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A Transgenic Marker for Newly Born Granule Cells in
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Neurogenesis in the dentate gyrus continues into adulthood, yet little is known about the function of newly born neurons or how they
integrate into an existing network of mature neurons. We made transgenic mice that selectively and transiently express enhanced green
fluorescent protein (EGFP) in newly born granule cells of the dentate gyrus under the transcriptional control of proopiomelanocortin
(POMC) genomic sequences. Analysis of transgenic pedigrees with truncation or deletion mutations indicated that EGFP expression in
the dentate gyrus required cryptic POMC promoter regions dispensable for arcuate hypothalamic or pituitary expression. Unlike arcuate
neurons, dentate granule cells did not express the endogenous POMC gene. EGFP-positive neurons had immature properties, including
short spineless dendrites and small action potentials. Colocalization with bromodeoxyuridine indicated that EGFP-labeled granule cells
were ~2 weeks postmitotic. EGFP-labeled cells expressed markers for immature granule cells but not the glial marker GFAP. The number
of EGFP-labeled neurons declined with age and increased with exercise, paralleling neurogenesis. Our results indicate that POMC-EGFP
marks immature granule cells and that adult-generated granule cells integrate quite slowly into the hippocampal circuitry.
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Introduction

In most brain regions, the proliferation and differentiation of
neurons is restricted to early developmental periods. However,
neurogenesis continues throughout adult life in the olfactory sys-
tem, where neuronal precursors originate in the subventricular
zone and migrate to the olfactory bulb via the rostral migratory
stream (Lois and Alvarez-Buylla, 1994). In the dentate gyrus,
granule cells are generated in the subgranular zone between the
hilus and granule cell layer (Kaplan and Hinds, 1977; Kuhn et al.,
1996). There is mounting evidence that neurogenesis serves an
important function in the adult brain. For example, manipula-
tions that increase neurogenesis in the dentate gyrus are corre-
lated with enhanced memory function (van Praag et al., 1999a;
Rochefort et al., 2002), whereas stress decreases cell proliferation
and memory performance (McEwen, 1999). Adult neurogenesis
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may also be involved in the pathogenesis of mood disorders (San-
tarelli et al., 2003). Furthermore, enhanced neurogenesis after
ischemia and epilepsy suggests that newborn neurons could po-
tentially contribute to functional recovery (Liu et al., 1998; Ma-
gavi et al., 2000). Together, these studies suggest that neurogen-
esis is a regulated process that can be modified to influence
behavior.

Just as the developing brain undergoes critical periods char-
acterized by significant activity-dependent modification (for re-
view, see Zhang and Poo, 2001), immature granule cells in the
adult dentate gyrus exhibit lower thresholds for activity-
dependent synaptic plasticity such as long-term potentiation
(van Praag et al., 1999a; Wang et al., 2000; Snyder et al., 2001).
Although immature neurons in adult tissue have distinct electro-
physiological features (Wang et al., 2000; Carleton et al., 2003), at
least some adult-generated granule cells eventually develop into
mature neurons with properties similar to their predecessors
(van Praag et al., 2002). However, a high proportion of newborn
cells undergo cell death during the first several weeks after final
cell division (Biebl et al., 2000; Dayer et al., 2003). Little is known
about the molecular cues that determine the fate of adult-
generated neurons. The prolific neurogenesis in avian forebrain
suggests that environmental factors can strongly influence pro-
liferation and survival with some predetermined genetic con-
straints (for review, see Nottebohm, 2002).

Exploring the properties and integration of adult-generated
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neurons has been hindered by the inability to track newborn
neurons at the level of single cells. Here we report a transgenic
model in which newly born granule cells are selectively labeled
with enhanced green fluorescent protein (EGFP) expressed un-
der the transcriptional control of the mouse proopiomelanocor-
tin (POMC) gene promoter. EGFP-positive cells have morpho-
logical and physiological characteristics consistent with
immature granule cells. EGFP expression is transient, peaking at
2 weeks after mitosis and turning off by 1 month. POMC-EGFP
transgenic mice allow visualization of adult-generated granule
cells, thus providing an opportunity to study their development
and fate within a restricted temporal window. In addition, our
results suggest that full incorporation of newly born granule cells
into the hippocampal circuitry occurs relatively slowly.

Materials and Methods

Mice. Transgene — 13/+8POMC-EGFP was microinjected into one of the
pronuclei of C57BL/6] mouse zygotes as described previously (Cowley et
al., 2001). The transgene contains the entire transcriptional unit of the
mouse POMC gene together with 13 kb of 5’ flanking sequences and 2 kb
of 3’ flanking sequences. EGFP (Clontech, Palo Alto, CA) coding se-
quences including a Kozac’s site and a simian virus 40 polyadenylation
site were inserted into the 5’ untranslated region of the second exon of
the mouse POMC gene. Other POMC-EGFP transgenes were con-
structed from —13/+8POMC-EGFP using standard subcloning tech-
niques and were microinjected as described above. Electrophysiological
studies were performed in heterozygous —13/+8POMC-EGFP trans-
genic mice maintained under a C57BL/6] genetic background. All animal
procedures were conducted in accordance with the Guide for the Care and
Use of Laboratory Animals by the United States Public Health Service.

Mice were anesthetized with 2,2,2-tribromoethanol (Avertin; Aldrich,
St. Louis, MO) and transcardially perfused with 4% paraformaldehyde in
PBS. The brains were removed and postfixed for 16 hr at 4°C, sliced in 50
um coronal sections, and immediately mounted on glass slides with
Fluorsave (Calbiochem, La Jolla, CA). Postnatal d 8 (P8) mice were de-
capitated under CO, anesthesia, and the brain was dissected out and
immediately fixed in 4% paraformaldehyde in PBS for 16 hr at 4°C.
Brains were then transferred to a series of solutions containing PBS and
increasing concentrations of sucrose (10, 20, and 30%) every 24 hr. After
cryoprotection, 25 um coronal brain sections were cut using a sliding
microtome (SM2000R; Leica, Nussloch, Germany).

EGFP immunohistochemistry. Fixed sections were incubated in 1%
H,0, in potassium PBS (KPBS) for 30 min at room temperature (RT).
Sections were washed twice (20 min, KPBS, at RT), followed by an over-
night incubation in rabbit polyclonal antibody against EGFP (4°C,
Ab290, 1:10,000; Abcam, Cambridge, UK), 2% normal goat serum, and
0.5% Triton X-100 in KPBS. Sections were then washed twice and incu-
bated with goat anti-rabbit biotinylated antibody (1:200; Vector Labora-
tories, Burlingame, CA) in KPBS and 0.5% Triton X-100. Sections were
washed twice, incubated in an avidin—biotin—peroxidase complex ABC
(1:100; Vector Laboratories) for 1 hr at RT, followed by two washes, and
then developed for 30 sec using Vector SG substrate (Vector Laborato-
ries). Sections were mounted in gelatin-coated glass slides, air dried, and
dehydrated successively in 70, 96, and 100% ethanol, followed by xylene.
Slides were finally mounted with Permount (Fisher Scientific, Pitts-
burgh, PA) for bright-field microscopy.

Electrophysiology. Transverse hippocampal slices were prepared from
P13-P225 POMC-EGFP mice and incubated in a solution containing the
following (in mm): 125 NaCl, 25 NaHCOs, 2.5 KCl, 1.25 NaH,PO,, 0.5
CaCl,, 2.5 MgCl,, and 25 p-glucose (bubbled with 95% O,~5% CO,).
The same extracellular solution was used for whole-cell recordings, ex-
cept that CaCl, was increased to 2.0 mm and MgCl, was reduced to 1.0
mM. Patch pipettes were filled with the following (in mm): 140
K-gluconate or KCI, 10 EGTA, 10 HEPES, 2 Mg,ATP, 0.5 NaGTP, 20
phosphocreatine, and 0.2% biocytin, pH 7.3 (310 mOsm, 5—-8 M(Q resis-
tance). Currents were filtered at 2 kHz and sampled at 10 kHz. Resting
membrane potentials were measured immediately after patch rupture;
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junction potentials were not corrected. Action potential amplitudes were
measured from threshold. Membrane time constants (7,,,) were deter-
mined by fitting a single-exponential function to membrane responses to
small hyperpolarizing current injections. The measured R;,,, of newly
born granule cells is likely an underestimate because Ry, = Ry.,- Data
are expressed as mean * SEM.

Bromodeoxyuridine labeling. Adult POMC-EGFP transgenic mice (age
10-12 weeks) were given four bromodeoxyuridine (BrdU) injections
(300 mg/kg in 0.9% saline, i.p.; Sigma, St. Louis, MO) 2 hr apart. At days
1, 3, 11, 12, and 30 after injection, the brains were fixed as described
above. Horizontal sections through the ventral hippocampus (100 pum)
were cut on a vibratome and stored at —20°C in cryoprotecting buffer
(30% ethylene glycol, 20% glycerin, and 0.05 M PBS). BrdU immunohis-
tochemistry was performed simultaneously on sections from all inter-
vals. Series of every sixth section through each hippocampus were pro-
cessed. Free-floating sections were washed twice in KPBS, incubated in
2N HCI (30 min at 37°C), and rinsed in 0.1 M borate buffer, pH 8.4 (10
min). Sections were incubated in KPBS—0.4% Triton X-100-5% normal
goat serum for 30 min, followed by overnight incubation with primary
anti-BrdU antibody (monoclonal rat, 1:200; ImmunologicalsDirect-
.com, Oxfordshire, UK). After rinsing, sections were incubated for 1 hr in
Texas Red-conjugated goat anti-rat IgG (1:200; Jackson ImmunoRe-
search, Westgrove, PA). Sections were then incubated for 1 hr in Alexa
Fluor 488 rabbit anti-GFP IgG (1:500; Molecular Probes, Eugene, OR).
Antibodies against GFAP (1:500; Sigma), neuronal-specific nuclear pro-
tein (NeuN) (1:1000; Chemicon, Temecula, CA), polysialylated form of
neural cell adhesion molecule (PSA-nCAM) (1:400; Chemicon), parval-
bumin (1:2000; Sigma), Tuc-4 (1:500; Chemicon), and B III tubulin
(TuJ1, 1:500; Chemicon) were used with standard protocols. Secondary
antibodies were used against the appropriate species (1:200, goat anti-
mouse IgM Alexa 555, donkey anti-mouse IgG Cy3, goat anti-rabbit
Alexa 647; Molecular Probes). Sections were mounted with Prolong An-
tifade (Molecular Probes) and visualized with fluorescent or confocal
microscopes. All cell counts were performed blind to the experimental
condition. We counted the number of BrdU-positive nuclei positioned
within or immediately adjacent to the granule cell layer (>50 cells per
animal), the number of EGFP-positive cells (>400 cells per animal), and
the number of cells that colocalized BrdU and EGFP. For exercise exper-
iments, mice were housed in rat cages with running wheels. Control liter
mates were housed under identical conditions without running wheels.
The number of EGFP-positive cells and the length of the subgranular
zone were determined in two sections from the mid septo-temporal re-
gion of each mouse. Statistical significance was determined by y* tests or
unpaired ¢ tests at the p < 0.05 level.

seal*

Results
Mouse POMC genomic regulatory sequences target reporter
genes to the dentate gyrus
Coincident with the detection of cell-specific EGFP expression in
the two brain regions in which the POMC gene is known to be
transcribed (the arcuate nucleus and the nucleus of tractus soli-
tarius), we observed fluorescence in cells located in the subgranu-
lar region of the dentate gyrus of the hippocampus. EGFP fluo-
rescence was clearly detected in presumed neuronal cell bodies
restricted to the borders of the granule cell layer and, with lower
signal intensity, in their projection neurites. We used a polyclonal
anti-EGFP antibody to increase the sensitivity for EGFP detection
in axons projecting to the stratum lucidum of CA3 and short
dendrites extending to the inner molecular layer (Fig. 1) (supple-
mental Fig. 1, available at www.jneurosci.org). EGFP expression
was not observed in other regions of the hippocampus. In the
olfactory system, adult neurogenesis occurs in the subventricular
zone and progeny migrate to the olfactory bulb. We also observed
EGFP expression in the subventricular zone but not the olfactory
bulb (data not shown).

In contrast to the arcuate nucleus, we were unable to detect
POMC immunoreactivity in the dentate gyrus using polyclonal
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Figure1.  EGFP expression in the dentate gyrus of —13/+8POMC-EGFP transgenic mice. g,
A coronal section stained with Hoechst 33258 (left) was also imaged with a FITC filter to detect
EGFP green fluorescence (middle). A higher-power detail of the tip of the dentate gyrus (DG) is
shown (right). b, A horizontal section from a 3-month-old POMC-EGFP mouse showing EGFP-
labeled cell bodies at the inner border of the granule cell layer (gcl) with dendrites that project
to the inner molecular layer (iml) but not the outer molecular layer (oml). Putative labeled
mossy fibers project through the hilus to CA3, with varicosities in stratum lucidum (inset).
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sequences showed expression in the dentate gyrus, as detected by
an antisense oligonucleotide probe that recognized a heterolo-
gous 30-mer inserted in exon 3 (Fig. 2f) (Rubinstein et al., 1993).
This correlation suggested that the mouse POMC 5’ flanking
region carries sequences that target gene expression to the dentate
gyrus. We therefore analyzed several independent transgenic
mouse lines that we produced to study brain-specific regulatory
elements of the POMC gene (Fig. 2). A series of deletion and
truncation constructs of the 13 kb promoter revealed that all
fragments carrying 5’ flanking sequences from —0.8 to —2 kb
targeted transgenic expression to the subgranular layer (Fig.
2a,b,f). In contrast, all transgenic mouse lines that lacked this 1.2
kb region showed no expression in the dentate gyrus (Fig. 2c—e).
Interestingly, this fragment is dispensable for targeting authentic
transgenic expression to POMC-expressing cells of the pituitary
or the arcuate nucleus. The necessary sequences to target reporter
genes to pituitary melanotrophs and corticotrophs reside down-
stream of the —0.8 kb landmark (Liu et al., 1992; Rubinstein et al.,
1993), and those responsible for authentic expression in POMC-
positive cells in the arcuate nucleus reside upstream of the —2 kb
(Young et al., 1998).

Immature excitable properties of dentate gyrus
EGFP-positive cells
To determine the functional properties of EGFP-positive cells, we
made whole-cell recordings in acute hippocampal slices and
compared their electrophysiological properties with neighboring
unlabeled granule cells. Biocytin was included in the recording
pipette for subsequent morphological analysis. The small cell
bodies of biocytin-labeled EGFP-positive cells were located in the
inner granule cell layer, and their pre-
sumed axons traversed the hilus and termi-
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are indicated with black boxes.

antibodies raised against different POMC-derived peptides, even
in colchicine-treated mice. In situ hybridization performed with a
mouse exon 3 riboprobe also failed to detect POMC mRNA in the
dentate gyrus from early postnatal, 3-week-old, and adult trans-
genic and nontransgenic mice. Previously, we observed that two
of six transgenic mouse lines carrying the transcriptional unit of
the mouse POMC gene together with 2 kb of 5" and 3’ flanking

EGFP expression in the pituitary and dentate gyrus requires different promoter sequences. Transgene a has EGFP
coding sequences followed by a polyadenylation signal inserted in exon (Ex) 2 of the entire mouse POMC gene flanked by 13 kb of
5"and 2 kb of 3" sequences, respectively. Transgenes b— d derive from transgene a and contain different deletions of the mouse
POMC promoter. Transgene e contains the same deletion as transgene d, but the reporter gene is Escherichia coli 3-galactosidase.
Transgene fisa 10 kb genomic mouse POMC fragment carrying a foreign 30-mer sequence inserted in exon 3. Authentic transgenic
expression in melanotrophs and corticotrophs of the pituitary gland (PT) is indicated by a + sign. Transgenic expression in the
dentate gyrus (DG) is indicated on the right column with a + sign and absence of expression with a — sign. The three POMCexons

182 M{}), and more depolarized resting
membrane potentials (—47 * 4 vs —77 =
1 mV). Step depolarization from a holding
potential of —70 mV elicited fast inward
currents that were blocked by tetrodotoxin
(n = 3). These voltage-dependent Na™*
currents were significantly smaller in
EGFP-positive cells (228 = 50 pA; n = 12)
compared with unlabeled granule cells
(7166 = 1429 pA; n = 5) (Fig. 3d,e) but
had similar kinetics. In current-clamp re-
cordings, current injection from a holding potential of —70 mV
triggered single action potentials in eight of eight EGFP-positive
cells. However, compared with mature granule cells (n = 6),
action potentials in EGFP-positive cells had smaller peak ampli-
tudes (35 = 5 vs 88 = 5 mV, measured from threshold) and
prolonged durations (half-width, 9.3 * 2.4 vs 1.3 = 0.2 msec)
(Fig. 3d,e). Consistent with the lack of EGFP-positive dendrites in
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Figure3.  EGFP-positive granule cells have immature morphology and excitability. a, A confocal stack

through a typical EGFP-positive cell filled with biocytin (red) from a P18 mouse. The dendrites terminated in
the inner molecular layer (IML, arrows), and multiple neurites arose from the cell body. Other EGFP-
expressing cell bodies (green) were present in the granule cell layer (GCL), colocalized with propidium iodide
nudlear stain (blue). Scale bar, 20 um. b, Biocytin-filled cells show the dendritic structure of a mature non-
EGFP granule cell and EGFP-positive granule cells in a slice from a 3-month-old mouse. The dendrites of a
typical mature granule cell (left) extended through all layers of the molecular layer. Dotted lines indicate the
approximate locations of the lateral and medial perforant paths. In contrast, the dendrites of a biogytin-filled
EGFP-positive cell (arrow) terminated within the inner molecular layer. Scale bar, 40 um. ¢, The confocal
image of the cellsin b shows the position of EGFP-positive cell bodies (green) along the border of the granule
cell layer and hilus. The filled EGFP-positive cell (arrow) was triple labeled for biocytin, EGFP, and propidium
iodide. Scalebar, 20 .um. d, Top, Currentinjectionsinto EGFP-positive cells elicited small action potentials with
slow kinetics. Only single action potentials were observed. Bottom, Voltage steps from a holding potential of
—70to —30 mV generated small TTX-sensitive Na ™ currents. e, Top, In contrast to EGFP-positive cells,
unlabeled granule cellsresponded to currentinjections with multiple large and fast action potentials. Bottom,
Voltage steps to —30 mV generated Na ™ currents that were, on average, 10-fold larger than currents in
EGFP-positive cells.
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the middle and outer molecular layer, stimulation of the per-
forant path did not evoke excitatory synaptic currents in labeled
cells (—70 mV), although robust AMPA receptor-mediated EP-
SCs were generated in unlabeled granule cells under the same
conditions (data not shown). However, stimulation within the
granule cell layer evoked small GABAergic IPSCs (134 * 26 pA at
—70 mV; n = 5; data not shown) in EGFP-labeled cells. Similar
results were obtained in recordings from adult animals (>3
months) and 3-week-old mice. Altogether, these characteristics
are similar to those reported for immature granule cells from
postnatal tissue (Liu et al., 1996, 2000). Depolarized resting
membrane potentials and small, broad action potentials are also
characteristic of immature neurons in other brain regions
(Huguenard et al., 1988; Picken Bahrey and Moody, 2003).

EGFP-positive cells are ~2 weeks postmitotic

To directly assess the age of EGFP-positive cells, we administered
BrdU to adult age-matched transgenic mice that subsequently
were perfused at intervals between 1 and 30 d after injection. We
chose an injection paradigm that labels a large fraction of S-phase
cells without toxicity (Cameron and McKay, 2001; Hayes and
Nowakowski, 2002). None of the BrdU-positive cells were cola-
beled with EGFP 1 d after the BrdU injection (n = 2; >250
BrdU-positive cells counted) (Fig. 4a). However, 3 d after the
BrdU injection, a small percentage of the BrdU-labeled cells were
also EGFP positive (4.7 = 1.2%; n = 5) (Fig. 4b). By 11 d, there
was a high degree of colocalization, with 60 * 5% of BrdU-
positive cells also expressing EGFP (n = 3). At 30 d, the percent-
age of colocalization dropped to 1.5 = 1% (n = 3; p < 0.01).Ina
separate set of injections, 73 = 6% of BrdU-positive cells also
expressed EGFP at a 12 d interval (n = 3). We never observed
colocalization of BrdU and EGFP in POMC-expressing neurons
in the arcuate nucleus. In the dentate gyrus, there was no differ-
ence in the average number of EGFP-positive cells across time
intervals (range, 5975 cells per section). There was a significant
reduction in the number of BrdU-positive cells between the 3, 11,
and 30 d intervals (27.7 £ 3.5, 8.4 = 0.8, and 5.6 £ 0.9 cells per
section, respectively). This reduction is consistent with the death
of newly born cells that occurs during the first weeks after adult
neurogenesis in the subgranular layer (Hayes and Nowakowski,
2002; Dayer et al., 2003). Although the number of BrdU-positive
cells was significantly reduced at the 11 d interval, colocalization
with EGFP increased, indicating that EGFP expression labels
newborn granule cells that survive the initial period of cell death.
The high colocalization between BrdU and EGFP suggests that
most, if not all, adult-generated granule cells are transiently

labeled.

EGFP-positive cells express immature neuronal markers

All of the results presented thus far support the idea that EGFP-
positive cells are newborn granule cells. However, we also con-
sidered the possibility that some EGFP-labeled cells could be
parvalbumin-expressing interneurons (Liu et al., 2003) or newly
born glial cells (Fukuda et al., 2003). Immunolabeling for parv-
albumin (Fig. 54, red) confirmed that there was no colocalization
between EGFP and the large basket cell body and dense plexus of
parvalbumin-positive axon terminals in the granule cell layer.
The size of the cell body and axonal projection pattern clearly
differentiated basket cells from EGFP-positive cells. The lower
input resistance and fast-spiking behavior of basket cells also dis-
tinguished the two cell types (Fig. 5a, left). Furthermore, there
was no coexpression of EGFP and the glial protein GFAP (Fig.
5¢). There was, however, close apposition between GFAP-
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expressing fibers and EGFP-positive cells. In contrast, EGFP-
positive cells expressed PSA-nCAM (Fig. 5b), an extracellular
glycoprotein expressed by immature granule cells (Seki and Arai,
1993; Seki and Arai, 1999). Of 150 randomly selected EGFP-
positive cells, 145 were colabeled with PSA-nCAM (97%; n = 3
animals). Cells expressing low levels of EGFP appeared to have
the strongest PSA-nCAM labeling; there were PSA-nCAM-
positive cells with larger cell bodies that did not express EGFP.
Thus, EGFP expression seems to overlap with the early stages of
PSA-nCAM expression. Consistent with this timing, many
EGFP-labeled cells also expressed the immature neuronal mark-
ers TuJ1 and Tuc-4 (Cameron and McKay, 2001; Seki, 2002) but
were only weakly positive or immunonegative for the mature
marker NeuN (supplemental Fig. 2).

The number of EGFP-labeled granule cells

parallels neurogenesis

We expected that modulation of adult neurogenesis should alter
the number of EGFP-labeled granule cells. Because granule cell
proliferation declines with age (Kuhn et al., 1996), we first com-
pared EGFP expression in immature, young adult, and aged mice.
The number and density of EGFP-expressing cells in the dentate
gyrus declined dramatically with age (Fig. 6, a,b, d,e, g&,h), in con-
trast to EGFP-POMC-positive neurons of the arcuate nucleus,
which remained unaltered throughout adulthood (Fig. 6f,i). At
P8, there was a high density of labeled cells packed together in
close proximity (Fig. 6a—c). The number of EGFP-positive cells
was more limited in young adult mice (Fig. 6d,e). Sixteen-month-

overlay mmm

EGFP-expressing granule cells are ~2 weeks postmitotic. a, Low-magnification image of BrdU-labeled nuclei (red)
and EGFP-expressing cells (green) in the dentate gyrus at 1d after BrdU injection. Scale bar, 100 wm. No colabeling was seen at
this short interval. b, The percentage of BrdU-positive cells that were colocalized with EGFP depended on the interval after BrdU
injection. A small fraction of BrdU-labeled cells were also EGFP positive at 3 d (43 BrdU positive and EGFP positive of 852 BrdU
positive; n = 5 mice). A high degree of colocalization was observed 11 and 12 d after BrdU injection (110 of 183 and 439 of 583,
respectively; n = 3 each), and this was reduced at 30 d (4 of 183; p < 0.01; n = 3). ¢, High-magnification single confocal image
showing colocalization of EGFP and BrdU. Scale bar, 6 m. GCL, Granule cell layer; ML, molecular layer.
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old mice showed only a few EGFP-positive
cells spread along the subgranular zone
(Fig. 6g,h). The localization of cells ex-
pressing EGFP in the hippocampus was re-
stricted to the granule cell layer, except in
postnatal tissue where migrating granule
cells in stratum oriens were also labeled
(supplemental Fig. 1).

We also expected that enhanced neuro-
genesis stimulated by exercise (van Praag
etal., 1999a,b) would increase the number
of EGFP-expressing granule cells. To test
this, we provided mice with running
wheels and counted the number of labeled
cells after 2 and 4 weeks of voluntary exer-
cise. After 4 weeks of running, the number
of EGFP-positive cells increased by 46%
compared with controls (7.3 = 0.9 cells/
100 wm after running, n = 6 vs 5.0 = 0.3
cells/100 wm in control, n = 5). This cor-
responds to an increase in the average
number of cells per section from 67 * 5
'l cells in control (n = 5) to 101 = 13 after
running (n = 6; p < 0.05) (Fig. 7). There
was not a significant change in the number
of labeled cells after 2 weeks of wheel run-
ning (10.1 = 1.1 cells/100 wm after run-
ning, n = 5 vs 8.4 = 0.4 cells/100 um in
control, n = 3; p = 0.13). The difference in
labeled cells between control mice reflects
the different ages of the mice; mice were 4
months old at the end of the 4 week study
and 2.5 months old at the end of the 2 week
study. Although 2 weeks of running is suf-
ficient to increase granule cell prolifera-
tion (van Praag et al., 1999b), it was not sufficient to detect en-
hanced EGFP expression. This is consistent with the idea that
EGFP-positive cells are ~2 weeks postmitotic. These results in-
dicate that EGFP-expressing granule cells will be useful for de-
tecting changes in neurogenesis.
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Discussion

Specificity and selectivity of the marker for newborn

granule cells

Mouse POMC genomic regulatory sequences demonstrated au-
thentic tissue-specific properties by targeting EGFP expression to
POMC neurons of the arcuate nucleus and the nucleus of the
solitary tract, as well as pituitary melanotrophs and cortico-
trophs. However, these genomic sequences also induced high
levels of reporter expression in the dentate gyrus, a region in
which POMC gene expression has never been described. Our
failure to detect POMC immunoreactivity or POMC mRNA in
the mouse hippocampus is consistent with all known POMC
gene brain expression studies and therefore indicates that hip-
pocampal EGFP expression is ectopic. However, this ectopic ex-
pression is not attributable to chromosomal influences in the
vicinity of transgene integration because it was present in inde-
pendent transgenic pedigrees carrying EGFP, as well as other
reporter genes (Rubinstein et al., 1993). Moreover, transgenic
mice carrying a large mouse genomic fragment contained in a
bacterial artificial chromosome (BAC) engineered to express
EGFP from the POMC gene also show expression in the sub-
granular region of the dentate gyrus (Gong et al., 2003). The
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consistent, although ectopic, expression of
transgenes requires cryptic sequences lo-
calized between —2 and —0.8 kb of the 5’
flanking region upstream of the mouse
POMC promoter. Interestingly, this nec-
essary region for dentate expression of re-
porter genes is dispensable for appropriate
expression of transgenes in POMC cells of
the hypothalamus, the brainstem, or the
pituitary. Given that this region consis-
tently directs the expression of transgenes
to the dentate gyrus, it may be useful to
target newborn neurons with other genes,
such as Cre recombinase to induce loxP-
mediated cell-specific mutations or the
diphtheria toxin gene to induce specific
cell ablation. The reason the endogenous
POMC gene is not expressed in newly born
granule cells could be attributable to the
existence of cis-acting transcriptional si-
lencers absent in the transgenes used here
and in the BAC used in the GENSAT
project (Gene Expression Nervous System
Atlas, funded by the National Institute of
Neurological Disorders and Stroke). Al-
ternatively, the endogenous POMC locus
may acquire a unique chromosomal con-
formation that silences gene expression
that is not maintained at a foreign chro-
mosomal integration site.

Transient expression of EGFP in im-
mature granule cells suggests that trans-
genes may be transcriptionally activated
by factors expressed during a brief window
of granule cell development. The lack of
widespread expression in early postnatal
brain suggests that it is not a ubiquitous
marker for all immature neurons. How-
ever, the high percentage of colocalization
between EGFP and BrdU in the dentate
suggests that most, if not all, granule cells
transiently express EGFP. Members of the group IV POU-
domain subfamily of transcription factors have been implicated
in neuronal differentiation, process outgrowth, and expression of
synaptic proteins (Smith et al., 1997) and have been shown to
interact with elements present in the POMC promoter (Gerrero
etal., 1993). NeuroD1, a basic helix-loop-helix transcription fac-
tor essential for differentiation of granule cells (Miyata et al.,
1999; Schwab et al., 2000), is also implicated in cell-specific tran-
scription of POMC gene expression (Poulin et al., 2000). Addi-
tional studies will be required to determine the identity of the
cis-acting elements and transcription factors that participate in
the developmentally regulated expression of reporter genes
driven by 5’ flanking sequences of the mouse POMC gene.

Our studies complement other new techniques that allow vi-
sualization of adult-generated neurons. Recently, the long-term
fate of adult-generated cells in the hippocampus was studied in
vivo (van Praag, 2002) and in vitro (Song et al., 2002a,b) using
EGFP-expressing retroviral vectors. Adult-generated granule
cells in the olfactory bulb have been studied in a similar manner
(Belluzzi et al., 2003; Carleton et al., 2003). This method allows
newborn cells to be permanently labeled, but has the disadvan-
tage of low and variable expression levels requiring intracerebral

Figure 5.
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EGFP-positive cells express PSA-nCAM but not parvalbumin or GFAP. g, Left, There was no colocalization between
parvalbumin (red) and EGFP (green). Parvalbumin-expressing basket cells had large cell bodies and dense axonal arbors within
the granule cell layer (GCL). Scale bar, 50 em. Right, Current injection (200 and 600 pA) into a basket cell illustrates their relatively
low input resistance and fast spiking. b, EGFP-positive cells expressed the immature extracellular marker PSA-nCAM (red). Scale
bar, 60 m. ¢, EGFP-positive cells did not express the glial cell marker GFAP (red), although there was close apposition between
EGFP- and GFAP-labeled processes.

injections of the virus, and can also label proliferating glia. Trans-
genic mice expressing POMC-EGFP have the advantage of reli-
ably labeling an entire population of neurons at a particular de-
velopmental stage. This property facilitates the study of newborn
granule cells at different ages of the mouse. Upregulation and
downregulation of EGFP-labeled cells after exercise and aging,
respectively, also suggests that this marker is suitable for detect-
ing alterations in neurogenesis.

Our results indicate that EGFP expression was restricted to
neurons rather than astrocytes or glia. First, EGFP-labeled axons
projected to CA3, a characteristic of mossy fibers. Second, EGFP-
positive cells expressed the immature markers PSA-nCAM, Tu]J1,
and Tuc-4 but did not express GFAP. Finally, EGFP-positive cells
had excitable membrane properties consistent with a neuronal
rather than glial phenotype. The general uniformity of mem-
brane properties, morphology, and expression patterns suggested
that EGFP expression was restricted to a relatively homogenous
population of immature neurons. Recently, the nestin promoter
has been used to drive expression of EGFP in progenitor cells of
the dentate gyrus and subventricular zone (Yamaguchi et al.,
2000; Filippov et al., 2003). In contrast to our results, however,
nestin-EGFP expression in the dentate gyrus revealed two sub-
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h

Figure 6.  The number of EGFP-positive cells in the dentate gyrus (DG) declines with age.
Coronal sections from — 13/+8POMC-EGFP transgenic mice obtained at P8 (a—c), 3 months
(d—f), and 16 months ( g, h). EGFP expression was maximal at P8 and clearly detectable at low
magpnification ( a). Confocal resolution (b, ¢) showed a high density of cells. EGFP-positive cells
inthe hippocampus were fewer at 3 months (d, e) and 16months ( g, h). In contrast, the number

of EGFP-positive neurons in the arcuate nucleus was similar at 3 and 16 months ( f, i). EGFP was
detected by green fluorescence (a—d, g) orimmunohistochemistry (e,fand h,i).

exercise

Figure 7.  Exercise increases the number of EGFP-labeled granule cells. Mice housed with
running wheels for 4 weeks had more EGFP-labeled cells (right) compared with control liter
mates (left). Images are flattened confocal stacks (10 slices per 1.4 wm) through horizontal
sections of the dentate gyrus (20X). Exercise increased the number of cells per 100 m of
dentate, as well as the number of cells per section. The cell body layers were labeled with
propidium iodide (red).

populations of cells exhibiting distinct glial and early neuronal
phenotypes (Fukuda et al., 2003). BrdU labeling suggested that
the nestin-positive cells progressed from glial-like properties to
early neuronal properties within days of division. The morphol-
ogy, excitable properties, and BrdU labeling of the EGFP-positive
neurons reported here indicate that they are more highly differ-
entiated, i.e., “older,” than the previously reported nestin-EGFP-
labeled cells. Thus, POMC-EGFP expression may indicate the
first stage at which newborn granule cells can be considered
neurons.

Fate of newborn neurons

The slow membrane time constant, high input resistance, and
small action potentials of EGFP-positive granule cells are typical
features of neurons in immature preparations. These immature
characteristics were present in labeled cells from adult as well as
juvenile mice, indicating that they are a function of the develop-
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mental stage of the cell rather than the age of the animal. The
properties of these immature granule cells are consistent with the
sequence of maturation that occurs during prenatal development
of CA1 pyramidal cells (Tyzio et al., 1999), in which voltage-
dependent Na ™ currents and spike generation precedes the for-
mation of functional GABAergic and finally glutamatergic syn-
apses. However, this sequence would appear to differ from the
development of adult-generated granule cells of the olfactory
bulb. Here, migrating granule cells receive functional GABAergic
and glutamatergic synapses before the ability to generate action
potentials (Carleton et al., 2003) (but see Belluzzi et al., 2003).
The acquisition of action potential generation may be related to
axonal development, because newly born dentate granule cells
have well developed axons within 1 week after final cell division
(Hastings and Gould, 1999; Jones et al., 2003; these results),
whereas olfactory bulb granule cells do not have axons.

During the first month after cell division, many newborn cells
die (Dayer et al., 2003). In mice, one-half of BrdU-labeled cells
die within 8 d (Hayes and Nowakowski, 2002). Many of these
cells may be immature neurons (Cameron and McKay, 2001),
although there is a similar reduction of BrdU-positive cells ex-
pressing either vascular or glial markers (Palmer et al., 2000). We
detected a reduction in the number of BrdU-positive cells be-
tween 3 and 11 d after BrdU injection yet simultaneously found a
dramatic increase in colocalization between BrdU and EGFP.
Thus, EGFP-expressing neurons survive the initial period of cell
death. Although our current results do not indicate the long-term
fate of these immature granule cells, the decline in colabeling at
30 d cannot be attributable to death of the entire population
because we only detected a modest reduction in BrdU-labeled
cells between 11 and 30 d. This scenario would also result in more
cell death than observed previously (Hayes and Nowakowski,
2002; Dayer et al., 2003). Rather, the decline in BrdU and EGFP
colocalization indicates that EGFP expression is transient and
terminates within 30 d. EGFP-labeled cells sent axons to CA3,
displayed action potentials, and evoked inhibitory synaptic
currents, indicating that they were partially integrated into the
existing network. This partial integration may promote survival,
although this idea has not been tested.

Extrinsic factors may delay the development of
adult-generated neurons

Some adult-generated granule cells can fully integrate into the
dentate circuitry by 1 month after division (van Praag et al.,
2002). Similarly, stem cells develop properties of fully functional
neurons under appropriate culture conditions (Song et al.,
2002a,b). However, little is known about the molecular and tem-
poral cues underlying this process. Although it might be pre-
dicted that granule cell maturation proceeds in a continuous
manner, the rather homogenous characteristics of EGFP-labeled
cells suggests that development proceeds by way of several dis-
crete steps. It is expected that these discrete steps reflect patterns
of gene expression. Following this idea, essentially all EGFP-
labeled neurons expressed PSA-nCAM, and many expressed Tuj1
and Tuc-4. Furthermore, EGFP-labeled neurons either weakly
expressed, or did not express, the mature neuronal marker NeuN.
Stepwise changes in gene expression may be regulated by intrinsic
or extrinsic factors. Our observation that EGFP expression in the
subventricular zone turns off before migrating cells reach the
olfactory bulb suggests that the temporal pattern of EGFP expres-
sion in the olfactory system differs from the dentate gyrus (Win-
ner et al., 2002). This suggests that local extrinsic signaling is
influential. Additional preliminary results suggest that the tem-
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poral window of EGFP expression in the dentate also depends on
the age of the animal and other environmental influences. Our
results indicate that 2 weeks after final division, adult-generated
granule cells have immature excitability and short, spine-free
dendrites that do not project past the inner molecular layer. This
contrasts with the time course of granule cell maturation during
embryonic development, in which the “oldest” granule cells have
relatively mature morphology and physiology by the end of the
first postnatal week (Liu et al., 2000; Jones et al., 2003). Granule
cell neurogenesis occurs late during the embryonic period (An-
gevine, 1965; Schlessinger et al., 1975); therefore, these early gen-
erated cells are similar in age to the EGFP-positive cells in adult
tissue. Thus, the time course of maturation must be slower for
adult-generated granule cells compared with those produced
during the embryonic and early postnatal period. It is likely that
extrinsic factors in adult tissue may be less favorable compared
with early development, thereby retarding and/or preventing the
maturation, as well as proliferation (Kuhn et al., 1996; Dayer et
al., 2003) of newborn neurons.
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