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Ehrlich DE, Ryan SJ, Hazra R, Guo JD, Rainnie DG.
Postnatal maturation of GABAergic transmission in the rat baso-
lateral amygdala. J Neurophysiol 110: 926–941, 2013. First published
May 29, 2013; doi:10.1152/jn.01105.2012.—Many psychiatric disor-
ders, including anxiety and autism spectrum disorders, have early ages
of onset and high incidence in juveniles. To better treat and prevent
these disorders, it is important to first understand normal development
of brain circuits that process emotion. Healthy and maladaptive
emotional processing involve the basolateral amygdala (BLA), dys-
function of which has been implicated in numerous psychiatric dis-
orders. Normal function of the adult BLA relies on a fine balance of
glutamatergic excitation and GABAergic inhibition. Elsewhere in the
brain GABAergic transmission changes throughout development, but
little is known about the maturation of GABAergic transmission in the
BLA. Here we used whole cell patch-clamp recording and single-cell
RT-PCR to study GABAergic transmission in rat BLA principal
neurons at postnatal day (P)7, P14, P21, P28, and P35. GABAA

currents exhibited a significant twofold reduction in rise time and
nearly 25% reduction in decay time constant between P7 and P28.
This corresponded with a shift in expression of GABAA receptor
subunit mRNA from the �2- to the �1-subunit. The reversal potential
for GABAA receptors transitioned from depolarizing to hyperpolar-
izing with age, from around �55 mV at P7 to �70 mV by P21. There
was a corresponding shift in expression of opposing chloride pumps
that influence the reversal, from NKCC1 to KCC2. Finally, we
observed short-term depression of GABAA postsynaptic currents in
immature neurons that was significantly and gradually abolished by
P28. These findings reveal that in the developing BLA GABAergic
transmission is highly dynamic, reaching maturity at the end of the
first postnatal month.

amygdala; GABAA receptor; development; chloride transporter; parv-
albumin

THE AMYGDALA plays an important role in regulating emotional
behaviors, particularly fear and anxiety (Davis et al. 2003;
LeDoux 2007; Pape and Pare 2010). The basolateral nucleus of
the amygdala (BLA), which, along with the lateral and acces-
sory basal nuclei, comprises the basolateral complex of the
amgydala, receives a large portion of the sensory input arriving
in the amygdala (McDonald 1998). Dysfunction of the BLA
has been implicated in the etiology of a variety of psychiatric
disorders, including anxiety, depression, and autism spectrum
disorders (Adolphs et al. 2002; Baron-Cohen et al. 2000;
Neuhaus et al. 2010; Rainnie et al. 2004; Schumann et al. 2009;
Shekhar et al. 2005; Sweeten et al. 2002; Truitt et al. 2007).
These disorders are increasingly considered developmental in

nature, highlighting a need for treatments targeted specifically
to their pathogenesis in juveniles (Kim-Cohen et al. 2003;
McEwen 2003; Pine et al. 1998; Steinberg 2005). Hence there
is a critical need to characterize the developmental trajectory of
the BLA and brain circuits that process emotion. Previously we
have shown that the biophysical properties of neurons in the
BLA change dramatically over the first postnatal month (Eh-
rlich et al. 2012). Here we focused on inhibitory synaptic
transmission, which has been shown to be developmentally
regulated (for reviews see Ben-Ari et al. 2012; Kilb 2012) and
implicated in the pathophysiology of neurodevelopmental dis-
orders (Chattopadhyaya and Cristo 2012; King et al. 2013).

Inhibitory synaptic transmission has been well characterized
in the mature BLA (Martina et al. 2001; Rainnie et al. 1991;
Washburn and Moises 1992), playing a fundamental role in
determining the excitability of the region and thereby regulat-
ing emotional behavior (Ehrlich et al. 2009; Quirk and Gehlert
2003; Shekhar et al. 2003). Synaptic inhibition in the BLA is
produced by intrinsic and extrinsic afferents activating local-
circuit interneurons; these inhibitory neurons then release the
neurotransmitter �-aminobutyric acid (GABA) onto principal
neurons, which comprise 80–85% of the BLA neuronal pop-
ulation (McDonald 1985, 1996). Blocking GABAA receptors
in the BLA promotes fearful and anxious behaviors (for review
see Quirk and Gehlert 2003), whereas enhancing GABA func-
tion attenuates these behaviors (Davis et al. 1994; Sanders and
Shekhar 1995). GABAergic transmission in the BLA can also
organize network activity; rhythmic inhibition of BLA princi-
pal neurons by burst-firing, parvalbumin-expressing interneu-
rons can coordinate and synchronize firing of the principal
neurons and may underlie network oscillations in the BLA
related to fear (Ryan et al. 2012).

In addition to regulating neuronal activity in the adult brain,
GABAA receptors undergo functional maturation and serve to
coordinate brain development. One well-established trigger for
the onset of “critical periods,” or developmental windows of
high plasticity, is activity at GABAA receptors (Hensch 2005).
This action depends on the subunit composition of GABAA
receptors, which are comprised of five subunits and typically
contain two �-, two �-, and one �-subunit. There are six known
�-subunits, and the relative expression of these subunits
changes throughout development. The �-subunits influence the
kinetics, localization, and drug sensitivity of GABAA receptors
(Hevers and Luddens 2002; Nusser et al. 1996). As the brain
develops, expression shifts from high levels of the �2-subunit
toward the �1-subunit, which confers faster kinetics (Bosman
et al. 2002; Davis et al. 2000; Dunning et al. 1999; Eyre et al.
2012; Hornung and Fritschy 1996; Mohler et al. 2004).
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GABAA receptor function in the brain changes in another
fundamental way, switching from excitatory at birth to inhib-
itory in adulthood (for review see Ben-Ari et al. 2012). This
switch is believed to result from developmental changes to the
concentration gradient of chloride, the ion mediating GABAA

currents. At birth, there is greater expression of sodium-
potassium-chloride cotransporter 1 (NKCC1), which accumu-
lates intracellular chloride and renders GABAA receptors ex-
citatory. In adulthood, potassium-chloride cotransporter 2
(KCC2) is expressed more highly, extruding chloride from the
cell and rendering GABAA receptors inhibitory (Ben-Ari et al.
2012). Excitatory GABA early in development is thought to
promote calcium influx and modulate neuronal growth and
synapse formation (Ben-Ari et al. 1997).

Aside from the precedent for GABAergic maturation ob-
served elsewhere in the brain, there are good reasons to expect
that similar changes occur in the developing BLA. For exam-
ple, we recently showed that the electrophysiological proper-
ties of BLA principal neurons mature rapidly from postnatal
day (P)7 to P21, including a 10-fold reduction in input resis-
tance and a 3-fold reduction in membrane time constant,
suggesting that the sensitivity to synaptic inhibition would also
vary greatly (Ehrlich et al. 2012). There are also concurrent
changes in the expression and connectivity of GABAergic
interneurons in the BLA, including the emergence and matu-
ration of parvalbumin-expressing interneurons between P14
and P30 (Berdel and Moryś 2000; Davila et al. 2008). Between
P14 and P20, there is a significant increase in the density of
GABAergic fibers and a decrease in the density of GABAergic
cell bodies in the BLA (Brummelte et al. 2007). Further
evidence comes from the development of behaviors related to
BLA function. There is a switch from paradoxical approach to
an aversively conditioned stimulus to the mature, avoidance
behavior at P10, corresponding with a change in synaptic
plasticity that is reversed by GABAA blockade (Sullivan et al.
2000; Thompson et al. 2008). In addition, rats exhibit suppres-
sion of fear learned at P18 but not P23, a phenomenon called
infantile amnesia that is GABAA receptor dependent (Kim et
al. 2006). The mechanisms of fear extinction also change in
this window, becoming amygdala- and GABA dependent be-
tween P17 and P24 (Kim and Richardson 2008). There are
several additional examples of rapid, developmental changes to
the expression and underlying physiology of fear learning
(Campbell and Ampuero 1985; Hunt et al. 1994; Moye and
Rudy 1987; Tang et al. 2007).

Despite the variety of documented changes to the BLA
circuit and emotional behavior across the first postnatal month,
and the critical role that synaptic inhibition plays in the
function of the adult amygdala, no study to date has examined
the developmental profile of GABAergic transmission in the
immature BLA. To address this knowledge gap, we have used
a combination of patch-clamp electrophysiology and single-
cell reverse transcription-polymerase chain reaction (RT-PCR)
to characterize the properties of synaptic inhibition of BLA
principal neurons across the first postnatal month. Here we
outline significant changes in terms of the kinetics, reversal
potential, and short-term synaptic plasticity (STP) of GABAA
receptor activation as well as underlying changes in gene
expression. In this study we characterized normative amygdala
development to enable future studies to address the contribu-

tion of the amygdala to both healthy and maladaptive emo-
tional development.

MATERIALS AND METHODS

Ethical approval. All experimental protocols strictly conform to the
National Institutes of Health Guide for the Care and Use of Labora-
tory Animals and were approved by the Institutional Animal Care and
Use Committee of Emory University.

Animals. Rats born in-house to time-mated female Sprague-Dawley
rats (Charles River, Wilmington, MA) were used in all experiments.
Pups were housed with the dam prior to weaning on P22 or P23
(considering P1 as day of birth). After weaning, rats were isolated by
sex and housed three to four per cage with access to food and water
ad libitum. Animals were killed for electrophysiological recordings at
P7–10, P13–15, P20–22, P27–29, and P33–36, and for brevity these
windows are described as single time points. To maximize the use of
animals, experiments on GABAA reversal and for single-cell RT-PCR
included data from the offspring of dams used as negative control
subjects for other studies. In these cases, data were grouped because
there was no observable difference in standard-raised animals and
those born from dams receiving either manipulation.

Slice preparation. Slices containing the BLA were obtained as
previously described (Rainnie 1999). Briefly, animals were decapi-
tated under isoflurane anesthesia (Fisher Scientific, Hanover Park, IL)
if older than P11, and the brains were rapidly removed and immersed
in ice-cold 95% oxygen-5% carbon dioxide-perfused “cutting solu-
tion” with the following composition (in mM): 130 NaCl, 30
NaHCO3, 3.50 KCl, 1.10 KH2PO4, 6.0 MgCl2, 1.0 CaCl2, 10 glucose,
0.4 ascorbate, 0.8 thiourea, 2.0 sodium pyruvate, and 2.0 kynurenic
acid. Coronal slices containing the BLA were cut at a thickness of
300–350 �m with a Leica VTS-1000 vibrating blade microtome
(Leica Microsystems, Bannockburn, IL). Slices were kept in oxygen-
ated cutting solution at 32°C for 1 h before transfer to regular artificial
cerebrospinal fluid (ACSF) containing (in mM) 130 NaCl, 30
NaHCO3, 3.50 KCl, 1.10 KH2PO4, 1.30 MgCl2, 2.50 CaCl2, 10
glucose, 0.4 ascorbate, 0.8 thiourea, and 2.0 sodium pyruvate.

Whole cell patch clamp. Individual slices were transferred to a
recording chamber mounted on the fixed stage of a Leica DMLFS
microscope (Leica Microsystems) and maintained fully submerged
and continuously perfused with oxygenated 32°C ACSF at a flow rate
of 1–2 ml/min. The BLA was identified under �10 magnification.
Individual BLA neurons were identified at �40 with differential
interference contrast optics and infrared illumination with an infrared-
sensitive CCD camera (Orca ER, Hamamatsu, Tokyo, Japan). Patch
pipettes were pulled from borosilicate glass and had a resistance of
4–6 M�. We used two patch electrode solutions, one based on
potassium gluconate for current-clamp recordings and one based on
cesium gluconate for voltage-clamp recordings. The potassium glu-
conate patch solution had the following composition (in mM): 140
potassium gluconate, 2 KCl, 10 HEPES, 3 MgCl2, 2 K-ATP, 0.2
Na-GTP, and 5 phosphocreatine, was titrated to pH 7.3 with KOH,
and was 290 mosM. The cesium gluconate patch solution had the
following composition (in mM): 131 CsOH, 131 gluconate, 10
HEPES, 2 CaCl2, 10 glucose, 10 EGTA, 5 Mg-ATP, and 0.4 Na-GTP,
was titrated to pH 7.3 with gluconate, and was 270 mosM. To
visualize the recording sites of some neurons, 0.35% biocytin (Sigma-
Aldrich, St. Louis, MO) was added to the patch solution and tissue
was stained as previously described (Rainnie et al. 2006) and imaged
at �5 magnification on a Leica DM5500B microscope (Leica Micro-
systems) equipped with a CSU10B Spinning Disk (Yokagawa Elec-
tronic, Tokyo, Japan).

Data acquisition was performed with a MultiClamp 700A or
Axopatch 1D amplifier in conjunction with pCLAMP 10.2 software
and a DigiData 1322A AD/DA interface (Molecular Devices, Sunny-
vale, CA). Whole cell patch-clamp recordings were obtained, low-
pass filtered at 2 kHz, and digitized at 10 kHz. Cells were excluded if
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they did not meet the following criteria: a resting membrane potential
more negative than �55 mV and drifting �5 mV over the course of
the recording session; access resistance lower than 30 M�; stable
access resistance throughout recording, changing �15%; and action
potentials crossing 0 mV. Recordings were only included from BLA
principal neurons, which can be distinguished from BLA interneurons
for electrophysiological recordings by a combination of their large
somatic volume, low input resistance, slow action potentials, and
relatively low synaptic input (Rainnie et al. 1993). Furthermore, we
previously reported that 58 of 60 putative principal neurons recorded
in the immature BLA were found positive for mRNA for the vesicular
glutamate transporter by single-cell RT-PCR (Ehrlich et al. 2012).

Spontaneous inhibitory postsynaptic currents. To quantify changes
in the kinetics of GABAA inhibitory postsynaptic currents (IPSCs) in
developing BLA principal neurons, spontaneous IPSCs were mea-
sured from 30-s-long recordings in voltage-clamp mode with a cesium
gluconate-based patch solution. Outward synaptic currents were mea-
sured at �50 mV, unless discernible outward currents were observed
at �60 mV. Neurons were only included in this analysis if their
outward synaptic currents exhibited a reversal potential below �50
mV. Synaptic currents were selected by hand by a blinded experi-
menter from traces low-pass filtered at 500 Hz, and kinetics were
analyzed off-line with Mini Analysis 6.0.3 (Synaptosoft, Decatur,
GA). Event detection parameters were as follows: time before a peak
for baseline (7.5 ms), period to search a decay time (50 ms), fraction
of peak to find a decay time (0.368), and period to average a baseline
(5 ms). Ten to ninety percent rise time and decay time constant were
measured automatically based on the detected baseline and peak,
using the time to reach 0.1 and 0.9 of the peak on the rising phase and
0.368 of the peak on the falling phase. An individual IPSC was
excluded from analysis if its detected rise time was longer than its
decay time, and a neuron was excluded if it had fewer than five IPSCs
for analysis. For illustration, IPSC waveforms were temporally
aligned by rise time in MiniAnalysis and then smoothed with a sliding
window of 2-ms width and averaged with MATLAB (The Math-
Works, Natick, MA).

Stimulation-evoked postsynaptic potentials and currents. To mea-
sure the duration of the network response and the reversal potential
and STP of GABAA receptor-mediated events in BLA principal
neurons, a bipolar stimulating electrode was placed in the dorsal end
of the BLA, just medial to the external capsule (Fig. 1). The initial,
half-maximal response was recorded in current clamp when using
potassium-based patch solution and voltage clamp when using
cesium-based patch solution. Durations of the voltage-clamp re-
sponses were measured with Clampfit 10.2 (Molecular Devices) by
an experimenter blind to postnatal age, from the stimulation artifact
to the return to resting membrane potential, and the duration was
averaged for the responses at �50, �60, and �70 mV.

To isolate from the initial response monosynaptic GABAA postsyn-
aptic currents (PSCs) and potentials (PSPs), stimulation at 0.2 Hz was
applied after application of a cocktail of synaptic blockers, including the
AMPA/kainate receptor antagonist 6,7-dinitroquinoxaline-2,3-dione
(DNQX, 20 �M; Sigma-Aldrich), the NMDA receptor antagonist 3-(2-
carboxypiperazin-4-yl)propyl-1-phosphonic acid (RS-CPP, 10 �M; Toc-
ris Bioscience, Bristol, UK), and the GABAB receptor antagonist (2S)-
3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl]
(phenylmethyl)phosphinic acid hydrochloride (CGP52432, 2 �M;
Tocris). Placement of the stimulating electrode medial to the
external capsule was often required to elicit a response in the
presence of glutamatergic synaptic blockers. Stimulation intensity
was adjusted to elicit a half-maximal response after application of
blockers. To verify that the isolated response was purely GABAA,
some experiments culminated with the application of the GABAA

antagonist 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebu-
tanoic acid hydrobromide (SR95531, 5 �M; Tocris). Reversal
potential was estimated from GABAA PSPs evoked in neurons at
least 15 min after patching with the potassium gluconate-based

solution. Reversal potential was interpolated from stimulation re-
sponses in neurons adjusted with direct current injection to baseline
recording potentials spanning the reversal, including three of the
following: approximately �50, �60, �70, and �80 mV. The average
response of five sweeps at each baseline potential was used for
calculation with Clampfit.

To analyze STP of GABAA PSCs neurons were voltage-clamped at
�50 or �60 mV, and only outward currents were used. Trains of five
pulses at 10 and 20 Hz were evoked for each neuron, and five sweeps
were presented at 0.1 Hz. The sweeps were averaged in Clampfit, and
amplitudes were measured for each pulse from the 1 ms prior to the
stimulation artifact to the absolute peak deflection. The ratios of the
amplitudes of pulse 2 and pulse 5 to pulse 1 were calculated at both
frequencies and used for statistical analyses.

Picospritzer response. The exogenous GABAA receptor agonist
muscimol (Sigma-Aldrich) was focally applied to patch-clamped
neurons with a picospritzer (Parker Hannifin, Cleveland, OH). After
patching, the tip of a second pipette, identical to microelectrodes for
patch clamping and filled with a solution of 100 �M muscimol
dissolved in regular ACSF, was brought within 15 �m of the soma of
the patched neuron. Five responses (0.1 Hz) to 5-ms puffs of musci-
mol at 5 PSI were recorded in voltage clamp at �50, �60, and �70
mV. The majority of responses were measured in the presence of
bath-applied tetrodotoxin (TTX, 1 �M; Tocris), but there was no
discernible difference with or without the drug, so data were pooled.
Decay time constant was measured from the average response with a
single-exponential fit in Clampfit. The reversal potential of the pico-
spritzer response was estimated from the peak of the mean response at
each recording voltage by interpolation. The peak conductance was
calculated for, and averaged across, the response at each voltage,
excluding any recordings made within 5 mV of the estimated reversal
potential.

Single-cell and whole tissue RT-PCR. To perform single-cell RT-
PCR, at the end of the patch-clamp recording session the cell cyto-
plasm was aspirated into the patch recording pipette by applying
gentle negative pressure under visual control. Pipettes contained �5
�l of RNase-free patch solution. The contents of the patch pipette
were expelled into a microcentrifuge tube containing 5 �l of the
reverse transcription cocktail (Applied Biosystems, Foster City, CA).
The reverse transcription product was amplified in triplicate and

LA

E C

BLA

CeA

D

M

V

L

Fig. 1. Schematic of recording and stimulation sites. Photomicrograph of a
coronal slice of medial temporal lobe, depicting a representative, filled baso-
lateral amygdala (BLA) principal neuron at postnatal day (P)14 in the target
recording site. The bipolar stimulating electrode was placed medial to the
external capsule (EC) within the BLA. The lateral nucleus (LA) and central
nucleus (CeA) of the amygdala are also labeled. The compass gives directions
for dorsal (D), ventral (V), lateral (L), and medial (M).
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screened for 18S rRNA. Only those cell samples positive for 18S
rRNA were subjected to amplification with primers. The procedure
used to determine mRNA transcript expression in single cells has been
described in detail previously (Hazra et al. 2011). The sequences for
the oligonucleotide primers are detailed in Table 1. PCR products
were visualized by staining with ethidium bromide and separated by
electrophoresis in a 1% agarose gel. RT-PCR was also performed on
whole BLA of P7 rats, from tissue isolated by microdissection from
300-�m-thick slices. The slices were made with the protocol for
electrophysiological recording described above, and RNA isolation
and RT-PCR were performed as described previously (Hazra et al.
2011).

Statistics. All statistical analyses were performed with Prism 4
(GraphPad, LaJolla, CA). All tests for significant effects of age were
performed with one-way ANOVAs, except for the effects of age on
STP, which was tested with a two-way ANOVA with repeated
measures, with the second factor being stimulation frequency. For all
ANOVAs and posttests, significance was defined at � � 0.05. To
perform pairwise comparisons following significant main effects in
ANOVA, Tukey’s posttests were generally used. The only exception
was the two-way ANOVA, which was followed by Bonferroni post-
tests comparing all pairs of group means. For the estimation of
GABAA reversal potential, one data point in the P7 group was more
than 2 standard deviations from the group mean and was therefore
excluded from analysis. To perform a one-way ANOVA on the peak
conductance of IPSCs, data were log-transformed to correct for
heteroscedasticity assessed with Bartlett’s test.

RESULTS

Compound synaptic response to local electrical stimulation.
In total, we made whole cell patch-clamp recordings from 170

BLA principal neurons from 62 rats of ages ranging from P7 to
P36. We first investigated whether the response of the local
BLA network to electrical stimulation changed during the first
postnatal month (Fig. 2). Here, we characterized the stimula-
tion response in current clamp at three different baseline
membrane potentials and found three distinct components (Fig.
2A). The first, a fast excitatory component, was depolarizing at
all ages and was blocked by the AMPA/kainate receptor
antagonist DNQX (20 �M, data not shown). There was also a
fast inhibitory response (Fig. 2A, filled arrowheads) that
shunted the glutamatergic component at all ages and was
blocked by the specific GABAA receptor antagonist SR95531
(5 �M, data not shown). Finally, there was a second, slower
inhibitory component (Fig. 2A, open arrowheads) that was
blocked by the specific GABAB receptor antagonist CGP52432
(2 �M, data not shown). With age, there was an apparent
hyperpolarization of the reversal potential of the GABAA
component and an apparent reduction of the amplitude and
duration of the GABAB response. In P7 neurons, the stimula-
tion response had a long duration, typically lasting �1 s (n �
18). By P14, the GABAB component generally had smaller
amplitude and duration, lasting �1 s (n � 17). Responses were
highly similar between P21 and P28, with a fast, inhibitory
GABAA peak and a GABAB response that terminated within
500 ms of stimulation (n � 11 for P21, 8 for P28).

Between P7 and P28 the input resistance and membrane time
constant of BLA principal neurons show 10- and 3-fold reduc-
tion, respectively (Ehrlich et al. 2012), which would dramati-
cally alter the waveform of the evoked PSPs. Hence we next

Table 1. PCR primers used in this study

Gene Accession No. Primer Sequence PCR Product Size, bp

18S rRNA X01117 F: 5=-CCGGCGGCTTTGGTGACTCTA-3= 563
R: 5=-GCTCGGGCCTGCTTTGAACA-3=

GABA�1 AY574250 F: 5=-TGCCCATGCCTGCCCACTAAAA-3= 511
R: 5=-GCCATCCCACGCATACCCTCTCT-3=

GABA�2 P23576 F: 5=-CCA GTC AAT TGG GAA GGA GAC AAT-3= 434
R: 5=-TAG GCG TTG TTC TGT ATC ATG ACG-3=

GABA�3 X51991 F: 5=-T GTT GTT GGG ACA GAG ATA ATC CG-3= 549
R: 5=-CAC TGT TGG AGT TGA AGA AGC ACT-3=

GABA�4 P28471 F: 5=-AGC TGC CCC AGT ACT GAA GGA AAA-3= 374
R: 5=-ACT GTT GTC TTA ATG CGC CCA AGT-3=

GABA�5 X51992 F: 5=-ACA GTA GGC ACT GAG AAC ATC AGC-3= 407
R: 5=-AGG ATG GGT CAA CTT CCC AGT TGT-3=

GABA�6 NM_021841 F: 5=-CAAGCTCAACTTGAAGATGAAGG-3= 416
R: 5=-TCCATCCATAGGGAAGTTAACC-3=

GABA�1 NM_012956 F: 5=-ACAGCTCCAATGAACCCAGCAA-3= 521
R: 5=-TGCTCCCTCTCCTCCATTCCA-3=

GABA�2 X15467 F: 5=-GGAGTGACAAAGATTGAGCTTCCT-3= 564
R: 5=-GTCTCCAAGTCCCATTACTGCTTC-3=

GABA�3 NM_017065 F: 5=-CCGTCTGGTCTCCAGGAATGTTGTC-3= 411
R: 5=-CGATCATTCTTGGCCTTGGCTGT-3=

GABA�1 NM_080586 F: 5=-CAATAAAGGAAAAACCACCAG-3= 374
R: 5=-TGATTATATTGGACTAAGCCAGA-3=

GABA�2 L08497 F: 5=-GTGAAGACAACTTCTGGTGACTATGTGGT-3= 415
R: 5=-CATATTCTTCATCCCTCTCTTGAAGGTG-3=

GABA�3 X63324 F: 5=-CTGCTGCTTCTCCTCTGCCTGTTC-3= 423
R: 5=-GGTTGGGTGTGGTGATCCAGTGA-3=

GABA� NM_017289 F: 5=-AGCAGTGCCTGCCAGAGTAT-3= 563
R: 5=-CATGTAAAGCCGTCATGTGG-3=

KCC2 NM_134363.1 F: 5=-AGGTGGAAGTCGTGGAGATG-3= 190
R: 5=-CGAGTGTTGGCTGGATTCTT-3=

NKCC1 NM_031798.1 F: 5=-CCTGATCTCTGCGGGTATCTTT-3= 130
R: 5=-ACCTTTCGCAAACATCTGGAA-3=

F, forward; R, reverse.
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measured the properties of evoked synaptic currents in voltage-
clamp mode in another set of neurons. By blocking the
GABAB component with a cesium-based patch solution, we
were able to isolate the GABAA component of the evoked
response (Fig. 2B). Consistent with our current-clamp record-
ings, stimulation at holding potentials of �50, �60, and �70
mV reliably resulted in a fast excitatory PSC (EPSC) at every
time point examined and a GABAA PSC that became faster
with age. We measured the duration of the GABAA response,
which exhibited a significant, threefold reduction across the

first postnatal month (Fig. 2C; 1-way ANOVA, F3,60 � 5.81,
P � 0.001). A majority of the change occurred between P7 and
P14, with a significant reduction in duration (mean � SE) from
466.0 � 49.1 ms at P7 (n � 18) to 280.9 � 38.4 ms at P14
(n � 17; Tukey’s posttest, P � 0.01). The duration was
relatively stable from P14 to P21 and P28, with a value of
281.0 � 36.6 ms at P21 (n � 18) and 219.6 � 55.1 ms at P28
(n � 11). The stimulation response at P28 matched the bipha-
sic response seen in adult BLA principal neurons, with a fast
glutamatergic EPSC that is rapidly shunted by a GABAergic
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IPSC (see Fig. 2B, inset). We hypothesized that the slow
GABAA response in immature BLA neurons was due to slow
individual GABAA PSCs or, alternatively, to the depolarized
reversal potential of GABAA receptors removing a brake on
network activity. Therefore, we next quantified the kinetics and
reversal potential of isolated GABAA receptor-mediated cur-
rents in BLA principal neurons across the first postnatal month.

Kinetics of fast synaptic inhibition of BLA principal neurons.
To quantify changes to the kinetics of GABAA currents in BLA
principal neurons we recorded spontaneous IPSCs (Fig. 3).
Across the first postnatal month, IPSCs became significantly
faster with age until around P21 (Fig. 3A). In particular, IPSC
10–90% rise time exhibited a significant decrease of more than
twofold across the first postnatal month (Fig. 3B; 1-way
ANOVA, F3,36 � 7.80, P � 0.001). There was also a signif-
icant reduction across this window in the time constant of IPSC
decay (Fig. 3C; 1-way ANOVA, F3,36 � 3.45, P � 0.05) and
a similar trend in IPSC half-width (Fig. 3D). Specifically,
spontaneous IPSCs of neurons at P7 were relatively slow, with
a rise time (mean � SE) of 2.29 � 0.34 ms, a decay time
constant of 5.76 � 0.19 ms, and a half-width of 5.86 � 0.59 ms
(n � 6). By P14 rise time was reduced to 1.68 � 0.14 ms,
although decay time constant and half-width were relatively
unchanged at 6.13 � 0.43 ms and 5.70 � 0.40 ms, respectively
(n � 16). At P21 IPSCs were faster, with rise time reduced to
1.15 � 0.12 ms, decay time constant reduced to 4.93 � 0.22
ms, and half-width reduced to 4.65 � 0.19 ms (n � 11). At P28
IPSCs showed kinetics similar to those at P21 and were
significantly faster than at younger ages; rise time was 1.10 �

0.12 ms (Tukey’s posttests, P � 0.001 vs. P7 and P � 0.01 vs.
P14), decay time constant was 4.59 � 0.36 ms (P � 0.05 vs. P14),
and half-width was 4.51 � 0.42 ms (not significant; n � 7).

Unlike IPSC kinetics, there was no age-dependent change in
the size of spontaneous IPSCs. We found no significant effect
of age on peak conductance, although it tended to increase with
age (Fig. 3E; 1-way ANOVA, F3,23 � 0.87, P � 0.05; n � 5
or 6). At later time points there was an emergence of large
IPSCs not observed at P7, but they were not frequent enough
to significantly alter the mean conductance. Moreover, no
significant difference was observed in the coefficient of vari-
ation of peak conductance for each neuron with age (Fig. 3F;
F3,22 � 1.28, P � 0.05; n � 5 or 6). There was a weak positive
correlation of peak IPSC conductance and decay time constant
(R2 � 0.2 at each age; data not shown).

To exclude the possibility that the developmental change in
IPSC kinetics was due to presynaptic effects, we also measured
responses to focal application of the GABAA receptor agonist
muscimol (Fig. 4). As illustrated in Fig. 4A, the tip of a pipette
was placed near a patched BLA principal neuron, and 100 �M
muscimol was picospritzed onto the soma. The muscimol
response became much larger and faster with age, as seen in
Fig. 4, B and C. There was a significant overall effect of age on
the decay time constant of the response, with a significant
decrease between P14 and P21 (Fig. 4D; 1-way ANOVA with
Tukey’s posttests, F3,53 � 5.57, P � 0.01). At P7, the decay
time constant of the muscimol response was 407.7 � 54.2 ms
(mean � SE, n � 12), which increased to 431.1 � 34.7 ms at
P14 (n � 16). The decay time constant then decreased signif-
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Fig. 3. Development of spontaneous inhibi-
tory postsynaptic current (IPSC) kinetics
across the first postnatal month. A: the wave-
forms of spontaneous IPSCs are illustrated for
representative neurons at P7, P14, P21, and
P28, depicted as the mean (black line) of all
IPSCs recorded in a 30-s window as well as
the first 40 IPSCs observed in these windows
(gray lines). Scale bars, 10 pA. Mean wave-
forms are superimposed (bottom) for compar-
ison. B–F: at each time point, mean � SE is
plotted for IPSC 10–90% rise time (B), decay
time constant (C), half-width (D), and peak
conductance (E) as well as the coefficient of
variation of the peak conductance for each
neuron (F). Significance was assessed with
1-way ANOVAs and Tukey’s posttests (*P �
0.05, **P � 0.01, ***P � 0.001), identifying
a significant main effect of age on IPSC rise
time (F3,36 � 7.80, P � 0.001) and decay
time constant (F3,36 � 3.45, P � 0.05) but not
half-width [n � 6 (P7), 16 (P14), 11 (P21), 7
(P28)]. No significant effect of age was de-
tected for peak conductance (F3,23 � 0.87,
P � 0.05) or coefficient of variation (F3,22 �
1.28, P � 0.05; n � 5 or 6).
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icantly to 291.9 � 20.3 ms at P21 (P � 0.05; n � 12) and
266.3 � 24.6 ms at P28 (P � 0.01; n � 12). The inverse
developmental trajectory was observed for the peak conduc-
tance of the muscimol response, which increased significantly
with age and also transitioned abruptly from P14 to P21 (Fig.
4E; 1-way ANOVA with Tukey’s posttests, F3,43 � 5.67, P �
0.01). At P7 the peak conductance was 15.6 � 4.1 nS (n � 10),
which decreased to 13.8 � 2.6 nS at P14 (n � 14). The peak
conductance then increased significantly to 31.6 � 5.5 nS at
P21 (P � 0.05; n � 10) and 36.4 � 7.1 nS at P28 (P � 0.01;
n � 10).

The kinetics of GABAA receptors are influenced by their
subunit composition, which is classically regulated during
development. Hence we next used single-cell RT-PCR to
identify developmental changes in the expression of GABAA
receptor subunit mRNA in BLA principal neurons (Fig. 5).
There was an age-dependent increase in the proportion of
neurons with detectable transcripts for 7 of the 13 GABAA
receptor subunits tested: namely, �1, �2, �3 and �5, �2 and
�3, and �2 (Fig. 5, A and B; n � 10). No expression was
detected for �4, �6, �1, �3, or �, and only one neuron at any
age was found to express �1 mRNA. There was no detectable
expression of any subunit transcripts at P7; however, because
rRNA for the housekeeper gene 18S was present in all cells
used for this analysis, we assume this was due to limited
sensitivity of the technique for low levels of transcript. As a
positive control, we screened whole BLA tissue for mRNA of
GABAA receptor subunits (Fig. 5C); as early as P7, the whole
BLA contained detectable levels of mRNA for every subunit
screened (n � 4).

Using single-cell RT PCR, we observed an increase in the
expression of the �1 subunit, which confers faster IPSC kinet-
ics, relative to that of �2, which confers slower IPSC kinetics.
Specifically, while 4 of 10 neurons at P14 expressed �2
mRNA, 0 had expression for �1; by P28 the proportions for the
subunits were comparable, with 4 and 6 of 10 neurons express-
ing �1 and �2, respectively. Interestingly, there was a strong
clustering effect at P21 and P28, with the �3 subunit being
expressed by 11 of 12 neurons with detectable expression of �2
but 0 of 7 with �1. The �2- and �2-subunits had the opposite

pattern: �2 and �2 were detected in 5 of 7 neurons with �1
expression, while 0 of 12 neurons with �2 also expressed �2
and only one expressed �2. We address this clustering, as well
as the relationship between the developmental trajectories of
IPSC kinetics and subunit expression, in DISCUSSION.

Depolarized reversal potential of GABAA receptors in im-
mature BLA principal neurons. We next examined the effect of
age on the GABAA reversal potential in BLA principal neurons
(Fig. 6). Here GABAA receptor-mediated inhibitory PSPs
(IPSPs) were elicited with bipolar stimulation of the dorso-
lateral BLA in the presence of a cocktail of neurotransmitter
receptor antagonists for AMPA/kainate, NMDA, and GABAB
receptors (see MATERIALS AND METHODS). The residual monosyn-
aptic IPSP evoked in the presence of this cocktail was com-
pletely abolished by the GABAA receptor antagonist SR95531
(5 �M, data not shown). The reversal potential of the GABAA
response was estimated with peak IPSP amplitudes from stim-
ulation at three different baseline membrane potentials. This
approach corroborated our initial observations, with the
GABAA reversal potential exhibiting a significant hyperpolar-
izing shift with age (Fig. 6, A and B; 1-way ANOVA, F3,21 �
19.91, P � 0.0001). For example, the reversal potential was
significantly reduced from �54.3 � 1.0 mV at P7 (n � 8) to
�66.6 � 2.3 mV at P14 (Tukey’s posttests, P � 0.001; n � 7).
From P14 onward, the mean reversal potential did not change
significantly but became less variable across neurons, reaching
�69.1 � 2.0 mV at P21 (n � 5) and �69.7 � 0.9 mV at P28
(n � 5). While the whole cell patch-clamp technique is not
ideal for measuring GABAA reversal potentials because of
dialysis of the intracellular chloride concentration (which
would bias the results for every neuron, regardless of age,
toward the Nernst reversal of approximately �33 mV), the
observed trend of more hyperpolarizing GABAA responses
with age was robust to the bias. Interestingly, despite the
depolarized reversal potential of GABAA receptors at P7, we
were unable to elicit action potentials with these evoked,
isolated GABAA PSPs in P7 neurons, even when depolarized
toward action potential threshold (n � 4, data not shown).

The reversal potential of the GABAA-mediated IPSP is
influenced by the intracellular concentration of chloride ions,
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Fig. 4. Maturation of the response to exoge-
nous GABAA agonist. A: BLA principal neu-
rons at P7, P14, P21, and P28 were patch-
clamped with a patch electrode (Patch), and a
microelectrode containing 100 �M muscimol
(Pico) was brought in close proximity to the
soma. Scale bar, 10 �m. B: mean responses
in voltage clamp at �50 mV to picospritzer
application of muscimol in a representative
neuron at each time point. C: responses from
B are normalized and superimposed to high-
light decay kinetics. D and E: the decay time
constant (D) and peak conductance (E) of the
muscimol response are plotted as mean � SE
for each time point. Significance was as-
sessed with 1-way ANOVAs and Tukey’s
posttests (*P � 0.05, **P � 0.01), identify-
ing a significant main effect of age on decay
time constant [F3,53 � 5.57, P � 0.01; n �
12 (P7), 16 (P14), 13 (P21), 13 (P28)] and
peak conductance [F3,43 � 5.67, P � 0.01;
n � 10 (P7), 14 (P14), 10 (P21), 10 (P28)].
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which is tightly regulated by the activity of two selective ion
pumps: NKCC1, which promotes excitatory GABAA receptor-
mediated potentials, and KCC2, which facilitates an inhibitory
response to GABAA receptor activation. The expression of
these pumps is developmentally regulated, and we were there-
fore interested in the developmental trajectory of chloride
pump expression in BLA principal neurons. Using single-cell
RT-PCR, we measured the expression at P7, P14, P21, and
P28. Consistent with the depolarized reversal potential we
observed in immature neurons, there was a shift in mRNA
expression from NKCC1 to KCC2 between P7 and P21 (Fig.
6D). Specifically, there was comparable expression of the two

transcripts at P7, with 9 and 10 of 15 neurons expressing
detectable levels of NKCC1 and KCC2, respectively. At P14,
NKCC1 was more prominent, expressed by 17 of 20 neurons
compared with only 5 of 20 with KCC2 expression. No
NKCC1 transcripts were detected at P21 or P28, but the
majority of neurons expressed KCC2 (21 of 23 at P21, 5 of 8
at P28).

Short-term plasticity of GABAA IPSCs. The influence of
GABA on BLA principal neuron activity depends not only on
the amplitude, kinetics, and valence of individual synaptic
events but also on the patterning and plasticity of these events.
Therefore, we next characterized the development of STP of
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GABAA receptor-mediated synaptic transmission. Isolated
GABAA receptor-mediated IPSCs were evoked, as before, in
voltage-clamped neurons at P7, P14, P21, and P28 with elec-
trical stimulation within the BLA and a cocktail of neurotrans-
mitter antagonists. Trains of five pulses were evoked at 10 and 20
Hz, and the amplitudes of the GABAA IPSCs within each train
were measured (Fig. 7). At both 10- and 20-Hz stimulation, IPSCs
at P7 exhibited robust short-term depression (Fig. 7, A and B). The
depression was lost gradually with age. Because of this gradation,
we included a group of neurons at P35 to determine whether the
trend reached an asymptote at P28.

To quantify the developmental changes, we used two met-
rics based on IPSC amplitudes: the early STP, defined as the
ratio of the amplitudes of the second and first IPSCs in the
train, and the late STP, defined as the ratio of the fifth and first
IPSCs in the train (Table 2). For early STP, there was a
significant main effect of age (2-way ANOVA with repeated
measures, F4,23 � 8.53, P � 0.001) but no effect of stimulation
frequency (Fig. 7C). All possible pairwise comparisons were
made with Bonferroni posttests. For 10-Hz stimulation, early
STP exhibited no significant developmental transitions. How-
ever, significant individual transitions were found for 20-Hz
stimulation. Specifically, early STP for 20-Hz stimulation
increased significantly from P7 to P21 (P � 0.05), P28 (P �

0.001), and P35 (P � 0.001). There were also significant
increases from P14 to P28 (P � 0.05) and P35 (P � 0.01) and
from P21 to P35 (P � 0.01). For both stimulation frequencies
the values at P28 and P35 were highly similar, suggesting that
the phenotype is stable beyond P28.

Late STP, the ratio of the fifth IPSC to the first, also
exhibited robust synaptic depression in immature neurons that
transitioned toward synaptic facilitation with age. A two-way
ANOVA with repeated measures revealed significant main
effects of age (F4,23 � 3.709, P � 0.05) and stimulation
frequency (F1,23 � 14.58, P � 0.001) as well as a significant
interaction effect (F4,23 � 3.29, P � 0.05; Fig. 7D). Pulse
ratios for 20-Hz stimulation were generally smaller than those
for 10 Hz. Late STP for 10-Hz stimulation exhibited an
increase with age, although none of the individual transitions
was statistically significant. For 20-Hz stimulation, late STP
increased significantly from P7 to P28 (P � 0.05). For both
stimulation frequencies, n � 3 neurons at P7, 5 at P14, 7 at
P21, 6 at P28, and 7 at P35.

Spontaneous GABA activity is rhythmically organized
throughout the first postnatal month. Finally, although we
observed many differences in the character of GABAergic
synaptic transmission with age, it is important to consider these
changes in the context of normal GABA function. In slice
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Fig. 6. Maturation of GABAA reversal po-
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B: reversal potential of evoked GABAA

postsynaptic potentials (PSPs) is plotted as
mean � SE (A) for neurons at P7 (n � 8),
P14 (n � 7), P21 (n � 5), and P28 (n � 5),
and the average response at 3 different base-
line membrane potentials is plotted for a
representative neuron at each time point (B).
The reversal potentials (EGABAA

)shown in B
are specific to the individual neurons de-
picted. Significance was assessed with a
1-way ANOVA (F3,21 � 19.91), and pairwise
comparisons were made with Tukey’s post-
tests (***P � 0.001 vs. P14, P21, and P28).
The time of stimulation is depicted with an
arrow. C: the linear fits used to estimate
GABAA reversal potential for each neuron
are plotted in gray for neurons at each time
point, with the average line for each group
plotted in black. D: expression of mRNA for
the chloride pumps KCC2 and NKCC1, as-
sessed in individual BLA principal neurons
with single-cell RT-PCR, is plotted as the
proportion of neurons with detectable expres-
sion at P7 (n � 15), P14 (n � 20), P21 (n �
23), and P28 (n � 8).
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preparations of the adult BLA, groups of principal neurons
simultaneously receive rhythmic, compound synaptic events
that consist mainly of GABAA receptor-mediated IPSCs but
also include glutamatergic EPSCs. We have observed them not
only in BLA slices from adult rats but also in rhesus macaques,
where they promote intrinsic membrane potential oscillations
and coordinate network activity (Ryan et al. 2012). Consider-
ing the important functional role of these synaptic events, we
characterized their expression during postnatal development
(Fig. 8). We observed rhythmic, compound IPSCs as early as
P7 and at every time point studied (Fig. 8, A and B). As
expected, the rhythmic PSCs were depolarizing from rest at P7
and became consistently hyperpolarizing by P21. The wave-

form changed with age, as rhythmic IPSCs at P7 were smooth
while those at P28 were sharp, a cluster of many distinct
release events (Fig. 8A). Interestingly, the proportion of neurons
receiving compound IPSCs was similar at all ages, with rhythmic
events spontaneously observed in �20–40% of neurons (6 of 14
neurons at P7, 6 of 28 at P14, 8 of 25 at P21, and 4 of 16 at P28;
Fig. 8B). Consistent with the mature BLA (Ryan et al. 2012), as
early as P7 rhythmic IPSCs were perfectly synchronized across
BLA principal neurons (Fig. 8C).

DISCUSSION

In this study, we provided the first evidence that synaptic
transmission, in particular GABAergic transmission, under-
goes significant change throughout BLA development. Similar
to the intrinsic physiology of BLA principal neurons (Ehrlich
et al. 2012), we demonstrated that inhibitory synaptic trans-
mission reaches maturity �3–4 wk after birth. Specifically,
GABAA receptor-mediated PSCs become faster and more
hyperpolarizing and lose short-term depression with age until
P21–P28, when rats are in late infancy (Quinn 2005). In
addition, these physiological changes correspond with matura-
tion of the expression of genes that influence GABAergic
function specifically in BLA principal neurons—in the case of
PSC kinetics a change in GABAA receptor subunit expression
and in the case of PSC reversal a shift in chloride transporter
expression. Considering the critical role of GABAergic trans-
mission in the function of BLA principal neurons and the
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Fig. 7. Development of short-term synaptic
plasticity of IPSCs. A: short-term plasticity of
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parison across time points. B: as in A, aver-
age, normalized IPSCs in response to 20-Hz
stimulation are overlaid for comparison,
taken from a representative neuron at P7, P21,
and P28. C and D: short-term plasticity was
quantified for 10-Hz and 20-Hz stimulation as a
ratio of pulse amplitudes. The ratios of the
second pulse (early STP, C) and fifth pulse (late
STP, D) to the first pulse are plotted for each
time point as means � SE. Significance was
assessed with 2-way ANOVAs with repeated
measures, and all pairwise comparisons were
made with Bonferroni posttests. Bars above
each plot illustrate the significant pairwise com-
parisons for stimulation at 20 Hz (*P � 0.05,
**P � 0.01, ***P � 0.001). No pairwise com-
parisons for 10-Hz stimulation were significant.
n � 3 (P7), 5 (P14), 7 (P21), 6 (P28), and
7 (P35).

Table 2. IPSC amplitude ratios for short-term plasticity

Early STP Late STP

10 Hz 20 Hz 10 Hz 20 Hz

P7 0.84 � 0.06 0.64 � 0.08 0.77 � 0.02 0.58 � 0.05
P14 0.81 � 0.05 0.78 � 0.04 0.83 � 0.07 0.76 � 0.04
P21 0.91 � 0.03 0.83 � 0.05 1.03 � 0.11 0.94 � 0.08
P28 0.95 � 0.03 0.97 � 0.04 1.19 � 0.08 1.06 � 0.10
P35 0.95 � 0.03 1.02 � 0.06 0.91 � 0.07 0.96 � 0.07

Ratios of inhibitory postsynaptic current (IPSC) amplitudes after 10- and
20-Hz stimulation are listed for each time point as means � SE. Early
short-term plasticity (STP) corresponds to the ratio of pulse 2 to pulse 1 and
late STP to the ratio of pulse 5 to pulse 1. Statistical tests for significance are
described in RESULTS. P, postnatal day.
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nucleus in general, these changes likely contribute to the
maturation of amygdala function throughout postnatal devel-
opment.

Shift from depolarizing to hyperpolarizing GABAA transmission.
One of the most profound changes we observed in the devel-
oping BLA was a transition in the GABAA reversal potential.
The reversal potential in principal neurons became more hy-
perpolarized with age, shifting from approximately �55 mV at
P7 to �70 mV at P21. The magnitude and time course of this
change matched those identified in cell-attached recordings of
hippocampal pyramidal neurons, which exhibit a similar hy-
perpolarization of the GABAA reversal potential of �15 mV
between birth and P17 (Tyzio et al. 2008). The existence of
excitatory GABAA receptor-mediated potentials during brain
development has been well documented (Ben-Ari 2002; Owens
and Kriegstein 2002). In BLA principal neurons before P14,
GABAA receptor activation caused depolarization, suggesting
that these receptors play a different functional role early in
development. Depolarizing GABAA receptors should render
the BLA more excitable, which may be important for commu-
nication between the BLA and other limbic brain regions like
the extended amygdala, hippocampus, and prefrontal cortex,
before strong connections have been formed (Bouwmeester et
al. 2002a, 2002b). One consequence of depolarizing GABAA
receptors is that positive allosteric modulators like barbiturates
and benzodiazepines could paradoxically facilitate activation
of BLA principal neurons during infancy, which could have
important clinical ramifications, particularly in light of the role
of the BLA as an epileptogenic locus and the incidence of
infantile seizures (Racine et al. 1972; White and Price 1993).

Depolarizing GABAA transmission likely serves an impor-
tant function in normative brain development: GABAA recep-
tors are thought to fulfill the role AMPA receptors play in the
mature brain, providing sufficient postsynaptic depolarization
to enable NMDA receptor activation and subsequent synaptic
strengthening (Ben-Ari et al. 1997, 2012). This phenomenon
likely occurs in the immature BLA when glutamate and GABA
are simultaneously released during the rhythmic, compound

PSCs we described here. Rhythmic, compound PSCs could
serve this purpose in the BLA as early as P7, with 43% of
neurons recorded at P7 receiving them. Supporting this notion,
synaptic events in the immature hippocampus similar to our
rhythmic PSCs, termed “giant depolarizing potentials,” have
been shown to promote synaptic strengthening (Mohajerani
and Cherubini 2006). This function of rhythmic PSCs is
distinct from that proposed in the adult BLA, where rhythmic
IPSCs promote intrinsic membrane potential oscillations and
synchronize action potentials across BLA principal neurons
(Ryan et al. 2012). Interestingly, mature oscillatory properties
of BLA principal neurons are not present until around P21
(Ehrlich et al. 2012), supporting convergent developmental
timing of inhibitory GABA and membrane potential oscilla-
tions. In the mature BLA rhythmic IPSCs are driven by a
syncytium of burst-firing parvalbumin interneurons (Rainnie et
al. 2006), but parvalbumin expression does not emerge in the
BLA until around P14 (Berdel and Moryś 2000); rhythmic
PSCs at P7 may be driven by burst-firing interneurons that may
later express parvalbumin.

A possible caveat to our measurements of reversal potential
is that dialysis of the cytosol by our patch solution could alter
the electrochemical gradients of ions passed by GABAA re-
ceptors, particularly chloride. However, if dialysis had an
effect, it would be to minimize differences across time points,
shifting the reversal potential toward the Nernst reversal of
chloride, approximately �33 mV for our patch solution and
ACSF. The disparity between the observed reversals and the
Nernst reversal, as well as the significant effect we found of
age on GABAA reversal, suggests that the chloride concentra-
tion near GABAA receptors is locally regulated. Interestingly,
there is a precedent for chloride reversal being robust to
dialysis of the neuronal cytosol (Gonzalez-Islas et al. 2009;
Jarolimek et al. 1999). Therefore, we are confident in our
observations of a hyperpolarization of the GABAA reversal
with age.

Hyperpolarization of the GABAA reversal potential with age
is typically thought to result from a change in the expression of

P28

P7

P7

Cell 1

Cell 2
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40 pA

4 s
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B C

40 pA
5 s

20 pA

0.5 s

P7
43%

P14
21%

P21
32%

P28
25%

Fig. 8. Maturation of spontaneous, rhythmic
IPSCs. A: representative BLA principal neurons
at P7 and P28 spontaneously exhibit rhythmic,
compound IPSCs. Both neurons were recorded
in voltage clamp with a holding potential of
�60 mV. Insets highlight the waveform of in-
dividual events. B: pie charts depict the propor-
tion of neurons spontaneously receiving rhyth-
mic IPSCs at each time point (n � 14 at P7, 28
at P14, 25 at P21, and 16 at P28). C: traces from
a pair of simultaneously recorded BLA principal
neurons illustrate that rhythmic IPSCs are syn-
chronized across BLA principal neurons as early
as P7.
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chloride pumps from NKCC1, which renders GABAA excit-
atory by extruding chloride, to KCC2, which renders it inhib-
itory by accumulating the ion intracellularly (Ben-Ari et al.
2002). Indeed, our single-cell RT-PCR study indicated that at
P7 and P14 a high proportion of principal neurons express
mRNA for NKCC1, but expression was undetectable by P21.
In contrast, mRNA for KCC2 was prominent at P21 and P28.
These changes in chloride pump expression are also consistent
with those in other brain regions (Ben-Ari et al. 2002). Further
experiments will be required to determine whether levels of
protein expression follow suit and whether similar changes in
chloride pump expression occur in BLA interneurons.

Development of a GABAergic shunt of the network response.
Corresponding with the emergence of inhibitory GABAA po-
tentials was a shortening of the network response to local
electrical stimulation. Specifically, in immature neurons low-
frequency stimulation evoked slow, depolarizing GABAA re-
sponses and even slower, inhibitory GABAB responses result-
ing in a compound potential that could last between 1 and 2 s.
By P21 the mature phenotype was present, in which stimula-
tion evoked a fast, inhibitory GABAA response followed by a
curtailed GABAB response, returning to baseline within 1 s
(Rainnie et al. 1991; Washburn and Moises 1992). Although
we have previously reported that immature neurons have larger
input resistances and membrane time constants (Ehrlich et al.
2012), this did not fully account for the slower synaptic
potentials. Our voltage-clamp recordings also revealed a pro-
longation of stimulation-evoked GABAA currents in immature
neurons.

The long duration of the network response in immature
neurons likely results from the depolarized reversal potential of
GABAA receptors. In adult BLA principal neurons, feedfor-
ward activation of inhibitory GABAA receptors provides a fast
shunt, limiting the extent of BLA activation (Rainnie et al.
1991). As we have shown here, in immature BLA principal
neurons GABAA is depolarizing, which should enable or even
promote feedforward excitation within the BLA. Without feed-
forward GABAA receptor-mediated inhibition, in the immature
BLA a different brake is afforded: potent activation of GABAB
receptors. However, GABAB acts on a slower timescale than
GABAA, which would explain the long-duration network re-
sponses observed here. The strong GABAB receptor activation
we found at P7 could mitigate the risk of hyperexcitability and
excitotoxicity due to GABA release by opposing the depolar-
izing action of GABAA at this age.

GABAB receptors are thought to be localized extrasynapti-
cally, and in adulthood they are activated when a train of
stimuli releases sufficient GABA to spill over into the extra-
synaptic compartment (Beenhakker and Huguenard 2010;
Fritschy et al. 1999; Kim et al. 1997; Kulik et al. 2002;
Scanziani 2000). The strong GABAB response to a single
stimulation in the immature BLA suggests there is an age-
dependent difference in the accessibility of GABA to GABAB
receptors after stimulation. This developmental change must be
interpreted in the context of the concurrent increase in input
resistance, but the amplitude of GABAB relative to GABAA
PSPs decreases considerably with age. This difference could be
afforded by age-dependent changes in the architecture of
GABAergic synapses. To support this notion, GABAB recep-
tors in cerebellar neurons move from dendritic shafts at P7 to
spines at P21 (Lujan and Shigemoto 2006). Moreover, activa-

tion of metabotropic receptors with a single stimulation may be
a general phenomenon early in development; we observed a
muscarinic current that was abolished by atropine (5 �M) and
evoked by single stimulation in some neurons at P7 but not at
any later time points (unpublished observation).

Faster IPSCs with age. The function of GABA in the BLA
also depends on the kinetics of GABAA receptor-mediated
IPSCs, and we found significant developmental changes to
their kinetics. Specifically, there was a nearly twofold reduc-
tion in spontaneous IPSC rise time from P7 to P21, when the
mature, fast waveform was expressed. Decay time constant and
IPSC half-width exhibited a similar trajectory. As with the
decay time constant of spontaneous IPSCs, there was an abrupt
decrease from P14 to P21 in the kinetics of the response to
exogenous muscimol. Interestingly, while the peak conduc-
tance of the response to muscimol significantly increased with
age, we found no age-dependent change in the peak conduc-
tance underlying spontaneous IPSCs. This effect may be due to
the proximity of receptor activation to the soma, since the
picospritzer pipette was placed close to the soma while IPSCs
presumably originate throughout the dendritic arbor. This no-
tion is supported by the fact that dendrites of BLA principal
neurons expand greatly throughout the first postnatal month,
with the total dendritic length increasing more than threefold as
dendrites come to extend more than twice as far from the soma
(Ryan et al., unpublished observations). Furthermore, this
difference may be due to a developmental change in the ratio
of synaptic to extrasynaptic GABAA receptors.

When considered in the context of a nearly threefold reduc-
tion in membrane time constant from P7 to P28, GABAA PSPs
are likely much faster in the adult BLA (Ehrlich et al. 2012).
The presence of slow IPSCs early in development has been
well documented throughout the brain (Draguhn and Heine-
mann 1996; Dunning et al. 1999; Hollrigel and Soltesz 1997;
Pouzat and Hestrin 1997). Comparable developmental changes
were also found in the kinetics of miniature IPSCs in marmoset
amygdala principal neurons, albeit on a different time course
(Yamada et al. 2012). The kinetics of individual IPSCs should
influence their effect on spike timing (Pouille and Scanziani
2001) and are known to regulate the ability of GABAergic
afferents to entrain postsynaptic oscillations (Tamas et al.
2004). Furthermore, faster IPSCs should more precisely con-
trol the timing of spikes and membrane potential oscillations
due to postinhibitory rebound (Ryan et al. 2012), promoting the
viability of temporal coding mechanisms in the adult BLA.

The maturation of IPSC kinetics corresponds with changes
to the expression of GABAA receptor subunits in BLA princi-
pal neurons. We observed an increase with age in the propor-
tion of neurons expressing seven different GABAA subunits.
The subunit mRNA we found in BLA principal neurons at P21
and P28 closely matches protein expression in the adult BLA,
aside from the �4-, �1-, and �-subunits (Sieghart and Sperk
2002). Expression of �4, �1, and � is likely found in other cell
types. Expression of the �1-subunit, among others, emerged at
P21, confirming results found with mRNA from whole BLA
(Zhang et al. 1992). This change is well documented through-
out the brain and is known to contribute to the faster kinetics
observed with age (Bosman et al. 2002; Davis et al. 2000;
Dunning et al. 1999; Eyre et al. 2012; Hornung and Fritschy
1996; Mohler et al. 2004; Okada et al. 2000; Vicini et al. 2001).
Developmental changes in subunit expression are also known
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to regulate channel localization and drug sensitivity (Hevers
and Luddens 2002; Nusser et al. 1996). Activation of receptors
containing the GABAA receptor �1-subunit directly influence
critical period onset (Fagiolini et al. 2004; Huntsman et al.
1994), suggesting that the emergence of �1 expression may
trigger other aspects of emotional circuit development. Despite
the apparent contribution of postsynaptic changes, identified
with exogenous muscimol application, to the development of
IPSC kinetics, the observed maturation of IPSC kinetics may
be due, in part, to changes in the activity of different subtypes
of interneurons. This notion is supported by the fact that
interneurons exhibit specificity in the subunit composition of
GABAA receptors to which they are apposed. For instance, in
the hippocampus synapses formed by parvalbumin-expressing
interneurons on pyramidal cell somas preferentially express the
GABAA receptor �1-subunit (Klausberger et al. 2002). In the
BLA, parvalbumin-expressing interneurons do not emerge un-
til P17 and reach maturity at P30 (Berdel and Moryś 2000),
which corresponds with the emergence of �1 expression be-
tween P14 and P21 observed here.

We also observed clustering of subunit expression at P21
and P28, with �1-, �2-, and �2-subunits primarily expressed in
distinct neurons from �2, �3, �5, and �3. While this result was
unexpected and curious considering the homogeneous popula-
tion of GABAA PSCs we observed, there is some precedent for
separation of �1 protein from other �-subunits (Hutcheon et al.
2004). There is an important caveat for interpreting this clus-
tering, namely, the high rate of false negatives. Similarly, while
neurons at P7 provided enough RNA to detect 18S and chloride
pump expression, the lack of GABAA subunit mRNA detected
is not evidence for an absolute lack of GABAA receptors. The
presence of GABAA receptor-mediated PSCs and receptor
subunit mRNA in whole tissue at P7 clearly refutes this,
meaning that the developmental changes we see in subunit
transcript expression are not concrete but indicate trends in
expression levels. As with all single-cell RT-PCR results, it
will be important to extend these findings by quantifying
mRNA and protein expression in the developing BLA.

Short-term synaptic depression of GABAA IPSCs in imma-
ture BLA. We also found distinct changes to GABAergic
synaptic plasticity during development. At P7, GABAA inputs
to BLA principal neurons exhibited robust early and late
synaptic depression. Gradually with age the synaptic depres-
sion waned and shifted toward short-term facilitation. By P28,
the amplitude of the response was maintained at the second
pulse (early STP) and facilitated at the fifth (late STP). Com-
parable changes on a similar developmental trajectory have
been observed for GABAergic and glutamatergic synapses in
other brain regions (Pouzat and Hestrin 1997; Reyes and
Sakmann 1999). For late STP, we observed facilitation at P28
that disappeared by P35; while this trend was not significant, it
raises the interesting possibility of a temporary window with
short-term facilitation around P28. There was also a significant
effect of stimulation frequency on late STP. Short-term depres-
sion is classically sensitive to stimulation frequency, likely
because of the kinetics of depletion and restoration of releas-
able neurotransmitter pools (Elfant et al. 2008; Zucker and
Regehr 2002). Interestingly, for late STP there was also a
significant interaction effect; the influence of stimulation fre-
quency on STP decreased with age and may therefore be
specific to short-term depression.

The developmental change in STP may be explained by
several mechanisms, although the simplest involves a change
in release probability—from high-release-probability, high-
output GABAergic terminals in immature neurons to low
release probability, low output in the mature BLA (for review
see Zucker and Regehr 2002). High GABAergic output would
be parsimonious with the robust activation of GABAB recep-
tors we observed in immature BLA principal neurons. In light
of this hypothesis, future studies should address the contribu-
tion of parvalbumin expression to STP in the BLA. This
calcium-binding protein directly influences STP and presynap-
tic calcium dynamics (Collin et al. 2005; Eggermann and Jonas
2012; Vreugdenhil et al. 2003), and its expression in the BLA
changes during the first postnatal month (Berdel and Moryś
2000). We can rule out a contribution of presynaptic GABAB
receptors to the observed short-term depression in younger
animals, because CGP52432 was included in the bath during
these experiments; however, presynaptic GABAA receptors
can play a similar role (MacDermott et al. 1999). GABAA
receptor desensitization is also known to contribute to short-
term depression (Overstreet et al. 2000), although there is no
precedent for a developmental change in this phenomenon.
Finally, short-term depression of immature GABAergic IPSCs
may involve ionic plasticity, a depolarization of the chloride
reversal following strong GABAA activation (for review see
Raimondo et al. 2012). To better understand the maturation of
STP we observed, future studies should differentiate the vari-
ous interneuron subtypes found in the BLA, which play dif-
ferent roles in the network but were grouped in the population
response used here.

STP affords synapses with a variety of temporal filtering
mechanisms, suggesting that the BLA processes information
and communicates using different mechanisms with age
(Buonomano 2000; Fortune and Rose 2001; Pfister et al. 2010).
The role of synaptic filters in tuning the network to specific
frequencies is particularly important because BLA oscillations
have been implicated in the expression and consolidation of
fear memories (Lesting et al. 2011; Madsen and Rainnie 2009;
Popa et al. 2010; Sangha et al. 2009) and BLA inhibition is
thought to promote these oscillations (Ryan et al. 2012).
Short-term depression of inhibition, as we observed in the
juvenile BLA, promotes high-pass filtering of excitatory input
and increases the information transmitted by bursts (Abbott
and Regehr 2004; George et al. 2011). Therefore, short-term
depression may provide salience for high-frequency and burst-
ing activity in the immature BLA, possibly providing compen-
sation for the reduced sensitivity to high-frequency input of
immature BLA principal neurons (Ehrlich et al. 2012).

We have shown that synaptic inhibition in the developing
BLA is not static but undergoes a number of profound changes
that will directly influence BLA physiology and its contribu-
tion to emotional processing. The function of GABA receptors
and, therefore, of the entire BLA are in flux during the first
postnatal month, which likely contributes to the emotional
changes observed during this window. To improve our under-
standing of the etiology of psychiatric disorders, it will be
important to characterize how the normative development of
the amygdala is influenced by genetic predispositions and risk
factors for psychiatric disease (Monk 2008; Pine 2002). Fur-
thermore, future studies should determine whether develop-
ment of synaptic transmission in the amygdala contributes to
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the expression of critical periods that render the brain vulner-
able to the pathogenesis of emotional disorders like anxiety,
depression, and autism spectrum disorders.
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