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Abstract
γ amino-butyric acid type-A receptors (GABARs) containing γ2 or δ subunits form separate pools
of receptors in vivo, with distinct localization and function. We determined the rate of surface
membrane insertion of native and recombinant γ2 and δ subunit-containing GABARs (γ2-
GABARs and δ-GABARs). Insertion of the α-bungarotoxin binding site (BBS) tagged γ2 subunit
(t-γ2)-containing GABARs in the surface membrane of HEK293 cells occurred within minutes
and reached a peak by 30 min. In contrast, insertion of the BBS-tagged δ subunit (t-δ)-containing
receptors required longer incubation and peaked in 120 min. Insertion of the t-γ2 subunit-
containing receptors was not influenced by assembling α1 or α4 subunits. In contrast, insertion of
the α4β3t-δ subunit-containing receptors was faster than those containing α1β3t-δ subunits. The
rate of insertion of native GABARs in the surface membrane of cultured hippocampal neurons,
determined by an antibody saturation assay, was similar to that of the recombinant receptors
expressed in HEK293 cells. Insertion of the γ2-GABARs was rapid and new γ2-GABARs were
detected on the surface membrane of cell soma and dendrites within minutes. In contrast, insertion
of the δ-GABARs was slow and newly inserted receptors were initially present only in the surface
membrane of cell soma and later also appeared over the dendrites. Thus the rate of insertion of
GABARs was dependent on their subunit composition.

Introduction
The γ-amino butyric acid type-A receptors (GABARs) mediate inhibitory neurotransmission
in the forebrain and spinal cord. Sixteen subunits, α1-6, β1-3, γ1-3, δ, ε, π and θ, co-
assemble to form pentameric receptors (Whiting, 2003). The majority of native GABARs in
the hippocampus are composed of 2α, 2β and either a γ2 or δ subunit (Sperk et al., 1997;
Sun et al., 2004). Subunit composition determines the surface membrane localization,
kinetics, and pharmacological properties of GABARs (Olsen and Sieghart, 2009). The γ2
subunit-containing receptors (γ2-GABARs) are expressed at the synaptic and extrasynaptic
membranes, whereas the δ subunit-containing receptors (δ-GABARs) are exclusively
extrasynaptic (Nusser et al., 1998; Wei et al., 2003). γ2-GABARs mediate synaptic and
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tonic inhibition, whereas δ-GABARs mediate only tonic inhibition (Brickley et al., 1996;
Farrant and Nusser, 2005). The γ2 and δ subunits also assemble with distinct α subunits. The
majority of γ2-GABARs expressed in the hippocampus contain α1 subunits, while smaller
fractions contain α2, α3, α4 or α5 subunits. On the other hand, δ-GABARs expressed on
hippocampal dentate granule cells contain α4 subunits, whereas those expressed on
interneurons contain α1 subunits (Pirker et al., 2000; Glykys et al., 2007).

The γ2 and δ subunits do not co-assemble in vivo (Quirk et al., 1995; Araujo et al., 1998;
Jechlinger et al., 1998). However, it is not known whether the characteristics of secretion of
γ2- and δ-GABARs are similar or distinct. Aspects of the exocytosis of GABARs are
partially understood (Chen and Olsen, 2007; Twelvetrees et al., 2010; Vithlani et al., 2011).
A prior study demonstrated the rapid insertion of tagged β3 subunit-containing GABARs at
the surface membrane of cultured hippocampal neurons, and all receptors were inserted at
extrasynaptic sites (Bogdanov et al., 2006). The γ2-GABARs, which can diffuse between
synaptic and extrasynaptic domains (Triller and Choquet, 2005), become trapped in the
synapses through interaction with gephyrin (Essrich et al., 1998). These observations raise
the possibility that γ2- and δ-GABARs could be inserted via the same vesicles and that δ-
GABARs remain extrasynaptic, while γ-GABARs move laterally and become incorporated
at the synapses. Alternately, insertion of γ2- and δ-GABARs could be distinct.

We compared the rate of surface membrane appearance of γ2- and δ-GABARs in cultured
hippocampal neurons and determined the influence of co-assembled α1 or α4 subunits on
their exocytosis using γ2 and δ subunits tagged with the α-bungarotoxin binding site.

Materials and methods
Materials

All the common chemicals were procured from Sigma Aldrich (St. Louis, MO). Bovine
serum albumin and normal goat serum were obtained from Jackson Immuno-research (West
Grove, PA).

Antibodies
A mouse monoclonal anti-γ2 subunit antibody directed against an epitope in the N-terminal
extracellular domain was used at 1 μg/ml dilution. This antibody has been previously
characterized for its reactivity and specificity (Joshi et al., 2011; Rannals and Kapur, 2011).
A monoclonal antibody against an epitope at the extracellular N-terminal region of the δ
subunit, generated in our laboratory in cooperation with Neuromab facility (clone
N151/3.3), was used at 3 μg/ml dilution. The antibody was synthesized at the Lymphocyte
Culture Center, University of Virginia. Immunochemical analysis performed as before
(Mangan et al, 2005) revealed reactivity of this antibody with cultured hippocampal neurons
(supplementary figure 1A). The immunoreactivity (IR) of anti-δ subunit antibody N151/3.3
was prominently present over the soma, and little IR was observed over the dendrites
(supplementary figure 1A). This pattern of immunoreactivity was similar to that reported
previously in cultured hippocampal neurons using rabbit anti-δ subunit antibody (Mangan et
al, 2005)(supplementary figure 1B). The mouse monoclonal anti-δ subunit antibody also
reacted with a single protein in the lysates isolated from HEK293 cells expressing a tagged δ
subunit (supplementary figure 2C).

Hippocampal neuronal cultures
All animals were handled according to a protocol approved by the University of Virginia
Animal Care and Use Committee, and efforts were made to minimize animal stress and
discomfort. Cultures of dissociated hippocampal pyramidal neurons were made from
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embryonic day 18 rat fetuses as described previously (Goslin K et al., 1998; Goodkin et al.,
2005). Neurons were co-cultured on glial layers for 12–14 days to allow for the formation of
GABAergic synapses (Swanwick et al., 2006). Low density cultures (10,000 cells/cover
glass) were used in these studies.

Antibody saturation assay
The rate of appearance of γ2- and δ-GABARs at the surface membrane was studied using an
antibody saturation technique (Lu et al., 2001; Rosenberg et al., 2001). The neurons were
cooled to 14°C by sequential incubation in PBS at RT for 3 min and in cold PBS at 14°C for
3 min. The neurons were then incubated with a saturating concentration of anti-γ2 or anti-δ
subunit antibodies (20 μg/ml) at 14°C for 45 min. Unbound primary antibody was removed
by quick repeated washes, and neurons were incubated at 37°C in culture medium for
various time periods. The neurons were fixed with 4% paraformaldehyde, and non-specific
sites were blocked in a blocking solution (0.1% BSA and 0.05% Normal Goat Serum in
PBS). Anti-γ2 or anti-δ subunit antibodies were labeled with Alexa fluor 594 using an
antibody labeling kit from Invitrogen (Carlsbad, CA), according to the manufacturer’s
instructions. Neurons were then incubated with Alexafluor 594-conjugated anti-γ2 or anti-δ
subunit (5 μg/ml) antibodies overnight at 4°C in the dark. In every experiment, a parallel
culture was fixed immediately following incubation with unlabeled primary antibody in
order to confirm the successful blockade of surface-expressed receptor epitopes at the
beginning of the assay (time 0). In another parallel culture, the incubation with a saturating
concentration of unlabeled antibody was omitted, and the culture was exposed to labeled
primary antibody in order to determine the total number of surface-expressed receptors.
Newly inserted receptors were expressed as a fraction of the total surface expressed
receptors.

Construction and characterization of α-bungarotoxin-tagged γ2 and δ subunits
A 13-amino acid (WRYYESSLEPYPD) α-bungarotoxin (α-BT) binding site (BBS) was
added at the N-terminus of the γ2 (t-γ2) and δ (t-δ) subunits (Supplementary fig. 2A). Both
strands of cDNAs were sequenced to confirm the coding sequence. HEK293 cells were
transfected with 1 μg cDNA/35 mm culture plate using a Lipotectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA), according to the manufacturer’s instructions. The
expression of t-γ2 or t-δ subunits in the transfected HEK293 cells was confirmed using cell
lysates corresponding to 50 μg proteins in a standard Western blotting assay. Signals of ~ 40
kD and ~ 60 kD were observed in t-γ2- and t-δ-expressing cells, respectively, and matched
the predicted size of the tagged subunits (Supplementary fig. 2B and C).

Electrophysiology
Standard whole-cell patch clamp technique was used to confirm the function of t-γ2 and t-δ
subunit-containing receptors expressed in HEK293 cells. Cells were transfected with cDNAs
encoding α1, β3, t-γ2 or t-δ subunits along with GFP (1:1:1:0.2 μg/35 mm plate) and used
48 hrs after transfection. Recordings were performed as described previously (Saxena and
Macdonald, 1994). To confirm the function of t-γ2 subunit-containing receptors, the effects
of 10 μM GABA in the presence or absence of 100 nM Diazepam was studied
(Supplementary fig. 2D). Diazepam augmented GABA-evoked currents in cells expressing
α1β3t-γ2 and α1β3wt-γ2 subunit-containing receptors by 2.6 ± 0.4-fold (n=7) and 1.4 ± 0.06
fold (n= 12) respectively. To confirm functional expression of t-δ subunit-containing
receptors, effect of allopregnanolone (30 nM) on GABA (1 um) evoked currents was also
studied (Supplementary fig. 2E). Recombinant receptors containing t-δ subunits were also
functional, in the cells expressing α1β3t-δ or α1β3wt-δ subunit-containing receptors, 1 μM
GABA-evoked currents were augmented by 30 nM allopregnanolone 6 ± 3 fold (n= 7) and
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5.1 ± 0.9 fold (n=3) respectively. These studies confirmed the ability of t-γ2 subunits to
assemble with α1β3 subunits to form functional receptors.

α-BT labeling and insertion assay
HEK293 cells grown on LabTek chamber slides (Nalge Nunc International, Rochester, NY,
USA) coated with 100 μg/ml poly-L-Lysine and polyethylene amine (1:500 dilution) were
transfected with cDNAs encoding t-γ2 or t-δ, along with α1 or α4 and β3 subunits and GFP,
as described above. The expression of GFP was used to identify transfected cells. Forty-
eight hours after transfection, surface-expressed α1β3t-γ2, α4β3t-γ2, and α1β3t-δ subunit-
containing receptors were detected by incubating cells with Alexafluor 594-conjugated α-
BT (0.1 μg/ml) for 5 min at 14°C. α4β3t-δ subunit-containing receptors were detected by
incubation in 0.5 μg/ml α-BT. Receptors containing t-γ2 and t-δ subunits but not wt-γ2 or
wt-δ subunits were able to bind to α-BT (Supplementary fig. 2F and G). Therefore, although
the β3 subunits of GABARs can also bind to α-BT (McCann et al., 2006), the binding
observed here was due to specific interaction with t-γ2 or t-δ subunits. GFP fluorescence
was evident in approximately 90% of the cells indicative of transfection efficiency. Surface
α-BT fluorescence was observed in 60–65% of cells expressing t-γ2 subunit-containing
receptors. On the other hand, α-BT binding was observed in only 10–15% and 2–3% of
transfected cells expressing α1β3t-δ and α4β3t-δ subunit-containing receptors, respectively.
This efficiency of expression of t-γ2 and t-δ subunit-containing receptors was similar to that
reported previously (Saxena and Macdonald, 1994; 1996).

To determine the appearance of new recombinant receptors at the surface membrane, cells
were incubated in 50 μg/ml unlabeled α-BT for 15 min at 14°C in order to block existing
surface receptors at the beginning of the experiment. Cells were then incubated at 37°C to
allow for the insertion of receptors; then, newly inserted receptors were labeled by
incubation with Alexafluor 594-conjugated α-BT for 5 min at 14°C. As a control, in some
cultures, the appearance of receptors was determined at RT (22–25°C). Receptor exocytosis
was also studied in the presence of brefeldin-A (5 μg/ml), a fungal toxin known to block ER
to Golgi vesicle transport.

Image acquisition and analysis
Neurons or HEK293 cells were visualized using a Nikon Eclipse TE200 fluorescent
microscope equipped with a mercury lamp using a 60X, 1.4 N.A. lens as described
previously (Goodkin et al., 2007). Only morphologically intact neurons were used in the
study. Putative pyramidal neurons were selected from DIC images based on their
morphological features described previously (Craig et al, 1993; Benson et al, 1994). The
neurons with flat round cell body, dendrites with fine distal branches, and less phase-dense
appearance were imaged. The interneurons, which generally have a fusiform cell body and
phase-dense appearance, were omitted. The images were acquired by a Photometrics
CoolSNAPcf CCD camera mounted on a Nikon Eclipse TE200 fluorescent microscope
using Metamorph Imaging Software (Molecular Devices, Downington, PA). To determine
immunoreactive areas, images were thresholded as described previously and then converted
to binary images (Goodkin et al., 2007). The overall brightness and contrast of the images
was adjusted for presentation.

6–7 neurons or HEK293 cells were imaged at each time point in each experiment, and the
experiments were replicated 4–7 times. Background fluorescence, determined in the cultures
incubated for “0 min”, was subtracted from the fluorescence obtained after incubation for
various periods. The interaction between antigen-antibody or BBS-α-BT were stable over a
period of 3 hrs (Bogdonov et al, 2006) (see results). Importantly only the last step in
exocytosis, the appearance of receptors at the surface membrane was monitored in these
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assays. Hence, the increase in surface fluorescence over time was fitted to a single-phase
exponential association equation, using the least square method, as described before
(Passafaro et al., 2001; Hannan et al, 2012; Saliba et al, 2012). The R2 values ranged
between 0.6–0.8 for these curves.

Statistical analysis
Each experiment was replicated 4–6 times with a total of 10–60 cells. Gaussian distribution
of the data was confirmed using a Kolmogorov-Smirnov test. Values of surface fluorescence
and half-life of insertion for each experiment were normally distributed. Hence all values are
reported as mean ± SEM. Surface fluorescence and half-life of insertion of different receptor
subtypes was compared using a t test. Significant differences are denoted wherever
applicable.

Results
Insertion of t-γ2 and t-δ subunit-containing GABARs was distinct

Insertion of the receptors containing t-γ2 or t-δ subunits assembled with α1β3 subunits was
determined in HEK293 cells. Cells expressing these receptors were incubated with
unlabeled α-BT to block the binding site (BBS) on existing surface receptors and then
incubated at 37°C for 30 or 60 min. Newly inserted receptors were detected by incubation
with labeled α-BT. Surface α-BT fluorescence (red) was evident in cells expressing α1β3t-
γ2 subunit-containing receptors following incubation at 37°C for 30 as well as 60 min (Fig.
1). In contrast, surface α-BT fluorescence was minimal in the cells expressing α1β3t-δ
subunit-containing receptors following incubation at 37°C for 30 min, but became visible
after 60 min (Fig. 1). These observations raised the possibility that the time course of
insertion of γ2- and δ-GABARs at the surface membrane could be distinct. In the subsequent
studies the time course of insertion of γ2- and δ-GABARs was characterized.

Insertion of t-γ2 and t-δ subunit-containing receptors in HEK293 cells
Newly inserted α1β3t-γ2 subunit-containing receptors appeared within minutes (Fig. 2A).
Surface fluorescence increased with time, until it reached a plateau at 30 min (Fig. 2A,
Table 1); 42 ± 6% and 43 ± 6% of all surface-expressed receptors were newly inserted
within 30 and 60 min, respectively. The normalized surface fluorescent area was plotted as a
function of time (Fig. 2B). Previous studies have reported that the interaction between BBS
and α-BT is stable over a period of 3 hrs (Bogdonov et al, 2006), and we also found a stable
interaction (data not shown). Thus the increase in surface fluorescence was due to
appearance of new receptors at the surface membrane, and accordingly, the relationship was
best described by a single-phase exponential association equation Y=Y0 + (Ymax−Y0)*
(1−e(−k*time)), where Ymax was the IR area at the peak, Y0 was the IR area at time 0, and k
was the time constant in minutes−1. The best fit of the data suggested an insertion time
constant of 0.043 ± 0.007 min−1, half-time was 12.5 ± 1.1 min (Fig. 2B).

We confirmed that the increase in surface fluorescence over time was due to the insertion of
new receptors. The synthesis and insertion of receptors is mediated by temperature sensitive
enzymes. Therefore incubation at room temperature is likely to slow insertion. Incubation at
room temperature slowed the insertion of α1β3t-γ2 subunit-containing receptors (Fig. 2A,
C). The surface α-BT fluorescence in the cells incubated at RT for 60 min was 0.036 ±
0.018 (n=20 cells). Thus, only 11 ± 6% of all surface expressed receptors were newly
inserted after 60 min of incubation at RT compared to 42 ± 6% at 37°C (p<0.05).

Additionally, blockade of ER to Golgi protein transport is also expected to inhibit surface
insertion of newly synthesized receptors. Fungal toxin brefeldin-A blocks protein traffic
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from the ER to Golgi bodies by inhibiting ADP-ribosylation factor (ARF) (Helms and
Rothman, 1992). Incubation at 37 °C for 60 min in the presence of brefeldin-A (5 μg/ml)
also slowed the insertion (Fig. 2A, C), the surface α-BT fluorescence in these cells was
0.049 ± 0.007 (n=15 cells), which corresponded to 22 ± 10% of all surface expressed
receptors (p<0.05).

The insertion of α1β3t-δ subunit-containing receptors was also studied. Initial appearance of
α-BT surface fluorescence required 30 min for α1β3t-δ subunit-containing receptors, the
surface fluorescence peaked at 120 min and remained stable thereafter (Fig. 3A, Table 1).
The time constant of the reaction was 0.015 ± 0.003 min−1, and the reaction half-life was 65
± 16 min (Fig. 3B). The surface fluorescence in cells incubated at RT for 120 min was 0.023
± 0.01 (n=10 cells) whereas that in the cells incubated for 120 min in the presence of
brefeldin-A was 0.014 ± 0.008 (n=12 cells, p<0.05). During the incubation at 37 °C for 120
min, 40 ± 3%, of surface receptors were newly inserted, this number was lower in the cells
incubated at RT (34 ± 17%, n=12 cells, n=10 cells) or with brefeldin-A (22 ± 8%). Thus, the
insertion of α1β3t-δ subunit-containing receptors required a longer time, and this process
was also temperature and brefeldin-A-sensitive (Fig. 3C).

These studies revealed that the insertion of γ2-GABARs was significantly faster than that of
δ-GABARs expressed in HEK293 cells (Fig. 2B and 3B). However in the hippocampal
DGCs the δ subunits assemble with the α4 subunits and it was possible that native subunit
assembly-containing GABARs were inserted more efficiently in the surface membrane.
Therefore, insertion of the α4β3t-δ subunit-containing receptors was also studied in HEK293
cells.

Insertion of α4β3t-δ subunit-containing receptors was faster than that of α1β3t-δ subunit-
containing receptors

Surface α-BT labeling corresponding to newly inserted surface receptors was compared
between the cells expressing α4β3t-δ and α1β3t-δ subunit-containing receptors (table 1, Fig.
4A). However this number could be influenced by the total number of surface expressed
receptors. Hence α-BT fluorescence corresponding to the newly inserted receptors was
expressed as a percentage of α-BT fluorescence corresponding to the total surface expressed
receptors (Fig. 4B). The reaction time constant calculated from these curves revealed that
insertion of α4β3t-δ subunit-containing receptors was faster than those containing α1β3t-δ
subunits (Fig. 4C). The half-life of insertion of α4β3t-δ subunit-containing receptors was
shorter than that of α1β3t-δ subunit-containing receptors (37 ± 7 min vs 58 ± 8 min,
p<0.05). Thus α1 or α4 subunits appeared to influence the rate of insertion of δ-GABARs.
Furthermore, the insertion of α4β3t-δ subunit-containing receptors was also significantly
slower than that of α1β3t-γ2 subunit-containing receptors (37 ± 7 min vs 12 ± 1 min,
p<0.05).

We similarly determined whether α1 or α4 subunits also influenced the insertion of t-γ2
subunit-containing receptors (Fig. 4D–F). However the rate of insertion of t-γ2 subunit-
containing receptors assembled with α1 or α4 subunits was similar. α4β3t-γ2 subunit-
containing receptors also appeared at the surface membrane within minutes (Table 1). The
half-time of the insertion of receptors containing α1β3t-γ2 or α4β3t-γ2 subunits was similar,
12 ± 1 min and 19 ± 4 min, respectively (p>0.05). The fraction of surface-expressed
receptors replaced by newly inserted receptors within 30 min was also similar (42 ± 5% and
36 ± 7%, respectively). Thus α1 or α4 subunits did not influence insertion of γ2-GABARs.

Studies in HEK293 cells expressing recombinant receptors revealed that γ2 and δ subunits
primarily determined the rate of insertion of GABARs. The insertion of γ2-GABARs was
significantly faster than that of δ-GABARs. However, HEK293 cells may not fully express
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the specialized mechanisms involved in targeting and secretion of surface proteins in
neurons (Kennedy and Ehlers, 2011; Vithlani et al., 2011). Therefore, in the subsequent
studies the rate of insertion of native γ2-GABARs and δ-GABARs was determined in
cultured hippocampal neurons.

Appearance of new γ2-GABARs on the surface membrane
The appearance of new γ2-GABARs over the surface membrane was determined in cultured
hippocampal pyramidal neurons using an antibody saturation assay. All surface receptors
were blocked with the unlabeled primary antibody at the beginning of the experiment, and
newly inserted receptors were detected after incubation at 37°C by a labeled primary
antibody directed against an epitope in the extracellular domain of the γ2- subunit.

Immunoreactivity (IR) of newly inserted γ2-GABARs appeared over the surface membrane
within minutes (Fig. 5A). Surface γ2 subunit IR appeared within 5–15 min and reached a
steady state in 30–45 min (Table 1). The IR appeared simultaneously over the cell soma and
dendrites at all times. The normalized surface IR area was plotted as a function of time (Fig.
5B). Similar to that in HEK293 cells, the best fit of data to a single-phase exponential
association equation revealed half-life of 14 ± 7 min (n=18–40 cells from 3–6 replicates). In
each experiment, some cultures were incubated with fluorescently labeled primary antibody,
without incubation with a blocking antibody, in order to determine the total number of
surface-expressed receptors. After 30 min, newly inserted receptors constituted 62 ± 12% of
the surface-expressed receptors.

Incomplete blockade of existing surface receptors by the unlabeled antibody could
contribute to the observed γ2-GABAR IR. In order to control for incomplete blockade of
existing surface receptors, labeled anti-γ2 subunit antibody was added immediately
following incubation with unlabeled antibody. Surface IR was absent when either anti-γ2 or
anti-δ subunit antibodies were used (Fig. 5A, time 0), and confirmed the complete blockade
of epitopes on existing surface receptors by the unlabeled antibody.

The blocking antibody could dissociate from the receptor during incubation (at 37°C), which
would confound the results. The stability of the antibody-antigen complex was confirmed by
fixing cultures immediately following incubation with blocking antibodies. Fixed cultures
were incubated at 37°C for 0 hr or 1 hr, and the antigen-bound antibody was detected with a
fluorescent secondary antibody. If dissociation of the antibody-antigen complex occurred,
then fluorescence would decline. However, the surface fluorescence in neurons incubated at
37°C for 1 hr before addition of labeled secondary antibody was 1.0 ± 0.04 (n=6), similar to
that in neurons, in which the labeled secondary antibody was added immediately following
fixation (1.0 ± 0.1, n=6, p>0.05); this suggested that the antibody-antigen complex was
stable.

Furthermore, incubation with brefeldin-A appeared to reduce surface membrane insertion of
receptors (Fig. 5A, panel BFA). Surface fluorescence in cultures incubated with brefeldin-A
was lower than that in cultures incubated without brefeldin-A (0.03 ± 0.01 vs 0.07 ± 0.01,
n=15 cells 3 replicates).

Time course of insertion of δ-GABARs
Appearance of new δ-GABARs over the surface membrane was studied similar to that for
γ2-GABARs. However appearance of surface δ subunit IR was slow and the δ subunit IR
was clearly evident on the surface membrane after 60 minutes of incubation, and remained
restricted to the cell soma (Fig. 6A). The δ subunit IR increased with incubation time to
reach a peak at 2 hrs (Table 1), and was visible over the cell soma as well as dendrites at this
time. The data were fit to a single-phase association function (Fig. 6B). The half-life of the
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process was 52 ± 16 min. After 120 min, 54 ± 11 % of the surface-expressed receptors were
newly inserted.

The δ subunit and anti-δ subunit antibody complex was also stable and the surface
fluorescence in neurons incubated with anti-δ subunit antibody was stable over a 3-hour
period of incubation (0.7± 0.1 vs 0.5 ± 0.1, n=6, p>0.05). Furthermore, insertion of δ-
GABARs was also sensitive to blockade by Brefeldin-A (Fig. 6A). In the neurons incubated
with brefeldin-A, surface δ subunit IR was lower than those incubated without brefeldin-A
(0.02 ± 0.01 vs 0.06 ± 0.02, n= 10–36 cells from 4 replicates).

To ensure that differences in the expression of γ2- and δ-GABARs did not influence
measurement of rate of insertion of GABARs, the fraction of newly inserted receptors was
normalized to total surface expression of the receptors (Fig. 7). The data was best described
by a single-phase exponential association equation with half-life 9 ± 2 min and 36 ± 7 min
for γ2-GABARs and δ-GABARs respectively (p<0.05). Thus differences in the surface
expression of γ2- and δ-GABARs appeared unlikely to contribute to observed differences in
the half-life of insertion of these receptors.

Furthermore, the rate of insertion of native or recombinant γ2-GABARs (14 ± 7 min vs. 12
± 3 min) and δ-GABARs (52 ± 16 vs 37 ± 7 min) were similar. Together these studies
revealed distinct rate of insertion of γ2-GABARs and δ-GABARs in cultured hippocampal
neurons and HEK293 cells.

Discussion
The major findings of this study are 1) in HEK293 cells and cultured hippocampal neurons,
surface membrane insertion of γ2-GABARs was faster than that of δ-GABARs and 2) α1 or
α4 subunits did not influence the rate of insertion of γ2-GABARs, but the insertion of
α4β3δ-GABARs was faster than that of α1β3δ-GABARs.

This study used recombinant receptors containing t-γ2 and t-δ subunits expressed in
HEK293 cells and an antibody saturation assay in cultured hippocampal neurons to
determine the rate of insertion. The BBS derived from α subunit of nicotinic acetylcholine
receptors binds to α-BT with high affinity (Scherf et al., 1997). It has been used in the past
to study membrane expression and/or insertion of AMPA receptors, GABA-B receptors, and
Kv4.2 channels (Sekine-Aizawa and Huganir, 2004; Wilkins et al., 2008; Moise et al.,
2010), and that of GABARs via use of tagged β3 or α4 subunits (Bogdanov et al., 2006;
Abramian et al., 2010; Saliba et al., 2012). In accordance with previous studies, addition of
BBS was functionally silent and did not influence trafficking of GABARs. Use of t-γ2 and t-
δ subunits in this study was also advantageous as only ternary receptor complexes were
detected and any influence of αβ subunit-containing receptors was avoided.

An antibody saturation assay was used to detect insertion of native receptors in cultured
hippocampal pyramidal neurons. Although, the cultures used in this study were a mixture of
pyramidal neurons and interneurons, their morphological features are distinct (Craig et al,
1993; Benson et al, 1994). The technique of antibody saturation assay has been used to
determine internalization of GABARs, and insertion of glycine and AMPA receptors (Lu et
al., 2001; Rosenberg et al., 2001; Goodkin et al., 2005; 2008; Joshi and Kapur, 2009;
Rannals and Kapur, 2011). Mouse monoclonal antibodies used in this study identified a
single epitope and the erroneous detection of the same receptor during the second round of
incubation with labeled primary antibody, which may occur with polyclonal antibodies, was
avoided. The observed rate of insertion of γ2-GABARs was similar to the rate of insertion of
GABARs reported previously using tagged β3 subunits (13 ± 2 min) (Saliba et al., 2012). It
is possible that differences in the expression of γ2- and δ-GABARs masked the slower
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insertion of δ-GABARs in the study by Saliba and colleagues. The rate of insertion of
GABARs could also be distinct in principal neurons and interneurons, and further studies
are necessary to determine if that is the case.

The exocytosis of GABARs is a multi-step processes regulated by various proteins (Luscher
et al, 2011). However, in this study only the appearance of receptors at the surface
membrane was monitored. Each newly appearing receptor had a single antibody- or α-BT-
binding site. Furthermore, the interactions between antibody-antigen or BBS-α-BT were
stable over a period of 3 hrs. Hence the increase in fluorescence over time was solely
dependent on the rate at which new receptors appeared on the surface membrane. A single-
phase exponential association equation best fit the data, which was in accordance with
previous studies, which used similar techniques to measure the kinetics of insertion or
removal of AMPA, GABAA, and GABAB receptors (Ehlers, 2000; Passafaro et al., 2001;
Goodkin et al, 2005; Wilkins et al, 2008; Joshi and Kapur, 2009; Rannals and Kapur, 2011;
Hannan et al, 2012; Kuver et al, 2012; Saliba et al, 2012). In contrast, the insertion of
glycine receptors appeared to follow a bi-phasic pattern due to different rate of insertion of
receptors over soma and dendrites (Rosenberg et al, 2001). Further studies are necessary to
determine somatic vs dendritic differences, if any, in the rate of insertion of GABARs.

The γ2 and δ subunits regulated the rate of insertion of GABARs, insertion of γ2-GABAR
was much faster that that of δ-GABARs. The rate of AMPA and GABAB receptor insertion
is also regulated by assembling subunits; GluR2 subunit-containing receptors are inserted
faster than those containing GluR1 subunits, and similarly R1b subunit-containing GABAB
receptors are inserted faster than those containing R1a subunits (Passafaro et al., 2001;
Hannan et al, 2012). It was interesting to note that new γ2-GABARs appeared
simultaneously over cell soma and dendrites of cultured hippocampal neurons, whereas δ-
GABARs were initially evident over the cell soma and later appeared over the dendrites as
well. It remains to be seen whether δ-GABARs were also inserted over dendrites but were
below detection threshold at earlier time points.

ER exit is the rate-limiting step that regulates the delivery of proteins to the membrane. ER
retention motifs (RXR) present on ATP-sensitive K+ channels, calcium channels, GluR2
subunits of AMPA receptors, 5-HT3B subunits of 5-hydroxytryptamine type 3 receptors,
GB1 subunit of GABAB receptors, and NR2 subunits of NMDA receptors are shielded in
fully assembled channels, leading to their exit from the ER (Zerangue et al., 1999; Bichet et
al., 2000; Margeta-Mitrovic et al., 2000; Scott et al., 2001; Greger et al., 2002; Boyd et al.,
2003). Interaction of assembled receptors with chaperon proteins also determines the rate of
ER exit and transport. For example, Q/R editing of AMPA receptors leads to differential
interaction with chaperon proteins SAP97 and PICK1, resulting in fast and slow ER exit
respectively (Greger et al, 2002). Interaction of C terminal regions of NR1 subunit of
NMDA receptors or AMPA receptor subunits with PDZ proteins also suppress their ER
retention (Standley et al., 2000; Scott et al., 2001; Greger et al, 2002). Post-translational
modifications such as glycosylation and phosphorylation also facilitate ER exit of AMPA
receptors and N acetyl choline receptors respectively (Green et al., 1991; Greger et al,
2002). In case of GABARs, functional receptors could be formed from αβ but not αγ or βγ
subunits (Angelotti et al., 1993). This suggests that αβ subunits are assembled first and γ2 or
δ subunits added subsequently. The intracellular loop between TM3 and TM4 is variable
between in the γ2 and δ subunits (Shivers et al., 1989), and this region interacts with various
regulatory proteins (Chen and Olsen, 2007). Receptors that express the γ2 subunit with an
intracellular loop from the δ subunit are not expressed at the synapses (Christie et al., 2006).
Therefore, studies that concentrate on the intracellular loop could uncover potential
mechanisms that underlie temporal distinctions in the secretion of γ2- and δ-GABARs.
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In the neurons and neuroendocrine systems, which express some of the best studied
exocytosis mechanisms, distinct kinetics have been reported based on the type of cargo
carrying vesicles [see review (Martin, 2003)]. For example, calcium induced exocytosis of
neurotransmitters can occur via synaptic vesicles or dense core vesicles; release via synaptic
vesicles occurs within milliseconds whereas that via dense core vesicles require hundreds of
milliseconds (Martin, 2003). The readily releasable pool of vesicles, which supports fast
exocytosis, is replenished from the pool of slow release vesicles and both these pools are in
equilibrium with the cytoplasmic vesicle pool. On the other hand, exocytosis of membrane
proteins including synaptic GABARs, GABA-B, AMPA, and glycine receptors require tens
of minutes (Lu et al., 2001; Passafaro et al., 2001; Rosenberg et al., 2001; Wilkins et al,
2008; Saliba et al., 2012). It is possible that observed differences in the exocytosis of γ2-
and δ-GABARs are associated with distinct type of vesicles carrying them; in addition the
receptors in recycling vesicles could also influence the rate of exocytosis.

Internalization, insertion and reinsertion processes regulate the number of surface expressed
receptors. As the number of surface receptors remains unchanged over time, the processes of
internalization, insertion and reinsertion are likely in a dynamic equilibrium. However
various stimuli change surface GABAR expression. Global increase in the activity alters
surface γ2-GABAR expression associated with changes in internalization (Goodkin et al,
2005; 2008; Terunuma et al., 2008; Rannals and Kapur, 2011). Alcohol-induced
internalization of δ-GABARs also leads to reduced surface α4 and δ subunit expression in
the hippocampus (Gonzalez et al., 2012). Furthermore, BDNF also changes surface
expression of synaptic and extrasynaptic GABARs likely due to altered internalization
(Connolly et al., 1999; Kittler et al., 2000; Joshi and Kapur, 2009). However whether the
rate of GABAR insertion was also affected by these stimuli was not studied. Current study
characterized kinetics of insertion of GABARs under basal conditions; similar assay can be
used to determine stimuli that influence the rate of insertion.

Interestingly, assembling α1 or α4 subunits did not influence the insertion of γ2-GABARs,
whereas insertion of α4δ subunit-containing receptors was faster than those containing α1δ
subunits. Studies using concatameric subunits expressed in heterologous systems also
suggest that α subunits influence the assembly of δ-GABARs but not γ2-GABARs (Baur et
al., 2010). Mechanisms underlying these differences are currently unknown.

In conclusion this study demonstrated distinct rates of insertion of γ2-GABARs and δ-
GABARs expressed in cultured hippocampal neurons and HEK293 cells.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Rapid appearance of γ2-GABARs on surface membrane of HEK293 cells. Surface α-BT
fluorescence in the HEK293 cells expressing α1β3t-γ2 or α1β3t-δ subunit-containing
receptors. Following blockade of existing surface receptors with unlabeled α-BT, the cells
were incubated at 37 °C for 30 or 60 min, and newly inserted receptors were detected by
incubation with labeled α-BT (red). GFP fluorescence was used to detect transfected cells.
Insets in each panel show red fluorescence of surface α-BT in single cells from each panel
to highlight the differences.
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Figure 2.
Insertion of α1β3t-γ2 subunit-containing receptors in HEK293 cells. A: Representative
images showing surface α-BT fluorescence in the cells incubated at 37°C for 0, 15, 30 and
60 min, or at RT (panel RT), or with brefeldin-A (5 μg/ml) for 60 min at 37°C (panel BFA).
B: The α-BT surface fluorescence was normalized to the cell area, and plotted against the
time of incubation at 37°C. C: As a control α-BT fluorescence corresponding to newly
inserted receptors was also studied in the cells incubated at RT (gray) or with 5 μg/ml
brefeldin-A (black, BFA) for 60 min. The α-BT fluorescence in the cells incubated at 37°C
(white) is also plotted for comparison. *P<0.05 vs control (cells incubated at 37°C).
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Figure 3.
Insertion of α1β3t-δ subunit-containing receptors in HEK293 cells. A: Representative
images showing surface α-BT fluorescence corresponding to newly inserted receptors after
0, 30, 60, 120, 180 and 240 min of incubation. Representative images showing surface α-BT
fluorescence in the cells incubated at RT or with brefeldin-A for 120 min (BFA) are also
shown. B: Surface α-BT fluorescence normalized to the cell area was plotted as a function
of time. C: Surface fluorescence of newly inserted receptors normalized to the cell area in
the cells expressing α1β3t-δ subunit-containing receptors, incubated at 37°C (white bars), at
RT (gray bars) or at 37°C with 5 μg/ml brefeldin-A (black bars, BFA) for 120 min. *
p<0.005 vs control (cells incubated at 37°C).
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Figure 4.
Influence of α1 and α4 subunits on the insertion of γ2 or δ subunit-containing receptors. A:
The time course of insertion of α1β3t-δ or α4β3t-δ subunit-containing receptors. The
increase in surface α-BT fluorescence normalized to cell area was plotted as a function of
time. B: Newly inserted receptors were plotted as a percentage of total surface expressed
receptors over time. C: Average half-life of insertion of α1β3t-δ or α4β3t-δ subunit-
containing receptors. * p<0.05. D: Comparison of the insertion of α1β3t-γ2 or α4β3t-γ2
subunit-containing receptors. E: Newly inserted receptors expressed as a percentage of total
surface expressed receptors were plotted against time. F: Average half-life of insertion of
α1β3t-γ2 or α4β3t-γ2 subunit-containing receptors.
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Figure 5.
The time course of the insertion of γ2-GABARs in cultured hippocampal neurons using an
antibody-saturation assay. A: Representative images showing IR of newly inserted γ2-
GABARs (red) over the cell soma and dendrites after 0, 5, 15, 30 and 60 min of incubation
at 37°C. Total surface expression of γ2-GABARs is shown in the panel total surface.
Immunoreactivity of MAP2 (green) was used to identify the dendrites. Image BFA shows
immunoreactivity of newly inserted γ2-GABARs in a representative neuron incubated with
brefeldin-A (5 μg/ml) for 60 min at 37°C. The white bar in the γ2 total surface panel
corresponds to 10 μm. Panels on the right are magnified portions of dendrites to show newly
inserted receptors. B: Surface γ2 subunit IR was normalized with the cell area and plotted as
a function of time. A single-phase association equation best fit the data. n=25–30 neurons
from 4–5 replicates per time point.
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Figure 6.
The time course of insertion of δ-GABARs in cultured hippocampal neurons. A:
Representative images showing IR of newly inserted δ-GABARs (red) over the cell soma
and in the dendrites of neurons incubated at 37°C for 0, 30, 60, 120 and 180 min. Total
surface expression of δ-GABARs is shown in the panel total surface. Surface δ subunit IR in
the neurons incubated with brefeldin-A (5 μg/ml) for 60 min is also shown (BFA). Panels on
the right show δ subunit IR over the dendrites. The white bar corresponds with 10 μm.
MAP2 IR (green) was used to identify dendrites. Panels on the right are magnified portions
of dendrites showing δ subunit IR. B: Surface δ subunit IR was normalized to the cell area
and plotted as a function of time (gray). A single-phase association equation best fit the data.
n=25–30 neurons from 4–5 replicates per time point.
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Figure 7.
Comparison of the time course of γ2-GABAR and δ-GABAR insertion over the surface
membrane. Newly inserted γ2-GABARs and δ-GABARs over time were plotted as a
percentage of surface expressed receptors. n=25–30 neurons from 4–5 replicates per time
point. Inset shows half-life of insertion in individual experiments with mean and SEM.
N=4–6. * p<0.05.
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