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The dopamine transporter (DAT) exhibits several ionic currents
that are either coupled to or uncoupled from the transport of
substrate. Second messenger systems have been shown to
modulate dopamine (DA) transport, however, the modulation of
DAT-associated currents has not been studied in depth. Using
the two-electrode voltage-clamp method to record from Xeno-
pus oocytes expressing the human DAT, we examined the
effects of arachidonic acid (AA) on membrane currents. AA
(10–100 mM) stimulates a novel nonselective cation conduc-
tance seen only in oocytes expressing human DA transporter
(hDAT). The AA-stimulated conductance is up to 50-fold greater
than the current normally elicited by DA, but does not appear to
arise from the modulation of previously described hDAT con-
ductances, including the leak current and the current associ-

ated with electrogenic transport. In addition, DA dramatically
potentiates and cocaine blocks the AA-stimulated DAT current.
DA potentiates the AA-induced currents in the absence of
sodium and chloride, indicating that these currents arise from
processes distinct from those associated with substrate trans-
port. The effects of AA were mimicked by other fatty acids with
a rank order of potency correlated with their degree of unsat-
uration, suggesting that AA directly stimulates the novel cation
current. Therefore, AA stimulation of this DAT-associated con-
ductance may provide a novel mechanism for modulation of
neuronal signaling.
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The dopamine transporter (DAT) serves to regulate extracellular
DA concentrations and terminate the action of DA in the syn-
apse. DAT is a member of the Na1/Cl2-dependent neurotrans-
mitter transporter family, is localized to dopamine (DA) neurons,
and is the principal site of action for cocaine and other psychomo-
tor stimulants. Electrophysiological studies of the cloned biogenic
amine transporters have provided insight into mechanisms of
substrate and ion permeation reflecting different aspects of the
function of the carrier by demonstrating that these transporters
mediate several ionic currents (for review, see Lester et al., 1994;
DeFelice and Blakely, 1996; Sonders and Amara, 1996). Currents
identified in the human DA transporter (hDAT) include a trans-
port current reflecting substrate movement, transient currents
associated with Na1 binding, and a tonic leak conductance that
can be blocked by substrates and substrate inhibitors (Sonders et
al., 1997).

Many lines of evidence suggest that DAT can be acutely reg-
ulated. For example, DAT has been shown to be modulated by
activation of D2 receptors (Meiergerd et al., 1993; Cass and
Gerhardt, 1994), protein kinase C (Zhang et al., 1997; Zhu et al.,
1997), nitric oxide (Pogun et al., 1994; Itzhak and Ali, 1996), and
arachidonic acid (AA) (L’hirondel et al., 1995; Zhang and Reith,
1996). Arachidonic acid modulates ion channels and transporters
in two ways: via direct binding to proteins and through second
messenger actions of AA metabolites produced by lipoxygenases,
cyclooxygenases, and epoxygenases (for review, see Ordway et al.,

1991; Attwell et al., 1993). The generation of AA in the striatum,
an area with dense immunohistochemical staining for DAT (Cil-
iax et al., 1995; Nirenberg et al., 1996), is stimulated by excitatory
amino acids (Dumuis et al., 1988; Dumuis et al., 1990; Petitet et
al., 1995; Tencé et al., 1995). Many experiments have observed an
interaction between the DA and AA signaling pathways. Stimu-
lation of D2 receptors increases the production of AA in striatal
neurons (Piomelli et al., 1991; Schinelli et al., 1994), and DA
transport by DAT can be modulated by AA (L’hirondel et al.,
1995; Zhang and Reith, 1996). In addition, AA has been shown to
modulate both transport of glutamate (Chan et al., 1983; Volterra
et al., 1992b; Volterra et al., 1994; Trotti et al., 1995) and con-
ductances associated with glutamate transporters (Barbour et al.,
1989; Zerangue et al., 1995; Fairman et al., 1998; Tzingounis et
al., 1998). To gain a better molecular understanding of how DAT
can be regulated by AA, we examined the effects of AA and other
polyunsaturated fatty acids on both the currents and transport
activity of the cloned hDAT expressed in Xenopus laevis oocytes.
Here we show that AA stimulates a novel nonselective cation
conductance that is potentiated by dopamine and blocked by
preapplication of cocaine.

MATERIALS AND METHODS
hDAT expression in oocytes. Capped RNA was transcribed from linear-
ized pOTV-hDAT using T7 RNA polymerase (mMessage mMachine,
Ambion, Austin, TX) as described by Sonders et al. (1997). The RNA
was diluted with water and injected into defolliculated stage IV or V
oocytes (;10 ng/oocyte). The oocytes were prepared as described by
Quick and Lester (1994) and kept at 17°C for 4–8 d.

Electrophysiology. Two-microelectrode voltage-clamp recordings were
performed at room temperature using a GeneClamp 500 amplifier with
a Digidata 1200 interface (Axon Instruments, Foster City, CA). The
pClamp6 suite of programs (Axon Instruments) and MacLab (AD In-
struments, Milford, MA) were used to control stimulation parameters
and data acquisition. Currents were low-pass filtered between 10 and 2
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kHz and digitized at rates between 1 and 5 kHz. Microelectrodes were
filled with 3 M KCl (resistance, ,1 MV). The frog Ringer’s external
solution (0 Ca 21) contained (in mM): 96 NaCl, 2 KCl, 3 MgCl2, and 5
HEPES-NaOH, pH 7.5, or substituted versions as specified. During Cl 2

substitutions, KCl/agar bridges were used to avoid voltage offsets asso-
ciated with buffer changes. Glass electrodes underestimate deuterium ion
concentration, therefore in D2O experiments, Ringer’s solution was
adjusted to an apparent pH that is 0.4 pH units greater than normal pH
to maintain equimolar concentrations of deuterons and protons.

The voltage dependence of hDAT currents were studied using the
following voltage protocol: oocytes were held at 260 mV and stepped by
10 mV increments for 500 msec to test potentials ranging from 2110 to
160 mV. Steady-state currents were measured at the end of each test
potential jump. Agonist-elicited currents were determined by subtracting
control trials from the drug trials (Idrug 2 Icontrol). Currents induced by
DA (10 mM) were small (5–20 nA) but measurable and reversible.
AA-induced currents were much larger and often reached steady-state in
;2–4 min. The amplitude of the AA-elicited current varied between
oocytes within batches and to a larger extent from batch to batch. The
AA-elicited current typically did not wash out to control levels in the
normal course of an experiment (30 min to 1 hr), although 0.1–1% BSA
accelerated the partial reversal of AA effects (data not shown; n 5 5).
Long-lasting effects of AA have also been observed with direct AA
modulation of ion channels (Schmitt and Meves, 1995). In some cases,
longer applications of higher concentrations of AA (100 mM) induced
inward currents (.5 mA) that never reached steady-state, presumably
because of the formation of micelles (Attwell et al., 1993). Thus, elec-

trophysiological experiments were confined to short applications of AA,
and uptake experiments in this study were confined to 2 min in AA and
2 min in AA 1 [ 3H]DA. In hDAT-expressing oocytes, DA stimulates a
membrane conductance that has a complex current–voltage relationship
because it reflects both the current associated with translocation of DA
and the block of a tonic proton leak (Fig. 1 B). The current elicited in the
range of 240 to 2100 mV reflects the transport-associated conductance
but may be underestimated because of simultaneous block of the leak
current. Measurements of the DA-stimulated conductance were taken as
the slope of the conductance between 240 and 2100 mV.

Drugs were obtained from National Institute on Drug Abuse Research
(Bethesda, MD) or were purchased from Research Biochemicals (Natick,
MA) or Sigma (St. Louis, MO). Test compounds were made up as 100
mM stock solutions in either DMSO or ethanol (EtOH) and stored at
280°C. Immediately before use the drugs were dissolved into Ringer’s
solution at the indicated concentrations. No significant currents were
induced by 0.1% DMSO or 0.1% EtOH in either water-injected control
oocytes or hDAT-expressing oocytes.

Uptake assays. Uptake assays were done at room temperature using the
frog Ringer’s solution described above. Groups of oocytes (four to six)
were preincubated in the specified buffer (in presence or absence of
ligands indicated) for 2 min. The uptake assays commenced with the
addition of [ 3H]DA (NEN, Boston MA; specific activity, 55.5 Cii /mmol)
to a final volume of 500 ml for a 2 min incubation and terminated by
transferring the oocytes through a series of three washes in ice-cold
Ringer’s buffer (total transfer time, ,20 sec). Nonspecific uptake was
determined by performing parallel experiments with H20-injected oo-

Figure 1. DA and AA stimulate inward currents in
hDAT-expressing oocytes. A, Representative trace
from an oocyte held at 260 mV. Breaks in traces
denote where voltage steps were done for I–V curves.
Drug superfusion is denoted by bars. Cocaine has a
minimal effect on the AA-stimulated conductance.
Inset shows an expanded scale for the response to DA.
B, Current–voltage plots comparing IDA 2 Icontrol re-
sponses from cell A (closed circles) and cell C (open
circles). C, Trace from an oocyte held at 260 mV
showing the AA response after preapplication of co-
caine. D, Comparison of current–voltage plots for
IAA 2 Icontrol in the absence (closed circles; cell A) and
presence (open circles; cell C) of cocaine. E, DA po-
tentiates the AA current, and the elicited current is
partially blocked by addition of 80% D2O external
solution, pH 7.9. F, I–V plots of IAA 2 Icontrol (open
circles) and IAA 1 DA 2 IAA (closed circles) from E.
Note the same reversal potential for both currents.
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cytes. The velocity of DA uptake has been shown to be essentially
constant over incubation periods between 0.5 and 60 min using 75–200
nM [ 3H]DA (Sonders et al., 1997). Saturation experiments used at least
eight DA concentrations between 10 nM and 300 mM. Radiolabeled DA
was quantified by liquid scintillation spectroscopy (5 ml; ScintiVerse;
Fisher, Pittsburgh, PA) after dissolving individual oocytes in 250 ml of
0.1% SDS. Uptake data are represented as normalized percentage of
control uptake at pH 7.5. Apparent affinity (KT) and Vmax values were
estimated by nonlinear regression analysis to the equation V/Vmax 5
[S]/(KT 1 [S]) where V equals velocity, KT is the Michaelis constant for
transport, and [S] denotes concentration of substrate.

DA uptake under voltage-clamp. DA uptake was measured under
voltage-clamp at 260 mV by liquid scintillation spectroscopy after 5 min
perfusions of 11 mM DA (1 mM [ 3H]DA; Amersham, Piscataway NJ;
specific activity, 5.9 Cii /mmol). After incubations with DA, oocytes were
washed for 1 min with frog Ringer’s solution, the voltage clamp was
turned off, electrodes were withdrawn, and individual oocytes were
transferred to SDS solution and treated as described above. Experiments
were done in the absence and presence of AA (100 mM) with nonspecific
uptake defined as uptake under clamped conditions in H20-injected
oocytes.

RESULTS
Arachidonic acid stimulates an inward current in
oocytes expressing hDAT
The effects of AA on the electrophysiological properties of hDAT
expressed in Xenopus laevis oocytes were examined using the
two-electrode voltage-clamp technique. In hDAT-expressing oo-
cytes voltage-clamped at 260 mV, superfusion of arachidonic
acid (1–100 mM) stimulated a concentration-dependent inward
current that was up to 50-fold larger in amplitude than the current
induced by translocation of 10 mM DA (Fig. 1A). DA (IDA 2 I
control) elicited a current with a slope for the transport-associated
component of 0.23 6 .06 mS. The slope of the conductance
induced by 10 mM AA (IAA 2 I Control) in the same oocytes was
1.2 6 0.4 mS and by 100 mM AA was 6.6 6 2.3 mS (n 5 4). AA did
not elicit a similar current in matched batches of H2O-injected
oocytes, suggesting that hDAT expression is necessary to elicit
this current (n 5 6). Unlike the DA-induced current that does not
reverse because DA also blocks the leak conductance (Fig. 1B),
the AA-stimulated current was ohmic and reversed at 216 6 2
mV (n 5 6; Fig. 1D).

AA-stimulated conductance is directly associated
with DAT
Cocaine, an inhibitor of substrate translocation by DAT, does not
stimulate an inward transport-associated current but has been
shown to inhibit a proton-selective leak conductance through
hDAT (Sonders et al., 1997). Surprisingly, application of cocaine
did not block the AA-stimulated conductance once it had been
elicited (13 6 5% inhibition; n 5 5; Fig. 1A). However, preap-
plication of cocaine (10 mM) inhibited the induction of AA cur-
rents (Fig. 1C). The slopes of the conductances elicited by 10 mM

AA were much smaller in the presence of cocaine (0.32 6 0.1 mS;
n 5 4) than in the absence of cocaine (1.4 6 0.3 mS; n 5 8; Fig.
1C,D). These results suggest that AA modulates a conductance
associated with DAT.

DA dramatically alters the steady-state current response to
AA. DA applied in the presence of AA stimulates a larger
conductance than either DA or AA alone (Fig. 1E,F). In a group
of oocytes, DA (10 mM) induced an inward current (IDA 2 Icontrol)
with a slope of 0.34 6 0.1 mS (n 5 12). In a subset of these
oocytes, DA was washed out, and the AA (10 mM) response was
recorded and in the other subset; AA and DA were coapplied.
Larger inward currents were elicited by AA in the presence of DA
(IDA 1 AA 2 Icontrol: 3.8 6 0.8 mS; n 5 4) than in the absence of

DA (IAA 2 Icontrol: 1.4 6 0.3 mS; n 5 8). Interestingly, DA had a
larger stimulatory effect on the AA current when applied during
AA superfusion (IAA 1 DA 2 Icontrol: 6.7 6 1.5 mS; n 5 7) than
when AA was applied in the presence of DA. This effect was also
apparent when AA (100 mM) was superfused in the absence (42 6
8 mS; n 5 6) and presence of DA (83 6 14 mS; n 5 6). There was
no effect of the combination of AA and DA on H2O-injected
control oocytes (n 5 10).

The currents elicited by AA in the absence and presence of DA
were not changed by the addition of inhibitors of endogenous ion
exchangers, further supporting the idea that the cation conduc-
tance is directly associated with DAT. In a series of experiments
AA (100 mM) was superfused in the presence of DA (slope 5
66 6 10 mS; n 5 7). The slope conductances (IAA 1 DA 2 Icontrol)
were not changed by amiloride (100 mM), an inhibitor of the
Na1/H1 exchanger (108 6 20%; n 5 4), furosemide (100 mM;
92 6 33%; n 5 4), or bumetanide (100 mM; 115 6 11%; n 5 4),
inhibitors of the Na1/K1/2 Cl2 exchanger, or ouabain, an inhib-
itor of the Na1/K1-ATPase (100 mM; 123 6 14%; n 5 5).

AA does not modulate the leak conductance
associated with hDAT
In a distinct subfamily of Na1-coupled carriers for excitatory
amino acids, AA was recently demonstrated to stimulate a proton
conductance through the glutamate transporter EAAT4 (Fair-
man et al., 1998; Tzingounis et al., 1998). Because hDAT has a
proton-selective leak conductance, it was possible that an increase
in this constitutive leak underlies the AA-enhanced conductance.
Although increasing the proton concentration over the range pH
8.3 to pH 6.8 diminished the amplitude of the AA-elicited cur-
rent, the reversal potential was not changed, indicating that pro-
tons do not carry the AA-elicited current (Fig. 2A,B). In contrast,
the inhibitory effect of protons on the current magnitude suggests
that a protonatable amino acid in hDAT can influence the per-
meation of other ions. Experiments using heavy water (D2O)
provided further support for this idea. When applied to hDAT-
expressing oocytes, external D2O reduced the amplitude but did
not alter the reversal potential of the AA-elicited current (n 5 13;
data not shown). In addition, as shown in Figure 1E, D2O could
block a portion of the AA-elicited current, consistent with the fact
that deuterons bind with higher affinity than protons.

DA potentiates the AA-induced current
Our results have demonstrated that AA stimulates an inward
current that is inhibited by cocaine and potentiated by DA and
does not appear to be the proton leak conductance through DAT.
There are at least two interpretations of the synergistic effects of
AA 1 DA. Either AA stimulates the transport-associated com-
ponent of the DA conductance or DA has a modulatory effect on
the AA-induced conductance in hDAT-expressing oocytes. Up-
take experiments were performed to address whether the conduc-
tance modulated by AA reflects the substrate translocation pro-
cess through hDAT (Fig. 2C). Changing pH in the range of pH 6.8
to pH 8.3 had only minor effects on the uptake of 75 nM [3H]DA
into hDAT-expressing oocytes. Additionally, application of 100
mM AA at any pH did not increase transport of [ 3H]DA relative
to control uptake at pH 7.5. The DA transport affinity also
appears to be unaltered, as demonstrated by experiments showing
that AA (100 mM) did not change the apparent affinity (KT) for
transport (control KT 5 2.2 6 0.8 mM compared to AA KT 5
3.1 6 0.6 mM; n 5 4 experiments). The apparent Vmax was slightly
increased over control in the presence of 100 mM AA (49 6 15%).

552 J. Neurosci., January 15, 2000, 20(2):550–557 Ingram and Amara • Modulation of hDAT by Arachidonic Acid



However, when uptake assays were performed on oocytes held at
260 mV, AA (100 mM) decreased DA uptake from 1.97 6 0.30
pmol/min (n 5 4) to 0.33 6 0.12 pmol/min (n 5 4), providing
clear evidence that AA does not increase the transport-associated
component of the DA conductance.

AA stimulation of the cation conductance does not
require Na1 ions
Although AA does not seem to alter DA transport, AA may
augment the transport-associated current by changing the stoichi-
ometry of ions coupled to the transport mechanism. Ion substi-
tution studies were done to determine the ion selectivity of the
AA and AA 1 DA-stimulated conductances (Fig. 3). Substitution
of choline (100 mM) for Na1 did not change the slopes of the
AA-stimulated conductances, but shifted the reversal potentials
toward the potassium equilibrium potential (approximately 295
mV in oocytes; Costa et al., 1989). In Na1-containing external
solution, AA (10 mM) induced a current with a slope of 1.7 6 0.4
mS that reversed at 221 6 2 mV (Fig. 3B; n 5 5). In choline-
substituted external solution, the AA-induced current had a slope
of 2.1 6 0.7 mS that reversed at 263 6 3 mV (Fig. 3C; n 5 4).
These observations indicate that the AA-stimulated current is a
nonselective cation conductance observed even in the absence of
DA transport (i.e., in 100 mM choline, 0 mM sodium). In addition,
when taken in conjunction with data in Table 1, these data
indicate that both low (10 mM) and high (100 mM) concentrations
of AA stimulate the same conductance.

Substitutions of other bulky cations, i.e., NMDG1 and TEA1,
also shift the reversal potentials of the AA-elicited conductances
toward the potassium equilibrium potential and have little effect
on the slopes of the conductances, suggesting only slight differ-
ences in permeability relative to choline (Table 1). Replacement
of Na1 ions with larger cations did not shift the reversal poten-
tials entirely to the potassium equilibrium potential, and thus it
was possible that Cl2 ions might contribute to the AA-stimulated
conductance. However, substitution for Cl2 of the less permeable
anion, gluconate, and the more permeable anion, isethionate, did
not change the reversal potential or the slope conductance of the
AA-stimulated current (Table 1). In addition, when Na1 is re-
placed by lithium or potassium, which does not support DA
transport but can permeate through cation conductances, compa-
rable or larger AA-elicited conductances are observed (Table 1).
These substitutions support the hypothesis that Na1 and Cl2

ions are not required to gate the AA-elicited conductance and
that this conductance is probably not associated with the trans-
port process.

The substitution series shown in Table 1 was repeated for the
conductance stimulated in the presence of both AA and DA (IAA

1 DA 2 Icontrol). Substitutions of less permeant cations for Na1

still shifted the reversal potential toward the potassium equilib-
rium potential, although not to the same extent as for the AA
current alone, indicating a slight change in the relative perme-
ability of Na1 to K1 ions. The slopes of the AA-elicited conduc-
tances were significantly greater in the presence of DA, suggest-
ing the possibility that DA produces a conformational change
resulting in a larger pore or an increased open probability of the
conductance. These results are consistent with the interpretation
that both the AA-induced current (IAA 2 Icontrol) and the current
in the presence of both AA and DA (IAA 1 DA 2 Icontrol) are both
nonselectively permeable to cations and that DA potentiates the
AA-induced current in hDAT-expressing oocytes. Furthermore,
it is clear that DA still has effects on hDAT-associated conduc-
tances in the absence of Na1 ions.

The actions of arachidonic acid are direct
AA can produce its actions through direct binding to proteins, via
metabolites of the AA second messenger system, activation of
protein kinase C (PKC), or increasing membrane fluidity (for

Figure 2. Effect of pH on AA (100 mM) and AA 1 DA (10 mM)-
stimulated currents. A, Current–voltage plots for combined oocytes
(mean 6 SEM) for subtracted traces IAA 2 Icontrol in normal external
solution (ND96) at pH 6.8 (open circles; n 5 3), pH 7.5 (closed circles; n 5
8), and pH 8.3 (closed triangles; n 5 5). B, Current–voltage plots are shown
for subtracted currents IAA 1 DA 2 IAA in normal ND96 with different pH
values in same cells as in A. C, Mean uptake of 75 nM [ 3H]DA in the
absence (dark bars) and presence (light bars) of AA (100 mM). Uptake is
normalized to the mean control uptake at pH 7.5 for four experiments
with four to six oocytes per experiment. Nonspecific uptake was deter-
mined by running parallel uptake experiments on H2O-injected control
oocytes.
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review, see Attwell et al., 1993). In hDAT-expressing oocytes,
several fatty acids stimulate the inward current similarly to AA
with a rank order of potency based on the degree of their
unsaturation (docosahexaenoic acid 5 AA . linoleic acid . oleic
acid) (Fig. 4). Docosahexaenoic acid, which does not activate
PKC, is a potent activator of a nonselective cation conductance in
hDAT-expressing oocytes. Arachidonic acid ethyl ester, an inac-
tive analog of AA that has similar effects on membrane fluidity,

did not stimulate a significant inward current at 260 mV (22 6
0.9 nA; n 5 4) in oocytes that subsequently demonstrated large
current responses to AA. These results suggest that AA is not
acting through a nonspecific effect on membrane fluidity. None of
these fatty acids produced similar currents in H2O-injected con-
trol oocytes (n 5 8).

Additional experiments demonstrate that metabolites of AA do
not seem to be involved. Nordihydroguaiaretic acid (NDGA), a
lipoxygenase inhibitor, does not block the AA or AA 1 DA-
induced conductances. AA (100 mM) elicited currents in the
presence of NDGA (100 mM) with slopes of 41 6 7 mS (IAA 2
Icontrol; n 5 5) and 93 6 13 mS (IAA1DA 2 Icontrol; n 5 5)
compared to slopes for AA in the absence of NDGA of 28 6 4 mS
and 64 6 6 mS, respectively (n 5 5). The nonmetabolizable AA
analog 5,8,11,14-eicosatetraynoic acid (ETYA) (10 mM) produced
similar inward currents to 10 mM AA (1.5 6 0.6 mS, n 5 8
compared to 1.4 6 0.3 mS, n 5 8, respectively), and there was no
change in the reversal potential of the currents (227 6 6 mV
compared to 223 6 2 mV, respectively). In addition, ETYA (10
mM) did not block AA (10 mM)-induced currents (1.1 6 0.2 mS;
n 5 4) or AA 1 DA currents (3.6 6 0.4 mS; n 5 4). Thus, these
results suggest that the arachidonic acid metabolites are not
involved in the modulation of hDAT but rather there is a direct
action of fatty acids on hDAT.

DISCUSSION
Several lines of evidence demonstrate that the nonselective cation
conductance activated by AA in hDAT-expressing oocytes is
directly linked to DAT. The AA-induced conductance is poten-
tiated by dopamine, inhibited by previous application of cocaine
and not observed in H2O-injected control oocytes. However, this
AA-induced current does not correspond to any of the currents
previously shown to be associated with hDAT expression. Bio-
chemical studies have predicted that the DA transport-associated
current arises from the stoichiometric coupling of two Na1 co-
transported and one Cl2 countertransported to each molecule of
DA transported (Krueger, 1990; Kilty et al., 1991; McElvain and
Schenk, 1992; Gu et al., 1994). Charge to flux measurements of
hDAT by Sonders et al. (1997) clearly showed that the currents
elicited by DA are too large to be accounted for by a stoichiom-
etry where two net inward charges are moved per DA molecule.
Therefore, it was postulated that DA transport is associated with
both stoichiometrically coupled and uncoupled conductances that
are dependent on Na1 ions. In the current study AA does not
stimulate these transport-associated conductances but instead
elicits a large Na1-independent conductance. The amplitude of
this AA-activated conductance is 20- to 50-fold larger than the
DA-elicited current and cannot be explained by the modest in-
crease in transport Vmax that was observed in the presence of AA
in unclamped oocytes. In addition, AA decreased uptake of DA
in oocytes clamped at 260 mV, providing clear evidence that the
AA-stimulated conductance is not the transport-associated con-
ductance. AA inhibition of DA uptake has been observed in
several other studies (L’hirondel et al., 1995; Zhang and Reith,
1996; Zhu et al., 1997). Finally, the AA-stimulated conductance
does not shift reversal potential in solutions where external pH is
varied from pH 6.8 to pH 8.3, suggesting that AA does not
modulate the proton leak current blocked by substrates and
substrate inhibitors (Sonders et al., 1997). When the transport and
electrophysiological data are taken together, the evidence is con-
sistent with the hypothesis that AA stimulates a novel conduc-
tance associated with DAT.

Figure 3. AA stimulates a nonselective cation current in hDAT-
expressing oocytes. A, Representative trace from an oocyte held at 260
mV. Breaks in traces denote where current–voltage steps were made.
Drug superfusion is denoted by bars. Note that cocaine does not block DA
potentiation of AA current. B, Current–voltage plots for the same cell as
in A. I–V relation for 10 mM AA determined by subtraction of currents
IAA 2 Icontrol (open circles) and for 10 mM DA in the presence of 10 mM AA
(IAA 1 DA 2 Icontrol; closed circles). C, Effect of choline substitution on the
currents evoked by AA and DA. Choline substitution shifts the reversal
potential for IAA 2 Icontrol (open circles) and IAA 1 DA 2 Icontrol (closed
circles) toward the potassium equilibrium potential.
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The AA-stimulated conductance was shown to be a nonselec-
tive cation current because ion substitutions for Na1 shifted the
reversal potential toward the potassium equilibrium potential.
These results are similar to ion permeation in other nonselective
cation channels in neurons such as tachykinin-activated cation
channels (Inoue et al., 1995) and cAMP-gated channels in olfac-
tory neurons (Balasubramanian et al., 1995). Although the AA-
stimulated conductance was not selectively permeable to protons,
protons did reduce the amplitude of the conductance. In addition,
D2O-substituted solutions blocked the AA 1 DA-stimulated cur-
rents without a shift in the reversal potentials, as expected for
nonselective cation conductances where protons bind with high
affinity within the pore and inhibit the flow of other ions (Landau
et al., 1981; Lewis, 1984; Hille, 1992). Changing the pH in the
range of pH 6.8 to pH 8.3 should not affect the ionization of DA
or cocaine molecules as they have pKa values of 8.86 and 8.5,
respectively (Xu and Reith, 1996; Berfield et al., 1999). These
studies determined that pH-related differences in binding of DA
and the DAT inhibitors, cocaine and WIN 35,428, were attribut-
able to an action of protons on the transporter itself, not to
different protonation states of the compounds (Xu and Reith,
1996; Berfield et al., 1999).

AA interactions with DA and cocaine
Another interesting observation is that the amplitudes of the
AA-elicited currents are dependent on the temporal sequence of
drug application. Preapplication of DA or cocaine reduced the
amplitude of the AA currents. These results imply that both DA
and cocaine interfere with the action of AA either by binding to
overlapping sites or inducing conformations in DAT that are less
sensitive to AA. This is most clearly illustrated with cocaine.
Preapplication of cocaine blocks the AA-induced conductance,
whereas postapplication of cocaine has no effect on the AA
current, suggesting the binding site for cocaine has become at
least partially inaccessible. On the other hand, preapplication of
dopamine reduces, and postapplication potentiates the AA-
induced current. The reversal potentials for the AA-stimulated
current and the AA 1 DA current were similar in all ionic
conditions tested, suggesting that AA and DA modulate the same
conductance in a Na1- and Cl2-independent manner. Therefore,
in the presence of AA, DA binding may potentiate the AA-
elicited conductance by producing a conformational change in the
transporter that results in an increased probability of opening or
increased pore diameter of the AA-activated nonselective cation
conductance. Alternatively, DA may act at an additional site

distinct from that associated with transport or leak blockade. In
either case, it is clear that DA binds to the transporter in a
manner that does not depend on substrate translocation.

Activation by AA is direct
A variety of ion channels and transporters are directly modulated
by fatty acids. For example, AA and other fatty acids have been
shown to inhibit Na1 channels (Fraser et al., 1993; Bendahhou et
al., 1997), Ca 21 channels (Schmitt and Meves, 1995), and K1

channels (Bogdanov et al., 1998). AA can activate voltage-
activated K1 channels directly (Ordway et al., 1989; Kim et al.,
1995) or indirectly via lipoxygenase metabolites (Piomelli et al.,
1987; Kurachi et al., 1989; Vaughan et al., 1997). In addition, AA
has been shown to stimulate NMDA receptor currents (Miller et
al., 1992) and a nonselective cation conductance in Necturus
(Mulvaney and Parsons, 1995). Initial studies looking at AA
inhibition of glutamate uptake hypothesized that AA intercala-
tion within the membrane altered the conformation of the trans-
porter (Chan et al., 1983; Barbour et al., 1989). However, other
studies observed that AA inhibits transport of glutamate in brain
synaptosomes and astrocytes (Chan et al., 1983; Volterra et al.,

Figure 4. Effects of other fatty acids (PUFAs) on hDAT-expressing
oocytes. Bar graph showing the effects of 100 mM of each fatty acid on four
or five hDAT-expressing oocytes. Data are expressed as mean slope 6
SEM (in microseimans) induced by the fatty acid as determined by
subtraction of currents Ifatty acid 2 Icontrol (solid bars) and Ifatty acid 1 DA 2
Icontrol (hatched bars).

Table 1. External ion substitution effects on current–voltage relationships

Arachidonic acid 100 mM Arachidonic acid 1 DA 10 mM

Erev (mV) Slope (mS) Erev (mV) Slope (mS)

100 mM NaCl 216 6 1 (6) 42 6 8 (6) 216 6 2 (6) 83 6 14 (6)
100 mM LiCl 214 6 3 (3) 27 6 4 (3) 216 6 4 (3) 51 6 9 (3)
100 mM choline 258 6 8 (4) 52 6 9 (4) 240 6 6 (4) 101 6 17 (4)
100 mM NMDGCl 254 6 4 (3) 31 6 8 (3) 243 6 1 (3) 73 6 13 (3)
100 mM TEACl 247 6 2 (4) 57 6 15 (4) 248 6 5 (4) 65 6 12 (3)
100 mM KCl 218 6 7 (4) 74 6 3 (4) 224 6 8 (4) 97 6 24 (4)
50 NaCl/50 KCl 222 6 11 (3) 76 6 16 (3) 222 6 9 (3) 130 6 24 (3)
NaGluconate 214 6 2 (5) 29 6 11 (5) 212 6 1 (5) 44 6 13 (5)
100 mM NaIsethionate 216 6 1 (4) 37 6 7 (4) 210 6 4 (4) 59 6 17 (4)

Data for subtracted current–voltage relations IAA 2 Icontrol and IAA 1 DA 2 Icontrol in different external solutions (pH 8.3).
Data presented as mean 6 SEM. Number of oocytes recorded under each condition are denoted in parentheses.
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1992a; Volterra et al., 1994) by binding directly to the transporter
in the water phase, not via alterations in the phospholipids sur-
rounding the transporter (Trotti et al., 1995). Similarly, potenti-
ation of the NMDA receptor by AA appears to be via direct
binding of AA to the receptor with a specific putative fatty acid
binding domain (Miller et al., 1992; Petrou et al., 1993).

Several lines of evidence suggest that AA currents in hDAT-
expressing oocytes were induced by a direct action of AA. First,
inhibitors of the AA second messenger pathways NDGA and
ETYA do not inhibit the effects of AA. ETYA, an AA analog
that cannot be metabolized by epoxygenases, lipoxygenases, and
cyclooxygenases (Salari et al., 1984; Capdevila et al., 1988), stim-
ulates the nonselective cation conductance alone, suggesting that
AA metabolites are not necessary for the modulation of DAT by
AA. Second, the inactive analog of AA, arachidonic acid ethyl
ester, has the same nonspecific effects on membrane fluidity as
AA, yet is unable to elicit currents. Third, inhibitors of the
Na1/K1 -ATPase and various other ion exchangers that would
contribute to a nonselective cation flux across the membrane do
not alter the AA-stimulated conductance. Finally, other unsatur-
ated fatty acids that do not activate protein kinase C can stimulate
the nonselective cation conductance with a rank order of potency
based on their degree of unsaturation. Thus, it seems likely that
AA binds to specific sites and stabilizes specific conformations of
the transporter.

Physiological relevance
DA neurons in the midbrain have dense projections to the stria-
tum, and concentrations of DAT are high in this area (Ciliax et
al., 1995; Nirenberg et al., 1996). Several studies have shown that
excitatory actions of neurotransmitters including DA can stimu-
late the release of AA in the striatum (Dumuis et al., 1990; Petitet
et al., 1995; Tencé et al., 1995). Dopamine release and activation
of D2 receptors (Piomelli et al., 1991; Schinelli et al., 1994) have
been shown to stimulate the production of AA in striatal neurons
while D1 activation inhibits AA release (Schinelli et al., 1994).
These studies suggest that the complex regulation of AA may be
an important system in DA neurons. It is not known whether
hDAT-mediated currents contribute to the electrical properties of
DAT neurons, but AA stimulation of an inward current associ-
ated with hDAT may be sufficient to produce significant local
depolarization of nerve terminals. Such local depolarization by
activation of neurotransmitter transporters has been shown to
activate voltage-dependent calcium channels (Haugh-Scheidt et
al., 1995; Villalobos and Garcı́a-Sancho, 1995). Thus, in addition
to the potential myriad of effects produced by AA on neurons, the
effects of AA on DAT may also alter neuronal signaling.
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