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ABSTRACT. The role of protein kinase C (PKC) was examined in the regulation of dopamine transport in C6 
glioma cells stably expressing the human dopamine transporter. The PKC activating phorbol esters phorbol 
12-myristate 13-acetate (PMA) and 4B-12,13-dibutyrate phorbol-ester (PDBu) inhibited [3H]dopamine uptake 

concentration dependently. These effects were attenuated by the PKC inhibitor staurosporine but were unaltered 
by another inhibitor, chelerythrine, or the phosphatase inhibitor okadaic acid. The potency of PMA in inhib- 
iting [3H]dopamine uptake was similar to that in inhibiting the binding of 2B-carbomethoxy-3B-(4- 

fluorophenyl)tropane ([3H]WIN 35,428), and again staurosporine, but not chelerythrine, weakened the effect of 
PMA. The reduction in dopamine transporter activity by PMA was caused by a decrease in the V,,, value of 
[3H]dopamine uptake, opposed by a smaller reduction in the K,,, value, whereas the effect of PMA on [3H]WIN 
35,428 binding was caused by a reduction in the B,,, value without a change in the Kd value. The lower K,,, 
value in the presence of PMA was accompanied by a higher K+, of dopamine in inhibiting [‘HIWIN 35,428 
binding; the latter effect was attenuated by the co-presence of staurosporine. The results are discussed in the 
context of transporter loss from the cell surface, or a model with phosphorylation affecting the shared dopamine 
and WIN 35,428 binding domain on the transporter as well as affecting a part of the dopamine binding do- 
main lying outside that for WIN 35,428. BIOCHEM PHARMACOL 53;5:677-688, 1997. 0 1997 Elsevier Science 

Inc. 
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Neurotransmitter transport plays an important role in do- 
pamine transmission by clearing released neurotransmitter 
[l, 21. Homozygous dopamine transporter knockout mice 
are spontaneously hyperactive and show extremely slow 
clearance of neuronally released dopamine [3], indicating 
the importance of the dopamine transporter in maintaining 
normal dopamine tone. The dopamine transporter is also a 
target in the action of psychostimulant drugs of abuse [4] 
and exogenous neurotoxins [5] potentially involved in the 
etiology of Parkinson’s disease [6]. Renewed attention has 
been focused on dopamine transport in the case of schizo- 
phrenia [7, 81, which is generally believed to be associated 
with increased dopamine neurotransmission [9]. 
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Evidence has been advanced in support of regulating 
Na+, Cl--dependent neurotransmitter transport by protein 
kinase-induced phosphorylation. Early on, White and Pa- 
ton [lo] suggested that ATP is required for phosphorylation 
of the norepinephrine carrier either before or after Na’ 
binding, and Hendley and co-workers demonstrated a role 
for extracellular protein phosphorylation in the uptake of 
norepinephrine by synaptosomes [l l] and PC 12 cells [12]. 
With regards to the serotonin transporter, there is evidence 
for the involvement of PKC,S with its activation being 
associated with a decrease in serotonin uptake by cultured 
endothelial cells [13] and platelets [14]. In contrast, in- 
creased serotonin uptake was observed upon activation of 
PKA, although this effect may be related to changes in 
transporter synthesis rather than regulation [15, 161. Mixed 
effects on GABA uptake have been reported following 
agents that alter phosphorylation. Activation of PKC by 
phorbol esters in Xenopus oocytes expressing GATl re- 
sulted in an increase [17] or decrease [la] in GABA uptake, 
whereas in striatal synaptosomes a decrease [18] or no 
change [19] was observed. In the latter preparation, activa- 
tion of PKA by forskolin and inhibition of protein phos- 
phatases by okadaic acid reduced GABA uptake [19]. Little 
is known about regulation of dopamine transport by phos- 
phorylation, although the cloned human and rat dopamine 
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transporters contain consensus sites for phosphorylation by 
PKA and PKC in the third intracellular loop and in the N- 

and C-terminal intracellular chains [20]. CAMP has been 
reported to enhance dopamine uptake into rat hypotha- 
lamic tuberoinfundibular dopamine neurons [21], and acti- 

vation of PKC by PMA or l-oleoyl-2-acetyl-m-glycerol de- 
creased dopamine uptake by COS cells expressing the 
cloned rat dopamine transporter [22]. All data taken to- 

gether suggest the possibility that the function of the do- 
pamine transporter is regulated by cyclicAMP and second 
messengers through protein kinase activity. 

This study focuses on the role of PKC in the regulation 
of dopamine transport in C6-hDAT cells by monitoring the 

effects of PKC and phosphatase activators/inhibitors on the 

uptake of [3H]dopamine and the binding of [3H]WIN 
35,428. [3H]WIN 35,428 is a tropane analog of cocaine that 
binds with high affinity to the dopamine transporter com- 
plex [23-251, most likely involving a binding domain that, 

like in the case of cocaine, partially overlaps with the do- 
pamine domain [26-301. Both functional activity (dopa- 
mine uptake) and ligand binding (cocaine analog) were 

examined, and inhibition of binding by dopamine was mea- 
sured as an indication of the affinity of dopamine for the 

carrier. 

MATERIALS AMD METHODS 
Materials 

Chemicals used in these experiments were obtained from 

the Sigma Chemical Co. (St. Louis, MO), except for 
[3H]dopamine (37.54 Cilmmol) and [3H]WIN 35,428 (84.5 
Ci/mmol) which were purchased from DuPont-New En- 
gland Nuclear (Boston, MA), cocaine hydrochloride which 
was obtained from the Mallinckrodt Chemical Corp. (St. 
Louis, MO), and 4a-PDD which was from Research Bio- 

chemical Inc. (Natick, MA). All test compounds were dis- 

solved in purified deionized Hz0 prior to addition to buff- 
ers, except for chelerythrine, PMA, and PDBu, which were 

d’ ISSO ve u-i ime y su 0x1 e. 1 d ’ d’ th 1 If ‘d The final concentrations of 
dimethyl sulfoxide in the assays were less than 0.5%, which 
by itself had no effect on [3H]dopamine uptake or [3H]WIN 

35,428 binding. 

C6-hDAT 

hDAT cDNA was cloned in the laboratory of Dr. Aaron 
Janowsky (Oregon Health Sciences University, Portland, 
OR) by screening a human substantia nigra cDNA library 
with a polymerase chain reaction-amplified probe based on 
the rat cDNA sequence, and was stably transfected into rat 

C6 glioma cells, as described previously [3 1, 321. Cells were 
grown in Dulbecco’s modification of Eagle’s medium 
supplemented with 5% fetal bovine serum, 5% bovine calf 
serum, and 0.0001% puromycin (with pBabePuro confer- 
ring resistance to puromycin), and aliquots were frozen at a 
density of lo7 cells/ml with 5% dimethyl sulfoxide. For 
each series of experiments, one freezing vial (1 mL) was 

thawed rapidly and seeded into a 75-cm2 flask with the 
above medium. After 3 days of culturing (G 3 x lo7 cells 
total), the cells were collected by trypsinization and 
counted with a hemocytometer. Cells were then seeded 

into 96-well culture plates. Plates seeded at a density of 
45,000 cells/well and 30,000 cells/well gave similar protein 
recoveries per well after 2 and 3 days of culturing, respec- 
tively. 

Uptake of i3H]Dopumine 

The uptake assay was performed on cells grown on 96-well 
culture plates as described above. The culture medium was 

removed from each well in the plate. Cells were washed 

with 200 J.LL of wash buffer at room temperature (in milli- 
molar concentrations: 122 NaCl, 5 KCl, 1.2 MgSO,, 10 
glucose, 1 CaCl,, 15 Na,HPO+ and enough 0.85% H,PO, 

to achieve a pH of 7.4). Subsequently, 70 ~.LL of “uptake” 
buffer (wash buffer containing 10 ~.LM nialamide) and 10 
p,L of water containing test drug were added. The cells were 
preincubated for 15 min at 21” with PKC activator/ 
inhibitor, or phosphatase inhibitor, on a plate shaker, fol- 
lowed by the addition of 20 p,L of assay buffer containing 
[3H]dopamine (11 nM final concentration) and incubation 

for another 8 min. For studying varying concentrations of 
unlabeled dopamine, radiolabeled and unlabeled dopamine 

were added together and the incubation was continued for 
3 min only. Uptake was terminated by putting the plate on 

ice and adding 100 p,L of ice-cold wash buffer. The assay 
medium was removed immediately by aspiration, followed 

by two washes with 200 p,L of ice-cold wash buffer. The 
cells in each well were incubated with 200 PL of 3% (w/v) 
ice-cold trichloroacetic acid for 30 min. The entire liquid 
content of each well was transferred to a scintillation vial 
and assayed for radioactivity with 5 mL of Cytoscint fluid 
(ICN, Costa Mesa, CA) by liquid scintillation counting in 

a Beckman model LS 6000 IC spectrometer at 50% effi- 

ciency in Cytoscint. Nonspecific uptake was defined with 
100 FM cocaine. The cells in four separate wells were dis- 

solved with 100 p,L of 1 N NaOH, and the Folin phenol 
reagent method was used to determine the concentration of 
protein as described previously [33]. Approximately 20 kg 
C6-hDAT protein was obtained from one well. 

To test for linearity of uptake with time, separate experi- 
ments were carried out with termination of assays at 1, 2, or 
3 min. The zero-point was obtained by adding 100 FL of 
ice-cold wash buffer before adding 20 FL of [3H]dopamine 

stock. 

Binding of L3H]WlN 35,428 

Binding assays were carried out as the uptake measurements 
described above with the following changes. For binding 
assays with “uptake buffer” [3H]WIN 35,428 was added (4 
nM final concentration) instead of [3H]dopamine. The in- 
cubation was continued on a plate shaker for 8 min at 2 1”. 
For binding assays with “binding buffer,” this buffer (25 
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mM sodium phosphate buffer with 1 mM CaCl,, brought to 
pH 7.4 by mixing 12.5 mM Na,HP04 and 25 mM 
NaH,P04, each containing 102 mM NaCl) was used 
throughout instead of assay buffer, and the binding assay 
was carried out for 8 min at 21”. The termination of the 
binding assays was identical to that of the uptake assays. In 
one set of experiments, this method was compared with 
dissolving cell material with 1% (w/v) sodium dodecyl sul- 
fate; the two methods gave identical results. Nonspecific 
binding was defined with 1 FM WIN 35,428 to exclude the 
low-affinity portion of [3H]WIN 35,428 found to be present 
in intact cell assays [34]. 

Data Analysis 

One-way ANOVA was used to assess differences among 
treatment groups, with follow-up by the Least Significant 
Difference Multiple Range test for multiple comparisons or 
the Tukey Multiple Comparison test. ANOVA was also 
used to test for deviation from linearity in regression analy- 
sis. Where appropriate, paired or unpaired Student’s r-tests 
were used. Deviations of pseudo-Hill numbers from unity 
and of inhibitions from 0% were assessed with the Student’s 
one sample t-test. Differences were considered to be signifi- 
cant when P c 0.05. In some cases, data were log- 
transformed for homogeneity of variance. Saturation up- 
take data were analyzed with the nonlinear computer fitting 
program LIGAND [35] as described previously [33]. The 
IC,, values and pseudo-Hill numbers were computed with 
the equation of the ALLFIT program of De Lean et al. [36] 
entered into the Microsoft ORIGIN curve-fitting and plot- 
ting software. This nonlinear regression program was run 
with total and nonspecific uptake (binding) entered as con- 
stants. 

RESULTS 
Effect of PKC Activators/Inhibitors and a 
Phosghatuse inhibitor on [3H]Dopamine Uptake 

In the absence of test compounds, accumulation of [3H]do- 
pamine followed a linear pattern for the first 3 min, reached 
its peak value at 10 min, and subsequently decreased to a 
steady-state value at 30-40 min (Fig. 1A). When C6- 
hDAT cells were exposed to 2 (LM PMA or PDBu, the time 
course of [3H]dopamine uptake was suppressed persistently 
for up to 20 min as compared with the control time course 
(Fig. 1A). In separate experiments examining times of 0, 1, 
2, and 3 min, the uptake was found to be linear in that time 
frame in both the absence and the presence of 2 p,M PMA. 
[3H]Dopamine uptake, allowed to occur for 8 min, was in- 
hibited concentration-dependently by PMA or PDBu, both 
PKC-activating phorbol esters, with PMA being slightly 
more potent (Fig. 1B). 

The effect of PMA on [3H]dopamine uptake, measured 
for 8 min, was compared with that of three phorbol esters 
that are less active in stimulating PKC (Table 1). At 0.5 
PM, 4a-PDD and 4cr-PMA caused less inhibition (IZ- 
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FIG. 1. Time course of [3H]dopamine uptake and effect of 
PMA or PDBu. Cells were preincubated with or without a 
fixed (2 pM) (A) or varying (B) concentration of PMA or 
PDBu for 15 min at 2 l”, and [3H]dopamine uptake was 
allowed to occur for the time indicated (A) or for 8 min (B). 
Key: (0) control; (W) PDBu; and (a) PMA. In panel A, 
results are means t SEM for four independent ceil preparav 
tions, each carried out in triplicate. In panel B, results are 
means * SEM for three experiments, each in triplicate, with 
the same ceII preparation, the entire experiment was repli- 
cated once with a different celI preparation. Inset panel A: 
Uptake of [3H]dopamine was monitored for 1,2, and 3 min. 
Results are means of three observations for a ceII preparae 
tion different from those shown in the main panel. No sig- 
nificant deviation from linearity was observed for the con- 
trol curve [F( 1,6) = 3.84, P q 0.111 or PMA curve [F( 1,6) = 
1.834, P = 0.22). Key: (*) P < 0.05 compared with absence 
of drug (one-way ANOVA followed by the Least Significant 
Difference Multiple Range test). 

13%) than PMA (31%), whereas 4ol-phorbol had no sta- 
tistically significant inhibitory effect (9%). At 2 I.LM, the 
inhibitory effect of 4&U-PDD was slightly greater than that 
of PMA (53 vs 40%), whereas 4a-PMA and 4a-phorbol 
had no statistically significant inhibitory effect (4-19%) 
(Table 1). 

The PKC inhibitor staurosporine (0.3 PM) produced a 
slight reduction of 13% in [3H]dopamine uptake measured 
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TABLE 1. Inhibition of [3H]dopamine uptake into C6-hDAT cells 
by phorbol esters 

Compound 
% Inhibition 

at 0.5 pM 
% Inhibition 

at 2pM 

PMA 31 ?r 6*” (11) 40? 3*a (19) 
4a-PDD 12 * 2*b (11) 53 + 6*’ (13) 
4a-PMA 13 & 3*h (4) 19 * 7’ (4) 
4a-Phorbol 9 f 7h (4) 4 f 9’ (4) 

Values are mean ?: SEM for the number of observations in trtplicate indicated m 

parentheses. Percent inhibition is computed in reference to the control uptake mea- 

sured m the absence of compound (3.7 pmol/mg protein). After a prancubation for 

15 mm at 21” with compound, [‘H]d o p amine (11 nM final concentration) was added 

and uptake was allowed to occur for another 8 min. 

* P < 0.02 compared with 0% (one sample t-test). 

a_ P < 0.05 for comparisons between groups in the same column; groups labeled 

with different letters are statistically not from the same populatmn, whereas groups 

wth the same letters are (one-way ANOVA f o II owed by the Least Significant Dtf- 

ference Multiple Range test). 

for 8 min (Fig. 2A). When combined with 2 p,M PMA or 

PDBu, which by themselves caused 34 or 25% inhibition of 

[3H]dopamine uptake, the phorbol ester-induced inhibition 

was reversed and only the staurosporine effect itself, i.e. 

13% inhibition, was observed (Fig. 2A). In contrast, con- 

centrations of 0.02, 0.2, or 2 FM of the PKC inhibitor 

chelerythrine, which by themselves were ineffective, did 

not reverse the inhibition of [3H]dopamine uptake by 2 PM 
PMA (Fig. 2B). Okadaic acid, a specific inhibitor of phos- 

phatase 1 and 2A, at 0.3 yM, slightly reduced [3H]dopa- 
mine uptake (Fig. 2C). This concentration of okadaic acid 
did not potentiate the inhibitory effect of either 2 FM 
PMA or PDBu. An additional set of experiments was car- 

ried out with a higher okadaic acid concentration of 2 pM, 
which by itself had no effect on uptake (3 + 0.1% increase 
vs control, mean f SEM of 3 observations in triplicate), 2 
FM PMA (35 f 1% decrease, P c 0.001 compared with 
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FIG. 2. Effect of staurosporine 
(STAURO) (A), chelery- 
thrine (CHELER) (B), or oka- 
daic acid (OKA) on phorbol 
ester-induced inhibition of 
[3H]dopamine uptake. Cells 
were pretreated with phorbol 
ester or vehicle in the absence 
or presence of inhibitor at the 
micromolar concentrations 
indicated at 2 lo for 15 min 
prior to an 8.min exposure to 
[3H]dopamine. Results are 
means * SEM for three exe 
periments, each in triplicate, 
with the same cell prepara- 
tion. The entire experiment 
was replicated once with a dif- 
ferent cell preparation. Key: 
(a-d) P c 0.05 for compari- 
sons between groups; groups 
labeled with different letters 
are statistically not from the 
same population, whereas 
groups labeled with the same 
letters are (one-way ANOVA 
followed by the Least Signi 
cant Difference Multiple 
Range test). 
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control, Tukey Multiple Comparison test following signifi- 
cant one-way ANOVA), and the combination of PMA and 

okadaic acid (31 f 1% decrease, P < 0.001 compared with 
control, P > 0.05 compared with PMA alone). 

Effect of a PKC Activator and Inhibitor on 
the Ajfinity of Dopamine fur L3H]WlN 35,428 
Binding Sites 

Effect of a PKC Activator on 
[3HIDopamine Uptake and [3H]WIN 35,428 Binding 

The concentration-dependency of inhibition by PMA was 
compared between [3H]dopamine uptake and [3H]WIN 
35,428 binding under identical conditions (“uptake 

buffer”) p 11 1 p m ara e ex eriments carried out simultaneously 
(Fig. 3). Accumulation of [3H]dopamine was monitored for 
3 min in order to meet initial velocity conditions (Fig. 1A 
inset), whereas [‘HIWIN 35,428 binding was measured for 
8 min, well within the equilibration plateau for the condi- 
tions used [34]. PMA inhibited [3H]dopamine uptake with 
a potency (KS0 of 30 + 4 PM) only slightly greater (I’ < 
0.02) than that (IQ,, of 48 k 3 FM) for the inhibition of 
[3H]WIN 35,428 binding (Fig. 3). There were no statisti- 
cally significant differences between the Hill numbers for 
uptake (0.71 + 0.10) and binding (0.82 f 0.10) inhibition; 
the values taken together were lower than unity (I’ < 0.01). 

Saturation analysis of [3H]dopamine uptake (3 min) pro- 
duced a monophasic Eadie-Hofstee plot (Fig. 4A). Treat- 
ment with PMA (2 FM) significantly decreased rhe V,,, 
value from 108 + 11 to 30 + 4 pmol/mg proteinjmin (P < 
0.01) and the K,,, value from 2.2 + 0.5 to 0.9 + 0.04 PM (P 
< 0.01). Saturation analysis of [3H]WIN 35,428 binding 
(with “binding buffer”) produced a monophasic Scatchard 
plot (Fig. 4B). Treatment with PMA (2 PM) significantly 
decreased the B,,, value from 1.7 ? 0.4 to 1.2 * 0.3 pm011 
mg protein (P < 0.02) but did not affect the Kd value, (10 
f 3 vs 9 + 3 nM). 

In the absence of PMA, dopamine inhibited [3H]WIN 
35,428 binding, examined with the “uptake buffer,” with a 
stronger potency (KS0 of 1 .O + 0.1 PM) than in its presence 
(ICKY of 10.3 + 3.6 PM) (I’ < 0.01) (Fig. 5A). In addition, 
the Hill numbers were appreciably reduced from 0.85 f 
0.03 to 0.27 + 0.03 (P < 0.0001 )+ Both groups of Hill 
numbers were significantly lower than unity (P < 0.01). 
The combination of staurosporine and PMA shifted t-he 
dopamine inhibition curve to the left as compared with 
PMA alone with a lo-fold reduction in IC,, (P < 0.002) and 
with an increase in Hill number (P = 0.02) (Fig. 5B). 

Again, the Hill numbers were lower than unity either with 
(0.42 + 0.04) or without (0.27 * 0.03) staurosporine (P < 

0.001). 

Effect of PKC Inhibitors on Inhibitiun 
of C3H]WIN 35,428 Binding by a PKC Activator 

In the following experiments, t3H]WIN 35,428 binding, 
measured with the “binding buffer,” was inhibited by vary- 
ing concentrations of PMA in the presence and absence of 

a fixed concentration of staurosporine or chelerythrine. 
Staurosporine (0.3 pM) shifted the PMA inhibition curve 
significantly to the right with the ICY, going from 22 k 9 to 
76 + 29 PM (P < 0.05) (Fig. 6A). In contrast, chelerythrine 
(2 FM) had no effect (Fig. 6B). The presence of kinase 
inhibitor did not affect the Hill numbers much (on the 
average 0.31 to 0.53 in the absence and 0.36 to 0.75 in the 
presence of inhibitor); except for the PMA and staurospo- 
rine combination, the Hill numbers were statistically sig- 

FIG. 3. Concentration.de- 
pendent inhibition of [3H]do* 
pamine uptake (O......O) and 
[3H]WIN 35,428 biding (A- 
-A) by PMA. Cells were pree 
incubated with various con- 
centrations of PMA for 15 
min at 21” prior to a 30min 
exposure to [3H]dopamine or 
an 8-min exposure to 
f3H]WIN 35,428. Points 
shown are those obtained in a 
single experiment., assayed in 
triplicate, that was carried out 
four times. The insets show 
the means 2 SEM of these rew 
s&s. The average control up- 
take in the absence of PMA 
was 1.7 1 pmoYmg of protein, 
and the corresponding bind+ 
ing was 0.28 pmoUmg of pro- 
tein. Key: (a) P < 0.01 corn= 
pared with corresponding 
measure for uptake (unpaired 
Student’s t-test). 
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FIG. 4. Saturation analysis of [3H]dopamine uptake (A) and 
of [3H]WIN 35,428 binding (B) in the presence or absence 
of PMA (2 pM) added 15 min prior to the start of the assay. 
(A) [3H]Dopamine was present at 11 nM and increasing 
concentrations of unlabeled dopamine (0.1,0.3,1,3, and 10 
pM) were added for a total assay time of 3 min. (B) 
[3H]WIN 35,428 was present at 4 nM and increasing con- 
centrations of unlabeled WIN 35,428 (1,3,10,30, and 100 
nM) were added for a total assay time of 8 min. The straight 
line represents the best fit chosen by the LIGAND program. 
Shown are typical experiments, assayed in triplicate, that 
were carried out six times. The insets show the means * 
SEM of these results. Key: ( n ) no drug; (A) PMA; and (a) P 
< 0.02 compared with corresponding measure of the other 
group in the same panel (paired Student’s t-test). 

nificantly lower than unity (I’ < 0.0001). In the batch of 
C6-hDAT cells used for the experiments shown in Fig. 6B, 
PMA was somewhat more potent than generally observed 
in all other experiments. 

DISCUSSION 
Potency of PMA in Reducing Dopamine 
Transporter Function as Compared with Phorbol Esters 
That Are Less Active in Activating PKC 

The micromolar concentrations of PMA required for in- 
hibiting dopamine transporter function in the current sys- 
tem are considerably higher than the submicromolar con- 

centrations employed in most studies including the report 
of Kitayama et al. [22] on the rat dopamine transporter 
expressed in COS cells. It is possible that the current C6 

glioma cell expression system is less sensitive to phorbol 
esters perhaps by a more difficult redistribution of PKC into 
the membrane or a less favorable membrane environment 
for expression of activity of translocated PKC. The possi- 
bility was considered that micromolar concentrations of 

PMA caused nonspecific effects on [3H]dopamine uptake 
unrelated to PKC activation. Although 4ol-PDD did exert 

an inhibitory effect at 2 PM, 4a-PMA and 4au-phorbol had 
little or no effect at 2 FM. At the same concentration, 

PMA inhibited dopamine transporter function, and this 

was the concentration used in most experiments in this 
work. These results are consonant with the following pos- 
sibilities. First, the effects of both PMA and 4ol-PDD are 
unrelated to PKC activation. The present experiments do 
not allow us to definitely rule out this possibility. Second, 
the inhibition [3H]dopamine uptake by 2 p,M PMA is 

caused by PKC activation, and the effect of 4ar-PDD needs 
an additional explanation. ~cY_U-PDD may not be completely 
devoid of PKC stimulating activity, as micromolar levels of 
4a-PDD have been reported to slightly inhibit serotonin 

uptake into pulmonary artery endothelial cells, a process 
sensitive to PKC activation [13]. Thus, it is possible that 

micromolar concentrations of 4&U-PDD cause some PKC 
stimulation contributing to the inhibition of [3H]dopamine 

uptake in the present experiments, although other mecha- 
nisms are likely to be involved in view of the appreciable 
inhibition observed by a 2 FM concentration of both PMA 
and 4(~-PDD. 

In this context, it should be pointed out that transloca- 
tion of dopamine by the transporter is a complex process 

consisting of multiple steps [37] (see also below). Required 
ion gradients maintained by ion pumping membrane pro- 

teins may not be identical at different stages of the cycle of 

cell growth of the C6 glioma system used in the present 
experiments, even though the dopamine transporter pro- 

tein is stably expressed in this transfected cell line. This 
may explain the observed variability in [3H]dopamine up- 
take activity from experiment to experiment. The observed 
inter-experimental variation in the potency of PMA in in- 
hibiting [3H]dopamine uptake does not seem to be related 
to this phenomenon as there was no correlation between 

the potency of PMA in inhibiting uptake and the level of 
uptake (r = 0.33, N = 7, P = 0.46, % inhibition at 2 FM 
PMA vs control uptake in the absence of PMA, data of 

Figs. l-4). 

PKC Activation and Inhibition: 
Comparison with Published Observations 

The reduction in the B,,, value of [3H]WIN 35,428 bind- 
ing to C6-hDAT cells by PMA could be thought to result 
from a decrease in expression of dopamine transporter pro- 
tein by the C6 glioma cells unrelated to PKC activation. 
However, this is unlikely if the dopamine transporter pro- 
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FIG. 5. Concentration- 
dependent inhibition of 
[3H]WIN 35,428 binding by 
dopamine in the presence or 
absence of PMA (2 pM) or 
the combination of PMA (2 
pM) and staurosporine 
(STAURO) (0.3 pM). Key: 
(O......O) no drug; (A-A) 
PMA; and (O......O) PMA 
plus STAURO. Cells were 
preincubated with PMAI 
STAURO for 15 min at 21” 
prior to an 8.min exposure to 
[3H]WIN 35,428 and varying 
concentrations of dopamine. 
Data are shown as percent of 
specific binding in the ab- 
sence of dopamine but in the 
presence of PMA or PMAI 
STAURO as applicable. 
Points shown are those ob. 
tained in a single experiment, 
assayed in triplicate, that was 
carried out five (A) or four 
(B) times. The insets show 
the means * SEM of these re- 
sults. The average control 
binding in the absence of 
PMAwas 0.37 (A) or 0.52 (B) 
pmoumg of protein; the corre- 
sponding value was 0.271 
pmol/mg of protein with PMA 
(A), and 0.57 pmobmg of pro- 
tein with PMA plus STAURO 
(B). Key: (a) P < 0.02 com- 
pared with the corresponding 
measure of the other group in 
the same panel (unpaired Stu- 
dent’s t-test); and (b) P c 
0.002 compared with the car- 
responding measure of the 
other group in the same panel 
(unpaired Student’s t-test). 
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tein in the current expression system turns over with a 
half-life comparable to that of 23 hr reported in the porcine 
kidney epithelial cell line LLC-PK, [38], which is appre- 
ciably longer than the time scale of 0.5 hr or less in the 
present experiments. Rather, the involvement of protein 
kinase activation in the effect of PMA on binding is indi- 
cated by its attenuation by staurosporine, a protein kinase 
inhibitor. The possibility exists that PMA induces loss of 
transporter from the cell surface, although examples of in- 
ternalization have not been described for monoamine trans- 
porters. The counteractive effect of staurosporine on 
[3H]dopamine uptake was observed in the present experi- 
ments with not only PMA but also PDBu. Although stau- 
rosporine is not very selective among the various protein 
kinases, PKC is the likely target because phorbol esters such 
as PMA and PDBu (non-metabolizable analogs of diacyl- 
glycerol) bind selectively to the regulatory domain of PKC 
to unmask the active site in the catalytic domain [39]. In 
this context, it is of interest that chelerythrine, a more 

-6 -3 

[Dopamine] (M) 

specific PKC inhibitor, did not reverse the effect of PMA 
on [3H]dopamine uptake at concentrations sufficiently high 
to inhibit PKC [40]. It should be kept in mind that the 
mechanism of PKC inhibition differs between staurosporine 
which acts at the catalytic domain without interacting with 
the ATP domain [39], and chelerythrine which targets 
probably both the substrate and ATP binding site within 
the catalytic domain [40], and that PKC, rather than being 
one enzyme, consists of a family of closely related enzymes 
[39]. It is feasible that the member of the PKC family that 
is involved in dopamine transporter regulation is not sus- 
ceptible to chelerythrine. Differential sensitivity among 
PKC isoenzymes has been reported for the indolocarbazole 
inhibitor K252a which inhibits PKC-8 and -a much more 
potently than -(Y, -p, -7, and -5 [41], the indolocarbazole 
inhibitor Go 6976 which selectively inhibits PKC-a and 
+l [42], and a staurosporine derivative which differentially 
affects PKC-a, -p, and -y on the one hand and -6 on the 
other hand [43]. 
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FIG. 6. Concentration- 
dependent inhibition of 
[3H]WIN 35,428 binding by 
PMA in the presence or ab+ 
sence of staurosporine 
(STAURO) (0.3 PM) or chele 
erythrine (CHELER) (2 m). 
Key: (0 . . . . . ..O) no drug; (A- 
-A) STAURO; and ( +- 
+) CHELER. Cells were pre- 
incubated with drug for 15 
min at 21” prior to an 80min 
exposure to [3H]WIN 35,428 
and varying concentrations of 
PMA. Data are shown as per* 
cent of specific binding in the 
absence of PMA but in the 
presence of STAURO or 
CHELER as applicable. Points 
shown are those obtained in a 
single experiment, assayed in 
triplicate, that was carried out 
six times. The insets show the 
means * SEM of these results. 
The control binidng in the abd 
sence of drug was 0.25 (A) or 
0.20 (B) pmol/mg of protein; 
the corresponding value was 
0.27 pmol/mg of protein with 
STAURO (A), and 0.22 pmoY 

of protein with 
FfELER (B). Key: (a) P c 

0.05 compared with the cars 
responding measure of the 
other group in the same panel 
(unpaired Student’s t-test). 

The present finding of a reduced V,,, of [3H]dopamine 
uptake with PMA agrees with previous findings reported for 
the rat dopamine transporter by Kitayama et al. [22]. How- 

ever, the present reduction in the K,,, value stands in con- 
trast to the lack of effect reported in that study [22], perhaps 
reflecting a difference between the human and rat dopa- 
mine transporter, or a methodological difference such as the 
expression system used (C6 vs COS). Another difference 
between the two studies is the reduction in the B,,, of 
[3H]WIN 35,428 binding in the present experiments as 
opposed to the increase in the Kd value in the report of 
Kitayama et al. [22]. Regardless of the mechanism, the two 
studies share a phorbol ester-induced reduction in dopa- 
mine transporter function that is attenuated by staurospo- 
rine, suggestive of protein kinase involvement. The reduced 
V max of [3H]dopamine uptake by PMA would be in agree- 

ment with the possibility mentioned above consisting of 
loss of transporters from the cell surface by internalization. 

Inhibition of Phosphatase: 
Comparison with Published Observa&ms 

Consonant with results reported for rat striatal synapto- 
somes [19], okadaic acid did not alter [3H]dopamine uptake 
by C6-hDAT cells, nor did it enhance the effect of the 
phorbol esters PMA or PDBu in inhibiting dopamine up- 
take. The lack of effect of okadaic acid alone could be 
explained by postulating a threshold level of phosphorylat- 
ed transporters (resulting from ongoing phosphorylating 
and dephosphorylating action) required for down- 
regulating dopamine uptake in conjuction with the postu- 
lated existence of spare transporters [33]; inhibition of only 
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a subset of protein serine/threonine phosphatases (PP- 1, 
PP-2A [44]) by okadaic acid might not create a high 
enough level of phosphorylation as opposed to the effect of 
phorbol esters. The lack of potentiation of the dopamine 
uptake inhibitory effect of PMA and PDBu by okadaic acid, 
however, is harder to explain by this line of reasoning. 
Alternatively, dephosphorylation of the relevant residues 
in the dopamine transporter protein is carried out by a 
phosphatase that is less sensitive to okadaic acid, such as 
PP-2B (calcineurin) or not sensitive at all such as PP-2C 

[441. 
Bugnon et al. [45] reported that okadaic acid induces a 

slight dopamine release from bovine retina and enhances 
K’-, amphetamine-, or tyramine-induced dopamine release; 
all of these effects did not require extracellular Ca”. These 
findings were interpreted as supportive evidence for phos- 
phatase 1 and/or 2A inhibiting transporter-dependent do- 
pamine release, possibly through a direct effect on dopa- 
mine transporter function. Several possibilities exist. First, 
transporter function in the normal mode, taking up sub- 
strate from the extracellular to intracellular compartment, 
may be regulated by phosphorylation in a manner different 
from transporter function in the reversed mode. Second, it 
is possible that the bovine dopamine transporter is suffi- 
ciently different from that in the rat or human to explain 
opposite effects from an enhanced phosphorylation state 
(increased bovine but decreased rat or human dopamine 
transporter function). Third, the effects of okadaic acid in 
the bovine retina experiments may be more indirect; for 
example the authors themselves suggest an alternative pos- 
sibility consisting of an increase in cytoplasmic dopamine 

1451. 

Mechanism for Reduced Dopamine 
Transporter Function: Less likely Possibilities 

Regulation of subcellular redistribution of transporters is an 
intriguing potential mechanism for modulating dopamine 
clearance. Such a mechanism has been shown to be sus- 
ceptible to PKC for the rat brain GABA (GATl) trans- 
porter [17]. However, the time scale for changes of this type 
is much longer (days) [17] than that of the present experi- 
ments (~0.5 hr) which is more like the time frame of the 
glucose transporter relocation in response to insulin [46]. 
Another possibility is that changes in intracellular ionic 
composition underlie the effect of PKC activation of dopa- 
mine transport. In fact, glial cells are known to be endowed 
with the Na’/H’ exchanger [47], the Na+/Ca’+ exchanger 
[48], the Na’/HC03- co-transporter [49], and Na+, K’- 
ATPase [50], all enzymes involved in maintaining the 
transmembrane ion gradients; phosphorylation of at least 
one of these enzymes, the Na’/H’ exchanger, is likely to 
occur [51]. In addition, phosphorylation of glial non-gated 
K’ channels, which determine the high K’ permeability 
underlying the glial membrane potential [52], could impact 
on dopamine transport because the latter is known to be 
electrogenic [37]. However, all these explanations would 

require us to view the effects of PMA (with or without 

staurosporine) on dopamine transport as being entirely dis- 
tinct from those on [3H]WIN 35,428 binding. Yet, there is 
overwhelming evidence that dopamine and WIN 35,428 
interact with common binding domains on the transporter, 
in addition to the involvement of separate domains [26- 
30]. Furthermore, [3H]WIN 35,428 is likely to bind pre- 
dominantly on the external face of the cell membrane 
where [Na’] is high and [K’] low [53]. The parallel effects 
on dopamine uptake and WIN 35,428 binding may there- 
fore be related, obviating the need to invoke phosphoryla- 
tion phenomena that only apply to dopamine transport. In 
this context it is interesting that the potency of PMA in 
reducing [3H]dopamine uptake was quite similar to that in 
inhibiting [3H]WIN 35,428 binding when the two assays 
were performed under identical conditions, and that stau- 
rosporine counteracted the effect of phorbol esters both on 
t3H]dopamine uptake and on [3H]WIN 35,428 binding. 

Mechanism for Reduced Dopamine 
Transporter Function: More likely Possibilities 

Although there is no agreement on the exact location of 
the substrate and blocker recognition domains from recent 
mutagenesis [54,55] d h’ an c lmera [56, 571 studies, the likely 
candidates so far are located within the transmembrane 
domains, whereas the PKC consensus sites are in the large 
intracellular N-terminal chain and in the small intracellu- 
lar loop between the 4th and 5th transmembrane domain 
[20]. Thus, the phosphorylation sites may lie outside the 
substrate or blocker domains with phosphorylation involv- 
ing conformational changes affecting dopamine or WIN 
35,428 recognition. However, it should be kept in mind 
that a consensus sequence is neither sufficient nor necessary 
for the phosphorylating action of a protein kinase [44]. 
Placement of phosphorylation sites within dopamine/WIN 
35,428 domains is contemplated in the following specula- 
tive model. Activation of PKC by phorbol esters reduces 
the number of available, functionally active dopamine 
transporters, causing a decrease in the V,,, of [3H]dopa- 
mine uptake. In addition, phosphorylation creates trans- 
porter protein that is unable to bind [3H]WIN 35,428, caus- 
ing a reduction in the B,,, value. The remaining function- 
ally active transporters bind [3H]WIN 35,428 with 
unchanged affinity (same I$) but take up [3H]dopamine 
with a reduced K,,, (see below). If we accept a shared do- 
main involved in the binding of [3H]WIN 35,428 and do- 
pamine [26-301, then the lower potency of dopamine in 
inhibiting [3H]WIN 35,428 binding after PMA treatment 
indicates a lower affinity of dopamine for the transporter 
(see below for the apparently contradictory reduction in the 
IX,,, of [3H]dopamine uptake). This could be the result of 
phosphorylation of residues lying inside the dopamine bind- 
ing domain, but outside the WIN 35,428 binding domain 
because these phosphorylated transporters still recognize 
[3H]WIN 35,428 with the same Kd. A phosphorylation ef- 
fect appears to be involved in the change in the affinity of 
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dopamine upon PMA tratment because the co-presence of 
staurosporine prevents the reduction in affinity and tends 

to normalize the affinity of dopamine towards that observed 

in the absence of PMA. The present results suggest two 

types of concurrent phosphorylation effects. The first type 
involves sites in the dopamine domain but outside the WIN 

35,428 binding domain which, when phosphorylated, affect 
dopamine but not WIN 35,428 binding. The second type 
affects both the dopamine and WIN 35,428 domain causing 
loss of not only [3H]dopamine uptake but also [3H]WIN 
35,428 binding; th e responsible phosphorylation targets 

could be in the domain that is shared by dopamine and 

WIN 35,428. The affinity of dopamine for transporters 

phosphorylated by the second type of mechanism is un- 
known because these transporters do not bind [3H]WIN 

35,428, but we speculate it is low. Of course it should be 
emphasized that the above model is hypothetical, and that 

phosphorylation of the transporter is yet to be documented. 

Factors Affecting both K,,, 
a7ld v_ of [3HJDopamine Uptake 

If [3H]WIN 35,428 labels the dopamine transporters re- 
maining functionally active in taking up [3H]dopamine af- 
ter PMA treatment, it remains to be explained why the 
uptake K,,, is reduced at the same time that the affinity of 

dopamine, as measured by inhibition of [3H]WIN 35,428 
binding, is reduced. In this context, it is important to recall 

that the K,,, is a complex parameter consisting of many 

more components than the corresponding Kd parameter 
measured in binding experiments [58]. A good example of 

this can be found in the model outlined by Schomig et al. 
[59] involving binding, translocation, release, and reorien- 
tation rate constants. Using their definitions and equations, 
in the absence of inhibitor, one can derive that K,,, = KS (1 

+ k&l ) &3/V+ + U) and V,,, = %I, * k, Wk~ + k,l), 
in which KS = equilibrium dissociation constant for exter- 

nal substrate binding, CTOT = total concentration of car- 
rier, k_, = dissociation rate constant for external substrate 

binding, k, = rate constant for translocation of loaded car- 

rier and internal substrate release, and k, = reorientation 
rate constant. Thus, a change in k3 would affect both K,,, 

and V,,, equally because it occurs only in the term that is 

shared between the two parameters, (k,/[k, + k,]). It is 
possible that PMA reduces the reorientation rate constant, 
which will lower (k,/[k, + k,]) thus exerting a lowering 
effect on both K,,, and V,,,. In considering the effect of 
PMA on the K,, the reduction in k, by type 1 phosphor- 
ylation (see above) must be greater than the increase in Ks 
predicted from the decrease in dopamine affinity observed 
in the [‘HIWIN 35,428 binding experiments. For the effect 

of PMA on the V,,,, the type 2 phosphorylation can be 

thought to reduce the number of available functional car- 
riers, causing a decrease in C,,,, whereas the type 1 phos- 
phorylation reduces k,. The combination of both of these 
effects may explain the greater effect of PMA on the V,,, 
than the B,,,. With regard to substrate recognition, it is of 
interest that PMA not only renders dopamine weaker in 
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inhibiting [3H]WIN 35,428 binding, but also makes the 
dopamine inhibition curve more flat with a lower Hill num- 

ber as compared with the absence of PMA or with the 

combination of PMA and staurosporine. This may reflect a 
different mechanism of interaction between dopamine and 

the phosphorylated transporter, perhaps involving confor- 
mational changes. 

Concluding rema&s 

The present results and those of Kitayama et al. [22] stand 
in contrast to the suggestion of Giambalvo [60] that PKC 

activation enhances dopamine transporter function and 
that PKC inhibition reduces function. The latter conclu- 

sion was based on a complex design of amphetamine- 
induced dopamine release from synaptosomes in the pres- 

ence of PKC activators or inhibitors, and measurement of 
amphetamine-induced changes in PKC activity in different 
subcellular fractions. Clearly, the effects of amphetamine 

and its derivatives are complex [61] and may involve PKC- 
sensitive steps distal from the dopamine transporter. Be that 
as it may, regulation of dopamine transport by PKC is a 
potentially important mechanism for modulating dopamine 
transmission. In addition to the action of the classic second 
messenger diacylglycerol on PKC, other membrane phos- 

pholipids take part in activating PKC such as products 
originating in the phospholipase AZ-induced phosphatidyl- 

choline hydrolysis pathway [62]. Thus, different pathways 
can converge upon PKC to regulate dopamine transmission 

through changes in dopamine transporter function [63]. 
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