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Presynaptic transporter proteins regulate the clearance of extra-
cellular biogenic amines after release and are important targets
for multiple psychoactive agents, including amphetamines, co-
caine, and antidepressant drugs. Recent studies reveal that do-
pamine (DA), norepinephrine (NE), and serotonin (5-HT) trans-
porters (DAT, NET, and SERT, respectively) are rapidly regulated
by direct or receptor-mediated activation of cellular kinases,
particularly protein kinase C (PKC). With SERTs, PKC activation
results in activity-dependent transporter phosphorylation and
sequestration. Protein phosphatase 1/2A (PP1/PP2A) inhibitors,
such as okadaic acid (OA) and calyculin A, also promote SERT
phosphorylation and functional downregulation. How kinase,
phosphatase, and transporter activities are linked mechanisti-
cally is unclear. In the present study, we found that okadaic
acid-sensitive phosphatase activity is enriched in SERT immu-
noprecipitates from human SERT stably transfected cells. More-

over, blots of these immunoprecipitates reveal the presence of
PP2A catalytic subunit (PP2Ac), findings replicated using brain
preparations. Whole-cell treatments with okadaic acid or calycu-
lin A diminished SERT/PP2Ac associations. Phorbol esters,
which trigger SERT phosphorylation, also diminish SERT/PP2Ac
associations, effects that can be blocked by PKC antagonists as
well as the SERT substrate 5-HT. Similar transporter/PP2Ac
complexes were also observed in coimmunoprecipitation studies
with NETs and DATs. Our findings provide evidence for the
existence of regulated heteromeric assemblies involving bio-
genic amine transporters and PP2A and suggest that the dy-
namic stability of these complexes may govern transporter phos-
phorylation and sequestration.
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The biogenic amine neurotransmitters dopamine (DA), norepi-
nephrine (NE), and serotonin (5HT) are important modulators of
multiple motor, cognitive, and autonomic processes in the brain
and periphery (Feldman et al., 1997; Deutch and Roth, 1999).
Active termination of aminergic signaling is mediated by plasma
membrane transport proteins of the Na1/Cl2-dependent cotrans-
porter gene family (Povlock and Amara, 1997; Nelson, 1998).
Pharmacological blockade of DA transporter (DAT), NE trans-
porter (NET), and serotonin transporter (SERT) proteins by psy-
chostimulant (e.g., cocaine, amphetamine, methylphenidate) and
antidepressant uptake inhibitors elevates extracellular neurotrans-
mitter levels with subsequent augmentation of receptor stimulation
(Barker and Blakely, 1995). Genetic ablation of DAT (Giros et al.,
1996), NET (Xu et al., 2000), and SERT (Bengel et al., 1998)
proteins reveals a profound contribution of appropriate transporter
expression to presynaptic transmitter homeostasis and receptor
stimulation. Recently, regulatory and coding polymorphisms have
been identified in human SERT and NET genes and linked to
affective disorders and autonomic disturbances, respectively (Le-
sch et al., 1996; Bengel et al., 1999; Shannon et al., 2000).

Although DAT, NET, and SERT proteins have been extensively

characterized as drug targets, mechanisms affecting endogenous
transporter regulation are poorly understood. DAT, NET, and
SERT proteins, like other synaptic membrane proteins, are synthe-
sized in the cell soma and transported to sites of utilization. Studies
with irreversible antagonists (Fleckenstein et al., 1996; Kuhar et al.,
1997) yield estimates of up to 2 weeks for biosynthetic recovery of
DAT and SERT proteins in vivo after transporter inactivation,
suggesting that more rapid, post-translational modulation of trans-
porter expression is used to match altered demands for clearance.
Indeed, recent studies with native preparations and heterologous
model systems reveal receptor- and kinase-mediated changes in
transport activity (Huff et al., 1997; Qian et al., 1997; Vaughan et
al., 1997; Zhang et al., 1997; Apparsundaram et al., 1998a,b; Beck-
man et al., 1998; Melikian and Buckley, 1999), often supported by
a change in transport capacity (Vmax) with little or no change in
apparent substrate affinity (Km). Moreover, activation of protein
kinase C (PKC) with phorbol esters has been shown to trigger DAT
and SERT phosphorylation (Huff et al., 1997; Vaughan et al., 1997;
Ramamoorthy et al., 1998a) and leads to a loss in transporter cell
surface expression (Qian et al., 1997; Zhu et al., 1997; Pristupa et
al., 1998; Daniels and Amara, 1999; Melikian and Buckley, 1999).
Moreover, extracellular substrates appear to be able to influence
transporter phosphorylation and/or trafficking in a receptor-
independent manner (Bernstein and Quick, 1999; Duan et al.,
1999; Ramamoorthy and Blakely, 1999), revealing an unexpected
degree of regulation focused on quantitatively appropriate trans-
port capacity.

Phosphorylation-dependent regulation of target proteins is a bal-
ance between the actions and localization of kinases and phospha-
tases. Recently, we demonstrated that inhibitors of protein phos-
phatase 1/2A (PP1/PP2A) such as okadaic acid (OA), calyculin A,
and microcystin trigger SERT phosphorylation and reduce transport
activity in human SERT-transfected human embryonic kidney
(HEK)-293 cells (293-hSERT) (Ramamoorthy et al., 1998a). Sakai
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and coworkers (1997) also reported that calyculin A downregulates
SERT in transfected COS-7 cells. Similar data have been presented
for DAT (Huff et al., 1997; Vaughan et al., 1997) and NET proteins
(Apparsundaram et al., 1998a,b). The catalytic subunit of PP2A
(PP2Ac) is believed to associate with internalized b2-adrenergic
receptors (b2ARs) after endosomal acidification (Krueger et al.,
1997). Potential similarities in the kinase-dependent trafficking of
biogenic amine transporters and b2ARs, and the pronounced phos-
phorylation of SERTs triggered by PP1/PP2A inhibitors, encouraged
us to explore whether physical associations between transporters and
PP2A might underlie transporter regulation. In the present study, we
report evidence of catalytically active phosphatase associated with
SERTs. Using coimmunoprecipitation techniques, we establish the
existence of physical complexes containing biogenic amine transport-
ers and PP2Ac proteins in native preparations and heterologous
systems. These complexes, which can be observed in surface-
enriched preparations, are disrupted by PP1/PP2A inhibitors as well
as PKC activators and can be stabilized by the SERT substrate 5-HT,
suggesting that modulation of transporter/phosphatase associations
is involved in regulated transporter phosphorylation and trafficking.

MATERIALS AND METHODS
Cell culture and transient transfections. hSERT stably transfected HEK-293
cells (293-hSERT) (Qian et al., 1997), hNET stably transfected LLC-PK1
cells (LLC-hNET) (Melikian et al., 1996), parental HEK-293, LLC-PK1,
and COS-7 cells (American Type Culture Collection, Manassas, VA) were
maintained in monolayer culture at 37°C, 5% CO2 as described previously
(Apparsundaram et al., 1998b; Ramamoorthy et al., 1998a). For transient
transfections experiments, cells were plated at a density of 400,000 cells per
well in six-well culture dishes. hSERT in pcDNA3 (Qian et al., 1997) or
pcDNA3 vector DNA (2 mg) was transfected using Fugene reagent as
recommended by the manufacturer (Roche Diagnostics Corporation).

Preparation of cell and tissue extracts. Cells were grown in six-well plates
(HEK-293 and 293-hSERT cells were grown on poly-D-lysine-coated
plates) and solubilized with 400 ml solubilization buffer (10 mM Tris, pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) containing protease
inhibitors (1 mg/ml soybean trypsin inhibitor, 1 mM iodoacetamide, 250 mM
PMSF, 1 mM pepstatin A, 1 mg/ml leupeptin, and 1 mg/ml aprotonin). The
protein concentration of detergent extracts was determined using the
Pierce BCL protein assay kit (Pierce, Rockford, IL) and bovine serum
albumin as a standard. For preparation of midbrain synaptosomes, mid-
brains were rapidly dissected on ice. Tissue was homogenized using a
Wheaton Instruments Teflon pestle/homogenizer in 5 ml of 0.32 M sucrose
on ice, and synaptosomes were prepared by differential centrifugation as
described (Robinson, 1998). Brain regions and vas deferens from 20-d-old
male Sprague Dawley rats (Harlan) were homogenized (50 mM Tris, pH
7.4, 5 mM KCl, 300 mM NaCl, and 250 mM sucrose) with a Polytron
homogenizer (Brinkman, 30 sec, 25,000 rpm). Homogenates were centri-
fuged at 8000 3 g for 10 min, pellets were discarded, and supernatants
were centrifuged at 100,000 3 g for 45 min at 4°C. Brain membranes were
solubilized as described above for cells and synaptosomes. Vas deferens
membranes were extracted with 300 mM NaCl, 10 mM HEPES, 2 mM DTT,
and 1% Triton X-100, pH 7.8, for 2 hr at 4°C. Extracts were centrifuged at
20,000 3 g for 30 min at 4°C. All studies with isolated animal tissues were
performed in accordance with humane guidelines established by the
Vanderbilt Institutional Animal Care and Use Committee under an ap-
proved protocol (M99007).

Immunoprecipitations and immunoblots. Immunoprecipitations and im-
munoblots were performed from detergent extracts of transiently trans-
fected COS-7 and HEK-293 cells, 293-hSERT, LLC-hNET, midbrain
synaptosomes, and tissue homogenates of rat brain and vas deferens as
described previously (Ramamoorthy et al., 1998a). Supernatants were
subjected to SDS-PAGE (10%), electroblotted to polyvinylidene difluoride
membrane (Amersham, Arlington Heights, IL), and probed with primary
antibodies (see below). Blots were washed extensively with PBS containing
0.5% Tween and developed by enhanced chemiluminescence (ECL, Am-
ersham). Multiple exposures of immunoblots were obtained to ensure
development within the linear range of the film (Kodak X-AR). For some
immunoprecipitations, extracts arose from cells that were biotinylated with
sulfosuccinimidobiotin (NHS-biotin) (Pierce) before solubilization as de-
scribed previously (Qian et al., 1997; Ramamoorthy et al., 1998b).

Antibodies. SERT immunoprecipitations were performed with SERT-
specific sera CT2B (Qian et al., 1995b) or one of two new SERT antisera,
48 and 50. The CT2B antisera is directed against the rSERT C terminus
and recognizes rat, mouse, and human SERTs (Qian et al., 1995b; Ra-
mamoorthy et al., 1998a). SERT antiserum 48 is a rabbit polyclonal
antiserum raised against amino acids 596–662 (KERIIKSITPE-
TPTEIPCGDIRMNAV) in the C terminus of rSERT, where the under-
lined residue designates the only divergent position comparing human and
rat SERT. Antiserum 48 recognizes and immunoprecipitates human and
rat SERT in transfected cells and native tissues (data not shown). SERT
antiserum 50 is a rabbit polyclonal antiserum directed at amino acids

596–614 (KERIIKSITPETPTEIPC) in the C terminus of hSERT. Anti-
serum 50 was found to immunoprecipitate and recognize hSERT from
transfected cells like antiserum 48, although it was less effective against
rodent SERT (data not shown). NET immunoprecipitations were per-
formed with rabbit polyclonal antiserum 43411 (Schroeter et al., 2000),
directed against amino acids 585–607 (WERVAYGITPENEHHLVA-
QRDVR) in the C terminus of mouse NET (Fritz et al., 1998). This
reagent recognizes both rat and human NET proteins. Rat dopamine
transporters were immunoprecipitated using antibody 16 (Huff et al.,
1997), directed against amino acids 42–59 (LTNSTLINPPQTPVEAQE)
of rat DAT. For immunoblotting we used monoclonal PP2Ac (Transduc-
tion Laboratories, 1:2000), monoclonal Na 1/K 1 ATPase (Affinity BioRe-
agents, 1:2000), and monoclonal SERT (MAb Technologies, Inc., 1:10,000)
antibodies, followed by HRP-conjugated goat anti-mouse IgG (Jackson
Labs, 1:5000).

Phosphatase assays. Total detergent-soluble cell extracts or immunopre-
cipitated complexes were tested for the presence of okadaic acid-sensitive
phosphatase activity. Immunoprecipitated complexes were washed three
times with solubilization buffer and once with phosphatase assay buffer (25
mM Tris, pH 7.5, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, and 0.2 mg/ml
BSA). Immunoprecipitates or whole-cell extracts were incubated with 50
ml phosphatase assay buffer containing [ 32P]-labeled histone H1 (Jakes and
Schlender, 1988) 6 2 nM okadaic acid. Conditions were established such
that no more than 10% of substrate was dephosphorylated. Assays were
conducted in triplicate for 5 min at 30°C followed by trichloroacetic acid
precipitation (Luo et al., 1998) and scintillation spectrometry.

Transport assays in native rodent tissues. Synaptosomal 5-HT transport
assays were performed using 100 mg synaptosomal protein/tube in Krebs’-
Ringer’s HEPES (KRH) buffer containing (in mM): 130 NaCl, 1.3 KCl, 2.2
CaCl2, 1.2 MgSO4, 1.2 KH2PO4, 10 HEPES, pH 7.4, and 20 nM [ 3H]5-HT
[5-hydroxy-[ 3H] trifluoroacetate (;100 Ci/mmol, Amersham)]. Buffered
synaptosomes were preincubated with or without modulators (e.g., OA,
norokadone) for 30 min at 37°C before initiation of assays with [ 3H]5-HT
and then continued for 5 min at 37°C. Na 1 dependence of transport was
assessed by equimolar substitution of Na 1 with choline. Assays were
terminated by transfer of samples to ice followed by rapid filtration over
0.3% polyethyleneimine-coated GF-B (Whatman, Maidstone, UK) filters
on a Brandel Cell Harvester. Nonspecific uptake was defined as label
accumulated in the presence of 1 mM paroxetine (SmithKline Beecham
Pharmaceuticals). Control experiments were performed with 50 nm L-[2,3–
3H]alanine (;61.0 Ci /mmol, Amersham), and nonspecific uptake was
defined through equimolar Na 1 substitution with choline. For assessment
of NE transport activity, vas deferens from 20-d-old rats was minced in
0.32 M sucrose into 100 mm slices using an automated tissue chopper
(McIlwain) and transferred to polypropylene tubes in KRH assay buffer (1
ml of KRH per vas deferens). This suspension (400 ml /tube) was incubated
with either vehicle, b-phorbol 12-myristate 13-acetate (1 mM) or OA (1
mM) for 30 min at 37°C. Uptake assays (500 ml, 37°C for 10 min) were
initiated by addition of [ 3H]NE [1-[7,8–3H]noradrenaline (Amersham, 50
nM final concentration)]. Nonspecific uptake was defined using 1 mM
desipramine (Sigma, St. Louis, MO). Assays were terminated with addi-
tion of 3 ml ice-cold KRH buffer followed by centrifugation of tissues at
3000 3 g. Protein pellets were washed two times with ice-cold buffer and
then denatured in 500 ml of 1% SDS before protein assay and scintillation
spectrometry. All transport assays were performed in triplicate, and mean
values for specific uptake 6SEM of at least three separate experiments
were determined. Effects of drugs on transport activity were evaluated
using a two-tailed Student’s t test, with p , 0.05 considered significant.

Amperometric evaluation of catecholamine clearance. High-speed chrono-
amperometric measurements in rat vas deferens slices (2 mm longitudinal
thickness) were performed using an IVEC-10 system as described previ-
ously (Hoffman et al., 1998). DA was used to evaluate NET clearance
function caused by enhanced sensitivity of electrodes for DA over NE and
the recognized ability of NET proteins to transport DA with equivalent
efficiency to NE (Buck and Amara, 1994). Electrodes with selectivity of
.300:1 for DA versus ascorbate were used in the experiment. Briefly, a
single carbon fiber electrode (100 mm length 3 30 mm outer diameter;
Quanteon SF-1) coated with Nafion (Sigma) and calibrated in vitro with
DA (2–10 mM) was attached to a single-barrel micropipette (10–15 mm tip)
such that the distance between their tips was 200 mm. To record electro-
chemical signals, square wave pulses of 0.00 to 10.55 V (oxidation) or
20.55 to 0.00 V (reduction) were applied to the carbon fiber electrode
using IVEC-10. Two hundred nanoliters of 200 mM DA in 0.9% NaCl and
100 mM ascorbate were locally applied by pressure ejection using the
PicoSpritzer II (Parker Hannifin Corp., Cleveland, OH). Parameters as-
sessed were peak amplitude of the signal, T80, the time for the signal to rise
and decay by 80% from the peak amplitude, and clearance rate (Tc in
micrometers per second), defined as the change in the concentration of DA
between the T20 and T60 time points (Cass and Gerhardt, 1995; Lin et al.,
1997). For clearance experiments, rat vas deferens slices (2 mm in length)
were perfused (1 ml/min) with bicarbonate buffer containing (in mM): 126
NaCl, 2.9 KCl, 1.5 MgCl2, 2.2 CaCl2, 1.4 NaH2PO4, 10 glucose, and 25
NaHCO3, pH 7.4, which was continuously bubbled with 95% O2 and 5%
CO2. The electrode–pipette assembly was positioned ;100 mm into the
tissue. After a 30 min equilibration period, three DA pulses were applied
at 5 min intervals. Subsequently, the tissue was perfused with buffer
containing 1 mM OA, 1 mM desipramine, or 0.3 mM GBR12909 for 30 min,
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and DA pulses were repeated. Values obtained are the means of at least
three experiments 6 SEM.

RESULTS
SERT immunoprecipitates contain okadaic acid-
sensitive phosphatase activity and
PP2Ac immunoreactivity
Acute treatment (5–60 min) of hSERT stably transfected HEK-293
cells (293-hSERT) with the PP1/PP2A inhibitors OA, calyculin A,
or microcystin results in the phosphorylation of SERT proteins and
a reduction in 5-HT transport activity (Ramamoorthy et al., 1998a).
Whole-cell extracts of 293-hSERT cells were found to contain
OA-sensitive phosphatase activity that could be eliminated by
exposure of cells to OA (1 mM, 30 min) before solubilization (data
not shown). Phosphatase assays performed with SERT immune
complexes from 293-hSERT cells revealed OA-sensitive phospha-
tase activity that was absent from control immunoprecipitations
(Fig. 1A). Although 2 nM OA blocks ;50% of phosphatase activity
measured in whole-cell extracts, a similar treatment of SERT
immunoprecipitates fully abolished coprecipitated phosphatase ac-
tivity. Moreover, blots of SERT immunoprecipitates from 293-
hSERT cells using a monoclonal PP2Ac antibody (Fig. 1B–D)
reveal the presence of a 36 kDa band consistent with the expected
size for PP2A catalytic subunit (Cohen, 1989; Luo et al., 1998).
Very little PP2Ac was detected in immune complexes from parental
HEK-293 cells or in immunoprecipitates performed with preim-
mune sera, normal rabbit sera, or peptide-absorbed immune sera.
Moreover, we were able to identify elevated hSERT/PP2Ac as-
sociations in hSERT-transfected COS-7 (Fig. 1E) and HEK-293
cells (data not shown) relative to vector-transfected cells. More-
over, phosphatase assays conducted with SERT immunopre-

cipitates of transfected COS-7 cells reveal a 77 6 25% (n 5 3)
increase in recovered phosphatase activity as compared with
vector-transfected cells. Finally, hSERT immunoprecipitations
from biotinylated fractions revealed significant PP2Ac immunore-
activity, suggesting that plasma membrane SERTs form stable
associations with the phosphatase (Fig. 1D).

SERT/PP2Ac complexes in native tissue
Consistent with data reported in 293-hSERT cells (Ramamoorthy
et al., 1998a), treatment of mouse midbrain synaptosomes with OA
results in a reduction in 5-HT transport activity, whereas treatment
with the inactive OA analog, 1-norokadone, failed to alter 5-HT
transport (Fig. 2A). Because OA caused no significant alteration in
transport of [3H] alanine (data not shown), another Na1-
dependent transport activity in synaptosomes, alterations in 5-HT
transport do not appear to be a result of a general disruption in the
electrochemical gradient supporting transport. To determine
whether SERT/PP2Ac complexes also exist in vivo, we blotted
SERT immunoprecipitates from mouse midbrain and synapto-
somes for PP2Ac. As with 293-hSERT cells, PP2Ac was detected in
immune complexes (Fig. 2B), findings replicated with multiple
SERT antisera (data not shown). Similar findings of SERT/PP2Ac
association were also evident in immunoprecipitations from rat
tissues (Fig. 2C). Evaluation of extracts from multiple rat brain
regions and peripheral tissues indicates that the degree of recovery
of PP2Ac in SERT immunoprecipitates generally correlates with
the pattern of SERT protein distribution. Thus we found a greater
abundance of PP2Ac in immune complexes from midbrain and
cortex where SERT protein is abundant and less immunoprecipi-
tation of PP2Ac in the cerebellum, which expresses lower levels of
the transporter (Qian et al., 1995b; Bengel et al., 1997). Immuno-

Figure 1. Identification of SERT/PP2Ac association in
transfected cells. A, OA-sensitive phosphatase activity is
present in SERT immunoprecipitates. Phosphatase activity
was measured in SERT (#48) immune complexes (n 5 3),
as described in Materials and Methods, and compared with
activity found with nonimmune sera (*p , 0.05, Student’s
t test). B, PP2Ac coimmunoprecipitates with hSERT in
stably transfected HEK-293 cells. Total cell extracts from
293 hSERT cells (250 mg) were immunoprecipitated over-
night with SERT immune sera (#48) or preimmune sera
(PI ), and the resulting blot was probed with PP2Ac mono-
clonal antibody as described in Materials and Methods. C,
Multiple SERT antisera immunoprecipitate PP2Ac. Top
panel, SERT/PP2Ac complexes immunoprecipitated using
multiple SERT antisera. In addition to Ab #48, PP2Ac
immunoreactivity was detected in immunoprecipitates us-
ing either SERT sera #50 or CT2B (lanes 2, 3) but was
significantly reduced in immunoprecipitations using non-
immune sera (NI ) or #50 sera preabsorbed with 100 mg/ml
peptide. Bottom panel, PP2Ac immunoreactivity is en-
riched in 293-hSERT cells over parental HEK-293 cells.
Levels of PP2Ac in parental HEK-293 cell immunopre-
cipitates were equivalent to that seen with preimmune
serum. D, SERT/PP2Ac immune complexes (Ab #48) are
formed in COS-7 cells transiently transfected with hSERT
cDNA as compared with pcDNA3 vector. E, SERT/PP2Ac
complexes are detected in plasma membrane-enriched
preparations. 293-hSERT cells were biotinylated using
membrane-impermeant NHS-biotin and surface proteins
isolated on monomeric streptavidin beads as described in
Materials and Methods. Associated proteins were eluted
with 2 mM free biotin and immunoprecipitated overnight.
Blots of immunoprecipitates reveal SERT/PP2Ac com-
plexes that were diminished in immunoprecipitations using
preimmune sera (PI ). The bottom panels show representa-
tive blots of proteins from the eluted fractions, the last
wash (LW ), or total extracts probed with antibodies against
PP2Ac, SERT, Na 1/K 1 ATPase (as a plasma membrane
marker), or calnexin (as an intracellular marker) used to
determine plasma membrane-enriched fractions. Quantita-
tion of protein immunoreactivities reveals a fivefold en-
richment of Na 1/K 1 ATPase over calnexin, consistent
with predominant recovery of cell-surface proteins in bio-
tinylated fractions.
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precipitation of PP2Ac was absent from non-SERT-expressing tis-
sue (skeletal muscle), although all regions expressed comparable
levels of PP2Ac in total extracts (Fig. 2C).

Phosphatase inhibition disrupts
PP2Ac/SERT association
Significant decreases in transport activity and concomitant in-
creases in SERT phosphorylation are evident in 293-hSERT cells
treated with the PP1/PP2A inhibitors OA, calyculin A, and micro-
cystin but not with the PP2B inhibitor cyclosporine A (Ramamoor-
thy et al., 1998a). We asked whether the SERT/PP2Ac complex
displays a similar sensitivity to phosphatase inhibition. Treatment
of 293-hSERT cells with 1 mM OA for 30 min, which produces a
threefold increase in SERT phosphorylation (Ramamoorthy et al.,
1998a), abolished OA-sensitive phosphatase activity in whole-cell
extracts (data not show) and disrupted SERT–PP2Ac associations
(Fig. 3A). The decrease in coimmunoprecipitated PP2Ac was not
seen when cells were treated with 1-norokadone but was evident
using calyculin A, another PP1/PP2A inhibitor. Tautomycin, an
inhibitor more selective for PP1 (Favre et al., 1997), and the PP2B
inhibitor cyclosporine A failed to alter the association. The effect of
whole-cell OA treatment on SERT/PP2Ac complex stability dis-
played an EC50 of ;100 nM OA (Fig. 3B), consistent with the
known membrane permeability of OA (Favre et al., 1997). Coim-
munoprecipitation studies from OA-treated mouse midbrain syn-

aptosomes also revealed a loss in SERT-associated PP2Ac relative
to vehicle-treated samples (Fig. 3C). Our findings indicate that OA
may compete with SERT for the active site of PP2Ac (Gupta et al.,
1997) or that SERT/PP2Ac associations are sensitive to inhibitor-
induced conformational changes in PP2Ac. Alternatively, kinase
activation subsequent to phosphatase inhibition could trigger
disassembly.

PKC activators diminish hSERT/PP2Ac association
PKC activators, such as phorbol 12-myristate 13-acetate (b-PMA)
and indolactam V, have been shown to reduce 5-HT transport

Figure 2. Identification of SERT/PP2Ac associations in native tissues. A,
Midbrain synaptosomes (100 mg) were preincubated with vehicle (DMSO,
veh), OA (1 mM), or 1-norokadone (NO, 1 mM) for 30 min at 37°C and then
assayed for 5-HT (2 mM final, 10 min) uptake as described in Materials and
Methods. Data are the average 6 SEM of three separate experiments.
Nonspecific uptake was defined as the uptake in the presence of 0.1 mM
paroxetine and subtracted from the total accumulation to yield specific
uptake. *p , 0.05, Student’s t test. B, SERT/PP2Ac complexes identified in
mouse midbrain synaptosomes. Adult mouse midbrain synaptosomal
protein (500 mg) was immunoprecipitated overnight with preimmune sera
(lane 1) or SERT CT2B sera (lane 2), and the resulting Western blot was
probed for PP2Ac. Right panel, Immunoblot of total mouse midbrain
synaptosomal protein probed with the PP2Ac monoclonal antibody. C,
Coimmunoprecipitation of PP2Ac from rat tissues. Representative blot
showing PP2Ac immunoreactivity recovered from immunoprecipitations
from 500 mg rat midbrain (mb) (lanes 1, 2), cerebellum (cb) (lanes 3, 4 ),
skeletal muscle (mus) (lanes 3, 4 ), or cortex (ctx) (lanes 5, 6 ) using SERT
immune sera CT2B ( I ) or preimmune sera (PI ). Bottom panel shows similar
levels of PP2Ac in all tissue extracts.

Figure 3. PP2A inhibitors regulate PP2Ac/SERT associations in intact
cells. A, 293-hSERT cells treated with various phosphatase inhibitors dis-
play inhibitor-specific effects on SERT/PP2Ac associations. 293-hSERT
cells were incubated for 30 min at 37°C in the presence or absence of
phosphatase inhibitors: OA (1 mM), norokadone (NO, 1 mM), calyculin A
(CA, 1 mM), tautomycin (TA, 1 mM), or cyclosporine A (CY, 5 mM).
Detergent extracts were immunoprecipitated with either SERT 48 immune
or preimmune sera, and the resulting blot was probed for PP2Ac. B,
Dose–response of OA for the disruption of SERT/PP2Ac association in
whole-cell preparations. 293-hSERT cells were treated with increasing
concentrations of OA for 30 min at 37°C. Detergent extraction, immuno-
precipitation with SERT antibody 48, and autoradiography were performed
as described in Materials and Methods. Bottom panel shows a representative
Western blot of total PP2Ac protein from 293-hSERT cell extracts treated
with 0, 0.5, or 1.0 mM OA. C, OA pretreatment diminishes PP2Ac in SERT
immunoprecipitates from mouse midbrain synaptosomes. Synaptosomes
were incubated with 1 mM OA for 30 min and immunoprecipitated with
either preimmune (PI ) or SERT immune sera (48), and the resulting blot
was probed for PP2Ac as described in Materials and Methods.
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activity (Qian et al., 1997; Ramamoorthy et al., 1998a) and induce
phosphorylation and internalization of SERT in 293-hSERT cells
(Qian et al., 1997; Ramamoorthy et al., 1998a). The ability of PKC
activators to trigger SERT phosphorylation may be attributable to
direct SERT phosphorylation by PKC, providing a signal for trans-
porter internalization (Qian et al., 1997). Alternatively, PKC acti-
vation may disrupt preexisting SERT/PP2Ac complexes, exposing
sites for transporter phosphorylation. To determine whether PKC
activators influence SERT/PP2Ac associations, 293-hSERT cells
were treated for 30 min with 1 mM b-PMA, conditions that lead to
an increase in the phosphorylation of SERT by five- to sixfold over
basal levels (Ramamoorthy et al., 1998a). Extracts from b-PMA- or
vehicle-treated cells were immunoprecipitated with SERT-specific
antibodies, and the immune complexes were probed for PP2Ac
protein. Acute treatment of cells with b-PMA had no effect on the
total amount of PP2Ac but resulted in a decrease in SERT-
associated PP2Ac (Fig. 4A). Pretreatment with the PKC inhibitors
staurosporine (Fig. 4A) or bisindolylmaleimide I (data not shown)
blocked the inhibitory effects of b-PMA on SERT/PP2Ac associ-
ations. In a recent report, we described the ability of 5-HT to
attenuate b-PMA-mediated changes in SERT phosphorylation and
trafficking (Ramamoorthy and Blakely, 1999). Thus, we asked
whether the presence of 5-HT could also protect against the
b-PMA-mediated disruption of the SERT/PP2Ac complex. In-
deed, 5-HT (1 mM) was able to block the b-PMA-induced loss of
PP2Ac from SERT immune complexes (Fig. 4B). These findings
suggest that SERT phosphorylation and trafficking in response to
PKC activation may arise in part through an activity-dependent
dissociation of PP2Ac from a SERT multiprotein complex. The
ability of transmitter to influence PP2A associations provides a
receptor-independent mechanism for transporters to constrain
phosphorylation, which in turn may serve to enhance transporter
surface expression. Because SERT phosphorylation and internal-
ization is sensitive to external 5-HT (Ramamoorthy and Blakely,
1999), we suspect that a significant fraction of SERT phosphoryla-
tion occurs at the cell surface. Preliminary phosphorylation studies
with biotinylated transporters are consistent with this idea (S.
Ramamoorthy and R. D. Blakely, unpublished observations). PKC
activation may thus trigger dissociation of the PP2Ac from a
preformed plasma membrane complex, contributing to enhanced
SERT phosphorylation and internalization.

Norepinephrine and dopamine transporters also engage
in a regulated association with PP2Ac
Pretreatment of native and heterologous NET- and DAT-
expressing cells with phorbol esters and OA significantly reduces
catecholamine transport as seen with SERT-transfected prepara-
tions (Vaughan et al., 1997; Apparsundaram et al., 1998a). We
sought to establish whether PP2Ac associations evident with SERT
also occur with NETs and DATs. Treatment of slices of vas
deferens, a NET-enriched preparation, with b-PMA or OA re-
sulted in a reduction in transport activity (Fig. 5A). We sought
confirmation of this finding with intact preparations using carbon
fiber-based amperometric measurements of catecholamine clear-
ance. OA treatment (1 mM, 30 min) results in a decreased clearance
as indicated by a reduced clearance rate and increased time course
of a magnitude similar to that observed for desipramine (Fig. 5B).
Moreover, immunoprecipitations of detergent extracts of vas de-
ferens revealed the presence of NET/PP2Ac complexes (Fig. 5C).
As with SERT studies, b-PMA and OA treatments of vas deferens
resulted in diminished recovery of PP2Ac from NET immunopre-
cipitations with no effects on PP2Ac levels in total extracts (Fig.
5C–E). Finally, we found evidence for DAT/PP2Ac complexes
from immunoprecipitations studies of rat striatal synaptosomes
(Fig. 5F). Together these findings suggest that the regulated PP2Ac
associations seen with SERT proteins are applicable to other bio-
genic amine transporters and likely play an important role in their
regulation.

DISCUSSION
In the present study, we have shown a regulated association of
biogenic amine transporters with the catalytic subunit of PP2A.
PP2A is known to play a role in the regulation of signal transduc-
tion pathways, in microtubule dynamics, in control of gene expres-
sion, and recently in the regulated trafficking of several membrane
proteins, including the endoprotease furin (Molloy et al., 1998) and
the b2AR (Krueger et al., 1997). We focus largely on SERT/PP2Ac
complexes because of significant evidence for phosphorylation-
associated SERT trafficking (Qian et al., 1997; Ramamoorthy et al.,
1998a; Ramamoorthy and Blakely, 1999). Transporter-associated

Figure 4. PKC activation disrupts SERT/PP2Ac associations. A, Treat-
ment of cells with phorbol esters decreases SERT/PP2Ac associations.
293-hSERT cells were incubated for 30 min in the presence or absence of
1 mM b-PMA. Cells were solubilized and immunoprecipitated with SERT
antibody (48), and the resulting blot was probed for PP2Ac as described in
Materials and Methods. The PKC inhibitor staurosporine (1 mM) was added
30 min before the addition of b-PMA. Averaged data from three separate
experiments are presented 6 SEM. *p , 0.05, as determined by Student’s
t test. Representative blots are shown of SERT/PP2Ac coimmunoprecipi-
tation using preimmune sera (PI ) or SERT antibody (48) from cells treated
with b-PMA (1 mM) or b-PMA plus staurosporine (1 mM) and total cell
PP2Ac under various conditions. B, 5-HT attenuates the b-PMA-induced
decrease in associated PP2Ac. SERT/PP2Ac complexes were immunopre-
cipitated from 293-hSERT cells treated with 250 nM 5-HT or buffer for 20
min at 37°C. The resulting blot was probed for PP2Ac as described. The bar
plot displays averaged data from three separate experiments and are pre-
sented 6 SEM. *p , 0.05, as determined by a Student’s t test.
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PP2Ac may control the phosphorylation state of one or more
transporter-associated proteins that influence transporter intrinsic
activity, cytoskeletal associations, or membrane sorting/trafficking.
Moreover, because transporter phosphorylation is selectively ele-
vated by PP2A inhibitors (Ramamoorthy et al., 1998a), PP2Ac may
target phosphorylation sites on SERT itself (Qian et al., 1995a).
Our ability to detect significant association of PP2Ac in the absence
of transporter substrates or modulators indicates that PP2A asso-
ciations are of high affinity. Significant phosphatase activity coim-
munoprecipitates with SERT antibodies in comparison with pre-
immune and nontransfected controls. Although OA-sensitive
phosphatase activity accounts for ;50% of total extract phospha-
tase activity, all phosphatase activity recovered in SERT immuno-
precipitates is inhibited by 2 nM OA, suggesting a preferential
association with PP2Ac. We also failed to detect an enrichment of
PP1 immunoreactivity associated with SERT immunoprecipita-
tions from transfected cells. The accessibility of SERT-associated
PP2Ac to [32P]-labeled histone indicates that although the enzyme
may be tightly associated, its catalytic site is exposed. In such a
configuration, associated PP2Ac may be able to influence the
phosphorylation state of multiple transporter cytoplasmic domains
or monitor a single phosphorylated site on multiple coassembled
transporter subunits (Kilic and Rudnick, 2000).

Signaling pathways downstream of activated kinases, particularly
PKC, have been suggested to rapidly modulate biogenic amine
transporter expression (Blakely et al., 1998). That these effects may
be of physiological relevance is suggested by findings that cell
surface receptors, which trigger activation of kinase pathways, can
rapidly modulate transporter expression (Miller and Hoffman,
1994; Imamura et al., 1996; Apparsundaram et al., 1998a; Beckman
et al., 1999; Dickinson et al., 1999). Treatments that are known to
alter transporter phosphorylation, trafficking, and transport capac-
ity result in a significant disruption of the SERT/PP2Ac complex.

PKC activation has been recognized to lead to biogenic amine
transporter phosphorylation (Huff et al., 1997; Vaughan et al.,
1997; Ramamoorthy et al., 1998a). We show that not only are
SERTs phosphorylated as a consequence of phorbol ester applica-
tion, but also that kinase activation triggers the dissociation of a
regulatory phosphatase. Because we can recover SERT/PP2Ac
complexes from biotinylated fractions and observe modulatory
effects of transporter substrate, we propose that surface transport-
ers are precomplexed with PP2Ac and that the disassembly of this
complex, triggered by PKC activation or other modulators, may be
a critical step in the regulation of transporter surface expression.
Unlike transporters, b2ARs associate with PP2Ac after phosphory-
lation-induced internalization as a mechanism for resensitization.
Agonist-induced phosphorylation of b2ARs results in receptor
desensitization and clathrin-mediated internalization into an en-
dosomal compartment. Receptor resensitization is believed to oc-
cur intracellularly, subsequent to dephosphorylation mediated by
an OA-sensitive phosphatase with similarities to PP2A (Lefkowitz
et al., 1993; Ferguson et al., 1998). The endoprotease furin com-
plexes with PP2Ac to promote enzyme dephosphorylation and
thereby dictate furin’s steady-state distribution among Golgi, en-
dosome, and plasma membranes (Molloy et al., 1998). We propose
that unlike b-ARs and furin, biogenic amine transporters acquire
PP2Ac before, or after insertion into the plasma membrane [or
after recycling (Melikian and Buckley, 1999)], and lose this asso-
ciation before internalization.

Biogenic amine transporters join a growing list of membrane
proteins observed to exhibit regulated associations with kinases
and phosphatases (Heriche et al., 1997; Krueger et al., 1997; West-
phal et al., 1998; Hsu et al., 1999; Shih et al., 1999; Westphal et al.,
1999). For example, potassium channels, b-ARs, and NMDA glu-
tamate receptors have been shown to exist in multimeric complexes
containing kinases and phosphatases the enzymatic activity of

Figure 5. PP2Ac associates with cocaine-sensitive norepi-
nephrine and dopamine transporters. A, Norepinephrine (NE)
uptake in rat vas deferens is sensitive to PKC activation and
PP2A inhibition. Pretreatment of rat vas deferens slices with 1
mM b-PMA or 1 mM OA for 30 min significantly reduces
specific NE uptake. Specific NE uptake was determined in rat
vas deferens as described in Materials and Methods. Data are
presented as mean 6 SEM of three separate experiments
performed in triplicate. B, OA (1 mM) treatment reduces DA
clearance in rat vas deferens. Representative effect of 1 mM
OA (30 min) on DA oxidation signals is presented. Applica-
tion and electrochemical recordings were performed as de-
scribed in Materials and Methods. Darker arrow indicates time
of DA application. The amplitude (micrometers), T80 (sec-
onds), time course (seconds), and clearance rate (micrometers
per second) are 5.4 6 0.62, 52 6 4.0, 63 6 7, and 0.22 6 0.01,
respectively, for controls and 5.3 6 0.31, 68 6 3*, 76 6 5*, and
0.14 6 0.01* in the presence of OA. Desipramine (DMI; 1
mM), but not 0.3 mM GBR 12909, alters DA signal (amplitude,
T80 , time course, and clearance rate are 5.3 6 0.2, 42 6 4, 59 6
3, and 0.18 6 0.12, respectively, for controls and 5.9 6 0.2,
58 6 5*, 76 6 5*, and 0.11 6 0.11* in the presence of DMI).
* indicates significant difference as compared with controls,
p , 0.05, Student’s unpaired t test. C, b-PMA- and OA-
sensitive coimmunoprecipitation of PP2Ac with NETs in rat
vas deferens. Triton X-100-soluble membrane fractions were
incubated overnight with NET antisera (43411), and the re-
sulting immunoblot was probed for PP2Ac as described in
Materials and Methods. Pretreatment of rat vas deferens slices
with 1 mM b-PMA or 1 mM OA markedly reduces association
of PP2Ac with NETs, with no alteration in total PP2Ac levels.
D, Pretreatment of rat vas deferens slices with 1 mM b-PMA or
1 mM OA produces a significant reduction in the association of
PP2Ac with NETs. Averaged band density 6 SEM of three
separate experiments as percentage of vehicle controls is pre-
sented. Asterisks represent a significant difference ( p , 0.05,
one-tailed Student’s t test) as compared with vehicle (Veh)
controls. E, Specificity of NET/PP2Ac association. Triton
X-100-soluble membrane fractions of rat vas deferens were
incubated overnight with affinity-purified 43411 NET anti-
body, and the resulting immunoblot was probed for PP2Ac as
described in Materials and Methods. Preadsorption of antibody with immunogenic peptide abolishes the coimmunoprecipitation of PP2Ac. F, Immuno-
precipitation of PP2Ac with DAT antisera in mouse striatal synaptosomes. Triton X-100-soluble synaptosomal membrane extracts were incubated with
either nonimmune (NI ) or DAT-immune ( I ) sera, and the resulting blot was probed for PP2Ac monoclonal antibody as described in Materials and
Methods.
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which can modulate receptor or channel function (Heriche et al.,
1997; Westphal et al., 1998; Hsu et al., 1999; Shih et al., 1999).
Ratcliffe and coworkers (2000) recently described a developmen-
tally regulated Na1 channel/receptor tyrosine phosphatase com-
plex that appears to influence Na1 channel phosphorylation. Al-
though multiple studies reveal that neurotransmitter transporters
can be regulated by kinase activation and phosphatase inhibition
(Huff et al., 1997; Sakai et al., 1997; Vaughan et al., 1997; Zhang et
al., 1997; Beckman et al., 1998, 1999), our findings are the first, to
our knowledge, to suggest that the regulation is mediated through
physical associations with phosphatases that may directly influence
the level of transporter phosphorylation. Regulation of this asso-
ciation by activated kinases such as PKC may provide a mechanism
to amplify transporter phosphorylation by limiting the likelihood of
dephosphorylation. Current models also posit an involvement of
one or more cytoskeletal scaffolding proteins anchoring the en-
zymes near effectors. For example, gravin (AKAP250) was found
to associate with b-ARs and is necessary, along with PP2A, for
recovery from agonist-induced desensitization (Shih et al., 1999).
Likewise, Yotiao, a scaffold protein was shown to physically attach
PP1 with PKA and NMDA glutamate receptors to regulate chan-
nel activity (Westphal et al., 1999). It is possible that biogenic
amine transporters exist in multiprotein complexes consisting of
cytoskeletal scaffolding proteins, kinases, and phosphatases. Fur-
thermore, PP2A is a multimeric enzyme composed of a structural
A subunit (PR65), one of several regulatory B subunits (e.g.,
B/PR55, B’/PRB56,B’’/PR72 and PR130), and a catalytic C sub-
unit. Further studies are required to determine the full structural
complexity of transporter/PP2Ac associations and the degree to
which these associations are modulated by antidepressants (Zhu et
al., 1998; Benmansour et al., 1999) or psychostimulants (Zhang et
al., 1998; Ramamoorthy and Blakely, 1999). Finally, our studies
raise the possibility that inappropriate or altered transporter/phos-
phatase complexes may contribute to transporter dysregulation
described in psychiatric disorders (Ellis and Salmond, 1994; Owens
and Nemeroff, 1994; Klimek et al., 1997).
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