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Abstract
Cocaine, amphetamines and other psychostimulants inhibit synaptic dopamine uptake by interfering
with dopamine transporter (DAT) function. The resultant potentiation of dopaminergic
neurotransmission is associated with psychostimulant addiction. Fluctuations in dopamine uptake
inhibition potency (DUIP) were observed for classical DAT blockers including cocaine, mazindol,
methylphenidate (Ritalin™) and benztropine in CHO cells expressing wildtype DAT; cocaine
potency also decreased in DAT-expressing non-neuronal COS-7 cells and neuronal N2A
neuroblastoma cells. In contrast, the DAT substrate (+)-amphetamine did not display this DUIP
fluctuation. In parallel experiments, no fluctuation was observed for the apparent binding affinities
of these 5 drugs. The DUIP decrease appeared to correlate with an increase in cell surface DAT
expression level, as measured by Bmax values and confocal microscopy. The fact that the DUIP
profile of amphetamine diverged from that of the classical DAT blockers is consistent with the idea
of fundamental differences between the mechanisms of abused psychostimulant DAT substrates and
inhibitors. Identification of the cellular factors that underlie the DAT inhibitor DUIP fluctuation
phenomenon may be relevant to anti-psychostimulant drug discovery efforts.
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1. Introduction
The euphoric and addictive properties of cocaine and amphetamine are linked to binding of
these abused drugs at the dopamine transporter (DAT) protein (Fischer and Cho, 1979; Ritz et
al., 1987; Spealman et al., 1989; Giros et al., 1996). Cocaine and other classic DAT inhibitors
such as mazindol, methylphenidate and benztropine block dopamine uptake from the synapse
and thus potentiate dopamine receptor-mediated signal transduction in the nucleus accumbens
and other areas of the brain associated with drug reward/reinforcement (Wise and Bozarth,
1985). The DAT substrate amphetamine also increases synaptic dopamine levels, but by
mediating dopamine efflux from the presynaptic cell via the DAT (Fischer and Cho, 1979;
Sitte et al., 1998). Mapping the DAT binding site(s) directly linked to the physiological actions
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of cocaine and amphetamine is a priority for advancing efforts in developing anti-
psychostimulant medications. Identifying such sites, however, may be a complex undertaking,
as DAT inhibitor binding affinity profiles containing two or more components have been
frequently observed (Madras et al., 1989; Boja et al., 1991; Boja et al., 1992; Rothman et al.,
1994; Reith and Coffey, 1994; Gracz and Madras, 1995). Indeed, whether a given
psychostimulant’s DAT high affinity binding site and dopamine uptake inhibition site are
identical is debatable.

The premise of a single site for both high affinity cocaine binding and physiologically relevant
cocaine inhibition of dopamine uptake implies that assays measuring each should yield the
same potency value if conducted identically. Instead, a lack of correlation between DAT
inhibitor binding affinity and dopamine uptake inhibition potency (DUIP) at the wildtype (WT)
DAT has been noted (Pristupa et al., 1994; Eshleman et al., 1999; Wang et al., 2003). Moreover,
cocaine DUIP values may differ by almost a thousand fold (Reith and Coffey, 1994; Eshleman
et al., 1999). In some cases, binding/uptake inhibition potency discrepancies and DUIP
variation are likely due to differences in assay conditions (e.g., temperature, ionic strength,
incubation period, cell intactness) or cell/tissue type (Rothman et al., 1993). In at least one case
(Wang et al., 2003), however, the potency discrepancies at WT DAT were observed using
identically conducted assays and intact cells from the same stable CHO cell line. Intriguingly,
the same study demonstrated that a conservative point mutation (D79E) in transmembrane 1
of the DAT significantly decreased binding affinities for methylphenidate, mazindol and the
cocaine analog WIN 35,428, yet the DUIPs for these blockers were unaffected. The decoupling
of DAT high affinity binding and DUIP for most blockers tested again suggests that two or
more DAT sites, conformations or populations may be responsible for the observed
pharmacologic profiles (Wang et al. 2003; Ukairo et al., 2005).

In the course of the above WT DAT CHO cell studies, it was noticed that the DUIP of cocaine
appeared to fluctuate as a function of whether the cultured cells were “old” or “new” as defined
by the number of twice weekly trypsin-mediated dilutions of the cell monolayer (i.e., "high"
or "low" passage number). No such fluctuation in the binding affinity of cocaine, as measured
by [3H]-WIN 35,428 displacement, was obvious for the same cells. In the present work, the
cocaine DUIP fluctuation phenomenon was more thoroughly characterized and the
investigation extended to other DAT blockers and amphetamine. Three possible influences on
DAT function at the level of the cultured cell were initially addressed: the age of the cell line
(measured by cell passage number), the density of the cell monolayer (i.e., percent confluence),
and the effect of varying DAT expression level by manipulation of transfection conditions. To
ensure that comparisons between DUIP and apparent binding affinity were legitimate for a
given DAT inhibitor, [3H]-dopamine uptake assays, binding assays involving the cocaine
analog [3H]-WIN 35,428, and versions of each assay that included competitor nonradioactive
DAT blockers were conducted under identical conditions. To address in part the physiological
relevance of such a phenomenon, neuronal as well as non-neuronal cell lines were similarly
tested for DAT inhibitor DUIP fluctuations.

2. Results
Empirical observations suggested that the dopamine uptake inhibition potency (DUIP) of
cocaine at wildtype (WT) DAT-bearing cultured cells was not constant. Specifically, the DUIP
of a given DAT blocker seemed to fluctuate for a CHO cell line stably transfected with the WT
DAT. This fluctuation appeared to be a property of the cell's age, measured by the number of
cell "passages", or twice weekly trypsin-mediated dilutions of the cell monolayer. This
hypothesis was more rigorously addressed by testing in parallel "low", "medium" and "high"
passage WT DAT CHO cells, of arbitrarily set ranges of cell passages 9–20, 25–36, and 40–
54, respectively. Indeed, a trend of decreasing cocaine DUIP with increasing cell passage
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number was observed, with a statistically significant difference detected between the cocaine
DUIPs at low and high passage cells. In contrast, binding assays conducted in parallel indicated
that the apparent binding affinity of cocaine at the WT DAT CHO cells did not vary with cell
passage (Fig. 1 and Table 1). The [3H]-dopamine uptake inhibition and [3H]-WIN 35,428
displacement assays were conducted under identical conditions.

The classical DAT blockers methylphenidate (Fig. 1), mazindol and benztropine were similarly
tested, as was (+)-amphetamine, a dopamine uptake inhibitor that is itself a DAT substrate. All
three classic blockers mirrored the cocaine DUIP fluctuation pattern. Curiously, no significant
DUIP fluctuation was observed for amphetamine, although a trend toward decreasing DUIP
may be present. Binding affinities were unvarying for all of the aforementioned DAT inhibitors,
as well as for WIN 35,428 (Table 1). As noted previously (Wang et al., 2003;Ukairo et al.,
2005), the classic DAT blockers were more potent in inhibiting [3H]-WIN 35,428 binding than
in inhibiting [3H]-dopamine uptake at the WT DAT; amphetamine was approximately
equipotent under these conditions. The dichotomy between these DAT blockers and
amphetamine was especially apparent from the ratio of IC50 and Ki values for uptake inhibition
and apparent binding affinity, respectively (Table 2; Ki values for [3H]-dopamine uptake
inhibition (not shown) were virtually identical to the Table 1 IC50 values, allowing direct
comparison of uptake and binding inhibition constants). A statistically significant increase in
the Vmax of dopamine uptake by high passage WT DAT CHO cells was also observed relative
to low passage cells. The increase in net dopamine uptake by high passage cells appeared to
be attributable to an increase in transporter number, evidenced by a concomitant increase in
the Bmax value for WIN 35,428 binding at high passage cells. The DAT transport capacity did
not vary appreciably between low and high passage cells (Fig. 2 and Table 3).

To address whether the decrease in cocaine DUIP for high passage WT DAT CHO cells was
simply due to higher DAT levels per cell monolayer, uptake and binding assays employed cell
monolayers of different densities (% confluence). The monolayer was defined as 100%
confluent when all cells appeared to contact neighboring cells so as not to leave open spaces
on the culture dish. (A confluence level of 150% reflects overcrowding of the cell monolayer.)
A comparison of WT DAT CHO cell monolayers at 20%, 100% and 150% confluence
suggested that cell density had no bearing on either cocaine DUIP or cocaine binding affinity
(Table 4). DAT levels were next manipulated with respect to individual cells.

Naïve COS-7 cells were transiently transfected with a cDNA plasmid encoding the WT DAT;
the amounts of plasmid employed in the transfections were 25, 50 or 100% of what is optimal.
Cocaine DUIPs were significantly different between cells transfected with 25% and 100% of
optimal plasmid levels. Parallel WIN 35,428 saturation binding analysis confirmed that
Bmax values shifted in accordance with manipulation of plasmid level (Table 5). WIN 35,428
is not expected to cross the plasma membrane of the intact cell appreciably (Chen et al.,
2004), meaning that the Table 5 Bmax values should reflect DAT expression at the cell surface.
Nevertheless, confocal microscopic analysis corroborated the anticipated change in COS cell
surface DAT expression (Fig. 3). Again, WIN 35,428 binding affinity was unaffected even
though cocaine DUIP was altered (Table 5).

CHO and COS cells are non-neuronal; to better address the physiological significance of the
cocaine DUIP fluctuation phenomenon, a neuronal cell line was tested. Naive N2A
neuroblastoma cells were transiently transfected with the WT DAT plasmid using amounts 25
or 100% of optimal. The pharmacologic profile mimicked that from the analogous COS cell
experiment in that cocaine DUIP was significantly altered by the plasmid titration; binding
affinities for cocaine and WIN 35,428 were unaffected (Fig. 4 and Table 6). Again, Bmax values
from parallel WIN 35,428 saturation binding analysis indicated that DAT expression was
predictably shifted by the manipulation of plasmid level (Table 6). The findings verify that at
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least one neuronal cell line possesses the machinery to manifest the DUIP fluctuation
phenomenon.

3. Discussion
A relationship between DAT inhibitor DUIP and WT DAT CHO cell passage number was
initially investigated only because cocaine DUIP appeared to vary with the number of weeks
in cell culture. It is unclear whether increasing passage number of a cultured cell line can be
correlated to cell aging. Moreover, the number of available DAT sites in the brain decreases
with aging (Bannon and Whitty, 1997; Salvatore et al., 2003), in contrast with the present CHO
cell findings. For each of the classical DAT blockers cocaine, mazindol, methylphenidate and
benztropine, DUIP IC50 values differed significantly between “low passage” and “high
passage” WT DAT CHO cells. Regardless of the number of uptake inhibition assays conducted,
amphetamine did not display a statistically significant DUIP difference between these low and
high passage cells, although a trend toward decreasing potency with higher passage may be
present. In contrast, the binding affinities (measured by displacement of [3H]-WIN 35,428) of
all 5 inhibitors were clearly not altered as a function of cell passage number (Table 1). The
uptake inhibition:binding affinity constant ratio for amphetamine differed strikingly from that
of the 4 nonsubstrate inhibitors (Table 2), possibly related to the fact that a nonsubstrate
inhibitor ([3H]-WIN 35,428) was displaced in the binding assay. High passage cells displayed
a Bmax value twice that of low passage cells in [3H]-WIN 35,428 saturation binding
experiments, and this increase appeared to solely account for a concomitant dopamine uptake
Vmax increase; dopamine transport turnover rate remained unchanged (Table 3 and Fig. 2).

It might be argued at this point that the increase in accessible DAT binding sites for high passage
cells necessitated higher levels of DAT blocker for dopamine uptake inhibition, increasing the
DUIP IC50 value. This explanation for the DAT blocker potency decrease can be ruled out by
the observation of unvarying DUIP values for WT DAT CHO cells even though cell density
differed by over 7 fold (Table 4; net [3H]-dopamine uptake differed by several fold between
20% and 150% confluent cells, proportional to the expected difference in surface DAT number
- data not shown). Manipulating surface DAT levels for an individual cell, in contrast, did
correlate with a shift in cocaine DUIP (Table 5 and Fig. 3), suggesting that DAT expression
level has a direct bearing on the DUIP of cocaine, and probably that of the other classical DAT
blockers. Reports that cocaine increases surface DAT levels (Little et al., 2002;Daws et al.,
2002) while amphetamine decreases surface DAT levels (Saunders et al., 2000) are probably
irrelevant to the present DUIP pattern differences (Table 1), which did not employ the high
psychostimulant concentration and drug preincubation period necessary to induce DAT
trafficking. On the other hand, amphetamine preincubation initially (within a minute or less)
increases surface DAT levels (Johnson et al., 2005), a time course consistent with the present
experimental conditions.

The fact that cocaine DUIP IC50 values fluctuate with cell state seems inconsistent with the
idea that a single cocaine binding site of the DAT dictates dopamine uptake inhibition. More
plausible is the possibility that two or more cocaine-recognizing DAT conformations or
populations contribute to the uptake inhibition pharmacologic profile (Wang et al., 2003;
Ukairo et al., 2005). The DAT adopts several transitional conformations in the course of one
translocation cycle, which consists of binding and shuttling dopamine, Na+ and Cl− across the
cell membrane into the cytoplasm and resetting the conformation so that the substrate pore is
again extracellularly accessible (Rudnick, 1997). The distribution of DAT conformations can
be altered by DAT mutation (Loland et al., 2002); similarly, this distribution may depend on
cell state. Cocaine may bind to multiple DAT conformations, each with its own affinity for the
drug. Thus, an IC50 value for dopamine uptake inhibition may reflect simultaneous inhibition
at several DAT conformations. The scenario is also consistent with the invariance of cocaine
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binding affinity. The inhibitor binding assay only differs from the uptake inhibition assay in
its lack of dopamine; thus, the DAT translocation cycle should be arrested at the Na+ and/or
Cl− bound conformation that immediately precedes loading of dopamine. All DAT molecules
would be suspended in this conformation, yielding an unvarying binding affinity constant. The
situation is less clear regarding amphetamine. As a substrate, the translocation cycle would not
arrest as with cocaine; the amphetamine DUIP value may simply reflect the concentration at
which dopamine access to the initial DAT conformation has been reduced (by displacement)
by 50%. If so, the DUIP would not be expected to change for amphetamine, or any substrate
that similarly inhibited dopamine uptake. Testing whether the amphetamine DUIP pattern
extends to other DAT substrates is a future direction of the work.

The DAT conformation distribution hypothesis alone is insufficient, however, in explaining
why DUIP values vary as a function of cell state (e.g., age, as defined by passage number) or
DAT Bmax value. The hypothesis is perhaps more satisfying with the amendment that the
relative distribution of cocaine-binding DAT conformations is controlled by an unknown factor
linked to cell state. The percentage of a given cocaine-binding DAT conformation could be
altered, for example, by a cell state-specific DAT posttranslational modification or DAT
complex formation/dissociation. The IC50 value would shift depending on the potency of
cocaine at the dominant DAT conformation during a particular cell state; the dominant
conformation would be stabilized by DAT modification or change in oligomerization state. It
may be more accurate in this case to refer to DAT populations, as DAT molecules with varying
degrees of posttranslational modification or that form homo- or hetero-oligomeric complexes
may coexist, each imparting its own influence on the observed IC50 value. The DAT is N-
terminally phosphorylated (Foster et al., 2002; Granas et al., 2003), an event that may be linked
to cell surface trafficking alterations (Holton et al., 2005). Interestingly, prevention of DAT
N-glycosylation altered cocaine, but not mazindol, DUIP at intact cells. Cocaine binding
affinity in the same study (assessed for a membrane preparation) was independent of
glycosylation state (Li et al., 2004). It is conceivable that DAT glycosylation controls
transporter function by influencing the extent of DAT complex formation (Li et al., 2004).
DAT homo-oligomerization impacts transporter function, and its extent may differ depending
on whether a DAT substrate or blocker is present (Sorkina et al., 2003; Hastrup et al., 2003).
Several proteins directly interact with the DAT and bear on its cell surface expression or
function, including synuclein, the SNARE proteins syntaxin 1A and SNAP-25, and the kinase-
associated proteins PICK1 and RACK1 (reviewed in Torres, 2006). In explaining a relationship
between surface DAT levels and cocaine DUIP fluctuation, the relative distribution of DAT
populations differing in posttranslational modifications, oligomerization extent, or association
with DAT-interacting factors may be critical to DUIP. Ever-changing cell conditions that affect
expression of the DAT, a relevant enzyme mediating posttranslational modifications, or a
DAT-interacting factor could shift this DAT population distribution, in turn shifting the DUIP
of cocaine.

The DUIP fluctuation phenomenon was found to extend to the neuronal N2A cell line (Table
6 and Fig. 4), suggesting physiological relevance. Future studies will investigate whether the
DUIP fluctuation occurs in brain tissue, and will determine conditions necessary to support the
phenomenon. The latter may involve characterizing DAT cell surface levels, discriminating
coexisting DAT species varying in posttranslational modification, or determining which DAT
modifiers or interacting factors are present in a given cell or tissue and testing for a correlation
between cocaine DUIP and the presence or activity of the modifier/factor. The possibility that
certain DAT conformations or populations are more relevant to the mechanism(s) of action of
cocaine, amphetamines and other psychostimulants could be a new and exciting research
direction for neurotransmitter transporter structure-function studies. Characterization of such
conformations/populations may identify new cellular targets for anti-addiction medications
development.
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4. Experimental Procedure
4.1. Materials

[3H]-WIN 35,428 (~85 Ci/mmol) and [3H]-dopamine (~23.5 Ci/mmol) were obtained from
PerkinElmer Life Sciences (Boston, MA). Nonradioactive WIN 35,428, cocaine,
methylphenidate, and (+)-amphetamine were obtained from Research Triangle Institute
(Research Triangle Park, NC) via the National Institute on Drug Abuse Division of Basic
Research. Nonradioactive dopamine and ascorbic acid were obtained from Sigma Chemical
Co. (St. Louis, MO); mazindol and benztropine were obtained from RBI/Sigma (Natick, MA).
Scintillation counting materials and cell culture media and sera were from Fisher Scientific
(Pittsburgh, PA). PolyFect transfection reagent was obtained from Qiagen (Los Angeles, CA).
COS-7 and CHO-K1 cell lines were obtained from American Type Culture Collection
(Manassas, VA). Naive N2A neuroblastoma cell lines were a gift of Dr. Margaret Gnegy (Univ.
Michigan). GVA mounting solution was from Zymed (San Francisco, CA) and rat monoclonal
anti-DAT antibody (MAB369) was from Chemicon (Temecula, CA); all other confocal
microscopy reagents were obtained from Molecular Probes (Eugene, OR).

4.2. Cell culture and transfections
CHO-K1 cells stably transfected with WT DAT were prepared as previously described (Wang
et al., 2003). These cells were grown at 37°C and 5% CO2 in F12K medium supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 mg/ml streptomycin and 100
μg/ml G-418. COS-7 and N2A neuroblastoma cells were employed for experiments requiring
transient transfection of plasmid DNA. Both cell lines were maintained in “complete” DMEM
media (supplemented with 10% FBS, 100 units/ml penicillin, 100 mg/ml streptomycin, and 20
mM L- glutamine). Cells were grown in 75 cm2 flasks and subcultured twice weekly.

Transient transfections were conducted via the PolyFect method with modification of the
manufacturer’s protocol. A day before the transfection procedure, cells were seeded in 6-well
plates (35 mm diameter wells) and incubated overnight at 37°C and 5% CO2 such that the cells
would be 50–80% confluent on the day of transfection. Prior to transfection, cell monolayers
were washed with 1 ml phosphate buffered saline (PBS), 1.5 ml complete DMEM media was
added to the monolayer, and cells were maintained at 37°C and 5% CO2 until addition of DNA.
Separately, 1500 ng wild type rDAT cDNA plasmid was diluted with 100 μl DMEM
(containing no serum or antibiotics) and mixed by vortex for 10 seconds. (In experiments
manipulating DAT expression level, the suboptimal amounts of 375 ng/well and 750 ng/well
plasmid were employed). Ten μl PolyFect reagent was added to the DNA solution, followed
by mixing and incubation at room temperature for 8 min to allow DNA-PolyFect complex
formation. Subsequently, 600 μl complete DMEM was added to each tube and mixed by
pipetting, the entire volume was immediately transferred to the cell monolayer, and cells were
allowed to incubate at 37°C and 5% CO2 for 48 hours more before use in in vitro assays. The
calcium phosphate transfection method (Graham and van der Eb, 1973) was found to be more
effective, and employed, for N2A neuroblastoma cells.

4.3. Immunocytochemistry and confocal microscopy
COS-7 cells were seeded on coverslips placed in 6-well plates and grown to 40–60%
confluence. Cells were transiently transfected on the following day with WT DAT plasmid or
the vector control plasmid. After 48 hours, cells were fixed in 4% paraformaldehyde solution
in PBS at room temperature for 15 min, rinsed once with PBS, and incubated with blocking-
permeabilizing solution (5% goat serum, 1% BSA, and 0.1% Triton X-100 in PBS buffer
solution) for 45 min at room temperature. Cells were next incubated with rat monoclonal anti-
DAT antibody at 1:1000 dilution for 1 hr. The anti-DAT antibody solution was aspirated and
cells were washed five times with PBS containing 0.1% Triton X-100 (TPBS), and incubated
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with a mixture of secondary antibody (goat anti-rat Alexa Fluor 488) at 1:500 dilution and
rhodamine phalloidin at 1:250 dilution for 1 hr. After three washes in TPBS followed by two
washes in PBS, coverslips were mounted on slides using GVA solution and left to dry overnight
in the dark at 4°C. DAT protein was visualized using a Leica TCS-SP2 confocal laser
microscope with an oil immersion 100x objective. Alexa 488 was excited at 488 nm with an
argon/krypton laser and emission photons from 500–600 nm were accumulated by the
photomultiplier tube. Rhodamine phalloidin was excited at 543 nm with a helium/neon laser
and emission photons from 550 to 650 nm were accumulated. Images were quantitated using
the accompanying Leica confocal software. Ten individual cells were selected randomly, and
the mean intensity values for a defined pixel area for 10 different regions within the plasma
membrane were determined.

4.4. [3H]-Dopamine uptake assays
Assays were conducted with cell monolayers in 6-well plates, at 22°C. Before substrate uptake
commenced, the monolayer was washed 2 x 2 ml with “KRH buffer” (25 mM HEPES, pH 7.3,
125 mM NaCl, 4.8 mM KCl, 1.3 mM CaCl2, 1.2 mM Mg2SO4, 1.2 mM KH2PO4, 5.6 mM
glucose). In uptake inhibition assays, the DAT inhibitor was added 10 min before initiation of
uptake with 10 nM [3H]-dopamine and 50 mM ascorbic acid (AA) in KRH (1 ml) to duplicate
cell monolayers. Five min after addition of the radiosubstrate, uptake was quenched by washing
the monolayer with 2 x 2 ml KRH/AA. Cell monolayers were solubilized in 0.5 ml of 1% SDS,
and transferred to scintillation vials for determination of incorporated tritium. Nonspecific
uptake was assessed by inclusion of 10 μM mazindol, or 30 μM cocaine if mazindol was the
drug to be assessed. Uptake inhibition experiments included nonradioactive DAT inhibitors at
the following concentration ranges: Cocaine, 1 nM - 100 μM; WIN 35,428, 3 nM - 10 μM;
mazindol, 3 nM - 10 μM; methylphenidate, 3 nM - 10 μM; benztropine, 0.1 nM–30 μM; (+)
amphetamine, 1 nM–10 μM. In dopamine uptake saturation assays, cell monolayers were
washed with KRH/AA, then incubated with a final dopamine concentration of 0.5–16 μM for
5 min; [3H]-dopamine was diluted with nonradioactive dopamine to obtain a specific activity
of ~0.1 Ci/mmol. Total protein levels (Bradford) of monolayers prepared in parallel were
determined. Km and Vmax values for transport and IC50 values for uptake inhibition were
determined with GraphPad Prism 3.0 software (San Diego, CA). Tabular values reflect the
mean ± s.e.m. for at least 3 independent experiments.

4.5. Ligand binding assays
[3H]-WIN 35,428 was the radioligand employed for all binding experiments. Assays
establishing affinities of nonradioactive DAT inhibitors were conducted exactly as described
above for the dopamine uptake inhibition assay except that [3H]-dopamine was replaced with
1 nM [3H]-WIN 35,428, and radioligand and nonradioactive competitor were incubated with
cells for 15 min (the same incubation period allowed for an uptake blocker in the uptake assay)
at 22°C. It was previously determined that in the absence of competitor, specific [3H]-WIN
35,428 binding did not increase appreciably after 15 minutes (data not shown). Nonradioactive
competitor concentrations were as indicated above for uptake inhibition. Nonspecific binding
was assessed by addition of 10 μM mazindol except when mazindol was the drug tested, in
which case 30 μM cocaine was substituted. WIN 35,428 saturation binding experiments
employed a nonradioactive WIN 35,428 concentration range of 1 nM - 10 μM, combined with
1 nM [3H]-WIN 35,428. Data were analyzed with GraphPad Prism 3.0 software to obtain
Kd, Ki and Bmax values. Tabular values reflect the mean ± s.e.m. for at least 3 independent
experiments.
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WIN 35  

428, (−)-3β-(4-fluorophenyl)tropan-2β-carboxylic acid methyl ester tartrate

KRH  
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Krebs/Ringer/HEPES buffer

SDS  
sodium dodecyl sulfate
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Fig. 1.
Cocaine (top) or methylphenidate (bottom) inhibition of [3H]-dopamine uptake (left) or [3H]-
WIN 35,428 binding (right) under identical conditions at WT DAT CHO cells of
“low” (squares), “medium” (triangles) or “high” (circles) passage number. The data are
representative of at least 3 independent experiments.
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Fig. 2.
Kinetics of WT DAT CHO cell dopamine uptake as a function of “low” (squares),
“medium” (triangles) or “high” (circles) passage number. The data are representative of 4
independent experiments.
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Fig. 3.
Confocal microscopy of COS-7 cells transiently transfected with varying amounts of WT DAT
cDNA plasmid. DAT protein was visualized with Alexa Fluor 488 (green signal; Panels A and
B); cortical F-actin, a marker at the cell plasma membrane, was visualized with rhodamine
phalloidin (red signal; Panels C and D). Shown are representative confocal images of four
independent experiments. Panel E: Cell membrane signal intensities were quantitated for 10
fields corresponding to each of the 4 scenarios represented by Panels A–D. Scale bar = 8.00
μm for all images.

Ukairo et al. Page 13

Brain Res. Author manuscript; available in PMC 2008 February 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4.
Cocaine inhibition of [3H]-dopamine uptake (left) or [3H]-WIN 35,428 binding (right) under
identical conditions at N2A neuroblastoma cells transiently transfected with 25% (squares) or
100% (circles) of the optimal amount of WT DAT cDNA plasmid. The data are representative
of at least 3 independent experiments.
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Table 1
Dopamine uptake inhibition potencies and binding affinities of DAT ligands at WT DAT CHO cells as a function
of cell passage number

Cell Passage
Low Medium High

[3H]-DA uptake inhibition IC8050 (nM)
Cocaine 719 ± 94 1055 ± 52 1503 ± 127a

Mazindol 44 ± 4 74 ± 5 93 ± 17a
Methylphenidate 352 ± 17 640 ± 22 662 ± 45a

Benztropine 236 ± 40 395 ± 45 413 ± 27a
(+)-Amphetamine 671 ± 88 756 ± 86 906 ± 39

[3H]-WIN 35,428 inhibition Ki (nM)
Cocaine 179 ± 22 197 ± 22 251 ± 28

Mazindol 15 ± 2 19 ± 2 20 ± 2
Methylphenidate 74 ± 7 72 ± 5 85 ± 6

Benztropine 78 ± 6 85 ± 9 92 ± 10
(+)-Amphetamine 524 ± 31 478 ± 52 557 ± 78

[3H]-WIN 35,428 binding
Kd (nM) 17 ± 1 17 ± 2 18 ± 1

Bmax (pmol/mg) 9 ± 2 11 ± 2 19 ± 3a

a
P < 0.05 versus low passage cells for that assay (one-way ANOVA, Newman-Keuls post hoc test)

Inhibition of [3H]-dopamine uptake or [3H]-WIN35,428 binding by classical DAT blockers under identical conditions at WT DAT CHO cells of different
passage number. IC50 and Ki values were derived from experiments incubating the stably-transfected cells with nonradioactive DAT inhibitors in the

presence of [3H]-dopamine or [3H]-WIN 35,428 at 22°C in KRH buffer. Passages of 9–20, 25–36 and 40–54 were classified as “low”, “medium” and
“high”, respectively. (The ranges for an individual drug were narrower, as testing with a given inhibitor was completed before the next inhibitor was
addressed). Mean ± SEM for at least 3 independent experiments.
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Table 2
Ratios of dopamine uptake inhibition potency-to-binding affinity constants for DAT ligands at WT DAT CHO
cells as a function of cell passage number

DUIP:Affinity Ratio Cell Passage
Low Medium High

Cocaine 4.0 5.3 5.9
Mazindol 2.9 3.8 4.7

Methylphenidate 4.8 8.8 7.8
Benztropine 3.0 4.6 4.5

(+)-Amphetamine 1.3 1.6 1.6
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Table 3
Kinetics of WT DAT CHO cell dopamine uptake as a function of cell passage number

Cell Passage
Low Medium High

Vmax (pmol/min/mg) 681 ± 18 1136 ± 85 1645 ± 202a
Km (μM) 1.1 ± 0.2 1.4 ± 0.2 2.0 ± 0.4

Bmax (pmol/mg) 9 ± 2 11 ± 2 19 ± 3a
Vmax/Bmax 76/min 103/min 87/min

a
P < 0.05 versus low passage cells for that assay (one-way ANOVA, Newman-Keuls post hoc test)

Km and Vmax values were derived from uptake experiments incubating WT DAT cells with dopamine at 0.1 Ci/mmol for 5 min at 22°C. Bmax values

were derived from [3H]WIN35,428 saturation binding experiments. Mean ± SEM of at least 3 independent experiments.
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Table 4
Dopamine uptake inhibition potencies and binding affinities of cocaine at WT DAT CHO cells as a function of
cell density (% confluence)

Cell Density (Confluence)
20% 100% 150%

Cocaine
IC50 (nM)

[3H]-Dopamine uptake inhibition 505 ± 108 534 ± 109 540 ± 62
Ki (nM)

[3H]-WIN 35,428 inhibition 260 ± 25 240 ± 12 201 ± 16

Cocaine inhibition of [3H]-dopamine uptake or [3H]-WIN 35,428 binding was measured under identical conditions at intact WT DAT CHO cell monolayers
at 20%, 100%, and 150% confluence. Mean ± SEM for at least 3 experiments.
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Table 5
Dopamine uptake inhibition potency of cocaine and binding affinity of WIN 35,428 at COS-7 cells as a function
of amount of WT DAT plasmid introduced

WT DAT Plasmid (% of Optimal)
25 50 100

[3H]-DA uptake inhibition IC50 (nM)
Cocaine 228 ± 7 353 ± 20 558 ± 75a

[3H]-WIN 35,428 binding
Kd (nM) 12 ± 2 15 ± 2 14 ± 2

Bmax (pmol/mg) 0.8 ± 0.4 2.0 ± 0.5 4.0 ± 0.2a

a
P < 0.05 versus "25% plasmid" cells for that assay (one-way ANOVA, Newman-Keuls post hoc test)

Transient transfections were carried out using 25%, 50% or 100% of the optimal amount of WT DAT - pIRES plasmid in 35 mm wells containing confluent

monolayers of COS-7 cells controlled for passage number. Cocaine inhibition of [3H]-dopamine uptake as well as [3H]-WIN 35,428 binding were
measured under identical assay conditions 48 hours after COS cell transfections. Mean ± SEM for 3 experiments.
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Table 6
Dopamine uptake inhibition potency and binding affinity of cocaine at N2A neuroblastoma cells as a function
of amount of WT DAT plasmid introduced

WT DAT Plasmid (% of Optimal)
25 100

IC50 (nM)
[3H]-DA uptake inhibition

Cocaine 476 ± 46 789 ± 64a
IC50 (nM)

[3H]-WIN 35,428 inhibition
Cocaine 229 ± 34 196 ± 11

[3H]-WIN 35,428 binding
Kd (nM) 25 ± 2 18 ± 3

Bmax (pmol/mg) 1.3 ± 0.4 2.8 ± 0.5a

a
P < 0.05 versus "25% plasmid" cells for that assay (one-way ANOVA, Newman-Keuls post hoc test

Transient transfections were carried out using 25% or 100% of the optimal amount of WT DAT - pIRES plasmid in 35 mm wells containing confluent

monolayers of N2A neuroblastoma cells controlled for passage number. Cocaine inhibition of [3H]-dopamine uptake and [3H]-WIN 35,428 binding, as

well as direct [3H]-WIN 35,428 binding, were measured under identical assay conditions 48 hours after N2A cell transfections. Mean ± SEM for 3
experiments.
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