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The postsynaptic scaffolding A-kinase anchoring protein 79/150 (AKAP79/150) signaling complex regulates excitatory synaptic trans-
mission and strength through tethering protein kinase A (PKA), PKC, and calcineurin (CaN) to the postsynaptic densities of neurons
(Sanderson and Dell’Acqua, 2011), but its role in inhibitory synaptic transmission and plasticity is unknown. Using immunofluorescence
and whole-cell patch-clamp recording in rat midbrain slices, we show that activation of postsynaptic D2-like family of dopamine (DA)
receptor in the ventral tegmental area (VTA) induces long-term depression (LTD) of GABAergic synapses on DA neurons through an
inositol triphosphate receptor-mediated local rise in postsynaptic Ca 2� and CaN activation accompanied by PKA inhibition, which
requires AKAP150 as a bridging signaling molecule. Our data also illuminate a requirement for a clathrin-mediated internalization of
GABAA receptors in expression of LTDGABA. Moreover, disruption of AKAP–PKA anchoring does not affect glutamatergic synapses onto
DA neurons, suggesting that the PKA–AKAP–CaN complex is uniquely situated at GABAA receptor synapses in VTA DA neurons to
regulate plasticity associated with GABAA receptors. Drug-induced modulation of GABAergic plasticity in the VTA through such novel
signaling mechanisms has the potential to persistently alter the output of individual DA neurons and of the VTA, which may contribute
to the reinforcing or addictive properties of drugs of abuse.

Introduction
GABAA receptor (GABAAR)-mediated GABAergic transmission
provides synaptic inhibition at the vast majority of inhibitory
synapses in the brain in which it regulates the excitability and
function of the individual neurons as well as neural networks.
Mounting evidence suggests that synaptic plasticity at GABAergic
synapses plays an important role in normal brain functions, such
as experience-dependent learning, but also in pathological con-
ditions, including drug addiction (Dacher and Nugent, 2011a).
As with plasticity at excitatory synapses, both long-term potenti-
ation (LTP) and long-term depression (LTD) occur at GABAer-
gic synapses in different areas of the brain, including the ventral
tegmental area (VTA) (Nugent and Kauer, 2008). Dopamine
(DA) release from VTA DA neurons in limbic forebrain areas,
such as the nucleus accumbens (NAc), controls reward-
motivated learning. Indeed, direct optogenetic activation of VTA
DA neurons is reinforcing (Adamantidis et al., 2011), and all
major drugs of abuse mediate their reinforcing effects by increas-
ing DA release from the VTA (Di Chiara and Imperato, 1988).

The strength of both glutamatergic and GABAergic synapses on
VTA DA neurons are shown to be altered in response to drugs of
abuse, and this drug-induced plasticity is thought to underlie
long-lasting behavioral changes associated with drug experience
(Lüscher and Malenka, 2011), yet the precise molecular mecha-
nisms by which addictive drugs alter synaptic plasticity remain
unclear.

Recently, we described a novel form of activity-induced
GABAergic plasticity in VTA DA neurons (LTDGABA) that was
absent in slices from rats that received a single in vivo exposure to
morphine (Dacher and Nugent, 2011b). Similarly, LTP at the
same GABAergic synapses in VTA DA neurons (LTPGABA) was
blocked after a single in vivo morphine treatment (Nugent et al.,
2007). These data suggest that GABAergic plasticity in the VTA is
an important target for opiates and maybe other addictive drugs
in modulating the excitability of DA neurons. To address the
question of how drugs of abuse can trigger or modulate GABA-
ergic plasticity at synapses, it is essential to identify the underlying
mechanisms that mediate this plasticity. In the present study, we
demonstrate a novel role for A-kinase anchoring protein 150
(AKAP150)-dependent signaling in mediating LTDGABA. The
AKAP family of scaffold proteins plays an important role in lo-
calization of specific kinases [e.g., protein kinases A (PKA) and C
(PKC)] and phosphatases [e.g., calcineurin (CaN)] to the syn-
apses that control NMDA, AMPA, and GABAA receptor traffick-
ing and function (Klauck et al., 1996; Luscher et al., 2011;
Sanderson and Dell’Acqua, 2011). Moreover, disruption of
AKAP150-dependent signaling in the NAc has been found to
impair the reinstatement of cocaine-seeking behavior through
modulation of AMPA receptor (AMPAR) trafficking, suggesting
the critical role of AKAP proteins in susceptibility to relapse
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(Reissner et al., 2011), although the role of AKAP signaling in
synaptic transmission and plasticity in the VTA is unexplored.
Here, we provide the first evidence for the selective regulation of
GABAAR trafficking-mediated GABAergic plasticity by endogenous
DA and D2 receptors (for simplicity, the D2-like family of DA recep-
tors will be identified as D2Rs throughout) that requires an inhibi-
tory G-protein–PKA–inositol triphosphate receptor (IP3R)–Ca2�–
CaN–AKAP signaling mechanism.

Materials and Methods
Slice preparation for electrophysiology. For electrophysiological studies,
we used 14- to 22-d-old Sprague Dawley (male and female) rats. Housing
and care were the same as described previously (Dacher and Nugent,
2011b). Midbrain horizontal slices (250 �m) were cut and incubated at
least 1 h at 34°C before recordings in artificial CSF (ACSF) containing the
following (in mM): 126 NaCl, 21.4 NaHCO3, 2.5 KCl, 1.2 NaH2PO4, 2.4
CaCl2, 1.0 MgSO4, 11.1 glucose, and 0.4 ascorbic acid (saturated with
95% O2/5% CO2). Slices were then transferred to a recording chamber
and submerged in warm (28°C) ascorbic acid-free ACSF.

Electrophysiology. Whole-cell recordings were performed using a patch
amplifier (Multiclamp 700B) under infrared differential interference
contrast microscopy. Data acquisition and analysis were performed using
DigiData 1440A and pClamp 10 (Molecular Devices). GABAAR-mediated
IPSCs were isolated and recorded as described previously (Dacher and Nu-
gent, 2011b) in ACSF containing 6,7-dinitroquinoxaline-2,3-dione (10 �M),
and strychnine (1 �M). In some experiments, AMPAR-mediated EPSCs
were isolated and recorded using ACSF containing picrotoxin (100 �M). The
patch pipettes were filled with the following (in mM): 125 KCl, 2.8 NaCl, 2
MgCl2, 2 ATP-Na�, 0.3 GTP-Na�, 0.6 EGTA, and 10 HEPES, pH adjusted
to 7.28 with KOH (osmolarity adjusted to 275–280 mOsm). A subset of
experiments with quinpirole used an internal solution in which 125 mM CsCl
was substituted for KCl, and CsOH was used to adjust the pH. Cells were
voltage clamped at �70/�80 mV, except during the LTD protocol. The cell
input resistance and series resistance were monitored through the experi-
ment, and, if these values changed by �10%, data were not included. Paired
GABAA IPSCs or AMPAR-mediated EPSCs were stimulated using a bipolar
stainless steel stimulating electrode placed 200–500 mm rostral to the re-
cording site in the VTA at 0.1 Hz (100 �s). The stimulation intensity was
adjusted so that the amplitude of synaptic responses ranged from �200 to
�800 pA. LTD was induced using low-frequency stimulation (LFS) of 1 Hz
for 6 min while cells were voltage clamped at �40 mV (for simplicity, in all
figures, “pairing” represents the protocol used for LTD induction). The ap-
pearance of an hyperpolarization-activated current (Ih) (�50 pA) in re-
sponse to stepping cells from �50 to �100 mV was used to identify VTA DA
neurons.

Drug treatment. Drugs were present in ACSF perfusing slices in the re-
cording chamber at the indicated concentrations for at least 15 min before
the LTD protocol. Interleaved control experiments were performed with
experiments in which drugs were bath applied. For BAPTA experiments, the
intra-pipette solution contained 80–90 mM KCl and 20–30 mM BAPTA,
with no added EGTA. Slices were preincubated in 1 �M cyclosporin A for �2
h before being transferred into the recording chamber. The drug was also
present throughout the experiments. In a subset of experiments, cyclospor-
ine A (1 �M) was used in the intracellular recording pipette. FK506 [(3S,4R,
5S,8R,9E,12S,14S,15R,16S,18R,19R,26aS)-5,6,8,11,12,13,14,15,16,17,18,19,
24,25,26,26a-hexadecahydro-5,19-dihydroxy-3-[(1E)-2-[(1R,3R,4R)-4-
hydroxy-3-methoxycyclohexyl]-1-methylethenyl]-14,16-dimethoxy-4,10,
12,18-tetramethyl-8-(2-propen-1-yl)-15,19-epoxy-3H-pyrido[2,1-c][1,
4]oxaazacyclotricosine-1,7,20,21(4H,23H)tetrone] was dissolved in DMSO
and diluted to the final concentration in the intracellular recording pipette.
All the drugs were purchased from Sigma, Tocris Bioscience, or Calbiochem.
Ht31 and Ht31p (control peptide) were obtained from Promega. Pitstop2
and its control peptide were purchased from Abcam.

Data analyses. Values are presented as means � SEM. Statistical sig-
nificance was determined using repeated-measures ANOVA with signif-
icance level of p � 0.05. Levels of LTD are reported as averaged IPSC
amplitudes for 5 min just before LTD induction compared with averaged
IPSC amplitudes during the 5 min period from 20 to 25 min after the

protocol. Levels of quinpirole-/PKI(6 –22)-/Ht31-induced depression are
reported as averaged IPSC amplitudes for 5 min just before the emer-
gence of drug-induced synaptic depression compared with averaged
IPSC amplitudes during the last 5 min period of the peak response. The
average time point of drug-induced rundown represents averaged dura-
tions after the initiation of the whole-cell configuration and the emer-
gence of drug-induced depression, calculated in each experiment.
Paired-pulse ratios (PPRs) (50 ms interstimulus interval) were measured
over 5 min epochs of 30 IPSCs as described previously (Nugent et al.,
2007).

Immunohistochemistry and image analyses. Male adult Sprague Dawley
rats weighing 300 g (Taconic Farms) were housed individually in a plastic
cage and kept on a 12 h light/dark cycle. Food and water were provided ad
libitum. Rats were anesthetized with an intraperitoneal injection contain-
ing ketamine (85 mg/kg) and xylazine (10 mg/kg) and perfused through
the aorta with 300 ml of heparinized 1� PBS, followed by 250 ml of 4%
paraformaldehyde (PFA) (USB). The brains were dissected and placed in
4% PFA for 24 h and then cryoprotected by submersion in 20% sucrose
for 3 d, frozen on dry ice, and stored at �70°C until sectioned. Sections of
the VTA were cut using a cryostat (Leica CM1900) and mounted on
slides. Serial coronal sections (20 �m) of the midbrain containing the
VTA [from �4.92 to �6.72 mm caudal to bregma (Paxinos and Watson,
2007)]) were fixed in 4% PFA for 5 min, washed in 1� PBS, and then
blocked in 10% normal horse serum (NHS) containing 0.3% Triton
X-100 in 1� PBS for 1 h. Sections were incubated in rabbit anti-tyrosine
hydroxylase (TH) (1:1000; Calbiochem) and goat anti-AKAP150 (1:500;
Santa Cruz Biotechnology) in carrier solution (0.5% NHS in 0.1% Triton
X-100 in 1� PBS) overnight at room temperature. After rinsing in 1�
PBS, sections were incubated for 2 h in Alexa Flour 488-labeled chicken
anti-goat IgG and Alexa Flour 568-labeled donkey anti-rabbit IgG (both
diluted 1:200). Finally, sections were rinsed in 1� PBS, dried, and cov-
erslipped with Prolong mounting medium containing DAPI to permit
visualization of nuclei. Background staining was assessed by omission of
primary antibody in the immunolabeling procedure (negative control).
VTA tissue sections of rats with previously established presence of TH/
AKAP150 immunoreactive neurons were processed as positive control
tissue. Images were captured using a Carl Zeiss Pascal Confocal Inverted
Microscope System with 100�/1.4 numerical aperture oil-immersion
objective.

Results
Synaptic LFS with modest depolarization (a pairing LTD proto-
col) induced LTD of the GABAAR-mediated evoked IPSCs onto
VTA DA neurons as we reported previously (Dacher and Nugent,
2011b). However, in response to the same pairing stimulation
paradigm, GABAergic synapses onto VTA GABAergic neurons
(lacking Ih current) did not exhibit the IPSC LTDGABA (Fig. 1a–
c), suggesting that Ih

(�) neurons (presumably GABAergic neu-
rons) differed from Ih

(�) neurons because none of the former
exhibited LTDGABA. Because of the increasing recognition of het-
erogeneity among DA neurons in regard to their intrinsic elec-
trophysiological properties, responses to external stimuli, and
projection target (Ford et al., 2006; Margolis et al., 2006b;
Lammel et al., 2008, 2011), in the present study, we consistently
recorded from a region of the VTA (in the dorsal and caudal
VTA) that is shown to contain mostly NAc-projecting DA neu-
rons with Ih positivity (Margolis et al., 2006a,b). Therefore, the
expression of LTDGABA might be one uniform physiological
property of Ih-expressing neurons in the caudal VTA and may be
specific to NAc-projecting DA neurons.

Postsynaptic depolarization or presynaptic stimulation is
necessary but not sufficient to induce LTDGABA

The LTD induction protocol is a pairing paradigm so it is un-
known whether either low-frequency presynaptic stimulation
or postsynaptic depolarization alone is sufficient to induce
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LTDGABA. To test these individual components of the pairing
protocol, we first attempted to induce LTDGABA while cells were
voltage clamped at �70 to �95 mV during the induction proto-
col to minimize postsynaptic depolarization. Under these condi-
tions, low-frequency presynaptic stimulation failed to induce
LTDGABA, suggesting that at least some voltage-dependent pro-
cesses may be critical for the induction of LTDGABA (Fig. 1d,
pre-stim experiments). Given that L-type voltage-gated Ca 2�

channels (VGCCs) can provide the postsynaptic Ca 2� entry nec-
essary for synaptic plasticity (Morishita and Sastry, 1996; Kreitzer
and Malenka, 2005; Adermark and Lovinger, 2007) and the fact
that LTDGABA is NMDA receptor (NMDAR)-independent, we
tested whether L-type VGCCs were activated by postsynaptic de-
polarization during the induction protocol to trigger LTDGABA.
We attempted to induce LTDGABA in the presence of the L-type
VGCC blocker nifedipine (50 �M). Nifedipine did not block
LTDGABA (control LTD, 70 � 0.8% of pre-pairing values,
F(10.3,41.2) � 7.721, p � 0.0001, n � 6; nifedipine cells, 69 � 1% of
pre-pairing values, F(3,9.03) � 4.989, p � 0.026, n � 4), suggesting
that postsynaptic depolarization engages voltage-dependent sig-
naling molecules other than NMDAR or L-type VGCCs to facil-
itate LTD induction. Interestingly, postsynaptic depolarization
per se was also unable to induce plasticity when the cells were
voltage clamped at �40 mV for 6 min without receiving low-
frequency presynaptic stimulation (Fig. 1d, post-dep experi-
ments). Altogether, our data suggest that the pairing of
presynaptic and postsynaptic events is critical for the successful
induction of LTDGABA. Given that electrical stimulation during
LTD induction protocol is not specific to GABAergic terminals, it
could also trigger somatodendritic release of DA and other neu-
rotransmitters that may contribute to LTD.

Disruption of postsynaptic G-protein signaling
blocks LTDGABA

LTDGABA appears to be expressed postsynaptically (through a
reduction in the number or conductance of postsynaptic
GABAARs), because we showed previously that the PPR and co-
efficient of variation, the two main indicators of presynaptic plas-
ticity, were unaffected after LTD induction (Dacher and Nugent,
2011b). Additionally, we found that, in contrast to the presynap-
tic cocaine-induced inhibitory LTD (I-LTD) in the VTA (Pan et
al., 2008a), cannabinoid CB1 receptors are not required for in-
duction of LTDGABA, indicating that these two forms of I-LTD in
the VTA are triggered by distinct mechanisms. However, both
I-LTD and LTDGABA require activation of D2Rs, although it was
proposed that the D2Rs involved in I-LTD are located presynap-
tically on GABAergic terminals (Pan et al., 2008b; Dacher and
Nugent, 2011b). To provide additional evidence for the postsyn-
aptic nature of LTDGABA and the involvement of postsynaptic
D2Rs in LTDGABA, we blocked the activation of G-protein-
coupled receptors (GPCRs) in the postsynaptic cell by including
guanosine 5�-O-(�-thiodiphosphate (GDP�S, 200 �M) in the
recording pipette. Intra-pipette GDP�S completely blocked
LTDGABA, confirming that LTDGABA is postsynaptic and its in-
duction is dependent on activation of postsynaptic GPCRs, such
as D2 autoreceptors (Fig. 2a). GPCRs coupling through Gi/Go- or
Gq/11-proteins, such as GABABR and group I metabotropic glu-
tamate receptors (mGluRs), respectively, are also located post-
synaptically on VTA DA neurons (Johnson and North, 1992;
Cameron and Williams, 1994; Fiorillo and Williams, 1998) and
are shown to play an important role in the induction of LTD
(Bellone and Lüscher, 2005; Kamikubo et al., 2007; Lüscher and
Huber, 2010; Tadavarty et al., 2011). Therefore, we further

Figure 1. LTDGABA is selectively expressed in DA neurons. a, b, Single experiments showing induc-
tion of LTDGABA recorded in Ih

(�) (presumably DA) and Ih
(�) (presumably GABAergic) neurons, re-

spectively (Ih
(�) neurons, 75.9 � 1.2% of pre-pairing values, repeated-measures ANOVA, F(3,85) �

31.668, p � 0.0001; Ih
(�)/GABAergic neurons, 122 � 5% of pre-pairing values, F(3.6,14.5) � 3.132,

p�0.051). At the arrow, LTD was induced using LFS while cells were depolarized at�40 mV. In this
and all figures, “pairing” represents the LTD induction protocol. Insets, Averaged IPSCs before (black)
and 25 min after (red) pairing. In this and all figures, 10 consecutive traces from each condition were
averaged for illustration as inset. Calibration: 50 pA, 25 ms. c, Average experiments from Ih

(�) (filled
symbols) and Ih

(�) (open symbols) neurons. Ih
(�) but not Ih

(�) VTA neurons express LTDGABA. All
Ih

(�) cells recorded as controls throughout the present work (except DMSO control cells) are included
for the average from Ih

(�) neurons in this graph. d, Average experiments illustrating the absence of
LTDGABA in response to low-frequency presynaptic stimulation in which cells were voltage clamped at
�70 to �90 mV while receiving LFS (pre-stim, open symbols) or postsynaptic depolarization in
which cells were voltage clamped at �40 mV without receiving LFS (post-dep, half-filled symbols).
Control experiments (filled symbols) were conducted in response to the LTD pairing protocol (cells
were voltage clamped at �40 mV during the delivery of LFS) (control LTD, 74 � 3% of pre-pairing
values, F(4,48.37) � 18.055, p � 0.0001; pre-stim cells, 91 � 1% of pre-LFS values, F(6,42) � 1.149,
p � 0.352; post-dep cells, 102 � 7% of pre-depolarization values, F(2,6.15) � 0.501, p � 0.633).
Pairing of presynaptic stimulation and postsynaptic depolarization is necessary for successful induc-
tion of LTDGABA. Values shown throughout figure are the mean � SEM.
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investigated the possible contribution of GABABRs and group I
mGluRs in the induction of LTDGABA. We attempted to induce
LTDGABA in the presence of a potent GABABR antagonist CGP
54626 ([S-(R*,R*)]-[3-[[1-(3,4-dichlorophenyl)ethyl]amino]-2-
hydroxypropyl](cyclohexylmethyl)phosphinicacid) (500 nM to 1
�M). CGP 54626 did not block LTD, suggesting that GABABRs
are not critical for the induction of LTDGABA (control LTD, 70 �
0.8% of pre-pairing values, F(0.3,41.2) � 7.721, p � 0.0001, n � 6;
CGP54626 cells, 73.5 � 2% of pre-pairing values, F(6.2,18.8) �
3.951, p � 0.009, n � 5). Using two different group I mGluR
blockers, 500 mM (S)-MCPG [(�)-amino-4-carboxy-methyl-
phenylacetic acid] and 10 �M A841720 [(4-bromo-3-fluorophe-
nyl)hydrazine hydrochloride], we also tested whether group I
mGluR activation is necessary for the induction of LTDGABA.
LTDGABA was successfully induced in response to pairing pro-
tocol in the presence of either ( S)-MCPG or A841720, sug-
gesting that activation of group I mGluRs is also not required

for the induction of LTDGABA (control
LTD, 70 � 0.8% of pre-pairing values,
F(10.3,41.2) � 7.721, p � 0.0001, n � 6;
group I mGluR antagonist cells, 74 � 2%
of pre-pairing values, F(4.7,23.54) � 2.829,
p � 0.04, n � 6).

IP3R blockade abolishes LTDGABA,
whereas chelation of intracellular
calcium does not block LTDGABA

Similar to the majority of synaptic plastic-
ity at excitatory synapses, most LTP/LTD
of GABAergic synapses is dependent on a
rise in postsynaptic Ca 2� and NMDAR
activation (Castillo et al., 2011). To test
whether postsynaptic Ca 2� signaling is
also necessary for LTDGABA, we per-
formed experiments using 20 –30 mM

BAPTA in the recording pipette to buffer
the fast rises in intracellular Ca 2� during
LTD induction. We tested LTD at both
glutamatergic and GABAergic synapses
onto DA neurons using the LTD pairing
paradigm. As shown previously (Jones et
al., 2000), we confirmed that glutamater-
gic LTD in VTA DA neurons is calcium
dependent and blocked by 30 mM BAPTA
(data not shown; control LTD, 78 � 0.3%
of pre-pairing values, F(2.85,11.39) � 3.587,
p � 0.05, n � 5; BAPTA cells, 97 � 2% of
pre-pairing values, F(39.66,79.33) � 0.618,
p � 0.912, n � 3). Surprisingly, we found
that intra-pipette BAPTA was unable to
block LTDGABA (Fig. 2b). Consistent with
this result, the blockade of VGCCs with
nifedipine did not affect LTDGABA, raising
the possibility that LTDGABA might be
Ca 2� independent. However, it was also
possible that a discrete local rise in intracel-
lular Ca2� as a result of D2R-mediated mo-
bilization of intracellular Ca2� stores could
trigger LTD. In fact, compelling evidence
suggests that D2Rs can facilitate Ca2� sig-
naling through an IP3R-mediated signaling
pathway in the striatum and NAc
(Hernandez-Lopez et al., 2000; Hu et al.,

2005), which could underlie LTDGABA in the VTA. To test this pos-
sibility, we attempted to induce LTDGABA in response to the pairing
protocol in the presence of the IP3R antagonist heparin (intra-
pipette heparin, 2 mg/ml) (Komatsu, 1996). Postsynaptic intra-
pipette application of heparin completely blocked LTDGABA,
suggesting that a postsynaptic IP3R-induced Ca 2� release oc-
curs during the induction of LTDGABA (Fig. 2c).

Inhibition of CaN activity blocks LTDGABA

Expression of a postsynaptic LTD of GABAergic synapses could
be achieved through activation of protein phosphatase (PPs),
which dephosphorylate GABAARs or their associated regulatory
subunit (Morishita and Sastry, 1996). Several PPs, including PPI,
PP2A, and Ca 2�/calmodulin-dependent PP (PP2B/also known
as CaN), have been shown to participate in postsynaptic as well as
presynaptic expression of LTD of excitatory and inhibitory syn-
apses (Collingridge et al., 2010; Castillo et al., 2011). Among

Figure 2. The induction of LTDGABA requires postsynaptic G-protein signaling and IP3R-mediated Ca 2� release, but chelating
postsynaptic Ca 2� does not block LTDGABA. a, Single experiment illustrating the block of LTDGABA by intra-pipette GDP�S and
averaged experiments with (open symbols) and without (filled symbols) 200 �M GDP�S in the pipette solution (control LTD, 78 �
1% of pre-pairing values, F(2.28,20.55) � 8.635, p � 0.0014; GDP�S cells, 94 � 2% of pre-pairing values, F(2.2,11.2) � 0.198, p �
0.846). Inset, Averaged IPSCs before (black) or 25 min after (red) pairing. Calibration: 50 pA, 25 ms. Disruption of postsynaptic
G-protein signaling prevents LTDGABA. b, Single experiment illustrating the induction of LTDGABA with intra-pipette BAPTA and
averaged experiment with 20 –30 mM BAPTA in the pipette solution (open symbols, BAPTA cells, 73 � 2% of pre-pairing
values, F(3,18.39) � 18.37, p � 0.0001). Inset, Averaged IPSCs before (black) or 25 min after (red) pairing. Calibration: 50
pA, 25 ms. Intra-pipette BAPTA does not block LTDGABA. c, Single experiment illustrating the block of LTDGABA by intra-
pipette heparin and averaged experiments with (open symbols) and without (filled symbols) 2 mg/ml heparin in the
pipette solution (control LTD, 70 � 0.8% of pre-pairing values, F(10.3,41.2) � 7.721, p � 0.0001; heparin cells, 1.002 �
3.5% of pre-pairing values, F(6.17,12.35) � 0.634, p � 0.705). Inset, Averaged IPSCs before (black) or 25 min after (red)
pairing. Calibration: 50 pA, 25 ms. IP3R blockade abolishes LTDGABA.
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them, CaN is of particular interest because
it has been shown that stimulation of stri-
atal D2Rs can modulate the striatal excit-
ability through an IP3R–CaN signaling
cascade (Hernandez-Lopez et al., 2000;
Hu et al., 2005), and D2R activation can
cause dephosphorylation of intracellular
signaling molecules in a CaN-dependent
manner (Nishi et al., 1997; Greengard,
2001). Furthermore, in the context of ad-
diction, the reinforcing effects of chronic
amphetamine or morphine are impaired
in a mouse strain overexpressing CaN,
suggesting a critical role for CaN in the
learning mechanisms involved in drug ad-
diction (Biala et al., 2005). Given that LT-
DGABA is also IP3R and D2R dependent,
we next asked whether CaN is an absolute
requisite for expression of LTDGABA. LTD
induction was attempted in midbrain
slices in the presence of two different CaN
inhibitors: intra-pipette FK506 (0.6 –1
�M) or bath application of cyclosporin A
(1 �M) with a previous 2 h incubation of
slices in the drug. We found that both
CaN inhibitors blocked LTDGABA (Fig.
3a,b). Our data suggest that D2R activa-
tion triggers LTDGABA through an IP3–
CaN-dependent signaling mechanism.

D2R stimulation mimics and occludes
LTDGABA through postsynaptic PKA
inhibition with a CaN-dependent
mechanism
Inhibition of LTDGABA with CaN blockers
suggest that dephosphorylation of GABAARs by CaN could be a
mechanism for expression of LTDGABA. D2R activation is also a
part of signaling pathway that triggers LTDGABA (Dacher and
Nugent, 2011b), and activation of CaN downstream to D2R has
been shown to be IP3R–Ca 2� dependent (Hernandez-Lopez et
al., 2000; Hu et al., 2005) and facilitated via a Gi–Go–adenylyl
cyclase– cAMP–PKA pathway (Hu et al., 2005). Thus, we next
examined whether D2R stimulation through its inhibitory effects
on postsynaptic PKA is enough to depress GABAergic transmis-
sion in a CaN-dependent manner. A continuous or a brief 10 min
bath application of 20 �M quinpirole (the D2R agonist) reliably
reduced the amplitude of GABAA IPSCs (Fig. 4a,b), without af-
fecting the PPR (IPSC2/IPSC1; PPR before quinpirole, 0.99 �
0.034; PPR of the peak response to quinpirole, 0.89 � 0.19; n �
11; F(2.42,16.45) � 1.445, p � 0.265), and this quinpirole-induced
depression was CaN dependent because postsynaptic infusion of
cyclosporine A (1 �M) significantly prevented this chemical de-
pression (Fig. 4b). Moreover, once the depression with quin-
pirole reached a stable baseline, the LTD induction protocol
using the pairing paradigm (1 Hz LFS at �40 mV) did not induce
additional LTDGABA (occlusion) (Fig. 4a,c). Altogether, the pres-
ent results confirm our previous finding (Dacher and Nugent,
2011b) that transient activation of postsynaptic D2R is sufficient
to induce LTDGABA.

To further demonstrate that quinpirole acts via postsynap-
tic D2Rs to inhibit the PKA pathway and induce LTDGABA, a
membrane-impermeant PKA inhibitor, PKI(6 –22), was used in
the intracellular pipette. Similar to excitatory synapses in the CA1

region of hippocampus (Kameyama et al., 1998), intracellular
inclusion of PKI(6 –22) induced a significant reduction in IPSC
amplitude within 12 � 1.2 min after initiation of the whole-
cell recording with PKI(6 –22)-filled pipettes (Fig. 4d,e), and
this PKI(6 –22)-induced depression of IPSCs occluded pairing-
induced LTDGABA (Fig. 4d–f ). Remarkably intra-pipette
PKI(6 –22)-induced rundown of GABAergic transmission was
postsynaptic (PPR values did not change after PKI(6 –22) treat-
ment; baseline PPR, 1.02 � 0.015; PPR of the peak response to
PKI(6 –22), 1.027 � 0.3; n � 21; F(1.9,28.69) � 1.448, p � 0.251) and
was also prevented by preincubation and bath application of cyclo-
sporine A (1 �M), suggesting that, similar to quinpirole-induced
depression and pairing-induced LTDGABA, LTD of PKI(6 –22)-
loaded neurons is also CaN dependent (Fig. 4e). Moreover,
once PKI-induced depression plateaued, we bath applied
quinpirole. The PKI-induced depression occluded additional
quinpirole-induced synaptic depression, suggesting that D2R
activation acts via PKA inhibition to induce LTDGABA (Fig.
4g). It should be noted that, in all experiments performed with
quinpirole, CsCl internal solution was used in the intracellular
pipette instead of KCl to exclude the possibility that the ob-
served effects of quinpirole were attributable to D2R activation
of the G-protein-coupled inwardly-rectifying potassium
channels and not through inhibition of PKA. Collectively,
these experiments indicate that D2R stimulation through
postsynaptic PKA inhibition induces the CaN-dependent LT-
DGABA.

Figure 3. LTDGABA requires the activity of postsynaptic CaN. a, Single experiment illustrating the block of LTDGABA by preincu-
bation and bath application of cyclosporin A and averaged experiments with (open symbols) and without (filled symbols) 1 �M

cyclosporin (control LTD, 75 � 2% of pre-pairing values, F(3.9,11.9) � 4.667, p � 0.017; cyclosporine A cells, 105 � 3% of
pre-pairing values, F(2.6,15.6) � 0.716, p � 0.616). Inset, Averaged IPSCs before (black) or 25 min after (red) pairing. Calibration:
50 pA, 25 ms. Cyclosporin A treatment prevents LTDGABA. b, Single experiment illustrating the block of LTDGABA by intra-pipette
FK506 and averaged experiments with (open symbols) and without (filled symbols) 0.6 –1 �M FK506 in the pipette solution. LTD
induction was attempted at 20 –30 min or later after the initiation of the whole-cell recording with intra-pipette FK506 (control
LTD with intra-pipette DMSO, 79 � 4% of pre-pairing values, F(2.4,24.72) � 3.466, p � 0.03; FK506 cells, 111 � 4% of pre-pairing
values, F(1.7,6.9) � 0.477, p � 0.614). Inset, Averaged IPSCs before (black) or 25 min after (red) pairing. Calibration: 50 pA, 25 ms.
Intra-pipette FK506 prevents LTDGABA.

2654 • J. Neurosci., February 6, 2013 • 33(6):2650 –2660 Dacher et al. • Molecular Mechanisms of Inhibitory LTD



Disruption of PKA–AKAP150
association at GABAergic but not
glutamatergic synapses induces a
CaN-dependent LTD
Phosphorylation of GABAARs by PKA
seems to mostly stabilize GABAARs in the
synapse. Conversely, dephosphorylation of
kinase substrates by phosphatases may initi-
ate endocytosis of GABAARs (Luscher et al.,
2011; Vithlani et al., 2011). AKAP150
specifically is an attractive candidate as me-
diator of this phosphorylation–dephospho-
rylation balance between PKA and CaN for
LTD because it is well situated in the synapse
to mediate both the effects of PKA and CaN
on the regulation of the strength of gluta-
matergic and GABAergic synapses
(Brandon et al., 2003; Snyder et al., 2005;
Horne and Dell’Acqua, 2007; Bhattacha-
ryya et al., 2009; Jurado et al., 2010).
AKAP150 immunoreactivity has been ob-
served in the midbrain (Glantz et al.,
1992); however, the localization of
AKAP150 in VTA DA neurons has not
been reported previously. Therefore, we
first used a double-immunofluorescence
staining technique using antibodies
against TH (marker for DA neurons) and
AKAP150 to visualize DA neurons ex-
pressing AKAP150. Colabeled neurons
expressing both AKAP150 and TH in the
VTA of four rats at two AP levels within
the VTA [�4.9 and �5.1 mm caudal to
bregma (Paxinos and Watson, 2007)]
were scanned and quantified (the total
number of cells counted was 447). All TH-
positive cells in the studied area of the
VTA also expressed AKAP-150 immuno-
reactivity, whereas AKAP 150-positive
cells that did not express TH immunore-
activity were also present (Fig. 5a– c). In
the TH-positive cells, the AKAP150-immu-
noreactivity appeared as granular inclusions
throughout the cytoplasm. Our experi-
ments demonstrated for the first time that
essentially all dopaminergic neurons in the
VTA indeed express AKAP150, although a
number of non-DA cells are also AKAP pos-
itive (Fig. 5a–c).

Next we tested whether disruption
of PKA anchoring to AKAP150 would
mimic LTDGABA. We used the anchoring
inhibitor peptide Ht31, which binds to the
PKA-binding site of a human thyroid
AKAP and acts as a competitive antago-
nist of PKA anchoring to AKAPs but has
no effect on PKA activity. In interleaved
control experiments, we used Ht31p, the
control peptide, as the negative control
peptide (Snyder et al., 2005). Intra-pipette
Ht31 (1 �M) caused a remarkable rapid
rundown of synaptic transmission within
8.45 � 0.53 min after initiation of the

Figure 4. Postsynaptic D2R stimulation and inhibition of PKA mimic and occlude LTDGABA in a CaN-dependent manner. a,
Single experiment illustrating the effect of a 10 min (see bar) bath application of 20 �M quinpirole on basal synaptic
transmission and the induction of pairing-induced LTDGABA (only 5 min of the baseline before the emergence of the
quinpirole-induced depression is shown in this sample experiment). Inset, Averaged IPSCs before (black) or the peak
response of quinpirole (red) or 25 min after pairing (green). Calibration: 50 pA, 25 ms. b, Averaged experiments with bath
application of 20 �M quinpirole (open symbols) or 20 �M quinpirole plus intra-pipette cyclosporin A (1 �M, half-filled
symbols). A continuous or a brief 10 min exposure of midbrain slices to quinpirole induces a rapid rundown of IPSCs that is
blocked by cyclosporin A treatment (quinpirole cells, 67 � 1.6% of the first 5 min baseline values, F(9.6,74.9) � 9.707, p �
0.0001; quinpirole plus cyclosporine A, 95 � 4% of the pre-quinpirole values, F(2.8,5.64) � 1.106, p � 0.417). c, Averaged
LTD induction experiments with (open symbols) or without (filled symbols) quinpirole . Quinpirole-induced depression
occludes pairing-induced LTDGABA (control LTD, 75 � 0.8% of pre-pairing values, F(11,177.36) � 19.121, p � 0.0001;
quinpirole, 98 � 3.7% of pre-pairing values, F(9.4,84.7) � 0.973, p � 0.470). d, Single experiment illustrating the effect of
intra-pipette PKI(6 –22) on basal synaptic transmission and the induction of pairing-induced LTDGABA in the PKI(6 –22)-loaded
cell (only 5 min of the baseline before the emergence of the PKI(6 –22)-induced depression is shown in this sample experi-
ment). Inset, Averaged IPSCs before (black) or the peak response of PKI(6 –22) (red) or 25 min after pairing (green).
Calibration: 50 pA, 25 ms. e, Averaged experiments with intra-pipette 10 �M PKI(6 –22) (open symbols) or intra-pipette 10
�M PKI(6 –22) plus 1 �M cyclosporin A (half-filled symbols). PKI(6 –22) induces a rapid rundown of IPSCs that is blocked by
cyclosporin A treatment (PKI cells, 75 � 3% of the first 5 min baseline values, F(2.03,25.5) � 70.525, p � 0.0001; PKI(6 –22)

plus cyclosporine A, 95 � 4% of the first 5 min baseline values, F(3,15) � 1.634, p � 0.224). f, Averaged LTD induction
experiments with (open symbols) or without (filled symbols) intra-pipette PKI(6 –22). LTD induction was attempted at 30
min or later after the initiation of the whole cell recording with intra-pipette PKI. PKI(6 –22)-induced depression occludes
pairing-induced LTDGABA (control LTD, 71 � 1% of pre-pairing values, F(5.27,25.35) � 7.167, p � 0.0001; PKI(6 –22) cells,
90 � 4.2% of pre-pairing values, F(1.85,7.4) � 1.899, p � 0.216). g, Averaged experiments with intra-pipette 10 �M

PKI(6 –22) plus quipirole (open symbols). Intra-pipette PKI(6 –22) occludes quinpirole-induced depression of IPSCs (quin-
pirole plus PKI cells, 90 � 3% of the pre-quinpirole values, F(3.7,7.434) � 1.127, p � 0.409).
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whole-cell recording with Ht31-filled
electrodes, whereas intra-pipette Ht31p
control peptide (1 �M) did not (Fig. 5d,e).
Similar to quinpirole- and PKI(6 –22)-
induced LTD, intra-pipette Ht31-induced
rundown was postsynaptic (PPR values
did not change after Ht31 treatment;
baseline PPR, 1.056 � 0.02; PPR of the
peak response to Ht31, 1.019 � 0.2; n �
19; F(1.47,26.54) � 1.334, p � 0.275) and
CaN dependent because this rundown
was also prevented by preincubation and
bath application of 1 �M cyclosporine A
(Fig. 5e). To further confirm that Ht31-
induced depression of IPSCs and LTDGABA

share a similar expression mechanism, we
attempted to induce LTD using the LTD in-
duction protocol in Ht31- and Ht31p-
loaded cells. Once the depression by Ht31
had plateaued, LFS paired with depolariza-
tion failed to induce additional LTD in
Ht31-filled neurons, whereas Ht31p-filled
neurons still expressed LTDGABA (Fig. 5d,f).
The occlusion of LTDGABA with Ht31 fur-
ther demonstrated that the displacement of
PKA from AKAP150 is sufficient to allow
for basal CaN activity. Given the established
role of AKAP150 in glutamatergic transmis-
sion and plasticity, we next examined
whether the PKA–AKAP150 association
was necessary for AMPAR-mediated synap-
tic transmission in VTA DA neurons (only
Ih

(�) neurons were recorded in these exper-
iments). Remarkably, EPSCs were unaf-
fected in Ih

(�) cells loaded with Ht31 or
Ht31p, suggesting that the PKA–AKAP–
CaN complex may be uniquely situated at
GABAAR synapses to regulate the trafficking
and plasticity associated with GABAARs in
VTA DA neurons (Fig. 5g).

Clathrin-mediated endocytosis of
GABAARs underlies the AKAP–CaN-
dependent LTDGABA

The common mechanism underlying the
expression of many forms of postsynaptic
glutamatergic LTD seems to involve a
clathrin-mediated AMPAR endocytosis
(Collingridge et al., 2010). Endocytosis of
GABAARs is also regulated through
clathrin- and dynamin-dependent mech-
anisms involving scaffolding protein-
mediated interaction of kinases and
phosphatases with the GABAAR subunits
(Luscher et al., 2011). To test whether
clathrin-mediated internalization of
GABAARs underlie the expression of LT-
DGABA in VTA DA neurons, we postsynap-
tically applied a recently synthesized
compound called Pitstop2 that selectively
interferes with clathrin-mediated endocyto-
sis of receptors by targeting the terminal do-
main of clathrin (von Kleist et al., 2011).

Figure 5. DA neurons of the VTA express endogenous AKAP150, and the disruption of PKA–AKAP150 selectively induces
the CaN-dependent LTDGABA. An example of one brain section stained with antibodies to AKAP150 (green) (a), TH (red) (b),
and merged from a and b (c), which shows the expression of AKAP150 in TH � neurons in the VTA. Scale bar, 10 �m. The
arrowhead shows a VTA DA neuron with AKAP150 immunoreactivity, and the arrow shows a VTA non-DA neuron with
AKAP150 immunoreactivity. d, Single experiment illustrating the effect of intra-pipette Ht31 on basal synaptic transmis-
sion and the induction of pairing-induced LTDGABA in the Ht31-loaded cell (only the last 5 min of the baseline responses
before the emergence of the Ht31-induced depression is shown in this sample experiment). Inset, Averaged IPSCs before
(black) or the peak response of Ht31 (red) or 25 min after pairing (green). Calibration: 50 pA, 25 ms. e, Averaged experi-
ments with intra-pipette 1 �M Ht31 (open symbols) or intra-pipette of 1 �M Ht31p (filled symbols) or intra-pipette 1 �M

Ht31 plus 1 �M cyclosporine A (half-filled symbols). Ht31 induces a rapid rundown of IPSCs that is blocked by cyclosporin
A treatment (Ht31p cells, 97 � 8% of the first 5 min baseline values, F(3.0,21.0) � 1.187, p � 0.339; Ht31 cells, 58 � 6%
of the first 5 min baseline values, F(2.2,36.6) � 37.871, p � 0.0001; Ht31 plus cyclosporine A, 92 � 2% of the first 5 min
baseline values, F(2.1,10.4) � 2.044, p � 0.178). f, Averaged LTD induction experiments with control Ht31p peptide (filled
symbols) or intra-pipette Ht31 (open symbols). Ht31-induced depression prevents pairing-induced LTDGABA (Ht31p cells,
65 � 2% of pre-pairing values, F(3.4,26.9) � 8.334, p � 0.0001; Ht31 cells, 90 � 4% of pre-pairing values, F(3.6,21.4) �
1.112, p � 0.373). g, Averaged experiments with intra-pipette 1 �M Ht31 (open symbols) or intra-pipette 1 �M Ht31p
(filled symbols) on AMPAR-mediated EPSCs of Ih

(�) neurons. Ht31 does not affect basal glutamatergic transmission
mediated by AMPARs (Ht31p, 90 � 3% of the first 5 min baseline values, F(1.9,9.6) � 3.391, p � 0.078; Ht31 cells, 74 �
14% of the first 5 min baseline values, F(1.8,12.6) � 0.548, p � 0.574).
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Postsynaptic loading of cells with 50 �M Pitstop2 prevented
LTDGABA, whereas cells loaded with 50 �M Pitstop-control peptide
still exhibited LTDGABA in response to the synaptic stimulation
(Fig. 6).

In summary, we have demonstrated that the induction of
LTDGABA results from D2R activation inhibiting PKA, coupled
with depolarization- and IP3R-induced Ca 2� release from inter-
nal stores, leading to AKAP-mediated activation of CaN and
CaN-induced internalization of GABAARs in VTA DA neurons
through a clathrin-mediated mechanism.

Discussion
We have identified a novel signaling cascade involving PKA,
IP3R, Ca 2�, AKAP, and CaN downstream to D2R stimulation
that selectively regulates the strength of GABAAR synapses and
GABAAR trafficking in VTA DA neurons and provides one ex-
pression mechanism for LTDGABA.

Our findings are consistent with the hypothesis that postsyn-
aptic mechanisms are involved in induction and expression of
LTDGABA. Postsynaptic disruption of G-protein signaling pre-
vented LTDGABA, confirming that D2 autoreceptors are essential

in the induction of LTDGABA. We further elucidated that block-
ade of group I mGluRs and GABABRs did not impair LTDGABA,
excluding the possible roles of these GPCRs in LTDGABA. These
findings do not rule out a role for other GPCRs that may be
involved in the induction of LTDGABA and also converge on the
AKAP–CaN complex to induce LTDGABA with/without involving
the PKA signaling pathway.

Because the intracellular inclusion of BAPTA, a fast Ca 2� che-
lator, did not block LTDGABA, a global increase in intracellular
Ca 2� concentration is not necessary, but insensitivity to intra-
pipette BAPTA does not rule out local increases in intracellular
Ca 2� concentrations close to the point of Ca 2� entry/release.
Therefore, a local postsynaptic Ca 2� signaling near the Ca 2�

entry site might be sufficient to involve the signaling complex for
triggering LTDGABA. In fact, it has been argued that the dissocia-
tion constant of BAPTA for Ca 2� makes it an inefficient Ca 2�

chelator at relatively low intracellular Ca�2 levels. Therefore, it is
likely that CaN is active at low levels of Ca 2� under resting basal
conditions (Wang and Kelly, 1997). Moreover, it has been shown
that, in the presence of BAPTA, Ca 2� signals might still occur
near the Ca 2� source (Issa and Hudspeth, 1996; Nieves-Cintrón
et al., 2008). A similar scenario has been reported in arterial
smooth muscle cells in which the AKAP150/CaN /NFATc3 sig-
naling is activated by a local PKC-dependent Ca 2� signaling in
cells loaded with BAPTA (Nieves-Cintrón et al., 2008). Postsyn-
aptic depolarization is also needed to trigger LTDGABA, suggest-
ing that some voltage-dependent processes facilitate the
induction of LTDGABA. We observed that the blockade of L-type
VGCCs did not affect LTDGABA, suggesting that the influx of
extracellular Ca 2� via these voltage-dependent channels is not
needed for LTDGABA. Another source of Ca 2� entry to cytosol is
from internal stores, which release Ca 2� through channels such
as IP3Rs located on the endoplasmic reticulum (ER) membranes.
We also found that the IP3R-mediated Ca 2� release underlie the
induction of LTDGABA because intra-pipette application of hep-
arin, an IP3R blocker, completely abolished LTD. Given that
D2Rs have direct effects on various voltage-gated ion channels
(Na�, K�, and Ca 2� channels) or through inhibition of the
cAMP–PKA pathway (Neve et al., 2004), it is likely that D2R
activation may involve some of voltage-dependent ion channels
located on ER to facilitate the IP3R-mediated Ca 2� release. In
fact, it has been suggested that neurons may possess such voltage-
dependent mechanisms for intracellular Ca 2� release that could
act through G-protein, phospholipase C (PLC), and IP3R activa-
tion (Ryglewski et al., 2007). Consistent with our findings, it has
been shown that D2R activation can increase the cytosolic levels of
Ca2� via PLC/PKA–IP3R–CaN signaling cascades (Hernandez-
Lopez et al., 2000; Hu et al., 2005). Moreover, phosphorylation of
IP3Rs by PKA seems to decrease its ability to release Ca2�

(Supattapone et al., 1988; Quinton and Dean, 1992). Whether the
D2R–IP3R-mediated local increase in intracellular Ca2� underlying
LTDGABA involves only PKA or also engages PLC remains to be
elucidated.

Our next experiments confirmed that the expression of
LTDGABA is dependent on CaN; two different CaN inhibitors
prevented LTDGABA without affecting the basal synaptic trans-
mission. Similarly, postsynaptic CaN plays an important role in
LTD of GABAergic synapses in neurons of deep cerebellar nuclei
and in CA1 neurons of the hippocampus (Morishita and Sastry,
1996; Lu et al., 2000; Wang et al., 2003). In the hippocampus,
CaN-mediated dephosphorylation of the �2 subunit of
GABAARs increases GABAAR diffusion away from synapses,
thereby resulting in less confinement of postsynaptic receptors at

Figure 6. Clathrin-mediated internalization of GABAARs underlies the expression of LT-
DGABA. a, b, Single experiments showing induction of LTDGABA in cells loaded with Pitstop2
control peptide (filled symbols) or Pitstop2 (open symbols). Insets, Averaged IPSCs before
(black) and 25 min after (red) pairing. Calibration: 50 pA, 25 ms. c, Averaged LTD experiments
with Pitstop2 control peptide (filled symbols) or Pitstop2 (open symbols). Pitstop2 blocks
pairing-induced LTDGABA, whereas control peptide did not affect the induction of LTDGABA (con-
trol peptide cells, 76 � 3% of pre-pairing values, F(5.9,17.88) � 10.149, p � 0.0001; Pitstop
cells, 115 � 5% of pre-pairing values, F(1.39,4.17) � 5.129, p � 0.080).
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GABAergic synapses and LTD expression (Wang et al., 2003).
Our experiments with Pitstop2 now clearly show that clathrin-
mediated endocytosis of GABAARs underlies the CaN-dependent
LTDGABA. However, our results do not exclude a role for other
PPs in GABAAR trafficking and LTD because dephosphorylation
of � subunits by PP1� and PP2A has also been shown to trigger
clathrin-mediated GABAAR internalization (Luscher et al.,
2011).

Postsynaptic inhibition of the activity of PKA is sufficient to
suppress glutamatergic transmission and occlude an excitatory
LTD that is CaN dependent (Kameyama et al., 1998; Tavalin et
al., 2002; Snyder et al., 2005). Moreover, the regulation of
GABAARs by PKA activity has been widely observed (Brandon et
al., 2002). It was very likely that D2R stimulation leads to inhibi-
tion of the G-protein-coupled PKA intracellular pathway to allow
CaN activity. Consistent with this hypothesis, we found that ap-
plication of a D2R agonist (quinpirole) or postsynaptic inclusion
of a cell-impermeable PKA inhibitor (PKI(6 –22)) both induced a
chemical form of CaN-dependent LTD that shares a common
expression mechanism with LTDGABA. Moreover, PKI-induced
depression occluded any additional quinpirole-induced depres-
sion, confirming that postsynaptic D2R activation acts via PKA
inhibition to trigger LTD. These findings suggest that the basal
PKA activity is sufficient to maintain basal GABAergic transmis-
sion, and the basal effect of CaN on GABAergic transmission
becomes unmasked only in the absence of PKA activity (in this
case, D2R stimulation).

How could D2R stimulation and PKA inhibition favor activa-
tion of CaN? Several recent studies have shown that LTD and
endocytosis of AMPARs at excitatory synapses of the hippocam-
pus requires the binding of endogenous AKAP to CaN and PKA
(Kameyama et al., 1998; Tavalin et al., 2002; Snyder et al., 2005;
Bhattacharyya et al., 2009; Jurado et al., 2010). In fact, AKAPs can
interact directly with CaN and PKC in addition to PKA at these
synapses (Sanderson and Dell’Acqua, 2011). The interaction of
AKAP150 with GABAARs is not well understood. Using cultured
neurons, Brandon et al. (2003) have reported a direct interaction
between AKAP150 and the GABAAR �1 and �3 subunits. The
PKA phosphorylation of the GABAAR �3 subunits was also re-
ported to be AKAP150-dependent. Another group has argued
that the interaction between AKAP150 and the GABAAR �2/3
subunits in the CA1 hippocampal neurons occurs predominantly
in the Golgi apparatus rather than at inhibitory synapses in which
GABAAR-associated protein, a GABAAR-interacting protein im-
portant for GABAAR trafficking, is also present (Lilly et al., 2005).
Our immunohistochemical studies strongly suggest that endog-
enous AKAP is expressed in VTA DA neurons. However, it is still
unknown whether a direct interaction between GABAAR sub-
units and AKAP150 take place at these synapses and whether the
targeting of CaN to GABAARs is AKAP150 dependent or also
requires other postsynaptic scaffold proteins (Vithlani et al.,
2011). If the basal effect of an anchored PKA to AKAP150 is the
main determinant of the strength of GABAergic transmission,
then the counteracting effect of CaN on GABAergic transmission
will only be favored once the PKA–AKAP association is dis-
rupted. Using the AKAP inhibitor peptide Ht31, we demon-
strated that, similar to D2R stimulation and postsynaptic
inhibition of PKA, postsynaptic disruption of PKA binding from
AKAP induces a form of chemical LTD that occludes stimulus-
induced LTDGABA. Because of the specific targeting of AKAP150
by Ht31, Ht31 treatment seemed to have a more robust depress-
ing effect on GABAergic transmission than treatments acting
more distally to AKAP, presenting the possibility of a floor effect

in the Ht31 occlusion experiments. However, similar to
quinpirole- and PKI-induced rundown and LTDGABA, the Ht31
rundown was postsynaptic and also CaN dependent. In fact, the
magnitudes of rundown induced by PKI, quinpirole, Ht31, and
LTDGABA were not significantly different, and the concentrations
of drugs used in this study were selected to give a level of receptor/
target occupancy that should be in the submaximal range. Re-
markably, the effect of Ht31 was selective to GABAAR synapses
because AMPAR-mediated glutamatergic transmission was un-
affected by Ht31 treatment. Consistent with this finding, post-
synaptic stimulation rather than inhibition of PKA activity is
suggested to be necessary for induction of glutamatergic LTD in
VTA DA neurons (Gutlerner et al., 2002).

We conclude that the PKA-anchored AKAP tonically regu-
lates the strength of GABAAR-mediated transmission and coun-
teracts the basal effects of CaN on GABAA synapses in VTA DA
neurons. Once LTD is induced by D2R activation, the basal PKA–
AKAP activity is inhibited, allowing CaN to become dissociated
from the AKAP complex and becomes active to dephosphorylate
GABAARs and promote GABAAR internalization that will ulti-
mately result in LTDGABA.

DA signaling enables reward-related learning through its role
in shaping synaptic plasticity and DA cell excitability(Wise,
2008). Therefore, induction of a transient LTDGABA by local re-
lease of DA and D2R activation of DA neurons in response to
natural rewarding stimuli may serve as a physiological mecha-
nism to decrease the GABAergic inhibitory tone on DA neurons.
The resulting increase in DA cell excitability might contribute to
the formation of reward-related associative memory. Addition-
ally, addictive drugs increase somatodendritic release of DA
(Bradberry and Roth, 1989; Klitenick et al., 1992; Campbell et al.,
1996); therefore, it is likely that part of the increased DA cell
excitability and DA release in VTA target areas induced by addic-
tive drugs is attributable to an induction of a permanent
LTDGABA through D2R stimulation, leading to reduced PKA reg-
ulation of AKAP150-anchored CaN activity in the VTA DA neu-
rons. It will be of particular interest to determine whether
selective manipulation of GABAergic plasticity through AKAP-
dependent signaling in the VTA modulates natural and drug-
induced reward. The input specificity of AKAP signaling in VTA
DA neurons may provide an important means by which GABAe-
rgic inputs onto DA neurons could be selectively manipulated
with minimal effects on other inputs. Therefore, pharmacologi-
cal or genetic targeting of AKAP150 in the VTA DA signaling may
present novel and more selective therapeutic interventions to
overcome drug addiction.
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