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ABSTRACT
The serotonin transporter (SERT) is a 12-transmembrane domain protein that is responsible for
clearance of serotonin from extraneuronal space. The gene responsible for encoding SERT is
solute carrier 6 family A4 (SLC6A4). A number of different genetic polymorphisms are
hypothesized to regulate SERT function and expression, including the 43-base-pair
insertion/deletion promoter polymorphism called the serotonin transporter linked-polymorphic
region (5-HTTLPR). Being coded for in both peripheral cells and the brain by the same gene,
SERT is the primary target for the selective serotonin reuptake inhibitor (SSRI) class of
antidepressants and has been implicated in the etiology and treatment of a number of anxiety and
depressive disorders. Major depressive disorder (MDD) is a highly prevalent disorder that is
estimated to have an economic cost of approximately 83 billion dollars annually in the United
States. While there are a number of effective treatments for MDD, not every treatment works for
every patient. Recent studies have shown that initial SSRI treatment is successful in only ~30%
of patients. Furthermore, patients undergoing SSRI treatment often require a long duration of
treatment (4-8 weeks) to achieve remission. With a low percentage of treatment success and
delayed efficacy, a peripheral biomarker for treatment prediction would be highly advantageous.
A biomarker is defined as an individual-specific factor or feature that delineates the presence of a
disease or is predictive of treatment response. Pharmacogenetic studies relating SERT
polymorphisms to MDD susceptibility and treatment response have yielded mixed results. To
date, no peripheral biomarkers for predicting successful treatment of depression have been
elucidated. Blood consists of a heterogeneous population of cells including erythrocytes,
granulocytes, monocytes, lymphocytes, and platelets. While platelet SERT expression is well
characterized, lymphocyte SERT expression is still debated. Lymphocytes that have been

iii

transformed with Epstein-Barr Virus (lymphoblasts; LCLs) for use in cell culture, however, have
been shown to express SERT. In this thesis, we explore the use of peripheral blood cells in
predicting SSRI treatment response in patients with MDD. First, we developed a flow cytometry
assay using the fluorescent SERT substrate APP+ for assessing SERT function in mixed blood
cell populations. Using this assay, we demonstrate that platelets, not lymphocytes, contribute to
the majority of SERT function measured in peripheral blood mononuclear cell (PBMC) samples.
Next, we evaluated the use of LCLs for studying SERT function with respect to complex SERT
genotype. We report that LCLs express SERT, but overall SERT function is minimal. Third, we
investigated using cell-phone based fluorescence microscopy to measure platelet SERT function.
This novel approach has the potential to revolutionize the translatability of fluorescence-based
assays as individuals will be able to make functional SERT measurements at home instead of
having to access expensive clinical instrumentation. Finally, we conclude with results from a
pilot study using electrochemical techniques to measure SERT function in PBCs from
individuals diagnosed with MDD who are undergoing antidepressant treatment. We find that
SERT function is highly variable across normal and depressed individuals, with serotonin uptake
in PBCs slightly lower in the depressed population on the whole. Furthermore, we detect SSRIspecific treatment-related decreases in PBC SERT function as early as one week after initiating
treatment with S-citalopram. Based on this pilot study, we have formulated a central hypothesis
for a large-scale clinical trial. We theorize that we can predict which individuals will ultimately
respond to SSRIs based on pretreatment SERT function in platelets. This research sets the stage
for using peripheral blood cells to develop personalized predictive treatment paradigms for
patients with MDD.
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Chapter 1

Introduction: Studying the Serotonin Transporter in Immune Cells

My thesis research work, carried out in the laboratory of Dr. Anne Andrews, focused
primarily on the neurotransmitter serotonin (5-hydroxytryptamine; 5-HT). Serotonin is a
tryptophan-based molecule that was first discovered in 1948 due to its vasoconstriction
properties (Rapport et al., 1948). Although the majority of serotonin (>90%) is synthesized in the
periphery (Gershon and Tack, 2007), serotonin also acts as a neurotransmitter in the brain. The
serotonin transporter (SERT) is the protein responsible for primarily regulating clearance of
serotonin from the extracellular space in both the brain and the periphery (Murphy and Lesch,
2008, Jennings et al., 2010, Hashemi et al., 2012). Being the primary target of selective serotonin
reuptake inhibitor (SSRI) antidepressants, SERT has been implicated in playing a role in the
etiology and treatment of depression and anxiety disorders (Vaidya and Duman, 2001,
Tamminga et al., 2002). It is estimated that only 30-40% of depressed individuals prescribed an
SSRI achieve full remission of depressive symptoms (Sinyor et al., 2010). With such a low initial
treatment success rate, prediction of SSRI treatment response prior to drug administration would
be highly advantageous.

In addition to the brain, serotonin transporters are expressed in immune cells; however,
which specific subclasses of immune cells, i.e., T-lymphocytes, B-lymphocytes, etc., express
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SERT is still debated (Meredith et al., 2005, O'Connell et al., 2006, Yang et al., 2007, Chamba et
al., 2010). Flow cytometry and the use of a SERT-specific antibody were previously used to
demonstrate SERT expression in B-lymphocytes, T-lymphocytes, and monocytes, but not
granulocytes of the innate immune system (Yang et al., 2007). In disagreement with these
findings, SERT-specific antibody staining in conjunction with fluorescence microscopy failed to
find SERT expression in T-lympohocytes (O'Connell et al., 2006). Similarly, resting
B-lymphocytes have been shown to express minimal/no SERT protein, however SERT protein
levels in these cells increases in response to B-lymphocyte exposure to protein kinase C
activators (Meredith et al., 2005, Chamba et al., 2010). A more comprehensive review of this
debate is found in Chapter 2.

Platelet SERT plays an important role in vasoconstrction and blood pressure regulation
by modifying plasma serotonin levels (Mercado and Kilic, 2010). The role of SERT in other
blood cells is currently under investigation. Serotonin has been shown to act at different
serotonin receptors present on peripheral blood cells to influence lymphocyte proliferation and
stimulation (for review, see (Baganz and Blakely, 2012)). One possible role of SERT is to
regulate exposure of these receptors to serotonin. Additionally, researchers have discovered that
serotonin can signal intracellularly in platelets through a mechanism involving serotonylation of
small GTPases (Walther et al., 2003). The serotonin transporter likely acts to enable serotonin to
enter peripheral blood cells to carry out intracellular signaling (via serotonylation) (Meredith et
al., 2005, Baganz and Blakely, 2012). Thus, determining which subclasses of peripheral blood
cells express SERT is imperative for more deeply ascertaining the role of SERT in these cells.
Peripheral blood cells have been hypothesized to be biomarkers for studying neuronal SERT
function in humans (Rausch et al., 2005) because the same gene, SLC6A4, is responsible for
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SERT expression in the brain and peripheral tissues (Lesch et al., 1993, Chen et al., 2001). The
work in this thesis is centered on further understanding which peripheral blood cell subtypes
express SERT and whether peripheral blood cell SERT function can predict SSRI treatment
response.

The thesis begins with an overview of SERT, peripheral blood cells, and the different
techniques currently used to study blood cell SERT function (Chapter 2). Serotonin transporter
function in different subtypes of blood cells remains debated, likely related to the different
methods available for measuring SERT function. While radiochemical and electrochemical
techniques are the gold standards for measuring blood cell SERT function, these measurements
require samples containing sufficient numbers of cells to measure discernible serotonin transport.
Common peripheral blood cell (PBC) isolation techniques, such as Ficoll-plaque gradient
isolation, are often used to isolate large numbers of PBCs from whole blood for these
measurements. While useful for isolating the numbers of cells needed to measure SERT activity,
these methods often inadvertently isolate large numbers of SERT-containing platelets, which
affect the measured SERT function (Beikmann et al., 2013). The use of flow cytometry and
SERT-transportable fluorescent substrates has been proposed as a method for measuring SERT
function in mixed cell populations (Beikmann et al., 2013). In Chapter 2, I explore SERT
function in PBCs and the major contributions/drawbacks of each functional measurement
technique. Understanding these principles lays the framework for understanding research on
SERT function and blood cells.

Next, I investigated the use of flow cytometry and the fluorescent substrate APP+ to
investigate SERT function in PBCs (Chapter 3). Flow cytometry is a technique that uses light
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scattering properties of cells to distinguish between different cell types in mixed populations, i.e.,
differentiating lymphocytes and platelets in PBC samples (Givan, 2011). The fluorescent
substrate used in these studies, APP+, is an MPP+ analogue that is efficiently transported by
monoamine transporters (Jørgensen et al., 2008, Solis et al., 2012). By combining APP+ with
flow cytometry, I found that platelets, not lymphocytes, are responsible for the majority of SERT
function in Ficoll-isolated PBC samples. This was an important finding as most previous studies
concerning SERT function in lymphocytes were conducted in samples isolated in this fashion.
By developing a fluorescence-based flow cytometry method for studying SERT activity in blood
cells, I laid the initial groundwork for the development of a SERT functional assay that can be
used on commonly available clinical and core facility equipment, which is relevant to work using
platelet SERT function to predict SSRI treatment responses (Chapter 6).

Another primary goal of my research was to better understand the role of SERT gene
polymorphisms in conferring/regulating SERT function. To study rare SERT gene
polymorphisms, I attempted to measure SERT function in lymphoblast cell lines (LCLs)
(Chapter 4). Lymphoblast cell lines are created by transforming primary B-lymphocytes with
Epstein-Barr virus so that they are immortalized for use in cell culture. Other researchers have
found that LCLs express SERT (Lesch et al., 1996, Mössner et al., 2000, Mössner et al., 2001),
however like primary lymphocytes (Chapter 3), my research shows that SERT function in LCLs
is minimal. Furthermore, unlike previous studies, we found no correlation between SERT
genotype and SERT function in LCLs. These findings led us to go one step further to study
SERT gene polymorphisms in human platelets, which is discussed in Chapter 6.
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In addition to using flow cytometry, I also combined the APP+ assay with a novel cellphone microscopy technology ((Zhu et al., 2011, Zhu and Ozcan, 2013, Zhu et al., 2013)
(Chapter 5). Cell-phone microscopy involves using a small customizable device with a lens that
fits directly on a smart phone camera. In this way, the camera can be made to detect small cells
such as lymphocytes and platelets. Although in its initial stages of development, a method for
measuring SERT function using a cell phone has wide ranging implications and could potentially
allow physicians around the world to conduct these measurements easily prior to prescribing
antidepressant drugs to depressed patients.

Finally, I describe the results of a pilot study in which I measured SERT function in
platelets from depressed patients prior to and during antidepressant treatment (Chapter 6).
Serotonin transporter inhibition by an SSRI in individuals with low baseline SERT function may
not be able to achieve necessary therapeutic increases in extracellular serotonin needed to initiate
a treatment response. Along these lines, I hypothesized that individuals with low SERT function
would be poorer responders to SSRI treatment. I found that individuals with depression had
decreased platelet SERT function compared to healthy control individuals, which is supported by
previous studies (Owens and Nemeroff, 1994). Additionally, I found that individuals treated with
the SSRI escitalopram developed reductions in platelet SERT function during treatment, while
individuals treated with the non-SSRI bupropion did not show decreases in SERT function.
While I attempted to determine if SERT function could predict SSRI treatment response, the
number of patients that completed the pilot study was too few to draw definitive conclusions.
This work, however, sets the stage for a larger clinical study to be conducted in the future to
answer these questions.
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Chapter 2

Biological Implications of Different Approaches for Assessing
Serotonin Transporter Function in Blood Cells

2.1 Serotonin Transporters
Serotonin (5-hydroxytryptamine; 5-HT) was discovered in the periphery based on its
ability to cause vasoconstriction associated with blood clotting (Rapport et al., 1948a). In
the ensuing 65 years, serotonin has been implicated in numerous biological processes
including the regulation of cardiac and gastrointestinal function, bone formation, liver
regeneration, erythropoiesis, and blood pressure regulation (for review see (Berger et al.,
2009, Amireault et al., 2012, Watts et al., 2012)). Serotonin is produced from the essential
amino acid tryptophan via a two-step synthesis in which the rate-limiting step involves the
enzyme tryptophan hydroxylase (TPH) (Fitzpatrick, 2003). Two isoforms of TPH have been
discovered (Walther and Bader, 2003). TPH1 is designated “nonneuronal TPH”, while
TPH2 is “neuronal TPH” (Walther and Bader, 2003, Walther et al., 2003a). The majority of
serotonin is synthesized by TPH1-expressing enterochromaffin cells located in the digestive
system (Legay et al., 1983a). However, a number of other cell types have been shown to
synthesize serotonin including pinealocytes (Sakowski et al., 2006), mast cells (KushnirSukhov et al., 2007), T-lymphocytes (O'Connell et al., 2006), and enteric (Legay et al.,
1983b) and brainstem neurons (Walther and Bader, 2003). In the brain, serotonin functions
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as a neurotransmitter that regulates appetite, body temperature, sexual function, and moodand anxiety-related behavior (Berger et al., 2009). Understanding the complex physiological
roles of serotonin throughout the body will be key to improving the treatment of serotoninrelated disorders and to reducing the undesirable effects of serotonergic drugs.
The primary means of terminating the actions of serotonin is by reuptake from the
extracellular space into cells that express the serotonin transporter (SERT). Serotonin
transporters are the principal molecular targets of the selective serotonin reuptake inhibitor
(SSRI) antidepressants, which currently comprise the primary drugs used in the treatment of
mood- and anxiety-related disorders (Altieri et al., 2012). Moreover, SERT has been
implicated in the etiology of these disorders. In contrast to TPH, a single gene, “solute
carrier family 6 member 4” (SLC6A4), is responsible for SERT expression in the periphery
and the brain (Lesch et al., 1993, Ramamoorthy et al., 1993, Chen et al., 2001).
A number of polymorphisms have been discovered in the human SLC6A4 gene
(Murphy and Lesch, 2008), which are hypothesized to influence SERT expression and
function. Of these, the most highly studied is the serotonin transporter-linked polymorphic
region (5-HTTLPR), which is a 43-base pair insertion/deletion promoter polymorphism
(Heils et al., 1996). The 5-HTTLPR is hypothesized to influence transcription such that the
short allele confers reduced SERT expression (Lesch et al., 1996). However, the ability of
the 5-HTTLPR to influence SERT under native conditions in native cell types is not well
understood.

Additionally,

the

influence

of

5-HTTLPR-related

single

nucleotide

polymorphisms (SNPs), including rs25531 and rs25532, on SERT expression has yet to be
fully determined (Murphy et al., 2013).
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The 5-HTTLPR is also hypothesized to be associated with anxiety-related personality
traits and susceptibility to mood and anxiety disorders. Individuals having two short
5-HTTLPR alleles were reported to show increased negative emotionality (Lesch et al.,
1996) and elevated susceptibility to developing depression after early-life stressful events
(Caspi et al., 2003). Nonetheless, these associations remain controversial (Gillespie et al.,
2005). The 5-HTTLPR has also been investigated in relation to SSRI treatment responses in
depression, although a direct connection between individuals with the short 5-HTTLPR
allele and poor response to SSRIs has yet to be firmly established (for review see (Schosser
and Kasper, 2009, Porcelli et al., 2012, Niitsu et al., 2013)). Recent studies have
demonstrated that only 30% of individuals initially prescribed the SSRI S-citalopram
achieve remission (Sinyor et al., 2010). Thus, a biomarker enabling clinicians to predict
which patients will benefit from SSRIs is highly desirable (Leuchter et al., 2010). To this
end, blood cells, which have been shown to express SERT, may be useful peripheral
surrogates for investigating changes in neuronal SERT responses to antidepressant treatment
(Yubero-Lahoz et al., 2013).
The primary focus of this chapter is a comparison of three different methods for
determining SERT function that have been used in peripheral blood cells, i.e., radiochemical,
electrochemical, and flow cytometry methods. First, evidence for SERT expression in
different types of blood cells are reviewed. Advantages and disadvantages of the various
uptake methods are delineated. Conditions wherein each assay method is best used are
discussed. Finally, the major contributions of each technique to understanding peripheral
SERT function and future implications for studying SERT in blood cells are presented.
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2.2 Blood Cells and the Immune System
The role serotonin plays with regard to the immune system has been recently
reviewed (see (Ahern, 2011, Baganz and Blakely, 2012)). Obtaining living human brain
tissue is only possible under exceptional circumstances, e.g., surgical resection for the
treatment of refractory epilepsy; thus a minimally invasive means of obtaining native cells
that express SERT is desirable. Since SERT is coded for by a single gene, others and we
have proposed that peripheral cells expressing SERT can be used as surrogates for studying
central nervous system SERT function. In this regard, blood can be readily collected from
healthy volunteers and clinical populations. Blood consists of two major fractions. The
liquid portion of fresh whole blood is called plasma. Following coagulation, the liquid
portion is referred to as serum.. The cellular fraction of blood is highly heterogeneous as far
as cell types and numbers are concerned. Multiple blood cell types have been reported to
express SERT, including platelets, lymphocytes, mast cells, dendritic cells, and
macrophages (Greenberg et al., 1999, O'Connell et al., 2006, Yang et al., 2007, Schneider et
al., 2011). The following is a brief overview of the different blood cell types and their
functions. For more detailed information, see (Paul, 2008).

2.2.1 Blood Cell Types
2.2.1.1 Platelets
Platelets (also known as thrombocytes) are 1-3-µm-diameter anucleate cell fragments
that are released into the blood stream by megakaryocytes (Machlus and Italiano, 2013).
Megakaryocytes derived from MEG-01 megakaryoblasts in culture have been shown to
express both SERT and the dopamine transporter (DAT)(Giannaccini et al., 2010, Hohmann

14

et al., 2011). Platelets primarily become activated upon damage to blood vessels and thereby
release a large number of substances, i.e., clotting factors, to promote coagulation and to
stop bleeding (Holmsen and Weiss, 1979). Among these is serotonin, which causes blood
vessel constriction (Rapport et al., 1948b, Watts et al., 2012) and promotes further platelet
activation (Vanags et al., 1992). Although platelets do not synthesize serotonin, they
accumulate it via SERT while passing through blood vessels in the gut. In this way, platelets
mediate overall serotonin plasma levels (Bertrand and Bertrand, 2010).

2.2.1.2 Antigen-presenting cells
There are multiple types of antigen-presenting cells (APCs) responsible for
phagocytosis of foreign pathogens. After intracellular breakdown of pathogens, APCs
display foreign antigens on their cell surface along with major histocompatability complexes
to activate T-lymphocytes and to initiate an adaptive immune response. Primary APCs
include dendritic cells and macrophages.

2.2.1.3 Lymphocytes
Lymphocytes represent a diverse group of white blood cells that play specific roles
in adaptive immunity. Adaptive (or specific) immunity is the process by which the immune
system responds to specific pathogens (Paul, 2008). There are two primary types of
lymphocytes: T-lymphocytes and B-lymphocytes. The former provide cell-mediated
immunity by functioning to activate other immune cells and to kill cells that have already
become infected. Initially produced in the bone marrow, T-lymphocytes migrate to the
thymus for maturation and selection. While there are a large number of T-lymphocyte
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subtypes, the two primary types are T-helper (TH) cells and cytotoxic (TC) T-cells. TH cells
are distinguished as having both CD3 (T-cell receptor) and CD4 cell-surface antigens and
are responsible for initiating and mediating the immune response after antigen presentation.
Conversely, TC cells are distinguished by being immunopositive for CD3 and CD8 cellsurface proteins. When activated by TH cells, cytotoxic TC cells prevent the spread of
infection by destroying cells that have been infected by foreign pathogens.
The other primary subtype of lymphocytes, known as B-lymphocytes (or B-cells), is
responsible for humoral or antibody-based immunity. In contrast to T-lymphocytes,
B-lymphocytes originate and mature exclusively in the bone marrow. After activation by
antigens and TH cells, B-lymphocytes develop into either antibody-producing plasma cells
or memory B-cells. The latter can become activated at a later time in the event of a second
infection by the same pathogen.

2.2.1.4 Lymphoblasts
Primary B-lymphocytes can be transformed by Epstein Barr virus (EBV) in the
laboratory. Once transformed, they become immortalized and can be viably frozen and
grown indefinitely in culture. Blood samples are collected from clinical populations and
B-lymphocytes are transformed to produce lymphoblasts (also known as lymphoblastoid cell
lines (LCLs)), which are used in biomedical research as an immortalized source of DNA for
genetic analysis (Sie et al., 2009). Others and we have been exploring the use of LCLs as
peripheral surrogates of CNS SERT function (Lesch et al., 1996, Prasad et al., 2005). In
addition to providing a nearly infinite supply of cellular and genetic material, LCLs have
advantages associated with ease of cell-culture compared to primary, nontransformed cells.
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LCLs express SERT under the control of native promoters and other cellular machinery,
unlike transfected cells lines that overexpress proteins in nonnative cellular environments.
While LCLs are often considered comparable to primary lymphocytes, some caution is
warranted when interpreting data obtained using these cell lines because transformation with
EBV can induce changes in gene expression and cellular responses to drug treatments
(Trenz et al., 2003, Sugimoto et al., 2004).

2.2.1.5 Granulocytes
In addition to adaptive immunity, mammals possess an innate immune system that
consists of cells that respond in a generalized manner to all pathogens (without regard to
pathogen specificity). Granulocytes function primarily as part of this innate immunity and
can be broken down into three major subclasses with each subtype having independent
function. Neutrophils, which are the most populous type of white blood cells, are usually the
first immune cells to respond to a site of infection. These cells have been shown to attack
pathogens using a number of mechanisms including phagocytosis, oxidative burst, and
through neutrophil extracellular DNA traps (Brinkmann et al., 2004, Nordenfelt and Tapper,
2011). Eosinophils are granulocytes responsible for attacking large multicellular invaders
such as parasitic worms. Lastly, basophils play a role in inflammation and produce
histamine.

2.2.1.6 Mast cells
Similar to basophils, mast cells produce large amounts of histamine and play an
important role in defense against pathogens by releasing inflammatory mediators important

17

for recruitment of other white blood cells (St. John and Abraham, 2013). Mast cells are also
one of the primary cell types involved in allergic responses. While typically found in tissue
(not blood), we have included this cell type here because of its roles in the immune system
and characterization of SERT function.

2.2.1.7 Monocytes/Macrophages
Macrophages are large (~20 μm) phagocytotic cells that function in the innate
immune system. They are primarily responsible for phagocytosis of pathogens and cellular
debris at the site of a wound. Macrophages are derived from monocytes, which travel in the
blood stream until drawn to sites of infection via chemical signals (chemotaxis). In some
cases, macrophages can also act as APCs by signaling via major histocompatibility II
complexes in conjunction with TH cells.

2.2.1.8 Red Blood Cells (RBCs)
The last major blood cell type constitutes red blood cells (RBCs). Also known as
erythrocytes, RBCs are anucleate cells produced in the bone marrow that transport oxygen
from the lungs to cells throughout the body.

2.2.2 Serotonin Transporter Expression in Blood Cells
The presence of SERT in platelets has been extensively characterized through both
expression and functional studies (Mercado and Kilic, 2010, Yubero-Lahoz et al., 2013).
Platelet SERT is hypothesized to be important in a number of functions including
maintaining low plasma serotonin levels (Mercado and Kilic, 2010, Duerschmied et al.,
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2013) and accumulating serotonin from gastrointestinal enterochromaffin cells in the enteric
circulation (Bertrand and Bertrand, 2010). In addition to storage in dense-core granules,
platelet intracellular serotonin is used to modify signaling through serotonylation (Walther
et al., 2003b). Interestingly, the majority of platelet SERT expression appears to be
intracellular (Carneiro and Blakely, 2006). A number of studies have characterized
intracellular signaling pathways, such as the protein kinase C (PKC) pathway (Jayanthi et
al., 2005, Carneiro and Blakely, 2006), which appear to be responsible for regulating
surface SERT expression in platelets. While platelets have relatively high levels of SERT
expression for a native cell type, platelet SERT expression is considerably lower than levels
typically observed in transfected cell lines (Ahmed et al., 2008).
There also appears to be a general consensus that lymphocytes and LCLs express
SERT. Nonetheless, relative levels of SERT expression across lymphocyte subtypes are still
under investigation. Investigators using flow cytometry and a SERT-specific antibody have
reported that both T-lymphocytes and B-lymphocytes express high levels of SERT (Yang et
al., 2007). In contrast, others have found relatively little/no SERT expression and function
in lymphocytes (O'Connell et al., 2006, Beikmann et al., 2013). While T-lymphocytes, in
particular, were shown to express SERT (Yang et al., 2007), this finding was not supported
by fluorescence microscopy, which shows a lack of SERT-specific antibody binding
(O'Connell et al., 2006). In other studies, primary B-lymphocytes (Meredith et al., 2005,
Chamba et al., 2010) and EBV-transformed LCLs (Lesch et al., 1996, Mössner et al., 2000,
Prasad et al., 2005) have been shown to express SERT, although a more recent study finds
that primary B-lymphocyte SERT expression appears to be minimal (Chamba et al., 2010).

19

Similar to B-lymphocytes, APCs including dendritic cells (O'Connell et al., 2006),
monocytes (Yang et al., 2007), and macrophages (Rudd et al., 2005) have been reported to
express SERT. Previous studies have shown that SERT expression by dendritic cells is
important for enabling uptake of serotonin (O'Connell et al., 2006). After dendritic cell
activation, sequestered serotonin can be released to promote activation of naïve T-cells via
activation of serotonergic receptors(León-Ponte et al., 2007). Additionally, mast cells (Vega
and Rudolph, 2002) and basophils (Schneider et al., 2011) have been shown to express
functional SERT, although others have not observed SERT expression by other granulocyte
cell types (Yang et al., 2007). Conflict regarding the blood-cell types that express SERT
may be attributable to the different techniques/antibodies used to detect SERT expression
and the possibility of inadvertent platelet impurities (Beikmann et al., 2013). Many types of
sample preparation are susceptible to contamination with platelets, as these small particles
can be difficult to completely eliminate during isolation (see below). No published studies
have reported SERT expression in RBCs. Table 2-1 summarizes current evidence for SERT
expression in blood cells.

2.3 Radiochemical Methods For Measuring SERT Function
To date, radiochemical binding and transport assays have been the most extensively
used methods for studying SERT expression and function. One avenue for investigating the
fundamentals of SERT function involves using cells, such as human embryonic kidney cells
(HEK293) that are genetically engineered to express SERT. HEK293 cells do not natively
express SERT, however, these cells can be stably transfected such that they produce large
amounts of SERT protein (Ahmed et al., 2008). Overexpression enables straightforward
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determination of SERT expression and function due to increased signal during
measurements. Radiochemical uptake has been used with this type of cell system to gain
information on potential pathways by which SERT can be regulated (Zhu et al., 2004, Wong
et al., 2012). The effects of different SERT gene polymorphisms have also been investigated
in transfected cells using radiochemical techniques (Prasad et al., 2005).
Radiochemical uptake has been used extensively to study native SERT expression
and regulation in brain tissue, most often through the use of synaptosomes (Perez and
Andrews, 2005, Rausch et al., 2005, Perez et al., 2006, Zhu et al., 2010). These preparations
consist of neuronal synaptic terminals (Whittaker et al., 1964). Isolated terminals form
plasma-membrane liposomes, termed “synaptosomes”, which contain proteins, organelles,
and regulatory machinery normally found at the synapse. The relative ease of isolation
makes synaptosomes a commonly used model for studying neuronal SERT. Radiolabeled
serotonin has also been used in vivo to investigate metabolism in rodents (Gallager et al.,
1975). Here, radiolabeled serotonin is converted into radiolabeled 5-hydroxyindoleacetic
acid (5-HIAA; the major serotonin metabolite) or radiolabeled tryptophan is converted into
labeled serotonin. In-depth review of the large number of papers on neuronal SERT function
investigated using radiochemical methods is not the focus of this chapter. Instead, we
concentrate on radiochemical studies of SERT function in blood cells.

2.3.1 Radiochemical Methodology
Experimental methods using [3H]5-HT or [14C]5-HT to analyze SERT function have
been developed, characterized, and utilized extensively. A typical radiochemical uptake
experiment is carried out as follows. Peripheral blood cells are isolated and counted, and an
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appropriate number of cells (106-107 lymphocytes/LCLs (Lesch et al., 1996, Mössner et al.,
2000) or 106-109 platelets (Jayanthi et al., 2005, Carneiro and Blakely, 2006)) are prepared
for experimentation. Samples are incubated with a monoamine oxidase inhibitor, e.g.,
pargyline, to prevent metabolism of the radioactive substrate. Some samples are incubated
with radioactive substrate in the presence of a SERT inhibitor. Radioactivity detected in
these samples is attributed to nonspecific binding/transport of the substrate. Nonspecific
binding has also been determined by incubating samples at 0 °C (Greenberg et al., 1999) to
inhibit active uptake processes.
Different concentrations of radiolabeled serotonin (usually between 0-1.0 µM) are
added to cell samples. Uptake is then allowed to proceed for a short period of time
(typically 5-30 min (Lesch et al., 1996, Greenberg et al., 1999)). After transport, samples
are placed on ice to terminate uptake and are rapidly filtered under vacuum pressure. Cells
containing

radiolabeled

substrate

are

collected

onto

filter

papers,

and

unbound/nontransported excess radioactivity is washed from the cells. Radioactivity
associated with transporter activity is measured using a scintillation counter. Figure 2-1A
illustrates radiometric uptake to measure SERT function in mixed peripheral blood
mononuclear cell (PBMC) samples. Specific uptake associated with different concentrations
of radiolabeled serotonin is used to calculate transport rates (Figure 2-1B).
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2.3.2 Using Radiochemical Methods to Investigate SERT Function in Peripheral Blood
Cells
2.3.2.1 Advantages
One major advantage of radiochemical methods is that they employ bioidentical
forms of serotonin, i.e., [3H]5-HT or [14C]5-HT. Using radiolabeled serotonin enables the
study of SERT under conditions of native substrate transport. Furthermore, competition
assays can be carried out using radiolabeled serotonin in the presence of unlabeled
compounds to assess the inhibitory potencies of the latter. Binding of radiolabeled SERT
inhibitors such as [3H]paroxetine or [125I]RTI-55 to intact cells or cellular membranes can
be used to quantify surface or total SERT expression, respectively (Singh et al., 2012).
Another major advantage is the high sensitivity this assay provides for measuring SERT
function. Concentrations of radiolabeled serotonin as low as 10-8 M can be used for
experiments, whereas higher levels of substrate are needed with other techniques (Rausch et
al., 2005). The use of low concentrations of radiolabeled substrate is particularly important
in measuring SERT function in low expression systems. The use of high concentrations of
radiolabeled substrate, while providing increased signal, also creates additional background
signal that may inadvertently obscure low levels of transport. Additionally, the kinetics of
transport are easier to estimate when low concentrations of substrate are used, as low
concentration measurements allow for better curve-fitting during Km estimation.

2.3.2.2 Disadvantages
There are a number of disadvantages associated with the use of radiochemical
methods for the measurement of SERT function in peripheral blood cells. First, the use of
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radioactive materials requires specialized personnel training, laboratory engineering
controls, safety protocols, and waste disposal. Radiolabeled substrates are also expensive
and have short shelf lives (<6 months). Second, when radiochemical uptake experiments are
carried out in mixed cell populations, SERT function cannot be assigned to specific cell
types. This is not an issue when SERT function is studied in platelets, transfected cells, or
cultured LCLs since these cell populations are easily isolated and relatively homogeneous.
For example, platelets can be isolated by centrifuging whole blood at a slow speed (100300 × g) (Greenberg et al., 1999, Carneiro and Blakely, 2006) to separate larger blood cells
that pellet from smaller platelets that remain in the plasma.
With regard to blood cell samples, a number of different methods for PBMC
isolation have been developed. To date, the primary method is by centrifugation of whole
blood over a layer of Ficoll-Paque solution (Fuss et al., 2001). We have found that when
using Ficoll-gradient separation to isolate PBMCs, significant numbers of platelets
adulterate PBMC samples and are responsible for the majority of measurable uptake
(Beikmann et al., 2013). Other methods exist for isolating pure populations of blood cells.
However, these methods are considerably more expensive and time consuming. For example,
two types of magnetic-bead cell separations exist: positive selection and negative selection
(Neurauter et al., 2007). Positive selection involves capturing target cells with cell-specific
antibodies conjugated to microbeads. Cell solutions with bound microbeads are passed
through a magnetic column to separate antibody-bound cells from all remaining cells
lacking the particular cell-specific antigen. Negative selection works in the opposite fashion.
Here, a cocktail of antibodies, all of which are conjugated to microbeads and specific for
cell-surface markers not native to the target cell population, is used to label all non-target
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cells. When the cell solution is passed over the magnetic column, all non-target cells adhere
to the column allowing the target cell population to pass through selectively. While
magnetic bead separation enables isolation of distinct cell populations, a number of
drawbacks to this technique includes damage to cells from the sheer forces of the beads
when they are attracted to the magnet, possible trapping of cells nonspecifically, and
nonspecific phagocytosis of the microbeads by phagocytic cells (such as monocytes) at
temperatures above 8 °C (Neurauter et al., 2007). Additionally, as with any antibody-based
assay, nonspecific binding and antibody cost may be issues. For SERT measurements in
blood cells, cost and throughput become issues, as large numbers of cells and cell samples
may be needed and each magnetic isolation kit can only be used to isolate a limited number
of cells.
Flow cytometry with fluorescence-activated cell sorting (FACS) can also be used to
separate subpopulations of cells (Givan, 2011). FACS uses either antibody “staining” or
differential light scattering properties of cell populations to isolate specific cell subtypes.
FACS is excellent for isolating rare blood cell populations for further transcriptional,
proteomic, or genetic analysis. The time needed for single cell isolation, the large number of
cells used for an experiment, and the need for an expensive FACS cytometer with trained
personnel often lead researchers to use more cost effective methods of general PBMC
isolation for routine experiments.
A third potential disadvantage of radiochemical methods for determining SERT
function is related to tissue integrity. We demonstrated previously in brain synaptosomes
that these plasma-membrane structures rupture during the filtration step needed to separate
transported radiolabeled substrate (Perez and Andrews, 2005, Perez et al., 2006). While we
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have not investigated intact cells specifically, the possibility exists that blood cells are also
susceptible to rupture under the high pressures used for vacuum filtration leading to
underestimation of uptake rates. Finally, the use of serotonin itself in uptake assays, while
beneficial for directly investigating SERT function, precludes investigating how serotonin
receptors found on blood cells influence SERT function and surface localization. Since an
endogenous ligand, i.e., serotonin, binds to both transporters and receptors, there is no way
to differentiate the effects of autoreceptor regulation from transporter activity (Bolan et al.,
2007). The advantages and disadvantages of radiometric assay are summarized in Table 2-2.

2.3.3 Significant Contributions
Results of radiochemical studies have laid much of the groundwork for
understanding of SERT function in blood cells. The numbers of studies of platelet SERT
function using radiochemical assay far outweigh studies conducted in other blood cell types.
Radiochemical measurements of SERT function have been carried out to compare Michaelis
constants (Km) in brain synaptosomes vs. platelets. The results have been mixed with
platelet SERT Km found to be correlated with neuronal SERT Km (Lampugnani et al., 1986),
while other studies found significant differences (Smith et al., 1978, Arora et al., 1983,
Chou et al., 1983). In some cases, multiple values for Km were reported for brain
synaptosomes while only one Km was detected for platelet synaptosomes (Smith et al.,
1978). It is possible that other transporters, such as the low-affinity high-capacity organic
cation transporters (OCTs), which are capable of transporting serotonin (Baganz et al.,
2008), may be contribute to different neuronal affinities of SERT for serotonin. Furthermore,
discrepancies between synaptosome and platelet SERT function may be due to
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methodological constraints such as synaptosome disruption during sample filtration (Perez
and Andrews, 2005, Perez et al., 2006).
Most radiochemical studies on SERT have been conducted in brain tissue from mice
(Lampugnani et al., 1986), rats (Smith et al., 1978, Arora et al., 1983, Chou et al., 1983),
and rabbits (Komulainen, 1983), since human brain tissue is difficult to obtain and SERT
function cannot be measured postmortem. A study conducted by Rausch et al. using human
brain synaptosomes derived from tissue removed from epileptic patients showed a
significant correlation between platelet SERT function and brain SERT function (Rausch et
al., 2005). Here, Rausch et al. compared relative Vmax and found that individuals with higher
platelet SERT function tended to have higher neuronal SERT function. Given the large
number of studies implicating SERT in mood and anxiety disorders, determining whether
platelets can be used as peripheral biomarkers for central nervous system SERT function
will be an important step in the development of personalized treatment strategies for
patients (Beikmann et al., 2013).
Another area where radiochemical measurements have been pivotal is in determining
the regulation of SERT function in platelets. Uncovering native modes of SERT regulation
in platelets may lead to a better understanding of how SERT is regulated in the brain.
Furthermore, platelet SERT regulation may have implications for understanding peripheral
disorders such as hypertension, as platelets are primarily responsible for serotonin
regulation in the blood (Watts et al., 2012). A study by Carneiro and colleagues
demonstrated that both serotonin and protein kinase C (PKC) activation regulated surface
SERT expression and function (Carneiro and Blakely, 2006). In particular, serotonin caused
a redistribution of intracellular SERT to the plasma membrane in platelets resulting in
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increased uptake. In contrast, PKC activation by phorbol 12-myristate 13-acetate (PMA)
caused internalization of SERT. Additionally, tyrosine phosphorylation has been shown play
a role in regulating SERT expression and function (Annamalai et al., 2012), with the
tyrosine kinase Syk (Pavanetto et al., 2011) playing a major role in this regulatory pathway.
Similarly, histamine H2 receptors have been shown to increase SERT function in platelets
via activation of guanylate cyclase (Launay et al., 1994).
Far fewer studies have been carried out investigating SERT function in lymphocytes
and LCLs with the majority having been conducted using radiometric methods. Considering
that most human SERT gene polymorphisms have not been observed in other animals,
determining the effects of human SERT gene polymorphisms on uptake function in blood
cells represents one avenue to understanding complex interactions between multiple human
SERT gene polymorphisms and their effects on SERT function. Although platelets have
been extensively shown to express SERT, lymphocytes have been hypothesized to represent
a better peripheral tissue for studying SERT gene variants since platelets lack transcriptional
and translational machinery. In 1996, Lesch et al. used transformed LCLs, in combination
with radiometric uptake to show a link between increased anxiety-related personality traits
and the short allele of the 5-HTTLPR. Additionally, the short 5-HTTLPR allele was shown
to be associated with decreased SERT mRNA levels, and protein expression and function
compared to the long allele, inferring that the 5-HTTLPR influences transcription of the
SERT gene. Subsequently, Greenberg et al. demonstrated that platelets also express
different SERT levels associated with 5-HTTLPR genotype; the short allele was associated
with decreased platelet SERT function.
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While some studies have corroborated these results in platelets (Nobile et al., 1999),
other studies found no correlation between platelet SERT function and 5-HTTLPR genotype
(Kaiser et al., 2002, Javors et al., 2005) or an opposite effect wherein individuals expressing
the long allele have decreased SERT function (Myung et al., 2013). Given the uncertainty
surrounding the role of the 5-HTTLPR in SERT expression, others have hypothesized that
the 5-HTTLPR may play a role in SERT regulation. Using radiochemical methods in LCLs,
Mossner et al. concluded that the short allele confers reduced regulation of SERT. Here,
brain-derived neurotrophic factor- (BDNF) and interleukin-4- (IL-4) induced changes in
SERT function were primarily detected in LCLs containing two copies of the long allele
(Mössner et al., 2000, Mössner et al., 2001). Similarly, Glatz and colleagues used LCLs to
show that glucocorticoids regulate SERT function in a genotype dependent manner (Glatz et
al., 2003).
Lymphoblast cell lines also have been used as a native system of SERT expression to
study how different SLC6A4 single nucleotide polymorphisms (SNPs) affect transporter
function and regulation. LCLs have been used to study levels of basal SERT function
associated with rare SERT coding region SNPs including G56A, I425V, F465L, and L550V
(Prasad et al., 2009). Both protein kinase G (PKG) and p38 mitogen-activated protein kinase
have been shown to increase SERT function in LCLs (Prasad et al., 2005). The SERT SNP
G56A has been found at a higher frequency in a subset of autistic patients and may play a
role in dysregulation of serotonergic neurotransmission (Sutcliffe et al., 2005). LCLs were
used to show that in systems that natively express SERT, both PKG and p38 MAPK
stimulation failed to increase SERT function in individuals with two G56A “A” alleles
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(Prasad et al., 2005). These studies demonstrate the utility of LCLs and radiochemical assay
for investigating genetic influences on SERT function.
[3H]Paroxetine has been used to assess surface SERT expression in primary
lymphocytes (Marazziti et al., 1998, Urbina et al., 1999, Hernández et al., 2002), however,
only a few studies have reported on the use of radiometric uptake to study SERT function in
these cells. Both sodium- and chloride-dependent transport of [3H]serotonin in primary
lymphocytes exhibited characteristics similar to those associated with SERT in neuronal
tissue (Faraj et al., 1994, Barkan et al., 2004). Caution might be warranted when using
radiochemical uptake in combination with primary lymphocytes as platelet contamination
could be an issue (Beikmann et al., 2013). In particular, the majority of studies used Ficollisolated lymphocytes to study SERT function. Our research shows that Ficoll separation
aimed at isolating mononuclear cells including lymphocytes inadvertently nets large
numbers of platelets, which appear to withstand viable freezing and thawing (Beikmann et
al., 2013) (Figure 2-1). Namely, all cells present in a sample that transport radiolabeled
substrate will contribute to the overall measured signal.
Another major area of research involving radiochemical measurements involves
assessing SERT function prior to and during treatment for disorders related to serotonin. In
platelets, radiochemical measurements of SERT have been key in studying irritable bowel
syndrome (Foley et al., 2011), schizophrenia (Barkan et al., 2006b), depression, autism, and
hypertension (for review see (Yubero-Lahoz et al., 2013). Similarly, lymphocyte/LCL SERT
function has been studied with respect to social phobia (Barkan et al., 2006a), autism
(Prasad et al., 2005, Prasad et al., 2009), and schizophrenia (Barkan et al., 2006b). Surface
SERT expression in lymphocytes has been explored via radioligand binding in a number of
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other disorders including depression (Urbina et al., 1999, Lima and Urbina, 2002) and
obsessive-compulsive disorder (Marazziti et al., 2003). While the results of these studies are
too extensive to cover in detail here, the possibility of better understanding the role SERT
plays in these disorders is essential to developing novel, improved, and/or personalized
treatments.

2.4 Electrochemical Methods For Assessing SERT Function in Blood Cells
Despite the widespread use of radiochemical methods, a number of drawbacks
including cost, the use of radioactive materials, and the lack of time-resolved measurements
have led to the development of alternate methods of assessing transporter function. Over the
last three decades, electrochemical methods have been used increasingly to study SERT
function. Instead of measuring the fraction of serotonin transported into cells,
electrochemical methods focus on determining serotonin clearance rates from the
extracellular space/solution. Electrochemical techniques involve applying a voltage to an
extracellular electrode that causes oxidation of neurotransmitter molecules at the electrode
surface. The loss of electrons from neurotransmitter molecules during the oxidation process
produces a current that can be measured at the electrode, as well as correlated to
neurotransmitter concentration. While electrochemical techniques are now frequently used
to study release and reuptake of monoamine neurotransmitters in the brain (Robinson et al.,
2008), relatively little work has been done using these methods to investigate transporter
function in blood cells. In this section, we will briefly describe the different electrochemical
methods that have been used to assess serotonin release and reuptake in blood cells.
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2.4.1 Electrochemical Methodology
There are a number of different electrochemical methods that have been used to
measure serotonin associated with PBCs. Methods differ primarily in the waveform of the
potential applied to the working electrode.

2.4.1.1 Amperometry
While amperometry has not been used to investigate SERT function in peripheral
blood cells, it has been used to study serotonin release from platelets with single particle
resolution (Ge et al., 2009, Ge et al., 2011). In amperometry, a constant potential (+0.7 V) is
applied to a working electrode vs. a reference electrode. Time resolution in amperometry is
only limited by solution diffusion, electrode surface chemistries, and the electronics of the
potentiostat. Thus, amperometry is used for fast measurements over short time courses. A
major drawback to amperometry is that there is little substrate specificity due to the use of a
constant applied potential. Additionally, serotonin-related fouling of the working electrode
is likely to be highest when using amperometry. For these reasons, amperometry is used
primarily when the analyte of interest is under the control of the experimenter, and high
sensitivity and temporal resolution are required.

2.4.1.2 Chronoamperometry
This method involves applying a square-wave step potential to a working electrode
to oxidize serotonin. The potential step (+0.55-+0.8 V) is typically 100 ms in duration and is
cycled at 1 Hz. Chronoamperometry has been used to study SERT function in the brain
(Frazer and Daws, 1998, Daws et al., 2005, Daws et al., 2010). We adapted
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chronoamperometry to measure SERT function in peripheral blood cells (Singh et al., 2009,
Singh et al., 2012). In a typical experiment, PBMCs or platelets are isolated and counted.
The working and reference electrodes are lowered into a cell sample and the waveform is
applied (Figure 2-2A). After the current has stabilized, a known concentration of serotonin
is injected into the sample and clearance of serotonin from the extracellular space is
monitored with respect to time (typically 250 nM-1 µM final concentration). Data are fit to
an exponential decay curve to calculate uptake rates (Figure 2-2B) (Singh et al., 2009, Singh
et al., 2011, Singh et al., 2012, Beikmann et al., 2013).

2.4.1.3 Fast-scan cyclic voltammetry
Fast-scan cyclic voltammetry (FSCV) is a method that has been not been used to
investigate SERT function but like amperometry, it has been employed in platelet serotonin
release studies (Ge et al., 2011). Here, a triangle-shaped waveform (-0.1-+1.0 V) is applied
to the working electrode to obtain concentration and substrate-specific information.
Substrate oxidation and reduction at different potentials is continuously monitored, which
aids in determining analyte identity. Data are plotted as cyclic voltammograms (current vs.
applied voltage) or three-dimensional color plots that include time on the third axis. FSCV
is typically carried out at 10 Hz leading to highly time-resolved measurements. Individual
measurements tend to be on the order of minutes due to the need for background subtraction
and issues associated with electrode drift (Robinson et al., 2008).
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2.4.1.4 Types of microelectrodes
Carbon-fiber microelectrodes (CFMs) are often used as the working electrode for the
electrochemical study of monoamine neurotransmitters in the brain. CFMs are relatively
inexpensive and easy to fabricate. They are constructed of a carbon fiber that has been
threaded through a glass capillary. The capillary is pulled to seal the tip around the carbon
fiber and epoxy is used to produce a high-resistance seal between the fiber and the capillary.
An electrochemical connection is made between a wire to the potentiostat and the electrode
with silver epoxy or 3 M KCl. Since current is directly proportional to the surface area of
the exposed carbon fiber, fiber length and diameter are varied to fit the specifications of the
experiment. Additionally, a number of surface modifications, such as coating or
electrodepositing Nafion, have been developed and studied to improve CFM detection of
monoamines and to resist biological and monoamine-induced electrode fouling (Singh et al.,
2011).
By contrast, boron-doped diamond microelectrodes (BDMs) are produced using
plasma chemical-vapor deposition to grow a thin boron-doped diamond polycrystalline film
on a platinum wire (Sarada et al., 2000, Park et al., 2008). BDMs function similar to CFMs
but are more resistant to general biological and serotonin-specific fouling (Singh et al.,
2009). This greatly increases the applicability of electrochemical transporter measurements
in peripheral blood cells with low SERT expression in terms of measuring uptake over
longer periods (>20 min) and at higher serotonin concentrations (>1 µM). Moreover, BDMs
facilitate measurements of large numbers of samples using the same electrode due to low
fouling and regeneration of electrode sensitivity after cleaning with isopropanol (Singh et al.,
2009).
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2.4.2 Advantages/Disadvantages of Electrochemical Methods
2.4.2.1 Advantages
The primary advantages of electrochemical methods for interrogating blood cell
serotonin function are the abilities to make real-time measurements at high temporal
resolution. Delineating uptake on a second-by-second basis allows for quantifying transport
as it relates to substrate concentration over the entire time course of the measurement (as
opposed to obtaining a single measurement of uptake after several minutes of transport in
the case of radiochemical methods). Real-time measurements also enable trouble shooting
during the course of an experiment.
Electrochemical waveforms can be modified to fit the specific requirements of an
experiment. For example, if sub-second resolution is required, amperometry or FSCV can be
utilized. Conversely, if transport needs to be monitored over longer time frames,
chronoamperometry may be more suitable. Additionally, any electroactive substrate can be
studied using these techniques. For example, dopamine and norepinephrine are often studied
in the brain using these methods (Robinson et al., 2008). Although yet to be carried out, it is
highly likely that transporters other than SERT (such as DAT) might be studied in blood
cells using electrochemical techniques (Buttarelli et al., 2011).
Similar to radiochemical methods, electrochemical techniques employ the native
substrate for SERT (serotonin) but have the advantage of not requiring the substrate to be
radiolabeled. Furthermore, in scenarios where multiple electroactive species may be present,
the ability to control the applied waveform allows for selectivity and electroanalytical
conformation of the molecule being measured. Although this advantage is not always
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needed, when working in vivo or on ex vivo release kinetics (such as in platelets), the ability
to positively identify serotonin becomes important (Ge et al., 2011).
Another advantage of electrochemical methods is that measurements are made in
situ; no separation is needed to measure transported serotonin. Previous studies have shown
that vacuum filtration after uptake disrupts synaptosomes reducing the measured amount of
radiolabeled substrate that has been transported. This results in underestimation of maximal
uptake (Vmax) and overestimation of substrate affinity (Km) (Perez and Andrews, 2005,
Perez et al., 2006). We do not know whether filtration disrupts blood cells, nonetheless,
electrochemical methods avoid potential disadvantages associated with filtration.

2.4.2.2 Disadvantages
Similar to radiochemical methods, electrochemical methods (with the exception of
amperometry) have the disadvantage of requiring large numbers of cells for averaged
measurements. When studying SERT function in platelets this is not necessarily an issue, as
large numbers of platelets can be obtained from platelet-rich plasma. However, when
studying lymphocytes with low SERT expression, obtaining sufficient numbers of highly
purified cells can be a limiting factor. Although chronoamperometry can be used to detect
modest but biologically relevant differences in SERT function (Perez and Andrews, 2005,
Perez et al., 2006), it may lack the concentration sensitivity needed to detect uptake in cell
types with low SERT expression levels (Beikmann et al., 2013). Another disadvantage that
electrochemical methods share with radiochemical measurements is the inability to dissect
how receptor function influences transporter activity in blood cells. This is due to the fact
that the native substrate interacts with both receptors and transporters, preventing
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characterization of transport in the absence of receptor activation (Bolan et al., 2007, Zapata
et al., 2007).
Another disadvantage of electrochemical techniques is electrode fouling by tissue, as
well as serotonin and its oxidation products (Wrona and Dryhurst, 1988, 1990). Fouling is
caused by irreversible adsorption of biomolecules to the electrode surface (Singh et al.,
2011). To reduce fouling, studies of serotonin transport and release are often relegated to
concentrations of serotonin <1 µM. Furthermore, adsorption of serotonin oxidation products
is thought to be greatest during the maximum of the applied potential, so techniques such as
chronoamperometry that apply the oxidation potential for only short pulses tend to reduce
surface accumulation of oxidized serotonin. As opposed to CFMs, BDMs show resistance to
both biological and serotonin fouling (Singh et al., 2009, Singh et al., 2012). Differences in
fouling between the two types of electrodes are attributed to differences in the surface
chemistries of each type of electrode. The surfaces of CFMs are characterized by sp2hybridized carbon and terminal hydroxyl groups creating a polar surface that is more
amenable to surface adsorption (Chen et al., 1995, Chen and McCreery, 1996, Yang and
McCreery, 1999, Bath et al., 2001). In contrast, the surfaces of BDMs consist primarily of
sp3-hybridized carbon and hydrogen-terminated functional groups that result in more nonpolar surface chemistries having better resistance to fouling (Park et al., 2008). Although
more difficult to fabricate, BDMs are gaining wider use and have been used extensively to
study SERT function in the gut (Patel, 2008, Patel, 2013).
A final drawback of electrochemical techniques is the inability to detect absolute
levels of serotonin in tissue samples. During the calibration of electrodes, the initial
concentration of serotonin is 0 µM and the change in current after addition of a known
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amount of serotonin can be quantified in absolute terms. However, in a sample where the
initial serotonin concentration is unknown, e.g., a platelet sample where serotonin may have
been released into solution, only relative differences in serotonin concentration can be
assessed as initial serotonin concentrations are obscured during baseline measurements. For
absolute determination of serotonin in cells or tissue, techniques such as high performance
liquid chromatography (HPLC) are typically used (Perez et al., 2006, Yang et al., 2013).

2.4.3 Significant Contributions
Electrochemistry has been used extensively to study dopamine and to a lesser extent
serotonin neurochemistry in the brain (Frazer and Daws, 1998, Yang and Michael, 2007,
Robinson et al., 2008, Montañez et al., 2013, Shu et al., 2013). With regard to peripheral
blood cells, uptake and release of serotonin have been investigated using electrochemical
methods. Similar to radiochemical measurements, chronoamperometry has been used to
show that peripheral blood cell SERT function is mediated by the 5-HTTLPR in an alleledependent manner (Singh et al., 2012). Coupled with radiometric binding and SERT mRNA
analysis, we showed that differences in SERT function between long allele carriers and
short allele carriers were due primarily to differences in surface SERT expression, as
opposed to changes in the binding affinity of SERT for serotonin. We are currently using
chronoamperometry to investigate the effects of complex human SERT genotypes on
platelet SERT function.
Amperometry has been used to study serotonin release in blood cells. Serotonin in
platelets was shown to be released in a quantal fashion from storage granules vs. occurring
by diffusion (Ge et al., 2009). Furthermore, the time for release events to occur was
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determined (~7 ms) and the concentration of serotonin in single dense-body granules was
estimated (0.5 M) (Ge et al., 2009). Additionally, the Haynes group used FSCV to
investigate serotonin release from human platelet suspensions and individual platelets after
platelet activation (Ge et al., 2011). This work highlights the need for real-time detection of
serotonin to characterize biologically relevant processes.

2.5 Flow Cytometry and Fluorescent Substrates For Measuring SERT
Function
Over the last two decades, a number of fluorescent substrates have been developed
for determining monoamine transporter function. These substrates have been used in
conjunction with fluorescent plate readers (Jørgensen et al., 2008) or fluorescence
microscopy (Bolan et al., 2007, Oz et al., 2010, Karpowicz et al., 2013) to quantify uptake.
In this section, we will focus on a third technique, flow cytometry, which has distinct
advantages for characterizing fluorescent substrate transport in heterogeneous populations
of blood cells.

2.5.1 Fluorescent Substrates For Determining SERT Function
A number of fluorescent substrates have been discovered for characterizing
transporter function. Nevertheless, two have been primarily used for assessing SERT
function: ASP+ and APP+ (Figure 2-3).
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2.5.1.1 ASP+
Trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (also referred to as
trans-1-methyl-4-[4-dimethylaminophenylethenyl]-pyridinium

(t-P+)

or

ASP+)

was

originally used in the study of MPTP-related dopaminergic neurotoxicity (Song et al., 1996).
The

parent

compound

of

ASP+,

the

tetrahydropyridine

trans-1-methyl-4-[4-

dimethylaminophenylethenyl]-1,2,3,6-tetrahydropyridine (t-THP), is structurally similar to
MPTP with regard to its being a substrate for monoamine oxidase type-B (MAO-B) (Klein
et al., 2001). Like MPTP, t-THP is not natively fluorescent. However after oxidation, a
fluorescent byproduct, ASP+ is produced, enabling monitoring of intracellular MAO-B
activity. These findings suggest that t-THP/ASP+ ratios can be used to monitor neuronal
degeneration in vivo in response to neurotoxins such as MPP+ (Song et al., 1996).
In recent studies, ASP+ has been used as a fluorescent substrate for measuring DAT
and norepinephrine transporter (NET) activity (Schwartz et al., 2003, Mason et al., 2005,
Schwartz et al., 2005). A major advantage of ASP+ is that it can be taken-up by monoamine
transporters but does not activate autoreceptors. For example, Shippenberg et al. used ASP+
in transfected HEK293 cells and EM4 cells expressing both DAT and D2/D3 autoreceptors
(Bolan et al., 2007). These authors showed that agonist activation of D2/D3 receptors
caused an increase in surface DAT expression, leading to an increase in DAT-mediated
uptake of ASP+. Having the capability to separate transporter and autoreceptor function
enables improved understanding of the roles that autoreceptors play in regulating
monoamine transport into cells. Another major advantage of using fluorescent substrates is
the ability to study binding and transport in single cells. Schwartz and colleagues have used
ASP+ and microscopy to characterize NET, further elucidating substrate stoichiometry and
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binding on/off kinetics of substrate transport (Schwartz et al., 2003, Schwartz et al., 2005).
The use of ASP+ has been integral in better understanding the action of monoamine
transporters.
The use of ASP+ to detect SERT function remains controversial. In addition to
previous studies involving DAT, the Shippenberg group has used ASP+ to investigate SERT
(Oz et al., 2010, Oz et al., 2012). Contrary to these findings, Solis et al. examined ASP+
transport in SERT-transfected HEK293 cells and found that intracellular ASP+
accumulation was similar between SERT-transfected cells and non-transfected cells
suggesting that uptake of ASP+ is non-SERT mediated (Solis et al., 2012). These findings
demonstrate the need for further characterization of ASP+ transport by SERT prior to its use
in native SERT-expressing cell systems.

2.5.1.2 APP+
Another fluorescent substrate that has been developed to study monoamine
transporter function is 4-(4-(dimethylamino)phenyl)-1-methylpyridinium (APP+, also
referred to in the literature as IDT307). Similar to ASP+, APP+ is based on the structure of
MPP+ (Solis et al., 2012). One advantage is that APP+ does not have strong fluorescence in
aqueous environments. After binding to SERT and undergoing transport to enter cells,
APP+ undergoes a conformation change and can be excited to produce fluorescence (Wilson
et al., 2014). Previous studies have shown that APP+ colocalizes with nuclei and
mitochondria (Karpowicz et al., 2013). Intercalation with DNA or other biomolecules is
likely to be responsible for the conformational change needed for intracellular APP+
fluorescence. Additionally, fluorescence associated with APP+ binding to SERT can be
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visualized using lower excitation wavelengths (405 nm vs. 488 nm) (Wilson et al., 2014).
This property of APP+ could enable future differentiation of SERT binding and uptake in
blood cells.
APP+ has been characterized as a substrate for use in high-throughput drug
discovery studies (Jørgensen et al., 2008). Cells transfected with monoamine transporters
and fluorescence determination via plate readers were used to study inhibitory potencies of
large numbers of compounds with respect to substrate transport. APP+ is an effective
substrate for studying SERT, DAT, and NET function with similar responses to inhibitors of
the native substrates for each transporter (Jørgensen et al., 2008). When compared directly,
APP+ has been found to be a superior substrate for measuring SERT function vs. ASP+,
with electrophysiological data indicating that APP+ acts as a substrate for SERT, while
ASP+ acts similar to a SERT inhibitor (Solis et al., 2012). Furthermore, APP+ fluorescence
in SERT-transfected HEK293 cells was considerably greater than that in nontransfected
cells (Solis et al., 2012). Although transported by SERT, it should be noted that APP+ does
not act as a fluorescent false neurotransmitter because it cannot be released after uptake into
cells (Karpowicz et al., 2013).

2.5.2 Flow Cytometry
Flow cytometry is a versatile analysis method often used in immunology to
characterize blood cells (Givan, 2011). Here, hydrodynamic focusing is used to flow cells
single-file through light sources. Typical data from a flow cytometry experiment are shown
in Figure 2-4. The light scattering properties of individual cells are detected using
photomultiplier tubes (PMTs). Forward- and side-scatter properties are used to distinguish
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different cell types. Cell types can be further differentiated using antibody-specific binding
to cell-surface antigens. For example, B-lymphocytes and T-lymphocytes can be
distinguished using antibodies against IgM vs. CD3.

2.5.2.1 Methods
Samples for flow cytometry are prepared in the same way as for radiochemical or
electrochemical uptake measurements. Briefly, cells are isolated from whole blood, counted,
and resuspended in assay buffer. Lymphocytes (and platelets) can be isolated using standard
Ficoll separation methods. If platelets are to be specifically studied, platelet-rich plasma can
be isolated by centrifugation to obtain maximal numbers of platelets. For cultured cells, e.g.,
transfected HEK293 cells or LCLs, cells are separated from culture medium, which could
affect substrate transport, by centrifugation and are washed with phosphate-buffered saline
prior to resuspending in assay buffer. Cell samples are divided so that all experiments have
at least one sample without substrate to measure background fluorescence, in addition to
sample aliquots incubated with fluorescent substrate. Additional sample aliquots are
incubated with a transporter inhibitor to determine nonspecific uptake. For example, for
APP+ determination of SERT function, some cell aliquots are incubated with APP+ in the
presence of an SSRI to determine SERT-specific transport (Figure 2-4A).
Incubation times are determined empirically and are typically between 10-45 min.
For transfected cells that overexpress SERT, samples are incubated at room temperature.
Blood cells, however, have lower levels of SERT necessitating incubation at 37 °C to
increase transport rates. After incubation, cells are washed and resuspended in fresh assay
buffer to prevent further uptake prior to flow cytometry analysis.
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During flow cytometry, blood cells are initially categorized based on inherent
forward- and side-scatter properties. Different populations can be gated and histograms of
substrate-associated fluorescence vs. scattering characteristics are produced (Figure 2-4B).
Median fluorescence intensity is quantified for each cell population. In this way, different
cell populations can be discerned and the fluorescence associated with each can be
measured.

2.5.3 Advantages/Disadvantages of Flow Cytometry
2.5.3.1 Advantages
The use of fluorescent substrates for measuring SERT function with flow cytometry
has distinct advantages compared to radiochemical assay and electrochemical measurements.
First and foremost, different populations of blood cells can be distinguished via flow
cytometry when mixed cell samples are analyzed. When studying SERT function in blood
cells, this is critical as isolation of pure cell populations is difficult (see above) (Beikmann
et al., 2013). Furthermore, direct comparisons of SERT function in different cell populations,
e.g., lymphocytes vs. platelets, can be achieved as both populations are present during
substrate uptake and data acquisition. With the use of a viability indicator such as propidium
iodide, nonspecific fluorescence associated with dead cells can be excluded (Beikmann et
al., 2013).
A second advantage of using flow cytometry and fluorescent substrates for
measuring SERT function is the translatability of these assays. This method of SERT
functional analysis does not require radioactivity (radiochemical assay) or complex
instrumentation (electrochemical methods). Flow cytometers are increasing prevalent in
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research and clinical environments; thus, investigators seeking to measure SERT function
can do so in conjunction with support from core facilities.
Another advantage is scalability. Fluorescent substrates such as APP+ and ASP+ are
used with a number of different fluorescence-based measurement techniques. For example,
if large numbers of compounds need to be tested with regard to inhibition of SERT function,
APP+ uptake methods for flow cytometry can be adapted for use with plate readers and 384well plates for high-throughput analysis (Jørgensen et al., 2008). Fluorescence microscopy
is another option for single-cell analysis. Microscopy is advantageous for investigating
subcellular localization of fluorescence and has been adapted for counting individual cells
(Solis et al., 2012, Chan et al., 2013, Karpowicz et al., 2013, Wilson et al., 2014).
Additionally, near real-time measurements can be carried out using fluorescent
substrates and flow cytometry (Beikmann et al., 2013). For example, different incubation
times can be used in conjunction with flow cytometry analysis. Plots of fluorescence vs.
time can be constructed to determine uptake rates. Currently, temporal resolution is on the
order of a few minutes by flow cytometry. However, future advances in technology are
likely to enable better temporal resolution of transporter function by this method.

2.5.3.2 Disadvantages
Along with being an advantage, the primary disadvantage of using flow cytometry to
measure SERT function lies in the fact that it requires the use of substrates that are nonnative for SERT. When using non-native substrates such as ASP+ or APP+, issues
surrounding non-specific uptake/binding are more complicated (Beikmann et al., 2013). In
transfected cells overexpressing SERT, this is not typically a problem because the
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corresponding non-transfected cells often exhibit low non-specific transport (Ahmed et al.,
2008, Beikmann et al., 2013). If the parent cell type shows a high degree of nonspecific
transport, the cell type for transfection can be changed to reduce contributions from
competing transporters. When working with primary blood cells, however, the potential for
transport by native unknown transport systems must be considered, as these systems may
have a comparable (or even better) affinity for the fluorescent substrate compared to the
transporter of interest, e.g., SERT.
A second disadvantage of using fluorescent substrates is the possibility of
photobleaching, which occurs when a fluorescent molecule is overexcited such that it loses
its fluorescent properties. Different molecules have differing abilities to resist
photobleaching. If quantitative measurements of SERT function are being conducted, it is
imperative to ensure that samples are treated similarly with regard to excitation times, as
photobleaching could inadvertently cause artificially reduced signals in samples exposed to
longer excitation.
Finally, unlike chronoamperometry and radiometric uptake, “actual” uptake rates
cannot be determined using flow cytometry since relative fluorescence is measured. Actual
substrate uptake can only be assessed if fluorescence (quantum yield) can be correlated with
a known number of substrate molecules. While fluorescent beads with a known numbers of
fluorophores exist for commonly used fluorphores and quantum dots (Buranda et al., 2011),
to date no quantitative calibration beads exist for APP+ or ASP+. With relative
measurements of uptake, care must be exercised when comparing SERT function in samples
from different experiments. One way to mitigate this disadvantage is to normalize sample
fluorescence to control samples, i.e., by comparing sample aliquots incubated with
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fluorescent substrate alone to those incubated with the fluorescence substrate in the
presence of a transporter inhibitor (Beikmann et al., 2013). While relative fluorescence may
vary from day to day, specific uptake remains relatively constant across experiments.

2.5.4 Significant Contributions
Although flow cytometry has been used extensively to study blood cells from a more
general perspective, its use in the investigation of SERT expression and function is still a
relatively new concept. To date, the majority of flow cytometry work on blood cell SERT
has involved studying SERT surface expression with specific antibodies (Meredith et al.,
2005, Yang et al., 2007, Babu et al., 2009, Chamba et al., 2010). Although contradicted by
an earlier study (O'Connell et al., 2006), the report by Yang et al. was an important first step
for understanding SERT expression in diverse blood cell populations. Still other studies
have sought to characterize SERT expression in lymphocytes from B-cell-derived malignant
cancer cell lines (Meredith et al., 2005). Meredith et al. used flow cytometry and a SERTspecific antibody to demonstrate that SERT expression is increased in a number of B-cell
lines derived from patients with cancers including Burkitt’s lymphoma, diffuse large B-cell
lymphoma, multiple myeloma, mantle cell lymphoma, and B-cell polylymphocytic leukemia
(Meredith et al., 2005). These findings, in conjunction with those on primary B-cells
conclude that this cell type expresses relatively low levels of SERT (Meredith et al., 2005,
Chamba et al., 2010) and have implications for understanding the use of SSRIs in the
treatment/control of multiple B-cell lymphomas(Serafeim et al., 2003).
Another significant contribution made through the use of flow cytometry has been
the ability to ascertain SERT function in different cell types in mixed cell populations
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(Beikmann et al., 2013). In contrast to our previous electrochemical studies that concluded
that significant SERT function is present primary lymphocytes (Singh et al., 2009, Singh et
al., 2012), our work employing flow cytometry showed that platelets and not lymphocytes
are the primary mediators of SERT function in Ficoll-separated blood cells (Figure 2-4B)
(Beikmann et al., 2013). The latter study has implications for interpreting previous
radiochemical studies (Faraj et al., 1994, 1997, Marazziti et al., 1998, Urbina et al., 1999,
Tafet et al., 2001, Hernández et al., 2002, Marazziti et al., 2003, Barkan et al., 2004, Barkan
et al., 2006a, Barkan et al., 2006b, Medina-Martel et al., 2013). Thus, even minute platelet
infiltration must now be considered as a complication of interpreting SERT function in
primary lymphocytes. We anticipate that the use of flow cytometry to characterize SERT
function in blood cells will increase given the specific advantages of this method. The
adoption of flow cytometry and other fluorescence-based methods will be aided by further
development of highly specific SERT fluorescent ligands (Tomlinson et al., 2007, Chang et
al., 2011, Tomlinson et al., 2011).

2.6 Summary/Future Prospects
2.6.1 Use of Each Assay
Here, we explored three different yet equally powerful techniques for determining
SERT function in blood cells. In examining the advantages and disadvantages of each, it
becomes clear there is no single optimal method. Instead, these methods are complimentary
to one another with each having the ability to shed light on a different “piece” of the puzzle
surrounding blood cell SERT function. One key to moving forward will be to apply each
technique to advantage. For example, when carrying out measurements of SERT function in
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LCLs, which are a pure, cultured cell population with low levels of SERT expression,
radiochemical methods appear optimal due to their high sensitivity for detecting uptake. By
contrast, if real-time, second-by-second measurements of SERT function are required and a
relatively pure population of cells with high SERT function is studied, e.g., platelets, then
electrochemical methods appear to be advantageous. If instead, mixed populations of blood
cells are under investigation, with some cells expressing high levels of SERT and others
expressing little to no SERT, then flow cytometry is likely to be the most favorable method.
The primary advantages and disadvantages of each technique are summarized in Table 2-2.
While these advantages hold true for the measurement of SERT function in blood cells,
determination in other cell types (such as transfected adherent cells or neuronal
synaptosomes) may alter some of these recommendations.

2.6.2 Advancing Techniques For Measuring SERT Function
Another important factor to consider is the ability of each technique to be used for
additional purposes related to understanding blood cell SERT. All of these techniques have
multiple forms/modifications that can be implemented to the study of SERT. For example, if
SERT surface expression needs to be determined, radiochemical uptake measurements can
be modified by replacing [3H]serotonin with a radiolabeled form of a SERT inhibitor, such
as [3H]paroxetine or [125I]RTI-55 (Singh et al., 2012). If the aim is to determine surface
SERT in mixed cell populations or at the single-cell level, APP+ can be replaced with the
quantum-dot conjugated SERT inhibitor IDT318 and flow cytometry (Beikmann and
Andrews, unpublished) or fluorescence microscopy (Chang et al., 2011), respectively. If
flow cytometry is unavailable, a fluorescence plate reader can be substituted (although in a
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limited fashion) with the same overall APP+ uptake protocol to assess SERT function.
Finally, if the goal is to study the release of serotonin, as opposed to its reuptake, FSCV or
amperometry can be substituted for chronoamperometry to allow for substrate identification
and the increased time resolution needed for release measurements (Ge et al., 2009, Ge et al.,
2011). .

2.6.3 Use of Peripheral SERT Function as a Biomarker in the Treatment of Peripheral
and Neuronal Disorders
An important future direction for the development of methods for measuring SERT
function lies in their potential to advance medicine. The development of diagnostic and
treatment-related assays for different disorders involving the serotonergic system will be
key to improving the lives of large numbers of patients affected by these disorders. A
potential correlation between peripheral and central SERT function has been established
(Rausch et al., 2005). Along these lines, we hypothesize that platelet SERT function can be
used as a diagnostic to predict antidepressant treatment response in patients with major
depressive disorder (Beikmann et al., 2013). Additionally, SERT function in peripheral
blood cells is being explored as a way to establish whether SSRIs are useful in treating
various blood cell lymphomas (Meredith et al., 2005). With the advent of new technologies,
such as cell-phone-based fluorescence microscopy (Zhu et al., 2011) or flow cytometry (Zhu
and Ozcan, 2013), the potential for the widespread and personalized use of peripheral blood
SERT functional assays for characterizing and treating disorders is limited only by
establishing the underlying biological relationships.
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2.6.4 Summary Remarks
In this review, we describe and compare three important methods currently used to
measure SERT function in blood cells. Comparing and contrasting these methods delineates
specific advantages and disadvantages for specific experimental objectives. Radiochemical,
electrochemical, and flow cytometry-based techniques can be viewed as complementary
since relatively unique strengths and weaknesses are associated with each method. As these
and other techniques are developed further, and in particular, fluorescent transporter-flow
cytometry assays, advances are anticipated to increase understanding of the roles played by
peripheral blood SERT function in the etiology, diagnosis, and treatment of peripheral and
central nervous system disorders involving the serotonin system.
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Figures
Figure 2-1: Representative illustration of a radiochemical uptake experiment in peripheral
blood cells. A) (Left panel) A mixed sample of lymphocytes (large circles) and platelets (small
circles) is injected with radiolabeled serotonin (middle panel). Transport of the radiolabeled
substrate causes the cells to emit measurable radiation (blue lines), which is the total signal due
to transport of radiolabeled serotonin. To determine the amount of nonspecific binding/transport
of radiolabeled serotonin, samples with a SERT inhibitor present are also incubated with
radiolabeled serotonin (right panel). The SERT inhibitor prevents SERT-specific uptake of
radiolabeled serotonin. The radioactivity in these samples (reduced number of blue lines) is due
to nonspecific binding. B) Representative graph of total uptake (dark blue line) vs. nonspecific
uptake (light blue line). The difference between total uptake and nonspecific uptake is SERT
specific uptake (green line).
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Figure 2-2: Representative illustration of a chronoamperometry experiment in
peripheral blood cells. A) An electrode placed in a mixed lymphocyte/platelet cell sample
(left panel) is allowed to establish a stable baseline (B; green line) prior to the addition of
serotonin. A known concentration of serotonin is then injected into the sample (middle
panel) and the rise in current is proportional to the concentration of serotonin in solution (B;
blue line). The current decreases over time as cells accumulate serotonin from the
extracellular space (right panel; red line). The decrease in serotonin concentration over time
is directly related to the function of SERT in the cell sample.
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Figure 2-3: Structures of common fluorescent substrates and their respective precursors.
APP+ is a fluorescent analog developed from the dopaminergic neurotoxin MPP+. Similarly, the
ASP+ is a fluorescent analog of t-THP, which is natively non-fluorescent. Both APP+ and ASP+
have been used to measure monoamine transporter function.
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Figure 2-4: Illustration of a typical flow cytometry experiment in peripheral blood cells.
A) Cell samples (left panel) are mixed with APP+ and the cells are allowed to transport this
substrate (middle panel). To determine nonspecific fluorescence, a SERT inhibitor is
incubated with cell samples prior to APP+ addition (right panel). Only platelets (small
circles) and not lymphocytes (large circles) show a reduction in APP+ transport in the
presence of a SERT inhibitor. B) A typical flow cytometry dot plot (left) with
accompanying gated population histograms (right). The dot plot consists of the forward
light scatter (y-axis) and APP+ fluorescence intensity (x-axis). Forward light scatter signal
is typically associated with cell size. The top population is lymphocytes, while the bottom
population consists of platelets. The background fluorescence (represented by the black
cells/histogram) of the samples is measured prior to APP+ addition (A; left panel). Total
APP+ fluorescence (A; middle panel) is then measured (green cells/histogram). The
fluorescence intensity increases (peak shifts right) after the cell samples have transported
APP+. In the presence of a SERT inhibitor (A; right panel), the platelet histogram but not
the lymphocyte histogram decreases in overall fluorescence intensity (blue cells/histogram).
This indicates that platelets and not lymphocytes are responsible for the majority of SERT
function in Ficoll-separated blood cell populations.
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Tables
Table 2-1: Evidence for SERT expression in different blood cell types.
* Designates that SERT was found only at low levels.
# All studies used Ficoll separation techniques.
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F
Cell Type

Platelets
(not comprehensive)

Positive
(Smith et al., 1978, Arora et al., 1983, Chou
et al., 1983, Komulainen, 1983, Lampugnani et
al., 1986, Lesch et al., 1993, Launay et al., 1994,
Marazziti et al., 1998, Greenberg et al., 1999,
Walther et al., 2003b, Jayanthi et al., 2005,
Rausch et al., 2005, Carneiro and Blakely, 2006,
Ahmed et al., 2008, Foley et al., 2011, Pavanetto
et al., 2011, Annamalai et al., 2012, Beikmann et
al., 2013, Myung et al., 2013)

Negative

No references found

For further review, see (Mercado and Kilic,
2010, Yubero-Lahoz et al., 2013)

Peripheral Blood
Mononuclear Cells
(PBMCs)#

T-Helper Lymphocytes
Cytotoxic TLymphocytes
B-Lymphocytes
Lymphoblast cell lines
(LCLs)
Granulocytes (mixed)
Neutrophils
Eiosinophils
Basophils

Radiochemistry/electrochemistry
(Faraj et al., 1994, 1997, Marazziti et al.,
1998, Urbina et al., 1999, Tafet et al., 2001,
Hernández et al., 2002, Marazziti et al., 2003,
Barkan et al., 2004, Barkan et al., 2006a, Barkan
et al., 2006b, Singh et al., 2009, Singh et al.,
2012, Medina-Martel et al., 2013)
Antibody staining
(Yang et al., 2007, Fazzino et al., 2008,
Rivera-Baltanas et al., 2012)

(Beikmann et al.,
2013)

(Yang et al., 2007, Fazzino et al., 2009)

(O'Connell et al.,
2006) (T-lymphocyte
subtypes not differentiated)

(Yang et al., 2007, Fazzino et al., 2008,
Fazzino et al., 2009)

(O'Connell et al.,
2006) (T-lymphocyte
subtypes not differentiated)

(Yang et al., 2007)
(Meredith et al., 2005, Chamba et al.,
2010)

No references found

*

(Lesch et al., 1996, Mössner et al., 2000,
Mössner et al., 2001, Glatz et al., 2003, Prasad et
al., 2005)

No references found

No references found

(Yang et al., 2007)

No references found

No references found

No references found

No references found

(Schneider et al., 2011)

No references found

Monocytes/Macrophages

(Rudd et al., 2005, Yang et al., 2007)

No references found

Dendritic Cells

(O'Connell et al., 2006, Babu et al., 2009)

No references found

Mast Cells

(Vega and Rudolph, 2002, Mashayekhi
Goyonlo et al., 2013)

No references found

.
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Table 2-2: Advantages and disadvantages associated with different methods of measuring
serotonin transporter function in blood cells.
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Radiochemical
Uptake

Electrochemistry

-Uses native substrate

-Uses native substrate

-High sensitivity

-Real-time
measurements of
transporter function

-High selectivity

-High time resolution
(ms to s)
-Can differentiate
between different
electroactive substrates

Advantages

Flow Cytometry
-Single cell fluorescence
measurements allow for
transport characterization
of different subpopulations
-Easily translatable across
labs
-Translatable across
techniques (such as
microscopy)
-Does not activate
autoreceptors allowing for
receptor/transporter
interaction characterization
--Substrate can usually be
stored as a solid for a long
duration of time
-Differentiates dead cells
during analysis

-Mixed samples allow
for the possibility of
cell/platelet
contamination
-Filtration of cells may
disrupt membranes

Disadvantages

-Radioactivity requires
special
training/handling/disp
osal
-Expensive substrate
with short shelf life

-Electrode fouling due to
serotonin and
cells/platelets (CFEs)

-Fluorescent substrate may
be transported by other
transporters

-Electrodes are difficult
to make (BDDs)

-Photobleaching

-Pooled sample
measurements
-High numbers of
cells/platelets needed to
measure transporter
function
-Cannot detect absolute
values of substrate in
tissue samples
(voltammetry methods)
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Chapter 3

Serotonin Uptake is Largely Mediated by
Platelets vs Lymphocytes in Peripheral Blood Cells

Note: This chapter has been published in its entirety as Beikmann BS, Tomlinson ID, Rosenthal SJ, and
Andrews AM, Serotonin uptake Is largely mediated by platelets versus lymphocytes in peripheral blood
cells. ACS Chem Neurosci (2013) 4:161-170.

3.1 Introduction
Uptake by serotonin transporters (SERT) is an important mechanism for serotonin clearance
from the extracellular space and one of a number of factors that regulates serotonergic
neurotransmission (Jennings et al., 2010, Hashemi et al., 2012). Serotonin transporters are the principal
pharmacologic targets of serotonin-selective reuptake inhibiting antidepressants (SSRIs) and are
believed to play a role in the etiology of neuropsychiatric disorders, including major depressive disorder
(MDD) (Vaidya and Duman, 2001, Tamminga et al., 2002), anxiety-related disorders (Stein et al.,
2006), and obsessive-compulsive disorder (Ozaki et al., 2003). The Sequenced Treatment Alternatives to
Relieve Depression (STAR*D) study, the largest U.S. clinical trial of its kind, evaluated treatment
response rates to common antidepressants in thousands of patients with MDD (Sinyor et al., 2010). The
results of this study indicated that only 30% of individuals diagnosed with MDD achieved remission
after initial treatment with an SSRI (Rush et al., 2009). With such low initial remission rates, it would be
highly advantageous for clinicians to determine which patients with MDD are likely to respond to SSRIs
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prior to treatment. Reduced [3H]-imipramine binding to SERT in platelets has been studied as a
potential biomarker for depression although after 30 years, consensus has not been reached as to whether
depressed individuals have lower platelet SERT binding (Marcusson and Ross, 1990, Owens and
Nemeroff, 1994). By contrast, far fewer studies have focused on SERT function and of these, only a
handful have investigated changes in SERT function during treatment (Urbina et al., 1999, Lima and
Urbina, 2002, Rausch et al., 2002, Axelson et al., 2005, Peña et al., 2005). To date, no studies have
focused on SERT function as a predictive measure of antidepressant treatment response.
Serotonin transporter regulation and function have been studied using radiometric assay,
voltammetry, or fluorescence microscopy in synaptosomes (Perez and Andrews, 2004, Perez et al.,
2006, Oz et al., 2010), platelets (Greenberg et al., 1999, Jayanthi et al., 2005), peripheral blood cells
(PBCs) (Singh et al., 2010, Singh et al., 2012), lymphoblasts (Lesch et al., 1996, Mössner et al., 2000,
Prasad et al., 2005), brain slices (Jennings et al., 2010), and in the intact brains of experimental animals
(Daws et al., 2007, Baganz et al., 2008, Zhu et al., 2010, Hashemi et al., 2012). Although SERT function
can be effectively measured by all of these methods, ambiguity arises when samples containing multiple
cell types, such as PBCs, are investigated due to the difficulty in assigning uptake to individual cell
types. Blood cells are of particular interest because they can act as peripheral biomarkers of SERT
function in neuropsychiatric diseases such as MDD (Leuchter et al., 2010, Singh et al., 2012).
Additionally, characterizing SERT function in PBCs may lead to better understanding of the role of
serotonin in immune cell function (O'Connell et al., 2006, Ahern, 2011), blood pressure regulation
(Watts et al., 2012), and lymphocyte malignancies (Meredith et al., 2005b, Chamba et al., 2010).
The gene that is responsible for SERT expression in the brain has been shown to code for SERT
in peripheral blood cells (Lesch et al., 1993, Ramamoorthy et al., 1993, Chen et al., 2001, Jayanthi et al.,
2005). Platelets are small 2-3 µM anucleate cell fragments derived from megakaryocytes that are
primarily responsible for hemostasis and blood clotting (Mercado and Fusun, 2010). Platelets have long
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been known to express SERT (Mercado and Fusun, 2010, Watts et al., 2012), and more recently,
dopamine transporter (DAT) expression has been identified in platelets (Frankhauser et al., 2006,
Mercado and Fusun, 2010). Serotonin transporter function has been characterized in platelets using
[3H]-serotonin with typical Km values reported in the nano- to micromolar range (Greenberg et al., 1999,
Rausch et al., 2005). Lymphocyte SERT (O'Connell et al., 2006, Yang et al., 2007) and DAT (Buttarelli
et al., 2006, Buttarelli et al., 2009) expression have also recently been described. Serotonin transporters
are reported to be expressed in primary B-lymphocytes (Yang et al., 2007), T-lymphocytes (Yang et al.,
2007), and mixed lymphocyte populations (Faraj et al., 1994, Yang et al., 2007, Cupello et al., 2009,
Rivera-Baltanas et al., 2010, Singh et al., 2010). However, others have failed to detect (or have detected
only small amounts of) SERT in B-lymphocytes (Meredith et al., 2005b, Chamba et al., 2010) and
T-lymphocytes (O'Connell et al., 2006). Human lymphoblastoid cell lines, which are Epstein Barr virusimmortalized B-lymphocytes, are also thought to express functional SERT and have been used to study
human SERT gene variants (Lesch et al., 1996, Mössner et al., 2000). Other immune cells, such as
monocytes (Yang et al., 2007) and dendritic cells (O'Connell et al., 2006), are thought to express SERT,
though these cells are rare, making them difficult to isolate in quantities necessary for studying uptake.
In light of the ambiguity surrounding SERT expression, particularly in lymphocytes, it is important to
determine the cell types primarily responsible for SERT function to improve future efforts aimed at
predicting/monitoring antidepressant responsiveness and to increase knowledge regarding the collective
effects of SERT gene polymorphisms on SERT function.
Here, we investigated the use of APP+, a fluorescent substrate for monoamine transporters
including SERT, DAT, and norepinephrine transporters (NET), in combination with flow cytometry to
delineate SERT function in mixed blood cell populations. An analog of the nonfluorescent dopaminergic
neurotoxin and DAT substrate 1-methylphenylpyridinium (MPP+), APP+ is a twisted intramolecular
charge transfer compound that fluoresces by adopting a planar conformation in hydrophobic or
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intercalated environments, i.e., when bound to biomolecules such as protein and DNA (Fig. 3-1). Using
flow cytometry to characterize APP+ fluorescence, we determined SERT function in mixed cell
populations where individual cell types were identified by differences in light scattering properties or
surface epitopes. Across three species, our findings indicate that platelets are the major contributors to
SERT function in peripheral blood cells.

3. 2 Experimental Procedures
3.2.1 Chemicals and Drugs
APP+ was synthesized and characterized at Vanderbilt University. Dulbecco's Modified Eagle
Medium (DMEM), fetal bovine serum (FBS), and propidium iodide were purchased from Life
Technologies (Grand Island, NY). Serotonin (5-HT), paroxetine (PRX), imipramine (IMI), NH4Cl,
KHCO3, Na2EDTA, DMSO, and prostaglandin E1 were purchased from Sigma-Aldrich (St Louis, MO).
Clomipramine (CMI) was purchased from Sigma Aldrich/RBI (Natick, MA). S-Citalopram (S-CIT) was
from Biotrend (Destin, FL). Penicillin/streptomycin was purchased from Fisher Scientific (Pittsburgh,
PA). Chemicals used for the assay buffer were purchased from VWR (West Chester, PA).

3.2.2 HEK293 Cells
Human embryonic kidney-293 cells (HEK293) and SERT-transfected HEK293 cells were
cultured until confluent at 37°C in 5% CO2 in Dulbecco's Modified Eagle Medium containing 10% FBS
and 1% penicillin/streptomycin. Prior to uptake experiments, cells were gently dissociated from the
bottoms of culture flasks using trituration with a serological pipet. Cell suspensions were centrifuged at
100 × g and resuspended in assay buffer (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2, 5 mM glucose,
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10 mM HEPES, 2 mM CaCl2; pH 7.4) (Singh et al., 2010). For real-time experiments, APP+ (3 µM)
was added 60 s after beginning fluorescence measurements. Uptake was monitored for an additional
10 min with fluorescence measurements averaged every 20 s. For saturation experiments, HEK293 cells
and HEK-SERT cells were incubated with different concentrations of APP+ (1.0-10.0 µM) at room
temperature for 10 min. Cells were then centrifuged at 100 × g and resuspended in fresh assay buffer.

3.2.3 Mouse Lymphocytes and Platelets
All procedures involving animals were carried out in accordance with National Institutes of
Health Animal Care and Use Guidelines and were approved by the Pennsylvania State University
Animal Care and Use Committee or the University of California, Los Angeles Chancellor’s Animal
Research Committee. For lymphocyte isolations, mice were euthanized by cervical dislocation and
spleens were rapidly removed and homogenized in 15 ml sterile 2% FBS in phosphate buffered saline
(2% FBS/PBS). Samples were homogenized using a glass mortar and 10-12 half turns with a Teflon
pestle. Homogenates were centrifuged at 500 x g and resuspended in 5 ml ACK lysis buffer (0.15 M
NH4Cl, 0.01 M KHCO3, 0.1 mM Na2EDTA, pH 7.2-7.4) to remove the majority of red blood cells.
Lysis was stopped by the addition of 40 ml cold 2% FBS/PBS. The lysis solution was removed by
centrifugation at 500 × g for 10 min. Cells were resuspended in 10 ml cold 2% FBS/PBS and filtered
through 40 µm mesh filters to obtain lymphocytes.
To isolate mouse platelets, trunk blood was collected into heparinized capillaries (Drummond
Scientific Company, Broomall, PA). Blood was pooled in 1.5 ml Eppendorf tubes and 1/2 volume
150 mM NaCl/10 mM HEPES/1 mM EDTA; pH 7.4 was added. Samples were centrifuged at 300 × g
for 15 min to isolate platelet rich plasma (PRP), which was removed and placed into fresh 1.5 ml
Eppendorf tubes. Prostaglandin E1 was added to PRP for a final concentration of 1 µM to inhibit platelet
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activation. Samples were centrifuged at 1000 × g for 10 min and platelet pellets were resuspended in
assay buffer prior to uptake measurements.

3.2.4 Rhesus and Human Peripheral Blood Cells
Whole blood was collected in 10 ml tubes containing 158 USP units of sodium heparin (BD
Vacutainer, Franklin Lakes, NJ). Blood was transferred into 50 ml conical tubes and PBS was added for
a total volume of 30 ml. Blood/PBS solutions were layered on 15 ml of Ficoll-Plaque solution (GE
Healthcare, Uppsala, Sweden) and centrifuged at 1400 × g for 20 min with no brake. The buffy layer
(containing peripheral blood mononuclear cells and platelets) was removed and washed twice with PBS
followed each time by a 15 min spin at 500 × g. Cells were resuspended in 90% FBS/10% DMSO and
placed into a Mr. Frosty™ (Thermo Scientific, Waltham, MA) freezing chamber overnight at -80 °C.
Just prior to experiments, cells were gently thawed for 2 min, then quickly poured into 12 ml fresh assay
buffer. Cells were centrifuged at 500 × g for 6 min. Supernatants were removed, and cells were
resuspended in assay buffer.
To isolate human platelet-rich plasma and lymphocytes, whole blood samples (20 ml) were
centrifuged at 200 × g for 15 min to pellet red blood cells and mononuclear cells. The PRP supernatants
were removed and placed into fresh centrifuge tubes. Prostaglandin E1 was added to a final
concentration of 1 µM to prevent platelet activation. Samples of PRP were centrifuged at 2500 × g for 5
min, washed once with 2 ml PBS, then centrifuged again at 2500 × g for 5 min. Platelets were
resuspended in assay buffer and used for chronoamperometry. For chronoamperometry experiments
using isolated lymphocytes, PBCs from Ficoll separations were washed with PBS (10 ml) three
additional times and centrifuged after each wash at 100 × g for 10 min to remove platelets.
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3.2.5 APP+ Uptake and Flow Cytometry
Following isolation, mouse, rhesus, or human peripheral blood cells were centrifuged for 10 min
at 500 × g. Supernatants were removed, and cells were resuspended in fresh 37 °C assay buffer.
Experiments for each treatment per animal were conducted in duplicate. Cells for all experiments were
counted manually using a hemocytometer. Cells were divided equally (106 cells/ml) into 1.5 ml
Eppendorf tubes and individual drugs or serotonin were added to specific tubes. Samples were placed in
a 37 °C incubator for 10-20 min to allow time for drug diffusion/binding. After preincubation, 1.5 µM
APP+ was added and samples were further incubated for 50 min at 37 °C. The concentration of APP+
used in PBC experiments was associated with maximal uptake above which non-specific fluorescence
increased substantially. Following incubation, cells were centrifuged for 10 min at 500 × g and
resuspended in fresh, cold assay buffer to terminate uptake. For temperature dependence experiments,
cells were incubated at 37 °C, 22 °C, or 4 °C prior to and during uptake of 1.5 µM APP+. Propidium
iodide was added to each sample prior to cytometric analysis to assay dead cells (Fig. 3-2). A Becton
Dickinson FACScalibur flow cytometer or a Coulter FC500 flow cytometer were used to carry out flow
cytometry. Propidium and iodide APP+ were excited with a 488 nm laser and fluorescence was
monitored at 520 nm for APP+ and 585 nm for PI.

3.2.6 Chronoamperometry
Experiments using chronoamperometry and boron-doped diamond electrodes were carried out as
previously described (Singh et al., 2010). Samples containing mouse splenocytes (~35 million cells),
human lymphocytes (~10 million cells), or human platelets (~350 million cells) were placed into single
wells of a 12-well plate in 2 ml assay buffer. Working and reference electrodes were stabilized in cells
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suspensions, after which serotonin was injected into each well at a final concentration of 750 nM.
Uptake was measured over 20 min followed by post-calibration.

3.2.7 Data Analysis
Flow cytometry data were analyzed using FCS Express (De Novo Software, Los Angeles, CA).
Propidium iodide fluorescence was analyzed to distinguish APP+ fluorescence associated with live cells.
Individual cell types have unique light scattering properties based on differences in cell size (forward
scatter) and granularity (side scatter). Gating on these properties, in combination with identification via
fluorescently labeled cell surface epitopes or dead cells, enables changes in APP+ fluorescence to be
analyzed in specific populations of cells (60). After selectively gating on lymphocytes or platelets,
median fluorescence intensities in the detector at the APP+ emission wavelength were used to determine
background fluorescence of cells in the absence of APP+. Sets of samples that were incubated with
drugs or serotonin included samples where APP+ was excluded to assess background fluorescence
associated with the drugs themselves. GraphPad Prism (GraphPad Software, La Jolla, CA) was used for
graphing and statistical analysis. Values are expressed as means ± standard errors of the means (SEM)
and are shown as relative fluorescence intensity or are expressed as percents of relative controls. Oneway analysis of variance (ANOVA) was used to analyze drug effects in lymphocyte and platelet
experiments. Tukey's post hoc multiple comparisons were used for individual group comparisons after
one-way ANOVA.
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3.3 Results and Discussion
3.3.1 Flow Cytometry and APP+ to Measure Serotonin Uptake
Real-time determination of SERT function was carried out using the fluorescent transporter
substrate APP+ (excitation 488 nm, emission 520 nm) in combination with flow cytometry. In HEK293
cells stably expressing SERT (SERT-HEK cells), fluorescence intensity associated with APP+ increased
linearly with time (Fig. 3-3A). Preincubation of HEK-SERT cells with paroxetine to inhibit SERT
reduced time-dependent fluorescence to levels in nontransfected cells.
Concentration-dependent APP+ uptake was investigated in SERT-HEK cells and compared to
nontransfected cells. Fluorescence associated with APP+ (1-10 µM) increased to a greater extent in
SERT-HEK cells compared to HEK cells lacking SERT (Fig. 3-3B). Nonspecific fluorescence in HEK
cells, indicative of nonspecific binding or uptake by low affinity cation transporters (Roth et al., 2012),
was subtracted from total fluorescence associated with SERT-HEK cells at each APP+ concentration to
determine specific uptake. These data indicate that APP+ undergoes specific transport in the presence of
SERT and that uptake kinetics can be investigating using this fluorescent substrate in combination with
flow cytometry.

3.3.2 SERT Function in Mouse Lymphocytes vs Platelets
After incubation with APP+, mouse lymphocytes showed increases in fluorescence compared to
lymphocytes that had not been incubated with APP+. To evaluate if increased fluorescence was due to
an active process, we examined the relationship between APP+ fluorescence and temperature.
Fluorescence was significantly decreased when cells were incubated at 22 °C, and was almost
completely abolished at 4 °C, compared to 37 °C (Fig. 3-4), suggesting that APP+ fluorescence in
mouse lymphocytes is associated with an active uptake process.
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Previously, we used chronoamperometry to quantify SERT function in mouse brain
synaptosomes (Perez and Andrews, 2004, Perez et al., 2006) and rhesus PBCs (Singh et al., 2010, Singh
et al., 2012). Here, we employed chronoamperometry to assess SERT function in mouse lymphocytes
isolated from spleen. Unlike rhesus PBCs, no evidence of uptake of serotonin from the extracellular
solution into lymphocytes was evident in the current vs time trace (Fig. 3-5A), indicating minimal SERT
function. To explore this apparent lack/low level of SERT function in lymphocytes further, we used
flow cytometry and APP+. Here, forward scatter of visible light gives information about cell size, while
side scatter provides information about cell granularity and surface complexity. Using information
inherent in the forward-scatter vs side-scatter plot (Fig. 3-5B), a population of cells known to be
lymphocytes (Fig. 3-6) was selectively gated in flow cytometry experiments. Incubation of mouse
lymphocytes with APP+ shifted the lymphocyte peak to the right, indicating increased fluorescence
intensity (Fig. 3-5C). However, co-incubating lymphocytes with APP+ and the serotonin-selective
uptake inhibitor paroxetine (1 µM) failed to shift the lymphocyte peak back to lower levels of
fluorescence (Fig. 3-5C). Furthermore, co-incubation of mouse lymphocytes with two other SERT
inhibitors, S-citalopram (1 µM) or clomipramine (1 µM) similarly failed to inhibit APP+ uptake (Fig. 35D). High concentrations of serotonin (500 µM) were also unable to compete with APP+ uptake.
Together, these data show that APP+, but not serotonin, is actively transported by mouse lymphocytes;
however, APP+ uptake is not occurring via SERT.
Compared to lymphocytes, platelets are known to have high levels of SERT protein (Greenberg
et al., 1999, Jayanthi et al., 2005, Cupello et al., 2009), and to take-up (Greenberg et al., 1999, Jayanthi
et al., 2005) and to release serotonin (Ge et al., 2009, Ge et al., 2011). We investigated uptake of APP+
by flow cytometry in platelet-rich plasma isolated from mice and observed that lower concentrations of
paroxetine (100 nM) or S-citalopram (100 nM) inhibited APP+ uptake into mouse platelets (Fig. 3-7).
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3.3.3 Rhesus and Human Platelets But Not Lymphocytes Exhibit Measureable SERT Function
To determine if the lack of SERT function in mouse lymphocytes was species-specific, we
examined APP+ uptake in PBCs isolated from human or rhesus whole blood. Additionally, we used
chronoamperometry to measure SERT function in human platelet-rich plasma vs human PBCs that were
extensively washed to remove platelets. A comparison of the results obtained by both methods is shown
in Figure 5. Using chronoamperometry, clearance of serotonin by human platelets was readily observed
at a rate of 0.46 ± 0.1 pmol/106 platelets-min (Fig. 3-8A), whereas in isolated lymphocytes, uptake was
minimal to nonexistent, i.e., the change in serotonin-current over 20 min was <10% (Fig. 3-8B).
Co-incubation of human PBCs with APP+ and paroxetine, citalopram, clomipramine, or
serotonin failed to show evidence of SERT-specific uptake when lymphocytes were selectively analyzed
(Figs. 3-8D and 3-9A). Interestingly, high concentrations of imipramine (100 µM), which have been
used to inhibit serotonin uptake in lymphoblasts (Lesch et al., 1996), reduced APP+ uptake in human
lymphocytes by approximately 40% (Fig.3-9A). However, at this concentration, imipramine is likely to
interact nonselectively with unknown transporters, in addition to SERT (Ki (SERT) = 140 ± 40 nM
(Wood et al., 1986)). Similarly, co-incubations of rhesus PBCs with APP+ and two different
concentrations of S-citalopram (100 nm, 1 µM) or serotonin (500 µM) were used to investigate SERTspecific uptake by flow cytometry. Consistent with mouse and human lymphocyte experiments,
selective gating for rhesus lymphocytes showed APP+-associated fluorescence, but this was independent
of SERT (Fig. 3-9C).
Peripheral blood cells isolated from whole blood, as opposed to lymphocytes from spleen,
contain large numbers of platelets, in addition to mononuclear cells such as lymphocytes. In flow
cytometry, the platelet population can be distinguished from the lymphocyte population on the basis of
light scattering characteristics (Fig. 3-8C) and dead cells of all types can be identified via propidium
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iodide staining (Fig. 3-2). Furthermore, platelets can be distinguished from lymphocytes through the use
of cell-specific surface markers (Fig. 3-10). Concurrent with lymphocyte uptake, we examined APP+
transport by human and rhesus platelets in PBC preparations. Paroxetine, S-citalopram, and
clomipramine reduced human and rhesus platelet APP+ uptake to <5% and <20% of total uptake,
respectively, confirming that the majority of APP+ uptake in platelets is mediated by SERT (Fig. 3-8E
and Fig. 3-9B, D). Furthermore, in contrast to lymphocytes, serotonin competed effectively for APP+
uptake in platelets.
The primary finding of the present study is that platelets, not lymphocytes, contribute to the
majority of SERT function in Ficoll-separated peripheral blood cells. Others and we have previously
reported that lymphocytes and lymphoblastoid cell lines express functional SERT (Lesch et al., 1996,
Mössner et al., 2000, Yang et al., 2007, Singh et al., 2010, Hohmann et al., 2011). However, the
chronoamperometry and flow cytometry results presented here are not in strong agreement with prior
findings. It is possible that lymphocytes express SERT but that in non-activated or non-malignant cells,
surface SERT localization is absent or present only in very low amounts. Others have failed to detect the
presence of surface SERT on lymphocytes (O'Connell et al., 2006). The promiscuity of APP+ for other
transporters might also interfere with the ability to detect small changes in APP+ fluorescence associated
with low levels of SERT function, although the chronoamperometry findings using the native substrate
for SERT (serotonin) do not support this idea. Fluorescence-activated cell sorting (FACS) to isolate
lymphocyte and platelet fractions will be used in the future to compare relative surface SERT protein
levels across different cell populations.
An additional finding is the probability of an unidentified transporter on lymphocytes that takesup APP+. In platelets, we hypothesize that SERT contributes to the majority of APP+ uptake because
almost complete inhibition of uptake was observed in the presence of SERT inhibitors (Table 3-1).
However in lymphocytes, uptake of APP+ was not inhibited by co-incubation with SERT inhibitors.
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Furthermore, although other labs have found evidence of DAT (Buttarelli et al., 2006, Buttarelli et al.,
2009) and NET (Mata et al., 2005) expression in lymphocytes, DAT and NET inhibitors failed to reduce
APP+ fluorescence (data not shown). Low affinity/high capacity organic cation transporters (OCT) can
transport positively charged substrates like APP+ (Roth et al., 2012). Moreover, OCT-3 has been shown
to transport serotonin at high concentrations under conditions of low SERT capacity (Baganz et al.,
2008, Daws, 2009). Since OCT-3 expression has not been explored in lymphocytes, we carried out
preliminary experiments with APP+ and co-incubation with the OCT-3 inhibitor decynium-22.
However, decynium-22 fluoresces at the emission wavelength used to detect APP+ (520 nm)
complicating evaluation of its inhibitory potency by flow cytometry. Nonetheless, a high concentration
of serotonin failed to inhibit APP+ uptake into lymphocytes arguing against a role for OCT-3.
The use of flow cytometry has multiple advantages over other techniques to study monoamine
transporter function. Flow cytometry enables transporter function to be differentiated in mixed cell
populations on the basis of cell type. Using light scattering properties or fluorescent antibody labeling of
cell-surface markers, different cell populations can be identified and analyzed with respect to APP+associated fluorescence. Radiometric uptake, voltammetry, or analysis of fluorescent substrates using
microplate readers require that distinct cell populations be separated since these methods can not
differentiate uptake by cell type. Furthermore, fluorescence associated with individual cells is measured
by flow cytometry enabling variance within cell populations to be evaluated. Further, flow cytometry is
optimized for cells such as lymphocytes that grow suspended in media, unlike HEK293 cells, which are
adherent cell lines used in transfection and overexpression studies.
Although radiometric methods are a cornerstone for studying transporter function, the goals and
limitations of particular types of experiments must be considered. Moreover, fluorescence-based
techniques have already replaced radiometric methods to advantage in many important areas, e.g., DNA
sequencing, gene expression analysis. There are multiple benefits associated with using a fluorescent
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substrate for monoamine transporters. For example, receptor modulation of transporter function can be
differentiated based on the selectivity of nonnative substrates vs endogenous substrates for transporters
over receptors. Others have shown using ASP+, another fluorescent MPP+ analog (Fig. 3-1), that DAT
is regulated by activation of D2 and D3 dopamine receptors (Bolan et al., 2007). Unlike dopamine,
ASP+ interacts selectively with DAT vs dopamine receptors. Similarly, flow cytometry, in combination
with APP+, could be used to examine SERT/5-HT1A receptor interactions in immune cells (Meredith et
al., 2005a). There are some drawbacks to using APP+, which is a promiscuous substrate for multiple
transporters. While, APP+ can be used to study the function of multiple transporters, in native cells that
express multiple transporters capable of APP+ transport, experiments must be carefully designed. This is
evidenced by the findings of temperature-dependent yet SERT-independent APP+ uptake in
lymphocytes.
The use of peripheral blood cells as biomarkers for central nervous system function has the
potential to impact the diagnosis and treatment of neuropsychiatric disorders. Others have begun to
examine immune cells as biomarkers for neurological diseases such as Parkinson's disease (Pellicano et
al., 2007), multiple system atrophy (Buttarelli et al., 2009), and amyotrophic lateral sclerosis (Buttarelli
et al., 2006). We are currently investigating SERT function using chronoamperometry in PBCs from
patients with MDD to predict treatment effectiveness. By looking directly at SERT function, we hope to
circumvent the need to identify and to understand the contributions of a large number of known and
unknown genetic factors that may influence antidepressant responses. Unlike chronoamperometry, flow
cytometry is commonly found in most major clinical and research centers enabling biomarker assays to
be put into clinical practice faster and with more ease (Leuchter et al., 2010). Moreover, a miniaturized
fluorescent microscope and flow cytometer coupled to a cell phone have been recently demonstrated and
could form the basis of future personalized medicine/remote analysis approaches (Zhu et al., 2011a, Zhu
et al., 2011b). Understanding the relationship between pretreatment SERT function (Leuchter et al.,
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2010, Singh et al., 2012) or changes in uptake occurring early in treatment (Leuchter et al., 2009) and
therapeutic outcomes might give clinicians the ability to prescribe certain classes of drugs for different
patients with greater reliably. With high treatment uncertainty in current approaches, these types of
advances are necessary for the realization of personalized medicine.
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Figures
Figure 3-1: Chemical structures for (I) APP+, (II) MPP+, and (III) ASP+. APP+ and ASP+ are
analogs of the nonfluorescent dopaminergic neurotoxin MPP+, which is a DAT substrate. APP+ (US
Patent #7947255) is a substrate for SERT, DAT, and NET. Similar to ASP+ (Mason et al., 2005), APP+
will fluoresce after being taken up into the intracellular environment and intercalating with biomolecules
so as to adopt a planar configuration.
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Figure 3-2: Propidium iodide (PI) staining to identify dead peripheral blood cells. (Left) Forwardscatter (FSC-H) vs PI fluorescence (excitation 488 nm; emission 585 nm) in peripheral blood cells in the
absence of PI. Cell membranes of live cells are impermeable to PI. (Right) In the presence of PI, dead
cells show fluorescence associated with PI due to membrane permeation and DNA intercalation. All
samples for IDT307 uptake were analyzed in parallel with similar samples stained with PI to enable
fluorescence associated with dead cells to be subtracted prior to analysis of IDT307 fluorescence.
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Figure 3-3: Serotonin transporter (SERT) function is determined by the fluorescent substrate
APP+ and flow cytometry. A) Time course of uptake of APP+ (3 μM) in SERT-transfected HEK293
cells (SERT-HEK). Fluorescence associated with APP+ is minimal in cells not expressing SERT (HEK)
and in SERT-HEK cells co-incubated with the SERT inhibitor paroxetine (PRX; 1 μM). B) Fluorescence
at different concentrations of APP+ (1-10 μM) in SERT-HEK cells. Specific uptake is the difference
between total uptake in SERT-HEK cells and nonspecific uptake in HEK cells. Data (N=5-6 per point)
are expressed as means ± SEMs, the latter of which are too small to be pictured in some cases. Each
sample contained 106 HEK cells. Fluorescence intensity is in relative fluorescence units.
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Figure 3-4: Uptake of APP+ in mouse lymphocytes is temperature-dependent. Fluorescence
associated with APP+ was significantly decreased when incubations were carried out at lower
temperatures over 50 min. **P<0.01 and ***P<0.001 vs 37 °C, ††P<0.01 vs 22 °C. N=3 per
temperature.
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Figure 3-5: Mouse lymphocytes show little evidence of SERT-specific uptake. A) Real-time uptake
was monitored by chronoamperometry and shows a lack of clearance of extracellular serotonin by
mouse lymphocytes (N=4; SEMs in gray). Arrow represents time of serotonin injection.
B) Representative forward-scatter (FSC-H) vs side-scatter (SSC-H) flow cytometry data for cells
isolated from mouse spleen. Lymphocytes (red) are gated based on scattering characteristics determined
previously in cells selectively isolated using immuno-magnetic bead separation (Fig. S3). Other cell
populations are doublets (above lymphocyte population) or red blood cells, debris, etc. (below
lymphocyte population). C) Histograms of APP+-associated fluorescence in mouse lymphocytes
incubated without APP+ (black), with APP+ alone (green), or with APP++1 µM PRX (navy blue), 1 µM
S-CIT (blue), or 1 µM CMI (light blue). Histograms for samples co-incubated with uptake inhibitors
overlap. D) Fluorescence associated with APP+ uptake is not significantly altered by co-incubation with
SERT inhibitors or serotonin (5 HT; 500 µM) (N=3-9 per condition).
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Figure 3-6: Identification of mouse lymphocytes by magnetic bead separation. Magnetic bead
separation using mouse splenocytes was conducted as described in the supplementary methods section.
After magnetic bead isolation of mouse B-lymphocytes, two cell populations are primarily visible (left).
PI staining of the sample (right) shows that the lower population is dead cells, whereas the upper
population is viable lymphocytes.
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Figure 3-7. Mouse platelets exhibit robust SERT function. A) Representative side-scatter (SSC-H) vs
APP+ fluorescence intensity (APP+) plot of platelets incubated without APP+ (light gray), with APP+
(green) or with APP+ in the presence of 100 nM paroxetine (dark gray). B) Uptake of APP+ is
significantly decreased in the presence of the SERT-specific inhibitors paroxetine (PRX) or
S-citalopram (S-CIT) in mouse platelets (106 cells/sample). *P<0.05 vs APP+ alone; N=5-8 mice.
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Figure 3-8: Human platelets but not lymphocytes show evidence of functional SERT.
A) Chronoamperometry monitoring of changes in extracellular serotonin concentration in human
platelet samples (N=3) shows complete clearance of serotonin. Shown in gray are SEMs for
chronoamperometry data. Arrow indicates time of serotonin injection. B) Lymphocyte samples (N=4)
show negligible uptake of serotonin. C) Representative forward-scatter (FSC-H) vs sidescatter (SSC-H)
flow cytometry plot indicating gating based on known scattering characteristics for lymphocytes and
platelets. D) Fluorescence histogram plot gated for lymphocytes shows that fluorescence increases after
incubation in the presence (green) vs absence (black) of APP+. However, APP+-associated fluorescence
in human lymphocytes is not altered by co-incubation with the SERT inhibitors paroxetine (100 nM;
dark gray), S-citalopram (100 nM; blue), or clomipramine (100 nM; lavender). E) By contrast, APP+associated fluorescence in human platelets is decreased by 80-90% in the presence of the same
concentrations of SERT inhibitors.
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Figure 3-9: Comparison of lymphocyte vs platelet uptake of APP+ in mixed blood cell populations
by flow cytometry. Peripheral blood cell samples isolated from humans or rhesus monkeys containing
both platelets and lymphocytes were analyzed for APP+ uptake by flow cytometry. A) SERT-specific
function is not detectable in human lymphocytes using the SERT inhibitors paroxetine (PRX; 100 nM),
S-CIT (100 nM), or clomipramine (CMI; 100 nM), or 5-HT (500 µM). A high concentration of
imipramine (IMI; 100 µM) caused a modest decrease in APP+ uptake in human lymphocytes. B) By
contrast, human platelet SERT function is almost completely abolished in the presence of the same
concentrations of inhibitors used in human lymphocytes. C) APP+-associated fluorescence (green bar)
in rhesus lymphocytes is not inhibited by different concentrations of S-citalopram (S-CIT) or serotonin
(5-HT; 500 µM). D) Similar to human platelets, rhesus platelet APP+ uptake is significantly inhibited by
S-CIT or 5-HT. **P<0.01 and **P<0.001 vs control. N=3-6 samples per condition.
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Figure 3-10. Identification of lymphocytes by cell-surface specific antigens in rhesus peripheral
blood cells. A) Representative forward-scatter vs side-scatter plot of rhesus PBCs. B) Rhesus
lymphocytes (top quadrants), but not platelets (bottom quadrants), exhibit 100× greater fluorescence in
the presence of fluorescently-labeled CD3 antibodies (FL1-H) or C) CD45 antibodies (FL2-H). CD3 (Tcells) and CD45 (leucocytes) are cell-surface antigens that are specific to lymphocytes vs platelets.
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Tables
Table 3-1. Summary of effects of SERT inhibitors in lymphocytes vs platelets from different
species. Fluorescence associated with APP+ in samples co-incubated with various transporter inhibitors
or serotonin (5-HT) is expressed as a percent of fluorescence measured in samples incubated with APP+
alone. Inhibitor concentrations are in parentheses, with concentrations in lymphocytes listed first. Values
are means ± SEMs. *P<0.05 and ***P<0.001 vs APP+ alone.
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Chapter 4

Serotonin Transporter Function in
Primary and Transformed Lymphocytes

4.1 Introduction
The serotonin transporter (SERT) is a 12-transmembrane domain transporter protein that
plays a major role in the clearance of serotonin (5-HT) from the extracellular space thereby
regulating chemical neurotransmission (Murphy and Lesch, 2008, Jennings et al., 2010, Hashemi
et al., 2012). Serotonin transporters are primary targets for selective serotonin reuptake inhibitors
(SSRIs) and have been implicated in the pathophysiology and treatment of multiple
neuropsychiatric disorders including anxiety disorders and major depressive disorder (MDD)
(Vaidya and Duman, 2001, Lang and Borgwardt, 2013, Murphy et al., 2013b).
The SERT gene, solute carrier family 6 subfamily A member 4 (SLC6A4), has been
shown to regulate SERT expression in neuronal and peripheral tissues (Lesch et al., 1993, Chen
et al., 2001, Singh et al., 2012, Gershon, 2013). Numerous SERT gene polymorphisms, including
the triallelic serotonin transporter-linked polymorphic region (5-HTTLPR)/rs25531 single
nucleotide polymorphism (SNP) and the Ile425Val (I425V) SNP, have been hypothesized to
influence SERT expression and/or function (Kilic et al., 2003, Hu et al., 2006, Murphy and
Lesch, 2008, Murphy et al., 2013a). While rare, the I425V polymorphism confers a SERT gainof-function and has been associated with obsessive-compulsive disorder, Tourette's disorder, and
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congenital renal disorders (Kilic et al., 2003, Ozaki et al., 2003, Prasad et al., 2005, Moya et al.,
2013). Furthermore, genetic polymorphisms in SERT such as the 5-HTTLPR have been related
to the etiology and treatment of depression, however many of these findings remain controversial
(Jonassen and Landrø, Kraft et al., 2007). With recent studies such as the Sequenced Treatment
Alternatives to Relive Depression (STAR*D) trial showing that only approximately 30-40% of
individuals with major depression respond to initial SSRI treatment (for review, see (Rush et al.,
2009, Sinyor et al., 2010)), it would be highly advantageous to develop a peripheral biomarker
that would enable better prediction of individual SSRI response prior to treatment.
Peripheral blood cells have been studied as biomarkers, which are indicators or processes
useful for diagnosing disease states or predicting treatment responses (Schmidt et al., 2011).
Some proteins, such as SERT, which are thought to influence brain disorders are expressed in
neurons and blood cells (Lesch et al., 1993, Chen et al., 2001). Due to the clinical difficulties and
ethical implications of obtaining and studying living human brain tissue, blood cells (often
lymphocytes or platelets) may be useful as peripheral biomarkers of brain neurons. To date,
lymphocytes and platelets have been used in the study of a number of common neuropsychiatric
disorders including generalized anxiety disorder (Lesch et al., 1996, Hernández et al., 2002),
depression (Urbina et al., 1999, Rausch et al., 2002, Rivera-Baltanas et al., 2012), autism (Prasad
et al., 2005), obsessive-compulsive disorder (Marazziti et al., 2003), aggressive schizophrenia
(Barkan et al., 2006b), and social phobia (Barkan et al., 2006a). While primary lymphocytes are
candidates for use as surrogates for central nervous system cells, their availability and limited
cell numbers can sometimes be limiting factors. To this end, Epstein-Barr transformed human
lymphocytes (also known as lymphoblasts or lymphoblastoid cell lines; LCLs) are sometimes
used in place of primary lymphocytes.
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Lymphoblast cell lines have been used extensively as sources of immortalized human
cells in research on pharmacogenomics, proteomics, oncology, neurological disorders, and for
the study of mitochondrial function (for review see (Sie et al., 2009). Unlike primary blood cells,
which are isolated and directly used for experiments, LCLs are B-lymphocytes that have been
transformed with Epstein-Barr virus after isolation. Transformation enables indefinite growth in
culture and storage by viable freezing. Lymphoblast cell lines provide several advantages to
using primary or non-native transfected cells, including lack of repeated blood draws, an almost
infinite source of genetic material, preservation of cell lines expressing rare genotypes, and nearnative cells that require minimal/no external agents for continued growth in culture (such as PKC
activators). There are drawbacks to LCLs, however, including possible changes in gene
expression and incomplete immortalization (Sie et al., 2009) that may affect use of these cells as
biomarkers. For these reasons, it is important to distinguish between EBV-transformed
lymphoblasts and primary lymphocytes.
Platelets and LCLs have been shown to express SERT (Arora et al., 1983, Lesch et al.,
1993, Lesch et al., 1996, Greenberg et al., 1999, Mössner et al., 2000, Mercado and Kilic, 2010),
whereas primary lymphocyte SERT expression is debated (Meredith et al., 2005, O'Connell et
al., 2006, Yang et al., 2007, Chamba et al., 2010, Beikmann et al., 2013). Although platelet
SERT expression has been extensively studied over the last few decades, their aneucleate nature
has led to the hypothesis that lymphocytes may be a better biomarker of human SERT gene
regulation, transcription, translation, expression, and function. Radiometric binding and uptake
techniques have long been the cornerstone for measuring SERT expression and function in
nervous system and peripheral tissue preparations. Although highly sensitive, radiometric assays
have several drawbacks including high cost, lack of time-resolved measurements, the need for
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additional training, and increased personal risk due to the use of radioactive material.
Additionally, radiometric measurements represent the aggregate of SERT function by a large
number of cells in a single sample, as single cell radiometric measurements are not currently
possible (Schwartz et al., 2006). Tissue durability must also be considered prior to using
radiometric assays as sample filtration can cause membrane disruption, leading to inaccurate
measurements (Perez and Andrews, 2005, Perez et al., 2006). These drawbacks hinder use of
radiometric assays for investigators and clinical laboratories that may not specialize in studying
monoamine transporters.
We have utilized electrochemical and fluorescence-based techniques to evaluate SERT
function and expression in peripheral blood cells (Singh et al., 2009, Singh et al., 2012,
Beikmann et al., 2013). Chronoamperometry, is an electrochemical method that involves
applying a 1-Hz square-wave potential to a working electrode to oxidize extracellular serotonin
and to produce a measurable current that is directly proportional to the concentration of serotonin
present in solution. When cell samples are incubated with known concentrations of serotonin,
clearance of serotonin from solution by the cells can be measured in real time, enabling SERT
function to be determined. Flow cytometry, on the other hand, involves the use of a fluorescent
transporter substrate (ASP+ or APP+) (Beikmann et al., 2013) or a fluorescent transporter ligand
(IDT318) (Chang et al., 2011) to assess SERT function or cell surface expression, respectively.
The substrate APP+ (as also referred to as IDT307 (Beikmann et al., 2013)) is an MPP+-derived
analog that can be transported by SERT, dopamine transporters (DAT), and norepinephrine
transporters (NET) (Jørgensen et al., 2008). Similar to APP+, the fluorescent substrate ASP+ has
been used to characterize DAT and NET function, but has been debated as a SERT substrate (Oz
et al., 2010, Oz et al., 2012, Solis et al., 2012). Although the native substrate for SERT
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(serotonin) cannot be used in flow cytometry because it lacks sufficient fluorescence, this
technique has the advantage of assessing SERT function on a cell-by-cell basis, which is
beneficial for studying mixed cell populations (Beikmann et al., 2013). Additionally, the use of
SERT-transported fluorescent compounds greatly expands the flexibility of functional assays, as
fluorescent plate readers (Jørgensen et al., 2008) and fluorescent microscopy (Karpowicz et al.,
2013) can also be used to gain information on SERT function. These complementary techniques
enable a more comprehensive picture of SERT function in blood cells to be developed.
We previously reported that primary human lymphocytes have little to no observable
SERT function when using non-radiometric transport functional assays (Beikmann et al., 2013).
In this study, we further used chronoamperometry and flow cytometry to compare SERT
function in LCLs with non-native SERT-transfected HEK293 cells (HEK-SERT) and native
SERT expressing platelets.
Assessing SERT function in LCLs is important for two reasons; 1) to determine if LCLs
can be used as peripheral biomarkers for SERT function and 2) to study the effects of complex
SERT genotypes on uptake in a near-native human cell expression system. Here, we investigated
other possible immune cell transporters of APP+ to elucidate the nonspecific transport
mechanism of APP+ into LCLs. We then carried out a direct comparison of APP+ transport in
LCLs and platelets with uptake of the fluorescent substrate ASP+. Finally, we used the novel
SERT ligand IDT318 to compare surface SERT expression across primary, transformed, and
non-native SERT-transfected cell types. Together, the results of these studies increase
information on SERT function in PBCs and highlight advantages and disadvantages to using
non-radiometric methods such as flow cytometry and chronoamperometry to assess SERT
function in native SERT expressing cell types.
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4.2 Methods
4.2.1 Materials
Lymphoblast

cell

lines

were

obtained

from

the

Coriell

Cell

Repository

(http://ccr.coriell.org/) and the New Jersey Center for Tourette Syndrome Sharing Repository
(http://www.tourettesyndromeresearch.org/). Cell culture reagents were purchased from Life
Technologies (Grand Island, NY). Lymphoblast cell lines were selected to assess SERT function
with respect to the 5-HTTLPR, i.e., all lines contained the "A" allele of rs25531 and I425V.
Other polymorphisms (such as rs25532) were controlled for prior to beginning experimentation
by selecting cell lines that had similar genotype backgrounds. Chemical reagents were purchased
from Sigma Aldrich (St. Louis, MO) or VWR (West Chester, PA). Blood collection tubes were
obtained from Becton, Dickinson and Company (Sparks, MD).

4.2.2 Cell Culture
Lymphoblasts were cultured in RPMI 1640 media with 15% FBS and 1% 10,000 units/ml
penicillin/10,000 µg/ml streptomycin in an incubator maintained at 37°C/5% CO2. HEK293 cells
and HEK-SERT cells were cultured in DMEM medium with 10% FBS and 1% 10,000 units/ml
penicillin/10,000 µg/ml streptomycin. Stably transfected HEK-SERT cell media used 0.5% G418
as a selection agent.

4.2.3 Platelet Isolation
Whole blood (10 ml) collected in green-top (sodium heparin) tubes was centrifuged at
200 × g for 15 min to separate white and red blood cells from platelet-rich plasma (PRP). Platelet
rich plasma was removed and prostaglandin E1 (1 µM final concentration) was added to prevent
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platelet activation. Platelet rich plasma was centrifuged at 2500 × g for 5 min, after which plasma
was discarded and platelets were resuspended in 5 ml Ca++/Mg++-deficient phosphate buffered
saline (PBS; Life Technologies, Waltham, MA). Samples were then centrifuged at 2500 × g for
5 min and resuspended in the appropriate buffer.

4.2.4 LCL and HEK293 Sample Preparation
Cells were pooled (usually 2-3 flasks/experiment) to obtain the numbers of cells needed
to produce measurable uptake (either 10 million or 25 million cells/sample depending on the
experiment). Cells were pelleted by centrifugation at 100 × g for 10 min, washed once with PBS,
and resuspended in lymphocyte assay buffer (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2·6H2O,
5 mM glucose, 10 mM HEPES, 2 mM CaCl2·2H2O in H2O, pH 7.4) for uptake experiments or
PBS for IDT318 experiments.

4.2.5 Chronoamperometry
Chronoamperometry was conducted as previously published (Singh et al., 2009, Singh et
al., 2012, Beikmann et al., 2013). Each cell sample (10 or 25 million cells; 25 or 600 million
platelets) was placed in a single well of a 12-well-plate containing a boron-doped diamond
microelectrode (BDM) (working electrode) and a Ag/AgCl reference electrode. A 1-Hz squarewave potential (0.8 V) was applied to the working electrode and the current was allowed to
stabilize. Serotonin (0.5 µM) was injected into each well, and the change in current over time
was measured for 20 min. The current is directly proportional to the instantaneous concentration
of extracellular serotonin. Serotonin clearance was monitored and its rate of uptake was
calculated using Labview software developed in-house (ChronoAmp, Yogesh S. Singh). Pre- and
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post-calibrations were conducted with the post-calibration used to determine the current to
concentration ratio.

4.2.6 APP+/ASP+ Assay
After isolation/washing, samples were transferred to pre-warmed assay buffer and
allowed to incubate at 37 °C for 10 min. For samples containing inhibiting drug, the drugs were
added to samples and preincubated for 10 min. The fluorescent substrate APP+ or ASP+ was
then added to the samples (1.5 µM final concentration) and samples were incubated at 37 °C
(15 min for platelets and HEK-SERT cells; 45 min for LCLs). After incubation, samples were
centrifuged (100 × g for 10 min for LCLs/HEK-SERT cells, 2500 × g for 5 min for platelets).
The supernatant was removed and cells were resuspended in 0.5 ml fresh assay buffer for flow
cytometry analysis. Propidium iodide was added to cell samples as a viability indicator.

4.2.7 IDT318 Assay
After isolation/culture, samples were centrifuged and resuspended in PBS for IDT318
binding. Samples were pre-warmed at 37 °C. The SERT inhibitor paroxetine (PRX; 1 µM) was
added to the appropriate samples and samples were incubated for 20 min prior to IDT318
addition. Samples were then incubated with IDT318 (500 nM) at 37 °C for an additional 20 min.
Samples were then washed once with PBS and resuspended in blocking media (2 mg/ml bovine
serum albumin in PBS). Sample blocking was carried out for 20 min at room temperature.
Afterwards, 705 nm Qdot® probes (0.5 nM final concentration; Invitrogen, Carlsbad, CA) were
incubated with the samples for 5 min. The QDot® probes are conjugated to a streptavidin group
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that interacts with the biotin group present on IDT318 (Chang et al., 2011). Samples were
washed and resuspended in PBS prior to flow cytometry analysis.

4.2.8 SERT mRNA Levels
Serotonin transporter mRNA levels were quantified in LCL and HEK-SERT samples as
previously published (Singh et al., 2012). Briefly, isoamyl/chloroform phase separation and
isopropanol precipitation were used to isolate mRNA. Synthesis of cDNA was carried out using
a high capacity cDNA reverse transcription kit (Life Technologies, Grand Island, NY).
Serotonin transporter specific probes and primers (sequences reported in (Singh et al., 2012))
with two control genes (ß-actin and glyceraldehyde 3-phosphate dehydrogenase) were used with
real-time quantitative PCR (RT-qPCR) to assess mRNA levels.

4.2.9 Data Collection and Analysis
Chronoamperometry data was collected using an EI-400 bipotentiostat (Cypress Systems,
Lawrence, KS) and TarHeel CV voltammetry software (ESA Biosciences Inc., Chelmsford,
MA). ChronoAmp, a Labview-based program written by in-house, was used to calculate uptake
rates from chronoamperometry data. Flow cytometry data was collected on a BD FACSCalibur
flow cytometer and data were analyzed using FCS Express (De Novo Software, Los Angeles,
CA). Gating on blood cells was carried out as previously published (Beikmann et al., 2013). In
short, cell data were plotted and the cell population to be analyzed was selectively gated. The
median background fluorescence of the cells of interest was ascertained in the absence of the
fluorescent ligand/substrate. This background fluorescence was subtracted from the fluorescence
measured in the presence of the fluorescence substrate/ligand to determine substrate specific

140

fluorescence. Samples that contained cells and APP+ or ASP+ were used to measure total
uptake. Paired samples that also contained inhibitors were used to measure nonspecific uptake.
The data in the figures represent raw fluorescence values of the nonspecfic and total uptake
conditions. To reduce overall variability between samples, nonspecific transport samples
containing an inhibitor were normalized to comparative samples containing no inhibitor and the
percent inhibition is reported in Table 1.
Graphing and statistical analysis was carried out using GraphPad Prism (GraphPad Software, La
Jolla, CA). Student’s t-tests and one-way ANOVA with Tukey's post hoc multiple comparisons
were used to analyze APP+ and ASP+ data. For figures, raw fluorescence values of samples
were compared directly. For values in Table 1, the average fluorescence of the non-inhibited
samples in an individual experiment was determined. This value was used to normalize the
fluorescence of all of the non-inhibited samples for that experiment to determine the fluorescent
percent variability of the non-inhibited samples. The normalized fluorescence values for the
non-inhibited samples were then statistically compared to the drug-treated samples that were
normalized to their samples within the experiment that contained no inhibitors. Data for IDT318
was first analyzed using two-way ANOVA. In cases of significant interactions, data were further
analyzed by one-way ANOVA to determine significant group differences.

4.3 Results
4.3.1 SERT Function is Detected by Chronoamperometry in Platelets But Not LCLs
To investigate SERT function in platelets, serotonin (500 nM final concentration) was
added to samples containing platelets (600 million), and serotonin clearance was monitored over
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20 min (Fig. 4-1A). S-Citalopram (S-CIT; 100 nM) inhibited clearance of serotonin by platelets
indicating that clearance is SERT-mediated (Fig. 4-1B).
In previous radiometric uptake studies, 10 million LCLs/sample were used to assess
SERT function (Lesch et al., 1996). After injection of 500 nM serotonin into a sample containing
10 million LCLs, we observed no significant change in serotonin concentration over time using
chronoamperometry (Fig. 4-1C). We then increased the number of lymphoblasts from 10 million
to 25 million cells/sample to determine whether having greater numbers of cells would result in
measurable SERT activity detected by chronoamperometry. However, no significant SERT
function was observed even when 25 million LCLs/sample were investigated (Fig. 4-1D). This
finding contradicts some previous findings (Lesch et al., 1996, Mössner et al., 2000, Mössner et
al., 2001), but is reasonable in light of others demonstrating minimal SERT expression and
function in primary human lymphocytes (O'Connell et al., 2006, Chamba et al., 2010, Beikmann
et al., 2013).
To illustrate the importance of cell numbers for measuring SERT function, we
determined uptake by chronoamperometry in a comparable number of platelets (25 million;
Figure 4-1E) but observed no appreciable clearance of serotonin, as opposed to readily
observable SERT function when 600 million platelets were used above. When using cells with
low SERT function, cell numbers can be increased to enable SERT function to be detected.
However, increasing cell numbers may not always be a viable option. For example, large
numbers of platelets (e.g., hundreds of millions) can be used for measurements due to their small
size (1-3 um) and abundance in blood. On the other hand, LCL sample numbers are limited by
considerably larger cell size (6-12 µm) and the fact that greater numbers of cells require
considerably more cell cultures to obtain larger cell numbers. Furthermore, the larger size of

142

LCLs means that increased tissue/protein is present in samples, which leads to greater electrode
fouling during measurements.

4.3.2 Minimal SERT Function is Detected in Lymphoblasts Using APP+ But Not ASP+
We hypothesized that similar to primary lymphocytes, LCLs would transport APP+ in a
temperature-dependent manner (Beikmann et al., 2013). We found that LCLs took up APP+ by
an active uptake process, as indicated by the inhibition of APP+ fluorescence when samples were
incubated at 4 °C vs. 37 °C (Fig. 4-2). In light of this, we proceeded to ascertain the mechanism
of APP+ transport in LCLs.
In addition to APP+, ASP+ has been used as a substrate for SERT-mediated transport (Oz
et al., 2010, Oz et al., 2012). Conversely, Solis et al. recently reported that ASP+ transport is not
SERT-specific (Solis et al., 2012). Nonetheless, we evaluated the ability of LCLs to transport
APP+ or ASP+ (Fig. 4-3A, 3B). We found that at similar concentrations (1.5 µM) ASP+
fluorescence was considerably greater than APP+ fluorescence in LCLs. Thus, we hypothesized
that increased fluorescence associated with ASP+ transport in LCLs might afford increased
signal detection, if ASP+ transport was SERT mediated.
To determine whether APP+ and ASP+ transport in LCLs occurred via SERT, we
incubated LCLs with APP+ or ASP+ in the presence of 1 µM PRX (Fig. 4-4A,B) and found
decreases in overall APP+ fluorescence (P<0.05), indicative of low but measurable SERT
function. By contrast, no significant difference in ASP+ fluorescence was observed (Fig. 4-4B).
To confirm that APP+ accumulation was due to SERT, we pretreated LCL samples with other
SERT inhibitors S-CIT (1 µM) or clomipramine (CMI; 1 µM) and observed a trend (P<0.06)
toward a significant decrease in APP+ fluorescence in the presence of these SERT inhibitors
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(Table 4-1), although the percent inhibition was small (8-12%). Much like PRX, CMI failed to
inhibit ASP+ fluorescence. These data suggest that SERT function is present but low in LCLs
and that it can be measured by APP+ but not ASP+ uptake.
Previous researchers have used a high concentration of the SERT inhibitor imipramine
(100 µM) to inhibit [3H]5-HT uptake in LCLs (Lesch et al., 1996). Interestingly, high
concentrations of PRX (100 µM) caused a large inhibition of APP+ and ASP+ fluorescence
(Fig.-4-4C,D). Given that the KD of PRX for SERT is estimated at 1 nM (Thomas et al., 1987,
Owens et al., 1997) and the KD of imipramine for SERT is reported to be 7 nM(Paul et al., 1980),
it is likely that the reduction in fluorescence observed in the presence of 100 µM PRX is due to
nonspecific inhibition of unknown transport mechanisms.
To investigate SERT expression in LCLs, we used RTq-PCR to measure SERT mRNA
levels found in LCLs compared to HEK293 cells overexpressing SERT (Carneiro et al., 2008).
Lymphoblasts expressed considerably lower SERT mRNA levels than transfected cells
(Fig. 4-5).
In a different experiment to evaluate further the use of APP+ and ASP+ for measuring
SERT function, we measured the transport of these substrates by human platelets. The results of
these experiments are shown in Figure 4-4E and Figure 4-4F. We observed a high degree of
inhibition of APP+ fluorescence even in the presence of 100 nM PRX indicative of SERTmediated APP+ transport. Conversely, ASP+ fluorescence in platelets does not appear to be
associated with a SERT-mediated mechanism (Fig. 4-4E,F).
A primary objective of this research was to assess the role of SERT genotype in LCL
SERT function. No 5-HTTLPR-related differences were detected in SERT function across LCLs
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having different SCL6A4 genotypes (Fig. 4-6). Additionally, no association was found between
SERT function and I425V (data not shown).

4.3.3 Other Common Monoamine Transporters Are Not Responsible For APP+ Uptake in
LCLs
Previously, APP+ was shown to be a substrate for other monoamine transporters
including DAT and NET (Jørgensen et al., 2008). Lymphocytes have been reported to express
DAT (Buttarelli et al., 2011). We hypothesized that LCLs may express DAT as well. However,
no significant reductions in APP+-associated fluorescence were observed in the presence of DAT
or NET inhibitors suggesting that these transporters are not responsible for APP+ transport in
LCLs (Table 4-1). Moreover, a high concentration of dopamine (DA; 500 µM) failed to inhibit
APP+ uptake by LCLs further supporting the idea that APP+ is not taken up by DAT in LCLs.
We next evaluated the ability of additional transporters to mediate APP+ transport in
LCLs. Non-specific organic cation transporters (OCTs), such as OCT3, have been shown to takeup serotonin in the brain (Baganz et al., 2008). In addition to DA, we found that high
concentrations of serotonin also failed to reduce the accumulation of APP+ into LCLs suggesting
that other transporters capable taking up serotonin are not transporting APP+ (Table 4-1).
Furthermore, we directly evaluated whether OCT3 plays a role in APP+ transport in LCLs by
using the OCT3 inhibitor, decynium-22 (D-22). Here, we used D-22 at a low concentration
(100 nM) to try to inhibit APP+ uptake in LCLs. However, D-22-associated fluorescence
occurred at wavelengths overlapping with those for APP+ emission (Fig. 4-7). Thus, it was not
possible to evaluate the effects of D-22 on APP+ uptake using flow cytometry. However, we
tested two different concentrations of corticosterone, a steroid hormone known to primarily
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inhibit OCT3 function but also to exhibit inhibition at OCT1 and OCT2 (Koepsell et al., 2007,
Baganz et al., 2010). No decrease in APP+ fluorescence in LCLs was observed in the presence of
2.5 µM or 25 µM corticosterone (Table 4-1). These results suggest that OCTs do not play a
major role in APP+ transport in LCLs.
We also evaluated the organic cation/carnitine transporters, OCTN1 (SLC22A4) and
OCTN2 (SLC22A5), as they have previously been shown to be expressed in primary
lymphocytes and LCLs (Koepsell et al., 2007, Tahara et al., 2009). Additionally, ASP+ and
MPP+ (the parent compound for APP+) have been used as substrates to study the function of
these transporters (Horvath et al., 2007). We tested the ability of multiple concentrations of
L-carnitine and verapamil (OCTN1 and 2 inhibitors) (Yabuuchi et al., 1999, Horvath et al.,
2007) to block APP+/ASP+-associated fluorescence. Neither drug significantly prevented
substrate transport (Table 4-1). These results indicate that these OCTNs also do not play a role in
the transport of APP+ and ASP+ in LCLs.

4.3.4 IDT318 Detects Surface SERT Protein Expression in SERT-transfected HEK293
Cells But Not Primary or Transformed Lymphocytes
The biotinylated SERT ligand IDT318 has been developed to measure surface SERT
expression (Chang et al., 2011). Unlike APP+, which is transported by SERT, IDT318 binds to
surface SERT but is not transported, similar to SERT inhibitors (Fig. 4-8). Streptavidinconjugated quantum dots (Qdots) were coupled to bound biotinylated IDT318 to detect surface
SERT with single-molecule resolution. We used IDT318 in combination with flow cytometry to
evaluate relative surface SERT expression levels in SERT-transfected HEK293 cells, LCLs, and
native peripheral blood cells. The KI of RU-24969, the parent moiety of IDT318 (Chang et al.,
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2011), for hSERT is in the low micromolar range (Adkins et al., 2001). In light of this, we
initially incubated cells with 500 nM IDT318. Although some nonspecific binding of IDT318
was detected, HEK-SERT cells showed significantly greater fluorescence compared to nontransfected HEK293 cells, LCLs, and primary lymphocytes and platelets, stained with the same
IDT318 concentration (Fig. 4-9A).
To assess the specificity of IDT318 binding to SERT in different cell types, we
investigated the effects of PRX, S-CIT, and CMI (1 µM) to inhibit IDT318 binding. All three
inhibitors significantly reduced IDT318-associated fluorescence in HEK-SERT cells (Fig.-4-9B)
but had no effect on IDT318 fluorescence in nontransfected HEK293 cells. The SERT inhibitors
similarly had no effect on IDT318 binding in LCLs, lymphocytes, and platelets.

4.4 Discussion
We characterized SERT function in LCLs and platelets using electrochemical and flow
cytometry techniques. First, we found that the fluorescent SERT substrate APP+ is transported
into LCLs via an active uptake process and unlike in primary lymphocytes (Beikmann et al.,
2013), low SERT function is detected by APP+ in LCLs. Second, we showed that similar to
primary lymphocytes, non-SERT-mediated transport of APP+ occurs via an unknown
mechanism that is not associated with DAT, NET, OCTN1, OCTN2, or the OCTs. Third, in
accordance with a previous study conducted using SERT-transfected HEK293 cells (Solis et al.,
2012), we found that unlike APP+, ASP+ is not transported by SERT in platelets and LCLs. In
addition to fluorescent transporter substrates, we compared uptake of serotonin in platelets and
LCLs using chronoamperometry. We detected SERT function in samples containing large
numbers of platelets but not samples with low platelet numbers or LCLs. We also detected
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surface SERT expression in SERT-transfected HEK293 cells but not LCLs, lymphocytes, or
platelets using the surface SERT ligand IDT318.
The primary goal of these experiments was to lay the groundwork for using
chronoamperometry and/or flow cytometry to investigate the effects of complex human SERT
genotypes on SERT function and expression in LCLs. In particular, we aimed to evaluate the
influence the 5-HTTLPR/rs25531 and I425V polymorphisms on SERT function in native
expressing cell systems. To date, I425V has primarily been studied in cells transfected with and
overexpressing SERT (Kilic et al., 2003, Prasad et al., 2005), so the role that this SNP plays in
native SERT expressing tissues has yet to be elucidated. Conversely, 5-HTTLPR has been
studied in tissues that natively express SERT (e.g., platelets), however most previous studies
have failed to include other polymorphisms, such as rs25531, that are thought to modify
5-HTTLPR (Murphy et al., 2013a).
We previously showed that chronoamperometry can be used to differentiate small but
biologically relevant differences in SERT function in human platelets, rhesus peripheral blood
cells, and brain synaptosomes from mice with constitutive SERT reduction (Perez and Andrews,
2004, Perez et al., 2006, Beikmann et al., 2013). We reasoned that chronoamperometry would
also be advantageous for measuring second-by-second, real-time SERT function in LCLs. Like
primary lymphocytes, however, we found that the low levels of SERT in LCLs resulted in
serotonin clearance rates below the limits of detection of chronoamperometry. These
experiments highlight a major drawback for the use of electrochemistry for detecting SERT
function in low expressing systems – namely, the number of cells present is a key factor in these
measurements. For example, reproducible measurements can be made when large numbers (600
million) of platelets are used per sample. However, when the numbers of platelets are reduced to
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those typically used for other types of cells (i.e., 25 million), SERT function in platelets was not
detected electrochemically. Regarding the lack of detection of SERT function in LCLs, when the
flow cytometry data are also taken into account, it is likely that the numbers of LCLs used, albeit
experimentally reasonable, were too low to result in measurable clearance of serotonin detected
by chronoamperometry.
Unlike chronoamperometry and radiochemical methods, flow cytometry has the
advantage of detecting single-cell cell fluorescence. This allows for fluorescence measurements
of a large number of individual cells to be combined to learn about distinct cell populations.
When coupled with a fluorescent substrate for SERT, flow cytometry has been used to measure
transporter function in mixed cell populations, such as Ficoll-separated PBCs (Beikmann et al.,
2013). We have also used APP+ and flow cytometry to quantify SERT function in human
platelets (Beikmann et al., 2013). With respect to previous studies (Lesch et al., 1996, Mössner et
al., 2001, Prasad et al., 2005), we hypothesized that flow cytometry and APP+ might be used to
detect SERT function in LCLs. Although, this was the case (Fig. 4-4, Table 4-1), SERT function
was low in LCLs. We further investigated SERT function with respect to 5-HTTLPR genotype.
However, based on genotype combinations hypothesized to confer lower vs. higher SERT
expression, we found no correlations between SERT genotype and SERT activity (Fig. 4-6).
Additionally, we explored the role of the rare I425V polymorphism on SERT function and also
found no association (data not shown).
Three interpretations seem plausible. First, differences in genotype-related LCL SERT
function may be too small to be quantified using the methods employed here. Second, the limit
of detection of these methods may not be low enough to detect small but significant differences
in SERT function. Third, there may be a weak or no correlation between 5-HTTLPR genotype

149

and I425V genotype and SERT function. Future improvement of both fluorescent yield and
specificity of fluorescent substrates may enable these different outcomes to be sorted out.
An interesting finding of this study was that unlike primary lymphocytes, LCLs exhibited
measurable (albeit low) SERT activity detectable by flow cytometry. Slightly higher serotonin
transporter expression in LCLs may be linked to activation-induced changes that lymphocytes
undergo after immortalization. Phorbol 12-myristate 13-acetate (PMA) is a PKC activator that is
known to cause lymphocyte activation (Ruff et al., 1994). Others have reported that
B-lymphocytes exposed to PMA exhibit increased SERT protein expression (Meredith et al.,
2005). It is possible that EBV-induced lymphocyte transformation and PMA-induced
lymphocyte activation both increase SERT expression through similar or converging pathways.
In any case, further studies will be needed to understand the reasons for the differences in SERT
function between primary lymphocytes and LCLs.
Previously, we found that SERT-independent APP+ transport into primary human
lymphocytes occurs via an unidentified active uptake mechanism (Beikmann et al., 2013). Here,
we attempted to characterize this unknown transport mechanism in LCLs further. We found that
higher (>100 µM) but not lower (100 nM to 1 µM for most SERT inhibitors) concentrations of
SERT inhibitors inhibit APP+ transport into LCLs. High inhibitor concentrations most likely
lead to inhibition of nonspecific transport and a false positive finding in terms of interpreting
SERT specificity. It is important to rule out other transporters that are either common
transporters of MPP+ and/or are present on lymphocytes, as unknown transport mechanisms that
can influence data via increased background fluorescence.
Although a controversial fluorescent SERT substrate, the significantly stronger
fluorescent signal associated with ASP+ compelled us to evaluate its use with flow cytometry. In
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accordance with previous findings, we found that ASP+ transport into platelets and LCLs is not
SERT mediated (Solis et al., 2012). Although we cannot say for certain, the finding that high
concentrations of PRX inhibited APP+ fluorescence in LCLs leads credence to the possibility
that ASP+ and APP+ are primarily being transported by the same unknown transport
mechanism. This hypothesis is further supported by the fact that the OCTN transporters are not
the primary transport mechanism for ASP+ in this system. Further experimentation will be
needed to determine the unknown mechanism of ASP+ and APP+ transport in LCLs and primary
lymphocytes.
Another approach used in this study involved IDT318 and flow cytometry for the
measurement of surface SERT expression. Initially we used SERT-transfected HEK293 cells to
develop a flow cytometry assay involving IDT318. HEK293 cells are easy to culture and can be
stably transfected to overexpress SERT protein. Overexpression of SERT allows for large,
controlled differences to be observed without having to account for possible low SERT
expression (as typically observed in native systems) or possible confounding factors (such as
other unknown transporters). The major disadvantage to using transfected cells, however, is that
they don't necessarily reflect what will be observed in native SERT expressing systems such as
platelets (Ahmed et al., 2008). For example, although we showed that differences in surface
SERT expression existed between non-transfected and overexpressing SERT-transfected
HEK293 cells, we did not detect surface SERT expression in platelets, LCLs, and lymphocytes.
Our LCL and lymphocyte IDT318 binding was low (as anticipated by our functional
measurements), but the lack of platelet SERT expression is not easy to explain (Fig. 4-9).
Previous studies have shown that overexpressing SERT-transfected cells exhibit a considerably
larger amount of SERT than platelets (Ahmed et al., 2008). Additionally, the majority of SERT

151

present in platelets appears to be internalized (Carneiro and Blakely, 2006), which would not be
bound by IDT318. We postulate that low surface SERT expression per individual platelet is the
primary reason for the lack of measurable SERT-related IDT318 binding observed in our platelet
samples. We attempted to test this hypothesis by comparing APP+ transport between platelets
(Fig. 4-4E) and HEK-SERT cells (Fig. 4-4G) and found that HEK-SERT cells had considerably
more APP+-associated fluorescence than platelets under similar APP+ concentrations and
incubation conditions. This finding is also corroborated by our electrochemical measurements,
which demonstrate the need for a large number of platelets≈600
(
million) to detect

measurable

SERT function.
Multiple conclusions can be drawn from these data. First, our results support previous
findings that platelets have low SERT surface expression as compared to overexpressing SERT
transfected cells. Low platelet SERT expression can be overcome when making functional SERT
measurements, however, by increasing the platelet numbers used per measurement. Second, LCL
SERT expression is considerably lower than platelet SERT expression. Low SERT expression in
LCLs may complicate futures studies aimed at using these cells as a native expression system for
studying complex SERT genotype. Third, IDT318 may not be an optimal marker for studying
SERT in low expressing native systems. The parent compound for IDT318, RU24969, has only a
moderate affinity for SERT (high nanomolar to low micromolar range) (Adkins et al., 2001). It is
possible that the low concentration of IDT318 (500 nM) used in this study did not adequately
label SERT expression in platelets and LCLs. The IDT318 concentration was chosen to keep
SERT inhibitor concentrations (1 µM) low, reducing non-specific inhibition of IDT318 binding
in LCLs and primary lymphocytes. Additionally, we aimed to reduce nonspecific binding of
IDT318 cells, as RU-24969 has been shown to bind to other serotonergic receptors (Peroutka,
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1986). Future work will involve using higher concentrations of IDT318 to attempt to measure
surface SERT expression in platelets.
Peripheral blood cells have the potential for use as peripheral biomarkers for
neuropsychiatric disorders (Yubero-Lahoz et al., 2013). Furthermore, the difficulties surrounding
the use of live human brain tissue for studying molecular mechanisms of transporters emphasize
the need for peripheral biomarkers associated with native transporter expression. With typical
samples containing mixed cell populations, however, quantifying SERT function in specific cell
types presents a challenge. As more specific, high quantum-yield fluorescent substrates for
SERT are developed, the usefulness of flow cytometry to assess blood cell SERT function will
continue to increase. This is of particular importance given the low levels of SERT function in
LCLs vs. platelets. With depression being an ever-increasing burden on society, the advancement
of treatment through peripheral biomarker development is greatly needed.
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Figures
Figure 4-1: Chronoamperometry fails to detect SERT function in LCLs. A) A large sample
of platelets pooled from blood samples from multiple individuals (600 million; N=4) clears 5-HT
(500 nM) from the extracellular space in 20 min. By contrast, B) a lower number of platelets (25
million; N=4) fails to remove a detectable amount of 5-HT. C) The clearance of 5-HT by 600
million platelets is SERT-mediated, as shown by the lack of 5-HT clearance in the presence of
100 nM S-CIT. Unlike platelets, both D) 10 million (N=8) and E) 25 million (N=3) LCLs fail to
clear detectable amounts of 5-HT. F) When no LCLs are present, the extracellular concentration
of 5-HT remains constant (N=4). Arrows indicate time of 500-nM 5-HT injection.
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Figure 4-2: APP+ transport into LCLs is temperature dependent. APP+-associated
fluorescence is decreased when LCLs are incubated at 4 °C vs. 37 °C for 45 min. P<0.001,
N=10.
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Figure 4-3: ASP+-associated fluorescence is significantly greater than APP+ fluorescence in
LCLs. A) Representative side-scatter vs. forward-scatter flow cytometry dot plot in a typical
LCL experiment. LCLs are gated as shown by the blue outline. B) Both 1.5 µM APP+ (left;
green) and 1.5 µM ASP+ (right; red) cause an increase in LCL fluorescence after 45 min
incubation at 37 °C. ASP+-associated fluorescence is significantly greater then APP+
fluorescence under the same incubation conditions.
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Figure 4-4: APP+ but not ASP+ detects SERT function in blood cells. A) APP+ fluorescence
is significantly decreased in LCLs in the presence of the SERT inhibitor PRX (1 µM). By
contrast, B) 1 µM PRX failed to inhibit ASP+ fluorescence in LCLs. A high concentration of
PRX (100 µM) significantly inhibited both C) APP+ and D) ASP+ fluorescence in LCLs. APP+
fluorescence is inhibited in E) platelets and G) HEK-SERT cells, however a similar
concentration of PRX failed to inhibit ASP+ fluorescence in platelets. N=3-15 cell lines
(LCLs)/subjects (platelets)/samples (HEK-SERT). * P<0.05, *** P<0.001.
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Figure 4-5: Comparison of relative SERT mRNA levels between HEK-SERT cells and
LCLs. HEK-SERT cells (N=1 cell line) have considerably higher levels of SERT mRNA
expression then LCL samples (N=10 cell lines).
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Figure 4-6: SERT-specific APP+ function is not associated with 5-HTTLPR genotype in
LCLs. SERT function in LCLs is independent of 5-HTTLPR genotype. Dark blue= L/L,
blue = L/S, light blue = S/S. N= 2-7 replicates/measurement. Means ± SEM.
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Figure 4-7: D-22 fluorescence in LCLs. Representative side-scatter vs. D-22 fluorescence dot
plot of an LCL sample. Black=control; Red=100 nM D-22. The D-22 fluorescence was measured
in the same fluorescence channel as APP+ fluorescence.
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Figure 4-8: Comparison of SERT functional measurements with APP+ and SERT
expression measurements with IDT318. A) Representative diagram depicting APP+ (left)
entering cells via SERT, thereby causing those cells to fluoresce. By contrast, IDT318 only
binds extracellular SERT (right), allowing for measurements of SERT surface expression. B)
representative images of APP+ (top left) and IDT318+Qdot (top right) staining in RN46A cells.
Additionally, a representative brightfield (bottom left) and merged (bottom right) are shown as
well.
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Figure 4-9. IDT318 and flow cytometry can detect SERT expression in HEK-SERT cells,
but not in blood cells. A) Comparison between relative IDT318 fluorescence intensities. Human
embryonic kidney (HEK293) cells transfected with SERT (HEK-SERT) cells show significantly
higher IDT318 fluorescence then non-transfected HEK293 cells, LCLs, primary lymphocytes
and platelets. B) PRX (1 µM), CMI (1 µM) and S-CIT (1 µM) significantly decrease IDT318
fluorescence in HEKSERT cells, which demonstrates SERT specific IDT318 binding. At these
same concentrations, SERT inhibitors fail to inhibit IDT318 fluorescence in HEK293 cells,
LCLs, lymphocytes and platelets. N=3-8. ** P<0.01, *** P<0.001. All samples incubated with
500 nM IDT318.
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Tables
Table 4-1: Inhibition of APP+/ASP+ by different monoamine transporter inhibitors.
N.D. represents "No Data".
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Treatment

4°C (vs. 37°C)

PRX (1 µM)
PRX (100 µM)
CMI (1 µM)
S-CIT (1 µM)

GBR-12935 (1 µM)
DMI (1 µM)

5-HT (500 µM)
DA (500 µM)
Cort (2.5 µM)
Cort (25 µM)

L-Carnitine (10 µM)
L-Carnitine (100 µM)
Verapamil (10 µM)
Verapamil (100 µM)
Verapamil (500 µM)

Number of
Samples

10
15
11
11
11

8
8

10
10

7
6

6
6
6
6
N.D.

% APP+
Fluorescence
vs. Control
(Mean ± Std.
Error)
42.6 ± 1.9 ***
88.1 ± 4.0 *
49.3 ± 3.3 ***
91.1 ± 2.3
92.0 ± 1.4
96.7 ± 1.0

Number of
Samples

N.D.

11
11
11
N.D.
8

95.0 ± 1.0

N.D.

98.5 ± 1.4
105.0 ± 10.4

N.D.
N.D.

89.0 ± 2.8*
93.0 ± 3.3

95.8 ± 3.7
94.6 ± 1.7
91.5 ± 5.9
82.1 ± 8.0
N.D.

N.D.
N.D.

6
6
6
6
6

% ASP+
Fluorescence
vs. Control
(Mean ± Std.
Error)
N.D.

92.2 ± 1.6
63.2 ± 3.6 ***
96.2 ± 2.1
N.D.

100.7 ± 2.7
N.D.
N.D.
N.D.
N.D.
N.D.

97.9 ± 2.0
93.5 ± 2.0
92.6 ± 2.0
87.5 ± 4.0
98.5 ± 4.6
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Chapter 5

Cell-Phone Microscopy for Measuring SERT Function in Platelets

5.1 Introduction
As discussed in previous chapters, the serotonin transporter (SERT) has been implicated
in the etiology and treatment of mood and anxiety disorders (Vaidya and Duman, 2001, Lang
and Borgwardt, 2013). The selective serotonin reuptake inhibitors (SSRIs) are currently the first
line of treatment for individuals suffering from major depressive disorder (MDD). Recent studies
have shown, however, that patients with MDD who are treated with the SSRI citalopram only
have an initial remission rate of approximately 30% (Sinyor et al., 2010). With research
emerging that platelet SERT function may be correlated with neuronal SERT function (Rausch et
al., 2005, Yubero-Lahoz et al., 2013), the possibility exists platelets could be used as peripheral
biomarkers for monitoring and/or predicting SSRI treatment response (see Chapter 6). However,
having a way to measure platelet SERT function that is accessible to physicians is a wide variety
of clinical settings and even to patients for at-home monitoring would greatly improve the
translatability of this concept.
Recently, significant progress has been made in the development of microscopy
technology for use with commercially available cell phones (Zhu et al., 2011). Cell-phone
microscopy involves attaching a lens directly in front of the cell phone camera to enable
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magnification of micron-sized particles (Fig. 5-1). A light source consisting of LEDs (Zhu et al.,
2011) or a laser (Wei et al., 2013) is used to excite samples, and an interchangeable fluorescence
filter is used to detect fluorescence associated with the samples being imaged (Fig. 5-1). While
still in the early stages of development, cell-phone microscopy has been used for a number of
applications including viral particle imaging (Wei et al., 2013), blood cell analysis (Zhu et al.,
2013), and flow cytometry (Zhu and Ozcan, 2013). Given the rapidly increasing resolution of
cell phone cameras, this strategy has the potential to bring previously unavailable imaging
technologies to doctors’ offices and patients’ homes.
Fluorescent substrates have enabled the development of SERT functional assays that can
be used with fluorescence microscopy or flow cytometry (Oz et al., 2012, Solis et al., 2012,
Beikmann et al., 2013, Karpowicz et al., 2013). For example, we previously determined SERT
function in platelets using flow cytometry and the fluorescent substrate APP+ (Beikmann et al.,
2013). This substrate, which is a fluorescent analog of the dopaminergic neurotoxin MPP+ (Solis
et al., 2012), undergoes a conformation change once it is taken-up into the intracellular
environment so as to produce fluorescence (Jørgensen et al., 2008, Solis et al., 2012, Beikmann
et al., 2013, Karpowicz et al., 2013, Wilson et al., 2014). In this chapter, we explore the idea of
using transport of APP+ by platelets in combination with imaging via a cell-phone microscope to
measure SERT function in an easily obtainable peripheral tissue.

5.2 Methods and Materials
5.2.1 Blood Collection/Platelet Isolation
Blood for these experiments was collected in 4 ml purple-top tubes at the University of
California, Los Angeles Blood and Platelet Center, and stored at 4 °C. Within 24-h of collection,
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each blood sample was transferred to a 15-ml polypropylene conical tube and centrifuged at
200 × g at room temperature for 15 min to pellet the blood cells. After centrifugation, plateletrich plasma (PRP) was removed, placed into fresh 15 ml conical tubes, and prostaglandin E1
(PGE1; 1 µM final concentration) was added to inhibit platelet activation. Isolated PRP was
centrifuged at 2500 × g for 5 min to pellet platelets. Plasma was removed and platelets were
resuspended in 5 ml of calcium- and magnesium-free phosphate-buffered saline (PBS). Platelet
samples were centrifuged again at 2500 × g for 5 min and supernatants were removed. Platelets
were resuspended in 10 ml of PBS. A hemocytometer was used to estimate total platelet counts
in each sample.

5.2.2 APP+ Uptake
After counting, platelets were centrifuged for 5 min at 2500 × g and resuspended in an
appropriate amount of pre-warmed assay buffer (150 mM NaCl, 5 mM KCl, 1.2 mM
MgCl2·6H2O, 5 mM glucose, 10 mM HEPES, 2 mM CaCl2·2H2O in H2O, pH 7.4) to produce
solutions containing ~25 million platelets/ml. Platelet solutions were aliquoted into 1.5 ml
Eppendorf tubes and incubated for an additional 10 min at 37 °C. Concentrations of APP+
ranging from 1.5-9 µM final concentration were added to samples, which were incubated for
15 min at 37 °C to allow uptake to occur. For inhibition experiments, the selective serotonin
reuptake inhibitor paroxetine (100 nM final concentration) was added 10 min prior to APP+ .
After incubation, samples were centrifuged at 2500 × g for 5 min and resuspended in fresh assay
buffer prior to imaging.
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5.2.3 Sample Preparation
Two types of samples were prepared for imaging. Wet samples were prepared as follows.
Three microliters of each sample were placed on a glass coverslip, after which an additional 2 µl
of red polystyrene beads (Life Technologies, Grand Island, NY) were added to the liquid drop. A
smaller glass coverslip was placed on top of the sample. Clear nail polish was applied to the
edges and allowed to dry to prevent evaporation and leakage of the sample. To prepare dry
samples, 100 µL of each sample was removed and placed into a 1.5 ml Eppendorf tube. Samples
were centrifuged at 2500 × g for 5 min, the supernatant was removed, and samples were
resuspended in 100 µL of deionized water. A sample aliquot (2 µL) was placed on a coverslip
and allowed to dry and was imaged shortly thereafter.

5.2.4 Cell Phone Imaging
Imaging was carried out using a customized cell-phone microscope device created for a
Nokia Lumia 1020 cell phone. A diagram of the device is illustrated in Figure 5-1. Briefly,
coverslips were placed in the sample holder, which was slotted into the device above the lens of
the camera. The laser was turned on and each sample was imaged with the cell-phone camera.

5.2.5 Microscope Imaging
After cell-phone imaging, samples were further imaged using an Olympus BX51
fluorescent microscope. Samples were excited with a standard 488 nm laser and fluorescence
emission was detected at 525 nm. Exposure times for all images were 500 ms.
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5.2.6 Data Analysis
Platelet fluorescence was quantified using Image Processing and Analysis in Java
(ImageJ; National Institute of Health, Bethesda, MD). Only dry sample images were used for
platelet fluorescence quantification. A region of interest was chosen from each image prior to
quantification. The region was selected based on its having high platelet numbers and low nonplatelet fluorescence, i.e., no water border or no large debris clumps that would influence
measurements. Images were converted into 16-bit black and white images (Fig. 5-2) and the
fluorescence threshold was set to include primarily platelets. Mean fluorescence intensity,
standard deviation, and the numbers of the platelets were obtained. Fluorescence was not
quantified in images where a large number of platelets could not be detected.

5.3 Results
5.3.1 Platelets Containing APP+ Are Detected With Standard Fluorescence Microscopy
The cell-phone microscope used here was shown to have magnification similar to a 10×
objective on a standard fluorescence microscope (Zhu et al., 2011). To determine if platelets that
had transported APP+ could be visualized at this magnification, we imaged wet samples using a
standard fluorescence microscope (Fig. 5-3). Platelets incubated without APP+ exhibited no
detectable fluorescence. By contrast, platelets incubated with 9 µM APP+ were clearly visible.
To determine whether fluorescence was due to APP+, additional images were taken using
excitation and emission wavelengths that do not excite/detect APP+, i.e., 550 ± 25 nm and
605 ± 70 nm, respectively (Fig. 5-4). Platelets did not fluoresce after excitation at 550 nm and
imaging at 605 nm suggesting that fluorescence measured at 488 nm/525 nm is APP+associated.
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5.3.2 Wet Platelet Samples Containing APP+ Imaged Using Cell Phone Microscopy
Next, we imaged wet samples containing platelets that had taken up APP+ using the cellphone microscope device. Initially, we used a device that employed an LED light source for
excitation (Zhu et al., 2011). However, we found this source did not have sufficient power to
excite APP+ so as to observe platelets. We switched to a 488 nm laser for a stronger excitation.
In Figure 5-3, platelets in a wet sample are visible using laser excitation and the cell-phone
microscope device. Red polystyrene beads were added to the wet samples prior to imaging to
enable easier focusing of the sample using the cell phone. Additionally, the beads act as
confirmation that platelets are being identified as their size is similar to platelets (1-3 µm).

5.3.3 Platelets Containing APP+ Are Observed Using a Cell-phone Microscope Under Dry
Sample Conditions
Wet samples were used initially for these measurements due to similarities with flow
cytometry sample preparation. However, directly comparing wet sample images between the
cell-phone device and a microscope was difficult because platelets move around in solution. To
directly compare images more readily, we investigated samples that had been dried. Dry samples
have distinct landmarks, such as a water border or large, irregular impurities that enable registry
between different images of the same sample. Representative images taken of the same dry
sample containing platelets incubated with APP+ using a fluorescence microscope with a 10x
objective vs. a cell-phone microscope are shown in Figure 5-5. Distinct clusters of platelet were
readily recognizable across the two images. Thus, dry sample imaging provides a second method
of preparing samples for visualizing APP+ fluorescence in platelets using a cell-phone
microscope.
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5.3.4 Platelet APP+ Fluorescence is Concentration-Dependent and SERT-Specific
The next step was to quantify platelet APP+ fluorescence (Table 5-1). Samples that were
incubated with different concentrations of APP+ (1.5 µM or 6 µM) were imaged using a 10×
objective microscope and a cell-phone microscope. With the standard fluorescence microscope,
differences in platelet fluorescence between the samples were observed e.g., the unstained
platelets had the least amount of fluorescence whereas the platelets incubated with 6 µM APP+
had the higher level of fluorescence). Concentration-dependent differences in platelet
fluorescence were also detected using the cell-phone microscope, although platelet fluorescence
in the control image could not be quantified due to a lack of visible platelets. Next, we assessed
whether the APP+-associated fluorescence measured in platelets was SERT specific. Platelet
fluorescence in samples incubated with 1.5 µM APP+ were compared with samples incubated
with 1.5 µM APP+ and the SERT inhibitor paroxetine (PRX; 100 nM). When imaged using a
standard fluorescence microscope, samples pretreated with PRX exhibited less overall APP+
platelet fluorescence than samples incubated with APP+ alone. Platelet APP+ fluorescence was
also decreased in PRX-treated samples when using cell-phone imaging. Here, platelets in the
PRX-treated samples were unobservable. The current cell-phone device does not allow the user
to control exposure times, which are automatically adjusted to maximize exposure. Even using a
longer exposure time, the cell-phone microscope was unable to detect APP+ fluorescence in
platelets from PRX-treated samples. This further suggests that fluorescence was lower in the
SSRI-treated samples and that APP+ accumulation in platelets was SERT-dependent.
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5.4 Conclusions/Future Directions
We have shown that the APP+ transport by platelets can be imaged using a cell-phone
fluorescence microscope. Furthermore, relative differences in fluorescence were detected albeit
under suboptimal conditions. We also showed that APP+-dependent fluorescence in platelets can
be imaged using either wet or dry samples.
There are a number of technical issues that need to be resolved before further uptake
experiments can be carried out. The first involves the lack of standardized exposure times for
imaging using the cell-phone microscope. Controlling image exposure time is a critical factor for
quantifying fluorescence across different samples. Recently, we began using a newer Nokia cell
phone that enables manual image exposure control.
Another question that needs to be addressed more fully is which type of sample
preparation is better for imaging APP+ fluorescence in platelets. Our best images to date have
been from dry samples. Nonetheless, wet samples have a number of advantages. First, APP+
fluoresce is minimal in the aqueous environments outside of cells (Jørgensen et al., 2008, Solis et
al., 2012). In dry samples, we observed nonspecific APP+ fluorescence, particularly associated
with dried salts. This is evident in Figure 5-5 where the border of the dried sample is highly
fluorescent. Nonspecific fluorescence in images can interfere with quantification. Furthermore,
wet samples are easier to prepare compared to dry samples, in part due to the need to remove
excess salts by resuspending the platelet sample in water. With future use of this assay ideally
being carried out in non-laboratory environments, simplifying sample preparation as much as
possible will be needed to make the assay practical.
Finally, similar to flow cytometry, the use of cell-phone microscopy to image SERT
function in platelets is dependent on the fluorescent substrate used. In particular, the specificity
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of the substrate for the target transporter and the overall quantum efficiency of the fluorescent
substrate are important considerations for making accurate and sensitive measurements.
Substrates should also be resistant to photobleaching as this could cause inaccurate
quantification. Currently, we are using APP+ to study SERT function in platelets. One advantage
is the lack of APP+ fluorescence in extracellular environments, which means this substrate does
not need to be removed prior to imaging. However, APP+ is not SERT specific so if imaging is
conducted in cell types other than platelets, nonspecific transport might need to be accounted for
(Beikmann et al., 2013).
While still in their initial stages, these findings illustrate an exciting new avenue of
research using cell-phone microscopy to image platelet SERT function. As discussed, recent
clinical studies have shown that patient responses to initial SSRI treatment are potentially as low
as 30% (Sinyor et al., 2010). Furthermore, patients undergoing SSRI treatment often take a
minimum of 4-6 weeks to achieve remission (Trivedi et al., 2006). These low response rates and
the need for a long treatment period highlight why predicting which patients will respond to
SSRI treatment a priori is essential. To date, no consistent peripheral biomarkers for predicting
successful treatment in depression have been elucidated. Recent studies have shown that platelet
SERT function may be predictive of antidepressant treatment response (Rausch et al., 2002,
Axelson et al., 2005, Myung et al., 2013) however there is debate within these studies as to
which characteristic of SERT function best correlates with treatment response (e.g. Vmax, KM,
etc), The primary aims of our work are twofold. First, we plan to expand the work conducted in
each of these studies by using a considerably larger clinical study (150+ patients) to evaluate the
predictive capability of platelet SERT function (Chapter 6). We hypothesize that individuals with
low SERT function will be poorer responders to initial SSRI treatment. In Chapter 6, we explore
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this hypothesis further and discuss preliminary results on SERT function in platelets from
depressed individuals. The techniques that we'll be using to assess SERT function are
advantageous to the techniques previously used in this area, as we can obtain real time SERT
function measurements (chronoamperometry) and cell specific measurements (flow cytometry)
to better quantify SERT function. Second, in parallel our work will develop assays using flow
cytometry and cell phone microscopy that can be broadly distributed to clinicians around the
world for assessing platelet SERT function. Both our flow cytometry work and cell phone
microscopy work preclude the use of radioactivity, which greatly enhances the utility of these
assays in a clinical environment. With the current lack of peripheral biomarkers for predicting
antidepressant treatment response in depressed patients (Leuchter et al., 2010), development of
assays using minimally invasive markers is of the upmost importance.
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Figures
Figure 5-1: Diagram of a cell-phone microscope device. A) Photograph of a microscope
attached to a cell phone. B) General schematic of how a cell-phone microscope works. A laser
(488 nm in this case) is used to excite a sample containing platelets that have taken-up APP+.
Fluorescence associated with APP+ is detected via a 525 nm filter prior to being imaged by the
camera. A small lens placed directly in front of the camera provides the magnification necessary
to image micron-sized particles.
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Figure 5-2: Quantitative fluorescence analysis of APP+ stained platelets. A) An image of
platelets taken using a 10× objective is converted into B) a black and white image for
quantitative analysis. C) The pixel threshold is then set to include only platelets and fluorescence
is quantified and averaged across the entire sample to determine the average SERT function of
the platelets in the sample.
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Figure 5-3: Representative wet sample images of platelets containing APP+. Platelets were
incubated with 9 µM APP+ and imaged using a fluorescence microscope with a 10× objective
(top left). Fluorescence associated with APP+ is visible in the top left image but is not visible in
the bottom left image of platelets incubated in the absence of APP+. Samples were also imaged
using a cell-phone microscope (right images). Platelets appear as green dots (upper right).
Polystyrene beads (2 µm) that produce red fluorescence at the same excitation and emission
wavelengths at APP+ were included to enable size verification and to aid in focusing the images.
While polystyrene beads are visible by cell-phone microscopy, no platelets are observed in the
sample incubated in the absence of APP+ (bottom right).
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Figure 5-4: Wet sample imaging of platelets containing APP+ using excitation and emission
wavelengths not specific for APP+ fluorescence. Right image) Platelets containing APP+ were
imaged using a microscope with a 10× objective under standard excitation and emission
wavelengths (488 nm and 525 nm, respectively). Platelets are clearly visible. Left image) No
platelet fluorescence is observed in platelets imaged with an excitation and emission wavelength
not specific for exciting or detecting APP+ fluorescence (550 nm and 605 nm, respectively).
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Figure 5-5: Dry sample images of platelets containing APP+. A) Platelets incubated with
APP+ are readily visible using A) a fluorescence microscope with a 10× objective and B) a cellphone microscope. The same area of the same sample is imaged in A) and B) showing that
various clusters of platelets are comparable between images (insets show higher magnification of
representative platelet clusters). Scale bars are 100 µm.
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Tables
Table 5-1: Quantification of APP+ platelet fluorescence from dry sample imaging

Images/samples that did not have quantifiable platelet fluorescence are labeled as N.D. (not
detectable) in the table. For example, the unstained control and APP+ with SERT inhibitor cell
phone images did not have observable platelets due to lack of APP+ uptake.
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Image name

Mean (Pixel
intensity)

Standard
deviation

Number of
platelets

Image exposure
time

Control
(microscope)

37.0

2.8

823

500 ms

1.5 µM APP+
(microscope)

41.6

3.9

1040

500 ms

1.5 µM APP+ and
PRX (microscope)

37.7

4.8

740

500 ms

6 µM APP+
(microscope)

55.6

8.8

420

500 ms

Control (cell
phone)

N/A

N/A

N/A

250 ms

1.5 µM APP+ (cell
phone)

54.2

4.0

1430

333 ms

1.5 µM APP+ and
PRX (cell phone)

N/A

N/A

N/A

500 ms

6 µM APP+ (cell
phone)

68.2

8.5

1430

500 ms
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Chapter 6

Peripheral Blood Cell Serotonin Transporter Function
in Healthy Subjects vs. Depressed Patients

6.1 Introduction
Major depressive disorder (MDD) is a highly prevalent illness characterized by
debilitating depressed mood, anhedonia, sleep disturbances, changes in appetite, feelings of guilt
and worthlessness, and lack of hope for long periods of time (weeks to months) (Lang and
Borgwardt, 2013). The World Health Organization estimates that by 2020, MDD will be the
second leading cause of disability worldwide (in life adjusted years). In the United States, costs
associated with MDD are estimated at greater than $83 billion dollars a year (Greenberg et al.,
2003, Kessler, 2012). These costs are high partly because it takes a long time for patients to
recover from MDD (Leuchter et al., 2009a).
Current guidelines for treating MDD recommend that an initial medication be continued
long enough to determine whether a patient will benefit (Bauer et al., 2007, Lam et al., 2009).
Patients undergoing initial treatment with a selective serotonin reuptake inhibitor (SSRI) require
at least 4-6 weeks for response and/or remission to become evident (Trivedi et al., 2006). In
some patients, remission can require up to 12 weeks of treatment. Moreover, recent studies show
that almost 70% of patients initially prescribed an SSRI fail to achieve remission at an initial
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dose (Rush et al., 2009, Sinyor et al., 2010). Commonly, a period of trial and error ensues
involving dosage increases, change of antidepressant, or addition of another medication (Fava et
al., 2006, Fava et al., 2007, Thase et al., 2007, Trivedi and Daly, 2007, Rush et al., 2009). In all,
successful treatment can take one year or more to achieve (Keitner et al., 1992, Rush, 2007). Of
the large numbers of patients that fail to respond to initial SSRI treatment, ~40% discontinue
medication early due to lack of response or side effects (Olfson et al., 2006). Furthermore,
ineffective initial treatment might initiate alterations that compromise the effectiveness of
subsequent treatment (Metzner, 2013).

One strategy that clinicians use for medication selection is to prescribe antidepressants
with different mechanisms of action e.g., SSRIs such as S-citalopram (S-CIT) vs non-SSRIs such
as bupropion, to patients with specific symptoms (Leuchter et al., 2008, IsHak et al., 2009,
Kennedy et al., 2009, Leuchter et al., 2009a, Garnock-Jones and McCormack, 2010). Patients
with certain symptoms may respond better to particular medications (Uher et al., 2009), and
studies have attempted to utilize mechanisms of action or side-effect profiles to guide initial
treatment selection. For example, a sedating agent can be used in patients with agitated
depression or an activating agent might be prescribed to patients with apathetic depression
(Jefferson et al., 2006, Papakostas et al., 2006, Maron et al., 2009). Software using symptoms
ratings and other patient information has been developed to try to predict which patients will
respond to particular types of antidepressants (Targeted Treatment of Depression software;
www.ttdi.info) (Metzner, 2013). Nonetheless, this strategy may not consistently benefit most
patients (Zimmerman et al., 2005, Papakostas et al., 2007) and overall efficacy remains
comparable to standard treatment paradigms (Uher et al., 2009).
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Selective-serotonin reuptake inhibitors are the most widely prescribed class of
antidepressants and are most often used during the initial treatment of MDD (Hirschfeld, 2012).
In light of this, and because of low initial response rates and long times needed for
antidepressants to take effect, having biomarkers that predict therapeutic response to SSRIs on an
individual basis would be highly beneficial. Pharmacogenetic studies have sought to uncover
relationships between genetic polymorphisms and antidepressant responses. Serotonin
transporter (SERT) gene variants have been highly investigated because SERT is the initial site
of action for SSRIs. The most widely studied gene variant is the serotonin transporter-linked
polymorphic region (5-HTTLPR), which is hypothesized to influence SERT expression and
function (Murphy and Lesch, 2008). Early studies showed promise in associating 5-HTTLPR
short ‘S’ allele carriers with poorer/slower antidepressant responses; however, subsequent studies
failed to replicate these associations (for review see Table 1 in (Kraft et al., 2007) and (Jonassen
and Landrø)).

On the whole, pharmacogenetic investigations indicate that common polymorphisms in
SLC6A4 are inconsistently associated with SSRI response, perhaps because additional factors
remain to be identified that influence SERT (Lipsky et al., 2009). In postmortem human brain,
individuals segregated by 5-HTTLPR genotype still show 10-fold differences in SERT mRNA
and SERT binding levels within genotype (Little et al., 1998). Similarly, in human
lymphoblastoid cell lines (LCLs), SERT mRNA levels vary by 5-10-fold even when controlling
for multiple SERT genotypes (Hu et al., 2006). Thus, genome-wide polymorphisms, in addition
to those identified in SLC6A4, are likely to contribute to individual variations in SERT
expression and antidepressant responses. Furthermore, epigenetic factors, post-translational
modifications, oligimerization, and factors influencing plasma membrane localization and SERT
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affinity states are also expected to contribute to variability in SERT function (Kilic and Rudnick,
2000, Blakely et al., 2005, Jayanthi and Ramamoorthy, 2005, Rudnick, 2006, Iceta et al., 2008,
Philibert et al., 2008).

We theorize that measuring SERT function directly (as opposed to pharmacogenetic
approaches) may be a better way to predict antidepressant responses. Specifically, we
hypothesize that depressed individuals with higher pretreatment serotonin uptake capacities will
show greater therapeutic responses to treatment with SSRIs (Fig. 6-1). Conversely, MDD
patients with low pretreatment SERT function will show poorer responses to initial treatment
with an SSRI. In the case of the latter, low pretreatment SERT function confers poor dynamic
range such that SERT inhibition by an SSRI will have little ability to increase extracellular
serotonin and to cause neuroadaptive changes that ultimately underlie therapeutic mechanism of
action. Knowledge of individual serotonin uptake capacities in a clinical setting prior to
treatment has the potential to inform medication selection.

Others and we have used chronoamperometry to uncover biologically important
differences in SERT function in the brain (Montañez et al., 2003, Perez and Andrews, 2005,
Daws et al., 2006, Perez et al., 2006, Daws et al., 2007, Baganz et al., 2008, Baganz et al., 2010,
Hagan et al., 2010, Larsen et al., 2011). We recently developed chronoamperometry methods to
make temporally resolved measurements of serotonin uptake in peripheral blood cells (PBCs)
(Singh et al., 2009, Singh et al., 2012) and have identified platelets as the major contributor of
SERT capacity in mixed blood cell samples (Beikmann et al., 2013). Here, we used
chronoamperometry to investigate peripheral blood cell SERT function in depressed patients.
Our goal was to build the framework for a large-scale clinical study to address whether
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measurements of SERT function can be used to predict SSRI treatment response in depressed
patients.

6.2 Materials and Methods
6.2.1 Patient Recruitment
Blood from healthy volunteers was obtained from subjects recruited for a
neuroimmunology study by Drs. Naomi Eisenberger and Michael Irwin (University of
California, Los Angeles). Subjects underwent screening using a Structured Clinical Interview
Diagnostic for DSM-IV Axis I disorders and a toxicology test. Individuals accepted into the
study were physically healthy and free of current psychiatric disorders. Depressed patients were
recruited from a study on adult depression conducted by Drs. Andrew Leuchter and Ian Cook
(UCLA). Diagnosis of major depressive disorder was based on structured clinical interviews
using the Hamilton Rating Scale for Depression (HRS-D17) and the Inventory of Depressive
Symptomatology (IDS-C30). After a positive diagnosis of depression, a pretreatment blood
sample was drawn. All patients were initially administered S-CIT (10 mg/day orally) for the first
week, and a quantitative electroencephalogram (qEEG) was administered at baseline and week 1
(Leuchter et al., 2009b). Depending on the results of the qEEGs, patients were either continued
on S-CIT or switched to the non-SSRI bupropion (300 mg/day orally) for the duration of the
eight-week trial. Additional blood samples were drawn and depressive symptomatology was
reassessed at weeks 1, 2, and 8 during treatment.
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6.2.2 Materials
Blood collection and centrifuge tubes were purchased from Becton, Dickinson and
Company (Sparks, MD). Reagents were purchased from Sigma Aldrich (St. Louis, MO) and
VWR (West Chester, PA). Boron-doped diamond microelectrodes (BDMs) were fabricated in
laboratory of Prof. Greg Swain at Michigan State University.

6.2.3 PBMC Isolation
Twenty milliliters of whole blood were collected from each subject at each time point
into green-top sodium heparin tubes. Peripheral blood cells were isolated within 2 h of
collection. Blood was transferred into 50-ml polypropylene conical tubes and centrifuged at
200 × g for 15 min. A 500 µL aliquot of plasma was removed from each sample and frozen for
later analysis. Phosphate buffered saline (PBS; 30 ml) was added to the remaining blood cells.
Samples were gently layered on 15 ml Ficoll-Paque solution and centrifuged at 1400 × g for
20 min at room temperature with no brake. After Ficoll separation, the PBC (buffy coat) layer
was removed and washed twice with PBS. Between washes, samples were centrifuged at 500 × g
for 15 min. After the second wash, isolated PBCs were resuspended in assay buffer (150 mM
NaCl, 5 mM KCl, 1.2 mM MgCl2·6H2O, 5 mM glucose, 10 mM HEPES, 2 mM CaCl2·2H2O in
H2O, pH 7.4) and platelets were counted using a hemocytometer.

6.2.4 Chronoamperometry
An EI-400 bipotentiostat equipped with a BDM working electrode and a Ag/AgCl
reference electrode was used to carry out serotonin uptake measurements (Beikmann et al.,
2013). Peripheral blood cell samples were placed into individual wells of 12-well plates (final
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volume 2 ml). Electrodes were placed into each sample well and a 1-Hz square-wave potential
was applied until a stable baseline was established. Serotonin was then injected into each well
(750 nM final concentration) and the current due to oxidation of serotonin at the surface of the
working electrode was measured for 20 min. Afterward, electrodes were calibrated so the
measured current could be correlated to a known concentration of serotonin.

6.2.5 Sample Genotyping
Samples of DNA isolated from patients were genotyped by Dr. Pablo Moya in the
laboratory of Dr. Dennis Murphy at the National Institute of Health using previously published
methods (Wendland et al., 2007, Wendland et al., 2008). Subjects were genotyped for of the
following SERT gene polymorphisms: 5-HTTLPR, rs25531, rs25532, STin2, and I425V (for
review, see (Murphy and Lesch, 2008)). The 5-HTTLPR is a promoter region polymorphism that
contains the single nucleotide polymorphisms (SNPs) rs25531 and rs25532. When the G allele of
rs25531 is present in the long form of the 5-HTTLPR, this allele combination is functionally
equivalent to short allele of the 5-HTTLPR. The STin2 is a variable number tandem repeat
(VNTR) polymorphism found within intron 2. The I425V SNP is a rare coding region isoleucine
to valine mutation found within the ninth exon of SLC6A4. See Figure 2 in Murphy et al. 2008
and (Murphy et al., 2008) for additional information on these SLC6A4 polymorphisms.

6.2.6 Data Analysis
Electrochemical data were collected using Tarheel CV software (Prof. Michael Heien).
Data analysis was carried out using an in-house Labview software module, ChronoAmp
(developed by Dr. Yogesh Singh). To assess faradaic current and to negate the effect of electrode
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charging current on measurements, only the last 80% of each 100-ms oxidative scan was
quantified. Uptake of serotonin by each sample with respect to time was estimated using nonlinear curve fitting. Although samples contained mononuclear cells and platelets, uptake rates
were calculated based on platelet numbers because we previously showed that platelets, and not
lymphocytes, mediate the majority of SERT function in mixed PBC samples (Beikmann et al.,
2013). After completion of drug treatment, patients were classified as nonresponders (little to no
response to treatment), responders (modest response), or remitters (full response) based on posttreatment HRS-D17 scores. Responders were classified as having a reduction in final HRS-D17
scores from baseline of 50% or more. The subset of responders that were classified as remitters
had final HRS-D17 scores of 7 points or less. Statistical analysis for two-group comparisons was
carried out using a one-tailed Student’s t-test (based on a priori hypotheses) using GraphPad
Prism software (La Jolla, CA). Group comparisons across time were carried out using one-way
repeated measures analysis of variance (ANOVA) followed by paired or unpaired two-tailed
t-tests where appropriate.

6.3 Results
6.3.1 SERT Function in Human Peripheral Blood Cells
A representative current vs time trace showing serotonin uptake by human platelets is
shown in Figure 6-2. The change in current with respect to time is proportional to the rate of
serotonin transport. Serotonin clearance is inhibited in the presence of 100 nM S-CIT, indicating
that uptake is SERT mediated. Platelet SERT function was compared between healthy subjects
and individuals diagnosed with MDD (Fig. 6-3). Serotonin transporter capacity was highly
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variable across individuals in both groups and lower overall (P<0.01) in subjects with MDD
prior to treatment.

Blood collection for the present experiments was carried out between 8 a.m. and
4:30 p.m. To determine whether time of day influenced platelet SERT function, we evaluated
serotonin uptake in blood samples repeatedly drawn from healthy volunteers at five different
times throughout the day. Significant differences were not found in platelet SERT function with
respect to daytime collection times [F=0.98, p>0.4] (Fig. 6-4).

6.3.2 Platelet SERT Function is Decreased in Patients Receiving S-Citalopram
Serotonin uptake in platelets isolated from subjects with MDD was determined at four
time points before and during antidepressant treatment (pretreatment/baseline and weeks 1, 2,
and 8). All patients received S-CIT for the first week. At week 1, some patients were switched to
bupropion based on early treatment-related changes in qEEG (Leuchter et al., 2008, Leuchter et
al., 2009b). On average, all patients showed significant decreases in SERT function after one
week of treatment with S-CIT (Fig. 6-5A). Furthermore, platelet SERT function remained
significantly decreased at weeks 2 and 8 with respect to baseline in patients who continued to
receive S-CIT (Fig. 6-5A,B). Conversely, SERT function in patients switched to bupropion after
week 1 returned to baseline levels by week 8 (Fig. 6-5B).

6.3.3 Platelet SERT Function and Antidepressant Treatment Response
Data from patients completing 8 weeks of treatment with S-CIT are presented in
Figure 6-8. The small number of subjects precluded meaningful statistical evaluation. However,
a cursory evaluation of the data suggests that patients with MDD who remitted or responded to
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S-CIT treatment tended to have higher pretreatment platelet SERT function compared to
nonresponders. Furthermore, changes in SERT function during the first two weeks of treatment
tended to be greater in patients that achieved remission after 8 weeks of treatment. Interestingly,
all groups of patients appeared to have similar levels of SERT function after 2 or 8 weeks of
S-CIT suggesting that early decreases in SERT function might be important for therapeutic
mechanism of action and thus, predictive of 8 week S-CIT responses.

6.3.4 SLC6A4 Polymorphisms and Platelet SERT Function
We first assessed the effects of complex SLC6A4 genotype by grouping patients having
similar 5-HTTLPR, rs25531, rs25532, and STin2 alleles. Arranging complex SLC6A4 genotypes
in descending order with respect to hypothesized effects on SERT expression yielded no
associated trend in SERT function (Fig. 6-6A). We next combined genotypes hypothesized to
have similar levels of SERT expression with respect to 5-HTTLPR and rs25531 genotypes
(Murphy and Lesch, 2008). The L/L genotype included LALA individuals (N=6). The S/S group
included individuals with LGLG, LGSA, and SASA genotypes (N=11). The L/S group consisted of
the remaining genotypes, i.e., LALG, LASA (N=11). We observed no significant difference in
platelet SERT function with respect to triallelic 5-HTTLPR genotype (Fig. 6-6B).

6.4 Discussion
The present findings indicate that platelet SERT function is highly variable across
individuals and is lower overall in individuals diagnosed with MDD compared to healthy
subjects. Furthermore, treatment of MDD patients with the SSRI S-citalopram reduces platelet
SERT function over 8-weeks of treatment compared to treatment with the non-SSRI bupropion.
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Preliminary findings suggest that patients with higher pretreatment serotonin uptake rates or
greater changes in uptake early in treatment appear more likely to show full recovery in response
to S-CIT. Finally, in contrast to our previous work in nonhuman primates (Singh et al., 2012), we
were unable to detect a relationship between SERT function and SLC6A4 polymorphisms in
humans.
A number of key clinically relevant points emerge from the present findings. The first is
that platelet serotonin uptake rates were somewhat lower in depressed vs. healthy individuals
(Fig. 6-3). Moreover, uptake rates were highly variable in both groups and distributions were
overlapping. Reduced [3H]imipramine binding to platelet SERT has been studied as a potential
biomarker for diagnosing depression, although after 30 years, consensus has not been reached as
to whether depressed individuals have lower platelet SERT binding (Marcusson and Ross, 1990,
Owens and Nemeroff, 1994). The highly overlapping nature of the distributions of SERT activity
between healthy individuals and patients with MDD illustrates why pretreatment SERT function
(and most likely SERT binding) cannot be used to diagnose MDD in individual patients.
Nonetheless, the present findings on SERT function are supportive of previous studies showing
that reduced platelet SERT binding is more often than not associated with MDD (Ellis and
Salmond, 1994, Yubero-Lahoz et al., 2013). The present results also lend additional support to
our previous assertions that chronoamperometry can be used to detect modest but biologically
relevant differences in SERT function (Perez and Andrews, 2005, Perez et al., 2006, Singh et al.,
2009, Singh et al., 2012, Montañez et al., 2013).

Another key finding of this study is that platelet SERT function was significantly
decreased in response to S-CIT treatment in subjects with MDD. While platelet SERT activity
returned to baseline after cessation of SSRI treatment, i.e., SERT function returned to
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pretreatment levels in patients switched to the non-SSRI bupropion, it is not known whether
reductions in SERT function in S-CIT-treated patients are related to S-CIT that remains bound to
SERT during platelet uptake analysis or is associated with downregulation, desensitization, or
internalization of SERT. Others have reported that SSRI treatment not only blocks SERT but it
also causes a reduction in surface SERT localization through internalization (Lau et al., 2008).
Determining the underlying mechanisms of reduced serotonin uptake by platelets after shortterm, e.g., 1-2 weeks vs. long-term, e.g., 8 weeks SSRI treatment will increase understanding of
antidepressant-mediated regulation of SERT.

The data presented here are suggestive of pretreatment SERT function, as well as early
treatment-related changes in serotonin uptake rates being correlated with SSRI responsiveness,
although too few patients have been studied at this point to draw firm conclusions. While many
investigations have been carried out on pretreatment platelet SERT binding, far fewer studies
have focused on investigating changes in PBC SERT binding during antidepressant treatment
(Urbina et al., 1999, Lima and Urbina, 2002, Peña et al., 2005). These studies found primarily
that PBC SERT expression was decreased in individuals with depression prior to antidepressant
treatment and that PBC SERT binding was increased in patients after treatment. Our study
focused primarily instead on assessing PBC SERT function (as opposed to SERT expression) in
depressed patients because factors other than expression may also directly affect the ability of the
protein to function. Studies measuring PBC SERT are difficult, as platelet contamination may
play a role in the observed SERT function and expression levels (Beikmann et al., 2013).
Moreover, little work has been done to try to correlate pretreatment SERT function or early
changes in SERT function with treatment responses to SSRIs (Rausch et al., 2002, Axelson et al.,
2005, Myung et al., 2013). Moreover, prior reports disagree as to which characteristics of
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platelet SERT function are predictive of SSRI treatment response. Previously, SERT affinity
(Rausch et al., 2002), maximal SERT function (Myung et al., 2013), and percent inhibition of
SERT during one week of treatment (Axelson et al., 2005) have each been hypothesized to be
predictive of treatment response. We are preparing to conduct a large clinical study involving
hundreds of patients that will enable us to evaluate these hypotheses in greater depth.

Interestingly, while our previous work showed a correspondence between SERT function
and 5-HTTLPR genotype in peripheral blood cells isolated from rhesus macaques (Singh et al.,
2012), we did not observe a similar relationship here when multiple common human SLC6A4
polymorphisms were considered. There are a number of reasons why this might be the case.
First, the influence of the 5-HTTLPR on SERT function remains controversial, with some studies
finding a correlation between 5-HTTLPR genotype and platelet SERT function (Greenberg et al.,
1999, Nobile et al., 1999), while others have failed to arrive at similar conclusions (Kaiser et al.,
2002, Javors et al., 2005). We also did not observe an association between 5-HTTLPR genotype
and SERT function in Epstein-Barr virus-transformed lymphoblasts (Chapter 4). A major
strength of the current work is that we took into account additional SLC6A4 polymorphisms that
have also been shown to influence SERT expression (Battersby et al., 1996, Hu et al., 2006,
Wendland et al., 2008). For example, the majority of previous studies to date failed to evaluate
the 5-HTTLPR as a triallelic SERT genotype inclusive of rs25531 (Murphy et al., 2013). In
observing no association between triallelic 5-HTTLPR genotype and SERT function, we must
consider the possibility that the influence of the 5-HTTLPR on SERT function in native
expressing human tissues is small in comparison to other as yet unidentified factors influencing
SERT activity.
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Another possibility is that platelets are not good biomarkers of genotype-related
differences in SERT function. Platelets have been shown to receive mRNA from
megakaryocytes (Rowley et al., 2012). However, it is not known whether SERT mRNA is
transferred to platelets in a genotype-related manner and furthermore, if platelet SERT mRNA is
translated in a genotype-dependent fashion. Platelets are short-lived (approximately 7-10 days)
(Machlus and Italiano, 2013) and it is also unknown if SERT expression varies with platelet age.
Differences in SERT function related to platelet age could overshadow genotype-related
differences. A third potential contributing factor to the present findings is the lack of
consideration of ethnicity. Studies have shown that approximately 25% of Caucasians have the
"S/S" genotype, whereas the "S/S" genotype is present in approximately 57% of the Asian
population (Smits et al., 2004). Furthermore, the "S/S" genotype in the Asian population has
been shown to be similar to the "L/L" genotype in the Caucasian population, potentially
conferring both increased SERT function and better SSRI treatment response (Porcelli et al.,
2012, Won et al., 2012, Myung et al., 2013). While the observed differences in genotype
frequency between Caucasian and Asian populations is troublesome for assessing the role of
SERT genotype on influencing SERT function, the recent findings that the "S/S" genotype in
Asian populations functions similar to the "L/L" genotype in Caucasian populations highlights
the advantage of using SERT function, as opposed to genetic polymorphisms, as a peripheral
biomarker for SSRI treatment response.

In the present study, we used chronoamperometry to measure changes in serotonin
concentrations on a second-by-second basis (Singh et al., 2009, Singh et al., 2012). There are a
number of advantages to using this method to determine SERT function compared to
radiochemical methods involving [3H]serotonin. These include the fact that the entire time
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course of uptake is highly time-resolved resolved leading to more precise estimates of uptake
rates. Furthermore, since there is no need for the vacuum filtration step used after radiometric
uptake, the possibility of disrupting cells is abrogated. The latter has been shown to lead to
underestimation of maximal uptake rates and overestimation of transporter affinity (see (Perez et
al., 2006, Singh et al., 2009) for an in-depth discussion). Finally, costs and safety concerns
associated with the use of radioactive materials are avoided, which is important for clinical
translation.

Overall, measuring SERT function in platelets may provide a number of clinical
advantages. (1) It involves a peripheral tissue that is relatively easy and inexpensive to obtain.
(2) Direct measurement of SERT function alleviates the need to identify and to understand all
factors influencing the expression and function of SERT in a particular individual to have
predictive value. Moreover, while we and others (Chen et al., 2001, Rausch et al., 2005)
hypothesize that central and peripheral SERT function may be correlated, this does not
necessarily need to be the case for platelet SERT function to act as a biomarker of treatment
response. Platelet SERT function only needs to be predictive of clinical outcome on an
individual basis. (3) Measurements of SERT function have the potential to be adapted to
electrochemical microchip-based formats (Gao et al., 2008, Liu et al., 2011), flow cytometry
(Beikmann et al., 2013), or cell-phone microscopy-based analysis for wider clinical use (Wei et
al., 2013, Zhu and Ozcan, 2013). Combined, these factors highlight the potential advantages to
continuing to investigate platelet SERT function as a peripheral biomarker for personalizing
treatment for patients with MDD.
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While preliminary, the current findings set the stage for future our work aimed at using
SERT function in peripheral blood cells to predict individual SSRI treatment response. In future
larger studies on SERT function and medication responses in patients with MDD, we plan to
employ the flow cytometry and cell-phone microscopy methods developed in this thesis, in
addition to electrochemical methods (Beikmann et al., 2013). While flow cytometers are
available in most major clinical environments, cell phone microscopy has the potential to enable
general practitioners and even patients to make these measurements without the use of expensive
and technically complex methods (Zhu et al., 2011, Wei et al., 2013). The combination of having
multiple techniques for measuring SERT function with the potential for clinical translatability
and an overall plan aimed at understanding the relationship between pretreatment SERT capacity
and antidepressant response is anticipated to improve patient outcomes in the treatment of MDD.
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Figures
Figure 6-1: Differences in pretreatment SERT function predict SSRI treatment responses.
Serotonin uptake capacity for any individual depends on a complex combination of factors
including SLC6A4 genetics, and factors influencing SERT cell-surface expression and affinity
for serotonin. We hypothesize that individuals with major depressive disorder having higher
pretreatment serotonin uptake capacities (blue; upper panel) will have greater therapeutic
responses to SSRIs. In contrast, subjects with depression having lower pretreatment serotonin
uptake capacities (green; lower panel) will have poorer therapeutic responses to SSRIs. We
theorize that differences in treatment responses arise because SSRIs need to cause significant
reductions (change) in serotonin uptake to induce concomitant increases in extracellular
serotonin. Individuals with low pretreatment uptake capacity have limited potential for SSRIinduced reductions in uptake; therefore, adequate increases in extracellular serotonin cannot
develop.

226

227

Figure 6-2: Serotonin uptake in platelets is SERT-dependent. Human platelets were preincubated in assay buffer (control) or with the SSRI S-citalopram (S-CIT; 100 nM) to inhibit
SERT. Serotonin (0.75 µM) was added at the time indicated (arrow) and uptake was determined
by chronoamperometry. Cells pretreated with S-CIT show no discernible uptake over the 20 min
measurement period indicating that changes in current with respect to time in control platelets
are due to SERT activity. Arrow represents where serotonin was added to the solution.
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Figure 6-3: Serotonin uptake is decreased in depressed vs. healthy individuals. Uptake rates
were found to vary greatly across individuals in depressed subjects prior to treatment and healthy
individuals. However, serotonin uptake rates on average were reduced in patients with MDD
(P<0.01,

one-tailed

based

on

literature studies).

Mean

uptake

rates ± SEMs

were

0.31 ± 0.02 pmol/106 platelets-min for control subjects and 0.26 ± 0.02 pmol/106 platelets-min
for depressed patients. Data for both groups are normally distributed and depicted in the graph as
means ± quartiles.
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Figure 6-4: Platelet SERT function does not vary over different times of day. Significant
differences in platelet SERT function were not observed in blood samples drawn repeatedly at
different times throughout the day in healthy volunteers. Mean uptake rates (in pmol/106
platelets-min) were 0.28 ± 0.04 (8:30 a.m.), 0.26 ± 0.03 (10:40 a.m.), 0.30 ± 0.03 (12:30 p.m.),
0.31 ± 0.03 (1:30 p.m.) and 0.23 ± 0.02 (2:30 p.m.). Data are means ± SEMs.
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Figure 6-5: Platelet SERT function with respect to antidepressant and treatment
classification. A) All patients received S-CIT during week one (gray bar). After week 1, some
patients were switched to the non-SSRI bupropion. Serotonin uptake rates were reduced in
response to S-CIT but not bupropion treatment. B) Shown are serotonin uptake rates over time
and with respect to treatment classification in MDD patients completing 8-weeks of S-CIT.
Nonresponders were individuals whose HRS-D17 scores changed by <50% after 8 weeks of
treatment. Responders showed a reduction in HRS-D17scores from baseline of ≥50%.
Responders having 8-week HRS-D17 scores of ≤7 points were classified as remitters. Group
sizes were too small for meaningful statistical analysis. Data means ± SEMs. ††P<0.01 vs. SCIT treatment group at week 0; ††† P<0.001 vs S-CIT treatment group at week 0; **P<0.01 vs.
S-CIT-treated group at the same time point.

234

235

Figure 6-6: Platelet SERT function with respect to complex SERT genotype. Patients were
genotyped for the following SLC6A4 polymorphisms: 5-HTTLPR, rs25531, rs25532, STin2, and
I425V. All patients were homozygous for the I425 allele. Data are displayed with genotype
combinations hypothesized to confer higher vs. lower SERT expression levels from left to right
(black triangle) as 5-HTTLPR genotype with rs25531 alleles (LA, LG, SA, SG), rs25532 alleles (C
or T), and STin2 alleles (10 or 12). Different shades of blue represent different
5-HTTLPR/rs25531 genotypes (e.g., LA/LA vs LA/SA, etc.) N=1-5 individuals per genotype
combination. Platelet SERT function is reported as mean uptake rate ± SEM (in pmol/106
platelets-min). Statistics were not conducted due to low number of patients per genotype.
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Figure 6-7: Pretreatment platelet SERT function is independent of triallelic 5-HTTLPR
genotype. No significant differences in SERT function were detected between patients with L/L
(N=6), L/S (N=11), and S/S (N=11) genotypes. Average uptake rates ± SEMs (in pmol/106
platelets-min) were 0.25 ± 0.03 (L/L), 0.27 ± 0.06 (L/S) and 0.31 ± 0.04 (S/S), respectively. The
L/L genotype consists of LA/LA subjects; the L/S genotype consists of LA/LG and LA/SA subjects;
the S/S genotype consists of LG/LG, LG/ SA, SA/SA, and SA/SG subjects.
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Chapter 7

Global Conclusions and Future Directions

7.1 Effects of Endotoxin on Human Platelet Serotonin Transporter Function
Another project I worked during my graduate studies involved investigating the effects of
systemic endotoxin administration on platelet serotonin transporter (SERT) function in healthy
individuals. Endotoxin (lipopolysaccharide; LPS) is a primary component of gram-negative
bacterial cell walls and is a potent innate immune system activator. Immune system activation
via endotoxin exposure leads to the production of proinflammatory cytokines such as tumor
necrosis factor 1-alpha, interleukin 1-beta (IL-1ß), and interleukin-6 (IL-6). Short-term exposure
to increased proinflammatory cytokine levels has been shown to lead to a transient decrease in
mood (van den Biggelaar et al., 2007, Eisenberger et al., 2009). Long term elevations in
proinflammatory cytokine levels have further been hypothesized to contribute to development of
neuropsychiatric disorders such as depression (for review, see (Felger and Lotrich, 2013)).
Although modulation of SERT by cytokines has been hypothesized as a mechanism underlying
these behavioral changes (Zhu et al., 2010), the exact mechanism of cytokine-mediated
depressed mood has yet to be elucidated.
In rodents, endotoxin-induced development of depression-like behavior can be abolished
by chronic treatment with selective serotonin reuptake inhibitors (SSRIs) (Yirmiya et al., 2001).
Furthermore, SERT function has been shown to be increased in the brain of mice who received
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endotoxin injection (Zhu et al., 2010). This increase is likely due to increased proinflammatory
cytokine levels affecting changes in SERT function (Mössner et al., 1998). With this project, we
aimed to determine if platelet SERT function is changed by systemic endotoxin injection in
humans and if so, how SERT function was modified with respect to development of a transient
depressed mood.
The methods for this project are essentially the same as those presented in Chapter 6 with
a few minor exceptions. Healthy individuals had blood drawn at five time points during the day
and peripheral blood cells (PBCs) were isolated. Subjects were injected with either a placebo
solution or endotoxin between the first (8:30 am) and second (10:40 am) blood draws.
Chronoamperometry was used to assess SERT function, with the primary focus being on platelet
SERT transport. Investigators were blinded to which individuals received endotoxin until after
the measurements were completed.
The data from this project are presented in Chapter 6 (Fig. 6-4) and Figure 7-1. No
significant differences in SERT function between the placebo group and the endotoxin group
were observed (repeated measures 2-way ANOVA; F(4,88)=1.28; P>0.3). There is a high degree
of overlapping variability in SERT function in both groups. When SERT function was assessed
in only the endotoxin treated group (Fig. 7-1), no significant differences in SERT function were
observed (repeated measures 1-way ANOVA; P>0.6; F= 4.91).
The primary goal of this study was to be an initial step in assessing if immune activation
related changes in SERT function were related to depressed mood development in humans.
Recent research has shown that platelets may be useful surrogate biomarkers for assessing
neuronal SERT function in humans (Rausch et al., 2005). Although our study failed to produce
the hypothesized result of changes in SERT function, we still were able to draw some important
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conclusions from this work. First, this work was integral in demonstrating that platelet SERT
function between individuals is highly variable. Importantly however, platelet SERT function
does not significantly vary with respect to blood draw time throughout the day (as reported in
Chapter 6). Additionally, we observed that platelet SERT function is relatively unchanged in
individuals who received endotoxin.
There are a number of possible explanations for this finding. First, SERT function may be
regulated differently in platelets and neurons. Platelets have been shown to express receptors for
LPS (TLR4) (Andonegui et al., 2005) and IL-1ß (IL-1ßR) (Brown et al., 2013), so it is likely that
LPS and IL-1ß produced by the innate immune system after LPS administration interacts with
platelets directly. However platelets and neurons have different roles in the body, potentially
meaning that the role SERT plays in each of these cell types is different. For example, it may be
advantageous for neuronal SERT function to be modified by proinflammatory cytokines as a step
in initiating a transient depression, whereas those same modifications in SERT function in
platelets may cause unwanted changes in thrombosis and serotonin homeostasis. Additionally,
platelet SERT may be receiving opposing signals via LPS and IL-1ß simultaneously, as these
ligands have shown to have differing effects on neuronal SERT function when investigated
independently (Mendoza et al., 2009, Zhu et al., 2010). Finally, chronic (as opposed to acute)
proinflammatory cytokine exposure may be required for modification of platelet SERT function.
If cytokines do not directly affect platelet SERT function, it is possible that SERT function may
be modulated at the level of SERT-expressing megakaryocytes (Giannaccini et al., 2010), which
may have a "trickle-down" effect on SERT function in platelets. Future studies should focus on
addressing each of these possibilities to determine the effect of LPS and cytokine exposure on
platelet SERT function.
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7.2 Evaluating Different Methods for Assessing Peripheral Blood Cell
Serotonin Transporter Function
In the first three chapters of this thesis, I focus primarily on evaluating and comparing the
use of radiochemical, electrochemical, and flow cytometry techniques for measuring peripheral
blood cell (PBC) SERT function. Each technique was found to have different advantages and
disadvantages. When choosing a method to measure PBC SERT function, a number of factors
should be considered including the number of available cells, the purity of the sample to be
measured, the instruments available for making measurements, and the type of information
needed from the measurements. For example, if SERT function is being explored in a low
expression system with a pure cell population, a technique such as radiochemical uptake may be
optimal. Conversely, if real-time measurement of transport is needed, electrochemical methods
are advantageous. No technique should be considered better than the others as each has attributes
favorable under certain conditions.
As noted in Chapter 3, evaluating PBC SERT function is particularly challenging because
PBCs consist of mixed cell types (Beikmann et al., 2013) and also typically have lower SERT
function and expression than overexpressing transfected systems (Ahmed et al., 2008). To
address these issues, we developed a technique that uses flow cytometry and a fluorescent
substrate to measure PBC SERT function (Beikmann et al., 2013). Our work with flow
cytometry and the fluorescent substrate APP+ has shown that platelets, not lymphocytes,
contribute to the majority of SERT function measured in blood cells (Chapter 3). Additionally,
flow cytometry was used to show that low levels of SERT function occur in lymphoblasts that
are not detectable using electrochemical methods (Chapter 4). As more robust and specific
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fluorescent substrates for SERT become available, use of flow cytometry will improve for
determining SERT function in mixed blood cell populations.
Additionally, we set out to develop techniques that would be more convenient for
clinicians and even patients to use. Others have shown microscopy can be used for assessing
fluorescent substrate transport in cells (Bolan et al., 2007, Solis et al., 2012). We have taken the
next step in using this technology by developing an assay to measure SERT function using cellphone microscopy (Chapter 5). Cell-phone microscopy and has recently been used to study blood
cells and nanoparticles (Wei et al., 2013, Zhu and Ozcan, 2013). While we demonstrated that
cell-phone microscopy can be used to image platelet SERT function, this work is still in its early
stages. Future work should involve further developing this technology for use in measuring
platelet SERT function in patients with depression. We aim to demonstrate that SERT function
can be quantified using this technology. Additionally, we will work with Dr. Aydogan Ozcan’s
lab (University of California, Los Angeles) to develop software that enables imaging and
analysis on a single platform.

7.3 Peripheral Serotonin Transporter Function as a Peripheral Biomarker for
Antidepressant Treatment Response
We began to evaluate the use of peripheral SERT function as a biomarker for selective
serotonin reuptake inhibitor (SSRI) treatment response (Chapter 6). While we have yet to fully
characterize platelet SERT function as a peripheral biomarker, important steps were taken to lay
the groundwork for a larger study. Depression is a major problem in the US, with an estimated
cost of at least 83 billion dollars (Greenberg et al., 2003, Lang and Borgwardt, 2013). The long
duration until symptom improvements and the low overall response rate to initial treatment are
257

one of the biggest problems associated with treating depression (Leuchter et al., 2010, Sinyor et
al., 2010). While a number of different biomarkers have been investigated as predictors of SSRI
treatment response (Kraft et al., 2007, Leuchter et al., 2010), clinicians still have no consistent
usable biomarker to predict whether particular patients are good candidates for SSRRI treatment.
The work presented in this thesis aims to lay the foundation for future studies to advance this
area of science.
While both radiochemical SSRI binding and SERT pharmacogenetics have been highly
studied with regard to SSRI treatment (Marcusson and Ross, 1990, Owens and Nemeroff, 1994,
Kraft et al., 2007), relatively little research has focused directly on PBC SERT function as a
predictor of SSRI treatment response. Recent studies have shown that SERT function may be a
useful predictor of pretreatment antidepressant response (Myung et al., 2013), while debate still
exists as to which uptake parameters (Vmax, km, uptake efficiency, percent inhibition after 1 week
of treatment) are the useful predictors (Rausch et al., 2002, Axelson et al., 2005). Using SERT
function, as opposed to other SERT-related biomarkers, is advantageous, in part because it
hypothetically accounts for the myriad of different factors that can influence serotonin transport
(such as known and unknown SERT polymorphisms, environmental factors, etc.). While
additional studies need to be conducted, platelet SERT function appears to be a promising
peripheral biomarker for antidepressant treatment response.

7.4 Lymphocytes and the Serotonin Transporter
The research carried out for this thesis demonstrates that electrochemistry can be used to
study SERT function in human blood cells. Initially, we hypothesized that lymphocytes would
act as better peripheral biomarkers due to their cellular nature (as opposed to platelets, which
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lack a nucleus). Our characterization work with both electrochemistry and flow cytometry
showed, however, that lymphocyte SERT expression is low compared to platelet SERT
expression (Beikmann et al., 2013). While it is highly likely that SERT expression and function
is present in lymphocytes, we hypothesize that it is present at levels below the limit of detection
of our assays. Other studies support this hypothesis, as SERT protein levels in primary human
B-lymphocytes appear to be relatively low (Meredith et al., 2005b, Chamba et al., 2010).
Interestingly, SERT expression appears to be increased in EBV-transformed
lymphoblasts (LCLs) (Chapter 4) (Lesch et al., 1996, Mössner et al., 2000, Prasad et al., 2005).
While the reason for increased SERT expression is unknown, we postulate that it is likely related
to transformation by Epstein-Barr Virus. Others have shown that activation of primary
lymphocytes using the protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA)
increases lymphocyte SERT protein expression (Meredith et al., 2005b). Considering that LCLs
and activated lymphocytes exhibit measurable SERT protein expression, it is reasonable to
hypothesize that a similar molecular pathway for upregulating SERT expression may be
responsible.
Better understanding the cause of SERT upregulation in LCLs and activated lymphocytes
has number of important scientific implications. First, it is currently unknown why lymphocytes
and other immune cells express SERT. Lymphocytes express a number of serotonergic receptors
including 5-HT1A receptors, which has been implicated in having a secondary stimulatory effect
on lymphocyte activation (Meredith et al., 2005a). Additionally, antigen-presenting cells (APCs;
e.g., dendritic cells, monocytes/macrophages, B-lymphocytes) express SERT after activation
(Meredith et al., 2005b, Rudd et al., 2005, O'Connell et al., 2006, Yang et al., 2007). It has been
shown that APCs (in particular dendritic cells) accumulate serotonin after activation, then release
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the accumulated serotonin after interacting with naive T-lymphocytes (O'Connell et al., 2006).
Activated T-lymphocytes upregulate tryptophan hydroxylase activity and passively release
serotonin. This serotonin is accumulated by other APCs for communication with naive
T-lymphocytes. Thus, SERT may be a key component in initiating an efficient early immune
response and is a possible target for future treatments to modulate immune responses. Second,
SERT has previously been shown to enable intracellular signaling via serotonin uptake and
serotonylation (Walther et al., 2003). While serotonylation is an important mechanism for
intracellular signaling in platelets, its role, if any, in lymphocytes is unknown. Third, clarifying
lymphocyte SERT function has implications for the use of both lymphocytes and platelets as
peripheral biomarkers for neuronal SERT function. To date, LCLs and platelets have been
primarily used as peripheral biomarkers of neuronal SERT function (Lesch et al., 1996, Rausch
et al., 2005). However, neither system is truly optimal, as LCLs are artificially manipulated
through EBV transformation to grow in culture and platelets lack the nuclear machinery to
transcribe genes. While native lymphocytes have minimal SERT expression, lymphocytes
activated by PKC stimulation may provide better biomarkers of native SERT function.
Additional work should be conducted to evaluate PMA activated lymphocytes for use in
studying native expression of SERT in humans with an emphasis on further understanding the
role of SERT in lymphocytes and assessing the use of PMA activated lymphocytes as peripheral
biomarkers for neuronal SERT function.
While APP+ as been shown on numerous occasions to be a useful substrate for
measuring SERT function (Jørgensen et al., 2008, Solis et al., 2012, Beikmann et al., 2013,
Karpowicz et al., 2013), APP+ does have some pitfalls. One issue is that APP+ is not SERTspecific. Being derived from MPP+ (Solis et al., 2012), APP+ can be transported by other
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transporters including the dopamine (DAT) and norepinephrine (NET) transporters (Jørgensen et
al., 2008). While APP+ is optimal when measuring transporter function in systems with one
primary transporter (such as transfected cells or platelets), systems where two or more
transporters are present can be problematic. Our work with APP+ has elucidated a transport
system in lymphocytes and EBV-transformed lymphoblasts that is SERT, DAT and NET
independent. Furthermore, we have ruled out other possible transporters such as the organic
cation transporters (Chapter 4). While determining the identity of this transporter is beyond the
scope of our current goals, elucidating this uptake mechanism may be important for
understanding other native transport mechanisms in human immune cells. In particular, SSRIs
have been shown to exhibit anti-tumor properties, which may be independent of SERT
expression in B-lymphocyte malignancies (Meredith et al., 2005b). Work within this thesis has
shown that high concentrations of SSRIs inhibit APP+ transport into LCLs, inferring that SSRIs
bind to lymphocytes independent of SERT. Hypothetically, this unknown transport mechanism
may play a role in the ability of SSRIs to act as anti-tumor agents independently of SERT. In this
regard, it may be of interest to future studies to elucidate this transport mechanism for use as a
possible therapeutic target for B-cell malignancies.

7.5 Blood Cells and Complex SERT Genotype
We discussed in detail our inability to find an association between common SERT
genotypes and SERT function in blood cells (Chapter 4, 6). There are two primary pitfalls
associated with our current data that should be rectified in the next study on this subject. First,
both our LCL and platelet work had low subject numbers by genotype. While obtaining relevant
number of subjects with common SERT genotypes is only a matter of time and cost, finding
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subjects with polymorphisms that are rare is considerably more difficult. For example, out of the
28 patients we genotyped (Chapter 6), not a single individual contained the "V" allele at I425V.
The rarity of polymorphisms such as I425V complicates studying these gene variants in primary
blood cells. While LCLs seem to be the logical choice for continuing to pursue studying rare
genotypes, with respect to I425V, our LCL SERT function measurements failed to find an
association between function and genotype (Chapter 4).
A couple different approaches should be taken to address this problem in the future. First,
assessing LCL SERT function with regard to rare SERT genotype should be conducted using
radiometric uptake methods, as these seem to provide the best detection of SERT function
(Lesch et al., 1996). Second, the use of a lymphocyte-activating agent such as PMA should be
considered as long term (>24 h) PMA exposure has been shown to increase SERT protein
expression in both LCLs and primary lymphocytes (Lesch et al., 1996, Meredith et al., 2005b). If
this approach is conducted, however, the use of a PKC inhibiting agent (such as staurosporine)
should be considered as short term PMA incubation causes a decrease in extracellular SERT
expression via endocytosis (Carneiro and Blakely, 2006). While future work with rare SERT
gene polymorphisms will be difficult, understanding the role these polymorphisms play in
altering SERT function and expression may lead to a better understanding of SERT-related
neuropsychiatric disorders.
Second, with regard to platelet SERT function analysis (Chapter 6), this work was
conducted in patients diagnosed with major depressive disorder, not healthy control subjects.
Others and we have demonstrated that SERT function is decreased in individuals with depression
as compared to healthy individuals. This difference in SERT function may mask genotyperelated effects on peripheral SERT function. Additionally, the observed decrease in SERT
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function may hypothetically be due to changes in the influence of complex SERT genotype on
SERT function, whereas complex SERT genotype influences SERT function in healthy
individuals, masking may take place due to other depression-related changes in depressed
individuals. Future work should focus on comparing the influence of SERT genotype on SERT
function in both healthy control subjects and individuals with depression.

7.6 Summary
This thesis had as its unifying goal advancing MDD treatment by developing methods of
predicting which patients have the highest chance for successful SSRI treatment. This work was
imperative in laying the foundation for future research in our laboratory regarding clinical
studies to evaluate this hypothesis further. Additionally, application of flow cytometry and cell
phone microscopy, in conjunction with electrochemical measurements, will greatly improve the
clinical translatability of our findings. With MDD becoming ever more prominent, the need for
peripheral biomarkers to help predict successful treatment has never been greater.
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Figures
Figure 7-1: Platelet SERT function is unchanged in endotoxin-administered subjects.
Analysis of platelet SERT function in individuals who received endotoxin was conducted to
determine of SERT function changed over time in relation to endotoxin administration. No
significant difference in SERT function was observed across the five time points (Repeated
measures One-Way ANOVA, P < 0.72). N=11. Means ± SEM.
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Appendix

Flow Cytometry to Determine Serotonin Transporter Function
in Human Peripheral Blood Cells

A.1 Introduction
The serotonin transporter (SERT) plays an important role in the regulation of
serotonergic neurotransmission in the brain via clearance of serotonin from the extraneuronal
space. Being the primary target of selective serotonin reuptake inhibitor (SSRI) antidepressants,
SERT has been implicated in the etiology and treatment of anxiety- (Stein et al., 2006) and
depression- (Vaidya and Duman, 2001) related neuropsychiatric disorders. Recently, a large
clinical study, the Sequenced Treatment Alternatives to Relieve Depression (STAR*D), tested
the effectiveness of different antidepressant treatments after patients failed to respond to initial
SSRI treatment (Sinyor et al., 2010). A major finding of the STAR*D trial was that only
approximately 30% of individuals initially treated with the SSRI S-citalopram achieved
remission from depression (Rush et al., 2009, Sinyor et al., 2010). Furthermore, when effective,
SSRI treatment required several weeks at a minimum to treat depression. With such low levels of
remission after initial treatment with SSRIs, researchers are searching for ways to predict
therapeutic response in individual patients prior to treatment (Leuchter et al., 2010).
The gene that codes for SERT, SLC6A4, has been shown to control SERT expression in
the periphery and the brain (Lesch et al., 1993, Ramamoorthy et al., 1993, Chen et al., 2001).
Common SLC6A4 polymorphisms, such as the serotonin transporter-linked polymorphic region
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(5-HTTLPR) have been hypothesized to regulate neuronal SERT expression and function
(Murphy and Lesch, 2008). Additionally, the 5-HTTLPR has been studied as a predictive genetic
marker for SSRI treatment response. However, the results of these studies are inconclusive
(Kraft et al., 2007). Of particular interest is the possibility of using peripheral SERT activity as a
noninvasive biomarker for neuronal SERT function. Platelet SERT function has been shown to
be correlated with neuronal SERT function (Rausch et al., 2005), although these findings remain
debated (Arora et al., 1983, Chou et al., 1983). Furthermore, platelets, peripheral blood
mononuclear cells (PBMCs), and lymphoblasts have been shown to have differences in SERT
function related to 5-HTTLPR genotype (Lesch et al., 1996, Greenberg et al., 1999, Singh et al.,
2009, Singh et al., 2012). Cells from individuals having two short 5-HTTLPR alleles show
decreased SERT expression and function.
Blood cells offer a unique opportunity to study SERT in natively expressing
tissues. Blood consists of a large number of different cell types, each of which has an
independent role in metabolic and immune functions. Blood cells are divided into three primary
classes: red blood cells, white blood cells, and platelets. Serotonin transporter expression has not
been reported in red blood cells, so for the purposes of this chapter, we will focus primarily on
white blood cells and platelets. Platelets are anuclear cell fragments that are primarily
responsible for initiating blood clotting. Platelets are known to express SERT, and platelet SERT
function has been extensively characterized using a number of techniques including radiometric
uptake assays (Lampugnani et al., 1986, Lesch et al., 1993, Greenberg et al., 1999, Jayanthi et
al., 2005, Annamalai et al., 2012), electrochemical methods (Beikmann et al., 2013), and flow
cytometry (Beikmann et al., 2013). For a more detailed review of SERT in platelets see
(Mercado and Kilic, 2010).
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White blood cells are a heterogeneous group of cells that are primarily involved in
immune system function (for review see (Paul, 2008)). White blood cells can be divided into a
number of different subclasses, including granulocytes (neutrophils, basophils, eosinophils),
lymphocytes (B-lymphocytes, T-lymphocytes), and monocytes/macrophages. Mixed lymphocyte
and monocyte populations are known as PBMCs. Granulocytes mediate innate (nonspecific)
immunity and are usually one of the first lines of defense upon pathogen invasion of the body.
Granulocytes, however, have not been shown to express SERT (Yang et al., 2007), so this
chapter will focus primarily on PBMCs and platelets.
Lymphocytes comprise two major cell types, T-lymphocytes and B-lymphocytes. While
there are multiple types of T-lymphocytes, the two primary classes are CD4+ T-helper
lymphocytes and CD8+ cytotoxic T-lymphocytes. T-Helper cells play an important role in
mediating immune responses to specific pathogens by activating other immune cells such as
cytotoxic T-lymphocytes and B-lymphocytes. Cytotoxic T-lymphocytes, by contrast, target and
destroy cells that have been infected by pathogens. This function is known as cellular immunity.
B-Lymphocytes are the other primary type of lymphocyte found in blood. After activation by
T-helper cells, B-lymphocytes differentiate into either plasma cells for antibody production or
memory B-lymphocytes that are activated in the event of a later infection by the same agent. The
production of antibodies in an immune response is known as humoral immunity. Overall,
lymphocytes are important for providing adaptive, or specific, immunity.
In contrast to platelets, SERT expression in PBMCs is controversial and more difficult to
study. Although platelets have been studied extensively with regard to native SERT function and
expression, PBMCs have been hypothesized to be better peripheral biomarkers of neuronal
SERT expression and function since they contain a nucleus and the ability to transcribe SERT
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mRNA. While monocytes (Yang et al., 2007) and macrophages (Rudd et al., 2005) have been
shown to express SERT, the relative rarity of these cell types in blood makes it difficult to use
them to study peripheral SERT function. Lymphocytes have been reported to express SERT
(Faraj et al., 1994, Yang et al., 2007). However, recent studies have indicated that SERT
expression in lymphocytes is relatively low (Chamba et al., 2010). A number of studies have
reported SERT expression and function in mixed peripheral blood cell populations consisting
mostly of lymphocytes (Urbina et al., 1999, Marazziti et al., 2003, Singh et al., 2009, RiveraBaltanas et al., 2012, Singh et al., 2012). Although upon closer study, we find that the majority
of SERT reported in lymphocytes is likely a result of platelet “contamination” of PBMCs
(Beikmann et al., 2013). Initially, T-lymphocytes were reported to not express SERT (O'Connell
et al., 2006); however, later studies contradicted these findings (Yang et al., 2007, Fazzino et al.,
2009). Serotonin transporter expression in B-lymphocytes has been reported, albeit at relatively
low levels (Meredith et al., 2005, Chamba et al., 2010). B-Lymphocytes that have been
transformed using Epstein-Barr virus into lymphoblasts for growth in culture have also been
shown to express SERT and have been important in characterizing the role that gene variants
play in SERT function, expression, and regulation (Lesch et al., 1996, Mössner et al., 2000,
Mössner et al., 2001, Prasad et al., 2005). It may be possible to study SERT function in
lymphocytes, however further investigation is needed due to low SERT expression in this cell
type. Advances in SERT-specific fluorescent substrates coupled with techniques such as flow
cytometry have potential to greatly advance our understanding of SERT function in
lymphocytes.
Flow cytometry is a technique that uses light scattering properties of cells to differentiate
cell populations (Givan, 2011). Previously, we used the fluorescent substrate APP+ (4-(4-
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(dimethylamino)phenyl)-1-methylpyridinium; IDT307) to assess SERT function in mixed
PBMC/platelet samples (Beikmann et al., 2013) and lymphoblast cell lines (LCLs). APP+ is a
fluorescent analog of MPP+ (Solis et al., 2012) that is transported by monoamine transporters
including SERT, dopamine transporters (DAT), and norepinephrine transporters (NET)
(Jørgensen et al., 2008). In the aqueous environment outside of cells, APP+ is not fluorescent.
However, APP+ has been shown to exhibit distinct spectroscopic properties when bound to
SERT vs. after accumulation within the cells allowing for distinction between binding and uptake
(Wilson et al., 2014). Upon entering cells, a fluorescent APP+ confirmation is attained by DNA
intercalation or binding within mitochondria (Solis et al., 2012, Karpowicz et al., 2013). While
other fluorescent substrates have the potential to be used with flow cytometry, e.g., ASP+ (trans4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide), currently only APP+ has been
investigated for measuring SERT function in blood cells (Solis et al., 2012, Beikmann et al.,
2013).
The use of flow cytometry and fluorescent substrates to study SERT function offers a
number of advantages compared to other techniques. First, radiochemical and electrochemical
measurements of SERT function cannot differentiate uptake on the basis of cell type in mixed
cell samples including those isolated from blood, e.g., PBMCs. In contrast, the light scattering
properties of cells is used to differentiate cell populations by flow cytometry enabling SERT
function to be assigned to different cell types within the same sample. This is a distinct
advantage since platelets can be difficult to remove completely from PBMC preparations.
Second, in flow cytometry, dead cells are identified and removed from sample analysis using
light scattering properties or cell viability indicators (Beikmann et al., 2013). Third, flow
cytometers are now relatively common in clinical and research environments, whereas
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radiochemical and electrochemical instrumentation are only available in specific laboratory
environments and require specialized training and/or safety precautions. Finally, with slight
modifications, the flow cytometry assay described here can be used with fluorescence plate
readers or fluorescence microscopy. The adoption of flow cytometry in conjunction with
fluorescent transporter substrates is expected to enable new insights into SERT function with
respect to different cell types found in blood.

A.2 Materials
A.2.1 Sample Isolation (Platelets)
1. Blood collection tubes. Green-top (sodium heparin anticoagulant), purple-top
(EDTA coagulant), or yellow-top (acid-citrate-dextrose (ACD) anticoagulant)
blood collection tubes are appropriate for blood used for platelet isolation.
2. Blood. The amount of blood collected depends on the number of samples that will
be analyzed. Approximately 10-20 ml of blood is typically used for platelet
isolation (See Note 1).
3. Polypropylene 15- and 50-ml conical tubes (See Note 2).
4. Polypropylene transfer pipettes, wide tip.
5. Phosphate-buffered saline (PBS; Life Technologies, Waltham, MA; Product
#20012-027). PBS should be devoid of calcium and magnesium to help prevent
platelet activation. Additionally, PBS should be sterile and prepared at pH 7.2.
6. Prostaglandin E1 (PGE1) (optional) (See Note 3).
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A.2.2 Sample Isolation (PBMCs + Platelets)
1. All supplies listed above (see Note 1).
2. Ficoll-Paque solution.

A.2.3 APP+ Uptake
1. Hemocytometer and optical microscope or automated cell counter.
2. APP+ (4-(4-(dimethylamino)phenyl)-1-methylpyridinium; IDT307). Currently
sold as part of the Neurotransmitter Transporter Uptake Assay Kit (Molecular
Devices, Sunnyvale, CA, USA; Patent #7947255) or from Sigma Aldrich (St.
Louis, MO; Product number SML0756).
3. Assay buffer (150 mM NaCl, 5 mM KCl, 1.2 mM MgCl2·6H2O, 5 mM glucose,
10 mM HEPES, 2 mM CaCl2·2H2O in H2O, pH 7.4).
4. 1.5 ml Eppendorf tubes.

A.2.4 Flow Cytometry
1. Flow cytometer equipped with an excitation laser (~488 nm) and an emission
filter (525 nm), e.g., BD FACSCalibur flow cytometer (BD Biosciences, San
Jose, CA, USA) or FC 500 Series Cytometer (Beckman Coulter, Inc, Brea, CA,
USA).
2. Excitation wavelengths for APP+ are 405-488 nm (Beikmann et al., 2013, Wilson
et al., 2014). Emission wavelengths are 458-525 nm. The viability indicator
propidium idodide is typically excited at 488 nm and emission is measured at
615-620 nm.
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A.3 Methodology
A.3.1 Sample Isolation (Platelets)
1. Transfer blood from each blood collection tube into a 50-ml conical tube.
Centrifuge samples at 200 × g for 15 min to separate platelet-rich plasma (top
yellow layer; PRP) from red and white blood cells (bottom red layer) (See
Note 4).
2. Being careful not to disturb bottom cell layer, gently siphon off PRP layer using a
polypropylene transfer pipette and place PRP into a fresh 15 ml conical tube. If
isolating PBMCs from the same sample, add PBS (final volume≈30 ml) to the
tube with cells and set aside for Ficoll separation after platelet isolation.
Otherwise, discard the remaining cell layer into biohazard waste.
3. (Optional) Add PGE1 (final concentration≈1 µM) to the PRP to help to prevent
platelet activation.
4. Centrifuge PRP at 2500 × g for 5 min to pellet platelets (See Note 5).
5. Remove plasma and resuspend platelets in 5 ml PBS. Centrifuge platelets again
for 5 min at 2500 × g.
6. Remove supernatant and resuspend platelets in 10 ml of PBS for storage until the
experiment (See Note 6).

A.3.2 Sample Isolation (PBMCs + Platelets)
1. Transfer blood from each blood collection tube to a 50-ml conical tube. Dilute
blood to a final volume of≈30 ml. If platelets were isolated from blood prior to
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beginning PBMC isolation, begin the PBMC isolation process by using the
PBS/blood cell mixture saved from step 2 in the platelet isolation section.
2. To a second 50 ml conical tube, add 15 ml Ficoll-Paque solution.
3. Using a disposable serological pipette, remove 10-20 ml from the blood/PBS
mixture. Gently tip the tube containing the Ficoll-Paque solution until it is at an
angle that is approximately 15° with respect to the bench parallel. Carefully layer
the blood/PBS solution onto the Ficoll-Paque solution by slowly pipetting the
blood along the side of the 50-ml conical tube wall. As blood/PBS sample is
added, carefully tilt the conical tube upwards until it is perpendicular with the
bench parallel. Two distinct layers will form: a lower "clear" Ficoll layer and an
upper "red" blood cell layer. Do not mix these layers as this will prevent
separation during subsequent centrifugation. See Figure 1A for an example.
4. Centrifuge samples at 1400 × g for 20 min with no brake. If the brake is used,
sample layers may mix precluding cell isolation.
5. After centrifugation, four distinct sample layers should be present. The bottom,
red layer consists primarily of red blood cells and granulocytes. The next layer
from the bottom, which is Ficoll-Paque, should be clear. The third layer from the
bottom, also known as the buffy coat (white and cloudy), at the interface between
the Ficoll layer and the top plasma (yellow) layer, consists of a mixture of
PBMCs and platelets. Figure 1B shows the distinct layers that are formed after
Ficoll separation. Using a serological pipette, remove the buffy coat layer
containing the PBMCs by carefully inserting the pipette through the plasma layer.
Place buffy coat sample in a fresh 50 ml conical tube (See Note 7).
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6. Add PBS (final volume 40 ml) to each PBMC sample and centrifuge at 500 × g
for 15 min using the brake.
7. Remove the supernatant and resuspend each cell pellet in 25 ml PBS. Centrifuge
again at 500 × g for 15 min with the brake on.
8. Remove the supernatant and resuspend each cell pellet in PBS (5-10 ml) for
storage until use with APP+ assay (See Note 8).

A.3.3 APP+ Uptake
1. Prepare working solutions of APP+ from a stock solution of 3 mM APP+. Typical
sample APP+ incubation concentrations range from 150 nM to 9 µM. Depending
on the APP+ incubation concentration, 100 times concentrated working solutions
ranging from 15 µM to 900 µM should be prepared. Protect solutions from light.
2. Using an automated cell counter or hemocytometer, count cells in a sample
aliquot to estimate the total numbers of platelets and/or PBMCs in each sample.
See Note 9 for typical cell numbers used per sample for an experiment.
3. Warm the assay buffer in a 37 °C water bath.
4. Centrifuge samples (PBMCs at 500 × g for 15 min; platelets at 2500 × g for
5 min).
5. Remove the supernatant. Resuspend each sample so that cells are at the
appropriate cell density per sample for APP+ uptake (See Note 9). Aliquot cell
samples into 1.5 ml Eppendorf tubes for uptake.
6. (Optional) Warm samples for 10-15 min to 37 °C prior to carrying out the uptake
experiment. Samples will be warmed after addition of the assay buffer. However,

282

if a large number of samples are tested, samples may need to be rewarmed to
ensure they are at 37 °C during uptake (See Note 10).
7. Add drugs/inhibitors to samples and allow samples to preincubate with drugs for
at least 10 min (or longer depending on the drug being used).
8. Add APP+ to samples and allow samples to incubate at 37 °C. See Note 11.
9. After uptake of APP+, centrifuge samples and remove the supernatant.
Resuspend samples in fresh assay buffer for flow cytometry analysis.
10. (Optional) A viability indicator such as propidium idodide (PI) can be added to
allow dead cells to be differentiated during flow cytometry. See Note 12 and
Figure 2 for information about viability indicators.

A.3.4 Flow Cytometry
1. Analyze samples without APP+ to verify the expected cell populations on the
forward scatter (FSC) vs. side scatter (SSC) plots. Gate the cell population(s)
of interest. Figure 3 shows representative dot plots of PBMC and LCL
samples.
2. (Optional) Use a negative control sample to set the cell-associated peak in the
first decade of the histogram. Construct histogram plots of fluorescence for
samples containing the viability indicator to determine overall cell viability.
3. Construct a histogram plot (or plots, depending on whether multiple
populations are being analyzed) for the fluorescence emission wavelength
associated with APP+. Set the gates on each plot so that only one cell
population is studied per histogram. Test the negative control samples to set
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the histogram in the first decade of the plot. Afterwards, measure samples
containing APP+ to ensure that the fluorescence peak shows an increase.
4. When gates are set appropriately, begin collecting data from each sample.
5. After the experiment is concluded, dispose of samples using local biohazard

waste disposal practices.

A.4 Experimental Recommendations
Sample planning is dependent on the overall goals of each experiment. Similar to other
fluorescence-based techniques, however, there are a few guidelines that should be followed.
First, there should be at least one negative control sample included in each experiment. Negative
control samples contain cells but no test compounds, e.g., cell viability indicator, APP+, drugs. If
blood cells from multiple individuals are being studied, negative control samples from each
individual should be included. These negative control samples are important for two reasons.
First, they are used initially to set the fluorescence detectors so that sample fluorescence is within
the detector limits. Second, negative control samples are important for determining normal
background fluorescence, which will be subtracted from samples incubated with APP+ to obtain
APP+-associated fluorescence.
Each experiment also needs to include at least one positive control sample where APP+ is
the only test compound added. This positive control is used to determine the maximum amount
of APP+ fluorescence in cells from a particular blood sample. All drug treated samples will be
compared to this sample to determine effects on APP+ transport. Finally, when studying SERT
function, at least one sample containing a SERT inhibitor should be included. Inhibitors of SERT
include SSRI antidepressants, e.g., paroxetine, S-citalopram or tricyclic antidepressants, e.g.,
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clomipramine. Differences in fluorescence between samples containing APP+ only and those
containing APP+ in the presence of a SERT inhibitor are used to calculate uptake associated
specifically with SERT function. Table 1 lists typical experimental set-up plans that enable
testing different aspects of SERT function. Additionally, if cell numbers permit, samples should
be studied in triplicate.

A.5 Data Analysis
Although flow cytometry data can be analyzed as the experiment progresses, it is sometimes
expedient to conduct analyses after the experiment has been completed. The base format of the
data analysis software is set-up in a similar fashion to what is described above in section 4.
Overall, a basic forward-scatter (FSC) vs. side-scatter (SSC) plot is required to gate the desired
cell population (Fig. 4). Next, an APP+ fluorescence-associated histogram plot for each
population of interest is generated. From the histogram, the median fluorescence intensity is used
as a measure of the central point of the peak. Higher median fluorescence values are associated
with greater amounts of APP+ transported by cells. The difference between APP+-associated
fluorescence in the APP+ only sample and the fluorescence in the APP+ sample plus the SERT
inhibitor is the SERT-specific fluorescence associated with each cell population.

A.6. Safety
All work with human blood should be conducted after obtaining the appropriate local
institutional review board and biosafety authorizations using approved protocols. At a minimum,
all blood samples should be handled by trained personnel and treated as potentially infectious.
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Blood samples should be handled using biosafety level 2 conditions unless otherwise dictated by
the local institutional biosafety committee.

A.7 Notes
1. The optimal amount of blood for a single experiment depends on the primary cell
type being studied. A typical Ficoll separation for PBMCs yields approximately
10 million lymphocytes per 10 ml blood. Platelet isolation from platelet-rich
plasma yields approximately 500 million to 1 billion platelets per 10 ml of blood.
2. Polystyrene conical tubes and pipettes should be avoided when studying uptake in
platelets. Contact with polystyrene, other “hard” plastics or glass can cause
platelet activation, which will negatively impact APP+ uptake and flow cytometry
measurements.
3. Platelet activation inhibitors (such as PGE1) are recommended, but not required,
for isolation of platelets for SERT functional measurements. Platelets by nature
are easy to activate. We have found that platelet activation causes a marked
decrease in APP+ uptake. To reduce the potential for activation during platelet
isolation, we routinely employ platelet activation inhibitors.
4. Prior to beginning experiments, ensure that all reagents (including blood) are at
room temperature unless otherwise noted. Centrifugation should be carried out at
room temperature as well.
5. If a platelet activation inhibitor is used, the centrifuge speed and duration stated
above is usually adequate for sedimenting platelets. However, in the absence of a
platelet activator, the overall speed of the centrifuge may need to be reduced and
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the duration of the spin increased to minimize platelet activation, e.g., 1000 × g
for 10 min).
6. Ideally, for platelet SERT function measurements, platelet isolation, APP+ uptake
and flow cytometry analysis should all be conducted on the same day. If the
measurements cannot be conducted on the same day, one option is to store whole
blood for up to 24 h at room temperature, then conduct the platelet isolation and
experiment on the following day. A second option is to isolate the platelets, then
store the platelets in 5 ml PBS with 1 µM PGE1 at 4 °C for 24 h until APP+
uptake and flow cytometry can be conducted. It should be noted that platelet
SERT function will be somewhat diminished after 24 h and could potentially be
absent as soon as 48 h after isolation. If quantification of absolute fluorescence is
necessary, platelet samples should be isolated and measured with flow cytometry
on the same day.
7. When removing the buffy coat layer, be conservative such that no Ficoll is
removed with this layer. If increased numbers of platelets are needed following
Ficoll separation, remove the top plasma layer with the buffy coat and place both
into the same new 50 ml conical tube. Otherwise, attempt to remove only the
buffy coat layer for reduced platelet contamination of PBMCs.
8. If PBMC samples are not going to be used on the same day as the isolation,
samples should be viably frozen in a solution of 90% fetal bovine serum/10%
DMSO. Either a Mr. Frosty or other temperature-controlled device should be used
to freeze samples slowly (-1 °C/min). Samples should be stored at -80 °C or in
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liquid nitrogen until needed. SERT function may decrease in frozen samples so
samples should be used as soon as possible.
9. Cell numbers per experiment vary depending on the type of cell being studied.
Typically, 1 million PBMCs/sample or 25 million platelets/sample are used for
flow cytometry experiments involving APP+ uptake. Cell numbers can be
modified depending on the number of samples being studied and the cell density
needed for timely sample acquisition.
10. When studying SERT function in blood cells, samples are often incubated at
37 °C to increase uptake in native cells with low levels of SERT expression
(Ahmed et al., 2008, Beikmann et al., 2013). If transfected cells overexpressing
SERT are studied, samples can be incubated at 37 °C or room temperature.
11. Incubation times for APP+ depend on the cell type being studied. If platelets are
investigated, APP+ incubation time is typically 15 min. For PBMCs with lower
overall SERT expression, a longer incubation period is usually required to obtain
measurable fluorescence (~45 min).
12. A viability indicator can be added to test cell viability during flow cytometry. Cell
counts can then be adjusted to reflect only living cells. If using a fluorescent
viability indicator, ensure that the fluorescence spectrum does not overlap with
that of the fluorescent substrate. Notably, propidium iodide, which is often used to
stain dead cells, does not stain platelets.
13. Different scaling of axes in histogram plots can be used to isolate different cell
populations. For example, standard PBMC samples are best represented using a
linear forward-scatter scale and a logarithmic side-scatter scale. Conversely, for
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LCL experiments, linear scales for both side- and forward-scatter axes are better
(Fig. 3).

A.8 Troubleshooting
There are a number of pitfalls that researchers should be aware of when using this
method to study SERT function in blood cells. The first is that measurements are only as good as
the specificity of the fluorescent substrate used. In addition to APP+, ASP+ has been used by
some investigators to measure/to visualize SERT function (Oz et al., 2010, Oz et al., 2012). The
latter has been shown to measure SERT function in transfected cells (Oz et al., 2010). However,
others have found that ASP+ is not specific for SERT function (Solis et al., 2012).
Second, when using APP+, the stock solution should be used no longer than one month
after preparation. This is because the overall fluorescence of the substrate decreases with time.
Third, nonspecific transport of the fluorescent substrate is a potential issue when working
with native systems. Overexpressing transfected systems, such as SERT-transfected HEK293
cells, often have the transporter of interest expressed at such a high level that nonspecific
fluorescence is relatively minimal (Beikmann et al., 2013). With lymphocytes, APP+ is
transported by an active uptake process independent of SERT. It is possible that in cells with low
SERT function, high nonspecific transport of the fluorescent substrate can mask the SERTspecific component of uptake. The more specific the substrate is for SERT, the better the
measurements will be.
Finally, substrate concentration, and incubation time and temperature are important for
making optimized measurements. For transfected cells, a lower temperature (room temperature)
and incubation times on the order of 10-15 min can be used. For PBMCs, however, overall
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transport of APP+ is low, so longer incubation times (~45 min) and a higher incubation
temperature (37 °C) are recommended. Platelets express more SERT than lymphocytes
(Beikmann et al., 2013) but not as much SERT as transfected cells (Ahmed et al., 2008), thus,
conditions for APP+ uptake in platelets are intermediate. Platelet SERT measurements are
typically conducted with a 10-15 min incubation time at 37 °C.

A.9 Conclusions
In this chapter, we provided an in-depth description of the methodology needed to use
flow cytometry and fluorescent transporter substrates to measure SERT function in peripheral
blood cells. While we have primarily focused on using blood cell SERT function for
investigating drug treatment in neuropsychiatric disorders, understanding peripheral SERT
function has a number of other implications. Characterizing SERT function in platelets may be
important for understanding how blood pressure is regulated, as platelets acting via SERT have
been shown to be an important mediator of plasma serotonin levels (Watts et al., 2012).
Furthermore, other groups have studied SERT in lymphocytes to determine if SSRIs can be used
to assist in the treatment of various blood cell lymphomas (Meredith et al., 2005, Chamba et al.,
2010). With the potential for peripheral SERT function to be used as a biomarker for neuronal
SERT function, characterizing which peripheral cells express SERT in mixed cell populations
will be important.
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Figures
Figure A-1: Ficoll separation of blood samples. A) Blood (top layer) layered onto Ficoll
solution (bottom layer) is centrifuged at 1400 × g for 20 min with no brake. B) After
centrifugation, the blood is separated into 4 distinct layers with the top (yellow) layer consisting
of plasma, the thin cloudy top-middle layer being the buffy coat, the clear bottom-middle layer
consisting of Ficoll solution, and the bottom red layer consisting of red blood cells and
granulocytes. The buffy coat is the layer primarily containing lymphocytes and platelets.
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Figure A-2. Assessing cell viability using a fluorescent indicator. A) A standard forward- vs.
side-scatter dot plot of a PBMC sample. B) For cell viability, the x-axis of the dot plot is changed
to a logarithmic scale for the fluorescence channel that detects propidium iodide fluorescence.
Here, a negative control sample (no propidium iodide) is first used to determine background cell
fluorescence. C) The dead cell population stained by propidium iodide is shifted to higher
fluorescence intensity in the presence of propidium iodide compared to B). Cells that do not
show increased fluorescence at this wavelength (excitation 488 nm; emission 615-620 nm) are
alive.
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Figure A-3: Comparison of forward- and side-scatter properties of different cell types by
flow cytometry. A) A standard forward-scatter vs. side-scatter dot plot of a PBMC sample. The
lymphocyte and platelet populations are labeled. B) A side-scatter vs. forward-scatter dot plot of
a LCL sample. Comparison of the two scatter plots indicates that LCLs exhibit different
scattering characteristics compared to native lymphocytes. See note 11.
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Figure A-4: SERT function is detected in platelets but not lymphocytes by APP+. A) Color
dot plots of a negative control PBMC sample (no APP+; black), cells with APP+ only (green),
and cells with APP+ plus a SERT inhibitor (blue) are overlaid. The lymphocyte (upper) and
platelet (lower) populations are labeled. B) Representative histograms showing relative APP+
fluorescence intensities of a control sample with no APP+ (black), an APP+ only sample (green),
and a sample with both APP+ and a SERT inhibitor (blue). The arrows denote the medians of the
peaks used to assess central peak tendencies and overall relative cell fluorescence. Note that
addition of a SERT inhibitor (blue curves) has little effect of APP+ fluorescence associated with
lymphocytes compared to a shift to lower fluorescence in platelets almost to control levels. C)
Relative APP+ fluorescence of lymphocytes (left) and platelets (right) incubated with different
concentrations of APP+. Total APP+ uptake (green) is the fluorescence associated with APP+,
whereas nonspecific uptake (blue) is APP+ fluorescence in the presence of a SERT inhibitor.
The difference between total uptake and nonspecific uptake is the SERT-specific uptake
(lymphocytes, orange; platelets, purple), respectively. Results in B) and C) indicate that
lymphocytes exhibit relatively little SERT-specific uptake compared to platelets.
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Tables
Table A-1. Example of different types of samples used in typical experiments
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Sample
Unstained Negative
Control

Purpose

Example

Determines
background Unstained PBMC sample
fluorescence of cells

Assesses
cell
viability,
determines
background
Cell viability sample
fluorescence of cells if all
(optional)
samples contain viability
indicator
Determines fluorescence of
Fluorescent substrate
samples after transport of
only sample
the fluorescent substrate
Determines
background
Drug treatment only
fluorescence
of
drug
sample
/inhibitor
Determines
transporterspecific
fluorescence,
Fluorescent substrate and
assesses
changes
in
drug treatment sample
transporter function due to
drug treatment

PBMC
sample
propidium iodide

with

PBMC sample with APP+
PBMC
sample
with
paroxetine (or other SERT
inhibitor)
PBMC sample with APP+
and paroxetine
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