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GABA Depolarization Is Required for Experience-Dependent
Synapse Unsilencing in Adult-Born Neurons

Jessica H. Chancey, Elena W. Adlaf, Matthew C. Sapp, Phyllis C. Pugh, Jacques I. Wadiche,
and Linda S. Overstreet-Wadiche
McKnight Brain Institute and Department of Neurobiology, University of Alabama at Birmingham, Birmingham, Alabama 35294

Neural activity enhances adult neurogenesis, enabling experience to influence the construction of new circuits. GABA, receptor-
mediated depolarization of newborn neurons in the adult and developing brain promotes glutamatergic synaptic integration since
chronic reduction of GABA depolarization impairs morphological maturation and formation of glutamatergic synapses. Here we dem-
onstrate an acute role of GABA depolarization in glutamatergic synaptic integration. Using proopiomelanocortin enhanced- green
fluorescent protein reporter mice, we identify a developmental stage when adult-generated neurons have glutamatergic synaptic trans-
mission mediated solely by NMDA receptors (NMDARs), representing the initial silent synapses before AMPA receptor (AMPAR)-
mediated functional transmission. We show that pairing synaptic stimulation with postsynaptic depolarization results in synapse
unsilencing that requires NMDAR activation. GABA synaptic depolarization enables activation of NMDARs in the absence of AMPAR-
mediated transmission and is required for synapse unsilencing induced by synaptic activity in vitro as well as a brief exposure to an
enriched environment in vivo. The rapid appearance of AMPAR-mediated EPSCs and the lack of maturational changes show that GABA
depolarization acutely allows NMDAR activation required for initial synapse unsilencing. Together, these results also reveal that adult-
generated neurons in a critical period for survival use GABA signaling to rapidly initiate functional glutamate-mediated transmission in

response to experience.

Introduction

Adult-generated dentate granule cells (GCs) must survive and
integrate into the existing network to contribute to hippocampal
function. Only a fraction of newly generated GCs survive,
whereas most undergo apoptosis within the first few weeks of
maturation (Biebl et al., 2000; Dayer et al., 2003; Sierra et al.,
2010). Interestingly, environmental enrichment (EE), learning
tasks, and electrical stimulation selectively increase survival of
newborn GCs that are 1-3 weeks postmitotic (Kee et al., 2007;
Tashiro et al., 2007; Kitamura et al., 2010; Anderson et al., 2011),
indicating this is a critical period when an animal’s experience
controls the long-term fate of each newborn cell. Single-cell
knockdown studies show that cell-autonomous synaptic mecha-
nisms can enable precise cell- and information-specific control of
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survival. For example, blocking GABAergic depolarization (Jag-
asia et al, 2009) or deleting NMDA receptors (NMDARs)
(Tashiro et al., 2006) enhances the death of critical-period GCs.
Thus, cell survival is associated with both GABAergic and gluta-
matergic signaling, but it is not clear how experience affects syn-
aptic activation of new neurons in this critical period or how
GABA and glutamatergic mechanisms interact to promote initial
synaptic integration.

A well-established model of synaptic integration involves
activity-dependent incorporation of AMPA receptors (AMPARs)
into nascent “silent” NMDAR-only-containing synapses (Isaac et
al., 1995; Liao et al., 1995; Durand et al., 1996; Wu et al., 1996;
Isaac et al., 1997). AMPAR incorporation (“synapse unsilenc-
ing”) requires depolarization to relieve Mg>* block of NMDARSs.
In developing neonatal neurons, inadequate glutamate receptor-
mediated depolarization limits activity-dependent AMPAR in-
corporation (Liao and Malinow, 1996), suggesting that another
source of depolarization is needed for initial synapse unsilencing.
Because of the high intracellular [Cl ] maintained by the early
expression of the NKCC1 chloride importer, GABA, receptor
(GABAR)-mediated responses in developing neurons are depo-
larizing (Represa and Ben-Ari, 2005). Ben-Ari et al. (1997) pro-
posed that GABA could provide the depolarization necessary for
initial synapse unsilencing, because synaptic GABAR-mediated
depolarization can allow NMDAR activation (Leinekugel et al.,
1997; Wang and Kriegstein, 2008). However, the many trophic
actions of GABA on neural maturation before excitatory synap-
togenesis (Represa and Ben-Ari, 2005; Ge et al., 2007a) and the
difficulty of identifying neurons at the appropriate develop-
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mental stage has precluded the direct demonstration of the
acute role of GABA in NMDAR-mediated synapse
unsilencing.

Here we establish the critical role of GABA depolarization in
AMPAR incorporation at the first excitatory synapses on adult-
generated neurons. We identify a population of newborn GCs
that have glutamatergic transmission mediated solely by silent
synapses. We show that synapse unsilencing produced by neural
activity in vitro requires GABAR-mediated depolarization as well
as NMDAR activation. Housing mice in EE for 2 weeks, known to
increase survival of newborn neurons, leads to the appearance of
AMPAR EPSCs without a change in morphology or intrinsic
properties. Intriguingly, merely 2 h of EE is sufficient to generate
synapse unsilencing in newborn GCs that is dependent on
GABAR-mediated depolarization. Our results demonstrate that
GABA depolarization is required for the unsilencing of initial
glutamatergic synapses on developing neurons and allows rapid
functional integration of critical-period neurons in response to
experience.

Materials and Methods

Animals

Adult (8—12 weeks old) female hemizygous proopiomelanocortin en-
hanced-green fluorescent protein (POMC-GFP) transgenic mice (Cow-
ley et al., 2001; Overstreet et al., 2004) were maintained on a C57BL/6]
background. All animal procedures followed the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were ap-
proved by the University of Alabama at Birmingham Institutional Ani-
mal Care and Use Committee. Mice were housed in standard cages (12 X
7.5 inches) until 8—9 weeks of age when some were moved to EE cages
(23 X 14 inches) consisting of 8—14 mice with a variety of toys and
shelters that were exchanged twice per week (no running wheels). For 2 h
EE experiments, animals were given an intraperitoneal injection of vehi-
cle, 30 mg/kg bumetanide or 10 mg/kg tiagabine and 15 min later moved
from their home cage to EE. To test locomotion and activity levels, a
separate group of mice were injected with vehicle, bumetanide or ti-
agabine and after 15 min were placed in a 16 X 16 X 15 inches transpar-
ent box with a video monitoring system. All mice were killed at the same
time of day (early morning) to avoid potential confounds from circadian
cycles.

Electrophysiology

Anesthetized mice were perfused intracardially with ice-cold cutting so-
lution containing the following (in mwm): 110 choline chloride, 25
p-glucose, 2.5 MgCl,, 2.5 KCl, 1.25 Na,PO,, 0.5 CaCl,, 1.3 Na-ascorbate,
3 Na-pyruvate, and 25 NaHCOj; (bubbled with 95% O,/5% CO,). The
brain was quickly removed, and 300 wm horizontal slices were prepared
using a Vibratome 3000EP and the same cutting solution. Transverse
slices were then incubated at 37°C for 30 min in artificial CSF (ACSF)
containing the following (in mm): 125 NaCl, 2.5 KCl, 1.25 Na,PO,, 2
CaCl,, 1 MgCl,, 25 NaHCOj, and 25 p-glucose (bubbled with 95%
0,/5% CO,). They were then transferred to room temperature in the
same solution and incubated at least 30 min before use.

Slices were bathed in oxygenated 32°C ACSF at a rate of ~2 ml/min
during recordings. Whole-cell recording pipettes contained the follow-
ing (in mm): 120 Cs-gluconate, 17.5 CsCl, 4 MgCl,, 10 HEPES, 4 Mg-
ATP, 0.3 Na-GTP, 7 phosphocreatine, and 10 EGTA, pH 7.2 (310
mOsm). For pairing experiments, the same Cs-gluconate internal solu-
tion was used, but the EGTA was reduced to 0.1 mm (see Fig. 2). For
perforated patch experiments (see Fig. 3A), pipettes contained 135 mm
KCl, 4 mm MgCl,, 10 mm HEPES, and 200 ug/ml gramicidin, with the
pipette tip containing the same solution without gramicidin and voltages
were corrected for series resistance offline (average R, = 99 * 40 M(}).
For experiments with physiological intracellular [Cl "], the CsCl was
increased to 30 mm and Cs gluconate decreased to 97 mwu (see Fig. 3B, C).
To examine the intrinsic properties (see Fig. 5D), patch pipettes con-
tained the following (in mm): 120 K-gluconate, 17.5 KCI, 4 MgCl,, 10
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HEPES, 4 Mg-ATP, 0.3 Na-GTP, 7 phosphocreatine, and 0.1 EGTA.
Synaptic stimulations were delivered in the inner molecular layer using a
monopolar stimulating electrode filled with ACSF and constant-current
stimulator (Digitimer). Unless noted otherwise, for each newborn GC
the minimum stimulus intensity to evoke a postsynaptic response was
found (typically a GABA PSC), and then the intensity was increased to
four times that threshold intensity for the remainder of the experiment.
The probability of failures in response to synaptic stimulation was mea-
sured during 10—100 synaptic stimulations. Series resistance was uncom-
pensated (8-35 M()), and experiments were discarded if substantial
changes (>20%) were observed. Junction potentials were not corrected.
Recordings were filtered at 2 kHz and sampled at 10 kHz (MultiClamp
700B; Molecular Devices). Data were acquired with AxoGraph X acqui-
sition software (Axograph Scientific) and analyzed with Axograph X and
Prism (GraphPad Software).

Immunohistochemistry

Mice were intracardially perfused with 0.1 m PBS, followed by 4% PFA.
Brains were collected and postfixed overnight in 4% PFA. Fifty micro-
meter horizontal brain slices were prepared on a Vibratome 1000. Tissue
was processed as free-floating sections and mounted in Vectashield (Vec-
tor Laboratories).

GFP staining. Tissue was rinsed three times in 0.1 M PBS for 10 min,
blocked in PBS blocking buffer (10% normal goat serum, 3% BSA, and
0.4% Triton X-100 in 0.1 M PBS) for 90 min at room temperature, and
then incubated with 1:1000 dilution of anti-GFP antibody (catalog #A-
21311, anti-GFP conjugated to Alexa Fluor 488; Invitrogen) in PBS
blocking buffer overnight at 4°C with gentle shaking. Tissue was then
rinsed in PBS three times for 10 min.

Ki67 staining. Sections were permeabilized and blocked in a TBS buffer
containing Triton X-100 (0.4%), BSA (3%), glycine (1%), and normal
goat serum (10%) (blocking buffer). Sections were incubated with a
rabbit anti-Ki67 antiserum (10 wg/ml, ab15580; Abcam) in blocking
buffer (overnight, 4°C). After three washes in TBS, sections were incu-
bated in a goat anti-rabbit antibody coupled to Alexa Fluor 568 (1:200 in
blocking buffer, overnight, 4°C; Invitrogen).

Stereology

The number of GFP-expressing (GFP ™) or Ki67 ™ cells was determined
using stereological counts as described previously (Pugh etal., 2011). The
number of cells was counted on every sixth section for the entire left
dentate gyrus (DG), allowing for an estimated total for each hippocam-
pus using Stereolnvestigator (MicroBrightField).

Dendrite analyses

Sections immunostained for GFP were imaged with an Olympus Flu-
oView 300 confocal microscope using a 60X oil-immersion objective
with a Zstep 0of 0.25 wm. Neuronal morphology was traced from confocal
image stacks using Neurolucida (version 9; MicroBrightField). In all
cases, dendrites were drawn and analyzed by an investigator naive to
treatment conditions. Cells with obvious truncations were excluded
from analysis. Measurements included total dendrite length (TDL) and
Sholl analyses of length, nodes and intersections at 5 wm intervals. The
furthest extent of dendritic projections was determined by the furthest
Sholl radius containing measurable dendrite length (i.e., rounded to the
nearest 5 wm). TDL, nodes, and dendritic extents were compared by
two-sample unpaired ¢ tests. Sholl analyses were compared using a two-
way ANOVA with Bonferroni’s post hoc tests (Prism).

Statistical analyses

Statistical analyses were performed using paired and unpaired Student’s
t tests, ANOVA with Bonferroni’s post hoc tests, or X~ test as indicated.
Data were tested for normality and variance before analyses with ¢ tests
and ANOVA. When data were not normally distributed, a Mann—-Whit-
ney U test was performed. When variance was unequal between multiple
groups, a Kruskall-Wallis test with post hoc Dunn’s comparison was
used. Statistical analyses were performed using Prism software (Graph-
Pad Software).
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Figure 1. Newborn GCs have silent NMDAR-only synapses. A, Diagram of recording config-
uration. B, Synaptic stimulation near newborn GC dendrites evoked GPSCs blocked by PTX (100
um; —70mV holding potential). C, A typical silent synapse in PTX, with an NMDAR EPSCat +40
mV but no AMPAR EPSCat —70 mV. NMDAR EPSCs were blocked by AP5. D, The amplitude of
NMDAR EPSCs in newborn GCs did not increase substantially with increased stimulation inten-
sity (n = 5 cells with silent synapses), suggesting that very few synapses were present. Stim-
ulus intensity was normalized to the intensity at which the NMDAR EPSC was just detectable
(1X threshold). E, Similar stimulation intensities evoked dual AMPAR/NMDAR EPSCs in all
neighboring mature GCs (n = 15). F, Differential block of NMDAR EPSCs in mature and imma-
ture GCs by Ro 25-6981. NMDAR EPSCs in mature GCs were recorded in NBQX.

Results

Glutamatergic transmission mediated by NMDAR2B-
containing silent synapses

We used POMC-GFP reporter mice that identify newborn GCs
at a well-defined developmental stage when GABA is depolariz-
ing and AMPAR-mediated transmission is not yet established
(Overstreet et al., 2004; Overstreet Wadiche et al., 2005). In adult
mice, this stage is typically achieved at 10-12 d after mitosis
(Overstreet et al., 2004; Overstreet-Wadiche et al., 2006), coin-
ciding with a critical period for activity-dependent survival
(Tashiro et al., 2007; Jagasia et al., 2009; Sierra et al., 2010). We
made whole-cell recordings from POMC-GFP-labeled newborn
GCs in acute hippocampal slices. Consistent with the timing and
sequence of synaptic integration established by retroviral labeling
that shows GABA synaptic input develops before glutamatergic
input (Esposito etal., 2005; Ge et al., 2006), focal stimulation near
the dendrites of newborn GCs held at —70 mV evoked GABA ,R-
mediated postsynaptic currents (GPSCs) that were blocked by
picrotoxin (PTX; Fig. 1 A,B; 91 of 93 cells). Surprisingly, subse-
quent depolarization to +40 mV revealed an AP5-sensitive
NMDAR-mediated EPSC (NMDAR EPSC) in ~50% of newborn
GCs (1 = 46 of 93 cells; Fig. 1C). Importantly, minimal stimula-
tion was not required to identify NMDAR-only synapses in
POMC-GFP-labeled neurons. Increasing stimulation intensity
generated only small NMDAR-only EPSCs (silent synapses) in
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newborn GCs (Fig. 1D), whereas all neighboring mature GCs
displayed dual AMPAR/NMDAR EPSCs at similar intensities
(Fig. 1E). NMDAR EPSCs in newborn GCs were blocked by the
selective NMDAR?2B receptor antagonist Ro 25-6981 [R-(R,S)-a-
(4-hydroxyphenyl)-8-methyl-4-(phenylmethyl)-1-piperidine pro-
pranol] (1 uMm; 76 £ 6% block, n = 9) to a greater extent compared
with NMDAR EPSCs recorded in mature GCs (23 = 8%, n = 4;p <
0.0001, unpaired ¢ test; Fig. 1F), consistent with inclusion of
NMDAR2B receptors at immature synapses (Tovar and Westbrook,
1999; Ge et al., 2007b). Thus, POMC-GFP expression identifies a
developmental stage when glutamatergic signaling is mediated solely
by silent synapses that have alarge NMDAR2B receptor component.
The appearance of NMDAR-only synapses in only ~50% of cells
and the inability to substantially increase the NMDAR EPSC ampli-
tude with increasing stimulation intensities suggests that these silent
synapses represent the initial glutamatergic contacts.

NMDAR-dependent synapse unsilencing

We tested whether activity-dependent incorporation of AMPARs
at the first synapses on adult-born neurons is similar to synapse
unsilencing during early brain development (Isaac et al., 1995;
Liao et al., 1995; Durand et al., 1996). First, we used low-
frequency synaptic stimulation (0.1 Hz) in the presence of PTX to
identify newborn GCs with NMDAR-only silent synapses, con-
firming glutamate release onto the recorded cell. Then we paired
synaptic stimulation with postsynaptic depolarization to 0 mV to
test for rapid incorporation of AMPARSs. In 6 of 15 cells, AMPAR
EPSCs developed over minutes after return to low-frequency
stimulation (Fig. 2A). The appearance of AMPAR EPSCS was not
accompanied by changes in the NMDAR EPSC amplitude or
paired-pulse ratio (Fig. 2 B, C) or the percentage of failures at +40
mV (Fig. 2D), ruling out presynaptic alterations in glutamate
release by the pairing protocol. Thus, coincident postsynaptic
depolarization with synaptic stimulation is sufficient for incor-
poration of AMPARSs at the first silent synapses, resulting in rapid
functional integration of adult-generated GCs into the hip-
pocampal circuit.

To test whether Ca*™ influx during postsynaptic depolariza-
tion of newborn GCs (Stocca et al., 2008) was sufficient for syn-
apse unsilencing, we repeated the pairing protocol in the absence
of synaptic stimulation. However, postsynaptic depolarization
alone was unable to induce AMPAR EPSCs in 15 of 16 cells,
although subsequent pairing of synaptic stimulation with depo-
larization was successful in two of four attempts (Fig. 2E). Be-
cause depolarization alone was not sufficient for synapse
unsilencing, we tested whether synaptic stimulation was required
to active NMDARs. After first confirming the presence of
NMDAR EPSCs at +40 mV, inclusion of AP5 (50 M) during the
pairing protocol prevented the appearance of AMPAR EPSCs (0
of 12 cells; Fig. 2 F, G), even with increased frequency of depolar-
ization (5 Hz, n = 6; data not shown). Thus, similar to silent
synapses in the developing brain (Isaac et al., 1995; Liao et al.,
1995; Durand et al., 1996), NMDAR activation is required for
AMPAR incorporation at the first glutamatergic synapses on
adult-generated neurons.

Synapse unsilencing by GABAR- and NMDAR-mediated
synaptic activity

We next sought to directly test a long-standing postulate that
synaptic GABA depolarization allows initial synapse unsilencing
during patterned neural network activity (Ben-Ari et al., 1997).
The presence of silent synapses along with the lack of AMPAR-
containing synapses and the depolarized reversal potential for
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Figure 2.  Initial synapse unsilencing requires NMDAR activation. 4, Left, EPSCs before and

after pairing reveal rapid incorporation of AMPARS. Ten traces overlaid (gray) with averages
(black). Right, Plot of EPSC amplitude versus time at —70 mV (black) and +40 mV (blue).
Pairing protocol (red arrow) consisted of postsynaptic depolarization to 0 mV for 300 ms with
presynaptic stimulation repeated at 1 Hz for 30 s. Baseline noise was subtracted. B, C, Neither
the NMDAR EPSC amplitude (B) nor paired-pulse ratio (€) was altered by pairing. D, Failures of
the NMDAR EPSC were unaffected by the pairing protocol (measured as the number of success-
es/total number of stimulations), whereas failures of the AMPAR EPSC were reduced. ***p <
0.001, paired t tests. E, Example EPSCs from the indicated times (above) and amplitude time
course (below) showing that depolarization alone did not induce AMPA EPSCs that subse-
quently were induced by pairing depolarization with presynaptic stimulation. Artifacts blanked
for clarity. F, Synapse unsilencing by the pairing protocol was blocked by AP5 (50 ). G,
Summary graph showing the percentage of newborn GCs with AMPAR EPSCs in each condition.
The number of cells tested is shown in parentheses. ***p < 0.001, x> test compared with
control. Con, Control; Depol, Depolarization.

exogenous GABA-activated currents (Overstreet Wadiche et al.,
2005) make POMC-GFP-labeled newborn GCs valuable for ad-
dressing this question.

First we confirmed that synaptic GABAR activation depolar-
izes newborn GCs. The GABA reversal potential (E;,p,) mea-
sured with gramicidin perforated patch recordings was —34 * 3
mV (n = 6; Fig. 3A), more depolarized than the measured resting
membrane potential (RMP) of —50.1 =2.0mV (p <0.01;n =5)
and much more depolarized than E;, 5, in mature cells (data not
shown; —80 = 4 mV, n = 4; p < 0.001). Note that the very high
input resistance of newborn GCs (Overstreet et al., 2004; Over-
street Wadiche et al., 2005) results in an artificially depolarized
RMP attributable to the shunt through the recording seal; there-
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Figure3.  Synaptic GABAergic depolarization allows activation of NMDARs. 4, Left, Examples

of GABAergic PSCs at holding potentials between —70 and 0 mV in gramicidin perforated patch
recordings from newborn GCs in control and bumetanide-treated slices. NBQX (5 M) and AP5
(50 um) were used to isolate GPSCs. Right, Bumetanide (10 wm) hyperpolarized the reversal
potential of GPSCs. B, Left, PSPs measured at —70 mV were partially blocked by AP5, indicating
an NMDAR-mediated component. Right, PTX blocked PSP at —70 mV, although NMDAR EPSPs
measured near £, (approximately —34 mV) were unaffected by PTX (insets; calibration: 2
mV, 100 ms). C, Right, Quantification of the AP5-sensitive component of PSPs recorded in
control ACSF (n = 4) and PTX (n = 5) at each membrane potential. ***p < 0.001; ns, not
significant; ¢ test. Con, Control.

fore, the actual RMP is likely more hyperpolarized than —50 mV.
GABA depolarizes newly generated GCs due to activity of the
NKCCI1 chloride importer (Ge et al., 2006) that is blocked by the
diuretic bumetanide. Bumetanide (10 um) caused a negative shift
in Egppa (—49 =4 mV, n = 9; p <0.05; Fig. 3A), confirming that
POMC-GFP cells have depolarizing GABAergic signaling attrib-
utable to high expression of NKCCI1. Conversely, bumetanide
did not affect E; 5, in mature GCs (—86 = 5 mV, n = 5;p =
0.11; data not shown), and thus bumetanide provides a tool to
hyperpolarize E; 5, in newborn GCs.

To test whether synaptic GABA depolarization removed the
voltage-dependent Mg>™ block from NMDARs at silent syn-
apses, we recorded postsynaptic potentials (PSPs) in newborn
GCs with silent synapses using the calculated native intracellular
[Cl™]; PSPs measured at —70 mV were reduced by AP5, indicat-
ing the presence of a NMDAR-mediated component (Fig. 3B, C,
left). However, the NMDA component was absent when
GABA ,Rs were first blocked with PTX (Fig. 3B, right). Further-
more, NMDAR EPSPs measured at a depolarized potential near
E¢ apa (approximately —34 mV) in the same cells were unaffected
by PTX (Fig. 3B,C, insets). Together, these results show that
synaptic GABAR-mediated depolarization relieves the Mg>"
block of synaptic NMDARSs at the first silent synapses on new-
born GCs.

Directly testing the role of synaptic GABA depolarization in
synapse unsilencing is difficult because silent synapses cannot be
identified with GPSCs intact, and AMPAR EPSCs in newborn
GCs were too small to be reliably resolved at the GABA reversal
potential. Thus, we tested whether driving synaptic activity be-
fore recording was sufficient for AMPAR incorporation that we
quantified as the percentage of newborn GCs with AMPAR
EPSCs. We induced synaptic network activity in acute slices with
the potassium channel blocker 4-aminopyridine (4-AP; 100 pm;
Michelson and Wong, 1994). 4-AP generates rhythmic low-
frequency GABA release onto newborn GCs as well as glutamate
release that can be detected at +40 mV (Markwardt et al., 2009,
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Figure4. GABA depolarizationis required for initial synapse unsilencing by synaptic activity.
A, 4-AP (100 rum) induced rhythmic GABAR activation blocked by PTX in newborn GCs held at
—70 mV. Subsequent depolarization to -+40 mV revealed NMDAR EPSCs blocked by AP5 (50
um). B, Example synaptic currents in a newborn GC after washout of 4-AP after 2 h incubation.
Addition of PTX revealed an AMPAR EPSC (red; normalized to peak of GPSC) that was blocked by
NBQX (10 um; blue). C~E, Examples of synaptic currents in newborn GCs after incubation in
4-AP plus AP5 (50 wum; €), 4-AP plus gabazine (5 m; D), or 4-AP plus bumetanide (10 wm; E). F,
Summary of the percentage of newborn GCs with AMPAR EPSCs in control ASCF (black) or after
4-AP incubation with inclusion of the indicated antagonists (white). The number of cells tested
is shown in parentheses. ***p < 0.001, x 2 test, compared with control. G, Left, Examples of
rhythmic GABA release induced by 4-AP in the presence of blockers that prevent AMPAR incor-
poration. Right, The NKCC1 antagonist bumetanide (10 wm; n = 4) and the NMDAR and AMPAR
antagonists AP5/NBQX (50 and 5 um, respectively; n = 4) did not alter the frequency and
amplitude of rhythmic GABAR PSCs (ANOVA). H, Left, Example of NMDAR-mediated EPSCs
(asterisks) in a newborn GC held near the GABA reversal potential (small GPSCs are outward) in
the indicated conditions. Right, Gabazine did not alter the frequency or amplitude of NMDAR
EPSCs (n = 4, paired  test) bum, Bumetanide; Con, control; ghz, gabazine.

2011; Fig. 4A). After pretreating slices for 2 h in 4-AP, we tested
synaptic input to newborn GCs after 4-AP washout (confirmed
by the absence of rhythmic synaptic activity). Intriguingly, the
percentage of newborn GCs with AMPAR EPSCs was increased
to 34% (11 of 32 cells; Fig. 4B, F) compared with newborn GCs
from untreated slices (2%; 2 of 93 cells; p < 0.0001, X test),
demonstrating that 4-AP-evoked synaptic activity recapitulates
synapse unsilencing by postsynaptic depolarization paired with
synaptic glutamate release (Fig. 1).

Synapse unsilencing by synaptic network activity was likewise
dependent on NMDARs because inclusion of AP5 during the
4-AP pretreatment completely prevented the appearance of
AMPAR EPSCs (Fig. 4C,F). We next tested the role of GABARs in
synapse unsilencing by including the GABAR antagonist gaba-

Chancey et al. e Initial Synaptogenesis in Adult-Born Neurons

zine during 4-AP treatment and found that gabazine blocked the
appearance of AMPAR EPSCs (Fig. 4D,F). To test whether
GABAR-mediated depolarization was necessary for synapse un-
silencing, we included bumetanide during 4-AP treatment and
found that it also reduced the percentage of newborn GCs with
AMPAR EPSCs back to control levels (Fig. 4E, F). These results
are consistent with the idea that synapse unsilencing by synaptic
activity requires GABAR-mediated depolarization to allow
NMDAR activation. In separate control experiments, we tested
whether each antagonist that blocked synapse unsilencing af-
fected 4-AP-induced network activity. However, neither bumet-
anide nor AP5/NBQX affected the frequency and amplitude of
rhythmic GABA PSCs in newborn GCs (Fig. 4G), consistent with
a large literature showing that 4-AP-induced network activity in
the DG is maintained in blockers of synaptic transmission (Miil-
ler and Misgeld, 1991; Michelson and Wong, 1994; Bijak and
Misgeld, 1996; Markwardt et al., 2009; Gonzalez-Sulser et al.,
2011). Additionally, the frequency and amplitude of NMDAR-
mediated activity in 4-AP was unaffected by gabazine (measured
at —40 mV; Fig. 4H ), and robust rhythmic activity in mature GCs
persisted in gabazine (0.077 * 0.012 Hz, n = 4; data not shown).
Although each antagonist could alter other aspects of network
activity, the lack of effect of each blocker on GABA and glutamate
release to newborn GCs suggests that blockade of AMPAR incor-
poration is attributable to postsynaptic actions. Together, these
results show that GABA depolarization is necessary to trigger
incorporation of synaptic AMPARs on newborn GCs in response
to network activity in vitro.

Synapse unsilencing in vivo by EE

Our results suggest that POMC-GFP-labeled newborn GCs are
primed to undergo functional integration via AMPAR incorpo-
ration into nascent silent synapses. We next sought to test
whether synapse unsilencing can also occur in vivo with increased
network activity. We housed mice in EE for 2 weeks to promote
exploration and novelty-induced neural activity in DG (Nitz and
McNaughton, 2004). As expected, EE enhanced the survival of
newborn GCs measured by an increase the number of POMC-
GFP GCs without a change in progenitor proliferation (Fig. 5A),
consistent with the reported timing of a critical period for sur-
vival that occurs during the time window of POMC-GFP expres-
sion (Overstreet-Wadiche et al., 2006; Tashiro et al., 2007). We
then compared newborn GC synaptic activity in acute slices from
EE and control mice. Approximately 40% of newborn GCs after
EE had NMDAR-only silent synapses (31 of 78 cells), similar to
the percentage of newborn GCs with silent synapses in control
mice. NMDAR EPSCs after EE were likewise sensitive to the se-
lective NMDAR2B antagonist Ro 25-6981 (controls, 76 = 6%,
n =9; EE, 74 £ 6%, n = 12; p = 0.8; data not shown). Remark-
ably, there was a large increase in the percentage of newborn GCs
with AMPAR EPSCs after EE (Fig. 5B; 32%, 47 of 149 cells),
consistent with synapse unsilencing in vivo, together with a de-
crease in the percentage of newborn GCs with no responses (Fig.
5B, right).

EE-induced synapse unsilencing is not associated with
morphological maturation

The appearance of AMPAR EPSCs after 2 weeks of EE could
result from accelerated maturation, because GABA-induced syn-
aptic integration of developing neurons is typically associated
with morphological maturation and dendrite outgrowth (Ge et
al., 2006; Cancedda et al., 2007; Wang and Kriegstein, 2008; Du-
veau et al., 2011). However, we did not detect enhanced morpho-
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Figure5.  EEenhances newborn GC survival and promotes and initial synapse unsilencing in
vivo. A, Left, POMC-GFP ™ (green) and Ki67 ™ (red) expression identify newborn GCs and
proliferative cells, respectively, in the DG of mice housed in standard environment (control; Con)
and EE. Scale bar, 100 um. Right, EE increased the number of GFP ™ cells (n = 7 control and EE
mice, p < 0.05, Mann—Whitney U test) without changing the number of Ki67 * cells (n = 3
control and EE mice, p = 0.78). B, PTX (red) blocked synaptic currents in newborn GCs from
control mice (left), whereas NBQX-sensitive AMPAR EPSCs were present in newborn GCs from EE
mice (middle). Right, EE increased the percentage of newborn GCs with functional AMPAR-
containing synapses (p << 0.0001) and decreased the percentage of newborn GCs with no
response (p << 0.05, x> test,n = 93 newborn GCs in control and 147 in EE). C, Left, Represen-
tative confocal images (top) and dendrite tracings (bottom) of newborn GCs from control and EE
mice. Scale bar, 20 pm. Right top, The cumulative distribution of TDLs was not altered by EE,
and there was no difference in the TDL (281 == 15 vs 261 = 9 wm), farthest extent of the
dendrites (119 == 4vs 113 = 2 um), or number of nodes (5.8 = 0.4 vs 5.5 £ 0.3;p > 0.05,
unpaired t tests). Right bottom, There was a slight reduction in intersections at a distance of
95-120 pum from the soma in newborn GCs after EE (*p << 0.05). D, Left, Examples of current
injections (40— 60 pA) in newborn GCs from control and EE mice. Middle, EE did not alter the
percentage of cells that fired action potentials (p = 0.12, x > test,n = 19 control and 25 EE) or
the amplitude of spikes (0.76, unpaired ¢ test). Right, The input resistance (p = 0.54) and
capacitance (p = 0.59) were not different between newborn GCs in control and EE mice,
indicating that newborn GCs were at the same developmental stage.

logical maturation after EE. Sholl analysis revealed that the TDL,
number of nodes, and extent into the molecular layer was unal-
tered by EE, and there was a slight decrease in dendrite complex-
ity in the inner molecular layer (Fig. 5C). Furthermore, intrinsic
measures of GC maturation, including input resistance and ca-
pacitance, were unaltered, and there was no change in the per-
centage of newborn GCs that fired action potentials or the
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Figure 6.  Short exposure to EE is sufficient for unsilencing in vivo. A, Examples of synaptic
currents in newborn GCs after 24 or 2 h of EE, demonstrating that a short exposure to EE is
sufficient for synapse unsilencing. EPSCs insensitive to PTX (red; normalized to peak of GPSC)
were blocked by NBQX (5 um; blue). B, Summary of the percentage of newhorn GCs with AMPA
EPSCs after exposure to EE for 2 weeks (data from Fig. 5), 24 h, or 2 h. (, The amplitude of AMPA
EPSCsinduced by pairing, 4-AP-driven synaptic activity, and EE was similar (p = 0.22, one-way
ANOVA). D, Examples of AMPAR and NMDAR EPSCs in newborn GCs, measured at —70 mV and
at +40mV, respectively. E, Example of AMPAR and NMDAR EPSCs in a neighboring mature GC.
F, The AMPA/NMDA ratio was similar in newborn GCs across all conditions (p = 0.16, ANOVA)
but lower than in mature GCs (n = 15; *p << 0.01, t test of all newborn GCs compared with
mature GCs). Con, Control.

amplitude of action potentials (Fig. 5D). Thus, POMC-GFP-
labeled newborn GCs are at the same developmental stage in
control and EE mice, despite the enhancement in glutamatergic
synaptic input. However, neural activity induced by EE could
accelerate the rate of GC maturation (Piatti et al., 2011), resulting
in a more rapid progression of newborn GCs through the
POMC-GFP-expressing stage, as occurs in the early postnatal
period when the POMC-GFP stage is achieved a few days earlier
(8-10 d after mitosis; Overstreet-Wadiche et al., 2006). Regard-
less, the lack of morphological and intrinsic alterations demon-
strates that enhanced network activity induced by EE can
promote glutamatergic synapse unsilencing independent of
other measures of maturation.

Short exposure to EE is sufficient for synapse unsilencing

in vivo

We used a shorter enrichment paradigm to test the role of
GABAergic depolarization in synapse unsilencing in vivo because
chronic interference with GABAergic depolarization impairs
dendrite maturation and potentially the establishment of silent
synapses (Ge et al., 2006; Wang and Kriegstein, 2008). Intrigu-
ingly, both a 24 h and a 2 h exposure to EE were equally effective
in inducing AMPAR EPSCs in newborn GCs compared with the
2 week treatment (Fig. 6A,B; 24 h EE, 5 of 16 cells, p < 0.001
compared with control, p = 1.0 compared to 2 week EE; 2 h EE, 9
of 32 cells, p < 0.001 compared with control; p = 0.7 compared
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with 2 week EE; x? test). Thus, the appearance of AMPAR EPSCs
likely results from acute activity-dependent synapse unsilencing
rather than chronic nonspecific effects of EE. The sufficiency of
2 h is in accordance with the rapid time course of activity-
dependent synapse unsilencing in vitro (Figs. 2, 4). Furthermore,
the amplitude of AMPAR EPSCs induced by 2 weeks or 2 h of EE,
pairing, and 4-AP incubation were similar (Fig. 6C), and there
were no differences in the rise and decay times (data not shown;
p =0.99 and p = 0.53, respectively). The AMPA/NMDA ratio in
newborn GCs was also similar across conditions (Fig. 6 D, F) but
lower than the AMPA/NMDA ratio in mature GCs from EE mice
(Fig. 6 E,F; n = 15; p < 0.05). There was a trend toward larger
AMPAR EPSCs after in vitro 4-AP treatment that did not reach
statistical significance, potentially implying that it was the stron-
gest stimulus paradigm. Regardless, the similar frequency and
properties of AMPA EPSCs across all conditions support the idea
that synapse unsilencing by pairing or synaptic activity in vitro
can also be achieved by the experience of EE in vivo.

GABA depolarization is required for synapse unsilencing

in vivo

To examine the role of GABAergic depolarization in synapse un-
silencing in vivo, we injected mice with bumetanide (30 mg/kg,
i.p.) before the 2 h exposure to EE. Similar to its effects in vitro,
bumetanide reduced synapse unsilencing in response to network
activity induced by EE (Fig. 7A, B; 2 of 23 cells; p < 0.05 com-
pared with vehicle control, x* test). To further test whether the
effect of bumetanide resulted from impaired GABA depolariza-
tion of newborn GCs rather than altered inhibition within the
network, we also manipulated GABA signaling by blocking neu-
ronal GABA transporters (GAT1). Phasic GABA signaling to
newborn GCs is robustly enhanced by blockade of GATI,
whereas phasic signaling to mature GCs is less affected (Mark-
wardt et al,, 2009). Whereas bumetanide selectively reduces
GABA depolarization, tiagabine enhances GABA signaling re-
gardless of the polarity of the GABAR response. Accordingly,
tiagabine treatment (10 mg/kg, i.p.) before EE did not block syn-
apse unsilencing in newborn GCs (Fig. 7A,B). Although there
was a trend toward a higher percentage of newborn GCs with
AMPA EPSCs after EE plus tiagabine (38 vs 28% in vehicle con-
trol), the difference did not achieve statistical significance (8 of 21
cells; p = 0.5, X test). In separate experiments, treatment of mice
with either bumetanide or tiagabine did not alter overall activity
levels monitored in an open field, showing that altered behavior
was unlikely to influence these results (Fig. 7C,D). Consistent
with its previously reported anxiolytic effect (Thoeringer et al.,
2010), tiagabine treatment enhanced the time spent in the center
of the field (Fig. 7E), indicating that this dose was sufficient for
CNS effects. Together, the selective block of synapse unsilencing
by bumetanide but not tiagabine demonstrates that GABA depo-
larization is needed to activate the first silent synapses on adult-
born GCs in response to a brief experience of EE.

Discussion

Experience-dependent synaptic modification is a well-
established mechanism for neural plasticity in the adult brain. In
the adult DG, experience can modify neural circuitry not only at
the level of single synapses but also at the cellular level by control-
ling the long-term survival of newborn GCs. Here we show that
EE, an experience that promotes survival, elicits AMPA EPSCs at
the first silent NMDAR-only-containing synapses on newborn
GCs. Using in vitro paradigms, we show that depolarization
paired with synaptic stimulation drives rapid AMPAR incor-
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Figure 7.  GABAergic depolarization is necessary for synapse unsilencing by EE. 4, Examples
of synaptic currents in newborn GCs with vehicle, bumetanide (30 mg/kg, i.p.; middle) or ti-
agabine (10 mg/kg, i.p.) treatment before 2 h of EE. B, Summary of the percentage of newborn
GCs with AMPAR EPSCs in each condition. Bumetanide reduced the percentage of newborn GCs
with EE-induced AMPA EPSCs, whereas tiagabine had no significant effect. The number of cells
tested is shown in parentheses. *p << 0.05, x * test. There was no difference in the percentage
of newborn GCs with AMPAR EPSCs in the 2 h EE uninjected and vehicle-injected control groups
(4 of 15and 5 of 17, respectively; p = 1.0, x* test), so they were combined (n = 32). C, A
separate group of mice were given vehicle (control; n = 7), bumetanide (30 mg/kg; n = 7), or
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poration at silent synapses in an NMDAR-dependent manner
and that synaptic GABA depolarization relieves the voltage-
dependent Mg>* block of NMDARs at silent synapses. GABA
depolarization and NMDAR activation work synergistically to
initiate functional glutamatergic synaptic transmission, since
rhythmic synaptic activity induced by 4-AP in vitro generates
synapse unsilencing that requires both NMDAR activation and
GABAergic depolarization. Furthermore, we show that in vivo
synapse unsilencing in response to a brief experience of EE also
requires GABAergic depolarization. Interestingly, we found a
similar percentage of newborn GCs with functional glutamater-
gic transmission after a variety of activity paradigms in vivo and in
vitro, likely representing a pool of newborn GCs primed to re-
spond to correlated GABA depolarization and glutamate release.
Together, these results illustrate that GABAergic synaptic input
to critical-period neurons is required for rapid synapse unsilenc-
ing, and thus functional integration, in response to experience.

Defining the critical period during adult neurogenesis
Tashiro et al. (2007) described a critical period occurring 1-3
weeks after cell birth when the experience of EE enhances the
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survival of new GCs. Learning tasks and direct electrical stimula-
tion of the perforant path likewise rescue cell death during this
time (Kitamura et al., 2010, Anderson et al., 2011). The first 3
weeks of GC maturation is a dynamic phase of growth and syn-
aptogenesis when new neurons transition from GABA-only sig-
naling to functional integration that is defined by glutamatergic
synapse formation with the perforant path (Esposito et al., 2005;
Ge et al., 2006; Mongiat et al., 2009). Because the tempo of this
transition is variable and subject to activity-dependent modifica-
tion even at the single-cell level (Esposito et al., 2005; Ambrogini
et al., 20105 Piatti et al., 2011), defining the precise functional
stage corresponding to the critical period is challenging. The 1-3
week time window likely represents the duration of this critical
period for the cohort of cells rather than the duration for an
individual cell, similar to POMC-GFP expression that identifies a
functional developmental stage that the majority of newborn
cells achieve at 10—12 d after mitosis but the entire cohort
achieves between ~3 and 24 d after cell birth (Overstreet-
Wadiche et al., 2006). Thus, the time window when GABAergic
depolarization plays a major role in cell survival and synapse
unsilencing may be brief, but heterogeneous maturation of cells
within the cohort desynchronizes the timing across 3 weeks. We
speculate that the critical period closes when sufficient glutama-
tergic innervation and NMDAR activation ensures transcrip-
tional suppression of the intrinsic apoptotic pathway (Tashiro et
al., 2006; Leveille et al., 2010).

GABA depolarization drives maturation and survival

The importance of GABA depolarization in neuronal develop-
ment was clearly illustrated by single-cell knock-out studies
showing that deletion of the chloride importer NKCC1 reduces
newborn neuron dendrite outgrowth and synaptic integration
(Ge et al., 2006; Wang and Kriegstein, 2008). Similarly, deletion
of specific GABA , subunits alters the number and maturation of
newborn GCs (Duveau et al., 2011; Song et al., 2012). Survival of
1- to 2-week-old GCs is specifically associated with GABA-
induced CREB activation (Jagasia et al., 2009). Consistent with a
role of CREB signaling in survival, ~70% of POMC-GFP new-
born GCs express pCREB, with a similar percentage exhibiting
GABAR-induced spontaneous Ca®" transients (Overstreet-
Wadiche et al., 2006). CREB is upregulated by EE (Huang et al,,
2006) and coordinates expression of widespread genes involved
in survival and integration of adult-generated neurons (Merz et
al., 2011), including the microRNA miR-132 that regulates excit-
atory synaptogenesis (Luikart et al., 2011). GABA-mediated de-
polarization presumably contributes to many Ca**-dependent
molecular cascades essential for proliferation, survival, and
growth (Ge et al., 2007a), enabling GABA signaling to dynami-
cally regulate adult neurogenesis across multiple stages of GC
maturation (Dieni et al., 2012).

GABAergic depolarization drives AMPAR insertion

Nascent excitatory synapses in the developing brain contain
exclusively NMDARs that become functional by activity-
dependent trafficking of AMPARSs (Durand et al., 1996), analo-
gous to the postsynaptic mechanism of long-term potentiation
(Isaac et al., 1995; Liao et al., 1995). AMPAR insertion requires
activation of NMDARs that is typically generated by AMPAR-
mediated depolarization at neighboring functional synapses.
However, the source of depolarization at early developmental
stages that lack AMPAR-containing synapses has not been di-
rectly addressed. It was proposed years ago that GABAergic syn-
aptic activity provides the depolarization required for AMPAR
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insertion (Ben-Arietal., 1997), and subsequent studies have con-
firmed arole of GABAergic depolarization in synaptic integration
of developing neurons (Akerman and Cline, 2006; Ge et al., 2006;
Wang and Kriegstein, 2008). However, impaired GABA depolar-
ization delays dendrite development (Cancedda et al., 2007),
confounding identification of the specific role of GABA depolar-
ization in acute synapse unsilencing. Our results provide direct
experimental verification of the longstanding idea that GABAer-
gic synapses supply the acute depolarization necessary for rapid
AMPAR insertion at NMDA-only-containing synapses on devel-
oping neurons. POMC—-GFP-labeled GCs are particularly useful
for this purpose because the lack of AMPAR-containing synapses
negates the necessity of minimal stimulation paradigms and pro-
vides an all-or-none response.

Experience-dependent modification of dentate circuitry

Experience-dependent control of survival is proposed to sculpt
the formation of new circuits by selecting individual critical-
period cells that receive sufficient activation to support long-term
integration into the network (Tashiro et al., 2006). This cell and
information-specific process could potentially tune surviving
cells to respond to future reinstatement of those experiences (Kee
et al., 2007; Tashiro et al., 2007; but see Alme et al., 2010). Our
data show that EE rapidly initiates functional excitatory integra-
tion, although the consequences for future activation of “res-
cued” GCs requires additional testing. Importantly, our results
illustrate one specific mechanism by which GABA synaptic sig-
naling enables glutamatergic synaptic integration in critical-
period neurons that could contribute to impaired maturation
and survival after cell-specific blockade of GABAergic depolar-
ization (Ge et al., 2006; Tashiro et al., 2006; Jagasia et al., 2009;
Duveau et al., 2011). GABA-mediated excitatory synapse unsi-
lencing may represent a general mechanism whereby GABA sig-
naling contributes to experience-dependent regulation of
neurodevelopment in both the adult and developing brain.
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