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Emerging data indicate the existence of multiple regulatory
processes supporting serotonin (5HT) transporter (SERT)
capacity including regulated trafficking and catalytic activation,
influenced by post-translationalmodifications and transporter-
associated proteins. In the present study, using differential
extraction and sedimentation procedures optimized for the
purification of cytoskeletal and membrane-skeletal associated
proteins, we analyze SERT localization in platelets.We find that
most of theplasmamembraneSERT is associatedwith themem-
brane skeleton. This association can be enhanced by both trans-
porter activation and 5HT2A receptor activation. Inactivation
of transport activity by phorbol ester treatment of intact plate-
lets relocates SERT to the cytoskeleton fraction, consequently
leading to transporter internalization. The translocation of
SERT between these compartments is correlated with changes
in the interaction with the LIM domain adaptor protein Hic-5.
Co-immunoprecipitation and uptake activity studies suggest
that Hic-5 is a determinant of transporter inactivation and relo-
cation to a compartment subserving endocytic regulation. Asso-
ciations of SERT with Hic-5 are evident in brain synaptosomes,
suggesting the existence of parallel mechanisms operating to
regulate SERT at serotonergic synapses.

Serotonin (5-hydroxytryptamine, 5HT)2 is an important
mediator of cell-to-cell signaling in both neuronal and non-
neuronal systems. Following release, the extracellular levels of
5HT are controlled by the antidepressant-sensitive 5HT trans-
porter (SERT, 5HTT), a member of the Na�/Cl�-dependent
transporter family (SLC6) (1). Alterations in SERT-mediated
5HT clearance have a significant effect on serotonergic signal-
ing and behavior, demonstrated by both pharmacological
and genetic studies (2–4). 5HT-selective reuptake inhibitors
(SSRIs) target SERT and are widely used to treat multiple psy-
chiatric syndromes including depression, panic disorder,
obsessive-compulsive disorder (OCD), and autism (5–7).

SERTs are also targets of multiple psychostimulants (e.g.
cocaine, MDMA “ecstasy”) and thus likely also play a critical
role in the mechanisms of substance abuse (8–10). In neurons,
SERT is predominantly localized in axon terminal membranes
and present in low levels at the cell body and dendrites, suggest-
ing that SERT function is dependent upon its subcellular local-
ization (11, 12). Themechanisms that specify the plasmamem-
brane localization of SERT are as yet ill defined.
The plasma membrane is organized in specialized domains

anchored to actin filaments that include spectrin-based mesh-
works, adsorptive cell surface microvilli, focal adhesions, and
adherens junctions (13, 14). In each of these domains, interac-
tions between cytoskeletal proteins provide resistance against
disruption by nonionic detergents, such as Triton X-100, per-
mitting the transmembrane protein assembly to be isolated as a
“membrane skeleton” (15, 16). Fox et al. (17, 18) have suggested
the membrane skeleton as a platform for mediating signal
transduction. Of particular interest is the involvement of the
membrane skeletal elements in mediating or inhibiting move-
ments of cell surface receptors, and their participation in the
formation of specialized domains and in signal transduction at
the plasma membrane (19–21). Lipid-lipid interactions also
can organize membranes into detergent-resistant domains,
morphologically denominated caveolae (22). Such lipid “rafts”
are stabilized against disruption by cold Triton X-100 through
liquid-ordered packing of component cholesterol, sphingolip-
ids and glycerolipids (23). Lipid rafts also have been proposed to
play roles in membrane targeting and endocytotic trafficking
(24, 25).
Both cytoskeleton-stabilized membrane domains and lipid

rafts provide sites at which localized signal transduction that
ultimately modulate SERT function could occur. Cholesterol
depletion of HEK-293 cells expressing rSERT modifies both
ligand and antidepressant-binding affinities to the transporter
through a mechanism that may involve direct cholesterol/
transporter interactions (26). Whereas active SERT expressed
in HEK-293 cells has been localized to lipid rafts, phorbol ester
treatment of synaptosomes relocates SERT away from lipid raft
fractions in concert with a loss of associated proteins (27).
SERTs form complexes with a growing list of membrane pro-
teins, enzymes and cytoskeleton-associated proteins including
syntaxin 1A (28, 29), PP2Ac (30),MacMARCKS (31), andHic-5
(32), although the precise role of these associations is not fully
defined. Additional information regarding SERT subcellular
localization in the context of regulated protein associations
may provide important clues to precise mechanisms of SERT
regulation.
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Specific binding to a particularmembrane skeleton/cytoskel-
eton may also be controlled by phosphorylation (17). SERT
exhibits basal phosphorylation that can be elevated by activa-
tion of protein kinases and inhibition of protein phosphatase
2A, with accompanied changes in transport activity and/or sur-
face expression (33). External 5HT can suppress phorbol ester-
induced SERT phosphorylation and internalization, providing
a mechanism to tune SERT capacity to the demands of 5HT
release (34). Additionally, Jayanthi et al. (35) demonstrated a
biphasic regulation of SERT by PKC in platelets, whereby initial
SERT catalytic inactivation is followed by internalization cor-
related with distinct phosphorylation states. Recent reports
also show that cell surface levels of SERT can be modified by
protein kinase G (PKG) activation and p38 MAPK inactivation
(36).
These initial studies suggest that the macromolecular orga-

nization of SERT protein complexes is differentially linked to
specific SERT-associated membrane subdomains that in turn
dictate SERT activity ormobility, and ultimately 5HT clearance
capacity. We hypothesize that SERT inactivation and internal-
ization is mediated by protein-protein associations that lead to
active movement of the transporter through membrane skele-
ton/cytoskeleton domains. In the present study, using well
established,differential extractionprocedures (37–40),weanalyze
SERT distribution and localization in different cytoskeletal com-
partments upon exposure of platelets to 5HT, 5HT receptor
agonists or phorbol esters.Most of the active plasmamembrane
SERT is associatedwith themembrane skeleton, whereas SERT
appears to associate with the dense actin-cytoskeleton during
inactivation and internalization. The translocation of SERT
between these compartments is correlated with the interaction
and translocation of the adaptor protein Hic-5. The interaction
of Hic-5 with SERT can inactivate the transporter and facilitate
SERT internalization through by promoting interactions with
the actin cytoskeleton.

EXPERIMENTAL PROCEDURES

Preparation of Platelets—Outdated human platelet-rich
plasma (PRP) was obtained from the American Red Cross.
Studies with mouse platelets were performed in accordance
with humane guidelines established by the Vanderbilt Institu-
tional Animal Care and Use Committee (IACUC) under an
approved protocol (M/04/376). Mouse platelets were collected
in a tube containing acid-citrate-dextrose from the superior
vena cava after sacrifice. Whole blood was centrifuged imme-
diately at 190 � g for 15 min at room temperature to obtain
platelet-rich plasma. The platelet-rich plasma was centrifuged
at 2500 � g for 15 min at 22 °C, and the resulting platelet pellet
was gently resuspended in phosphate-buffered saline (PBS)
buffer, pH 7.4 and used immediately.
Immunocytochemistry and Confocal Microscopy—Glass cov-

erslips were treated with collagen (100�g/ml) for 4 h at 37 °C and
washed three times with PBS. Human or mouse platelets were
addedat a1�108 concentrationand incubatedat37 °C for15min
for adhesion. Platelets were then washed two times with PBS and
fixedwith 4%paraformaldehyde in PBS for 10min at 4 °C,washed
overnight with PBS and blocked with PBS solution containing 5%
normal goat serum and 1% bovine serum albumin for 1 h at room

temperature. Coverslips were then incubated overnight, at 4 °C
with no. 48 affinity-purified rabbit anti-SERT antibody (30). The
secondary anti-rabbit Alexa 680-conjugated antibody (Molecular
Probes) was added after three washes with PBS and incubated for
1 h at room temperature. Three samples were used as negative
controls to determine antibody specificity/background staining:
SERT KO platelets, primary Ab alone and secondary Ab alone.
The coverslips were then washed three times with PBS and
mounted onto glass slides with aqua poly/mount (Polysciences,
Inc., Warrington, PA). The samples were visualized using a laser
scanning confocal microscope (Vanderbilt University Medical
Center Cell Imaging Core Resource, LSM 510 META, Zeiss,
Thornwood, NY).
Biotinylation of Platelets—Human or mouse platelets (1 �

109) were resuspended in room temperature assay buffer (150
mM NaCl, 2 mM CaCl2, 10 mM triethanolamine, pH 7.8) con-
taining 2.5 mg/ml sulfo-NHS-biotin (Pierce) and incubated for
40 min at 4 °C. The platelets were washed with ice-cold 50 mM
Tris-HCl, pH 7.4 for 10 min at 4 °C and solubilized with radio-
immune precipitation assay buffer (10mMTris, pH 7.4, 150mM
NaCl, 1 mM EDTA, 0.1% SDS, 1% Triton X-100, 1% sodium
deoxycholate) containing protease and phosphatase inhibitors
(1 �M pepstatin A, 250 �M phenylmethylsulfonyl fluoride, 1
�g/ml leupeptin, 1 �g/ml aprotinin, 10mM sodium fluoride, 50
mM sodium pyrophosphate, and 1 �M okadaic acid). Surface-
biotinylated proteins were isolated using streptavidin beads
(Pierce). SERT levels from total extract, eluted fractions from
streptavidin beads (surface-biotinylated fraction), and non-
bound fractions (intracellular fractions) were analyzed by SDS-
PAGE (10%), electroblotted to polyvinylidene difluoride mem-
branes (Amersham Biosciences), and probed with SERT
antibody (no. 48 rabbit affinity-purified antibody). Immunore-
active bands were detected by enhanced chemiluminescence
(ECL; GEHealthcare Bio-Sciences Corp., Piscataway, NJ).Mul-
tiple film (CL-X PosureTM, Pierce) exposures were obtained to
ensure data capture in the linear range of film. Thereafter, the
blots were stripped and probed with anti-actin monoclonal
antibody (anti-�-actin, Sigma) and anti-Na�/K�-ATPase
monoclonal antibody (Sigma) to validate surface biotinylation
as well as equal protein loading and transfer. Band densities
were quantified by integrating band density using computer-
assisted densitometry (NIH Image 1.33u). Reported values rep-
resent absolute mean values � S.E. (arbitrary units) of five or
more independent experiments unless otherwise indicated.
Isolation and Analysis of Platelet Fractions—Platelet cyto-

skeletal fractions were isolated as previously described (18).
Briefly, 108 platelets (human or mouse) were pelleted after
pharmacological treatment by centrifugation at 5,000 � g for 2
min and lysed with 100�l of 1%Triton X-100, 21�M leupeptin,
2 mM phenylmethylsulfonyl fluoride, 20 �M pepstatin A, and
0.56 trypsin inhibitor unit/ml aprotinin in PBS, pH 7.4. Samples
were resuspended and spun at 15,600 � g for 4 min at 4 °C in a
bench top microcentrifuge for collection of cytoskeletal pellets
(CS). The supernatantswere transferred to a new tube and spun
at 100,000 � g for 2 h (Beckmann M150 microultracentrifuge)
for isolation ofmembrane skeleton (MS) pellets. The remaining
supernatant was denominated TS (Triton-soluble) fraction.
Each pellet was resuspended in 100�l of RIPA buffer and either
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total content or equivalent protein amounts as described in the
figure legends were subjected to 10% SDS-PAGE for Western
blot analysis. Hic-5 and focal adhesion kinase (FAK) were
detected on blots using monoclonal antibodies obtained from
BD Transduction Laboratories (BD Biosciences, San Jose, CA)
whereas anti-vinculin and anti-talin monoclonal antibodies
were purchased from Sigma. Graphs that show arbitrary units
were subsequently normalized to control values to assess
percentage change over time/treatment (data cited under
“Results”). For fractionation studies, each set of fractions (CS,
MS, and TS) was analyzed independently as well as a fraction of
total material in each sample where densities associated with
CS�MS�TS � total protein. Statistical analyses were per-
formed using GraphPad Prizm 4 software (GraphPad Software
Inc.) using analysis of variance (ANOVA) or paired or unpaired
Student’s t tests as indicated under “Results.”
Platelet Plasma Membrane Vesicle Preparation and 5HT

Uptake—Resealed plasma membrane vesicles were isolated from
human platelets according to Rudnick (41). Human platelet-rich
plasma (25ml)was treatedwith 10�M5HTor vehicle (PBS) for 30
min at 37 °C. Intact platelets were then collected by centrifugation
at 10,000� g for 10min and lysed by washing three times with 10

mM Tris-HCl, 1 mM EDTA, 100 mM
NaCl, pH 7.5, and loaded ontoTENG
buffer (80% (v/v) glycerol, 10mMTris,
1 mM EDTA, 100 mM NaCl pH 7.5).
Platelet plasma membranes were
purified by centrifugation at 15,600�
g, re-sealed in 1 ml of vesicle buffer
(0.25 M sucrose, 10 mM Tris-HCl, 1
mM MgSO4, and 1 mg of DNase) for
10 min at 37 °C and then purified by
centrifugation at 17,000� g for 2 h at
4 °C. The plasma membrane vesicles
were resuspended in 0.25 M sucrose,
10mMTris-HCl, pH 7.5, at a concen-
tration of 3–10mgofmembrane pro-
tein/ml, frozen in liquid nitrogen, and
stored at �80 °C. Translation/tran-
scription reactions containing either
Hic-5 cDNA or control vector (see
“Results”) were added at this point
and incubated with platelet mem-
branes for 10 min at 37 °C during
resealing of vesicles (TNT� quick-
coupled transcription/translation
systems, Promega, Madison, WI).
The resealed vesicles were then fro-
zen at�20 °Candpurified the follow-
ing day as mentioned above. Platelet
plasma membrane vesicles (100 �g
per tube) were resuspended inKrebs-
Ringer’s HEPES (KRH) buffer con-
taining 130mMNaCl, 1.3mMKCl, 2.2
mM CaCl2, 1.2 mM MgSO4, 1.2 mM
KH2PO4, 1.8 g/liter glucose, 10 mM
HEPES, 100 �M pargyline, and 100
�Mascorbic acid. After 2min of incu-

bation with 50 nM [3H]5HT (5-hydroxy[3H]tryptamine trifluoro-
acetate, 99.0Ci/mmol, AmershamBiosciences UKLimited, Buck-
inghamshire, UK), 5HT uptake was terminated by filtration
through GF/BWhatman filters and washed three times with ice-
cold KRH buffer. Filters were removed, immersed in scintillation
fluid (EcoscintTM, National Diagnostics, Atlanta, GA) for �8 h
and quantitated by scintillation spectrometry. The counts
obtained from the filtered sampleswere corrected for the nonspe-
cific binding/uptake obtained by incubations with 1 �M parox-
etine. Assay points were obtained in duplicate with cumulative
uptake data arising from three ormore independent experiments.
Immunoprecipitations—Immunoprecipitationand immunob-

lots were performed from detergent extracts of either human or
mouse platelets, or mouse midbrain synaptosomes. Detergent
extractswere prepared bywashing 108 plateletswith PBS and lysis
by 1% Triton X-100 for 1 h at 4 °C. For SERT immunoprecipita-
tions, 100�gofprotein extractwaspreclearedwith5�gofnormal
rabbit serum and 30 �l of 50% protein A-Sepharose bead slurry
(Amersham Biosciences AB, Uppsla, Sweden) for 1 h at 4 °C. The
precleared lysate was then incubated with either 1 �g of normal
rabbit IgG or 1 �g of affinity-purified rabbit anti-SERT antibody

FIGURE 1. Distribution of SERT in platelets. A–C, immunocytochemistry and confocal microscopy of SERT in
mouse and human platelets. SERT KO mouse platelets (B) show low background staining when compared with
wild-type animals (A) under the same scanning conditions. C, human platelets show predominant intracellular
SERT staining. D, SERT distribution as revealed by cell surface biotinylation. Mouse platelets were treated with
sulfo-NHS-biotin as described under “Experimental Procedures.” Purified proteins were probed with either
anti-SERT polyclonal antibody (no. 48 serum) or anti-actin monoclonal antibody. NB, intracellular proteins
(resistant to biotinylation) and B, surface (plasma membrane, or proteins that were biotinylated) proteins.
Averaged data from eight independent experiments, normalized as percentage of total protein, are pre-
sented � S.E. NB and B are statistically different ( p � 0.05, Student’s t test).
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(purified from either no. 48 or no. 50 antisera, for details see Ref.
30) for 1 h at 4 °C followed by a 1-h incubationwith 30�l of a 50%
proteinA-Sepharosebead slurry at roomtemperature.Beadswere
then washed three times with PBS, and immunoprecipitated pro-
teins were eluted in Laemmli buffer and analyzed by SDS-PAGE/
Western blotting as described above.

RESULTS

Distribution of SERT in Platelets—An initial characterization
of SERT membrane localization in platelets was assayed by
immunocytochemistry (Fig. 1). We characterized SERT-spe-
cific staining in mouse platelets by using both wild-type (Fig.
1A) and SERT knock-out (Fig. 1B) mouse platelets and scan-
ning with the same laser configuration for both samples. In
wild-type samples, the majority of SERT immunoreactivity
localizes to punctuate densities within intracellular compart-
ments.We confirmed thatmost of the specific stainingwas also

observed in intracellular compart-
ments in human platelets, where
almost no signal was detected at the
plasma membrane (Fig. 1C). To
define the relative abundance be-
tween surface and intracellular com-
partments we utilized cell surface
biotinylation by incubating mouse
plateletswithcell-impermeable sulfo-
NHS-biotin at 4 °C, followed by so-
lubilization and collection of bio-
tinylated platelet transporters on
streptavidin beads (Fig. 1D). SERT
immunoreactivity was evident in
bothplasmamembrane (biotinylated,
B) and intracellular (resistant to
biotinylation or non-biotinylated,
NB) fractions. Actin was restricted to
the intracellular (NB) fractions,
whereas the Na�/K�-ATPase was
identified in the plasma membrane
(B) fraction. Quantitative analyses
demonstrates that the bulk of SERT
protein is resistant to biotinylation
(86.5 � 4.5% intracellular, 13.5 �
4.5% surface) indicative of substantial
intracellular sequestration. Similar
findings were obtained with human
platelets (data not shown).
To better characterize SERT local-

izationatbothplasmamembraneand
intracellular compartments, we iso-
latedMS andCS fractions by solubili-
zation of mouse platelets. The proce-
dure described under “Experimental
Procedures” has been established to
map protein translocation through
skeletal compartments in human
platelets following thrombin activa-
tion (39, 40, 42). The CS fraction iso-
lated as a low speed (15,600� g), Tri-

ton-X-100 insoluble fraction, is rich in filamentous actin and
contains�10%of total platelet proteins. TheMS fraction requires
high-speed (100,000 � g) centrifugation to pellet and is enriched
for focal adhesion proteins such as vinculin and talin as well as
other actin-binding proteins and also corresponds to �10% of
total proteins (18). The supernatant overlying the MS pellet that
containsmost platelet proteins (�80%) is denotedTS.We blotted
the total content of these fractions andestablished thatmost of the
SERT protein is present in the TS membranes (88.0 � 1.7%)
whereas only�12%of total SERTprotein resides in either theMS
(7.6� 1.2%) or CS (4.4� 0.7%)membranes (Fig. 2A). Blotting for
other marker proteins revealed the expected distributions for CS,
MS, andTS fractions. For example, F-actinwas localized to theCS
fraction and depleted in the MS fraction, whereas the reverse is
true for focal adhesion proteins (vinculin, talin). Focal adhesion
kinase andHic-5 predominated in theTS fraction, consistentwith
sizeable, soluble pools of these cytoplasmic proteins.

FIGURE 2. Subcellular fractionation of platelets. A, mouse platelet and midbrain cytoskeleton and membrane
skeleton isolation. Mouse platelets were homogenized with PBS buffer containing 1% Triton X-100 and the CS, MS,
and TS fractions were isolated as described under “Experimental Procedures.” Equal volumes of each fraction were
loaded and subjected to SDS-PAGE. Averaged data from eight independent experiments are presented � S.E.
B, distribution of plasma membrane proteins in the different platelet fractionations. Human platelets were biotiny-
lated with sulfo-NHS-biotin and lysed with 1% Triton X-100, and CS and MS fractions were isolated. Equal volumes of
each fraction were submitted to electrophoresis and plasma membrane proteins from each fraction were identified
by blotting membranes with streptavidin-horseradish peroxidase (Amersham Biosciences). Data represent aver-
aged densitometry from three independent experiments. C, distribution of the plasma membrane SERT between
the different cytoskeletal compartments. Human platelets were biotinylated, and the CS and MS fractions were
isolated. SERT was immunoprecipitated with no. 48 antibody, and plasma membrane SERT was identified as a
80-kDa streptavidin-horseradish peroxidase reactive band, absent from normal rabbit serum immunoprecipitates
(see inset). Averaged data from three independent experiments are quantitated, revealing that the MS fraction
contains most of the biotinylated SERT.
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To determine how TS, MS, and CS fractions relate to SERT
distribution defined by biotinylation, we biotinylated platelets
prior to cell fractionation, and then examined fractions for evi-
dence of biotinylation using avidin-HRP In Fig. 2B we show that
the bulk of plasma membrane proteins are localized to either the

CSor theMS fractions (77� 7.1% for
MS�CS) indicating that the bulk of
the TS fraction derives from intracel-
lular proteins and membrane com-
partments. Interestingly, althoughCS
and MS fractions exhibit an equiva-
lent level of total biotinylated pro-
teins, SERT was not evenly distrib-
uted between CS and MS fractions
(Fig. 2C). When the biotinylated CS
and MS fractions were immunopre-
cipitated with SERT antibodies, sig-
nificantly more biotinylated material
was recovered from the MS fraction,
suggesting that most of the SERT in
the CS fraction is internalized or oth-
erwise inaccessible to biotinylation.
Looking at the relative distribution
across biotinylated fractions, SERT in
the MS fraction constituted 81.7 �
10.2% of total surface SERT protein.
This distribution is unlikely to be
caused by a problem with antibody
access toCSorMS fractions by SERT
antibodies used for immunoprecipi-
tation as we recovered SERT equiva-
lently when CS andMS sample input
was balanced for SERT abundance
(data not shown). These findings
indicate that under basal conditions,
the bulk of platelet SERT resides in
intracellular, TS membranes, where-
as the fraction of SERT that is resi-
dent at the plasma membrane is
enriched in theMS fraction.
5HT-induced Redistribution of

SERT—The ability of substrates and
antagonists to regulate endogenous
SERT surface expression has been
demonstrated via biotinylation ex-
perimentson transporter-transfected
cells and cultured neurons (34). To
initiate an analysis of how the
cytoskeleton might participate in
these effects, we sought to determine
whether exposure of platelets to
exogenous5HTchanges thedifferen-
tial distribution of SERT thatwe have
established through extraction/sedi-
mentation. We performed differen-
tial extractions on mouse platelets
preincubated (30 min) with 10 �M
5HT at 37 °C. Although the overall

distributionof talin remained the sameunder these conditions,we
observeda significant increase inSERT in theMS fraction (Fig. 3A,
1.72 � 0.36-fold; p � 0.05, unpaired Student’s t test). With this
treatment, we also consistently observed a small reduction of
SERT in the CS fraction although this change did not reach statis-

FIGURE 3. 5HT-induced redistribution of SERTs correlated with elevated 5HT uptake capacity. A–C,
SERT relocates to the MS fraction in the presence of 5HT. Mouse platelets were incubated for 30 min at
37 °C with either 10 �M 5HT (A) 1 �M citalopram (B), both (C), 10 nM DOI (D) or PBS (vehicle control), and CS
and MS fractions were isolated. Data shown are representative of 3 (A), 4 (B), and 3 (C and D) independent
experiments � S.E. E, 5HT leads to an increase in the uptake activity of the SERT. Human platelets were
incubated with 10 mM 5HT, and plasma membrane vesicles were prepared. Uptake was assessed by
incubating 50 �g of vesicles with [3H]5HT as described under “Experimental Procedures.” Averaged data
from three independent experiments � S.E. are presented. *, p � 0.05, unpaired Student’s t test.
F, time-course platelet biotinylation. Mouse platelets were incubated with 10 �M 5HT for increasing
amounts of time at 37 °C followed by biotinylation at 4 °C. Plasma membrane transporters were identified
by Western blot with the polyclonal anti-SERT antibody. Graph represents data average � S.E. of four
independent experiments (*, p � 0.05, paired Student’s t test). G, human platelets were incubated with
either 10 �M 5HT, 10 mM 5HT � 1 �M citalopram, 1 �M citalopram, or vehicle control at 37 °C followed by
biotinylation at 4 °C. Membrane SERT was identified using affinity-purified no. 48 polyclonal antibody.
Data presented show an average of three independent experiments (*, p � 0,05, paired Student’s t test).

Regulated Redistribution of Platelet Serotonin Transporter

AUGUST 25, 2006 • VOLUME 281 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 24773



tical significance. No apparent change was evident in the TS frac-
tion.Although thesedata suggest amovementofCSSERTprotein
to theMSfraction,other interpretationsarepossiblebecause these
are steady-statemeasurements and the TS fraction is significantly
more populated, diminishing sensitivity to detect small changes in
thispool.To testwhether thechangesobservedarecausedby5HT
interacting with SERT or to platelet 5HT2A receptors, we
repeated our 5HT fractionation studies in the presence of 1 �M

citalopram, a high-affinity SSRI (Fig. 3,B andC). Citalopramalone
induced no significant changes in SERT distribution, althoughwe
noticed a trend toward a decrease inMS and increase in CS levels
(Fig. 3B). Importantly, the SSRI totally antagonized the increase in
MS SERT triggered by 5HT (Fig. 3C). With the combination of
5HT and SSRI, we also observed a significant increase of SERT in

the CS fraction (1.72� 0.31-fold; p�
0.05, unpaired Student’s t test). This
increase is probably because of
5HT2A receptor activation by 5HT,
supported by experiments using 10
nM of the 5HT2A receptor agonist
DOI (Fig. 3D). This concentration
was able to trigger SERT transloca-
tion from TS fractions to both MS
and CS fractions (CS, 2.09 � 41.51-
fold, p� 0.05; MS, 2.87� 14.22-fold,
p� 0.005; TS, 32.40� 5.158% reduc-
tion, p � 0.001). To explore whether
the 5HT-induced increase of SERT
protein in the MS fraction is paral-
leled by changes in SERT uptake
capacity, we preincubated human
platelets with 10 �M 5HT for 30 min
at 37 °C and then prepared platelet
membrane vesicles to assess SERT
activity (41). In these studies (Fig. 3E),
we observed an �70% increase in
SERT uptake in platelets pre-incu-
bated with 5HT as compared with
vehicle (173.8� 17.6% of vehicle, p�
0.05, unpaired Student’s t test).
Because these changes could also be
associatedwith a 5HT-induced redis-
tribution of SERT to the plasma
membrane, we assessed the impact
of 5HTon platelet SERT surface den-
sity via biotinylation we obtained
evidence of a time-dependent eleva-
tion in surface SERT (Fig. 3F). How-
ever, unlike changes in SERT mem-
brane fractionation, the effect of 5HT
on surface trafficking was not
reversed by co application of 1 �M
citalopram (Fig. 3G). Taken to-
gether, these data suggest that 5HT
is able to trigger SERT translocation
to the plasmamembrane expression
and MS translocation. This transloca-
tion seems to be triggered by 5HT2A

receptor activation and is dependent on SERT activity.
Association of SERT with theMembrane Skeleton Adaptor Pro-

tein Hic-5—TheMS fraction contains multiple actin-binding and
signaling proteins that could interact with SERT and regulate its
function and localization.Hic-5 is amultiple LIM-domain protein
previously identified as a DAT-interacting protein via yeast 2-hy-
brid studies, interactions validated in heterologous systems aswell
as in striatal synaptosomes. The SERT C terminus was previously
shown to interact directly with Hic-5 via yeast two-hybrid experi-
ments (32), although to date no validation of this interaction has
been established with native preparations. Importantly, Hic-5 is
expressed in platelets (43, 44). Immunoprecipitations of total
platelet extractswith SERTantisera (no. 48) but not normal rabbit
serum, lead to Hic-5 co-immunoprecipitation (Fig. 4A). We also

FIGURE 4. Hic-5 interacts with SERT in platelets. A, immunoprecipitation of SERT and identification of Hic-5 as a
SERT-interacting protein in human platelets and mouse midbrain synaptosomes. 100 �g of tissue was incubated
with either rabbit serum (NRS) or SERT-specific rabbit serum (no. 48 and no. 50) and purified by the addition of
protein A-Sepharose. Immunoblots were probed with either the monoclonal Hic-5 antibody or monoclonal anti-
SERT antibody. B, Hic-5 largely interacts with intracellular pools of SERT. Human platelets were biotinylated, and the
plasma membrane proteins purified. SERT was immunoprecipitated from both biotinylated and non-biotinylated
samples, and Hic-5 was identified by Western blot. Data represent the average�S.E. of 8 experiments (*, p �0.0001,
paired Student’s t test). C, Hic-5/SERT interaction occurs mostly in association with the membrane skeleton. Hic-5 or
SERT immunocomplexes were isolated from equal volumes of CS, MS, and TS fractions previously isolated. Immu-
nocomplexes isolated with the anti-Hic-5 antibody were submitted to SDS-PAGE, and membranes were blotted
with anti-SERT antibody (no. 48). SERT immunocomplexes were also submitted to SDS-PAGE, and Hic-5 was identi-
fied. Western blots show a representative experiment of five independent experiments. D, TS SERT is not associated
with Hic-5. Mouse platelets were fractionated, and volumes were normalized for equal amounts of SERT (see SERT in
extract). SERT-associated immunocomplexes were purified and Hic-5 identified by Western blot. Averaged data
from three independent experiments are presented as percentages of total Hic-5 associated with SERT.
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found evidence of a SERT�Hic-5 complex with detergent
extracts of mouse midbrain synaptosomes using two differ-
ent SERT antisera (no. 48 and no. 50) (Fig. 4A). Next we
asked whether Hic-5 was associated with surface or intracel-
lular SERT (Fig. 4B). Although we recovered most Hic-5
from intracellular (NB) SERT samples, detectible quantities
of Hic-5 were identified in plasma membrane (B) extracts
(23.4 � 3.3% of total recovered). Consistent with these find-
ings, we found Hic-5 predominantly associated with TS frac-
tions (84.9 � 3.3%) with a smaller, but readily detectable
quantity in MS fractions (13.9 � 3.1%). We then investigated
the possibility of a link between SERT�Hic-5 complex inter-
actions and specific fractions. Whether using total material
recovered from each fraction (Fig. 4C) as input for co-immu-
noprecipitation or using as input samples balanced for SERT
abundance (Fig. 4D), we observed a significant deficit in
SERT/Hic-5 interactions in the TS fraction. As we can
readily recover SERT from all three fractions (data not
shown), these findings indicate highly preferential interac-
tions of Hic-5 with MS- and CS-associated SERT.
Regulation of SERT/Hic-5 Interaction by 5HT—Our evidence of

a selective association of SERTwith Hic-5 in the CS andMS frac-
tions as opposed to the largely cytoplasmic TS fraction suggested
tous thatHic-5mightplayan important role inactivity-dependent
changes in SERT membrane redistribution/catalytic activity. We
asked whether 5HT treatment of platelets (10 �M 5HT, 30 min)
alters recoveryofSERT�Hic-5complexes throughco-immunopre-
cipitation assays.Whereas 5HT did not alter total Hic-5 levels, we
observed a significant decrease in SERT/Hic-5 associations rela-
tive to vehicle treatments (Fig. 5A). Citalopram alone yielded a
significant increase in SERT/Hic-5 associations, which remained
similarly elevated when citalopram and 5HT were co applied.
Importantly, 5HT lost the ability to trigger a SERT/Hic-5 dissoci-
ation in the presence of the SSRI, indicating that SERT activity
and/or ligand binding influence the interactions of these two pro-
teins. We then asked whether 5HT alters Hic-5 distribution
betweenmembrane subfractions. Plateletswere treatedwith vehi-
cle or 5HT (10 �M, 30 min), TS, CS, and MS fractions generated
and blotted in parallel for SERT andHic-5 (Fig. 5B).We observed
an enrichment of Hic-5 in MS fractions concomitant with a
decrease in the TS fraction (p � 0.01 for MS and TS; unpaired
Student’s t test). These findings establish three actions of 5HT: 1)
to translocate SERT to the plasmamembrane, 2) to alter the sub-
cellular distribution of SERT and Hic-5, elevating both in the MS
fraction, and 3) to diminish SERT/Hic-5 associations.
Regulation of SERT/Hic-5 Interaction by PKC Activation—

The data acquired in 5HT studies are consistent with SERT
capacity increasing in parallel with a loss of SERT�Hic-5 com-
plexes. Do SERT/Hic-5 associations increase in parallel with
stimuli triggering SERT down-regulation? The best character-
ized stimuli for rapid SERT down-regulation are phorbol esters
that activate PKC (34, 45). Consistent with prior studies, incu-
bation of mouse platelets with �-PMA (1 �M, 37 °C) led to a
time-dependent decrease in the abundance of SERT proteins at
the cell surface as assessed by biotinylation (p � 0.05, paired
Student’s t test, Fig. 6A). To test whether the interaction
between SERT and Hic-5 is modulated by PKC, we co-immu-
noprecipitated SERT following treatment of mouse platelets

with 1 �M PMA for 30 min at 37 °C. As shown in Fig. 6B,
�-PMA triggered a significant, �50% increase in the abun-
dance of SERT�Hic-5 complexes (p � 0.05, paired Student’s t
test).We did not observe any changes inHic-5 total levels in the
presence of �-PMA. The effect of �-PMA was completely
antagonized by the specific PKC antagonist bisindolylmaleim-
ide (BIM; 1 �M). Further analyses of the impact of �-PMA
revealed that SERT�Hic-5 complexes form in a delayedmanner,
with significant elevations requiring 10–30 min of stimulation
(Fig. 6C) and were most evident in dose response studies at
higher concentrations of �-PMA (Fig. 6D).

Osada et al. (46) have demonstrated that Hic-5 translo-
cates from MS fractions to CS compartments upon platelet
activation with thrombin. Because PKC is one of the protein
kinases activated after thrombin stimulation, we sought to
establish whether Hic-5 also translocates under conditions
of �-PMA treatment that leads to enhanced SERT�Hic-5

FIGURE 5. Hic-5/SERT interactions are regulated by 5HT. A, immunoprecipita-
tion of SERT from mouse platelets. Mouse platelets were incubated with either 10
mM 5HT, 1 �M citalopram, 1 �M citalopram � 10 �M 5HT, or PBS (vehicle control)
for 30 min at 37 °C, and SERT was immunoprecipitated as described under
“Experimental Procedures.” Averaged data from four independent experiments
are presented � S.E. (*, p � 0.05 and **, p � 0.01, paired Student’s t test). B,
translocation of Hic-5 between the different cytoskeletal compartments in the
presence of 5HT. Mouse platelets were incubated with 10 �M 5HT, lysed with 1%
Triton X-100, and the CS and MS pools were purified by differential fractionation.
Averaged data of three independent experiments are presented.
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complexes. After incubation with
1 �M PMA for 30 min we observed
a dramatic change in Hic-5 distri-
bution with a nearly 3-fold
increase in Hic-5 associated with
the CS fraction and a concomitant
decrease in the percentage of total
Hic-5 present in the MS fraction
(Fig. 6, E and F). An analysis of
SERT surface expression and
SERT/Hic-5 interaction revealed
that increasing Hic-5 associations
correlate inversely with surface
levels of SERT (Pearson rs �
�0.92, r2 � 0.85). We therefore
asked whether �-PMA also trig-
gers a parallel redistribution of
SERT between CS and MS frac-
tions. Indeed, blotting fractions
derived from �-PMA treated
platelets revealed a 1.5-fold eleva-
tion of SERT in the CS fraction
and a 2-fold decrease in the MS
fraction (Fig. 6, E and F). This
redistribution could also be
observed using surface fractions
derived from biotinylation prior to
fractionation (data not shown).
5HT, acting through SERT, has

been shown to inhibit SERT phos-
phorylation and endocytosis trig-
gered by PKC (47). We thus asked
whether 5HT would attenuate the
�-PMA-induced changes in SERT
and Hic-5 subcellular distribu-
tions as well as the phorbol ester
triggered elevation in Hic-5�SERT
complexes. We incubated mouse
platelets with 1 �M �-PMA and 10
�M 5HT or vehicle for 30 min. at
37 °C and fractionated platelets as
described above. We found that
coincubation of �-PMA with 5HT
blocked the changes in SERT sub-
cellular distribution induced by
phorbol ester (Fig. 7, A and B). In
contrast, 5HT exerted no effects
on Hic-5 protein distribution
between CS, MS, and TS compart-
ments. 5HT treatments also abol-
ished the phorbol ester-mediated
increase in SERT�Hic-5 complexes
as revealed by co-immunoprecipi-
tation experiments (Fig. 7C).

�-PMA treatments have been
found to trigger both an inactiva-
tion and endocytosis of SERT pro-
teins (48). Although SERT/Hic-5

FIGURE 6. SERT surface density and Hic-5/SERT interactions are regulated by PKC activation. A, time
course platelet surface biotinylation. Mouse platelets were incubated at 37 °C with 1 �M �-PMA for increasing
times and surface proteins were biotinylated at 4 °C and isolated. Plasma membrane transporters were iden-
tified by Western blot with the polyclonal anti-SERT antibody. Graph represents data average � S.E. of four
independent experiments (*, p � 0.05, paired Student’s t test). B, immunoprecipitation of SERT from mouse
platelets. Mouse platelets were incubated with either 1 �M �-PMA, 1 �M �-PMA � 1 �M BIM or PBS (vehicle
control) for 30 min at 37 °C, and SERT was immunoprecipitated as described under “Experimental Procedures.”
Averaged data from three independent experiments are presented � S.E. (*, p � 0.05, paired Student’s t test).
Shown are time course (C) and concentration curve (D) of �-PMA effect onto the SERT/Hic-5 association. Mouse
platelets were incubated for increasing times (C ) and increasing concentrations (D) of �-PMA, and SERT was
immunoprecipitated. Averaged data of 4 (C ) and 3 (D) experiments are presented. E and F, translocation of
SERT and Hic-5 between the different cytoskeletal compartments in the presence of �-PMA. Mouse platelets
were incubated with 1 �M �-PMA, lysed with 1% Triton X-100, and the CS and MS pools were purified by
differential centrifugation. E, averaged data of three independent experiments are presented � S.E. (unpaired
Student’s t test: *, p � 0.05; ***, p � 0.001).
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associations occur at a dose/time most related to changes in
SERT surface distribution, elevated Hic-5/SERT interac-
tions might also stabilize a less active state of SERT triggered
by phorbol ester. To eliminate concerns for effects of Hic-5
on trafficking per se, we transcribed and translated Hic-5 in
vitro and incubated product with purified human platelet
membranes prior to resealing them for transport studies. As
a control, we used vesicles sealed in the presence of the con-
trol transcription/translation reaction mix, (which contains
the RNA polymerase complex, reticulocyte lysates and
luciferin). In comparison to vehicle or non-treated controls,
we observed a 30% decrease in SERT activity with Hic-5
translation product (Fig. 7D; 63.1 � 11.7%, p � 0.05, paired
Student’s t test). These findings suggest that association of

SERT with Hic-5 may also participate in catalytic activity
modulation of SERT function.

DISCUSSION

Plasma membranes in eukaryotic cells are organized into
domains of specialized functions. Many of these domains are rel-
atively stable at the cell surface and involve a series of linkages
between cytoplasmic cytoskeletal proteins, integral membrane
proteins and extracellular attachments to the substrate or to other
cells (15). The platelet membrane skeleton is a lattice-like struc-
ture that coats the plasma membrane, composed of short actin
filaments, spectrin, vinculin, and other focal adhesion proteins
(13). The platelet cytoskeleton is composed of filamentous actin

FIGURE 7. 5HT attenuates the �-PMA-induced changes in SERT and Hic-5 subcellular distribution and Hic-5�SERT complexes. A and B, platelet fraction-
ation. Mouse platelets were incubated with either 1 �M PMA, 1 �M PMA � 10 �M 5HT, or vehicle control for 30 min at 37 °C and cytoskeletal fractions (CS and
MS) isolated. Data in B show an average of four independent experiments � S.E. C, immunoprecipitation of SERT. Mouse platelets were treated as described in
A and SERT was immunprecipitated. Hic-5 was identified using the monoclonal anti-Hic-5 antibody. Data presented are an average of four independent
experiments � S.E. D, uptake in platelet plasma membrane vesicles containing Hic-5. Human platelets plasma membranes were prepared and re-sealed in the
presence of in vitro transcribed-Hic-5 (Hic-5), the transcription reaction mix alone (Rx mix) or in the presence of vesicle buffer alone (non-treated), incubated for
10 min at 37 °C and then frozen at �20 °C for 16 –18 h. Approximately 25 �g of resealed plasma membrane vesicles were used for [3H]5HT uptake experiments.
Graph represents averaged data of four independent experiments, conducted in triplicates (* � p � 0.05, Student’s t test). Inset, colloidal blue staining of the
translation product from the in vitro translation reaction. Each reaction was incubated with anti-Myc monoclonal antibody, and immunoprecipitates were
submitted to 12% SDS-PAGE. Colloidal blue staining reveals a �48-kDa band, corresponding to the translation product (Hic-5).

Regulated Redistribution of Platelet Serotonin Transporter

AUGUST 25, 2006 • VOLUME 281 • NUMBER 34 JOURNAL OF BIOLOGICAL CHEMISTRY 24777



(F-actin) aswell asmicrotubules that coil around thecell periphery
immediately beneath and parallel to the plasma membrane (49).
Hartwig and DeSisto (50) demonstrated that the long actin fibers
make connections with the membrane lamina through the inter-
mediary of actin-binding protein, and at one end, with the surface
and margins of the membrane skeleton. Even though the mem-
brane skeleton is anchored to the F-actin fibers in the intact plate-
let, it is possible tomechanically separate those twocomponentsof
the cell. Because SERT is under regulation by multiple signaling
pathways that positively and negatively regulate surface expres-
sion and intrinsic activity, we capitalized on differential extraction
techniques tomonitor protein associationswithSERTand its own
movements in and out of these fractions.
In our study, we provide evidence that SERT is a membrane

skeleton-associated protein that, upon inactivation, associates
with the cytoskeleton followed by internalization. As a mem-
brane skeleton member, the adaptor protein Hic-5 is also a
SERT-interacting protein. This interaction occurs in low but
detectable levels in resting platelets, and the SERT�Hic-5 com-
plex was localized to intracellular compartments, although a
small population of plasma membrane SERT is associated with
Hic-5. Surprisingly, most of the SERT�Hic-5 complex is not
present in the Triton X-100 fraction, which contains most of
the SERT and Hic-5 (�80% of total proteins), but rather exists
in association with both cytoskeleton and membrane skeleton.
These data are consistent with the role of Hic-5 as an adaptor
protein that translocates from focal adhesions to actin-
cytoskeleton components upon mechanical stretching in
fibroblasts (51).
We propose that Hic-5 associates with SERT only as the

transporter transits to the cytoskeleton, where it may eventu-
ally endocytose (Fig. 8). Once SERT containing vesicles have
budded from the plasma membrane, Hic-5 may dissociate,
leading to the large pool of intracellular SERT present in the TS
fraction but devoid of Hic-5 interactions. Our conclusions are
tempered by the fact that themethodswehave employed donot
permit direct monitoring of SERT (or Hic-5) as it moves
between compartments. Possibly, a large and relatively immo-
bile TS pool of SERT containing vesicles could be devoid of
Hic-5 whereas a small recycling pool of SERT vesicles could
retain Hic-5 associations, accounting for a small amount of
recovery of SERT�Hic-5 complexes from TS fractions. Further
studies that incorporate dynamic monitors of trafficking and
protein associations should aid in this analysis.
Regardless of the limitations noted above, our studies denote

a dynamic profile of SERT/Hic-5 associations in platelets that
likely has important consequences for transporter trafficking
and the macromolecular organization of additional SERT reg-
ulatory proteins. Hic-5 is known to participate in regulated
pathways linked to platelet activation. Osada et al. (46) have
described Hic-5 tyrosine phosphorylation and translocation
during platelet activation induced by thrombin stimulation,
suggesting that PKC regulates Hic-5 phosphorylation in an
indirect manner. Our observation that Hic-5 translocates to
cytoskeletal structures upon PKC activation is consistent with
the idea that PKC changes Hic-5 localization and, reasonably,
such effects appear to be SERT-independent. Nonetheless, we
have observed a time and concentration-dependent increase in

the SERT/Hic-5 association after PKCactivation that correlates
with transporter internalization. We propose that SERT inter-
nalization is initiated through, in part, its associationwithHic-5
and translocation to the cytoskeletonwhile still at plasmamem-
brane, followed by internalization. Activation of PKC in plate-
lets produces a biphasic regulation of the transporter, involving
a rapid (1 min) loss of transport activity followed by a more
delayed (10–30 min) loss of surface SERT, correlated respec-
tively with phosphorylation of serine and threonine residues
(35).Our time course and dose response studies aremore indic-
ative of Hic-5 participating in later stages of SERT regulation,
though possibly Hic-5 may trap transporters shifted to a less
active state.
The increase of SERT in the cytoskeletal fraction during PKC

activation might reflect the association of SERT-containing
vesicles with the actin microfilaments during endocytosis. This
association does not seem to be permanent, as indicated by the
high levels of intracellular SERT present in the TS fraction,
though the mobility of the latter fraction has not been studied
explicitly. Regardless, our data indicate that intracellular SERT-
containing vesicles are predominantly cytoskeleton-free.
Whether the transport of SERT to the plasma membrane
involves an association with microfilaments is still unknown,
although this type of association has already been described for
the glutamate transporter, where the disassembly of actin fila-
ments by cytochalasin D blocked the expected increase of
transporters at the cell surface induced by insulin (42, 52).
Because SERT�Hic-5 complexes do not accumulate in intracel-
lular TS membranes, we suggest that Hic-5 is not responsible
for “trapping” SERT inside the cell, but rather for either accel-
erating endocytosis or possibly reducing recycling rates. Fur-

FIGURE 8. A model for the regulated translocation of SERT. The bulk of the
platelet SERTs are localized in intracellular, Triton X-100 soluble fractions. 5HT
mediates the translocation of intracellular SERTs to the plasma membrane
associated with the membrane skeleton. The activation and MS localization
of SERT are inhibited by citalopram, leading to an accumulation of SERTs in
the cytoskeletal-associated fractions and concomitant increase in associa-
tions with Hic-5 (CS). The activation of PKC by PMA induces SERT/Hic-5 asso-
ciations leading to inactivation and translocation to the CS followed by inter-
nalization. Both of these processes are inhibited by 5HT.
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ther studies using peptide inhibitors of Hic-5/SERT interac-
tions or genetic manipulations to interfere with Hic-5
associations should be helpful in this regard.
Two basicmechanisms are evident for how interactions with

the actin cytoskeleton may regulate SERT function. First, asso-
ciation with the cytoskeleton may change transporter intrinsic
transport rates and second, these associations may allow for a
precise localization and clustering of the transporter in specific
membrane subdomains. Studies in SERT-expressing COS-7
cells that were exposed to cytochalasinD reported a decrease in
SERT uptake activity, indicating that the integrity of the actin
cytoskeleton is necessary for supporting SERT function (53).
Our data support the notion that both active and inactive
plasma membrane transporters are associated with the mem-
brane skeleton, where Hic-5 might connect SERT with actin
fibers. We suggest that SERT associations with these elements
may change in an activity-dependent manner as evidenced by
the ability of 5HT to alter SERT subcellular distribution in an
antidepressant-sensitivemanner. Recent findings show that the
SERT carboxyl terminus can attenuate transporter activity by
functioning as a molecular decoy that disrupts the interaction
of SERT with components of the actin cytoskeleton (54). The
authors speculate that excess C termini would disturb the
proper SERT anchoring to actin cytoskeleton via SERT acces-
sory proteins such as MacMARCKS. The interaction of SERT
with Hic-5 we have described, on the other hand, seems to
diminish SERT intrinsic uptake activity (Fig. 7D), and this inter-
action appears to be negatively influenced by SERT activity and
positively by PKC activation. Hic-5 may compete with other
proteins like MacMARKS that stabilize SERT localization to
theMS leading to SERT inactivation and eventually transporter
endocytosis.
Finally, we wish to note the possibility that SSRIs may alter

several facets of SERT regulation. We established that 5HT
induces a relocation of SERT to the MS in a citalopram-sensi-
tive manner and that 5HT-induced reductions in SERT�Hic-5
complexes were also blocked by the antidepressant. In contrast,
the ability of 5HT to trigger elevated surface expression appears
to be related to other actions of the amine, such as 5HT2A
receptor stimulation. In fact, the 5HT2A agonist DOI induces
an increase of SERT in both cytoskeleton and membrane skel-
eton fractions, suggesting a regulated exocytosis mechanism.
Regardless, either directly or indirectly, several facets of SERTs
regulation appear to be influenced by transport activity, includ-
ing SERT associations with regulatory proteins. Previously, we
documented that 5HT could attenuate phorbol ester induced
changes in SERT phosphorylation (47) as well as PP2A associ-
ations (30). Herewe add associationswithHic-5 to this growing
list. We do not know the primary mechanism by which 5HT
translocation influences associations and redistribution.Multi-
ple mechanisms appear tenable. For example, transporter con-
formations associated with 5HT uptake may facilitate move-
ments between cytoskeleton and membrane skeleton
compartments. Alternatively, 5HT-gated currents (28) or
intracellular 5HT accumulation may indirectly influence these
phenomena. Finally, transport-related conformations may
impact access of transporters by phosphatases and kinases
whose activities may alter SERT phosphorylation status, driv-

ing these phenomena.We also observed some intrinsic activity
of citalopram, generally yielding effects opposite those of 5HT.
Thismay reflect stabilization of transport-incompetent confor-
mations of the protein or limit indirect effects of 5HT on host
cells. Examination of the properties of different classes of anti-
depressants to influence subcellular localization and SERT het-
eromeric assemblies may offer additional insights into the dis-
tinct therapeutic profiles of SSRIs.
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