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SUMMARY

Dopamine input to the dorsal and ventral striatum
originates from separate populations of midbrain
neurons. Despite differences in afferent inputs and
behavioral output, little is known about how dopa-
mine release is encoded by dopamine receptors on
medium spiny neurons (MSNs) across striatal subre-
gions. Here we examined the activation of D2 recep-
tors following the synaptic release of dopamine in the
dorsal striatum (DStr) and nucleus accumbens (NAc)
shell. We found that D2 receptor-mediated synaptic
currents were slower in the NAc and this difference
occurred at the level of D2-receptor signaling. As a
result of preferential coupling to Gao, we also found
that D2 receptors in MSNs demonstrated higher
sensitivity for dopamine in the NAc. The higher sensi-
tivity in the NAc was eliminated following cocaine
exposure. These results identify differences in the
sensitivity and timing of D2-receptor signaling
across the striatum that influence how nigrostriatal
and mesolimbic signals are encoded across these
circuits.

INTRODUCTION

The striatum is the input nucleus of the basal ganglia and is
involved in goal-directed behaviors, motivation, and reward pro-
cessing. Subdivided into dorsal (DStr) and ventral striatum, or
nucleus accumbens (NAc), these striatal subregions have
different afferent and efferent connections and are involved in
unique behavioral functions. The DStr receives dopamine inputs
from the substantia nigra pars compacta and is primarily associ-
ated with sensorimotor functions, while the NAc receives dopa-

mine projections from the ventral tegmental area and is more
commonly associated with limbic-related functions.

Dopamine transmission in the striatum has been classically
studied using fast-scan cyclic voltammetry (FSCV) to measure
dopamine release in the extracellular space (Ewing et al,
1983). Both in vitro and in vivo studies have shown that there is
a dorsal-to-ventral gradient in the magnitude of stimulated dopa-
mine release and the kinetics of reuptake, with the highest levels
of both in the DStr as compared to the NAc (Cragg et al., 2002;
Jones et al., 1995). The regional heterogeneity of FSCV dopa-
mine transients is thought to be due to differences in the density
of dopamine innervation (Pacelli et al., 2015; Parent and Parent,
2006), expression of dopamine transporters (Marshall et al.,
1990), and frequency-dependent regulation by presynaptic nico-
tinic acetylcholine receptors (Rice et al., 2011; Zhang et al,,
2009). In addition, drugs of abuse differentially regulate dopa-
mine transmission across striatal subregions. Cocaine preferen-
tially increases dopamine levels in the NAc (Di Chiara and Imper-
ato, 1988), and self-administration studies have demonstrated
that the initial rewarding effects of cocaine are predominantly
due to its actions in this region (Ikemoto and Bonci, 2014). How-
ever, during the transition from voluntary to compulsive drug use,
the region controlling cocaine-seeking behaviors shifts to the
DStr (Everitt and Robbins, 2013; Self, 2010).

Dopamine has opposing actions on medium spiny neurons
(MSNSs) of the direct and indirect pathways via activation of D1
and D2 receptors, respectively (Gerfen and Surmeier, 2011).
Despite the regional heterogeneity of dopamine release and its
involvement in unique behavioral functions in the DStr and
NAc, little is known about how synaptic dopamine receptors
are differentially activated throughout the striatum. In order to
study regional differences in D2-receptor transmission, we uti-
lized viral overexpression of a G protein-coupled inward recti-
fying potassium (GIRK) channel (Marcott et al., 2014) to directly
measure striatal D2-receptor activation in the DStr and NAc.
Despite regional differences in the amount of dopamine
released, we found that D2 receptors were maximally activated
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Figure 1. D2 Receptor-Mediated GIRK Currents Are Faster in DStr
Than in NAc Medial Shell

(A) Top: injection schematic of AAV.hSyn.tdTomato.GIRK2 into the DStr and
NAc and AAV.DIO.ChR2 into the midbrain of DAT-IRES-Cre mice. Bottom:
cartoon schematic of a coronal brain slice depicting the DStr (gray) and NAc
medial shell (orange).

(B) Average FSCV traces (10 Hz) measuring [DA], in the DStr and NAc medial
shell in response to optogenetic stimulation of dopamine terminals (2 ms
pulse, 470 nm, ~1.0 mW). Inset: cyclic voltammograms from both regions.
(C) Peak [DA], measured by FSCV in the DStr and NAc following optogenetic
stimulation.

(D) Average FSCV traces (100 Hz) in the DStr and NAc in response to opto-
genetic stimulation. Inset: FSCV waveform for kinetic experiments, scaled-to-
peak magnification of rise phase.

(E) Quantification of the lag to onset (time to reach two SDs above noise) and
tau of decay of FSCV transients (100 Hz).

(F) Representative traces of optogenetically evoked D2-IPSCs from the DStr
and NAc. Inset: magnification of rise phase.

(G) Summary data illustrating similar amplitudes of D2-IPSCs across regions.
(H) D2-IPSC amplitude normalized to the maximum outward current produced
by dopamine (100 uM).

(I) Lag to onset of D2-IPSCs (time to reach two SDs above noise).

(J) Rise time (10%-90%) of D2-IPSCs.
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by the synaptic release of dopamine in both the DStr and NAc.
D2 receptors of the NAc were slower to activate than those of
the DStr, and this difference was not due to regional differences
in release or reuptake. D2 receptors of the NAc medial shell had a
higher sensitivity for dopamine, which decreased in response to
chronic cocaine administration. In addition, we found that this
regional difference in sensitivity was seen not only for dendritic
D2 receptors coupled to GIRK channels, but also at axonal D2
receptors coupled to endogenous signaling pathways regulating
local GABAergic collateral transmission. We found this differ-
ence in sensitivity could be accounted for by region-specific dif-
ferences in coupling to G proteins. Together, these results
demonstrate that the timing and sensitivity of D2-receptor ac-
tions are differentially subjected to fine-tuning by postsynaptic
signaling molecules that differ across striatal regions.

RESULTS

Dopamine D2 Receptors Encode the Synaptic Release
of Dopamine Differently between Striatal Subregions
We first sought to verify regional differences in evoked dopamine
release using FSCV. An adeno-associated virus (AAV) encoding
double-floxed channelrhodopsin-2 (ChR2) was injected into the
midbrain of dopamine transporter (DAT) IRES Cre mice (Fig-
ure 1A). Three weeks following stereotaxic injection, coronal
brain slices were cut containing the DStr and NAc (Figure 1A).
Since the medial shell of the NAc is most strongly associated
with psychostimulant abuse and reward processing (lkemoto
and Bonci, 2014), we focused on this subdivision of the NAc. A
carbon fiber electrode was inserted into the DStr or NAc medial
shell and was cycled (10 Hz) from —0.4 to 1.3 V using a triangular
waveform (400 V/s) (Figure 1B, inset). DHBE (1 uM) was included
in the recording solution to block effects of presynaptic nicotinic
receptors on dopamine terminals. A single pulse of wide-field
blue light was used to optogenetically evoke dopamine release.
When compared across regions, the peak extracellular concen-
tration of dopamine ([DA],) was greater in the DStr than in the
NAc (p < 0.01, Mann-Whitney test) (Figures 1B and 1C). In
addition to displaying regional differences in peak [DA],, FSCV
transients in the DStr and NAc also appeared to have different
kinetics. In order to more carefully measure differences in the
kinetics of dopamine release and clearance across striatal sub-
regions, the FSCV waveform was altered to allow for more rapid
sampling and thus greater kinetic resolution (100 Hz) (Figure 1D,
inset). Using this protocol, dopamine transients displayed a
similar lag to onset and rate of rise in the DStr and NAc (Figures
1D and 1E), indicating that the rate of release is similar across
striatal subregions. However, dopamine transients were slower
to decay in the NAc (Figure 1E). This is consistent with past elec-
trochemical results showing a regional heterogeneity in the
amount of dopamine released and rate of clearance across re-
gions (Cragg et al., 2002; Jones et al., 1995).

We next examined how these regional differences in extracel-
lular dopamine transients were encoded by synaptic dopamine

(K) Tau of decay of D2-IPSCs.
Error bars indicate + SEM. See also Figure S1.



D2 receptors on indirect pathway MSNs (D2-MSNs). To measure
the activation of striatal D2 receptors, we virally overexpressed a
G protein-coupled inward rectifying potassium (GIRK2) channel
in MSNs. Endogenous D2 receptors on D2-MSNs can couple
to overexpressed GIRK2 channels, providing a rapid, direct
readout of synaptic D2-receptor activation (Marcott et al.,
2014). Since D1 receptors are Gg coupled and do not readily
couple to GIRK channels, only dopamine D2 receptors were
examined. An AAV encoding GIRK2 and a soluble tdTomato flu-
orophore was injected into both the DStr and NAc (Figure 1A).
Three weeks following viral injections, coronal brain slices were
cut for electrophysiological recordings. Whole-cell voltage-
clamp recordings (V,, = —60 mV) were made from GIRK2-ex-
pressing neurons, identified by tdTomato fluorescence (Marcott
et al., 2014). Neurons were classified as MSNs based on their
morphological and electrophysiological properties, including a
hyperpolarized resting membrane potential and low input resis-
tance (Kreitzer, 2009). The expression of GIRK2 does not affect
MSN excitability or membrane resistance (Marcott et al., 2014).
Recordings were made in the presence of NMDA, GABAA,
GABAg, muscarinic, and D1-receptor antagonists to pharmaco-
logically isolate D2 receptor-mediated GIRK currents. A single
flash of blue light evoked a D2 receptor-mediated inhibitory
postsynaptic current (D2-IPSC) in about half of MSNs of the
DStr and NAc (Figure 1F). To confirm that D2-IPSCs could only
be recorded in D2-MSNs, an AAV expressing double-floxed
GIRK2 and tdTomato was injected into the DStr and NAc of
Adora2a-Cre (A2A-Cre) mice to target D2 receptor-expressing
MSNs (Figure S1A). In both the DStr and NAc, electrical stimula-
tion evoked D2-IPSCs in all tdTomato™ MSNs (Figures S1B and
S1C). As there are reports of MSNs co-expressing D1 and D2 re-
ceptors, particularly in the NAc, we also drove expression of
GIRK and tdTomato in D1 receptor-expressing MSNs of the
direct pathway (D1-MSNs) using a D1-Cre transgenic mouse
(Figure S1D). Electrical stimulation did not evoke D2-IPSCs in
GIRK-expressing D1-MSNs in either the DStr or NAc (Fig-
ure S1E), confirming that D2-IPSCs were only observed in
D2-MSNs.

Since the magnitude of evoked dopamine was significantly
less in NAc (Figures 1B and 1C), we sought to examine whether
there was a difference in the extent of D2-receptor activation be-
tween regions. D2-IPSCs recorded in the DStr and NAc medial
shell showed the same average amplitude (p = 0.99, Mann-Whit-
ney test) (Figure 1G). The ratio of D2-IPSC amplitude to
maximum outward D2 receptor-mediated current (measured in
response to 100 M exogenous dopamine) was also the same
in the DStr and NAc (p = 0.5, Mann-Whitney test) (Figure 1H).
This suggests that, despite significantly less dopamine released
into the bulk extracellular space in the NAc, the maximum level of
D2-receptor activation is similar in both regions. In addition, the
kinetics of D2-IPSCs of the DStr were faster than those of the
NAc (Figures 1F and 11-1K). D2-IPSCs in the NAc medial shell
were slower to activate and decay than in the DStr (p < 0.001,
Mann-Whitney tests) (Figures 11-1K). This difference in kinetics
was not due to the overall amount of dopamine released, as
reducing the intensity of optical stimulation in the DStr did not
slow the kinetics of D2-IPSCs in the DStr despite reducing the
amplitude of IPSCs by ~60% (Figure S1F). Thus, even with

reduced release, the kinetics of D2-IPSCs in the DStr were still
faster than those in the NAc evoked with maximal intensity
stimulation.

Region-Specific Contribution of Reuptake, Spillover,

and Terminal Density in Regulating Synaptic Activation
of D2 Receptors

The DAT regulates the extracellular level of dopamine, and DAT
expression differs along the dorsal-to-ventral axis in the striatum
(Riceetal.,2011). Inorder to eliminate the contribution of reuptake,
D2-IPSCs were recorded in the presence of a near-saturating
concentration of the monoamine transport blocker nomifensine
(10 uM) (Figure 2A). In both the DStr and NAc, nomifensine slowed
the decay time of D2-IPSCs but had no effect on onset kinetics
(p = 0.5, two-way ANOVA) (Figures 2B and 2C), suggesting that
DATs do not regulate activation kinetics of IPSCs. Blocking
reuptake also did not have any effect on the rate of dopamine
release as measured by FSCV (Figures S2A and S2B). The regional
difference in decay kinetics was eliminated by blocking DATs with
nomifensine (Figures S2C-S2E), confirming that differences in
uptake regionally regulate the duration of dopamine in the
extracellular space following release (Rice et al., 2011). However,
D2-IPSCs in the DStr were still faster to activate than in the NAc in
the presence of nomifensine (p < 0.01, Mann-Whitney test)
(Figures 2A-2C). Similar results were found in the presence of
cocaine (10 uM) and in DAT knockout mice (Figures 2C and
S2C-S2E). As the rate of dopamine release was similar in the
DStr and NAc, these results suggest that a DAT-independent
mechanism is likely responsible for the regional difference in
kinetics of activation of D2 receptors across the striatum.

We next examined if differences in the extent of diffusion of
dopamine could account for the regional differences in kinetics.
Slowing diffusion with dextran (5% w/v) (Courtney and Ford,
2014) had a similar effect on the lag to onset and amplitude of
D2-IPSCs of the DStr and NAc (Figures 2D and 2E). This sug-
gests that dopamine diffuses a similar distance from release
sites to postsynaptic D2 receptors in both striatal subregions.
Likewise, activating as few release sites as possible by using
minimal stimulation with a local stimulating electrode did not
eliminate the regional difference in activation kinetics (Figures
2F-2l). Lastly, to control for potential regional differences in
GIRK expression, we measured D2-IPSCs in the DStr and NAc
only 5 days following AAV.GIRK2 injection. At this early time
point, GIRK expression is low and the amplitude of D2-IPSCs
is small (Marcott et al., 2014) (Figure S2F). There was no regional
difference in the amplitude of D2-IPSCs and the regional differ-
ence in kinetics was already observed (Figure S2F). While these
results confirm that reuptake, spillover, and diffusion play critical
roles in regulating extracellular dopamine and the resulting acti-
vation of D2 receptors, they identify that additional mechanism(s)
regulate the kinetics by which D2 receptors differentially encode
nigrostriatal and mesolimbic dopamine signals.

Regional Differences in the Kinetics of Postsynaptic
D2-Receptor Signaling

We next asked whether the regional differences in the kinetics
could be attributed to differences at the level of postsynaptic
D2-receptor activation. MSNs in the DStr or NAc medial shell
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Figure 2. Role of Reuptake, Spillover, and Dopamine Terminal Den-
sity in Regulating the Synaptic Activation of D2-Receptors in the
DStr and NAc

(A) Average traces (magnified and scaled-to-peak) of light-evoked D2-IPSCs in
the DStr (gray, n = 5) and NAc (orange, n = 6) in the presence of nomifensine
(10 uM). Right: magnification of the rise phase.

(B) Lag to onset (time to reach two SDs above the noise) for control IPSCs (light
bars, from Figure 11) and IPSCs in the presence of cocaine (10 pM) and no-
mifensine (10 uM).

(C) Rise time (10%-90%) of D2-IPSCs in nomifensine (10 pM, left), cocaine
(10 uM, middle), and DAT-KO mice (right).

(D) Representative traces in DStr and NAc medial shell (DStr, gray; NAc, or-
ange) before and after slowing diffusion through the extracellular space with
dextran (5% w/v, 35,000-50,000 kDa, purple traces).

(E) Slowing diffusion with dextran prolonged the lag to onset (time to two SDs
above the noise) of D2-IPSCs in the DStr and NAc. Right: there was no difference
in the percent change in the onset between regions (Mann-Whitney test; p =0.2).
(F) Representative traces of minimum resolvable D2-IPSCs in the DStrand NAc.
(G) Amplitude of min-IPSCs.

(H) Rise time (10%-90%) of min-IPSCs.

(I) Tau of decay of min-IPSCs.

Error bars indicate + SEM. See also Figure S2.
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Figure 3. Postsynaptic D2-Receptor Signaling Is Slower in the NAc
Medial Shell Than in the DStr

(A) Two-photon image of GIRK2* MSNs filled with Alexa Fluor 594 (1 uM) and
iontophoretic pipette filled with dopamine (1 M) and sulforhodamine
101 (300 pM).

(B) Average traces of minimum D2 receptor-mediated GIRK currents (mini-
mum-ionto, scaled-to-peak) in the DStr (control, dark gray, n = 7) and NAc
medial shell (control, dark orange, n = 11). Currents evoked in the presence of
cocaine (300 nM) are shown in light gray (DStr, n = 15) and light orange (NAc,
n=11).

(C) Amplitude of minimum-ionto in all four conditions.

(D) Rise time (10%-90%) of minimum-ionto in all four conditions.

(E) Comparison of 10%—-90% rise time between minimal postsynaptic GIRK
currents (Min-lonto, from Figures 4B and 4D) and minimal stimulation IPSCs
(min-IPSCs, from Figures 2G-2J).

Error bars indicate + SEM.

were patch-clamped and the dendrites were imaged by two-
photon microscopy (Figure 3A). An iontophoretic pipette filled
with dopamine (1 M) was placed as close as possible to a post-
synaptic dendrite (within 1-2 um) (Figure 3A). A short pulse of
dopamine (2-5 ms) was applied to produce a minimal D2
receptor-mediated GIRK current on the postsynaptic cell being
recorded (Figure 3B). Minimal postsynaptic GIRK currents
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Figure 4. D2Receptors of the NAc Medial Shell Have Higher Sensitivity
for Dopamine, Which Shifts in Response to In Vivo Cocaine Exposure
(A and B) Representative whole-cell recordings from GIRK2* MSNs in the DStr
(gray; A) and NAc medial shell (orange; B). D2-IPSCs were evoked once per
minute (indicated by asterisk [*]) while dopamine (3 pM) was bath applied.
Recordings were made in the presence of cocaine (10 uM with 1 1M DHBE).

(C) Schematic of the timeline of AAV injection and chronic cocaine adminis-
tration. Two weeks following AAV.GIRK2 injection, mice were treated with
cocaine (20 mg/kg, i.p.) for 7 days and sacrificed for recordings on the 8" day.
(D and E) Same as (A) and (B) showing representative traces of whole-cell
recordings in GIRK2* MSNs of the DStr (gray; D) and NAc medial shell (orange;
E) in cocaine-treated mice.

(F) Concentration-response curves for dopamine in slices from DStr and
NAc (DStr, dark gray circles, ECso = 5.9 uM, n = 46; NAc, dark orange circles,
ECs0 = 1.3 uM, n = 45; two-way ANOVA; p < 0.001). Following treatment with
cocaine (as in C), the concentration-response curve in the DStr does not
change (light gray triangles, ECso = 8.8 uM, n = 38; two-way ANOVA versus
DStr control; p =0.7) but the NAc curve shifts to the right (light orange triangles,
ECs0 = 6.1 uM, n = 28; two-way ANOVA versus NAc control; p < 0.001).

(G) Quantification of the ratio of phasic IPSC (evoked at the peak of the out-
ward current) to total outward current (outward current in 3 uM dopamine +
amplitude of IPSC evoked at peak of standing outward current).

Error bars indicate + SEM.

produced by focal iontophoresis of dopamine were slower to
rise than IPSCs evoked with minimal stimulation of dopamine
terminals (Figure 3E), indicating that the concentration of dopa-
mine at D2 receptors following iontophoresis is lower than
the synaptic concentration of dopamine mediating the IPSC
(Marcott et al., 2014).

Minimal postsynaptic D2 receptor-mediated currents had the
same amplitude between regions (p = 0.2, two-way ANOVA)
(Figure 3C), but were always faster to rise in the DStr than in
the NAc (p < 0.05, two-way ANOVA with Tukey’s post-test) (Fig-
ures 3B and 3D). This is consistent with the findings from above
using low-intensity stimulation in the DStr (Figure S1F), demon-
strating that the faster rate of D2-receptor activation in the
DStr likely does not result from greater release of dopamine in
that region. Minimal postsynaptic GIRK currents in the DStr
evoked in the presence of a low dose of cocaine (300 nM), to
block about half of transporters (Jones et al., 1995), were still
faster than in the NAc under control conditions (p < 0.05, two-
way ANOVA with Tukey’s post-test) (Figures 3B-3D). This result
suggests that D2 receptors of the NAc have intrinsically slower
activation kinetics than those of the DStr and again confirms
that this difference is not due to regional differences in the rate
of dopamine release or the extent of reuptake.

Higher Concentrations of Dopamine Are Required to
Activate D2 Receptors of the DStr Than Those of the NAc
Medial Shell
Since regional differences were seen in the activation of D2 re-
ceptors, we next examined if D2 receptors in the DStr and NAc
medial shell also had differences in their sensitivity to dopamine.
The concentration-response relationship for dopamine was
determined by bath applying different concentrations of dopa-
mine and measuring the resulting outward GIRK current (Figures
4A and 4B). Recordings were performed in the presence of
cocaine (10 pM) to block reuptake and DHBE (1 uM) to block
nicotinic receptors. The EC5, of D2-receptor activation by dopa-
mine in the DStr was 5.9 pM (Figure 4F; Table S1). The concen-
tration-response curve for D2 receptors in the NAc medial shell
was shifted to the left, with an EC5, of 1.3 uM (p < 0.001, two-
way ANOVA) (Figure 4F; Table S1). There was no difference in
maximum outward current (produced by 300 uM DA) between
the DStr and NAc. This suggests that, despite demonstrating
the same maximal level of activation, D2 receptors in the NAc
have a higher sensitivity for dopamine than those of the DStr.
Dopamine neurons have pacemaker firing activity that
switches to a phasic or burst fiing mode in response to
reward-related cues. D2 receptors are not fully saturated by
low micromolar concentrations of dopamine, but rather are
capable of encoding phasic signals superimposed on back-
ground tonic levels (Marcott et al., 2014). In order to examine
the relationship between tonic and phasic dopamine signals in
the DStr and NAc, D2-IPSCs evoked at the peak of the dopa-
mine-mediated outward current were compared to the total
outward current generated (standing outward current in 3 pM
dopamine + peak IPSC). Dopamine (3 1M) produced larger out-
ward currents in the NAc and the amount of phasic D2-IPSC
remaining at the peak of the standing outward current was
smaller than in the DStr (p < 0.001, two-way ANOVA with Tukey’s
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Error bars indicate + SEM.

post-test) (Figures 4A, 4B, and 4G). The results suggest that D2
receptors of the DStr can signal with larger phasic increases
superimposed on tonic D2-receptor activation.

Cocaine Exposure Produces a Region-Specific Shift in
D2-Receptor Sensitivity

The initial rewarding effects of cocaine are attributed to its ac-
tions in the NAc (lkemoto and Bonci, 2014), while the
later, habit-forming effects are thought to be due to actions in
the DStr (Everitt and Robbins, 2013). Molecular studies have
shown a variety of signaling changes downstream of both D1
and D2 receptors on MSNs (Lobo and Nestler, 2011).
In addition, positron emission tomography (PET) studies have
demonstrated cocaine-induced decreases in D2-receptor avail-
ability (Nader et al., 2006; Volkow et al., 2009). However, studies
examining changes in D2-receptor levels following chronic
cocaine exposure have been inconclusive, showing that D2-re-
ceptor density increases, decreases, or does not change (Ander-
son and Pierce, 2005).

As it remains unclear how cocaine administration differentially
alters D2-receptor signaling in the DStr and NAc, we next sought
to examine whether repeated exposure to cocaine had a region-
specific effect on D2-receptor sensitivity. Mice were treated with
cocaine (20 mg/kg, intraperitoneally [i.p.]) for 7 days and sacri-
ficed on the 8™ day (Figure 4C). Dopamine concentration-
response relationships were generated for D2 receptors in the
DStr and NAc medial shell of cocaine-treated animals as
described above (Figures 4D-4F). Following repeated exposure
to cocaine, the dopamine concentration-response curve in the
DStr was unchanged with an ECsg of 8.8 uM (p = 0.7, two-way
ANOVA) (Figure 4F). However, the concentration-response
curve in the NAc demonstrated a rightward shift with an ECsq
of 6.1 uM (p < 0.001, two-way ANOVA versus control), which
was indistinguishable from DStr (p > 0.05, two-way ANOVA) (Fig-
ure 4F; Table S1). This suggests that D2 receptors of the NAc
medial shell had a reduced sensitivity to dopamine following
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chronic exposure to cocaine. In addition to changes in sensi-
tivity, there was an increase in the ratio of phasic IPSC to total
outward current generated in 3 uM dopamine in the NAc
compared to control (p < 0.05, two-way ANOVA) (Figure 4G).
This shift suggests that cocaine administration induces changes
in the NAc that allow greater phasic increases in D2-receptor
activation in the presence of sustained receptor activation.

D2 Receptors on MSN Axon Collateral Terminals Also
Exhibit Regional Differences in Sensitivity

In addition to long-range projections, MSNs make local inhibitory
synaptic connections with neighboring MSNs via axon collat-
erals in the striatum (Chang and Kitai, 1986; Tecuapetla et al.,
2009; Wilson and Groves, 1980). These GABAergic synapses
are strongly modulated by dopamine and are thought to be
involved in the behavioral response to cocaine (Dobbs et al.,
2016; Taverna et al., 2008). As we found that D2 receptors
coupling to GIRK channels exhibited differences in sensitivity
for dopamine across the striatum, we next examined whether
axonal receptors coupled to endogenous signaling pathways
at collateral terminals also showed a similar regional difference.
These experiments were done without overexpressing GIRK
channels. ChR2 expression was targeted to D2-MSNs using
AAV.DIO.ChR2.EYFP in A2A-Cre mice (Figure 5A). A single flash
of blue light was used to excite D2-MSNs to evoke GABAA-
IPSCs in D1-MSNs (Figure 5B). Exogenous dopamine inhibited
GABAA-IPSCs through activation of presynaptic D2 receptors
on axon collateral terminals (Dobbs et al., 2016) (Figure 5C). To
examine the sensitivity of D2-receptors on axon collaterals of
D2-MSNs in the DStr and NAc, the inhibition of the GABAA-
IPSC was measured in response to different concentrations of
dopamine in the presence of reuptake blocker (10 uM cocaine
with 1 pM DHBE). While there was no difference in maximal inhi-
bition, we found that axonal D2 receptors regulating collateral
transmission had higher sensitivity for dopamine in the NAc
than in the DStr (DStr, ICso = 4.8 uM; NAc, ICs0 = 2.1 uM;
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Exhibit Regional Differences in Sensitivity
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(A) Upper: schematic of the injection of AAV2/
9.hSyn.DIO.tdTomato.GIRK2 into the DStr and
NAc of A2A-Cre transgenic mice. Lower:
recording schematic.
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(F) Rise time (10%-90%) and 100%-50% decay time of M4-sIPSCs in the DStr (n = 13) and NAc (n = 15).

Error bars indicate + SEM. See also Figures S3 and S4.

two-way ANOVA; p < 0.05) (Figure 5D). The concentration of
dopamine required to inhibit GABA collaterals was similar to
the concentration needed to evoke GIRK-mediated outward
currents in each region (Table S1). The results suggest that D2
receptors on terminals of axon collaterals coupling to different
signaling machinery also exhibit region-specific differences in
dopamine sensitivity.

Dopamine D2/D3-Receptor Expression Differences
between the DStr and NAc Do Not Explain Regional
Differences in D2-Receptor Signaling

Dopamine D3 receptors are a D2-like receptor thought to have
higher affinity for dopamine than D2 receptors (Sokoloff et al.,
1990) and have higher expression levels in the NAc (Gangarossa
et al., 2013). We next sought to address whether differential D3-
receptor expression contributes to the regional differences in
D2-receptor signaling by using the selective D3-receptor antag-
onist VK4-116 (100 nM) (Kumar et al., 2016). There was no
change in the amplitude or kinetics of D2-IPSCs in either the
DStr or NAc (p > 0.05, Student’s paired t tests) (Figures S3B
and S3C). In a separate set of experiments, we injected
AAV.GIRK2 in the DStr and NAc of D3-receptor knockout
(D3KO) mice and found that D2-IPSCs evoked in the DStr and
NAc in D3KO mice still displayed a regional difference in kinetics
(p < 0.05, Mann-Whitney test). There was also no difference in
the maximal outward current produced by 100 uM dopamine
in the presence of VK4-116 (100 nM) (p 0.7, two-way
ANOVA). Bath application of dopamine at a concentration near
the EC5q for D2-receptor activation (3 uM) still produced larger
currents in the NAc than in the DStr (normalized to outward
current in 100 pM dopamine) in the presence of VK4-116
(p < 0.05, Mann-Whitney test) (Figure S3D). Together these
results show that regional differences in D2-receptor kinetics
and sensitivity are preserved when D3 receptors are either
genetically or pharmacologically eliminated.

We next examined how D2-receptor availability affects the ki-
netics of D2-IPSCs. A sub-saturating concentration of the D2 re-
ceptor antagonist sulpiride (20 nM) was used to block a fraction
of D2 receptors (Figure S3E). This concentration reduced the
amplitude of D2-IPSCs in both the DStr and NAc by approxi-
mately 70% but had no effect on the kinetics of synaptic events
in either region (p > 0.05, Student’s paired t tests) (Figure S3F).
This implies that reducing the number of available D2 receptors
over this range does not alter D2-receptor signaling kinetics.

Other Go,;,,-Coupled Receptors on MSNs Do Not Display
the Same Regional Differences as D2-Receptor
Signaling
The endogenous opioid enkephalin activates mu and delta
opioid receptors on both D1-MSNs and D2-MSNs in the patch
sub-compartment of the striatum (Banghart et al., 2015; Rags-
dale and Graybiel, 1981). As mu and delta opioid receptors are
Gua/o coupled, they also couple to GIRK channels when overex-
pressed in MSNs (Mamaligas et al., 2016). To target opioid re-
ceptors on D2-MSNs, AAV.DIO.tdTomato.GIRK was injected
into the DStr and NAc of A2A-Cre mice (Figure 6A). Whole-cell
recordings were made from GIRK-expressing D2-MSNs in the
presence of the peptidase inhibitors thiorphan (1 pM) and besta-
tin (10 uM) to prevent enkephalin degradation (Figure 6A). To
examine whether opioid receptors display the same regional
difference in receptor sensitivity as the D2 receptor, a leu-
enkephalin concentration-response curve was generated for
opioid receptor-mediated GIRK currents from D2-MSNs in the
DStr and NAc (Figures 6B and 6C). There was no difference in
the maximum outward current produced by enkephalin (30 uM)
between the DStr and NAc (p = 0.8, Mann-Whitney test). In addi-
tion, the ECsq of opioid receptor activation was the same in both
regions (p = 0.9, two-way ANOVA) (Figure 6C; Table S1).

We next sought to examine whether another Ge,;/o-coupled
receptor, the M4 muscarinic receptor, on a different population
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Figure 7. RGS Proteins Regulate the Timing, but Not the Sensitivity,
of D2-Receptor Activation

(A) Injection schematic of RGS7/9 double-knockout (RGS7/9 KO) mice in-
jected with AAV.GIRK2 in the DStr and NAc.

(B) Average traces of D2-IPSCs in the DStr (left) and NAc (right) from RGS7/9
KO mice (DStr, green; NAc, blue) and control littermates (DStr, gray; NAc,
orange).

(C) Quantification of amplitude of IPSCs in all four groups.

(D) Quantification of 10%-90% rise time in all four groups.

(E) Quantification of tau of decay in all four groups.

(F) Representative whole-cell recording from GIRK2* MSN in the DStr of
RGS7/9 KO mice. D2-IPSCs were evoked once per minute (indicated by
asterisk [*]) while dopamine (3 uM) was bath applied, as in Figure 4A. Re-
cordings were made in the presence of cocaine (10 uM with 1 uM DHBE).

(G) Concentration-response curves for the dopamine-mediated GIRK currents
in slices from RGS7/9 KO mice compared to control (control, from Figure 4F,
ECso = 5.9 uM; RGS7/9KO, ECsp = 6.7 uM; two-way ANOVA; p = 0.8).

Error bars indicate + SEM. See also Figure S5.

of MSNs displayed the same regional difference in activation
kinetics as the D2 receptor. The pacemaker firing of cholinergic
interneurons and associated release of acetylcholine evoke
spontaneous M4-muscarinic IPSCs in GIRK2-expressing direct
pathway D1-MSNs (Mamaligas and Ford, 2016) (Figures 6D
and S4). The average amplitude of spontaneous M4-muscarinic
IPSCs was the same in the DStr and NAc (p = 0.6, Mann-
Whitney). In addition, spontaneous muscarinic synaptic events
in DStr and NAc had similar rise and decay times (p > 0.5,
Mann-Whitney tests) (Figures 6E and 6F). Thus, the mechanisms
underlying the regional heterogeneity of D2-receptor activation
and sensitivity are likely specific to D2 receptors and not gener-

582 Neuron 98, 575-587, May 2, 2018

alizable to other Ga,/,-coupled receptors on either D1-MSNs or
D2-MSNs.

RGS7 and RGS9 Proteins Regulate the Timing of
Synaptic Events, but Not D2-Receptor Sensitivity

D2 receptor-mediated activation of GIRK channels occurs
through activation of G proteins and liberation of the Gy sub-
unit, and this process can be regulated by a variety of intracel-
lular signaling molecules. Regulator of G protein signaling
(RGS) proteins are GTPase-activating proteins that regulate
the timing of G protein cycling by reducing the active lifetime
of the Ga-GTP and GBy subunit (Anderson et al., 2009). Several
RGS proteins are expressed in the striatum, including RGS9-2
and RGS7 (Thomas et al., 1998). As RGS proteins are known
to regulate both the timing and sensitivity of GPCR coupling to
GIRK channels in other systems (Ostrovskaya et al., 2014; Xie
et al., 2010), we next sought to examine whether striatal RGS
proteins could explain the observed regional differences in D2-
receptor signaling kinetics and sensitivity. We crossed mice
with a genetic deletion of RGS9 (Chen et al., 2000) and RGS7
(Cao et al., 2012), resulting in a mouse lacking both RGS9 and
RGS7 (RGS7/9 KO).

RGS7/9 KO mice were injected with AAV.GIRK2 in the DStr
and NAc medial shell (Figure 7A). Electrically evoked D2-IPSCs
were similar in amplitude in RGS7/9 KO and control littermates
but were slower to rise and to decay (Figures 7B-7E). The slow-
ing of kinetics, however, was present in both the DStr and NAc,
and the different rate of D2-IPSC activation between regions re-
mained the same in the KO mice (10%-90% rise, DStr = 25%
increase versus control, NAc = 22% increase versus control;
tau decay, DStr = 64% increase versus control, NAc = 79% in-
crease versus control). Spontaneous M4-IPSCs recorded in
D1-MSNs of both regions were also slower in RGS7/9 KO
mice (Figures S5A and S5B). In contrast to the changes in D2-
receptor signaling kinetics, there was no difference in D2-re-
ceptor sensitivity between RGS7/9 KO mice and WT mice in
MSNSs of the DStr (p = 0.8, two-way ANOVA) (Figures 7F and
7G; Table S1). This suggests that two members of the R7 class
of RGS proteins, RGS7 and RGS9, regulate the timing but not
the sensitivity of D2-receptor signaling in the striatum and that
they may be one of several mechanisms controlling the rate of
D2-receptor activation across regions.

G-protein coupled receptor kinases (GRKs) are another impor-
tant signaling molecule that regulate GPCR signal termination.
To examine the role of GRKs in regulating the timing of D2-IPSCs
in the DStr and NAc, we utilized a small-molecule, membrane
permeable GRK2/3 inhibitor, Compound 101 (Cpd 101, 30 uM)
(Urs et al., 2016). Inhibition of GRK2/3 with Cpd 101 had no effect
on IPSC amplitude in the DStr or NAc (p = 0.1, Student’s paired t
tests) (Figures S5C and S5D). Similarly, there was no change in
IPSC kinetics in the presence of Cpd 101 in either region (p >
0.05; Student’s paired t tests) (Figure S5E).

Different Ga Subunit Compositions in the DStr and NAc
Contribute to Regional Differences in D2-Receptor
Sensitivity

The D2 receptor primarily couples to pertussis toxin (PTX)-
sensitive G protein subunits Go; and Ga,. Whereas Go; is
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Figure 8. Ga Subunit Contributes to Regional Differences in D2-Receptor Sensitivity

(A) Concentration-response curves for the dopamine-mediated D2 receptor-dependent G protein activation in HEK cells.

(B) Concentration-response curves for the leu-enkephalin-mediated MOR receptor-dependent G protein activation in HEK cells.

(C) Dopamine-mediated GIRK currents in HEK cells with D2 receptors coupled to either Ga; (left trace) or Gaoa (right trace). Right: concentration-response curves

for the dopamine-mediated activation of GIRK currents in HEK cells.

(D) Top: schematic of the injection of AAV.EF1a.Cre and AAV.GIRK2 into the DStr and NAc of Ga,, flx/flx transgenic mice. Bottom: recording schematic showing
conditional elimination of Ga,, (Ga, cKO) in GIRK2* MSNs 4 weeks after AAV injection.
(E) Top: western blot showing reduction in Ga.,, protein and actin controls in striatal tissue. Bottom: quantification of G, protein levels in striatal tissue from Ga,

cKO mice, normalized to control hemispheres.

(F) Top: representative whole-cell recordings of D2-IPSCs in the DStr (gray) and NAc (orange) of Ga,, cKO mice. Bottom: quantification of 10%-90% rise time (left)

and tau of decay (right) in Ga,, cKO mice.

(G) Representative whole-cell recording from a GIRK2* MSN in the NAc of Ga,, cKO mice. D2-IPSCs were evoked once per minute (indicated by asterisk [*]) while
dopamine (1 uM) was bath applied. Recordings were made in the presence of cocaine (10 uM) with DHBE (1 uM) to block nicotinic receptors.

(H) Concentration-response curves for the dopamine-mediated GIRK currents in slices from Ga, cKO mice compared to control (DStr control, from Figure 4F,
ECso = 5.9 uM; DStr Ga, cKO, ECsp = 7.5 uM, n = 33; NAc control, from Figure 4F, ECso = 1.3 uM; NAc Ga, cKO, ECso = 11.7 uM, n = 32).

Error bars indicate + SEM. See also Figure S6.

expressed similarly throughout mouse striatum, Ga, is en-
riched in the NAc (Allen Mouse Brain Atlas) (Lein et al., 2007).
Previous studies in cultured cells indicate that the potency of
dopamine depends on the G protein subtype to which the D2
receptor is coupled; i.e., dopamine was reported to more
potently activate Ga,, than Ga; based on their differential incor-
poration of the non-hydrolyzable GTP analog, GTPyS, upon re-
ceptor activation (Gazi et al., 2003; Lane et al., 2007). Thus, we
hypothesized that although D2 receptors activate Go;
throughout the striatum, the greater availability of Go, in the
NAc results in a higher potency for dopamine in this brain region
compared to the DStr.

We first confirmed that dopamine more potently activates Go.,
than Ge; using a bioluminescence resonance energy transfer
(BRET)-based, D2 receptor-dependent G protein activation
assay (Newman et al., 2012), which detects agonist-induced
conformational changes within defined G protein subtypes.
Consistent with previous studies (Gazi et al., 2003; Lane et al.,
2007), dopamine activated Go,a with ~8-fold higher potency

than Go;q in HEK cells (n = 7 — 9; Student’s two-tailed t test,
p < 0.0001) (Figure 8A). In contrast, leu-enkephalin-induced
MOR-dependent activation of Go;; and Gao,a was not sig-
nificantly different (n = 3; Student’s two-tailed t test, p > 0.05)
(Figure 8B), indicating that the effect of dopamine on Ge; and
Goa,, is not simply due to inherent differences between these G
proteins, but rather stems from preferential activation of Ga,
by D2 receptors. Next, we examined whether differences in
Go; and Ga,, activation by dopamine extend to GIRK channel
activation. We selectively evaluated the actions of Go; or Go,
in HEK cells by inactivating endogenous Guaj, with PTX
and co-expressing PTX-resistant Ga;y or Gaoa. Inactivating
endogenous Ga,, With PTX abolished dopamine-induced, D2
receptor-mediated GIRK1/2 activation (Figure S6), and the co-
expression of PTX-resistant Ga;; or Gaoa restored channel acti-
vation (Figure 8C). The dopamine-induced activation of GIRK1/2
was ~41-fold more potent in the presence of Gay,a compared to
Goaiq (Figure 8C). Overall, these results indicate that in heterolo-
gous systems, dopamine more potently activates Go,, than Ga;
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downstream of D2 receptors, resulting in the higher potency acti-
vation of Ga,-mediated signaling.

Finally, we sought to examine whether altering G, subunits in
the mouse brain produced changes in D2-receptor sensitivity in
the striatum. To lower G, levels, we injected an AAV encoding
Cre (AAV.EF1a.Cre) into either the DStr or the NAc of Gnao™/™
mice (Chamero et al., 2011) along with the AAV encoding
GIRK2 (Figure 8D). In these conditional Ga, knockout mice
(Ga,, cKO), total striatal Go, protein levels were reduced by
62% + 7% (p < 0.01, Mann-Whitney test) (Figure 8E). The incom-
plete elimination of Ga,, in the striatum is likely a result of Gnao
expression in other cell types not targeted by the viral vector.
D2-IPSCs recorded in the DStr and NAc of Ga, cKO mice dis-
played a similar regional difference in kinetics as wild-type
mice (Figure 8F). In order to determine whether deletion of Go,
changed the sensitivity of D2-receptor activation, we generated
dopamine concentration-response curves in the DStr and NAc of
Ga,, cKO mice (Figures 8G and 8H). In the DStr, the maximum
outward current was reduced following viral knockdown (one-
way ANOVA with Tukey’s post-test; p < 0.05 versus control),
but there was no change in the sensitivity of D2-receptor activa-
tion compared to control (cKO, ECso = 7.5 pM; DStr control,
ECs0 = 5.9 uM) (Figure 8H). In the NAc, however, the concentra-
tion-response curve for D2 receptors in Go, cKO mice was
shifted to the right as compared to control, with an ECs of
11.7 uM (Figure 8H; Table S1). Thus, decreasing Ga.,, expression
in the mouse brain produces a decrease in the sensitivity of
D2-receptor activation specifically in the NAc. Together these
results suggest that intrinsic differences in Go, versus Go;
expression in the DStr and NAc may underlie the observed
regional differences in D2-receptor sensitivity.

DISCUSSION

Here we show that there is heterogeneity in both the timing and
sensitivity of dopamine D2-receptor signaling across striatal
subregions. Many of the factors regulating regional differences
in striatal dopamine transmission, including dopamine trans-
porters (Jones et al., 1995; Rice et al., 2011), presynaptic autor-
eceptors (Phillips et al., 2002), and nicotinic receptors (Shin et al.,
2017; Threlfell et al., 2012; Zhang et al., 2009), have been
previously studied using cyclic voltammetry and other electro-
chemical methods (Sulzer et al., 2016). While these studies
have provided important insights into our understanding of
striatal dopamine transmission, it has been unclear how these
regional differences in dopamine release are differentially en-
coded by synaptic D2 receptors.

Using a synaptic readout of D2-receptor activation, we identi-
fied a previously unappreciated regional difference in D2-recep-
tor signaling between the DStr and NAc. While decay kinetics
were strongly regulated by DATs as expected (Jones et al.,
1995), we found that the activation of D2 receptors in the medial
shell of the NAc occurs with intrinsically slower kinetics. This dif-
ference was not a result of differences in uptake or in the amount
of dopamine released. Using FSCV with a rapid sampling rate
(100 Hz), we found that there was no difference in the rate of
dopamine release between the DStr and NAc, nor was the rate
of release altered by blocking dopamine transporters. Further-
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more, reducing the intensity of stimulation to evoke smaller
D2-IPSCs in the DStr did not slow the kinetics of D2-IPSCs.
This suggests that the regional difference in activation kinetics
of D2-IPSCs instead was due to the intrinsic, region-specific
properties of D2 receptors. In support of this, we found that local
application of dopamine directly to MSN dendrites resulted in
currents that activated more rapidly in the DStr than in the
NAc. Using a combination of approaches in heterologous sys-
tems as well as viral-mediated elimination of G proteins, we
found that a region-specific difference in D2-receptor sensitivity
also exists across regions and this could be accounted for by
coupling of D2 receptors to Go,, versus Go; subunits. These re-
sults identify that multiple mechanisms shape the temporal dy-
namics of D2-receptor signaling across striatal regions, but
sensitivity is controlled through G protein coupling.

D2-IPSCs evoked with minimal electrical stimulation had
more rapid rise kinetics than D2 receptor-mediated GIRK cur-
rents evoked with focal, two-photon guided iontophoresis.
Since the activation rate of D2 receptor-mediated GIRK cur-
rents is dependent on the concentration of agonist at the re-
ceptor (Courtney and Ford, 2014; Ford et al., 2009), this result
suggests that a higher concentration of dopamine mediates
synaptic D2-receptor activation. Postsynaptic iontophoretic
GIRK currents were subject to regulation by dopamine trans-
porters, whereas the activation rate of D2-IPSCs was indepen-
dent of reuptake by transporters. This indicates that the synap-
tic contacts formed between dopamine terminals and MSN
dendrites are likely closer than what could be approximated
with two-photon guided iontophoresis. Therefore, although
striatal dopamine transmission is thought to largely occur by
volume transmission and diffusion to extrasynaptic receptors
(Rice et al., 2011), the activation of the synaptic currents under-
lying the D2-IPSC is likely mediated by receptors located near
the site of release. As only a small, sparse proportion of dopa-
mine varicosities release dopamine, but do so with rapid ki-
netics (Liu et al., 2018; Pereira et al., 2016), local release of
dopamine at spatially defined sites may lead to the rapid acti-
vation of D2 receptors observed here. Thus, while it is well es-
tablished that the magnitude of evoked dopamine release is
greater in dorsal regions of the striatum (Cragg et al., 2002;
Jones et al., 1995), partially as a result of more dense axonal
arborization of dopamine neurons projecting to the DStr (Pacelli
et al., 2015; Parent and Parent, 2006), the local concentration
profile of dopamine that drives activation of receptors may be
similar across regions.

Mechanisms of D2-Receptor Signaling

Biophysical, molecular, and pharmacological studies have
shown that many factors regulate the timing and sensitivity of
GPCR signaling, including the Ga subunit, RGS proteins, recep-
tor isoforms and heterodimers, receptor localization and traf-
ficking, and signaling through beta arrestins (Han et al., 2009;
Masuho et al., 2015; Porter-Stransky and Weinshenker, 2017).
In this study, we investigated several of these key players in
GPCR signaling and their role in regulating D2-receptor signaling
across striatal subregions. RGS proteins accelerate the G pro-
tein cycle by increasing the rate of GTP hydrolysis, leading to ef-
fects on both activation and deactivation of GPCR signaling



(Ross and Wilkie, 2000). Deletion of two members of the R7 class
of RGS proteins, RGS7 and RGS9, in striatal MSNs led to prolon-
gation of both the activation and decay phase of D2-IPSCs.
However, since the magnitude of the change in kinetics in
RGS7/9 KO mice was similar in the DStr and NAc, regional differ-
ences in RGS-mediated regulation of D2-receptor signaling
cannot completely explain the underlying regional kinetic differ-
ences. Previous studies have found that RGS proteins also regu-
late the sensitivity of GPCRs for agonist, with elimination of RGS
proteins resulting in higher sensitivity signaling (Ostrovskaya
et al., 2014; Xie et al., 2010). In contrast, here we found that ge-
netic deletion of RGS7 and RGS9 did not result in increased
dopamine sensitivity in the DStr. The fact that RGS7/9 KO did
not produce a shift in the dose response curve in the DStr sug-
gests that the lower sensitivity in this region was unlikely to be
due to an increased activity or expression of RGS proteins. As
RGS proteins can exhibit redundancy of actions (Doupnik,
2015), it is possible that other members of the R7 class of RGS
proteins can compensate for the loss of RGS7 and RGS9.

GPCRs can couple to different classes of Ga subunits with
unique properties (Gazi et al., 2003; Masuho et al., 2015). By
changing the composition of Ga subunits in heterologous sys-
tems, we found that dopamine more potently activates down-
stream signaling cascades when coupled to Ga, than Ga;. We
also found that viral knockdown of Ga,, in the NAc lowered the
sensitivity of dopamine. This suggests that as a result of the
increased proportion of Ga,, in the ventral striatum (Allen Mouse
Brain Atlas) (Lein et al., 2007), D2 receptors couple more readily
to Go, in the NAc, which accounts for the increased sensitivity of
D2-receptor activation in this region. The region-specific differ-
ence in D2-receptor sensitivity for dopamine was not seen
across other striatal GPCRs, as there was no difference in the
sensitivity of opioid receptors for leu-enkephalin between the
DStr and NAc. As leu-enkephalin showed equal potency for acti-
vating Ga,,a and Ga;q, the agonist-specific differential activation
of G proteins by D2 receptors is not shared by all GPCRs within
the striatum.

Cell signaling processing can vary across neuronal domains
(Castro et al., 2014); however, we found that both dendritic D2
receptors coupling to GIRK channels and axonal receptors
regulating collateral transmission through endogenous path-
ways exhibited regional differences in dopamine sensitivity.
This shows that the regional differences in sensitivity are
physiologically relevant to regulating striatal microcircuitry,
but also suggests that the mechanism governing the regional
heterogeneity is conserved across the entire arbor of the
MSN. Our data suggest the possibility that the enrichment of
Goa,, in the NAc occurs at both dendritic and axonal signaling
sites, leading to increased dopamine sensitivity across the
neuronal arbor.

Psychostimulant-Induced Changes in D2-Receptor
Signaling

Behavioral theories of cocaine addiction hold that the transition
from initial to compulsive drug use corresponds with a shift in
the striatal subregion controlling drug-related behaviors, from
the NAc to the DStr (Everitt and Robbins, 2013). In addition to
regional differences in cocaine-induced behaviors, many studies

have examined cell-type-specific alterations in striatal D1-MSN
versus D2-MSN signaling in response to cocaine (Anderson
and Pierce, 2005; Lobo and Nestler, 2011; Smith et al., 2013).
The general consensus is that increased sensitivity to cocaine
and cocaine-seeking behaviors is associated with a predomi-
nance of D1-MSN activity over D2-MSN activity (Bock et al.,
2013; Lobo et al., 2010). However, studies directly examining
changes in D2-receptor signaling are often confounded by the
presence of D2 autoreceptors on dopamine terminals as well
as D2 receptors on striatal interneurons (Kreitzer, 2009; Sulzer
et al., 2016). We found that repeated exposure to cocaine pro-
duced a decrease in the sensitivity of postsynaptic D2-receptor
signaling specifically in the NAc. Since dopamine reduces excit-
ability of D2-MSNs, a decrease in D2-receptor sensitivity may
serve as a compensatory response to limit D2 receptor-medi-
ated inhibition in the face of increased extracellular dopamine
during cocaine use. Consistent with this, imaging studies have
shown reduced D2-receptor availability in both the dorsal and
ventral striatum in human addicts and non-human primates
chronically treated with cocaine (Nader et al., 2006; Volkow
et al., 2009). While our study utilized non-contingent cocaine
administration, a similar region-specific effect of cocaine has
been seen with self-administration (Bock et al., 2013), suggest-
ing that the effect may be independent of cocaine administration
paradigm. Our findings suggest that expression levels of
different Ga subunits contribute to defining dopamine sensitivity
at the D2 receptor. Future studies will be required to elucidate
the mechanism that underlies the shift in dopamine sensitivity
following repeated exposure to cocaine as behavioral sensitiza-
tion to cocaine is not associated with changes in G protein levels
(Perrine et al., 2005).

In conclusion, we show here that not all D2-receptor signaling
is inherently the same but differs as a result of unique comple-
ments of signaling partners in different populations of MSNs.
This allows for fine-tuning of D2-receptor signaling across stria-
tal subregions at the level of the postsynaptic membrane. These
regional differences in signaling produce physiologically relevant
changes in how D2 receptors encode different dopamine release
events in nigrostriatal and mesolimbic circuits.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-Galphao Santa Cruz Cat # Sc-13532
Rabbit monoclonal beta-actin Cell Signaling Cat # 4970S
ECL mouse IgG, HRP-linked whole Ab (from sheep) = GE Healthcare Cat # NA931
ECL Rabbit IgG, HRP-linked whole Ab (from donkey)  GE healthcare Cat # NA934
Bacterial and Virus Strains

AAV2/9.hSynapsin.tdTomato.T2A.mGIRK2-1- University of Pennsylvania Viral Core V3992MI-R
A22A.WPRE

AAV9.hSynapsin.DIO.tdTomato.T2A.mGIRK2-1- University of Pennsylvania Viral Core V5688R
A22A.WPRE

AAV5.EF1a. DIO.hChR2(H134R)-EYFP.WPRE.hGH University of Pennsylvania Viral Core AV-5-20298P

AAV5.EF1a.Cre. WPRE University of North Carolina Viral Core  AAV5.EF1a.Cre. WPRE

Chemicals, Peptides, and Recombinant Proteins

TEMED

Ammonium Persulfate (APS)
30% Acrylamide/Bis Solution, 29:1
Sodium dodecyl sulfate
MK-801

picrotoxin

SCH23390

scopolamine

Sulpiride

CGP55845

DHBE

Leu Enkephalin

nomifensine

Cocaine HCI

VK4-116

Dopamine.HCI

Bestatin

Thiorphan

Cpd101

Bio-Rad

Bio-Rad

Bio-Rad
Sigma-Aldrich
Tocris

Tocris

Tocris

Tocris

Tocris

Tocris

Tocris

Tocris

Tocris

NIDA Drug Supply Program
Lab of Amy Newman
Sigma-Aldrich
Tocris

Sigma-Aldrich
HelloBio

Cat # 1610800
Cat # 1610700
Cat # 1610152
Cat # L3771
Cat # 924

Cat # 1128
Cat # 925

Cat # 1414
Cat # 895

Cat # 1248
Cat # 2349
Cat # 1889
Cat # 1992
Cat # 14201-2
Kumar et al., 2016
Cat # H8502
Cat # 1956
Cat # T6031
Cat# HB2840

Critical Commercial Assays

SuperSignal West Femto Maximum Sensitivity Thermo Fisher Cat # 34096
Substrate

Experimental Models: Organisms/Strains

A2A-Cre mice (Tg(Adora2a-cre)KG139Gsat) MMRRC Cat # 036158
DAT-IRES-cre B6.SJL-slc6a3tm1.1(cre)bkmn/J Jackson Labs Cat # 006660
Galphao flx/flx (floxed GNAO) Charles River Cat # 129SvGo flx/flx
Drd1-Cre B6.FVB(Cg)- MMRRC Cat # 034258

Tg(Drd1-cre)EY217Gsat/Mmucd
RGS9 KO

RGS7 KO

DAT KO

Martemyanov Lab
Martemyanov Lab
Lab of Marc Caron

Chen et al., 2000
Cao et al., 2012
Giros et al., 1996
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

hD2R Javitch lab Donthamsetti et al., 2015; Newman et al., 2012
mMOR Javitch lab Donthamsetti et al., 2015; Newman et al., 2012
Venus V1-GB1 Javitch lab Donthamsetti et al., 2015; Newman et al., 2012
Venus V2 -Gy2 Javitch lab Donthamsetti et al., 2015; Newman et al., 2012
PTX-resistant Gai — Rluc8 Lab of Celine Gales Donthamsetti et al., 2015; Newman et al., 2012
PTX resistant Ga:oA — Rluc8 Lab of Celine Gales Donthamsetti et al., 2015; Newman et al., 2012
Software and Algorithms

Axograph X Axograph Scientific https://axograph.com; Axograph 1.6.9

Prism 7 Graphpad Software https://www.graphpad.com/

Origin OriginLab https://www.originlab.com/

Clampfit Axon Instruments N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Christopher P. Ford
(christopher.ford@ucdenver.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Stereotaxic injections

All animal procedures were performed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC)
at the University of Colorado School of Medicine and Case Western Reserve University. Transgenic mice utilized in experiments
were dopamine transporter (DAT) IRES Cre heterozygote mice (The Jackson Laboratory), Adora2a (A2A)-Cre heterozygote
mice (GENSAT), Drd1-Cre heterozygote mice (The Jackson Laboratory), DAT-knockout mice (Giros et al., 1996), Drd3-knockout
mice, and Ga,, fl/fl mice (Charles River; Chamero et al., 2011), RGS9 KO (Chen et al., 2000), RGS7 KO (Cao et al., 2012) as indicated
in the body of the text. Mice underwent stereotaxic injections at postnatal day 21. Both male and female juvenile/ young adult
mice (3 —8 weeks) were used throughout the study. Adenoassociated virus (AAV) was injected with a pulled pipette using a
Nanoject Il (Drummond Scientific). All AAVs were from the University of Pennsylvania Viral Core or the University of North
Carolina Viral Core. For experiments with ChR2, 500 nL AAV5.EF1a. DIO.hChR2(H134R)-EYFP.WPRE.hGH was injected into
either the midbrain (SNc and VTA) of DAT-Cre mice, or the striatum (DStr or NAc) of A2A-Cre mice (GABA collateral experiments).
Coordinates for midbrain injections were: AP — 2.3 mm, ML + 0.45 mm, — 4.7 mm. Coordinates for DStr injections were AP +
1.2 mm, ML + 1.8 mm, — 3.35 mm and NAc injections were AP + 1.4 mm, ML + 1.25 mm, — 4.15 mm. For striatal injections,
300 nL of AAV2/9.hSynapsin.tdTomato.T2A.mGIRK2-1-A22A.WPRE was injected into the DStr and the NAc. For cell-type specific
experiments, AAV9.hSynapsin.DIO.tdTomato. T2A.mGIRK2-1-A22A.WPRE was injected into the DStr and NAc of A2A-Cre or D1-Cre
mice. There was no difference between electrically evoked D2-IPSCs recorded in GIRK2* MSNs from DAT-Cre mice and A2A-Cre
mice. For experiments in Ga,, fl/fl mice, AAV5.EF1a.Cre was mixed with AAV2/9.hSynapsin.tdTomato.T2A.mGIRK2-1-A22A.WPRE
and injected into the DStr or NAc. Animals recovered for at least 4.5 weeks following surgery.

METHOD DETAILS

Slice preparation

Coronal brain slices (240 pM) containing the DStr and NAc were cut in ice-cold physiological saline solution containing (in mM) 75
NaCl, 2.5 KCI, 6 MgCl,, 0.1 CaCl,, 1.2 NaH,PO,4, 25 NaHCOg3, 2.5 D-glucose and 50 sucrose. Slices were incubated at 32°C for
at least 45 minutes and bubbled constantly with 95% O, and 5% CO, in ASCF containing (in mM) 126 NaCl, 2.5 KClI, 1.2 MgCl,,
2.5 CaCl,, 1.2 NaH,PQOy4, 21.4 NaHCO3, 11.1 D-glucose and 10 uM MK-801 to prevent excitotoxicity. Following incubation, slices
were transferred to the recording chamber and constantly perfused (2 mL/min) with ACSF (33 + 2°C). ACSF used for recording con-
tained picrotoxin (100 pM), SCH 23390 (1 pM), scopolamine (200 nM), and CGP 55845 (300 nM). Dihydro-B-erythroidine hydrobro-
mide (DHBE, 1 uM) was included in the recording solution where indicated in the text. A BXWI51 microscope (Olympus) was used to
visualize MSNs with infrared gradient contrast optics. Fluorescence from tdTomato was visualized with an LED (Thorlabs).
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Electrophysiology

Whole-cell voltage clamp recordings (V,, = —60 mV) were made from tdTomato* (GIRK2*) MSNs using Axopatch 200B amplifiers
(Molecular Devices) and acquired with Axograph X (Axograph Scientific) at 5 kHz and filtered to 2 kHz. Patch pipettes (1.5 - 2 MQ)
(World Precision Instruments) contained 115 mM K-methylsulphate, 20 mM NaCl, 1.5 mM MgCl,, 10 mM HEPES(K), 10 mM
BAPTA-tetrapotassium, 1 mg/mL ATP, 0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4, 275 mOsm). No series resistance
compensation was used and cells were discarded if series resistance increased above 15 MQ.

Optogenetic stimulation of dopamine release was elicited using wide-field blue light (pulse width = 2 ms, ~1 mW) through the
objective from a blue LED (470nm, Thorlabs or Luxeon Star LEDs). About half of GIRK2* MSNs recorded displayed D2-IPSCs in
response to optogenetic stimulation, identifying them as D2-MSNs (Marcott et al., 2014). For D2-IPSC recordings, DNQX was
excluded in some cases to measure AMPA-EPSCs resulting from glutamate release from dopamine terminals. Addition of DNQX
(10 uM) to block EPSCs did not affect D2-IPSCs. For M4-IPSC recordings in D1-MSNs, scopolamine was omitted from the recording
solution and spontaneous events were detected using Axograph X (Axograph Scientific). For recordings of leu-enkephalin mediated
GIRK currents, thiorphan (1 uM) and bestatin (10 M) were included in the recording solution to inhibit degradation. Where indicated,
electrical stimulation was used to evoke dopamine release using a monopolar glass stimulating electrode filled with ACSF. DHBE
(1 uM) was always included in the recording solution in experiments using electrical stimulation to block cholinergic interneuron
mediated activation of dopamine terminals (Mamaligas and Ford, 2016). For dopamine bath application experiments, cocaine
(10 uM; with DHBE, 1 uM) was included in the recording solution to block reuptake and allow equal penetration of dopamine into
the slice in the DStr and NAc. Drugs were applied by bath perfusion. For high and low optogenetic stimulation, optical stimulation
intensity was reduced by approximately half from a high values of ~1 mw.

For GABA collateral recordings in A2A-Cre mice, the internal solution contained 135 mM CsCl, 0.1 mM CaCl,, 2 mM MgCl,, 10 mM
HEPES(K), 0.1 mM EGTA, 1 mg/mL ATP, 0.1 mg/mL GTP, 1.5 mg/mL phosphocreatine, and 3.3 mM QX-314 (CI" salt) (pH 7.4,
275 mOsm). Whole-cell recordings (Vi, = —60 mV) were made from putative D1-MSNs and GABA release from ChR2-expressing
D2-MSNs was evoked with wide-field blue light (pulse width = 1 ms) every 30 s. Recording solution contained SCH 23390 (1 uM),
scopolamine (200 nM), DNQX (10 uM), CGP 55845 (300 nM), DHBE (1 uM), and cocaine (10 uM). GABAA-IPSCs recorded 5 minutes
prior to dopamine bath application were used for baseline. Recordings were filtered to 5 kHz.

2-photon imaging

Fluorescent imaging was performed using a BX51WI (Olympus) microscope and a home-built 2-photon laser scanning microscopy sys-
tem using a pair of XY galvanometer mirrors (6215, Cambridge Technology) using custom imaging software. A Mira 900 Ti:sapphire laser
with a Verdi G10 pump laser (Coherent) was tuned to 800 nm and epifluorescence signals were captured through a 60x water immersion
objective (Olympus) using a T700LPXXR dichroic mirror and ET680sp and ET620/60 filters (Chroma) and a H10721-20 photomultiplier
tube (Hamamatsu). A SR570 current preamplifier (Stanford Research Systems) was used to convert the output to voltage and the signal
was digitized using a NI PCI-6110 data acquisition board (National Instruments). Bidirectional waveforms were generated using custom
code in Visual Studio and Python. MSNs were visualized by including Alexa 594 (20 uM) in the patch pipette. Internal solution for 2-photon
experiments also included 135 mM D-gluconate(K), 10 mM HEPES(K), 0.1 mM CaCl,, 2 mM MgCl,, 0.1 mM EGTA, 1 mg/mL ATP,
0.1 mg/mL GTP, and 1.5 mg/mL phosphocreatine (pH 7.4, 275 mOsm). For dopamine iontophoresis, a thin-walled glass iontophoretic
electrode was filled with dopamine (1 M) including sulforhodamine 101 (300 uM) and was briefly dipped for ~30 s in a solution containing
BSA-conjugated Alexa 594 (0.06%). Dopamine was ejected as a cation (160 nA) in 2 — 5 ms pulses for minimum iontophoresis. Leakage
of dopamine was prevented with a retention current of 3 — 20 nA.

FSCV

Carbon fiber electrodes (34 — 700, Goodfellow) were encased with a glass pipette with an exposed diameter of 7 um and length of
50 - 100 um. The tip of the carbon fiber was soaked in activated carbon-purified isopropanol for at least 20 — 30 minutes before using.
The tip of fiber was placed in the DStr or NAc medial shell 30 - 70 um below the surface of the slice. While holding the carbon fiber at
—0.4 V, triangular waveforms (—0.4 to 1.3 V versus Ag/AgCl at 400 V/s) were applied to the fiber at 10 Hz. Background subtracted
cyclic voltammogram currents were obtained by subtracting the average of 10 voltammograms obtained prior to stimulation from
each voltammogram obtained after stimulation. The time course of dopamine transmission was determined by plotting the peak
oxidation potential versus time. The carbon fiber was calibrated to known concentrations of dopamine after experiments. For kinetic
FSCV experiments, triangular waveforms (—0.4 to 1.0 V versus Ag/AgCl at 600 V/s) were applied to the fiber at 100 Hz. LED flash
hitting the carbon fiber resulted in a photovoltaic artifact that obscured the rise phase of release. At the end of experiments, tetro-
dotoxin (TTX, 200 nM) was applied to the slice to eliminate all action potential dependent release and isolate the artifact, which
was then subtracted from FSCV transients to allow for analysis of the kinetics of dopamine release. Optogenetic stimulation param-
eters were the same as those used for electrophysiology. DHBE (1 uM) was always included in the recording solution for FSCV
experiments.

Western Blots

The striatum for western analysis was isolated and performed as previously described (Marcott et al., 2014). The samples were de-
natured with STE buffer (10 mM Tris-Cl, pH 7.5, 1 mM EDTA, pH 8.0, 10% SDS) at 100°C for 5 min and equivalent amounts of protein
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were subjected to SDS-PAGE on 10% polyacrylamide gels, and then transferred to methanol activated PVDF membrane (Perkin
Elmer). Blots were blocked by 5% milk for 1 hour at RT and then incubated with primary antibody against Ga.o protein (1:500, Santa
Cruz, sc-13532) at 4°C overnight. Following incubation with horseradish peroxidase (HRP)-conjugated secondary antibody for 1 hour
at 37°C, blots were incubated in Pierce ECL reagent (Thermo Fisher) and visualized with a Cheimager (Alpha Innotech). The densi-
tometry was quantified with Imaged.

Molecular biology and heterologous expression

All constructs used in the cell-based assays were cloned into the pcDNAS.1 vector. For the bioluminescence resonance energy
transfer (BRET)-based assays, HEK293T cells were seeded onto 10 cm plates and transfected with a 1:1 ratio of DNA:polyethyleni-
mine (linear, MW 25,000; PolySciences). For the BRET-based receptor-mediated Gj; and Gy activation assays, cells were trans-
fected with plasmids encoding hD2s (0.2 png) or mMORSs (0.2 ng), and G and Gy, fused to the split mVenus fragments V1 and
V2, respectively (V1-GB4 (1 ng) and V2-Gy, (7 ng)), as well as PTX-resistant Ga;q or Gaoa With Renilla luciferase 8 (Rluc8) inserted
at amino acid position 91 (Ga;1-91-Rluc8 (0.2 pg) or Gaea-91-Rluc8 (0.1 pg)). For the cell-based GIRK assay, HEK293T cells were
sparsely seeded onto 18 mm coverslips and were transiently transfected with plasmids encoding hD2s (0.1 pg), PTX-resistant
Gaq or Gaoa (0.1 ng), human GIRK1 (0.7 ng), human GIRK2 (0.7 ng), the S1 catalytic subunit of PTX (S1-PTX; 0.1 pug) and tdTomato
(0.7 ng) with Lipofectamine 2000 (Invitrogen).

Bioluminescence resonance energy transfer (BRET) assays

All BRET studies were performed in HEK293T cells that were maintained in DMEM (Invitrogen) with 10% fetal bovine serum at 37°C
under 5% CO.. Cells were transiently transfected with the plasmids described above. Cells were prepared and assayed as described
previously in detail (Donthamsetti et al., 2015; Newman et al., 2012). Briefly, cells were washed, harvested and resuspended in DPBS
containing 5 mM glucose at room temperature. Cells (~40 pg of protein per well according to a BCA protein assay kit, Thermo
Scientific) were distributed into a 96-well microplate (Wallac, PerkinElmer Life and Analytical Sciences). After incubation with coelen-
terazine H (5 uM) (Dalton Pharma Services) for 8 minutes, different ligands were injected and incubated for 2 to 10 minutes. Using a
Pherastar FS plate reader (BMG Labtech), BRET signal was determined by quantifying and calculating the ratio of the light emitted by
mVenus (510—540 nm) over that emitted by Rluc8 (485 nm).

GIRK activation assay in cultured cells

HEK293T cells were maintained in DMEM (Invitrogen) with 10% fetal bovine serum on poly-L-lysine-coated coverslips. Cells were
patch-clamped in whole-cell configuration 16-24 hours after transfection in high potassium solution containing 120 mM KCl,
25 mM NaCl, 10 mM HEPES, 2 mM CaCl, and 1 mM MgCl,, pH 7.4. Glass pipettes with a resistance of 3-7 MQ were filled with intra-
cellular solution containing 140 mM KClI, 10 mM HEPES, 3 mM Na,ATP, 0.2 mM Na,GTP, 5 mM EGTA and 3 mM MgCl,, pH 7.4. Cells
were voltage clamped to —60 or —80 mV using an Axopatch 200A (Molecular Devices) amplifier. All pharmacological compounds
were applied using a gravity-driven perfusion system.

Reagents

Picrotoxin, MK-801, SCH 23390, CGP 55845, scopolamine hydrobromide, nomifensine maleate, DHBE, enkephalin, and DHBE were
from Tocris Bioscience. K-methylsulphate was from Acros Organic, and BAPTA was from Invitrogen. Vk4-116 was synthesized by
Anver Shaik at NIH NIDA (Figure S3). Cocaine hydrochloride was obtained from the National Institute of Drug Abuse. Dopamine hy-
drochloride and D-gluconate(K) were from Sigma-Aldrich. All other chemicals were from Fisher Scientific.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

Statistical analyses were performed in Prism 7 (GraphPad). Data are shown as mean + SEM. Statistical significance was defined as
p > 0.05 (ns), p < 0.05 (*), p < 0.01 (*), and p < 0.001 (***). Statistical significance was determined using Mann-Whitney U test,
Student’s paired t test, Wilcoxon signed-rank test, and two-way ANOVA, as appropriate, with Tukey’s post hoc analysis. Onset of
D2-IPSCs was measured as time to two SD above noise. The EC5o/ICsq of D2-receptor activation in each area was calculated by
fitting data points using nonlinear regression (Hill coefficient = 1). If the maximum response and inhibition did not differ between re-
gions, the concentration-response curves were constrained to the average maximum values measured in the two regions. Data
collected in heterologous experiments were analyzed using GraphPad Prism, Clampfit (Axon instruments) or Origin (OriginLab) soft-
ware. For dose-response curves, data were normalized to vehicle (0%) and dopamine (100%) and nonlinear regression analysis was
performed using the sigmoidal dose—response function in GraphPad Prism.
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