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Abstract -The uptake and binding of radioacttvc h-hydroxydopamine (h-OH-DA) and radioactive dopa- 
mine (DA) were investigated in an adrenergic clonal line of ncuroblastoma. NIE-I 15. derived from 
the murine tumor C-1300. Monolavcr cultures of NIE-I I5 cells accumulated four times more 6-OH-DA 
than DA. Rcserpinc inhihited the uptake of DA. but not that of 6-OH-DA. When uptake was followed 
by a releass period. these cells retained a much grcatcr proportion of 6-OH-DA than DA. Determination 
of protein binding showed that 1300 pmoles.‘mg of protein of 6-OH-DA or its oxidation products 
was bound. compared to I20 pmolcs/mg of protein of DA. Disc gel clectrophorcsis of the cellular 
proteins revcalcd an increase in the proportion of high molecular weight protein in cells incubated 
with 6-OH-DA when compared to proteins from cells treated with DA. The high molecular weight 
proteins contained hound 6-OH-DA. In a murinc L-cell. B87. the uptake of both 6-OH-DA and 
DA was considerably less than in the ncuroblastoma ccl1 NI E-l 15. The percentage of radioactivity 
bound to protein in h-OH-DA-treated cells was similar in hoth cell types and represented about 
20 per cent of the total radioactivity. The results suggest that the cytotoxicity of 6-OH-DA results 
from irreversible covalent binding of one of the oxidation products of 6-OH-DA to cellular proteins 
with concomitant protein-crosslinking. 

6-Hydroxydopamine (6-OH-DA) exerts a selective cy- 
totoxic effect on adrenergic neurons in both the pert- 
pheral sympathetic and central nervous systems. Cy- 
totoxicity apparently results when 6-OH-DA is accu- 
mulated in high concentrations within these cells. and 
undergoes oxidation and covalent binding to cellular 
proteins (for reviews. see Refs. I -3). In the prcscnt 
studies. an adrenergic clonal line of neuroblastoma. 
NlE-I 15 [4]. derived from the murine tumor Cl300 
[S]. was used as a model system to investigate the 
interaction of h-OH-DA and/or its oxidation prod- 
ucts with neuronal proteins. The Cl300 tumor is pre- 
sumed to originate from a sympathicoblast cell, and 
the cell lines derived from it might be expected to 
exhibit a sensitivity to 6-OH-DA similar to that ex- 
pressed by developing adrenergic neurons. The 
NIE-115 clone and certain other ccl1 lines obtained 
from the Cl300 tumor possess properties typical of 
adrenergic neurons (for reviews. see Refs. 6 and 7). 
These include electrical excitability 181. extensive 
neurite formation 141. high activities of tyrosine hyd- 
roxylase [4] and dopamine P-hydroxylasc [9]. and 
large dense core vesicles (M. Daniels and M. Niren- 
berg. unpublished data). Uptake of dopamine (DA). 
the conversion of DA to norepincphrine and catecho- 
lamine storage in NIE-1 I5 cells arc inhibited by re- 
serpine, and thus probably associated with storage 
vesicles [IO]. If binding of 6-OH-DA and/or its oxi- 
dation products occurs preferentially to particular 
protein species in adrcnergic neuronal cells. it is prob- 
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able that theso proteins will also be found in N lE-I 15 
cells. 

Previous studies have indicated that 6-OH-DA may 
have a differential cytotoxic effect on murine neuro- 
blastoma versus other cell types. Thus. Angeletti and 
Levi-Montalcini [I 11 showed that exposure to a 
I x lo-’ M concentration of 6-OH-DA for 24 hr 
caused extensive death of neuroblastomz cells. hut 
had no apparent cffcct on HeLa or murine sarcoma 
cells. Prasad [l?] observed a 50 per cent inhibition 
of increases in neuroblastoma cell numbers after 48 
hr of exposure to 5 x IO-’ M 6-OH-DA; similar in- 
hibition of Chinese hamster ovary (CHO-K) and baby 
hamster kidney (BHK-21) cells occurred only with at 
least ‘-fold higher concentrations of amine. DA under 
similar conditions at lo-fold higher concentrations in- 
hibited neuroblastoma growth by 50 per cent, 
CHO-K growth by only 20 per cent and BHK-21 
growth not at all. In the present report, we present 
evidence that 6-OH-DA accumulates in cultures of 
N 1 E- l 15 and undergoes such extensive covalent bind- 
ing to cellular proteins that the distribution and 
character of the proteins of this cell line arc actually 
altered. 

METHODS APiD MATERIALS 

Cc// ~dtu~.e. The adrenergic neurobkdstoma clone 
N I E-l 15 [4] used in these studies was kindly pro- 
vided by Dr. M. W. Nirenberg. This cell line was 
originally obtained as a single cell clone from an un- 
cloned line of the murine neuroblastoma C 1300. Mur- 
ine L-cells B82 [ 131 were also used in some exper- 
iments Cells were maintained routinely in monolayer 
culture in the DulbeccoVogt modification of Eagle’s 
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medium (DMEM) free from contamination by my- 
coplasma. as previously dcscribcd [ 141. 

For uptake experiments cells were suspended b, 
trituration and plated at a density of 10” cells’35-mm 
well (7 cm’) in six well plates (Linbro Chemical Co.) 
using DMEM medium containing Y,, fetal calf serum 
(Colorado Serum Co.). Cells were fed at 2- to 3&y 
intervals and used after approximately 1 week of cul- 
ture. At this time. the monolayer was approximately 
80 per cent confluent and the cells had formed neur- 
ites se\cral hundred microns in length. 

Isorol’ic JJJ~‘~l51/i‘~‘/Jl~‘iJr.s of J,/Jftr!il, trrlrl fI+tr.\c~. Im- 

mediatclq upon removal from the incubator. mono- 
layers were rinsed three times with an isotonic. mod- 
tied Dulbecco’s phosl7hatc-bulfcrcd saline containing 
129 mM NaCI. 2.5 mM KCI, 74 mM Na,HPOA. I.3 
mM KH?PO,. 0.63 mM CaCI,. 0.74 mM MgSO1. 
5.3 mM gl~cosc. 46 mM sucrose. 0.1 mM ascorbic 
acid and 0.2 mM nialamide (Sigma). pH 7.2. 330 
mOsm. This buffer was prcparcd fresh dail! by ad- 
ding the last four components (stored fro/en) to the 
salt solutions. c‘clls WI-C incuhatcd in 0.3 to 0.5 ml 
of this buffer per well. In some casts. rcscrpine (Sig; 
ma) was added at a final concentration of 2 x 10 ’ 
M. All experiments ucrc pcrformcd in air at .36 
[3H(G)]3.4-dihydroxyphcncthylaminc (DA) (Nc14 
England Nuclear) was presented to the cells at linal 
concentrations of I 4 x IO ’ M. and specific activi- 
ties of 14 lo0 &‘,‘~cmole. [“HI&OH-DA was prc- 
scnted at I to 5.5 x IO ’ M. IO .30 /tC‘i /molt. Aftet 
various intervals. monolayc~-s \\ crc Mashed rapidI> 
four times with 3-ml aliquots of ice-cold bulTer con- 

taining no calcium. Uptake was dctci-mined 1~~ drying 
the monolayers at 50 for 20 min. dissolving the cells 
in a volume of 0.2 N NaOH cquivalcnt to the incuba- 
tion buffer and counting I(K)-ill aliquots of the cell 
digests in 1 ml of I M Tris HCI. pH 7.3 and IO ml 
of a scintillation mixture consisting of 166 ml RPI 
Scintillator (NC\\, England Nuclear). X34 ml toluenc 
and 1000 ml Triton X- 100. This pi-occdurc M;IS modi- 
tied from Catterall and Nirenbcrg [ 151. For rclcasc 
studies. l-ml aliquots of fresh buffer \vcrc added to 
each well after washing. Relcasc incubation5 v~erc 
continued at 36 or as otherwise indicated for ad- 
ditional intervals as spccilied in the text. The I~ulTc~ 

was then rcmovcd and the radioactivit> rctainsd 1~1 
the cells was dctermincd without further dashing. 
Protein dctcrminations were performed on cell digests 
by the method of Lowry c’t trl. [ 161 using ho\ inc scr- 
urn albumin as a standard. 

p~‘epcJrtrrioJ~ o!/’ [ 3H]2,4.5-/ri/J!‘I/,o.u!‘/J/Jc~JJc~r/7~’/frJJliJJr 
(6-OH-DA). [“H]6-OH-DA wa5 prepared by reduc- 
tion of 2,4.5-tribenzyloxynitrostyrene [ 171 with 
C3H]NaBH, (New England Nuclear: 3.X mCi ‘mg) fol- 
lowed by simultaneous reduction of the nitro group 
to an amine and removal of the protecting benLyl 
groups by catalytic hy.drogenation. Small amounts of 
the product were purified prior to use by ascending 
chromatography on Whatman No. 1 paper in JJ-bu- 
tanol-2 N HCI (I : I). The radioactivity migrating with 
authentic 6-OH-DA was elutcd with methanol and 

the solvent removed under nitrogen [1X]. 
~uhce/lJr/ur tlisfrihution of’rrrtliotrc~til~jt~,. After uptake 

of either B-OH-DA or DA for 60 min. cells were 
washed with isotonic saline bufiered at pH 7.2 w;ith 
@Ol M sodium phosphate buffer. transferred to a 

small (2 ml) conical glass homogenizer and sedi- 
mented by centrifugation. The sedimentcd cells were 
then homogenized with a motor-driven glass pestle 
in a final volume of 0.5 ml buffered saline. and this 
homogenate was centrifuged at lOO.000 ~1 ror 60 min, 
yielding a supernatant and ;I sediment fraction. The 
sediment fraction was subjected to repeated homo- 
genizations in I?,, trichloroacetic acid (TCA). 0.5 ml. 
and centrifugation at 20,000 $1 for 30 min. until no 
further radioactivit! could be extracted. The superna- 
tant fraction w’ax brought to a final concentration of 
I?,, TCA and the precipitated protein was treated 
in the same manner as the scdimcnt fraction. In both 
caxs. the radioactivity remaining in the TC’A-insolu- 
blc sediment was considered to be “protein-bound.” 
The TC’A-insoluble proteins wcrc digested with 0.2 
ml of a mixture of two parts HzO, (30”,,) and one 
part perchloric acid (hO”,,) in a counting vial at 70 
for 4 hr and cooled to - 20 Radioacti\,ity was detcr- 
mined in 10 ml of scintillation lluid (Aq~mol: NW 

England Nuclear) and corrected for counting et% 
ciency b! the addition of internal standards. 

The distribution of protein and radioactivity in the 
supernatant fraction wa5 also examined by gel 
chromatography on a column of Sephadex G-2(X) 
(supcrline. I x 50 cm) in bulri-red saline. The 
column was calibrutcd with protein standards with 
molecular weights ranging from 24.000 to 153.ooO and 
the \ aid volume with Dextran blue 2000 (Pharmacia) 
w,ith a mean molecular weight of 200.000. Protein was 
estimated by continuous monitoring of the absorption 
at 280 jtrn of the effluent. which was collected in 
O.S-ml fractions controlled by a drop-counter. The 
fraction of the radioactivity which cluted from the 
column at ;I \olumc of eluent cq~ial to or greater 
than proteins with ;I molecular weight of 24.000 ~215 

considered to bc I”-“tcin-bound. 6-OH-DA or DA 
alone. or with bob inc strum albumin added as carrier 
(200 /cp). migrated on the column excluxi\ely with the 
snialt molecule fraction equivalent to a molecular 
weight of 2000 or less. 

E/(,(,lroPh”“,\i\ (J/ c~c,//lr/trl pm<+1 Y 011 cKr~~/trrHit/c 

qd. After uptake of tither 6-OH-DA or DA. cells were 
washed and transferred with buffered saline to a plas- 
tic centrifuge tube (5 ml) and sedimented by centrifu- 
gation. The cells bvere suspended in 1 ,O ml of 0.01 
M phosphate buffer. pH 7.0. containing l”,, sodium 
dodecysulfate (SDS) and sonicated with a narrow 
probe for three successive intervals of 60 set (Ultra- 
sonic Inc. model 185. equipped with a microtip). 
Liquid temperatures h#ere maintained at 1 -5 during 
sonication. The sonicated material was then centri- 
fugcd at IOO.000 </ for 60 min. Aliquota of this super- 
natant were chromatographcd on 5 and 7”,, polyacry- 
lamide gels with a 3”,, acrylamide stacking gel accord- 
ing, to the procedure of Neville [IYJ. The gels were 
stamcd with Coomassie blue and destained against 
activated charcoal for 5 days with :I mixture of glacial 
acetic acid (40 ml) methanol (150 mll and water (IX10 
ml). The linear density of stain distribution was deter- 
mined with a gel scanner attached to a Beckman Acta 
V spectrophotometcr. Gels were cut into I- to 2-mm 
cross sections. digested in HzOL perchloric acid (see 
abobe) and the tritium content was measured. Control 
cxperimcnts were performed by adding equivalent 
amounts of h-OH-DA to suspcnslons of untreated 
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cells just prior to the sonication procedure. Such 
additions did not alter the appearance of the protein 
bands on the gel. 

RESULTS 

Uptake of radioactive DA and 6-OH-DA by 
NIE-115 cells was compared over a 2-hr incubation 
period (Fig. I). The amount of 6-OH-DA uptake was 
substantially higher than that of DA over the entire 
time period. In the depicted experiment the rate of 
uptake for 6-OH-DA was g-fold higher than the rate 
of uptake for DA during the first 15 min. Accumu- 
lation of 6-OH-DA continued throughout the 2-hr 
incubation, whereas the uptake of DA plateaued after 
6&90 min. In nine separate experiments the uptake 
of 6-OH-DA was an average of 4.1-fold k 2.0 (S. D.) 
higher than that of DA after 60 min of uptake when 
these compounds were present at IO-” M. 

Neuroblastoma cells exposed to tither DA or 
6-OH-DA for 2 hr appcarcd by phase microscopic 
examination to he morphologically identical to con- 
trol cells. Experiments on uptake of 6-OH-DA at var- 
ying substrate concentrations suggested that uptake 
and/or binding occurs by difTusion rather than by ac- 
tion of a high attinity system (Fig. 2). The effect of 
reserpine. a blocker of vesicular amine uptake. on 
6-OH-DA and DA uptake was assessed in four separ- 
ate experiments. Uptake of 6-OH-DA at IO-” M for 
60 min was not inhibited by 2 x IOY’ M rcserpine. 
whereas DA uptake under these conditions was de- 
pressed 36 k X.0 per cent (S. D.). Reduction of the 
incubation temperature from 36 to 2 reduced the 
accumulation of DA over a ho-min period by ap- 
proximately 50 per cent. while that of 6-OH-DA was 
reduced only 15 per cent. In one competition cxper- 
iment the accumulation of radioactive 6-OH-DA 
(7.3 x IO_” M) over a 15-min period was inhibited 
45 per cent by IO-” M DA. while accumulation of 
radioactive DA (2.3 x IO-” M) was not inhibited by 
IO-” M 6-OH-DA. 

Murine L-cells. B82, accumulated only 40 per cent 
as much DA and 50 per cent as much 6-OH-DA as 
NIE-115 cells during a 60-min uptake period with 
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Fig. I. Uptake of radioactive amines into Nl E-l 15 cells. 
Monolayer cultures were exposed to 6-OH-DA. 27$Y 
/Imole. IO 4 M (Ed -0). and DA, 100 ~tCi~~tmole, IO ~’ M 
(M) for 15-120min in 0.6ml buflerwell. Zero time 
incubations for both compounds under similar conditions 
gave values of < 100 pmoles.!mg of protein. The values are 
from individual wells run in parallel in a single experiment. 
similar findings were observed in two other experiments. 

For further details, see Methods and Materials. 
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Fig. 2. Uptake of 6-OH-DA bq NlE-115 cells as a function 
of substrate concentration. Rates were determined after 
15-min periods of uptake: each circle represents a deter- 
mination from an individual well in separate experiments. 

For further details. see Methods and Materials. 

the amines present at lo-” M (Table 1). These L-cells, 
like the neuroblastoma cells, accumulated about four 
times as much 6-OH-DA as DA. In another exper- 
iment, the L-cells accumulated only one-sixth as 
much 6-OH-DA as neuroblastoma cells, and accumu- 
lation of DA was minimal (Table 2). 

The ability of cells to retain radioactive 6-OH-DA 
and DA after uptake was assessed by exposing them 
for equal time periods to buffers lacking these com- 
pounds. In six separate experiments NlE-I 15 cells. 
exposed to sequential 60-min uptake and release 
periods. retained an average of 72 _t 8.2 per cent (S. 
D.) of the radioactivity derived from 6-OH-DA, and 
only 37 _t X.X per cent (S. D.) of the radioactivity de- 
rived from DA (Table 1). The rate of release of ra- 
dioactivity was similar for both compounds, being 
most rapid over the first 20 min and then slowing 
considerably. When cells were exposed to only 5 min 
of uptake and then 60 min of release. approximately 
37 per cent of label associated with both 6-OH-DA 
and DA was retained. indicating that the cumulative 
“tight” binding of 6-OH-DA is a time-dependent pro- 
cess. When rescrpine was present during the 60-min 
uptake and the subsequent 60-min release period. the 
final retention of 6-OH-DA was not altered: in con- 
trast. more than 90 per cent of the radioactivity de- 
rived from DA was released during incubations with 
reserpine. compared to only about 60 per cent (see 
above) during incubations without reserpinc. When 
cells were labeled with radioactive 6-OH-DA at 
4 x lo-” M for 60 min and then incubated in the 
presence of a 4 x 10 ’ M concentration of either 
nonradioactive 6-OH-DA or DA for a subsequent 
ho-min period. they retained only 4C50 per cent as 
much radioactivity as that retained in controls post 
incubated in buffer alone. However. cells. labeled with 
4 x 10m4 M radioactive DA did not release ad- 
ditional radioactivity due to the presence of 4 x 10e3 
M 6-OH-DA during the release period and released 
only an additional 22 per cent in the presence of 
4 x IOY” M DA. The B82 cells retained 61 per cent 



Tahlc I. Lptakc and retention of h-OH-dopamme and dopaminc in N I F.-I IS and 
BX2 cells 

l’ptakc Rctcntion 
(pmoles, mg protein)” (‘I,, rctainedlt 

<‘cl1 lint Dopamine h-OH-Dopaminc Dopaminc h-OH-dopaminc 

NIE-I I5 910 (3): :500 (3) 37 (6) 72 (6) 
BX$ 390 ( I ) I so0 ( I ) 2x (I) hl (I) 

*Total uptake w;ls dctcrmined alicr h0 ml11 of mcubation with IO a M radioactibc 
DA or 6-OH-DA. 

t Pcrccnt of radioactlvlt! rctaincd per mg of protein was calculated ftrom V;LIIIUI 
after 60 min of uptake. \%ashing and 60 min of trclca~ as comparcd to \alucs after 

60 min of uptake. 

+ Values gilcn arc an avcrayc of the numhcr of expcrmicnts gi\cn in pat-cnthcac~. 
4 <‘dls from cix wells mcrc tlsed for each amine. 

Table 7. Irre\#er\ible binding of radioactivity in 6-hydrox!dop~tmine- and dopamine- 

treated NIE-I I5 and BX2 cells 

Total uptake* 

(pmoles;mg protein) “,, Bound? 
Cell line Dopamine h-H~droxqdopamlne Dopamlne 6.Hydroxydopaminc 

NIE-I 15 35xs 6052 -3 71 
BX? 51 910 lo: I7 

* Total uptake dctcrmined after 60 min of incubation with IO ‘M radioactl\c 6-OH- 
DA or DA. 

t TC.4.insoluble mate!-ial (see Methods and Matcrlals) 

i In bicw of vcrv low Icvcls of radioactivit) in TC‘A-insoluble matct-ial. this numhcr 
is suljcct to considerable crj-or. 

of 6-OH-DA and 2X per cent of DA after 60 min 
of uptake and 60 min of release. These values arc 
similar to those obscrvcd in the neuroblastoma cells. 

The extent of covalent binding of radioactivity in 
NlE-115 and B82 cells was examined 60 min after 
presenting the cell cultures with radioactive 
6-OH-DA or DA. Results presented in Table 3 are 
based on the distribution of radioactivity into TCA- 
soluble and -insoluble fractions. The amount of cola- 
lently bound 6-OH-DA or oxidation products derived 
from 6-OH-DA was IO-fold higher in the NlE-I 15 
than in the B82 cell line, but the percentage bound 
was similar in both cell types. The percentage of cova- 
lently bound DA was much less than that of 
6-OH-DA in both cell lines. 

The subcellular distribution of free and bound I-Z 

Table 3. Distribution of protein-bound and free radioactl- 

pity in 6_hydroxydopamine- and dopamine-treated 

Nl E-l I5 ncuroblastoma cells* 

Amine Fraction? 

Free Bound 

(“,,I (‘2 

6.Hydroxydopamine 

Dopaminc 

Supernatant 
Sediment 

Supcrnatant 

Sediment 

47.2 7.6 
3 I .x I.?? 
x9.2 3.0 

74 I.4 

t The supernatant fraction represents the supernatant 
from the 100.000 q centrifugation. u bile the sediment firac- 
tion represents the pellet from this wntrifugation (SW 
Methods and Materials). 

* “Free” radioactivity refers to that percentage of the 
total which is not precipitated by TCA. while “bound” 
radioactivity represents that associated with TCA-prccipi- 
tated proteins. 

dioactivity was cxamincd in homogenates of N I E- I I5 
cells lab&d with h-OH-DA or DA (Table 3). In the 
DA-labclcd tolls virtually: all ( > 90 per cent) of the 
radioactivit) was prcscnt III the 100.000 Q supernatant 
fraction. Nearly none of the radioactivit> in fractions 
from DA-labeled cells was protein bound. In contrast. 
with cells labeled with an cquivalcnt amount of 
6-OH-DA. only one-half was present in the 100.000 
(1 supcrnatant fraction. With B-OH-DA both the XI- 

pcrnatant and sediment fractions rrtaincd a signifi- 
cant portion of the radioactivity in a protein-bound 
form (Fig. 3 and Table 3). 

Examination of proteins from 6-OH-DA- and DA- 
labeled N I E- I 15 cells by SDS-acrylamide gel clectro- 
phoresis rcvcaled significant differences in the elcctro- 
phorctic profile (Fig. 1). In the SDS-soluble proteins 
from 6-OH-DA-labclcd cells a large increase in high 
molecular weight proteins was readily apparent. 
Greater than 90 prr cent of the “bound” radioactivity 
dcrivcd from 6-OH-DA WIS associated with thcsc 
high molecular weight proteins. Flectrophoresis ol 
suspensions of the seditncnt fraction from SDS-soni- 
catcd cells revcalcd 21 protein and radioactivit\ PI-ofile 
similar to that of the soluble fraction except that the 
higher molecular weight components remaining in the 
stacking gel rcprcscntcd a much greater proportion 
of the total protein (results not shown). With the cx- 
ception of the high molecular weight proteins. the 
profiles on gel elcctrophorcsis wcrc quite similar with 
proteins from either 6.OH-DA-trcatcd. DA-treated or 
untrcatod cells. These proteins, with molecular 
weights ranging from about 20.0(X) to 150.0(H). were 
associated with low. but significant amounts of ra- 
dioactivity in S-OH-DA-labeled cells. while with DA- 
treated cells no radioactivity \V;IS detected. A narrow 
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Fig. 3. Column chromatography on Sephadex G-200 of 
the soluble protein fraction from NIE-I IS cells trcatcd 
with radioactive h-OH-DA. Protein concentration is 
shown by the continuous lint indicating the absorption 
of 2X0 kern. Distribution of tritium is shown by the histo- 
gram. with quantitation shown on Ihe log scale. For 

further details. see Methods and Matcrlals. 

band of radioactivity was present at the electro- 
phoretic front with preparations from both 6-OH- 
DA- and DA-treated cells. Control gel elcctrophoresis 
of 6-OH-DA or DA alone or in the prcsencc of pro- 
teins from untreated cells gave rise to a similar band 
of radioactivity at the front. Elcctrophoresis of larger 
amounts of radioactive 6-OH-DA or DA gave rise 
to a sharp. brown-colored band with an estimated 
molecular weight of 3ooO. 

The uptake and binding of radioactive 6-OH-DA 
and DA have now been evaluated in monolayer cul- 

tures of the adrenergic neuroblastoma clone. 
NIE-I 15. and in the L-cell line. B82. N IE-I I5 cells 
accumulated nearly 4-fold more 6-OH-DA than DA 
during IS-min to I-hr incubations. Both 6-OH-DA 
and DA were presented to the cells at a relatively 
high concentration of IO-’ M. as previous studies 
indicated that N IE-I IS lacks a high afinity uptake 
system for catecholamines (unpublished observations). 
The accumulation of DA in NIE-I I5 cells platcaued 
after about 90 min of uptake. whereas that of 6-OH- 
DA continued for at least I20 min. Uptake of DA 
was inhibited by reserpine. whereas uptake of 6-OH- 
DA was not. Furthermore. when uptake was followed 
by a release period. Nl E-l I5 cells retained a much 
greater proportion of the 6-OH-DA radioactil ity 
compared to that of the DA. However. radioactive 
6-OH-DA was more readily displaced by high con- 
centrations of either 6-OH-DA or DA during the rc- 
lease period than was radioactive DA. 

Preliminary studies using B81 cultures showed that 
they also accumulated at least four times as much 

6-tYDROXYDOPAMINE 

I 

1,000: 

DOPAMINE 

P-Distance km) 0’ 0 

Fig. 4. Representative electrophoretic patterns for the sol- 
uble protein fraction from NlE-115 cells treated with 
radioactive 6-OH-DA or DA. Proteins were pretreated 
with SDS and chromatographed on 5”,, polyacrylamide 
gel. WF. with a 3”,, stacking gel 0 0’ and stained with 
Coomassie blue. The continuous line indicates absorption 
at 592 kern and the distribution of tritium is shown by the 

histogram. For details, see Methods and Materials. 

h-OH-DA as DA over a 60-min period and retained 
a greater proportion of the former substance over a 
60-min release period. However. these L-cells accu- 
mulated much less of tither 6-OH-DA or DA than 
did the neuroblastoma cells. 

It is apparent from these studies that NIE-115 cells 
accumulate and/or bind substantially more 6-OH-DA 
than DA. The lack of effect by rescrpine on the ac- 
cumulation or retention of 6-OH-DA suggests either 
that storage of 6-OH-DA in the dense core vesicles 
is not necessary for the retention of 6-OH-DA or that 
reserpine does not block the uptake or retention of 
6-OH-DA by these vesicles. Certainly the reduction 
in the cellular accumulation or retention of DA in 
the presence of reserpine suggests a role for these 
dense core vesicles in the retention of DA. The nature 
of the transport of these amines into this neuroblas- 
toma cell line is unknown. However. the lack of sig- 
nificant reduction in the ability of cells to accumulate 
6-OH-DA at low temperatures and the only partial 
reduction in accumulations of DA at low tempcra- 
tures strongly suggest that the accumulation of cate- 
cholamines occurs mainly by passive diffusion 
through the membrane. The partial reduction in DA 
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uptake at low temperatures may be due to effects on 
wsicuiar uptake or storage. The lack of apparent 
~~ltilr~~ti(~i~ of uptake of 6-OH-DA (Fig. 2) and of DA 
(ullp~ibiishcd rcsultsl is concanant with a passive dif- 
fusion process. The uptake of 6-OH-DA was partially 
inhibited by the presence of DA, while the uptake 
of DA ws not af%cted by B-OH-DA. From the pres- 
cnt investigations. it would appear that the accumu- 
lation of &OH-DA is less temperature dependent, hut 
more readily iilhibjted by the presence of another 
amine than is the accumulation of DA. irrecersible 
binding of 6-OH-DA or its oxidation products to 
cellular proteins should. however, in these cells result 
in ii form of facilitati\,e transport. In 3 similar manner, 
the retention of DA b> dense core vesicles should 
resuft in Wiitativc tr~n~p~~rt of DA. Radioactive 
&OH-DA itself appeared to be more readily dis- 
placed from the cell by a catecholamine than was 
the radioactive DA. 

Since N I E-1 IS cells do not possess 21 high alKnit> 
r~ptalic pro~css for DA or norcpincphrinc. it was 
neccssar~ to USC high concentrations (IO-’ M) of DA 
and h-OH-DA to study iilcorl~or~ltioil into thcsc cc&. 
The uptnkc of &OH-DA at IWJ M into NlE-115 
cells was iii all upcriments at least t*icc that ob- 
tained Lvith RX? ~11s. It is nota+orthy that ;I Z-fold 
incrcasc in the concentration of 6-OH-DA was also 
found nccessnry to uch&c the same level of cytotoxi- 
city in tihrohlnst ccl1 lines as compared to the more 
scnsitivc rleLir~~bl~~storn~~ iincs [ 1 I. I?]. However. any 
comparison of the present observations on the bind- 
ing of &OH-DA with such cytotoxicity studies should 
IX tllade bitI1 caution since “nonadrcncrgic” ncuro- 
blastoma lines wrc used in the carlier studios [I I, 1 I!] 
and the libroblast lines wrc. in all c;ws. from difW 
at sources. A rcccnt pqw provides further data on 
the grattcr s~risiIivit~ of neiirobl~lstom~~ cells to 
&OH-DA as co~~qx~i-cxi to L-cds [‘(I]. 

In the present studies. it is clearly evident that al- 
though both neuroblastoma and fibroblast ccl1 lines 
accumukttc 6-OH-DA. the total amount of radioacti- 
vitl acc~~rmtlated within the ccl1 and the total amount 
present in ;1 )~l.otciil-)?oi]nd form a-e much bighcr in 
the ~~cu~~ctblastomr~ lint. However. the pcrcentapc of 
Iwund radioactivity is similar in both ccl1 tycs. The 
small ;unount of irrcvcrsibl! bound DA in the two 
ccl1 lines is probably due to binding of oxidation 
products of this catccholamine. Maguirc of trl. 1211 
h;rw rscently rcportcd the irreversible binding of oxi- 
dation products of iiorcpi~lc~hri~le to ccl1 particttlatcs 
from gliomn cells. Covalent binding of &OH-DA in 
N IE-I 15 cells wxs manifest both in soluble proteins 
of the 100.000 g supcrnatant fraction and in the 
100.000 g scdimcnt fraction. Presumably the former 
fraction contains mainlv cytoplasmic proteins. while 
the latter contains m;;inly membrane proteins. In 
both fractions. r~~dio~~ctivit~ from S-OH-DA is pri- 
marily hound to high molecular weight proteins. In- 
&cd. ;I sipnifica~t increase in the proportion of high 
molecular weight proteins is evident in the soluble 
fraction from 6-OH-DA-treated cells. sonicated in 
SDS-containing bulrcr (Fig. 4). Aerobic I-action ol 
&OH-DA with bovine strum albumin and other mo- 
dcl proteins has recently been found to result in COVZI- 

Icnt binding of &OH-DA and estcrlsivc polymcrint- 
tion of the mod& proteins to form high molecular 
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