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Development/Plasticity/Repair

Delayed Development of Adult-Generated Granule Cells in
Dentate Gyrus

Linda S. Overstreet-Wadiche, AeSoon L. Bensen, and Gary L. Westbrook
Vollum Institute, L474, Oregon Health & Science University, Portland, Oregon 97239

A substantial fraction of adult-generated granule cells in the dentate gyrus survive and integrate into the existing neuronal network.
These newborn neurons must navigate the environment of the adult brain, a setting that is presumably less optimized for neuronal
maturation compared with that in the developing brain. We used EGFP (enhanced green fluorescent protein) expression in newborn
granule cells to compare the maturation of adult-generated granule cells to those generated in neonates. Labeled newborn granule cells
had indistinguishable physiological properties in adults and neonates, indicating they were at the same functional stage. However, the
maturation of adult-generated granule cells was slower than neonatal-generated granule cells. Depolarizing GABAergic network activity
and transcription factor activation were reduced in adults relative to neonates, suggesting a role for neural activity in the maturation of
newborn granule cells. Consistent with this idea, maturation was altered in mice lacking the GABA synthetic enzyme GAD65 (glutamic
acid decarboxylase 65). Together, these results provide evidence that activity-dependent processes in the local environment influence the
maturation of newborn granule cells.
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Introduction

Neurogenesis is a well established feature of the adult dentate
gyrus. However, to participate in hippocampal-dependent be-
haviors, newborn neurons must functionally integrate into the
preexisting circuit. How newly generated cells interact with their
environment, particularly a mature neuronal network, is a gen-
eral problem in stem cell biology. Knowledge of these interac-
tions is critical for exploiting the therapeutic potential of stem
cells (Goldman, 2005). Neurogenesis in the dentate gyrus pro-
vides a model system to explore the influence of the microenvi-
ronment on neural stem cell fate. Recent work with hippocampal
progenitors demonstrates that the environment in vitro deter-
mines the phenotype of newborn cells (Song et al., 2002; Deis-
seroth et al., 2004; Shen et al., 2004). The different environment
of the adult and neonatal brain could also influence how new-
born neurons integrate in vivo.

Activity is one environmental factor that could influence in-
tegration. Activity-dependent maturation of neurons and syn-
apses is well established (Cohen-Cory, 2002; Wong and Ghosh,
2002). Many developing networks display spontaneous patterns
of intrinsic activity that promote neural development and con-
nectivity (Katz and Shatz, 1996; Ben-Ari, 2001; Yu et al., 2004).
Likewise, activity-dependent processes have been implicated in

Received July 5, 2005; revised Jan. 13, 2006; accepted Jan. 14, 2006.
This work was supported by National Institutes of Health Grant NS-26494 (G.L.W.). We thank members of the
Westbrook laboratory for comments and suggestions during this project.
Correspondence should be addressed to Linda S. Overstreet-Wadiche, Vollum Institute, L474, Oregon Health &
Science University, 3181 Southwest Sam Jackson Park Road, Portland, OR 97239. E-mail: overstre@ohsu.edu.
DOI:10.1523/JNEUR0SCI.4111-05.2006
Copyright © 2006 Society for Neuroscience  0270-6474/06/262326-09%$15.00/0

the maturation of adult neural progenitors (Deisseroth et al.,
2004; Saghatelyan et al., 2005; Tozuka et al., 2005). In the adult
dentate gyrus, depolarizing GABAergic input to progenitors is a
mechanism that could underlie activity-dependent neural differ-
entiation (Tozuka et al., 2005). Although depolarizing network
activity in the neonate hippocampus is dramatically elevated
compared with the adult hippocampus (Ben-Ari, 2001), it is un-
clear whether this difference influences the maturation of new-
born granule cells.

To assess the impact of the adult environment on neuronal
maturation, we compared the development of newborn granule
cells in adults with their development in neonates. We used en-
hanced green fluorescent protein (EGFP) expression in proopio-
melanocortin  (POMC)-EGFP transgenic mice to identify
newborn granule cells (Overstreet et al., 2004). In adult mice,
EGFP-labeled granule cells have immature neuronal morphology
and physiology, and they express immature markers such as PSA-
nCAM (polysialylated neural cell adhesion molecule). We found
that EGFP is expressed in newborn granule cells at a similar func-
tional stage in neonates. However, the timing of EGFP and
neuronal-specific nuclear protein (NeuN) expression indicated
that this functional stage was delayed in adults. This was con-
firmed by demonstrating that the excitable properties of 2-week-
old granule cells in adults were less mature than similar-aged
granule cells in neonates. The network activity in neonates sug-
gested that depolarizing GABAergic activity in surrounding cells
can promote faster maturation of newborn cells. Accordingly,
EGFP expression was delayed in neonate mice when this pattern
of activity was reduced by genetic deletion of the GABA synthetic
enzyme glutamic acid decarboxylase 65 (GAD65). These results
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support the idea that activity in the environment of newborn
granule cells is an important regulator of maturation.

Materials and Methods

The generation of POMC-EGFP mice was described previously (Over-
street et al., 2004). We used heterozygous —13/+8POMC-EGFP trans-
genic mice, maintained by outbreeding homozygous males with wild-
type C57BL/6] females. GAD65 '~ mice were provided by K. Obata
(RIKEN, Wako, Japan) (Asada et al., 1996) and crossed with POMC-
EGFP heterozygotes to generate GAD65 /" and GAD65 ~/~/POMC-
EGFP mice. All mice were maintained in a C57BL/6J background. All
animal procedures followed the Guide for the Care and Use of Laboratory
Animals, United States Public Health Service, and were approved by the
Oregon Health & Science University Institutional Animal Care and Use
Committee.

Electrophysiology. Horizontal slices from the hippocampus were incu-
bated in a solution containing the following (in mwm): 125 NaCl, 25
NaHCO,, 2.5 KCI, 1.25 NaH,PO,, 0.5 CaCl,, 2.5 MgCl,, and 25
D-glucose, bubbled with 95% O,/5% CO,. We used a similar extracellular
solution for whole-cell recordings except 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): 150 KCI, 10 HEPES, 4 Mg,ATP, 0.5 NaGTP, 10 phos-
phocreatine, and 0.2% biocytin or 135 K-gluconate, 15 KCl, 5 NaCl, 0.5
EGTA, 10 HEPES, 2 Mg,ATP, and 0.2% biocytin, pH 7.3 and 310 mOsm,
4—8 M) resistance. Differential interference contrast and fluorescent
images were combined (PIX/2; MicroImage Video Systems, Boyertown,
PA) for simultaneous viewing of EGFP * and unlabeled cells. Series re-
sistance (825 M(), compensated 50—80%) was monitored and experi-
ments discarded if substantial changes were observed. Currents were
filtered at 2 kHz and sampled at 10 kHz (Axopatch 200B; Molecular
Devices, Union City, CA). Unless noted, recordings were done at 22°C.
Action potential amplitudes were measured from threshold. Voltages
were not corrected for junction potentials. Membrane time constants
were determined by fitting a single exponential function to membrane
responses to small hyperpolarizing current injections. Spontaneous ac-
tivity was recorded in 15 min epochs and analyzed off-line using the
template-matching protocol in Axograph 4.9. Synaptic currents analo-
gous to “giant depolarizing potentials” (GDPs) were defined by an am-
plitude more than five times the average spontaneous event in each cell.
The high input resistance of newborn granule cells made it likely that
current leak through the pipette seal contributed to variability and un-
derestimates of the actual input resistance. Data are expressed as mean *+
SEM, and unless noted, paired or unpaired ¢ tests were used to determine
statistical significance at the p < 0.05 level. All drugs and chemicals were
obtained from Sigma (St. Louis, MO) or Tocris (Ellisville, MO).

Ca®* imaging. Slices from postnatal day 4 (P4) to P7 neonates were
incubated for 1-2 h in X-rhod-1 (AM) (4—-8 uM; Invitrogen, Eugene,
OR) and then washed for 1-3 h in extracellular solution. Multiple
X-rhod-1-labeled cells were imaged in a single field (63X objective; 0.9
numerical aperture; Zeiss, Oberkochen, Germany) with a QLC100 con-
focal scanning head (Yokogawa, Tokyo, Japan) mounted on a Zeiss FS-2
microscope using 488 nm (EGFP) and 568 nm (X-rhod-1) laser illumi-
nation. Ca" signals and EGFP fluorescence were detected with a XR/
Megal0 ICCD camera (Stanford Photonics, Stanford, CA) controlled by
QED software (Media Cybernetics, Silver Spring, MD). Ca®" signals
were imaged continuously in 3—4 min epochs (568 nm; 4-5 Hz; 35°)
interleaved with averaged images acquired at 488 and 568 nm to identify
EGFP- and X-rhod-1-labeled cells. The average pixel intensities in re-
gions of interest surrounding cell bodies in the granule cell layer were
normalized (AF/F) using Axograph 4.9. EGFP and X-rhod-1 images
were overlaid in Photoshop. Cell bodies with high basal Ca** signals did
not show spontaneous transients and were not counted.

5-Bromo-2'-deoxyuridine labeling and immunohistochemistry. Adult
POMC-EGFP transgenic mice (age 12-16 weeks) received four
5-bromo-2'-deoxyuridine (BrdU) injections (300 mg/kg in 0.9% saline,
i.p.; Sigma) at 2 h intervals. Pregnant female mice were injected on em-
bryonic days 16—-19. We used a lower dose of BrdU to reduce the neuro-
toxic effects of BrdU in neonates that lack a blood—brain barrier (150
mg/kg in 0.9% saline, i.p.). Atdays 1, 3, 6, 8, 10, 11 or 12, 14, 16, 24, and
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30 after injection, adult mice (>20 d) were anesthetized with 2,2,2-
tribromoethanol (Avertin; Aldrich, Milwaukee, WI) and transcardially
perfused with 4% paraformaldehyde in PBS. Brains were removed and
postfixed overnight. Neonate and juvenile mice (<30 d) were anesthe-
tized with halothane, and the brains were quickly removed, blocked, and
fixed in 4% paraformaldehyde for 2 d. Horizontal sections through the
hippocampus (50 wm) were cut on a vibratome and stored at —20°C in
cryoprotecting buffer (30% ethylene glycol, 20% glycerin, and 0.05 M
PBS). BrdU immunohistochemistry was performed simultaneously on
sections from all intervals. Every sixth section through each hippocam-
pus was processed. Free-floating sections were washed twice in KPBS,
incubated in 2N HCI (30 min at 37°C), and rinsed in 0.1 borate buffer,
pH 8.5 (10 min). Sections were incubated in KPBS/0.4% Triton
X-100/5% normal goat serum for 30 min followed by overnight incuba-
tion with primary anti-BrdU antibody (monoclonal rat; 1:200; Oxford
Biotechnology, Oxfordshire, UK). After rinsing, sections were incubated
for 1 hin Texas Red-conjugated goat anti-rat IgG (1:200; Jackson Immu-
noResearch, West Grove, PA). Sections were then incubated for 1 h in
AlexaFluor 488 rabbit anti-GFP IgG (1:500; Invitrogen). For BrdU/
NeuN colocalization, sections were incubated sequentially in mouse
anti-NeuN (overnight; 1:1000; Chemicon, Temecula, CA), sheep anti-
BrdU (overnight; 1:500; Abcam, Cambridge, MA) followed by goat anti-
mouse AlexaFluor 488 (2 h; 1:200; Invitrogen) and donkey anti-sheep
AlexaFluor 647 (2 h; 1:200; Invitrogen). For NeuroD and phosphorylated
cAMP response element-binding protein (pCREB) immunoreactivity,
sections were incubated in 0.4% PBS/0.4% Triton X-100/5% normal
donkey serum (1 h), followed by goat anti-NeuroD1 (overnight; 1:100;
Santa Cruz Biotechnology, Santa Cruz, CA) or anti-pCREB (overnight;
1:200; Santa Cruz Biotechnology). Sections were then incubated with
donkey anti-goat AlexaFluor 647 (2 h; 1:200), followed by rabbit anti-
GFP AlexaFluor 488. All protocols included control reactions in which
primary antibodies were omitted. Sections were mounted with Prolong
Antifade (Invitrogen) and imaged with fluorescent or confocal
microscopes.

After recordings, slices were fixed with 4% paraformaldehyde over-
night, washed, and incubated in Cy5-conjugated streptavidin (1 pg/ml;
Jackson ImmunoResearch) in PBS/0.4% Triton X-100. Only a fraction of
filled EGFP-labeled cells were recovered. For morphometric measure-
ments, we reconstructed biocytin-filled cells or EGFP-labeled cells with
maximum z-projections of confocal stacks (0.5-1.0 wm intervals) using
Image]. EGFP-labeled cells that were relatively isolated from neighboring
labeled cells were selected for reconstructions. Total dendritic length was
measured with Neuron] (Meijering et al., 2004). For BrdU/EGFP colo-
calization, cell counts were performed blind to the experimental condi-
tion, and results were confirmed by a second blinded investigator. We
were interested in relative numbers, so no corrections were made for
section thickness or cell diameter. Based on a slice thickness of 50 wm and
cell diameter of <10 wm, our counts may overestimate the actual num-
bers by ~15%, although the use of every sixth section reduces the error
(Guillery and Herrup, 1997). The number of BrdU ™ nuclei positioned
within or immediately adjacent to the granule cell layer (>50 cells per
mouse), the number of EGEP ™ cells (>400 cells per mouse), and the
number of cells that colocalized BrdU and EGFP were counted. For other
colocalization experiments, errors were reduced by counting cells in sin-
gle optical sections. The number of cells per field was measured by pro-
pidium iodide or Sytox orange nucleic acid stain (Invitrogen).

Results

EGFP labels newborn granule cells in adults and neonates

We used EGFP expression in the dentate gyrus of POMC-EGFP
transgenic mice to distinguish newborn (labeled) from more ma-
ture (unlabeled) granule cells. Transient EGFP expression serves
as a marker of newborn granule cells at an early developmental
stage (Overstreet et al., 2004). Although the number of labeled
newborn cells declines with increasing age (Overstreet et al.,
2004), individual cells had similar morphological characteristics
regardless of the age of the animal. Labeled cell bodies were small
and located near the subgranular zone with a primary dendrite
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that branched and terminated within the
inner molecular layer (Fig. 1). Labeled cells
had mossy fiber axons that terminated in
stratum lucidem, but they lacked mature
mossy fiber boutons. Newborn granule
cells had similar excitable properties at all
ages, characterized by small, broad action
potentials, and high input resistance (Ta-
ble 1). Newborn granule cells in adults and
neonates also have similar synaptic con-
nectivity. Although they lack glutamater-
gic synaptic input, newborn granule cells
have depolarized GABAergic responses
and GABAergic synaptic currents with
slow decay phases in adults and neonates
(Overstreet-Wadiche et al., 2005). New-
born granule cells in adults and neonates
also expressed the same developmental
markers (see below). Although we cannot
rule out the possibility that subtle intrinsic
differences exist between newborn granule
cells in adults and neonates, these results
indicate that EGFP-labeled cells are at a
similar functional stage regardless of the
age of the animal.

b neonate

Delayed development of adult generated
granule cells

We next used BrdU labeling to compare
when granule cells achieve the stage
marked by EGFP expression (Fig. 2a).
There was significant colocalization be-
tween BrdU and EGFP (Fig. 2b,c), but the
maximal degree and the temporal pattern
of colocalization differed between neonates
and adults (Fig. 2d). In adults, most BrdU ©
cells were located near the inner granule cell
layer. Colabeling between BrdU and EGFP
peaked at 12 d and declined gradually over
the next 2 weeks (Fig. 2b,d). In the neonatal hippocampus, BrdU *
cells were found throughout the cell layers, consistent with neuro-
genesis of pyramidal cells and interneurons. Importantly, colabeling
between BrdU and EGFP in newborn granule cells peaked earlier
and declined more rapidly than in adults, an effect that was most
apparent by normalizing each profile to the peak colabeling (Fig. 24,
right). The delayed expression of EGFP in adults suggested that
adult-generated granule cells developed at a slower rate.

If granule cells develop more slowly in adults compared with
neonates, other developmental markers, such as NeuN, should
also reflect the different temporal pattern. Thus, we compared
BrdU and NeuN colocalization at 12 and 30 d after BrdU incor-
poration. Indeed, 12 d after BrdU incorporation, 66 = 3.0% of
BrdU ™ cells expressed NeuN in neonates compared with only
47 * 4.8% in adults (n = 3 each; p < 0.05) (Fig. 3). As expected,
the percentage of BrdU ™ cells that expressed NeuN increased
between 12 and 30 d in both neonates (87 = 0.6%; p < 0.001) and
adults (79 * 2.3; p < 0.001). However, at 30 d, the percentage was
not different between adults and neonates, suggesting that de-
layed maturation accounted for the difference at 12 d, rather than
a difference in phenotype. Interestingly, BrdU and NeuN colo-
calization is even further delayed in 2-year-old rats compared
with young adult rats (Rao et al., 2005), suggesting that newborn
granule cell development may be further slowed in aged animals.

Figure1.

bar, 20 wm.
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EGFP labels newborn granule cellsin adults and neonates. a, Confocal images of EGFP expression in the dentate gyrus
from a P10 mouse (left) and a 4&-month-old mouse (right). Each image is a maximum intensity z-projection of sections at 1 pm.
Cellbodies are stained with propidium iodide (red). Scale bar, 100 m. Although the number of newborn cells decreased with age,
individual cells had the same immature properties (Table 1). b, Higher magnification images from a P7 mouse (left) and a
4-month-old mouse (right) show the similar morphology of labeled newborn cells. The dendrites of newborn cells extended into
theinner molecular layerand had similar total length (Table 1), although the primary dendrite appeared shorter in neonates. Scale

In rodents, granule cell neurogenesis occurs over a prolonged
time window, beginning at embryonic days 10-14 and peaking
after birth (Angevine, 1965; Schlessinger et al., 1975). Hence, at
postnatal days 5-7, the “oldest” granule cells are in the same
postmitotic age range as EGFP-labeled cells in adults. However,
random unlabeled granule cells in P5-P7 mice had more mature
excitable and morphological properties than EGFP-labeled gran-
ule cells in adults. Specifically, unlabeled granule cells had lower
input resistances, faster membrane time constants, and larger
action potentials with faster kinetics (Fig. 4, Table 1). Morpho-
logical measurements of biocytin-filled cells revealed that the to-
tal dendrite length of unlabeled cells at P5-P7 (687 * 113 wm;
n = 7) was greater than newborn cells in adults (241 * 16 um;
n = 8). Although we cannot know the exact age of any individual
labeled or unlabeled cell, the relatively mature properties of
unlabeled granule cells in neonates were never observed in EGFP-
labeled cells in adults. Together, these results indicate that adult-
generated granule cells develop more slowly than granule cells
generated during the neonatal period. In addition, the compari-
son between unlabeled granule cells in neonates and adults
showed that the amplitude and duration of action potentials had
reached mature values in neonates. However, the smaller Na™*
current and total dendritic length indicates that unlabeled gran-
ule cells in neonates are not yet fully mature.
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Table 1. Properties of newhorn granule cells in adults and neonates
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IR (GQY) T, (ms) AP amp (mV) AP half-width (ms) INa+ (nA) TDL (jum) sPSCfrequency (Hz)
Adults
Newborn 8.0+ 2.0(8)* 106 + 16 (8)* 35 £ 5(8)* 93+ 24(8)* 03*+0.1(7)* 241 + 16 (8)* 0.04 = 0.02 (7)*
Unlabeled 0.5=+0.2(6) 30 = 4.4 (6) 88 = 5(6) 1.4 +0.1(6) 63+ 1.1(5 2061 = 184 (6) 7.0 = 0.7(5)
Neonates
Newborn 47 =17 (6)* 77 £15(6)* 33 £5(6)* 6.8 = 0.7 (6)* 0.1x0.1(6)* 189 + 26 (8)* 0.06 = 0.03 (11)*
Unlabeled 0.9=*+02(9 43 +33(9) 90 +=3(9) 1.5+0.1(9) 1.4+ 0.3 (6) 687 =113 (7) 6.5+ 1.9(5)

Average age of adults, P98; average age of neonates, P6. The number of cells is indicated in parentheses. IR, Input resistance; 7, , membrane time constant; AP amp, action potential amplitude; /y,* peak Na™ current during voltage step
from —70to —30 mV; TDL, total dendrite length. Spontaneous postsynaptic current (sPSC) frequency includes the high-frequency bursts in neonates.

*Significantly different from unlabeled granule cells at p = 0.05. None of the values were different between newborn cells in adults and neonates.

a

one® -»I—»

lBrdU
I I | | |

0 5 0 15 20 25
interval (days)

e

neonate

b

18 day interval

neonate

e 100-
d g 100

.§ » adult

g ¢ * neonate

g ¢

S 50+ % 50+

(5]

1 4

w

a2

a

L

= o

C — £-0

0 10 20 30 0

interval (days)

Figure 2.

interval (days)

Accelerated EGFP expression in newborn neurons in neonates. a, Granule cell development includes a period of

transient EGFP expression. We used a pulse-chase experiment to determine the time course of EGFP expression. BrdU was
administered to adult and embryonic day 16 —19 POMC-EGFP mice on day 0 to label S-phase cells. Mice were then perfused 1-30
d later. b, In adults, 18 d after BrdU administration, most BrdU-labeled cells were located near the subgranular zone and many
were colocalized with EGFP. The inset shows colabeled cells (arrow) at a higher magnification. ¢, In neonates, BrdU administration
labeled all layers of the hippocampus. Colabeling of BrdU with EGFP in the granule cell layer peaked at 10 d (left panel) and almost
disappeared by 14 d (right panel). Scale bar: (in ¢) b, ¢, 50 wm. d, The percentage of BrdU * cells that colocalized with EGFP
revealed the temporal expression profile of EGFP (left; n = 3—5 mice/interval). EGFP expression in adults was delayed relative to
that in neonates. The lines indicate Gaussian fits to the data points. In the right panel, data were normalized to the maximum

degree of colabeling. Error bars indicate SEM.

Different patterns of network activity in
adults and neonates

Network activity in the neonate could pro-
mote neuronal maturation. Networks in
the neonatal visual system (Katz and
Shatz, 1996), motor system (Khazipov et
al., 2004), olfactory bulb (Yu et al., 2004),
and cortex (Adelsberger et al., 2005) all
display spontaneous patterns of intrinsic
activity critical for their normal develop-
ment. Likewise, the neonatal hippocam-
pus displays characteristic spontaneous
activity, so-called GDPs (Ben-Ari et al.,
1989). These locally synchronized network
discharges propagate through the entire
hippocampus (Leinekugel et al., 1998)
during a restricted period of development
(Leinekugel et al., 2002). Thus, they are
well positioned to promote activity-
dependent maturation in the neonate
(Ben-Ari, 2001).

To determine whether network activity
patterns differed in the neonatal and adult
dentate gyrus, we recorded from granule
cells in slices from neonatal (postnatal
days 4-7) or adult (>3 month) mice.
EGFP-labeled newborn granule cells in
neonatal mice had a low frequency of
spontaneous GABAergic synaptic events
similar to that in adults (Fig. 5, Table 1).
High-frequency bursts of activity were
present in only 2 of 11 EGFP-labeled cells
in neonates (data not shown), likely re-
flecting their low synaptic connectivity
(Overstreet-Wadiche et al., 2005). How-
ever, most unlabeled granule cells in neo-
nate slices showed prominent bursts of
high-frequency spontaneous activity (5 of
7 cells) that lasted hundreds of milliseconds
(Hollrigel et al., 1998). The bursts were su-
perimposed on a constant background of in-
dividual synaptic events (0.7 = 0.4 Hz; 68 =+
10 pA) (Fig. 54, asterisks). The events within
the bursts as well as the background activity
had kinetics consistent with GABAergic IP-
SCs and were dramatically reduced by the
GABA, receptor antagonist 6-imino-3-(4-
methoxyphenyl)-1(6 H)-pyridazinebu-
tanoic hydrobromide (SR95531) (n = 4).
Although mainly GABAergic, the spontane-
ous events were depolarizing because of the
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Figure3. Differenttemporal expression of NeuNin neonates and adults. a, Twelve days after
BrdU incorporation, more BrdU ™ cells expressed NeuN in neonates compared with adults. After
304, colocalization increased in both adults and neonates, but was not different between adults
and neonates (ANOVA with Tukey-Kramer multiple comparisons). Error bars indicate SEM. b, ¢,
Examples of BrdU/NeuN immunoreactivity in adult and neonate mice. Images are z-projections
of 16 confocal stacks at 1 wm intervals. In adults, BrdU ™ cells were located exclusively near the
subgranular zone. The arrows indicate cells that are shown in the insets. In neonates, BrdU *
cells were located the throughout the granule cell layer. Scale bar, 20 pm.

unlabeled in neonate b EGFP in adult

‘é’ E5
J/

Figure 4.  Granule cells at the same postmitotic age have more mature properties in neo-
nates. a, b, Granule cells (unlabeled) in neonates are ~2 weeks postmitotic or younger (i.e.,
similar in age to EGFP-labeled cells in adult mice). However, their dendritic morphology and
excitability were more mature (Table 1). The top traces show typical voltage responses to
current injections (20 and 5 pA steps, respectively). Calibration: 50 mV, 50 ms. Reconstructions
from biocytin-filled cells and EGFP-labeled cells were traced from z-series projections at 1 um
intervals. Scale bar, 10 m.

depolarized chloride equilibrium potential in immature granule
cells (Hollrigel et al., 1998). At near physiological temperature (30—
35°C), bursts of high-frequency events were even more prominent,
and included clusters that could last tens of seconds (n = 7) (data not
shown). This patterned activity, analogous to GDPs observed in
other hippocampal subregions (Leinekugel et al., 1997), was associ-
ated with Ca®" transients. In slices from neonate mice that were
loaded with the membrane-permeable Ca** indicator X-rhod-1
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Figure 5.  Spontaneous synaptic activity patterns in neonates and adults. a, EGFP-labeled
granule cells from neonatal mice had a low frequency of spontaneous GABAergic synaptic
events, similar to that seen in adults (Table 1). Unlabeled granule cells from neonates exhibited
patterned spontaneous activity analogous to giant depolarizing potentials in other hippocam-
pal subregions (Ben-Ari, 2001). Activity consisted of bursts of spontaneous events (inset) inter-
spersed on a background of smaller individual spontaneous events (asterisk). Calibration: 100
pA, 10's; inset, 100 pA, 500 ms. Spontaneous activity was dramatically reduced by SR95531,
indicating it was mediated by GABA, receptors (KCl-based intracellular solution). b, Spontane-
ous network activity in neonates generated Ca ™ transients. Confocal image (left) of granule
cellsin an acute slice from a neonatal POMC-EGFP mouse after incubation with the membrane-
permeable Ca** indicator X-thod-1. Many newborn cells loaded with the indicator are yellow,
indicating both EGFP and X-rhod-1 fluorescence. Some newhorn cells were not loaded with
indicator (green), and mature granule cells loaded with X-rhod-1 are red. Examples of sponta-
neous Ca*" transients (right) imaged in the numbered cells. 3 and r4 are mature granule cells,
and g6 is a newhorn cell. Imaging was performed at 35°C. The arrowhead indicates synchro-
nized events in multiple cells. Calibration: 50% F/F, 30 s. ¢, In contrast to neonates, mature
granule cells in adults did not have patterned spontaneous activity. Although there was a high
frequency of GABAergic synaptic events, the hyperpolarized reversal potential for GABA-evoked
currents in mature cells would inhibit depolarizing activity. Calibration: 400 pA, 10's.

(AM) (Fig. 5b, left), robust spontaneous Ca’* transients were
present in both unlabeled and newborn granule cells (Fig. 2b, right).
We observed spontaneous transients during 3—4 min epochs in 59 =
8% of newborn cells and 60 = 8% of unlabeled cells (1 = 44 and 34
cells, respectively). Spontaneous Ca>* transients were completely
blocked by SR95531 in newborn granule cells (n = 9), but not in
more mature cells (n = 8). Thus, whole-cell recordings and Ca’”"
imaging demonstrate that patterns of spontaneous activity analo-
gous to GDPs are present in the neonatal mouse dentate gyrus.
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Figure 6.

adults 2.7 = 0.2% of cells were newborn.

In contrast, we never observed patterned bursts of high-
frequency spontaneous activity in granule cells from adults. This is
consistent with previous findings that GDPs in other subregions of
the hippocampus disappear during the second postnatal week (Ben-
Ari, 2001; Leinekugel et al., 2002). Although the frequency of spon-
taneous activity in mature granule cells was high and predominately
mediated by GABAergic events (7.0 = 0.7 Hz; n = 5) (Fig. 5¢), the
chloride equilibrium potential is more hyperpolarized and GABAer-
gic responses counteract excitatory input (Staley and Mody, 1992).
Together, these results indicate that spontaneous network activity in
neonates and adults is dramatically different. In neonates, newborn
neurons reside in a network with robust bursts of depolarizing ac-
tivity that generate calcium transients, whereas this patterned activ-
ity is absent in adults.

Activity-dependent transcription factors in adults

and neonates

Different activity patterns in the environment of newborn gran-
ule cells could alter the expression of many molecules that influ-
ence neuronal development. We thus compared the expression of
two activity-regulated transcription factors that have been impli-
cated in activity-dependent neuronal growth, CREB (Redmond

Different molecular environment in neonates and adults. a, There was robust pCREB expression in all layers of the
hippocampus in sections from neonatal brains. Low-magnification images show EGFP-labeled mossy fibers in stratum lucidem
and migrating granule cells (left panel). The boxed region is enlarged in the middle row of panels, showing that many pCREB and
colabeled cells were present throughout the granule cell layer. PD 4, Postnatal day 4. b, pCREB immunoreactivity was much lower
in the granule cell layer in sections from adults. However, similar to neonates, the majority of newborn cells expressed pCREB.
Scale bar, 50 wm. Colabeling between pCREB and the nuclear stain Sytox orange revealed that the majority of all granule cells
expressed pCREB in neonates; however, only a small fraction of granule cells expressed pCREB in adults, most of which were
newborn neurons. In neonates, newborn granule cells made up 28 = 7% of total cells within the granule cell layer, whereas in
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et al., 2002) and NeuroD (Gaudilliere et
al., 2004). Activated CREB, as detected by
pCREB immunoreactivity, was strongly
expressed in all layers of the hippocampus
in neonates (Fig. 6). Most newborn gran-
ule cells had robust expression of pCREB
(71 = 2%; n = 3 mice) and colabeling with
a nuclear stain revealed that more than
one-half of all cells in the granule cell layer
were also pCREB positive (60 * 6%; n =
3). However, there was a different expres-
sion pattern in adult mice. Although most
newborn cells in adults also expressed
PCREB (70 = 7%; n = 6), immunoreactivity
in surrounding cells was low (5 * 2%; n =
6). A similar expression pattern was seen
with NeuroD (supplemental Fig. 1, available
at www.jneurosci.org as supplemental mate-
rial). EGFP-labeled granule cells showed
NeuroD immunoreactivity in both neonates
and adults. However, in neonates, newborn
cells were surrounded by more mature gran-
ule cells that also expressed NeuroD. Thus,
the pattern of transcription factor activation
paralleled the pattern of activity in adults and
neonates, suggesting that newborn neurons
in neonates are exposed to an environment
enriched in activity-dependent gene
expression.

Genetic deletion of GADG65 alters
granule cell maturation

We next tested the idea that activity-
dependent mechanisms contribute to ac-
celerated granule cell maturation in neo-
nates. Because the characteristic neonatal
patterns of activity are predominantly
generated by GABAergic mechanisms
(Fig. 5) (Ben-Ari et al., 2001), we crossed
POMC-EGFP mice with mice lacking one
of the GABA synthetic enzymes, GAD65
(Asada et al., 1996). GADG65 is responsible for producing vesicu-
lar GABA (Soghomonian and Martin, 1998). Genetic deletion of
GADG65 reduces hippocampal GABA content (Hensch et al.,
1998) and GABA synaptic release (Tian et al., 1999). Asillustrated
in Figure 7, the frequency of GDPs recorded in unlabeled granule
cells was reduced in GAD65 /™ neonatal mice (2.3 * 0.9 per
minute) compared with GAD65 ™/ littermates (7.3 = 1.9 per
minute; n = 6 cells each; p = 0.01). However, the amplitude and
frequency of the smaller individual synaptic events were not sig-
nificantly affected. If GDPs promote maturation in neonates, we
expected a prolonged temporal profile of BrdU/EGFP colocaliza-
tion in neonate GAD65 '~ mice. We measured colocalization at
the interval with the greatest difference between adults and neo-
nates (16 d) (Fig. 2). In this situation, delayed maturation would
appear as an increase in BrdU colocalization. Consistent with the
idea that GABAergic network activity accelerates granule cell
maturation, BrdU/EGFP colocalization in GAD65 ~/~ mice was
increased by more than twofold compared with wild-type litter-
mates (218% of control; n = 3 mice each; p < 0.005). The num-
ber of EGFP- and BrdU-labeled cells per field was not signifi-
cantly altered (115% of control and 91% of control, respectively).
Furthermore, the morphology of EGFP-labeled cells appeared
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unaltered, suggesting that only their rate of
maturation was affected.

During neuronal maturation,
GABAergic responses shift from depolar-
izing to hyperpolarizing. Thus, in neonate
dentate gyrus, the net effect of GABA is
excitatory, whereas in adults the net effect
of GABA is inhibitory. Indeed, adult
GADG65 /™ mice have a reduced threshold
for seizure induction (Asada et al., 1996)
and display spontaneous seizures (Kash et
al., 1997). Interestingly, labeled granule
cells had a different appearance in adults,
with larger cell bodies and dendrites that
extended through the molecular layer (sup-
plemental Fig. 2, available at www.jneurosci.
org as supplemental material). There were
also greater numbers of labeled cells. This
appearance was similar to that observed
after pilocarpine-induced seizures, when
EGFP-labeled granule cell integration is
dramatically accelerated (L. S. Overstreet-
Wadiche, unpublished observation).

a GADG65*+

GADGS5 "

colocalization (%)

Discussion

It is generally acknowledged that adult
neurogenesis occurs in a relatively hostile
environment (Kempermann et al., 2004;
Rakic, 2004). To date, most experimental
attention has been directed at the neuro-
genic potential of the permissive microen-
vironment in the subgranular zone where
neural progenitors proliferate. Yet partici-
pation of adult-generated neurons in hippocampal function re-
quires that newborn neurons leave this niche and navigate within
the mature circuit with its well established connectivity. The
characteristic patterns of spontaneous activity and depolarizing
GABAergic responses in developing systems suggest that such
activity may enhance neural growth and integration (Ben-Ari,
2001). Direct depolarization by GABA can promote neural dif-
ferentiation from adult progenitors (Tozuka et al., 2005). Indi-
rect depolarization resulting from network activity may also in-
fluence differentiation (Deisseroth et al., 2004). Regardless of the
specific mechanisms, our results demonstrate that adult-
generated neurons develop more slowly than granule cells in ne-
onates and suggest that activity-dependent processes are in-
volved. This further implies that activity can influence the
maturation, as well as proliferation and differentiation, of new-
born neurons.

Figure 7.

Tracking newborn neurons with POMC-EGFP

The morphology, excitable properties, and expression of various
markers indicate that EGFP-labeled granule cells are immature
postmitotic neurons (Overstreet et al., 2004). In the classification
scheme of Alvarez-Buylla and colleagues (Seri et al., 2001, 2004),
EGFP-labeled cells likely correspond to late D2 and D3 cells. In
the nomenclature of Kempermann and colleagues, EGPF-labeled
cells likely correspond to early stage 5 postmitotic immature
granule cells (Kempermann et al., 2004). Although the factors
responsible for expression of POMC-EGFP in newborn granule
cells are unknown (Overstreet et al., 2004), the high degree of
colocalization between BrdU and EGFP suggests that all granule
cells are transiently labeled. Thus, EGFP expression in the dentate
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*GAD65"* GAD65"-

EGFP expression is delayed in neonate GAD65 '~ mice. a, The frequency of synaptic activity analogous to GDPs
(indicated by asterisks) was reduced in GAD65 '~ neonates compared with GAD65 /™ littermates. Recordings were made
from unlabeled granule cells at 32°C. The amplitude and frequency of individual spontaneous events were not altered. Calibration:
100 pA, 30 5. Spontaneous events were present in EGFP-labeled granule cells from GAD65 '~ mice, but GDP frequency was too
low for statistical comparison with GAD65 ™/ littermates. b, Diagram of the protocol to measure BrdU/EGFP colabeling in
neonate GAD65 knock-out mice (left). S-phase cells were labeled with BrdU at embryonic day 19. At postnatal day 15, colabeling
was greater in homozygous mice compared with wild-type littermates (histogram). EGFP-labeled cells appeared unaltered,
suggesting that only the timing of EGFP expression was affected. Error bars indicate SEM.

of POMC-EGFP mice provides a selective marker for newborn
granule cells at an early developmental stage.

Although EGFP-labeled newborn granule cells express func-
tional AMPA and NMDA receptors, they only receive GABAergic
synaptic input (Overstreet-Wadiche et al., 2005). The GABAergic
input to newborn cells has immature characteristics including
slow decays and depolarized reversal potentials. Consistent with a
trophic role of GABA during development (Owens and Krieg-
stein, 2002), depolarizing GABAergic responses in neonates con-
tributed to calcium signals in both unlabeled granule cells as well
as labeled newborn granule cells. Spontaneous Ca** transients in
newborn granule cells that lacked prominent burst activity
(GDPs) suggest that unitary GABAergic synaptic events are suf-
ficient to generate Ca*" signaling. Furthermore, depolarizing
GABAergic responses in newborn neurons after perforant path
input develops could facilitate NMDA receptor activation and
thereby promote NMDA receptor-dependent plasticity (Pavlov
et al., 2004).

Delayed development of adult-generated granule cells

Although various immunohistochemical markers have been cor-
related with the postmitotic age of adult-generated granule cells
(Seki, 2002; Brown et al., 2003), this approach does not allow
direct correlation with cell function. The homogeneous proper-
ties of EGFP-labeled cells indicate EGFP expression labels cells at
a specific early functional stage. Although we cannot know the
exact age of any individual cell, in adults this functional stage
occurred between 3 and 24 d after BrdU incorporation (>1%
BrdU/EGFP colabeling). In neonates, it occurred between 1 and
18 d after BrdU incorporation. The average postmitotic age of
EGFP-labeled granule cells in adults was ~12 d, whereas in neo-
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nates it was ~8 d. One caveat of BrdU incorporation is that
subsequent generations of newborn cells can be detected (Dayer
et al., 2003). However, the developmental delay we observed is
greater than the temporal spread that results from the intrinsic
limits of all BrdU labeling. From these results, we can infer that
most adult-generated newborn granule cells lack glutamatergic
perforant path input for the first 2 weeks of their existence. This
timing of maturation is consistent with recent studies using viral
labeling to track the granule cell development (Esposito et al.,
2005; Zhao et al., 2006). Thus, activity in most adult-generated
granule cells is limited to intrinsic hippocampal activity for a
period of weeks.

We interpret the broader window of EGFP expression in
adults as attributable to a prolonged expression of EGFP in indi-
vidual cells. In principle, this could also reflect less synchronous
development across the population of adult-generated granule
cells. However, the latter possibility is unlikely, because this
would reduce the peak colabeling of BrdU and EGFP in adults. In
fact, peak colabeling in adults was greater than in neonates. Thus,
we conclude that the stage of development marked by EGFP ex-
pression is prolonged in adults. This is also consistent with the
reduced dendritic length and spine density of adult newborn
granule cells identified by retroviral labeling (Zhao et al., 2006).
Furthermore, accelerated development of granule cells in neo-
nates is consistent with their relatively mature functional charac-
teristics (Table 1), including perforant path input (Liu et al.,
2000; Ye et al., 2005), by the end of the first postnatal week.

Modulation of granule cell development
Clearly, all of the conditions of the neonate environment are not
absolutely essential for granule cell development, because some
fraction of adult-generated granule cells can integrate into the
mature circuit and become indistinguishable from their more
mature counterparts (van Praag et al., 2002). However, factors
such as depolarizing network activity are well positioned to facil-
itate neural development. Direct depolarization of progenitors
promotes neuronal differentiation via NeuroD expression (Deis-
seroth et al., 2004; Tozuka et al., 2005); thus enhanced GABAer-
gic depolarization of progenitors in neonates could contribute to
age-dependent accelerated maturation. We did not detect a dif-
ference in spontaneous GABAergic input to EGFP-labeled cells in
neonates and adults. Rather, activity and gene expression in sur-
rounding unlabeled granule cells was dramatically different. Net-
work activity in surrounding cells could modify the molecular
environment of newborn neurons. Depolarization regulates
many transcription factors involved in growth and synaptogen-
esis, including CREB. pCREB expression was widespread in neo-
natal hippocampus, suggesting that spontaneous depolarizing
activity could drive CREB-mediated BDNF expression (Shieh et
al., 1998; Tao et al., 1998) and release (McAllister et al., 1996;
Horch, 2004) from granule cells that surround newborn neurons.
Consistent with this idea, depolarization-induced release of
BDNF by neocortical pyramidal neurons promotes dendritic
growth of surrounding inhibitory interneurons (Jin et al., 2003).
Upregulation of pCREB expression also promotes morphological
development of adult-generated granule cells (Fujioka et al., 2004).
Our results demonstrate that the maturation of newborn neu-
rons is influenced by activity in their environment, but we cannot
exclude intrinsic differences in neural stem cells derived from
adults and neonates (Kruger et al., 2002). In support of a contri-
bution by activity-dependent factors, maturation was altered af-
ter genetic deletion of GAD65. Neonatal GAD65 '~ mice with
reduced network activity (GDPs) had increased BrdU/EGEP co-
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labeling, consistent with a reduced rate of neuronal maturation.
Although we cannot rule out alternative interpretations, includ-
ing alterations in progenitor proliferation (Tozuka et al., 2005),
such scenarios likewise support a role for network activity in the
timing of granule cell development. Conversely, labeled granule
cells in adult GAD65 '~ mice had more mature morphology. It
is unclear why EGFP continued to be expressed in newborn gran-
ule cells at an apparently more mature stage in adult GAD '~
mice. However, this result is strikingly similar to the appearance
of labeled cells after seizures, when their maturation and integra-
tion is dramatically accelerated (L. S. Overstreet-Wadiche, un-
published observation). Ongoing seizure activity in GAD65 '~
mice (Kash et al., 1997) could underlie this similarity. Impor-
tantly, a qualitative shift in the maturation of newborn granule
cells in neonate and adult GAD65 '~ mice mirrors the develop-
mental shift in GABAergic actions in the surrounding network
from depolarizing to hyperpolarizing, whereas GABA depolar-
izes newborn granule cells in both neonates and adults (Hollrigel
etal., 1998; Esposito et al., 2005; Overstreet-Wadiche et al., 2005).

Activity-dependent modulation of granule cell maturation
could result from direct GABAergic depolarization (Esposito et
al., 2005; Overstreet-Wadiche et al., 2005; Tozuka et al., 2005;
Wang et al., 2005; Ge et al., 2006), indirect depolarization via
extracellular K* accumulation (Deisseroth et al., 2004), or by
activity-dependent changes in the molecular environment of
newborn cells. Our results support a contribution by activity-
dependent alterations in the environment. Comprehensive test-
ing of each of these mechanisms will require selective manipula-
tion of activity in newborn as well as more mature granule cells.
Understanding the balance of the mechanisms regulating granule
cell integration could provide insight into the functional integra-
tion of neural stem cells in the adult and diseased brain.
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