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Abstract—A study of Na* and CI~ as co-substrates in dopamine uptake into striatal suspensions and
inhibition of dopamine uptake by cocaine was made by monitoring the initial velocity of the uptake of
exogenously added non-radioactively labeled dopamine using a rotating disk electroanalytical technique
with 50 msec resolution. Dopamine, in the concentration range of 0.025 to 4.00 uM, was found to be
taken up rapidly into the tissue phase of striatal suspensions following the apparent zero order rate law
for the first 25 sec. The observed, dopamine concentration-dependent, initial velocity data were first
analyzed graphically using the Eadie-Hofstee transformation of the Michaelis-Menten kinetic equation
and, subsequently, using all of the velocity data and the results of the graphical analyses, by non-linear
curve fitting. Dopamine uptake was found to be first order in dopamine with a V,,, of 582 pmol/sec/g
wet weight and a K, of 1.2 uM. The results of experiments in which choline and isethionate were
substituted for Na* and CI~, respectively, suggested that the uptake process is second order in Na* and
first order in C1”. Multisubstrate analyses of the initial velocities of uptake over the concentration range
of 0.025 to 1.5 uM dopamine suggested that the mechanism of binding of dopamine to the uptake carrier
is a partially random, sequential mechanism where dopamine or Na* binds first with the uptake carrier
and CI” binds last. Cocaine was found to uncompetitively inhibit dopamine uptake and competitively
inhibit both Na* and Cl~ binding (apparent K, values: 131 and 51 mM, respectively), suggesting that
the mechanism of cocaine inhibition may be to bind to the dopamine occupied uptake carrier complex
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at the Na* binding site.

Cocaine [3-(benzoyloxy)-8-methyl-8-azabicyclo-
[3.2.1] octane-2-carboxylic acid methyl ester], a
naturally occurring alkaloid in the coca shrubs,
Erythroxylon cocaand Erythroxylon novogranatense,
has been found to be a local anesthetic and
psychomotor stimulant having significant potential
for abuse [1]. Its mechanism of action in relation to
its psychomotor stimulant and abuse potential is
thought to be related, at least in part, to its ability
to inhibit the neuronal reuptake of dopamine in the
central nervous system [1-3]. The uptake process
for dopamine is known to require involvement of
Na* and Cl~ and although a number of reports have
appeared in which the inorganic ion dependency of
dopamine uptake has been studied [4-8] and
dopamine uptake inhibition by cocaine has been
demonstrated [1, 8, 9], to our knowledge, no study
of the multisubstrate transport mechanism of
dopamine uptake and its blockade by cocaine has
appeared. Applying this type of analysis and its
results to the dopamine uptake system in the central
nervous system may be particularly important in the
elucidation of mechanistic differences that may
define pharmacological actions of different dopamine
uptake inhibitors. For example, it has been shown
that the dopamine uptake inhibitor, mazindol, may
have some utility in the treatment of cocaine
addiction {10]; its behavioral profile in humans does
not appear to include the potential for abuse [10,

§ Corresponding author: James O. Schenk, Ph.D.,
Department of Chemistry, Washington State University,
Pullman, WA 99164-4630. Tel. (509) 335-7517 or (509)
335-4300; FAX (509) 335-8867.

BP 43:10-K

11] and its effects are not additive with cocaine [11].
In addition, it does not appear to bind at the same
binding site as cocaine although differences in
binding of these two ligands to different affinity
states of the recognition site could exist [12]. Thus,
a basic biochemical mechanism of dopamine uptake
inhibition, based on an actively transporting system,
would be useful as a model in studies of mechanistic
and functional differences between structurally
and behaviorally dissimilar dopaminergic neuronal
uptake inhibitors.

Herein we describe the results of our recent work
using subsecond to second monitoring of the initial
velocities of non-radioactively labeled dopamine
uptake into rat striatal suspensions [13-15] to define
the multisubstrate mechanism of dopamine uptake.
In this current study our goals were to: test initial,
time resolved velocity data of non-radioactively
labeled dopamine uptake into striatal suspensions
for adherence to Michaelis—~Menten kinetics; confirm
that the rapid components of uptake of non-
radioactively labeled dopamine into striatal sus-
pensions are dependent on extraceliular Na* and
Cl™;define the apparent uptake inhibition mechanism
of cocaine in this tissue preparation; propose a
multisubstrate mechanism of the dopamine uptake
process; and define how the multisubstrate uptake
mechanism is altered by cocaine. A preliminary
report of some of the results of this work was made
at a recent meeting of the New York Academy of
Sciences [14].

MATERIALS AND METHODS
The uptake model. Dopaminergic chemical neuro-
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transmission is thought to occur initially by the
release of dopamine from a presynaptic terminal
into the synaptic area. Following release, dopamine
interacts with receptors on follower cells to exert its
influence(s). This action is believed to be terminated
by uptake of the released, extracellular dopamine
into cells and diffusion from the local area [16, 17).
The kinetic conditions chosen for the studies and
the methods of analysis of the resulting data were
designed to take these simple physical features into
account. First, a rotating disk electrode (RDE*)
system was chosen in order to continuously measure,
in the extracellular compartment, the uptake of
dopamine with kinetics unperturbed by the timing
of extracellular diffusion [13~15]. Second, dopamine
was added as an “instantaneous” pulse to mimic the
release process. Finally, the amount of dopamine
added was chosen so that it could be quantitatively
taken up into the tissue phase.

The amount of dopamine added was chosen by
first noting that Cunnane [18] has suggested that
terminals can release either 1-5% or all of their
contents following an action potential. Since the
total striatal tissue concentration of dopamine is ca.
69 nmol/g wet wt [19], then the amount of dopamine
that should be added to be consistent with the model
of Cunnane is 28 pmol to 2.8 nmol of dopamine to
ca. 40 mg of striatal tissue in the 500-uL incubation
chamber (see below). Thus, the resulting “instan-
taneous” extracellular dopamine concentration could
range between 56 and 5600 nM. As will be shown,
this experimental design resulted in experimental
conditions in which the physical features of uptake
were met, kinetic results amenable to Michaelis—
Menten analyses were obtained, and cocaine
inhibition of the uptake process confirmed that the
uptake observed was pharmacologically relevant.
Furthermore, the multisubstrate involvement of Na*
and CI~ could be kinetically demonstrated and
a kinetics based multisubstrate mechanism of
dopamine uptake and its inhibition by cocaine could
be defined.

Rapid detection of dopamine uptake. Time resolved
uptake of dopamine was measured in 500-uL striatal
suspensions using an RDE voltammetric method
as previously described [13, 15]. Briefly, the
temperature of the striatal suspension in the glass
incubation chamber, of the same design as illustrated
previously [13], was controlled by a recirculating
water bath (Lauda RMS6, Brinkmann, Westbury,
NY). The RDE was purchased from Pine Instruments
Inc, (Grove City, PA), the detector electrode was a
3-mm diameter glassy carbon disk mounted in a 5-
mm diameter Teflon shield, and the potentiostat was
a Bioanalytical Systems (West Lafayette, IN) LC-
4A amperometric detector (response time =
20 msec). The potential of the electrode was set at
+450mV vs Ag/AgCl in order to oxidatively deteet
dopamine as a limiting current, i; [13]. The dopamine

* Abbreviations: ANOVA, analysis of variance; cc,
correlation coefficient; DA, dopamine; i;, limiting current;
int, intercept; k, rate constant; K,, Michaelis-Menten
constant; K, inhibition constant; K|, substrate dissociation
constant; m, slope; RDE, rotating disk electrode; ¢, time;
and x, order of reaction.
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uptake profile was recorded as voltage output
(proportional to i;) from the potentiostat vs time
(#) and stored onto a Nicolet (Madison, WI) 2090
digital storage oscilloscope. The uptake profiles were
analyzed from tracings obtained from hard copy
printed from the oscilloscope floppy disk storage
system onto paper with a Houston Instruments
(Austin, TX) Omnigraphic X-Y recorder. The
voltage— output values were converted to i~
values, and i; values were converted to extracellular
dopamine concentrations, [DA],, using a calibration
factor. The calibration factor was obtained by
measuring the i, as a function of the [DA],, ranging
from 0.025 to 4.00 uM. The recorded DA uptake
profiles were analyzed as [DA], vs t. The temporal
resolution of [DA], measurements by the RDE was
ca. 40 msec [13] and uptake [DA], vs ¢ data were
recorded with 50 msec resolution.

Preparation of striatal suspensions and protocol
for measuring dopamine uptake. The preparation of
striatal suspensions for use in the RDE system has
been described previously [15]. Briefly, striatal
tissues were obtained from 275-350 g male Sprague—
Dawley albino rats by rapid decapitation and
dissection on an ice-cold watch glass. The tissue was
weighed on a millibalance and chopped by hand on
a clean ice-cold watch glass using a razor blade. The
wet weight of a typical striatal tissue sample from a
single striatum was in the 35-40 mg range. (The
average weights and numbers of striata used are
giveninthe descriptionof eachseries of experiments. )
The dissected and weighed tissue was then placed
into 500 uL. of oxygenated 37° physiological buffer
and washed with the aid of a Hamilton (Reno,
NV) Microlab M programmable diluter/dispenser
equipped with a 1000-uL gas tight syringe. Each step
of the washing sequence was programmed with an
operating speed of 12 sec. A single washing sequence
consisted of the following steeps: (1) removal of
250 uL of buffer, (2) addition of 500 uL. of fresh
oxygenated buffer, (3) removal of five sequential
100-uL volumecs of buffer, and finally (4) the addition
of 250 uL. of physiological buffer to bring the total
volume in the chamber back to 500 uL. This sequence
of steps was repeated five times. After the last wash
the RDE was placed into the 37° thermostatted
incubation chamber, a stream of 4 95% 0,/5% CO,
gas mixture was gently directed across the surface
of the buffer/tissue mixture, electrode rotation was
begun at 2000 rotations per min, and the potentiostat
was activated. The rotation of the electrode disrupts
tissue organization to produce a striatal whole tissue
suspension [15]. The suspension was allowed to
incubate under these conditions for ca. 3 min prior
to experimentation. At the end of the preincubation
period a small quantity of dopamine dissolved in
H,0 was added to the incubate and the rate of
disappearance of [DA], was monitored by the
potentiostat. The output was stored onto the digital
oscilloscope. In studies of the effects of cocaine on
dopamine uptake the drug was added 30 sec prior
to experimentation.

Preparation of striatal synaptosomes. Striatal
synaptosomes were prepared with minor modi-
fications to the procedure described by Booth and
Clark [20]. Striata from six rats were pooled and
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minced by hand with a razor blade, added to 10 mL
of isolation buffer at pH 7.4 (composition, in mM:
M ennrnca 1 NENTA and 1N Trice HNand wachad
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with the isolation buffer as described above. The
washed minces were homogenized by hand in a

Do TIVE ticquia grindar (Cacning o no
L'YICA /ia0 uissuc Bl \\/Ulllllls xu\. .y \/Ulllllls,

NY) and diluted to 80 mL with isolation buffer. The
homogenate was divided into four fractions and spun
at 1300 g for 3 min at 4° in a Sorvall RC-5B centrifuge
equipped with a SA 600 fixed angle rotor (Du Pont,
Wilmington DE) The supernatant was collected
and Ceﬁiﬁlugcu at 17 Uuug for 10 min at 4° in the
centrifuge. The resulting pellet was resuspended in
5mL of isolation buffer and diluted to 30 mL with
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a 12% Ficoli- comammg solution [u)mpomuun 12%
{(w/w) Ficoll, 320 mM sucrose, and 50 uM EDTA,
pH 7.4]. Then the supernatant was collected,
manuaily homogenized in a Tefion Potter-Eivehjem
tissue grinder (Wheaton, Millville, NJ) and added
to 8 mL of the 12% Ficoll solution. The homogenized
tissue was divided into two 19-mL fractions, piaced
into centrifuge tubes, and layered with 9.5mL of
7.5% (w/w) Ficoll-containing solution {composition:
7.5% (w/w) Ficoll, 320mM sucrose, and 30 uM
EDTA, pH 7.4] and 9.5 mL of isolation buffer. The
tubes were centrifuged at 99,000 g for 30 min at 4°
in a Beckman (Fullerton, CA) L5-65 preparative
ultracentrifuge equipped with an SW 27 swinging
bucket rotor. The synaptosomes were collected,
diluted to 30 mL in isolation buffer, and manually
homogenized with the Teflon tissue grinder. The
resulting homogenate was diluted to 60 mL and
centrifuged at 5500g for 10min at 4° in the
Sorvall RC-5B centrifuge. The resulting pellet was
resuspended in 4 mL of physiological buffer to
achieve a final protein concentration of 11.4 mg
protein/mL. The protein assays were made by the
dye binding method of Bradford [21] using 1 mg/
mL bovine serum albumin (Sigma, St. Louis, MO)
as a standard. Spectrophotometric measurements
were made with a Perkin-Elmer 320 ultraviolet/
visible spectrometer.

Measurement and analysis of rate data. Once a
steady baseline had been obtained in either the
striatal whole tissue suspension or synaptosomes,
10 uL of H,O (for a control) or cocaine solution in
H,O (to give a final concentration of 0.5, 1.0, 2.0,
4.0, and 8.0 uM) was added to the preparation.
Increasing amounts of exogenous non-radioactively
labeled dopamine was then introduced into the
suspension using a Hamilton CR-700 constant flow
rate syringe, to give final concentrations of 25, 50,
100, 250, 500, 1000, 1500, 2000, 2500, 3000, or
4000 nM. The resulting dopamine uptake rates were
measured as initial apparent zero order velocities
from approximately the first 25 sec of the uptake

profile (vtde infra).

The average dopamine uptake velocities were first
analvzed araphmallu the Eadie—Hofstee

;r.ajl‘n‘gf.o'r‘r-natlon of the thhael;;Menten eI{Jé{{SS
(22],

using

¥ = Vi — {Km(¥)/[DA)} m

where vis the transport velocity, Vi, is the maximal
transnort velocitv, K _ is the Michaelis—Menten
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constant, and x is the order of the reaction. The
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resulting kinetic parameters, V,,, K,, and x, were
used as initial “guesses” in non-linear regression

analucac of the raw initial velacity data (ucinoe a
ana;yses ©Of i€ raw inmma: veioClly ¢ata using a

Quasi-Newton based fitting routine, SYSTAT,
Evanston, IL [23]) in which Eq. 1 was employed as

tha mnadal Tnhihitian annctante ¥, wara actimatad
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by non-linear curve fitting using the form of the
Michaelis-Menten cquatlon modified for the type of
inhibition observed 122 24} Unless noted uth%f’v‘v’ise,
the errors indicated for the rate parameters are
standard errors of regression Other statistical
evaluations are identified where appneu

In the studies of the inorganic ion dependencies
of dopamine uptake, Na* was substituted with
choline {4, 8}, Cl~ was substituted with isethionate
[4, 8], and NaCl was substituted with sucrose to
maintain osmolality [4]. The resulting initial velocity
data were anaiyzed as described above for dopamine.

Analysis of the multisubstrate mechanism. The
multisubstrate studies of the involvement of Na*
and CI~ in dopamine uptake were conducted using
the methods for multisubstrate studies as outlined
by Fromm [24]. Briefly, the ratio of [Na*] to [Cl"]
was held constant at 1.15 to 1.00 while the initial,
instantaneous [DA], was varied from 50 to 1500 nM
inseparate experiments. The initial dopamine uptake
velocities were measured and recorded as described
above. The extracellular concentrations of Na* and
Cl™ in the trials studied were (in mM): 150.0 and
130.8, 126.0 and 109.4, 106.0 and 91.9, 86.0
and 75.0, 66.0 and 57.6, and 46.0 and 40.1, respec-
tively. The resulting data was plotted as 1/ v versus
1/[DA},. The slopes and/or intercepts of these
plots were replotted with respect to 1/[Cl7], and
the resulting shape of the replot was used to
identify the multisubstrate mechanism as described
by Fromm [24].

Chemicals and solutions. Solutions were made in
high purity water from a Barnstead Nanopure
(Dubuque, IA) water purification system. The
chemicals were reagent grade and used as received.
Dopamine, choline chloride, and Ficoll 400-DL were
purchased from the Sigma Chemical Co., sodium
isethionate was obtained from Pfaltz & Bauer
(Waterbury, CT), and cocaine hydrochloride was a
gift from Dr. Peter Kalivas (Department of
VCAPP, Washington State University). The uptake
studies were conducted at pH 7.4 in a 95% 0,/5%
CO, saturated physiological buffer composed of (in
mM): 124 NaCl, 3.00 KCl, 1.24 KH,PO,, 1.30
rgSO‘l, 2.50 CaCl,, 26.0 NaHCO, and 10.0 glucose

15).

RESULTS

Figure 1 shows examples of [DA], vs time profiles

of the uptake of 1.00 uM of dopamme alone and in

the presence of increasing concentrations of cocaine.
Under control conditions, donamine was found to

MRCCT COITOL CONCICHS, COpPILIic Was oune e

be taken up rapidly by the striatal suspension with

an apparent half-time of clearance of approximately
43 sec. (‘nmnlpfp clearance, defined as removal of

98% of the added dopamine, occ.tllll";ed within 150 sec
(Fig. 1A).

Kinetic analvses cnggpetprl that the clearance
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profile followed mixed order kinetics where the
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Fig. 1. Time course of uptake of exogenously added
dopamine into striatal suspensions and its inhibition by
cocaine. Panel A shows a typical profile of the clearance
of [DA], after addition (arrow) of an amount of dopamine
required to achieve an instantancous concentration of
1.0uM. The profile was found to follow mixed order
kinetics with an average overall half-time of approximately
45 sec. The initial 25 sec of the time course (dotted line)
was found to follow apparent zero order kinetics ([DA],
vstwaslinear, slope (m) = 18.0 0.4 nM/sec (or 225 pmol/
sec/g wet wt), intercept (int) = 1011 nM, and correlation
coefficient (cc) = 0.995). The remainder of the profile
followed apparent first order kinetics (In [DA], vs ¢ was
lnlwal, m= 0 9264 + 0. W;. s€C 1, ifit= *13 ‘1 =0, 23, a..d
cc = 0.989) with a half-time of 25 sec. Complete clearance
(98%) was observed by ca. 150 sec. In Panel B separate
striatal suspensions were treated (one dose per suspension)
with increasing concentrations of cocaine approximately
30 sec prior to the introduction (arrow) of enough dopamine
to obtain an instantaneous 1.0 uM pulse of dopamine. At
each concentration of cocaine, the uptake process was
found to be mixed order as described above and the
clearance time was observed to increase in both kinetic
lcyuua in a cocaine wuwuuauuu-uépﬁﬁuﬁ‘u manner. In
subsequent experimentation, the initial velocity of
dopamine uptake, expressed as pmol/sec/g wet wt, was
estimated from the apparent zero order region of the

profile.
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Fig. 2. Reversal of cocaine’s inhibition of dopamine uptake

by washino with nhvsiological buffer. Individual striatal
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suspensions were incubated with either no cocaine or
1.0uM cocaine prior to the introduction of 1.5uM
dopamine. The dopamine uptake velocities were recorded,
and then the suspensions were washed with five washing
sequences as described in Materials and Methods. After
the final washing sequence either no cocaine or 1.0 uM
cocaine was added to the suspensions just before a second
1.5 uM pulse of dopamine. Key: (1) control dopamine
uptake velocxty observed in unwashed striatal suspensnons,
) ucpamme uptake velocity observed in unwashed siriaiai
suspensions after introduction of 1.0uM cocaine; (3)
dopamine uptake velocity observed in control suspensions
after five washes with fresh physiological buffer; (4)
dopamine uptake velocity observed in washed suspensions
after introduction of 1.0 uM cocaine; and (5) dopamine
uptake velocity observed in suspensions to which 1.0 uM
cocaine had been added prior to washing with physiological
buffer; (*) indicates a statistical difference relative to 1 (via
t-test, P < 0.01); and (**) indicates statistical differences
(tested using ANOVA followed by Scheffe’s F-test
(P =0.010)) for 4 relative to 3 and 5. Values are
means + SD N= 4 for each bar. The average wet tissue

Wclslll was "U J - U 7 llls \lllcdll = DIJ, l‘ = ‘U}

initial [DA], vs ¢ profile from zero to ca. 25 sec was
found to be linear, thereby having the characteristics
of an apparent zero order initial velocity process.
The kinetics of the clearance profile changed from
apparent zero order kinetics to apparent first order
kinetics at an [DA], value of ca. 600 nM (see Fig.
1A). All of the results of subsequent experimentation
were based on rate measurements of [DA], vs ¢
profiles measured in the temporal region defined by
zero order kinetics. The clearance of dopamine was
inhibited by cocaine in a concentration-dependent
manner (Fig. 1B) and was found to be reversed by
washing cocaine-treated suspensions with fresh
cocaine-free physiological buffer (Fig. 2).

The initial velocity of dopamine uptake was found
to be dependent on the instantaneous [DA], value,
saturable and described by the Michaelis-Menten
expression (Eq. 1) with a first order dependence on
[DA), (Fig. 3A). The K, for dopamine uptake,
obtained by non-linear curve fitting, was found to
be 1.24 £0.06 M. The V,,, was found to be
582 + 11 pmol/sec/g striatal wet wt, and the reaction
order with respect to dopamine was 0.99 = 0.02,
When characterized in synaptosomal preparations,
the K, and V,,, values were found to be
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Fig. 3. Velocity of the uptake of dopamine as a function
of [DA], and its inhibition by cocaine. Panel A shows the
initial velocity of the uptake of dopamine as a function of
[DA],. Iterative non-linear curve fitting of the rate data
(closed squares) to the Michaelis-Menten equation is
illustrated by the line of the upper curve. Because of the
scaling of the plot, the uptake velocity of 25 nM dopamine,
11.7 £ 2.5 pmol/sec/g wet wt, is not shown. Equation 1
and the rate parameters (see Results) predict a value of
11.5 + 0.6 pmol/sec/g wet wt at this [DA], value. The
closed circles show the apparent velocity of the
disappearance of dopamine due to oxidation by dissolved
O, plus the RDE in the absence of striatal tissue. These
latter data were normalized by the average striatal tissue
weight [39.9 = 0.4 mg (mean = SD, N = 16)] used in this
series of experiments. Each datum point is the mean £ SD
of eight replicate trials. In this and subsequent studies the
error bars were found to fall within the dimensions of the
symbols. Panel B shows Eadie-Hofstee plots of the rate
data of dopamine uptake in the presence of cocaine.
Individual striatal suspensions were incubated with 0.0,
0.5, 1.0, 2.0, 4.0, 8.0, or 20 uM cocaine and increasing
[DA], 50 to 1500 nM, was added to each suspension. The
values of the x-intercepts were statistically indistinguishable
and the value of V,,/K, was constant (average
value, 462+ 16 pmol/sec/g wet wt/uM, N =48). The
experimentally defined Michaelis~Menten equation modi-
fied foruncompetitive inhibition predicts 98 + 8% inhibition
of dopamine uptake at 100 uM cocaine (data not shown).
Each datum point is the mean = SD of eight separate
experiments. The average weight of striatal tissue used was
38.9 + 1.6 mg (mean = SD, N = 48).

1.36 £ 0.06 uM and 418 + 8 pmol/sec/g protein,
respectively. The K, for DA uptake in the
striatal suspension was found to be statistically
indistinguishable from the K|, value observed in the
synaptosomal preparation. The V,,, obtained in the
suspension was approximately 9.3 times larger than
the value observed in the synaptosomal preparation
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Fig. 4. Velocity of the uptake of dopamine as a function
of [Na*], and the effect of cocaine on the involvement of
Na* in the uptake process. Panel A shows the rate of
uptake of 500nM dopamine as a function of [Na*],
(substituted by choline). The iterative fit of the rate data
to the Michaelis-Menten equation (solid line) suggests that
the best fit apparent reaction order of the Na* effect is 2.
The dashed lines show the expected uptake rate vs
[Na*], lines for reaction orders 1 and 3. At [Na*],=
0.5 mM the » value was 0.004 + 0.002 pmol/sec/g wet wt,
a value indistinguishable from zero. Each datum point is
the mean + SD of eight separate experiments. The average
wet weight of the striatal tissue used was 39.5 + 1.2 mg
(mean = SD, N = 64). Panel B shows Eadie-Hofstee plots
of the uptake of 500 nM dopamine in the presence of 0.0,
0.5, 1.0, 2.0, or 4.0uM cocaine in separate striatal
suspensions in which [Na], had been reduced also by
replacement with choline. The y-intercepts (V) of the
six lines were statistically indistinguishable (average value,
Vmax = 293 £ 11 pmol/sec/g wet wt). The average striatal
tissue weight used in these studies was 39.7 = 1.4mg
(mean = SD, N = 96).

when normalized on the basis of protein content
(0.15 g protein/g wet wt). The results of analyses of
Eadie-Hofstee plots suggested that cocaine is an
uncompetitive inhibitor of dopamine uptake (Fig.
3B). When this set of dopamine uptake data was fit
to the Michaelis-Menten equation for uncompetitive
inhibition [22], it was found that the V., for
dopamine uptake, the X, for dopamine, and the X;
for cocaine were 587 + 8 pmol/sec/g striatal wet wt,
1.27 £ 0.04 uM, and 1.05 = 0.03 uM, respectively.
Substitution of [Na*], with choline diminished the
velocity of dopamine uptake in a concentration-
dependent manner with an apparent reaction order
in Na* of 1.96 + 0.05 (Fig. 4A). The K, was found
to be 131 £ 5 mM, a value very close to the [Na*],
of the physiological buffer, and the V,,, was
282 + 11 pmol/sec/g wet wt. Na* was found to non-
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Fig. 5. Velocity of the uptake of dopamine as a function
of [CI7], and the effect of cocaine on the involvement of
CI” in the dopamine uptake process. Panel A shows the
rate of uptake of 500nM dopamine as a function of
[CI~], (substituted by isethionate). The iterative fit (solid
line) of the rate data (closed squares) to the Michaelis-
Menten equation suggests that the apparent order of the
CI™ effect is 1. Each datum point is the mean + SD of eight
separate experiments, The average wet weight of striatal
tissue used was 40.2 = 1.0 mg (mean = SD, N = 56). Panel
B is an Eadie-Hofstee plot of the uptake rate of 500 nM
dopamine in the presence of 0.0, 0.50, 1.0, 2.0, or 4.0 uM
cocaine incubated in physiological buffer in which the
[C17], was reduced also by replacement with isethionate.
The y-intercepts (Vi) of the six lines were statistically
indistinguishable (average value, 250 * 6 pmol/sec/g wet
wt). The average weight of striatal tissue used was
40.0 + 1.0 mg (mean = SD, N = 96).

competitively inhibit dopamine uptake since the V.,
changed while the K, was observed to remain
constant at 1.11 = 0.07 uM. Eadie-Hofstee analyses
of dopamine uptake velocities obtained in the
presence of increasing concentrations of cocaine
added to striatal suspensions in which Na* had been
replaced with choline suggested that cocaine
competitively inhibits the involvement of Na* in the
uptake process (Fig. 4B). The K; for cocaine was
found to be 1.67 = 0.08 uM, by non-linear fitting of
the raw velocity data to the Michaelis-Menten
competitive inhibition model [22].

Figure 5A shows that Cl~ substitution by
isethionate was also found to diminish the velocity
of dopamine uptake in a concentration-dependent
manner; however, the apparent reaction order was
found to be unity (0.99 * 0.02). The V,,, and K,,
were 251 + 8 pmol/sec/g wet wt and 51 £ 4mM,
respectively. Cl- was found to uncompetitively
influence dopamine uptake since the Vy,,,/K,, value
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was constant with an average value of 478 + 16 pmol/
sec/g wet wt/uM. Eadie-Hofstee analyses (Fig. 5B)
suggested that cocaine competitively inhibits Cl-
involvement in the dopamine uptake process and
the K; (via non-linear regression analyses) was found
to be 0.82+0.04 yM. Table 1 summarizes the
numerical results of the analyses of the inhibition of
dopamine uptake by cocaine.

The results of multisubstrate analyses, shown in
Fig. 6, in combination with the observations that
cocaine reversibly inhibited the uptake of dopamine
uncompetitively, Na* competitively, and CI~ com-
petitively as well as the findings that Na* influenced
dopamine uptake noncompetitively whereas the
influence of Cl~ was uncompetitive suggest that: (1)
the uptake mechanism of dopamine is a sequential,
partially random process where Na* and dopamine
can bind randomly to the uptake carrier, and ClI-
binds last prior to dopamine transport; and (2)
cocaine inhibits the uptake of dopamine by binding
at the Na* binding site on the carrier following the
binding of dopamine.

DISCUSSION

The studies described here were intended to model
in vitro the uptake condition(s) throught to be
operational in dopaminergic chemical neuro-
transmission in vivo where the neurotransmitter is
instantaneously released by the nerve terminal
(mimicked by exogenous addition of dopamine) and
then is quantitatively recaptured by uptake processes
in the tissue in local proximity to the neuron or
neurons which released the neurotransmitter. This
entire process was monitored with 50 msec resolution
and any extracellular diffusional influence on the
time course of clearance is assumed to be eliminated
by the rapid (ca. 40 msec mixing time) forced
convective property of the RDE in the 500uL
incubation chamber [13, 15]. In addition, under the
conditions employed, the [DA], on the outer
membrane surface in close proximity to the uptake
site is maintained at a more constant value than
occurs under more static incubation conditions in
which diffusive mass transport to the uptake sites
contributes to the kinetics of the overall process.
Two other conditions should be noted that distinguish
this experimental approach. The first is that the
clearance of [DA], was measured as an apparent
unidirectional flux from the extracellular com-
partment (as opposed to measurements of accumu-
lation into tissue) under non-steady state conditions,
and the second is that the intracellular metabolic
and sequestration pathways were intact.

Comments on the kinetic analyses of dopamine
uptake. The results of these studies suggest that non-
radioactively labeled dopamine is taken up avidly
into striatal suspensions (with half-time =< 45 sec) by
a saturable, mixed order process (initially zero order
with a change to apparent first order) which was
described by Michaelis-Menten kinetics. Complete
clearance of a concentration pulse of dopamine
equivalent to the apparent K,, value was found to
occur within 150 sec. Analyses of the mixed order
profile of the uptake of [DA], can provide an
estimate of the apparent density of dopamine up-
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Fig. 6. Multisubstrate mechanistic studies of dopamine
uptake. Panel A shows a Lineweaver-Burk plot of the
uptake rate of dopamine at increasing [DA], values in
individual striatal suspensions incubated in physiological
buffer in which the [Na*], to [CI7], ratio was held constant
at1.15. The datarepresented show that these lines intersect.
Panel B shows replots of the slopes from the lines in Panel
A against 1/[C17], in the buffer and were observed to be
non-linear with non-zero intercepts. The average striatal
wet tissue weight used in this set of studies was 40.0 + 1.0 mg
(mean = SD, N = 48).

take sites (for comparison to binding data) since the
[DA], at which the zero order uptake profile
changes to apparent first order is in the region where
the {DA], is close or equal to the concentration of
uptake sites in the tissue phase of the suspension
[25]. When normalized for the protein concentration
in the suspension, the density of dopamine uptake
sites was found to be 15 pmol/mg protein, a value
that agrees with literature values of the number of
high affinity uptake sites as assayed by [*H]cocaine
binding (average By, = 10 pmol/mg protein, range
5.56 to 18.3 pmol/mg protein [26-28)).

The K,, values obtained from studies in striatal
suspensions and synaptosomes were found to be
within the 0.1 to 2.3 uM range of previously reported
literature values for the K,, of dopamine uptake [29—
32] and matches almost exactly the K,, values, 1.2
and 0.9 uM, recently reported for tritiated dopamine
uptake in expressed clones of dopamine transporters
[33, 34]. However, it should be noted that the
reported K,, in our studies is considered a “formal”
K, strictly defined as the [DA], at which the uptake
process was half-maximal. The relevent kinetics of
the disappearance of dopamine from the extracellular
milieu due to transmembrane flux can be described
by the model [35, 36],
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k1 X
DA + Carrier == DA-Carrier - Carrier-DA

L

where k; and k_; are rate constants of association
and dissociation, respectively, of dopamine with the
uptake carrier at the outside of the membrane, &,
is the rate constant of translocation of the dopamine-
carrier complex, and the dissociation of dopamine
from the carrier is ignored [36]. The K|, the affinity
for dopamine with the carrier, is given by k_,/k,
and the K,,, the measured quantity, by

K,=K+ (kZ/kl) (2)

Thus, the K,, value obtained should be larger than
the K, [29]. Furthermore, intracellular metabolism
could increase by mass action the apparent &, value,
thereby increasing the apparent K, as observed by
Near et al. [32]. Finally, other investigators have
used longer incubation times (minutes), thereby
increasing the likelihood that equilibrium at the
internal surface of the membrane is operational and
the carrier could be transporting dopamine toward
the outside as well as internally (bidirectional
transport). The apparent K,, under this condition
would be approximated by (k_; + ky)/(k, + k_;),
where k_, is the rate constant for movement of the
carrier from inside to outside. This condition should
result in different K, values than those observed
under initial rate conditions [36]. Thus, it is
reasonable to find a range of apparent or “formal”
K, values which depend on experimental conditions
[36, 37].

The value of V,, in the striatal suspensions of
whole tissue was found to be approximately a factor
of 2.5 times larger than previously reported values
obtained in synaptosomal preparations in which data
was normalized also on the basis of wet tissue weight
[7]. However, the value obtained from experiments in
synaptosomal preparations in this study (0.42 pmol/
sec/mg protein) was found to be in relatively close
agreement to that reported by Yi and Johnson [38]
(0.6 pmol/sec/mg protein).

The findings that dopamine uptake is dependent
on Na* and Cl~ having reaction orders of 2 and 1,
respectively, are in agreement with the results of
previously published studies [4-8]. In addition, it
should be noted that the 1.0 uM value for the K; of
inhibition of dopamine uptake by cocaine also agrees
with results of previous studies [8, 9].

Comments on the multisubstrate mechanism of
dopamine uptake and its inhibition by cocaine. The
results of the multisubstrate studies suggest that
dopamine is taken up by a partially random
sequential (as opposed to a ping pong) mechanism
where dopamine or Na* binds to the carrier first in
random order followed by the binding of Cl~ last.
This series of steps is schematically illustrated in Fig.
7 and is different from the multisubstrate scheme of
up-take of norepinephrine in the peripheral nervous
system [37, 39-42] in several respects. First, the
norepinephrine system is thought to involve a
sequential, ordered mechanism with regard to
norepinephrine and Na* binding with a first, rather
than a second order, dependence on Na*. Although
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Fig. 7. Schematic illustration of the partially random, sequential multisubstrate mechanism of dopamine

uptake in striatal tissues and how it may be influenced by cocaine. The sequence proceeds from left to

right. In Step 1 dopamine or Na* binds to the uptake carrier in random order followed by Cl™ binding

in Step 2. In Step 3 the carrier transports dopamine across the membrane. If cocaine is present, the

process is inhibited by cocaine binding at the Na* binding site as illustrated in the inhibition step. Note:

the illustration is highly schematic and is not intended to represent the structure of the carrier protein
and its mechanism of translocation.

Na* effects are first order in the peripheral
norepinephrine system, the finding of second order
in the striatal dopamine uptake system agrees with
that reported by Krueger [8] and has been observed
in uptake processes for other neurotransmitter
systems [43].

In this current study, cocaine was shown to inhibit
dopamine uptake uncompetitively, whereas it
competitively inhibited the Na* and Cl~ depen-
dencies. Thus, the inhibition reaction appears to
involve the binding of cocaine with the dopamine
bound carrier by competition with a Na* binding
site (Fig. 7). The involvement of the Na* binding
site in the mechanism of inhibition of the active
dopamine transporter by cocaine is intriguing since
it has been shown that the binding of {*H]cocaine
to the cocaine binding site in the striatum is Na*
dependent and is thought to bind at the transporter
site [27]. In addition, the finding that cocaine
competitively inhibited Na* in the multisubstrate
mechanism for dopamine is in agreement with
findings of Zeitner and Graefe [40] in their studies
of cocaine inhibition of norepinephrine uptake in
the peripheral nervous system.

The finding that cocaine is also competitive with
C1™ may be a consequence of the inhibition of Na*
for its binding site since the Cl~ binding to the
uptake carrier appears to occur in a step following
Na* binding [44]. However, this assertion cannot be
proved in this model. Further analyses based on

literature information is difficult at the present time
since it has been reported by Ungell et al. [42] that
cocaine inhibition of norepinephrine uptake is Cl~
dependent and appears to be competitive with a
presumed Cl™ binding site, as reported here for the
dopamine system, whereas Diliberto ef al. [5] have
suggested that uptake inhibitors do not require CI~
for inhibiting dopamine uptake. An alternate
explanation may be that the Na* and Cl~ binding
sites are physically close to one another and thus
cocaine acts as a bisubstrate analog in the actively
transporting dopamine uptake system. However,
these hypothetical possibilities cannot be confirmed
or rejected at the present time.

The literature findings that cocaine binding
requires Na* [28] and competes with Na* in the
multisubstrate model developed here provide
intuitive appeal to the finding that cocaine inhibits
dopamine uptake uncompetitively. However, it
should be noted also that these findings contrast
with the results of Krueger {8] and Missale ez al. {3]
who showed competitive and non-competitive
inhibition of striatal dopamine uptake by cocaine,
respectively. There is no simple explanation to
account for these discrepancies. However, the kinetic
conditions used in the measurement of dopamine
uptake in the studies described here were different
from those used in the cited work. First, they are
based on a system that measures changes in the
total analytical concentration of dopamine in the
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extracellular medium as opposed to radiotracer
concentrations only. Second, the measurements are
based on analysis of time resolved continuously
measured kinetics of a transient extracellular pulse
of dopamine in a system in which metabolism was
intact. Finally, the experimental conditions allowed
for the measurement of the kinetics of the quan-
titative uptake of dopamine. These experimental
conditions may better mimic functional conditions
in chemical neurotransmission than the approach
to steady-state equilibrium conditions [45] and
measurements of intracellular steady-state accumu-
lation of dopamine. Thus, the results obtained by
the RDE voltammetric method should not be
perturbed by competing multiple equilibria [45].

In summary, time resolved initial velocity data of
quantitative uptake of non-radioactively labeled
dopamine into dopaminergic tissues were found to
be amenable to biochemical mechanistic evaluations.
The initial velocity of dopamine uptake was found
to be dependent on extracellular Na* as well as Cl~
and inhibited by cocaine. Finally, a multisubstrate
mechanism of striatal dopamine uptake and its
inhibition by cocaine have been suggested as a basis
for future work. Studies to compare mechanistic
differences between various catecholamine uptake
inhibitors are currently underway.
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