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Abstract 

Ventral mesencephalic neurons contained only low-affinity and sodium-independent binding 
sites of [3H]WIN 35,428 (marker of dopamine transporter) during the first 10 d in primary cul- 
tures. These sites were present in cytosol, and they are not very probably related to doparnine 
transporter. After 12 d in culture, membrane-bound, high-affinity, and sodium-dependent  
[3H]WIN 35,428 binding sites were detected. In membranes prepared from cells 14 d in culture, 
cocaine displaced [3H]WIN 35,428 binding with similar potency to that in striatal membranes of 
adult rat brain. The high-affinity [3H]WIN 35,428 binding sites in mesencephalic neuronal cell 
cultures are very probably related to dopamine transporter. The development of high-affinity 
[3H]WIN 35,428 binding sites in neurons cultured for different time periods could be a useful 
model of dopamine transporter ontogenesis. 

Index Entries: Dopamine transporter; ontogenesis; primary cultures; [3H]WIN 35,428 binding. 

Introduction 

D o p a m i n e  up t ake  is inhibi ted by series of 
agen ts  that  b i n d  wi th  a h igh-af f in i ty  to the 
d o p a m i n e  t r a n s p o r t e r .  The  m o s t  e f f i c ien t  
inhibi tors  of d o p a m i n e  up take  are cocaine and 
its d e r i v a t i v e s ,  d i p h e n y l p i p e r a z i n e  c o m -  
p o u n d s  (GBR 12909), m a z i n d o l ,  and  so on. 
Some of t hem are useful  d o p a m i n e  t ranspor ter  
l i g a n d s  (e.g.,  coca ine  d e r i v a t i v e  [3H]WIN 
35,428) (Kennedy and Hanbauer ,  1983; Madras  

et al., 1989a,b; Ritz et al., 1990). Recently, the 
d o p a m i n e  t r anspor t e r  c o m p l e m e n t a r y  D N A  
has been  c loned  and  e x p r e s s e d  in Xenopus 
oocytes a n d  COS cel ls  (Ki l ty  et  al. ,  1991; 
Sh imada  et al., 1991; Boja et al., 1992). In trans- 
fected COS cell membranes ,  [3H]WIN 35,428 
b ind ing  had  a similar pharmacolog ica l  profile 
as that in striatal m e m b r a n e s  (Shimada et al., 
1991; Boja et al., 1992), indicat ing that  d o p a m -  
ine u p t a k e  and  [3H]WIN 35,428 r ecogn i t ion  
sites were encoded  by the same cDNA. 

*Author to whom all correspondence and reprint requests should be addressed: Dr. Martin Vaich~iL State Institute 
for Drug Control, ~rob~irova 48, 100 41 Praha 10, Czech Republic. 
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It is well known that high-affinity dopamine 
uptake is present in primary mesencephalic 
neurona l  cell cul tures prepared  from rat 
embryos (Prochiantz et al., 1979; Cerruti et al., 
1991; Grilli et al., 1991). Specific binding of 
[3H]cocaine and [3H]mazindol was found in 
these intact cell cultures cultured for 5 d, and 
the binding sites were present in cytosol (Grilli 
et al., 1991). It was not clear whether these sites 
are related to dopamine transporter. 

In this study, we used [3H]WIN 35,428 as a 
ligand to characterize its binding sites in intact 
mesencephalic neurons cultured for 5 d. We 
found that these sites are not related to dopam- 
ine transporter. In the following experiments, 
we extended the time of cultivation until 20 d. 
The second, high-affinity [3H]WIN 35,428 
binding site appeared after 12 d in culture, and 
it is related to the dopamine transporter. It is 
proposed that measurement of [3H]WIN 35,428 
b ind ing  in mesencepha l ic  neurona l  cells 
cultured far different periods would be a use- 
ful model for the studies of dopamine trans- 
porter ontogenesis. 

Materials and Methods 

Drugs and Radioactive Materials 
[3H]WIN 35,428 and [3H]dopamine were 

used from NEN (Boston, MA). The source of 
GBR 12909 and WIN 35,428 was Research 
Biochemicals, Inc. (Natick, MA); cocaine.HC1 
methane sulfonate was obtained from Merck, 
Sharp, and Dohme (St. Louis, MO). 

Preparation of Cell Cultures 

Primary cultures of mesencephalic neurons 
were prepared from 14-d-old embryos (pre- 
cisely timed pregnant Sprague-Dawley rats; 
Zivic-Miller, PA) as described previously 
(Valch~D and Hanbauer, 1993). The rostral por- 
tion of the mesencephalon was dissected, and 
the tissue was mechanically dissociated. Cells 
were centrifugated (100g for 3 min), resus- 
pended in complete medium, and cultured in 

mult iwell  plates (16 mm diameter;  Costar, 
Cambridge, MA) or in Petri dishes (90 mm 
diameter) that previously were coated with 
poly-D-lysine (15 ~g /mL,  53,000 mol wt, 
Sigma, St. Louis, MO). Cells were p la ted  
(40,000 cells/cm 2) and cultured for 5-20 d at 
37~ in an atmosphere of 95% air and 5% CO 2 
saturated with H20. The culture medium was 
composed of a 1:1 mixture of Modified Essen- 
tial Medium (Gibco BRL, Gaithersburg, MD) 
and Nutrient Mixture F12 (Gibco BRL), supple- 
mented with 15% horse serum (Hyclone Labo- 
ratories, Inc., Logan, UT), 6 m g / m L  glucose, 2 
mM glutamine (Gibco BRL), and 0.5 U / m L  
penicillin-G and 0.5 mg /mL streptomycin. To 
inhibit glial cell growth, cytosine-~-D-arabino- 
furanoside (Sigma) in a final concentration of 1 
~tM was added on the 5th d in culture. After 
the 5th d in culture, one quarter of culture 
medium was replaced each 48 h. 

Membrane Preparation of Striata 
and Mesencephalic Cell Cultures 

Striata were dissected from brains of adult 
male rats (Sprague-Dawley, Zivic Miller, 150- 
200 g). The tissue was h o m o g e n i z e d  by 
Polytron (15 s; setting 5) in 20 vol (w/v) of 50 
mM Tris-HC1 buffer (pH 7.4 at 4~ and centri- 
fuged at 38,700g at 4~ for 20 min. The resulting 
pellet was resuspended in 40 vol of the buffer, 
and the procedure was repeated twice. Protein 
concentration was determined after the last 
centrifugation (Lowry et al., 1951), and was 
adjusted to 1.0 mg/mL. 

[sH]WlN 35,428 Binding 
to Striatal Membranes 

Modified method of Madras et al. (1989b) 
was used. Membranes were incubated in Tris- 
HC1 buffer (pH 7.4) in the presence of 120 mM 
NaC1 and 4 nM [3H]WIN 35,428 in a total vol- 
ume of 0.5 mL (0.1 mg of protein/sample) at 
0-4~ for 2 h. Incubation was s topped by 
vacuum filtration through Whatman GF/C fil- 
ters previously soaked with 0.1% polyethyl- 
eneimine. Each tube was rinsed. The filters 
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were  washed  three t imes wi th  4 mL of ice- 
cold 50 mM Tris-HC1 buffer, and incubated 
overn igh t  in 10 mL of scint i l lat ion cocktail  
(Ready Safe, Beckman). Thereafter, radioactiv- 
ity was measured  wi th  Beckman LS5000 TD 
scinti l lat ion spectrometer .  Nonspecif ic  bind- 
ing was measured  in the presence of 10 ~M 
GBR 12909. 

Cell Culture Membrane Preparation 
and [3H]WlN 35,428 Binding 

Cells cultured in Petri dishes (diameter 90 
mm) were washed  three times with  3 mL of 
PBS to remove  cul ture  m e d i u m .  Cells were  
removed  from the bottom of Petri dishes and 
centrifuged at 38,700g at 4~ for 20 min. Pellet 
was suspended  in 40 vol (w/v)  50 mM Tris- 
HC1 buffer (pH 7.4 at 4~ and centrifuged at 
38,700g. Further steps in membrane  prepara- 
tion and [3H]WIN 35,428 binding were  identi- 
cal to those in striatal membranes.  

[3H]WIN 35,428 Binding 
and [3H]Dopamine Uptake to Intact Cells 

The p rocedure  was descr ibed p rev ious ly  
(Valch~i/" and Hanbauer ,  1993). Cells in each 
well of a mult iwell  plate were  washed three 
times with 0.5 mL PBS buffer containing Ca 2+ 
and Mg 2+ (Dulbecco and Vogt formulat ion;  
Qual i ty  Biological Inc., Gai thersburg,  MD), 
and then were  incubated in 200 ~tL of the same 
buffer containing 4 nM [3H]WIN 35,428 or 50 
nM [3H]dopamine.  The b ind ing  was  termi- 
nated by removing the incubation solution and 
r i n s ing  the cells w i th  ice-cold  i n c u b a t i o n  
buffer. The cells were  lysed and transferred 
from the wells into scintillation vials using 0.25 
mL of 0.2N NaOH containing 0.2% Triton X- 
100. The wells were  rinsed with an equal vol- 
ume of 0.2N HC1 containing 0.2% Triton X-100, 
and the rinses were added  to the vials. To the 
combined solutions, 10 mL of liquid scintilla- 
tion cocktail were  added,  and the radioactivity 
was measured  using scintillation spectrometry. 
The nonspecific b inding was de termined in the 
presence of 50 ~Vl GBR 12909. 

Data Analysis 
The IC50 values were  calculated by regres- 

sion analysis (least-square method)  of the spe- 
cific [3H]WIN 35,428 binding.  The LIGAND 
program was  used for the es t imat ion of the 
densi ty  of sites (Bma x) and dissociat ion con- 
stant (K d) by iterative nonlinear  curve fitting 
(Munson and Rodbard, 1980). One- and two- 
componen t  b ind ing  mode ls  were  c o m p a r e d  
using root mean  square  error  of each fit and  
the F-test. 

Results 

In cells cultured for 5 d, the [3H]WIN 35,428 
binding sites were  saturated in a very high con- 
centra t ion of the l igand and only one low- 
affinity b ind ing  site was  found  (Fig. 1). K d 
value in this exper iment  was 371,000 nM (in 
striatal membranes  was 34 nM). In these cells, 
GBR 12909 displaced [3H]WIN 35,428 in much 
higher concentrations in comparison to striatal 
membranes .  In the case of cocaine displace- 
ment,  the difference was  even higher (Fig. 2). 
We c o m p a r e d  the  effects  of all a v a i l a b l e  
dopamine  uptake inhibitors and agents with 
different molecular  mechanisms on [3H]WIN 
35,428 b inding  both in intact mesencephal ic  
neuronal  cell cultures and striatal membranes  
and on [3H]dopamine uptake in intact mesen- 
cephalic neurona l  cell cul tures  (see in more  
detail, Valch~t and Hanbauer ,  1993). No cor- 
relation in the drug-inhibi tory effects be tween  
[3H]WIN 35,428 binding to mesencephal ic  neu- 
ronal cell cultures and striatal membranes  was  
found. Also, no relationship of the drug-inhibi-  
tory  effects on [ 3 H ] d o p a m i n e  u p t a k e  a n d  
[3H]WIN 35,428 binding to intact mesencepha-  
lic neuronal  cell cultures existed, but  a good 
correlation (r = 0.779) appeared  be tween  the 
d rug  inhibi t ion of [3H]dopamine up t ake  to 
m e s e n c e p h a l i c  n e u r o n a l  cell  c u l t u r e s  and  
[3H]WIN 35,428 binding in striatal membranes .  
In mesencephalic neuronal  cells cul tured for 5 
d, other experiments showed  that the b ind ing  
was reversible, sod ium- independen t ,  and no 
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Fig. 1. (A) Saturation curve for [3H]WIN 35,428 binding in mesencephalic neuronal cells cultured for 5 d. In 
saturation experiments, to 4 nM [3H]WIN 35,428 was added nonlabeled WIN 35,428 to obtain final ligand 
concentration ranging from 50-2000 luM. [iach point is the mean of two values. (B) Scatchard analysis of data 
from (A) gives a K d of 371,000 and Bma • 3.07 pmol/well. For mean data of K o, values, s e e  Table 1. 

specific binding was measurable in mem- 
branes prepared from these cells. 

Taken together, the low-affinity binding of 
[3H]WIN 35,428 in mesencephalic neuronal 
cells cultured for 5 d, which is present in cyto- 
sol, has no relationship to dopamine trans- 
porter. Because dopamine  transporter is 
present in these cells, density of its binding 
sites is not sufficient to be measurable using the 
[3H]WIN 35,428 method. 

In intact cells cultured for 20 d, [3H]WIN 
35,428 binding sites were saturated in much 
lower concentration of the ligand than in mes- 
encephalic cells cultured for 5 d (Fig. 3A). 
Scatchard analysis  of these exper iments  
showed that in cells cultured for 5 d, only one 
low-affinity binding site existed (Fig. 3B), but 
in cells cultured for 20 d, it distinguished both 
high- and low-aff inity  b inding sites of 
[3H]WIN 35,428 (Fig. 3C). 
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Fig. 2. Displacement of 4 nM [3H]WIN 35,428 specific binding by GBR 12909 (A) and cocaine (B) in striatal 
membranes of adult rats (black circles) or in intact mesencephalic neuronal cells cultured for 5 d (open squares). 
Each point is the mean of two values. 

The development of [3H]WIN 35,428 bind- 
ing affinities in intact mesencephalic neuronal 
cells as a function of time in culture is summa- 
rized in Table 1. The high-affinity binding sites 
were detectable in mesencephalic neuronal 

cells since 12 d in culture. The K d value of low- 
affinity binding sites was not changed during 
the cultivation. 

The binding of ligands to neurotransmitter 
transporters is Na+-dependent. This feature 
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Fig. 3. (A) Saturation curves of [3HJWIN 35,428 specific binding to intact mesencephalic neurons cultured 
for 5 d (black circles) or 20 d (open squares). Final concentrations of the ligand ranged from 4 nM to 2 mM (for 
details, see Fig. ~). (B) Scatchard analysis of the saturation curve obtained from neurons cultured for 5 d. (C) 
Scatchard analysis of the saturation curve from neurons cultured for 20 d. 

Table 1 
Affinity of [3H]W][N 35,428 Binding Sites in 

Primary Mesencephalic Neurons 
Cultured for Different Periods ~ 

n Kel, n M  Kd2 , n M  

5 d 5 n.d. 138,000 _+ 22,000 
7 d 1 n.d. 151,000 
8 d 4 n.d. 170,000 _+ 28,000 

10 d 3 n.d. 119,000 _+ 11,000 
12 d 2 77.3 141,000 
14 d 2 25.3 80,000 
20 d 3 43.0 +_ 7.7 193,000 +_ 61,000 

n.d.--Not  detectable. 
aMeans _+ SEM are given when n > 2 ( n - - n u m b e r  of 

independent experiments). 

was not found in [3H]WIN 35,428 b ind ing  in 
intact mesencephalic  neurons  cul tured for 5 d 
(Fig. 4A). However ,  in intact cells cul tured and 
incubated for 14 d in the presence of 120 m M  
NaC1, both high-affinity (K~I= 68 nM) and low- 
affinity (K~2= 124,000 nM) binding sites were  
determined (Fig. 4B), but  in the absence of Na § 
only the low-affinity binding site (Kd= 116,000 
nM) was detected. In membranes prepared from 
mesencephalic neurons  cultured for 14 d, the 
binding of [3H]WIN 35,428 was of high-affinity 
(K d = 45 nM) and sodium-dependent  (Fig. 5). 

Cocaine displaced [3H]WIN 35,428 b inding  
in intact mesencephalic neurons cultured for 14 d 
in lower concentrations than it did in intact cells 

Molecular Neurobiology Volume 11, 1995 



Dopamine Transporter Ontogenesis 117 

I,O A 1,o B 

12o 

lOO 

-~ oo 

o 60 
'5 

o < 40 

20 

10 .9 

. . . . . . .  i . . . . . . . .  ~ . . . . . . . .  i . . . . . . . .  1 . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i 

10 .7 I0 "s 0,001 

WIN 35,428 concentrat ion [M] 

E 
8 

"6 

12o 

100 

00 

60 

40 

20 

0 

10 .9 

. . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i . . . . . . . .  i , . . . . . . .  i 

10" 7 10" s 0.001 

WIN 35,428 concentration [M] 

Fig. 4. Sodium-dependency of [3HIWIN 35,428 binding to intact mesencephalic neurons being in culture 
for 5 d (A) or 14 d (B). 120 mM NaCI was present (black circles) or absent (open squares) in the incubation 
medium. In the Na+-free buffer, NaCI was replaced by choline chloride in the same concentration. Final 
concentrations of the ligand ranged from 4 nM to 1 mM (for details, see Fig. 1 ). Each point represents the mean 
of two determinations in triplicate. 
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Fig. 5. Sodium dependency of [3H]WIN 35,428 
binding to membranes prepared from mesencephalic 
neurons cul tured for 14 d. Membranes were 
incubated in the presence (black circles) or absence 
(open squares) of 120 mM NaCI. Final concen- 
trations of the ligand ranged from 4 nMto  1 mM (for 
details, see Fig. 1). Each point is the mean of two 
determinations in triplica!e: 

cultured for 5 d (Table 2). In membranes prepared 
from mesencephalic neurons cultured for 14 d, 
cocaine d isp laced  [3H]WIN 35,428 b i n d i n g  

Table 2 
Comparison of [3H]WIN 35,428 Binding Inhibition 

by Cocaine in Membrane Preparations 
and in Mesencephalic Neurons Cul~red for 5 or 14 [Y 

Cocaine 

Striatal membranes 
Membranes from CVMN ~' 

cultured for 14 d 
Intact CVMN cultured for 5 d 
Intact CVMN cultured for 14 d 

196 
193 

340,000 
10,900 

~The inhibition is expressed in ICs0 values (nM). 
~CVMN; cultures of ventral mesencephalic neurons. 

practically in the same concent ra t ions  as in 
striatal membranes  from adult  rat (Table 2). 

Conclusion 

Our experiments showed that the high-affin- 
ity binding of [3H]WIN 35,428 to intact cells 
cultured for different periods was detectable 
since 12 d of cultivation. The dissociation con- 
stant of the high-affinity b inding of the l igand 
is in the nanomolar  range of concentrat ion and 
its value is comparable  to the K d in striatal  
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Table 3 
Comparison of [3H]WIN 35,428 Binding Site Characteristics in Mesencephalic Neurons Cultured 

for 5 D and for 14 D (High-Affinity Site) and in Striatal Membranes Prepared from Adult Rats 

Cells cultured 
Cells cultured for 5 d for 14 d, high-affinity site Striatal membranes 

K~ (nM) 138,000 25.3 34.0 
Effective concentrations ~tM nM nM 

of dopmine uptake 
inhibitors 

Sodium dependence No Yes Yes 
Location Cytosol Membrane Membrane 

membranes .  (Table 3). The high-affini ty bind-  
ing was s o d i u m - d e p e n d e n t ,  and  it was  present  
in m e m b r a n e s  of the cells. Finally, d o p a m i n e  
u p t a k e  inh ib i to rs  d i sp laced  the  m e m b r a n e -  
b o u n d  [3H]WIN 35,428 b ind ing  in the nanomo-  
lar concen t r a t i on  range,  as it d id  in str iata |  
membranes .  These f indings  make  possible the 
conclus ion that these sites belong to DA trans- 
porter .  It is e v i d e n t  that  cytosol ic  [3H]WIN 
35,428 b ind ing  sites in cells cu l tured  for 5 d 
have  different  p roper t ies  and  very  probably, 
they are not  related to d o p a m i n e  transporter.  

Because it is possible to observe the increase 
of the high-aff ini ty [3H]WIN 35,428 b ind ing  in 
mesencepha l ic  neurona l  cell culture dur ing  the 
cultivation, this approach could be useful in the 
s tudy of dopamine  transporter ontogenesis. 
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