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Unique Expression Patterns of Cell Fate Molecules Delineate
Sequential Stages of Dentate Gyrus Development

Samuel J. Pleasure, Abigail E. Collins, and Daniel H. Lowenstein
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The dentate gyrus of the hippocampus is uniquely organized with
a displaced proliferative zone that continues to generate dentate
granule cells throughout life. We have analyzed the expression of
Notch receptors, Notch ligands, and basic helix-loop-helix
(bHLH) genes during dentate gyrus development to determine
whether the need to maintain a pool of undifferentiated precur-
sors is reflected in the patterns of expression of these genes.
Many of these genes are expressed diffusely throughout the
cortical neuroepithelium at embryonic days 16 and 17 in the rat,
just preceding the migration of newly born granule cells and
dentate precursor cells into the dentate anlage. However, at this
time, Mash1, Math3, and Id3 expression are all concentrated in
the area that specifically gives rise to granule cells and dentate
precursor cells. Two days later, at the time of migration of the first
granule cells and dentate precursor cells, cells expressing Mash1
are seen in the migratory route from the subventricular zone to
the developing dentate gyrus. Newly born granule cells express-

ing NeuroD are also present in this migratory pathway. In the first
postnatal week, precursor cells expressing Mash1 reside in the
dentate hilus, and by the third postnatal week they have largely
taken up their final position in the subgranular zone along the
hilar side of the dentate granule cell layer. After terminal differ-
entiation, granule cells born in the hilus or the subgranular zone
begin to express NeuroD followed by NeuroD2. This study es-
tablishes that the expression patterns of bHLH mRNAs evolve
during the formation of the dentate gyrus, and the precursor cells
resident in the mature dentate gyrus share features with precur-
sor cells found in development. Thus, many of the same mech-
anisms that are known to regulate cell fate and precursor pool
size in other brain regions are likely to be operative in the dentate
gyrus at all stages of development.
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The dentate gyrus is the primary afferent pathway into the hip-
pocampus and thus has a crucial role in the circuitry of the hip-
pocampal formation. The dentate gyrus is one of only two loca-
tions, along with olfactory interneurons generated in the
subventricular zone, where new neurons are added to the existing
neural circuitry throughout life (Altman, 1969; Altman and Das,
1965a,b, 1966; Bayer, 1980; Kempermann et al., 1997a,b; Cameron
and McKay, 1998). This phenomenon has been observed in a
variety of species, including humans living into the eighth decade
(Kuhn et al., 1996; Gould et al., 1997, 1999b; Eriksson et al., 1998;
Kempermann et al., 1998a,b). The dentate gyrus is constructed
using a plan unique within the mammalian nervous system. Like
other regions of the cortex, the dentate gyrus is initially populated
by Cajal-Retzius cells and radial glia that are likely to help direct
its morphogenesis (Rickmann et al., 1987; Del Rio et al., 1997;
Alcantara et al., 1998; Borrell et al., 1999). However, unlike other
cortical regions, mitotic precursor cells that retain the ability to
generate neurons migrate from the subventricular zone of the
dentate neuroepithelium into the dentate anlage. There they es-
tablish an ectopic proliferative zone in the dentate hilus that
persists for the first 2 weeks of life in rodents (Altman and Das,
1965a,b; Altman and Bayer, 1990a,b). In the second half of the first
postnatal month the precursor cells settle in a region along the hilar
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side of the granule cell layer termed the subgranular zone (SGZ)
(Altman and Das, 1965a,b; Altman and Bayer, 1990a,b). There is
an ongoing turnover of older granule cells and production of new
granule cells throughout life. This unusual mode of development of
the dentate gyrus probably requires unique strategies to maintain
the long-term proliferative capacity and undifferentiated state of
dentate precursor cells.

An important set of molecules that are likely to govern
differentiation are the Notch receptors and their downstream mod-
ulators and ligands, which are known to regulate the timing of
neurogenesis in mammals (de la Pompa et al., 1997; Artavanis-
Tsakonas et al., 1999). The proteins downstream of Notch include
a large number of molecules that share common motifs, including
a basic transcriptional regulatory domain and a helix-loop-helix
protein interaction domain (Kageyama et al., 1997; Lee, 1997).
These proteins are collectively called basic helix-loop-helix
(bHLH) proteins (Kageyama et al., 1997; Lee, 1997). Anti-
neurogenic members of this family include the mammalian ho-
mologs of the Drosophila hairy and enhancer-of-split (Hesl and
Hes5) and extramacrochaete (1d1, 1d2, 1d3, and 1d4) genes. The Hes
genes are upregulated by Notch activation and block commitment
to a neuronal fate (Benezra et al., 1990; Ishibashi et al., 1994, 1995;
Jen et al., 1996; Tomita et al., 1996; Jen et al., 1997; Kageyama et
al., 1997; Lyden et al., 1999).

The pro-neurogenic bHLH genes include homologs of Drosoph-
ila atonal and have been divided into two groups (Kageyama et al.,
1997; Lee, 1997). The first group, termed neuronal determination
genes, is involved in the initial commitment to a neuronal fate and
includes Neurogeninl (Ngnl) and Ngn2 (Gradwohl et al., 1996; Ma
et al., 1996, 1997, 1998; Sommer et al., 1996; Fode et al., 1998). The
second group, termed the neuronal differentiation genes, comprises
other atonal homologs including NeuroD/BETA2, NeuroD2/
NDRF, Math2/Nex1, and Math3. This group is thought to regulate
later events in neuronal differentiation (Bartholomad and Nave,
1994; Lee et al., 1995; Naya et al., 1995; McCormick et al., 1996;
Kageyama et al., 1997; Lee, 1997; Schwab et al., 1998; Tsuda et al.,
1998).
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Mashl, a pro-neurogenic bHLH protein and the only homolog
of Drosophila achaete-scute found to be expressed in the nervous
system of mammals appears to have a different role than the atonal
homologs in nervous system development (Johnson et al., 1990; Lo
et al., 1991). Mashl mutants fail to develop autonomic neurons,
some enteric neurons, and neurons in the olfactory epithelium
(Guillemot et al., 1993). Anderson, Guillemot, and colleagues have
shown that cells with a neuronal precursor phenotype appear in the
autonomic and enteric nervous systems of these mice, but the cells
fail to progress to a more differentiated state and then die (Sommer
et al., 1995; Blaugrund et al., 1996). Whether this is a defect in
survival or a block in the further differentiation of these precursor
cells is not clear. In the CNS Mashl is also thought to be critical for
the maintenance of precursor cells (Casarosa et al., 1999; Horton et
al., 1999; Torii et al., 1999; Tuttle et al., 1999).

The unique features of the development of the dentate gyrus,
including the persistence of neural precursor cells for extended
periods, led us to analyze in detail the patterns of expression of the
Notch receptors, their ligands, and downstream bHLH factors in
this region during embryogenesis and postnatal life. Using in situ
hybridization we show that specific bBHLH mRNAs are expressed
in a manner consistent with their having a regulatory role in the
various stages of dentate gyrus development. Furthermore, some of
these factors are expressed in the persistent SGZ precursor
population.

MATERIALS AND METHODS

Tissue preparation. All animals were treated according to protocols for
animal care established by the University of California, San Francisco and
the National Institutes of Health. For embryonic time points, either timed
or untimed pregnant Sprague Dawley rats were anesthetized with pento-
barbitol, and the embryos were removed by laparotomy. The brains were
removed and immersion-fixed overnight in 4% paraformaldehyde (PFA) in
PBS, pH 7.4. For postnatal ages, rats were anesthetized with pentobarbitol,
perfused with PBS, and then perfused with 4% PFA, and the brains were
post-fixed overnight. All brains, embryonic and postnatal, were equili-
brated in 30% sucrose in PBS, frozen, and sectioned at 15-30 uM using a
cryostat. Sections were melted onto Fisher Superfrost Plus slides and
stored at —20°C until use. The estimated gestational ages of rat embryos
were based on comparison to sections in an atlas (Altman and Bayer,
1995). Three to five animals from at least two different litters were used for
each time point studied.

Nonradioactive in situ hybridization. Nonradioactive in situ hybridization
was performed essentially as described using a protocol obtained from Dr.
David J. Anderson (California Institute of Technology) and is modified
from published protocols (Schaeren-Wiemers and Gerfin-Moser, 1993; Ma
et al., 1997). Briefly, sections were pretreated with Proteinase K before
prehybridization for 3 hr at 65°C in a solution containing yeast tRNA, 50%
formamide, and Denhardt’s solution. After prehybridization, sections were
hybridized overnight at 65°C with digoxigenin-labeled probes at a final
concentration of 1 ug/ml. The next day, the slides were washed at high
stringency and incubated with sheep anti-digoxigenin Fab fragments con-
jugated to alkaline phosphatase (diluted 1:2000) for 2-3 hr at room
temperature. After washes, the slides were incubated in buffer containing
nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl phosphate until de-
veloped. Controls included sense probes for NeuroD and Mashl and
antisense probes for molecules with specific distributions in the hippocam-
pal formation not including the dentate granule cells (e.g., Math2).

Combined bromodeoxyuridine labeling and in situ hybridization. For bro-
modeoxyuridine (BrdU) labeling, animals were injected intraperitoneally
with doses of 100 mg/kg body weight at the times indicated in Results.
After the in situ hybridization was complete, slides were treated with 2N
HCI for 30 min at 37°C, washed with PBS, and incubated with anti-BrdU
monoclonal antibody for either 2 hr at room temperature or overnight at
4°C (Boehringer Mannheim, Indianapolis, IN; diluted 1:500-1:1000). The
primary antibody was detected using the Vectastain Elite ABC-peroxidase
kit (Vector Laboratories, Burlingame, CA) and diaminobenzidine (DAB).

Mashl1-Bgal mice. Mash1-Bgal transgenic mice were obtained from Dr.
Jane Johnson and bred as a homozygous line. Tissue was prepared as
above and stained with X-gal according to published protocols (Verma-
Kurvari et al., 1996)

Immunohistochemistry. Tissue sections on slides were incubated over-
night at 4°C with anti-Mash]1 rabbit antisera (kindly provided by Dr. Jane
Johnson, University of Texas, Southwestern) diluted 1:1000. The next day
the slides were washed and fixed with 4% PFA, treated with 2N HCI for 30
min at 37°C, and incubated with anti-BrdU antibody and biotinylated
anti-rabbit antibody (Vector Laboratories; diluted 1:200). These were
detected with Alexa 594-conjugated streptavidin (Molecular Probes, Eu-
gene, OR), Cy5-conjugated donkey anti-mouse I1gG (The Jackson Labo-
ratory, Bar Harbor, ME), and sytox-Green (Molecular Probes; 1:25,000) to
counterstain nuclei. The slides were mounted with ProLong Antifade
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Table 1. Source of riboprobes used for in situ hybridization

Gene Product Source

Notch 1 Dr. Gerry Weinmaster
Notch 2 RT-PCR

Notch 3 RT-PCR

Delta 1 Dr. Gerry Weinmaster
Delta 3 RT-PCR

Jagged 1 Dr. Gerry Weinmaster
Jagged 2 RT-PCR

HES 1 RT-PCR

HES 5 Dr. Yoshiki Sasai

Id 1 RT-PCR

Id 2 RT-PCR

Id 3 RT-PCR

Id 4 Image Clone #400085

Dr. David Anderson
Dr. David Anderson

Neurogenin 1
Neurogenin 2

Mash 1 Dr. David Anderson
NeuroD RT-PCR
NeuroD2(NDRF) Dr. Stephen Tapscott
Ath2(Nex1) RT-PCR
Ath3 RT-PCR
Prox1 RT-PCR

These include other investigators, RT-PCR, or EST clones obtained from ATCC.
Clones generated by RT-PCR and EST clones were all confirmed by DNA sequencing
before use.

(Molecular Probes), and images were obtained on a Bio-Rad (Hercules,
CA) 1024 confocal microscope.

Probe preparation. The probes used for this study, along with their
sources, are listed in Table 1. Probes generated specifically for these
studies were made by the PCR performed on reverse transcribed RNA
generated either from embryonic day 13 (E13) rat embryos, postnatal day
7 (P7) rat hippocampus, or adult rat hippocampus. For probes obtained
from other investigators, PCR primers were designed to confirm the
presence of mRNAs encoding those gene products in the P7 hippocampus
or adult hippocampus (Table 2). PCR consisted of one cycle for 1 min at
94°C then 35 cycles of 1 min at 94°C, 2 min at the appropriate annealing
temperature (see Table 2), and 2 min at 68°C. PolyA RNA was prepared
using the micro Fast Track kit (Invitrogen, San Diego, CA) and reverse-
transcribed with Superscript II (Life Technologies, Gaithersburg, MD). A
typical first strand reaction used 0.5 ug of polyA RNA to generate a final
volume of 30 ul of first strand. For PCR, 0.25 ul of this first strand was
used. PCR fragments of the appropriate size were subcloned into the
vector pCRII using the Topo-TA cloning kit (Invitrogen). The clones were
then sequenced to check orientation and identity. Probes were generated
using the Genius RNA labeling kit (Boehringer Mannheim) and purified
with Clontech (Cambridge, UK) Chromaspin-100 columns packed in
DEPC-treated water. Probes <300 bp were resuspended in hybridization
buffer at 10 ug/ml. Probes >300 bp were resuspended in 40 mMm
NaHCO3/60 mm Na2CO3 at 60°C and hydrolyzed to produce 250 bp
fragments. This was followed by ethanol precipitation and resuspension at
10 wg/ml in hybridization buffer.

RESULTS

The dentate neuroepithelium is a distinct subdomain of
the cortical neuroepithelium

Using nonradioactive in situ hybridization, we determined if any of
the three known Notch receptors and four known Notch ligands
are differentially distributed in the dentate neuroepithelium. (For
the sake of brevity, all descriptions of expression patterns refer to
the expression of mRNA unless otherwise indicated.) At E16-E17,
before the migration of precursor cells or newly born granule cells
to the dentate gyrus, we found that all three Notch receptors and
their ligands Deltal, Delta3, and Jagged 2 were ubiquitously ex-
pressed within the entire hippocampal neuroepithelium (Fig. 1).
Expression of Jaggedl was not seen at this time point in the
cortical neuroepithelium. At the cellular level, the expression pat-
tern for the Notch receptors and the Notch ligands was similar to
that described previously (Lindsell et al., 1996; Ma et al., 1997).
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Table 2. PCR primers and conditions for RT-PCR

Conditions

Gene product Primers Sequence Tann =

Notch 1 Notch 1 A/B  A-gcagccacagaacttacaaatccag 62
B-taaatgcctctggaatgtgggtgat

Notch 2 Notch2 A/B  A-gctgtcctcttcatgetgea 60
B-agcagaagtcaagacagtc

Notch 3 Notch3 C/D  C-aatggcttcagetgeacct 64
D-cagaagtacttgtccacca

Delta 1 Deltal A/B A-atttgagctgaagetgeagg 62
B-aggtcgtcaggagaatctgt

Delta 3 Delta3 E/F E-atggtctctctgcaggtgtet 61
F-tcaggcagaccctgaagaaga

Jagged 1 Jagl C/D C-tgcecactttgagtatcagat 57
D-ggatgcacttatcacagtaca

Jagged 2 Jag2 A/B A-tctgtgacaaagacctgaact 57
B-ttcacactcattggegteca

HES 1 Hesl C/D C-aaattcctegtegeeggtgget 63
D-acctegttcatgeactegetga

HES 5 Hes5 C/D C-aagtaccgtggeggtggagat 63
D-cgctggaagtggtaaagceagett

Id 1 1d1 A/B A-catgaaggtcgecagtageagt 57
B-taactatgctcctgagaagtaa

Id 2 1d2 A/B A-agcatgaaagccttcagtccggt 59
B-gccatttatttagccacagagta

1d 3 1d3 A/B A-tccaacatgaaggegetgagee 64
B-accgggtcagtggcaaaaactee

Id 4 1d4 A/J A-atgaaggcggtg.age.ccg.gt 64
J-ttcatatcgcactgcaggceacage (10%DMSO)

Neurogenin 1  Ngnl G/H G-atgcectgeecctttggagacct 66
H-agtgcagcagegectcggacegea

Mash 1 Mashl C/D C-agcagctgctggacgagea 60
D-cctgcttccaaagtccatte

NeuroD NeuroD A/B  A-ctcagttctcaggacgagga 60
B-tagttcttggccaagegeag

NeuroD2 NeuroD2 I/J  I-tactctatgcactactcggegcet 59
J-gacaaaggcaaagaaaaagagaggt (5%DMSO)

Ath2 Rath2 A/B A-tgttaacactaccgtttgacg 62
B-agcatcattgaggcegtgeat

Ath3 Rath3 A/B A-tggcaaaaatgtatatgaaatccaa 56
B-gtcgaagagtctctatcttg

Prox1 Prox1 A/B A-tcttaagccggecaaaccaagagga 64

B-ttgctcctggaaaaggceatcatgg

RT-PCR was used to generate probes and confirm the expression of the mole-
cules studied. The sequences of the forward and reverse primers are shown as
well as the annealing temperatures. In some cases DMSO was needed to help
amplify GC-rich regions.

Notchl was expressed homogeneously in all cells in the ventricular
zone while the Notch ligands were expressed in a more variegated
pattern (Fig. 1). These patterns of expression are consistent with
the model of lateral inhibition that has been proposed to regulate
the emergence of differentiating cells from a pool of undifferenti-
ated cells (Artavanis-Tsakonas et al., 1999). Interestingly, Notch2
and Notch3 were also expressed in a variegated pattern implying
that their role in lateral inhibition may be distinct from that of
Notchl.

Also consistent with this model is the widespread but patchy
expression of the anti-neurogenic genes Hesl and Hes5, both of
which may be upregulated after Notch activation (Fig. 1). Interest-
ingly, Hes1 was expressed at a relatively low level below the dentate
notch, whereas Hes5 was expressed at higher levels in the same
region (Fig. 1). In the E16—E17 dentate neuroepithelium, I1d3 was
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specifically expressed in the dentate neuroepithelium and dentate
subventricular zone (Fig. 1). In contrast to this localized expression
of Id3, other Id genes were diffusely distributed in the hippocampal
neuroepithelium, as described by others (Jen et al., 1997). These
findings imply a distinct function for Id3 in the dentate granule cell
lineage, perhaps acting analogously to 1d2 in the neural crest to
regulate the induction of particular differentiation pathways
through the specific inactivation of other bHLH proteins (Martin-
sen and Bronner-Fraser, 1998).

Ngn2 was expressed throughout the E16—E17 hippocampal neu-
roepithelium in a pattern very similar to the Notch ligand Delta 1
(Fig. 1). This is consistent with the expression pattern of these
bHLH proteins described previously in other regions of the rodent
neuroepithelium and supports the idea that the neuronal determi-
nation genes begin to be expressed once their suppression by the
Notch receptors is relieved (Sommer et al., 1996; Ma et al., 1997).
In this model the expression of the Notch ligands accompanies the
expression of neuronal determination genes, and the expression of
both of these is blocked by Notch receptor activation.

Overall, the neuronal differentiation genes were not strongly
expressed in the ventricular or subventricular zone at E16-E17.
NeuroD, NeuroD2, and Math2 expression was observed in neurons
in the hippocampal plate (Fig. 1). However, there was a region of
increased Math3 expression that appeared specific for the dentate
subventricular zone, suggesting a potential role in regulation of the
dentate granule cell lineage (Fig. 1).

Because Mashl has been implicated in the maintenance of
precursor cells in the basal forebrain, autonomic nervous system,
and olfactory epithelium (Guillemot et al., 1993; Sommer et al.,
1995; Casarosa et al., 1999; Horton et al., 1999; Torii et al., 1999),
we wanted to determine the relationship of Mashl expression to
the production of granule cells or their mitotic precursors. At
E16-E17, in addition to its expression in the ventral telencephalon
as previously reported (Ma et al., 1997), Mash1 was abundant in the
neuroepithelium from the dentate notch to the fimbria but was at
relatively low levels throughout the remainder of the cortical neu-
roepithelium (Fig. 1). The Mashl-expressing cells were predomi-
nantly in the subventricular zone, although some were at the
ventricular surface. Altman and Bayer (1990a,b) and others (Rick-
mann et al., 1987; Sievers et al., 1992) have described this area as
the fimbrial neuroepithelium and suggested that it gives rise to the
glial cells that ultimately reside in the fimbria and dentate gyrus.
The expression of Mashl in this region suggests that this region
might be the source of the precursor cells that populate the dentate
gyrus and generate granule cells postnatally.

Distinct expression patterns of bHLH factors in
precursor cells and immature granule cells migrating to
the dentate anlage

At E18, cells begin to migrate from the subventricular zone just
above and below the dentate notch to populate the dentate gyrus.
Before this time, the cellular elements of the dentate gyrus consist
of Cajal-Retzius cells, interneurons, and radial glial fibers (Sori-
ano et al., 1986; Rickmann et al., 1987; Alcantara et al., 1998). At
E19-E20 the migration is well under way, and it is possible to
examine the expression of markers in the migrating cells. Previous
analyses of this phase of dentate development have shown numer-
ous newly born neurons, presumed to be granule cells, that migrate
to the dentate anlage and form the scaffolding of the granule cell
layer (Altman and Bayer, 1990a,b). There is also a distinct popu-
lation of mitotic precursor cells that migrate to the dentate anlage
and set up the tertiary matrix (Altman and Bayer, 1990a,b).
From E18 until birth, in situ hybridization shows the presence of
numerous cells expressing Mashl and Notchl in the migratory
route from the dentate neuroepithelium to the dentate anlage (Fig.
2). In addition, there were fewer cells expressing Id3 in the same
distribution (Fig. 2). Cells expressing these molecules were scat-
tered over an area stretching from the pial boundary to just under
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Notch3

Figure 1. Expression of Notch receptors, ligands, and bHLH factors at E16-E17. Nonradioactive in situ hybridization for probes as labeled in the figure.
Note that the staining for Notchl is fairly homogenous throughout the ventricular zone, whereas the staining for Notch2 and Notch3, the notch ligands
Deltal, Delta3, and Jagged2 and the bHLH Ngn?2 is patchy. This is consistent with the hypothesis that lateral inhibition regulates the specification of
neurons within the ventricular zone. As described previously (Higuchi et al., 1995), Notch2 is expressed very strongly in the choroid plexus of the lateral
ventricle (arrow), whereas the other Notch receptors are not (see arrow in Notchl panel). Arrows also indicate the regions in the Hes5, 1d3, Mash1, and
Math3 panels that correspond to the region of neuroepithelium giving rise to the dentate gyrus and fimbria. Hesl is less abundant in this region of
neuroepithelium (arrow). Note that transcripts for the neural differentiation genes NeuroD, NeuroD2, and Math2 are not present in the neuroepithelium
or nascent dentate gyrus at this time. The cresyl violet panel is labeled to provide orientation. cp, Choroid plexus; dgn, dentate gyrus neuroepithelium;
dsvz, dentate subventricular zone; in, hippocampal neuroepithelium; cn, cortical neuroepithelium. Scale bar, 300 wm.
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Notch1

1d3

Mash1/BrdU

Figure 2. Migration of precursor cells and immature dentate granule cells to the dentate gyrus. Cresyl violet and nonradioactive in situ hybridization for
probes in E20-E21 rat embryos as labeled in the figure. Note that Ngn2 is not expressed in the migrating cells but continues to be expressed in the
neuroepithelium, whereas Notchl, Id3, and Mash1 are expressed in cells in the migratory route to the dentate gyrus. Id3 continues to have a localized
expression domain in the neuroepithelium below the dentate notch at this time (an arrow indicates Id3 expression domain, and asterisks indicate the
dentate notch in all the panels). The Mashl panel shows double-labeling with anti-BrdU and anti-Mash1 antibodies, and the higher magnification panel
shows several examples of Mash1/BrdU double-labeled cells (arrows). In these experiments the BrdU was administered 4 hr before killing. The NeuroD
panel shows the large number of cells (presumably including immature granule cells) that are in the migratory pathway to the dentate gyrus. Arrowheads
are used to mark the presumed migratory route of immature granule cells and precursors. Scale bar, 300 wm. vz, Ventricular zone; sp, stratum pyramidale;

h, hilus; dmp, dentate migratory pathway.

the nascent CA3 pyramidal layer. These migrating cells did not
express Ngn2, Notch2, Notch3, or Hes1 (Fig. 2; data not shown). It
is unlikely that these cells represent a homogenous population of
cells expressing all of these markers, because there appear to be
larger numbers of cells expressing Mashl and Notchl than the
other markers. Whether this represents the migration of several
distinct lineages of cells or the migration of one group of precursor
cells at distinct developmental stages remains to be established.
In addition to these cells, many NeuroD-expressing cells were
seen (Fig. 2). NeuroD is thought to be expressed at the time of
terminal neuronal differentiation, whereas Hes5, Notchl, and
Mash1 are expressed at high levels in cells before terminal differ-
entiation. Thus, the NeuroD-expressing cells in the migratory
stream may be granule cells born at the ventricular zone migrating
to the dentate to form the granule cell layer. In contrast, most of
the Mash1-expressing cells are likely to be mitotic precursor cells
migrating to the dentate to form the tertiary matrix. To test this
idea we determined the pattern of BrdU labeling after administra-
tion of BrdU 4 hr before killing. This time frame will label the
actively dividing or very recent, postmitotic populations. The re-
sults showed that the pathway taken by migrating BrdU-labeled
cells overlaps largely with the expression of Mash1 in the migratory
route to the dentate gyrus, and there are numerous examples of
double-labeled cells (Fig. 2). Thus, Mash1 is likely to be expressed
in actively dividing cells as they migrate to the dentate. In principle,
these mitotic cells could be limited precursors for granule cells or
glial cells or they might be multipotential precursors for granule
cells, glia, and other cell types. Because there is such a large
number of Mashl-expressing cells in the migratory pathway, we

also cannot exclude the possibility that newly born granule cells
express Mashl1 at this stage of development.

Continued presence of Mash1-expressing precursor
cells in the tertiary matrix and SGZ

During dentate development the tertiary matrix stage is particu-
larly crucial because the largest proportion of granule cells is born
during this period. This stage involves several unique steps, includ-
ing the ongoing migration of neuronal precursor cells to the den-
tate anlage, the formation of a transient ectopic proliferative zone,
and the movement of the neuronal progeny of the precursors to their
appropriate laminar position in the granule cell layer. From 2 weeks
through adulthood the tertiary matrix gives way to the SGZ, where
precursor cells continue to reside and retain the ability to generate
new neurons for most of the remainder of the organism’s life.

Throughout the first postnatal week, there were abundant
Mashl-expressing cells in the tertiary matrix (Fig. 3). When ex-
pression patterns of Mashl and BrdU were compared using double
labeling for BrdU and either Mashl mRNA or Mashl immunore-
activity, it was clear that virtually all the acutely BrdU-labeled cells
(i-e., 4 hr after BrdU injection) expressed Mashl (Fig. 4). Thus, at
the tertiary matrix stage, dentate precursor cells expressed Mashl.
The fates of the progeny of these precursors are not known because
there have been no clonal analyses of dividing cells in the postnatal
dentate gyrus. It remains to be determined whether these various
progeny arise from different pools of precursor cells and whether
Mash1-expressing precursors are the source of all of the cell types
born during this period.
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Figure 3. The tertiary matrix stage. Nonra-
dioactive in situ hybridization of P4 rat hip-
pocampal coronal sections with probes as
shown in the panels. Note the continued pres-
ence of cells in the migratory pathway (indi-
cated by arrows) expressing NeuroD and
Mashl but not Proxl or NeuroD2. NeuroD
and Proxl are expressed throughout the ter-
tiary matrix and developing dentate granule
cell layer, whereas NeuroD?2 is expressed only
in the granule cell layer itself. Math?2 is specit-
ically not expressed in the granule cell layer or
the newly born granule cells in the tertiary
matrix. The asterisks mark the location of the
tertiary matrix. Scale bar, 300 pwm.

During the second postnatal week, Mash1-expressing precursor
cells began to appear predominantly in the SGZ at the hilar border
of the granule cell layer (Fig. 4). The Mashl-expressing cells
tended to be found in small clusters similar to the distribution of
dentate precursor cells described in previous reports (Parent et al.,
1997). Because the expression of Mashl protein in the SGZ was
lower than in the tertiary matrix (almost undetectable with the
available antibodies), we wanted to confirm that the pattern of
expression of Mashl mRNA was authentic. We therefore used a
transgenic mouse line engineered to express B-gal from the full-
length Mashl promoter. This transgenic line has been shown
previously to have faithful expression of B-gal in cells expressing
Mashl mRNA and protein (Verma-Kurvari et al., 1996, 1998).
Analysis of these mice using -gal histochemistry showed that the
distribution of B-gal expression was entirely consistent with our in
situ hybridization results, i.e., Mash1 is expressed in the tertiary
matrix and SGZ at P8 and is limited primarily to the SGZ (and not
in the dentate granule cell layer itself) in adulthood (Fig. 4). We
also performed double labeling for actively dividing cells express-
ing Mashl using nonradioactive in situ hybridization combined
with BrdU labeling in P35 rats (4 hr after BrdU injection) (Fig. 4).
This analysis showed at least one BrdU-labeled nucleus in most of
the clumps of Mashl1-stained cells in the subgranular zone of the
mature dentate gyrus.

Pleasure et al. « Dentate Gyrus Development

A cascade of bHLH proteins marks the birth of granule
cells in the tertiary matrix and SGZ

NeuroD and Proxl, a divergent homeobox gene specifically ex-
pressed in dentate granule cells in the postnatal rodent brain
(Oliver et al., 1993; Liu et al., 2000), were expressed widely
throughout the tertiary matrix in newborn granule cells, whereas
NeuroD2 began to be expressed at high levels only once the
granule cells reached their final location in the granule cell layer
(Fig. 3). This distinction between NeuroD/Proxl and NeuroD2
expression patterns suggests that NeuroD is expressed in more
immature granule cell populations, whereas NeuroD2 is expressed
somewhat later. Expression of Math2, another atonal homolog, was
excluded from the dentate granule cells (Fig. 3).

Once the SGZ forms, the mitotic precursor cells reside primarily
in the SGZ, at the border of the hilus and the granule cell layer. As
granule cells are born they migrate the short distance to the inner
aspect of the granule cell layer. Because of this mode of production,
there is thought to be a gradient of newly born to more mature
granule cells from the inner granule cell layer to the outer granule
cell layer. As mentioned above, Mashl was expressed in the SGZ
precursors. In contrast, NeuroD was expressed in the full thickness
of the granule cell layer with the highest levels of expression in the
more immature granule cells at the inner portion of the granule cell
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Figure 4. Expression of Mash1 protein and activity of the Mash1l promoter in the postnatal dentate gyrus. 4, Mash1 protein and BrdU double-labeling
in the P4 rat dentate gyrus. The merged image shows the overlap in the two patterns. Note that the great majority of dentate precursor cells in the tertiary
matrix are double-labeled and thus appear yellow. The BrdU for this experiment was administered 4 hr before killing. The dashed line denotes the inner
border of the granule cell layer. B, B-gal expression using X-gal histochemistry in coronal sections of the dentate gyrus taken from P8 and adult Mash1-Bgal
transgenic mice. Note that Bgal expression in the P8 tissue is distributed throughout the tertiary matrix and granule cell layer, whereas in the adult it is
largely confined to the SGZ. Cells expressing Bgal are frequently seen in clusters in the SGZ. Scale bars: 4, 55 um; B, 150 um for the low-power P8 Mash1
Bgal panel, 40 um for the high-power P8 Mashl Bgal panel, 75 um for the low-power adult Mash1 Pgal panel, 25 um for the high-power adult Mashl Bgal

panel, and 60 um for the Mashl/BrdU panel.

layer and somewhat lower expression in more mature granule cells
(Fig. 5). This was more apparent at P16, when the entire inner half
of the granule cell layer has only recently been generated. At P35,
only a few granule cells at the inner border of the granule cell layer
have this higher level of NeuroD expression (Fig. 5). NeuroD2 was
expressed evenly throughout the granule cell layer at all ages
without the gradient of expression seen for NeuroD (Fig. 5). These
data suggest that as newly born granule cells begin to express high
levels of NeuroD and enter the granule cell layer they turn off
expression of Mashl and begin to express NeuroD2 as well. The
specificity for high levels of Math2 for the pyramidal cells and the
lack of expression in granule cells in the adult (either newly born or
older cells) implies that Math2 does not play as significant a role in
controlling granule cell differentiation as do the other afonal ho-
mologs, NeuroD and NeuroD2. Math2 and NeuroD2 are also
expressed at higher levels than NeuroD in pyramidal cells, suggest-
ing a specific role for these two in pyramidal cell differentiation and
function (Fig. 5).

DISCUSSION

In this study we have examined the patterns of expression of the
Notch receptors, Notch ligands, and several bHLH genes during
dentate gyrus development. We have focused on the dentate gyrus
because of its unique developmental plan. Because the dentate
gyrus requires the maintenance of a pool of undifferentiated pre-
cursors throughout life, we reasoned that these molecules, which
have been shown to regulate the timing of differentiation and the
maintenance of undifferentiated pools of cells in other systems,
might regulate the phenotype of precursors in the dentate gyrus.
We found that the region of neuroepithelium giving rise to granule
cells and mitotic dentate precursor cells is molecularly distinct
from other regions of cortical neuroepithelium starting at early
stages in development. We also observed that the migration of cells
to the dentate was comprised of a mixture of newly born neurons
and precursor cells having distinct molecular profiles. In the ter-
tiary matrix and SGZ stages we found that dentate precursor cells
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Figure 5. The mature dentate gyrus. Cresyl
violet and nonradioactive in situ hybridiza-
tion of probes as shown in the panels. Note
the Mashl is primarily expressed in small
clusters of cells in the SGZ (arrows). There is
some hybridization in the dentate granule
cell layer that is considered to be nonspecific
signal. NeuroD is expressed at highest levels
in granule cells in the inner half of the gran-
ule cell layer at P16 (also see higher power
inset), but at P35, this gradient of expression
is largely gone except for an increased level of
expression in some granule cells at the border
of the SGZ and granule cell layer (arrow).
These are presumably the most newly born
granule cells. NeuroD?2 is expressed through-
out the granule cell layer, and Math2 is ex-
cluded from the granule cell layer. The two
bottom panels show results of sense hybridiza-
tion of tissue with two sense probes. Note the
nonspecific signal that is most evident in the
densely packed hippocampal cell layers. Scale
bar: cresyl violet panel, 600 um; other panels,
300 wm; and high-power insets, 100 wm.

express Mashl, and there appears to be a cascade of bHLH
expression in the dentate lineage from the precursor state to the
mature granule cell stage.

The dentate neuroepithelium is a distinct structure

Altman and Bayer (1990a,b) recognized that the dentate neuroep-
ithelium, which is centered around an anatomic structure known as
the dentate notch, is distinct morphologically from the remainder
of the hippocampal neuroepithelium. In the present study we have
found that, in addition to these anatomical features, increased
expression of Id2, Id3, Hes5, and Mash1 and reduced levels of Hesl

Pleasure et al. « Dentate Gyrus Development

and Id4 characterize the entire dentate neuroepithelium. Because
dentate granule cells are a relatively late-born population of cells,
it is possible that factors evenly distributed in the neuroepithelium
at earlier stages of development remain more highly expressed in
the dentate neuroepithelium because of its relatively undifferenti-
ated state. Given that development of the dentate requires produc-
tion of a distinct population of migratory precursor cells, another
possibility is that these negative factors are necessary to prevent the
premature activation of neuronal determination genes expressed in
this region. One such factor could be Ngn2, which is uniformly
expressed throughout the hippocampal neuroepithelium. The gran-
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ule cells born in the subventricular zone and migrating into the
dentate gyrus with the precursor cells may escape the negative
influences of Id3 and Hes5, and they begin to express NeuroD in
the subventricular zone. One prediction of this model would be that
persistent expression of these negative influences would inhibit
dentate granule cell differentiation and perhaps bias cells to pro-
duce Mashl-expressing precursor cells. The Math3 expression do-
main in the dentate neuroepithelium is of unclear significance but
it may be part of a combinatorial mechanism that, along with Ngn2
and NeuroD, results in the generation of immature granule cells
near the ventricular surface.

Mash1 is expressed in dentate precursor cells at all
stages of development

Our results show that mitotic precursor cells migrating into the
dentate express Mashl. Mashl1 continues to be expressed postna-
tally in mitotic precursor cells within the tertiary matrix and then
the subgranular zone. During the migration of the precursor cells
the Mash1-expressing cells may also express Notchl, Id2, Id3, and
Hes5 (although multiple labeling studies will be required to prove
this). However, the expression of these factors decreases once the
cells are established in the tertiary matrix. Mash1 expression over-
laps with acute BrdU labeling in the tertiary matrix, suggesting that
Mash1 is a useful marker for mitotic precursor cells in this region.
Many granule cells and glial cells are born in the tertiary matrix
during the first 2 weeks of life. Because Mash1 expression overlaps
extensively with BrdU expression in the dentate gyrus, it seems
likely that Mash1-expressing precursor cells are multipotential, at
least at this stage of development.

In other regions of the central and peripheral nervous systems,
Mash1 is required for the successful maintenance of the precursor
cell phenotype (Sommer et al., 1995; Casarosa et al., 1999; Torii et
al., 1999). Thus, it is reasonable to hypothesize that Mash1 plays a
role in maintaining the undifferentiated state of dentate gyrus
precursor cells in the adult animal. This is significant because one
of the key features of dentate gyrus organization is the presence of
long-lived precursor cells that respond to environmental stimuli by
changing the rate of production of granule cells (Cameron et al.,
1995, 1998; Gould et al., 1997, 1999a; Kempermann et al., 1997b,
1998a,b; Parent et al., 1997, 1998; Liu et al., 1998; Tanapat et al.,
1998; van Praag et al., 1999). Mice with induced mutations at the
Mash1 locus do not have an obvious hippocampal phenotype
(Guillemot et al., 1993; Casarosa et al., 1999; Torii et al., 1999).
However, a dramatic phenotype might not be expected because
these mice are not viable beyond PO, and the dentate is formed
relatively late. Further analysis of these mice may show evidence of
abnormalities in dentate precursor cells. Alternatively, there may

Mashl
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Figure 6. Model of the dentate granule cell lineage.
Initially, mitotic precursor cells expressing Mashl,
1d3, Hes5, and Math3 are formed in the subventricu-
lar zone. It is also known that postmitotic granule
cells expressing NeuroD are born in the subventricu-
lar zone (Miyata et al., 1999), but it is not clear
whether these cells are born directly from the neuro-
epithelium or pass through the precursor cell stage.
Immature NeuroD-expressing granule cells and mi-
totic precursor cells migrate to the tertiary matrix
where the precursor cells continue to express Mash1
and the immature granule cells acquire the expression
of high levels of Proxl. In the last stage, when the
dentate granule cell layer is formed (DGCL), Mash1-
expressing precursor cells are arrayed in the sub-
granular zone and generate granule cells that migrate
to the inner portion of the granule cell layer.

be other genes that are able to compensate for Mash1 function in
these cell lineages.

A sequential cascade of bHLH genes regulates dentate
granule cell production

We have shown that the granule cell lineage expresses a variety of
bHLH genes in a stage-specific manner. This, along with recent
information gathered from analyses of NeuroD/BETA2 knock-out
mice (Miyata et al., 1999; Liu et al., 2000), allows us to propose a
model for the role of bHLH genes in granule cell production (Fig.
6). The neuroepithelium destined to generate granule cells ex-
presses Ngn2, HesS, and Id3. In the subventricular zone, cells
express Mashl and Math3 depending on their location above or
below the dentate notch, and the cells continue to express Id2, 1d3,
and Hes5. After leaving the SVZ, some granule cells are born and
begin to express NeuroD. These cells are dependent on NeuroD
expression for their proper specification, and without it they are
unable to form the initial dentate granule cell layer (Liu et al.,
2000). After reaching the dentate gyrus the cells express high levels
of a granule cell-specific marker, Prox1. Other cells, retaining a
precursor phenotype, continue to express Mashl and form the
tertiary matrix after arriving at the dentate anlage. In the tertiary
matrix many more granule cells are generated from Mashl-
expressing precursor cells, and these newly born granule cells
migrate radially to the granule cell layer where they begin to
express NeuroD followed by NeuroD2 and Proxl. This general
pattern is maintained throughout adulthood.

NeuroD is expressed in newly born granule cells at all
stages of development

NeuroD is widely expressed in newly postmitotic neurons in the
brain, and its expression decreases during neuronal maturation. In
the dentate granule cell layer, where neurons continue to be added
at later ages, NeuroD continues to be expressed and is at its highest
levels in the most immature neurons. This implies that NeuroD
regulates the expression of genes involved in the maturation of
granule cells and their integration into the existing neuronal net-
work. Some of the most interesting unanswered questions about
ongoing granule cell neurogenesis are how newly born cells are
able to extend axons that reach their appropriate targets and how
these cells receive appropriate input from entorhinal cortex affer-
ents that provide the dominant input into the hippocampus. Recent
studies have shown that learning paradigms and environmental
stimuli may have a dramatic effect on the rate of birth of granule
cells and their subsequent survival (Kempermann et al., 1997b;
Gould et al., 1999a; van Praag et al., 1999). Perhaps these stimuli
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act in part via genes that are regulated by the expression of Mash1
in precursor cells or by NeuroD in newly born granule cells.
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