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9 Abstract—Brain-derived neurotrophic factor (BDNF) is criti-

cally involved in synaptic plasticity and neurotransmission.

Our lab has previously found that BDNF activation ofQ3 TrkB is

required for fear memory formation and that GABAA recep-

tor (GABAAR) subunits and the GABAA clustering protein

gephyrin are dynamically regulated during fear memory

consolidation. We hypothesize that TrkB-dependent inter-

nalization of GABAARs may partially underlie a transient per-

iod of amygdala hyperactivation during fear memory

consolidation. We have previously reported that BDNF mod-

ulates GABAAR a1 subunit sequestration in cultured hippo-

campal and amygdala neurons by differential

phosphorylation pathways. At present, no studies have

investigated the regulation of gephyrin and GABAAR a1 sub-

units following BDNF activation in the amygdala. In this

study, we confirm the association of GABAAR a1 and c2
subunits with gephyrin on mouse amygdala neurons by

coimmunoprecipitation and immunocytochemistry. We then

demonstrate that rapid BDNF treatment, as well as suppres-

sion of gephyrin protein levels on amygdala neurons,

induced sequestration of surface a1 subunits. Further, we

find that rapid exposure of BDNF to primary amygdala cul-

tures produced decreases in gephyrin levels, whereas

longer exposure resulted in an eventual increase. While total

a1 subunit levels remained unchanged, gephyrin was down-

regulated in whole cell homogenates, but enhanced in com-

plexes with GABAARs. Our data with anisomycin suggest

that BDNF may rapidly induce gephyrin protein degradation,

with subsequent gephyrin synthesis occurring. Together,

these findings suggest that gephyrin may be a key factor

in BDNF-dependent GABAAR regulation in the amygdala.

This work may inform future studies aimed at elucidating

the pathways connecting BDNF, GABAA systems, gephyrin,

and their role in underlying amygdala-dependent learning.

� 2013 Published by Elsevier Ltd. on behalf of IBRO.
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11INTRODUCTION

12The activation of GABAA receptors (GABAARs) mediates

13the majority of fast inhibitory neurotransmission in the

14CNS. These receptors are pentameric structures

15predominantly comprised of alpha (a) and beta (b)
16subunits, but must also contain either gamma (c) or

17delta (d) subunits. Among these combinations, at least

1816 GABAAR subtypes have been identified; the most

19abundant subtype in brain is composed of a1b2c2
20subunits, representing over half of all GABAARs (Gao

21and Fritschy, 1994; McKernan and Whiting, 1996; Sperk

22et al., 1997; Olsen and Sieghart, 2009). In some brain

23regions, including the amygdala, a1-containing subtypes

24(GABAAR a1) are present on both pyramidal cells and

25parvalbumin-positive interneurons (Freund and Gulyas,

261997; McDonald and Mascagni, 2004; Muller et al.,

272007). Such receptors play a role in both reinforcing and

28negative feedback as well as tonic inhibition, in addition

29to mediating the synchronized rhythmic activity of

30pyramidal cells important for proper functioning (Mann

31et al., 2005; Wu et al., 2012).

32GABAARs undergo dynamic changes on the neuronal

33cell surface. Their trafficking to and from the synapse is

34regulated by the activation of several cell-signaling

35pathways, which have profound effects on both

36GABAAR function and the efficacy of GABAAR-mediated

37synaptic inhibition. Past studies have demonstrated that

38intracellular signaling pathways activated by brain-

39derived neurotrophic factor (BDNF) influence GABAergic

40transmission. For example, Brunig et al. (2001) found a

41decrease in miniature inhibitory postsynaptic current

42(mIPSC) amplitude after a 5-min application of BDNF in

43hippocampal neurons. In cerebellar granule cells, BDNF

44application induces the internalization of GABAAR b2/3
45subunits and a depression of GABA-induced currents

46(Cheng and Yeh, 2003). Additionally, we have

47previously reported that BDNF application to cultured

48hippocampus and amygdala neurons induced the rapid

49internalization of GABAAR a1 subunits (Mou et al.,

502010) Q5. However, the mechanism by which GABAARs

51are regulated by BDNF signaling is unknown. The

52current literature suggests that BDNF-induced changes

53in GABAergic transmission may differ across brain

54regions and cell types (Jovanovic et al., 2004; Cheng
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55 and Yeh, 2005; Palma et al., 2005). Several factors could

56 be underlying the variability reported across studies,

57 including the type of neurons studied (Cheng and Yeh,

58 2005), duration of BDNF application (Henneberger

59 et al., 2005), and the maturation of cells (Baldelli et al.,

60 2002; Yamada et al., 2002; Mizoguchi et al., 2003). Yet

61 the steps between BDNF induced TrkB activation and

62 changes in GABAAR function remain unclear.

63 Previous work in our lab has demonstrated that

64 gephyrin, a clustering protein of GABAAR, is

65 dynamically regulated along with GABAAR following

66 emotional learning. For example, we have demonstrated

67 that gephyrin protein levels and GABAAR surface

68 expression in the amygdala were decreased in parallel

69 after fear acquisition (Chhatwal et al., 2005), and that

70 fear conditioning is both BDNF- and TrkB-dependent

71 (Rattiner et al., 2004a,b, 2005; Choi et al., 2010). In

72 another study, we reported that gephyrin gene

73 expression was significantly downregulated in the

74 amygdala during consolidation, after fear acquisition

75 (Ressler et al., 2002). We further showed that fear

76 acquisition induced a down-regulation of mRNA markers

77 related to GABAergic function within the amygdala,

78 whereas fear extinction upregulated gephyrin (Heldt and

79 Ressler, 2007). However, the mechanism of learning-

80 dependent, rapid GABAAR downregulation and

81 alteration of gephyrin levels is unknown.

82 A growing literature suggests a role for gephyrin in the

83 formation and/or stabilization of GABAAR clusters.

84 Gephyrin antisense oligonucleotides have been shown to

85 destabilize postsynaptic GABAAR clusters in treated

86 neuronal cultures (Essrich et al., 1998). Cultured

87 hippocampal neurons from gephyrin knockout mice failed

88 to express clusters of GABAARs containing c2 and a2
89 subunits in one study (Kneussel et al., 1999). However,

90 another study reported that GABAAR a2 and c2 subunits

91 did cluster at synapses in hippocampal cultures from

92 gephyrin knockout mice, indicating gephyrin-independent

93 GABAergic synapses (Lévi et al., 2004). Additionally, the

94 removal of gephyrin by gene targeting or RNA

95 expression interference dramatically alters GABAA R

96 clustering (Yu et al., 2007). More recently, GABAAR a1
97 subunits have been shown to be directly associated with

98 gephyrin at inhibitory synapses in cultured rat

99 hippocampal neurons (Mukherjee et al., 2011).

100 Importantly, inhibiting gephyrin expression significantly

101 decreases the number of GABAAR clusters at the cell

102 surface, while having no effect on the total number of

103 surface GABAARs expressed (Jacob et al., 2005).

104 However, to date there have been few studies examining

105 the interactions between surface GABAARs and gephyrin

106 on amygdala neurons, particularly the a1-containing
107 GABAARs. In the present study, we investigated the role

108 of gephyrin in the BDNF-mediated decrease of surface

109 GABAAR a1 in cultured amygdala neurons.

110 EXPERIMENTAL PROCEDURES

111 Amygdala neuronal cell culture

112 All procedures involving animal use were conducted in

113 accordance with the NIH Guide for the Care and Use of

114Laboratory Animals. Primary cultures of postnatal

115amygdala neurons were performed as described

116previously (Mou et al., 2011). Briefly, C57BL/6J mice

117(postnatal 14 days) were decapitated, and the amygdala

118were punched from brain slides and immersed in ice-

119cold dissection buffer consisting of Hibernate-A medium

120(BrainBits, Springfield, IL, USA), B27 supplement

121(Invitrogen, Carlsbad, CA, USA), 2 mM Glutamax

122(Invitrogen), and gentamycin (Invitrogen) (12 lg/ml).

123Then the amygdala tissues were sliced and

124enzymatically digested with papain (Worthington,

125Lakewood, NJ, USA) in Hibernate-A medium at 32 �C
126for 30 min. Cells were dissociated by triturating with

127pasteur pipettes. Neurons were purified in the density

128gradient media including Hibernate-A and OptiPrep

129(Sigma, St. Louis, MO, USA) by centrifugation. Neurons

130were then transferred into a new tube. After being

131washed with dissection buffer, neuronal cells were

132plated onto Poly-D-Lysine (Sigma)-coated plates at the

133density of 2.5 � 105 cells/cm2 in culture media

134consisting of Neurobasal A medium (Invitrogen) with 2%

135B27 supplement, 2 mM glutamax and gentamycin (5 lg/
136ml). Thereafter, the cultures were kept in a humidified

137incubator at 37 �C and 5% CO2, and media were

138changed every 5 days until used for experiments. Cells

139were used for the experiments in this study after

1402 weeks in vitro. The neuronal culture viability was

141tested by adding 4% Trypan Blue solution (Mediatech

142Inc., Herndon, VA, USA) onto cultures and >99%

143viability was assured before experiments.

144BDNF peptide and antibodies

145Recombinant human BDNF was purchased from Cell

146Sciences (Canton, MA, USA) and reconstituted in sterile

147phosphate-buffered saline (PBS) as 100 mg/ml stock.

148The aliquots of stock were stored at �30 �C and final

149concentration of application on neurons was 100 ng/ml.

150The solution of anisomycin (Sigma) was made in

151sterile water as a stock of 10 mM and stored at �30 �C
152in small aliquots. The final working concentration on

153neurons is 10 lM.

154The following antibodies were used in the described

155experiments: polyclonal rabbit antisera against a1-
156GABAAR subunits (epitope region: N-terminus, Millipore,

157Temecula, CA, USA); polyclonal rabbit antisera against

158c2-GABAAR subunits (Affinity BioReagents, Rockford,

159IL, USA); monoclonal mouse antibody against gephyrin

160(BD Transduction Laboratories, San Jose, CA, USA;

161Synaptic Systems, Goettingen, Germany); goat anti-

162rabbit IgG conjugated with Alexa Fluor 488 (Invitrogen);

163goat anti-rabbit IgG conjugated with Alexa Fluor 568

164(Invitrogen); Donkey anti-mouse IgG conjugated with

165Alexa Fluor 568 (Invitrogen); peroxidase-conjugated

166horse anti-mouse secondary (Vector Laboratories,

167Burlingame, CA, USA); peroxidase-conjugated goat anti-

168rabbit secondary (Vector Laboratories).

169Neuronal transfection

170Before starting transfection, the culture media in cell

171chambers were changed with half fresh. 1 ll of
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