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SUM MARY

\Ve studied time inninibitcrv action c-if variots cc)mrnpounne!s, including inytlncige-n �)e�ne)xide,

on tine Uj)takt- of {Hjdopamitne by rat brain-i she-i-s. l)iaiuric aciti, 1i-hytlroxydlopamine,

aind 5-lnytlroxydopan-iinc- cot-is-inn-ic-el oxygc’n an-id ge-nne-rate-d inytlrogenn p -roxiclc- in-i s lution
a�s a result of ae-robic c-ixielationn, as measureti with at-i oxygc-nn c-lc-ctrocle-. Tho’ rc-gennc-ration
by catalase c-if half tine oxyge’nn Ct)nsumt’d by 6-lnytlroxydopaminne connfirme-d that- oxygen

ce)nnsunl)tiotm was c-ciiual to I10 productionn. TInt’ rate’ of oxygc-nm uh)takc- (H0 Prc)thtctit)t-i)

by elialuric acid or 6-inydroxydopaminno- was augme-nnted by tint- addition of ascorbic acid.
In-i additionn, allc)xann, wiuicin is tIuc’ oxidizc’tl form of ciiahuric acid, ce)nP�unnc-d oxygeun when

ascorbate svas addc-d. �fl nuo’clnannisnn for tinis can-i be e-nn’isagcd as rc-tluct-ic)n of tint’ e)xit!izcd

compounds by ascorbate’, fohlowc-d by ree)xidatioll te-i fcrn no)re H0, witlm co-in-it-it-n-itt-i-ins
recyclinmg. Connceniitant witin increase-el J)roductiotl of H02, t-inc’re -ivas inncreaso-d inhibition

of [3Hldopanninnc- ui-itake. Ascorbato’ by itsc’lf diet i-not itninibit tine uptake’ of [Hjdoimuninc
and did tnt-it pre-icluce- neasurabie- ciuanntit-io’s of 11202. 6-Hye!roxyelopaminnc-, a connp()unRl
ti-nat ca-inst-s nnt-rvo � termiunal c!c-ge’tne-rat it nn in vito, was cc -imparc’el with 5-lnydroxyeli �J)�ur-i-imnn(-,
svhich do-ic-s nmcA. As bctin compounnds arc- structural analogue-s c-if do-iparninc-, tint-y cnun in-
hibit tint’ uj)tak(- of [Hjeiopaninu- inmtc) brainn suet-s by competing for tine uptake nue-ciianisn�s.

Additionally, both nay inhibit uj)takd- irre-ve-rsibly by gt-nnc’rat-inng H(), which causc-s exieha-
tivc damago-. 6-Hyt!roxydopaiuino- j)roduced H0 at about 12 timc-s tine rate’ yic-ldt’cl by
5�hydroxydopamiine. Ascorbatc l)otc’fltiatt’c! H 2�)t proc!uctiotn by 6-hvdroxvdopanninnm’ but

supprt’sscd that fronn 3-i ydroxydopamine’. Ti e’sc’ finndinngs arc’ consistent wit In ann innnpot-t.annt
role for lImO inn tine- 6-invtiroxvelc)l)anunmc--inncltueed t!c’gennc-rationn of tnt-rye te’rtninnals nun-id! nnay

explain ss-h�- .)-hychroxyt!c)paminnc- cit )t’5 met pr(-)t!uce- c!c-ge’nnerativc- ciuan-nge-s.

INTRODUCTION cat-cholanuinnc- uptake nechnatmisnus (1 -�3),

6-Hydroxydopamine (2 , 4 , 5-triimyt!roxy- de’plc�ticfl t)f cato-clne)lannne levels (4--�7),
phenylethylaminie) produces a nuimber of leiwcrinng of catc-cinolaniitme-biosynithetic em-

ch-nangc’s in hot-in ti-ne synpathe-tic an-id ee-n-ntral zynnes (5, 5, 9), an-nt! de-ge’nerationn of nuelr(’-
nervous systenns. The-sc- itnclutle innluibitionn of nne-rgic nnc-rvt- tt-rnninnals (6, 10). Two tnc’cha-

. . � ‘ - nnisnns for nc-rye tlc-gc-neration hays- bc-en-i set
Thus work was sinpported by (�ranut N5-0a184

from the Clinical Researcin Center for Parkinsomi’s fortin. Botin involve- the autoxidat-ion-i of 6-
and Allied 1)isease-s. NS-05184 Imyclroxydlopan-nin-ic- to imydroge-n pt-n -ixiele n-in-ne!
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a quineinc’. Pre-viously, sve mad simown that
H02 genneratec! by fi-hyciroxydopannine
caused inhibitioni of biogenic at-i-nit-nc uptake
systo’ms in vitro (1 1) ; we pro)pt-ise-t! that- H02
ss’a�s r(-sponnsibie for nnc-rvc tiegenne-ratie-ini in

VitO. Saner an-nd Iho)o-no-n (12), Ofl tine- ot-iner
han-ic!, report-ed t-inat time quin-notne c-if 6-hydroxy-

dopamine binnds in vitro to I)roto-’ins such as
albumin. They 1)c-istulatcd ti-nat a similar re-

actiorn inn’olving tissue 1)ro)tein nnucleophihic

groups might be ti-nc causo’ of ne-rye c!c’gennc’ra-
tion. Since ti-ne quinone an-nd H2(�)2 are fe-in-med
simultaneously durinng the- autoxidatioit of
6-hydroxydopamine-, it is quite possible- tinat
both mechanisms play a role-.

Iii the Present study we- found ti-nat ascor-

bic acid, which rc-duces ti-ne cluinonne of 6-

hydroxydopaminu- , actually potentiates the
damagc- to the cateci-nolamine uptake systems
in t’itro. The augmentation of H0 proe!uc-

DEHYOPO-
ASCORBA TE

ASCORBATE

QEHYDRO -
ASCORBATE

ASCORBATE

Fic . 1 . Suggested reaction sequence for produc-

lion of hydrogen peroxide by 6-hydroxydopamin-e or

dialuric acid, -with recycling of the corresponding

quinones by ascorbic acid

In aqueous solution at pH 7.4, the 6-hydroxy-
dopamine quinone is rapidly t.ranisformed to 6-

hnydroxyindoline p -quinone and ot her products

(12, 13). We did not tuttempt to distinguish annong

the several oxidized forms of 6-hydroxydoparnine
in our studies. The reduction of quinones by ascor-
bate is a 2-electron transfer process, and inter-
nnediate free radicals are generated. We did not at-

t-ennpt to distinguish any intermediary radical
species of the organi(- compounds or of oxygen in
our studies, or evaluate their re)le in controlling
the kinetics of appearance of 11202.

tie)n-i by ascorbate was tneasured with an
oxyge-nn c-hc-ct-rode-. A suggested reaction

scinc’mc- for ascorbate pt-itc’ntiatiotn e)f H02

l)ro-idttction-i is shnownm it-i 1’ig. 1. Our result-s
Siit)\V ti-nat H0 go-tmc-rate’(! by autoxidation-n,

rather than the cluinonw of 6-hydroxy-
clopamine’, is the- agent responsible for clam-
age’ to the cateciiolamitmc- uptake systems in

vitro. In contrast, 5- hyclroxydopaminc (3,4,

5-triinydroxyphe-nylethylaminc) , an agent
that is taken up an-nd accumulatc-d by sympa-

the-tic nc-rye’ t.crmitmhs but dot-s not cause
nmcrvc- dc’gc-nmo-rationi, was a vc’ry mmcm weaker

H2�i)-gcnnerat-ing agetmt in vitro. These results
arc ce)nsistcn-nt with tine’ pc)int (-if view that
H0 may be ti-ic ag(’tit respotsible for tine
nncrve de’gennc-ration in Viva.

MATERIALS AND METHODS

Male Spraguc--I)awlt-y rats sveighing ap-

pr(-iximatc-ly 100 g -iverc’ used. After decapita-
tion, ti-ne brain-is we-re rcnnovo’d, rinsed in cold

0.9 #{182}�NaCl, wcighc-d, an-id cut with a razor
blade innto slices approximately 1 mn ti-nick.
The-sc we-re- then cre)ss-chopped at 0.2 mm

c-in-na Mcllwain-Micklc- tissue choppc-r (Brink-
mann Instrun-ients). The slices (1.0 X 0.2 X

0.2 mm) ssi-re distributed hmomogeneously by
stirritmg withn a magnetic stirr(’r for approxi-
mately 10 miru with 100 volumes of ice-cold
Krebs-Ringo-r-phosphatc buffer containing
glucose (1 mg/mi), j)argyht-ne (0.016 mg/n-il),

and (-thvlenediaminmete-traacetic acid (0.05

mg/mi). Triplicate’ aliquots (2 ml) con-
taming 20 mg of brain-n tissue were then

1)ipett-ed with at-i Aupette (Clay-Adams) into
25-mi Erlenmcycr flasks containing various
amounts of ascorbic acid (Fish-icr) in 8 ml of
the same buffer. The nonradioactive stressor
coml)ounds, namely, 6-hydroxydopaminne

(Re-gis) , 5-hydroxydopaminc (Re’gis) , dia-
luric acid (Caibiochem), alloxan (Calbio-

chem) , or H20 (Fishc-r) , were added, and

saml)l(-s were incubated svith sinaking at- 37#{176}
it-i at-n air atmosphere for 30 mm. Then ti-ne

[3H]dopamine (S.3 Ci/mmoie, New England
Nuclear Corporat-ionn) was adde’d to a final

concentration-i of 5 immi, an-nd ti-ne incubation
was continued for an-notiner 15 mm. The tissue

was assayed for radioactivity according to

Shaskan an-nd Snyde-r (14). Data were cx-

Pressed as a tissue to me-dium ratio (count-s

ler minute pe-r gram of tissue divided by
counts Ier minuto- per milliliter of medium).



(‘unipoumid

0. 1 mm-iu dopammminie

0. 1 nmriu 5-hvelmoxvdopamnimie

0. 1 mmnu (Iial(urie- acid

0. 1 nnn (i-imvln-ixvh-il�undma-

0 . 5 nmnu 5-hvdroxvdopamuinn’

0.5 mmmmmcli:tliumiea(’i(l

0.5 nuin b-hvdroxv(h)pammnnc’

tinioles 01 1,11,1

<2.1)

2.0 ± 1.0

8.8 ± 3.1

28.6 ± 10.8

14.6 ± 3.5

57.1 ± 20.4

237.3 ± :ts.o
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Oxygc-nn ul)take- �as n-n-nt-as-i-ire-el on a bieilog-

ical oxygc’nn nonnit r (\c’llt av S�)rin-igS 1 nist run-
n(-nnts) c( )nnnnectt-cl t o a Hetnno-v�s-li l’i(-ctt-( nnik
19 n-c-cordt’r. r#{231}i te-nupe-raturt- of th(’ svstc’nn
was ke-pt at 37#{176}by a. circulating watt-i- putm�).

‘�fimt- rate’ c-if 02 tul)takc- wnts rnc-asunc-el itm 1 .0

nl of tine i)inosl)i-iatc--bufient’cl n�ed!iuI� el(’-

scribed abc )Vt’. \ani( us cc tn-n-ipcainntls, i nnchiehi ng
dopanninno- (\Vitnthnop), -ivo-re-at!dt-cl-iviti-i an-i

Oxfo-irt! autc-in�nutic PiPette- froni sc)iutions

Pre-Pare’el -is-it in elt-o-ixygo’nnate’e! watt-r ; n�ixinng
was acimit’t’’el with a sinai! niiagnnc-tic -itirrc-r

in-n tint’ (-leetroelc- cimanbc-t. i’tull scale- c-if t he-

rc-cc-in’eicn cornc-sl)onnelec! to 204 nnnc tic-s cf 02

p�-r nnillilit-o-r. I)atnu \\�(�� calculate-el as tin-
rate’ of ( )2 d!isa�)pt-a-nntflct’ P(’n u-n-ninnut( - j )o-n in-nil-

lilito-r.

RESU LTS

L’.rpeiiinents tnt/i 1/ic o.rij��en- eleclIo(/e. \Vc�

used an ()xygd-n (-l(-ctroe!t to st-int!y tint’ roac-

t-it )n-i betsvecnn ncle-cuilan ( xyge-n-n anne! various
ce)nnpc)unnds. Oxygenu eoInsImmmI)tioi s�as tntk( un
as a n-n-it-as-i-ire-c-if tine- g(-nneratn)nn of H2()2 wit him

� t-lnt’ se)lutie)nn; this as-itunl-nptic)nn svas Vt’F1fi(’dl,

as discussc’d be’low.

.A� nnunubc-n c-if coninpounnels an-c’ ctmpat-c-tl inn

Table 1. 1)opaninc- was used as a control.

Alt-inougin dopaninc- is rc-cognuized as beinng
ro-adily t)Xit!iZ(’(1 by nuolt-cular c)xyg(-n, tine-

rato- cf reaction fon- eonce’unttat-ions -i-il) to 1

nn�i was toe-i slow to be- e!e-te-ctc-d unnde-r ur
c-xpc-rinental ccnnditi nis. Ot tine’ otimet’ i-ian-ic!,

oxygo’ti conmsunuptionn by 0.1 n�i 6-hyoiroxy-
dopanniimo’ was about 3 tinue’s gre-ate-v ti-ian-i by

0.1 in-il dialurato’, � hilt- tint- ratt- for 0.1 n�
5-hytlroxyt!opaminne- was banc’iy detc-ctable’.
At 0.5 ni ce)nnc(-nntnatic)tns of co)n�i)c)utnd,

oxyge-in cc)nnsun�1)tic)n by 6-iiydr )XVt!( )l)an�inn�’

was vc-ry vigc-ir(-ius (sufficic-nnt to re-nove’ all

o)xyg(’n svithinn I nimbi) anel about- 4 tinucs

grcato’r ti-nat-i by dial-i-irate’ ; cxyge-n consump-

t-ioniby 5-hydroxydopanino’ svas cnnly 6.2 �

of that by 6-hyclroxyelopaininne.

‘The augme-nntationn c-if oxygen c-cttnsunul)tic on

by ascorbate is illust-rate-d in-i Fig. 2. Adlditionn

of 0.1 fl�-iM 6-hvdroxvelopaninnc’ te tho- buf-

fere-ci medium (Fig. 2, curve- A ) resultc’c! inn

oxygc’n connsunptionn nut a rate c)f 24 nnmolc-s/

nin. Subso’eiut-nnt addition of ascc)rbatc- to 10

rust aeeeleratc-d tic- rate- to ?�t4 nnnnole-s/ minn.

Tint’ n-c-action-i conntinnue-d unntil ti-ic’ solutioni was

tettally do’oxyge-nnate-el. At- em mple-tion cf t lmt-

‘F�minE 1

liii t� of di.sappea i.ui a cc (If or//quo fiouui solo I to a i a

the /)F(5(fl(( of marioiis a iitoxi�/i �ablm

5 lil)slU)tC(S

( )xvgt’n (m)nslunu9)t it-in-i fnonmm 1 mmmlof solmut-inun v�

mmneasmurt-d �vit Im an-i oxvge-me c-Iecl rode- . ‘I’m- sammie

nuecli t nun ‘�nus inst-el a_s fan (-n-it c-c-la )l anmmin-ic’ i -i p1 ake

SI iutlie’s. ( ‘unn-enut mate(l stock saint inmis 1 1 me
vanim)ims e-omumpummncis ��‘mc’ 1-in-pn-in-tl umi (Itt x�, -

gem-ia I (‘(I %val ( n a med t he-sc- we- ne- aeleh-d I t t I le nm-ic’-
(Iiiunil ni I 1 e-lc(-trode- c-Iianmmhc-n h�’ mnirrapip-i Ic

(10 �l). UaIc data arc’ frommm I he limit-ar pint mu of

time’ riunvt’. amid r(-prese-nit the macan amal si auulam-d

(levi:Lt out of I }unc’c- separate c-xperinuuc-mits.

1 uuu cini-inumminue

reactiocu, 100 nrrnolts (tf 6-hyo!roxyelopnunnine

had cc)nsunc’el 2()0 nnnu,lt-s c-if oxygeni. �\.sc(Ir-

bate by itso’lf die! ma -it l-itc)vc)kc’ nue-asun-able

(‘( )nnsunhl)ticlnn cf xygc-ni (eiata not -lm( \\.�,

b-i-it c(Inupanc- Fig. 2, ctnrve- I)). \Viti-i a b-iwo-r
c-c)nnc(-Int-nationn (0.01 tini ) c-if 6-invein xveh tpa-

n-n-nit-ic’ in ti-ic- I�c-st-nmcc� (If nusco,tbnutt-(l-’ig.2,

cut-vt- I’�’) . t lie re-actionn Pt� ce-c-tlecl at a sh )w(-r

rate-, but by 20 ninn 1.50 nunuole- r-if ()Xvg(-n

imat! beenn connsurmneci by onilv 10 nninmoh-�of 6-

invdr Ixvt!opannine-.

Catalase’ cause-ti the- ne’gc-nnc-tnuti tnt (-if ap-

Ir xinutte’lv half t mc’ oxyge-nm conmsunme’cl by
6-hvc!n-oxvelopan�inn- (l’ig. 2, cUt-vt- Ii). �1’iuis

sinows that c-ixygenn connsut-n-iptiori is a nnu’nusune

cf H�)2 proe!ucti(-iun witlunu st)ltitiOnL ()ther

inuve-stigators’ mayo- usc-d catalase- i conjunc-

titti \Vitln tie- oxygenn c-le’ctrode to mnc’nustne

t i-it- H202 j)rod!11c’el by ehiahtinic acid. In i’ig.
2, cnn-vt- (‘, 0.1 nnsn alic-ixan by its-lf did not

i)re-iv(Ik( oxygc-nn c IImsl�-in-nnl)tiOnn, b-i-it muvig )t( IllS

n(’actic-inn die! c-n-is-i-ic- wine-nm I 0 rust aseorbatc

was adele-cl. In tio’ pro-se-nmce- of 10 trust ascorbic

nueitt, t ime rate-s ( d oxygcn cc-insunmml)t a tn-i It )r

‘ I). (. (‘ornr�velI anei I). V-i’. I)c1tnun’r. iuninuh-

lished observat ions.
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FIG. 2. Oxygen consumption by various contpoiinds

The rat-c of oxygen consumption was measured

with n-in oxygen elect-rode. The experimental con-

ditions were I-he san-ne a�s in Table 1. Points of addi-

tion of the various compounds atd I-heir finnal con-

cent ration in soliution are indicatedi by arrows. Fiuil

scale of the recorder representeel 204 nmoles of

oxygen in tIc- 1-mi sample. 6-OIIDA, 6-hvdroxy-
dopamine. 5-OIIDA, 5-hydiroxydopaminie.

alloxann, dialurate, an-id 6-inydroxydopamine
were- sin-nilar. A similar study with 0.1 inst 5-

Inydroxydopamin-ne (Fig. 2, curve D) revealet!
very little c-ixygenn conisunnption e’itine-r alomne

or with added 10 msi ascorbate. At- higino-r

con-ncc-intrat-ions of 5-inydroxydopaminnc- (up to

1 nsn) i-no acceleration-i by ascorbate was ob-
served. In fact, a diminution was evido-nt.

For c-xamnple-, at 0.5 rust 5-hyciroxydopamine,
oxygen consumption was 14.6 nmoles/min
without ascorbate and 4.9 nmo!es/min with
ascorbate-. ‘line data show thnat 6-invdroxv-
dopamine is a potc-tt H20-generating agennt

while 5-hyclroxydopamine is muein weaker.

Dialuric acid at-id alloxan were also potent

H20-gc-nerating agents.

L plake experiments with [Hjcatec/iolam -

ines. We studied ti-ne uptake of [3H}dopamine
into slices of whole rat braiti and the iinhibi-

tionn of uptake’ by 6-hydroxydopaminic-, dia-

luric acic!, or ailoxan. Previeltnsly, an-i H0-
mediated inhibition inn synaptosonnes imad

been obs-rvecl for 6-iuydroxydopamin-io- or
dialurate acting upon tine uptake mo-dna-

nisns for clopaminne, mnorepimncpinriiu-, or
serotonin (1 1). Since ascorbate- augmented

“202 prc)ductie-inn (F’ig. 2) , coicomitant i-no-
tcntiation-n of inhibition of amine uptake was
expect-ed. The data of Table 2 sinow poten-i-
tiation (-if the inimibitioun of [H]dopamine
uptake by increasing coric-nnt-rations of ascor-

bic acid. Similar re-stilts we-re obtaincti whenn
t-h-ne�’uptake of {H]nnorc-pinu�phrine was stud-

ie-d. Ascorbatc- nilone’ wnts n-not inhibitory.
\VlniIt- 0.1 nun dialuric acid by its-lf was wit-h-

d)Ut effe-ct-, tint- nudclitionn of 1 mst nuscorbat-e

produced 45 �:; ininibition, n-in-nd tinis rose- to
90 � with 10 rust nuscorbate’. Ascorbate simi-

iarlv l)ott-nntint-e’d thc- inhibitionn by 0.1 msn
alloxn-tnn . It had previously bc’cnn c-st abiishcd
-i�-itii ti-nc- use’ c-if tio’ e-nnzvne cnutnulasc- thnt

clin-iluric ncid itself wnus nmot ininibitorv, but
that fIne’ tln-mntgc’ to the- uptnkt’ syst-enns was

cn-iusc’t! by H0 (11). At 0.01 inst 6-mtv-

droxydopamin-ne-, 52 � innhibitioin of [H]-
dopaminne uptake was evident-. rfiis can be
attributc-d it-n part t(I H02 , since a portion of

tine ininibition is 1)revented by cataiase (11),

and in part to competition bctwec-n [H}-do-

pamine and 6-hyt!roxydopamine for tine
cate�chmolaminne trannsport systems (3) . Once
again-i ti-nt-re was 1)otet-itiat-ion-n of the inhibi-
tionn, which rose from �2 #{182}�witinout ascorbate
to 87 % with-n 10 inst asc(-irbate.

The- data t)f i�able 3 show’ elose-resl)onse

relationships for ti-no’ inhibitory effect-s of 6-

hydroxydopamine, dialuric acid, or alloxan

c�n ti-ic’ uptake of [3H�dopamine by rat brain
slice-s. Ascorbate (10 rust) potcnit-iatecl the
inhibitionn o)ve-r time entire concer-itration

rannge of strc-sse)r agents. Ti-ic results with

ailoxan s�-ere I)art-idUiariy striking. Alloxan

alotne was not inimibitory up to a concen-itra-

tion-n of 1 ms-i ; inowever, when ascorbate was

j)resett, as little- as 0.01 mst alloxan caused

74 #{182};�f inhibition-i. Dialuric acid at 1 ms-i sva�s

strongly inhibitory. While 0.1 msi dialuric

acid by itself was nnot ininibitory, tie addition

of 10 msn ascorbatc produced 96 % inhibition,

an-nd even 0.01 mM dialurat-e gave 43 % inhibi-

tion-n witin ascorbate. Results witin 6-inydroxy-

dopamine were once again complicated by



TABLE 2

Inhibition of [‘H]dopamine -uptake into rat brain slices by 6-hydroxydopamine, (lialorir (hid or (illoxan:

potentiation by ascorbic acid

Rat braintissueslices (20 mg) were incubated for30 mm at 37#{176}intlnepresemmce’.of innimibit-ory agent-is at-id

with various amounnls of ascorbic acidi. [‘HJl)opamine was added to a concetmtratiomn of 5 nM and uptntke

was measnmred after 15 miii. Data are expressed as the tissue to medium ratio (T,--�\1) ± tine stanudard

deviat ion for t riplicate saml)les.

Inhibitor Ascorbate T --M

(‘.
/(,?fl.Sf

T ‘ M with
inhibitor Inhibition

0.01 mM 6-hydroxydlopannitue 0 34.3 ± 3.1 16.6 ± 1.5 52

1 40.1 ± 2.4 16.4 ± 0.7 59
5 35.1 ± 2.3 6.1 ± 0.6 83

10 39.3 ± it) 5.1 ± 0.1 87

0.1 mM

0.1 mM

dialuric

aiioxan

acid 0
1

10

0

1

5

10

34.4 ± 3.0

31.6 ± 2.4

29.7 ± 2.3

29.2 ± 1.4

32.0 ± 2.8

30.1 ± 1.6

34.6 ± 2.0

33.5 ± 3.0

33.3 ± 1.2

16.4 � 1.0

5.2 ± 0.9

�3.0 ± 0.6

32.6 ± 4.3

15.6 ± 2.4

4.2 ± 0.4
1.4 ± 0.2

:3

48

83

90

+2

48

88
96

TABLE 3

Effect of ascorbic acid Ofl dose-re.�ponse relationship for inhibition- of [H}dopaiitinc -uptake into rat brain
slices by 6-hydroxydopamine, dialuric acid, or alloxan

Experimental conditielmms were the same as in-i Table 2, except that I he conmcenl ratioms of inhibitory

agents were varied at-id only a single coucemtration of ascorl)ate (10 mst) was used. Data are expresse-d

as the tissue to medium ratie) (T!M) ± the standard deviation of triplicate sampies.

. . Concen- , -. T NI withInhubitor . F - NI (hange Change
tratuon 10 mM ascori)atc -

6-ilydroxyciopamit-ne

Dialuric acid

Alloxan

in.’!

0 36.0 ± 2.4
0.001 26.2 ± 3.8 -27

0.01 13.7 ± 2.5 -112

0.1 4.9 ± 0.6 -811
1 1.4 ± 0.4 -96

0 28.6 ± 3.4

0.01 31.5 ± 1.2 +10
0.1 30.6 ± 1.0 +7
1 4.1 ± 0.8 -86

1) 28.6 ± 3.4

0.01 30.3 ± 0.3 +6

0.1 34.8 ± 1.4 +18

1 36.1 ± 2.9 +26

31.7 ± 3.3

16.2 ± 1.4
3.7 ± 0.6
0.9 ± 0.1

33.9 ± 3.5

19.3 ± 0.9
1.5 ± 0.2

33.9 ± 3.5

8.8 ± 1.9

1.2 ± 0.1

-49
-88

-97

-43

-96

-74

-97
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the capacity of this agent both-n to generate
H202 and to block competitively the trans-

port system for [3H]dopamine. However, po-

tentiation by 10 msi ascorbate was evident at

all concentrations; the increase was about- one
order of magnitude (compare 0.1 msr witi-nout-

ascorbate to 0.01 ms-n w-ith ascorbate). Inti-nese

experiments, ti-ne incubat iorn m-dium was
bright red and ti-ne isolatee! tissues �-ere gray

to black it-n appearance after incubation-i with

6-i-nydroxydopamine in the absence of ascor-

bate. Witi-n ascorbate, the color of tine me-

tlium was diminished at-id ti-ne color of tine
tissue was virtually eliminated. This it-idi-



33.8 ± 4.9

34.7 ±2.9

:36.6 ± 2:1

35.7±2.0

28.1 ±0.2

27.9 ± 1.0

36. 2 ± 1 .8

35.4 ± 2.5

ii .4 ± 0.4

11.6 ± 0.6

11.2 ± 1.2

11.6 ± 1.0,

0 34.4±3.0

I :31.6±2.4

5 29.7 ±2.3

10 29.2±1.4
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TABLE 4

In/i ibitwu of [lljdopamine uptake in to rat lirain

slices by H202 or ,5-hydroxydopamine:

luck of polentialion �!/ ascorbic acid

Tine experime-ntai cOtndiitionS n-ire the sn-in-i-it- as
inn Tai-ile 2. 1 )at a n-ire expressed as the i issiie/

mneeliinnn ratio (TIM) ± the’ standard deviation of

triplicate samples.

Inhibitor Astor- .-i. -n-i T- � with tnhibi-bate inhibitor tion

Pt131

0.1 nnu 11.1)2 0

10

0.001 nn� 5-

hydrc-ixv -

dopammmi u-ic

catee! re-t!uction-i of the- c-xtracc-lltnian- ant!
itntraccilular c)xitlatioln i-iroelucts ofb-hvclroxv-

cle)panni -i-it’.

rl,i tii)takc’ c-if fljdopaninne into rat

brai slices was inhibitc-d by H202 an-id by
3- 1ivdroxvele-ii -ian-n-nil-ic- (Tablc � 4) . Previouclv

w.c’ had clbserveti that H202 indnibited the

tiptake c-if [FI]tlopan�inc-, �I1Jnnore-pine-phritne-,

and [HJsc-rotcinin into rat brain-i sVnai)to-

se)ninc’s (1 1 ) . Ascorbate die! not lotc-ntiate

tine ininibitie In�t by H2O2 (Table 4) . Innclc’e-cl,
ti-ic iniglnc-r connct-nntrationns of asccirbate e-x-
c-rio-c! a l)rott’ctiv(- aetionn; timis may inas’t bec’n

clue to st-in-n-ne destruct-ion-i c)f ti-nc- H202. �-

hyd!rc)xydopaminn(-, like tine 6-hydroxy ana-
logue, is take-n Cii) atd accumulatc-d by

adrene’rgic nwrve e-nndings (15, 16) ; ho-nnce 5-
invdre )xvdopanuinne’ unnt!e)ubtedly exe-rtc-d sone

inniuibitorv actic)n by conn�)ctinng for time tranns-

port- svstc-nn for [1H]dopaninne. H(�-iw-evo’n-,
0.001 inst 5-luvdrc-ixvdopanninnc- was nelt pot-cnn-

tiatc-d by ascorbatc- (Table- 4), vine-re-as tine-

saint- connce.-ntrat ion of 6-in vdroxvdopaminne

was i-ioto-nntiated (Table 3).

I)ISCUSSION

In a pnc-vic)us stue!y (1 1) we- show’o-d tinat

catalase, ann c-nnzyme’ specific for H202, j)re-

vcinto-c! a j-ic)rtion (-if tine inhibitionn of [H]-

datccine)lan-ninne uptake- caused by the action
of 6-hvdroxvdopamine on rat brain-n sytnapto-

some-s. In additiot, catalase completely

1)nc-venmtc’d the,’ innhibition ctf anninne- uptake-

cntuse-c! by H202 itsc’lf. Tln’se data wt’rc- inte’r-

l)nc-tc-dltel indicatt’ that ()-l-ivcln-clxvciopan-nune
ge-tnt-rate-s I�I2O2 � aelcte-eius solution an-id that

tine- H2( �2 eann inniuibit ti-ic- ul)takc svst-c’nns for
t i-it’ cate-c-inolanuine-s. -\. ec)nni)lication in-n tins

study n-trclst’ fron tine fm-ct that 6-h�i!roxvdo-

1)an�itne (-n-inn innhibit u1)take- by cc)nn�)etitively
� - � hloekiing the trn-tnsport- systems for the

(nutecine-ilnunnines. Tinus, t\Ve) factors �i-rc-

( )l)t-nativc- sinnultannc-ouslv �vhc-n 6-lmvc!roxv-
t; Ol(IJ)anflinnt’ vas l)n’t’5t’tlt : ti-ic- cVtt)t(IXiciti-i (If

17 H202 anne! ti-ic- COnflI)t’titive’ blockaele of tn-ate--i-

20 l)(Int. 1(1 elan-ifv thc- relic’elf H202, �vc- pt’r-

foinnc-el tin-c-c- difl’c-re-nnt tVI)ts (If stutlies. l’irst,
ti-ic-(‘ft(’c’tof G-i1velrox\�lopaninne’ wnts studied

( inn ti-ic- sc-rotonnin uptake- syste-nn, vhicin vas

67 inc-it innhibit-d ce-in-ipetitivc-ly by ti-is age-tnt.
o:� (‘atalase- fulls- J-i1�( Itt’cted ti-ic’ serotctnnin ul)take
b2 s�’stenu. Sc-corn!, -n�c’ wasi-ie-cl out tine- e’xce’ss
-i��s0 (i-hvclnc lx\’cie)iJan�iIue ft-c 111 t-issuo- slice-s before,’

�- - st-udyitng tlc uptake- of F1Hlcatt-cilc)lat-n-iines.
1�h- revc-rsing the con-i-npc-titivc- blockacto- of

transl)(lrt, tine cytotoxie action of H202 (pre--

s’entc-c! by catalase-) was nnore- dc-any t’vi-

clc-nt. Last, we studied t!ialuric aciti, winich is

n-not a dOtl)ttitivt iniiuibitor of catecinolamine

itptake, but which ge--i-ic-rate-s H2()�. 1)ialuric

acid innhibited the uptake- systems fclr t!opa-

n-iirnc, to repinephrine, anne! serotonnin, at-id each
was fulls’ prote-cted by catalase. These e!ata
ck-arlv sinoweel that H202 gene-ratec! from 6-

hvdrc)xvclopami ne �as toxic to ti-nc,’ u� -it ake
svsto’ms for the biogennic annines. Itt vic-w of

ti-nc �vt-ll-known ge’ncral tc)xicity e)f H202, we

stnggostee! (1 1) tinat tine’ se-lective degc’nno-ra-

t ion-i (If svn-il)at he’tic nt-uron-is by 6-l-iycir )XV-

dopamine n-n-nigh-it be brougi-nt abcut by the�

intraneuronal generation eIf relatively large

amc)unts of H0 by tine 6-i-iydroxydopamin-ne
which accumulates at these- s�itc’s.

In tine curre-unt cXj)Oriments, the rates of
generationi of H02 (oxyge-n cotnsunptiIri) by
6-hvelroxydopannine a-intl by t!ialuric acid in

aquec)us solution we-re’ measure-ti wit-in an
oxygenn -lectrode (F’ig. 2 annt! Table 1). Ascor-

bate augmented ti-ne rates for both agents.

2 It should be noted that ascorbnnte increased

the innitial rate of react-iclnn as well as the over-all

amount of oxygenn consiumed (Fig. 2, ciurves A and

E). The increased rate nnnev he the result of corn-

plex interact-ions I)etween the ascelrbate an-nd the
mnult iple oxidationn prodiucts (13) of 6-hydroxy-

dopan-ninne, or perhaps it is (hue to faster generat-ionn
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Tine’ amount- of H11)2 gc-to-rat-e-d inn tine’ pre’s-
ct-nec- c-if e-xcess ascc-irbate was manny tin-it-s

grt-atc-r that-i t hit’ an-i-iou-in-nt (If ant oxidizable-
agen-it, annd aI)J)t’anc’d tO be himit--d mainly by
the’ availability of oxygen in ti-ne syste-m. Fo)r

exan-nple’, withn 10 nunc)les c-if (i-inydroxyc!o-
pan-nit-nc’ (Fig. 2, cu-irve E), the- oxyge-n conn-
sun-nptiot-n (i.c-. , HO2 production) was c)ve-r

150 nmolc’s inn 20 ninh in ti-i’ 1-n-n-il r(-actionn
svstc-nu (whicin containe-d 10,000 runoles of

asct)rbate) . Si n-icc aseelrbat(- -i--itimulat c’s tine’
continuous gc’neration c-if H202, it se’e’ms
likely that tissue- ascorbate- may be- in-nvolve’d

in-n potentiat-inng ti-ne toxic actions of H02

gen-ierate-d in VlVO. Tine con-icc-ntration of ascor-

bate in ti-ne brain-i of rats is approximatehy 2

rust (17), which is in-i ti-ne’ range of our e-xpc-ri-
ments. Additionally, 6-h-nydroxydopaminc is

often-n administered un a redueing vc-inicie’
(such as ascorbic acid) because most workers
recognize the rapidity with which this agent

is oxidized (3, 9, 18). Ti-no’ appart’t-nt proto-c-
tion of 6-hydroxydopamine’ by ascorbate

may actually increase ti-ne cellular damage by
increasing the amounts of H02 formed.

Ascorbate potentiated the’ ininibitionn c-if

� catecholamine uptake by 6-hydroxydopa-

mine, dialuric acid, and alloxan (Tables 2 an-id
� 3). This is consisten-nt- witin ti-ne inncrease’d

production of H02. With 6-hydroxydopa-

mine, part- of the’ inncremett in inhibition may
have been due to increased competitive
inhibition of transport from i-increased
amounts of 6-hydroxydopaminc’ formed by

reduction of its cittin-non-ne. Witi-n dialuric acid
and alloxan, on-n tint- ot-i-n(’r i-nat-id, tine-ro’ is no
competition for transport systc-ms ( 1 1 ) , at-id
ti-ne incrc’ased inhibition is dc-any due- tc) ti-ne
increased formation-i of H202.

Sanwr and Thocnen (12) mad suggested

tinat 6-hydroxydopamine quit-none might be
the agent responsible for destruction-i of no-rye
terminals -in vivo. Tiey found that radioac-
tive 6-hydroxydopamine remained bout-id
irreversibly to tissue proteinn in viva for long

periods of tin-ic ; this may indicate t!amage- to
enzymes or structural proteins by cross-
linking with 6-hydroxydopamin-nc- cluinotil’.

In our studies witin tine tiptake- systc’ms for

of a rapidly reactimg, intermediate, free radical
species (semiqnuinoxne), or simply to the reduuction
of qmuinones which may have formedi dturing inand-

ling.

catc-cholaninnc-s in-i brain-i slice-s in vitro, the

cluilnonne die! inot appe-ar tct J)ia� an-ny role-.
Asccrbate-, which re-eluee’d ti-ic- 6-lnvdroxv-
dopanuino- dluinotne or ahioxain, actually pote-nu-
tiatet! ti-ne damage by both-n ti-ic-se- ago-nts. Wo-
obse-rve-d tine re-tluctiein of ext-racellular 6-

hvdroxvdopanirne- quinonne- visually as a
din-nin-iution-n in rc-d color inn tin- prc-sc’t-ice- of

asce)rbato-. Additiotnally, whe-nn t he- tissue-

slices wc’re- rinsed fre-e- c-if tho- suspe-tision nw-

diun-n-n, ti-ic’ aseetrbato--tre-ate-d suet-s \v(-re-

relativc-lv cc ilorlo-ss cc nnpart’d t o 6-hydr )Xy-

elc)panuine’ sample-s -ni-it h-icnit. an-ce-irbate, whuicin
wc-r(- gray or black inn ce-br. The-se data

sinowo’d that ascorbate elininnisinc’d tine int-ra-

cellular as well as the e-xtraceliular ciuantities
of time- cltiinone. ‘The-se’ o’xpc-rin�-tits rule- out

6-hydroxyde pamine’ quinnone’ as a toxic fac-

tor inn tine’ studie-s in nih-a. Howo-ver, it may

be ti-iat tine- quit-it-tic- cc-inntributo-s to nncrve
t(-rtlli nal do-genne-ration in t’zno. 1�inis ixIssi -

bility i�s not ruled out by our studie-s in turn.

However, the recyclinng c-if ti-ne- quninonc by
tissue’ ascorbat(- to viek! mucin larger
amoutnts of H(.) appo-ars to bo- at-n attractive

alt-crnnativc-.
Another 1)OssibilitY f )r a contributo)rv

mechannism for nerve terminal destructionn
emerges from ti-ne observationn of an (‘X-

tremclv rapid depletionn of oxyge-in from
solution by 0.1 nsr 6-hvdroxvdopamino’ inn

t-i-nt- pre-se-nce- of ascorbnute- (1’ig. 2, curve- A).
Eve-tn inighe-r connco -tnt rn-it ic-inns of (i-hnydroxy-
dopannine are’ injectc-d t-xi)e-rimo-ntally, anne!

nuccumulnttionn t)f tinis compc)und in no-rye
to-rminnals migint yio-ld in-nt rnune-uronal conce-n -

trnitiotns in-n tine’ rannge’ of 1 ms, winich is the!
e’stinnnuted level of cate-cinolnuminno- nne’urotranns-

mittc-rs (19). One- we)ndo-rs whe-ther e�r not-
some degree’ of nne-ure)nal inyI)oxia over tine’

pc-riot! of timo- duritng whicin 6-hnvdroxvdopnt-
i-n-nit-ne persists inn highi conmce-nutratic)n wit-mm
nerve- terminals nav ce)ntributo! to tine
eve-nt utal do-ge-ne-nut ive- pre-icc-ss.

A eomparisoin of 6- arid 5-inydroxydepa-
mine may provide- son-nt’ itsight into ti-ic
mechatnism of ne-rvo’ to-rminnal ciegetterat io

Both compottnnds are - active-ly accumulated

it-n catccine)lanunc- nno-rve- te-riuinaln-c ; hmo�vever,

.)-hvdroxvdopaminne- does nnot ap�)o!ar te) cause

pern-nanne-nt nne’ural dannage ( 1 5, 1 6) . Onne
e!iffert-nce’ uneov(’ro-d by t I nis i nnvestigat ion is

the re-lativc’ly grt-ater e-ase- of oxidat.icnn of

6-hydroxydopamine (Fig. 2 anncl Table 1).
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Tinis points to at-n oxidation-n I)roduict of

6-hnydroxydopamine as ti-ic’ toxic agent. As

discussed earlier, H202 is ti-ne. agent which
causes ininibition of uptake mechanisms ; it

is a iikeiy candidate for part-icipatin-ig in the
dego-nnd-rative proce-ss as well. Ascorbate did

flc)t pc)tentiate H2O2 formation from 3-

inydroxydopamine but it did withn 6-i-iydroxy-

de-iparninc (F’ig. 2) . At higine’r cc)ncc’ntra-

ticins of 5-lnyt!rc-ixyt!opaminnt- (up to 1

ms-n), a.scorbate actually diminished ti-ne
rate of oxyge-n eonsumptit-in by this com-
pour-ic!. Tiuc rcasonn for tinis s�’as ununclear;

howcve-r, it nay invc)lve- an-n int(-ractie)n be-
tweei-n a.scorbatc- an-nd tho- so-miquinonc intc-r-

mediate in tine oxidation of s-hnydroxydopa-
mine. Tissue ascorbate may Particil)ate in

creatinng tine great- pati-nological distinction-i
between-i 5- ant! 6-hydroxydopamine.

In-n conclusion, we have sinown that 6-
invdroxydopannine generate-s HO atd ti-nat

ascorbate i)ote-nt-iates ti-ne generation of H02.
We have shown-i ti-nat H0 it-ni-nibits catc’chol-
anninne uptake. It se’cms likely ti-nat H202 may

play a causative role mn nerve- dege-neration

as svcll. This might- follow from oxidative

iinl-iibition of suilfinydryl-depetident (‘nnzynws

concc-rne! with i ntermediarv metabolism,
oxidation-n of crucial membrane sulfhydryl
gre)ups, or peroxidation of structural lipids.

It- Inas been shown that agents suci-i as
desmethylimipraminne, which inhibit 6-

hnvdroxyd I1)atflilH’ uI)take, also decrease ti-ne

extent of (lamage cainsed by this age-n-nt- (9).

\Ve! postulate that the catecinolaminw� nerve
terminals are destroyed because they are the
sites of high-i concentrations of H2O emanat -

ing from the 6-inydroxydopamine whici-n

accumulates thero- . The mech-nanisms for pro-
tc-ctitng brain-i ar-id peripheral n-nerve tissue

against pe-roxidative damage are as yet urn-

clear (11). Brain in particular appears to be
e-xtre-mcly vulnc’rable to damage by H02-
gent-ratinng ageints -in vitro (20). Furtiner work

-ivill be rc-ciuired inn orde’r to test winether 11202
generate-cl in-it ranne-uronaily frc Itu 6-inydroxy-

dopan-nun-ne is in fact the causative agent for
nerve termin-nal th-generation-i.
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