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Abstract: Methylphenidate (MPD) was found to inhibit
competitively the striatal dopamine transporter (DAT) and
bind at sites on the DAT in common with both cocaine (a
non-substrate site ligand) and amphetamine (a substrate
site ligand). Some methylphenidate analogues modified
on the aromatic ring and/or at the nitrogen were tested to
determine whether the profile of inhibition could be al-
tered. None was found to stimulate the release of dopa-
mine in the time frame (=60 s) of the experiments con-
ducted, and each of the analogues tested was found to
noncompetitively inhibit the transport of dopamine. It was
found that halogenating the aromatic ring with chlorine
(threo-3,4-dichloromethylphenidate hydrochloride; com-
pound 1) increased the affinity of MPD to inhibit the
transport of dopamine. A derivative of MPD with simul-
taneous, single methyl group substitutions on the phenyl
ring and at the nitrogen (threo-N-methyl-4-methylpheni-
date hydrochloride; compound 2) bound at a site in com-
mon with MPD. A benzyl group positioned at the nitrogen
(threo-N-benzylmethylphenidate hydrochloride; com-
pound 3) imparted properties to the inhibitor in which
binding at substrate and non-substrate sites could be
distinguished. This analogue bound at a mutually inter-
acting site with that of methylphenidate and had a K;,
value of 4.29 uM. Furthermore, the N-substituted ana-
logues (compounds 2 and 3), although clearly inhibitors
of dopamine transport, were found to attenuate dramat-
ically the inhibition of dopamine transport by amphet-
amine, suggesting that the development of an antagonist
for substrate analogue drugs of abuse may be possible.
Key Words: Amphetamine—Cocaine—Dopamine—Meth-
ylphenidate—Methylphenidate analogues—Ritalin—Rotat-
ing disk electrode voltammetry—Striatum—Transporter—
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Methylphenidate (MPD; Ritalin) is currently the most
commonly prescribed drug to treat children with atten-
tion deficit disorder and is also used to treat narcolepsy
(Chiarello and Cole, 1987; Kraus and Burch, 1992).
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Originally, amphetamine was used to treat children with
attention deficit disorder until its addictive potential was
recognized. It was estimated in 1992 that 3% of school-
age children were being treated with MPD for some
extended interval (McNamara et al., 1993); these num-
bers have continued to increase. MPD is not thought to
stimulate dopamine (DA) synthesis or induce release of
DA from nerve terminals (Kolta et al., 1985). The action
of MPD is to block the inward transport of DA into the
presynaptic terminal, resulting in a prolonged DA stim-
ulus. Although MPD, a psychomotor stimulant agent, has
been shown to have abuse potential, it is still the drug of
choice for the treatment of children with attention deficit
disorder.

MPD has been shown to bind at the DA transporter
(DAT) (Héron et al., 1994), and its binding is saturable
and specific for the DAT (Schweri et al., 1985), but it is
not clear where MPD binds on the transporter relative to
DA and other inhibitors of transport. MPD is thought to
have behavioral, pharmacological, and binding proper-
ties similar to those of amphetamine (Barnett and Kucz-
enski, 1986) and cocaine (Schweri et al., 1985; Froimow-
itz et al., 1995; Gatley et al., 1996). Therefore, MPD has
been classified as a nontransported inhibitor of DAT
(Hurd and Ungerstedt, 1989; Hm et al., 1994), as well
as a substrate analogue for DAT when present at high
concentrations (Nomikos et al., 1990). These discrepan-
cies have led to the current study, which focuses on

Received June 25, 1998; revised manuscript received October 2,
1998; accepted October 5, 1998.

Address correspondence and reprint requests to Dr. J. O. Schenk at
Department of Chemistry, Washington State University, Pullman, WA
99164-4630, U.S.A.

Abbreviations usedcompound 1,threo-3,4-dichloromethylpheni-
date hydrochloride; compound Zhreo-N-methyl-4-methylphenidate
hydrochloride; compound 3threo-N-benzylmethylphenidate hydro-
chloride; [DA],, extracellular dopamine concentration; DA, dopamine;
DAT, dopamine transporter; MPD, methylphenidate; RDE, rotating
disk electrode; SER, SE of regression.



METHYLPHENIDATE ANALOGUES AND DOPAMINE TRANSPORT 1267

FIG. 1. Structures of the MPD analogues used in the studies herein.

comparing the inhibition properties and binding sites of was not achieved, some differentiation between the two
MPD with those of some MPD structural analogues, functions was obtained (Deutsch et al., 1996; Froimowitz

amphetamine, and cocaine. The results of previous work et al., 1997).

by this laboratory in a kinetic model of the actively

transporting DAT have shown that amphetamine and MATERIALS AND METHODS

m-tyramine bind to the same site on the DAT and at a site . . . .

competitive with DA (Wayment et al., 1998). Thus, it Freparation of striatal tissue suspensions and

was shown that amphetamine ametyramine are sub- measurement of DA transport by rotating disk

strate analogues for the DAT. It was shown that amphet- €léctrode (RDE) voltammetry

amine binds at a site that is separate but interacting with . Stat@l tissue samples were prepared from male Sprague-

A . . Dawley rats (weighing 250—400 g), and the transport of DA
tl';e Inghg;gl)tory site of cocaine on the DAT (Wayment et was myeasuréd bg RDgE voltammgt)ry at 37°C in a%lass incu-
al., 1 .

4 o . . bation chamber as previously described by Meiergerd and
Various MPD derivatives have been synthesized in an schenk (1995), Earles et al. (1998), and Earles and Schenk
attempt to develop compounds that will block cocaine (1998). All animal protocols were reviewed and approved by
binding to the DAT but do not interfere with substrate the University Laboratory Animal Care and Use Committee. In
binding or transport (Deutsch et al., 1996; Froimowitz et brief, animals were rapidly decapitated, and the striata were
al., 1997). The test used for their assessment has been t@uickly dissected and placed on ice. The striatum was then
compare the |G, for inhibition of the transport of DA finely chopped with a razor blade on an ice-cold watch glass
with the IC,, of the test analogue for the displacement of 2nd placed in 50Qul of physiological buffer (composition
[3H]WIN 35,428 binding (Deutsch et al., 1996). below). The tissue was disrupted by rapidly filling and expel-

. . X ling the tissue/buffer mixture with a 25@F pipette. This pro-
In this study, amphetamine, cocaine, and selected cess was repeated 15-20 times and then allowed to settle. The

structural analogues of MPD (Fig. 1) were used to deci- gspension was washed by addition of 28@f fresh buffer to
pher whether MPD resembles amphetamine or cocaine inthe suspension, allowing it to settle, and again removing 250

its effects on the function of DAT. The MPD derivatives  ul. After eight repeated washes of the suspension a final vol-
studied in this work were chosen for their particular ume of 500ul was obtained.
characteristics. Compound 1, a dichloro-substituted de- The glassy carbon RDE was placed just slightly below the
rivative, is one of the more potent MPD derivatives with surface of the suspension and rotated at a rate of 2,000 rpm, at
respect to inhibition of JH]WIN 35,428 binding. It dif- which time a potential of 450 mV relative to an Ag/AgCl
fers from most other MPD derivatives that have been reference electrode was applied to the RDE to detect DA. The
. . e . N potential was applied using a Bioanalytical Systems (West
sgll—rl]t\?vﬁillz??Sd L'lgéhgt g’.‘) Itis S%ﬂ'%‘ﬁent ta?( an |r&h|l;|tqtr of Lafayette, IN, U.S.A.) LC4B potentiostat, and the current was
L ] ,'I'b' in Igg”an ff']' tUpa gatm (_ )Id monitored on a Nicqlgt Instruments .Corp. (Madison, WI,
as an equilibrium Hill coefficientni;) determine U.S.A.) model 310 digital storage oscilloscope. Suspensions

against fH]WIN 35,428 binding of~2. (Most of the  \ere incubated until a steady baseline was obtaireids(min),
other MPD analogues are at least threefold less potent asat which time either an inhibitor or two inhibitors were added,
inhibitors of PH]DA uptake and haven,, values of and the effect on the inwardly directed transport of 1M DA
unity.) Compounds 2 and 3 were included because theywas recorded as extracellular DA concentration ([RAYersus
are some of the most effective analogues in discriminat- time (t). Initial rates ¢) were determined by the linear slope of
ing between IH]WIN 35,428 binding and 3H]DA up- a plot of [DA], versus time t) where they-intercept is indis-
take, with a five- to sevenfold separation in potency to TR LT 8 b e C e et tiste
'nh'b't binding versus transport. Also, compound 3 was weight. The timing for addition of each inhibitor was based on
of interest because the bulky benzyl group at the nitrogen

o . . whether the inhibitor was experimentally found to exhibit a
was anticipated to alter markedly the interaction of the (ime gependence in its effects on DAT activity (data not

core MPD structure with the DAT. Although complete  shown). An inhibitor whose inhibition decreased over time was
separation of the inhibitory effects of the modified com- added simultaneously with DA, whereas other inhibitors that
pounds on stimulant binding versus substrate transportappear not to have this time dependence were added 30 s before
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addition of 1.0uM DA following the previously used protocols  distribution of carrier between inwardly and outwardly directed
(Meiergerd and Schenk, 1994; Wayment et al., 1998). In the conformations. For this work, as in previous work (Meiergerd
present study MPD and its tested analogues did not exhibit and Schenk, 1994; Wayment et al., 1998), the value of the ratio

time-dependent inhibition, whereas, as before (Wayment et al.,
1998), the substrate analogue inhibitongyramine and am-

used was unity as suggested by Dewad Krupka (1980). To
test the case of hinding to two separate but mutually interacting

phetamine did. Thus, these agents were added simultaneouslysites,v, was predicted by the expression

with DA. Unless otherwise noted, each numerical result re-
ported is from three to seven replicates and each replicate
represents a value obtained from a single striatum.

Kinetic analysis

Values of v were also measured over a [QAtange of
0.25-4.0uM and plotted as a function of [DA] The results
were fit to the Michaelis—Menten expression to estimate values
of K., andV,, ., with precision indicated as SE of regression
(SER) by nonlinear curve fitting using PRISM version 2.0
(GraphPad, San Diego, CA, U.S.A.). When inhibitions were
studied, aK; was estimated using the Michaelis—Menten ex-
pression modified for competitiveoncompetitive, oruncom-
petitive inhibition (Fersht, 1985; Segel, 1993). The values for
K., and V., were used in the fitting procedures. Starting
values for [] were defined by the Ig, of inhibition of a test
analogue estimated from Hill analyses modified for use in
catalytic (enzymic) experiments (Segel, 1993)

Vi

Vo =V

log = — nylog[l] + logK Q)
wherey, is the velocity of transport in the presence of a given
concentration of a test inhibitol, v, is the control velocity in
the absence of inhibiton,, is the apparent stoichiometry (Hill
coefficient); andK is the apparent dissociation constant for
the transporter—complex. The apparent I is taken as the
x-intercept, the value forl] wherev; = 0.5v,,.

Fits of any of the tested models to experimental data were
evaluated by using the model to calculater aersus [DA],

profile and comparing the result point by point with the exper-

\
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\
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where the symbols have the same significance as in the expres-
sions above except fdf;,,, which is the half-saturation con-
stant for test inhibitor 1 in the presence of saturating concen-
trations of test inhibitor 2, an&,, the Michaelis—Menten
constant of the inwardly directed transport of DA in the stria-
tum. The predicted, was then compared with the experimental
v, The analyses conducted were based on the work' ge®e
and Krupka (1980), and the step-by-step procedures followed
for the evaluation of the data obtained in studies of the DAT
have been presented by this laboratory previously (Meiergerd
and Schenk, 1994; Wayment et al., 1998). In brief, when fits to
the models were evaluated, if the experimental results were
found to be statistically indistinguishable from predictions of
the single-site model (Eq. 2) and numerically within 5%, the
interaction was deemed as competition at a single site. For
comparison, the predicted values of velocity for two indepen-
dent sites were calculated and shown. However, the values for
two interacting sites were not calculated because the last term
in that equation would be required to have the value of unity,
requiring that the value of;,, >>> [l], a physically unreal-
istic condition because no inhibition should be observable
under this condition.

Viest1
\

[ Jiest
Kim
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imental data and expressing the goodness of fit as a percentl_igand binding and studies of PH]DA uptake

deviation of the model from the data.

Some experiments were conducted to determine the relation-
ship between binding sites for MPD, its analogues, cocaine,
m-tyramine, and amphetamine. Three binding models were
used: a single-site model, a model where the two inhibitors act

at separate independent sites, and a model where the two

inhibitors act at separate sites that interact. To test whether the
inhibitors bind to a single binding site Eq. 2 was used:

G-l )

Viest2
where v is the velocity of DA transport in the absence of
inhibitor, v, is the velocity observed at a given concentration
of the first test inhibitorv,.. iS the velocity observed at a
given concentration of the second inhibitor, augd is the
velocity in the presence of both inhibitors at the same individ-
ual concentrations used in the previous two tests. To test
whether the inhibitors bind to two different, independent sites,
v, was predicted by the expression
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Some experiments were conducted to evaluate the binding of
MPD and its analogues to the DAT. In separate studies thg IC
for each analogue to inhibit DAT uptake oiH]DA was also
estimated. The methods used in these studies were the same as
those described by Deutsch et al. (1996), except rats used for
the uptake studies were anesthetized before use with CO

Solutions and chemicals

Solutions were prepared in deionized water and further
purified by a Nanopure water purification system (Barnstead,
Dubuque, IA, U.S.A)) equipped with ion exchangers, activated
carbon cartridges, and an ultra filter. The common buffer salts
were obtained from Baker Chemicals (Phillipsburg, NJ,
U.S.A.), and DA hydrochloride, «)-cocaine hydrochloride,
S(+)-amphetamine sulfatem-tyramine hydrochloride, and
MPD hydrochloride were obtained from Research Biochemi-
cals International (Natick, MA, U.S.A.). The structural ana-
logues of MPD (Fig. 1),threo-3,4-dichloromethylphenidate
hydrochloride (compound 1threoN-methyl-4-methylpheni-
date hydrochloride (compound 2), atitteo-N-benzylmethyl-
phenidate hydrochloride (compound 3), were synthesized in the
laboratory of Prof. H. M. Deutsch (Deutsch et al., 1996;
Froimowitz et al., 1997).

The pH 7.4 physiological buffer was composed of 12¥ m
NacCl, 1.80 nM KCl, 1.24 mM KH,PQ,, 2.50 nv CaCl,, 1.30

where the symbols have the same significance as in Eq. 1 andmM MgSO,, 26.0 nM NaHCO,, and 10.0 vl glucose and

A= (1 + f/f )1 + [DA]/K,) andf/f_,is the equilibrium

J. Neurochem., Vol. 72, No. 3, 1999

saturated with a gas mixture of 95%, @nd 5% CQ.
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TABLE 1. Values of IG, and Hill coefficient ) for inhibition of [PH]WIN 35,428 binding
and [°*H]DA uptake for MPD and some of its analogues

ICso° for
[BH]WIN 35,428 n, for WIN 35,428 Discrimination
Compouné binding BH]DA uptake binding ratio®
MPD 83.0+=7.9(4) 224+ 19 (4) 0.90+ 0.09 2.7+ 0.34
1 5.30=+ 0.70 (2} 7.00* 0.60 (2 2.08=* 0.05 1.3+ 0.20¢
2 140+ 9.3 (4y 918+ 150 (4) 1.02+ 0.03 6.6= 1.2
3 52.9+ 2.3 (3 273+ 28 (3) 1.08+ 0.02 5.2+ 0.58

aSee Fig. 1 for chemical structures. The data for MPD and compound 1 were obtained from the results of a
previous study (Deutsch et al., 1996).

b Values for IG,, listed are in nanomolar units with the number of experiments in parentheses.

¢ Discrimination ratio= 1Cg, for [3H]DA uptake/IG,, for [*H]WIN 35,428 binding, and the values of
precision are propagated errors.

dp = 0.0002 relative to the result with MPD in each column.

RESULTS AND DISCUSSION Except for the case of compound 1, these results also
agree with those listed in Table 1.

Figure 3 illustrates the fit of the velocity of the striatal
DAT to the Michaelis—Menten expression (upper curve).
TheK,, andV,, ., Vvalues (mearr SER) for controls were
found to be 1.18+ 0.2 uM and 829+ 113 pmol/s/g,
respectively. An analysis of the inhibition pattern of
MPD by curve-fitting velocity versus [DA]in the pres-
ence of 2.0uM MPD, a concentration close to its ¢
is also shown. The best fit is to that of a competitive
inhibition model. Similar analyses were conducted at two
other concentrations of MPD, 1.0 and 3uD/, and the
same result was obtained (raw data not shown). The

Some analogues of MPD discriminate between
inhibition of tropane inhibitor binding and
inhibition of uptake of [ *H]DA

Table 1 lists the IG, values for MPD and its tested
analogues for inhibition offH]WIN 35,428 binding and
the uptake of JH]DA. The rank order, compound 1
> compound 3= MPD > compound 2, of inhibition of
binding matched that of the rank order of inhibition of
uptake. The values ofy, for inhibition of [*H]JWIN
32,428 binding were unity except for compound 1, where
the value was found to be 2. Compounds 2 and 3 and to
a lesser extent MPD were found to discriminate between
inhibition of the binding of the tropane ligand and inhi-
bition of [*H]DA uptake. Compound 1 was found not to 300
discriminate between the two modes of action. There-
fore, MPD and compounds 2 and 3 were studied further
by RDE methodology (below) to investigate further dif-
ferences in the kinetic mechanisms of action of these
inhibitors in relation to DA transport and their relative
binding sites.

2004

v {pmol/(s x g))

1004

MPD competitively inhibits DAT activity, whereas L T
MPD derivatives are noncompetitive inhibitors
Figure 2A illustrates the concentration dependence of
the inhibition of the transport of DA by MPD. It fit a
first-order expression with an intercept of the curve fit
line at 345+ 30 pmol/s/g wet weight (mearr SER), 1.0 B

which is indistinguishable from the experimental value ]
0.5
0.0 \\\\\\\\‘\\\

of 345 = 11 pmol/s/g (meant SEM), suggesting that
-0.5

[methylphenidate], uM

the reaction order for inhibition of DA transport by MPD

is unity. MPD and its analogues were not observed to
induce release of DA within the incubation times and at
the concentrations used in these experiments. Figure 2B
shows the results of a Hill plot of the data with the;}C 104
estimated from thex-intercept. The apparent reaction

orders and |G, values for MPD and its analogues were FIG. 2. Concentration-dependent inhibition of the velocity of the
estimated in the same fashion and are listed in Table 2. striatal transport of DA by MPD and its Hill analysis. Upper
The rank order of the inhibition was compound-lcom- panel: 'I_'he solid line is the best fit of a _first-order exponential
pound 3= MPD > compound 2. These results agree g2ttt 2, T 10 ot Bon L o B oeticiont
with those listed in the experimental results of Table 1. yas found to be 0.981 with a post hoc significance of linear
The ny values for the analogues are close to unity. regression at the 99.9% confidence level.

log (vilvo-vi)
(=21
o
w
o]
b
/5
w
&

log [methylphenidate]
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TABLE 2. Hill coefficient f), ICso values, mechanism of inhibition, and inhibition constant
for inhibition of transport of DA by MPD and its analogues

Analogue ny ICs0 (uM) Mechanism of inhibition K (uM)
MPD 1.3+0.1 2.6+ 0.2 Competitive 1.4-0.4
Compound 3 0.8:0.1 1.9+0.2 Norcompetitive 1.9+ 0.2
Compound 2 0.7+ 0.1 6.0+ 0.4 Norcompetitive 5.9+ 1.3
Compound 1 0.7 0.1 0.065x 0.005 NT NT

The values foin, and the 1G, were estimated from a fit of theof the transport observed at 1. DA as
a function of [analogue] to Eq. 4. The indicators of precision are SER. NT, not tested.

DAT. MPD and cocaine were found also to bind to the
same site (Fig. 5). Thus, MPD appears to have a
mated values of the competitive inhibition constaf binding site that overlaps with cocaine and amphet-
average propagated SER, 140.4 uM; range, 1.4-1.5  amine, two inhibitors whose binding to the DAT can
uM), whereas the fits to the other models varied system- pe differentiated in this kinetic model.

atically by >50%, and the values of the inhibition con-
stants also varied systematically with the tested [MPD].
Table 2 lists the results of similar studies conducted with
the MPD analogues, compounds 2 and 3. Both analogues

overall fit of all the data to the competitive inhibition
model was*+15% with no systematic deviation of esti-

400

2 350
were found to exhibit axonrcompetitive mechanism of 3 200
inhibition. 2 20
a 200
MPD binds to phenethylamine substrate and Z 150
cocaine binding sites at the kinetically active DAT 20

The results of previous work from this laboratory
suggest that amphetamine ametyramine bind at the
same site as DA as well as with each other, indicating
that these inhibitors are substrate analogues (Wayment
et al., 1998). Also, at the incubation times and con-
centrations used, these agents were not observed to
induce release of DA and were deemed to be acting
only as substrate analogues at the DAT (Wayment et
al., 1998). In contrast, cocaine was not found to pos-
sess properties of a substrate analogue, and its binding

Same Site

Independent Sites
m-Tyrm{1.0 MPD
Same Sit
Interactive Sif
Independent Sites
m-Tyrm/2.0 MPD
Interactive Si
Independent Sites
m-Tyrm/3.G Mi
Same $
Interactive Sites
Independent Sites
m-Tyrm/5.0 MPD
Same _Si
Interactive Sites
independent Sites

oy
Q
o £
[ H
Sk . > 150 H §
can be distinguished from that of the substrate ana- 3 X
logues (Meiergerd and Schenk, 1994; Wayment et al., Z 100 .
1998). Thus, MPD was tested agaimstyramine and 2 5
amphetamine (Fig. 4). The results are that MPD, am- EllN 2 ;I | il
phetamine, andr-tyramine bind at a single site on the s oeg ceg oeg peg peg oog
£ 3% 395 =90 =96 29 =96
T G55 S5F o5E 955 ubh ohe
59t §7¢ §78 £°8 22 §"%
[} [0
1000 5§5§§§§§<§5§

7801 FIG. 4. Comparisons of inhibitions of DAT activity by MPD with

those observed with the substrate analogue inhibitors m-tyra-
mine (m-Tyrm) and amphetamine (Amph). The indicators of pre-
cision are SEM of values of velocity obtained by linear regression
analyses, and the errors indicated in the values predicted for a
given model (Egs. 1-3) are the experimental SEM propagated
through the mathematics of the individual model used. The
asterisks indicate predicted results not statistically different from
experimental data. The bars without asterisks represent differ-
ences of predicted results from the experimental data at p

Control "
Competitive

Uncompetitive
Noncompetitive

5004

v (pmol/(s x g))

2504

0 T T T
o 1 2 3 4 5

[DA],, pM

FIG. 3. Velocity (v) versus [DA], profile and its fit (upper line) to
the Michaelis—-Menten expression in controls and to Egs. 1-3 in
the presence (lower lines) of 2.0 uM MPD. The inhibition pattern
fits an apparent competitive mechanism. Data are mean = SEM
(bars) values, and SEM values not visible are within the dimen-
sions of the symbol.
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= 0.001 via a z test. The transport velocity for all experiments
shown was measured at 1.0 uM DA, which in the absence of an
inhibitor has a velocity of 345 = 11 pmol/s/g wet weight. The
inhibited control velocities were 248 + 14, 278 + 7, 204 *= 10,
138 + 4,107 = 4,and 90 =+ 1 in the presence of 0.5, 1.0, 2.0, 3.0,
5.0, and 6.0 uM MPD, respectively.
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S
=3
=]

MPD modified at the nitrogen antagonizes the
g 3501 effects of amphetamine on DAT activity and binds
$ oo to a site in common with cocaine
< 5001 - The analogues, compounds 2 and 3, were tested fur-
= 150 §§ s ther against cocaine (Fig. 7) and amphetamine (Figs. 8
o 100 §|| s 1 and 9). These two analogues were chosen because they
T o] §E “§ “ f have similar 1G, values for inhibition of DA transport
0‘2 cpos o023 083 024 and because one (compound 2) binds at an apparent site
§322% 222 327 293 in common with MPD, whereas the other (compound 3)
%o 4% $8E §8° binds at a separate but interacting site with MPD. Like
° g ° g ° g MPD these analogues were found to bind to a site in
- - B common with cocaine. In contrast, the MPD analogues
FIG. 5. Comparison of inhibition of DAT activity by MPD with did not fit one of the three binding models when tested

that observed with the non-substrate analogue inhibitor cocaine ; ; ;
(Coc). The indicators of precision and the asterisks have the against amphetamlne (FIgS. 8 and 9)' It was found that

same significance as in Fig. 4. the inhibition of DA transport for compound 2 paired
with amphetamine (Fig. 8, upper panel) wlassthan
that predicted by the same site model given by Eqg. 1, and
MPD modified by a benzyl group at the nitrogen the two_lines were four_ld to be statistical_ly (_Jlif_f_erent. The
binds at a separate but interacting site with MPD same site model predicts the sma!lest inhibitions of the
When MPD was tested against its analogues, it was three models. However, the experimental and predicted
found that compound 2 and compound 1 inhibited the lines for compound 2 converged at larger concentrations
transport of DA at a site in common with MPD (Fig. 6). of amphetamine. When the concentration of compound 2
It was also found that the dichloro ana|ogue (Compound was varied at a constant concentration of amphetamlne
1) was ~20-fold more potent than compound 2 in its (Fig. 8, lower panel), the two lines were not found to be
ability to inhibit DA transport. Figure 6 also shows that different and are deemed to fit the same site model.
the MPD analogue, modified by the introduction of a These results suggest that compound 2 may “antagonize”
large bulky group (a benzyl group at the nitrogen), com- the action of amphetamine and that amphetamine over-
pound 3, possesses properties different from those of thecomes this antagonism only at larger concentrations.
other two analogues in that it binds to a different but A more dramatic demonstration of the possibility of
interacting site relative to MPD with i§;,,, value of 4.29 “antagonizing” the action of one inhibitor of DA trans-
+ 0.79 uM. port by another is shown in Figs. 9 and 10. Figure 9
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FIG. 6. Comparison of inhibitions of DAT activity 2 =528 o5S o5fh o5fh e5fh
by MPD with that observed with the MPD ana- © ?é g ’é £ ‘é £g g 3 E £§
logues, compounds (Cmpds) 1, 2, and 3. The indi- © E§ 0B CE§CESOES
cators of precision and the asterisks have the i B
same significance as in Fig. 4. The transport ve-
locity for all experiments shown was measured at 250-
1.0 uM DA. The control velocity (in units of pmol/ - 250
s/g wet weight) was 324 + 10, and the values in the £ 2004 2
o 8 B 200
presence of MPD are the same as those in Fig. 4. K K] M
> ] .
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FIG. 7. Comparison of inhibitions of DAT activity by the MPD
analogues, compounds (Cmpds) 2 and 3, with that by cocaine
(Coc). The transport velocity for all experiments shown was
measured at 1.0 uM DA. The indicators of precision and the
asterisks have the same significance as in Fig. 4.

shows clearly that the MPD analogue, compound 3,

antagonizes the action of amphetamine in the upper

panel, and the converse is shown in the lower panel. In

Fig. 10, compounds 2 and 3 were tested against each
other. When compound 2 was present at a constant

concentration (5.QuM) and the concentration of com-

pound 3 varied, no increase in inhibition was observed as

a function of the concentration of compound 3, and the

observed degree of inhibition was less than that predicted

by a single binding site model (Fig. 10, upper panel).
Clearly, compound 2 “antagonized” the action of com-
pound 3. When the experiment was reversed such that

compound 3 was present at a constant concentration (1.0

uM) and the concentration of compound 2 was varied, at
small concentrations significantly less inhibition was ob-
served than would have been expected in a model pre-
dicting binding at a site in common, and this effect was
overcome only at higher concentrations of compound 2
(Fig. 10, lower panel).

Summary of the overall findings

MPD was found to inhibit the striatal transport of DA
by a mechanism (competitive) distinguishable from that
of cocaine {incompetitive (see McElvain and Schenk,
1992)] but not from that of amphetamine [competitive
(see Wayment et al., 1998)]. However, MPD was not
found to induce release of DA, suggesting that it is not a
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substrate analogue at the DAT, a finding consistent with
those of others (Sonders et al., 1997). When the inhibi-
tion sites for these three inhibitors were evaluated in
various paired combinations with MPD, all three ap-
peared to bind at a common inhibitory binding site on the
striatal DAT. When MPD was modified by halogenating
the aromatic ring with chlorine, the affinity for DAT was
greatly increased. Placing a methyl group on the nitrogen
and at position 4 on the aromatic ring or a benzyl
substituent on the nitrogen of MPD altered the inhibitory
profile of the parent MPD by converting the inhibition
pattern from a competitive mechanism temancompet-
itive mechanism with respect to DA and providing an
interaction with the DAT that strongly antagonizes the
action of amphetamine.

Comments on “antagonism” at a transporter
binding site and suggestions for further study

The finding here that MPD analogues may interfere
with the effects of amphetamine at the DAT requires
further examination experimentally as well as conceptu-
ally. Amphetamine has been shown by us in the RDE-
monitored model as well as by others using other sys-
tems of transport monitoring to be a substrate analogue
(see Wayment et al., 1998, and references therein) at the
DAT. The analogues of MPD do not exhibit properties
suggesting that they too are substrate analogues; rather,
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FIG. 8. Concentration dependence of inhibition of the DAT by
amphetamine in the presence of a constant 5.0 uM concentra-
tion of compound 2 (upper panel) and compound 2 at a con-
stant concentration of 0.4 uM amphetamine (lower panel). Each
panel also shows a line from predictions made from the same-
site model, Eq. 1. In the upper panel the two lines are statistically
different at the 99.99% confidence level, whereas the two lines
in the lower panel are not different from each other. The trans-
port velocity for all experiments shown was measured at 1.0 uM
DA. The values of velocity at 5.0 uM compound 2 and 0.4 uM
amphetamine were 186 = 8 and 226 + 11 pmol/s/g wet weight,
respectively.
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these compounds exhibit characteristics of allosteric
modulators of DAT activity. The findings here suggest
that an allosteric modulator of the activity of DAT can
modify the effects of a transporter substrate analogue
(amphetamine) without further affecting the activity of
the natural substrate (DA) at the transporter. This result

suggests several challenges to the understanding of these

findings. First, the ternantagonistusually reserved for
describing a pharmacological effect at a receptor
whereby the activity of the natural ligand is reduced by
the presence of the antagonist, is not met here. What is
observed here is that an inhibitor of transport activity is
antagonized by an agent that spares some activity of the
natural ligand; however, the inhibitor appears (via kinetic
analysis) to act at the same site as the natural ligand. This
places the development of a model to account for these
findings in a particularly challenging position of describ-
ing how one substrate analogue can act differently from
another substrate analogue. It would have to be believed
that the catalysis of DA transport requires that DA and
the DAT achieve a transition state whereby a path for
movement of DA through the protein matrix can occur.
By analogy, this requirement must also exist for amphet-
amine to act as a substrate analogue. Perhaps the allo
steric (relative to the substrate site) binding of the MPD
analogues serves to make the formation of the transition
state for amphetamine more difficult than for DA; thus,
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FIG. 9. Concentration dependence of inhibition of DAT by am-
phetamine in the presence of a constant 1.0 uM concentration of
compound 3 (upper panel) and compound 3 at a constant
concentration of 0.4 uM amphetamine (lower panel). Each
panel also shows a line from predictions made from the same-
site model, Eq. 1. Analyses by linear regression indicated that
the two lines in the upper panel are statistically indistinguishable,
whereas the two lines in the lower panel are statistically different.
The transport velocity for all experiments shown was measured
at 1.0 uM DA. The values of velocity at 1.0 uM compound 3 and
0.4 uM amphetamine were 207 + 11 and 226 *= 11 pmol/s/g wet
weight, respectively.
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FIG. 10. Concentration dependence of inhibition of DAT by
compound 3 in the presence of a constant 5.0 uwM concentration
of compound 2 (upper panel) and compound 2 at a constant
concentration of 1.0 uM compound 3 (lower panel). Each panel
also shows a line from predictions made from the same-site
model, Eqg. 1. The two lines in the upper panel were found to be
statistically different in both the slopes and intercepts, whereas
the two lines in the lower panel were found to be statistically
indistinguishable. The transport velocity for all experiments
shown was measured at 1.0 wM DA, and the values of velocity
for the inhibitions observed for compound 2 at 5.0 uM and
compound 3 at 1.0 uM are given in the legends of Figs. 8 and 9.

the catalysis of the movement of DA can proceed where
that for amphetamine is blocked.

Comments on the potential use of MPD analogues
as antagonists of the action of amphetamine

It is intriguing to note that aaoncompetitive (alloste-
ric) inhibitor of the DAT can block the action of a
substrate analogue inhibitor (amphetamine) without sig-
nificantly reducing further the velocity of transport of the
natural substrate, DA. Although the exact mechanisms
defining these observations are unknown at present (see
above), these results offer the hope of developing agents
to antagonize the action of the amphetamine class of
drugs of abuse while sparing functional transport of DA
by the DAT. These agents may be derived from the MPD
class of inhibitors of the DAT. It appears from the studies
here that at least micromolar concentrations of MPD
analogues will be required in the brain to produce the
pharmacological effect on amphetamine. The results of
recent pharmacokinetic and pharmacodynamic studies of
MPD suggest that this may be possible given that a
systemic dose of MPD results in1,000 ng/g of whole
tissue levels and concentrations of MPD in in vivo mi-
crodialysates of-1 uM (Aoyama et al., 1996).
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