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Estrogen priming modulates autoreceptor-mediated potentiation of
dopamine uptake
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Abstract

Ž .The ability of a physiological dose of estrogen estradiol benzoate, estrogen: 10 mg 48 and 24 h prior to modulate autoreceptor-medi-
ated changes in dopamine transport properties was investigated in a synaptosomal preparation prepared from the nucleus accumbens of

Ž . w3 xovariectomized rats. Quinpirole 1–100 mM -mediated potentiation of H dopamine uptake was attenuated in synaptosomes from
Ž .estrogen-primed animals. Haloperidol 10 mM inhibited basal uptake and effectively prevented quinpirole potentiation of uptake in both

ovariectomized and estrogen-primed samples. The ability of selective protein phosphatase inhibitors to modulate autoreceptor-mediated
Ž .potentiation of dopamine uptake was also examined. Pretreatment with protein phosphatase 2B deltamethrin, cypermethrin or protein

Ž .phosphatase 1 tautomycin inhibitors attenuated basal and quinpirole-potentiated dopamine uptake in ovariectomized but not estrogen-
primed tissue. These data suggest that autoreceptor-mediated activation of dopamine transport can be regulated by physiological doses of
estrogen and implicate a role for protein phosphorylation in autoreceptor-mediated potentiation of dopamine uptake. q 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction

We have shown previously that exposure to estrogen
can alter parameters of dopamine clearance in the nucleus

Žaccumbens in vivo Thompson and Moss, 1994; Thomp-
. Žson, 1999 . Specifically, estrogen estradiol benzoate, es-

.trogen priming results in an attenuation of stimulated
dopamine release and the reuptake of both endogenous and
exogenous dopamine as measured by in vivo voltammetry.
In addition, an alteration in both release and reuptake has

Žbeen observed over the estrous cycle Thompson and
.Moss, 1997 . Physiologically, the action of the dopamine

transporter is primarily responsible for removing released
Ždopamine from the synaptic cleft Horn, 1990; Garris and

.Wightman, 1995 . The ability of estrogen to modulate
dopamine transporter-binding properties has been demon-

Žstrated in vitro Morissette and DiPaolo, 1993a,b; reviewed
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.by DiPaolo, 1994; Attali et al 1997 . The dopamine trans-
porter is a member of the high affinity Naq-dependent

Ž .neurotransmitter transporter family Hitri et al., 1994 .
While inhibition of the dopamine transporter by stimulants,
such as cocaine or amphetamine, cause an increase in
extracellular dopamine and behavioral activation, little is
known about the normal regulation of this protein. The

Ždopamine transporter is a membrane spanning protein ap-
.proximately 69 kDa , which has five putative phosphoryla-

tion sites on the cytoplasmic domain. There are three
consensus sites for protein kinase A and two consensus
sites for protein kinase C, one of which overlaps with a

Ž .calmodulin kinase II site Giros and Caron, 1993 . Agents
that result in increased protein kinase C activity have been
shown to alter dopamine uptake in cells expressing the

Žtransfected transporter Kitayama et al., 1994; Zhang et al.,
.1997 . Phorbol ester-mediated phosphorylation of the

transporter protein has been documented using a stably
Ž .expressing LLC-PK1 cell line Huff et al., 1997 and

Ž .striatal synaptosomes Vaughan et al., 1997 . In all in-
stances, conditions that promote phosphorylation of the
protein by protein kinase C are associated with a decrease
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in dopamine uptake characterized by a reduction in V .max
Ž .In a recent report, Batchelor and Schenk 1998 have

reported an upregulation of dopamine transporter activity
in synaptosomes in response to pharmacological elevation
of cAMP characterized by an increase in V with nomax

change in K . These data suggest that phosphorylationm

may be an important regulatory mechanism for the activa-
tionrdeactivation of the dopamine transporter.

The activity of the dopamine transporter also appears to
be regulated by the dopamine D autoreceptor. Evidence2

collected over the last several years suggests that dopamine
D autoreceptor activation can potentiate dopamine uptake2
ŽParsons et al., 1993; Meiergerd et al., 1993; Cass and

.Gerhardt, 1994; Batchelor and Schenk, 1998 . The cellular
Ž .mechanism s mediating this response are not known but

the modulation of G-protein-dependent processes with cor-
responding changes in second messengers is likely to be
involved.

The regulation of dopamine uptake by estrogen pro-
vides a mechanism for controlling the extrasynaptic avail-
ability of dopamine. This regulation may be mediated
indirectly through a modulation of autoreceptor activation
and subsequent autoreceptor-mediated cellular processes or
directly through an alteration in the activity of the trans-
porter by a change in dopamine-transporter density or
affinity. The present study was designed to examine steroid
modulation of autoreceptor-mediated regulation in
dopamine uptake.

2. Materials and methods

2.1. Materials

ŽEstradiol benzoate was purchased from Sigma St.
. Ž .Louis, MO . Quinpirole, sulpiride, haloperidol and S y -

7- chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-
Ž .1H-3-benzazepine hydrochloride SCH23390 were all

Ž .purchased from RBI Natick, MA . Protein phosphatase
inhibitors deltamethrin, cypermethrin, tautomycin and can-

Ž .tharidin were purchased from CalBiochem LaJolla, CA .
w3 xH dopamine was obtained from American Radiolabeled

Ž .Chemicals St. Louis, MO .

2.2. Subjects

Ž .Adult 200–300 g female Sprague–Dawley rats were
used. All animals underwent surgical ovariectomies under
metofane anesthesia. Through a single incision, the bicor-
nuate uterus was located, the ovaries were ligated and
resected bilaterally. The animals were allowed to recover
for at least 7 days. Some animals received 10 mg estrogen
Ž .in corn oil 24 and 48 h prior to experiment. Animals
were housed three to four per cage with free access to food

and water. All animal procedures were preapproved by the
Institutional Animal Care Advisory Committee at Mercer
and in strict accordance with the National Institute of
Health guidelines.

[3 ]2.3. Synaptosomal preparation and H dopamine uptake

Animals were decapitated and nucleus accumbens tissue
Žrapidly dissected. Pooled tissue from two to three ani-

.mals was homogenized in 40 volumes of 0.32 M sucrose,
5 mM HEPES, pH 7.4, and centrifuged at 1000=g for 5
min. The supernatant was centrifuged at 20,000=g for 20
min to sediment the P fraction. The P pellet was resus-2 2

Ž .pended approximately 10 mgrml original wet weight in
wa HEPES-buffered medium 145 mM NaCl, 5 mM KCl, 1

ŽmM MgCl , 10 mM glucose, 1 mM ascorbate freshly2
. xprepared , 10 mM HEPES, pH 7.4 , bubbled briefly with

95% O –5% CO and an aliquot of pargyline added to2 2

produce a final concentration of 0.1 mM. Tissue suspen-
Ž .sions 300 ml were preincubated at 358C for 5 min in the

Ž .presence of quinpirole 10 mM andror dopamine receptor
Ž .antagonists 10 mM sulpiride, haloperidol and SCH23390

w3 x Žprior to addition of H dopamine 0.065 mM final concen-
.tration . During each experiment, 48C blanks were in-

cluded and these counts were subtracted from the total to
represent specific uptake. Final assay volume was 350 ml.
In some experiments, synaptosomes were incubated for 5

Žmin in the presence of phosphatase inhibitors deltameth-
rin: 1 mM, 0.1 mM; cypermethrin: 1 mM, 0.1 mM; tauto-

.mycin: 0.75 mM, 0.1 mM; or cantharidin: 1 mM prior to
incubation with quinpirole. Inhibitors were dissolved in
50% ethanol and diluted to final concentration in assay
buffer. Vehicle controls were included in all assays. In
these experiments, uptake was allowed to proceed for 1
min and terminated by the addition of 4 ml ice-cold
HEPES-buffered medium and rapid filtration using a Milli-
pore filter apparatus. Filters were washed two times with 4
ml buffer, air-dried and radioactivity measured by liquid
scintillation counting.

In some experiments, both uptake time and quinpirole
Ždose were varied. In these studies, tissue suspensions final

.volume 500 ml were preincubated as above in the pres-
ence of 0, 1, 10 or 100 mM quinpirole prior to the addition

w3 x Ž .of H dopamine. An aliquot of the suspension 100 ml
was removed at 20, 40 and 60 s and placed directly on
glass-fiber filters in a Millipore filter apparatus. Filters
were washed three times with 4 ml buffer, air-dried and
radioactivity measured by liquid scintillation counting.

2.4. Dopamine kinetics

w3 xH dopamine uptake kinetics were also evaluated using
synaptosomes prepared from control and estrogen-primed

Žanimals ns4 experimentsrgroup with each done in
.quadriplicate . In order to assess K and V values,m max



( )T.L. Thompson et al.rEuropean Journal of Pharmacology 401 2000 357–363 359

w3 xH dopamine uptake was measured over 1 min in the
presence of increasing concentrations of cold dopamine
w x0.016–4.35 mM . Uptake was terminated by the addition
of 4 ml ice-cold HEPES-buffered medium and rapid filtra-
tion using a Millipore filter apparatus. Filters were washed
two times with 4 ml buffer, air-dried and radioactivity
measured by liquid scintillation counting as described
above. K and V values were calculated by graphicm max

analysis of Lineweaver–Burk double reciprocal plots.

2.5. Statistical analysis

Data from uptake experiments are expressed as either
Ž .counts per minutermg c.p.m.rmg original wet tissue

weight or percent control. In all cases, values represent the
mean"S.E.M. of at least three experiments done in quad-
ruplicate. N is the number of individual experiments. Data
were averaged and the variability expressed as the standard

Ž .error of the mean "S.E.M. . One- or two-way analysis of
Ž .variance ANOVA followed by pairwise multiple compar-

Ž .isons Student–Newman–Keuls or paired t-tests were
used to determine statistical significance. A P value-0.05
was considered significant.

3. Results

3.1. Dopamine kinetics

No statistical difference was observed in either the
affinity or the rate of transport following exposure to

Ž .steroid over a range of dopamine concentrations Fig. 1 .
The average V and K for ovariectomized animals wasmax m

11.7"0.87 pmolrmgrmin and 0.73"0.05 mM, respec-

w3 xFig. 1. H dopamine uptake: Lineweaver–Burk plot. Effect of estrogen
w3 x Žpriming on the kinetics of H dopamine uptake was determined ns4

.for each condition . Synaptosomes were prepared from control and
Ž .estrogen 10 mg 24 and 48 h prior primed animals and uptake measured

as described. No statistical differences were detected in K or Vm max

between the two groups.

tively. Similarly, for estrogen-primed animals the V wasmax

9.72"0.51 pmolrmgrmin and the K was 0.55"0.07m

mM. These values, averaged from four experiments, were
not significantly different.

3.2. Effect of quinpirole dose and uptake time on
[3 ]H dopamine accumulation

w3 xThe ability of quinpirole to potentiate H dopamine
uptake was determined in a synaptosomal-enriched frac-
tion prepared from the nucleus accumbens of ovariec-
tomized and estrogen-primed animals.

w3 xH dopamine uptake was enhanced in tissue from both
Ž .ovariectomized and estrogen-primed animals. Table 1 . In

ovariectomized animals, significant increases were ob-
served in response to 10 and 100 mM quinpirole at all
times tested. While 1 mM quinpirole also appeared to

w3 xpotentiate H dopamine uptake, it did not quite reach
statistical significance. Tissue prepared from estrogen-
primed animals was also responsive to quinpirole. Signifi-
cant increases in uptake were observed at 20 and 60 s in
response to 10 or 100 mM quinpirole, respectively. Basal
dopamine uptake was not significantly different in tissue
from ovariectomized and estrogen-primed animals; how-
ever, a significant difference in quinpirole potentiation of

Ž .uptake was determined P-0.05 . The magnitude of this
difference was variable depending on both the dose of
quinpirole examined and the total uptake time. At 20 s,

w3 xand in the presence of 100 mM quinpirole, H dopamine
uptake was almost 60% higher in tissue prepared from
ovariectomized animals as compared to tissue from estro-

w3 xgen-primed animals. At other times and doses, H dopa-
mine uptake was 25–45% greater in synaptosomes pre-
pared from ovariectomized animals.

3.3. Effect of dopamine receptor agonist and antagonist
[3 ]treatment on H dopamine uptake in Õitro

The ability of dopamine receptor antagonists to block
Ž .quinpirole 10 mM, 60 s uptake potentiation of

w3 xH dopamine uptake in tissue from ovariectomized and
Ž .estrogen-primed animals was also examined Fig. 2 .

Ž .Haloperidol 10 mM , a mixed dopamine D rD receptor2 1

antagonist, attenuated basal and agonist-stimulated uptake
Žin both groups approximately 40% decrease in uptake,

.P-0.05 . While the dopamine D receptor antagonist2
Ž .sulpiride 10 mM caused a slight decrease in basal

dopamine uptake in synaptosomes from ovariectomized
and estrogen-primed animals, this decrease did not reach
statistical significance. However, potentiated uptake was

Ž .significantly reduced in both groups P-0.05 . In con-
Žtrast, the dopamine D receptor antagonist SCH-23390 11

.mM had no effect on basal or quinpirole-stimulated
dopamine uptake.
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Table 1
w3 xQuinpirole potentiation of H dopamine uptake

Ž .Quinpirole mM 20 s 40 s 60 s

Control Estrogen Control Estrogen Control Estrogen

0 1593"140 1300"136 2468"289 2226"247 3370"356 2700"142
d1 2484"167 1885"311 3231"203 2541"338 3248"333 2219"199

a,b a,b,c a d a,b d10 3693"322 3270"363 3969"226 3124"294 4570"134 3173"227
a d a d a a,b,d100 3078"431 1935"115 3539"153 2855"119 4405"129 3330"164

Synaptosomes prepared from ovariectomized or estrogen-primed animals were preincubated in the presence or absence of quinpirole for 5 min prior to
w3 xincubation with H dopamine as described in Methods. Uptake was terminated after 20, 40 or 60 s by filtration through glass fiber filters followed by three

4 ml rinses with ice-cold buffer. Data are presented as c.p.m.rmg original wet tissue weight and are expressed as the means"S.E.M. obtained from four
to nine experiments. Statistical significance was determined by ANOVA followed by suitable multiple comparison tests or Student’s t-test as described in

Ž . Ž . Ž .methods. P-0.05: a vs. no drug, time and tissue matched; b vs. 1 mM quinpirole, time and tissue matched; c vs. 100 mM quinpirole, time- and
Ž .tissue-matched; d vs. drug- and time-matched control.

3.4. Effect of protein phosphatase inhibition on quinpirole
potentiation of dopamine uptake in Õitro

The ability of selective protein phosphatase inhibitors to
w3 xmodulate basal and quinpirole potentiation of H dopa-

Ž .mine uptake was examined Fig. 3 . In these experiments,
tissue from ovariectomized and estrogen-primed rats was

Žpretreated with a phosphatase inhibitor or vehicle aliquot
.of 50% ethanol for 5 min prior to incubation with quinpi-

w3 xrole. H dopamine uptake was allowed to proceed for 1
min as before. Data are presented as percent change from
vehicle control and are the means of at least three experi-
ments performed in quadruplicate. In tissue from ovariec-

tomized animals, pretreatment with either of the protein
phosphatase 2B inhibitors, deltamethrin or cypermethrin,
produced an attenuation of basal and quinpirole-potenti-

Ž .ated dopamine uptake P-0.05 . This effect was dose-de-
Žpendent, 1 mM, but not 0.1 mM, was effective data not

.shown . In contrast, inhibition of protein phosphatase 2B
has no effect on basal or stimulated dopamine uptake in
tissue prepared from estrogen-primed animals. Tauto-
mycin, a selective protein phosphatase 1 inhibitor pro-
duced a slight, but significant, attenuation of dopamine
uptake in response to quinpirole in ovariectomized, but not
estrogen-primed tissue. This effect was also dose-depen-
dent; 0.75 mM, but not 0.1 mM, tautomycin was effective.

w3 xFig. 2. Effect of agonist and antagonist treatment on H dopamine uptake in synaptosomes from ovariectomized and estrogen-primed animals.
w3 xH dopamine uptake was measured in synaptosomal suspensions prepared from ovariectomized or estrogen-primed animals. Tissue was preincubated with

Ž . Ž . Ž . Ž .quinpirole 10 mM , sulpiride 10 mM , haloperidol 10 mM or SCH-23390 1 mM as described. Results are expressed as the mean"S.E.M. of 4–14
experiments done in quadruplicate. P-0.05: a vs. buffer; ) vs. quinpirole; D vs. ovariectomized.
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w3 xFig. 3. Effect of protein phosphatase inhibitors on H dopamine uptake. Synaptosomes were preincubated with phosphatase inhibitors 5 min prior to
w3 x Ž .quinpirole addition. H dopamine uptake was measured as described. Protein phosphatase 2b inhibitorssdeltamethrin and cypermethrin 1 mM ; protein

Ž . Ž .phosphatase 2a inhibitorsscantharidin 1 mM ; protein phosphatase 1 inhibitors tautomycin 0.75 mM . Data are presented as percent uptake in the
Ž . )presence of quinpirole 10 mM . Ns3–5 experiments per condition. P-0.05 with respect to quinpirole.

Cantharidin, a selective protein phosphatase 2A inhibitor,
had no effect on basal or quinpirole-potentiated uptake in
either group.

4. Discussion

Rapid and controlled removal of neurotransmitters from
the synaptic cleft is essential for effective neuronal com-
munication. Dopamine clearance proceeds primarily by
high affinity uptake into the presynaptic terminal by action
of the dopamine transporter and to a lesser extent by

Ždiffusion and extracellular metabolism Horn, 1990; Garris
.and Wightman, 1995 . The cellular mechanisms responsi-

ble for the regulation of the dopamine transporter are
unknown, long-term regulation may involve changes in
protein synthesis andror turnover, while rapid regulation
may be mediated by posttranslational modification of the

Ž .protein Reith et al., 1997 . In the current study, the ability
of estrogen to modulate the activity of mesolimbic
dopamine transporter activity was investigated. It was
hypothesized that estrogen priming may modulate
dopamine reuptake through an alteration in dopamine au-
toreceptor activation. This hypothesis was tested by mea-

w3 xsuring changes in H dopamine uptake in response to
pharmacological manipulation in a synaptosomal prepara-
tion prepared from the nucleus accumbens of ovariec-
tomized and estrogen-primed animals.

The results of this study demonstrate, for the first time,
that autoreceptor-mediated potentiation of dopamine up-
take is altered following estrogen priming and that this

effect is achieved with a physiologically relevant dose of
w3 xestrogen. While no apparent change in basal H dopamine

uptake was observed following estrogen priming, a de-
crease in quinpirole-potentiated uptake was observed in
these animals. The fact that no change in basal uptake was
detected suggests that estrogen priming did not have a
direct effect on either the density or affinity of the dopamine
transporter. This is consistent with results reported by

Ž .Morisette and DiPaolo 1993b . In that study, no change in
w3 xH -GBR-12935 binding was detected in the accumbens
of ovariectomized animals primed with estrogen. In the
current report, steroid treatment resulted in an attenuation
of autoreceptor-mediated dopamine uptake. Changes in
striatal dopamine D receptor affinity have been reported2

Ž .over the estrous cycle Di Paolo et al. 1988 and Levesque
Ž .and DiPaolo 1993 have reported apparent alterations in

dopamine D receptorrG-protein coupling following es-2

trogen treatment. Together, these data suggest that the
estrogen-priming conditions utilized in the current study
may have been sufficient to produce an alteration in
dopamine D receptor activity, as measured by an attenua-2

tion of agonist-mediated uptake, which is consistent with a
functional downregulation of the presynaptic autoreceptor.

Ž .Haloperidol and to a lesser extent sulpiride was found
w3 xto be very effective in inhibiting basal H dopamine up-

take in both ovariectomized and estrogen-primed animals.
Inhibition of quinpirole-stimulated dopamine uptake by
sulpiride has been reported in striatal suspensions prepared

Ž .from male rats Batchelor and Schenk, 1998 . In the
current study, inhibition of potentiated uptake was found to
be receptor subtype specific in that the dopamine D1
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receptor antagonist SCH23390 was without effect. No
apparent difference was detected in response to antagonist
treatment between ovariectomized and estrogen-primed an-
imals as might be expected if estrogen priming produced a
functional downregulation of the dopamine D receptor.2

However, this negative finding may be due to the fact that
only one antagonist concentration was used. It is conceiv-
able that a lower concentration of the antagonist would be
sufficient to block the quinpirole effect and at the same
time allow for the detection of subtle differences in recep-
tor sensitivity. This possibility is currently being investi-
gated.

The ability of dopamine D receptor antagonists to2

attenuate basal uptake independent of steroid priming is
particularly interesting. While one generally assumes that
antagonists block the action of agonists without producing
an independent effect, this is frequently not the case
Ž .Milligan et al., 1995; Griffon et al., 1996 . The observa-
tion that dopamine D receptor antagonists inhibited2

dopamine uptake reinforces the significance of the associa-
tion between receptor activity and dopamine transport. It
suggests that intracellular processes that normally mediate
the activity of the dopamine transporter can be inhibited
simply by preventing autoreceptor activation. The
dopamine D autoreceptor is a G-protein linked receptor,2

Žwhich is negatively coupled to adenylate cyclase Jarvie et
.al., 1994 . Dopamine binding to the autoreceptor results in

a decrease in cAMP production and therefore a decrease in
protein kinase A activation. Autoreceptor-mediated sup-

Žpression of protein kinase C has also been reported Ian-
. w32 xnazzo et al., 1997 . In addition, incorporation of Pi into

striatal tyrosine hydroxylase is reduced following treat-
ment with low concentration of pergolide, a dopamine D2

Ž .autoreceptor agonist Salah et al, 1989 . Together, these
data suggest that activation of the dopamine D presynap-2

tic receptor results in conditions favorable to the dephos-
phorylation of cellular proteins. Because conditions that
promote protein phosphorylation have been shown to alter
dopamine transporter activity and autoreceptor activation
has been shown to increase dopamine transporter activity;
we hypothesized that the dopamine D receptor may regu-2

late dopamine-transporter activity through a potentiation of
Žprotein phosphatase activity Kitayama et al., 1994; Jarvie

et al., 1994; Huff et al, 1997; Reith et al., 1997; Batchelor
.and Schenk, 1998 . To investigate this possibility, the

ability of three classes of protein phosphatase inhibitors to
w3 xmodulate basal and quinpirole potentiation of H dopa-

mine uptake was examined using tissue from both ovariec-
tomized and estrogen-primed animals.

Deltamethrin, cypermethrin and tautomycin were effec-
tive in preventing agonist potentiation of dopamine uptake
in ovariectomized animals. These chemicals have been
shown to be potent and selective inhibitors of protein
phosphatase 2B and protein phosphatase 1 in a number of

Žcell systems Gong et al., 1992; Enan and Matsumura,
.1992; Fischer et al., 1998 . In addition, treatment with the

protein phosphatase 2B inhibitors also produced a slight
but significant attenuation of basal uptake, which is consis-
tent with the decrease in basal uptake observed in response
to the dopamine D receptor antagonists. These data2

strongly suggest that the dopamine D autoreceptor modu-2

lates dopamine transporter activity through a regulation of
a protein phosphorylation cascade, which involves, at least
in part, activation of protein phosphatase 2B and protein
phosphatase 1. This response was selective, the inhibition
of phosphatases whose activity is directly linked to
dopamine receptor activation was effective in blocking
quinpirole potentiation of uptake while the inhibition of
protein phosphatase 2A was ineffective. Whether the
dopamine transporter is a direct substrate for protein phos-
phatase 2B andror protein phosphatase 1 remains to be
determined. Interestingly, in estrogen-primed tissue none

w3 xof these compounds were effective in altering H dopa-
mine uptake. Assuming estrogen priming results in a func-
tional downregulation of the dopamine D receptor and2

agonist potentiation of dopamine uptake requires the acti-
vation of a dephosphorylation cascade, autoreceptor-medi-
ated changes in protein dephosphorylation would be ex-
pected to be reduced in estrogen-primed animals. Under
these conditions, the effect of protein phosphatase inhibi-
tion would be attenuated. This is what was observed in the
current study.

In summary, autoreceptor-mediated potentiation of
dopamine uptake in the nucleus accumbens can be attenu-
ated by estrogen priming. This attenuation is consistent
with a functional downregulation of the presynaptic
dopamine D autoreceptor. While the cellular mechanisms2

responsible for this attenuation have not been elucidated,
the current results suggest that autoreceptor-mediated regu-
lation of dopamine transport can be modulated by protein
phosphorylation-dependent mechanisms. Estrogen priming
may impair the ability of the dopamine autoreceptor to be
effectively coupled with cellular messengers responsible
for regulating the activity of the dopamine transporter.
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