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The dopamine transporter (DAT) plays a critical role in dopamine (DA) homeostasis by clearing transmitter from
the extraneuronal space after vesicular release. DAT serves as a site of action for a variety of addictive and
therapeutic reuptake inhibitors, and transport dysfunction is associated with transmitter imbalances in disorders
such as schizophrenia, attention deficit hyperactive disorder, bipolar disorder, and Parkinson disease. In this
review, we describe some of the model systems that have been used for in vitro analyses of DAT structure,
function and regulation, and discuss a potential relationship between transporter kinetic values and membrane

1. Introduction

In the central nervous system the neurotransmitter dopamine (DA)
controls many physiological and psychological processes including re-
ward, motivation, attention, and motor activity (Iversen and Iversen,
2007). Dopaminergic neurons located in the substantia nigra and ven-
tral tegmental area regions of the basal gangia project to motor, reward,
and cognitive areas such as striatum (Str), nucleus accumbens (NAc),
and frontal cortex, where they release DA into synaptic and perisy-
naptic spaces to mediate these functions. Reuptake of transmitter back
into presynaptic neurons serves as the major regulator of DA signaling
(Giros et al., 1996) and is mediated by the dopamine transporter (DAT),
a plasma membrane protein found exclusively on DA neurons
(Nirenberg et al., 1996).

Defects in DA signaling and homeostasis are associated with several
neurological disorders including Parkinson disease (PD), schizophrenia,
bipolar disorder, depression, and attention-deficit hyperactive disorder
(Kristensen et al., 2011; Pramod et al., 2013), and dysregulated DAT
function resulting in imbalanced DA levels has been invoked as a po-
tential factor in their etiologies (Hahn and Blakely, 2002; Kristensen
et al.,, 2011; Pramod et al., 2013). DAT is a target for many psychos-
timulant drugs that suppress reuptake and elevate synaptic DA levels,
including addictive compounds such as cocaine and amphetamine
(AMPH), and therapeutic drugs prescribed for DA disorders such as
Ritalin® (methylphenidate) and Wellbutrin® (bupropion) (Blakely and
Bauman, 2000; German et al., 2012; Iversen and Iversen, 2007). DAT
can also transport neurotoxic compounds including 6-hydro-
xydopamine (Miller et al., 1999; Nass et al., 2002), 1-methyl-4-phe-
nylpyridinium (Gainetdinov et al., 1997; Javitch and Snyder, 1984),

and environmental chemicals such as paraquat, serving as a gateway for
their entry into neurons, a postulated mechanism for dopaminergic
neurodegeneration in PD (Miller et al., 1999).

The central role of DAT in signaling, addiction, and disease has
made the transporter a focus of intense efforts to elucidate its transport
and regulatory mechanisms (Foster and Vaughan, 2017; Kristensen
etal., 2011; Rastedt et al., 2017). Such studies are largely undertaken in
vitro using model systems such as synaptosomes and brain slices, pri-
mary neuronal cultures, and cell expression systems (Kristensen et al.,
2011; Pramod et al., 2013). In this minireview, we briefly describe the
characteristics and scientific and technical advantages and dis-
advantages of many of these systems, including photomicrographs of
several of the described cell lines (Fig. 1), a tabulation of transport and
cocaine analog kinetic parameters (Tables 1-4), and discussion of a
potential mechanistic link between transporter kinetics and membrane
cholesterol (Figs. 2—4).

2. Model systems for studying DAT function and regulation
2.1. Striatal slices

This ex vivo system provides the advantage of replicating many as-
pects of the in vivo environment such as tissue architecture, synaptic
circuitry, and regulatory machinery. Brains of freshly dispatched ani-
mals (commonly rodents) are typically harvested at postnatal days
(PND) 3-15, and desired regions of the brain are sliced into
350-500 um sections that may include cell bodies, projection axons,
and terminal regions (Cho et al., 2007; Kearns et al., 2006). However,
thicker slices (up to 1mm) and those from adult rodents have
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Fig. 1. Morphology of cell systems used to study DAT function and regulation. Panels show phase contrast microscopic images of several cell systems studied in
our labs. Images were acquired using a 20X objective on an inverted Olympus microscope equipped with a digital camera. The scale bar indicates 50 pm and is the
same for all panels. The dopaminergic neuron image showing tyrosine hydroxylase positive midbrain neurons (arrow) is modified from (Branton and Clarke, 1999).

successfully been used in several studies (Block et al., 2015; Inyushin
et al., 2013; Wheeler et al., 2015). The slices are bathed in artificial
cerebrospinal fluid and remain viable for many hours, allowing for
examination of long-term treatments or outcomes. Sections can be
mounted to permeable tissue culture membrane inserts that provide
fine access and control, allowing uptake and neuronal functions to be
analyzed by high-resolution procedures such fast scan cyclic voltam-
metry (FSCV) and electrophysiology. Tissue from slices can also be
minced or processed into synaptosomes for biochemical analyses.

2.2. Striatal synaptosomes

In this model system desired DA projection areas (usually striatum
or NAc) are dissected from brains of freshly dispatched animals and
homogenized using a procedure that generates pinched-off, re-sealed
nerve terminals. Circuit connections are severed, but the structures
retain capacity for transmitter uptake and release, and contain many
nerve terminal components including cytoplasm, synaptic vesicles
(SVs), mitochondria, receptors, and signaling molecules (Evans, 2018;
Whittaker et al., 1964). In terms of monitoring DAT function, sy-
naptosomes have a limited viability (30-60 min), especially after sus-
pension in isotonic medium at physiologic temperature. Transport ac-
tivity decays considerably across this time frame, possibly due to loss of
electrochemical gradient, making synaptosomes suitable primarily for
short-term experiments.

2.3. Primary dopaminergic neurons in culture

Primary dopaminergic neurons (typically obtained from mouse or
rat embryo midbrain), provide a cell culture system that presumably
most closely resembles neurons in vivo. The cells express DA markers
including tyrosine hydroxylase (TH), DA receptors, and DAT, and
contain synaptic vesicles and exocytotic release machinery (Chinta and
Andersen, 2005; Choi et al., 2013; Greene, 2006). However, although
the harvested neurons are cultured in vitro several days prior to use, this
may not recapitulate the maturation that occurs in vivo. This is an im-
portant point for DAT, which undergoes significant developmental
regulation. In rats, DAT expression at birth is only ~20-30% of that at
PNDs 14-60, and N-linked glycosylation, which regulates DAT pro-
cessing and targeting, is also negligible at birth (Patel et al., 1994).
These properties have not been examined at embryonic stages of de-
velopment, including those commonly used to obtain primary neurons,
and additional DAT regulatory properties including other post-transla-
tional modifications (PTMs) and interactome profile have not been
characterized at early life stages. In addition, midbrain DA neurons are
low in number, constitute only a small fraction of the total neurons
present in these regions (see Fig. 1) (Hegarty et al., 2013), and do not
undergo cell division, factors which reduce their utility for analyses that
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require large amounts of uniform source material. However, primary
cultures of dopaminergic neurons isolated from C. elegans, which can be
grown in abundance, have been successfully employed in radiolabeled
DA uptake/efflux experiments (Carvelli et al., 2004; Safratowich et al.,
2014).

2.4. Human neuroblastoma (SH-SY5Y) cells

The human SH-SY5Y line was subcloned (SK-N-SH — SH-SY — SH-
SY5 — SH-SY5Y) from the original line, SK-N-SH, which was isolated in
1970 from a bone marrow biopsy of a 4-year-old girl with neuro-
blastoma (Biedler et al., 1973). The neuroblast-like cells are slow-
growing and only loosely adherent to standard tissue culture plates,
making protocols with repeated manipulations such as washing steps
problematic due to cell loss. The cells are positive for TH, and produce
DA and norepinephrine (NE), but only appear to store DA (Biedler et al.,
1978). They also express DAT, the vesicular monoamine transporter 2
(VMAT2), and D, and D3 dopamine receptors, making them a good
model for studying the neurotoxic and neuroprotective effects of DA-
related compounds (Xicoy et al., 2017). These cells express the nor-
epinephrine transporter (NET), which can also transport DA, necessi-
tating its selective blockade when investigating DAT-mediated DA up-
take. The cells also possess cholinergic and GABAergic properties in
that they produce acetylcholine and GABA and express muscarinic and
nicotinic acetylcholine receptors (Biedler et al., 1978; Kovalevich and
Langford, 2013). SH-SY5Y cells express immature neuronal markers,
and can be differentiated using a number of methods including retinoic
acid, phorbol esters, and dibutyryl cyclic adenosine monophosphate
(dbcAMP), with retinoic acid induction being the most commonly used
and best-characterized method (Kovalevich and Langford, 2013). After
differentiation, SH-SY5Y cells show reduced proliferation, express
neuronal markers and become morphologically more similar to primary
neurons, with development of neurite processes reminiscent of axons
and dendrites (Kovalevich and Langford, 2013).

2.5. Human neuroepithelioma (SK-N-MC) cells

This human neural epithelial line was derived in 1971 from the
neuroepithelioma tumor of a 14-year-old girl (Biedler et al., 1973).
These neuroblast-like cells are TH-positive and display both catecho-
laminergic and cholinergic properties (e.g. production of DA, NE, and
acetylcholine) (Biedler et al., 1973). They express D; but not Ds DA
receptors (Sidhu, 1997), and do not express DAT or NET (Pifl et al.,
1996, 1993). The cells grow at a moderate rate and are adherent to
standard tissue culture plates. They have a good transfection efficiency
and stable expressing clones can be isolated.
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2.6. Immortalized rat dopaminergic neurons (N27) cells

The N27 cell line was derived from dopaminergic neurons isolated
from embryonic day 14 rat mesencephalon and immortalized with
SV40 large T antigen (Prasad et al., 1994). The original lines have been
recloned to isolate line 1RB3AN27, with cells that are > 95% TH-po-
sitive (Fig. 1) (Prasad et al., 1994). These cells are reported to express
TH and DAT mRNA and protein via RT-PCR and immunocytochemistry
(Clarkson et al., 1998; Gao et al., 2016). However, they do not display
[*HIDA uptake or DAT protein by immunoblotting (Foster and
Vaughan, unpublished results), indicating that any endogenous trans-
porter expression is very low and insufficient to support function de-
tectable by typical methodology. They also synthesize and store DA, but
lack dopamine-beta-hydroxylase activity and do not synthesize NE (Gao
et al., 2016). N27 cells can be differentiated using dbcAMP plus de-
hydroepiandrosterone (Clarkson et al., 1998). After differentiation, the
cells become morphologically more similar to primary neurons, with
production of neurite processes and increased TH and DAT mRNA le-
vels. It is reported that after many passages TH expression becomes
highly variable (Gao et al., 2016), and these cells require further ana-
lysis to assess their dopaminergic character. The N27 line has recently
been recloned, producing line N27-A, in which nearly 100% of the cells
express TH, and DAT levels increase 3—-4 fold (Gao et al., 2016). N27-A
cells also express VMAT2, dopaminergic transcription factors Nurrl,
Enl, FoxA2 and Pitx3 (Gao et al., 2016), and show DA release under
basal and depolarizing conditions (Gao et al., 2016). The cells grow at a
moderate rate and are strongly adherent to standard tissue culture
plates. They have a good transfection efficiency and stable expressing
clones can be isolated.

2.7. Rat adrenal gland pheochromocytoma (PC-12) cells

This cell line was derived from a rat pheochromocytoma adrenal
gland transplantable tumor (Greene and Tischler, 1976). They are
small, irregularly shaped cells (see Fig. 1) that are slow-growing and
weakly adherent to standard tissue culture plates, making protocols
with repeated manipulations problematic. The cells are catecholami-
nergic, producing and storing DA and NE but not epinephrine (Greene
and Rein, 1977; Greene and Tischler, 1976). PC-12 cells respond re-
versibly to nerve growth factor (NGF), which induces neurite outgrowth
when plated on collagen-coated culture flasks (Greene and Tischler,
1976). The cells express little to no endogenous DAT, but transporter
expression increases upon differentiation (Greene and Tischler, 1976).
The cells also express NET, which must be selectively blocked for
analysis of DAT-dependent DA uptake. They have a moderate trans-
fection efficiency and stable expressing clones can be isolated.

2.8. Mouse neuroblastoma Neuro-2a (N2a) cells

This neuronal line was derived from a mouse neuroblastoma tumor
and has been widely used for studies of neurite outgrowth and neuro-
toxicity (Salto et al., 2015). They do not endogenously express DAT or
other monoamine transporters and are not known to synthesize or store
monoamine neurotransmitters, but can be differentiated using dbcAMP
into cells possessing neuronal properties such as neurite extensions,
increased TH expression, and ability to synthesize DA (Tremblay et al.,
2010). The cells are fast-growing and adherent to standard tissue cul-
ture plates, have a good transfection efficiency, and stable expressing
clones can be isolated.

2.9. Human embryonic kidney 293 (HEK293) cells

This line was derived from adenovirus transformation of human
embryonic kidney cells. They have an endothelial morphology (Fig. 1),
although the cells possess some properties of immature neurons such as
expression of neurofilament proteins (Louis et al., 1997; Shaw et al.,
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2002). They are a widely used, fast-growing line with very high
transfection efficiency, but are weakly adherent to standard tissue
culture plates and easily dislodged, making protocols with repeated
manipulations problematic. To overcome this issue the more tightly
adherent GripTite™ 293 MSR (Invitrogen) cell line was developed in
which the HEK293 line was engineered to express the human macro-
phage scavenger receptor to increase cell adherence (Robbins and
Horlick, 1998).

2.10. Lilly laboratories cell porcine kidney (LLC-PK;) cells

In recent years, this LLC cell line has been commonly misidentified
as a Lewis Lung Carcinoma, but was established in 1958 at Lilly
Research Laboratories from the kidneys of a domestic male Hampshire
pig (Hull et al., 1976). They are a spontaneously-immortalized epithe-
lial line that is fast-growing and strongly adherent to standard tissue
culture plates, making them advantageous for use in protocols with
repeated manipulations. They are also very stable, undergoing little to
no transformation or neoplastic change after numerous passages. In
fact, the original line was passaged 88 times before first being frozen
and stored in liquid nitrogen (Hull et al., 1976). The cells have a
moderate transfection efficiency and stable expressing clones can be
isolated.

2.11. Madin darby canine kidney (MDCK) cells

This cell line was established in 1958 from the kidney of a normal
adult female cocker spaniel by S.H. Madin and N.B. Darby (Leighton
et al., 1970). They are a spontaneously-immortalized epithelial cell line
that is fast-growing and strongly adherent to standard tissue culture
plates making them advantageous for protocols with repeated manip-
ulations. These cells have a moderate transfection efficiency and are a
widely used heterologous expression model (Leighton et al., 1970).

2.12. CV-1 in origin carrying SV40 (COS-7) cells

This fibroblast-like cell line was derived in the 1980s from trans-
formation of normal CV-1 cells obtained from the kidney of an African
green monkey. CV-1 cells were transformed using a mutant strain of the
SV40 virus which produces large wild-type T-antigen resulting in the
COS-7 line (Gluzman, 1981). They are fast-growing, adherent cells that
have good transfection efficiency and are commonly used for re-
combinant mammalian protein expression (Aruffo, 2002).

2.13. Chinese hamster ovary (CHO) cells

These epithelial cells were derived from ovaries of Chinese ham-
sters. They are a commonly used model with multiple distinct lines
(CHO-K1, CHO-DXB11, CHO-pro3) possessing different attributes de-
rived from the original (Lai et al., 2013; Wurm, 2004). They are fast-
growing adherent cells having high transfection efficiency and the
ability to produce significant levels of recombinant proteins (Lai et al.,
2013; Wurm, 2004).

3. Transport and binding kinetic parameters in various model
systems

In Tables 1-4 we have collated kinetic parameters for DAT transport
(K, and Vy,,x) and cocaine analog binding (K4 and By,,x) reported from
many of these commonly used model systems. Most of the reported
findings were obtained from studies using mouse, rat, monkey, and
human brain tissues, or cell systems heterologously expressing cloned
transporters from these species. The tables include only results obtained
with WT or epitope-tagged transporters under control conditions, and
do not include outcomes related to experimental manipulations or
mutations. We acknowledge that this tabulation may not be fully
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Table 1 Table 3
Vimax and Ky, values determined for DA transport in various cell lines. Bmax and Ky values for CFT binding determined for DAT in various cell lines.
Cell Lines  Vpax (pmol/ K (UM) Reference Cell Lines  CFT Bpax (fmol/ CFT K4 Reference
min/mg) mg) (nM)
rDAT rDAT
LLC-PK; 300-1925 1.5-5.2 (Foster et al., 2012; Foster and LLC-PK; 681-804" 32-77 (Moritz et al., 2013)
Vaughan, 2011; Gu et al., 1994) COS-7 7000 4-22 (Eshleman et al., 1995; Kitayama
COS-7 0.004-147 1.5-3.5 (Dar et al., 2006, 2005; Lee et al., 1996; et al., 1992)
Lin et al., 2000; Mazei-Robison and
Blakely, 2005) hDAT
CHO 348 + 22 1.7 + 0.3 (Morén et al., 2003) LLC-PK, 2000 = 200 22 * 3 (Zhen and Reith, 2016)
CHO 5-10" 8-9 (Midde et al., 2015; Slusher et al.,
mDAT 1997)
MDCK - 2.0 = 0.3 (Wu and Gu, 1999) HEK 1000-13,000 16-22 (Berfield et al., 1999; Chen et al.,
2000; Wang et al., 2003; Zhen
rmkDAT et al., 2015, 2005)
HEK 14.4" 2.9 (Kaufman and Madras, 1993) N2a 2500 + 300 19-22 (Little et al., 2002; Zhang et al.,
1998)
hDAT SK-N-MC - 18 + 4 (Sweeney et al., 2017)
Oocytes 6-66" 7-8 (Doolen and Zahniser, 2001; Mayfield
et al., 2001; Zhu et al., 1997) 2 fmol/well.
LLC-PK, 45 + 1.2 0.8 = 0.1  (Zhen and Reith, 2016) > pmol/10° cells.
MDCK - 24 + 0.4 (Wu and Gu, 1999)
C17.2¢ 180 = 5 5+1 (Grammatopoulos et al., 2010) . . . ) .
CHO 1.0-15.7° 0.7-2.2 (Cartier et al., 2015; Hamilton et al., obtained non-isotopically by rotating disc electrode voltammetry
2015; Midde et al., 2015; Slusher et al., (Jones et al., 2012; Volz et al., 2009). Uptake activity in live animals or
1997) brain slices can be measured with FSCV (Cremona et al., 2011; Ferris
N27 99 £ 18 2.8 £ 04 (Wuetal, 2017) et al., 2014; Garcia-Olivares et al., 2013; Speed et al., 2011; Wheeler
HEK? 09612 01-2.6 (Carvelli et al., 2002; Chen et al,, 2003, eF al., 2017), micr9dialysis (Howell ar.ld Willcox, 2002), or assessed in-
2000; 1999; Guptaroy et al., 2011; directly by detection of substrate-driven ion currents (Sulzer et al.,
Jones et al., 2012; Li et al., 2017) 2005; Tang et al., 2015), but these methods are less amenable for sa-
N2a 5.5-6.9 0.4-4.3 (Mikelman et al., 2017; Zhang et al., turation analyses needed to derive kinetic constants.
) 1998) . A compilation of K;;, and V., values for DA transport in various cell
PC12 6.9-12.4" 1.3-4.8 (Huang et al., 1999; Melikian and . . . . . .
Buckley, 1999; Yuan et al., 2016) lines and tissue preparations is shown in Tables 1 and 2, with K, values
SH.SYSY  2.1-8.9 0.4-1.4 (Bermingham et al., 2017; Hara et al., displayed as scatterplots in Fig. 2. It can be seen that even for studies
2013; Jiang et al., 2004) performed with the same species or in the same system there is a certain
SK-N-MC 45 + 88 11-1.2 (Pifl et al., 1993; Sweeney et al., 2017) amount of variability. However, a major pattern that emerges is that Ky,

2 pmol/min/10° cells.

> fmol/sec.

¢ Mouse multipotent neural progenitor cells.
4 Some FLAG tagged.

comprehensive but hope that the information will serve as a useful
resource for DAT investigators.

3.1. K, and V4 for DA transport

DAT transport parameters are typically determined in vitro by [*H]-
DA uptake saturation analysis, although kinetic constants can also be

for DATs expressed in the brain is up to 10-fold lower (30-500 nM) than
for transporters expressed heterologously (0.1-5uM) (Fig. 2).

For studies performed with brain tissue there were no significant K,
differences between species, brain regions, or tissue preparation
method. The few values available for human DAT were similar to those
obtained from other species, although these studies may include caveats
such as differential post-mortem intervals and tissue freezing that could
impact uptake parameters. In cell culture systems there were no clear
differences in K, values between cell types, although we cannot ex-
clude that minor differences might be obscured by variability.

Maximal uptake velocities, V ., also show considerable variability.
In this case it is virtually impossible to mechanistically interpret the

Table 2
Vimax and K, values determined for DA transport in animal tissues and brain regions.
Tissue Type/Region Vmax (pmol/min/mg) K, (uM) Reference
Rat
Striatal Synaptosomes (including NAcand  6-159 0.03-0.50 (Afonso-Oramas et al., 2009; Carvelli et al., 2002; Foster and Vaughan, 2011; Hong and Amara,
CPu) 2010; Jones et al., 2017; Moritz et al., 2013; Morén et al., 2003; Richards and Zahniser, 2009;
Vaughan et al., 1997; Zahniser et al., 1999)
VTA Slices 0.33 = 0.03" (Mebel et al., 2012)
Striatum (in vivo) 0.7% 10-12 (Ky) (Sabeti et al., 2002; Zahniser et al., 1999)
Mouse
Striatal Synaptosomes 38 =7 0.06 = 0.01 (Rao et al., 2013)
NAc Slices 1.0 0.2 (Lu et al., 2015)
Human
Striatal Synaptosomes 0.41 (Mash et al., 2002)
Drosophila
Channelrhodospin2 (ChR2) DA neurons 0.11 + 0.02* 1.3 = 0.6 (Vickrey et al., 2013)

2 uM/s.
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Table 4
Bmax and Ky values for B-CFT binding determined for DAT in animal tissues.
Tissue Type/Region CFT Bpmax (fmol/mg)  CFT K4 (nM)  Reference
Rat
Striatal Synaptosomes (including NAc and ~ 61-1950 7-63 (Foster et al., 2008; Hong and Amara, 2010; Jones et al., 2017; Kimmel et al., 2000; Moritz
CPu) et al., 2013; Woolverton et al., 2000; Zhen et al., 2005)
Mouse
Striatal Synaptosomes 3700 + 800 5+1 (Rao et al., 2013)
Rhesus Monkeys (Macaca mulatta)
Striatal Synaptosomes (including NAc and ~ 753-1850 1-27 (Beveridge et al., 2009; Kaufman and Madras, 1993; Letchworth et al., 2001; Madras et al.,
CPu) 1989; Woolverton et al., 2000)
Human
Frozen CPu Synaptosomes 10,000 + 400 4 +1 (Staley et al., 1994)
Frozen CPu Synaptosomes 6 + 4% 12 + 2° (Little et al., 1993)
Frozen NAc Synaptosomes 6 + 37 8 + 1° (Little et al., 1993)
& nCi/mg.

differences, as velocity depends on surface expression of the trans-
porter, which can vary greatly between systems and studies.
Interpretation of Vy,,x values can be performed within studies if velo-
cities are normalized for DAT surface expression, and in controlled
characterizations Vp,.x has been shown to be responsive to regulatory
manipulations (Bermingham et al., 2017; Foster and Vaughan, 2011;
Kivell et al., 2014; Moritz et al., 2015).

3.2. K4 and By for B-CFT binding

Several radioligands based on transporter blockers have been used
to assess DAT binding functionality, including [*H]GBR 12909, [°H]
mazindol, and [**®I]RTI 55, but arguably the most commonly used li-
gand for these types of analysis is the cocaine analog [*H] B-CFT (2-
beta-carbomethoxy-3-beta-(4-fluorophenyl) tropane). A compilation of
Kq and B, values for [*H]B-CFT binding is shown in Tables 3 and 4.
Kaep-crm ranged from 4 to 77 nM in cell lines and from 1 to 63nM in
brain tissue. Comparison of mean values obtained from synaptosomes
(16 = 5nM) to those of cell systems showed statistical difference only
for LLC-PK; cells (44 = 17nM, p < 0.05).

The maximal number of B-CFT binding sites, Bax, vary widely
between studies, and as for V., are virtually impossible to compare
unless the experiments are conducted under identical conditions and
values normalized for DAT expression.

4. Potential mechanisms for kinetic differences between systems

The general similarities of DAT kinetic and biochemical properties

in these model systems supports their utility for many types of analyses.
However, the finding that kinetic parameters differ for native and
heterologously expressed DATSs suggests subtle but detectable impacts
of system properties on the conformational equilibrium of the protein.
During the transport process DAT cycles through multiple conforma-
tional states, including outwardly-facing forms that bind extracellular
DA, occluded forms generated by extracellular and intracellular gates
that control the directionality of substrate movement, inward forms
that release substrate to the cell interior, and reorientation of the empty
protein back to the outward form for another round of transport
(Forrest and Rudnick, 2010; Krishnamurthy et al., 2009; Shimamura
et al., 2010). The overall rate of these events defines V., and K, re-
presents the summation of the kinetic rates between these and other
likely intermediate forms. These events also pertain to actions of uptake
inhibitors, as the outwardly-facing transporter is the preferred con-
formation for cocaine analog binding (Beuming et al., 2006; Dahal
et al., 2014; Krout et al., 2017), while atypical inhibitors may prefer
inwardly facing forms (Loland et al., 2008; Reith et al., 2012; Schmitt
and Reith, 2011).

Multiple processes control these events, including interactions with
regulatory binding partners, post-translational modifications, and cho-
lesterol and membrane raft partitioning (Kristensen et al., 2011;
Vaughan and Foster, 2013), and it is likely that differences between
brain and cell systems in one or more of these parameters could un-
derlie differential transport kinetics.

For example, several proteins including syntaxin 1A, flotillin 1, DA
receptors, and G protein subunits bind to cytoplasmic domains of DAT
mechanistically linked to the permeation pathway to regulate forward

Cell Systems Animal Tissue
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Fig. 2. Distribution of Kimpa) values across model systems. Scatterplot representation of reported Kmpa) values for rat, mouse, human, and nonhuman primate

DATs expressed in cell or brain tissue systems.

17



M.J. Hovde et al.

200,

ns.

1504

Mg cholesterol / mg protein
o S
=) [=)

Fig. 3. Membrane cholesterol content from DAT model systems.
Membranes were prepared as previously described from cells (Moritz et al.,
2013) or rat striatal synaptosomes (Foster and Vaughan, 2011) and assayed for
total cholesterol using a colorimetric total cholesterol kit from Fujifilm Wako
Diagnostics (Richmond, VA) and total protein using the BCA method as pre-
viously described (Foster et al., 2008). Values shown are means * SEM
(n = 3-6). Statistical analysis was performed by ANOVA with a Dunnett's
multiple comparison post-hoc test. ***, p < 0.001 indicated cells vs. sy-
naptosomes; A p < 0.05PC-12cells vs. LLC-PK; cells; n. s. no statistical dif-
ference for indicated groupings.

and reverse transport, and cell models, especially those with few neu-
ronal characteristics, may lack appropriate expression of these partners
(Kristensen et al., 2011; Vaughan and Foster, 2013). It has also been
postulated that in neurons, translocation of DA across the plasma
membrane is directly coupled to transmitter loading into SVs by
VMAT2 (Cartier et al., 2010; Egana et al., 2009). This could enhance
transport and/or suppress constitutive efflux by reducing levels of free
intracellular DA that could re-bind to inwardly-facing transporter
forms, with differential impacts on these properties in cells that lack
VMAT?2 or SVs.

In addition, DAT is tightly regulated by multiple kinase pathways,
with N- and C-terminal domains containing sites of phosphorylation
and palmitoylation that mediate some of these events (Foster and
Vaughan, 2017; Kristensen et al., 2011; Ramamoorthy et al., 2011;
Rastedt et al., 2017). Signaling pathways are known to be altered in
immortalized and cancer cell lines (Hanahan and Weinberg, 2011), and
model systems may lack the repertoire of enzymes and signals that
perform these functions in neurons. We have previously noted differ-
ences in DAT glycosylation, phosphorylation, and palmitoylation
characteristics between different brain regions and between brain and
cell systems (Foster et al., 2003; Foster and Vaughan, 2011; Lew et al.,
1992), supporting this idea.

Membrane cholesterol is also key to DAT function, with transport
activity being reduced or enhanced, respectively, by depletion or sup-
plementation of cholesterol (Adkins et al., 2007; Foster et al., 2008;
Hong and Amara, 2010; Jones et al., 2012). These effects may be ex-
erted by direct sterol interaction with DAT (Penmatsa et al., 2015;
Wang et al., 2015; Zeppelin et al., 2018) or by impacts on DAT
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partitioning to cholesterol-rich membrane rafts that control DAT in-
teractome, phosphorylation, and conformational equilibrium (Adkins
et al., 2007; Cremona et al., 2011; Foster et al., 2008; Hong and Amara,
2010; Jones et al., 2012).

To examine the possibility that the kinetic differences reported be-
tween brain and cell systems relate to cholesterol/DAT relationships,
we measured membrane cholesterol from several of the model systems
available in our labs (Fig. 3). The results show about a 3-fold range in
cholesterol content, with highest levels in rat striatal synaptosomes and
the neuronally-derived cell lines SH-SY5Y and SK-N-MC (109-136 pg/
mg protein; p < 0.001 vs LLC-PK; cells), an intermediate level in PC-
12 cells (68 pg/mg protein p < 0.05 vs LLC-PK; cells, p < 0.001 vs
striatal synaptosomes), and lowest levels in the remaining cells
(41-57 pg/mg protein, p < 0.001 vs striatal synaptosomes) (Fig. 3).
Correlation analysis (Fig. 4A) revealed a statistically significant inverse
relationship between membrane cholesterol and Kypa) (® = 0.78,
**p = 0.0008), consistent with enhancement of transport. We found no
significant correlation across all cell lines between cholesterol and Kqg-
am (= 0.16, p = 0.43) (Fig. 4B), although binding affinities did
differ between LLC-PK; cells and synaptosomes, the systems with the
greatest difference in cholesterol content. The apparent ability of cho-
lesterol to affect Kpypa) but not Kgp.crry could indicate that the impact
follows from alteration of conformational movements during the
transport cycle rather than stabilization of a particular transporter
form. These findings thus identify an endogenous biochemical differ-
ence between model cells and native tissues that may relate to transport
mechanisms.

5. Conclusions

The relative similarities of transport and binding values obtained in
these model systems indicates their general usefulness for many types of
studies on DAT structure and function. Primary neurons and cells that
endogenously express DAT and other DA machinery may be more
suited for regulatory studies and analyses that use approaches such as
imaging and electrophysiology that do not require large numbers of
cells. Heterologous expression systems that can generate higher levels
of the transporter may be more suited for biochemical or protein iso-
lation analyses but may not faithfully recapitulate neuronal regulatory
events that can impact functional outcomes. Such issues are key for
interpretation of transporter alterations in disease and drug abuse, and
will be aided by continuing elucidation of DAT characteristics.
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Fig. 4. Inverse correlation between K,, and mem-
brane cholesterol content. (A) Plot of pooled Kyma
values (means = SEM) vs. membrane cholesterol for the
indicated cell lines and tissues. The line indicates the
linear regression analysis (r* = 0.78; Pearson correlation
coefficient of r = —0.88; ***p = 0.0008). (B) Plot of
Kqccrm values (means + SEM) vs. membrane cholesterol
for the indicated cell lines and tissues. The line indicates
linear regression analysis (r* = 0.16, Pearson correlation
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