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RAPID BRAIN-DERIVED NEUROTROPHIC FACTOR-DEPENDENT
SEQUESTRATION OF AMYGDALA AND HIPPOCAMPAL GABAA
RECEPTORS VIA DIFFERENT TYROSINE RECEPTOR KINASE

B-MEDIATED PHOSPHORYLATION PATHWAYS
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Abstract—During the consolidation of fear memory, it has
been shown that GABAA receptors (GABAAR) are rapidly

ownregulated in amygdala. This rapid decrease in GABAAR
functioning may permit transient hyperexcitablity, contribut-
ing to cellular mechanisms of memory consolidation. Mem-
ory consolidation also requires brain-derived neurotrophic
factor (BDNF) activation of tyrosine receptor kinase B (TrkB)
receptors in the amygdala and hippocampus. We hypothe-
sized that rapid internalization of GABAAR�1 is mediated via

rkB activation of PKA and PKC-dependent processes. Pri-
ary neuronal cell cultures, from postnatal day 14–21 mouse

mygdala and hippocampus, were analyzed with immunoflu-
rescence using cell-surface, whole-cell permeabilization,
nd antibody internalization techniques, as well as with 3H-
uscimol binding assays. In both hippocampal and

mygdala cultures, we found a >60% reduction in surface
ABAAR�1 within 5 min of BDNF treatment. Notably, the

apid decrease in surface GABAAR�1 was confirmed bio-
hemically using surface biotinylation assays followed by
estern blotting. This rapid effect was accompanied by TrkB
hosphorylation and increased internal GABAAR�1 immuno-

fluorescence, and was blocked by k252a, a broad-spectrum
tyrosine kinase antagonist. To further demonstrate TrkB
specificity, we used previously characterized TrkBF616A mice,
in which the highly selective TrkB-mutant specific antago-
nist, 1NMPP1, prevented the BDNF-dependent GABAAR�1
internalization. In hippocampus, we found both PKA and PKC
inhibition, using Rp-8-Br-cAMP and Calphostin C, respec-
tively, blocked GABAAR�1 internalization, whereas inhibition
of MAPK (U0126) and PI3K (LY294002) did not prevent rapid
internalization. By contrast in amygdala cultures, Rp-8-Br-
cAMP had no effect. Together, these data suggest that rapid
GABAAR internalization during memory consolidation is

DNF-TrkB dependent. Further, it appears that hippocampal
ABAAR internalization is PKA and PKC dependent, while it
ay be primarily PKC dependent in amygdala, implying dif-

erential roles for TrkB-dependent kinase activation in BDNF-
ependent memory formation. © 2011 IBRO. Published by
lsevier Ltd. All rights reserved.
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ditioned stimulus–unconditioned stimulus; TrkB, tyrosine receptor ki-
nase B.
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The majority of fast inhibitory neurotransmission in the CNS is
mediated by the activation of GABA A receptors (GABAARs).
These receptors are pentameric structures assembled
mostly from a combination of alpha (�) and beta (�) subunits
long with either gamma (�) or delta (�) subunits. The as-

sembly of different subunit combinations produces a large
family of subtypes, each of which confers distinct temporal
and pharmacological profiles. Of the at least 16 GABAAR
subtypes identified, the most abundant subtype in brain is
composed of �1�2�2 subunits, representing over half of all
GABAARs (McKernan and Whiting, 1996; Gao and Fritschy,
1994; Sperk et al., 1997; Olsen and Sieghart, 2009). In the
hippocampus and other brain regions including amygdala,
the �1- (GABAAR�1) subtypes are located on both pyramidal
and parvalbumin-positive interneurons (Freund and Gulyas,
1997; McDonald and Mascagni, 2004; Muller et al., 2007)
and are known to be involved in feedforward, feedback, and
tonic inhibition in addition to mediating the synchronized
rhythmic activity of pyramidal cells important for proper func-
tioning (Mann et al., 2005).

GABAARs undergo dynamic changes in composition on
he cell surface of neurons. The trafficking to and from the
ynapse is regulated by activation of several cell-signaling
athways that have profound effects on GABAAR function
nd the efficacy of synaptic inhibition. Past studies have
evealed that intracellular signaling pathways activated by
rain-derived neurotrophic factor (BDNF) influence GABAe-
gic transmission. In hippocampal neurons, Brunig et al.
2001) found that BDNF decreased miniature inhibitory post-
ynaptic current (mIPSC) amplitude after a 5 min application.
n cerebellar granule cells, BDNF application caused the
nternalization of GABAAR �2/3 subunits and a depression of
GABA-induced currents (Cheng and Yeh, 2003).

It remains unclear how the downstream signaling effects
of BDNF induce changes in GABAAR function. BDNF activa-
tion of its tyrosine receptor kinase B receptor (TrkB) triggers
several protein kinases, and may alter GABAergic inhibition
via cAMP-dependent protein kinase (PKA) and/or Ca2�/
phospholipid-dependent protein kinase (PKC) signaling path-
ways (Huang and Reichardt, 2001; Cai et al., 1999; Pata-
poutian and Reichardt, 2001; Gallo et al., 2002). For ex-
ample, in hippocampal neurons, BDNF induced PKC
activation mediated phosphorylation of �3-GABAAR sub-

units (Jovanovic et al., 2004). In cerebellum, the effect of
ts reserved.
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BDNF was mediated by PKA but not PKC (Cheng and
Yeh, 2005). In oocytes expressing heterologous GABAAR
subunits, the effect of BDNF was PKC, but not PKA de-
pendent (Palma et al., 2005). Although the contribution of
these pathways remains poorly characterized, the cur-
rently available results indicate that BDNF-induced
changes in GABAergic transmission may differ across
brain regions and cell types. In addition, a number of
additional variables may account for outcome discrepan-
cies across studies, including the type of neurons used
(Cheng and Yeh, 2005), duration of BDNF activation (Hen-
neberger et al., 2005) and the maturation of cells (Baldelli
et al., 2002; Mizoguchi et al., 2003; Yamada et al., 2002).

We have previously shown that GABAA subunits, in-
cluding GABAAR�1, are rapidly and dynamically down-
regulated following emotional learning within the amygdala
(Chhatwal et al., 2005; Heldt and Ressler, 2007). Further-
more we have found that fear conditioning is BDNF and
TrkB dependent (Rattiner et al., 2004a,b, 2005; Choi et al.,
2010). However, the mechanism of learning-dependent
rapid GABAA downregulation is unknown. Specifically, no
tudies have investigated the regulation of GABAAR�1
ubunits following BDNF activation or the effects of BDNF
n GABAAR trafficking in cultured amygdala neurons. In

the present study, we investigated the BDNF-TrkB medi-
ated signaling processes leading to rapid internalization of
GABAAR�1 in cultured mouse hippocampal and amygdala
eurons.

EXPERIMENTAL PROCEDURES

BDNF peptide and inhibitors

Recombinant human BDNF was purchased from Cell Sciences
(Canton, MA, USA) and reconstituted in sterile PBS as 100 mg/ml
stock. The aliquots of stock were stored at �30 °C and final
concentration of application on neurons was 100 ng/ml. Other
drugs and final concentrations for cell culture experiments were as
following: K252a (Sigma, 200 nM), Calphostin C (Enzo Life Sci-
ences, Plymouth Meeting, PA, USA, 200 nM), Rp-8-Br-cAMP
(Biolog, Bremen, Germany, 200 �M), 1NMPP1 (Cayman Chemi-
cal, Ann Arbor, MI, USA, 100 nM), U0126 (Tocris biosciences,
Ellisville, MO, USA, 10 �M), and LY294002 (Cayman, Ann Arbor,
MI, USA, 20 �M).

Antibodies

The following antibodies were used in the described experiments:
polyclonal rabbit antisera against �1-GABAA receptor subunits
(epitope region: N-terminus, Millipore, Temecula, CA, USA); goat anti-
rabbit IgG conjugated with Alexa Fluor 488 (Invitrogen); goat anti-
rabbit IgG conjugated with Alexa Fluor 568 (Invitrogen); goat poly-
clonal antibody against mouse TrkB (0.2 mg/ml; R&D Systems
Inc., Minneapolis, MN, USA); peroxidase-conjugated horse anti-
goat secondary (Vector Laboratories, Burlingame, CA, USA); rab-
bit polyclonal antibody for p-TrkB (phosphorylated Tyr 706, 0.1
mg/ml; Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Hippocampus and amygdala neuronal cell culture

All procedures involving animals were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals.
Primary cultures of postnatal hippocampal neurons were de-

scribed previously (Brewer, 1997) with modifications. C57BL/6J c
mice (21 days postnatal) and TrkBF616A mice (14 days postnatal)
ere decapitated, and the hippocampus and amygdala were re-
oved and immersed in ice-cold dissection buffer consisting of
ibernate-A medium (BrainBits, Springfield, IL, USA), B27 sup-
lement (Invitrogen, Carlsbad, CA, USA), 2 mM Glutamax (Invit-
ogen), and gentamycin (Invitrogen) (12 �g/ml) for the preparation

of separate hippocampal and amygdala neuronal cell cultures.
The hippocampus and amygdala tissues were sliced and then
enzymatically digested with papain (Worthington, Lakewood, NJ,
USA) in Hibernate-A medium at 32 °C for 30 min. Cells were
dissociated by triturating with pasteur pipettes fired on tips to
narrow openings. Neurons were purified in a density gradient
media including Hibernate-A and OptiPrep (Sigma, St. Louis, MO,
USA) by centrifugation. The density gradient media consisted of
four layers. The first was 1 ml dissection buffer containing 35%
OptiPrep; the second 1 ml dissection buffer contained 25% Op-
tiPrep; the third 1 ml dissection buffer contained 20% OptiPrep;
and the fourth 1 ml dissection buffer contained 15% OptiPrep.
They were added on the top of each other carefully, resulting in
clear layer separation. Then, cells were added on the top of
density gradient media. After centrifugation, the most dense layer
with a cream color, located at the middle of tube, could be seen.
This layer of neurons was taken out by using a sterile transfer
pipette and put into a new tube. After washing with dissection
buffer, neuronal cells were plated onto Poly-D-Lysine (Sigma)
coated plates or glass coverslips at the density of 2.5�105 cells/
cm2 in culture media consisting of Neurobasal A medium (Invitro-
en) with 2% B27 supplement, 2 mM glutamax and gentamycin (5

�g/ml). Thereafter, the cultures were kept in a humidified incuba-
or at 37 °C and 5% CO2, and media were changed every 5 days
until used for experiments. After 2–3 weeks in vitro, the cells were
used for the experiments reported in the present study.

Viability of neuronal cultures

Neurons were kept in the incubator for 2 weeks post-dissection, at
which point 4% Trypan Blue solution (Mediatech Inc., Herndon,
VA, USA) was added onto cells to test the cell viability. Trypan
Blue positive dead cells were counted relative to the total number
of cells. There were very few (�1%) dead cells, suggesting a
�99% viability of cells at the 2-week time-point. To determine ratio
of neurons to total plated cells at the time of isolation, cells were
incubated for 12 h to let them attach to the well, then fixed with
methanol at �20 °C for 20 min. For the 2-week timepoint, cells
were grown in vitro for 2 weeks, then fixed and stained in a similar
manner. Following fixation, cells were stained with neuronal spe-
cific, mouse anti-NeuN and subsequently with goat anti-mouse
Alexa Fluor 488. At the time of isolation (12 h post isolation) we
found that 90% of the DAPI� cells were NeuN positive. After 2
weeks in culture, we found that 73% of the DAPI� cells were
NeuN positive. Thus, we can assume that approximately 75% of
the cells in most of the studies outlined within this manuscript were
neuronal.

Immunocytochemistry and analysis of
immunofluorescence

Antibody feeding protocol. The surface GABAARs were
tagged in living cultured hippocampus or amygdala neurons with
the primary antibody against �1-GABAAR subunits. The tagged
�1 subunits were allowed to undergo endocytosis at 37 °C, before
xation and permeabilization of cells, followed by subsequent
econdary antibody labeling of internalized �1 subunits. This pro-
ocol began with changing half the culture media with fresh media
nd incubating cultures with polyclonal rabbit antisera against

�1-GABAA receptor subunits (diluted 1:100; epitope region: N-ter-
inus, Millipore, Temecula, CA, USA). Cells were incubated for
0 min at 37 °C. After washing three times with dissection buffer,

ulture media was returned to cells with half fresh media. In
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indicated wells, cells were then treated with BDNF, K252a, Cal-
phostin C, Rp-8-Br-cAMP or different experimental combinations
for 5, 10, and 20 min. Treatments were stopped by removing
media and rinsing cells three times with dissection buffer. To label
the surface �1 subunits, cells were incubated with goat anti-rabbit
gG conjugated with Alexa Fluor 488 (Invitrogen, 1:2000) diluted in
ulture media for 20 min in incubator. Cells were then rinsed three
imes with ice-cold PBS on ice and fixed with methanol at �20 °C
or 20 min. Following washing with PBS, cells were incubated with
locking buffer (1% BSA and 3% normal goat serum in PBS) at
oom temperature for 1 h. All subsequent antibodies were diluted
n the blocking buffer. To detect the internalized �1 subunits, the
oat anti-rabbit IgG conjugated with Alexa Fluor 568 (Invitrogen,
:2000) was applied to cells for additional 1 h at room tempera-
ure. Cells without primary antibody treatment and only the above
econdary were used as negative controls.

Distinction of cell-surface and intracellular �1-GABAAR
ubunits. Cells were fixed for 20 min at room temperature in 4%
araformaldehyde in PBS. After rinsing with PBS they were incu-
ated in blocking buffer at room temperature for 1 h. Then, the
abbit antisera against �1 subunits (1:500) in blocking buffer was

added to cells and incubated overnight at 4 °C. Following washing
with PBS, the cells were incubated with goat anti-rabbit IgG con-
jugated with Alexa Fluor 488 (1:2000) in blocking buffer at room
temperature for 2 h to stain surface receptors. Cells were then
rinsed again with PBS and permeabilized with methanol at �20 °C
for 20 min. The same primary antibody against �1 subunits (1:
00) diluted in blocking buffer was again added to cells overnight
t 4 °C. Following washing with PBS cells were treated with the
oat anti-rabbit IgG conjugated with Alexa Fluor 568 (1:2000) for
h at room temperature to detect intracellular �1 subunits. Finally,

cells were rinsed with PBS and ready for microscopy.

Analysis of immunofluorescence. Immunofluorescence im-
ages were visualized and captured using Nikon eclipse TE300
microscope with a high resolution digital camera (Nikon, Melville,
NY, USA). The relative immnofluorescence intensity was ana-
lyzed using software of NIS-Elements BR2.30 (Nikon). Measured
immunofluorescence intensity levels were subtracted from non-
fluorescence background. The maximum intensities were normal-
ized to controls. For quantitative analysis in each experiment,
imaged cells were chosen on the presence of fluorescence signals
and randomly selected neuritis or somas from 20 neurons were
measured. Images were also acquired with a laser scanning con-
focal microscope (LSM500, Carl Zeiss, Thornwood, NY, USA)
with 100� objective to visualize the surface and internalized �1-
GABAAR subunits.

Surface biotinylation assays. Primary mouse hippocampal
neurons were kept in a humidified incubator at 37 °C with 5% CO2

before being used for the experiment. BDNF or vehicle was added
into indicated wells for 10 and 20 minutes, respectively. Cells were
then washed with ice-cold PBS on ice. Biotin (1 mg, EZ-Link
Sulfo-NHS-LC-Biotin, Thermo Scientific, Pittsburgh, PA, USA) in
PBS (pH 8.0) was added into each well of six-well plate. Plates
were incubated on ice for 30 min with gentle shaking. Cells were
washed with PBS�100 mM glycine on ice three times, followed by
two more times with PBS alone. Cells were harvested with RIPA
buffer (50 mM Tris–HCl, pH 8, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, and 0.1% SDS) containing proteinase in-
hibitors (proteinase inhibitor cocktail tablet, Roche diagnostics,
Indianapolis, IN, USA). After centrifugation, supernatant was
transferred and divided into two samples. 40 �l Streptavidin beads
Thermo Scientific) were added to supernatant of part 1 containing
0 �g protein, and incubated at 4 °C overnight. The beads were

hen centrifuged and washed with washing buffer (0.1% SDS, 50
M NaF, 1 mM EDTA) four times. Protein was eluted from beads

ith loading buffer, and used for SDS-PAGE and western blotting. n
or total �1-GABAAR subunit expression, 40 �g of protein from
the supernatant of part 2 was used. For receptor detection with
western blot, we used a rabbit anti-�1-GABAAR (Millipore, Bil-
erica, MA, USA), 1:500, as the primary antibody. Goat anti-Rabbit
RP-conjugated (Vector Laboratories, Burlingame, CA, USA)
:2000 was used as the secondary antibody, and was visualized
y West Pico chemiuminescent substrate (Pierce, Rockford, IL,
SA). Bands were detected and quantified using Fluorchem Sp

Alpha Innotech, San Leandro, CA, USA).

[3H]muscimol binding assay

Saturation binding analysis. Tritiated muscimol ([methyl-
ene-3H(N)]-muscimol; 25.5 Ci/mmol specific activity) was pur-
chased from PerkinElmer (Boston, MA, USA). The binding of
[3H]muscimol to GABAARs was performed as previously de-
cribed by Svob Strac et al. (2008), with slight modifications.
eurons were harvested and homogenized for crude membranes

n 50 mM tris–citrate buffer (pH 7.4). The membrane homoge-
ates were incubated with 0.05% Triton X-100 diluted in 50 mM
ris–citrate buffer (pH 7.4) for 30 min on ice. Homogenates were
hen centrifuged and pellet was washed with 50 mM tris–citrate
uffer before assay. The assay mixture contained 20 �g of mem-
rane homogenate protein. Protein concentrations were deter-
ined by BCA protein assay kit (Pierce, Rockford, IL, USA) using
ovine serum albumin as a standard. [3H]muscimol (0.5–32 nM)
as in a final volume of 1 ml buffer containing 20 mM HEPES (pH
.5), 100 mM NaCl and 10 mM MgCl2. Incubation with [3H]mus-
imol was carried out at room temperature overnight. Membranes
ere captured using FP-200 Whatman GF/C filters (Whatman
aper Ltd, Gaithersburg, MD, USA) on a Brandell cell harvester

Brandell, Gaithersburg, MD, USA). Each sample was rinsed three
imes with 2 ml ice-cold 50 mM NaH2PO4 buffer (pH 7.0). Filters
were placed in scintillation vials containing 5 ml scintillation fluid.
Non-specific binding was determined as amount of [3H]muscimol
inding in the presence of 5 �M bicuculline (Tocris Bioscience,

Ellisville, MO, USA).

[3H]muscimol binding assay with intact neurons. The bind-
ing of [3H]muscimol to surface GABAARs was performed on intact
amygdala neuronal monolayers in 24-well plates. The drug treat-
ments were stopped by aspiration of the media, followed by
washes with ice-cold PBS. From this point, the plates were kept on
ice. Ice-cold PBS (1 ml) was added to each well. The addition of
bicuculline at a final concentration of 5 �M was added to indicated
wells for non-specific binding. [3H]muscimol was then added to
ach well at a final and saturated concentration of 8 nM. The
inding was stopped by removing [3H]muscimol solution followed
y PBS rinse. Triton (0.5 ml of 1%) was added to each well and
ells were harvested by scrapping them into scintillation vials.
fter the addition of 5 ml scintillation fluid, each vial was vigorously
ortexed and allowed to equilibrate at room temperature
vernight.

Immunoblot analysis of TrkB and p-TrkB expression on hip-
ocampus neurons. Drug treatment of cultures was terminated
y aspiration of media and wash with ice-cold PBS on ice. The
ells were lysed with RIPA buffer supplemented with protease
nhibitor cocktail tablet (Roche Diagnostics) at 4 °C for 30 min with
onstant agitation. Protein lysates (20 �g) were subjected to
–15% sodium dodecyl sulfate-polyacylamide gel electrophoresis

Bio-Rad Laboratories, Hercules, CA, USA). After transfer to ni-
rocellulose membrane (Bio-Rad), blots were incubated with goat
olyclonal antibody against mouse TrkB (0.2 mg/ml; R&D Sys-
ems Inc., Minneapolis, MN, USA). Immunocomplexes were visu-
lized by using a horseradish peroxidase (HRP)-conjugated horse
nti-goat secondary (Vector Laboratories). After stripping mem-
ranes, blots were probed again with rabbit polyclonal antibody for
-TrkB (phosphorylated Tyr 706, 0.1 mg/ml; Santa Cruz Biotech-

ology, Santa Cruz, CA, USA). Then an HRP-conjugated goat
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anti-rabbit IgG (Vector) was applied for viewing p-TrkB expres-
sion. SuperSignal west pico chemiluminescent substrate (Pierce,
Rockford, IL, USA) was used for detecting HRP.

RESULTS

Rapid internalization of surface GABAAR�1 subunits
ollowing BDNF treatment of hippocampal neuronal
ultures

e first assessed whether BDNF administration led to an
lteration of surface expression of GABAAR�1 subunits on

cultured mouse hippocampal neurons. For this experi-
ment, cell cultures were treated with 100 ng/ml of BDNF for
5, 10 or 20 min. The cells were immediately fixed with 4%
paraformaldehyde, without permeabilization, prior to stain-
ing. Overall, BDNF treatment decreased �1 subunits from
he cell surface for all three time points. As seen in Fig. 1A,
his treatment resulted in a remarkable decrease of surface

�1 subunits within 5 min. Quantitative measurements of
taining intensity were conducted on neurite segments and
art of soma membranes of at least 20 GABAAR�1-immu-

nostained neurons for each treatment. After acute BDNF
exposure for only 5 min, a significant reduction of staining
intensity of control cultures was observed (Fig. 1B,
P�0.01). This reduction, which was more than 60% of
control cultures, was most pronounced at the 5 min time-
point, but was also quite robust after 10 and 20 minute
BDNF incubation periods (Fig. 1B). We next examined
recovery of surface �1 subunits by performing the same 10
min BDNF incubation, followed by fixation and staining, or
removal of BDNF and continued in vitro culture for an
additional 24 or 48 h (Fig. 1C). In the 10 min incubation
group, we fully replicate the prior experiment, showing a
rapid decrease in surface GABAAR�1 subunits. However,
we find a complete recovery/normalization of surface level
staining by 24 and 48 h post-BDNF treatment.

We next wished to assess if the BDNF-mediated de-
crease in surface GABAAR�1 subunits was mediated via
he TrkB receptor. First, we confirmed that TrkB was ex-
ressed on hippocampal neurons and that TrkB immuno-
eactivity was overlapping with that of GABAAR�1 expres-
ion (Fig. 2A). Further, we tested the phosphorylation level
f TrkB by BDNF with western blot. The treatment of
ultures with 100 ng/ml BDNF for 5 min, 20 min, and 2 h all
nduced phosphorylation of TrkB. No group differences
ere observed for total TrkB in treated cultures and control
ultures (Fig. 2B).

A previous study reported that 30-min and 60-min ex-
osure to BDNF induced internalization of GABAA recep-

ors in mouse cerebellar granule cells as detected with a
�2/3 subunit antibody (Cheng and Yeh, 2003). Thus, we
xamined whether the observed reduction of surface �1
ould be accounted for by its internalization. To distinguish
urface from internalized �1 subunits, BDNF-treated and
ntreated hippocampal cultures were first surface labeled
ith the �1 primary antibody in live cultures. Then cells

were treated with BDNF (100 ng/ml) for 5, 10, or 20 min.
After stopping BDNF treatment, live cells were incubated

with goat anti-mouse Alexa Fluor 488 to label the surface c
�1. Cells were then fixed and permeabilized with methanol
ollowed by incubation with goat anti-mouse Alexa Fluor
68 to label the internalized GABAAR�1. In untreated con-

rol cultures, surface GABAAR�1 clusters were clearly
seen on neurite and soma surfaces. For this short period of
5–20 min, the constitutive internalization of surface �1 was
almost undetectable. In contrast, BDNF treated cells
showed significantly less surface �1 expression and a

ore reliable intracellular signal, suggesting a BDNF-in-
uced internalization of GABAAR�1 from the surface mem-

brane to intracellular cytosolic compartments, as seen with
both confocal (Fig. 2C) and light microscopy (Fig. 3).

To confirm with additional biochemical methods, that the
labeled GABAAR�1 was indeed located at the surface, we
performed surface biotinylation (Mammen et al., 1997; van
Rijnsoever et al., 2005) to assess internalization of GABAAR
independently of antibody tagging. Cells underwent surface
biotinylation, precipitation of biotinylated protein with
streptavidin beads, and western blotting for this surface,
biotinylated GABAAR�1 compared to total GABAAR�1
(Fig. 2D). We found that the surface:total ratio was signif-
icantly decreased by both 10 and 20 min treatment with
BDNF using this biochemical biotinylation assay (Fig. 2E).

Effect of tyrosine kinase inhibition on BDNF-induced
GABAAR�1 internalization in hippocampal neurons

To determine whether the observed effect of BDNF on
GABAAR�1 subunits was mediated by its TrkB receptor,

DNF was applied in combination with 200 nM K252a,
hich is a membrane permeable tyrosine kinase inhibitor
ith relatively high affinity for TrkB receptors (Tapley et al.,
992). When BDNF alone was added, we replicated the
apid loss of surface labeling and increased cytoplasmic
ignal, as described above. Quantitative measurements of
uorescence intensity indicated that BDNF treatment low-
red the GABAAR�1 surface expression to at least
1�3.3% of control cultures (Fig. 3A, B; P�0.001) and

increased internalized GABAAR�1 to more than five times
hat of control (Fig. 3C, D; P�0.05) for all three treatment
ime points.

The addition of 200 nM K252a prior to BDNF treatment
n cultures fully blocked the effect of BDNF-dependent �1

internalization. The decreased surface �1 expression by
BDNF was reversed by K252a at the time points of 5, 10
and 20 minutes and the internalization of surface �1 was
altered by K252a. Fig. 3B, D show that the relative fluo-
rescence intensity of K252a�BDNF treated cells were
similar to control cultures, suggesting that the activation of
TrkB receptors was required for the effects of BDNF on
GABAAR�1 internalization. Together, these findings sug-
gest TrkB activation by BDNF mediates the internalization
of GABAAR�1 subunits.

Effect of BDNF and the involvement of PKC and PKA
on hippocampal neurons

Previous studies reported that activation of PKC induced
GABAAR internalization (Chapell et al., 1998) and de-

reased GABAAR function, as measured by lowered
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GABA currents (Brandon et al., 2000). Thus, we asked

Fig. 1. Surface GABAAR�1 subunits are decreased by BDNF on cultur
surface GABAAR�1 subunits. Decreased surface expression of GABA

in with light microscopy (40X), compared with no treatment controls.
, normalized with controls. Panel (C) illustrates recovery of GABAAR

treatment, but with complete normalization at 24 or 48 h following BDN
o no treatment).
whether the BDNF effects on GABAAR�1 surface expres-

sion were related to level of PKC activation. To test this, we

hippocampal neurons. Panel (A) illustrates green-fluorescent labeled
bunit expression is seen following BDNF treatment for 5, 10, and 20
demonstrates quantification of fluorescence intensity of surface alpha
e levels, with similar rapid decrease in signal following 10 min BDNF
al (Mean�SEM of normalized intensity, * P�0.01, ** P�0.05, relative
ed mouse

AR�1 su
Panel (B)
�1 surfac
F remov
disrupted PKC activation with Calphostin C, a cell perme-
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able and highly selective inhibitor of protein kinase C
(Bruns et al., 1991). We observed that the application of
200 nM Calphostin C on cultures for 10 min prior to adding
BDNF for 20 min completely prevented �1 internalization
induced by BDNF (Fig. 4A—surface, Fig. 4B—internal,
Fig. 4C—quantification).

Next we examined whether PKA played a role in
GABAAR�1 internalization. Rp-8-Br-cAMP, a potent mem-
rane-permeant inhibitor of cAMP-dependent-protein ki-
ases (Poppe et al., 2008), was added to cultures for 10
in followed by treatment of BDNF for an additional 20
in. As seen in Fig. 4, the effect of BDNF on the internal-

zation of GABA R�1 was abolished by Rp-8-Br-cAMP.

Fig. 2. TrkB activation, co-localization with GABAAR�1, and GABAAR�
green), TrkB expression (red), or the merge between the two (yellow)
rkB (bottom), with vehicle vs. BDNF treatment at 5 min, 20 min, and
green) and internalized (red) GABAAR�1 subunits. Untreated neuron
r 20 min) treated cultures show internalized alpha 1 (red) in neuron

ndicate internalized GABAAR�1 subunits. Panel (D): Biotinylation stud
feeding techniques is confirmed with biochemical analyses of surfac
surface GABAAR�1, total GABAAR�1 from cell homogenate, and t

ABAAR�1 ratio following vehicle (control) or 10–20 min of BDNF
* P�0.01, relative to control).
A

e found no changes in relative fluorescence intensities of
urface or intracellular GABAAR�1 immunofluorescence
between combined treatment of Calphostin C�BDNF, Rp-
8-Br-cAMP�BDNF, or control cultures, suggesting that
blockade of either PKA- or PKC-dependent signaling path-
ways disrupts BDNF-induced GABAAR�1 internalization

ithin hippocampal neurons.
TrkB is also known to activate MAPK and PI3K path-

ays. Thus we examined whether inhibitors of MAPK
U0126) or PI3K (LY294002) would disrupt BDNF-induced
ABAAR�1 internalization within hippocampal neurons. Fol-

lowing standard culture conditions as described above, cells
were treated with 10 �M U0126 or 20 �M LY294002 for 20
min before a 10-min BDNF treatment. BDNF alone signifi-

lization. Panel (A): Surface (left) or total (right) GABAAR�1 expression
): An immunoblot, with phospho-TrkB (top, arrow is p-TrkB) and total

r BDNF addition. Panel (C): Confocal microscopy analysis of surface
bundant surface, but undetectable internal GABAAR�1. BDNF (5, 10,
5 min) and dendrites (10 and 20 min) after BDNF treatment. Arrows
ing that the apparent internalization of GABAAR�1 seen with antibody
r localization. Western blot analyses is shown of biotin-precipitated,
PH as a loading control. Panel (E): Quantification of surface:total
nt using the biotinylation surface-labeling technique. (Mean�SEM,
1 interna
. Panel (B
2 h afte

s have a
al soma (
ies show
e recepto
otal GAD
cantly decreased surface GABAAR�1 as shown above. How-
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ever, in contrast to the PKA- and PKC-dependent effects, we
found no effect of MAPK or PI3K inhibition on BDNF-depen-
dent internalization of GABAAR�1 (Fig. 4D).

Effect of BDNF on amygdala GABAAR internalization
sing radiometric binding assays

o date there have been no published studies on the effect of
DNF on GABAAR�1 subunits in cultured amygdala neu-

rons. To determine whether or not BDNF caused internaliza-
tion of surface GABAAR�1, we performed radiometric binding
ssays with intact neurons from amygdala of C57BL/6J mice
y using the hydrophilic GABAAR agonist [3H]muscimol
Svob Strac et al., 2008). [3H]Muscimol has been previously
hown to only label cell surface GABA binding sites and to
ossibly be membrane impermeable based on intact (vs.
omogenate) cell binding of [3H]muscimol (Mizokami et al.,
007; Jazvinsćak Jembrek et al., 2008). Although its level of
embrane penetration remains somewhat unclear, it is

learly very hydrophilic based on previous use of [3H]musci-
ol in cell-surface assays (Primus et al., 1996). After BDNF

reatment for 5 and 20 minutes, respectively, surface recep-
ors were reduced to 41% and 37%, compared to non-treated

no 
treatment BDNF K252a+BDNF

5 minutes

10 minutes

20 minutes

no 
treatment BDNF K252a+BDNF

10 i t

5 minutes

10 minutes

20 minutes

C

A

Fig. 3. BDNF-dependent internalization of surface GABAAR�1 sub
llustrates light microscopic images of surface (green) GABAAR�1 sub
Panel (B) demonstrates quantification of fluorescence intensity of surfa
(red) GABAAR�1 subunits following vehicle, BDNF, or BDNF � k25
fluorescence intensity of internalized �1, normalized with controls.
reatment).
ontrol cells (Fig. 5A). On the basis of prior in vitro saturation c
nalyses, we examined saturating concentrations of
3H]muscimol to calculate total GABAARs. [3H]muscimol
binding on total GABAARs from crude amygdala membranes
revealed no significant differences observed among BDNF
treatments and controls. These data suggest that as in hip-
pocampal neurons, a variety of measures can reveal a rapid
(�5 min) internalization of amygdala GABAARs.

Effect of BDNF and activation of TrkB on amygdala
neurons

To test whether BDNF, via activation of TrkB, had a similar
effect in amygdala as in hippocampal cultures on the se-
questration of membrane �1 subunits, 200 nM K252a was
dded to cells for 10 min before BDNF application. Similar
o above, we found that there was a rapid and robust
ecrease in surface labeling of GABAAR�1 (Fig. 5B–D).

The decrease of membrane �1 subunits by BDNF was
totally reversed by TrkB blockade with K252a, which had
no effect by itself. As with the hippocampal cultures, we
next examined recovery of surface �1 subunits by perform-
ng the same 10 min BDNF incubation, followed by fixation
nd staining, or removal of BDNF and continued in vitro

no-treat
BDNFBDNF
K252a
K252a+BDNF
DMSO(k-veh)

* *
**

*

5 minutes 10 minutes 20 minutes

**

**
**

5 minutes 10 minutes 20 minutes5 minutes 10 minutes 20 minutes

ttenuated by K252a treatment in hippocampal neurons. Panel (A)
wing vehicle, BDNF, or BDNF � k252a treatment for 5, 10, or 20 min.
1, normalized with controls. Panel (C) illustrates images of internalized

ent for 5, 10, or 20 min. Panel (D) demonstrates quantification of
EM of normalized intensity, * P�0.001, ** P�0.05, relative to no
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Fig. 4. BDNF-dependent decrease in surface GABAAR�1 subunits is reversed by treatment with PKA and PKC inhibitors. Panel (A) illustrates light
microscopic images of surface (green) GABAAR�1 subunits following treatment with vehicle, BDNF, Calphostin C (PKC inhibitor), Rp-8Br-cAMP (PKA
inhibitor), or these agents combined with BDNF. Panel (B) illustrates images of internalized (red) GABAAR�1 subunits following the same conditions
as in (A). Panel (C) demonstrates quantification of fluorescence intensity of surface (black) or intracellular (gray) GABAAR�1, normalized with controls.
Panel (D) demonstrates quantification of fluorescence intensity of surface (black) or intracellular (gray) GABAAR�1, normalized with controls following
inhibitors of MAPK (U0126) or PI3K (LY294002), neither of which had an effect on BDNF-induced GABAAR�1 internalization. (Mean�SEM of

ormalized intensity, * P�0.05, relative to no treatment). For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.
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group, we fully replicate the prior experiment, showing a
rapid decrease in surface GABAAR�1 subunits (P�.05).
However, we find a complete recovery/normalization of
surface level staining by 24 and 48 h post-BDNF treatment
(data not shown).

Effect of PKC and PKA manipulation on
BDNF-dependent internalization in amygdala
neuron cultures

In hippocampal cultures, we have demonstrated that

140

160

ze
d 

cp
m

)  
 

ze
d 

cp
m

)  
 A   

40

60

80

100

120

i m
ol

 B
in

di
ng

 (n
or

m
al

iz
im

ol
 B

in
di

ng
 (n

or
m

al
iz

0

20

40

no treatmentno treatment

[H
3]

 M
us

ci
[H

3]
 M

us
ci

B

BDNFNo treatment

C

BDNFNo treatment

C

200

250

300

n s
it

y 
(N

or
m

al
iz

ed
)

n s
it

y 
(N

or
m

al
iz

ed
)D   

*

0

50

100

150

no treatmentno treatment BB

Fl
ou

re
sc

en
ce

 In
te

n
Fl

ou
re

sc
en

ce
 In

te
n

Fig. 5. Amygdala GABAA receptor and GABAAR�1 subunit BDNF-de
[3H]-Muscimol binding to dissociated neurons from mouse amygdala
normalized counts per minute, * P�0.02, relative to no treatment).
ollowing vehicle, BDNF, k252a, or BDNF � k252a treatment for 10 m
ame treatments as in (B). Panel (D): Quantification of fluorescence

controls. (Mean�SEM of normalized intensity, * P�0.05, relative to n
the reader is referred to the Web version of this article.
activation of either PKC or PKA was required for the t
effect of BDNF on internalization of GABAAR�1 sub-
nits. Thus, we next examined whether or not this was

he case on cultured mouse amygdala neurons. In a
eparate series of amygdala culture experiments, we
rst replicated the robust BDNF-dependent internaliza-
ion (Fig. 6). We also found that application of Calphos-
in C (PKC inhibitor) treatment prior to BDNF increased
embrane �1 subunit density by 150% compared to

BDNF treated neurons (P�0.02); however, membrane
�1 subunits were still lowered relative to untreated con-
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activation induced by BDNF could only partially inhibit
the sequestration of membrane surface �1 subunits
(Fig. 6). In contrast to the hippocampal culture results,
application of Rp-8-Br-cAMP before BDNF treatment of
amygdala cultures failed to have any effect on BDNF-
dependent internalization. Together these data suggest
that, unlike within the hippocampal cultures, the

No treatment BDNF Calphostin CA

Rp-8Br-cAmp Calphostin C+BDNF Rp-8Br-cAmp+BDNF
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Fig. 6. BDNF-dependent decrease in surface GABAAR�1 subunits is
partially reversed by PKC inhibition, but not by PKA inhibition in
amygdala cultures. Panel (A) illustrates light microscopic images of
surface (green) GABAAR�1 subunits following treatment with vehicle,

DNF, Calphostin C (PKC inhibitor), Rp-8Br-cAMP (PKA inhibitor), or
hese agents combined with BDNF. Panel (B) illustrates images of
ntracellular (red) GABAAR�1 subunits following the same conditions
as in (A). Panel (C) demonstrates quantification of fluorescence inten-
sity of surface (black) or intracellular (gray) GABAAR�1, normalized
with controls. (Mean�SEM of normalized intensity, * P�0.05,
** P�0.01, relative to no treatment). For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web
version of this article.
amygdala neuronal cultures do not depend on PKA ac-
tivation for BDNF-dependent internalization of
GABAAR�1.

BDNF-dependent internalization of GABAAR�1 in
rkBF616A amygdala neurons

hen et al. (2005) generated TrkBF616A knockin mice in
which the TrkB phenalanine (F616) was replaced by ala-
nine. This mutation has little or no effect on BDNF-medi-
ated TrkB signaling. However, TrkB function can be selec-
tively inhibited by nanomolar concentrations of 1NMPP1
which is a derivative of the general kinase inhibitor, PP1.
Conversely, the less specific inhibitor, k252a, does not
block mutant TrkBF616A activation. We took advantage of
his chemical-genetic approach to examine the effect of
NMPP1 on BDNF-dependent GABAAR�1 internalization

on amygdala neurons (Fig. 7). We first observed that
BDNF induced the decrease of surface GABAAR�1 sub-
units by more than 70% compared untreated neurons.
Pre-treatment of k252a failed to inhibit the effect of BDNF
due to the insensitivity of TrkBF616A for k252a. However,
the specific inhibitor, 1NMPP1, significantly reversed the
decrease of surface �1 subunits. This further demon-
strates with a genetic-pharmacological approach, that the
BDNF-dependent internalization of GABAAR�1 subunits is

rkB dependent.

DISCUSSION

In this study we found: (1) That BDNF application resulted in
the rapid (�5 min) sequestration of membrane �1 subunits in
cultured mouse hippocampal and amygdala neurons, dem-
onstrated via immunohistochemistry and biochemically using
surface biotinylation. (2) This BDNF-dependent internaliza-
tion of GABAAR�1 subunits is dependent on activation of

rkB, as shown with both the non-specific kinase inhibitor
252a, and the specific inhibitor 1NMPP1 in TrkBF616A

transgenic mouse cultures. (3) BDNF-dependent internal-
ization of GABAAR�1 is PKC and PKA dependent in hip-
ocampal neurons. (4) In contrast, in amygdala neurons,
his internalization is only partially PKC-dependent and is
ot PKA dependent; and (5) that the decreased surface
ABAAR�1 levels have returned to normal 24 h post-

reatment. Together, these data suggest that BDNF acti-
ation of TrkB receptors mediates the sequestration of
embrane �1 subunits via differential phosphorylation

pathways in hippocampal and amygdala neurons. These
data lead to specific implications regarding the differential
roles of PKA and PKC mediators in different types of
memory formation as a function of BDNF and TrkB depen-
dent intracellular pathways.

The current study demonstrates that acute in vitro
application of BDNF on mouse hippocampal and amygdala
neurons results in the quick sequestration of membrane
GABAAR�1 subunits. Our results are consistent with con-
lusions of Brunig et al. (2001) who reported that a 5 min

application of BDNF caused the decrease of mIPSCs as
well as decreases in GABAAR�2 and �2/3 subunits in
hippocampal slices. Our results are also consistent with

the findings of Mizoguchi et al. (2003) who demonstrated
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that postnatal day 14 GABAAR function in rat hippocampal
neurons was decreased following BDNF treatment. In con-
trast to our data, Boxall (2000) reported that BDNF had no
effects on mIPSCs on Purkinje cells of cerebellum, and
Jovanovic et al. (2004) found that BDNF induced a tran-
sient enhancement of GABAAR function in embryonic hip-
pocampal and cortical neurons. These different effects
might be explained by alternate composition of GABAAR
ubunits in different brain regions, different developmental
tages of CNS in that developmental GABAARs are excit-

atory due to differential cellular chloride concentration, or
different signaling cascades and thus different modulations
of the receptors.

In our study, we find that the BDNF-dependent de-
crease in cell-surface expression of GABAAR�1 subunits
ccurs via the activation of TrkB receptors. This is consis-
ent with the report of Hewitt and Bains (2006) who dem-
nstrated that application of the tyrosine kinase inhibitor
252a, in hypothalamus could block the BDNF effects on
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Fig. 7. BDNF-dependent decrease in surface GABAAR�1 in TrkBF61

green) GABAAR�1 subunits following treatment with vehicle, BDNF,
of intracellular (red) GABAAR�1 subunits following the same condition
urface (black) or intracellular (gray) GABAAR�1, normalized with con
or interpretation of the references to color in this figure legend, the r
ecreased of GABAA receptor function. Similarly, Brunig et w
al. (2001) had previously shown that BDNF effects on
GABAA receptor function were only seen in TrkB positive
neurons. Taken together, these data suggest that TrkB
activation via BDNF leads to a rapid decrease in numbers
of GABAAR�1 subunits from the cell membrane.

The most likely fate of GABAAR�1 removed from the
ell surface is via their internalization into cytoplasmic
ompartments. This mechanism has been tested in a re-
ombinant model following phosphorylation of GABAARs
y activation of protein kinase C (Chapell et al., 1998;
erring et al., 2005). However, Brandon et al. (2000) re-

ported that phosphorylation of GABAAR �3 subunits by
KC caused decreased function of receptors without
hanging numbers of surface receptors in cortical neurons.
ovanovic et al. (2004) reported that PKC mediated phos-
horylation of �3 subunits induced by BDNF caused a

transiently enhanced GABAAR function followed by a last-
ing depression in hippocampal and cortical neurons. They
also found that the increased surface GABAAR number
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In the current study, our data show that on mouse
ippocampal neurons, the internalization of membrane-
urface GABAAR�1 subunits induced by BDNF is medi-
ted by the activation of both PKC and PKA. In contrast, on
ouse amygdala neurons the PKC activation is only par-

ially responsible, and PKA is not involved in the BDNF-
ependent sequestration of surface GABAAR�1. This sug-

gests that there may be different mechanisms of cellular
signaling downstream of TrkB activation between hip-
pocampus and amygdala. The intracellular domains of
GABAAR � and � subunits can be phosphorylated by many
kinases, including PKA, PKC, PKG, Ca2�/calmodulin-de-
pendent protein kinase II (CaMKII), Akt/PKB, and Src.
Among these protein kinases, it has been demonstrated
that the �1 subunits could be phosphorylated by CaMKII
McDonald and Moss, 1994). Moreover, CaMKII could be a
odulator on GABAAR function by regulating �2 and �3

ubunits (Houston et al., 2008). Our data suggest that the
own-regulation of surface membrane GABAAR�1 sub-
nits induced by BDNF in mouse amygdala neurons may
e, in part, mediated by kinases other than PKC and PKA,
nd that differential modulation occurs between hippocam-
al and amygdala neurons.

Our data also suggest that there may be different
ates of internalized �1 subunits between hippocampal
eurons and amygdala neurons. We found that internal-

zed GABAAR�1 subunits in amygdala neurons were not
detectable by immunofluorescence, whereas the hip-
pocampal GABAAR�1 subunits were. It has been clarified
hat the endocytosis of GABAARs involves a clathrin-me-
diated dynamin-dependent mechanism in the recombinant
expression system in heterologous cells (Herring et al.,
2005; Kittler et al., 2000). The surface derived receptors
are either recycled to membrane or degraded. These pro-
cesses are modulated by a variety of proteins, such as
phospholipase C-related inactive protein (PRIP) which
modulates the phosphorylation level of GABAARs (Kane-

atsu et al., 2007). These data imply that different recep-
or trafficking processes, mediated by TrkB-dependent
hosphorylation may occur in different brain regions.

BDNF activation of TrkB plays an important role not
nly in the development of CNS, but also at mature syn-
pses and during learning and memory (McAllister et al.,
999). We have previously found that activation of TrkB by
DNF is required for fear memory formation and, sepa-

ately, that GABAA receptor subunits are dynamically reg-
ulated during fear memory consolidation. Specifically, we
found that GABAAR�1 subunits were among the most

arkedly regulated within the amygdala with fear condi-
ioning. We hypothesized that TrkB-dependent internaliza-
ion of GABAA receptors may partially underlie a transient
period of amygdala hyperactivation during fear memory
consolidation. Such hyper-excitability would allow for many
of the activity-dependent and calcium-dependent molecu-
lar mechanisms of synaptic plasticity to mediate memory
consolidation. For fear conditioning, associated changes in
protein levels would likely decrease the level of phasic
and/or tonic inhibition resulting in a state of heightened

excitatory drive. Such a shift in the excitation–inhibition
balance would likely support long-term potentiation (LTP)
of excitatory CS–US (conditioned stimulus–unconditioned
stimulus) associations formed during fear acquisition
(Maren, 1999). Alternatively, such excitation may repre-
sent LTP-induced alterations associated with the consoli-
dation or retention of CS–US associations.

It is well established that fear conditioning is dependent
on the basolateral amygdala (BLA) (Davis, 1992; Fanselow
and LeDoux, 1999), and that contextual fear conditioning also
involves plasticity within the hippocampus (Anagnostaras et
al., 2001). Previous findings using in situ hybridization have
revealed transient increases in BDNF mRNA in the basolat-
eral amygdala after associative fear conditioning but not after
exposure to an equal number of CS-alone or US alone pre-
sentations (Rattiner et al., 2004a,b, 2005). Fear conditioning
also results in activation of Trk receptors in the amygdala, as
indicated by increased receptor phosphorylation during con-
solidation period (Rattiner et al., 2004a).

The molecular and cellular events underlying synaptic
plasticity that mediates memory consolidation remain largely
unknown. During the consolidation of fear memory, it has
been shown that GABAA receptors are rapidly downregu-
lated in amygdala, leading to transient hyperexcitability, con-
tributing to cellular mechanisms of memory formation. In
these studies, we find that BDNF-dependent TrkB activation,
which is also required for memory consolidation, may under-
lie the rapid internalization of GABAAR�1, and that this pro-
ess is differentially dependent on PKA and PKC-dependent
rocesses in amygdala and hippocampal neurons. Further
nderstanding of the molecular and cellular events which
ediate memory formation, as well as differential mecha-
isms in brain regions that support different forms of memory
e.g. emotional vs. declarative), have broad implications in
he identification of neural mechanisms and therapeutic ap-
roaches to disorders of memory.
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