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SUMMARY

Active adult neurogenesis occurs in discrete
brain regions of all mammals and is widely re-
garded as a neuronal replacement mechanism.
Whether adult-born neurons make unique con-
tributions to brain functions is largely unknown.
Here we systematically characterized synaptic
plasticity of retrovirally labeled adult-born den-
tate granule cells at different stages during their
neuronal maturation. We identified a critical
period between 1 and 1.5 months of the cell
age when adult-born neurons exhibit enhanced
long-term potentiation with increased potentia-
tion amplitude and decreased induction thresh-
old. Furthermore, such enhanced plasticity in
adult-born neurons depends on developmen-
tally regulated synaptic expression of NR2B-
containing NMDA receptors. Our study demon-
strates that adult-born neurons exhibit the
same classic critical period plasticity as neu-
rons in the developing nervous system. The
transient nature of such enhanced plasticity
may provide a fundamental mechanism allow-
ing adult-born neurons within the critical period
to serve as major mediators of experience-
induced plasticity while maintaining stability of
the mature circuitry.

INTRODUCTION

New neurons are continuously generated from adult neu-
ral stem/progenitor cells throughout life in discrete regions
of the mammalian central nervous system (Gage, 2000;
Ming and Song, 2005). In the hippocampus, a portion of
newly generated dentate granule cells (DGCs) become
synaptically integrated into the existing neural network
(van Praag et al., 2002) and are then maintained in the
adult brain (Kempermann et al., 2003; Zhao et al., 2006).

A central question in the field of adult neurogenesis relates
to the physiological significance of the continuous addi-
tion of a small population of new neurons in the mamma-
lian brain (Aimone et al., 2006; Doetsch and Hen, 2005;
Kempermann et al., 2004; Kitabatake et al., 2007). Are
these new neurons merely replacing dying mature neu-
rons, or are they making unique contributions to specific
brain functions that could not be achieved by existing ma-
ture neurons? Accumulating evidence from behavioral
analysis suggests that adult neurogenesis is essential for
some forms of learning, memory, and mood regulation
(Abrous et al., 2005; Doetsch and Hen, 2005; Kemper-
mann et al., 2004; Kitabatake et al., 2007; Lledo et al.,
2006). Recent studies using c-Fos and Arc expression
as indicators for neuronal activation suggest an interesting
possibility that new DGCs may be preferentially recruited
into circuits in the adult brain that mediate spatial informa-
tion processing and memory formation (Kee et al., 2007;
Ramirez-Amaya et al., 2006; Tashiro et al., 2007). How
such preferential incorporation of adult-born neurons is
achieved remains largely unknown.

Synaptic plasticity is widely regarded as a substrate for
many brain functions, including learning and memory
(Malenka and Bear, 2004). Comparing properties of syn-
aptic plasticity between adult-born neurons and existing
mature neurons may provide important insights into the
potential function of adult neurogenesis. Previous studies
using field recordings from a heterogeneous neuronal
population, consisting of mature DGCs and newborn
DGCs of mixed ages, provided indirect evidence suggest-
ing that new neurons exhibit an enhanced synaptic plas-
ticity (Farmer et al., 2004; Snyder et al., 2001; van Praag
et al., 1999). More recently, immature newborn DGCs in
adult rats, identified by their expression of TOAD-64
(Wang et al., 2000) or PSA-NCAM (Schmidt-Hieber et al.,
2004), were shown to exhibit a lower threshold for the
induction of glutamatergic long-term potentiation (LTP)
when compared with mature DGCs. In the adult rodent
brain, new neurons express these immature neuronal
makers transiently only during 2-3 weeks after they are
born (Seki, 2002), a period when glutamatergic synaptic
inputs are just beginning to form (Ge et al., 2006). A key
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question remains: are special physiological properties
maintained in adult-born neurons after fully integrating
into the existing circuitry, or are they transient in nature?
Recent development of the retroviral approach permits
permanent labeling and single-cell analysis of new neu-
rons with a defined birthdate (van Praag et al., 2002).
Aided by electrophysiological and morphological analysis,
studies using this approach have delineated the sequen-
tial synaptic integration process of new neurons in the
adult brain (Carleton et al., 2003; Esposito et al., 2005;
Ge et al., 2006; Zhao et al., 2006). The properties and
underlying mechanisms of synaptic plasticity in fully
integrated adult-born neurons, however, remain largely
uncharacterized.

While the adult brain exhibits significant plasticity for
life-long learning (Chklovskii et al., 2004), the magnitude
of synaptic plasticity and anatomical changes in response
to experience distinguish the adult form of plasticity from
developmental plasticity (Katz and Shatz, 1996). Since
the classic experiments by Hubel and Wiesel in the visual
cortex (Hubel and Wiesel, 1962; Wiesel and Hubel, 1963),
it has been well established that there exists a critical pe-
riod when neuronal properties are particularly susceptible
to modification by experience, which is concurrent with
large-scale anatomical changes that become irreversible
after the closure of the critical period. The classic critical
period of enhanced plasticity occurs mostly in juvenile
animals and has been considered as a central mechanism
for establishing fine-tuned neuronal circuits in the devel-
oping brain (Hensch, 2004). Whether the adult mamma-
lian hippocampus retains such developmental plasticity
through continuous neurogenesis is unknown.

One of the key mediators of plasticity is the N-methyl-D-
asparate (NMDA) type of glutamate receptors, which are
composed of subunit families of NMDA receptors
(NMDARs) NR1 and NR2 (Cull-Candy and Leszkiewicz,
2004). Of the four NR2 subtypes (NR2A, -2B, -2C,
and -2D), the NR2B subunit is expressed early during
postnatal development and appears to be associated
with enhanced synaptic plasticity during the critical period
(Barria and Malinow, 2005; Barth and Malenka, 2001; Cull-
Candy and Leszkiewicz, 2004). It remains largely un-
known, however, whether NR2B subtypes play a permis-
sive role, being the major NR2 subtypes expressed during
the critical period, or alternatively, play an instructive role
that could not be substituted by other subtypes. During
adult neurogenesis, NMDARs are expressed early starting
from immature neuronal stages (Carleton et al., 2003;
Nacher et al., 2007), and activation of NMDARs is known
to regulate several initial steps of adult neurogenesis,
especially neuronal survival (Cameron et al., 1995; Tashiro
et al., 2006). The role of specific NMDAR subtypes in syn-
aptically connected adult-born neurons is unknown.

Using retrovirus-mediated birthdating and labeling, we
examined the temporal regulation and underlying mecha-
nism of synaptic plasticity of adult-born DGCs along their
maturation. We identified a critical period when adult-born
DGCs exhibit significantly enhanced synaptic plasticity.
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Importantly, such critical period plasticity depends on
developmentally regulated synaptic expression of NR2B
subtypes in adult-born neurons. Our study demonstrates
that adult neurogenesis continuously produces cohorts
of new neurons transiently exhibiting enhanced plasticity,
thus potentially expanding the capacity of the adult
circuitry to be modified by experience throughout life.

RESULTS

Enhanced Synaptic Plasticity by Young

Adult-Born Neurons

To permanently label new neurons in the adult brain, we
stereotaxically injected engineered retroviruses express-
ing green fluorescent protein (GFP) into the hilus region
of adult mice (see Experimental Procedures). GFP* new-
born DGCs in slices acutely prepared from retrovirus-
infected animals (see Figure S1 in the Supplemental
Data available online) were recorded by whole-cell patch-
clamp (Ge et al., 2006). Excitatory postsynaptic potentials
(EPSPs) were monitored under the current-clamp in re-
sponse to a low-frequency stimulation (every 30 s) of the
medial perforant pathway (Figure 1). To examine the syn-
aptic plasticity of newborn DGCs, we used a paradigm of
theta-burst stimulation (TBS; Figure S2) that corresponds
to the physiological firing pattern of a DGC at the border of
its place field in vivo (Schmidt-Hieber et al., 2004; Skaggs
et al., 1996). Significant LTP of EPSPs was reliably in-
duced with TBS in GFP* DGCs examined at 1 month post-
infection (mpi; n = 7; Figure 1A), when most new DGCs are
already fully integrated into the existing circuitry (Esposito
et al., 2005; Ge et al., 2006). When the same stimulation
paradigm was used to induce LTP in GFP~ mature
DGCs (Figure 1B), however, only 64% of neurons re-
corded exhibited significant LTP (Figure 1D). Thus, adult-
born DGCs at 1 mpi in mice also exhibit a lower threshold
for LTP induction, similar to those new DGCs at about 2-3
weeks of the cell age as reported in adult rats (Schmidt-
Hieber et al., 2004). We then examined whether adult-
born DGCs maintain this characteristic during their
lifespans (Figure 1C). We recorded from GFP* DGCs at
4 mpi when new neurons already reach both morphologi-
cal (Zhao et al., 2006) and physiological (Laplagne et al.,
2006) maturation. Interestingly, only 67% of these DGCs
exhibited significant LTP (Figure 1D), similar to that of
existing mature DGCs. Thus, the property of a lower
threshold for LTP induction in adult-born neurons is not
maintained once new neurons reach maturation.

We next quantified the amplitude of LTP, an important
physiological characteristic of synaptic plasticity. Interest-
ingly, the mean LTP amplitude for GFP* DGCs at 1 mpi
was significantly larger than that of GFP~ mature DGCs
(Figure 1E). GFP* DGCs at 4 mpi, however, exhibited
very similar LTP amplitude to that of mature DGCs (Fig-
ure 1E). Taken together, these results demonstrate that
adult-born DGCs transiently exhibit enhanced synaptic
plasticity, as reflected by both an increase in the LTP am-
plitude and a decrease in the LTP induction threshold.
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A Critical Period for Enhanced Synaptic Plasticity

of Adult-Born Neurons

To determine the precise window when adult-born DGCs
exhibit enhanced synaptic plasticity, we systematically
examined LTP from GFP* DGCs of different cell ages us-
ing the same TBS paradigm. At 0.5 mpi and 0.75 mpi, all
GFP* DGCs recorded that had glutamatergic synaptic in-
puts exhibited significant LTP (Figure 1D), consistent with
a previous finding of a lower threshold for LTP induction in
these immature neurons (Schmidt-Hieber et al., 2004;
Wang et al., 2000). The LTP amplitude for GFP* DGCs at
0.5 mpi and 0.75 mpi, however, was smaller in comparison
with a selected population of GFP™ mature DGCs that ex-
hibited significant LTP (see Figure S3). When all cells were
included, regardless of whether significant LTP was in-
duced, the mean LTP amplitude for GFP* DGCs during
this period was comparable to that of mature DGCs (Fig-
ure 1E). Similarly, the LTP amplitude of GFP* DGCs older
than 1.75 mpi was also comparable to those of mature
DGCs (Figure 1E). In contrast, almost all GFP* DGCs at
1 mpi and 1.5 mpi exhibited significant LTP (Figure S3)
with much larger amplitudes than those of mature DGCs
and of adult-born neurons at all other stages examined
(Figure 1E). Taken together, our systematic analysis iden-
tified a critical window between 1 and 1.5 months of the
cell age when adult-born neurons exhibit enhanced syn-
aptic plasticity. Interestingly, a high level of anatomical
plasticity has also been observed for adult-born neurons

stages of neuronal maturation that exhibited
significant LTP. Shown in (E) is the summary
of the mean enhancement of EPSPs (at 45—
55 min during recording) from newborn GFP*
DGCs at different stages and from GFP~ ma-
ture DGCs. Values represent mean + SEM
(*p < 0.01; t test). The value of LTP for the indi-
vidual cell examined under each condition is
shown in Figure S3 in the Supplemental Data.

during the same period (Zhao et al., 2006). This is reminis-
cent of the classic early postnatal critical period in which
enhanced synaptic plasticity is associated with a large
magnitude of structural modification and consolidation
(Hensch, 2004).

Developmental Expression of NR2B-Containing
NMDARs

We next examined the molecular mechanism underlying
the critical period plasticity of adult-born neurons. Appli-
cation of APV (50 uM), a specific antagonist of NMDARSs,
abolished LTP from both GFP~ mature DGCs and GFP*
newborn DGCs at all stages examined (Figures 1A-1C
and data not shown). Thus, activation of NMDARs is
required for LTP of DGCs regardless of the cell age. The
expression of NR2B subtypes has been shown to be asso-
ciated with an enhanced synaptic plasticity during early
postnatal development (Barria and Malinow, 2005; Barth
and Malenka, 2001); we therefore examined the contribu-
tion of NR2B-containing NMDARSs to evoked postsynaptic
currents (EPSCs) in adult-born DGCs during their matura-
tion (Figure 2). We recorded pharmacologically isolated
NMDAR-mediated EPSCs from GFP* DGCs under the
whole-cell voltage-clamp (V,,, = —65 mV; see Experimental
Procedures). Application of ifenprodil (3 pM), an NR2B-
subtype-specific antagonist (Barria and Malinow, 2005;
Barth and Malenka, 2001), reduced the NMDAR-mediated
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Figure 2. Developmental Regulation of
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(A) Blockade of NR2B-containing NMDAR-
mediated EPSCs by ifenprodil. Shown are nor-
malized NMDAR-mediated EPSCs from new-
born DGCs at 1 mpi recorded under the
whole-cell voltage-clamp (V,, = —65 mV) before
and after bath application of ifenprodil (3 pM) as
indicated. Glycine (10 pM), bicuculline (10 uM),
and NBQX (100 uM) were present throughout
the recording. Values represent mean + SEM
(n = 6). Insert shows sample EPSC traces re-
corded at different time points. Scale bars,
100 ms and 20 pA.

mature

(B) Contribution of NR2B-containing NMDARs to the total NMDAR-mediated EPSCs in newborn and mature DGCs in the adult brain. Top panel
shows pharmacologically isolated NMDAR-mediated EPSCs from a newborn GFP* DGC at 1 mpi, 2 mpi, and from a mature DGC recorded (1) before,
(2) 15-20 min after bath application of ifenprodil (3 uM), and (3) followed by APV (50 uM). Bottom panel shows the summary of inhibition of NMDAR-
mediated EPSC by ifenprodil in newly generated DGCs at different maturation stages and in mature DGCs. Values represent mean + SEM. The total
number of cells examined under each condition is indicated in parentheses (*p < 0.01; t test).

EPSCs in GFP" DGCs at 1 mpi by 72.1% + 3.6% (n = 6;
Figure 2A). In contrast, the same treatment led to only
25.1% +4.2% (n=5) and 26.2% + 4.2% (n = 4) reduction
in GFP* DGCs at 2 mpi and in mature DGCs, respectively
(Figure 2B). Thus, there exists a developmental shift in the
contribution of NR2B subtypes to the total NMDAR-medi-
ated EPSCs during the maturation of adult-born neurons.

Role of NR2B-Containing NMDARSs in the Critical
Period Plasticity

To determine the physiological role of NR2B subtypes
in regulating synaptic plasticity of DGCs in the adult brain,
we examined LTP from adult-born DGCs at 1 mpi, 2 mpi,
and from mature DGCs in the presence of pharmacologi-
cal inhibition of NR2B-containing NMDARs. Interestingly,
treatment of ifenprodil (3 tM) almost completely abolished
LTP of GFP* DGCs at 1 mpi (Figure 3A). In contrast, the

——

same treatment only slightly affected LTP of GFP™ mature
DGCs or GFP* DGCs at 2 mpi (Figure 3A). Similar results
were also obtained in the presence of Ro025-6981
(0.5 pM; Figure 3B), another NR2B-subtype-specific an-
tagonist (Barria and Malinow, 2005; Barth and Malenka,
2001). Thus, LTP of adult-born DGCs exhibit differential
dependence on NR2B subtypes during the maturation of
these new neurons in the adult brain.

The role of NR2B subtypes for enhanced synaptic plas-
ticity of adult-born neurons within the critical period could
be simply permissive, as they constitute the majority of
NMDARSs; alternatively, NR2B subtypes could play an
instructive role that cannot be substituted by other
NMDARs. To differentiate these two possibilities, we first
characterized dose responses of APV and ifenprodil in in-
hibiting EPSCs recorded from GFP* DGCs at 1 mpi (Fig-
ure S4). We next examined LTP of these new neurons in
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the presence of partial inhibition of NMDAR-mediated
EPSCs to the same extent by either APV or ifenprodil (Fig-
ure 4). Interestingly, at 25% inhibition, ifenprodil (0.03 M),
but not APV (0.5 uM), significantly reduced the mean am-
plitude of LTP (Figures 4A and 4D). Thus, LTP of adult-
born neurons within the critical period exhibit differential
requirement of NR2B and pan-NMDAR signaling. In
further support of such a notion, we found that at 50%
inhibition, LTP is reduced to a much greater extent by ifen-
prodil (0.25 uM) than by APV (3 uM; Figures 4B and 4D). At
75% inhibition, both ifenprodil (0.5 pM) and APV (7 uM)
largely abolished LTP (Figures 4C and 4D). Taken to-
gether, these results strongly suggest that NR2B-contain-
ing NMDARSs play an instructive role in enhanced synaptic
plasticity of adult-born neurons within the critical period
that cannot be substituted by other NMDAR subtypes.

DISCUSSION

In summary, our systematic analysis of synaptic plasticity
of newborn DGCs along their maturation in the adult brain
demonstrates the existence of a critical period when
adult-born neurons exhibit enhanced synaptic plasticity.
Such critical period plasticity is associated with develop-
mentally regulated synaptic expression of NR2B subtypes
in adult-born neurons, which, in turn, plays an instructive
role in the enhanced plasticity. This adult form of critical
period plasticity resembles features of the classic early
postnatal critical period plasticity in juvenile animals,
which is normally coincident with a high volume of in-
formation processing to establish fine-tuned neuronal cir-
cuits (Hensch, 2004). Thus, adult-born neurons within the
critical period may serve as major mediators for experi-
ence-driven plasticity and therefore function as special
units in the adult circuitry to contribute to specific brain

enhancement of EPSPs (at 45-55 min during
recording) by ifenprodil or APV. Values repre-
sent mean + SEM. The total number of cells
examined at each condition is indicated in
parentheses (*p < 0.01; t test).

functions throughout life. The transient nature of such crit-
ical period plasticity, on the other hand, may also allow
maintenance of stability of the mature circuitry that is es-
sential for proper functions of the adult brain (Rakic, 1985).

Our electrophysiological study identified a fairly sharp
and narrow time window between 1 and 1.5 months of
the cell age when adult-born neurons exhibit enhanced
synaptic plasticity with both increased LTP amplitude
and decreased LTP induction threshold. Several studies
have demonstrated that the retroviral approach provides
an adequate time resolution for birthdating of newborn
cells and does not appear to affect the development of
labeled newborn neurons and physiology of surrounding
mature neurons despite its invasive nature (Ge et al.,
2006; Zhao et al., 2006). Previous studies on synaptic
plasticity of adult-born neurons focused mainly on imma-
ture neurons younger than 4 weeks of the cell age and
without defined birthdating (Schmidt-Hieber et al., 2004;
Snyder et al., 2001; Wang et al., 2000). Interestingly, our
results show that adult-born neurons at these immature
stages, while they indeed have a lower threshold for LTP
induction (Figure 1D), exhibit smaller LTP amplitude
(Figure S3). Consistent with our findings, a recent study
using c-Fos and Arc immmunocytochemistry suggests
that adult-born neurons with the cell age between 1 and
2 months, but not those younger than 1 month, are prefer-
entially activated by specific behaviors (Kee et al., 2007).
In addition, a high level of anatomical plasticity of adult-
born DGCs was observed during the critical period we
identified (Zhao et al., 2006). For example, the motility of
dendritic spines of newborn DGCs is maximal between 1
and 2 months of the cell age and decreases thereafter.
Our identification of the exact timing of such a critical
period for adult-born neurons will aid future efforts
to understand the physiological significance of adult
neurogenesis, given that previous behavior studies on
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the function of adult neurogenesis largely focused on
immature neurons younger than 1 month old (Madsen
et al., 2003; Snyder et al., 2005).

Our findings of developmentally regulated expression of
NR2B subtypes may provide a temporal mechanism to
limit the enhanced plasticity of adult-born neurons within
the critical period. NMDAR subtypes are known to be
differentially expressed during early postnatal neuronal
development and have recently been proposed to differ-
entially regulate the form and degree of synaptic plasticity
(Barria and Malinow, 2005; Barth and Malenka, 2001; Kim
et al., 2005; Liu et al., 2004; Tang et al., 1999; Zhao et al.,
2005). In particular, overexpression of NR2B in the fore-
brain of transgenic mice leads to enhanced LTP (Tang
et al., 1999), while switching synaptic NR2B-containing
NMDARs with those containing NR2A dramatically de-
creases LTP (Barria and Malinow, 2005). Our study not
only shows a temporal correlation between synaptic ex-
pression of NR2B subtypes and critical period plasticity
but also provides strong evidence for an instructive role
of NR2B signaling in the enhanced synaptic plasticity
that could not be substituted by other NMDAR subtypes.

While the exact function of adult neurogenesis in mam-
mals remains elusive, adult neurogenesis and specific
behaviors appear to be reciprocally affected by many
experimental manipulations (Doetsch and Hen, 2005;
Kempermann et al., 2004; Kitabatake et al., 2007). One
emerging view is that adult-born neurons may make
unique contributions to specific brain functions. For exam-
ple, recent studies suggest that adult-born neurons may
be preferentially recruited into circuits that mediate spatial
information processing and memory formation (Kee et al.,
2007; Ramirez-Amaya et al., 2006). One potential mecha-
nism for such biased recruitment is selective survival of
overproduced immature neurons at the cell age of around
2 weeks in response to experience (Kee et al., 2007;
Tashiro et al., 2006, 2007). Because immature neurons
at these early stages are yet to fully integrate into the
circuitry, survival mechanism is unlikely to be fully respon-
sible for the selective integration of adult-born neurons
into specific circuits. In contrast, the NR2B-dependent
critical period plasticity we described here could provide
an important cellular mechanism for the fine-tuning of
synaptic incorporation of adult-born neurons in response
to experience.

The magnitude of synaptic and structural modification
induced by experience differentiates developmental plas-
ticity from the adult form of plasticity after the closure of
the early postnatal critical period in most brain regions
(Hensch, 2004; Katz and Shatz, 1996). Adult hippocampus
may retain such enhanced form of plasticity through the
continuous generation of cohorts of new neurons. There-
fore, adult neurogenesis may represent, not merely a
replacement mechanism for lost neurons, but instead an
ongoing developmental process that continuously rejuve-
nates the mature nervous system by offering expanded
capacity of plasticity in response to experience through-
out life.
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EXPERIMENTAL PROCEDURES

Retrovirus Production and Stereotaxic Injection

Engineered self-inactivating murine retroviruses expressing GFP were
used to label proliferating cells and their progeny in the dentate gyrus
of adult mice, and high titers of engineered retroviruses (1 x 10°
unit/ml) were produced as previously described (Ge et al., 2006). Adult
(7-8 weeks old) female C57BL/6 mice (Charles River) housed under
standard conditions were stereotaxically injected at four sites in the
dentate gyrus (0.5 ul per site at 0.25 pl/min) as previously described
(Ge et al,, 2006). The following coordinates were used: anterio-
posterior = —2 mm from bregma; lateral = +1.6 mm; ventral =
2.5 mm; anterioposterior = —3 mm from bregma; lateral = +2.6 mm;
ventral = 3.2 mm. All animal procedures were in accordance with insti-
tutional guidelines.

Electrophysiology

Mice were sacrificed at different time points after retroviral injection
and processed for slice preparation as previously described
(Ge et al., 2006). Brains were quickly removed into ice-cold solution
containing (in mM) 110 choline chloride, 2.5 KCI, 1.3 KH,POy,,
25.0 NaHCOg3, 0.5 CaCl,, 7 MgCly,, 10 dextrose, 1.3 sodium ascorbate,
0.6 sodium pyruvate, 5.0 kynurenic acid. Slices (300 um thick) were cut
using a vibrotome (Leica VT1000S) and transferred to a chamber con-
taining the external solution (in mM: 125.0 NaCl, 2.5 KClI, 1.3 KH,POy,
25.0 NaHCOg, 2 CaCl,, 1.3 MgCly, 1.3 sodium ascorbate, 0.6 sodium
pyruvate, 10 dextrose, pH 7.4), bubbled with 95% O,/5% CO.,. Slices
from adult animals were kept at 35°C for 40 min, followed by incuba-
tion at room temperature for at least 60 min before recording. Electro-
physiological recordings were obtained at 32°C-34°C as previously
described (Ge et al., 2006). In all the studies, 10 uM bicuculline was
added to the external solution to block GABAergic synaptic transmis-
sion. GFP* DGCs in the granule cell layer were visualized by DIC and
fluorescence microscopy and identified by their green fluorescence,
neuronal morphology, and ability to fire action potentials. Mature
DGCs (GFP™) located in the outer DGC layer in the same slice were re-
corded as controls (Esposito et al., 2005; Schmidt-Hieber et al., 2004).
The whole-cell patch-clamp configuration was used in the voltage-
clamp or current-clamp modes as indicated. Microelectrodes (4-
6 MQ) were pulled from borosilicate glass capillaries and filled with
the following (in mM): 120.0 potassium gluconate, 15 KCI, 4 MgCl,,
0.1 EGTA, 10.0 HEPES, 4 ATP (magnesium salt), 0.3 GTP (sodium
salt), 7 phosphocreatine (pH 7.4).

A bipolar electrode (adapted from WPI, Sarasota, FL) was used to
stimulate (100 ps stimulus every 30 s) the medial perforant pathway
as previously described (Ge et al., 2006). The stimulus intensity
(~10-30 pA) was adjusted to evoke EPSPs in the range of 3-6 mV.
LTP was induced with a theta-burst stimulation (TBS) paradigm con-
sisting of four repeated episodes (at 0.1 Hz) of ten stimuli at 100 Hz,
repeated ten times at 5 Hz and paired with a 100 pA postsynaptic cur-
rent injection (see Figure S2) as previously described (Schmidt-Hieber
et al., 2004). Data were collected using an Axon 200B amplifier and
acquired via a Digidata 1322A (Axon Instruments) at 10 kHz. The series
and input resistances were monitored, and only those that changed
less than 20% during experiments were used for data analysis. The se-
ries resistance ranged between 10-30 MQ and was uncompensated.
The EPSPs peak amplitudes were measured for at least 7 min before
the onset of the induction paradigm and for at least 45 min after the in-
duction. We used only one GFP* neuron with functional glutamatergic
synaptic inputs in each animal for the plasticity study. t test was used
for statistical analysis.

For characterization of NMDAR-mediated EPSCs, ATP-magnesium
and MgCl, were substituted with the sodium salt and KCl in the internal
and external solution, respectively. Additional drugs were added to the
external solution as indicated with the following final concentrations:
glycine (10 uM, Sigma), bicuculline (10 uM, Sigma), NBQX (100 uM,
Sigma), APV (0.5-50 uM, Sigma), ifenprodil (0.03-3 uM, Tocris),
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Ro 25-6981 (0.5 pM, Tocris). The stimulation intensity was maintained
for all experiments. Under our conditions ifenprodil and Ro25-6981
reached the maximum inhibition within 20 min with continuous low-
frequency stimulations (Figure 2A and data not shown).

Supplemental Data
The Supplemental Data for this article can be found online at http://
www.neuron.org/cgi/content/full/54/4/559/DC1/.
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