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Identification of Two Functionally Distinct Endosomal
Recycling Pathways for Dopamine D, Receptor
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Dopamine D, receptor (DRD2) is important for normal function of the brain reward circuit. Lower DRD2 function in the brain increases
the risk for substance abuse, obesity, attention deficit/hyperactivity disorder, and depression. Moreover, DRD2 is the target of most
antipsychotics currently in use. It is well known that dopamine-induced DRD2 endocytosis is important for its desensitization. However,
it remains controversial whether DRD2 is recycled back to the plasma membrane or targeted for degradation following dopamine
stimulation. Here, we used total internal reflection fluorescent microscopy (TIRFM) to image DRD2 with a superecliptic pHluorin tagged
to its N terminus. With these technical advances, we were able to directly visualize vesicular insertion events of DRD2 in cultured mouse
striatal medium spiny neurons. We showed that insertion of DRD2 occurs on neuronal somatic and dendritic surfaces. Lateral diffusion
of DRD2 was observed following its insertion. Most importantly, using our new approach, we uncovered two functionally distinct
recycling pathways for DRD2: a constitutive recycling pathway and a dopamine activity-dependent recycling pathway. We further
demonstrated that Rab4 plays an important role in constitutive DRD2 recycling, while Rab11 is required for dopamine activity-
dependent DRD2 recycling. Finally, we demonstrated that the two DRD2 recycling pathways play distinct roles in determining DRD2
function: the Rab4-sensitive constitutive DRD2 recycling pathway determines steady-state surface expression levels of DRD2, whereas
the Rab11-sensitive dopamine activity-dependent DRD2 recycling pathway is important for functional resensitization of DRD2. Our

findings underscore the significance of endosomal recycling in regulation of DRD2 function.

Introduction

The mesolimbic dopamine system is a central component of the
brain reward circuit (Wise, 2008). Substantial evidence suggests
that lower dopamine (DA) D, receptor (DRD2) function in the
striatum increases risk for substance abuse (Volkow et al., 2009),
obesity (Wang et al., 2002; Kenny, 2011), attention deficit/hyper-
activity disorder (Blum et al., 1996), and depression (Park et al.,
2005; Lawford et al., 2006). Moreover, abnormal elevated func-
tion of DRD2 is thought to contribute to the positive symptoms
of schizophrenia (Carlsson, 1988; Karam et al., 2010). For this
reason, most antipsychotics currently in use are DRD2 antago-
nists. The function of DRD2 is determined by its levels on the
plasma membrane (PM) (Lin etal., 2001, 2002; Binda et al., 2002;
Free et al., 2007; Kim et al., 2008a,b; Tirotta et al., 2008; Genedani
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etal., 2010), and DRD2 endocytosis plays an important role in its
desensitization following DA stimulation (Kim et al., 2001;
Jeanneteau et al., 2004; Kabbani et al., 2004; Macey et al., 2004;
Namkung and Sibley, 2004; Sugiura et al., 2004; Bartlett et al.,
2005; Genedani et al., 2005; Torvinen et al., 2005; Paspalas et al.,
2006; lizuka et al., 2007; Kim, 2008; Xiao et al., 2009; Celver et al.,
2010; Shimokawa et al., 2010). However, the fate of DRD2 fol-
lowing DA-induced endocytosis remains controversial. DRD2
was suggested to target primarily to degradation pathways fol-
lowing DA-induced endocytosis (Bartlett et al., 2005). Recently,
dysbindin has been implicated in targeting DRD?2 to degradation
pathways (Ji et al., 2009; Marley and von Zastrow, 2010). How-
ever, evidence also exists that supports DRD2 recycling following
its endocytosis (Vickery and von Zastrow, 1999; Namkung et al.,
2009). If endosomal recycling of DRD2 does take place, it is likely
to be important in determining the abundance of DRD2 on the
PM. Most importantly, targeting endosomal recycling of DRD2
to manipulate the number of DRD2 receptors on the PM offers a
potentially effective therapeutic strategy for psychiatric disorders
with DRD2 dysfunction. Determining whether endosomal recy-
cling of DRD2 exists, and, if it does exist, elucidating how endo-
somal recycling of DRD?2 is regulated, represents an important
step toward this ultimate therapeutic goal. The highest DRD2
expression is detected in the striatum, and >90% of neurons in
the striatum are medium spiny neurons (MSNs) (Bunzow et al.,
1988; Missale et al., 1998). Hence, primary cultured MSNs rep-
resent an excellent cellular model system for elucidating the mo-
lecular and cellular mechanisms governing DRD?2 trafficking and
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function. Here, we directly visualized DRD2 insertion to the PM
of MSNs by using a new strategy to label DRD2 and by using total
internal reflection fluorescent microscopy (TIRFM). Using our
new approach, we uncovered two functionally distinct recycling
pathways for DRD2: a Rab4-sensitive constitutive recycling path-
way that determines steady-state surface expression of DRD2 and
a Rab11-sensitive DA activity-dependent recycling pathway that
isimportant for functional resensitization of DRD2. Our findings
underscore the significance of endosomal recycling in regulation
of DRD2 function.

Materials and Methods

All restriction enzymes were obtained from New England BioLabs.
Chemicals were obtained from Thermo Fisher Scientific. Tissue culture
supplies are from Invitrogen. HEK 293 cells were transfected using Lipo-
fectamine 2000 (Invitrogen) per the manufacturer’s recommendation.
The long isoform of human DRD2 (DRD2L) cDNA was obtained from
Open Biosystems. The short isoform of human DRD2 (DRD2S) was
generated by PCR. DNA sequencing was performed in The Jackson Lab-
oratory Scientific Services’ DNA sequencing facility.

PpH-DRD?2 construction. To generate N-terminal superecliptic pHluo-
rin-tagged DRD2, we first subcloned superecliptic pHluorin into the pRK5
vector. No cleavable signal peptide was identified on DRD2; therefore, to
ensure correct targeting of pHluorin and the N terminus of DRD2 to the
endoplasmic reticulum lumen following protein translation, a cleavable sig-
nal peptide sequence, MPYIFAFFCTGFLGAVVGAN, was added to the N
terminus of superecliptic pHluorin. A 10-glycine linker was inserted between
the signal peptide and the N terminus of pHluorin. Another 10-glycine
linker was inserted between the C terminus of pHluorin and the N terminus
of DRD2. DRD2L or DRD2S was cloned in frame into the pRKS5 vector fused
to pHluorin behind the glycine linker. The final cDNA constructs (pRK5-
pH-DRD2L and pRK5-pH-DRD2S) were sequenced to ensure that no mu-
tation was introduced by PCR.

To generate the pPCAG-LoxP-Neomycin-LoxP-pH-DRD2L (pCALNL-pH-
DRD2L) construct, we obtained pCALNL-DsRed from AddGene and
replaced DsRed on this vector with pH-DRD2L. The final construct con-
tains a CAG promoter, followed by a floxed neomycin cassette. The
pH-DRD2 cDNA was placed behind the floxed neomycin cassette. In the
absence of Cre recombinase activity, neomycin is translated, thereby
preventing translation of pH-DRD2L when transfected in wild-type neu-
rons (data not shown). In the presence of Cre, the neomycin cassette is
removed, allowing translation and expression of pH-DRD2L. Expressing
this construct in neurons cultured from DRD2-Cre embryos will result in
specific expression of pH-DRD2L in D,-type MSN.

DRD2 Cre mice. The DRD2 Cre mouse strain STOCK Tg(Drd2-
cre)ER44Gsat/Mmucd was obtained from Mutant Mouse Regional Re-
source Centers and was backcrossed to the C57BL/6] genetic background
for more than five generations. To perform the experiments shown in
Fig. 1 K, we first crossed heterozygous DRD2 Cre mice and used real-time
PCR to identify homozygous DRD2 Cre mice. We then crossed homozy-
gous male DRD2 Cre mice with C57BL/6] females, a strategy that ensures
that all D,-type MSNs in the resulting embryos are labeled with Cre. We
used these embryos for our neuronal culture and transfected with
pCALNL-pH-DRD2L or pRK5-pH-DRD2L. When we crossed homozy-
gous male DRD2 Cre mice with homozygous female B6;129S6-
Gt(ROSA)26Sor'm(CAG-tdTomato)Hze /) yeporter mice, and cultured
neurons from these embryos, only a portion of MSN's were labeled with
tdTomato (data not shown), suggesting that MSNs in culture can also be
categorized as D;- or D,-type MSNs. Due to the interference of
tdTomato fluorescence in our pH-DRD2 TIRF imaging experiments,
pCALNL-pH-DRD2L or regular pRK5-pH-DRD2L constructs were
used to transfect DRD2-Cre MSNs for comparison of pH-DRD2L inser-
tion in D,-type MSNs versus mixed MSNs.

cAMP accumulation assay. The cAMP accumulation assay for deter-
mining DRD2 function was performed using the LANCE Ultra cAMP
Detection Kit from PerkinElmer using the protocols provided by the
manufacturer. In brief, a cAMP standard curve was generated using re-
agents provided in the detection kit. The final cAMP concentration (in
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mol/L) was 1 X 107%,3 X 1077,1 X 1077,3 X 10751 X 10 7%, 3 X
107%1X107%3X 107" 1 X 107'%,3 x 107", 1 X 10", 0. The
standard curve was fitted to an equation: log(agonist) versus response minus
variable slope in Prism (GraphPad Software). The equation is as follows: Y =
bottom + (top — bottom)/(1 + 10A[(LogEC5, — X) * Hill slope]). In this
equation, Y represents time-resolved fluorescence resonance energy transfer
(TR-FRET) signals measured at 665 nm, and X represents Log(cAMP). Fit-
ting the cAMP standard curve with the above equation gave the numerical
values of bottom, top, LogECs, and Hill slope, and yielded the following
equation: Y = 1234 + 57751/(1 + 108790 = %" (Z1.749)) By applying these
numerical values to the above equation, we calculated the true cAMP con-
centration from the TR-FRET signals measured at 665 nm.

To measure DRD2 activity, HEK 293 cells were transfected with vector
alone, DRD2, or pH-DRD2. Since activation of DRD2 results in inhibi-
tion of cAMP accumulation, we stimulated HEK 293 cells with 3 um of
forskolin for 30 min to increase the cAMP concentration. We simultane-
ously treated HEK 293 cells with three physiological concentrations of
dopamine (1, 10, and 100 nm) for 30 min. Following dopamine stimula-
tion, cCAMP accumulation was assayed using the reagents provided in the
detection kit and using a VICTOR X3 Multilabel Plate Reader (Perkin-
Elmer). The TR-FRET signals obtained from the plate reader were then
converted into cAMP concentrations using the equation described
above. The cAMP concentrations were further normalized to samples
not treated with dopamine for each group.

Neuronal culture. Striatum from embryonic day 16 (E16) mice were
dissected out under a dissection microscope in cold artificial CSF (ACSF)
containing the following (in mwm): 119 NaCl, 5 KCI, 1 MgCl,, 30 dextrose,
25 HEPES, pH 7.4, without calcium. Striatal neurons were dissociated
with papain in ACSF at 37°C for 15 min and seeded on 25 mm coverslips
(size #1.5) precoated with poly-L-lysine (0.1 M in borate buffer, pH 8.0).
The plating medium was Neurobasal medium containing 50 U/ml pen-
icillin, 50 ug/ml streptomycin, and 2 mm GlutaMAX, supplemented with
2% B-27 and 5% heat-inactivated horse serum (Invitrogen). Twenty-
four hours after initial plating, the original plating medium was replaced
with fresh plating medium, and neurons were supplied with a feeder layer
of glia growing on a PICM 03050 culture insert (Millipore). Neurons
were then fed twice weekly with Neurobasal media (see above) supple-
mented with 2% B-27. Neurons were used for imaging experiments be-
tween 8 and 12 days in vitro.

Neuronal transfection. Lipofectamine 2000 (Invitrogen) was used for
neuronal transfection. For each 25 mm coverslip, 2 ul of Lipofectamine
2000 was used. One microgram (1 ug) of pH-DRD2 cDNA was used in
all experiments. For experiments coexpressing pH-DRD2 with
dominant-negative Rab4 (Rab4DN) or dominant-negative Rabll
(Rab11DN), an additional 1 pg of empty vector, or of a cDNA vector
expressing Rab4DN or Rab11DN, was cotransfected with pH-DRD2.
Lipofectamine 2000 and DNA were first each diluted with 200 ul of
Neurobasal medium without any supplement and were then mixed. The
mixture was then let to stand for 20 min before being applied to neurons.
Before application of the Lipofectamine/DNA complex to neurons, half
of the culture medium was removed and mixed with an equal volume of
new Neurobasal medium supplemented with B-27. This medium was
saved for use with neurons after transfection. The Lipofectamine/
DNA mixture was then added to neurons and incubated for 2—4 h.
Following incubation, the transfection medium containing the Lipo-
fectamine/DNA complex was replaced with the medium prepared
before transfection. Neurons were used for experiments 2472 h fol-
lowing transfection.

TIRFM imaging. The TIRFM system is constructed based on a manual
Zeiss AxioObserver microscope (Carl Zeiss Microlmaging). The excita-
tion laser is a Newport 488 nm/100 mW Cyan Laser System. The laser is
coupled to a Zeiss TIRF slider via a KineFLEX-P-2-S-488—-640-0.7-
FCP-P2 optical fiber (Point Source). A Z488RDC dichroic mirror
(Chroma Technology) was used to reflect the incoming laser onto a Zeiss
a-Plan 100X objective lens [numerical aperture (NA), 1.46]. An
ET525/50 emission filter was used for GFP fluorescence detection
(Chroma Technology). An Evolve Electron Multiplying Charge Coupled
Device (EMCCD) camera (Photometrics) was used as the detector. A
2.5X relay lens was positioned between the microscope camera port and
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the camera to achieve optimal spatial resolution (0.064 wm per pixel
when using the 100X, 1.46 NA objective). The camera was maintained at
—80°C during imaging experiments. A Uniblitz LS6 shutter controlled
by a VMM-D3 controller (Vincent Associates) was integrated between
the laser head and fiber launcher. Data were acquired using u-Manager
software (Edelstein et al., 2010) (http://www.micro-manager.org/). All
imaging experiments were performed at 37°C in ACSF solution contain-
ing 2 mM CaCl,. Camera exposure was set at 100 ms, and the acquisition
rate was 10 images per second (10 Hz). EMCCD gain was set at the
maximum. Recordings were analyzed using ImageJ software (NIH,
http://rsb.info.nih.gov/ij/), and insertion events were registered and an-
alyzed manually. Total events per minute per unit surface area were taken
as the frequency of insertion and were normalized to the control group as
100%. Images rendered along the y—t axis were generated in ImageJ by
rotating the original x—y—t stack 90° along the y-axis, and the maximum
intensity of each x line was projected onto a single pixel of the y-axis using
the maximume-intensity projection algorithm in Image]J.

For Figure 1C, the image of an MSN expressing pH-DRD2 was first
acquired using a Plan Neo-Fluo 40X oil objective lens (NA, 1.30) and
then acquired under the TIRF imaging mode through an Alpha Plan-Apo
100X oil objective lens (NA, 1.46); the latter results in a reduced field of
view but increased spatial resolution (160 nm per pixel when using the
40X, 1.30 NA objective lens, and 64 nm per pixel when using the 100X,
1.46 NA objective lens).

To quantify the single GFP fluorescence level, recombinant GFP
(Clontech) was diluted to a concentration of 100 ng/ml and imaged
under acquisition settings identical to those used for pH-DRD2 (laser
power, TIRF angle, objective, camera exposure, and gain setting). Single
GFP fluorescent spots were identified manually based on their single-step
photobleach characteristics. The primary peak on the histogram plot of
single GFP fluorescence was then fitted to a Gaussian function using Igor
Pro (WaveMetrics).

For Figure 3, neurons were pretreated with 20 um bicuculline (Bicu)
for 1 h before recording was started, and neurons were recorded in ACSF
buffer containing 20 um bicuculline. For DA stimulation, MSNs were
pretreated with 1 um of DA for 20 min. DA was then washed out, and
recording was performed in ACSF. In experiments using dopamine D,
receptor (DRD1) antagonist SCH39166 (SCH; C,H,,CINO.HBr), neu-
rons were pretreated with 50 nm of SCH39166 and 1 um of DA for 20 min,
and neurons were recorded in ACSF buffer containing 50 nm of
SCH39166. In experiments using DRD2 antagonist 1741626 (L74;
C,,H,,CIN,0), neurons were pretreated with 1 um of L741626 and 1 um
of DA for 20 min, and neurons were recorded in ACSF buffer containing
1 uMm of L741626.

For Figure 5 photobleaching experiments, neurons were first identi-
fied on stage. pH-DRD2 molecules exposed on the surface were photo-
bleached under the TIRFM condition for 1 min, which resulted in
elimination of most surface pH-DRD2 fluorescence. Neurons were then
stimulated with dopamine, and recording was performed immediately
following the onset of dopamine stimulation or 20 min after dopamine
stimulation.

For all live-imaging experiments, neurons were used for imaging ex-
periments within 30 min after they were removed from the incubator and
incubated in ACSF.

Immunocytochemistry. Medium spiny neurons were transfected with
pH-DRD2 for 48 h. Neurons were washed with ACSF and incubated with
polyclonal rabbit anti-GFP antibody at a dilution of 1:200 (a gift from Dr.
Richard L. Huganir, Department of Neuroscience, Johns Hopkins Uni-
versity School of Medicine/HHMI) for 1 h at 4°C to label pH-DRD2 on
the surface. Neurons were then fixed with Parafix (4% sucrose, 4% para-
formaldehyde in PBS, pH 7.4), permeabilized with 0.25% Triton X-100
in PBS, blocked with 10% normal donkey serum in PBS at 37°C for 1 h,
and subsequently stained with a monoclonal GFP antibody at a dilution
of 1:100 (a gift from Dr. Richard L. Huganir) to stain for total pH-DRD2
to amplify green fluorescent signal from superecliptic pHluorin at neu-
tral pH. Neurons were then washed four times and subsequently stained
with Rhodamine Red-X donkey anti-Rabbit IgG (H+L; 1:100 dilution)
and Alexa Fluor 488 donkey anti-mouse IgG (H+L; 1:200 dilution) sec-
ondary antibodies (Jackson ImmunoResearch). Neurons were then
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washed five times and mounted on slides. Images were acquired on an
inverted Zeiss fluorescent microscope using a 40X objective (NA, 1.30)
and a 2.5X relay lens between the microscope and the camera. Fluores-
cent intensities were quantified using ImageJ (NIH, http://rsb.info.nih.
gov/ij/). The ratio between surface to total of pH-DRD2 signal was
normalized to the control group (pH-DRD2 without DA stimulation) as
100%.

Statistics. All statistical tests were performed using Prism (GraphPad
Software). All values were expressed as mean + SEM. The nonparametric
Mann—Whitney test was used to compare statistical differences between
any two groups. A value of p < 0.05 was taken as the statistically signifi-
cant difference.

Results

Visualization of individual vesicular DRD2 insertion events
There are two DRD2 splice variants: along isoform (DRD2L) and
a short isoform (DRD2S). Previous studies have suggested that
DRD2L mediates postsynaptic DRD2 function, while DRD2S is
considered to be an autoreceptor on dopamine neurons (Mack et
al., 1991; Neve et al., 1991; Khan et al., 1998; Usiello et al., 2000;
Rouge-Pont et al., 2002; Xu et al., 2002; Fetsko et al., 2003; Lind-
gren et al., 2003; Holmes et al., 2004). Our current study focuses
on regulation of DRD?2 trafficking in striatal MSNs, which are
postsynaptic to dopamine neurons. We therefore focus our study
primarily on DRD2L. To visualize vesicular insertion events of
DRD2L to the PM, we first labeled the N terminus of DRD2L with
a pH-sensitive GFP, the superecliptic pHluorin (Miesenbock et
al., 1998), and generated a pH-DRD2L construct (pRK5-PH-
DRD2L) using a strategy similar to that applied to the 82 adren-
ergic receptor (Yudowski et al., 2006) (Fig. 1A). The response of
this pH-DRD2L construct to three physiological concentrations
of DA was similar to that of the nontagged version of DRD2L
(Fig. 1 B), demonstrating that tagging the N terminus of DRD2L
with superecliptic pHluorin does not interfere with its function.
We next cultured striatal MSNs from embryonic mice and trans-
fected with pKR5-pH-DRD2L for our imaging experiments (Fig.
1C, left). Using TIRFM we were able to visualize the sudden
appearance of pH-DRD2L clusters on both the somatic and den-
dritic surfaces of MSNs (Fig. 1C, middle, right). Untransfected
MSNs or MSNs transfected with nontagged DRD2L displayed no
fluorescence or visible insertion (data not shown). We deter-
mined that the dynamic pH-DRD2L clusters represent insertion
events of pH-DRD2L from intracellular vesicles into the PM,
rather than clustering of surface DRD2L molecules, by showing
that appearance of these clusters could be abolished by coexpres-
sion of pH-DRD2L with tetanus toxin light chain (TeNTLC; in-
sertion frequency, control, 100 = 11%, n = 22 neurons;
TeNTLC, 27 * 7%, n = 14 neurons; p < 0.0001, Mann—Whitney
test) (Fig. 1 D), which blocks vesicle insertion into the PM (Lin et
al., 2009).

To quantify the number of DRD2L molecules in individual
insertion events, we first quantified the fluorescence level of a
single recombinant GFP molecule. Identification of a single GFP
molecule is based on the criterion that photobleaching of a single
GFP molecule is a single-step process (Fig. 1 E). Under our imag-
ing conditions, the fluorescence intensity of a single GFP mole-
cule was 34,322 = 343 arbitrary units (A.U.), from quantification
of 813 single GFP molecules (Fig. 1 F). On average, the total peak
fluorescence intensity of pH-DRD2L insertion was 1,020,932 =
32,069 A.U. (n = 747 individual insertion events from 135 neu-
rons); therefore, each pH-DRD2L insertion event, on average,
comprised 30 = 1 DRD2L molecules (Fig. 1G). Insertion events
appeared as the rapid appearance of pH-DRD2L clusters that
then dispersed within seconds. We observed at least two types of
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Visualization of pH-DRD2 insertion in cultured MSNs. A, Schematic drawing of the pH-DRD2 construct. B, cAMP accumulation assay to determine DRD2 function in HEK 293 cells:
untransfected cells (1), vector-transfected cells (2), DRD2 (nontagged) transfected cells (3), and pH-DRD2 transfected cells (4). Activation of DRD2 inhibits cAMP accumulation. Untransfected and
vector-transfected cells do not respond to DA stimulation, while DRD2 (nontagged) and pH-DRD2 display similar sensitivities to DA at three different concentrations: 1, 10, and 100 nm. C, Left,
pH-DRD2L in a cultured MSN visualized under epifluorescent mode using a 40<, 1.30 NA objective. The white square in the middle represents the field of view under TIRF imaging mode using a
100<, 1.46 NA objective, as seen in the middle. Middle, Maximum-intensity projectionimage of pH-DRD2L fluorescence of the same cultured MSN visualized under TIRFimaging mode; white spots
with arrowheads represent individual pH-DRD2L insertion events as visualized under TIRFM. Right, y—t maximum-intensity projection image of pH-DRD2L fluorescence in the same cultured MSN
visualized under TIRF imaging mode; arrowheads indicate individual pH-DRD2 insertion events as indicated in the middle panel. D, Quantification of pH-DRD2L insertion frequency with or without
TeNTLC. E, The two images show a single GFP fluorescent spot before (left) and after (right) the single-step photobleaching; the plot underneath the images shows fluorescence changes over time
at this fluorescent spot. Single-step photobleaching occurs between 0.7 and 0.8 s. F, Fitting the primary peak of single GFP fluorescence intensity to a Gaussian function results in a Gaussian profile
with the center of the Gaussian function representing a single GFP fluorescence level. G, By normalizing the average total fluorescence level of pH-DRD2 to single GFP fluorescence, the number of
pH-DRD2L molecules in individual insertion events can be derived. H, Two representative insertion events of pH-DRD2 followed by lateral diffusion. The arrows indicate diffusion of pH-DRD2L from
the initial insertion site. /, Comparison of pH-DRD2L and pH-DRD2S in MSNs. J, Experimental design for examination of pH-DRD2L insertion properties in D,-type MSNs. In pCALNL-pH-DRD2L, the
translation of pH-DRD2L is prevented by a floxed neomycin cassette. Transfecting this pCALNL-pH-DRD2L construct into MSNs cultured from DRD2 Cre embryos will result in specific expression of
pH-DRD2L in D,-type MSNs. K, Comparison of pH-DRD2L insertion between MSNs and D,-type MSNs. MSN, pH-DRD2L insertion without discrimination of D,-type versus D,-type MSNs, using
pRK5-pH-DRD2L construct; D, MSN, pH-DRD2L insertion in D,-type MSNs using pCALNL-pH-DRD2L construct. Asterisks denote statistical significance compared to the control group.

Figure 1.

diffusion following insertion: (1) a relatively slow diffusion, oc- ~ 10%, n = 30 neurons; DRD2S, 121 & 18%, n = 32 neurons; p =
curring primarily in one direction (Fig. 1 H, top), and (2) amore  0.9047, Mann—Whitney test; insertion amplitude, DRD2L, 100 *
rapid diffusion, with pH-DRD2L diffusing in different directions 6%, n = 182 events from 30 neurons; DRD2S, 104 *+ 5%, n = 217
immediately following insertion (Fig. 1 H, bottom). events from 32 neurons; p = 0.1085, Mann—Whitney test) (Fig. 11).

pH-DRD2S showed insertion frequencies and amplitudes simi- ~ Based on the absence of difference between the insertion of the two
lar to those of pH-DRD2L (insertion frequency, DRD2L, 100 =  DRD2 isoforms and the suggested postsynaptic role of DRD2L, we
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focus our current studies on DRD2L. But we
do not exclude that similar mechanisms can
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also drive DRD2S trafficking.

In the striatum, MSNs can be catego-
rized as D,- or D,-type MSNs. Similarly,
both D;- and D,-type MSNss exist in our
primary cultured system, and have equal
chance to be transfected with pRK5-pH-
DRD2L for our imaging experiments
(data not shown). It was not known
whether D,- and D,-type MSNs have dif-
ferent DRD2 insertion properties. We
therefore designed an experiment allow-
ing us to specifically label D,-type MSNs
and examine pH-DRD2L insertion only
in D,-type MSNs. To accomplish this, we
replaced the DsRed c¢cDNA on the
pCALNL-DsRed vector (Matsuda and
Cepko, 2007) with pH-DRD2L, thereby
generating a pCALNL-pH-DRD2L ex-
pression construct with a neomycin cas-
sette with two loxP sites in front of the
pH-DRD2L ¢DNA (Fig. 1]). With this de-
sign, the translation of pH-DRD2L is pre-
vented by the translation of neomycin.
However, in neurons expressing Cre, the
neomycin cassette is removed via Cre-
mediated recombination, allowing trans-
lation of pH-DRD2L. We next obtained
the DRD2 Cre mouse strain, in which D,-
type MSNs are labeled with Cre and then
cultured neurons from heterozygous
DRD2 Cre embryos (see Materials and
Methods) to ensure that all of the D,-type
MSNs were labeled with Cre. We sepa-
rated our culture into two groups. The
first group of neurons were transfected with the regular pH-
DRD2L construct (pRK5-pH-DRD2L), which results in expres-
sion of pH-DRD2L in both D,- and D,-type MSNs (Fig. 1K,
MSN), similar to most of our imaging experiments. The second
group of neurons were transfected with the pCALNL-pH-
DRD2L construct, allowing expression of pH-DRD2L specifically
in D,-type MSNs (Fig. 1 K, D, MSN). Using this strategy, the inser-
tion of pH-DRD2L in D,-type MSNs showed insertion frequencies
and amplitudes similar to those of the mixed D, - and D,-type MSNs
(insertion frequency, MSN, 100 = 21%, n = 15 neurons; D, MSN,
100 * 32%, n = 17 neurons; p = 0.5205, Mann—Whitney test; in-
sertion amplitude, MSN, 100 = 8%, n = 60 events from 15 neurons;
D, MSN, 115 * 10%, n = 63 events from 17 neurons; p = 0.1426,
Mann-Whitney test) (Fig. 1 K). Therefore, we concluded that results
obtained from unidentified (i.e., mixed D, - and D,-type) MSNs are
similar to those from D,-type MSNs. Given that identifying positive
transfected D,-type MSNs is very inefficient, we therefore performed
most of our imaging experiments in mixed MSNs.

Figure 2.

Observed DRD2L insertion represents constitutive

DRD2L recycling

The observed DRD2L insertion could originate either from for-
ward trafficking in the biosynthetic pathway or from the endo-
somal recycling pathways. Insertion from the biosynthetic
pathway does not rely on receptor endocytosis, whereas endo-
somal recycling depends on receptor endocytosis from the PM.
DRD2 endocytosis depends on clathrin and arrestin (Kim et al.,
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Observed DRD2 insertion represents constitutive DRD2 recycling. Left, y—t maximum-intensity projection images of
pH-DRD2 insertion events in each experimental group. A, Hypertonic sucrose inhibits DRD2 insertion. — Sucrose, Without hyper-
tonic sucrose treatment; -+ Sucrose: with hypertonic sucrose treatment. B, Arrestin-binding mutant of DRD2 displays reduced
insertion. —1YIV_4A, Wild-type pH-DRD2L; + IYIV_4A, pH-DRD2L mutant with arrestin-binding site abolished. (, Rab4 regulates
constitutive pH-DRD2L recycling. pH-DRD2L, Control group; pH-DRD2L+Rab4DN, coexpression of pH-DRD2L with dominant-
negative mutant of Rab4; pH-DRD2L -+ Rab11DN, coexpression of pH-DRD2L with dominant-negative mutant of Rab11. Asterisks
denote statistical significance compared to the control group. n.s., Not significant.

2001; Kabbani et al., 2004; Paspalas et al., 2006). Hypertonic
sucrose, which inhibits clathrin-dependent endocytosis, signifi-
cantly reduced the pH-DRD2L insertion frequency (without
sucrose, 100 = 15%, n = 33 neurons; with sucrose, 34 = 9%, n =
16 neurons; p = 0.0003, Mann—Whitney test), but did not affect
the amplitude of pH-DRD2L insertion (without sucrose, 100 =
11%, n = 211 events from 33 neurons; with sucrose, 102 = 23%,
n = 32 events from 16 neurons; p = 0.9451, Mann—Whitney test)
(Fig. 2A). This result suggests that observed pH-DRD2L inser-
tion represents endosomal recycling of DRD2L, and that inhibit-
ing clathrin-dependent DRD2L endocytosis reduces the total
amount of DRD2L available for recycling, but does not affect the
loading of DRD2L into each vesicle for recycling. We next gener-
ated a pH-DRD2L 1212y 211214y 215_p 2127 213 A 2147 215 mgtant
that abolished arrestin binding and DRD2 endocytosis but left
DRD?2 signaling through the G-protein pathways intact (Lan et
al., 2009). This pH-DRD2L mutant also displayed significantly
reduced pH-DRD2L insertion frequency (pH-DRD2L, 100 =
19%, n = 27 neurons; pH-DRD2L IYIV_4A, 23 £ 9%, n = 16;
p = 0.0017, Mann—Whitney test), whereas the amplitude of in-
sertion was unchanged (pH-DRD2L, 100 * 14%, n = 80 events
from 27 neurons; pH-DRD2LIYIV_4A,71 * 22%, n = 10 events
from 16 neurons; p = 0.1675, Mann—Whitney test) (Fig. 2B).
This observation further suggests that the observed pH-DRD2L
insertion represents endosomal recycling of DRD2L. Different
endosomal recycling pathways are regulated by different small
Rab GTPases. For example, Rab4 is involved in fast recycling
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Figure 3.

activity in coculture of MSN and Cx does not affect pH-DRD2 insertion.

from sorting endosomes to the PM, while Rabl11 is involved in
slow recycling from recycling endosomes to the PM (Stenmark,
2009). To further determine whether the observed pH-DRD2L
insertion originated from endosomal recycling pathways, we coex-
pressed dominant-negative mutants of either Rab4 or Rab11 with
pH-DRD2L and recorded pH-DRD2L insertion. Our results
showed that Rab4DN significantly reduced both pH-DRD2L in-
sertion frequency (pH-DRD2L, 100 * 7%, n = 65 neurons;
pH-DRD2L+Rab4DN, 45 * 6%, n = 36 neurons; p < 0.0001
compared to pH-DRD2L, Mann—Whitney test) and amplitude
(pH-DRD2L, 100 * 4%, n = 474 events from 65 neurons; pH-
DRD2L+Rab4DN, 68 = 7%, n = 105 events from 36 neurons; p <
0.0001 compared to pH-DRD2L, Mann—Whitney test) under basal
conditions (Fig. 2C), suggesting that the observed DRD2L insertion
represents its recycling from sorting endosomes to the PM. Inter-
estingly, Rabl11DN did not affect pH-DRD2L insertion
frequency (pH-DRD2L+Rab11DN, 84 * 8%, n = 39 neurons;
p = 0.1131 compared to pH-DRD2L, Mann—Whitney test), but
significantly increased pH-DRD2L insertion amplitude (pH-
DRD2L+Rab11DN, 145 * 11%, n = 211 events from 39 neurons;
p = 0.0002 compared to pH-DRD2L, Mann-Whitney test) (Fig.
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Glutamatergic or GABAergic activity does not affect pH-DRD2 insertion. Left, y—t maximum-intensity projection
images of pH-DRD2 insertion events in each experimental group. A, Inhibition of GABAergic activity does not affect pH-DRD2
insertion in MSN. Bicu., 20 m bicuculline; —Bicu., pH-DRD2 insertion in the absence of bicuculline; +Bicu., pH-DRD2 insertion in
the presence of bicuculline. B, Coculture of cortical neurons with MSN does not affect pH-DRD2 insertion. C, Inhibition of GABAergic
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2C). This result suggests that under basal
conditions, DRD2L recycling does not
originate from Rab11-dependent recycling
endosomes. Together, these results demon-
strate that under basal conditions, the ob-
served pH-DRD2L insertion represents
constitutive recycling of DRD2L from sort-
ing endosomes to the PM.

Glutamatergic or GABAergic activity
does not affect DRD2 insertion
Glutamatergic and GABAergic activities
regulate the trafficking of glutamate re-
ceptors and GABA, receptors in neurons
and have been shown to play important
roles in regulating the function of these
receptors in glutamatergic and GABAer-
gic synapses (Shepherd and Huganir,
2007; Luscher et al., 2011). However, to
date it is not known whether these neuro-
nal activities affect DRD2 trafficking in
MSNs. In the striatum, >90% of neurons
are GABAergic MSNs. They receive
GABAergic innervation from local inhib-
itory interneurons as well as from other
MSNs, and glutamatergic innervation
from the cortex and other brain regions.
To determine whether GABAergic or
glutamatergic activity in MSNs affects
insertion, we manipulated
GABAergic and glutamatergic activities in
0 our cultures and recorded pH-DRD2L in-
sertion in MSNs. The GABA , receptor an-
tagonist bicuculline (20 um) affected
neither the frequency nor the amplitude
of DRD2L insertion in MSNs [insertion
frequency, without Bicu (—Bicu), 100 =
26%, n = 21 neurons; with Bicu (+Bicu),
80 * 14%, n = 16 neurons; p = 0.5195,
Mann—-Whitney test; insertion amplitude,
—Bicu, 100 * 9%, n = 111 events from 21
neurons; +Bicu, 83 = 14%, n = 87 events
from 16 neurons; p = 0.2640, Mann—Whitney test] (Fig. 3A),
suggesting that DRD2L insertion is not regulated by GABAergic
input to MSNs. To determine whether excitatory glutamatergic
activity in MSNs affects DRD2L insertion, we cocultured MSNs
with cortical neurons (Cx), which provide glutamatergic inner-
vation to MSNs (Sun et al., 2008). We then compared DRD2
insertion in MSNs in the presence or absence of cortical neurons.
Our results showed that coculture of MSN's with cortical neurons
affected neither the frequency nor the amplitude of DRD2L in-
sertion in MSNs [insertion frequency, without Cx coculture
(—Cx), 100 * 17%, n = 29 neurons; with Cx coculture (+Cx),
123 £ 21%, n = 25 neurons; p = 0.5788, Mann—Whitney test;
insertion amplitude, —Cx, 100 £ 11%, n = 149 events from 29
neurons; +Cx, 98 * 6%, n = 175 events from 25 neurons; p =
0.0804, Mann—Whitney test] (Fig. 3B). Because our striatal cul-
ture contained a large number of GABAergic MSNs, which could
potentially inhibit the activity of cortical neurons, we further
increased glutamatergic activity in our cocultures by inhibiting
GABAergic activity using bicuculline. Consistently, bicuculline
treatment affected neither the frequency nor the amplitude of
DRD2L insertion in MSNs cocultured with cortical neurons (in-

o
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sertion frequency, +Cx —Bicu, 100 *=
13%, n = 21 neurons; +Cx +Bicu, 120 =
21%, n = 20 neurons; p = 0.8246, Mann—
Whitney test; insertion amplitude, +Cx
—Bicu, 100 * 11%, n = 98 events from 21
neurons; +Cx +Bicu, 116 £ 18%, n =
119 events from 20 neurons; p = 0.6750,
Mann—Whitney test) (Fig. 3C). Together,
these results demonstrate that glutama-
tergic and GABAergic inputs to MSNs do
not affect DRD2L insertion to the PM and
suggest that our striatal MSN culture
preparation without cortical neuron co-
culture is a simple and excellent cellular
model system for studying dynamic
DRD2L trafficking.

DA activity-dependent DRD2L
insertion

In the striatum, MSNs also receive dopa-
minergic innervation from the ventral
tegmental area and substantia nigra pars
compacta. To determine whether dopa-
minergic activity affects DRD2L insertion,
we stimulated MSNs with 1 um DA for 20
min and then recorded pH-DRD2L inser-
tion using TIRFM. Our results showed
that 20 min of DA stimulation signifi-
cantly increased both the frequency and
the amplitude of pH-DRD2L insertion
[insertion frequency, without DA stimu-
lation (—DA), 100 = 9%, n = 68 neurons;
with DA stimulation (+DA), 232 = 26%,
n =70 neurons; p < 0.0001, Mann—-Whit-
ney test; insertion amplitude, —DA,
100 = 6%, n = 357 events from 68 neu-
rons; +DA, 180 = 12%, n = 649 events
from 70 neurons; p < 0.0001, Mann—
Whitney test] (Fig. 4A), suggesting that
DRD2L insertion is regulated by DA activ-
ity. The increase in pH-DRD2L insertion
following DA stimulation is not affected
by the DRDI antagonist SCH39166 (in-
sertion frequency, —DA, 100 = 15%, n =
18 neurons; +DA, 319 * 35%, n = 17
neurons; p < 0.0001 compared to —DA;
+DA +SCH39166, 295 £ 30%, n = 16
neurons; p < 0.0001 compared to —DA,
p = 0.7322 compared to +DA; insertion
amplitude, —DA, 100 = 6%, n = 108
events from 18 neurons; +DA, 137 *=
6%, n = 300 events from 17 neurons;
p = 0.0003 compared to —DA; +DA
+SCH39166, 138 * 7%, n = 297 events
from 16 neurons; p = 0.0007 compared to
—DA, p = 0.7666 compared to +DA,
Mann-Whitney test) (Fig. 4B), but is
abolished by DRD2 antagonist L741626
(insertion frequency, —DA, 100 £ 13%,
n = 15neurons; +DA, 227 = 36%,n =13
neurons; p = 0.0011 compared to —DA;
+DA +1741626,100 = 19%, n = 18 neu-
rons; p = 0.6255 compared to —DA, p =
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Figure4. DA activity-dependent pH-DRD2 insertion. Left, y—t maximum-intensity projection images of pH-DRD2 insertion events in
each experimental group. 4, Twenty minute treatment with 1 uum DA enhances the frequency and amplitude of pH-DRD2 insertion in MSN.
B, Dopamine D, receptor antagonist SCH does not affect DA activity-dependent pH-DRD2 insertion. ¢, DRD2 antagonist L74 abolishes DA
activity-dependent pH-DRD2 insertion. D, pH-DRD2S also showed DA activity-dependent insertion. E, Comparison of DA activity-
dependent pH-DRD2L insertion in MSNs versus D,-type MSNs. MSN, pH-DRD2L insertion in MSNs without discrimination of D, - versus
D,-type MSNs; D, MSNs, pH-DRD2L insertion in DRD2 Cre-labeled D,-type MSNs. — DA, pH-DRD2 insertion in the absence of DA stimula-
tion; +DA, pH-DRD2 insertion following DA stimulation; +DA -+ SCH39166, pH-DRD2L with DA stimulation in the presence of DRD1
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Scenario a, If DA stimulation enhances the insertion of pH-DRD2L that originated from intracellular pools, then DA stimulation
should still be able to increase pH-DRD2L insertion after photobleaching, as intracellular pools of pH-DRD2L would be protected
from photobleach. (4) Scenario b, If DA stimulation enhances the recycling of internalized pH-DRD2L, then photobleaching should
result in a photobleached pHIuorin attached to the recycled DRD2L; hence, insertion of DRD2L should be undetectable to our
imaging system, and we would expect to observe a significant reduction in DRD2L insertion. B, Without photobleaching, 20 min of
DA stimulation consistently enhances the frequency and amplitude of pH-DRD2L insertion. C, Following photobleaching, the same
protocol of 20 min of DA stimulation almost completely abolishes pH-DRD2L insertion, as predicted by scenario b, suggesting that
following DA stimulation, the observed pH-DRD2L insertion originates primarily from recycling of endocytosed DRD2L. D, Follow-
ing photobleaching, and immediately after the onset of DA stimulation, pH-DRD2L insertion is clearly visible but the frequency is
not increased, and the amplitude is slightly reduced. Asterisks denote statistical significance compared to the control group.

0.0017 compared to +DA; insertion amplitude, —DA, 100 = 8%,
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—DA, 100 = 19%, n = 20; +DA: 255 =
33%, n = 16; p = 0.0003, Mann—-Whitney
test; insertion amplitude, —DA, 100 *
7%, n = 161 events from 20 neurons;
+DA, 140 * 8%, n = 250 events from 16
neurons; p = 0.0003, Mann—Whitney
test) (Fig. 4D), suggesting that in MSNs,
DRD2S insertion is likely subjected to reg-
ulatory mechanisms similar to those of
DRD2L. We next performed experiments
to determine whether results from mixed
D,- and D,-type MSNs are similar to
those in D,-type MSNs, using strategy de-
scribed in Fig. 1]. We found that in D,-
type MSNs, pH-DRD2L displayed DA
activity-dependent increases in insertion
frequency and amplitude similar to those in
mixed D;- and D,-type MSNs (insertion
frequency, MSN —DA, 100 * 21%, n = 15
neurons; MSN +DA, 357 &= 70%, n = 13
neurons; p = 0.0037, Mann—Whitney test;
D, MSN —DA, 100 = 32%, n = 17 neurons;
D, MSN +DA, 298 = 42%, n = 13 neurons;
p = 0.0004 compared to D, MSN —DA, p =
0.6444 compared to MSN +DA; insertion
amplitude, MSN —DA, 100 * 8%, n = 60
events from 16 neurons; MSN +DA, 181 =
17%, n = 167 events from 13 neurons; p =
0.0036 compared to MSN —DA, Mann—
Whitney test; D, MSN —DA, 100 = 8%,
n = 63 events from 17 neurons; D, MSN
+DA, 178 = 13%, n = 173 events from 13
neurons; p = 0.0025 compared to D, MSN
—DA, p = 0.8202 compared to MSN +DA,
Mann—Whitney test) (Fig. 4E). These re-
sults further support the notion that result
obtained from mixed D;-type and D,-type
MSNs are similar to that from D,-type
MSNs and suggests that the primary cul-
tured MSN is an excellent i vitro model sys-
tem for examination of DRD2L trafficking.

DA enhances DRD2L recycling through
a distinct endosomal route

The DA activity-dependent increase in
DRD2L insertion could originate either
from preexisting intracellular pools of
DRD2L or from recycling of DRD2L that
was initially present on the PM and was
endocytosed upon DA stimulation. To
determine the origin of increased DRD2L
insertion following DA stimulation, we
designed an experiment to selectively

eliminate surface-exposed pH-DRD2L fluorescence before DA

n = 100 events from 15 neurons; +DA, 175 * 10%, n = 149
events from 13 neurons; p < 0.0001 compared to —DA; +DA
+1741626, 84 * 5%, n = 98 events from 18 neurons; p = 0.1451
compared to —DA, p < 0.0001 compared to + DA, Mann—Whitney
test) (Fig. 4C). Together, these results demonstrate that the increase
in pH-DRD2L insertion in response to DA stimulation requires ac-
tivation of DRD2 but not of DRDI.

DA stimulation also increased both the frequency and ampli-
tude of pH-DRD2S insertion in MSNs (insertion frequency,

stimulation and TIRFM recording (Fig. 5A). We reason that if
DRD2L originated from intracellular pools, photobleaching of
preexisting surface pH-DRD2L before DA stimulation would not
affect the DA activity-dependent increase in DRD2L insertion
(Fig. 5A, scenario a), because the intracellular pools of pH-
DRD2L are nonfluorescent and hence are protected during pho-
tobleaching (Lin and Huganir, 2007). Conversely, if DRD2L
originated from recycling of DRD2L that was initially present on
the PM, photobleaching of surface pH-DRD2L would abolish the
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DA  activity-dependent increase in
DRD2L insertion, as the recycled DRD2L
would carry a photobleached pHluorin,
and hence the insertion of pH-DRD2L
would be undetectable to our imaging sys-
tem (Fig. 5A, scenario b). We first per-
formed DA  stimulation  without
photobleaching, which consistently en-
hanced pH-DRD2L insertion frequency
and amplitude (insertion frequency,
—DA, 100 = 15%, n = 14 neurons; +DA,
251 * 49%, n = 15 neurons; p = 0.0043,
Mann—Whitney test; insertion amplitude,
—DA, 100 = 12%, n = 68 events from 14
neurons; +DA, 133 * 6%, n = 222 events
from 15 neurons; p < 0.0001, Mann—
Whitney test) (Fig. 5B). However, photo-
bleaching of preexisting surface pH-
DRD2L followed by 20 min 1 um DA
stimulation resulted in significantly re-
duced DRD2L insertion frequency and
amplitude (insertion frequency, —DA,
100 £ 19%, n = 12 neurons; +DA, 8 =
3%, n = 12 neurons; p < 0.0001. Mann—
Whitney test; insertion amplitude, —DA,
100 = 9%, n = 86 events from 12 neurons;
+DA, 36 * 10%, n = 7 events from 12
neurons; p = 0.0046, Mann—Whitney
test) (Fig. 5C). This result suggests that
DA-enhanced DRD2L insertion originated
from recycling of endocytosed DRD2L.
However, an alternative explanation for
this reduced pH-DRD2L insertion is that
it resulted from damage to MSNs caused
by photobleaching. To determine
whether this alternative possibility could
account for our observation, we per-
formed the same photobleaching experi-
ments, but recorded pH-DRD2L
insertion immediately following the onset
of DA stimulation instead of at the end of
the 20 min stimulation period. Because
immediately following photobleaching
and the onset of DA stimulation no exten-
sive mixing of photobleached surface pH-
DRD2L and existing intracellular pool of pH-DRD2L has
occurred, pH-DRD2L insertion from preexisting intracellular
pools in the constitutive recycling pathway should be detectable,
if neurons are not damaged by our photobleaching protocol.
Under this experimental condition, photobleaching of preexist-
ing surface pH-DRD2L did not reduce pH-DRD2L insertion fre-
quency (—DA, 100 = 14%, n = 12 neurons; +DA, 97 % 28%,
n = 12 neurons; p = 0.3526, Mann—Whitney test), but slightly
reduced the insertion amplitude (—DA, 100 = 10%, n = 69
events from 12 neurons; +DA, 72 % 5%, n = 67 events from 12
neurons; p = 0.0477, Mann—Whitney test), demonstrating that
photobleaching does not damage MSNs (Fig. 5D). Together, our
results strongly suggest that DA stimulation enhances DRD2L
insertion via facilitating recycling of endocytosed DRD2L.
Recycling of DRD2L also depends on its endocytosis. Hypertonic
sucrose, which blocks clathrin-dependent endocytosis, abolished
the ability of DA stimulation to enhance DRD2L insertion frequency
(—=DA, 100 * 15%, n = 46 neurons; +DA, 183 * 20%, n = 38
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neurons; p = 0.0002 compared to —DA; +DA with sucrose, 38 =
7%, n = 31 neurons; p < 0.0001 compared to + DA, Mann—Whit-
ney test) but did not block the increase in insertion amplitude
(—DA, 100 = 10%, n = 249 events from 46 neurons; +DA, 138 *
7%, n = 419 events from 38 neurons; p << 0.0001 compared to —DA;
+DA with sucrose, 126 = 15%, n = 70 events from 31 neurons; p =
0.0173 compared to —DA, p = 0.2135 compared to + DA, Mann—
Whitney test) (Fig. 6A). In addition, the pH-DRD2L
[212Y 21214y 215_p 2127 213 A 2144 215 mytant that abolished arrestin
binding and DRD2 endocytosis, but left DRD2 signaling through the
G-protein pathways intact (Lan et al., 2009), also abolished the abil-
ity of DA stimulation to enhance DRD2L insertion (insertion fre-
quency, —DA, 100 * 20%, n = 28 neurons; +DA, 211 = 28%, n =
19 neurons; p = 0.0008 compared to —DA; +DA +1YIV_4A, 16 =
6%, n = 17 neurons; p < 0.0001 compared to +DA; insertion am-
plitude, —DA, 100 £ 12%, n = 88 events from 28 neurons; +DA,
156 * 15%, n = 162 events from 20 neurons; p < 0.0015 compared
to —DA; +DA +DRD2 IYIV_4A, 64 * 19%, n = 8 events from 17
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neurons; p = 0.1828 compared to —DA, p = 0.0286 compared to
+DA, Mann—-Whitney test) (Fig. 6 B). This result demonstrates that
DA stimulation enhances DRD2L insertion via facilitating the endo-
somal recycling of DRD2L. Interestingly, Rab4DN did not affect the
ability of DA stimulation to increase pH-DRD2L insertion (inser-
tion frequency, —DA, 100 = 7%, n = 65 neurons; +DA, 188 =
15%, n = 34 neurons; p < 0.0001 compared to —DA; +DA
+Rab4DN, 152 * 20%, n = 23 neurons; p = 0.1410 compared to
+DA; insertion amplitude, —DA, 100 * 4%, n = 474 events from
65 neurons; +DA, 153 = 6%, n = 400 events from 34 neurons; p <
0.0001 compared to —DA; +DA +Rab4DN, 112 * 6%, n = 236
events from 23 neurons; p = 0.0002 compared to +DA, Mann—
Whitney test) (Fig. 6C). In contrast, Rab1 1DN completely abolished
the ability of DA stimulation to enhance pH-DRD2L insertion (in-
sertion frequency, +DA +Rabl11DA, 90 = 11%, n = 19 neurons;
p < 0.0001 compared to +DA; insertion amplitude, +DA
+Rab11DN, 193 =* 22%, n = 88 events from 19 neurons; p = 0.3737
compared to +DA, p = 0.0598 compared to pHDRD2L
+Rab11DN group in Fig. 2C, Mann—-Whitney test) (Fig. 6C). To-
gether, these results demonstrate that DA stimulation enhances
DRD2L recycling primarily through Rabll-sensitive recycling
endosomes.

In our imaging experiments, we observed two different
modes of diffusion following DRD2L insertion: a relatively
slow diffusion and a more rapid diffusion. In the presence of
Rab4DN or Rab11DN, we did not observe selective elimina-
tion of either diffusion mode. However, we believe that the
two different modes of diffusion represent diffusion dynamics
of DRD2L only immediately following the insertion of these
receptors to the PM, and may not represent more general
diffusion dynamics of DRD2L on the PM. We believe that
techniques such as Q dot-based single-particle tracking will be
more informative for determining surface dynamics of
DRD2L than quantitatively comparing diffusion of DRD2L
immediately following its insertion to the PM.

Constitutive and activity-dependent DRD2L recycling
differentially regulate surface levels of DRD2L

We next examined surface expression levels of DRD2L to deter-
mine how disrupting endosomal recycling of DRD2L impacts its
function. Under basal conditions, Rab4DN, but not Rab11DN,
significantly reduced steady-state surface expression of DRD2L
(control, 100 = 8%, n = 79 neurons; Rab4DN, 61 = 6%, n = 64
neurons; p = 0.0001 compared to control; Rab11DN, 90 = 139%,
n = 45 neurons; p = 0.1869 compared to control, Mann—Whit-
ney test) (Fig. 7A), suggesting that constitutive DRD2L recycling
through the Rab4-sensitive fast recycling pathway is important in
maintaining steady-state surface levels of DRD2L, while Rab11-
sensitive DRD2L recycling is dispensable under basal conditions.
In contrast, when stimulated with DA, both the control group
and the Rab4DN group displayed similar amounts of reduction
in DRD2L surface levels (control, 100 = 8%, n = 79 neurons; DA,
50 * 5%, n = 55 neurons; p < 0.0001 compared to control;
Rab4DN/DA, 68 = 9%, n = 36 neurons; p = 0.1407 compared to
DA, Mann—-Whitney test), while the Rab11DN group showed a
significantly greater amount of reduction in DRD2L surface lev-
els (Rab11DN/DA, 30 * 3%, n = 42 neurons; p = 0.0035 com-
pared to DA, Mann—Whitney test) (Fig. 7B). These results
demonstrate that Rab11-sensitive DRD2L recycling is important
for resensitization of DRD2L following DA stimulation. To-
gether, these results underscore the distinct roles of constitutive
and DA activity-dependent DRD2L recycling in regulation of
DRD2L function (Fig. 7C).
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Discussion

Technical advances in elucidating dynamic DRD2 insertion
Dynamic trafficking of DRD2 between the PM and intracellular
compartments is mediated by small vesicles, which contain only
limited numbers of receptors. Therefore, elucidating the mecha-
nisms governing dynamic trafficking of DRD2 requires experi-
mental approaches with the sufficient spatial and temporal
resolution necessary to detect single vesicles and to distinguish
between receptors on the plasma membrane and those in intra-
cellular compartments. Here we report an experimental ap-
proach that allows us to directly examine molecular mechanisms
regulating DRD?2 insertion to the PM in cultured MSNs. By tag-
ging the N terminus of DRD2 with superecliptic pHluorin, and
by imaging pH-DRD?2 using TIRFM, we were able to visualize
individual vesicular insertion events of pH-DRD2 in cultured
MSNs. Insertion of pH-DRD2 in MSNs occurs on neuronal so-
matic and dendritic surfaces. Individual insertion events of pH-
DRD2 on average contains 30 == 1 molecules. Lateral diffusion of
DRD2 was observed following its insertion. pH-DRD2S showed
insertion frequencies and amplitudes in MSNs similar to those of
pH-DRD2L, and pH-DRD2L showed similar properties of inser-
tion in both mixed MSNs and D,-type MSNs. In addition, using
our new approach, we showed that, under basal conditions, the
observed pH-DRD?2 insertion depended on DRD2 endocytosis,
originated primarily from Rab4-sensitive sorting endosomes,
and represented constitutive DRD2 recycling between sorting
endosomes and the PM. We also showed that glutamatergic and
GABAergic activities did not affect DRD2 insertion to the PM,
and further identified a DA activity-dependent DRD2 recycling
pathway through Rab11-sensitive recycling endosomes. Finally,
we showed that these two endosomal recycling pathways of
DRD? are functionally distinct: the constitutive DRD2 recycling
pathway determines steady-state surface levels of DRD2, and the
activity-dependent DRD2 recycling pathway is important for
functional resensitization of DRD2.

The fate of DRD2 following endocytosis

It is well known that upon DA stimulation, DRD2 desensitization
occurs via DA-induced DRD2 endocytosis (Kim et al., 2001; Jean-
neteau et al., 2004; Kabbani et al., 2004; Macey et al., 2004; Namkung
and Sibley, 2004; Sugiura et al., 2004; Bartlett et al., 2005; Genedani et
al., 2005; Torvinen et al., 2005; Paspalas et al., 2006; lizuka et al.,
2007; Kim, 2008; Xiao et al., 2009; Celver et al., 2010; Shimokawa et
al., 2010). However, the fate of DRD2 following DA-induced endo-
cytosis remains elusive. Using heterologous cells, DRD2 was shown
to undergo agonist-independent and agonist-dependent endocyto-
sis, and endocytosed DRD2 was shown to recycle back to the PM
(Vickery and von Zastrow, 1999; Namkung et al., 2009). In contrast,
Bartlett et al. (2005) showed that in heterologous cells DRD2 was
primarily targeted to the degradation pathway following DA stimu-
lation. Because both studies were performed using heterologous
cells, it remains to be determined whether DRD2 undergoes both
agonist-independent and agonist-dependent endocytosis in neu-
rons, and what the fate of DRD2 is, in a neuron-specific cellular
context, following DA-induced endocytosis.

Our current study using primary cultured MSNs clearly sup-
ports the existence of both agonist-independent and agonist-
dependent DRD2 endocytosis in MSNs, and provides direct
evidence of the existence of both constitutive and DA activity-
dependent DRD2 recycling pathways. We further showed that
these two DRD2 recycling pathways are differentially regulated:
DRD?2 internalized via agonist-independent endocytosis is recy-
cled through the Rab4-sensitive fast recycling pathway, whereas
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pH-DRD2L; group 1, control; group 2, Rab4DN; group 3, Rab11DN. B, Rab11DN inhibits DRD2L re-sensitization following DA stimulation. Group 1, Control; group 2, control plus DA; group 3, Rab4DN
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DRD2 internalized via agonist (DA)-dependent endocytosis is recy-
cled primarily through the Rab11-sensitive slow recycling pathway.
These two DRD2 recycling pathways play distinct roles in regulating
DRD2 function in MSNs. We hypothesized that, under basal condi-
tions, constitutive recycling of DRD2 through Rab4-dependent sort-
ing endosomes serves as a quality control system: receptors are
sorted toward either the PM via the Rab4-sensitive fast recycling
pathway, or degradation pathways if specific modifications or dam-
age to the receptor are detected. Disruption of this quality control
system for DRD2 will either trap endocytosed DRD?2 intracellularly,
or target these receptors toward degradation pathways, conse-
quently leading to decreased DRD2 function. In contrast, upon DA
stimulation, Rab11-sensitive recycling endosomes play a prominent
role in facilitating the functional resensitization of DRD2. Because

Rab11-sensitive endosomal recycling is a slow recycling pathway
(Stenmark, 2009), DRD2 recycling through this slow recycling path-
way for its resensitization may allow sufficient time for the desensi-
tized receptors to undergo specific posttranslational modifications
(Namkung et al., 2009) before they recycle back to the PM. Finally,
given that the Rab11-dependent recycling endosomes supply gluta-
mate receptors for the expression of synaptic plasticity in response to
increased glutamatergic activity (Park et al., 2004), our findings fur-
ther suggest that Rab11-dependent recycling endosomes may repre-
sent a general endosomal route for supplying increased number of
specific receptors to the PM in response to an increase in specific
neuronal activity.

Although we cannot provide a clear explanation for the differ-
ence in the fate of DRD2 following DA-induced endocytosis in
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heterologous cells observed by different groups, it is possible that
different functional levels of Rab11-dependent recycling pathway
under specific experimental conditions used by different groups
may account for the discrepancy. Our findings provide strong
evidence that Rab4 and Rabl11 regulate endosomal recycling of
DRD2. However, it is worth noting that direct evidence demon-
strating DRD?2 trafficking directly through Rab4 and Rab11 ves-
icles is still lacking. Further studies using other advanced optical
imaging approaches such as dual-color live imaging with high
spatial and temporal resolution or super-resolution microscopy
will be important for detailed examination of DRD?2 trafficking
and sorting through different endosomal compartments.

Insights gained from quantification of insertion amplitude
Using our imaging approach, at least two parameters could be
derived from our experiments: the frequency and the amplitude
of insertion. The majority of our results reflect changes in inser-
tion frequency, which in turn reflects the number of vesicles car-
rying pH-DRD?2 that are inserted to the PM. It is important to
note that the insertion amplitude, which reflects the number of
pH-DRD2 each vesicle carries, can also provide critical insights
into how DRD2 trafficking is regulated. For example, upon DA
stimulation, DRD2 insertion amplitude is significantly increased
in addition to the increase in insertion frequency (Fig. 4C), and
the degree of increase in amplitude is reduced when the Rab4-
dependent recycling pathway is blocked under DA stimulation
(Fig. 6C). These results suggest that DA stimulation not only
mobilizes vesicle insertion from Rab11-dependent recycling en-
dosomes, but also facilitates loading of greater numbers of recep-
tors into Rab4-dependent vesicles. However, this DA-stimulated
loading of more DRD2 molecules into Rab4-dependent vesicles
has a much smaller effect in facilitating DRD2 functional resen-
sitization, as blocking the Rab4-dependent recycling pathway
does not affect functional resensitization of DRD2 compared to
the control group (Fig. 7B).

Our results by blocking Rabl1-dependent recycling endo-
somes also suggest that the Rab4-dependent DRD2 recycling
pathway remains fully functional under DA stimulation. This is
also evident in our photobleaching experiments (Fig. 5). Follow-
ing photobleaching of existing surface pH-DRD2, and immedi-
ately following the onset of DA stimulation, the frequency of
pH-DRD?2 insertion remains unchanged but the amplitude of
insertion is slightly reduced. This slight reduction in DRD2 inser-
tion amplitude suggests that the constitutive recycling of DRD2
through the Rab4-dependent route is fast, such that by the time
we perform our recording following photobleaching and DA
stimulation, a small portion of DRD2 carrying photobleached
pHluorin has entered the constitutive recycling route, leading to
reduced number of fluorescent pH-DRD?2 in each vesicles.

Another example of gaining insight into regulation of DRD2
trafficking from insertion amplitude comes from the observation
that the DRD2 insertion amplitude was significantly increased
when the Rab11-dependent recycling pathway was blocked (Fig.
2C). This observation suggests that under basal conditions, the
number of available vesicle in the Rab4 route is limited; therefore,
when the Rabl1-dependent recycling pathway is blocked, in-
creased numbers of DRD2 receptors are forced into each vesicle
in the Rab4-dependent fast recycling route. Such insights from
the quantification of insertion frequency and amplitude of DRD2
insertion cannot be obtained using existing biochemical meth-
ods, such as biotinylation or immunodetection of surface-
exposed receptor populations. Results from our current study
and our previous studies using a similar optical imaging ap-
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proach to study the membrane insertion of glutamate receptor
(Lin et al., 2009) clearly illustrate the power of this imaging strat-
egy to dissect the detailed molecular and cellular mechanisms
governing dynamic receptor trafficking and function. Our opti-
cal imaging approach offers excellent spatial and temporal reso-
lution for studying the dynamic membrane insertion of receptors
and will be a valuable addition to the collection of biochemical
methods currently used to study membrane receptor trafficking
and function.

In sum, our findings underscore the importance of endosomal
recycling in the regulation of DRD2 function. Further dissecting
the detailed molecular mechanisms governing constitutive and
DA activity-dependent DRD2 recycling by integrating our opti-
cal imaging approach with other biochemical methods will shed
light onto how DRD2 recycling through different endosomal
compartments impacts its function in neurons, paving the way
toward the goal of targeting DRD?2 trafficking as a novel thera-
peutic strategy for psychiatric disorders with DRD2 dysfunction.
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