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Abstract

Adult hippocampal neurogenesis has been implicated in cognitive and emotional processes, and in
response to antidepressant treatment. However, little is known about how the adult stem cell
lineage contributes to hippocampal structure and function and how this process is modulated by
the animal’s experience. Here we perform an indelible lineage analysis and report that neural stem
cells can produce expanding and persisting populations of not only neurons, but also stem cells in
the adult hippocampus. Furthermore, the ratio of stem cells to neurons depends on experiences of
the animal or the location of the stem cell. Surprisingly, social isolation facilitated accumulation of
stem cells, but not neurons. These results show that neural stem cells accumulate in the adult
hippocampus, and that the stem cell-lineage relationship is under control of anatomic and
experiential niches. Our findings suggest that, in the hippocampus, fate specification may act as a
form of cellular plasticity for adapting to environmental changes.

In the adult hippocampus, the process of neurogenesis (the birth, differentiation, and
survival of neurons) is highly susceptible to experimental manipulation of external and
internal milieus. Exercise with environmental enrichment (EEE) and antidepressant
treatment increase adult hippocampal neurogenesis, while social stress and glucocorticoids
decrease it, suggesting that life experiences dictate how adult-born neurons contribute to
hippocampal structure and function (Airan et al., 2007; Dranovsky and Hen, 2006; Malberg
et al., 2000; Stranahan et al., 2006; van Praag et al., 1999). Adult-born neurons have been
causally implicated in specific cognitive and emotional functions (Leuner et al., 2006; Sahay
and Hen, 2007; Zhao et al., 2008), and several recent studies have begun to delineate a role
for adult hippocampal neurogenesis within normal hippocampal physiology (Clelland et al.,
2009; Kitamura et al., 2009; Sahay et al., 2011; Saxe et al., 2006). However, the extent to
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which adult-born neurons contribute to normal brain function remains controversial because
their contribution to hippocampal structure remains unclear (Breunig et al., 2007).

Adult-born neurons are thought to differentiate from radial astrocyte-like neural stem cells
(NSCs) via an intermediate multipotent neuronal progenitor (IP) and become integrated into
existing networks (Carlen et al., 2002; Laplagne et al., 2006; Seri et al., 2004; Toni et al.,
2008; van Praag et al., 2002). Adult NSCs are currently thought to be a slowly dividing,
relatively quiescent reservoir (Encinas et al., 2006), although this notion is beginning to be
challenged (Lugert et al., 2010). Mitotic cell label retention studies suggest that some adult-
born neurons persist for the life of the animal (Dayer et al., 2003; Doetsch and Hen, 2005).
However, mitotic label retention is not informative about populations of cells since a
decrease in labeled cells can represent either cell death, or label dilution that accompanies
increased division (Breunig et al., 2007). Unlike label retention studies, indelible lineage
analysis is a cumulative assessment of cellular populations derived from genetically defined
stem cells. Such populations are a summation of the birth and death of all cells within the
NSC-derived lineage. Hence, indelible lineage analyses have been successfully used to
examine tissue homeostasis (Morrison and Spradling, 2008).

Some indelible lineage studies have been carried out looking at the adult hippocampus (Ahn
and Joyner, 2005; Imayoshi et al., 2008; Lagace et al., 2007; Li et al., 2008). However, the
results have been widely variable since sensitivity of cellular proliferation to environmental
changes renders even subtle experimental differences to manifest in increasingly
pronounced changes as the lineage expands over time. Such changes would be especially
profound if experimental differences affected the specification of stem cell fate, since
directing stem cell fate results in altering the trajectory of the entire derived lineage.
Consistent with this notion, indelible lineage analyses from several adult non-neuronal stem
cell systems have suggested that changes in the stem cell niche result in modified lineage
trajectories and tissue homeostasis (Clayton et al., 2007; Jones et al., 2007; Nakagawa et al.,
2007; Ying et al., 2008). Moreover, current lineage-tracing systems have been unsuccessful
in restricting genetic recombination to NSCs, targeting both NSCs and rapidly amplifying
progenitors and thus limiting the ability to examine how experiences can impact the NSC
lineage potential. Given the complexities of indelible lineage studies fundamental questions
like, whether adult-born neurons are an accumulating population or if they exist transiently
during an immature phase remain unanswered. Therefore, rules governing how changes in
the environment result in changes in the cellular composition of the NSC lineage over time
are unknown.

Here we report a unique genetic system, which allows indelible lineage analysis from
GFAP* radial NSCs, but not from GFAP~Tbr2" neural progenitors. We assessed the
contribution of NSCs and their terminal progenies to cellular populations of the
hippocampus using an in vivo indelible lineage analysis with comprehensive quantification
and fate mapping in the adult mouse. Here we report that, in addition to contributing a
persistent population of adult-born neurons and undergoing self-renewal, labeled NSCs can
accumulate. Remarkably, NSCs in the more active upper blade of the dentate gyrus
produced many neurons; consistent with the presence of an intermediate transit amplifying
cell (Clayton et al., 2007; Doetsch, 2003; Jones et al., 2007; Nakagawa et al., 2007; Zhao et
al., 2008). However, in the less active lower blade a fixed ratio between NSCs and their
neuronal progeny made transit amplification less likely. Moreover, manipulating the
animal’s environment produced fate shifts of the NSC-derived lineage towards a terminal
neuronal population in environmentally enriched animals, or an NSC-accumulating
population in socially isolated and X-irradiated animals.
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We conclude that the lineage relationship between NSCs and their progeny is not fixed, but
is dictated by anatomic and experiential niches. Based on our data we propose a model to
explain the relationship between NSCs and neurons that may be applicable to understanding
tissue homeostasis in other organ systems. We suggest that in the case of adult hippocampal
neurogenesis, the NSC-progeny relationship reflects neuronal activity and the animal’s
experiences, and represents a novel form of neuronal plasticity.

Indelible labeling of adult NSCs

In order to examine how the adult NSC lineage contributes to hippocampal structure we
developed a transgenic approach allowing for temporal control of genetic recombination,
which is restricted to NSCs (Fig 1). Nestin-CreERT2 mice were generated and bred to an
enhanced yellow fluorescent protein (EYFP) reporter line (Srinivas et al., 2001) allowing for
indelible lineage tracing analysis in adult mice following administration of tamoxifen
(TMX) (Fig 1B, C). We estimated that EYFP* NSCs were contributing ~50% of total
surviving adult-born neurons after lineage equilibrium was achieved (Figure S1F). No EYFP
expression was observed 1 or 6 months following vehicle administration (Fig 1D,E).
Therefore, the appearance of EYFP* cells over time was entirely accounted for by the
expansion of the EYFP* lineage after a brief TMX pulse. Moreover, TMX treatment did not
result in sustained differences in proliferation (Fig S1E).

Nestin is expressed by both NSCs and intermediate progenitors (Zhao et al., 2008). In order
to distinguish which of the two cell types incurred cre-mediated recombination in our
system, we used the astrocyte marker GFAP and the intermediate progenitor marker Thr2.
Glial fibrillary acidic protein (GFAP) is expressed by both stem and non-stem astrocytes,
which can be distinguished respectively by their radial and stellate morphologies (Seri et al.,
2004). Thr2 was recently established to be predominantly expressed in adult hippocampal
IPs, but not NSCs (Hodge et al., 2008). BrdU was administered to the animals to establish
which cells were undergoing division around the time recombination took place. 48 hours
after TMX and BrdU administration we observed EYFP cytoplasmic staining in the SGZ
cell bodies (Fig 1F-J). Quadruple labeling for EYFP, GFAP, Thr2 and BrdU revealed that
most cells undergoing recombination were GFAP* (Fig 1G,K). In addition to EYFP*GFAP™*
cells in the SGZ, the presence of EYFP*GFAP* stellate cells in the molecular layer of in the
dentate revealed that recombination was taking place in at least some non-stem astrocytes
(Fig 1G). Closer analysis revealed that the majority of cells undergoing recombination were
GFAP*Tbr2 BrdU™~ (Fig 1K) suggesting that recombination did not occur in IPs but was
predominant to GFAP-expressing astrocytes that were not undergoing division. While we
identified a small number of Thr2-expressing EYFP* cells 48 hours after recombination, all
EYFP*Thr2* cells were also GFAP* and BrdU* (Fig 1G-J). Similarly, all EYFP*BrdU™*
cells were GFAP* and Thr2* (Fig 1G-K). Taken together the results suggest that
recombination occurs predominantly in radial astrocytes and that Tbr2 is expressed by
dividing radial astrocytes in addition to proliferating IPs.

Given that we observed recombination in stem and non-stem cells, it became critical to
establish the identity of the predominant cell type labeled by our system. We first examined
if EYFP™ cells in the SGZ also expressed Nestin and GFAP (Fig 2A-D). As expected, 6
days after TMX (when we were first able to detect EYFP in the cellular processes), almost
all EYFP* cells are also Nestin* (data not shown). Remarkably, almost all EYFP*Nestin*
cells were also expressing GFAP (Fig 2S), further indicating that recombination was taking
place in nestin-expressing NSCs, but not nestin-expressing IPs.

Two developmental lineage studies identified glial fibrillary acidic protein (GFAP) and
brain lipid-binding protein (BLBP) as functional stem cell markers during embryonic brain
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development (Anthony et al., 2004; Malatesta et al., 2003). We therefore used BLBP along
with GFAP and radial morphology to identify EYFP* NSCs (Figs 2E-H). GFAP and BLBP
are also expressed by terminally differentiated stellate astrocytes, which can be readily
distinguished from NSCs by expression of non-stem astrocyte marker-S100p (Fig 21-L).
Quantitative analysis revealed that while virtually all EYFP*GFAP™ radial cells also
expressed BLBP, none of them expressed S100p (Fig 2Q,R). We could also readily identify
stellate EYFP*GFAP* cells, which were S100p* (data not shown) and were thus determined
to be terminally differentiated astrocytes. Finally, we identified numerous actively dividing
EYFP*GFAP* radial cells using the S-phase marker MCM2 (Fig 2M-P) providing further
evidence that EYFP* NSCs can divide.

Taken together these results established that EYFP*GFAP* cells with radial morphology
could be regarded as NSCs and these criteria were used to identify NSCs in subsequent
experiments.

In order to identify cellular populations within the NSC lineage, we performed fate-mapping
studies with validated cellular markers and established morphology. Our preliminary
analysis revealed that 1 month after recombination, EYFP could be detected in radial (Fig
3A,B) and stellate (Fig 3C) GFAP* astrocytes, immature doublecortin-expressing neurons
(Fig 3D) and mature neurons (Fig 3E). EYFP* neurons were identified by co-expression of
NeuN (Fig 3E), while doublecortin (DCX) was used to identify neuroblasts and immature
neurons (Fig 3D) (Ming and Song, 2005). Fate mapping analysis of the EYFP* cells as they
emerged after TMX treatment revealed that initially radial NSCs constituted 75% of EYFP*
cells (Fig 3F). EYFP*GFAP~DCX™ round cells constituted the 2" largest population.
Immature neurons (EYFP*DCX*) began to accumulate after 2 weeks (Fig 3F) with
EYFP*DCX*NeuN~ neuroblasts preceeding EYFPTDCX*NeuN™ maturing neurons (Fig
S2A). Moreover, EYFP* axons were detected within 2 weeks in the major dentate gyrus
output tracts (mossy fibers) and increasingly represented over the course of a month
following TMX (Fig S2B—H). Taken together, our studies indicated that TMX induces
EYFP expression in mostly NSCs, which have a lineal relationship with the major cell types
previously reported to comprise the adult hippocampal NSC lineage: intermediate
progenitors, immature neurons, mature neurons, and non-stem astrocytes.

We next performed a quantitative evaluation of the NSC lineage over the course of the
animals’ adult life. Prior studies have reported that many of the adult-born neurons do not
survive to maturity, but cells that survive for four weeks are likely to be present one year
later (Kempermann et al., 2003). Adult animals were administered TMX and sacrificed after
1, 3, 6, or 12 months of standard laboratory housing. We noted an accumulation of the
EYFP* cells as the animals aged (Fig 4A-D). We also observed a previously reported
decrease in DCX* cells between the 3 and 6-month-old animals (1 and 3 months groups, Fig
4E,F) and between the 9 and 15-month-old animals (6 and 12 months groups, Fig 4G,H).
Interestingly, in 15-month-old animals (12 months group) the NSC-derived lineage persisted
despite sparse neurogenesis as indicated by few DCX* immature neurons (Fig 4H).

Currently, the majority of adult-born hippocampal cells are thought to become neurons
derived from relatively quiescent NSCs via transit amplifying IPs (Doetsch and Hen, 2005;
Kempermann et al., 2006; Kempermann et al., 1997; Ming and Song, 2005). We thus
expected to see an increase in the proportion of neurons with a corresponding decline in the
proportion of NSCs within the EYFP* lineage over time. Neurons did constitute the largest
proportion of the EYFP™ lineage, with GFAP* NSCs, GFAP* stellate astrocytes, and
GFAP~DCX ™ NeuN~ cells constituting the other cell types (Fig 41). Very few DCX™* cells
were NeuN™ (data not shown). This group was therefore not included as a separate
population in the analyses. Surprisingly, we detected no difference in the relative
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representation of each cellular population within the lineage over time until the last time
point measured, where the neuronal contribution increased [t(8)=—2.34, p=.047] (Fig 4J).
Since the NSC-derived lineage appeared to be accumulating over the time course (Fig 4A-
D) during which the proportion of NSCs remained the same (Fig 4J), the intriguing
possibility that the number of NSCs within the lineage was increasing emerged.

In order to assess the lineage potential of EYFP* NSCs, we performed unbiased
stereological analysis. We noted an accumulation of the total number of EYFP* cells (Fig
S3A) and the populations represented within it (Fig 41). Approximately 15,000 neurons were
added to the dentate gyrus between 3 and 9 months of age based on our estimate that EYFP*
neurons constituted ~50% of neurons born after TMX (Fig S1F). The effect of time for our 4
groups was significant for NSCs: F(3,12)=6.67, p=0.007, and for neurons after excluding the
12-month group F(2,9)=17.15, p=0.002. The 12-months neuron group was excluded from
the analysis due the large variance in neurons, but not other lineage populations in this group
(Fig. 41). Different variances in NSC and neuronal EYFP* populations within one group
indicated that the relationship between NSCs and their terminal progenies is not fixed in
older animals. In summary, restricting genetic labeling to NSCs revealed that these cells
proliferate, survive and can have highly variable relationships to their neuronal progeny.

NSC location determines its lineage relationship

We next tested the possibility that niche factors can direct the relationship between NSCs
and their neuronal progeny. Differences between the upper and lower blades of the dentate
gyrus were previously described (Ramirez-Amaya et al., 2006). We observed that EYFP*
NSCs appeared to constitute a greater proportion of EYFP* cells in the lower than the upper
blade (Fig 5A-C). Therefore, we compared stereological analyses between blades (Fig
5D,E). The analysis revealed differences in the number of EYFP* NSCs, but not neurons or
other populations between the upper and lower blades of the dentate 6 months after TMX
administration [t(2)=—5.554, p=0.03]. These results suggested that the lineage relationship
between NSCs and their terminal progeny differed between blades of the dentate gyrus. We
therefore examined the relationship between NSCs and neurons in each blade of the dentate
gyrus (Fig 5F,G). We were surprised to find that the lower blade of the hippocampus had a
linear relationship between NSCs and neurons (p<0.0001, R?=0.80). No such relationship
was observed between NSCs and neurons in the upper blade or the total dentate, suggesting
a variable number of symmetric divisions by intermediate cells in the upper blade. These
findings suggest that the NSC-progeny relationship can vary greatly and is under regional
control.

NSC & neuronal expansion is dissociable

Given that the NSC population was not as quiescent as previously thought, but accumulated
over time, we asked if environmental interventions known to affect neurogenesis do so by
altering NSC fate. Exposure to X-irradiation blocks neurogenesis and disrupts the
neurogenic niche (Monje et al., 2002; Santarelli et al., 2003), while exercise with
environmental enrichment (EEE) potently stimulates neurogenesis (Doetsch and Hen, 2005;
Dranovsky and Hen, 2006; Ming and Song, 2005; van Praag et al., 1999; Zhao et al., 2008).
We reasoned that a single exposure to irradiation, while killing all cells in S-phase, is
unlikely to result in the death of slowly dividing cells and could be used to separate the anti-
mitotic from the anti-neurogenic effects of X-rays. Mice were subjected to whole brain X-
irradiation, followed by treatment with TMX and then either sacrificed or exposed to
standard or EEE housing conditions for 1 month (Fig 6A). Exposure to irradiation
completely blocked neurogenesis and depleted DCX expression within 2.5 weeks (Fig 6G—
I). We observed Cre-mediated recombination in NSCs after irradiation (Fig 6C,K,0)
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suggesting that not all cells within the lineage were susceptible to X-ray-induced death and
confirming our prior observation that recombination takes place in non-mitotic cells.
Moreover, irradiated animals that were allowed to survive 1 month after TMX had more
EYFP* cells than those sacrificed immediately after TMX, demonstrating that the NSC
lineage was accumulating over time following X-ray exposure (Fig 6C,D,K,L,O,P). Fate
mapping in irradiated animals revealed that almost all EYFP™* cells were GFAP*, and most
exhibited radial astrocyte morphology indicating that mostly proliferating NSCs and few
astrocytes were being produced by NSCs (Fig 60,P). These results demonstrate that our X-
irradiation protocol completely obliterates the emergence of neurons from NSCs without
profoundly altering the ability of NSCs to survive, self-renew, and accumulate. Rather, the
effects of X-irradiation are predominantly on neurogenesis.

Sham irradiated animals exposed to EEE had an abundance of DCX* and EYFP* cells (Fig
6F,J). Most of the EYFP* cells expressed both DCX and NeuN (Fig 6N,R) indicating that
mostly neurons are produced in the NSC-derived lineage under EEE conditions. However,
the irradiated animals exposed to EEE did not exhibit marked differences in the number of
EYFP* cells from the irradiated cohort exposed to standard housing (Fig 6D,E). Fate
mapping revealed that the EYFP* lineage in irradiated animals exposed to EEE, or to
standard housing, consisted primarily of NSCs, with some astrocytes and
EYFP*GFAP~DCX~NeuN~ round cells also present (Fig 6L,M,P,Q). Comparison of X- to
sham-irradiated animals exposed to EEE revealed a fate shift from a mostly neuronal to a
predominantly NSC fate of the lineage (Fig 6B). These results demonstrate that X-
irradiation blocks accumulation of neurons, but not NSCs. Since EEE did not profoundly
affect expansion of the NSC population, we concluded that NSC and neuronal fate
specification is dissociable.

Experiences guide NSC fate & lineage homeostasis

The results above demonstrated that both NSCs and neurons were increasingly represented
within the NSC lineage, and that fate specification was dissociable. Moreover, the data
suggest that fate specification within the adult-born hippocampal NSC lineage is governed
by regional differences. We hypothesized that the NSC lineage potential, NSC-neuron
relationship, and ultimately NSC number may be subject to regulation by more naturally
occurring experiences. Social isolation was previously demonstrated to decrease cellular
proliferation and neurogenesis in the hippocampus (lbi et al., 2008; Lu et al., 2003) and alter
the effects of neurogenesis-promoting experiences (Stranahan et al., 2006). Moreover,
increased numbers of GFAP* cells were reported following adrenalectomy (Gould et al.,
1992). We asked if social isolation and EEE induce changes in adult hippocampal
neurogenesis by instructing a fate shift within the lineage towards NSC accumulation or
neurogenesis. Animals were exposed to either social isolation or EEE, followed by
stereology and fate mapping analysis 1 and 3 months after TMX. After 1 month, EYFP*
cells appeared to accumulate in both socially isolated and EEE-exposed animals compared
to animals housed under standard laboratory conditions (Fig 7D—F). We noted that while
there were fewer DCX™* cells in socially isolated (Fig 7A) compared to standard housed (Fig
7B) animals, more EYFP™* cells exhibited NSC morphology in the isolated group (Fig 7D).
EEE profoundly increased neurogenesis and expanded the EYFP* lineage (Fig 7C,F).
Socially isolated animals had a significant increase in the proportion of EYFP* NSCs [t(6)=
—3.181, p=0.0095]; while the proportion of EYFP* neurons was greater in animals exposed
to EEE [t(5)=—3.244, p=0.012] compared to standard-housed animals (Fig 7G). Animals
exposed to 1 month EEE also had proportionally fewer EYFP* NSCs than their standard-
housed controls [t(5)=4.351, p=0.004]. Interestingly, after 3 months of environmental
manipulations, there was no significant effect of social isolation on the proportion of EYFP*
NSCs [t(6)=1.705 p=.07], while effect of EEE on the proportion of EYFP* neurons was
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augmented [t(4)=—2.820, p=0.03] compared to the 1 month time point (Fig 7H). Following 3
months of EEE, neurons constituted over 80% of the lineage and less than 10% were NSCs.

Unbiased stereological analysis revealed a greater than two-fold increase in the absolute
number of EYFP* NSCs in socially isolated animals compared with standard-housed
animals (Fig 71). This effect was unchanged 3 months later. Following 1 month of EEE,
animals exhibited accumulation of EYFP* neurons [t(5)=—2.005, p=0.05] compared to
standard-housed animals (Fig 7J) surpassing the 6-month peak under standard laboratory
housing (Fig 41). This effect was further amplified following 3 months of EEE with over
70,000 EYFP* neurons surviving within the lineage. This finding corresponded to a
decrease in DCX* cells in the 3 months EEE (Fig S7C) compared to the 1 month EEE
groups (Fig 7C) suggesting that while the neurogenic effect of EEE reached a plateau by this
time, newly generated neurons continued to survive and populate the dentate gyrus. There
was no increase in EYFP* NSCs after 1 month [t(5)=—1.054, p=0.17] or 3 months [t(4)=
—1.181, p=0.15] of EEE. These results indicate that social isolation and EEE have opposite
effects on the fate of the NSC lineage, and that NSC and neuronal accumulation can be
dramatically affected by the animal’s experience.

Having established regional differences in the potential of NSCs for neurogenesis between
the upper and lower blades of standard-housed animals (Fig 5), we next asked if the effects
of social isolation and EEE could also direct the fate of the lineage by changing the NSC-
neuron relationship. The proclivity of NSCs to produce neurons was compared between
socially isolated, standard-housed, and EEE animals by looking at the relationship of NSCs
and neurons within the EYFP* lineage (Fig 7K). The results indicate that EEE exposure
promotes a variable relationship between NSCs and their neuronal progeny [p=0.297,
R2=0.264], dramatically increasing the number neurons that are produced by relatively few
NSCs and providing strong support for neurogenesis through a transit amplifying
intermediate progenitor. Conversely, in animals exposed to social isolation, NSCs and
neurons exhibited a linear relationship [p=0.056, R?=0.484] with a slope similar to that
found in the lower blade of standard-housed mice. Both EEE and socially isolated animals
lost the disparity in the NSC-neuronal homeostasis between upper and lower blades (Fig S6)
that was seen in controls (Fig 5F,G). In socially isolated animals 1-2 neurons were produced
for every NSC in the total dentate exhibiting a linear stoichiometry unlikely to be associated
with a transit-amplifying cell.

Given that many adult-born neurons undergo apoptosis, but there is no direct way to assess
cell death over time, we examined if our behavioral interventions could affect cellular
survival to account for differences in lineage trajectories (Fig S4A). We found that social
isolation did not decrease cellular survival and that enrichment increased survival (Fig S4B)
by a magnitude that could not account for the observed lineage gains (Fig 7J,K). We also
assessed the numbers of cells undergoing apoptosis at time of sacrifice in each group in this
study (Fig S4C-F). We did not detect differences in the number of apoptotic cells between
our behavioral interventions (Fig S4C). Moreover, the number of cells undergoing apoptosis
did not correlate with accumulation of EYFP™* cells across the groups (Fig S4D). We also
did not detect differences in the number of cells undergoing apoptosis between the different
age groups used in this study (at different time points) (Fig S4E,F). Thus, social isolation
promoted accumulation of EYFP* NSCs and instructed NSCs towards a linear relationship
with their terminal neuronal progeny. EEE promoted accumulation of EYFP* neurons and
instructed NSCs towards a variable relationship with their terminal neuronal progeny.
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Discussion

NSCs accumulate in the adult dentate gyrus

Here we report the first system that allows for inducible cre-mediated recombination in adult
hippocampal radial GFAP-expressing NSCs, but not GFAP~Tbr2-expressing neural
progenitors. Surprisingly, we observed an increase in the absolute number of EYFP* NSCs
over time. In the adult brain, radial astrocyte-like stem cells are currently considered to be
“quiescent”, self-renewing, and are not thought to accumulate (Encinas et al., 2006). One
recent lineage study suggested that NSCs undergo a limited and constant number of
asymmetric divisions resulting in self-renewal only, followed by differentiation into terminal
astrocytes suggesting that NSCs are depleted with age (Encinas et al., 2011). However, an
inherent limitation of genetically defined lineage studies is the potential for functional
heterogeneity within the genetically defined stem cell. NSC heterogeneity was recently
proposed in a report describing a non-radial multipotent cell with astrocyte-like properties
(Lugert et al, 2010). While the lineal relationship of these horizontal cells to radial NSCs
remains to be established, more horizontal cells were present in animals subjected to
experimental seizure protocols. The latter finding suggests a stem cell dormancy hypothesis
that is further supported by historical observations that even in aged animals, when baseline
proliferation is minimal, EEE induces a robust increase in neurogenesis (Kempermann et al.,
1998). The increase in EYFP* NSCs over time reported in this study demonstrates that
radial NSCs are not simply self-renewing, but can undergo population expansion, and
perhaps, turnover. Whether these proliferating NSCs represent a distinct sub-population of
cells, or if the stem cell niche can instruct all NSCs to proliferate remains to be determined.

Lifetime contribution of the NSC lineage

Our comprehensive in vivo analysis of the adult-born hippocampal NSC lineage reveals that
multiple cellular populations survive for extended periods of time and have the capability to
accumulate. Along with the potential to divide, diversity of stem cell progeny can also be
instructed by the niche or reflect stem cell heterogeneity. Our results form the basis for an
important question: whether the same or different NSCs or IPs produce NSCs, astrocytes, or
neurons (Fig 8). Further characterization of the NestinCreERT2 and other genetically
defined NSC pools should reveal whether lineage diversity currently ascribed to adult NSCs
reflects truly multipotent cells or a heterogeneous pool of committed progenitors and
whether all or only some NSCs can proliferate.

We report that modest neurogenesis under standard laboratory housing can dramatically
increase to produce over 70,000 neurons within three months under more naturalistic
conditions of EEE. Hence, persistent adult-born neurongenesis can make a substantial
contribution to the 500,000-neuron dentate gyrus (Abusaad et al., 1999; Kempermann et al.,
1998)

Accumulation of EYFP™ cells under standard laboratory housing varied greatly with the age
of the animals. Age-related decline in adult hippocampal neurogenesis has been well
established (Drapeau and Abrous, 2008). Specifically, neurogenesis decreases much more
rapidly between the 1 and 3-month groups (3—4 and 5-6 month-old animals) than between
the 3 and 6-month groups (5-6 and 8-9 month-old animals) as demonstrated by several
groups using different markers (Seki and Arai, 1995; Wu et al., 2008). Thus, any gains in
EYFP* cells between 1 and 3 months after TMX are obscured by a logarithmic age-related
decline in baseline neurogenesis during this time period. However, gains between 3 and 6
months are readily apparent since neurogenesis becomes more constant in this time period.
It is also noteworthy that our study design does not distinguish if one of the genders
accounts for the observed differences.
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Increased variance in the number of EYFP* neurons in the 12 months group (Fig 41) with
low variance in the number of EYFP* NSCs in the same animals revealed that the capacity
of NSCs for generation of neurons and/or the viability of adult-born neurons varies greatly
in older animals. Similarly, the NSC-neuronal relationship differed between the upper and
lower blades of the dentate gyrus and between EEE and socially isolated mice. Remarkably,
the NSC-neuronal relationship was linear in the lower blade of the DG, suggesting that in
some instances the presence of a dedicated transit amplifying cell is not required to explain
the NSC-neuronal relationship as explained below.

Evidence for a more versatile intermediate progenitor

An NSC-progeny relationship that shifts between linear and variable is inconsistent with the
current model of adult hippocampal neurogenesis. Similar to the biology of resident stem
cells in other organs, NSC division is currently thought to result in a transit amplifying IP
cell and another NSC. The IP is then thought to divide symmetrically multiple times before
differentiating into its terminal fates and has been termed a “transit-amplifying cell” (Fuchs,
2009; Jones et al., 2007; Zhao et al., 2008). Unlike other stem cells, resident stem cells in the
epidermis were recently shown to follow lineage expansion with a linear stoichiometry by
which each intermediate progenitor cell divides to produce one intermediate progenitor and
one terminally differentiated cell (Clayton et al., 2007). Mathematical modeling suggests
that expansion with linear stoichiometry is inconsistent with transit amplification (Clayton et
al., 2007; Jones et al., 2007). While linear expansion was reported for epidermal
differentiation, expansion through a transit amplifier is observed in models of epidermal
injury (Ghazizadeh and Taichman, 2001). These seemingly paradoxical findings have
generated a controversy about the homeostasis underlying stem cell differentiation (Jones et
al., 2007).

Our results indicate that exposure to different environments can influence the proclivity of
NSCs for proliferation versus neurogenesis. This interpretation is most dramatically
supported by the results of the X-irradiation experiment where disruption of the NSC niche
prevented neurogenesis, but permitted NSC proliferation. Furthermore, we observed a
homeostatic shift from linear to a variable NSC-neuronal relationship following more
naturalistic environmental manipulations or with a more restricted anatomic analysis of
animals exposed to standard laboratory housing. In order to place our findings into the
context of reports describing tissue homeostasis in other organs, we propose a new model
for adult hippocampal neurogenesis (Fig 8). Our results are most consistent with an
intermediate progenitor that can divide to produce neurons or NSCs, or undergo multiple
symmetric divisions acting as a transit-amplifying cell. The mode of lineage expansion is
dictated by the structural (anatomic) niche and functional changes in the niche resulting
from the animals’ experiences. More neurogenesis would be expected under conditions in
which symmetric amplification of an IP and terminal differentiation were favored, while less
neurogenesis would be associated with accumulation of NSCs. Interestingly, one recent
report found that intermediate progenitors can function as transit amplifying cells during
spermatogenesis, but produce germ stem cells following stem cell depletion (Nakagawa et
al., 2007). It is enticing to speculate that the ability of intermediate progenitors for transit
amplification upon demand is a general property of many stem cell systems. Transit
amplification was demonstrated in the developing brain by direct visualization of
intermediate progenitors undergoing division over time (Noctor et al., 2004). A similar
experiment would test our model in the adult hippocampus.

Cell death and cellular turnover within the NSC lineage

Cell survival impacts any lineage as it accumulates, but unfortunately the number of cells
undergoing apoptosis over time is difficult to quantify due to transient expression of
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apoptotic markers and rapid clearance of dead cells. While some indirect information about
cumulative cell death can be achieved through BrdU survival studies, the technique provides
limited information about total populations of cells (Taupin, 2007). BrdU survival
experiments are least informative about slowly dividing NSC and rapidly dividing IP
populations since the former are poorly labeled by BrdU, while decreased label retention in
the latter can reflect either cell death or multiple divisions (Dayer et al., 2003; Encinas et al.,
2011; Mandyam et al., 2007; Taupin, 2007). Hence, the contributions of NSC and IP cell
death during lineage accumulation and in response to environmental manipulations remain
to be determined.

Our own cell survival studies of neurons, which are post-mitotic and thus lend themselves to
BrdU survival studies did not detect an effect of social isolation on survival (Fig S4A,B). In
EEE-treated mice, in addition to observing a well-established and robust increase of
proliferation (data not shown), we also detected increased neuronal survival suggesting that
decreased neuronal death contributes to the lineage gains described in this study. Our
inability to detect any relationship between apoptosis and lineage expansion, within or
between any of our groups suggests that apoptosis (Fig S4D,F), while impacting
accumulation of the lineage, is unlikely to account for the differences that we observe.

of the NSC lineage as a form of cellular plasticity in the adult brain

An expanding stem cell compartment could allow the brain to grow a NSC reservoir during
deprived conditions such as isolation stress. This brain adaptation would then allow an
augmented neurogenic response through experience-directed fate specification when the
environment became richer. An analogous type of proliferative control was recently
recapitulated in a more artificial, embryonic stem cell system where extrinsic stimulation
and activation of signaling pathways favored differentiation, while depleting these signals
favored self-renewal (Ying et al., 2008). The signals dictating changes in the fate of the NSC
lineage remain to be determined. Of particular interest are the multiple observations that
neural activity is positively linked to cell division in the adult dentate gyrus (Deisseroth et
al., 2004; Tozuka et al., 2005). Environmental enrichment was previously demonstrated to
increase neuronal activity in the dentate gyrus (Tashiro et al., 2007) while social isolation
was recently demonstrated to decrease it (Ibi et al., 2008). Moreover, baseline differences in
neuronal activity were described between the upper (more active) and lower (less active)
blades of the dentate gyrus (Ramirez-Amaya et al., 2006). Our observations of a linear
relationship between neurons and NSCs in the lower blade and following social isolation in
contrast with transit amplifying dynamics in the upper blade and following EEE are
consistent with activity differences under these conditions. We suggest that regional
differences in baseline neuronal activity and activity changes in response to a changing
environment underlie regulation of the NSC lineage. We therefore propose a novel form of
cellular plasticity where the brain responds to changes in the environment by shifting the
dynamics of both stem cell differentiation and survival and thus altering the fate of the adult-
born stem cell lineage. In our model, NSCs accumulate under deprived conditions resulting
in increased neurogenic potential when more favorable conditions return. Such cellular
plasticity would provide additional computational units, potentially needed when enriched
environments tax hippocampal function.

Experimental Procedures
Generation of nestin-CreERT2/R26R-YFP mice

The CreERT2 sequence was removed from pCreERT2 (AA2) (Feil et al., 1997) a generous
gift from P. Chambon) by EcoRI and inserted into the Xhol of pNerv-SXN (Josephson et al.,
1998) a generous gift from R. Josephson). Orientation of the gene was confirmed by
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sequencing. Nestin-CreERT?2 transgenic mice were created by pronuclear injection of a Sall
digest of pNerv-SXN-CreERT2 into fertilized embryos. Nestin-CreERT2 animals were bred
with R26R enhanced yellow fluorescent protein (EYFP) reporter mice (Srinivas et al.,
2001). All genotypes were confirmed by PCR.

Adminstration of Tamoxifen (TMX) and Bromodeoxyuridine (BrdU)

Animals aged 8-12 weeks were administered 5mg of tamoxifen (Sigma, St. Louis, MO)
suspended in 100uL 1:1 honey:water mixture by gavage once a day for 4-5 days; or twice,
12h apart (experiments 1F-K, 2, 3F, S2A, S3). Animals were administered TMX in their
home cages and then placed in their experimental environments. X-irradiated animals were
administered TMX while undergoing enrichment. Animals were administered BrdU
(150mg/kg IP) once with the first TMX administration (1F-K), twice with the final 2 TMX
administrations (S3), and on four consecutive days (S6A,B).

Animal Housing

X-irradiation

Standard-housed animals were kept in standard laboratory cages, 4-5 animals per cage, and
sacrificed 24h (n=3), 48h (n=5), 5 days (n=3), 2 weeks (n=2), 1 month (n=3, 4), 3 months
(n=3), 6 months (n=3), or 12 months (n=6) after the first day of TMX. EEE conditions have
been previously described (Meshi et al., 2006), however animals were housed 6 to an
enriched cage. EEE animals were sacrificed 1 (n=3) or 3 (n=3) months after TMX. Socially
isolated animals were individually housed and sacrificed 1 (n=4) or 3 (n=4) months after
TMX. Animals in all housing conditions were provided with food and water ad libitum. All
animal experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals and approved by the Columbia University and New York State
Psychiatric Institute Animal Care and Use Committee.

Mice were anesthetized with 120mg/kg ketamine plus 8mg/kg xylazine (Phoenix
Pharmaceuticals, St. Joseph, MO) diluted in sterile saline. Animals were placed in a
stereotaxic frame with the top of the head resting 30cm below the X-ray source. A lead
shield protected the body of the animals. Animals (n=5) were exposed to cranial irradiation
using a Siemens Stabilopan X-ray system operated at 300 kVp and 20mA. X-rays were
delivered one time for 5.5 mins, resulting in a dose of approximately 10 Gy. Dosimetry for
this system has been reported elsewhere (Santarelli et al., 2003). Sham irradiated controls
(n=2) received anesthesia only.

Sample Preparation

Animals were anesthetized as above and transcardially perfused with 4% paraformaldehyde
(PFA). Brains were postfixed in 4% PFA overnight, cryoprotected in 30% sucrose,
cryosectioned at 40um, and stored in PBS with 0.02% sodium azide.

Immunohistochemistry

Free floating sections were washed in PBS, blocked and permeablized in 10% normal
donkey serum and 0.5% triton X-100, and incubated overnight at 4°C in primary antibodies
(except BLBP - 36h, and Nestin - 7d) in blocking solution.. For Nestin and BrdU, sections
were mounted onto slides and antigen retrieval was performed. The following antibodies
were used: Rabbit anti-BLBP (1:1000, gift from Dr. Nathaniel Heintz); Rat anti-BrdU
(1:100, Serotec, Martinsried, Germany); Mouse anti-Calbindin (1:5000, Swant, Bellinzona,
Switzerland); Rabbit anti-Cleaved Caspase-3 (1:500, Cell Signaling Technology, Beverly,
MA); Goat anti-Doublecortin (1:500, Santa Cruz Biotechnology, Santa Cruz, CA); Rabbit
anti-GFAP (1:1000, DAKO, Carpinteria, CA); Chicken anti-GFP (1:500, AbCam,
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Cambridge, MA); Rabbit anti-GFP (1:1000, Molecular Probes, Eugene, OR); Goat anti-
MCM2 (1:100, Santa Cruz Biotechnology, Santa Cruz, CA); Mouse anti-NeuN (1:1000,
Chemicon, Temulca, CA); Rabbit anti-S100p (1:5000, Swant, Bellinzona, Switzerland); Rat
anti-Nestin (1:50, BD Pharmingen, San Diego, CA); and Rabbit anti-Tbr2 (1:1000, AbCam,
Cambridge, MA). All fluorescent secondary antibodies were obtained from Jackson
ImmunoResearch (West Grove, PA) and diluted 1:400 in PBS except Goat anti-Rabbit
Alexa 405 (1:200, Molecular Probes, Eugene, OR). Some sections were counterstained with
Hoechst 33342 (1:10,000, Molecular Probes, Eugene, OR). For quadruple labeling,
sequential secondary incubation was used to avoid cross-reactivity between Goat anti-Rabbit
Alexa 405 with Goat anti-Doublecortin. The Cleaved Caspase-3 antibody was visualized
using ABC and a DAB kits (Vector Laboratories, Burlingame, CA). Fluorescent confocal
micrographs were captured with an Olympus 1’X81 confocal microscope equipped with a
405 laser and the aid of Olympus Fluoview 1000v1.5 software. Representative images were
edited using Adobe Photoshop.

Identification of EYFP* neural stem cells

Three sections throughout the rostro-caudal extent of the dentate gyrus (anterior, middle,
and posterior) were analyzed. EYFP*GFAP* cells with radial astrocyte morphology were
identified from 40X confocal micrographs under 150% digital zoom and assessed for co-
expression of Nestin, MCM2, BLBP, or S100p. Over 360 EYFP*GFAP™ cells with radial
morphology were quantified for expression of BLBP and S100p. For S100p cell counts in
figures 2R and S9B, the Swant antibody was used. Fluorescent micrograph of S1008* cells
in figure 2K,L was done with the Sigma antibody.

Unbiased stereology and lineage fate mapping

The total number of EYFP™ cells were assessed in the dentate gyrus using the optical
fractionator technique. Cells in every 6™ atlas-matched, coronal section throughout the
entire rostro-caudal axis of the hippocampus were counted unilaterally using a Zeiss
Axioplan 2 microscope, MicroBrightField CX 900 digital camera, Ludl Electronic Products
MAC 5000 motorized stage, and Stereoinvestigator version 7.2 software (MBF Bioscience,
Willston, CT). Briefly, the dentate gyrus was outlined along the inner edge of the
subgranular zone and 30um from the outer edge of the granule cell layer in Hoechst-stained
sections under 20X magnification. Since neurogenesis is most robust in the internal part of
the DG, this approach was used to increase the homogeneity of target distribution and thus
minimize ascertainment bias. An 80um grid was projected over each section and EYFP* cell
bodies were counted at 63X power in a sampling volume of 40pum x 40um x 30um for
isolated and group housed animals, and 20um x 20um x 30um for enriched animals. Cells
lying within the top 10% of each section were excluded. This approach resulted in counting
150-400 cells in each brain yielding an average coefficient of error (Gundersen) of 0.062.
Ratios of cells co-labeling with EYFP and NeuN, GFAP, or DCX were counted from
confocal images of quadruple labeled sections. Three sections throughout the rostro-caudal
extent of the dentate gyrus (anterior, middle, and posterior) were captured using a 40X
objective. All EYFP* cells in 2 regions from the upper and 2 from the lower blade of the
dentate gyrus from each section were assessed for co-expression of other markers in
Fluoview software under 150% digital zoom. The absolute number of cells within each
population was calculated by multiplying the population ratio by the absolute number of
EYFP* cells as determined by stereology. The EYFP* NSC-derived lineage was estimated
to contribute approximately 50% of all DCX* neurons born after TMX administration by
dividing the number of EYFP*DCX™ cells by the total number of DCX™* cells from the same
sections. This ratio was similar across the 1-, 3-, and 6-months time points.
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Statistical analyses

Statistical analyses were performed using ANOVA or two-tailed t-tests (paired and
unpaired). One-tailed t-tests were used to compare the effects of environmental
manipulations since the direction of change was expected. Linear fit was calculated for
regression analysis. Animals from the 1, 3, and 6-month time points were pooled for
regression analyses. All analyses were carried out using SPSS software (Chicago, IL;
version 16.0). Statistical significance was defined as p < 0.05. Data are reported as mean +
SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Inducible restriction of EYFP to Nestin-expressing neural stem cells (NSCs)

(A) Administration of tamoxifen (TMX) to NestinCreERT2/Rosa26-Stop-EYFP animals
results in nuclear translocation of CreERT2 in Nestin-expressing cells, excision of the stop
cassette, and constitutive expression of EYFP (green). (B) TMX administration results in
constitutive EYFP expression by increasing numbers of NSCs, intermediate progenitors (P),
and neurons (N) over time. (C—E) EYFP expression in bi-transgenic animals 1 month after
TMX-mediated recombination (C), or 1 (D) and 6 (E) months after vehicle treatment. (F-G)
Confocal micrographs of brains from NestinCreERT2/Rosa26-Stop-EYFP animals 48 hours
after administration of tamoxifen and BrdU quadruple labeled for YFP, GFAP, Thr2, and
BrdU. YFP* cells were in the SGZ and, the molecular layers and were largely GFAP* radial
(RA) or stellate (SA) cells (F). (G) Magnified inset and (K) quantification depict that most
YFP* cells were GFAP*Tbr2-BrdU™. All of the few identified YFP*TBr2* cells were
simultaneously GFAP* and BrdU* (G-K) indicating that Thr2 expression is not limited to
progenitors but initiates in NSCs at the time of division and that recombination occurs in
GFAP* NSCs, but not Tbr2* progenitors. Many of the Thr2* and few of the GFAP™ cells
were BrdU* (J) indicating that progenitors divide more frequently than NSCs or astrocytes.
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Figure 2. Identification of EYFP* Neural Stem Cells

Confocal micrographs depict EYFP* cells with radial (A, E, I, M) morphology. These
EYFP* radial cells also express GFAP (B,F,J,N) in the radial process (D, H, L, P).
Nestin"fEYFP™ cells are almost all GFAP* and exhibit radial morphology 6 days after TMX
(A-D, S). EYFP*GFAP™ radial cells co-label with the stem cell marker BLBP (G, H), but
not with the non-stem astrocyte marker S100p (K, L). Non-radial, stellate cells co-label with
S100pB and GFAP (L, white arrow). EYFP"GFAP*BLBP* radial cells and
EYFP~GFAP*S100B* stellate cells are readily detected (H, L). However, nearly all
EYFP*GFAP* radial cells also express BLBP (Q), while almost none express S100B (R).
Some EYFP*GFAP™ radial cells co-label with the cell division marker MCM2 (O, P)

Neuron. Author manuscript; available in PMC 2012 June 9.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dranovsky et al. Page 19

® GFAP*DCX Radial
® GFAPDCX NeuN
DCX*

0.6 _[”‘3\

0.51

Proportion of EYFP+ cells
o
D

0 5 10 1|5 20 25 30
Time after TMX (days)

Figure 3. Defining the cellular components of the EYFP* neural stem cell lineage

(A-E) Confocal micrographs reveal that EYFP* cells (A) also express GFAP (B,C), DCX
(D), and NeuN (E). EYFP*GFAP* cells display morphology typical of either NSCs (B) or
stellate astrocytes (C). DCX* immature neurons (D) and NeuN*DCX™ mature neurons
(D,E) are also present within the EYFP* lineage. (F) Fate mapping analysis of EYFP* cells
following a brief TMX administration protocol reveals that GFAP*DCX"NeuN~ NSCs are
the predominant cell type present 5 days after TMX and progressively decrease as
GFAP™DCX™ cells appear over time. EYFP*GFAP DCXNeuN~ round cells are also
present at all time points.
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Figure 4. Lineage tracing and fate mapping of adult-born EYFP™ cells

Confocal micrographs reveal EYFP* cells 1 (A), 3 (B), 6 (C), and 12 (D) months after TMX
administration. DCX expression is highest 1 month after TMX (E), when the animals are
youngest, and decreases between 1 (E) and 3 (F) months, and 6 (G) and 12 (H) months time
points. Note the abundance of EYFP* cells 12 months after TMX (D) when few DCX™ cells
are present (H). (1) Stereological analysis and fate-mapping of the EYFP* lineage with
reveal that NSCs, astrocytes, and neurons accumulate from 3 to 6 months after TMX
administration. A decrease in NSCs and astrocytes occurs between 6 and 12 months and is
accompanied by an increase in variance in neurons (**p<0.01, #p<0.001). (J) The
proportion of NSCs, astrocytes, neurons, intermediate progenitors and other cellular
populations within the EYFP™ lineage. Note that the ratio of each cell type is not different
between time points until 12 months after TMX, when neurons represent a greater
proportion of the lineage than at the 6-months time point (*p<0.05). 1 (n=4); 3 (n=3); 6
(n=3); 12 (n=6) months.
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Figure 5. The NSC-neuron relationship differs between blades of the dentate gyrus

(A) A confocal micrograph depicts a similar number of EYFP* cells between upper and
lower blades of the dentate 6 months after TMX. Higher magnification reveals more
EYFP*GFAP* radial NSCs present in the lower blade (C) compared to the upper blade (B).
(D) Stereological analysis and fate mapping reveal that more EYFP* NSCs are present in the
lower blade than the upper blade at 6 months following TMX. (E) No difference in the
number of neurons is observed between blades. There is a linear relationship between NSCs
and the number of neurons they produced in the lower (G, p<0.0001), but not the upper (F)
blade of the dentate across all time points. 1(n=4); 3(n=3); 6(n=3) months.
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Figure 6. X-irradiation obliterates neurogenesis but not stem cell accumulation

(A) Animals were subjected to sham or X-irradiation, allowed 2 weeks recovery, exposed to
standard or enriched (EEE) housing, and treated with TMX. Animals were sacrificed
immediately after TMX (standard housed only) or after 1 month of standard housing or
EEE. (B) The proportion of cellular populations within the EYFP™ lineage in a
representative sham and x-irradiated EEE animal. The majority of EYFP™ cells are neurons
in sham-, and NSCs in X-irradiated animals. Confocal micrographs reveal the lack of DCX
after X- (G-1) but not sham irradiation (J), indicating that DCX is not expressed in the
irradiated brain. (C, K, O) X-irradiation does not obliterate all EYFP™ cells. (O) Surviving
EYFP™ cells are GFAP* and exhibit mainly NSC morphology. Some stellate GFAP*EYFP*
cells are also present. There are more EYFP* cells in X-irradiated animals 1 month after
TMX (D,L,P) and most cells are GFAP* NSCs (P). The number of EYFP* cells is similar in
EEE (E, M) and standard housed (D, L) X-irradiated animals. (P, Q) Radial processes are
more tortuous in NSCs of EEE X-irradiated animals than EEE shams. Higher magnification
reveals that most EYFP* cells are GFAP* and display radial morphology in X-irradiated
(O-Q), but not sham (R) animals.
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Figure 7. Social isolation and enrichment bi-directionally regulate fate of the NSC lineage
Confocal micrographs demonstrate a decrease in DCX™* cells in isolated (A) and an increase
in EEE (C) compared to standard-housed (B) animals. There are more EYFP* cells in
isolated (D) and EEE (F) compared to standard housed (E) animals. (G) Exposure to 1
month of social isolation increases the proportion of EYFP* NSCs, while EEE increases the
proportion of EYFP+ neurons compared to standard housed animals. (H) 3 months of EEE
further increases the proportion of EYFP* neurons, but no change occurs in the proportion
of EYFP* NSCs due to social isolation after 3 months (*p<0.05; **p<0.01; #p<0.001). (1)
Stereology reveals more EYFP* NSCs in isolated compared to standard-housed animals. (J)
EYFP* neurons increased following EEE, with over 30,000 counted after 3 months. (K)
There is a linear relationship between NSCs and neurons in isolated, but not in standard
housed or EEE animals. Relatively few NSCs give rise to many neurons in EEE animals. 1
month standard housed (n=4), isolated (n=4), EEE (n=3); 3 months standard housed (n=3),
isolated (n=4), EEE (n=3).
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Figure 8. A model for homeostasis of adult hippocampal neurogenesis

(B) In standard housed animals, NSCs (green) divide to produce 2 IPs (yellow and orange).
An IP can divide to produce either two IPs, an IP (yellow) and a neuron (red), or an IP
(orange) and another NSC. It is unclear whether IPs are multipotent with regard to
neurogenesis and NSC proliferation or if two distinct IP types are present (i.e. whether
orange and yellow represent the same or distinct cells.) The later possibility would be more
consistent with the notion of symmetrically dividing NSCs. (A) Social isolation decreases
the likelihood that IPs will increase in number resulting in a linear relationship between
NSCs and neurons. The IPs do not serve as a transit-amplifying cell in this case. Increased
likelihood of NSC production in this case results in increased numbers of NSCs. A similar
effect is observed in the lower blade of the dentate in standard-housed animals. (C)
Enrichment promotes increase in the number of IPs, resulting in a variable relationship
between NSCs and neurons characteristic of transit-amplifying IP cells. These cells
eventually terminally differentiate with greater probability into neurons. A similar effect is
observed in the upper blade of the dentate gyrus in standard housed animals. X-irradiation

preferentially ablates rapidly proliferating IPs, but not less frequently dividing NSCs, and
permanently disrupts only the neurogenic niche.

Standard Housing
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