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Early Enriched Environment Promotes Neonatal GABAergic
Neurotransmission and Accelerates Synapse Maturation

Shan He,">* Jun Ma,"* Na Liu,"? and Xiang Yu'
'nstitute of Neuroscience and State Key Laboratory of Neuroscience, Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences, Shanghai
200031, China, and 2Graduate School of the Chinese Academy of Sciences, Shanghai 200031, China

Environmental stimulation is critical for brain development. Here, we report that natural stimulation through enriched environment
(EE) rearing during the first 2 weeks of mouse postnatal development promotes GABAergic neurotransmission and accelerates matura-
tion of GABAergic and glutamatergic synapses. Using whole-cell recordings from CA1 pyramidal neurons in acute hippocampal slices, we
found that EE-reared mice exhibited higher amplitude of miniature GABAergic postsynaptic currents (mGPSCs) at 1 week of postnatal
development, as well as accelerated transition of GABA action from excitation to inhibition, compared with mice reared under standard
housing conditions. This enhanced GABAergic synaptic transmission persisted until the end of the second postnatal week, when GABA
mostly acts as an inhibitory neurotransmitter. Consistent with these electrophysiological results, we observed elevated levels of GABA ,
receptors and the K "-Cl ~ cotransporter KCC2. Similarly, increased levels of excitatory synaptic components, including NMDA and
AMPA receptors and the scaffolding protein PSD95, were detected in synaptosomal fractions from the forebrain/hippocampus of EE-
reared mice during the first two postnatal weeks. Functional increase in glutamatergic synaptic transmission, as measured by increased
amplitude of miniature and spontaneous EPSCs, was also detected during the second postnatal week. Together, these results demonstrate
that early environmental stimulation through EE rearing enhances early postnatal GABAergic neurotransmission, which is known to play
important trophic functions in many aspects of neural development.

Introduction

Rearing animals in an enriched environment (EE) is a classic
paradigm that has been used extensively in juvenile and adult
rodents for studying the effect of a combination of complex in-
animate and social stimulations (Bennett et al., 1964; Rosenzweig
etal.,, 1978). By examining the effects of environmental stimula-
tion after weaning or during adulthood, previous studies demon-
strated that this paradigm can elicit structural and functional
changes in the nervous system, including increases in dendritic
arborization and spine density, synaptic protein expression, syn-
aptic plasticity, and neurogenesis (Rosenzweig and Bennett,
1996; van Praag et al., 2000; Nithianantharajah and Hannan,
2006; Sale et al., 2009). Recent studies showed that EE rearing of
neonatal pups accelerated development of the visual system, as
assayed by behavioral visual acuity and changes in visual cortical
plasticity (Cancedda et al., 2004; Sale et al., 2009). Conversely,
visual deprivation by dark rearing during the critical period (3-5
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postnatal weeks) stalled development of GABAergic synapses in
the visual cortex (Morales et al., 2002) and altered ocular domi-
nance plasticity (Hensch, 2005; Jiang et al., 2005). Thus, environ-
mental stimulation plays a critical role in neural circuit formation
and function (van Praag et al., 2000; Fox and Wong, 2005; Hensch,
2005; Nithianantharajah and Hannan, 2006; Sale et al., 2009).

To study the earliest effect of environmental stimulation on
neural circuit development, we investigated the effects of neo-
natal EE rearing on the electrophysiological and biochemical
properties of GABAergic and glutamatergic synapses in the hip-
pocampus. We found that EE rearing enhanced GABAergic neu-
rotransmission as early as 1 week after birth, when GABA largely
acts as an excitatory neurotransmitter (Ben-Ari et al., 1989; Ben-
Ari, 2002; Owens and Kriegstein, 2002). This enhancement of
GABAergic synaptic transmission in EE-reared mice was accom-
panied by accelerated transition of GABA action from excitation
to inhibition and persisted until the second postnatal week. In-
creased glutamatergic neurotransmission was only detected at
postnatal day 14 (P14). Our results underscore the importance of
neonatal natural stimulation on neural development by demon-
strating that EE rearing promotes the maturation of both
GABAergic and glutamatergic synapses and enhances GABAergic
neurotransmission, an important regulator of early development.

Materials and Methods

Animals and EE rearing paradigm. All animal studies were approved by
the Institutional Animal Care and Use Committee of the Institute of
Neuroscience, Chinese Academy of Sciences (Shanghai, China). The en-
vironmental enrichment paradigm for neonatal mice was based on a
previous protocol (Cancedda et al., 2004) with additional tactile and
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olfactory stimuli. Briefly, C57BL/6 timed pregnant mice [embryonic days
16—-20 (E16-20)] were randomly assigned to standard or EE housing 47
d before delivery. All mice were exposed to a 12 h light/12 h dark cycle
with food and water provided ad libitum from the cage lid. The enriched
housing consists of a large Plexiglas laboratory cage (50 X 36 X 28 cm)
containing objects of various shapes and textures (wooden or plastic
houses, igloos, tunnels, and wood blocks) repositioned daily and com-
pletely substituted weekly; a running wheel was added at P11. Object
positions and combinations were not repeated. Additional bedding ma-
terials (shredded paper, paper roll, cotton, or textiles of various textures)
were added to stimulate somatosensation and changed daily. A spice
cube containing different spices was added to varying positions in the
cage to stimulate olfactory responses and changed daily. Two dams with
their litters (10 pups minimum) were placed in EE cages, while one dam
and its litter were placed in standard control cages (32.5 X 21 X 18.5 cm)
lined only with corn bedding.

Electrophysiological recordings. Mice were deeply anesthetized with
0.7% sodium pentobarbital, and slices were prepared as described previ-
ously (van Praag et al., 2002). Briefly, brains were rapidly removed and
immersed in ice-cold dissection buffer containing the following (in mm):
110 choline-Cl, 2.5 KCl, 1.3 NaH,PO,, 7 MgCl,, 0.5 CaCl,, 25 NaHCO,,
20 glucose, bubbled with 95%0,/5% CO,, pH 7.4. Hippocampal slices
were cut at 350 wm using a Vibratome 3000 (Leica) microslicer and
allowed to recover in a submersion holding chamber with artificial CSF
(ACSF) containing the following (in mm): 125 NaCl, 2.5 KCI, 1.3
NaH,PO,, 1.3 MgCl,, 2 CaCl,, 25 NaHCOj, 20 glucose 20, bubbled with
95%0,/5% CO, mixture for at least 1 h before recordings. Slices were
visualized with an upright microscope (Nikon FN1) equipped with in-
frared differential interference contrast and perfused with oxygenated
ACSF at 25°C. Whole-cell voltage-clamp recordings were made from
CA1 pyramidal cells with a MultiClamp 700B amplifier (Molecular De-
vices). Signals were filtered at 2 kHz and sampled at 10 kHz using Digi-
data 1332A (Molecular Devices) in all experiments.

For miniature GABAergic postsynaptic current (mGPSC) recordings,
glass pipettes (resistance 3—5 MJ()) were loaded with a high chloride
internal solution containing the following (in mm): 110 CsCl, 10 NaCl, 5
MgCl,, 0.6 EGTA, 2 MgATP, 0.2 Na,GTP, 40 HEPES; cells were held at
—60 mV. NBQX (1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quin-
oxaline-7-sulfonamide) at 10 um and TTX at 0.5 um were added to ACSF
to block AMPA and Na ™ currents, respectively. For E, recordings, pi-
pettes were tip filled with internal solution containing the following (in
mM): CsCl 154, NaCl 9, MgCl, 1, HEPES 10, and EGTA 0.2 (pH 7.4, 300
mOsm); the pipettes were back filled with the same internal solution
containing 10-20 pg/ml gramicidin A. Kyneurenic acid at 2 mm was
added to ACSF to block glutamatergic transmission. GABAergic re-
sponses were evoked by stimulating nearby interneurons (Xu et al., 2008)
with a bipolar tungsten stimulating electrode (WPI). Responses were
evoked with a Master-8 pulse generator coupled through an Iso-Flex
isolator (A.M.P.1.). E, was determined by measuring the amplitudes of
GPSCs at stepped holding membrane potentials (10 mV increments) of
the postsynaptic cell. Linear regression was used to calculate a best-fit line
for the voltage dependence of GPSC amplitude, and the interpolated
intercept of this line with the abscissa was taken as the E, value.

For EPSC recordings, the internal solution contained the following (in
mmM): CsMeSO, 100, CsCl 25.5, HEPES 10, NaCl 8, EGTA 0.25, glucose
10, MgATP 4, Na,;GTP 0.3, pH 7.3 (280290 mOsm); neurons were held
at —70 mV unless stated otherwise. In all experiments, 50 um picrotoxin
was added to ACSF to block GABA , synaptic currents, and 0.5 um TTX
was added for miniature EPSC (mEPSC) recordings. EPSCs were evoked
with a bipolar tungsten stimulating electrode (WPI) placed in the stra-
tum radiatum near the stratum pyramidale border to activate proximal
Schaffer collateral-CA1 synapses. Cells were held at —70 mV to record
AMPA receptor (AMPAR) EPSCs and at +40 mV to record NMDA
receptor (NMDAR) EPSCs. EPSC amplitudes were calculated by averag-
ing 15-30 traces and measuring at the peak for the AMPAR component
and 40 ms after the onset for the NMDAR component. Action potential
frequency versus injected current curves were plotted by measuring, in
current-clamp mode, the average action potential firing rate during 300
ms depolarizing current injections of increasing magnitude. Synaptic
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blockers [50 uMm D-(—)-2-amino-5-phosphonovaleric acid (p-APV), 10
uM NBQX, and 50 uM picrotoxin] were included as indicated. The inter-
nal solution for this experiment contained the following (in mm): 110
K-gluconate, 20 KCl, 20 HEPES, 5 MgCl,, 0.6 EGTA, 2 MgATP, 0.2
Na;GTP, pH 7.3 (280-290 mOsm). All salts and drugs were obtained
from Sigma or Tocris Bioscience, except for TTX, which was obtained
from the Fisheries Science and Technology Development Company of
Hebei Province, China.

Series and input resistances were continually monitored throughout
all experiments. Data were not included if the series resistance changed
by >20% during the experiment. Miniature postsynaptic currents
(mPSCs) were analyzed using MiniAnalysis software (Synaptosoft), and
other data were analyzed using pClamp 9.2. To obtain accurate measures
of the amplitude and kinetics of mPSCs, double peaks were excluded for
the analysis of these parameters. The amplitude threshold for mGPSCs
and mEPSCs were 6 and 5 pA, respectively, and the baseline was averaged
over 5000 us. Results were statistically tested using two-tailed Student’s
test; cumulative distributions were tested against each other using the
Kolmogorov—Smirnov two-sample test. For cumulative distribution
plots, 100 events per cell were used, except for mEPSCs at P18, for which
50 events were used. Results are shown as mean = SEM, and n represents
the number of neurons. At least three animals from different litters were
analyzed per experimental condition. The P7 group included P7-P9 mice
and the P14 group included P13-P15 mice, while the P18 group included
P17-P18 mice. For E recordings, mice were analyzed separately accord-
ing to gender. For all other experiments, the data from males and females
were pooled.

Crude synaptosomal preparations and immunoblot analysis. Forebrains
or hippocampi were dissected from age-matched P7 or P14 mice litters
reared in control and EE conditions, and synaptosomes were prepared
essentially as described previously (Luo et al., 1997; Hallett et al., 2008).
Briefly, brains were homogenized in ice-cold HEPES-buffered sucrose
(0.32 msucrose, 4 mm HEPES, pH 7.4) containing freshly added protease
inhibitor cocktail tablets (Roche) and centrifuged at 1000 X g for 10 min
to remove the pelleted nuclear fraction (P1, used to assay c-Fos). The
supernatant was then centrifuged at 10,000 X g for 15 min to yield the
membrane fraction pellet [P2, used for brain-derived neurotrophic fac-
tor (BDNF) and P7 hippocampal samples; nonboiled P2 sample was used
for KCC2]. After a hypo-osmotic shock in pure water, the lysate was
centrifuged at 25,000 X g for 20 min. The pellet was then resuspended,
loaded onto a discontinuous sucrose gradient (0.8, 1.0, and 1.2 M) and
centrifuged at 30,000 rpm for 2 h. The synaptosomal fraction (all other
proteins) was collected from the interface between the 1.0 and 1.2 m
sucrose layers. Proteins (10-20 ug) were loaded onto SDS-PAGE, and
Western blots were performed according to standard protocols. The fol-
lowing primary antibodies were used at the concentrations given:
GABA ,Ral at 1:2000 (Millipore), KCC2 at 1:3000 (Millipore), GluR2 at
1:1000 (Millipore), BDNF at 1:500 (Santa Cruz Biotechnology), c-Fos at
1:500 (Santa Cruz Biotechnology), GAPDH at 1:10,000 (KangChen Bio-
tech), NR2A at 1:100 (Millipore), NR2B at 1:1000 (Millipore), PSD95 at
1:1000 (Sigma), TBP at 1:1000 (Abcam), and a-tubulin at 1:2,000,000
(Sigma). HRP-conjugated secondary goat anti-rabbit or goat anti-mouse
antibodies (Millipore) were used at 1:8000. Blots were developed using
ECL chemiluminescence substrate (Pierce) onto x-ray films (Kodak).
Results were quantified using Image] software (NIH Image) and statisti-
cally analyzed using the Mann—Whitney rank sum test. Values for EE-
reared mice are normalized to those of controls. Results are shown as
mean = SEM, and # represents the number of matching litter pairs.

Results

Postnatal EE rearing enhances GABAergic neurotransmission
To stimulate neonatal mice pups through multiple sensory mo-
dalities, we adapted a previously published EE-rearing protocol
(Cancedda et al., 2004) with additional tactile and olfactory cues
(see Materials and Methods). To determine whether this para-
digm increased neural activity in vivo, we assayed the levels of
BDNF (Poo, 2001; Pham et al., 2002; Cancedda et al., 2004;
Matsumoto et al., 2008) and the transcription factor c-Fos
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(Flavell and Greenberg, 2008), proteins
known to be regulated by activity, in fore-
brain extracts from P7 pups. We showed
that the levels of both proteins were signif-
icantly elevated in EE-reared mice (sup-
plemental Fig. 1A,B, available at www.
jneurosci.org as supplemental material),
suggesting that our natural stimulation
paradigm had significantly increased neu-
ral activity at this very early developmen-
tal stage.

We next examined the effects of EE
rearing on GABAergic neurotransmission
during the developmental window from
P7 to P18 by recording synaptic currents
from CA1 pyramidal neurons of acute hip-
pocampal slices. At P7, when 75% of
neurons exhibited giant depolarizing
potentials (supplemental Fig. 2, avail-
able at www.jneurosci.org as supple-
mental material) characteristic of the
excitatory action of GABA (Ben-Ari et al.,
1989; Ben-Ari, 2002; Owens and Krieg-
stein, 2002), EE rearing significantly in-
creased the amplitude of mGPSCs (EE:
32.76 = 0.94 pA, control: 26.08 = 1.09
PA, p <0.0001) (Fig. 1 A,G). At P14, signif-
icantly higher frequency of mGPSCs (Fig.
1B,E,H) (EE: 3.20 = 0.27 pA, control:
2.20 £ 0.21 pA, p = 0.005) were observed
in EE-reared mice, indicating a higher
level of GABAergic transmission.

General characteristics of the matura-
tion of GABAergic synapses (Hollrigel
and Soltesz, 1997; Dunning et al., 1999;
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et al,, 2002), including developmental in- ggm
creases in mGPSC frequency, reduction in Se
mGPSC amplitude, and faster kinetics é‘ % 5
(Fig. 1G,H; Table 1) were observed in both og
groups. Although the mGPSCrise and de- 00

cay times of EE-reared mice were not sta-
tistically different from those of controls,
they were consistently faster (Table 1),
indicative of accelerated maturation of
GABAergic neurotransmission in EE-
reared mice. By P18, no differences in
mGPSC amplitude or frequency (Fig.
1C,F-H) were detected between control
and EE-reared mice, consistent with the
control group having “caught up” devel-
opmentally with the accelerated EE-
reared group (see Discussion).
Supporting the observed increase in GABAergic transmission,
we found significantly higher levels of GABA, receptor al
(GABA,Ral) in the synaptosomal fractions of forebrains and
hippocampi from EE-reared mice at both P7 and P14 (Fig. 1 1,]).
Although the synaptosomal preparation has typically been used
for purifying excitatory synaptic components, our results showed
that it is also effective at enriching for GABAergic synaptic compo-
nents, as the GABA ,Ral level increased throughout the purifica-
tion procedure (supplemental Fig. 1C, available at www.jneurosci.
org as supplemental material), similarly as that of the excitatory

Figure 1.

-
@«
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o
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EE rearing promotes GABAergic neurotransmission. A-C, Sample mGPSC recordings, averaged mGPSC waveforms, and
cumulative mGPSC amplitude distributions from P7 ( p = 0.01) (4), P14 (p = 0.31) (B), and P18 ( p = 0.65) (€) control (Ctrl) and
EE-reared mice. D—F, Cumulative mGPSC frequency distributions for P7 ( p = 0.44) (D), P14 ( p << 0.005) (), and P18 ( p = 0.40) (F)
mice. G, Developmental course of average mGPSC amplitude: P7 (Ctrl: 26.08 == 1.09 pA, EE: 32.76 = 0.94 pA, p << 0.0001), P14 (Ctrl:
26.77 = 1.23 pA, EE: 24.49 = 1.17 pA, p = 0.20), and P18 (Ctrl: 21.47 == 0.77 pA, EE: 20.75 == 0.72 pA, p = 0.50). H, Developmental
course of average mGPSC frequency: P7 (Ctrl: 1.05 = 0.11Hz, EE: 0.90 = 0.09 Hz, p = 0.30), P14 (Ctrl: 2.20 = 0.21 Hz, EE:3.20 == 0.27Hz,
p = 0.005),and P18 (Ctrl: 4.58 = 0.28 Hz, EE: 5.02 == 0.25 Hz, p = 0.25). |, Representative immunoblots and quantitation of GABA,Rax1
levels from forebrains of Ctrl and EE-reared mice: 1.23 2 0.10 ( p << 0.05) at P7and 1.19 == 0.08 at P14 ( p << 0.05).J, Immunoblots and
quantitation of GABA,Rc1 from hippocampi of Ctrl and EE mice: 1.55 = 0.16 ( p << 0.05) at P7 and 1.54 = 0.23 ( p << 0.05) at P14.Inall
graphs, error bars represent SEM; *p << 0.05, **p << 0.01, ***p << 0.001.

postsynaptic density protein PSD95 (Cho et al., 1992). The
developmental increase in GABA,Ral level (Laurie et al.,
1992) was also detected in our preparation (supplemental Fig.
1C, available at www.jneurosci.org as supplemental material).
The increase in postsynaptic GABA ,Ra1 level, together with a
lack of change in the presynaptic measurement of paired-pulse
ratios (supplemental Fig. 3, available at www.jneurosci.org as sup-
plemental material), suggests that the enhanced GABAergic syn-
aptic transmission in EE-reared mice is most likely resulting from
postsynaptic changes.
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Table 1. Kinetics of mGPSCs in control and EE-reared mice from P7 to P18
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Control EE
Average = SEM n p Average = SEM n p p (Control versus EE)
10-90% Rise time (ms)
p7 22+03 2 16+ 0.1 27 =005
P14 1.3 =01 22 <0.01 (versus P7) 1.2 %201 16 <0.01 (versus P7) =030
P18 0.9 = 0.04 22 <0.01 (versus P14) 0.8 £ 0.04 22 <0.01 (versus P14) =0.21
Decay time (ms)
p7 175+ 1.0 2 162 %05 7 =021
P14 13.7 £0.5 22 <€0.01 (versus P7) 13410 16 <0.01 (versus P7) =0.79
P18 104 =04 22 <<0.007 (versus P14) 97103 22 <0.001 (versus P14) =0.18
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Figure 2.

EE rearing accelerates the developmental switch of

GABA action

Since GABA has been reported to act as a trophic factor that
regulates its own developmental switch from excitation to inhi-
bition in cultured neurons (Ganguly et al., 2001), we asked
whether natural stimulation through EE rearing can accelerate
this transition. Using gramicidin-perforated whole-cell record-
ing, we measured the reversal potential of evoked GPSCs (E) in
CAL1 pyramidal cells of P9 control and EE-reared mice. Consis-
tent with previous reports (Nunez and McCarthy, 2007;
Galanopoulou, 2008), we found E; to be more hyperpolarized in
females (—52.9 £ 2.9 mV) compared with males (—45.4 £ 3.9
mV). Importantly, E., was significantly more hyperpolarized in
EE-reared pups in both males (EE: —58.5 * 4.0 mV, control:

Hippocampus

EE rearing accelerates switch of GABA action from excitation to inhibition. 4, D, Examples of |-V relationship for
evoked GABA,R currents from P9 control (Ctrl) and EE male (4) or female (D) mice, together with sample traces recorded at 10 mV
intervals. B, £, estimated from evoked GABA,R currents in male Ctrl (—45.4 = 3.9mV, n = 19) and EE mice (—58.4 = 4.0mV,
n =25, p < 0.05). Each data point represents a single neuron, with the average shown to the right of each group. ¢, Cumulative
probability plot of data presentedin B, p << 0.05. E, £, for female Ctrl (—52.9 == 2.9mV, n = 20) and EE mice (—61.9 = 2.8 mV,
n=125,p<0.05). F, Cumulative probability plot of data presentedin £, p < 0.05. G, Inmunoblots and quantitation of KCC2 levels
from Ctrl and EE mice: forebrain (1.54 = 0.21, p << 0.05) and hippocampus (1.92 = 0.41, p < 0.05).

Postnatal EE rearing enhances
glutamatergic neurotransmission
Whole-cell recording of glutamatergic
synaptic transmission was made from P7
to P18. As shown in Figure 3A-D, the
mean mEPSC amplitude decreased from
P7 to P18 in both control and EE-reared
mice, consistent with a previous report
(Hsia et al., 1998). Importantly, mEPSC
amplitude (Fig. 3B,D) (EE: 13.51 * 0.54
pA, Control: 11.77 = 0.29 pA, p < 0.05)
and spontaneous EPSC amplitudes (sup-
plemental Fig. 4, available at www.
jneurosci.org as supplemental material)
were significantly higher in EE-reared
mice at P14. No significant differences in mEPSC frequency and
kinetics were observed between the two groups (Fig. 3E-H, sup-
plemental Table 1, available at www.jneurosci.org as supplemen-
tal material).

Western blotting of the synaptosomal fraction showed that
the levels of excitatory synaptic component postsynaptic density
95 (PSD95), AMPA receptor subunit GluR2, and NMDA recep-
tor subunit NR2B were higher in EE-reared mice than controls at
both P7 and P14 (Fig. 4A-B), similar to previous reports using
adult rodents (Tang et al., 2001; Nithianantharajah et al., 2004;
Naka et al., 2005). Consistent with the observed increases in the
protein levels of both NMDA and AMPA receptors, the AMPA to
NMDA ratio of evoked synaptic responses remained unchanged
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Figure3. EErearing promotes glutamatergic neurotransmission at P14. A-C, Sample mEPSC recordings, averaged mEPSC waveforms, and cumulative mEPSC amplitude distributions
of P7( p = 0.66) (), P14 ( p << 0.05) (B), and P18 ( p = 0.54) (C) mice. D, Developmental course of average mEPSCamplitude from P7 (Ctrl: 15.95 = 0.92 pA, EE: 15.19 == 0.91 pA,p =
0.58), P14: Ctrl: 11.77 = 0.29 pA, EE: 13.51 = 0.54 pA, p << 0.05) and P18 (Ctrl: 10.65 = 0.49 pA, EE: 10.27 = 0.37 pA, p = 0.54) mice. E-G, Cumulative distributions of mEPSC
frequencies from P7 ( p = 0.23) (E), P14 ( p = 0.37) (F), and P18 ( p = 0.37) (G) mice. H, Developmental course of average mEPSC frequency from P7 (Ctrl: 0.56 = 0.06 Hz, EE: 0.54
0.11Hz, p = 0.86), P14 (Ctrl: 0.63 == 0.12 Hz, EE: 0.80 = 0.15 Hz, p = 0.43) and P18 (Ctrl: 0.68 = 0.07 Hz, EE: 0.86 == 0.12 Hz, p = 0.21) mice. Ctrl, Control.
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in P14 mice (EE: 1.23 % 0.12, control: 1.12 £ 0.12, p = 0.53).
There were also no significant changes in NMDA receptor-
mediated conductances (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material).

Since changes in intrinsic excitability have been reported to be
an activity-dependent plasticity mechanism (Zhang and Linden,
2003; Frick and Johnston, 2005), we examined this parameter in
control and EE-reared mice by measuring, in the presence of
synaptic blockers, the frequency of action potential fired in
response to depolarizing current injections. No significant dif-
ferences in the intrinsic excitability of control and EE-reared
mice were detected at P14 (Fig. 4C). Interestingly, when re-
cordings were made in the absence of synaptic blockers, a shift
to the right, indicating decreased overall excitability, was ob-
served in EE-reared mice (Fig. 4 D). The situation was reversed
when GABAergic transmission was blocked (Fig. 4E). These
findings are consistent with our above-described results in
showing elevated GABAergic neurotransmission in EE-reared
mice at P14.

Discussion

Using EE rearing of neonatal mice pups as a paradigm, we inves-
tigated the effects of natural environmental stimulations during
early development on GABAergic and glutamatergic synapses.
We found enhancement of GABAergic transmission as early as
P7, measured as increases in mGPSC amplitude and GABA ,Ra1
levels. Furthermore, we observed accelerated transition of GABA
action from excitation to inhibition, measured as a shift in E
and an increase in KCC2 level. Increased glutamatergic neuro-
transmission was detected in EE-reared mice at the later stage of
P14, when increase in GABAergic neurotransmission persisted.
Together, these results provide evidence for the important role of
natural environmental stimulation during the neonatal period in
enhancing early GABA action and promoting the development of
GABAergic and glutamatergic synapses.

Because of the complexity of developmental changes in the
amplitude, frequency, and kinetics of mPSCs, it is somewhat dif-
ficult to summarize the effects of EE rearing on neural circuit
development. Based on our results, we would like to argue for
accelerated maturation of GABAergic and glutamatergic syn-
apses through EE rearing for the following reasons. First, enrich-
ment accelerates the developmental switch of GABA action from
excitation to inhibition (Fig. 2). Second, the developmental in-
crease in GABA, Ral level is enhanced in EE-reared mice (Fig.
1I-]). Third, although the kinetics of mGPSCs from EE-reared
mice are not significantly different from those of controls, they
are generally faster (Table 1), consistent with the developmental
maturation trend. Fourth, in-line with an increase in mGPSC
frequency during development, we observed significant increases
in mGPSC frequency in EE-reared mice at P14 (Fig. 1 H), an
effect that plateaued out by P18, at which point presumably the
control mice have caught up developmentally. In the case of
glutamatergic synapses, the increase in mEPSC amplitude at
P14 (Fig. 3D), which plateaued out by P18, also likely repre-
sents accelerated maturation of glutamatergic synapses in EE-
reared mice, because of the following: (1) a higher level of
excitatory synapse components is observed in EE-reared mice
at both P7 and P14 (Fig. 4 A, B); and (2) the mEPSC frequency
is slightly elevated in EE-reared mice compared with controls
at P14 and P18 (Fig. 3H).

An important finding of our study is the observation of
changes in synaptic transmission following EE rearing as early as
P7 (Fig. 1A, G). To our knowledge, this is the earliest time point at
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which natural stimulation has been reported to affect synaptic
function in the mammalian brain. Although pups at this age are
incapable of exploring their environment voluntarily, immediate
sensory stimulations were provided via textured bedding mate-
rial and novel odors in the cage. Furthermore, additional mater-
nal care (Liu et al., 2000; Sale et al., 2004, 2009) and the presence
of many other pups may also contribute toward the complex
natural stimulation that they receive. Our observation of changes
in GABAergic transmission at P7 (Fig. 1A,G), 1 week before
increases in glutamatergic transmission (Fig. 3 B, D; supplemen-
tal Fig. 4, available at www.jneurosci.org as supplemental mate-
rial), is consistent with the earlier appearance of GABAergic
synaptic currents in the rodent hippocampus (Ben-Ari et al.,
1989). By P14, when GABA action had mostly switched to inhib-
itory (supplemental Fig. 2C, available at www.jneurosci.org as
supplemental material), GABAergic neurotransmission remains
elevated in EE-reared mice and is available to balance the in-
creased glutamatergic transmission. By accelerating the matura-
tion of GABAergic synapses before that of glutamatergic
synapses, EE rearing promotes neural circuit maturation in a
balanced manner.

The neurotransmitter GABA is also a trophic factor that plays
important roles in many aspects of neural development, includ-
ing cell proliferation, neuronal migration, dendrite arborization,
synapse formation, and activity-dependent neural circuit devel-
opment (Ben-Ari, 2002; Owens and Kriegstein, 2002; Akerman
and Cline, 2007). EE rearing, by elevating GABAergic transmis-
sion early (Fig. 1A, G), allows the trophic functions of GABA to
affect neural circuit development, such as accelerating its own
transition from excitation to inhibition. The early elevation in
GABAergic transmission could also play a role in mediating in-
creases in excitatory synaptic transmission (Fig. 3 B, D; supple-
mental Fig. 4, available at www.jneurosci.org as supplemental
material), since molecular manipulations that interfere with the
normal transition of GABA action can lead to defects in glutama-
tergic synaptic transmission (Akerman and Cline, 2006; Ge et al.,
2006). Given the important role of GABA in neural development,
its accelerated maturation through EE rearing provides a means
by which natural environmental stimulations promote the devel-
opment of neural circuits.
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