neuron-to-astrocyte ratio from experimentally estimated and the Marsaglia
simulated data in 6 and 12 m mice was calculated for each of the scenarios of neuronal and astrocyte survival
(100:0, 50:50, and 0:100% of the extra survival). Optimal proportions that allowed reaching the target ratios for
the experimentally estimated and the Marsaglia simulated data are drawn on the top. At 12 m, the target ratio
from the Marsaglia simulated data could only be reached with negative contributions of neurons (represented
by a light purple pie slice). Further data is shown in Table S12. (C) Proposed model to explain the major effect
of age on the neuroprogenitor population and newborn neuronal and astrocytic yields. The number of cells and
dots shown are roughly proportional to the data from 1 m and 12 m mice (young and mature DG, respectively)
shown in Figs 1 and 2.

decline associated with sexual maturity, particularly in long-lived animals such as primates®'. Indeed, we find
that in adults the maximum newborn cell decay occurs soon after adolescence both in mice and in humans, with
respective half-lives of 1.7m and 25y.

Furthermore, the similarity in the transversal decays of the proliferating neuroprogenitor and newborn neuron
population led us to propose that both cell types correlated throughout adulthood. Because until now it has not been
possible to trace in real time the offspring of neuroprogenitors, we here have developed a computational model of
the cascade that allowed us to longitudinally trace cohorts of proliferating cells. Using this model, we have been able
to demonstrate that the well-known decrease of newborn neurons with age®* is largely due to a decreased number of
proliferating neuroprogenitors and not compensated by changes in their survival or differentiation rates. One of the
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principles of neurogenesis postulated by Gerd Kemperman is that “neurogenesis is not regulated by age>? because
the largest decay of newborn neurons occurs very early (before 2y in the human hippocampus)®. We here demon-
strate another interpretation of this principle, as in fact the rate of production of newborn neurons is independent of
age and relies only on the decreased number of proliferating neuroprogenitors.

While newborn neurons decay very fast throughout adulthood (half-life 49d), the newborn astrocyte popula-
tion decays at a slower rate (half-life 161d). As a result of the slowly decaying addition of newborn astrocytes, the
SGZ niche switches from largely neurogenic to similarly neuro-astrogenic. Surprisingly, the production of new-
born astrocytes in the hippocampal niche has received little or no attention®. Nonetheless, genetic lineage tracing
has shown that astrocytes are directly produced from radial NSCs'*** in physiological conditions, possibly from
an intermediate, bushy radial NSC (beta subtype)*?. The contribution of horizontal NSCs to astrocyte generation
is not well-established®. Different proportions of these two NSC types or differences in their rate of proliferation
and differentiation may account for the increased astrocyte yield we found. Alternatively, it is possible that the
survival of newborn astrocytes increases in mature mice. These different scenarios should be tested experimen-
tally to understand the cellular and molecular mechanisms underlying the neuro-astrogenic switch undergone
by the NSCs with increased age.

Finally, computational models have been proposed before to study different properties of the hippocampal
neuro-astrogenic cascade. Ground-breaking work by Aimone et al., used mathematical modeling to demonstrate
the effect of newborn cell addition to the hippocampal network and its impact on memory encoding, particularly
pattern separation®. The age-related decay of radial NSCs and TAPs was analyzed by Encinas et al., using expo-
nential polynomial functions, leading to the conclusion that radial NSCs decay fast in young animals but their loss
slows down as the mice age. In contrast, TAPs decay more slowly at a constant rate, resulting in higher TAP/radial
NSCs in older animals'%. More recently, two complementary approaches have been developed to analyze the cellular
dynamics of NSCs. Ziebell et al., used ordinary differential equations to model five cellular compartments: NSCs,
TAPs, neuroblasts, mature neurons, and astrocytes, each with different rates of self renewal, proliferation, apoptosis,
and differentiation®. This computational model concluded that an increased proliferation rate of stem cells depletes
the stem cell pool and leads to increased number of astrocytes. These predictions were later demonstrated in a mouse
model of epilepsy’®. The predicted increased numbers of astrocytes matches to some extent the findings shown here
in physiological aging, although these studies did not analyze the relative neuronal and astrocytic yields. A more
complex computational model by Li et al., used multiple Bellman-Harris branching and shifted gamma distributions
to analyze the cell cycle duration and transit times between NSCs, TAPs, neuroblasts, mature neurons, and apop-
totic cells, concluding that apoptosis is a major factor driving newborn cell dynamics®. In contrast to the models
above, the simulation model presented here does not require analysis of neuroprogenitors behavior (self-renewal,
proliferation, apoptosis rates), but rather simplifies the analysis by adopting an “end-point” approach in which 1, all
neuroprogenitor populations are analyzed together and 2, proliferation, apoptosis and differentiation are combined
together in a “black box” of net survival. This approach works very well for analysis of newborn neurons from 1 m to
12m, as indeed their production is largely predicted by the number of proliferating neuroprogenitors, without any
significant compensatory effects in proliferation or cell survival. In contrast, our simulation model poorly predicts
the generation of astrocytes from proliferating neuroprogenitors from 1 m to 12 m, suggesting a yet unknown factor
driving the production of astrocytes in the mature hippocampus.

In conclusion, we here provide the stem cell community with a novel and simple simulation model to analyze
lineage interactions and make predictions that could be tested later on at the experimental level. Overall, our data
show that the hippocampal cascade shifts towards a neuro-astrogenic phenotype with maturity. In physiological
conditions, astrocytes have major roles in regulating neuronal communication in tripartite synapses® and in met-
abolic buffering®. Further, preexisting or newborn astrocytes become reactive in a large number of brain diseases,
to which they contribute by exacerbating inflammation, compromising BBB function, or releasing neurotoxic
compounds'®*’. Thus, the addition of the slowly decaying newborn astrocytes in the dentate gyrus throughout
adulthood may lead to changes of the hippocampal physiology and pathology in the aging hippocampus, to be
examined in years to come.

References

1. Kuhn, H. G., Dickinson-Anson, H. & Gage, F. H. Neurogenesis in the dentate gyrus of the adult rat: age-related decrease of neuronal
progenitor proliferation. J Neurosci 16, 2027-2033 (1996).

2. Kempermann, G., Kuhn, H. G. & Gage, F. H. Experience-induced neurogenesis in the senescent dentate gyrus. J Neurosci 18,
3206-3212 (1998).

3. Amrein, I. & Slomianka, L. Poletaeva, II, Bologova, N. V. & Lipp, H. P. Marked species and age-dependent differences in cell
proliferation and neurogenesis in the hippocampus of wild-living rodents. Hippocampus 14, 1000-1010, https://doi.org/10.1002/
hipo.20018 (2004).

4. Manganas, L. N. et al. Magnetic resonance spectroscopy identifies neural progenitor cells in the live human brain. Science 318,
980-985, https://doi.org/10.1126/science.1147851 (2007).

5. Knoth, R. et al. Murine features of neurogenesis in the human hippocampus across the lifespan from 0 to 100 years. PLoS One 5,
8809, https://doi.org/10.1371/journal.pone.0008809 (2010).

6. Goncalves, J. T, Schafer, S. T. & Gage, F. H. Adult Neurogenesis in the Hippocampus: From Stem Cells to Behavior. Cell 167,
897-914, https://doi.org/10.1016/j.cell.2016.10.021 (2016).

7. van Praag, H. et al. Functional neurogenesis in the adult hippocampus. Nature 415, 1030-1034 (2002).

8. Saxe, M. D. et al. Ablation of hippocampal neurogenesis impairs contextual fear conditioning and synaptic plasticity in the dentate
gyrus. Proc Natl Acad Sci USA 103, 17501-17506, https://doi.org/10.1073/pnas.0607207103 (2006).

9. Dupret, D. et al. Spatial learning depends on both the addition and removal of new hippocampal neurons. PLoS Biol 5, €214 (2007).

10. Imayoshi, I. et al. Roles of continuous neurogenesis in the structural and functional integrity of the adult forebrain. Nat Neurosci 11,
1153-1161, https://doi.org/10.1038/nn.2185 (2008).

11. Clelland, C. D. et al. A functional role for adult hippocampal neurogenesis in spatial pattern separation. Science 325, 210-213,
https://doi.org/10.1126/science.1173215 (2009).

SCIENTIFICREPORTS |7: 16528 | DOI:10.1038/s41598-017-16466-3 11


http://dx.doi.org/10.1002/hipo.20018
http://dx.doi.org/10.1002/hipo.20018
http://dx.doi.org/10.1126/science.1147851
http://dx.doi.org/10.1371/journal.pone.0008809
http://dx.doi.org/10.1016/j.cell.2016.10.021
http://dx.doi.org/10.1073/pnas.0607207103
http://dx.doi.org/10.1038/nn.2185
http://dx.doi.org/10.1126/science.1173215

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Steiner, B. et al. Differential regulation of gliogenesis in the context of adult hippocampal neurogenesis in mice. Glia 46, 41-52,
https://doi.org/10.1002/glia.10337 (2004).

Kempermann, G., Jessberger, S., Steiner, B. & Kronenberg, G. Milestones of neuronal development in the adult hippocampus. Trends
Neurosci 27, 447-452 (2004).

Encinas, J. M. et al. Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult
hippocampus. Cell Stem Cell 8, 566-579, https://doi.org/10.1016/j.stem.2011.03.010 (2011).

Bonaguidi, M. A. et al. In vivo clonal analysis reveals self-renewing and multipotent adult neural stem cell characteristics. Cell 145,
1142-1155, https://doi.org/10.1016/j.cell.2011.05.024 (2011).

Sierra, A. et al. Neuronal hyperactivity accelerates depletion of neural stem cells and impairs hippocampal neurogenesis. Cell Stem
Cell 16, 488-503, https://doi.org/10.1016/j.stem.2015.04.003 (2015).

Encinas, J. M. & Sierra, A. Neural stem cell deforestation as the main force driving the age-related decline in adult hippocampal
neurogenesis. Behav Brain Res 227, 433-439, https://doi.org/10.1016/j.bbr.2011.10.010 (2012).

Specht, C. G. & Schoepfer, R. Deletion of the alpha-synuclein locus in a subpopulation of C57BL/6] inbred mice. BMC Neurosci 2,
11 (2001).

Zurita, E. et al. Genetic polymorphisms among C57BL/6 mouse inbred strains. Transgenic Res 20, 481-489, https://doi.org/10.1007/
$11248-010-9403-8 (2011).

Encinas, J. M. & Enikolopov, G. Identifying and quantitating neural stem and progenitor cells in the adult brain. Methods Cell Biol
85, 243-272, https://doi.org/10.1016/S0091-679X(08)85011-X (2008).

Burnhan, K. P. & Anderson, D. R. Model Selection and Multimodel Inference: A Practical Information-Theoretic Approac. (Springer-
Verlag, 2002).

Marsaglia, G. & Bray, T. A. A Convenient Method for Generating Normal Variables. SIAM Review 6, 260-264 (1964).

Dayer, A. G, Ford, A. A., Cleaver, K. M., Yassaee, M. & Cameron, H. A. Short-term and long-term survival of new neurons in the rat
dentate gyrus. ] Comp Neurol 460, 563-572 (2003).

Mandyam, C. D., Harburg, G. C. & Eisch, A. J. Determination of key aspects of precursor cell proliferation, cell cycle length and kinetics
in the adult mouse subgranular zone. Neuroscience 146, 108-122, https://doi.org/10.1016/j.neuroscience.2006.12.064 (2007).

Sierra, A. et al. Microglia shape adult hippocampal neurogenesis through apoptosis-coupled phagocytosis. Cell Stem Cell 7, 483-495,
https://doi.org/10.1016/j.stem.2010.08.014 (2010).

Jinno, S. Decline in adult neurogenesis during aging follows a topographic pattern in the mouse hippocampus. ] Comp Neurol 519,
451-466, https://doi.org/10.1002/cne.22527 (2011).

Scholzen, T. & Gerdes, J. The Ki-67 protein: from the known and the unknown. J Cell Physiol 182, 311-322, https://doi.org/10.1002/
(SICI)1097-4652(200003)182:3<311::AID-JCP1>3.0.CO;2-9 (2000).

Lopez-Atalaya, J. P., Askew, K. K,, Sierra, A. & Gomez-Nicola, D. Development and maintenance of the brain’s immune toolkit:
Microglia and non-parenchymal brain macrophages. Dev Neurobiol, https://doi.org/10.1002/dneu.22545 (2017).

Semple, B. D., Blomgren, K., Gimlin, K., Ferriero, D. M. & Noble-Haeusslein, L. J. Brain development in rodents and humans:
Identifying benchmarks of maturation and vulnerability to injury across species. Prog Neurobiol 106-107, 1-16, https://doi.
org/10.1016/j.pneurobio.2013.04.001 (2013).

Utsunomiya, H., Takano, K., Okazaki, M. & Mitsudome, A. Development of the temporal lobe in infants and children: analysis by
MR-based volumetry. AJTNR Am ] Neuroradiol 20, 717-723 (1999).

Simic, G., Kostovic, I., Winblad, B. & Bogdanovic, N. Volume and number of neurons of the human hippocampal formation in
normal aging and Alzheimer’s disease. ] Comp Neurol 379, 482-494 (1997).

Li, B. et al. Multiple Bellman-Harris branching model provides biological predictors of early stages of adult hippocampal
neurogenesis. International Conference on Intelligent Biology and Medicine International Conference on Intelligent Biology and
Medicine (2017 (accepted)).

Ziebell, F,, Martin-Villalba, A. & Marciniak-Czochra, A. Mathematical modelling of adult hippocampal neurogenesis: effects of
altered stem cell dynamics on cell counts and bromodeoxyuridine-labelled cells. ] R Soc Interface 11, 20140144, https://doi.
org/10.1098/rsif.2014.0144 (2014).

Del Valle, J. et al. Time-course of blood-brain barrier disruption in senescence-accelerated mouse prone 8 (SAMP8) mice. Int ] Dev
Neurosci 27, 47-52, https://doi.org/10.1016/j.jjdevneu.2008.10.002 (2009).

Lugert, S. et al. Quiescent and active hippocampal neural stem cells with distinct morphologies respond selectively to physiological
and pathological stimuli and aging. Cell Stem Cell 6, 445-456, https://doi.org/10.1016/j.stem.2010.03.017 (2010).

Hattiangady, B. & Shetty, A. K. Aging does not alter the number or phenotype of putative stem/progenitor cells in the neurogenic
region of the hippocampus. Neurobiol Aging 29, 129-147, https://doi.org/10.1016/j.neurobiolaging.2006.09.015 (2008).

Ben Abdallah, N. M., Slomianka, L., Vyssotski, A. L. & Lipp, H. P. Early age-related changes in adult hippocampal neurogenesis in
C57 mice. Neurobiol Aging 31, 151-161, https://doi.org/10.1016/j.neurobiolaging.2008.03.002 (2010).

Gould, E. et al. Hippocampal neurogenesis in adult Old World primates. Proc Natl Acad Sci USA 96, 5263-5267 (1999).

Leuner, B., Kozorovitskiy, Y., Gross, C. G. & Gould, E. Diminished adult neurogenesis in the marmoset brain precedes old age. Proc
Natl Acad Sci USA 104, 17169-17173, https://doi.org/10.1073/pnas.0708228104 (2007).

Siwak-Tapp, C. T., Head, E., Muggenburg, B. A., Milgram, N. W. & Cotman, C. W. Neurogenesis decreases with age in the canine
hippocampus and correlates with cognitive function. Neurobiol Learn Mem 88, 249-259, https://doi.org/10.1016/j.nlm.2007.05.001 (2007).
Aizawa, K., Ageyama, N., Terao, K. & Hisatsune, T. Primate-specific alterations in neural stem/progenitor cells in the aged
hippocampus. Neurobiol Aging 32, 140-150, https://doi.org/10.1016/j.neurobiolaging.2008.12.011 (2011).

Cameron, H. A. & McKay, R. D. Restoring production of hippocampal neurons in old age. Nat Neurosci 2, 894-897, https://doi.
org/10.1038/13197 (1999).

Kronenberg, G. ef al. Physical exercise prevents age-related decline in precursor cell activity in the mouse dentate gyrus. Neurobiol
Aging 27, 1505-1513, https://doi.org/10.1016/j.neurobiolaging.2005.09.016 (2006).

Morgenstern, N. A., Lombardi, G. & Schinder, A. F. Newborn granule cells in the ageing dentate gyrus. ] Physiol 586, 3751-3757,
https://doi.org/10.1113/jphysiol.2008.154807 (2008).

Bouab, M., Paliouras, G. N., Aumont, A., Forest-Berard, K. & Fernandes, K. J. Aging of the subventricular zone neural stem cell
niche: evidence for quiescence-associated changes between early and mid-adulthood. Neuroscience 173, 135-149, https://doi.
org/10.1016/j.neuroscience.2010.11.032 (2011).

Capilla-Gonzalez, V., Cebrian-Silla, A., Guerrero-Cazares, H., Garcia-Verdugo, J. M. & Quinones-Hinojosa, A. Age-related changes
in astrocytic and ependymal cells of the subventricular zone. Glia 62, 790-803, https://doi.org/10.1002/glia.22642 (2014).

Daynac, M., Morizur, L., Chicheportiche, A., Mouthon, M. A. & Boussin, F. D. Age-related neurogenesis decline in the subventricular
zone is associated with specific cell cycle regulation changes in activated neural stem cells. Sci Rep 6, 21505, https://doi.org/10.1038/
srep21505 (2016).

Enwere, E. et al. Aging results in reduced epidermal growth factor receptor signaling, diminished olfactory neurogenesis, and
deficits in fine olfactory discrimination. ] Neurosci 24, 8354-8365, https://doi.org/10.1523/]NEUROSCI.2751-04.2004 (2004).

Luo, J., Daniels, S. B., Lennington, J. B., Notti, R. Q. & Conover, J. C. The aging neurogenic subventricular zone. Aging Cell 5,
139-152, https://doi.org/10.1111/j.1474-9726.2006.00197.x (2006).

Molofsky, A. V. et al. Increasing p16INK4a expression decreases forebrain progenitors and neurogenesis during ageing. Nature 443,
448-452, https://doi.org/10.1038/nature05091 (2006).

SCIENTIFICREPORTS |7: 16528 | DOI:10.1038/s41598-017-16466-3 12


http://dx.doi.org/10.1002/glia.10337
http://dx.doi.org/10.1016/j.stem.2011.03.010
http://dx.doi.org/10.1016/j.cell.2011.05.024
http://dx.doi.org/10.1016/j.stem.2015.04.003
http://dx.doi.org/10.1016/j.bbr.2011.10.010
http://dx.doi.org/10.1007/s11248-010-9403-8
http://dx.doi.org/10.1007/s11248-010-9403-8
http://dx.doi.org/10.1016/S0091-679X(08)85011-X
http://dx.doi.org/10.1016/j.neuroscience.2006.12.064
http://dx.doi.org/10.1016/j.stem.2010.08.014
http://dx.doi.org/10.1002/cne.22527
http://dx.doi.org/10.1002/dneu.22545
http://dx.doi.org/10.1016/j.pneurobio.2013.04.001
http://dx.doi.org/10.1016/j.pneurobio.2013.04.001
http://dx.doi.org/10.1098/rsif.2014.0144
http://dx.doi.org/10.1098/rsif.2014.0144
http://dx.doi.org/10.1016/j.ijdevneu.2008.10.002
http://dx.doi.org/10.1016/j.stem.2010.03.017
http://dx.doi.org/10.1016/j.neurobiolaging.2006.09.015
http://dx.doi.org/10.1016/j.neurobiolaging.2008.03.002
http://dx.doi.org/10.1073/pnas.0708228104
http://dx.doi.org/10.1016/j.nlm.2007.05.001
http://dx.doi.org/10.1016/j.neurobiolaging.2008.12.011
http://dx.doi.org/10.1038/13197
http://dx.doi.org/10.1038/13197
http://dx.doi.org/10.1016/j.neurobiolaging.2005.09.016
http://dx.doi.org/10.1113/jphysiol.2008.154807
http://dx.doi.org/10.1016/j.neuroscience.2010.11.032
http://dx.doi.org/10.1016/j.neuroscience.2010.11.032
http://dx.doi.org/10.1002/glia.22642
http://dx.doi.org/10.1038/srep21505
http://dx.doi.org/10.1038/srep21505
http://dx.doi.org/10.1523/JNEUROSCI.2751-04.2004
http://dx.doi.org/10.1111/j.1474-9726.2006.00197.x
http://dx.doi.org/10.1038/nature05091

www.nature.com/scientificreports/

51. Amrein, L, Isler, K. & Lipp, H. P. Comparing adult hippocampal neurogenesis in mammalian species and orders: influence of
chronological age and life history stage. Eur ] Neurosci 34, 978-987, https://doi.org/10.1111/j.1460-9568.2011.07804.x (2011).

52. Kempermann, G. Seven principles in the regulation of adult neurogenesis. Eur | Neurosci 33, 1018-1024, https://doi.org/10.1111/
j.1460-9568.2011.07599.x (2011).

53. Gebara, E. et al. Heterogeneity of Radial Glia-Like Cells in the Adult Hippocampus. Stem Cells 34, 997-1010, https://doi.
org/10.1002/stem.2266 (2016).

54. Aimone, ]. B., Wiles, ]. & Gage, F. H. Computational influence of adult neurogenesis on memory encoding. Neuron 61, 187-202,
https://doi.org/10.1016/j.neuron.2008.11.026 (2009).

55. Papouin, T., Dunphy, J., Tolman, M., Foley, J. C. & Haydon, P. G. Astrocytic control of synaptic function. Philos Trans R Soc Lond B
Biol Sci 372, doi:https://doi.org/10.1098/rstb.2016.0154 (2017).

56. Barros, L. F. Metabolic signaling by lactate in the brain. Trends Neurosci 36, 396-404, https://doi.org/10.1016/j.tins.2013.04.002
(2013).

57. Sofroniew, M. V. & Vinters, H. V. Astrocytes: biology and pathology. Acta neuropathologica 119, 7-35, https://doi.org/10.1007/
$00401-009-0619-8 (2010).

Acknowledgements

We thank Dario Sierra for his insightful comments on exponential decays. Ministerio de Economia y
Competitividad (Ministry of Economy and Competitiveness) - Predoctoral Fellowship [Beccari] Ikerbasque,
Basque Foundation for Science - Postdoctoral Fellow [Valero] Ministerio de Economia y Competitividad
(Ministry of Economy and Competitiveness) - BFU2015-66689 [Sierra] Ministerio de Economia y
Competitividad (Ministry of Economy and Competitiveness) - RYC-2013-12817 [Sierra] Ikerbasque, Basque
Foundation for Science - Start-Up [Sierra] Fundacién BBVA (BBVA Foundation) - IN[16]_BBM_BAS_0260
[Sierra] Eusko Jaurlaritza (Basque Government) - PI_2016_1_0011 [Sierra].

Author Contributions
S.B. performed all in vivo experiments. J.V. performed the simulation analysis. M.S. contributed with data
published by her lab. A.S. conceived the project and analyzed the data. All authors wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-16466-3.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 16528 | DOI:10.1038/s41598-017-16466-3 13


http://dx.doi.org/10.1111/j.1460-9568.2011.07804.x
http://dx.doi.org/10.1111/j.1460-9568.2011.07599.x
http://dx.doi.org/10.1111/j.1460-9568.2011.07599.x
http://dx.doi.org/10.1002/stem.2266
http://dx.doi.org/10.1002/stem.2266
http://dx.doi.org/10.1016/j.neuron.2008.11.026
http://dx.doi.org/10.1098/rstb.2016.0154
http://dx.doi.org/10.1016/j.tins.2013.04.002
http://dx.doi.org/10.1007/s00401-009-0619-8
http://dx.doi.org/10.1007/s00401-009-0619-8
http://dx.doi.org/10.1038/s41598-017-16466-3
http://creativecommons.org/licenses/by/4.0/

	A simulation model of neuroprogenitor proliferation dynamics predicts age-related loss of hippocampal neurogenesis but not  ...
	Methods

	Animals and 5-bromo-2′-deoxyuridine (BrdU) injections. 
	Immunofluorescence. 
	BrdU cell quantification. 
	Statistical analysis. 
	Generation and analysis of pseudorandom simulated data. 
	Data availability. 

	Results

	The newborn cell dynamics in the hippocampal niche is similar throughout adulthood. 
	The critical periods of newborn cell survival are maintained across adulthood. 
	Neuron and astrocyte productions are inversely regulated across adulthood. 
	The age-related decrease in neurogenesis is predicted by the proliferation of neuroprogenitors. 
	The increased astrogenic yield across adulthood is associated with the increased BrdU+ cell survival during the late critic ...

	Discussion

	Acknowledgements

	Figure 1 Age-related decline in hippocampal neurogenesis.
	Figure 2 Longitudinal and transversal decays of newborn cell populations.
	Figure 3 Neurogenesis but not astrogenesis decline is due to the disappearance of proliferating neuroprogenitors.
	Figure 4 Hippocampal neuroprogenitors produce differential neurogenic and astrogenic outputs throughout adulthood.




