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The principle neurons of the striatum are GABAergic medium spiny neurons (MSNs), whose collateral synapses onto neighboring
neurons play critical roles in striatal function. MSNs can be divided by dopamine receptor expression into D1-class and D2-class MSNs,
and alterations in D2 MSNs are associated with various pathological states. Despite overwhelming evidence for D2 receptors (D2Rs) in
maintaining proper striatal function, it remains unclear how MSN collaterals are specifically altered by D2R activation. Here, we report
that chronic D2R stimulation regulates MSN collaterals in vitro by presynaptic and postsynaptic mechanisms. We used corticostriatal
cultures from mice in which MSN subtypes were distinguished by fluorophore expression. Quinpirole, an agonist for D2/3 receptors, was
used to chronically activate D2Rs. Quinpirole increased the rate and strength of collateral formation onto D2R-containing MSNs as
measured by dual whole-cell patch-clamp recordings. Additionally, these neurons were more sensitive to low concentrations of GABA
and exhibited an increase in gephyrin puncta density, suggesting increased postsynaptic GABAA receptors. Last, quinpirole treatment
increased presynaptic GABA release sites, as shown by increased frequency of sIPSCs and mIPSCs, correlating with increased VGAT
(vesicular GABA transporter) puncta. Combined with the observation that there were no detectable differences in sensitivity to specific
GABAA receptor modulators, we provide evidence that D2R activation powerfully transforms MSN collaterals via coordinated presynap-
tic and postsynaptic alterations. As the D2 class of MSNs is highly implicated in Parkinson’s disease and other neurological disorders, our
findings may contribute to understanding and treating the changes that occur in these pathological states.

Introduction
GABAergic medium spiny neurons (MSNs) mediate the integra-
tion of information within the striatum, ultimately controlling
proper motor movement and behavior (Graybiel et al., 1994).
Nearly 95% of all striatal neurons are GABAergic MSNs, which
can be further divided by their differential dopamine (DA)
receptor expression into D1 or D2 MSNs (Gerfen and Young,
1988; Bolam et al., 2000; Kreitzer and Malenka, 2008). As MSN
axons branch extensively onto nearby neurons, MSNs have the
capacity to tightly regulate striatal activity and output (Wil-
son, 1994; Plenz, 2003). Despite the overwhelming role for D2

receptors (D2Rs) in maintaining proper striatal function, it
remains unclear how MSN collaterals are specifically altered
by D2R activation.

The D2R is a G-protein-coupled receptor that is critical in
maintaining proper function in the CNS (Girault and Greengard,
2004). Aberrant changes in D2R expression and function in the

striatum are closely related to schizophrenia, substance abuse,
and obesity (Abi-Dargham et al., 2000; Volkow et al., 2001; Asen-
sio et al., 2010; Johnson and Kenny, 2010). The D2R is also the
primary target of action for many antipsychotics (Seeman et al.,
1975; Kapur et al., 2000) and for Parkinson’s disease therapy
(Lieberman and Goldstein, 1985). Interestingly, D2 MSNs of the
striatum have been shown to be the first population of neurons
affected by DA depletion in Parkinsonism, resulting in alterations
of D2 MSN morphology and function (Albin et al., 1989; Day et
al., 2006; Gittis and Kreitzer, 2012; Zold et al., 2012). In fact,
recent evidence points to the specific reduction in D2 MSN col-
laterals of the striatum in a mouse model of Parkinson’s disease
(Taverna et al., 2008).

To investigate the role of D2R activation on GABAergic trans-
mission, we developed a corticostriatal culture model using
transgenic mice that express different fluorescent proteins to al-
low for simultaneous live identification of D1 and D2 MSNs
[Gene Expression Nervous System Atlas project (GENSAT);
Gong et al., 2003; Shuen et al., 2008]. An in vitro model allows for
direct pharmacological control of DA receptor activation while
maintaining neuronal integrity (Deyts et al., 2009). This provides
the unique opportunity to specifically compare the effects of D2R
activation on the two major subtypes of striatal neurons. In the
current study, we present direct evidence for the regulation of
synaptic frequency and efficacy at MSN collateral synapses by
chronic D2R activation. Our data suggest that D2R activation
causes distinctive changes in MSN morphology with coordinated
increases in the number of synaptic sites and density of postsyn-
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aptic GABAA receptor clusters. Together,
our results demonstrate that GABAergic
transmission between MSNs is signifi-
cantly regulated by D2R activation, and
this occurs via coordinated presynaptic
and postsynaptic modifications at specific
MSN collaterals.

Materials and Methods
Corticostriatal cultures. We adapted the proce-
dure originally described in Segal et al. (2003).
BAC drd1a-tdTomato mice and BAC drd2-
EGFP (enhanced green fluorescent protein)
mice harbor bacterial artificial chromosome
(BAC) transgenes with td-Tomato reporter
downstream of D1 receptor promoter and
EGFP reporter downstream of the D2 receptor
promoter, respectively (GENSAT; Gong et al.,
2003; Shuen et al., 2008). Crossing these two
strains resulted in healthy mice pups, a subset
of which coexpressed tdTomato in D1 cells and
EGFP in D2 cells. Primary cultures were pre-
pared from the progeny of this cross. Pups of
either sex were decapitated at postnatal day 0 in
accordance with the guidelines of the Ameri-
can Veterinary Medical Association Panel on
Euthanasia and the Georgetown University
Animal Care and Use Committee. Whole
brains were removed and placed into ice-cold
Krebs solution with 0.3% BSA, and subse-
quently examined for fluorophore expression
using Dual Fluorescent Protein Flashlight
(Nightsea). Striata from brains expressing both
tdTomato and EGFP were dissected using GFP expression as a guide (Fig.
1A). Cortical tissue from littermates that did not express either fluoro-
phore was separately dissected. Tissue was enzymatically (trypsin, 0.03%;
Sigma-Aldrich) and mechanically dissociated to yield a single-cell sus-
pension. Cells were diluted and combined to achieve a 1:3 ratio of cortical
to striatal neurons at a final concentration of 5 � 10 5 cells/ml. Then, 250
�l of the cell suspension was plated onto poly-D-lysine (10 �g/ml; Sigma-
Aldrich)-coated glass coverslips (1.13 cm 2). The coverslips had been
previously incubated in Basal Eagle’s medium (Invitrogen). Cells were
cultured in Neurobasal medium supplemented 0.25% glutamine, 1%
penicillin-streptomycin, 2% B27 (all from Invitrogen), 50 ng/ml BDNF
(Alomone), and 30 ng/ml GDNF (Sigma-Aldrich; Gertler et al., 2008)
and maintained at 37°C in 95% O2/5% CO2. At 2 d in vitro (DIV), one
quarter of the medium was replaced with fresh Neurobasal medium with
BDNF and GDNF as described above. Media was exchanged twice
weekly, although BDNF and GDNF were not included after DIV 2 (Tian
et al., 2010).

The drd2-EGFP line in our colony was backcrossed with a C57BL/6
line (Chan et al., 2012) to avoid the abnormalities reported in Kramer et
al. (2011). The characteristics of MSNs in the presence and absence of
treatments were also confirmed in cultures harvested from two separate
mouse strains: drd2-cre;rosa26-tdTomato (Madisen et al., 2010) and
npy-EGFP;drd1a-tdTomato (Shuen et al., 2008; Partridge et al., 2009).
These mice were derived from FVB/B6/129/Swiss and C57BL/6- B6SJLF1
strains, respectively. As we did not detect any significant differences be-
tween strains, these data were excluded from the results section for con-
sistency.

Treatments. Neurons were pharmacologically stimulated between DIV
18 and 21. To activate DA D2 receptors, neurons were treated with the
selective D2/3 receptor agonist (�)-quinpirole dihydrochloride (10 �M;
Sigma-Aldrich) diluted in Neurobasal media (Deyts et al., 2009). To
study nonspecific actions of quinpirole, we pretreated a subset of cover-
slips for 10 min with D2/3 receptor antagonist sulpiride (10 �M; Sigma-
Aldrich). We then chronically treated the cells with 10 �M sulpiride plus
10 �M quinpirole for 72 h.

A smaller subset of coverslips was treated with a low dose of quinpirole
(500 nM). Control neurons were given an equal volume of Neurobasal
media without the addition of drug. All cells were returned to the incu-
bator for 72 h before experimentation.

Electrophysiology. Whole-cell voltage-clamp and current-clamp re-
cordings were performed on striatal neurons identified by either tdTo-
mato or EGFP fluorescence. Cells were visualized with a Nikon TE-2000S
inverted microscope with a 40� phase-contrast objective. All recordings
were done at room temperature (RT) in extracellular solution (ES) con-
tinuously perfused at a rate of 2.5 ml/min. ES was composed of the
following (in mM, except for phenol red), all from Fisher Scientific: 145
NaCl, 5 KCl, 1 MgCl2, 1 CaCl2, 5 HEPES, 5 glucose, 15 sucrose, phenol
red (0.25 mg/L), adjusted to pH 7.4 with NaOH. Recording electrodes
were pulled on a two-step vertical pipette puller (PP-83, Narishige) from
borosilicate glass capillaries (Wiretrol II, Drummond) with resistances of
3–5 M�. To characterize basic electrophysiological properties, elec-
trodes were filled with intracellular solution containing the following (in
mM): 145 K-gluconate, 10 HEPES, 5 ATP . Mg, 0.2 GTP . Na, and 0.5
EGTA, adjusted to pH 7.2 with KOH. The equilibrium potential (ECl�)
for Cl � in this condition was �71.4 mV. To study inhibitory synaptic
transmission, 100 mM K-gluconate plus 44 mM KCl was substituted for
145 mM K-gluconate. The ECl� for this solution was �29.6 mV, allowing
GABAergic currents to be recorded as inward at �70 mV while prevent-
ing series resistance errors created by extremely large currents. The cal-
culated liquid junction potentials for these conditions were 15.8 and 12.2
mV, respectively, and the values reported have been compensated ac-
cordingly. Whole-cell voltage-clamp recordings were performed with a
Multiclamp 700B amplifier (Molecular Devices) and access resistance
was monitored throughout the recordings. Currents were filtered at 1
kHz with an eight-pole low-pass Bessel filter and digitized at 5 kHz using
an IBM-compatible microcomputer equipped with Digidata 1322A data
acquisition board and pCLAMP10 software.

Stock solutions of bicuculline methobromide (BMR), tetrodo-
toxin (TTX), 2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,
3-dione (NBQX; all from Abcam), and 4,5,6,7-tetrahydroisoxazolo[5,4-

Figure 1. Corticostriatal cocultures from drd1a-tdTomato; drd2-EGFP mice. A, Left, Dissected brain at postnatal day 0. Arrow-
heads indicate EGFP-positive striata in both hemispheres allowing for precise dissection. Right, Schematic of the culture prepara-
tion in which cells are dissociated and combined at a 1:3 ratio of cortical (nonfluorescing) to striatal (tdTomato and EGFP
fluorescing) neurons. B, A representative D2 MSN at 15 DIV shows typical development of dendritic arbor (top) and formation of
spines (insets, bottom). Calibration bars, 20 �m. C, Voltage traces from an example D2 MSN in vitro illustrates responses to step
current injections. D, Spontaneous membrane potential fluctuations at resting membrane potential reveal the regular occurrence
of up and down states that were blocked by TTX (data not shown).
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c]pyridin-3-ol (THIP; Sigma-Aldrich) were prepared in water and di-
luted in ES to a final concentration of 25 �M, 500 nM, 5, and 1 �M,
respectively. Stock solutions of etomidate, flumazenil, and diazepam (all
from Sigma-Aldrich) were prepared in dimethyl sulfoxide (DMSO) and
diluted in ES (final DMSO concentration �0.01%). GABA (Sigma-
Aldrich) was dissolved in water and diluted in ES to the desired concen-
trations. Solutions were rapidly exchanged using the Y-tube method
(Murase et al., 1989).

Synaptic connections were studied in paired recordings while both
neurons were held in voltage-clamp configuration at �70 mV. Cells were
alternately stimulated at 3 s intervals with a voltage step to induce an
action potential (�100 mV, 4 ms). Neurons were considered coupled if
the presynaptic action potential induced an evoked IPSC (eIPSC) in the
postsynaptic cell (Fig. 2B). Preceding stimulation, a test voltage pulse
(�5 mV, 20 ms) was given to monitor series and input resistance and
experiments with unstable holding currents were discarded. For vari-
ance–mean (V–M) analyses, changes in extracellular Ca 2� ([Ca 2�]o)
were induced with the Y-tube application of four [Ca 2�]o concentra-
tions and resulting variances of eIPSC peaks were studied (Clements and
Silver, 2000).

IPSC parameters were examined in Clampfit 10.2 (Molecular De-
vices). eIPSC averages were based on �20 events with failures removed.
The decay phase of the averaged eIPSCs was fit to a double-exponential
function and �w was calculated as the following:

�w �
A1 � �1

A1 � A2
�

A2 � �2

A1 � A2

where �1 and �2 are the fast and slow decay time constants, respectively,
and A1 and A2 are the contribution of the first and second exponentials to
the amplitude (Nusser et al., 2001). Miniature (in TTX and NBQX) and
spontaneous events were identified using semiautomated threshold-
based software (Mini Analysis, Synaptosoft) and visually confirmed (Ade
et al., 2008). More than 100 events were averaged per cell and decay
kinetics were determined using a single-exponential equation.

Histochemistry. Anatomical reconstruction was achieved by including
1% biocytin in the intracellular solution of a subset of neurons (Partridge
et al., 2009). To preserve the cell body, the pipette was carefully removed
after 5– 8 min to form an outside-out patch. Coverslips containing re-
corded, filled neurons were placed in 4% paraformaldehyde/4% sucrose/
PBS solution for 15 min at RT, rinsed 3 times in 1� PBS and
subsequently permeabilized and stained with fluorescein-avidin dye
(Vector Labs) at 2.5 �l/ml for 120 min. Coverslips were briefly washed in
PBS and mounted on glass slides using VectaShield antifade solution
(H-1000, Vector Labs).

To better study D2 MSN synapses, mature neurons were fixed and
washed as described above. Next, coverslips were permeabilized and
blocked, as in Tian et al. (2010), and incubated with antibodies to either
rabbit �-GFP (1:200; Invitrogen) and mouse �-gephyrin (1:500; Synap-

Figure 2. GABAergic synaptic connectivity between MSNs is sensitive to D2R activation. A, Superimposed GFP, RFP, and phase-contrast image of a D1–D2 MSN pair. Scale bar, 30 �m. B, Example
voltage-clamp traces from reciprocally coupled MSNs at 24 DIV. Yellow arrows mark the stimulation pulse. Dashed purple lines highlight both autaptic (1 and 4) and synaptic (2 and 3) responses.
Local perfusion of 25 �M BMR (blue trace, superimposed) abolished all evoked and most spontaneous responses. C, Schematic illustrating that a maximum of four synapses can be studied in a paired
recording, as labeled, if the MSNs in the pair are both reciprocally connected and have autapses. D, E, Rates of connectivity between specific mature MSN pairs (21–24 DIV) at synapses (D) and
autapses (E) exhibit an increased rate of synapse formation with 72 h 10 �M quinpirole treatment, exclusively when the postsynaptic neuron is a D2 MSN. *p � 0.05, ***p � 0.001; � 2 test (total
number of cells per pair tested in parentheses).
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tic Systems), or mouse �-GFP (1:500; Invitrogen) and rabbit �-VGAT (�
vesicular GABA/glycine transporter; 1:1000; Abcam) for 2 h at RT. Ap-
propriate secondary antibodies conjugated with Alexa-488 or Texas Red
were diluted 1:1000. Coverslips were washed three times and mounted
with VectaShield for visualization.

Microscopy and image analysis. Images of fixed and stained neurons at
DIV 21–24 were acquired using a Nikon FS1 upright microscope
equipped with a two-channel confocal imaging module (CLS-2HS,
Thorlabs). Single confocal images were taken and basic morphological
properties and Sholl analyses were conducted in ImageJ software [Na-
tional Institutes of Health (NIH)].

Biocytin-injected cells were traced with the ImageJ NeuronJ plugin
and dendritic arborization was analyzed with Sholl analysis plugin. Three
to five neurons were analyzed per condition in three separate cultures
and results were plotted as the number of intersections per 10 �m con-
centric circle from the soma.

Puncta measures were quantified with a custom macro for NIH Im-
ageJ software (courtesy of F. Vanevski). Analyses were performed on
puncta that were associated with either GFP� or non-GFP neurons. One
representative 70 –100 �m dendritic segment was chosen per cell starting
at the base of the primary dendrite. At least 10 neurons from different
coverslips and cultures were analyzed for each condition. Puncta density
and fluorescence intensity of immunoreactive puncta were calculated by
thresholding images at two times background. Means from each rep-
resentative dendrite per neuron were averaged to obtain population
means.

Statistics. Kolmogorov–Smirnov tests were conducted on all datasets
to check for normal distribution and appropriate statistics were chosen
dependent upon these results. Statistical tests and graphical plots were
performed in Prism 5 software (GraphPad) and are detailed in Results
and figure legends. All data values in the text and figures are presented as
mean � SEM.

Results
Drd1a-tdTomato; drd2-EGFP corticostriatal cultures develop
accurately in vitro
To perform a targeted study of D1 and D2 MSNs, we took advan-
tage of drd1a-tdTomato; drd2-EGFP mice to further develop the
model originally described by Segal et al. (2003) and extended by
Tian et al. (2010). We cocultured striata that coexpressed EGFP
and tdTomato with cortices from wild-type littermates; this
avoided culturing cortical neurons that expressed fluorescently
labeled D1 and/or D2 receptors. MSNs developed typical anatom-
ical features in these culture conditions: by 2 weeks in vitro, neu-
rons displayed extensive dendritic arborization and spiny
protrusions (Fig. 1B). MSNs retained the expression of both flu-
orescent proteins in vitro, and mature neurons maintained a sta-
ble cell density of green, red, and nonfluorescent cells observed at
densities of 43 � 4, 49 � 4, and 46 � 6 cells/mm 2, respectively
(p � 0.05; Friedman test). Interestingly, 11% of neurons (17 � 3
cells/mm 2) coexpressed both fluorescent markers (p � 0.0001
compared with all other cell types; Friedman test). Neurons
that expressed both fluorophores were not included in this
study (data obtained in 79 fields from three culture prepara-
tions; DIV, �18).

To ensure that MSNs expressed characteristic electrophysio-
logical properties, whole-cell patch-clamp recordings were per-
formed from fluorescently identified D1 and D2 MSNs between
DIV 21 and 24 using a potassium gluconate internal solution.
Both MSN subtypes exhibited membrane properties reminiscent
of those reported in brain slices (Dehorter et al., 2011), including
action potential firing patterns, inward rectifying potassium cur-
rents, and the delay to first action potential suggestive of A-type
potassium channel expression (Fig. 1C, Table 1). We also ob-
served spontaneous membrane potential fluctuations that led to
bursts of action potentials, likely due to up and down states as
previously reported in organotypic slices (Plenz and Kitai, 1998)
and dissociated cultures (Randall et al., 2011; Fig. 1D). Up and
down states, paired with the occurrence of spines, suggest the
successful innervation of MSNs by excitatory cortical neurons
(Segal et al., 2003; Tian et al., 2010). The characteristics of MSNs
observed in cultures from drd1a-tdTomato; drd2-EGFP re-
mained consistent across three additional mouse strains and ge-
notypes (drd2-EGFP, drd2-cre;rosa26-tdTomato, and npy-EGFP;
drd1a-tdTomato; data not shown).

Paired recordings from MSN subtypes reveal reciprocal
synaptic connectivity
Recurrent axon collaterals provide the striatal network with the
capacity to integrate and store complex signals (Churchill and
Sejnowski, 1992; Plenz, 2003). Thus, we investigated the occur-
rence of synaptic coupling between MSNs in our culture model.
Concurrent whole-cell recordings were established from identi-
fied MSN pairs within the same visual field (Fig. 2A). As MSN
synapses are GABAergic, pipettes were filled with an enhanced
[Cl�]i intracellular solution to achieve an ECl� at �30 mV (see
Materials and Methods) to allow eIPSCs to be detected as inward.
Cells were recorded in voltage-clamp at �70 mV and action po-
tentials were artificially elicited in each cell to determine the pres-
ence of synaptic coupling. As seen in the example recording in
Figure 2B, eIPSCs could be studied in this configuration. In ad-
dition to synaptic currents, we discovered the frequent occur-
rence of what appeared to be autaptic currents immediately
following stimulation (Fig. 2B). Though autaptic currents were
often detected in both recorded MSNs, this issue was not exten-
sively pursued. Upon local perfusion with the GABAA receptor
antagonist BMR (25 �M), both synaptic and autaptic currents
were eliminated, demonstrating that activity from MSN collater-
als in this preparation were indeed mediated by GABAA receptors
(Fig. 2B, blue trace). eIPSCs were also blocked by perfusion with
0.5 �M TTX, and were unaffected by 5 �M NBQX (data not
shown). Figure 2C shows a schematic of the potential synaptic
arrangement between MSNs, revealing that a maximum of four
synapses can be simultaneously studied in this configuration.

To determine whether eIPSCs were a result of direct mono-
synaptic or indirect polysynaptic connections, we examined
eIPSC latency to peak and failure rate. MSNs consistently dis-

Table 1. Membrane properties of mature D1 and D2 MSNs in primary culturesa

Nontreated Treated

D1 MSN D2 MSN D1 MSN D2 MSN

Resting membrane potential (mV) �73.9 � 1.8 (n � 22) �75.5 � 1.5 (n � 43) �75.1 � 5.2 (n � 9) �73.9 � 1.4 (n � 38)
Input resistance (m�) 265 � 18 (n � 19) 215 � 23 (n � 42) 268 � 27 (n � 18) 209 � 20 (n � 42)
Capacitance (pF) 54 � 5 (n � 16) 43 � 4 (n � 23) 52 � 4 (n � 13) 67 � 5 (n � 19)***,�

Inward rectification index 1.7 � 0.1 (n � 8) 1.7 � 0.1 (n � 22) 2.0 � 0.2 (n � 8) 2.1 � 0.1 (n � 13)
aWhole-cell recordings from identified MSNs in nontreated and treated conditions showed that chronic D2R activation increased the capacitance and inward rectification index in only D2 MSNs. D1 MSNs remained unchanged despite the
treatment, serving as an internal control (data derived from at least 4 culture preparations). ***p � 0.001, comparing same cell type between treatment conditions using an unpaired t test; �p � 0.05 comparing different cell types within
a treatment condition using an unpaired t test.
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played rapid and homogenous latency to peak (4.3 � 0.2 ms), and
low rates of failures (8.9 � 2%), suggesting that eIPSCs were a
result of direct monosynaptic connections (n � 50 cells from six
culture preparations). Although we occasionally observed clear
evidence of multipeaked, long-lasting eIPSCs suggestive of poly-
synaptic activity, we found this in �5% of the MSN pairs exam-
ined and these neurons were excluded from the study. A
summary of the relative occurrence of the synaptic and autaptic
currents detected between the two MSN subtypes is shown in
Figure 2D,E (open bars).

Chronic D2R activation increases coupling onto D2 MSNs
It has been shown that MSN collaterals are negatively regulated
by DA depletion (Taverna et al., 2008), but it remains unknown
to which DA receptor these changes can be attributed. To inves-
tigate whether D2R activation affects GABAergic coupling be-
tween MSN subtypes, we examined neurons in an environment
where DA levels could be tightly regulated. As corticostriatal cul-
tures are devoid of dopaminergic input, we treated mature cul-
tures with the D2R-class agonist quinpirole (10 �M) for 72 h. Pilot
experiments determined this treatment regimen as optimal. Cul-
tures treated with the D1-class receptor agonist SKF (1 �M) and
quinpirole (1 �M) at DIV 2 showed no difference in connectivity
between D2 MSNs at DIV 14 (n � 10 per condition, p � 0.606; � 2

test). Although cultures treated with quinpirole (10 �M) at DIV
10 exhibited increased connectivity between D2 MSNs by DIV 13
(n � 8 per condition, p � 0.021; � 2 test), cultures �18 DIV were

used for experimentation to avoid confounds that could be at-
tributable to development in vitro. To address potential nonspe-
cific effects of 10 �M quinpirole, we conducted additional paired
recordings from coverslips cotreated with 10 �M quinpirole and
10 �M D2R selective antagonist sulpiride. In this condition, D2

MSNs were detected as coupled in 40% of 58 synaptic pairs, from
two culture preparations (p � 0.025 when compared with non-
treated D2 MSN pairs; � 2 test). Coverslips treated in parallel with
500 nM quinpirole exhibited 75% coupling in 28 pairs (p � 0.156
when compared with nontreated D2 MSN pairs; � 2 test).

We first examined whether chronic D2R activation with 10 �M

quinpirole altered the rate of functional synapse formation be-
tween MSN pairs. We observed that postsynaptic D2 MSNs were
more likely to receive coupling in the treated condition, regard-
less of presynaptic partner (Fig. 2D). Interestingly, the rate of
autapse formation also increased with quinpirole treatment,
again in exclusively D2 MSNs (Fig. 2E). In support of this ob-
served increase in connectivity, the likelihood in which two D2

neurons were reciprocally coupled was also significantly in-
creased: while reciprocal connections were found in 26 of 67
(39%) cells analyzed in nontreated conditions, reciprocal con-
nections increased to 60 of 97 (62%) analyzed cells after chronic
D2R activation (p � 0.004; � 2 test).

We compared the size and kinetics of eIPSCs between the two
conditions to study changes in synapse strength following quin-
pirole treatment. Charge transfer and time to decay (�w) in-
creased in treated D2 MSNs, regardless of presynaptic partner

Figure 3. Chronic D2R activation increases the strength of D2 eIPSCs. A, eIPSC traces with superimposed averages from representative pairs of MSN combinations in nontreated and treated
conditions. B, Summary plots compare charge transfer, fitted decay time constant (�w) and rate of failure, separated by experimental condition (n � 13 and 15 for D1–D1 nontreated and treated
MSNs, respectively; n � 19 and 16 for D2–D1 nontreated and treated MSNs, respectively; n � 16 and 21 for D1–D2 nontreated and treated MSNs, respectively; n � 22 and 33 for D2–D2 nontreated
and treated MSNs, respectively). *p � 0.05, **p � 0.01, ***p � 0.001; Mann–Whitney test.
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(Fig. 3A,B). Similar results were seen for
peak amplitude in D2 MSNs (�89 � 22,
n � 35 cells to �191 � 25, n � 54 cells, p �
0.0002; Mann–Whitney test) but not D1

MSNs (�74 � 20, n � 32 cells to �96 � 24,
n � 31 cells, p � 0.213; Mann–Whitney
test). These results correlated with a de-
crease in failure rate (Fig. 3B), as well as a
decrease in coefficient of variation for post-
synaptic D2 MSNs (0.50 � 0.05, n � 45 cells
to 0.34 � 0.02, n � 55 cells, p � 0.007; Man-
n–Whitney test) but not D1 MSNs (0.42 �
0.04%, n � 30 cells to 0.39 � 0.02, n �
27 cells, p � 0.867; Mann–Whitney test).
Together, paired recordings from identified
MSNs suggest that activation of the D2R in-
creases the rate of collateral formation onto
D2 MSNs and these collaterals form larger,
longer, and more reliable eIPSCs when
compared with nontreated controls.

D2R activation influences D2 MSN
morphology and synapse formation
It has been previously reported that the
presence of DA alters D2 MSN morphol-
ogy (Gertler et al., 2008, Day et al., 2008).
We therefore examined whether quin-
pirole treatment altered D2 MSN mor-
phology in a subset of MSNs (n � 11–12/
condition from three cultures). Biocytin
injections allowed for morphological re-
construction and subsequent analysis of
the dendritic arbor (Fig. 4A,B). A plot of dendritic complexity
(Fig. 4C) illustrates slight but significant increases in dendritic
arborization with the treatment. Analysis of phase-contrast im-
ages confirms an increase in primary dendrite number (Fig. 4D)
and reports a reduction in soma diameter (Fig. 4E) in treated D2

MSNs while D1 MSNs remain unchanged (n � 50/condition).
As increased dendritic arborization may improve the likelihood

of synapse formation, we studied possible alterations in presynaptic
terminals using �-VGAT antibody, which is a marker for vesicular
GABA transporter. D2 MSNs showed an increase in VGAT puncta
density after D2R activation specifically in GFP-labeled dendrites
(Fig. 5A,B). A correlated increase in the frequency of spontaneous
(Fig. 5C,E) and miniature (Fig. 5D,E) IPSC events was also ob-
served. D1 MSNs displayed no change in mIPSC frequency (2.3 �
1.5, n � 8 cells to 2.15 � 0.5, n � 8 cells, p � 0.869; unpaired t test).
As no change in peak amplitude of mIPSCs was noted in D2 MSNs
between treatments, the smaller average sIPSC peak and increased
mIPSC frequency are possibly the result of a preferential increase in
small events in the treated condition (Fig. 5F). �w was not signifi-
cantly affected by D2R activation (Fig. 5G). It is important to keep in
mind that mIPSCs and sIPSCs need not originate exclusively from
MSNs; striatal or cortical interneurons could contribute as well.
Quantal content, determined by dividing the average amplitude
of eIPSCs by the average mIPSC per cell, was also significantly
affected in D2 MSNs (6.9 � 1.8, n � 14 cells to 16.4 � 2.7, n � 32
cells, p � 0.030; unpaired t test) but not in D1 MSNs (8.2 � 1.6,
n � 10 cells to 7.4 � 5.1, n � 5 cells, p � 0.853; unpaired t test).
The increase in quantal content and the decrease in failure rate of
treated D2 MSN eIPSCs further supports a potential increase in
either the number of release sites or the release probability fol-
lowing quinpirole treatment.

To evaluate these two possibilities, we used a V–M analysis of
eIPSC amplitudes as described by Clements and Silver (2000).
The relationship between amplitude variation and amplitude
mean with changes in external calcium concentrations ([Ca 2�]o)
can be plotted to determine quantal size (Q), number of release
sites (N), and the average probability of vesicular transmitter
release (Pr). As expected, changing [Ca 2�]o from 0 to 0.5 mM and
then to 1 mM led to increases in eIPSC amplitude variance and
amplitude mean in D2 neurons from both treated and nontreated
conditions. When [Ca 2�]o was increased to 2 mM [Ca 2�]o, non-
treated D2 MSNs again displayed an increase in eIPSC amplitude
variance and amplitude mean (Fig. 6A). D2 MSNs in the treated
condition, on the other hand, exhibited an increase in eIPSC ampli-
tude mean but a reduction of amplitude variance (Fig. 6B). As illus-
trated in Figure 6C, the V–M plot of D2 MSNs in the nontreated
condition was relatively linear, indicating increased variance at
higher [Ca2�]o concentrations. On the other hand, the V–M plot of
treated D2 MSNs formed a distinct parabola (Fig. 6D). These data
support the hypothesis that D2R activation via quinpirole increases
the number of GABA release sites (N) or vesicular GABA release
probability (Pr). However, the lack of parabolic mean–variance re-
lationship in the nontreated condition prevents us from truly distin-
guishing between these two possibilities.

As the effects of the treatment on eIPSCs were observed only
when the postsynaptic target was a D2 MSN, we hypothesize that
D2R activation preferentially affects postsynaptic D2 MSNs, in-
dependent of the presynaptic partner. The increased frequency of
sIPSC and mIPSC events in quinpirole-treated D2 MSNs, along
with the reduction in failures of eIPSCs, suggests an increase in
the number of MSN collaterals and a potential increase in clusters
of postsynaptic GABAA receptors.

Figure 4. D2R activation increases dendritic complexity. A, B, Biocytin-injected (left) and traced (right) nontreated (A) and treated (B)
D2 MSNs. Scale bar, 50 �m. C, Analysis of Sholl crossings and dendrite lengths reveals an increase in primary dendrites and enhanced
number of crossings with no change in dendritic length (inset). There was a significant main effect of the treatment ( p � 0.0001) and of
distance from the soma ( p � 0.0001). Sholl crossings were analyzed with two-way ANOVA and Bonferroni’s post-test, and individual
points and dendritic length were analyzed with unpaired t tests (n � 11–12/condition from 3 cultures). D, Dendrite counts from phase-
contrast imagesconfirmsasignificant increaseinnumberofprimarydendrites intreatedD2 MSNs(Mann–Whitneytest). E, Soma diameter
of D2, but not D1, MSNs decreases slightly in the treated condition (n � 28 cells/group, *p � 0.05; unpaired t test).
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Chronic D2R activation increases GABA sensitivity of
D2 MSNs
We therefore examined postsynaptic GABAA receptor clusters with
an �-gephyrin antibody. Gephyrin is a synaptic anchoring protein
that colocalizes with postsynaptic GABAA and glycine receptors
(Sassoè-Pognetto et al., 2000). Immunohistochemical analysis of
gephyrin clusters in D2 MSN dendrites revealed a significant increase
of gephyrin puncta density after quinpirole treatment in exclusively
D2 MSN dendrites (Fig. 7A,B), supporting a postsynaptic increase of
GABAA receptors with chronic D2R activation.

To directly assess changes in GABAA receptor expression, we in-
vestigated the action of several GABA concentrations (0.3, 1, 3, and
10 �M) on whole-cell currents in D1 and D2 MSNs. In the nontreated

condition, D1 and D2 MSNs exhibited similar sensitivity to all con-
centrations of GABA. With chronic quinpirole treatment, however,
D2 MSNs displayed a higher sensitivity at 0.3 and 1 �M GABA (Fig.
7C–E). Similarly, at 3 �M GABA, currents were 94 � 33 pA, n � 12,
and 250 � 65 pA, n � 11, in nontreated and treated D2 MSNs,
respectively (p � 0.032; Mann–Whitney test). At 10 �M, currents
were 201 � 39 pA, n � 23, and 313 � 46 pA, n � 29, in nontreated
and treated D2 MSNs, respectively (p � 0.074; Mann–Whitney test).
The larger currents in response to GABA in treated D2 MSNs point
strongly to a postsynaptic mechanism for DA, but whether this is due
to an increase in GABAA receptor number, as suggested by increased
gephyrin clusters, or a change in GABAA receptor subtype required
further elucidation.

Figure 5. D2R activation increases number of presynaptic terminals. A, Confocal images of nontreated (left) and treated (right) D2 MSN segments, stained against GFP (green) and VGAT (red).
Scale bar, 5 �m. B, VGAT puncta density (left) and puncta intensity (right) in identified GFP� and GFP� dendrites as quantified in ImageJ (*p � 0.05; Mann–Whitney U test). C, D, Representative
sIPSC (C) and mIPSC (D) traces from D2 MSNs recorded from nontreated (left) and treated (middle) D2 MSNs. Plots of cumulative interevent intervals in D2 MSNs (right) show a reduction in time
between events in treated D2 neurons. E–G, Summary plots compare frequency (E), peak amplitude (F ), and �w (G) of sIPSCs and mIPSCs in D2 MSNs in both experimental conditions (n � 38 and
55 nontreated and treated cells/group). D1 MSNs similarly exhibited no change in kinetics or amplitude (data not shown). *p � 0.05 when comparing mIPSCs or sIPSCs between treatment condition
(Mann–Whitney U test). ��p � 0.01 when comparing mIPSCs and sIPSCs within treatment group (Wilcoxon signed-rank test).
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Different GABAA receptor subunits influence receptor con-
ductance, open probability, and ligand affinity (Macdonald and
Olsen, 1994). The � subunit-containing extrasynaptic GABAA

receptor has been shown to be more sensitive to GABA (Farrant
and Nusser, 2005). As D2 MSNs displayed increased GABA sen-
sitivity with the quinpirole treatment, we hypothesized that
this may be a result of increased expression of the � subunit-
containing GABAA receptor. THIP, a preferring agonist for �
subunit-containing GABAA receptor, was locally perfused while
MSNs were in whole-cell configuration. Response to 1 �M THIP
did not significantly change with the quinpirole treatment in
either MSN subtype (Fig. 7C,D). Interestingly, D2 MSNs exhib-
ited larger currents in response to THIP compared with D1

MSNs, suggesting a greater expression of extrasynaptic GABAA

receptors in D2 MSNs basally in vitro (Fig. 7E). Synaptic GABAA

receptors in the striatum contain the 	3 subunit (Janssen et al.,
2011). Etomidate has been shown to consistently modulate the

	2/3 subunit-containing GABAA receptor and was therefore used
to assess any potential changes in synaptic GABAA receptors. As
with THIP, there were no detectable differences in peak current
responses to etomidate within MSN subtype when compared be-
tween conditions (Fig. 7C,D).

These experiments suggest that the increased sensitivity to
GABA observed in quinpirole-treated D2 MSNs is not related to
changes in 	2/3 or � subunit expression. Thus, together, the in-
crease in mIPSC frequency and GABA sensitivity point to an
increase in number of postsynaptic GABAA receptors with treat-
ment. As we did not observe a correlated increase in mIPSC am-
plitude, the data point to an increase in the number of inhibitory
synaptic sites with chronic D2R stimulation. Although we cannot
exclude a preferential increase in other GABAA receptor sub-
types, or postsynaptic modifications of existing receptors, the
most plausible explanation is an increase in the density of GABAA

receptor clusters with quinpirole treatment.

Figure 6. V–M analysis of eIPSC amplitudes. A, B, V–M analyses of eIPSCs from a single representative nontreated (A) and treated (B) D2 MSNs. A1, B1, Superimposed eIPSCs illustrate amplitude
fluctuations with changes in external calcium ([Ca 2�]o) concentration. A2, B2, The time course of individual responses is plotted with four [Ca 2�]o concentrations as indicated. A3, B3, Mean peak
values are overlayed per concentration. A4, B4, V–M plots generated per cell highlight differences in release probabilities between conditions. C, D, Summary data show contrasting V–M trends
between nontreated (C) and treated (D) conditions, suggesting higher release probability in D2 MSNs treated with quinpirole. V–M is normalized to the mean value of 2 mM Ca 2� in each cell (n �
13 and 10 cells/group from 4 culture preparations). Scale bars: x-axis, 150 ms; y-axis, 100 pA.
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Pharmacology of inhibitory synaptic connections
between MSNs
To further investigate changes in GABAA receptor subtypes, we
used benzodiazepine pharmacology. Benzodiazepine sensitivity
relies on the presence of specific � and 
2 subunits to increase
frequency of opening of the targeted GABAA receptor subtypes
(Macdonald and Olsen, 1994). If the targeted subunit is present,
an enhancement of IPSC decay time (�w) is expected.

Flumazenil, a potentiator of �4, 	3, and 
2 subunit-
containing GABAA receptors (Ramerstorfer et al., 2010), failed to
prolong IPSC decay in either condition, excluding a role for the
�4 subunit (data not shown). Diazepam acts as a positive alloste-
ric modulator at the benzodiazepine site of �1–3-containing or
�5-containing GABAA receptors. Local perfusion of 5 �M diaze-
pam revealed a prolongation of eIPSCs in both nontreated and
treated D2 MSNs, indicating that D2 MSNs in both conditions

Figure 7. Enhanced GABAA sensitivity in D2 MSNs following D2R activation. A, Confocal images of D2 MSN segments with GFP (green) and gephyrin (red) staining in nontreated (left) and
quinpirole-treated (right) conditions. Scale bar, 5 �m. B, Summary plots of gephyrin puncta density (left) and puncta intensity (right) of identified GFP� and GFP� dendrites (**p � 0.01;
Mann–Whitney U test). C, D, Representative currents in response to direct Y-tube application of GABA, THIP (1 �M), and etomidate (5 �M) in nontreated (C) and treated (D) D2 MSNs. E, Summary
of direct drug effects in D1 and D2 MSNs in each experimental condition (n � 16 –24 cells/group; Kruskal–Wallis test with Dunn’s post test: *p � 0.05, **p � 0.01, ***p � 0.001 comparing the
same cell type between conditions; #p � 0.05, ##p � 0.01 comparing different cell types within conditions).

Lalchandani et al. • Dopamine and Intrastriatal Synaptic Connectivity J. Neurosci., August 28, 2013 • 33(35):14075–14086 • 14083



express these subunits (in nontreated D2 MSNs, �w increased
from 38 � 3 to 48 � 3 ms, n � 5, p � 0.025, paired t test; in treated
D2 MSNs, �w increased from 56 � 5 to 79 � 3 ms, n � 8, p �
0.035, paired t test). Interestingly, the increase in �w of eIPSCs
from baseline was larger in quinpirole-treated (41%) versus non-
treated (23%) D2 MSNs (p � 0.0001; unpaired t test). Amplitude
of eIPSCs was not affected by the presence of the benzodiazepine
(data not shown).

To investigate whether quinpirole treatment induced a greater
expression of benzodiazepine-sensitive GABAA receptors over
other GABAA receptor subtypes, we studied the effect of diaze-
pam on mIPSCs. As an mIPSC reflects the response to a single
quantum of neurotransmitter, if benzodiazepine-induced pro-
longation of mIPSC �w was enhanced following quinpirole, this
would suggest increased relative expression of diazepam-
sensitive GABAA receptors. We observed that diazepam signifi-
cantly prolonged mIPSC decay: in nontreated D2 MSNs, �w

increased from 25 � 2 to 33 � 1 ms, n � 12 (p � 0.0001; paired
t test); in treated D2 MSNs, �w increased from 27 � 3 to 39 � 3
ms, n � 8 (p � 0.0001; paired t test). However, unlike eIPSCs, the
diazepam-induced change in mIPSC �w did not differ between
conditions (32% nontreated and 44% quinpirole-treated, p �
0.08; unpaired t test). The possibility that mIPSCs and eIPSCs
may be derived from different presynaptic terminals should be
considered. However, the slower decay of eIPSCs compared with
mIPSCs suggests they reflect asynchronous summation of multi-
ple synaptic currents produced at distinct sites (Mody et al.,
1994). Thus, the enhanced effect of diazepam on eIPSCs com-
pared with mIPSCs in treated D2 MSNs may be due to increased
number of synaptic connections on D2 MSNs with chronic quin-
pirole treatment.

Discussion
Collateral inhibition between MSNs allows for proper integra-
tion of information within the striatum (Czubayko and Plenz,
2002; Tunstall et al., 2002; Koos et al., 2004; Gustafson et al., 2006;
Tecuapetla et al., 2007). Using paired patch-clamp recordings
from identified MSNs in vitro, our results provide evidence for
three novel conclusions. First, D2R activation with chronic quin-
pirole treatment increases the frequency and strength of synapse
formation in postsynaptic D2 MSNs. These functional synapses
are stronger and more reliable, and they exhibit substantially
prolonged decay time. Second, quinpirole-treated D2 MSNs dis-
play increased dendritic complexity, a morphological change that
may enhance the likelihood of synapse formation. Third, an in-
creased GABA sensitivity without obvious changes in GABAA

receptor subtype suggests an increase in postsynaptic GABAA

receptor number with this treatment. Together, our data indicate
that chronic D2R activation results in a greater synaptic efficacy
via a coordinated increase of synaptic GABAA receptor clusters
and GABA release sites.

MSN collaterals in vitro
An in vitro model that allows for simultaneous identification of
both MSN subtypes is useful for the targeted investigation of the
role of D2Rs in striatal networks. We report that corticostriatal
cultures from drd1a-tdTomato; drd2-EGFP mice retain their flu-
orescent properties through time in vitro. Neurons in these co-
cultures have profiles comparable to MSN development observed
in vivo, including action potential firing patterns, up-and-down
states, developed dendritic morphology, and spine formation.
MSNs in our primary culture concurrently display properties
that are not typically seen ex vivo, such as autaptic currents and

colocalization of D2 and D1 MSNs markers. The absence of nat-
ural targets for MSNs in culture may explain the high rate of
autapse formation, as is exemplified with in vitro microislands
(Bekkers, 2005). The considerable extent of neurons that coex-
press both D1 and D2 markers in primary culture may be a con-
sequence of harvesting MSNs at an early developmental stage
(Goffin et al., 2010).

Studies of striatal MSNs in primary culture or organotypic
slice models (Plenz and Aertsen, 1996; Segal et al., 2003; Gertler et
al., 2008; Tian et al., 2010; Kaufman et al., 2012) offer advantages
and disadvantages compared with acute slice preparations. Pri-
mary cultures enable manipulation of the extracellular environ-
ment and consequently allow close comparisons between
experimental conditions. In addition, in vitro models are useful
to distinguish cell-autonomous contributing factors from envi-
ronmental contributing factors (Gertler et al., 2008). These ben-
efits come with inherent limitations: dissociated culture models
disrupt the natural development of cytoarchitecture, potentially
altering cellular and network phenotypes. However, while in vitro
culture models report enhanced rates of functional connectivity,
ex vivo slice preparations unavoidably reduce the estimated ex-
tent of coupling due to slice thickness and depth of neurons
(Chuhma et al., 2011). Therefore, in vitro preparations are useful
for dissecting out changes in MSN collaterals.

Lack of DA in vivo has been found not to affect the develop-
ment of MSNs or proper neural circuits in a DA-deficient mouse
model (Zhou and Palmiter, 1995). As our primary cultures do
not contain dopaminergic cells of the substantia nigra pars com-
pacta but should nevertheless permit normal MSN and circuit
development, our cocultures provide us the unique opportunity
to study how D2R activation alters synaptic function. The use of
transgenic mice that allow for live identification of two popula-
tions of neurons provides us an additional, straightforward inter-
nal control.

D2R activation increases collateral frequency and strength
The rate of functional synaptic connectivity in our coculture
model was consistently higher in D2–D2 MSN pairs than any
other configuration. Despite the difference in frequency of func-
tional synapses in basal conditions, eIPSC size and kinetics re-
mained consistent between MSN pairs. Chronic D2R activation
with 72 h of 10 �M quinpirole treatment, however, increased both
the rate and size of eIPSCs specifically in D1–D2 and D2–D2 pairs,
suggestive of a postsynaptic mechanism of D2R activation. This
increase was not seen in pairs that had been treated with a com-
bination of quinpirole and D2/3 antagonist sulpiride, demonstrat-
ing that 10 �M quinpirole is effectively targeting D2 MSNs.

Sholl analyses revealed that chronic D2R activation increased
both the number of primary dendrites and the dendritic ar-
borization of D2 MSNs. While this correlates with the increased
number of functional synapses onto treated D2 MSNs, it has re-
cently been reported that chronic D2R upregulation in vivo in the
mouse increases MSN excitability and decreases dendritic ar-
borization by the downregulation of inward rectifying potassium
channels (Cazorla et al., 2012). There are several reasons under-
lying the divergence of our study from these results. It is likely
that there are distinct intracellular pathways and compensatory
mechanisms activated by D2R upregulation compared with
chronic D2R activation. In addition, there are inherent differ-
ences in the in vivo versus in vitro the experimental settings. In
fact, the number of primary dendrites of MSNs in dissociated
cultures (4 – 6) is consistent with what has been previously re-
ported, and is lower than what has been observed in slices (6 – 8;
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Gertler et al., 2008). Day et al. (2006) provide evidence that DA
depletion reduces primary dendrite number selectively in D2

MSNs from six to four. In combination with the reported reduc-
tion in primary dendrites of corticostriatal cultures, which inher-
ently lack DA input (Gertler et al., 2008), these two studies further
support the idea that DA activation of D2Rs regulates D2 MSN
morphology.

Coordinated presynaptic and postsynaptic mechanisms
Consistent with an increase in functional synapses onto D2

MSNs, we observed an increase in presynaptic GABA sites and
postsynaptic gephyrin clusters along D2 MSN dendrites with
quinpirole treatment. These results parallel the enhanced sensi-
tivity to low concentrations of GABA in treated D2 MSNs. How-
ever, the possibility of differential GABAA receptor subtype
expression should also be considered.

The pharmacological dissection of native GABAA receptor
subtypes is challenging because of the specificity of available
modulators and heterogeneity of endogenous subunit expres-
sion. Based on reported expression studies by Pirker et al. (2000),
striatal GABAA receptors should be predominantly composed of
�2, 	1/3, and 
2 subunits. �1, �4, �5, And � subunits have been
also shown to be expressed. Previous studies in our group have
suggested that the presence of specific DA receptors in MSNs
affect synaptic and extrasynaptic GABAA receptor function (Ade
et al., 2008, Janssen et al., 2009), with a key role for 	3 subunits
(Janssen et al., 2011). The present results, however, show that the
sensitivity to etomidate, a 	2/3 subunit-containing agonist, does
not change with chronic D2R activation. Furthermore, currents
in response to THIP, a superagonist of the extrasynaptic �
subunit-containing receptor (Brown et al., 2002), are unaltered
by the treatment, suggesting the increase in GABA sensitivity is
specific for synaptic receptors.

Our data show that diazepam prolongs the synaptic decay of
GABA IPSCs in both nontreated and treated MSNs, but the ac-
tions on �w were enhanced in quinpirole-treated D2 MSNs. This
effect was observed to a greater degree on eIPSCs and not on
mIPSCs; therefore, we conclude that this is a result of increased
asynchronous summation of synaptic release from multiple sites.
The possibility that mIPSCs and eIPSCs represented distinct in-
puts should be kept in mind when interpreting these results. It
remains to be determined whether the increase in synaptic sites in
treated D2 MSNs is due to a morphological change in dendritic
branching (Day et al., 2006), or whether it is due to a facilitation
of GABAA receptor insertion at newly formed inhibitory syn-
apses. The changes in dendritic morphology (Fig. 4) and the in-
creased sensitivity of treated D2 MSNs to low doses of GABA that
parallels increases in gephyrin clusters (Fig. 7) support the hy-
pothesis of a coordinated dopaminergic control of GABAA recep-
tor clusters and dendritic morphology in D2 MSNs. The effect of
quinpirole treatment is selective for postsynaptic D2 MSNs and
independent from the presynaptic cell being D1 or D2 MSN. This
supports the hypothesis that D2R activation in postsynaptic D2

MSNs has its effect through one of the multiple intracellular cas-
cades that regulates GABAA receptor trafficking (Vithlani et al.,
2011) and dendritic morphology (Day et al., 2008).

The role of D2R is central in neuropsychiatric disorders. Our
results begin to elucidate the powerful action of biochemical cas-
cades following activation of these receptors in contributing to
synapse formation and functionality (Girault and Greengard,
2004). We provide a model for future studies that may define the
relative role of distinct components of this cascade, and compare
the role of D1 receptor activation. One must consider when com-

paring results of DA receptor stimulation that, while DA is re-
leased in a context-dependent manner in vivo, selective agonists
are always present in culture. Prolonged agonist application may
alter receptor signaling paradigms, potentially producing differ-
ent effects compared with discontinuous stimulation.

Previous studies have shown that DA regulates the efficacy of
MSN collaterals (Taverna et al., 2008). Our results extend these
findings and provide an experimental assay to mechanistically
analyze this effect. Together, our data suggest that DA D2 recep-
tor activation facilitates inhibitory synapse formation via coordi-
nated presynaptic and postsynaptic changes.
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