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Abs t r ac t : The acu t e e f f ec t o f phys i o l og i ca l doses o f es -
t r ad i o l (E2) on t he dopam i ne rg i c ac t i v i t y i n t he s t r i a t um
was s t ud i ed . I n a f i r s t se r i es o f expe r i men t s , ova r i ec t o -
m i zed r a t s we r e i n j ec t ed w i t h 17a or 17 , 3 E2 (125 , 250 ,
or 500 ng / kg o f body we i gh t , s . c . ) , and i n s i t u t y ros i ne
hydroxy l ase (TH ) ac t i v i t y (de t e rm i ned by DOPA accumu -
l a t i on i n t he s t r i a t um a f t e r i n t r ape r i t onea l adm i n i s t r a t i on

o f NSD 1015) was quan t i f i ed . A dose - dependen t i nc r ease
i n s t r i a t a l TH ac t i v i t y was obse r ved w i t h i n m i nu t es a f t e r
17 , 6 (bu t no t 17a ) E2 t r ea t men t . To exam i ne whe t he r
E2 ac t s d i r ec t l y on t he s t r i a t um , i n a second se r i es o f
expe r i men t s , anes t he t i zed r a t s we r e i mp l an t ed i n t he s t r i -
a t um w i t h a push - pu l l cannu l a supp l i ed w i t h an a r t i f i c i a l
CSF con t a i n i ng [ 3 H ] t y ros i ne . The ex t r ace l l u l a r concen t r a -
t i ons o f t o t a l and t r i t i a t ed dopam i ne (DA) and 3 , 4 - d i hy -
droxypheny l ace t i c ac i d (DOPAC) we r e measur ed a t 20 -
m i n i n t e r va l s . Add i t i on o f 10 - 9 M 17 , 6 (bu t no t 17a ) E2
t o t he supe r f us i ng f l u i d i mmed i a t e l y evoked an - 50%
i nc r ease i n [ 3 H ] DA and [ 3 H ] DOPAC ex t r ace l l u l a r concen -

t r a t i ons , bu t t o t a l DA and DOPAC concen t r a t i ons r e -
ma i ned cons t an t . Th i s se l ec t i ve i nc r ease i n t he new l y syn -
t hes i zed DA and DOPAC r e l ease sugges t ed t ha t E2 a f -
f ec t s DA syn t hes i s r a t he r t han DA r e l ease . F i na l l y , t o
de t e rm i ne whe t he r t h i s r ap i d E2 - i nduced s t i mu l a t i on o f
DA syn t hes i s was a consequence o f an i nc r ease i n TH
l eve l o f phosphor y l a t i on , t he enzyme cons t an t o f i nh i b i -

t i on by DA (K ; DA) was ca l cu l a t ed . I ncuba t i on o f s t r i a t a l
s l i ces i n t he pr esence o f 10 - 9 M 17 , 6 (bu t no t 17a ) E2
i ndeed evoked an approx i ma t e t wo f o l d i nc r ease i n t he
K ; DA o f one f orm o f t he enzyme . I t i s conc l uded t ha t
phys i o l og i ca l l eve l s o f E2 can ac t d i r ec t l y on s t r i a t a l t i ssue
t o s t i mu l a t e DA syn t hes i s . Th i s s t i mu l a t i on appea r s t o be
med i a t ed , a t l eas t i n pa r t , by a dec r ease i n TH suscep t i b i l -
i t y t o end - produc t i nh i b i t i on , pr esumab l y due t o phos -
phor y l a t i on o f t he enzyme . The r ap i d onse t o f t h i s e f f ec t ,
and t he f ac t t ha t t he s t r i a t um does no t con t a i n de t ec t ab l e
nuc l ea r E2 r ecep t or s , sugges t a nongenom i c ac t i on o f
t he s t e ro i d . Key Words : Dopam i ne syn t hes i s - Ty ros i ne
hydroxy l ase - Push - pu l l pe r f us i on - Dopam i ne f eed -
back i nh i b i t i on - Es t r ad i o l - S t r i a t um .
J . Neurochem . 65 , 1651 - 1657 (1995) .

S i nce i t was f i r s t r epor t ed (Béda rd e t a l . , 1977) t ha t
es t rogens , adm i n i s t e r ed or a l l y , cou l d i mprove t he con -
d i t i on o f pa t i en t s su f f e r i ng f rom t a rd i ve or DOPA-
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i nduced dysk i nes i a , t he b i ochem i ca l and behav i or a l e f -
f ec t s o f t hese hormones on t he f ema l e n i gros t r i a t a l
dopam i ne rg i c sys t em have been s t ud i ed ex t ens i ve l y .
As a ma t t e r o f f ac t , a l l t he da t a f rom c l i n i ca l and an i ma l
r esea r ch c l ea r l y i nd i ca t ed t ha t es t rogens a f f ec t t he neu -
rochem i s t r y o f dopam i ne (DA) i n t he s t r i a t um as we l l
as behav i or s med i a t ed by s t r i a t a l DA ( see Van
Ha r t esve l d t and Joyce , 1986 , f or r ev i ew) . So f a r , on
t he o t he r hand , no consensus has been r eached r ega rd -
i ng e i t he r t he l ocus , t he d i r ec t i on , or t he mechan i sm
o f es t rogen ac t i ons . Ac t ua l l y , depend i ng on t he dose
o f es t rogen adm i n i s t e r ed , t he dur a t i on o f t r ea t men t , t he
t i me i n t e r va l be t ween es t rogen t r ea t men t and t es t i ng ,
t he behav i or measur ed , and t he pa r t o f t he basa l gang l i a
f rom wh i ch t he behav i or i s e l i c i t ed , es t rogens appea r
e i t he r t o enhance (Rob i nson e t a l . , 1981 ; D i Pao l o e t
a l . , 1985 ; Becke r e t a l . , 1987 ; Becke r , 1990) or t o
suppr ess (Euv r a rd e t a l . , 1980 ; F i e l ds and Gordon ,
1982) s t r i a t a l dopam i ne rg i c t r ansm i ss i on . Th i s may be
because (1) some o f t he e f f ec t s obse r ved a f t e r t r ea t -
men t w i t h h i gh doses o f es t rogen a r e no t due t o t he
s t e ro i d pe r se bu t a r e r a t he r med i a t ed e i t he r by pro l ac -
t i n (Euv r a rd e t a l . , 1980 ; Hruska , 1986) whose sec r e -
t i on i s i nc r eased by es t rogens , or by ca t echo l es t rogens
( F i shman , 1976) ; or (2) es t rogens may have d i f f e r en t ,
or sequen t i a l , e f f ec t s on pr e - ve r sus pos t synap t i c e l e -
men t s o f t he n i gros t r i a t a l sys t em (Gordon and Pe r r y ,
1983 ; Becke r and Bee r , 1986) .

Thus , i n an a t t emp t t o de t e rm i ne t he na t ur e o f d i r ec t
es t rogen e f f ec t s on t he pr esynap t i c componen t o f t he
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n i gros t r i a t a l dopam i ne sys t em , t he pr esen t s t udy was
pe r f ormed us i ng t hr ee d i f f e r en t t echn i ca l approaches .
I n pa r t i cu l a r , expe r i men t s we r e des i gned (1) t o exam-
i ne t he e f f ec t o f an acu t e phys i o l og i ca l dose o f es t r ad i o l
(E2) on t he i n v i vo r a t e o f DOPA accumu l a t i on i n t he
s t r i a t um a f t e r i n t r ape r i t onea l adm i n i s t r a t i on o f NSD
1015 , (2) t o de t e rm i ne i n v i vo whe t he r E2 m i gh t ac t
d i r ec t l y on t he s t r i a t um t o modu l a t e DA syn t hes i s and /
or r e l ease , when de l i ve r ed l oca l l y by means o f a push -
pu l l cannu l a , and (3) because shor t - t e rm r egu l a t i on o f
t y ros i ne hydroxy l ase (TH ) , t he r a t e - l i m i t i ng enzyme
i n t he DA b i osyn t he t i c pa t hway , i s e f f ec t ed ma i n l y
by phosphor y l a t i on (Z i gmond e t a l . , 1989) , t o assess
i nd i r ec t l y t he s t a t e o f TH phosphor y l a t i on i n con t ro l
or E2 - t r ea t ed s t r i a t a l s l i ces , by de t e rm i n i ng t he enzyme
cons t an t o f i nh i b i t i on by DA (K i DA) . Th i s pa r ame t e r o f
TH ac t i v i t y cha r ac t e r i zes i t s sens i t i v i t y t o end - produc t
f eedback i nh i b i t i on and appea r s t o be a sens i t i ve i ndex
o f t he s t a t e o f TH phosphor y l a t i on (Ames e t a l . , 1978 ;
Laza r e t a l . , 1982 ; A l be r t e t a l . , 1984 ; Fu j i sawa and
Okuno , 1986) .

MATER I ALS AND METHODS

An i ma l s
Fema l e W i s t a r r a t s (200 - 220 g , I f f a Cr edo , Lyon , F r ance )

we r e housed unde r con t ro l l ed t empe r a t ur e (22°C) and l i gh t -
i ng ( l i gh t s on f rom 0500 t o 1900 h ) and supp l i ed w i t h wa t e r
and f ood ad l i b i t um . A l l r a t s we r e b i l a t e r a l l y ova r i ec t om i zed
and used 11 - 13 days a f t e r surge r y .

I n v i vo r a t e o f DA syn t hes i s
The i n s i t u ac t i v i t y o f TH was assayed be t ween 1130 and

1330 h by de t e rm i n i ng t he r a t e o f L - 3 , 4 - d i hydroxypheny l a l a -
n i ne (DOPA) accumu l a t i on i n t he s t r i a t um , 30 m i n a f t e r t he
i n t r ape r i t onea l adm i n i s t r a t i on o f 3 - hydroxybenzy l hydr az i ne
d i hydroch l or i de (NSD 1015) , an i nh i b i t or o f br a i n DOPA
deca rboxy l ase ac t i v i t y (Ca r l sson e t a l . , 1972) , i n a t o t a l o f
70 r a t s t r ea t ed w i t h e i t he r veh i c l e or E2 . Thus , 15 m i n be f or e
NSD 1015 i n j ec t i on , each r a t r ece i ved subcu t aneous l y e i t he r
t he veh i c l e (0 . 1% e t hano l i n sa l i ne ) or 17a or 17 , 6 E2 (125 ,
250 , or 500 ng / kg o f body we i gh t i n 0 . 2 m l ) . These doses
we r e chosen , because ea r l i e r s t ud i es have r evea l ed t ha t a
subcu t aneous i n j ec t i on o f t he equ i va l en t o f 280 ng / kg o f
body we i gh t 17 , 6 E2 l ed t o a t r ans i t or y e l eva t i on i n t he
p l asma concen t r a t i on o f t he s t e ro i d i n t he r ange o f proes t rus
p l asma l eve l s (^ - 60 pg / m l ) be t ween 15 and 30 m i n l a t e r ,
whe r eas p l asma pro l ac t i n (PRL ) l eve l s r ema i ned unchanged
(Mor i sse t t e e t a l . , 1990b ) . Th i r t y m i nu t es l a t e r , t he an i ma l
was decap i t a t ed and t he dor sa l s t r i a t um was i mmed i a t e l y
d i ssec t ed ou t , homogen i zed i n 150 p l o f 0 . 1 M pe r ch l or i c
ac i d con t a i n i ng 0 . 5 mM EDTA and f i na l l y cen t r i f uged a t
15 , 000 g f or 15 m i n . The pe l l e t was so l ub i l i zed i n 0 . 1 M
sod i um hydrox i de and ana l yzed f or pro t e i n con t en t by t he
b i c i nchon i n i c ac i d pro t e i n m i c roassay (Sm i t h e t a l . , 1985)
us i ng bov i ne se rum a l bum i n (BSA) as t he s t anda rd . The
con t en t o f L - DOPA i n t he supe rna t an t was de t e rm i ned by
HPLC w i t h e l ec t rochem i ca l de t ec t i on as desc r i bed pr e -
v i ous l y (Pasqua l i n i e t a l . , 1991) .

D i f f e r ences be t ween group means we r e eva l ua t ed by one -
way ana l ys i s o f va r i ance (ANOVA) f o l l owed by t t es t s .
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Loca l supe r f us i on procedur e
S t r i a t um supe r f us i on was pe r f ormed as pr ev i ous l y de -

sc r i bed (Lev i e l e t a l . , 1989) . I n br i e f , an a r t i f i c i a l CSF was
con t i nuous l y supp l i ed t o a push - pu l l cannu l a i mp l an t ed i n
t he an t e r i or pa r t o f t he cauda t e nuc l eus o f ha l o t hane - anes -
t he t i zed r a t s . A f t e r 1 h o f supe r f us i on ( r es t i ng pe r i od )
[ 3H ] t y ros i ne (80 pC i / m l ) was added i n t he CSF ( t i me
= 0) . Bo t h t he t r i t i a t ed ( [ 3 H ]DA , [ 3H ]DOPAC) and t o t a l
( t DA , t DOPAC) DA and 3 , 4 - d i hydroxypheny l ace t i c ac i d
(DOAC) concen t r a t i ons we r e t hen measur ed i n se r i a l 20 -

m i n supe r f usa t e f r ac t i ons us i ng HPLC ana l ys i s , e l ec t rochem-
i ca l de t ec t i on , and r ad i o i so t op i c coun t i ng (Lev i e l e t a l . ,
1989) . E2 was added t o CSF 100 m i n a f t e r [ 3H ] t y ros i ne .
For eas i e r compa r i son , t he r esu l t s a r e pr esen t ed a f t e r s t an -
da rd i za t i on t o 100% o f t he spon t aneous r e l ease . S t a t i s t i ca l
ana l ys i s was conduc t ed on t he pe r cen t ages us i ng a t wo - t a i l ed
S t uden t ' s t t es t by compa r i ng t he mean o f cor r espond i ng
f r ac t i ons o f con t ro l (n = 10) and t r ea t ed (n = 6) groups .

I nh i b i t i on s t ud i es w i t h DA
For k i ne t i c s t ud i es , TH ac t i v i t y was de t e rm i ned by mea -

sur i ng t he amoun t o f exogenous t y ros i ne conve r t ed t o DOPA
i n v i t ro by s t r i a t a l homogena t es .

I n t h i s se r i es o f expe r i men t s , t he dor sa l s t r i a t a we r e f i r s t
d i ssec t ed ou t and t i ssue s l i ces o f - 0 . 5 x 0 . 5 x 0 . 5 mm
we r e pr epa r ed w i t h a Mc l l wa i n t i ssue choppe r . The t i ssue
f r agmen t s we r e t hen equ i l i br a t ed unde r an a t mosphe r e o f
95% 02 / 5% CO2 f or 20 m i n a t 37°C i n 5 m l o f Ea r l e ' s
ba l anced sa l t so l u t i on (EBSS) . A f t e r r emova l o f t h i s pr e i n -
cuba t i on med i um , t hey we r e i ncuba t ed i n 5 m l o f EBSS
con t a i n i ng or no t con t a i n i ng E2 . T i ssue s l i ces we r e t hen
homogen i zed i n an i ce - co l d 20 mM po t ass i um phospha t e /
Tr i t on X- 100 0 . 2% bu f f e r (pH 6) , con t a i n i ng sod i um f l uo -
r i de (5 mM) , t o i nh i b i t phosphopro t e i n phospha t ases (Ya -
mauch i and Fu j i sawa , 1979 ; Bo l l en and S t a l mans , 1988) ,
and cen t r i f uged a t 15 , 000 g f or 15 m i n . The pe l l e t s we r e
so l ub i l i zed i n 0 . 1 M sod i um hydrox i de and ana l yzed f or
pro t e i n con t en t as i nd i ca t ed above . TH ac t i v i t y i n t he supe r -
na t an t s was assayed i mmed i a t e l y as desc r i bed pr ev i ous l y
(Pasqua l i n i e t a l . , 1994) . I n br i e f , i ncuba t i on was pe r f ormed

a t 37 ° C f or 15 m i n , w i t h 0 . 1 or 0 . 5 mM DL - 6 - me t hy l - 5 , 6 , 7 , 8 -
t e t r ahydrop t e r i n d i hydroch l or i de (6 - MPH4 ; S i gma ) and 20
yM t y ros i ne , i n t he absence or pr esence o f i nc r eas i ng con -
cen t r a t i ons o f DA (1 - 50 j W) . The TH i nh i b i t or cons t an t s ,
K; va l ues , we r e de t e rm i ned by t he me t hod o f D i xon (1953) ,
wh i ch was va l i da t ed by non l i nea r r egr ess i on cur ve - f i t t i ng
progr am (Ka l e i dagr aph , ve r s i on 2 . 0 . 2 , 1992) . Bo t h me t hods
prov i ded s i m i l a r r esu l t s and demons t r a t ed t he b i phas i c pa t -
t e rn o f t he expe r i men t a l cur ves .

RESULTS

I n v i vo r a t e o f DA syn t hes i s i n t he s t r i a t um a f t e r
i n v i vo E2 t r ea t men t

I n s i t u TH ac t i v i t y was eva l ua t ed by measur i ng
DOPA accumu l a t i on i n t he s t r i a t a 30 m i n a f t e r NSD
1015 i n j ec t i on i n r a t s t r ea t ed w i t h e i t he r veh i c l e or E2 .
As shown i n F i g . 1 , i n v i vo adm i n i s t r a t i on o f l 7ß E2
(125 , 250 , or 500 ng / kg o f body we i gh t ) 15 m i n be f or e
NSD t r ea t men t dose - dependen t l y i nc r eased t he drug -
i nduced DOPA accumu l a t i on i n t he s t r i a t um by 20 ,
42 . 5 , and 48 . 5% , r espec t i ve l y , compa r ed w i t h t he con -



F I G . 1 . E f f ec t o f phys i o l og i ca l doses o f 17P E2 on t he i n s i t u
DOPA accumu l a t i on i n t he s t r i a t um . Ova r i ec t om i zed r a t s we r e
i n j ec t ed w i t h veh i c l e (C) or veh i c l e con t a i n i ng 17a or 17 , 6 E2
and , 15 m i n l a t e r , w i t h NSD 1015 t o a l l ow DOPA t o accumu l a t e
f or 30 m i n . Ba r s r epr esen t mean ± SEM va l ues ; t he numbe r o f
r a t s used i s a t base o f t he ba r s ( ' p < 0 . 05 , " ` p < 0 . 001 vs.
t he con t ro l ; ANOVA and S t uden t ' s t t es t ) .

t ro l s . Thus , a l t hough an i n v i vo t r ea t men t w i t h 250 ng /
kg 17a E2 had no e f f ec t ( F i g . 1) , t he same dose o f
170 E2 produced an a l r eady max i ma l i nc r ease i n t he
i n v i vo r a t e o f DOPA syn t hes i s i n t he t e rm i na l s o f
n i gros t r i a t a l neurons .

Loca l i n v i vo e f f ec t s o f E2 on DA and DOPAC
r e l ease

I n con t ro l cond i t i ons , t he add i t i on o f [3H ] t y ros i ne
t o t he supe r f us i on med i um l ed t o t he r ap i d appea r ance
o f [ ' H ] DA and [ ' H ] DOPAC i n t he ex t r ace l l u l a r space
( F i g . 2) . A f t e r a sha rp i nc r ease dur i ng t he f i r s t hour ,
t he r e l ease was progr ess i ve l y s t ab i l i zed dur i ng t he f o l -
l ow i ng 160 m i n . E2 t r ea t men t was app l i ed 100 m i n

a f t e r t he beg i nn i ng o f supe r f us i on w i t h [3H ] t y ros i ne.
Add i t i on o f (10 - 9 M) 170 (bu t no t 17a ; da t a no t

shown ) E2 t o t he supe r f us i ng f l u i d produced i mmed i -
a t e l y an i nc r ease i n [3H ]DA and [ 3H ] DOPAC ex t r a -
ce l l u l a r concen t r a t i ons , bu t t o t a l DA and DOPAC con -
cen t r a t i on r ema i ned cons t an t . Thus , when app l i ed d i -
r ec t l y i n t o t he s t r i a t um , 17 , 6 E2 produced an i nc r eased
r e l ease o f t he new l y syn t hes i zed am i ne l eav i ng t he
t DA and t DOPAC r e l ease unchanged .

E2 e f f ec t s on s t r i a t a l TH suscep t i b i l i t y t o
i nh i b i t i on by DA

The K i DA va l ue o f TH i n con t ro l and E2 - t r ea t ed
s t r i a t a l s l i ces was de t e rm i ned a t pH 6 . 2 i n t he pr esence
o f 20 pM t y ros i ne and e i t he r 100 or 500 / CM 6 - MPH 4 .
D i xon p l o t s o f t he da t a a r e pr esen t ed i n F i g . 3 . I nh i b i -
t i on o f TH ac t i v i t y by DA was f ound t o be compe t i t i ve
w i t h p t e r i n co f ac t or , as j udged by t he conve rgency o f
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l i nes gene r a t ed a t t he t wo 6 - MPH4 concen t r a t i ons . The
r epor t ed K i DA va l ues we r e de t e rm i ned f rom t he i n t e r -
sec t i on o f l i nes on t hese p l o t s . I n con t ro l s t r i a t a l s l i ces ,
t he va l ues ob t a i ned a t 0 . 1 and 0 . 5 mM 6 - MPH4 d i s -

p l ayed a b i phas i c cha r ac t e r (wh i ch was a l so d i sc l osed
by t he cur ve - f i t t i ng ana l ys i s pe r f ormed us i ng non l i nea r
r egr ess i on procedur es ) and t hus cou l d be bes t r eso l ved
i n t o t wo s t r a i gh t l i nes , as f o l l ows : (1) On t he bas i s o f
t he da t a ob t a i ned w i t h t he h i ghe r DA concen t r a t i ons
( ex t r apo l a t ed broken l i nes ) , a K i va l ue f or DA was
ca l cu l a t ed t o be 30 E . W . (2) On t he bas i s o f t he da t a
ob t a i ned w i t h t he l owe r concen t r a t i ons o f DA , a second
K i was ca l cu l a t ed t o be 2 . 5 t t M . Thus , as pr ev i ous l y
desc r i bed i n t he med i an em i nence o f ova r i ec t om i zed
r a t s (Pasqua l i n i e t a l . , 1993 , 1994) , i n t he con t ro l s t r i a -
t a l s l i ces , TH ex i s t ed as t wo k i ne t i ca l l y d i f f e r en t f orms ,
w i t h K i DA va l ues o f 30 ± 0 . 6 and 3 . 3 ± 0 . 5 pM (bo t h
mean ± SEM o f s i x i ndependen t de t e rm i na t i ons ) . I n
s t r i a t a l s l i ces i ncuba t ed i n t he pr esence o f 170 E2
(10 - 9 M) f or 30 m i n , t wo k i ne t i ca l l y d i f f e r en t f orms

o f TH a l so coex i s t ed ; whe r eas t he TH f orm exh i b i t i ng
a K i DA va l ue o f 3 ± 0 . 4 I , M was s t i l l obse r ved , t he
o t he r one unde rwen t an i nc r ease o f approx i ma t e l y t wo

F I G . 2 . Loca l e f f ec t s o f 10 - 9 M 17P E2 on t he r e l ease o f bo t h
t he t r i t i a t ed and un l abe l ed f orms o f DA and DOPAC i n t he r a t
cauda t e nuc l eus dur i ng a con t i nuous l abe l i ng w i t h t r i t i a t ed t y ro -
s i ne . Expe r i men t s and t he t r ea t men t o f r esu l t s we r e pe r f ormed
as desc r i bed i n Ma t e r i a l s and Me t hods . E2 was added t o t he
supe r f us i ng CSF 100 m i n a f t e r [ 3H ] t y ros i ne (b l ack ba r ) . Resu l t s
a r e expr essed as pe r cen t ages o f t he spon t aneous r e l ease
(100% ) . Each po i n t i s t he mean - - SEM ob t a i ned w i t h 10 con t ro l
(O ) and s i x t r ea t ed ( " ) r a t s . S t a t i s t i ca l ana l ys i s used t he t wo -
t a i l ed S t uden t ' s t t es t t o compa r e t he mean ± SEM va l ues o f
cor r espond i ng f r ac t i ons ( ' p < 0 . 05 , ` . p < 0 . 01) .
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t i mes i t s K ; DA va l ue ( f rom 30 ± 0 . 6 t o 58 . 2 ± 0 . 6 MM ;
bo t h means o f f our i ndependen t de t e rm i na t i ons ) . On
t he con t r a r y , when s t r i a t a l s l i ces we r e i ncuba t ed i n t he

pr esence o f 17a E2 (10 - 9 M) f or 30 m i n , no change
i n t he K ; DA va l ues o f TH cou l d be obse r ved .

The pr esen t da t a prov i de t he f i r s t i n v i vo ev i dence
t ha t phys i o l og i ca l concen t r a t i ons o f E2 , ac t i ng d i r ec t l y
on s t r i a t a l t i ssue , can w i t h i n m i nu t es s t i mu l a t e DA
syn t hes i s , wh i l e l eav i ng t he am i ne - r e l eas i ng process
unchanged .

When i n j ec t ed sys t em i ca l l y , 170 E2 i nduced an i n -
c r ease i n TH ac t i v i t y measur ed i n d i ssec t ed s t r i a t a l
t i ssue , and when supp l i ed l oca l l y , t he s t e ro i d provoked
a se l ec t i ve i nc r ease i n t he new l y syn t hes i zed DA and
DOPAC ex t r ace l l u l a r l eve l s . These r esu l t s sugges t
s t rong l y t ha t E2 can ac t d i r ec t l y on t he s t r i a t um t o
enhance TH ac t i v i t y . Because t h i s E2 - i nduced i nc r ease
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D I SCUSS I ON

C . PASQ UAL I N I ET AL .

F I G . 3. E f f ec t o f E2 on TH suscep t i b i l i t y t o
DA i nh i b i t i on . D i xon p l o t s o f TH ac t i v i t y as a
f unc t i on o f DA and 6 - MPH , concen t r a t i ons , i n
s t r i a t a l s l i ces i ncuba t ed f or 30 m i n i n t he ab -
sence ( t op ) and pr esence o f 10 - 9 M 17 , 6 E2
(m i dd l e ) or 17a E2 (bo t t om) . Da t a a r e va l ues
f or dup l i ca t e samp l es f rom a t yp i ca l expe r i -
men t r ep l i ca t ed f our t i mes w i t h s i m i l a r r esu l t s .

i n DA b i osyn t hes i s occur r ed r ap i d l y (15 - 20 m i n ) , i t
was un l i ke l y t o be due t o a change i n t he numbe r o f TH
mo l ecu l es . I ns t ead , an ac t i va t i on by phosphor y l a t i on o f
t he pr eex i s t i ng enzyme mo l ecu l es cou l d be expec t ed .
Accord i ng l y , an E2 - i nduced i nc r ease i n t he K; DA O f
TH was shown f or t he f i r s t t i me i n t he pr esen t s t udy .
Thus , a f t e r E2 s t i mu l a t i on , TH i s r e l i eved f rom end -
produc t f eedback i nh i b i t i on , an e f f ec t t ha t i s cha r ac t e r -
i s t i ca l l y brough t abou t by phosphor y l a t i on (Ames e t
a l . , 1978 ; Mann and Gordon , 1979 ; Vr ana e t a l . , 1981 ;
A l be r t e t a l . , 1984 ; Fu j i sawa and Okuno , 1986) . I n -
deed , no t a l l TH mo l ecu l es we r e a f f ec t ed i n t he i r ca t a -
l y t i c prope r t i es by E2 t r ea t men t . Howeve r , i t i s known
t ha t TH ex i s t s as a so l ub l e and a membr ane - bound
f orm , exh i b i t i ng a s i gn i f i can t l y d i f f e r en t a f f i n i t y f or
p t e r i n co f ac t or and sens i t i v i t y t o DA i nh i b i t i on (Ku -
czensk i and Mande l l , 1972) . Recen t l y , we prov i ded
some ev i dence suppor t i ng t ha t t he l ow ( - 3 b t M) K; DA
f orm cou l d cor r espond t o nonphosphor y l a t ed mem-
br ane - bound TH , because i t s ac t i v i t y and sens i t i v i t y t o



DA i nh i b i t i on can be a f f ec t ed by pro t e i n k i nases on l y
a f t e r i t s so l ub i l i za t i on (Pasqua l i n i e t a l . , 1994) . Con -
ve r se l y , t he h i gh ( - 30 I _CM) K; DA TH f orm , wh i ch i s
phosphor y l a t ed and whose ac t i v i t y and sens i t i v i t y t o
DA i nh i b i t i on can be r ead i l y mod i f i ed by pro t e i n k i -
nases , i s l i ke l y t o be t he so l ub l e and t he mor e ac t i ve
f orm o f t h i s enzyme .

I t i s surpr i s i ng t ha t t he r e l ease o f DA was no t a l t e r ed
by E2 t r ea t men t , as ev i denced by t he i n v i vo expe r i -
men t s . Such a d i ssoc i a t i on be t ween t he modu l a t i on o f
DA syn t hes i s and r e l ease had a l r eady been obse r ved
i n ce r t a i n o t he r expe r i men t a l s i t ua t i ons - f or i ns t ance ,
t he l oca l app l i ca t i on o f e i t he r t he GnRH - assoc i a t ed
pep t i de (Gobe r t e t a l . , 1992) or g l u t ama t e a t l ow con -
cen t r a t i ons (Lev i e l e t a l . , 1990) a l so prov i ded ev i dence
t ha t i n s t r i a t a l dopam i ne rg i c t e rm i na l s t hese t wo me t a -
bo l i c s t eps a r e no t s t r i c t l y coup l ed . Th i s was r ecen t l y
con f i rmed (Desce e t a l . , 1994) .

I t t hus appea r s t ha t t he con t i nuous l oca l pe r f us i on
w i t h E2 does no t a f f ec t basa l dopam i ne rg i c t r ansm i s -
s i on , bu t i nc r eas i ng t he amoun t o f cy t oso l i c DA ava i l -
ab l e f or r e l ease enhances t he capac i t y o f t hese dopa -
m i ne rg i c neurons t o r espond t o any subsequen t s t i mu -
l us . Th i s wou l d a l so exp l a i n pr ev i ous r esu l t s f rom
Becke r ' s group who showed i n v i t ro (Becke r , 1990)
and i n v i vo (Cas t ne r e t a l . , 1993) a s t i mu l a t or y ac t i on
o f phys i o l og i ca l concen t r a t i ons o f E2 on s t r i a t a l am-
phe t am i ne - evoked DA r e l ease . Amphe t am i ne i s known
t o r e l ease pr e f e r en t i a l l y new l y syn t hes i zed cy t oso l i c
DA (Kuczensk i , 1983) . Thus , t ha t a neuron pr ev i ous l y
exposed t o E2 has an i nc r eased amoun t o f r ead i l y r e -
l easab l e cy t oso l i c DA l i ke l y exp l a i ns i t s enhanced r e -
sponse t o amphe t am i ne s t i mu l a t i on .

The obse r ved s t i mu l a t i on o f s t r i a t a l DA syn t hes i s i s
l i ke l y t o be an e f f ec t o f E2 pe r se : dur i ng chron i c
t r ea t men t w i t h h i gh doses o f es t rogen , some o f t he
obse r ved E2 e f f ec t s a r e med i a t ed by PRL or l oca l l y
syn t hes i zed ca t echo l es t rogen ( F i shman , 1976 ; Euv r a rd
e t a l . , 1980 ; Hruska , 1986) . Th i s cou l d be exc l uded
i n t he pr esen t s t udy , because (1) t r ea t men t o f r a t s w i t h
such l ow doses o f 17 , 6 E2 has been shown t o l eave
p l asma PRL unchanged f or a t l eas t 1 h (D i Pao l o e t
a l . , 1985) ; and (2) our s t udy showed t ha t t he e f f ec t s
o f E2 we r e s t e r eospec i f i c , because t he 17a i some r o f
E2 was t o t a l l y i nac t i ve . Th i s r esu l t i s i mpor t an t i n a t
l eas t t wo r espec t s : F i r s t , i t shows t ha t a nonspec i f i c
ac t i on due t o an a l t e r a t i on o f membr ane l i p i d compos i -
t i on i s no t i nvo l ved . Second , i t ru l es ou t t he poss i b i l i t y
t ha t ca t echo l es t rogen f orma t i on wou l d prov i de t he b i o -
chem i ca l l i nk be t ween es t rogen and ca t echo l am i ne rg i c
f unc t i on , because 17a E2 can f orm 2 - and 4 - hydroxy
17a as r ap i d l y as t he 170 ep i me r , and 2 - hydroxy 17a
E2 i s known t o modu l a t e pur i f i ed r a t TH ac t i v i t y w i t h
a po t ency compa r ab l e t o t ha t o f 2 - hydroxy 170 (He r -
sey e t a l . , 1982) .

D i sc r i m i na t i on be t ween d i r ec t ac t i on o f t he s t e ro i d
and i t s po t en t i a l seconda r y e f f ec t s , med i a t ed f or i n -
s t ance by PRL , may he l p t o unde r s t and some seem-
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i ng l y con t r ad i c t or y r esu l t s o f t he l i t e r a t ur e . The i dea
t ha t ve r y l ow doses o f E2 , enhanc i ng t he r esponse
capac i t y o f n i gros t r i a t a l DA neurons , a r e appropr i a t e
t o i mprove DA t r ansm i ss i on i n t h i s sys t em f i t s we l l
w i t h t he r esu l t s o f behav i or a l s t ud i es r epor t i ng , f or
i ns t ance , (1) an i nc r eased dopam i ne rg i c t r ansm i ss i on
i n t he s t r i a t um and nuc l eus accumbens a f t e r a s i m i l a r
E2 t r ea t men t (D i Pao l o e t a l . , 1985) , or (2) t he r ap i d
i mprovemen t i n sensor i mo t or pe r f ormance produced
by i n t r as t r i a t a l app l i ca t i on o f 170 E2 (Becke r e t a l . ,
1987) . Conve r se l y , ce r t a i n an t i dopam i ne rg i c e f f ec t s
obse r ved a f t e r pro l onged t r ea t men t w i t h h i ghe r doses
o f E2 we r e no t due t o t he s t e ro i d pe r se , bu t r a t he r
t o t he seconda r y s t i mu l a t i on o f PRL r e l ease f rom t he
p i t u i t a r y (Euv r a rd e t a l . , 1980) .

Whe r e and how does E2 ac t i n t he s t r i a t um t o mod i f y
t he r a t e o f DA syn t hes i s? The E2 - i nduced i nc r ease i n
TH phosphor y l a t i on may be r e l a t ed t o t he ab i l i t y o f
t he s t e ro i d t o r ap i d l y modu l a t e DA ac t i on on t he pr e -
synap t i c t e rm i na l s : w i t h i n 15 m i n o f i n j ec t i on , E2 can
i nc r ease t he numbe r o f s t r i a t a l DA up t ake s i t es (Mor i s -
se t t e e t a l . , 1990a ) and dec r ease t he dens i t y o f t he
s t r i a t a l D2 r ecep t or h i gh - a f f i n i t y agon i s t s i t es (Lév -
esque and D i Pao l o , 1988) . The r e f or e , by s t i mu l a t i ng
DA degr ada t i on and r educ i ng t he sens i t i v i t y o f D2
r ecep t or s , compr i s i ng a l so pr esynap t i c au t or ecep t or s ,
t he s t e ro i d can r educe t he i nh i b i t or y i n f l uence t ha t
t hese au t or ecep t or s exe r t on TH phosphor y l a t i on and
DA syn t hes i s (Sa l ah e t a l . , 1989) .

I n any case , c l ass i c es t rogen r ecep t or s a r e no t f ound
w i t h i n t h i s br a i n a r ea . The obse r ved r ap i d s t i mu l a t i on
o f TH by E2 wou l d be bes t exp l a i ned by t he pr esence
o f a membr ane r ecep t or . Tha t E2 i s ac t i ve a t concen t r a -
t i ons i n t he r ange o f 10 - ' ° t o 10 - 9 M sugges t s t ha t E2
b i nd i ng t o t h i s r ecep t or i s o f gr ea t a f f i n i t y . Membr ane
r ecep t or s f or s t e ro i d hormones have l ong been hypo t h -
es i zed , based on nume rous neurochem i ca l and e l ec t ro -
phys i o l og i ca l ev i dences ( see Schumache r , 1990 , f or
r ev i ew) . Howeve r , b i ochem i ca l ev i dence f or such r e -
cep t or s i s on l y now becom i ng mor e conc l us i ve . Re -
cen t l y , t he group o f Ram i r ez , us i ng 125 1 - l abe l ed BSA-
l i nked s t e ro i ds , i so l a t ed , pur i f i ed , and cha r ac t e r i zed
some o f t hem . As an examp l e , t hey pur i f i ed f rom t he
hypo t ha l amus and corpus s t r i a t um a membr ane b i nd -
i ng s i t e w i t h h i gh a f f i n i t y f or proges t e rone , wh i ch i s
sexua l l y d i morph i c and cor r esponds t o a 40 - 50 - kDa
pro t e i n (T i schkau and Ram i r ez , 1993) . Bes i des , i t has
a l so been shown r ecen t l y t ha t i n t he s t r i a t um , i ndepen -
den t l y o f i n t r ace l l u l a r r ecep t or s , E2 can a f f ec t t he (N
t ype ) ca l c i um channe l s and dec r ease ca l c i um cur r en t s
w i t h i n seconds o f adm i n i s t r a t i on , v i a a G pro t e i n - me -
d i a t ed mechan i sm (Me rme l s t e i n e t a l . , 1994) . The ob -
se r ved s t i mu l a t i on o f TH ac t i v i t y may t hus be t r i gge r ed
by an E2 - i nduced i nc r ease i n t he i n t r ace l l u l a r concen -
t r a t i on o f ca l c i um , l ead i ng t o ac t i va t i on o f ca l c i um-
dependen t pro t e i n k i nases t ha t u l t i ma t e l y w i l l phos -
phor y l a t e TH (Haycock , 1993) . I n suppor t o f t h i s hy -
po t hes i s , we obse r ved (C . Pasqua l i n i e t a l , unpub l i shed
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da t a ) t ha t t he e f f ec t o f E2 on t he i nc r ease i n t he K i DA
o f TH was se l ec t i ve l y b l ocked by GF - 109203X , a spe -
c i f i c i nh i b i t or o f ca l c i um / phospho l i p i d - dependen t pro -
t e i n k i nase (Tou l l ec e t a l . , 1991) . A l l t oge t he r , t hese
da t a a r e t hus cons i s t en t w i t h t he v i ew t ha t E2 cou l d
ac t , t hrough a membr ane - l i nked mechan i sm , d i r ec t l y
on DA t e rm i na l s . On t he o t he r hand , because t h i s ev i -
dence i s s t i l l i nd i r ec t , we canno t exc l ude t ha t t he pa t h -
way l i nk i ng E2 ac t i on on ca l c i um cur r en t s and phos -
phor y l a t i on o f TH cou l d a l so i nvo l ve an i n t emeuron
w i t h i n t he he t e rogeneous s t r i a t a l t i ssue .

I n summa r y , t he r esu l t s o f t hese expe r i men t s i nd i -
ca t e t ha t E2 has an acu t e s t i mu l a t or y ac t i on on DA
b i osyn t hes i s i n s t r i a t a l ca t echo l am i ne rg i c t e rm i na l s ,
wh i ch i s based ma i n l y on ac t i va t i on o f TH by enhanced
phosphor y l a t i on o f t he enzyme . Pr ec i se l oca l i za t i on
o f t he membr ane r ecep t or f or E2 i s now r equ i r ed t o
de t e rm i ne whe t he r E2 ac t s pr i ma r i l y on t he DA neu -
rons and t o f i na l l y e l uc i da t e t he pa t hway l i nk i ng E2
b i nd i ng t o t he s t r i a t um and TH phosphor y l a t i on .

Acknow l edgmen t : We expr ess our s i nce r e appr ec i a t i on
t o Dr . Y . von Boxbe rg f or h i s he l p f u l commen t s dur i ng t he
pr epa r a t i on o f t he manusc r i p t .
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