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a b s t r a c t
RT-PCR conﬁrmed that human cell lines of diverse peripheral origins express transcripts for the serotonin
transporter (sert/slc6a4). Molecular weights reported for the translated protein appear to be quite variable
however. Here we compared directly immunoreactive protein generated from cloned sert transfected into
HEK293 with that carried endogenously among the cell lines. The dominant glycosylated 85–95 kDa
immunoreactive species contained in HEK-sert transfectants was poorly represented in any native cell:
instead, discrete 70 and 60 kDa bands were universally detected. Biotinylation of lymphoid cells revealed that
the endogenous non-glycosylated 60 kDa but not 70 kDa protein was available at the surface to access
exogenous ligands.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The neuronal serotonin transporter (SERT; SLC6A4) has received
considerable attention in recent years. As well as its crucial role in the
process of neurotransmitter recycling, it represents an established
target for many pharmacological agents that affect brain function
including antidepressants and psychostimulants. Serotonergic signalling is initiated by the release of serotonin (5-HT) from the presynaptic neuronal cell into the synaptic cleft. Termination of neurotransmitter action, a key step that determines the intensity and
duration of signalling, occurs by re-uptake of the extracellular
serotonin back into nerve terminals through SERT, a high afﬁnity
plasma membrane transporter. SERT belongs to the SLC6 gene family
of related neurotransmitter proteins, which includes the transporters
for dopamine (DAT), norepinephrine (NET), γ-aminobutyric acid
(GAT) and glycine (GLYT1 and GLYT2) (Torres et al., 2003). Deregulations in serotonergic activity have been implicated in the aetiology of
psychiatric diseases such as depression in addition to a large group of
compulsive disorders (Malison et al., 1998; Purselle and Nemeroff,
2003). Consequently, there has been much focus on multiple
compounds which inhibit SERT function and hence increase the
availability of 5-HT: these include tricyclic antidepressants and the
selective serotonin re-uptake inhibitors (SSRIs) (Marcusson and Ross,
1990; Ramamoorthy et al., 1993). SERT is also targeted by the drugs of
abuse, cocaine (Rothman and Baumann, 2003) and 3,4-methylenedioxymethamphetamine (“ecstasy”) (Rudnick and Wall, 1992).
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Although early SERT studies largely focussed on the expression
of the transporter in brain tissue, it is becoming increasingly apparent that SERT also exists in specialised non-neuronal cells in the
periphery, including platelets (Launay et al., 1992), lymphocytes (Faraj
et al., 1994), placental syncytiotrophoblasts (Balkovetz et al., 1989) and
epithelial cells of the gastrointestinal mucosa (Wade et al., 1996). Our
own interest in human B lymphocytes has revealed functional
responses to 5-HT and expression of SERT in the Burkitt's lymphoma
cell lines (Serafeim et al., 2002) and in a wider spectrum of B-cell
malignancy (Meredith et al., 2005b). The exact function or signiﬁcance
of SERT in lymphocytes is unknown but a recent review by our group
presented evidence for these and other immune cells expressing
multiple components of the serotonergic and related dopaminergic
systems (Gordon and Barnes, 2003). The increased interest in the
determination of both the molecular characteristics and regulation
of SERT has subsequently led to the production of a number of speciﬁc
antibodies. A review of the literature (Table 1) indicates wide
discrepancies and uncertainty in reported molecular sizes for SERT,
with diverse patterns and characteristics of SERT expression emerging. These studies include SERT generated from heterologous
expression in cell lines (Qian et al., 1995; Ramamoorthy and Blakely,
1999; Ramamoorthy et al., 1998) others on endogenous SERT
expressed constitutively in brain or platelets; and certain other
peripheral tissues: for example, lymphoid (Tsao et al., 2006), intestinal
mucosa (Bian et al., 2007) and arterial smooth muscle (Ni et al., 2004).
Differences in SERT mobility have been attributed to post-translational modiﬁcations of the protein and there is certainly increasing
evidence from mutational studies (Tate and Blakely, 1994) and
experiments on related transporters DAT and NET (Cai et al., 2005;
Melikian et al., 1996), that N-linked glycosylation may be an important
feature for the correct folding of the transporter protein to a fully
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Table 1
Comparison of reported SERT sizes
Species

Cell

Source

Size (kDa)⁎

Reference

Antibody†

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Rat
Monkey
Human
Rat
Rat
Human
Rat
Rat
Rat
Rat
Rat

HEK293
Fibroblast
HEK293
Platelet
Platelet
Platelet
Platelet
Lymphoid
Brain
Platelet
Mesangial
Brain
Caco-2
Intestinal mucosa
Brain
Lymphocytes
Brain
HeLa
Platelet
Brain
Brain

cDNA
cDNA
cDNA
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
cDNA
Endogenous
Endogenous
Endogenous

(Ramamoorthy et al., 1998)
(Wersinger et al., 2006)
(Frankhauser et al., 2006)

CT2
C-20
C-20

(Launay et al., 1992)
(Belous et al., 2001)
(Little et al., 2006)
(Tsao et al., 2006)
(Rotondo et al., 1996)
(Pizzinat et al., 1999)

(Coomassie stain)
CT
AB1594§
AB1594
(Silver stain)
SC (goat)

(Shively et al., 2003)
(Iceta et al., 2006)

ST51-2
AB1594

(Barkan et al., 2004)

SC-13997
(561–630)
S365 CT
(388–401)

Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Rat
Mouse
Mouse
Mouse
Mouse
Guinea pig

Brain
Brain
Brain
Brain
Platelet
Platelet
Arterial
HEK293
HEK293
Cos-7
CHO
Insect
BHK-21
MEL
HEK293
HEK293
Brain
Macrophage
Osteoclast
Ileal mucosa
Brain

Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
Endogenous
cDNA
cDNA
cDNA
cDNA
cDNA
cDNA
cDNA
cDNA
cDNA
Endogenous
Endogenous
Endogenous
Endogenous

96, 76
86, 65
85–95, 60
100, 90
68
105–68, 43
80
80, 65
67
70
70
78
70
70, 40
70, 40
100
64
61
94 (60?)
76
92, 74, 64
74, 64
70, 50
76
70
70‡, 63–68
100
94
74
180–130, 62/56
80
240, 120, 80, 60
90, 65, 60
60, 54
60, 55
80, 60, 55
90
80
70
70
62
75, 60
70

(Qian et al., 1995)

(Zhou et al., 1996)

(Ozaslan et al., 2003)
(Tate and Blakely, 1994)
(Tate et al., 2003)

5-HTT (55–68)
5-HTT (315–325)
NT (1–15)
AB1594
AB1594
CT/(579–599)
CT (596–630)
CT
CT H115 (516–630)
A5968
CT (617–630)
NT (1–14)
CT (586–630)
CT2/S365
CT2

(Hirano et al., 2005)

CT

(Rudd et al., 2005)
(Bliziotes et al., 2006)
(Bian et al., 2007)

AB1594
AB1594
CT (596–614)

(Wang et al., 2005)
(Najib et al., 2000)
(Rothman et al., 2003)
(Xie et al., 2006)
(Jayanthi et al., 2005)
(Hranilovic et al., 2001)
(Ni et al., 2004)
(Jess et al., 1996)
(Mochizuki et al., 2005)

Literature review indicating reported molecular weights for SERT endogenously expressed or generated from transfected cDNA in various tissues. ⁎Underlined data indicates major
species detected. †CT = C-terminal; NT = N-terminal; amino acid positions (where given) in brackets. ‡Suggested by authors to be non-speciﬁc. N.B. §Raised to a 15aa sequence
between TMD 7 and 8. Studies reported where SERT protein band was indicated but with no molecular weight given are not included in this table.

active form and therefore contribute to the regulation of trafﬁcking
and surface expression of SERT, DAT and NET.
In the present study we have used distinct antibodies directed
to sequences at or close to the respective terminal regions (aa51–66
and aa611–630) to characterise SERT in human cell lines of diverse
peripheral origins, comparing endogenous protein to that generated
by heterologous (over)expression of cDNA encoding full-length
human SERT. The importance of N-glycosylation to generating
different SERT species was examined using PNGase F and tunicamycin.
Biotinylation of cell surface proteins and confocal microscopy allowed
the exploration of which endogenous SERT forms reached and were
accessible at the outer membrane. Our results help clarify some of the
discrepancy inherent in the literature with regards reported characteristics of SERT protein and demonstrate that a non-glycosylated
constitutive 60 kDa form found endogenously (as opposed to being
generated via heterologous expression in transfected cells), is capable
of trafﬁcking to the outer membrane of peripheral cells and is the
dominant species found there. Such information may assist drug
design where surface SERT offers itself as a potential therapeutic
target in the periphery: as in the case of B-cell malignancy (Meredith
et al., 2005b; Serafeim et al., 2002).

2. Materials and methods
2.1. Cells
Stable Bcl-2 transfectants of EBV-ve L3055 Burkitt's lymphoma cells
(L3/Bcl-2) were maintained in RPMI 1640 medium (Invitrogen, Paisley,
Scotland) supplemented with 10% Serum Supreme (BioWhittaker,
Wokingham, U.K.), 2 mM glutamine, 100 IU/ml penicillin and 100 µg/
ml streptomycin (Invitrogen) as previously described (Serafeim et al.,
2002). These cells are substantially more robust than the parental
wild-type L3055 cells making them amenable to manipulations such
as in the biotinylation experiments (below). A stable line of HEK293
cells carrying full-length human SERT (HEK-hSERT) (Qian et al., 1997)
and parental HEK293 were a generous gift from Randy Blakely
(Vanderbilt University, Nashville, TN) and maintained in monolayer
culture in DMEM medium (Invitrogen) containing 10% FCS (First link,
Birmingham, U.K.) and selected with G418 sulphate (250 µg/ml).
Burkitt's lymphoma Daudi and B-lymphoblastoid cell line RPMI8866
were cultured in RPMI 1640 as described for L3/Bcl-2. Neuroblastoma
Kelly and Jurkat T lymphocytes were maintained in RPMI 1640
containing 10% FCS, 2 mM glutamine, 100 IU penicillin and 100 µg/ml

A. Chamba et al. / Journal of Neuroimmunology 204 (2008) 75–84

streptomycin. Conﬂuent cultures of the colon carcinoma cell line Caco2 were grown in high glucose DMEM from Sigma-Aldrich (Dorset, U.K.)
supplemented with 20% FCS, 1% non-essential amino acids (SigmaAldrich), glutamine, penicillin and streptomycin as above.
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2.5. Biotinylation of cells

Total RNA was extracted from 107 cells using TRIzol reagent
(Invitrogen) and precipitated with isopropanol, a further step to
remove DNA was performed using the RNeasy mini kit (Qiagen, West
Sussex, U.K.). Two micrograms of total RNA from each cell line was
reverse transcribed using Superscript II (Invitrogen). SERT primers
were generated to a conserved region of full-length human SERT
mRNA (MWG Biotech, London, U.K.). SERT sense 5′-ATC ACG GCT GTG
GTG GAT-3′ and SERT anti-sense 5′-ACT GAG TGA TGC CAT AGA ACC
AA-3′ were used to amplify SERT transcripts. PCR conditions were
optimised for SERT and the ﬁnal programme used was 95 °C for 10 min
followed by 95 °C, 30 s; 55 °C, 30 s; 72 °C, 60 s for 38 cycles then 72 °C,
10 min, using AmpliTaq Gold polymerase (Applera, Worrington, U.K.)
and 1.5 mM Mg2+. The cDNA was also ampliﬁed for β-actin using
primers, sense 5′-AGC GGG AAA TCG TGC GTG-3′ and anti-sense 5′CAG GGT ACA TGG TGG TGC C-3′ for 25 cycles. PCR products were
separated on 1.2% agarose gels containing ethidium bromide, DNA size
markers were run alongside samples. DNA from PCR gels was
extracted and puriﬁed using the QIAquick gel extraction kit (Qiagen),
then sequenced by MWG Biotech.

Biotinylation was performed using a modiﬁcation of a method
described elsewhere (Qian et al., 1997). Brieﬂy, HEK-hSERT monolayers or L3/Bcl2 (4 × 107) in suspension were gently washed with PBS
then treated with biotin-NHS; 10 mg/ml (Vector Laboratories,
Peterborough, U.K.) in PBS containing 1 mM MgCl2 and 0.1 mM
CaCl2, pH 7.4, at 4 °C for 1 h. Biotinylating reagents were removed by
washing cells with 100 mM glycine in PBS/Ca–Mg twice, the reaction
was quenched further by incubation with 100 mM glycine for 30 min
on ice. Cells were then washed with cold PBS/Ca/Mg three times
before lysis with RIPA buffer containing protease inhibitors. Lysates
were centrifuged for 5 min at 13,000 rpm and supernatants were
incubated with monomeric avidin beads; 100 μl of beads/250 μl of
supernatant (Pierce Biotechnology) for 2 h at room temperature or
overnight at 4 °C. Beads were washed three times with RIPA buffer and
adsorbed proteins eluted with 50 μl (1×) gel loading buffer (6× buffer:
62.5 mM Tris–HCL, pH 6.8, 20% glycerol, 2% SDS, 10% beta ME and
5% bromophenol blue) for 30 min at room temperature on a rotary
shaker. Then a 10 μl sample from total cell lysate, lysate after
incubation with avidin beads (non-biotinylated proteins) and the bead
eluate (biotinylated proteins) was separated on 10% SDS-PAGE gels.
To validate the surface localisation of biotinylated SERT, blots were reprobed with anti-β-actin antibody (Sigma; 1:10,000) following
Vector-SG substrate blocking (Vector Laboratories) (Krajewski et al.,
1996).

2.3. Western blot and peptide blocking

2.6. PNGase F and tunicamycin treatment

SERT protein was analysed by Western immunoblotting. Brieﬂy,
107 cells were lysed in radioimmunoprecipitation assay (RIPA) buffer
containing 0.1% SDS/1% NP-40 + protease inhibitors and a 50 μg total
protein sample was subjected to 10% sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE). HEK-hSERT transfectants (10–25 μg) were used as a positive control. Proteins were
transferred to PVDF membranes and probed with 1:5000 dilution of
ST51 (aa51–66) mouse monoclonal anti-human serotonin transporter
antibody (Mab Technologies, Stone Mountain, GA) and 1:1000
dilution of the C20 (aa611–630) goat polyclonal anti-human serotonin
transporter antibody (Santa Cruz Biotechnology, CA). Blots were
visualised using an enhanced chemiluminescence method as
described previously (Serafeim et al., 2002). In order to conﬁrm
speciﬁcity of the ST51 antibody, antibody was incubated with 5 fold
excess blocking peptide (PSPGAGDDTRHSIPAT) (Alta Bioscience,
Birmingham, U.K.) in phosphate-buffered saline (PBS) for 2 h (mixed
on a rotary shaker) at room temperature. The antibody–peptide mixture was made up to the appropriate antibody concentration and
added to membranes.

To remove N-linked glycans from SERT proteins, lysates were
prepared from HEK-hSERT and L3/Bcl-2 cells, then in the presence
of protease inhibitors enzymatically digested with PNGase F; 1 unit/
100 μg protein (Roche Diagnostics) for 18 h at 37 °C. The reaction was
terminated by storage at −80 °C. To chemically block the production
of N-glycosylated proteins, cells were cultured in medium containing
the potent inhibitor tunicamycin which inhibits the reaction of
the ﬁrst step of N-linked oligosaccharide synthesis on glycoproteins,
thus disrupting glycosylation of newly synthesised proteins; 10 μg/ml
(Sigma) for 0, 24 and 48 h time points, after incubation cells were
harvested and lysates frozen. Frozen aliquots were thawed and
subjected to gel electrophoresis.

2.2. RNA isolation and RT-PCR

2.4. Measurement of intracellular SERT
For analysis of intracellular SERT 106 cells were ﬁxed in 100 μl of 2%
paraformaldehyde for 5 min on ice, washed in PBS then permeabilised
by resuspension in 500 μl of 0.1% saponin/PBS for 5 min on ice. After
washing in saponin/PBS, cells were incubated with either ST51 antibody
(1:1000) or C20 (1:100) diluted in saponin/PBS for 30 min on ice. Cells
were washed in saponin/PBS then resuspended in appropriate secondary antibody (goat anti-mouse PE or donkey anti-goat FITC) for 30 min
on ice. Finally, cells were washed in PBS to reseal membranes then
resuspended in 5% NGS/1% formaldehyde/0.1% sodium azide/PBS and
analysed on a FACS Calibur ﬂow cytometer (Becton Dickinson, U.K.). IgG1
isotype controls at the same concentration as primary antibody were
used in control experiments. For peptide blocking, mouse SERT antibody and peptide were mixed as described previously (Meredith et al.,
2005b), then incubated with cells at the appropriate concentration
equivalent to that of antibody alone.

2.7. Immunocytochemistry and confocal staining
Typically, 106 cells were washed with cold PBS followed by
centrifugation. Cells were ﬁxed for 10 min with 2% paraformaldehyde,
resuspended in cold PBS then spun at 1200 rpm for 5 min. 0.1%
saponin/PBS was added to cells to permeabilise cell membranes, cells
were incubated for 5 min at RT then centrifuged for 5 min. ST51
diluted in 0.1% saponin/PBS buffer (1:1000) was incubated with cells
for 1 h at 4 °C, control experiments to determine antibody speciﬁcity/
background staining were performed using isotype speciﬁc IgG1 at the
same concentration as primary antibody. Peptide blocking was
performed using ST51/peptide mix as described above. The secondary
conjugate, goat anti-mouse TRITC or goat anti-mouse Alexa Fluor 488
(1:50) (Invitrogen), was added after washing with PBS/saponin and
incubated for 30 min at 4 °C. Following washing with saponin buffer,
cells were incubated with 300 nM DAPI nuclear stain (Invitrogen) for
5 min at room temperature. Co-staining for F-actin was performed
with phalloidin-TRITC at 250 ng/ml (Sigma) for 30 min following the
secondary antibody step. Cells were then washed with excess PBS
to allow membranes to reseal, the ﬁnal pellets were resuspended in a
small volume of PBS and an aliquot of cells spotted onto multiwell
slides and left to air-dry. To prevent fading of the ﬂuorochromes,
DABCO (Sigma-Aldrich) was added to each cell spot, slides were kept
in the dark at 4 °C. Staining was analysed using a laser-scanning
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confocal microscopy system 510 (Zeiss, Hertfordshire, U.K.) using
Argon 488 and HeNe 543 sequential excitation.
3. Results
3.1. Expression of SERT in human cell lines of diverse peripheral origin
An ampliﬁed product for SERT was detected by PCR as expected in
HEK293 cells transfected with hSERT (HEK-hSERT) but also in all other
cell lines studied (including wild-type HEK293 cells) at the predicted
size of 223 bp (Fig. 1A). The nucleotide sequence of the PCR product
was sequenced from L3/Bcl-2 lymphocytes, CATCACCTGGCTTCTTTGGATCCCTGGTCACCCTGACTTTTGGAGGGGCCTACGTGGTGAAGCTGCTGGAGGAGTATGCCACGGGGCCCGCAGTGCTCACTGTCGCGCTGATCGAAGCAGTC then compared with the BLAST database conﬁrming that it is
identical (100% homology) to the human brain Na+/Cl−-dependent
transporter (GenBank = GenBank Accession Number X70697) (Lesch
et al., 1993). This transcript represents a sequence corresponding to
aa474–510 contained within the region of SERT protein spanning TMD
9–10. Though not quantitative, the most intense PCR product relative
to constant levels of β-actin was always generated from HEK-hSERT
cells (Fig. 1A).
Having conﬁrmed that all the cell lines selected for study expressed SERT mRNA, SERT protein was analysed by Western blot
analysis. Given that some of the variability in reported SERT molecular
weight species (Table 1) could reﬂect the identiﬁcation system used,
we ﬁrst compared six currently available anti-SERT antibodies for their
ability to detect cell-extracted SERT resolved on reducing gels. Two of
these failed, in our hands, to blot any detectable protein irrespective of
cell source from which lysates were generated (including HEK-hSERT):
Santa Cruz N-14 goat polyclonal antibody to SERT N-terminus;
SERT11-A rabbit antibody to a 15aa sequence between TMD 7 and 8
(Alpha Diagnostic). AB-N09 antibody (Advanced Targeting Systems),
a mouse monoclonal generated against a peptide contained within
an extracellular domain of SERT (and recommended only for FACS
staining) universally blotted a discrete 96 kDa band in all cell lysates:
wild-type HEK293 cells generating a band of equal intensity to that
from overexpressing HEK-hSERT transfectants. A similarly universal blotting pattern was observed with Santa Cruz I-21 goat antibody
to C-terminus aa570–620, but with the indiscriminate band here having
an apparent m.w. of 50 kDa (data with these antibodies not detailed).
The most reliable and consistent antibody in our hands was the
ST51 monoclonal antibody directed to aa51–66 near the human SERT
N-terminus. Blotting with ST51 demonstrated the expression of several
SERT bands in cell lysates: their precise representation and intensity
depending on cell of origin (Fig. 1B). In HEK-hSERT, a diffuse 85–
95 kDa band dominated, consistent with the mobility of N-glycosylated
SERT protein observed in previous studies using these cells (Ramamoorthy et al., 1998). HEK-hSERT also expressed SERT-reactive species
at 70, 60 and 45 kDa. In the lymphoid cell lines, L3/Bcl-2, Daudi,
RPMI8866, and Jurkat, only 70 and 60 kDa SERT bands were blotted
with ST51, the relative intensity of each of the bands varying with the
cell line studied. In the non-lymphoid cell lines, Kelly, Caco-2, and
parental HEK293, each of which similarly expressed the 70 and 60 kDa
species, the additional faster migrating 45 kDa SERT band was also
detected. To our knowledge this is the ﬁrst time endogenous SERT
protein has been demonstrated in the wild-type HEK293 ‘epithelial’
cell line (see Discussion) that is used widely in sert-transfection
studies. Blocking experiments with a speciﬁc peptide immunogen
(Fig. 1C) to the ST51 monoclonal antibody abolished all signal on
Western blots conﬁrming the SERT immunoreactivity of each of the
bands detected.
We also had reasonable success when blotting with ST C20, a goat
polyclonal antibody directed to SERT C-terminus aa611–630; however,
the quality of blots was not ideal frequently showing weaker, more
variable bands and higher background levels than generated with

Fig. 1. Expression of SERT in human cell lines. (A) RNA was extracted from each cell
line using TRIzol then 2 μg RNA were reverse transcribed to cDNA using Superscript II.
SERT primers, sense 5′-ATC ACG GCT GTG GTG GAT-3′ and anti-sense 5′-ACT GAG TGA
TGC CAT AGA ACC AA-3′ were used to amplify SERT transcripts at 55 °C. A sample from
each PCR reaction was visualised on a 1.2% agarose gel containing ethidium bromide,
all cell lines revealed a single PCR product for SERT at 223 bp, a negative control sample containing no RNA was included in each PCR, as was a 100 bp DNA ladder. PCR for
β-actin is also shown to validate RNA integrity and equal loading. PCR images shown
are representative of RT-PCR carried out on 3 separate RNA preparations. (B) SERT
protein expression was detected by Western blotting with anti-SERT ST-51 (1:5000)
mouse monoclonal antibody in cell lysates (50 μg), a stable line of HEK293 cells
carrying full-length human SERT (HEK-hSERT) was used as a positive control on blots
(10–25 μg). A and B are representative of three independent experiments. (C) Peptide
blocking shows detection of SERT in HEK-hSERT and L3/Bcl-2 lysates with ST51 ±
speciﬁc blocking peptide (PSPGAGDDTRHSIPAT).

ST51 (results not detailed). Nevertheless we performed Western
blotting with this antibody on the same set of cells as above (with the
exception of Caco-2 which became included for analysis only
following the report of SERT expression in these cells by Iceta et al.
(28). Despite its limitations, C20 antibody was able to disclose SERT
bands at 90 and 60 kDa in HEK-hSERT cells; in all other lines C20
antibody detected only the 60 kDa band (as shown with the example
of L3/Bcl-2 in blots performed on biotinylated fractions: see Fig. 4B);
the 70 kDa species so clearly evident with ST51 antibody never being
observed. Another report where C20 was used similarly found both
the diffuse 90 and discrete 60 kDa SERT species in HEK-hSERT cells
with platelets generating a dominant 100 kDa band (Frankhauser
et al., 2006).
3.2. Quantitative assessment of SERT expression by FACS analysis
To provide a quantitative comparison of SERT expression in the
different lines, FACS-based analysis was used to measure total
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immunoreactive SERT in permeabilised cells (Fig. 2). As anticipated,
HEK-hSERT cells showed high level staining with ST51 monoclonal
antibody that was reversed in the presence of inhibitory peptide
(Fig. 2A). The levels of ST51-reactive SERT carried endogenously in other
cell lines, though readily detectable by FACS (and again reversed by
peptide immunogen), were considerably lower than in HEK-hSERT cells.
Staining was also performed with the C20 polyclonal antibody (Fig. 2B),
again showing high mean ﬂuorescence intensity (MFI) values in HEKhSERT but signiﬁcantly lower (although clearly detectable) levels in the
other cells. The level of immunoreactive SERT contained endogenously
within wild-type HEK293 epithelial cells represented 10% and 14% of
that generated in transfected HEK-hSERT as measured with ST51 and
C20 antibody, respectively. The lowest levels of SERT, as measured with
either antibody, were seen in the Daudi B-lymphoma line and the
RPMI8866 B-lymphoblastoid cell line (Fig. 2B); L3/Bcl-2 B-lymphoma
cells, Jurkat T cells and Kelly neuroblastoma/sympathoadrenal cells
carried levels of SERT similar to wild-type HEK239.
3.3. Contribution of N-glycosylation to the different SERT protein species
detected
The multiple protein bands detected with ST51 prompted us to
examine the presence of SERT N-linked glycosylation (Fig. 3).
Enzymatic removal of N-linked glycans by PNGase F produced altered
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mobility of the diffuse 85–95 kDa band in extracts of HEK-hSERT, to a
broad band appearing to contain the 70 and 60 kDa bands when
blotted with ST-51 (Fig. 3A): the resolution of these two species
becoming more evident on shorter exposure times of the Western
blots (Fig. 3A; lower panel). Our results are in agreement with
previous studies indicating that the 85–95 kDa band represents
precursor protein which has been heavily glycosylated by posttranslational modiﬁcation (Ramamoorthy et al., 1998). Importantly,
the observation that the broad 85–95 kDa band produces distinct 70
and 60 kDa species on deglycosylation would imply that these lower
molecular weight products, which are also represented but at a lower
level in pre-treatment samples, are not simple degradation polypeptides but rather represent stable non-glycosylated forms of the
transporter. Similarly, the generation of the two non-glycosylated
bands from transfected hSERT strongly supports the SERT nature of
the same 70 and 60 kDa products found endogenously in the different
cell lines of lymphoid and non-lymphoid origin. In L3/Bcl-2 lymphoma
cells which expressed only the 70 and 60 kDa SERT protein bands
there was no measurable shift in the molecular sizes following PNGase
F treatment (Fig. 3A), implying again that these SERT species have
not been modiﬁed by glycosylation. Similarly, wild-type HEK293
extracts shown on blots for comparison, also produced no alteration
in bands following deglycosylation treatment suggesting these nonglycosylated SERT forms are not restricted to lymphoid cells. The

Fig. 2. SERT FACS analysis. (A) Cells were stained for total cellular SERT with ST-51, brieﬂy cells were permeabilised, incubated with ST51 (1/1000) for 30 min followed by goat antimouse PE. Samples were analysed on a FACS Calibur ﬂow cytometer. Panel shows the staining proﬁles of cell lines, histograms are shown as speciﬁc ST51 stain (open) and inhibition
with speciﬁc peptide (bold). Negative controls were performed with species speciﬁc IgG (shaded). (B) Cells were stained with ST51 as above, or with C20 (1/100) for 30 min followed
by donkey anti-goat FITC. Mean ﬂuorescence intensity (MFI, arbitrary units) from three independent experiments ± SE is presented.
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(Fig. 4B); again the C20 antibody predominantly blotted a broad
90 kDa surface and intracellular form in hSERT-transfected HEK293
cells but in the lymphoid cells a single band of 60 kDa was blotted in
all three fractions.
To conﬁrm the glycosylation state of membrane expressed SERT,
biotinylated surface extracts were treated with PNGase F as for Fig. 3.
In HEK-hSERT cells, surface available 85–95 kDa SERT again shifted
to a heavy broad band of substantially lower molecular weight on
removing N-glycans. For L3/Bcl-2 cells, there was also again no
discernible change in the mobility of the 60 kDa surface protein on
PNGase F treatment (Fig. 4C). The ﬁndings reveal that a 60 kDa SERT
protein trafﬁcs to the surface membrane of lymphoid cells despite lack
of modiﬁcation by N-glycans.

Fig. 3. Deglycosylation of SERT. (A) Total protein extracts from L3/Bcl-2 (50 μg) and HEKhSERT (25 μg) were incubated with PNGase F (1 unit) for 18 h at 37 °C to remove N-linked
glycans, then subjected to Western blotting and probed with ST51 SERT antibody, PNGase
F treated lysates (+) were compared with corresponding untreated lysates (−). Two exposures of the same blot are shown at 20 and 30 s. (B) Cells were cultured in the presence
of tunicamycin (10 μg/ml at 37 °C), a potent chemical inhibitor of N-glycosylation, for 0, 24
and 48 h time points. After incubation cells were harvested and lysates prepared for
blotting, sample amounts were loaded as above. Western blots shown are representative of
at least three separate experiments.

discrete 45 kDa band present in HEK-hSERT (and in the non-lymphoid
cell lines endogenously) also showed no shift in its size or intensity
following deglycosylation of the sample.
Conﬁrmation of the glycosylation state of SERT was obtained by
culturing cells in the presence of tunicamycin (Fig. 3B). In HEK-hSERT,
adding tunicamycin prevented formation of N-glycans and maturation
of the large 85–95 kDa band within 24 h, these ﬁndings conﬁrming
those from the PNGase F experiments above. Also in agreement with
the PNGase F experiments, tunicamycin treatment did not inhibit the
generation of the 70 and 60 kDa bands in either HEK-hSERT or L3/Bcl2 lymphoma cells.
3.4. Localisation of SERT endogenous to lymphoid cells
Biotinylation experiments demonstrated SERT immunoreactivity
in both plasma membrane and intracellular (non-biotinylated)
fractions of HEK-hSERT and L3/Bcl-2 (Fig. 4). In HEK-hSERT cells the
majority of SERT isolated from the membrane surface was represented
by the 85–95 kDa glycosylated form (Fig. 4A); an approximately equal
proportion of the SERT was intracellular in these cells. The 45 kDa
HEK293 SERT species was not accessible for biotinylation. In L3/Bcl-2
lymphoid cells, the non-glycosylated 60 kDa species was the major – if
not only – form detected in membrane extracts (Fig. 4A). Both 60 and
70 kDa forms were expressed in the intracellular fractions of these
cells. Blots were re-probed for non-surface-exposed β-actin to
validate the rigour of the surface biotinylation procedure (Fig. 4A;
lower panel). Samples of HEK-hSERT and L3/Bcl-2 total, surface and
intracellular extracts used in Fig. 4A were then blotted with ST C20

Fig. 4. Distribution of SERT in lymphocytes. (A and B) L3/Bcl-2 and HEK-hSERT cells were
treated with NHS-biotin to label surface SERT as described in Materials and methods
then intracellular non-biotinylated (non-b) and surface biotinylated (surface) proteins
were puriﬁed from each cell. A small aliquot of total protein extract was retained from
each experiment to load on gels. A wash sample (wash) from each extraction was loaded
on gels to ensure removal of all non-biotinylated proteins from beads before extraction
of surface protein. Puriﬁed proteins were probed with either anti-SERT ST51 (A) or antiSERT C20 (B), subsequently blots were re-probed with anti-β-actin (1:10,000)
monoclonal antibody after SG substrate blocking to validate surface biotinylation as
well as equal protein loading. Immunoblots show total (50 μg), non-biotinylated (50 μg)
and surface (10 μl sample) proteins and are representative of at least 3 independent
experiments. (C) PNGase F treatment of surface SERT. Surface biotinylated protein was
extracted from L3/Bcl-2 and HEK-hSERT then treated with PNGase F and blotted with
ST51, samples of total protein from each cell line are shown for comparison.
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To further investigate cellular localisation of SERT in HEK-hSERT
and L3/Bcl-2 cells we performed immunoﬂuorescence staining
followed by confocal laser-scanning microscopy (Fig. 5). To establish
the validity of this approach, staining was ﬁrst performed with the
appropriate (IgG1) isotype control, the ST51 SERT antibody, and the
antibody blocked with peptide. No background staining was observed
and SERT staining was extinguished by blocking peptide in both HEKhSERT and L3/Bcl-2 cells; conﬁrming the speciﬁcity of the reagents
used (Fig. 5A).
HEK-hSERT cells stained strongly for SERT and a signiﬁcant
proportion of this staining co-localised with F-actin at the cell surface
(Fig. 5B) as indicated by the green (SERT) and red (F-actin) signals
merging to generate a yellow signal; this is in full agreement with the
above biotinylation studies indicating that a substantial fraction of the
heavily glycosylated SERT in these cells is expressed at the cell surface.
By contrast and in agreement with both FACS and blotting data,
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staining for the endogenous SERT protein contained in L3/Bcl-2 cells
was appreciably weaker. These lower concentrations of SERT appeared
to be largely localised to intracellular compartments, no strong colocalisation with F-actin being evident from these experiments. This
result is consistent with our ﬁnding that only a small fraction of the
total endogenous SERT present in L3/Bcl-2 cells could be accessed at
the outer surface membrane through biotinylation.
4. Discussion
SERT is now recognised as being expressed in cell types of diverse
peripheral origin including platelets, lymphocytes and placental cells;
these ﬁndings indicating a role for the high afﬁnity serotonin transporter
in regulating cellular function outside of the central nervous system.
Despite a large number of studies characterising SERT at the protein level
(Table 1) no consensus exists regarding its size and isoforms within or

Fig. 5. SERT immunostaining. (A) L3/Bcl-2 and HEK-hSERT were immunostained for SERT as described in Materials and methods, peptide blocking experiments were performed on
each cell line. SERT staining with ST51 (1:1000) was visualised with goat anti-mouse TRITC (SERT; red signal), staining of cell nuclei with DAPI is shown as blue signal, controls were
performed with mouse IgG1. Co-localisation (B) shows three different ﬁelds for each cell line, staining was performed using ST51 antibody and visualised with goat anti-mouse 488
conjugate (SERT; green signal), F-actin was stained with phalloidin-TRITC (Sigma-Aldrich) (F-actin; red signal) to deﬁne the cell membrane, merged view shows the co-localisation of
SERT and F-actin as yellow ﬂuorescence. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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outside the CNS, the extent to which post-translational modiﬁcation
determines these, or the contribution of N-glycosylation to its surface
expression — particularly in endogenous backgrounds. Our own interest
in this ﬁeld came from identifying a functional serotonin transporter
in human Burkitt's lymphoma cells (Serafeim et al., 2002) then more
widely in a range of B-cell malignancies as well as in normal B-cells
upon their activation (Meredith et al., 2005b; Serafeim et al., 2003).
As SERT offers a potential therapeutic target in this context we felt it
important to clarify the exact nature of the protein at the lymphoid cell
surface, comparing it to that found on other peripheral cell types and –
as reference – to the well studied product generated in HEK293 cells
transfected with full-length human sert cDNA cloned from the placental
trophoblastic cell line JAR (Ramamoorthy et al., 1993).
All the cell lines incorporated into this study on the basis of
reported SERT protein expression contained readily detectable SERT
transcripts, the sequence of which was conﬁrmed as being identical to
that contained within the cDNA from JAR cells. Completely unexpected at the time was the ﬁnding that wild-type HEK293 cells –
included simply as controls to the HEK-hSERT transfectants – also
expressed SERT transcripts constitutively. This observation carried
through to the protein level. It has subsequently been brought to our
attention that using the Clontech gene array platform, Shaw et al.
(2002) identiﬁed 5HTT (SERT) as the single most abundant mRNA
detected in (wild-type) HEK293 cells: together with a surprisingly
large representation of other transcripts (and proteins) usually
associated with the CNS, this observation led the authors to conclude
that a rare neuronal cells within the embryonic kidney was targeted
for transformation by adenovirus to generate the stable line classically
considered to be of epithelial origin. The three major SERT protein
species carried in parental HEK293 cells similarly appeared in the
Caco-2 endothelial line and Kelly sympathoadrenal cells. Of these, the
60 and 70 kDa species were shared by all four lymphoid cell lines
studied: the remaining 45 kDa band being essentially restricted to the
non-lymphoid cells. A similar immunoreactive protein of 43 kDa has
been shown previously in human platelet extracts (Belous et al., 2001)
and more recently a 40 kDa SERT band was detected in rat intestinal
mucosa and rat brain (Iceta et al., 2006) suggesting that this SERT
band may not be the result of site-speciﬁc endoproteolytic cleavage as
concluded by other workers (Dmitriev et al., 2004).
As expected the 45, 60 and 70 kDa SERT species carried
endogenously in wild-type HEK293 cells also appeared in HEK-hSERT
transfectants; and at roughly comparable level. Relatively, however,
these registered as minor components only with the previously
reported broad 85–95 kDa diffuse band dominating blots generated
from the sert-transfectants. Importantly, when using the ST51 monoclonal antibody for detection, all SERT-reactive bands – as represented
in HEK-hSERT – disappeared on blocking immunoreactivity with excess
speciﬁc peptide. Despite the range of sizes reported for SERT protein as
highlighted in Table 1, there is a trend for the major species in HEKhSERT to be of higher m.w. than that found endogenously; or indeed
where sert cDNA has been introduced into other cellular backgrounds,
such as HeLa cells. A clear exception is indicated by studies on platelets
where an approximate 100 kDa SERT form appears to dominate. Our
own experience regarding platelet SERT generated inconsistent data
even when blotting with ST51. In two of three platelet preparations a
large diffuse band similar in size to that of the 85–95 kDa species
detected in HEK-hSERT was the most abundant found with the 60 and/
or 70 kDa species appearing irregularly, all of these again speciﬁcally
peptide-blocked and with the 45 kDa species never detected (data
not detailed).
Following previous studies we addressed the contribution of
glycosylation to the heterogeneity in SERT products observed here.
SERT is recognised as displaying cell-type dependent glycosylation
patterns: for example endogenous SERT in human brain and platelets
reported at 76 and 94 kDa respectively (Qian et al., 1995) when
deglycosylated generated a single species of 56 kDa. Similarly, in CHO

cells transfected with rat SERT, glycosylated forms of 90, 65 and
60 kDa were reduced to single band of non-glycosylated protein at
50 kDa (Ozaslan et al., 2003). Another study of rat brain SERT
suggested a 70 kDa glycosylated form is expressed which is converted
to 50 kDa on deglycosylation (Wang et al., 2005). First we conﬁrmed
that the broad 85–95 kDa SERT band generated from HEK-hSERT cells
is heavily N-glycosylated: both PNGase F and tunicamycin treatment
resulting in its disappearance. Here for the ﬁrst time we have shown
the resolution of the diffuse high m.w. species to two discrete bands
on removing N-glycans the mobilities of which correspond precisely
to those of the 60 and 70 kDa species found constitutively in nontransfected cells: lymphoid and non-lymphoid. Correspondingly, the
mobility of these endogenous species – including the 45 kDa product
in non-lymphoid cells – remained unchanged on deglycosylation. We
therefore conclude that the 60 and 70 kDa SERT species carried
endogenously by the range of peripheral cells studied here are nonglycosylated proteins that in discrete scenarios – for example, when
overexpressed in HEK293 or, constitutively, in platelets – are subject
to N-glycosylation. Clearly it is not the cellular background per se that
imposes this difference. One possibility is that high level expression as
seen with both HEK-hSERT and platelets may of itself encourage
glycosylation of the transporter.
We next asked whether the N-glycan-deﬁcient SERT associated
with peripheral cells was actually capable of reaching the surface and
thereby access exogenous ligand(s). The result appeared unequivocal:
the 60 kDa, but not 70 kDa, SERT species was available at the surface
to biotin as modelled in L3/Bcl-2 lymphoma cells. The proportion of
SERT achieving this was small however, certainly by comparison to the
efﬁcient representation of glycosylated SERT at the surface of HEKhSERT cells and as indicated by the primarily intracytoplasmic
distribution of SERT immunoreactivity in the lymphoid cells. Reports
on related transporters have highlighted the importance of glycosylation both to trafﬁcking and function (Keynan et al.,1992; Melikian et al.,
1996). However, another study concludes that while N-glycans
improve the ability of the SERT polypeptide to fold into a functional
transporter they are not required for the transmembrane transport of
serotonin (Tate et al., 2003). On a background of Sf9 insect cells, Tate
and Blakely (1994) concluded that while non-glycosylated SERT was
20-fold less efﬁcient at trafﬁcking to the surface, the small proportion
of core protein that did arrive showed unchanged ligand-binding
activity and similarly unaltered 5-HT transport capacity. These reports
and the data presented here when coupled with our earlier ﬁnding of
B-lymphoma cells actively engaging in 5-HT transport (Serafeim et al.,
2002) indicate that the 60 kDa non-glycosylated membrane SERT
is indeed a functional transporter: a ﬁnding supported by evidence
that wild-type HEK293 cells (which we show fail to glycosylate their
endogenous SERT) is fully competent for 5-HT uptake (Shaw et al.,
2002). Similar conclusions have been reached for the related SLC6 gene
family member DAT where removal of the canonical N-glycosylation
sites fails to abolish membrane trafﬁcking or dopamine uptake but
does result in a reduced representation of the transporter at the cell
surface (Li et al., 2004).
Finally, it is of interest to speculate on the nature of the 60 kDa
versus 70 kDa SERT carried endogenously in all SERT-expressing cells
so far studied — irrespective of their lineage. Different isoforms could
be attributed to alternative spliced transcripts as exempliﬁed by the
CRF1 receptor (Pisarchik and Slominski, 2004). However, in the present
study apparent SERT isoforms will not arise from differential splicing
as both are generated from sert cDNA as indicated by their increase
in abundance following deglycosylation of the over expressed product
from HEK-hSERT cells. Qian et al. (1995) on noting a smaller but consistent difference (2 kDa) in mobility between N-deglycosylated
rat SERT derived from endogenous sources or transfected cells
posited O-glycosylation, sulfation, acylation and/or phosphorylation
as candidate modiﬁcations to contribute additional heterogeneity. The
involvement of O-glycosylation and other modiﬁcations in human

A. Chamba et al. / Journal of Neuroimmunology 204 (2008) 75–84

lymphocytic SERT could be explored further by enzymatic removal of
target functional groups and proteomic analysis. A clue to the presumed modiﬁcation might come from the inability of C20 antibody to
react with 70 kDa human SERT in our study while readily detecting the
60 kDa form: modiﬁcation within the C-terminus stretch of aa611–630
to which the antibody is raised potentially extinguishing epitope
recognition or altering the antibody binding ability. The presence of
two threonines and a serine within this short sequence prompted us to
explore the known PKC-dependent phosphorylation of SERT (Ramamoorthy et al., 1998) as a likely explanation. However, a number of
approaches aimed to address this (e.g. phorbol ester-driven phosphorylation, enzymatic dephosphorylation) were without success
leaving the issue currently unresolved.
The clearer understanding of the nature of SERT expressed and
functioning endogenously on (non-platelet) cells in the periphery
should aid future study of its precise role in the tissues where it is
increasingly being found and, in select scenarios, – as with the case of
B-cell malignancy – assist rational drug design where the transporter
offers itself as a potential target for therapeutic attack. Furthermore,
compared to brain, peripheral cells – as exempliﬁed by lymphocytes –
provide a tractable source of both SERT protein and transcripts which
could be exploited as surrogates for assessing and monitoring function
and disturbances associated with the CNS (Meredith et al., 2005a).
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