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Abstract

New neurons are continuously added throughout life to the dentate gyrus of the mammalian
hippocampus. During embryonic and early postnatal development, the dentate gyrus is formed in
an outside-in layering pattern that may extend through adulthood. In this work we aimed to
systematically quantify the relative position of dentate granule cells generated at different ages.
We used 5’-bromo-2’-deoxyuridine (BrdU) and retroviral methodologies to birth-date cells born in
the embryonic, early postnatal and adult hippocampus and assessed their final position in the adult
mouse granule cell layer. We also quantified both developmental and adult-born cohorts of neural
progenitor cells that contribute to the pool of adult progenitor cells. Our data confirm that the
outside-in layering of the dentate gyrus continues through adulthood and that early-born cells
constitute most of the adult dentate gyrus. We also found that a substantial fraction of the dividing
cells in the adult dentate gyrus were derived from early-dividing cells and retained BrdU,
suggesting that a subpopulation of hippocampal progenitors divides infrequently from early
development on.
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Introduction

The dentate gyrus (DG) of the hippocampus is one of the few mammalian brain structures
that continue to generate new neurons through adulthood. Early birth-dating studies using
tritiated thymidine established an outside-in developmental layering pattern in the granule
cell layer (GCL). Specifically, cells born during embryonic development contribute
preferentially to the outer GCL, and cells born postnatally remain closer to the hilus
(Angevine, 1965; Bayer, 1980a; Crespo et al., 1986; Rakic and Nowakowski, 1981;
Schlessinger et al., 1975).
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These findings were further elaborated in the 1980s and 1990s, when the dividing cell
populations involved in DG morphogenesis throughout development were characterized
(Altman and Bayer, 1990; Bayer, 1980b; Bayer et al., 1982). During early embryonic
development, cells lining the medial ventricles at the dentate notch, known as the primary
dentate matrix, form the initial proliferative zone that will become the DG. Through a series
of dentate migrations, the proliferative zone moves from the ventricles to the hilus as the
rodent embryo approaches birth. The proliferative zone in the hilus from birth until
approximately 3 weeks postnatal is known as the tertiary dentate matrix (Altman and Bayer,
1990; Bayer, 1980b; Bayer and Altman, 1974). This population contributes substantially to
the adult GCL in both rats and mice (Angevine, 1965; Bayer, 1980a; Schlessinger et al.,
1975). Gradually, the proliferative zone becomes restricted to a region known as the
subgranular zone (SGZ), lying just beneath the GCL toward the hilus. Proliferation in the
SGZ contributes to the addition of new neurons to the DG throughout the adult life of
mammals. Studies examining only adult neurogenesis demonstrate that granule cells born in
the adult are mostly positioned in the inner third of the GCL (Esposito et al., 2005;
Kempermann et al., 2003). This developmental pattern is similar to that of the human DG
(Eriksson et al., 1998; Humphrey, 1964; 1967), although in humans, completion of the
period of rapid GCL neurogenesis occurs slightly earlier in postnatal development
(Humphrey, 1967).

Altogether, these studies suggest that the outside-in DG layering may continue through adult
neurogenesis. In other words, new neurons born in the adult DG may be positioned closer to
the hilus compared to those born during postnatal and embryonic development. This
positioning was suggested by Crespo et al. (1986) from an observation that the distance to
the molecular layer of granule cells born at P10 in Sprague-Dawley rats remained constant
but gradually increased in reference to the hilus as the rat aged. Furthermore, a recent study
has extensively documented the layering of postnatal- and adult-born cells in the mouse DG
(Muramatsu et al., 2007). However, no comprehensive study has examined the location and
the numeric contribution of cells born from embryogenesis through adulthood in the DG.
Moreover, it is not known whether adult progenitors derive from dividing cells during
development or from quiescent cells that proliferate for a limited time and terminally
differentiate once they are recruited into the cell cycle.

To assess the contributions of embryonic, early postnatal and adult neurogenesis to different
layers of the dentate GCL, we labeled dividing cells of the embryonic, postnatal and adult
DG and studied the distribution of their progenies at later stages, when the cells had reached
their mature position in the GCL. We selected BrdU and retroviral labeling techniques to
undertake this study, due to their distinctive strengths.

BrdU has two main advantages: its administration is non-invasive to the central nervous
system, and it labels all cells that are replicating their DNA around the time of injection,
allowing an accurate estimation of the fate of the progenitor cell population (Burns and
Kuan, 2005; Cooper-Kuhn and Kuhn, 2002; Miller and Nowakowski, 1988). However, it
may be diluted and become undetectable in neurons derived from progenitor cells
undergoing multiple rounds of divisions (Dayer et al., 2003; Hayes and Nowakowski, 2002;
Miller and Nowakowski, 1988). Therefore, after a long survival interval, it is unclear
whether a decrease in BrdU(+) cells indicates cell death or dilution from repeated divisions.
On the other hand, for cells that are BrdU(+) at the time of evaluation, we can be confident
that they have divided only a few times since the time of BrdU administration (Dayer et al.,
2003; Hayes and Nowakowski, 2002; Miller and Nowakowski, 1988).

In recent years, the retrovirus has become an important tool to birth-date newborn neurons
because they only transduce cells that enter the M-phase of the cell cycle shortly after virus
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delivery (Coffin et al., 1997). Due to the limited diffusion of virus particles in vivo,
retrovirus only labels cells that are in proximity to the site of virus delivery. Retroviral
labeling permits direct visualization of the entire cell morphology, whereas BrdU
immunohistochemistry only reveals the cell nucleus. In addition, two different retroviruses
expressing different fluorescent markers allow the direct comparison of the cell layering
from two developmental cohorts in the same mouse brain. We have therefore used both
methods in the present study, so the results may be viewed in complement and directly
contrasted.

Quantifications with both methods confirmed that the outside-in layering pattern continues
through adulthood. In addition, we demonstrated such layering pattern in the same mouse
brain by labeling two birth date-specific cohorts with retroviruses expressing different
fluorescent reporters. Furthermore, we assessed the number of BrdU+ cells labeled at
different stages that remained undifferentiated or in cell cycle. Our data suggest that at least
a subpopulation of progenitors in the adult brain divides infrequently from early
development on.

Materials and Methods
BrdU labeling

Viral vectors

Female wild-type or Sox2-GFP transgenic mice in C57BI/6 background were mated with
Sox2-GFP C57BI/6 transgenic males. Transgenic offspring did not survive well after
developmental BrdU injection, so they were not used in this study. The date of plug was
considered EQ.5, and the date of birth was considered PO. Male and female offspring from
these pregnancies were injected at 3 time points: embryonic, postnatal, and adult. For
embryonic injections, pregnant females received 50 mg/kg of BrdU intraperitoneally (i.p.)
on E15.5. Only one injection was possible at this time point, due to known teratogenic
effects of BrdU on embryos (Kolb et al., 1999; Packard et al., 1974). For postnatal and adult
injections, each mouse received 50 mg/kg BrdU twice daily, approximately 8h apart, on
P5-7 (postnatal) or P35-37 (young adult). Animals were sacrificed at P63 by lethal overdose
of a ketamine/xylazine mixture followed by perfusion transcardially with 4%
paraformaldehyde. This date of sacrifice was chosen to be one month after the P35-37 BrdU
injection time point so that labeled granule cells would have sufficient time to reach
maturity [17].

Murine Moloney leukemia virus-based CAG-GFP and CAG-RFP vectors used in this study
have been previously described (Laplagne et al., 2006; Zhao et al., 2006). Retrovirus was
synthesized in HEK293T cells, concentrated (108 pfu/ml), and collected by
ultracentrifugation (Tashiro et al., 2006; van Praag et al., 2002; Zhao et al., 2006).

Retroviral injections

In utero—Timed-pregnant C57BI/6 female mice received surgery when embryos reached
E15.5. Each female was anesthetized with 10% Nembutal administered i.p. A longitudinal
incision was made in the lower peritoneum, through which the intact uterus containing
embryos was extracted, without disturbing its integrity or blood supply. The CAG-GFP
retrovirus was mixed with 3% fast green dye at a 5:1 ratio and was injected into one lateral
ventricle of each embryo via a micro glass capillary tube inserted through the uterine wall.
The diffusion of the dye into the other ventricle confirmed proper injection placement. The
uterus was placed back into the peritoneal cavity and the mothers were sutured and allowed
to fully recover before they were put back with the colony.
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Postnatal and adult—Adult mice were anesthetized using 80 pg ketamine/8 ug xylazine
at 8 ul/g i.p. P7 pups were anesthetized by placing them on ice for 4 minutes. Stereotaxic
injections were performed to deliver the CAG-GFP or CAG-RFP virus to the DG in P5-P7
and P42 mice, as previously described in detail (Laplagne et al., 2006; Zhao et al., 2006).
P42 mice were housed with a running wheel starting 3 days before the injection. Both males
and females were included in the analysis. All animal protocols were approved by the Salk
Institutional Animal Care and Use Committee.

Immunohistochemistry

After transcardial perfusion, mouse brains were postfixed with 4% PFA overnight at 4°C,
then transferred to 30% sucrose and stored at 4°C until sectioning. Brains utilized in BrdU
experiments were hemisected immediately before sectioning. The right hemisphere was
sectioned coronally and the left horizontally. Using a sliding microtome, all brains were cut
through the extent of the hippocampus into 80-um and 40-um sections for postnatal and
adult samples, respectively. Brains labeled with retrovirus were cut coronally in 40-um
thickness.

Sections were immunostained for primary antibodies against BrdU (rat anti-BrdU Accurate
1:250), NeuN (mouse monoclonal, Chemicon, 1:100), Ki67 (rabbit, Novacastra 1:500) and
Sox2 (goat, Santa Cruz 1:250) (please see Table 1 for detailed information about primary
antibodies). Secondary antibodies used were donkey anti-rat Cy3 (Jackson, 1:250), donkey
anti-mouse Cy5 (Jackson, 1:250), and donkey anti-rabbit FITC (Jackson, 1:250). After
immunostaining, sections were washed 6 times in TBS; DAPI 1:1000 was included in the
second of these washes. Sections were mounted on double-subbed slides using DABCO
mounting media. Immunostaining was visualized using the Bio-Rad R2100 confocal system
with Nikon Eclipse TE300 or Olympus BX51 microscopes and a Zeiss Pascal Confocal
microscope. Stereologic counts were performed using a MicroBrightField Stereolnvestigator
program optical fractionator (below).

Antibody Characterization

The list of primary antibodies used is provided in Table 1. BrdU antibody recognized cell
nuclei in the proliferative zones in adult mouse brain sections. No signals were detected in
brain sections that were not labeled by BrdU.

The NeuN antibody stained for nuclei of major types of neurons, as previously shown
(Mullen et al., 1992).

The Ki67 antibody (NCL-Ki67p) recognized cell nuclei in the SGZ of the DG and the
subventricular zone (SVZ) of the lateral ventricles. This staining pattern is consistent with
the notion that the major germinal zones in the adult mammalian brain are located in the
SGZ and the SVZ, and it is also consistent with previous reports (Seki et al., 2007).

The Sox2 antibodies recognized a band of ~34kDa on Western blot of rat hippocampal
progenitor cell lysates (rabbit anti-Sox2, Chemicon) and of human and mouse embryonic
stem cell lysates (goat anti-Sox2, Santa Cruz).

The rabbit anti-Sox2 (Chemicon) and goat anti-Sox2 (Santa Cruz) antibodies were raised
against non-overlapping peptides from the C-terminus of the human Sox2 protein ( Poche et
al., 2008, Wang et al., 2006 ) (see Table 1). They showed similar staining patterns in mouse
brain sections and recognized cell nuclei in the germinal zones in the adult mouse brain. In
addition, both antibodies specifically recognized cells that were transduced by a lentivirus
that used Sox2 promoter to drive the expression of a GFP/cre fusion protein in the adult
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mouse hippocampus (Suh et al., 2007). Goat anti-Sox2 (Santa Cruz) antibodies were used in
this study.

Cell quantification

Quantification of BrdU-labeled cells was performed stereologically (West et al., 1991). To
determine the distribution of cells born at each time point within the DG, the GCL was
partitioned into 3 “layers,” using the Stereolnvestigator program (Microbrightfield, Inc.).
The outer borders of the GCL were outlined at 20x using DAPI (4°,6-diamidino-2-
phenylindole) stain at postnatal or NeuN stain at the adult sacrifice time points. Cursor size
was then set such that points marked by the center of the cursor would be placed 20 um in
from the edge of the circular cursor (20-um radius). The cursor edge was then repeatedly
aligned with the edge of the GCL outline to delineate strips 20 um into the GCL from the
inner edge and 20 um in from the outer edge of the GCL. In adult animals, this procedure
resulted in 3 approximately 20-um “layers” (one inner, one middle, one outer) through the
GCL. In some cases (especially at different ages and at the edges of the dentate), the
thickness of the middle layer was less than 20 um; inner and outer layer widths were
constant. The numbers of BrdU-positive cells in each layer were quantified. Cells
overlapping more than 1 layer were assigned to the layer in which a greater portion of their
volume resided.

A single optical fractionator run was performed over the entire GCL for each section; a
different marker was used to count cells in each layer. Stereologic counts were performed
using grid and counting frame sizes to approximate 10 or more sampling sites per section
and 2-5 cells per counting frame and to achieve a sufficiently low coefficient of error (CE
Gundersen) between sections. Grid and counting frame sizes for each group were as follows,
respectively: postnatal sac P8 (supplement only) grid = 75 um?, c.f. = 15um?; embryonic sac
P63 grid = 100 um?, c.f. = 25 um?; postnatal sac P63 grid = 100um?, c.f. = 50 um?; adult
sac P63 grid = 100 um?, c.f. = 100 um?. Counting frame depth for all 40-um sections was 10
um, with a 3-um estimated guard zone on top and bottom.

Quantification of retrovirally labeled cells was performed by counting all cells in every sixth
coronal section displaying >30 labeled neurons throughout the septotemporal axis of the
hippocampus. For each section, the GCL was divided in thirds and each retrovirally labeled
neuron was assigned to the inner, middle or outer layers.

Colocalization was all performed using the Bio-Rad (Hercules, CA) Radiance 2100 laser
scanning confocal system. Sequential 2 um scanning was performed through the entire z-
axis of every 12th DG-containing section with 40xoil immersion lens. Optical section
thickness ranged from 16-26 um. All Ki67(+) cells in each DG were identified using only
that channel. Subsequently, each was evaluated in the other channels to determine whether it
colocalized with BrdU. Evaluation was performed blind to BrdU treatment condition.
Colocalization was defined as labeling in 2 channels that appeared to be in the same cell in
multiple z planes. For Sox2(+) counts, all double-labeled Sox2(+)/BrdU(+) cells were
counted using the confocal z-stack. The total numbers of BrdU(+) cells and of Sox2(+) cells
were detern;ined using the stereologic methodology described above (Sox2 grid = 150um?,
c.f. =25um-).

Presented images were processed using Adobe Photoshop 7.0. Images were adjusted only by
cropping of the areas shown and with adjustments of brightness and contrast.
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The GCL shows a distinct birth date-based, outside-in layering through adulthood
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BrdU was injected in three groups of mice: embryonic day 15 (E15), postnatal day 5-7
(P5-7), and young adult (P35-37). All of these groups were assessed stereologically at P63
to evaluate the contribution of the BrdU+ cells to the adult DG (Figure 1A-C). Cells labeled
in each successive group showed a distinctive outside-in chronological distribution along the
adult GCL (Figure 1A-C). Cells born during embryogenesis formed the outermost layer of
the GCL, closest to the molecular layer. Cells born on P5-7 localized more towards the
middle and inner GCL. Cells born in young adult mice (P35-37) were restricted
predominantly to the innermost layer, closest to the SGZ (Figure 1D; E n=10, P n=7; A
n=4). A two-way ANOVA showed a significant (p<0.05) group (E15 vs. P5-7 vs. P35-57)
by layer (in vs. mid vs. out) interaction. Post-hoc Bonferroni tests showed significant
differences between all layers in all groups (p<0.05) except for the middle layer
contributions of E15 vs. P5-7, E15 vs. P35-37, and the outer layer contribution of P5-7 vs.
P35-37 (p>0.05). As previously documented, extensive proliferation of cells that remained
in the hilus and molecular layer occurred postnatally (Figure 1B) (Bayer and Altman, 1974;
Navarro-Quiroga et al., 2006).

Quantitatively, embryonic dividing cells clearly made the largest numeric contribution to the
adult DG, followed closely by postnatal dividing cells, with adult-born cells constituting
only a small fraction (Figure 1D, E). The quantifications of BrdU(+) cell numbers presented
here (Figure 1E) can only be compared at a qualitative level between developmental stages
given 1) the differences in BrdU administration (single embryonic vs. 3d postnatal and adult
injections) and 2) the variation in metabolism and placental/blood-brain permeability at
these different developmental stages (Packard et al., 1973). Nevertheless, these data suggest
that the P63 DG contains mainly embryonic and postnatally derived cells. In the adult
mouse, there are approximately 300,000 granule cells per DG (Bonthius et al., 2004; Hong
et al., 2007). Nearly 60,000 E15-labeled cells per DG remained visible in the P63 DG, and
almost 40,000 cells were labeled when BrdU was injected at P5-7. By contrast, adult-
dividing cells (P35-37) constituted only approximately 3,000 cells per DG at the same time
point. The numbers of BrdU(+) cells were significantly different between all groups
(p<0.05, one-way ANOVA and follow-up Tukey tests).

As a complementary method to assess DG layering, GFP-expressing retrovirus was injected
into E15, P7 and P42 mice, and the distribution of GFP(+) neurons in the GCL was
evaluated at P75 (10, 7 or 6 weeks after injection for respective groups) (Figure 2). Neurons
born at E15 (Figure 2A, B) were evenly distributed throughout the inner, middle and outer
layers of the GCL, whereas neurons generated at P7 (Figure 2C, D) and P42 (Figure 2E, F)
were localized predominantly toward the inner and middle GCL, with a marked decrease in
the contribution to the outer layer. About 80% of granule cells born in young adult mice
were positioned in the inner layer and the remaining cells were scattered within the middle
GCL (Figure 2I, “adult™). Layering of embryonic and adult (Figure 2G) or postnatal and
adult (Figure 2H) cells was also visualized within the same brain, using RFP- and GFP-
expressing retroviruses injected into the same animal’s DG at different time points.

We infer from the above results a birth date-based, outside-in layering to the DG. However,
the perceived inner layering of adult-born cells might be due to an insufficient time post-
injection for cells to finish migrating in the GCL. Embryonic-labeled cells, for instance, had
68 days to migrate from labeled division to assessment of their location, whereas adult-
labeled cells had less than half that time. Therefore, we evaluated whether adult-born cells
would change to a more outer layering if given more time to migrate after division. We
labeled neurons born at P42 and analyzed their distribution 7-15 months later (Figure 21,
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“old”). We observed no differences in the distribution of granule cells at this later time
compared with that of younger cells (“P42” vs. “old”), in agreement with the notion that
adult-born neurons reach their position in the GCL within the first few weeks of their
development (Esposito et al., 2005; Kempermann et al., 2003). Hence, cell position in the
DG depends on the developmental stage of the animal when a cell is born, and not on the
age of the cell.

Cells dividing early and infrequently constitute much of the adult-dividing population

Using the same brain samples as in Figure 1, we asked to what extent cohorts of cells that
divided in embryonic, early postnatal, or young adult stages contributed to the adult dividing
population. Mice injected with BrdU on E15.5, or P5-7, or P35-37 were assessed at P63 for
colocalization of the BrdU label with the mitotic cell marker Ki67 (Figure 3A-D) or a
progenitor cell marker, Sox2. Although Sox2 expression alone is not sufficient to determine
progenitor identity, the total number of Sox2(+) cells in the SGZ can be correlated with the
number of progenitor cells.

A small population of BrdU(+) cells in the GCL and SGZ from all injection time points was
found to coexpress Ki67 and Sox2 (Figure 3E-M, Figure 4). In contrast to some previous
findings (Dayer et al., 2003), this observation indicates that these double-labeled cells
divided in the embryo, in the neonate, or in the adult animal and were still able to divide one
month or more thereafter.

In fact, cells that divided early in life made up a significant fraction of mitotic cells or
Sox2(+) cells in the adult (Figure 4A, B, Table 2). One-way ANOVAs show that the
numbers of BrdU and Ki67 co-labeled cells and the numbers of BrdU and Sox2 co-labeled
cells were all significantly different (p<0.05) between injection time points. Post-hoc Tukey
tests revealed significant (p<0.05) differences between all groups. By contrast, the total
numbers of Ki67(+) cells and Sox2(+) cells in the adult brain did not differ significantly
between groups (p>0.05), suggesting that BrdU administration at these different
developmental stages did not have side effects on the SGZ progenitors. The GCL volume of
embryonic BrdU-injected animals did differ statistically (p<0.05) from that of animals
injected postnatally or in adulthood, which may be attributable to the teratogenic effects of
BrdU (Kolb et al., 1999; Packard et al., 1974).

These data likely underestimate the early contribution to the adult-dividing cell population,
because BrdU can only be visualized in cells that have divided fewer than 9 times in vitro
(Palmer et al., 2000) or 4 times in vivo (Dayer et al., 2003); after this, BrdU is diluted
beyond the detectable limit of immunohistochemistry. Indeed, the proportion of BrdU
+Ki67+ cells over total number of BrdU+ cells is the lowest when cells were labeled at E15
and the highest when cells were labeled at P35-37, consistent with the possibility that E15-
labeled cells have divided more times than those labeled at P5-7 and P35-37. Even with the
possibility of more label dilution, cells dividing at E15 and P5-7 contribute more to the
proliferating population in the adult than those dividing at P35-37. These data suggest that
progenitor cells in the dentate gyrus either decrease in number or divide less frequently
when mice develop into early adulthood.

Our observation of BrdU labeling in any adult-dividing cells at all suggests that these
BrdU(+) cells have divided only a limited number of times between early development and
adulthood. For example, the BrdU+ cells that were labeled at E15 and detected at P63 must
have divided less often than once in 7.84-17.25 days if we assume that BrdU labeling is
diluted out within 4-9 cell cycles ((Dayer et al., 2003; Palmer et al., 2000) and that these
cells divide at a steady but infrequent pace. Such limited division supports the existence of
infrequently dividing “stem” cells within the SGZ of the DG.
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Discussion

In this study, we used both BrdU and retrovirus birth-dating methods to assess the
contribution of dividing cells at different developmental stages to the GCL in the adult DG,
and we quantified their contribution to the proliferating cells and progenitors in the adult
hippocampus. We confirmed that the “outside-in” layering pattern of the DG continues
through adulthood and that cells born during early development make larger numeric
contributions to both the total number of granule cells and the number of adult progenitors
than those born in the adult. Our study also presented a within-subjects demonstration that
cells that divided during early development can continue to divide in the adult. We also
showed that a subpopulation of progenitors in the DG divides infrequently from early
development on.

Consistent with earlier work (Angevine, 1965; Bayer, 1980b; Crespo et al., 1986;
Muramatsu et al., 2007; Rakic and Nowakowski, 1981; Schlessinger et al., 1975), our
experiments with both BrdU and retrovirus labeling demonstrated that a cell’s birth-date
correlated with its subsequent location within the GCL. Early-born cells layered to the
outside (closer to molecular layer) compared with later-born cells (closer to hilus).
Retroviral data were also an important complement to the BrdU data, supporting the finding
that the outside layering of BrdU+ labeled at E15 was not a consequence of BrdU cytotoxic
effects that resulted in overall decreased DG volume. Using retrovirus, we were able to
follow early-born cells without dilution of the label in the adult and to examine the layering
of more than one proliferating population in the same brain using multiple fluorophores,
thereby confirming the outside-in layering pattern of the GCL. Comparing the results from
BrdU and retrovirus experiments, the percentage of labeled cells layered to the inside was
considerably less after BrdU (Figure 1E) than after retroviral (Figure 21) labeling in the
embryonic and postnatally injected groups. We hypothesize that this difference is due to
BrdU dilution in cells continuing to divide in inner layers; such dilution does not occur in
retrovirus-labeled cells. On the other hand, we were not able to perform stereological
quantifications on the total number of labeled cells or the number of proliferating/progenitor
cells with retrovirus labeling, due to the highly variable labeling efficiency and possible
silencing of retroviruses in neural stem cells (Ellis, 2005). It remains possible that our
quantitative estimates of the embryonic contribution to the DG were low, due to BrdU
teratogenic effects on the DG, altered BrdU distribution and metabolism through the
placenta, and a single day of injection. We present estimates with this caveat.

Our findings yield strong support to previous anatomical findings (Angevine, 1965; Bayer,
1980b; Muramatsu et al., 2007; Schlessinger et al., 1975) that the GCL has an outside-in,
birth date-based layering. The functional consequences of these anatomical differences are
presently unclear. So far, only small differences have been shown between mature early- and
adult-born cells, in terms of electrophysiologic and cell morphologic properties (Laplagne et
al., 2006). However, abnormal layering of GCL has been associated with certain
pathological conditions. For example, seizures induce changes in the reelin signaling
pathway that may be responsible for the ectopic migration of granule cells (Gong et al.,
2007).

The functional significance of adult neurogenesis in the DG may not depend on the specific
layering of adult-born cells but may rather on the unique process of newborn cells maturing
and integrating into an existing circuit. Adult-born cells display distinct electrophysiological
properties before they fully mature, and granule cells at immature stages are specifically
required for certain learning tasks (Deng et al., 2009; Ge et al., 2007; Mongiat et al., 2009;
Schmidt-Hieber et al., 2004). Therefore, it is possible that adult-born granule cells play a
distinct role at immature stages but are functionally similar to early-born cells after they
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fully mature. On the other hand, although mature early- and adult-born cells are not
significantly different from each other in general electrophysiological properties and
connectivity, they may be recruited to different networks that represent the environment in
which they matured (Aimone et al., 2009; Tashiro et al., 2007).

We show that early-proliferating, infrequently dividing cells constituted a considerable
fraction of adult-dividing cells in the DG. Importantly, the lack of BrdU dilution in early-
labeled, adult-dividing cells (Figure 3, 4) points to the existence of a population of
infrequently dividing SGZ cells that continues to divide through adulthood. These cells must
have divided fewer than 9 times (Palmer et al., 2000) between E15 and P63 — less often than
once a week — and continued to divide in the adult. The number of such cells is not
insignificant, as a single embryonic BrdU injection labels over 5% of the adult-dividing
population (Table 2). These data certainly support the existence of a stem-like proliferative
population that defies the previously proposed steady-state, 12—-25h cell cycle model for the
DG progenitors (Cameron and McKay, 2001;Hayes and Nowakowski, 2002;Nowakowski et
al., 1989). In fact, two types of progenitor cells have been described in the adult
hippocampus (Fukuda et al., 2003;Garcia et al., 2004;Seri et al., 2004;Suh et al., 2007).
They are different in morphology, expression of molecular markers and mitotic features.
Type 1 cells have radial processes that span the granule cell layer and ramify in the inner
molecular layer, whereas type 2 cells do not have long processes. Although the lineage
relationship between the two types of hippocampal progenitors awaits clarification, studies
using different mouse models consistently showed that type 1 cells are relatively quiescent
and type 2 cells are actively dividing (Fukuda et al., 2003;Seri et al., 2004;Suh et al., 2007).
Our observation of BrdU retaining cells after a long survival interval clearly supports the
contention that a subpopulation of hippocampal progenitors divides infrequently from early
development on.

Comparing the three developmental time points, there is clearly a dramatic decrease in the
proliferating population as the number BrdU+ cells labeled at P35-37 is only about 5-8% of
those labeled at E15 and P5-7. This number is further decreased upon aging (Kempermann
et al., 1998). The number of BrdU+Ki67+ cells also decreased significantly in young adult,
which is only 20-40% of the number labeled at E15 and P5-7. Given the possibility of BrdU
dilution over longer survival time intervals, we may be underestimating the changes in the
BrdU+Ki67+ population. These data suggest that the progenitor population in the SGZ is
either decreasing in number or becoming more quiescent when mice develop into early
adulthood. Future studies will be necessary to examine how adult hippocampal progenitors
are regulated and maintained throughout development.

It is clear that cells dividing during embryonic and early postnatal development contribute
significantly to the progenitor population in the adult DG. Does that mean that a
developmental insult to proliferation will damage future dividing populations more
extensively, or more chronically, than a similar insult to the adult? Will adult neurogenesis
be fully able to compensate for the effects of such a developmental insult? Current data
concerning these questions are conflicting (Bayer and Altman, 1975; Bayer et al., 1973;
Chen and Hillman, 1986; Ciaroni et al., 2002; Naylor et al., 2008; Zhang et al., 2009), and
further exploration is needed. Addressing the roles of cells dividing during early
development will help determine whether developmental neurogenesis figures distinctly in
the form and function of the adult DG. It may also help to reveal which properties of adult-
born neurons make lifelong neurogenesis useful and evolutionarily conserved.
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