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Most clinically available antipsychotic drugs (APDs) bind
dopamine D2 receptors (D2R) at therapeutic concentrations,
and it is thought that they suppress psychotic symptoms by serv-
ing as competitive antagonists of dopamine at D2R. Here, we
present data that demonstrate that APDs act independently of
dopamine at an intracellular pool of D2R to enhance transport
of D2R to the cell surface and suggest that APDs can act as phar-
macological chaperones at D2R. Among the first- and second-
generation APDs that we tested, clozapine exhibited the lowest
efficacy for translocating D2R to the cell surface. Thus, our
observations could provide a cellular explanation for some of
the distinct therapeutic characteristics of clozapine in schizo-
phrenia. They also suggest that differential intracellular actions
of APDs at their common G protein– coupled receptor (GPCR)
target, D2R, could contribute to differences in their clinical
profiles.

All antipsychotic drugs (APDs)2 presently approved for
treating schizophrenia are competitive antagonists of dop-
amine at dopamine D2 receptors (D2R) at therapeutic concen-
trations (1–4). First-generation APDs, although effective at

suppressing positive symptoms of schizophrenia, have modest
efficacy against negative and cognitive symptoms (5). In addi-
tion, APD binding to D2R expressed in the basal ganglia pro-
duces extrapyramidal motor side effects (EPS). These include
both acute motor symptoms such as Parkinsonism and the
potentially irreversible hyperkinetic movement disorder, tar-
dive dyskinesia (TD) (5).

The introduction of clozapine in the 1970s was a major mile-
stone in the pharmacotherapy of schizophrenia because clo-
zapine appeared to demonstrate superior efficacy against both
positive and negative symptoms, with significantly minimized
risk of EPS (5–7). However, clozapine-induced agranulocytosis
and metabolic side effects that increase risk for cardiovascular
morbidity (5, 7) catalyzed efforts to develop safer drugs that
attempted to replicate clozapine’s unique efficacy and reduced
risk of EPS. Several second-generation APDs were developed by
searching for molecules that shared pharmacological proper-
ties of clozapine that were distinct relative to the preceding
first-generation drugs. A well-described property that was uti-
lized in that effort is that clozapine displays reduced binding
affinity for D2R and enhanced binding affinity for 5-HT2A
serotonin receptors (5). Other mechanisms that have been pro-
posed to differentiate first- and second-generation drugs
include binding to subtypes of muscarinic acetylcholine recep-
tors, adrenergic receptors, or glutamate receptors as well as fast
dissociation kinetics, low affinity, and transient occupancy at
D2R (6, 8).

However, evidence from both clinical trials and practice,
reviewed in numerous papers (7, 9, 10), demonstrates that clo-
zapine outperforms both first- and second-generation APDs
with respect to several aspects of schizophrenia pharmacother-
apy. For example, clozapine has the strongest evidence for util-
ity in treatment-resistant schizophrenia and produces the
greatest suppression of mortality in schizophrenia (5, 7, 11). A
recent meta-analysis, and one of the largest conducted with
psychotropic drugs, showed that clozapine was the most effec-
tive APD at suppressing schizophrenia symptoms (12). The
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same analysis also concluded that clozapine has the lowest lia-
bility for producing EPS. The favorable motor side-effect pro-
file of clozapine is further highlighted by the fact that it is used
more than any other APD for suppressing psychoses in Parkin-
son’s disease (13). It has been said that, “patients treated with
clozapine may occasionally experience an ‘awakening’ charac-
terized by a return to a near normal level of cognitive, interper-
sonal, and vocational functioning” (14). Accordingly, clozapine
has been referred to as the “gold standard” for the treatment of
schizophrenia (7, 10, 14).

Thus, the molecular explanations proposed for distinguish-
ing first- and second-generation APDs cannot account for the
distinct therapeutic profile of clozapine because they are prop-
erties shared by multiple first- and second-generation drugs.
For instance, one proposed hypothesis for clozapine’s unique
mechanism of clinical action is that it has relatively rapid dis-
sociation kinetics from D2R (8). However, data from multiple
studies indicate that the dissociation rate of clozapine from
D2R is not significantly slower than that reported for some
other APDs, including quetiapine, remoxipride, amisulpride,
and sulpiride (8, 15–17).

It is now well-established that a G protein– coupled receptor
(GPCR) can exist in more than just an “on” or “off” conforma-
tion. Moreover, different ligands could differentially stabilize
each of these multiple GPCR conformations even though they
bind to the same orthosteric site in a GPCR as described by the
phenomenon of biased agonism (18). Such distinct conforma-
tions may differently engage downstream effectors, but they
could as well differentially modulate other biochemical proper-
ties, such as expression and trafficking of GPCRs. D2R super-
sensitivity or increases in brain D2R after chronic treatment
with APDs have been suggested as underlying mechanisms for
the development of resistance to pharmacotherapy in schizo-
phrenia (19, 20). In addition, APD-induced up-regulation of
D2R has been implicated in TD (21, 22). Therefore, here we
have investigated the actions of APDs on cell-surface up-regu-
lation of D2R. We report that every APD that we tested, in the
absence of dopamine, enhanced either cell-surface levels or
cell-surface insertion of D2R relative to both clozapine and
vehicle. Thus, our data suggest that further investigating the
distinctive actions of clozapine on the trafficking and cellular
processing of D2R, the common target of all APDs, could be a
useful avenue for research into understanding the molecular
basis for the distinct therapeutic profile of clozapine.

Results

APD treatment enhances cell-surface levels of D2R
endogenously expressed in the pituitary MMQ cell line

D2R is known to be endogenously expressed in the prolactin-
secreting, pituitary-derived MMQ cell line (23, 24). We mea-
sured cell-surface levels of D2R, endogenously expressed in the
MMQ cell after treatment with the first-generation APD, hal-
operidol, or with clozapine (10 �M, 24 h). The surface levels of
endogenous D2R were evaluated by isolating cell-surface pro-
teins through specific biotinylation of these proteins. D2R pres-
ent in the pool of cell-surface proteins was then quantified
using an anti-D2R antibody that was previously validated with

tissue from D2R knockout and WT mice (25). We observed
that, even in the absence of dopamine, haloperidol, but not
clozapine, significantly enhanced surface levels of D2R (Fig. 1).

We also evaluated the actions of haloperidol and clozapine
on the cell-surface expression of a D2R construct stably
expressed in a CHO cell line. The cell line was selected and
evaluated to express D2R at a density equal to or lower than that
observed in mouse brain, as described previously (26, 27). In
this cell line, as in MMQ cells, haloperidol treatment signifi-
cantly increased cell-surface D2R expression over vehicle, and
no detectable increase in expression was observed after clozap-
ine treatment (Fig. S1).

APD treatment enhances cell-surface levels of D2R transiently
expressed in HEK293T cells

Subsequently, we explored the use of a more tractable system
for investigating the cellular mechanisms underlying the differ-
ential up-regulation of cell-surface D2R by haloperidol and clo-
zapine. We found that haloperidol treatment (10 �M) produced
a time-dependent enhancement of cell-surface expression of
FLAG-tagged D2R transiently expressed in HEK293T cells
(Fig. 2A).

Furthermore, using this system, we showed that the differen-
tial actions of haloperidol and clozapine treatment on up-reg-
ulating cell-surface expression of D2R were also observed with
the short D2 isoform (D2SR) (28) (Fig. 2B).

D2R surface expression after clozapine treatment is less than
after treatment with all tested APDs except aripiprazole

We generated concentration–response curves for APD-me-
diated enhancement of cell-surface FLAG-D2R expression

Figure 1. Effect of APD treatments on cell-surface levels of the D2R
endogenously expressed in the pituitary-derived MMQ cell line. A, effect
of APD treatment on cell-surface D2R endogenously expressed in pituitary-
derived MMQ cell line. Representative lanes from Western blotting depict the
effect of treatment with the indicated APDs (10 �M, 48 h) on the levels of
cell-surface expression of D2R endogenously expressed in MMQ cells. West-
ern blots of cell-surface proteins isolated by surface biotinylation of intact
cells with the membrane-impermeable biotinylation reagent, EZ-LinkTM

Sulfo-NHS-LC-Biotin, were probed with anti-DR antibody (top) and subse-
quently reprobed with HRP-conjugated streptavidin to visualize total cell-
surface protein (bottom). B, quantification of cell-surface D2R in MMQ cells
after treatment with the indicated APDs. Levels of endogenous cell surface
D2R expression in MMQ cells visualized in A were normalized against the total
cell-surface protein signal and reported as a percentage of the normalized
cell-surface D2R signal in vehicle-treated cells. The signal for cell-surface D2R
after treatment with haloperidol was significantly different, from both clozap-
ine-treated (p � 0.05) and vehicle-treated (p � 0.01) cells (bar representing
the mean; n � 4 for vehicle and haloperidol and 3 for clozapine; Tukey).
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Figure 2. Effect of APD treatments on cellular levels of the D2R. A, time-dependent haloperidol-induced enhancement of cell-surface D2R expression.
HEK293T cells transiently expressing the extracellular N-terminal FLAG-tagged D2R construct, FLAG-D2R, were treated with haloperidol (10 �M) for the
indicated times. The levels of cell-surface D2R were then quantified by probing the intact cells with anti-FLAG antibody. The haloperidol-induced enhancement
of D2R surface expression is depicted as a percentage of the signal from vehicle-treated cells. Significant enhancements of cell-surface D2R expression levels
were observed at each measurement time point following haloperidol treatment, both with respect to vehicle and with respect to the previous time point (bar
representing the mean; n � 6; Tukey; p � 0.001 for the 6-h treatment time point versus vehicle, and p � 0.0001 for all other comparisons). B, effect of APD
treatment on the cell-surface levels of N-terminal FLAG-tagged D2SR. HEK293T cells transiently expressing the extracellular N-terminal FLAG-tagged D2SR
construct, FLAG-D2SR, were treated with either haloperidol or clozapine (10 �M, 24 h). The levels of cell-surface D2SR were then quantified as in A and are
reported as a percentage of the signal from vehicle-treated cells. The levels of cell-surface D2SR measured after haloperidol treatment were significantly greater
than after clozapine or vehicle treatment (n � 12, Tukey, p � 0.0001). C, concentration–response curves of APD-induced enhancement of cell-surface D2R
expression. HEK293T cells transiently expressing the extracellular N-terminal FLAG-tagged D2R construct, FLAG-D2R, were treated for 24 h with the indicated
concentrations of haloperidol (halo), olanzapine (olanz), or clozapine (cloz). The levels of cell-surface D2R were then quantified by probing the intact cells
with anti-FLAG antibody. The APD-induced enhancement of D2R surface expression was calculated as the percentage increase in cell-surface receptor
levels over vehicle-treated cells and is plotted as a percentage of the response to 10 �M haloperidol (mean � S.E. (error bars), n � 38 for 10 �M olanzapine,
6 for all other concentrations; n � 44 for 10 �M halperidol, 7 for all other concentrations; n � 50 for 10 �M clozapine, 12 for 3 and 30 �M clozapine, 6 for
all others). Cell-surface levels of D2R became significantly different (Dunnett’s multiple-comparison test) from vehicle after treatment with 100 nM

haloperidol (p � 0.001), 1 �M olanzapine (p � 0.0001), and 3 �M clozapine (p � 0.01). Cell-surface D2R levels after treatment with 10 �M concentrations
of each drug were significantly different from each other (Tukey, p � 0.0001). There was no significant difference in cell-surface D2R levels between the
3, 10, and 30 �M clozapine treatments. D, comparison of the effect of multiple APD treatments on cell-surface expression of D2R. HEK293T cells
transiently expressing FLAG-D2R were treated with the indicated APDs (24 h, 30 �M for remoxipride and 10 �M for all other APDs). The levels of
cell-surface D2R were then quantified as in A and are reported as a percentage of the signal of vehicle-treated cells (bar representing the median,
whiskers representing the full range of data; n � 7 for amisulpride, 8 for remoxipride, 16 for tiapride, 31 for droperidol and ziprasidone, and 32 for all
other drugs). Relative D2R surface expression after treatment with all APDs was significantly greater than vehicle except for the APDs clozapine and
aripiprazole (Dunnett, p � 0.01). E, effect of APD treatments on total cellular expression of D2R. HEK293T cells transiently expressing FLAG-D2R were
treated with the indicated APDs (10 �M, 24 h) and were then fixed and permeabilized with methanol. Total cellular D2R was then assessed by probing
with anti-FLAG antibody, and levels are reported as a percentage of the signal from vehicle-treated cells (n � 6 for aripiprazole, 22 for haloperidol, 16
for all other drugs). Treatment with aripiprazole produced significantly less enhancement of total cellular receptor levels compared with the other APDs
(Tukey, p � 0.005), and all APDs, except for aripiprazole, significantly enhanced total receptor levels compared with vehicle (Tukey, p � 0.0001). F,
APD-mediated increase in cell-surface D2R normalized to increase in total cellular D2R. Cell-surface D2R normalized to total cellular D2R levels after
clozapine treatment was significantly lower than after treatment with all other APDs or vehicle (n � 32, Dunnett, p � 0.005).
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after treatment (24 h) with haloperidol, clozapine, and the sec-
ond-generation APD, olanzapine (Fig. 2C). Interestingly, the
APD-induced D2R cell-surface up-regulation response for clo-
zapine plateaued at significantly lower levels compared with the
other drugs at �30% of the haloperidol response. These data
indicate that different APDs have different efficacies for up-
regulating cell-surface D2R.

We then performed a wider screen that compared the cell-
surface D2R up-regulation produced by a larger number of
APDs. We found that a saturating concentration of clozapine
produced significantly less enhancement of cell-surface D2R
than that which could be produced by all tested first- and sec-
ond-generation APDs, with the exception of aripiprazole (Fig.
2D). Receptor-mediated cellular responses of ligands are a
function of both the fractional occupancy of receptor by the
ligand and the efficacy of the ligand–receptor complex for pro-
ducing the cellular response. However, because APDs, except
for aripiprazole, produced D2R cell-surface up-regulation
greater than the maximum that was produced by clozapine, we
may conclude that the efficacy of most APDs for producing
cell-surface D2R up-regulation is greater than that of clozapine.

APD enhancement of surface D2R expression, relative to
clozapine, is not a consequence of relative enhancement of
total cellular D2R expression

We utilized a subset of five APDs to investigate whether the
different efficacies of the APDs for up-regulating cell-surface
expression of D2R were the result of corresponding influences
on total cellular D2R. Total cellular FLAG-D2R levels were
evaluated by probing cells, which were first made permeable
with methanol, with anti-FLAG antibody. We found that that
four of the five tested APDs, including clozapine, increased
total cellular D2R to a similar extent (Fig. 2E). Hence, we may
conclude that the significantly enhanced cell-surface D2R
expression produced by other APDs relative to clozapine (Fig.
2D) involves post-translational mechanisms. Cell-surface D2R
levels normalized against total receptor levels were lowest with
clozapine, and furthermore, clozapine was the only APD for
which cell-surface expression of D2R normalized to total recep-
tor was significantly decreased (�60% of vehicle) after drug
treatment (Fig. 2F).

Unlike what was observed with clozapine, total cellular
FLAG-D2R levels were significantly lower in aripiprazole-
treated cells compared with all other treatments (Fig. 2E). Con-
sequently, cell-surface levels of FLAG-D2R after aripiprazole
treatment were significantly higher than with clozapine
when normalized against total cell-surface receptor. These
data (Fig. 2, D–F) suggest that different mechanisms account
for why clozapine and aripiprazole produced similar weak
enhancements of surface D2R expression, compared with
other APDs (Fig. 2D); aripiprazole did not significantly
increase total D2R (Fig. 2E), whereas all other APDs, includ-
ing clozapine, did.

We also determined that whereas the APD-mediated promo-
tion of D2R cell-surface expression was significantly enhanced
as the total cellular expression level of D2R was increased, the
differential actions of haloperidol and clozapine for up-regulat-
ing cell-surface D2R was preserved (i.e. the increase in cell-

surface D2R produced by clozapine treatment as a fraction of
that produced by haloperidol was not changed) (Fig. S2A).

APD-mediated up-regulation of cell-surface receptors depends
upon receptor binding

Neither haloperidol nor clozapine treatment up-regulated
cell-surface or total cellular levels of the mutant D2R, D2RD114A
(Fig. S3, A and B), which does not bind agonists or antagonists
(29). Haloperidol and clozapine do not bind �2-adrenergic
receptor (�2AR) or �-opioid receptors (MOR) with significant
affinity, and neither haloperidol nor clozapine produced cell-
surface up-regulation of �2AR (Fig. S4A) or MOR (Fig. S4B).
Taken together, the data indicate that APD-mediated up-regu-
lation of cell-surface receptors requires direct receptor binding.

Both haloperidol and clozapine have nanomolar affinities
(KD of �120 and 9 nM, respectively) for the 5-HT2A serotonin
receptor (5, 30). Interestingly, both haloperidol and clozapine
up-regulated cell-surface levels of the 5-HT2A receptor (Fig.
S4C). With 5HT2A, however, clozapine treatment produced
significantly greater enhancement of cell-surface receptor
expression than the maximum that could be produced by hal-
operidol (Fig. S4C). Thus, the experiment with the 5-HT2A
receptor further illustrates that the lower efficacy of clozapine
for enhancing cell-surface expression of target receptors is spe-
cific to D2R.

APDs up-regulate cell-surface D2R by binding to an
intracellular D2R pool

For every APD for which we generated concentration–
response curves (Figs. 2C and 3), the potency for increasing
cell-surface D2R expression was observed to be lower than their
previously determined affinities for D2R (16, 17, 31). In other
words, the concentration required to produce �50% of the
maximal cell-surface D2R up-regulation response was higher
than the concentration that binds 50% of cell-surface D2R. The
low potency with respect to binding affinity is surprising
because basic pharmacological principles suggest that
concentration–response curves for GPCR-mediated cellular
responses should either 1) coincide with the binding curve for
the receptor ligand producing the response or 2) be shifted to
the left of the binding curve, due to signal amplification that can
occur with G protein pathways (32). The -fold difference
between affinity for D2R and potency for up-regulating D2R
varied widely between the different APDs, differing from
10-fold for olanzapine and 100-fold for haloperidol (Fig. S5A, y
axis). Interestingly, however, there was a correlation between
the cell permeability of the different APDs, as determined pre-
viously by Dos Santos Pereira et al. (33), and the -fold difference
between potency to increase cell-surface expression and affin-
ity (Fig. S5A). In other words, the more membrane-permeable
an APD, the lower the difference between the potency for
increasing cell-surface D2R expression and D2R affinity. These
data are consistent with the hypothesis that APD-mediated
D2R cell-surface up-regulation is produced not by the APD
molecules present in the extracellular solution that bind to
extracellular D2R binding sites. Instead, they suggest that APD-
mediated D2R cell-surface up-regulation is driven by the
smaller proportion of the drug that penetrates the cell mem-
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brane and can diffuse into the cell to bind to an intracellular
pool of D2R.

To test this hypothesis, we examined the effect of co-expres-
sion of the organic cation transporter, OCT1 (33), on the cell-
surface D2R up-regulation actions of two APDs, amisulpride
and tiapride, that have low membrane permeability. Amisul-
pride is a substrate for OCT1 (33), and we found that coexpres-
sion of OCT1 significantly shifted the concentration–response
curve for amisulpride-mediated cell-surface D2R up-regulation
to the left (Fig. 3A). Hence, we infer that amisulpride acted at an
intracellular site to up-regulate cell-surface D2R, because
enhancing transport of amisulpride into the cell significantly
increased the potency for producing the response. Tiapride is
not a substrate for OCT1, and co-expression of OCT1 had no
effect on the tiapride-mediated cell-surface D2R up-regulation
concentration curve (Fig. 3B). Furthermore, we may conclude
that the requirement of the various APDs to cross the cell mem-

brane to bind to an intracellular pool of D2R is why higher
concentrations of drug are required to enhance cell-surface
D2R than would be predicted by their affinity for D2R.

Whereas we observed a correlation between the cell perme-
ability of different APDs and the -fold difference between
potency to increase cell surface expression and affinity (Fig.
S5A), we saw no such correlation between cell permeability and
the efficacy of different APDs to increase cell surface expression
(Fig. S5B). Together, these data indicate that whereas the cell
permeability of APDs influences the potency with which they
increase cell surface expression, it does not explain the different
efficacies of the APDs for up-regulating cell-surface D2R. Addi-
tionally, correlation analysis using APD-D2R– binding param-
eters taken from Sykes et al. (16) suggests that neither affinity
nor dissociation or association rates for D2R correlate with the
low efficacy of clozapine for up-regulating cell-surface D2R
(Fig. S5, C–E, respectively).

APD-mediated enhancement of cell-surface D2R is produced
by enhancement of cell-surface insertion rates of D2R rather
than via decreased cell-surface removal of the receptor

We next wanted to evaluate whether the APD-mediated
enhancement of cell-surface D2R was a consequence of the
enhanced rate of receptor insertion into or decreased loss of
receptor from the plasma membrane. Toward this end, we uti-
lized a previously validated pulse-chase protocol (34) that mon-
itors the loss of a pre-biotinylated cell-surface pool of an extra-
cellular N-terminal HaloTag-D2R construct. Cell surface–
expressed HaloTag-D2R was specifically pre-biotinylated using
a membrane-impermeable HaloTag-PEG-Biotin reagent (35),
and then cells were treated with APDs. The relative levels of
HaloTag-PEG-Biotin–labeled D2R specifically remaining at
the cell surface after APD treatment were then quantified.
Under these conditions, receptors that were newly inserted into
the cell surface during APD treatment were not detected, and
only pre-biotinylated receptors that remained at the cell surface
or were internalized and reinserted during APD treatment were
measured. Consequently, the relative levels of biotinylated D2R
remaining at the cell surface after APD treatment are a specific
measure of the loss of cell-surface D2R that occurs during APD
treatment. We compared the actions of three APDs, haloperi-
dol, aripiprazole, and clozapine, at a concentration (10 �M,
24 h) that was shown to produce a plateau in the cell-surface
D2R up-regulation response for each of the APDs and thus
allows for making a valid comparison between the APDs. After
either haloperidol or clozapine treatment, levels of pre-biotiny-
lated D2R remaining at the cell surface were not significantly
different from vehicle or from each other (Fig. 4). Thus, we may
conclude that the enhancement of cell-surface D2R produced
by haloperidol treatment compared with either vehicle or clo-
zapine was a consequence of an enhanced rate of insertion of
new D2R into the plasma membrane and not due to a relatively
decreased loss of receptor during APD treatment.

Aripiprazole treatment, however, significantly lowered the
levels of pre-biotinylated D2R that remained at the cell surface
(Fig. 4). Even though aripiprazole significantly increased the
rate at which D2R was lost from the cell surface with respect to
clozapine (�2.5-fold; Fig. 4), the cell-surface D2R levels after

Figure 3. Effect of coexpression of OCT1 on the actions of membrane-
impermeable APDs in enhancing cell-surface D2R expression. A, effect of
coexpression of the OCT1 transporter on the concentration–response curves
for amisulpride-mediated enhancement of cell-surface D2R expression.
HEK293T cells transiently expressing FLAG-D2R, either alone or co-expressing
the OCT1 transporter, were treated (24 h) with the indicated concentrations
of amisulpride. The amisulpride-mediated enhancement (over vehicle) of
cell-surface D2R was quantified by probing the intact cells with anti-FLAG
antibody and is plotted as a percentage of the response at 10 �M, the maxi-
mum amisulpride concentration that was tested (mean � S.E. (error bars), n �
15). The percentage of maximum response with OCT1 was significantly
greater at all of the sub-10 �M concentrations of amisulpride tested (t test, p �
0.0001). B, effect of coexpression of the OCT1 transporter on the
concentration–response curves for tiapride-mediated enhancement of cell-
surface D2R expression. Concentration–response curves for tiapride-medi-
ated enhancement of cell-surface D2R expression were generated and plot-
ted as in A (mean � S.E., n � 15–16).
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aripiprazole and clozapine treatment were similar (Fig. 2D).
Therefore, we can conclude that to compensate for enhanced
loss of D2R during aripiprazole treatment (Fig. 4), the rate of
insertion of D2R into the plasma membrane was also enhanced
relative to that occurring during clozapine treatment or with
vehicle. These data further emphasize that different mecha-
nisms account for why clozapine and aripiprazole produced
similar weak enhancements of surface D2R expression, com-
pared with other APDs; lower levels of surface D2R after clo-
zapine treatment are due to lowered rates of D2R plasma-mem-
brane insertion, whereas lower levels of surface D2R after
aripiprazole treatment are due to enhanced removal of cell-
surface D2R. A simplified schematic of our interpretation of the
above data can be found in the supporting material (Fig. S6)

Aripiprazole-mediated enhancement of the rate of removal
of cell-surface D2R is not unexpected; aripiprazole, but neither
clozapine nor haloperidol, is a partial agonist at D2R with
respect to �-arrestin recruitment and will engage processes
such as endocytosis that enhance the rate of internalization and
down-regulation of D2R (36). Hence, these data also provide an
explanation for why after aripiprazole treatment, total cellular
D2R levels, although not significantly different from vehicle,
were lower than that observed after treatment with other APDs
(Fig. 2E).

In control experiments, we utilized the above described
pulse-chase protocol involving pre-biotinylation of cell-surface
HaloTag-D2R with membrane-impermeable HaloTag-PEG-
Biotin to show that the differential action of haloperidol and
clozapine on enhancing cell-surface D2R expression was pre-
served for the HaloTag-D2R construct and could be discerned
via labeling cell-surface HaloTag-D2R with HaloTag-PEG-Bio-
tin reagent after APD treatment (Fig. S7A). In another control

experiment, we observed that dopamine treatment (10 �M, 45
min) significantly accelerated the removal of HaloTag-D2R
from the cell surface (Fig. S7B). These control experiments
indicate that the HaloTag-D2R construct 1) behaved similarly
to WT D2R with respect to APD-mediated enhancement of
cell-surface D2R and 2) was functional because the receptor
construct responded to dopamine and underwent dopamine-
induced internalization.

The differential actions of clozapine versus other APDs to
promote cell-surface D2R expression are amplified in an
intracellularly retained D2R mutant, D2RW160A, and a glycosyl-
ation-deficient mutant, D2RN5,N17,N233Q

We next asked whether differential effects of APDs on pro-
tein folding could contribute to their differential enhancement
of cell-surface D2R expression. Trp-160 is a tryptophan residue
in the fourth transmembrane region of D2R that is highly con-
served across class A GPCRs. This tryptophan participates in
interactions that stabilize �2AR (37), and mutation of this res-
idue leads to partial misfolding and endoplasmic reticulum
(ER) retention of adrenergic receptors (38, 39).

Unlike what we observed with WT receptors, expression of
the D2RW160A mutant construct in cells resulted in no detect-
able expression of the mutant at the cell surface (Fig. 5A). Nota-
bly, treatment of cells with haloperidol, fluphenazine, and dro-
peridol produced a robust receptor-specific cell-surface signal
(Fig. 5A). Clozapine treatment produced significantly less cell-
surface receptor signal than all tested APDs (Fig. 5A), and the
cell-surface levels were not significantly different from vehicle.
Whereas total cellular D2RW160A was detected with anti-FLAG
antibody, neither haloperidol nor clozapine significantly
altered the total cellular levels of the mutant receptor (Fig. 5B).

We then investigated whether APD treatment could mimic
protein-chaperoning effects for a glycosylation-deficient D2R
mutant, D2RN5,N17,N233Q. N-Linked glycosylation of D2R is
required for appropriate interaction with the chaperone pro-
tein, calnexin (40), intracellular trafficking, and plasma mem-
brane insertion (41, 42). Treatment with haloperidol but not
clozapine produced significant enhancement of cell-surface
D2RN5,N17,N233Q expression (Fig. 5C), and neither haloperidol
nor clozapine treatment significantly altered the total cellular
levels of D2RN5,N17,N233Q (Fig. 5D).

Interestingly, for WT D2R, the clozapine-mediated enhance-
ment of cell-surface D2R as a fraction of haloperidol-mediated
enhancement ranged from 30 to 50%. The same clozapine ver-
sus haloperidol ratio for enhancement of cell-surface receptor
levels was only 17 and 8% for the misfolding mutant, D2RW160A,
and the glycosylation-deficient mutant, D2RN5,N17,N233Q,
respectively.

Cellular responses to D2R may be elicited through the acti-
vation of pertussis toxin–sensitive Gi/o G proteins (43). We
explored the necessity of Gi/o G protein activation for APD-me-
diated enhancement of cell-surface D2R expression by inactivat-
ing these G proteins through coexpression of the catalytic subunit
of pertussis toxin (Fig. S8). Differential up-regulation of cell-sur-
face D2R by haloperidol and clozapine was conserved even after
inactivating these G proteins (Fig. S8). These data indicate that
activation of these G proteins is not important in the mechanisms

Figure 4. Effect of APD treatment specifically on the removal of cell-sur-
face D2R from the plasma membrane examined via pulse-chase labeling
with a membrane-impermeable biotinylation reagent. HaloTag-D2R, a
D2R construct with an N-terminal extracellular HaloTag insertion, was tran-
siently expressed in HEK293T cells, and the membrane-impermeable
HaloTag-PEG-Biotin reagent was used to specifically biotinylate and pulse-
label the cell-surface pool of HaloTag-D2R. After washing off unreacted
HaloTag-PEG-Biotin reagent, cells were treated with the indicated APDs (10
�M, 24 h), and then the biotinylated HaloTag D2R remaining at the surface
after APD treatment was quantified by probing the intact, nonpermeabilized
cells with HRP-conjugated streptavidin. The levels of biotinylated receptor
that remained at the surface after aripiprazole treatment were significantly
lower (n � 8, Tukey) than that observed after vehicle (p � 0.0001), haloperidol
(p � 0.005), or clozapine treatment (p � 0.001).

Novel action of antipsychotic drugs at dopamine D2 receptors

J. Biol. Chem. (2019) 294(14) 5604 –5615 5609

http://www.jbc.org/cgi/content/full/RA118.004682/DC1
http://www.jbc.org/cgi/content/full/RA118.004682/DC1
http://www.jbc.org/cgi/content/full/RA118.004682/DC1
http://www.jbc.org/cgi/content/full/RA118.004682/DC1
http://www.jbc.org/cgi/content/full/RA118.004682/DC1
http://www.jbc.org/cgi/content/full/RA118.004682/DC1


for the differential APD-mediated enhancement of cell-surface
D2R expression that we have reported here.

Treatment with haloperidol, but not clozapine, decreased
cellular colocalization of D2R with an ER marker, Sec61

Because misfolded GPCRs may be retained in the ER (44, 45),
we sought to determine whether the intracellular pool of D2R
that is translocated to the cell surface by the various APDs orig-
inated in the ER. Consistent with earlier findings (41, 46 –51),
we found that a significant fraction of D2R expressed in cells is
found in the ER, as evidenced by colocalization with the general
ER marker, mCh-Sec61-� (Fig. 6A). Treatment with haloperi-
dol, but not clozapine, resulted in 1) the emergence of a ring of

D2R signal that coincided with the cell boundaries (Fig. 6A) and
2) significantly decreased localization between D2R and mCh-
Sec61-� signals (Fig. 6B). These results confirm that APDs can
differentially enhance trafficking of D2R from the ER to the
plasma membrane.

Discussion

Whereas all APDs available to treat schizophrenia bind D2R
at therapeutic concentrations (1–4), the cellular connections
between binding D2R and suppression of psychotic symptoms
are not clear. Therefore, elucidating all of the molecular and
cellular actions of APDs at D2R are critical first steps toward
understanding the mechanism of action of APDs. Furthermore,
explaining the unique therapeutic profile of clozapine in schizo-
phrenia requires the identification of molecular and cellular
actions produced by clozapine but not by any other APD. How-
ever, until now, such unique characteristics for clozapine have not
been reported. The data presented here provide novel findings
relevant to the above challenges.

Here, we demonstrate that APDs bind to an intracellular pool
of D2R and, even in the absence of dopamine, differentially
promote trafficking of D2R from the ER to the plasma mem-
brane. A pharmacological chaperone or pharmacoperone (44,
45) has been defined as a small molecule that enters cells and
serves as a “molecular scaffold” to promote folding of proteins
into appropriate tertiary structures and allows for trafficking of
target proteins out of the ER. Hence, our data suggest that APDs
may be acting with different efficacies as pharmacoperones at
D2R.

Furthermore, an extrapolation from the concentration–
response curve for haloperidol suggests that therapeutic
plasma concentrations (52) of 30 – 40 nM will significantly
enhance cell-surface D2R levels after just 24 h of treatment,

Figure 5. Effect of APD treatment on the cellular expression of traffick-
ing-impaired D2R mutant constructs. A, effect of APD treatment on the
cell-surface expression of the trafficking-deficient D2R mutant, D2RW160A.
HEK293T cells transiently transfected with cDNA for the FLAG-tagged
D2RW160A mutant construct, FLAG-D2RW160A, were treated with the indicated
APDs (10 �M, 24 h). The relative levels of cell-surface receptor were then quan-
tified by probing intact cells with anti-FLAG antibody and are reported as a
percentage of the signal from vehicle-treated cells. The signal for cell-surface
receptor after treatment with all APDs except clozapine was significantly
increased (n � 8, Tukey; p � 0.01 for aripiprazole, p � 0.001 for olanzapine,
p � 0.0001 for all other APDs). B, effect of APD treatment on the total cellular
expression of D2R mutant, D2RW160A. HEK293T cells transiently expressing a
FLAG-tagged D2RW160A mutant construct were treated with the indicated
APDs (10 �M, 24 h), and total cellular D2RW160A levels are reported as a per-
centage of the signal from vehicle-treated cells (n � 3). C, effect of APD treat-
ment on the surface expression of the D2R glycosylation-deficient mutant,
D2RN5,N17,N233Q. HEK293T cells transiently expressing a FLAG-tagged
D2RN5,N17,N233Q mutant construct, FLAG-D2RN5,N17,N233Q, were treated with
the indicated APDs (10 �M, 24 h), and the relative levels of cell-surface recep-
tor were quantified as in A. The signal for cell-surface receptor after haloper-
idol treatment was significantly higher than in untransfected cells or cells
treated with either vehicle or clozapine (n � 16, Tukey, p � 0.0001). D, effect
of APD treatment on the total cellular expression of D2RN5,N17,N233Q.
HEK293T cells transiently expressing the FLAG-tagged D2RN5,N17,N233Q
mutant construct, FLAG-D2RN5,N17,N233Q, were treated with the indicated
APDs (10 �M, 24 h), and total cellular D2RN5,N17,N233Q levels are reported as a
percentage of the signal from vehicle-treated cells (n � 16). Error bars, S.E.

Figure 6. Effect of haloperidol and clozapine treatments on the cellular
localization of D2R. A, confocal microscopy images of cellular distribution of
D2R. HEK293T cells transiently coexpressing FLAG-D2R and mCh-Sec61-�
fusion, a marker for the ER, were treated with haloperidol or clozapine (10 �M,
24 h). Representative images of D2R cellular distribution (green, left column)
and Sec61 cellular distribution (red, central column) and the level of D2R-
Sec61 colocalization (yellow, right column) following treatment with vehicle
(top row), haloperidol (central row), and clozapine (bottom row) are depicted.
Each row represents confocal microscope scans of the same field. B, quantifi-
cation of the extent of colocalization between D2R and mCh-Sec61-� fusion.
The graph depicts the colocalization coefficient, quantified in cells coexpress-
ing D2R and mCh-Sec61-� fusion and defined as the number of pixels positive
for both D2R and Sec61, expressed as a percentage of pixels positive for D2R,
after APD treatment. The colocalization coefficient of D2R colocalized with
Sec61 was significantly reduced after haloperidol treatment when compared
with either vehicle or clozapine treatment (n � 25– 46 cells, Tukey, p � 0.001).
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signifying that the cell-surface D2R up-regulation actions of the
APDs reported here may have direct clinical relevance.

APDs, except for aripiprazole, also increased total cellular
levels of D2R (Fig. 2E). The APD-mediated enhancement of
total cellular D2R levels could have resulted from enhanced
transcription or translation or decreased degradation of the
receptor. However, the ratio of cell-surface D2R up-regulation
to total cellular D2R up-regulation was different between APDs
(Fig. 2F), suggesting that the disparity in the APD-mediated
up-regulation of cell-surface D2R was a consequence of post-
translational mechanisms.

Clozapine stood out in a number of ways in our study. All
APDs, except for aripiprazole, produced greater cell-surface
D2R up-regulation than the maximum produced by clozapine,
and thus we can conclude that they have higher efficacy than
clozapine for up-regulating cell-surface D2R.

Whereas cell-surface levels of WT D2R after aripiprazole treat-
ment were not significantly different from that after clozapine, the
cell-surface D2R levels normalized against total cellular D2R were
the lowest for clozapine (Fig. 2F). Furthermore, the reason that
cell-surface levels of D2R after aripiprazole treatment were not
significantly higher than that observed after clozapine is that arip-
iprazole enhances both the rate of D2R removal from and insertion
into the plasma membrane, with respect to clozapine (Fig. S6). In
other words, the biochemical and pharmacological reasons for
why D2R cell-surface levels are low after clozapine and aripipra-
zole treatments are different.

The pulse-chase experiments with HaloTag-D2R also dem-
onstrated that haloperidol treatment enhanced cell-surface
expression relative to clozapine by enhancing the rate of cell-
surface insertion of D2R rather than by decreasing the rate of
removal (Fig. 4). It is not unreasonable then to infer, from the
actions of both haloperidol and aripiprazole at HaloTag-D2R,
that APDs, relative to clozapine, are enhancing the rate of cell-
surface insertion of the receptor. A simple schematic illustrat-
ing this model of APD actions has been provided in the sup-
porting material (Fig. S6).

Hence, APDs may be acting as pharmacoperones because
they are binding intracellularly to D2R to enhance the rate of
insertion of D2R into the plasma membrane. If so, clozapine is
unique among the APDs because it has the lowest efficacy for
acting as a pharmacoperone at D2R. Additional evidence for
the suggestion include the observation that haloperidol, but not
clozapine, decreased the retention of D2R in the ER (Fig. 6).

Even more evidence for supporting the above hypothesis fol-
lows from our observations with the intracellularly retained
misfolding D2R mutant, D2RW160A, and the glycosyla-
tion-deficient mutant, D2RN5,N17,N233Q. As described under
“Results,” N-linked glycosylation of D2R is required for appro-
priate interaction with the chaperone protein, calnexin (40),
intracellular trafficking, and plasma membrane insertion (41,
42). APDs that can act more efficiently as chemical chaperones
have the potential to exert a greater role in helping to fold and
transport these mutant D2R constructs to the cell surface
compared with WT D2R. As expected, the differential actions
of clozapine versus other APDs to promote cell-surface recep-
tor expression were amplified in both D2RW160A and
D2RN5,N17,N233Q (Fig. 5).

Although cell membrane permeability of the various APDs
contributed to the potency with which they promoted cell sur-
face expression, it was not a predictor of the magnitude of the
effect (Fig. S5, A and B, respectively). Clozapine has a relatively
low affinity for D2R and a faster dissociation rate as compared
with many other APDs (8, 15–17). Indeed, this fast dissociation
rate has been proposed to underlie its relative lack of propensity
to cause motor disorders (8). More recently, the association rate
of APDs at D2R has been proposed to predict extrapyramidal
side effects (16). However, correlation analysis suggests that
neither affinity nor dissociation or association rates for D2R can
explain the low efficacy of clozapine for up-regulating cell-sur-
face D2R (Fig. S5, C–E, respectively). Thus, the low efficacy of
clozapine for up-regulating cell-surface D2R appears to be a
consequence of a novel and intrinsic property of the clozapine–
D2R complex itself.

We investigated whether APD-mediated enhancement of cell-
surface D2R levels resulted in increased levels of dopamine-medi-
ated activation of D2R-coupled G proteins using a previously
described bioluminescence resonance energy transfer (BRET)-
based assay (53). Whereas we were able to generate dopamine
concentration–response curves at D2R in drug-naive cells (54), we
were unable to elicit dopamine responses in cells that were treated
with APDs, including haloperidol and clozapine, under conditions
required to produce significant up-regulation of cell-surface D2R.
In other words, long-term treatment with APDs produced long-
lasting antagonism, which could not be overcome with dopamine
concentrations of up to 10 �M even 4 h after APD wash-off. One
explanation for this result is that long-term APD treatment pro-
duces intracellular accumulation of the APDs so that the effective
concentration of the APDs at D2R in the cell membrane remains
high long after the APDs have been washed out from the extracel-
lular buffer. Hence, the direct cell-biological and functional conse-
quences of the APD-mediated enhancement of cell-surface D2R
remain to be established.

Increases in brain D2R after chronic treatment with APDs have
been suggested as the reason for iatrogenic psychoses and for resis-
tance of schizophrenia patients to pharmacotherapy over time (19,
20). APD-induced up-regulation of D2R has also been implicated
in TD (22), suggesting that chronic D2R up-regulation can pro-
duce permanent adverse alterations in D2R-expressing neurons.
The data presented here indicate that APD-mediated D2R up-reg-
ulation may be caused, independently of dopamine antagonism, by
the chaperone activity of APDs that act not only to increase total
receptor expression but also to increase the relative proportion of
D2R at the cell surface.

Pharmacoperones have been identified for a number of
GPCRs, and their therapeutic utility has begun to be explored
(55) (e.g. the use of pharmacological chaperones that act to
restore plasma membrane localization of vasopressin receptor
mutants as a treatment for congenital nephrogenic diabetes
insipidus) (56). However, in the case of D2R, the pharmacoper-
one activity we observed for the APDs may in fact be deleteri-
ous. Thus, the low efficacy of clozapine as a pharmacoperone at
D2R may be a hitherto unappreciated cellular process that may
contribute to its unparalleled efficacy in treatment-refractory
schizophrenia (5, 7, 11) and low risk for producing EPS (5–7).
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An alternative possibility is that the unique efficacy of clo-
zapine does not directly follow from the low efficacy for up-reg-
ulating cell-surface D2R. Instead, the above phenomenon that
we have documented here in in vitro systems serves only as a
reporter of underlying physiologically relevant cellular mecha-
nisms that are conserved in the brain and contribute to the
efficacy of clozapine. In other words, it is the underlying phar-
macological and biochemical actions of clozapine at D2R,
which are responsible for the low efficacy for up-regulating cell-
surface D2R in vitro, that are also what contributes to the spe-
cial efficacy of clozapine in the clinic. Most importantly, how-
ever, our documentation of unique cellular actions of clozapine
at D2R suggests that it is not necessary to invoke the existence
of a cellular target other than D2R to explain clozapine’s unique
therapeutic profile.

Some of the latest efforts in the discovery of novel APDs
have been aimed at finding compounds that mimic the spec-
trum of clozapine-binding affinities at other receptors, such
as D3, 5-HT2A, 5-HT2C, and 5-HT6 (57). However, close to
50 years after the discovery by Seeman et al. (2) and Snyder
and co-workers (1) that D2R is the common target of all
clinically available APDs, our data suggest that a new gener-
ation of APDs may yet be discovered by focusing on D2R as a
central target. In addition, these data are the first to indicate
that pharmacoperone activity might serve to define and dif-
ferentiate between the clinical characteristics of an impor-
tant class of drugs.

Experimental procedures

All reagents were purchased from Sigma-Aldrich or Thermo
Fisher Scientific unless otherwise indicated.
cDNA constructs

The N-terminal extracellular FLAG epitope–tagged D2-do-
pamine receptor long isoform (FLAG-D2R) (58), the OCT1
transporter (59), and the ER marker, mCh-Sec61-� (60), have
been described previously. The FLAG-D2SR fusion was con-
structed by fusing the N-terminal influenza hemagglutinin sig-
nal sequence (MKTIIALSYIFCLVFA) followed by the FLAG
epitope (DYKDDDDA) and a two-amino acid linker (TV) to the
N terminus of the human D2SR. The HaloTag-D2R fusion
consisted of the N-terminal influenza hemagglutinin signal
sequence (MKTIIALSYIFCLVFA) followed by the FLAG
epitope (DYKDDDDA), a two-amino acid linker (TV), and the
HaloTag protein (35) (Promega, Madison, WI), tethered to the
N terminus of D2R via a three-amino acid linker (AAG). Thus,
the FLAG-HaloTag-D2R construct consisted of, in order from
the N to the C terminus, the influenza hemagglutinin signal
sequence epitope, FLAG epitope, TV linker, HaloTag, AAG
linker, and human D2R long isoform. For the FLAG-D2RW160A
and the FLAG-D2RN5,N17,N233Q mutants, the mutations refer
to mutations in residues numbered as in the nontagged WT
human D2R long form.

Cell culture and cDNA transfections

HEK293T cells and the prolactin-secreting pituitary-derived
MMQ cells (American Type Culture Collection, ATCC,
Manassas, VA) were cultured according to instructions pro-

vided by ATCC. Transfections were carried out, using Lipo-
fectamine LTX according to the manufacturer’s guidelines.
Transfected DNA amounts were kept constant between groups
using empty pcDNA 3.1 Zeo(�) mammalian expression vector.

Assessment of effects of APD treatment on cell-surface levels
of D2R endogenously expressed in the pituitary-derived,
prolactin-secreting MMQ cell line

MMQ cells were seeded in a 12-well plate at a density of 1.5 �
106 cells/well and treated with 10 �M haloperidol, clozapine, or
vehicle. To increase expression of native D2R, the cells were
concurrently treated with 100 nM 9-cis- and all-trans-retinoic
acid (61). Following APD treatment (48 h), proteins expressed
at the surface of the cultured cells were specifically biotinylated,
as described previously (50), by incubation with EZ-LinkTM

Sulfo-NHS-LC-Biotin reagent (Pierce, Thermo Fisher Scien-
tific), a membrane-impermeable biotinylation reagent that
reacts with primary amines of peptides projecting out into the
extracellular space. The cells were treated with the EZ-LinkTM

Sulfo-NHS-LC-Biotin reagent at a concentration of 1 mg/ml
for 30 min at 4 °C according to the protocol provided by the
manufacturer. Following incubation, excess biotinylation re-
agent was removed and quenched by washing twice with PBS
containing glycine (100 mM, 4 °C). Cells were then lysed in lysis
buffer consisting of 2% (v/v) Triton X-100 in PBS with Sigma-
Fast protease inhibitor mixture with EDTA for 1 h at 4 °C. Cell
lysates were then centrifuged (10,000 � g for 5 min at 4 °C) to
remove insoluble material, and biotinylated cell-surface pro-
teins were extracted from the cell lysate supernatant by adding
50 �l of streptavidin-agarose resin (Pierce, Thermo Fisher Sci-
entific) and incubating with shaking for 1 h at 4 °C. Prior to the
addition, the streptavidin-agarose resin was washed three times
with wash buffer (150 mM NaCl, 6 mM EDTA, 50 mM Tris-HCl,
0.1% (v/v) Triton X-100, pH 7.5, 20 °C). The agarose resin and
bound proteins were then separated via centrifugation at
8,000 � g for 1 min at 20 °C, and washed three times in wash
buffer. 50 �l of SDS-urea sample buffer (2% (w/v) SDS, 0.01%
(w/v) bromphenol blue, 8 M urea, 20 mM DTT, 50 mM Tris-HCl,
pH 6.8) was then added to each sample, and bound proteins
were eluted by incubation in a boiling water bath for 10 min.
Proteins were resolved using SDS-PAGE and transferred to
polyvinylidene fluoride membranes (Imobilon-FL, EMD Milli-
pore, Billerica, MA) by Western blotting. The native D2R was
detected on the Western blots by probing with a previously
described and validated (25), affinity-purified rabbit polyclonal
sera (1:500 dilution) directed against a peptide sequence corre-
sponding to amino acids 246 –305 (third intracellular loop) of
mouse D2R. The antibody was previously validated by demon-
strating the disappearance of signal in brain tissue from D2R
knockout mice. The blots were then probed with an appropri-
ate horseradish peroxidase (HRP)-conjugated secondary anti-
body. SuperSignal West Femto chemiluminescent substrate
(Pierce, Thermo Fisher Scientific) was layered over the blot,
and the HRP-catalyzed chemiluminescent signal was detected
using a Chemidoc XRS Molecular Imager (Bio-Rad). Subse-
quently, total cell-surface protein in each lane of the blot was
visualized by first incubating blots with 30% (v/v) hydrogen
peroxide for 30 min at 37 °C to inactivate HRP conjugated to
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the secondary antibody and then reprobing the blots with HRP-
conjugated streptavidin. The D2R signal in each lane was nor-
malized to total cell-surface protein signal in that lane.

Measurement of surface and total cellular FLAG-tagged GPCR
expression by ELISA

To evaluate the effect of APD treatment on the cell-surface
expression of various GPCR constructs, we employed a previ-
ously well-characterized ELISA-based protocol that utilized
antibodies to specifically label N-terminal extracellular FLAG-
tagged receptors expressed on the surface of fixed nonperme-
abilized cells (62). HEK293T cells were seeded in a 96-well plate
(5 � 104 cells/well) and transfected with cDNA plasmids con-
taining the indicated FLAG-tagged receptor. 24 h post-trans-
fection, cells were treated with the specified drugs or corre-
sponding vehicle at the indicated concentrations and for the
indicated durations. After drug treatment, cells were fixed with
4% (v/v) methanol-free paraformaldehyde (Electron Micros-
copy Sciences, Hatfield, PA) in PBS for 15 min at 4 °C and then
washed twice with PBS (4 °C). Wells were blocked for 1 h at 4 °C
with 5% (w/v) nonfat milk dissolved in PBS. The levels of FLAG-
tagged surface receptor were then assessed by probing with
HRP-conjugated mouse monoclonal anti-FLAG M2 antibody
(1:5,000 dilution in 5% (w/v) nonfat milk dissolved in PBS) for
45 min at 20 °C and then washed twice in PBS (20 °C). Super-
Signal West Femto chemiluminescent substrate was added to
each well, and the luminescence signal was measured using a
multiwell plate Glomax luminometer (Promega).

Total cell FLAG-tagged cellular receptor was evaluated in a
similar manner, except that cells were fixed and permeabilized
in 100% methanol for 10 min at �20 °C to allow antibody access
to intracellular receptor. Subsequent washing, blocking, and
antibody-probing steps were identical to those described above.

Assessment of total cellular levels of FLAG-D2RW160A by
Western blotting

We were unable to detect total cellular levels of the traffick-
ing-deficient D2R mutant construct, FLAG-D2RW160A, over
background, using the ELISA method described above. A
hypothesis for the inability to detect the construct is that the
misfolded construct aggregates in a manner that precludes
detection of the FLAG epitope by the anti-FLAG antibody in
the methanol-fixed cells. Hence, the relative total cellular levels
of this construct were quantified by Western blotting.

Cells were solubilized in SDS-urea sample buffer, and pro-
teins were resolved using SDS-PAGE, and protein expression
was evaluated via Western blotting. FLAG-tagged receptor was
detected on Western blots by probing with HRP-conjugated
anti-FLAG M2 antibody (1:5,000 dilution in 5% (w/v) nonfat
milk in PBS, 1 h, 20 °C). The receptor signal in each lane was
normalized against �-actin signal in that lane, which was
detected by probing with mouse polyclonal anti-�-actin anti-
body (1:1,000 dilution in 5% (w/v) nonfat milk in PBS, 1 h, 20 °C)
and an appropriate HRP-conjugated secondary. Prior to prob-
ing for �-actin, HRP conjugated to previously bound anti-
FLAG M2 antibody was inactivated by incubation with 30%
(v/v) hydrogen peroxide for 30 min at 37 °C.

Pulse-chase assay for specifically monitoring and comparing
loss of cell-surface D2R during APD treatment utilizing the
HaloTag-D2R construct

We utilized a modification of a previously validated protocol
used to track endocytosis of GPCRs via pulse-chase biotinyla-
tion specifically of the cell surface– expressed GPCRs (34).
HEK293T cells were seeded in 10-cm diameter culture dishes at
a density of 2 � 106 cells/dish and transfected with HaloTag-
D2R cDNA described above, which contains HaloTag inserted
at the extracellular N terminus of D2R. HaloTag is a modified
bacterial enzyme that can be specifically and covalently tagged
by a wide variety of synthetic probes (35). 24 h post-transfec-
tion, cell-surface HaloTag-D2R was specifically biotinylated by
incubating with the membrane-impermeable HaloTag-PEG-
Biotin reagent (100 nM, 1 h, 37 °C, Promega) in the cell culture
medium. Cells were then washed twice with PBS (20 °C) to
remove unreacted Halotag-PEG-Biotin reagent, resuspended
in Dulbecco’s modified Eagle’s medium via gentle pipetting,
reseeded in a 96-well plate at a cell number of 160,000 cells/
well, and treated with APDs as indicated. Following 24 h of APD
treatment, cells were fixed in 4%(v/v) methanol-free parafor-
maldehyde (in PBS, 15 min, 4 °C) and then washed twice in PBS
(20 °C). Wells were blocked with 3% (w/v) BSA in PBS for 45
min at 20 °C. Biotinylated HaloTag receptor remaining at the
cell surface was detected using HRP-conjugated streptavidin
(1:10,000 dilution in 3% (w/v) BSA dissolved in PBS). SuperSig-
nal West Femto chemiluminescent substrate was added to each
well, and the HRP-catalyzed luminescent signal was detected
and quantified using the Glomax luminometer.

Confocal microscopy evaluation of the effect of APD
treatment on the cellular localization of FLAG-D2R

Poly-D-lysine– coated glass coverslips were placed in the bot-
tom of 12-well plates, and HEK293T cells were plated at a den-
sity of 1 � 105 cells/well and transfected with cDNA for con-
structs, FLAG-D2R, and the ER marker, mCh-Sec61-�, as
indicated. 24 h post-transfection, cells were treated with APDs,
again as indicated. Following APD treatment, cells were incu-
bated with 100% methanol for 20 min at �20 °C to both fix and
permeabilize the cells. Cells were washed three times in PBS
(20 °C) and blocked in 5% (w/v) nonfat milk in PBS for 1 h at
20 °C under constant agitation. FLAG-D2R was detected by
probing with a M2 anti-FLAG antibody (1:1,000 dilution in 5%
nonfat milk in PBS, Sigma-Aldrich) overnight at 4 °C. Cells
were washed two times with PBS for 15 min at 20 °C and then
incubated for 1 h at 20 °C with anti-mouse Alexa Fluor 488 –
conjugated secondary antibody (1:5,000 dilution in 5% (w/v)
nonfat milk in PBS, Molecular Probes/Thermo Fisher Scien-
tific). Cells were imaged using a LSM 700 laser-scanning con-
focal microscope (Carl Zeiss, Peabody, MA). The two fluoro-
phores, Alexa Fluor 488 (for D2R) and mCherry (mCh-Sec61-
�), were excited at 488 and 555 nm, respectively, and visualized
using emission spectral windows of 490 –580 nm and 	585 nm,
respectively. We utilized the Zeiss Efficient Navigation (ZEN)
software for image processing and colocalization analysis. The
degree of colocalization of D2R with the ER marker, mCh-
Sec61-�, was quantified using the Manders’ colocalization
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coefficient. The fraction of D2R that colocalizes with mCh-
Sec61-� was calculated by determining the fraction of the total
number of D2R-positive pixels that were also positive for mCh-
Sec61-�. Cutoff values for determining whether pixels were posi-
tive or negative for fluorescent signals were established by analysis
of scatter plots from cells transiently expressing only one of the two
colocalizing proteins, according to previously published proce-
dures (63), and as outlined in the ZEN software manual.

Graphing and statistical analysis

Statistical analysis including “t” test and one-way analysis of
variance were performed using GraphPad Prism version 5.00
for Windows (GraphPad Software, Inc., La Jolla, CA). Graphs
were plotted using the same program. In the scatter plots, bars
represent the mean values, and the whiskers in the box plots
indicate minimum and maximum values of the indicated data.
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