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Serotonin release varies with brain tryptophan levels

Judith D. Schaechterand RichardJ. Wunman

(Accepted 15 tolly J990)

K" .'o,ib ~r(ltonln release. Tr)1)\ophan a,'ailabiht).; Lar.e neutral amino acid. Hypothalamus; Superfuscd brain Ulce

This slud~ eumlnes dl'ectl~. the effects on serotonIn release of varyln. b,ain tryptophan levels ,,'ithln the ph)'llolo.ic ran,e. It also addresse~
r "le tnttrlCllon~ bel"'ten t~l'lophan a"allabsht) and f'equtnc~ of membrane depolanullon In controlhn, serotonin release "'e
~. m.'nslrate that reduClnj: tr)l'tophan I~"els In rat hypothalamic u"es Ib~' superfusln,thcm ..-Ith medIum supplemented with 100"M leuCIne)
.I. .rn~~~ ""u~ ~erOlonln levels as well as both spontaneous and electfl(lll)~voked serotonIn release Conversely. ek,'alln, IISSut tf)l'tophan
I. . ...I~,,,. \uperfuSln, shces "'lIh medium suppltmtnted Wllh :! ,,~ t~l'tophanl increases both IIssue serotonin levels and serotonin releas~
". ..""n,n r...I Js~ "'as found 10 be afleCied Independentl~ h) t~l'Iophan a\allabllll~ and frequency of electflcal fleld,sllmulallon 11-5 HZ). Since

'c.,reaslftj: ""Ih .afla!\lts produced nn'l~ addltl\~ Incrcase~ In reluM' ThtM' obscnallons demonstrate for the rlrst lime that bolh
r.('cursol.dependenl tle,'allons and reducllons in brain serotonin le,'els produce proponlonlle chan,es In serotonIn release. and that the
TI'.Jj:nllud~01 Ihe If\'r,orhan efleCi .s unrelated 10 neuronal rllln, frcquenc~ Tht dlla suppa" the hypotheSis that serotonin relelSe IS
T"'r<'nl"nal~ I,' Inlr...:tllular M'rOlOnlnle.eb

I TRODl'ClIO'

The rate at Yohich~erotonm (S.HT) is relea~ed from
"'ram neurom I~often as~umed to \'ar~ ,,'ith that of S.HT
..~nthesl~. and thus with brain level~ of it~ precursor
Ir~f"t('lphan This a~~umption anses from the knoYon
Jt'pendencc of S.HT synthe~Is on the local concentrallon
.'f tryptophanP 1<'''. It also den\es from studtes report.
tng modificallons m certain behaviors. including aggres.
"Ion~"and pam ~enslli\'itr'\ ,,'hen brain tryptophan le\'els
OJrealtered in \'1\'0. the tryptophan.~en~iti\'ity of the~e
.Ind other behaviors is thou,ht to be due to precursor.
Jependent changes in S.HT synthesis and subsequent
release of the transmitter into brain synapses. If S.HT
.ynthesis and relea~e do in fact covaf)', then one would
cxpect to find that changes in S.HT synthesis would
produce parallel changes in S.HT release. Indeed. nu.
merous studies have demonstrated increases in S.HT
release in viVO,.6.1I.2U1... or in vitro)'.) when brain

tryptophan levels have been ele\'ated; a few studies.
however. failed to reveal this affectl..,..so. Conspicu.
nusl)'. no study has eltamined directly the effect of
,tducin, brain tryptophan levels on the release of
~ndogenous S.HT. Funhermore, it is not known whether
the firin, acti\'it) of serotoninergic neurons innuences the
relationship between tr)'ptophan availability and S-HT
rdease. The present study addresses these questions in
\lIro.

We no.. repon that S.HT release is decreased Yo'hen
brain tryptophan levels are lowered. and that the mod.
ulation of S.HT release b)' tryptophan availabllll~ IS
Independent of. and nearly additive ,,'ith. the effects of
var~ing the frequency of membrane depolanzallon

MATERI."LS ASD METHODS

Slier P'~PIl'Q"(J"
H~'polhalamlc shces 1)00 "m) from male Spra.u~-Dawl~. rat~

(l8G- 2.ao&I .'ere prepared a~ d~scnbed prc\lousl~" Some shce~
.ere rClalned. Iroun o.er d~ ICC.and stored at -70'C unl,l
biochemICalassa~'s wcrt performed MoS! shces ""err placed In\(I
parallel chambers and superfused 106 ml mIni "'uh pre..armed
ph~'SIOlo'lcmedium ha"ln, tht followln, composition (In mM,
NaCI 130. KCI 35. CaCI: I 3. M.SO. U. SaH:PO. I. NaHCO.
25. D-,Iucosc 10. This mcdlum also conlalned 2 11M nuoltllne
(unless noled olhe,..'lsello bloc" Ihe rcup..kt of synaptICS.HT".
and ..as ,asscd conllnuousl~ "lIh 9~'1- O:'~'T CO: to SUSlainpH
7.' Shces were equihbratcd by superfu~80n for SO mln pnor to
fraction coIlcctlon.

£%"'","''''111 drJ'I"
E/I~"/J 01 LNAAJ 0" lIIdo/~ "wels .1Id rr/e4S~ In elpenmenu

dcsi,ned to eumlne Ihe tffeclS of reduCln, or ckvalln. brain
Iryptophan kvcls on S.HT relusc. uch chamber contained Iht
equivalent of ont hypothalamus Shces in ont chamber wcre
superfused wilh nuoltllne-contalnin, medIum supplemenlcd ..81h
10011M leuClnt. 211M Iryptophan. or 10011MleUCIneplus:! 11M
Iryptophan Shces In tht oth~r chamhcr were superfused Ih amino
acid.unsupplemenled medium. and Ihus served as control Four
capenmenu wcrt performed uSln, cach of lhe 3 comparall"e
conditions SUCceSSlvtS.min fracllons fFC.80K Fractionator. c;lIson
Medical Electronics. Inc. Middleton. WII were collected for 80mm
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10.' . !\cl en ~tI and I\II m,n I hr,ond Ihe .nll.al cqu.hhlallon
rero..J E...eh haCl"'" of 'ure,fu"on mrdlum ..a' eolleelrd .nl" ..
~f.." luhe e(ln"m,n~ Ifll "I (117m'" .!oC(lrhale.nd Inlrrn.1
".nd.,d, I~.h'd'o\' ..'I..mrlh.ftr\rlam,nr (lulale I...HT.CH,I .nd
~.h\d'''\\':''nd.'lrc.rht,,\hc ae.d I~.HICAII. m,~rd h~ VOrlrl. .nd
'h',.'d ,n Ih,' d.,L "n 'ee. unlll IUrlh.'r prnerulnf ''''IIhm 1-2 hi
~",.., ..e'" rleeUlc.lI. hefd..,.muf..,ed '(I' ~ re"CId, 01 4 7 m,n
r..eh .,;,rllnj: H'. IC~and 1111m,n .11.., Ih.. on~1 of wrerlu"on
Elcetr,c,,1 htld.,lImulallon Induetd h~ deh'cr~ of blpolal
Mju.." e rul ' ,!- Hz. 2 m'. Ifl. mA'em=1uSln, . SlImul.lor
IS G,.." In.\fUmCnl Ce' . OUlnn. MAlIn wrle' ..,Ih . 12"
rcl..,. rul,," ..ere rnnnll",cd h\ .~ OICIII~orc (V.21:!. HII.ch,
D.'n,h, lid . T"L\". J.r"nl AI Ihc cnd of uch nptnmtnl. ,ht
.hce' rc rcmcned frnm Ihrll cham!\cr.. qUICLI~nnwd In dlJllllrd
..;,1.". fr"z..n O\C, dr~ ICe. and ..orrd al -')O'C fOI wbscqucnl
h,,>ch.'m,c..1."..~,

In \"\f'\'"m..n., addrc",nj: "",,,hlr InirraC'l.on. ~I..nn Muron.1
..ell"I' and ..IIC'I"" tr~'PIOrh..n a,.daMn, In controlhnf ~HT
r ', eh .u,...rlu"nn cham!\cl conlalnrd Ihe cqul\'.'cnl of .
d.'m,.h.,...,lh"l..mu' The nuolcllnr-eun.aln,n, mcd.um wptrfullnf
,h.." In (In..ch..mhe' ..a, lUrP'rmrn.cd "lIh:! 11M1~'P'ophan. ,hal
'uf'\'rlu"n~ Ih,' (llh.'1 chamhel ' am.no .C'ld-unluprlrmrnlcd
Ic.'nll.,11 lrll.mlnul.' h..CI,,,n, ..rlr eollreltd (I'rl a ')II-mlnrr"(ld
I" "'., n ~I..nd 1211m.nl he,lnn,nf al '>I..fill. ')".11... If" and
II" m," fr..m Ihe OMrl of lurrrfu\lon Thr't fr.cllon, ..crr
c.,".' J ;,nd h..ndlrd .\ de...,,""d ahCI\c Sher' ..rrr tlrelflcall.
h.-lJ.'lImul.I,'d "" ~ rrflCld, (If" mln nch. ..afllnf al fII'. II~.nd
II" m,n h.'m Ih.' on,cl (If lurr,fu,,,'n ElrcUlcal "rld"'lmulallon
.. ,.' ,nJu, .'J .' de,croh.'" a"""'. allh..u~h Ihc flrqurne~ of Ih.'
,"mul..I.., ' ,,'I ..I enhe, I ~ (I, ~ Hz ..h,ch dch'r" 2"".72110'
12'"0rul"., """"ClI\ rh . o\rl a con"..nl'''.mln. rrfl(ld (IfclccUlcal
".-IJ.,"mul.I,..n !t"\Cn (II cl,hl tlr<"flmtnl' ...trt perfC\rmrd al

,h .'1 Ih,' 1 ,umul..I,nn hcqurn;or' IC\lrd
7,"" ."",,,, ,,/ IIHII' ,"dOli, 1,.,1, Elfhl clrrflmrnl' ,.rlC

c.'nduClcd ,n ..h,ch ,hcr, 'fl re' IImt'f'\',n" "rlr rrlflr'rd allrl II.
I" ~II .., ~I ..nd 1211mln of lurrrfu\lC\n..,Ih nuolrunr.frrc
rh, "..1 mrd'um Thrlr Ihcr, "r" qUlcLh fln.rd ..llh dllllllrd

h! hl.."",1 h"lrn (I\rl dl\ Ice and ,h'/Cd at _7(1'( unlllu,a\,
..,'''' r,""..m,'d ~.' 'r"rd ..h,'lher C'I,...,..n~ Ihcr' 10 IhC\,,-
...1.1'10,'"..1..'nd,I,,,n, arrhrd.du"nf Ihe rrlta" rlrr"mrnll allrltd
Ih, I,m, .c..u"'" "hl..,ned ..nh ,urcr1uI,,'n alone Thu'. Ihcr, "rlc
dd"cr,d ~ ",'I,,'d, (If rlcClflc;,1"rld"'lmulauoII '" ~ mIn. ~ Hz. 2
m, '" m" em: I and or .urrrfu.cd ..,Ih mrdlum conla,nlnf 211M
nu"\eun~. ~ urcrlmrnh ..crr ptrfurmrd undrr tlch of Ihrlr
c,"ndI11,'n,

7,,,,,'.(nll'" "' "'f"ofl'llln CO""""IIIInr, '" IlIfI"jwtn.. ".,d,ll",
E.ch 'Ure,lu"C\n chilmhr, conlalntd Iht cqu"alrnl of onc h~'PCI'
Ih..l..mu' and .." lurrr'u\Cd ,,'lIh nuoullnr.conlalnln, rh~"olo,1C
med,um Shu" In (lne chamhe' ..rrr clrcUlc.lI\ f,rld'IIImulalcd I"
Hl. 2 m>. III' mA em:1 fOl~ ptllod\ of 4 -:ml~ tleh lI.rI,n, al frO.
II..,nd 111ImIn. Ihow .n Ihr olhrr ..rrr IUllluptrfuwd Ihrou,hoUI
Fl\r urc"mrn" "clr conduCltd In ..-tllch fr.Cllon, (I~ S; 15(1~II
of ,uperfu\lOn mrdlum ..trc colltC'ltd from ,hr lalltr rhamhrr
lIanln, ., ~. I~. :\(1. fIO, 9U .nd I:!II mln from ,hr onWI of
superfullon; f"C'llon> II~ I. ISO~II from Iht clrclnc.II)-IlImul.,cd
rhamher _rr collrC'lcdII.".n,.' ~. 1~, 30, fI(),6~,IS, 90.110 .nd
I I.. m,n Trn m.crohlrl> of 0 ')!I mM .scorbalr conl.inin, ,hr
Inlrlnal II.ndard ~.HI("A v..rrr .ddrd 10 tlrh fr.C'llon. samplr\
..crr lIorrd on ICeunlll .Sla~ (ulu,lI~ ,,'lIhln 20 mln of collrcllon I

B,orltr"II,.I."./nu

I"dol, to"tr"~'''''oru ." '"IW,fllSiort _d,ll... SoHT and S.
h~'drt'lIYlndolrarrllC .c.d (~HIAAI ..'Crt tatr.C'ltd from t.ch
fraCIII'nof lurrrfullon mcdlum ulln,lhr nr..l~ dr'-eloptd P'Cp",
.'''t rt,'rr.c.pha.c mClhClddeKTi~d rrr",oull~.' 11111mc'hCld
..a. mCldI'.rdIh,hll~ 10ca".cl ,hr.c ~.h~drol~'lndolt. from tllhrr
,hr ...m,n () I mil or 100mln(fl I mil fracllon, column>conlalnlne
100 m, IIor . 3.I.ml fraC'lion)or 200 me (fol . 6 ).ml fr.CI.on) of
C,. sor~nl (.0 ~M, An.'~"chcm Inlrmallonal. H.rbol CII). CAI
_'t prtparrd In P."rur ptptllr' (9 IMh, Each column w..

. . -- -. -. -

cond,llnnrd ,,'lIh mClhanoll1 ~ mil .nd Ihrn (II M SaH:PO. frH
3 o. ""~ mil brfort loadln~ a umplt 01 lIandard fraCllon IrH
:! 11-' (II Allrl pal""r of. fracl,on.lhr .qurou~ phasr In a Il'"rr.~
column , dllpl..ctd t>~12!1~I of ')OG-mrlhanol ~I', .etltc ..,.:
.nd Ihal In . 2UJ.m~column b) 200 ~I of 'h,I or,anlC solUl,on 'The
S.h~drol~'lndolr\ ..-err clulrd Inlo Epprndor' luhe\ ,,'lIh ~a... of
,hIS mrlhan(ll aerllC .cld solUllon. .nd Ihr sol'tnl ..a, r"ap"'..fC~
undrr . SlItim of nllro,rn Thr dnrd tluale, ..crt reconllllu,tC
"'lIh SO~I of O.IS totHC. conl.,n,n, 0.25 mM .scorbalt Rrco\ trot>
of SoHT.nd S-HIAA were JCfttr.II~' .90t;i bawd on cakul~",'n'
usin, Iht inltrnal II.ndards in aafldard frKllon'

SoHT .nd S.HIAA in Iht reconsli'Ultd sampltl _'t ."a\r~ ,,~
bi.h.ptrformanrr lIquId dtroma'OIr.ph) "'lIh cltC'lrochrmlCa' .It.
1"IIOn (HPLC.ED) Sampici (.S of SO,,1) _re Inlrclrd .Ulorr.al.
icall~ ('))2; W.ltn Inltlh,tnl SYSlcm."oar.m, Milford. MA I (',rr
. reverw.phawC,.column (S"m, 25an, Btekm.n Inmumrnl (" ,

San R.mon, CA) Thr mobilr phew pumptd (I iliA. !let
Scien,iflC Inc.. Berkclt), CA) over thil column .1 . ulr of I 2
ml'min, .nd 1 of Ihr follov.;n, comJlO'illon (In mM I. III,H:PO.
200. Na:EDTA 0.1. OC'I)'Isod,um wll.,c 0.1'). wilh Dr; mtlh.~ol
(wl'voll .nd h.vin, . final pH of .,3. SoHT and !I-HIA'" ..rrr
delcC'lcd tlcC'lrochtmlcalh (LC~A; Bioan.h,,,a' S\"5lrm, In; .
WCII Lefaycllr. 111II .1 :!.nA '\. whcn Ihr pOlrnllal ~f Ihr ,1..,,\
carbon tlrC'lrodr ..a, WI al O.~!I\' .,ain" ,ht A, A,C"! rtlrrtn~
clrc\fodr

Tf)'Plophan In fracllon .hquon (!'O ,,11 "'a, .ua,rd ullnf Iht
HPlC.ED condlllon' a~ dCICf\~d lhon. bUI ,,'lIh Iht .pphtd
polrnllal Itl ., 0 9 ".

TUIII' ".dol, Irl'r/J Frozcn IIlIur umplr, ..-err homo,rnlzrc! ,,~
uhrasonleallon In 0.2 M HC"!O.((8 0 4 ml'm~ prolrlnl conlaln,ni
0." mM .scorbalt .nd ,ht Inltm.t ..andard. !I.HT-CH, and
~HIC A Thcw homo,rn.,rl "'rrr rrnlrifu,td (~~ or., . ~. 10m,nl
.nd ahqunll (sr..1111of Ihrlr IlSlur luptmalanll ..rlr ."a\rc 1'"
thrlf conlrnll 0' tr)'Plophan, !I.HT and S.HlAA b\ HPLC.ED. "I:h
Ihr .pphed poltnlla' WI ., 0.8.. \' .nd thr wn~l\l\lI\ .1 ~ n \"
T,Slur pellcn ..crr .Iu),td for prolrln UI,", Iht mrlh(ld of l('\.. r'
CI a"=. ,,'Ilh bovlnt wrum .Ibumln It",n, a, Ihr plOltln siandald

DG/G IInGI.'J/J

Amounl~ of Ihr'lndolt' In uch umplt of surcrfus,C\n mrdlu", ;II
IlSlur luptrnalanl wcrr cillmalcd b~ conrclln~ Ihr rrcordtd r. aL
MI,hl for In rcco\'r~. uSln, Iht drll,nalrd ,"Irmal "an.:S..,d
(S-HT-CH. fOl S-HT .nd IllIut 1f)'Ploph'n, S.HICA fOl !O.HI."'"
.nd mcdlum 1~'P'ophan). follo...cd b~ hnur rc,rrulon .nah",
ba.rd on lI.ndard CU".tlrun In parallrl "'lIh ueh 'tl of umr1c.
Thr~ amounu wcrr normahzed 10 Ihr .mount of r,olrln In Ihr
IllIut ptllrl.

FOl ueh upenmtnt uamlnlnf ,hr tlfrcn of Iruelnt and Dr
'~'Plophan on h)'JIOlhalamlC ~.h~'drox~lndolt rrlrut. calculall,'n,

_'t madt of Iht ."cr.,r ralr. of ~.HT rclult (pmol f p,olrln
min) O\'rr ,hr. rell ptnod, (sponlancous S-HT rrlust I and Ih.. ~
flCnod. of clcctrical ',cld.llimul.'lon Evoked S-HT rrlu't .. as
calculalrd h~ suh".clln, Ihr S.HT rtluwd sponlanrou,l~ frorr. IhJI
relnwd ..,Ih Stimul.,ion Thr ralc of SoHIAA tlOut (pm.ol,
proltln'm,n) 1 taken .1 Ihc .vera,r across 'M 8O-m.ncolirclIC\n
ptriod T,uur Indolc It..tll .nd rtlraw .rt rr-pontd hrrt ., mr.ln~
or mran ptrrrn" ~ S.EM rtl.'ivr 10 pairrd con\fol Iher, Thr
fr.C'I.oni of Intr.rrllul.r !I.HT rrluwd (t;i) ptr m,n "rrt c.lculattd
by dl\'ldln,thr .vrr.,t r.,r or S-HT rtlrawd sponlanrou,l~ 01 "lIh
lIimul.lion (pmol', prottin'm,n) by thr final IllIut ~-HT Ir'rl,
(nmol'l proltln). .nd Ihtn multiplyin, b)' 100. Data Wrrt c\alu"rd
by 1M 2.'.ilcd S,udtnl palrcd I-ItSl SI.IIIIISC.II~ SI,n.f"anl
difftrcnrrl _rc noltd for ,hew .nd III othcl .n."'Ils hrn Iht
probabihl~ v.lur 1 ICII ,han 0.0!0 .

For nptrimrnu .ddrculn, 'M tffcC'l of tf)'Plophan .\'.ilahlln~
on ,hr rdult of S.HT cvoked .1 v.ryln, frcqurnelr' of tlrClncal
f,cld'llImul.llon, ...r calculalrd S.HT rdult ptl pul.c (pmC\1f
prolrln'pullrl.nd 101.1S.HT relult (pmol'l prolr,nl Thrw dala
...crr t\'.lu.ICd b) . 2 ) .n.I~'SI' of v.n.ncr. follo"'rd b~ Ihr
Dunc.n multlplc ranlt JIO'loJtoc'tSl.



()nc ~' or I"O-"'~\ ~n~ly"s of ..ananee. as appropnale. fol.
I ,.J r, Ihe Duncan multiple ran,e lest. ..as used 10 e\.lu.le Ihe
..:!.. ,_ of .realmenlS (I e . superfuslonlime. eleelnealheld,sllmu.
I~!"'n nuou'lIne) on I~'plophan coneenrrallons in superfuslon
1T'.J.um ~nd on Iissue Indolt Inels

.\t.lrr/D/J
rl",",ullne HCI..as lenerousl~ pro\'lded b~ Ell LIII~Laboralones

IlnJI.lnapolis. IN) All I..amlno aads (Iryplophan and luane) and
~I.1nJ~rdcompounds (S.HT. S-HIAA and albumIn) were purthaKd
fr..m SI,ma Chemical Company (S. Louis. MO). The Intemal
'I:lndards S.HT.CH) and S.HICA were obtained from Aldrich
ChC'mlcal Compan' (Mi ukee. WI) Qlau-dlstilled methanol
u J for HPLC .nd for the tZuaCllon procedure was obtained from
[\1 Science (Qlbbslo,,'n. NJI; acetic acid for tZuaalon use was of
t-ulter ,rade. and ...s purchased from Pierce eMmlc.1 Company
t R,\CUord. IL). All other rca,enu were of analYlle.rade

RLSl.'lTS

L~\~ls of tryptophan. 5.HT and 5.HIAA in hypotha.
I.lmlc shc~\ prior to su~rfusion w~re )8-a.6 : 10.3. 71.3
= 1.7 and ~16: 1.5 nmol g prot~in. r~specti\'ely. When
,11\7~\v.ere su~rfused with physiologic medium (unsup.
r1t'mt'nted v.-ith ammo acids or fluoxetine) tim~.depen.
~knt change\ m ti\sue le\'~ls of tryptophan (F..4. = 7.35.
J' < 001). S.HT (F.. '" = 197. P < 0.05) and 5.HIAA
II. " =~ 91. P < 001) v.-ere observed (Fig. I). Tissue

mptophan le\'el\ increased v.-iththe onset of superfusion.
and then remamed relati\'ely constant before declining
!=radually o\'er the second hour. Tissu~ 5.HT I~vels also
r..~t' v.lth superfusion. peaking after those of tryptophan
.£nd then r~mamed relati\'ely' unchang~d for th~ remain.
\okrof the expenmental period. Tissue 5.HIAA levels fell
j'rt'clpltously with superfusion and remained lov.' there.
.liter Ex~ing slices to those additional conditions
present during the releas~ experiments (i.e., 3 periods of
t'lt'ctrical fi~ld.stimulation; 2 pM fluoxetine) did not
modify these time.cours~s observed with superfusion
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alone (data nN shown). Tissue levels of tryptophan.
5-HT and 5.HIAA in slices retrieved at the end of each

releas~ experiment (i.e.. aher 130 min of superfuslon
dunng which time slices were exposed to electrical
field.stimulation and fluoxetine) were 239.9 : )2.1. 89.7

: 2.6 and 3.8 : 0.4 nmoll' protein. respectively.
We examined the possibility that the time-dependent

chan,es in tissue tryptophan levels could be acc:ounted
for by changes in the tryptophan concentration of the
extracellular medium. We found that under control

conditions the amino acid-unsupplemented medium ac.
tuaUy contained endogenous tryptophan. in 'concentra-
tions (ca. 0.06-0.12 pM) which varied with time (F~.)fo=
4.99. P < 0.01); they peaked 15-30 min aher the onset
of superfusion. and then declined graduallyover the next
90 min (Fig 2). This time-c:oursewas not affected by
deliver)' of 3 periods of electrical field-stimulation.

Slicessuperfused with control medium released 5.HT
spontaneouslyat a rate of 51 : 2 pmol/gprotein'mln; this
rate increased to 320 : 10pmoL'gprotein.min with each
of the 3periods of eleclrical field.stimulation. These rates
wer~relativelyconsistent over the" rest penods and the
3 periods of electrical field.stimulation. The fraction of
intraneuronal 5-HT released spontaneously was 0.06'(
per min; this increasedwith electrical fleld-sllmulationto
O.~ : 002C7Cpermin.The rateof 5.HIAAeffluxdunng
the 8O-min collection period .'as 659 : 30 pmol g
protein min.

Superfusing slices v.'ith medium containing 100 uM
leucine reduced final tissue tryptophan levels to 60 7 ::
1.0c:r(p < 0.01) and 5.HT levels to 887 : 2.0'( IP <
0.05) of control levels (Fig 3). The addition of : uM
tryptophan to the superfusion medium caused final slice
tryptophan and 5-HT le\'els to be elevated to 183 I :

..~...!
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fl' I. Tlmeo(Ounes of indole leveh in hypothalamic "left dunn.
,uperfusion wllh phYSlolo.1Cmedium (uMupple_nted WIthamino
"clds or nUOltllnt I Tlme-depcndenl chan.es in tissUt levels of
UYPlophan (F..,. 7.35.P< 0 01).5.HT(F 2.97.P< O.OS).
and S.HIAA (F.u . ".91. , < 0.01) _re obscNed. Data Irt
expresscd as _an percents : S.E.M.. rtlatlve to levels in
pre.supcrfuslon (I . 0) "left

- -- ------ --
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Fi. 2. TI_o(Oune of the tryptophan tOnttnuatlon in physiolo,ic
medium (amino aad.unsupplemented medium) with sUptrfuslon
and eletlncal fltld,slImulallon of hypothalamic ",ceS. Slices In one
of lhe parallel chambcn were elctlncall~ fltld-sllmulaled (..7 min.
S Hz. 2 11II. 100 mAlC'lll:) for 3 pcriocb IIlnln,lt 60. IS and 110 mln
8f1er lhe OMCt of supcrfusion ValUts Irt .roup _ans : S.E M
Two-way lnalysis of "Inanet deteaed a si.nific.nl elfeCl of time
CFu. . ..99. , < 0.01). but nOI of treatment
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FI' ~ EffecI' on II~~ueindole k~h 01 deernSln, and inerelJln,
I~,.torh~n 1\llhllllhl' Pllred rll hypolhillmic "ace, ..crc sure',
'u~d ",.tlh Imino aCld.unluprlcmcnlcd mcdlum (control I or me.
dlum hi '"hlChLNAA. kuclnc (l1~ __M.IcuI and or If)'Plophln (2
uM. trr I "'CJe Idded Shce' ""cre rctr,e\'cd II Ihc end of elch
rclu'c nrenmenl (I c.. Ihe' D(I mln 01 ,upcrfu'lon) and ..cre
a"iI\ed fOl IhclI conlcnl' of tr~'Piophln Ind ~.HT Dill arc
e'r,r"ed a' mean pcrcen" : S EM. RII",e II' control. for" ..
~ r"II' 1o, nch trCllmen!. . P < II fI~. .. P <: 11111dlffch from
conll.,1 ,,, Ihe Siudent p~lIed HC-'

I~.ar I (P < 0(1) and 11~,lI :: 5.9r:t (p < 0.05) of
control. re\pectl\el~ Co.supplemenllni! the medIum with
11111uM leucine plu~ :! ~M tryptophan resulted in final
trYflwphanand S.HT le\eb of 111\I :: 10.St;;and 97.7
:: ~ .ar; of control. respeclI\'el~.

Shce' superfused ~'ith medium containing 100 jiM
leuclnt' decreased then spontaneou~ release of 5.HT to
7:! t>= SW; (p < 0.05) and their electricall~-e\'oked
relea'l' \0 7y 7 :: :! t>t':f(P < 0,01) of control rates (Fig
.al. 5.HIAA efflux decreased to 70.~ :: 2.1t;( of conlrol

(p < U (II I Superfusini!sliceswith medium containing::
~M tr~ptophan increased spontaneous and electricall~.
evoked 5.HT release to 136.1 :: 3.91'iC(P < 0.01) and
I~~ y :: ~ 9r; (p < 0.01) of control. respectivel~.
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FII . Effects on 5-hydrol)1ndole RIC8IC 0' deerealinl and
incTuSlnl I~lophln availlbihl) Paired rll hypo,hlllmic "Itcs
wert ,upcrfu\Cd ""lIhImino ICid.un.upplcmtnled medium (control)
or medium 10 ..hlCh LNAAs leuCIne (100 "M. leu) and'or
1~lophln (2 "M. trp) werc IdcIcd Dill arc eaprcucd al mean
percenl\ : S.E.M., rellli\'e 10 CIOIIlrol.'or " . . pain of each
trealmcnl .P < 0.05. .. P < 0.01 cIIffcn from control b) Ihc
SIudcnl paired '-IUI

--

TABLE I

F'II~"o"ol ,II',J of j.HT ,rlrAJ,d prr ",," from It.,polltolll",.. J;'(,J
'lIprrfMJ,d ..."It""d...," cO"'II'"'"1 L""A.A.J

RIt h)'JIOlhalamlc,hct~ wCrt ,upcrfuICd ,,'lIh tllher control me:.J'"
I-lor medium ,uppltmenlCd ""lIh 100 __MleuClnc ILeu). : ,,'"
Iryplophan(Trpl.or 100~MIcuClncplus2__M t'1-ptophan 1-) ~.HT
rclcaICd ba..II)'lnd ..,Ih clectncal field,,"mulillon (41 mrn. ~ Hz :
ms. 100 mA1cm:) ..ere monllored; I",ut S-HT levels "'cre IUI ~C~ ,n
alice, relricved II lhe end of eath relealC expcnment CI C . Ifter I ~(I

mln of 'upcrfulion). Fractionll raIn of 5-HT Rleue Ie;) pc' mln
werc uicuilltd Valucs arc mean percenlS : S E M I'" here ~ft..: tl

lhan0)for". . pain'or each expenmcnlll condllion Thc Siudeni
paired /-Iell dId not delect lilnif,cant diffeRnccl bcl..cen frlCI.onal
rlltS of ba..1 or eyoked S.HT relcaIC.

5-HIAA efflux increased to 161.3 : 9.0t':f of control (p

< 0.01). Co-supplementing the medIum with both of th(
large neutral amino acids (LNAAs) suppressed th(
changes induced by either LNAA indl\'iduall~

The fractional rates of 5-HT released spontaneousl~ or
~'ith electncal field-stimulation were not modlfted b~
supplementing the medium ~'ith leucine. tryplophan. OJ
leucine plus tryptophan (Table )),

Total 5-HT release increased (F:,)~.. 74 4~, P < 0.01)
as a function of stimulation frequenc)' (1 Hz 753:: 69

i
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EleClric.' r..ICI-StiM liOf\' ey (..,)

Fil S. Effect of electrical racid-slilnuillion frequent') I I. 3 or S Hz'
on 5-HT rcleurd per pullC from slices lupcrfuICd .,Ih If)-ptophln
{IrpHrec or I~Iophln.lUpplcmenled (2 "M) medIum Dltl Ire
elprclICd a, Iroup means: S.E.M. T..o-..ay anllySlS of \'Inance
delected. ",nificlnl effect oft~Iophan ,upplementillon (F,.. ..
6.67. P < O,~) ..hlth,," independenl of IIimullllon 'requent). a
lilnificanl effect of l1imullllon frequent')'''" allO delected (F,.,. .
2. .1. P < 0.01) .-ilh S-HT rcleur evoked b) 1 Hz differcnt frOIl':
11\81evokcd b)' 3 or S Hz. II _ucd b) the Dunun multiple "nlc
poII.hoc lell

L/\'A.A. F,arllONlI'Gl, of j.HT "I'AJ' /r; ,-
BAJIII £"01..,11

Leu - 0.06 0.36: 0O. OO 0.3: : 0 O

Trr - 0.0 0.3 : 0 (IJ
0.Ot- o 9 : 0 O

Leu.Trp - 00t> o 1: 00:. 0.07 o 9 : 00:



pm."!! prot~ln. 3 Hz. 1~96 = 87 pmol'~ prot~in. 5 Hz:
:1.1: = I~~ pmoL'~ protein) How~ver. 5-HT release per
pul,~' d~cr~ased with frequenci~s i!reater than 1 Hz (F2.~.
= :J J I. P < 0.01. F1i! 5) Supcrfusing slices with
m(Jlum containing: 11Mtryptophan aUi!mented. by 21.4
= J ~'(. total 5-HT release (FI.~ =8.20. P < 0.01) and
S.HT release per pulse (Full. 6.67, P < O.OS).The
m..!=nltud~of th~ tryptophan-induced enhancement in
S-HT releas~ was independent of stimulation frequency
(I-~ Hz). Moreover. increasing both tryptophan avail-
ablht~ and stimulation frequency proclucednearly addi-
tiv~ Increases in 5-HT release (e.g.. 2 I'M tryptophan
incr(ased spontaneous S-HT release by 21 :t S% and
e\ol..~drelease by 19 :t S~; 3 Hz stimulation increased
S-HT release by'284 :t 21~; and 2 I'M tryptophan plus
3 Hz slImulationlncreased S-HT releas~by 357 :t 2~C;C).

DhCTSSIOS

Th~s~ data provid~ the first direct evidence that
r~Jucln~ brain tryptophan le\'els produces proponionate
d(~rease~ In S-HT release. both spontaneous and elec-
trkJII~-evoked (Figs 3 and 4). Earlier in vivo studies
pT.'\ Ided onl~ indirect evidence that local tryptophan
1e\~ls can limit 5-HT release: It had been shown that

surpl~mentaltryptophan could restore the decrements in
S.HT release caus~d by prolonged stimulation:u1; and
the stres~-induced el~vations in brain tryptophan levels:8
and S-h~droxyindol~ release:" could be blocked by
rr~.treallng \liith \'allne. a LNAA \lihich competes with
In ptophan for uptak~ into brain"". Anoth~r in vivo study
t..!lled to reveal a precursor-dependence of 5-HT release:
In cats fed a tryptophan-free meal which lowered their
"'rain levels of tryptophan and S-HT. the releas~ of
I 'HI.5.HT. synth~slz~d from (~H)tryptophan injected
Intra\'entricularly. v..asreponedly not different from that
TrI~as~d in cats fed the control. tryptophan-containing
m~al. it \liaSconcluded that diet-induced changes in brain
tryptophan levels do not moclif) S-HT release50. How-
t:\er. since total brain levels of S-HT were reponedly
lower in the tryptophan-deficient brains than in control
hrains. the specific activity of (~H)S-HT was probably
higher relative to control. While the release of (3H)S-HT
w'as observed to be unaffected by diet. total S-HT release
in the tryptophan-deficient brain may thus have dimin-
ished (see ref. 39).

In the present study. superfusing rat hypothalamic
slices with medium containing the LNAA leucine. at a
concentration which approximates the summed concen-
trations of LNAAs in cerebrospinal nuidl.l1.35 reduced
tissue tryptophan levels. This observation is consistent

with other in vitro studies demonstrating that LNAAs
competiti\'ely' inhibit tryptophan's innux across the
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plasma membrane of brain cells""'1 and also facilitate ItS
efflux20"'. Our data suggest that serotonlnergic neurons
can couple LNAA-Induceddecrements in net tryptophan
uptake to transmitter release.

These data confirm our earlier finding that elev'ating
tryptophan levels in rat hypothalamic slices causes pro.
ponionate increase in tissue S-HT levels and release").
Final tissue tryptophan and S-HT levels were altered in
paraUelover ranges of 122o/C(-39% to .83%) and 26o/C"
(-11% to .15%). respectively.by superfusinl sliceswith
medium to which100I'M leucine and/or 2I'M tryptophan
were added. These variations in tissue indole levels are
quantitativelysimilar to those whichoccur physiologically
in rat brain after consumption of cenain mealsIO.I..~;
with time of dar"~; or after panicular stressors"JO.
Thus, our data suggest that physiologic elevations or
reductions in brain tryptophan levels cause parallel
changes in brain S-HT levels and S-HT release. Within
the physiologicaldynamic range for brain S-HT levels.
the absolute amounts of released S-HT chan,ed propon.
ionately: and this proponionality is evidenced by the
invariant fractional rates of S-HT release when tissu~
S-HT lev'elsw'ereraised. lowered. or unaltered (Table I).

Our data suggest that intracellular S-HT stores and
monoamine oxidaseactivitymay buffer precursor-depen.
dem changesin S-HTrelease. This interpretation is based
on the finding that the molar changes in S-HT release
w'eresignificantlysmaller than those in tissue 5-HT le\'els
(ca one-quaner) and in S-HIAA efflux (ca. one-se\.
enth). The precursor-dependent increases or decreases In
5-HT release w'ere apparently paniall~ suppressed b~
more pronouncedelev'ationsor reductions. respeClj\'el~.In
tissue5-HT lev'elsand 5-HIAA efflux.Thus. compens.ato~
alterations in S.HT storage pools and degradation ma~
serve to dampen increasesin 5-HT release when sYl1thesls
exceeds immediate demands for release. and to offset

deCTeasesin S-HT release when synthesis c~ntributes Ie$..\to
the pool of releasableS-HT than immediatedemands

Levels of tryptophan. S-HT and S-HIAA in hypotha-
lamic slices changed over the experimental period when
superfused with physiologic medium (unsupplemented
with amino acids or nuoxetine; Fig. 1). The time-
dependent changes in tissue tryptophan levels probably
resulted from changes in the net uptake of free trypto-
phan (likely to have derived from protein breakdown in
associationwithslicepreparation). This viewissupponed
by the parallel chanles in the endogenous tryptophan
concentrations of the superfusion medium (Fig. 2). A
similar time-courseof tryptophan accumulation has been
described for slices prepared from rat cerebral conex:9.

The changes in tissue 5-HT levels with superfusion in
unsupplemented (Fig. 1) or LNAA-supplemented (Fig
3) medium paralleled those in tissue tryptophan levels.



and thu- probabl~ renect chanl!e~ in ~.HT s)'ftthesl~.
ana~much a~ tf)'ptophan hydrox>'la~e i~ known to be
un~aturated with n~ substrate at physiolo,1C level~ of
bram tnplophanl' I' ~.HT level~ of rat htppocampal
shce~ ha\e slmilarl~ been sho\lo'nto chan,e with incuba-
tion lime: The rapid decline In tissue 5.HIAA levels with
the onset of superfusion probabl~ renects the efficient
transport of the acid metabolite into the extracellular
space

\\e ob~er\ed that supplemental tryptophan enhanced
S-HT release b~ an amount .'hlch was invariant across
the frequenc~ ranl!e te!ited (FiJ. 51. Thus. the influence
of tryptophan I\"ailabillt~ on 5.HT release was indepen-
denl (If the fJequency of membrane depolarization. This
fandan~ I~ consistent with earlier suuestions that the
effect on ~.HT s~'nthem of ralsinl! brain tryptophan
le\ el- \10a~ mdependent of the firan, rate of serotonaner,ic
neurnn- The enhancement in ~-HT s)'ftthesis which
occurred \Iohen rah recel\'ed a tryptophan dose or
con~umed a car"'oh~drate-rich meal \Io'a~not attenuated
"'~ dru~- lie.. a monoamine oXidase inhi"'itor; chloriml-
pramm.:. l\.h~droJL~'~(dl.n.prop~lamanel tetralln] which
surpre~~ the no\lo of Impulse~ alon, serotonlner,ic raphe
neuron-:' ... Addllionall~. S.HT synthesi~ in restin~
brain ~~napto~ome~".:7and slice~\. \Io'a~proportionate to
the tryptophan concentration of the incuballon medium.
and thu' apparentl~ not hll!hl~ dependent on neuronal
aCII\11~ The apparent Independence of tryptophan'~
effect on flfln~ frequenc~ dlffer~ from that de~cribed for
the.-pre.-cur~or~of catecholamIne.- and acet~'lchollne: B~
and lar~e. t~ro~me and choline affect the production and
relea~e of then triln~mlller product~ only \Io'henneuron~
are fmn~ rapldl~....

We al~o found that varym~ the frequency of electrical
flehJ-~lImulatlon (o\'er a con~tant period of time) affected
~.HT relea~e. Other in vi\'o studies have similarl~
demonstrated that ~.HT release is decreased b)' pharma-
colo,ical al!ent~ (i.e.. S-HTIA alonists) which reduce
impul~e no\lo alon, serotoninergic neurons 1 \ and is
increased by dellvef) to raphe perikarya electrical pulses
..'hleh accelerate impulse novr' .'. Increasing the free
quenc~ of electrical field.stimulation increased. in a
pulse-dependent manner. total 5-HT release but de-

REFERENCES

I Apple'lnh. 0 A . Edel"en. A,O . wonl. L.T.K.and Morri.
IOn. B J . Ob.tn-ed 'anle 01 _) value, for pluma and
ccrebr~plnal nUld amino lad level, In Inlln" and children aled
~ monlh~ 10 IU )'tl". CI,ft B,«lIrrra. 12 (1979) 17~ 1711

2 Aue.-rblch. Sand Llplon. P.. VlIOpreuin aUlmen" depollnZl'
lIOn-Induced rtlUK and 'Yftlhe", 01 ICrOlonln In hippocampi I
lIice~. J Nrll'ow.. 2 (1980) .77-482

3 Auuhach. Sand Liplon, P. Re.ula..on of ICrOlonln ulclK
from Ihe.-In VItro ral bappocamp~. effeCt' 01 alterallon, in kvel,

-- --- -- -- ----.

creased S-HT release per pulse (Fig 5) Thl~ apparent

paradox ha~ been de5Cribed pre,,'iousl~ In VI\"::.' and In
vitro.""'. and is likely to have resulted from the aCII\II~
of release.modulatin, serotoninergie autorecepton rre.-~.
ent on hypothalamic nerve terminals'. This hypothe~l~ I~
supponed b)' the finding of others that incuballn~ ral
cerebroconial slices with the S.HT autoreceptor anta~'
onist methiothepin eliminated the frequency-depend~nl
differences in ('H)5-HT efflux.. In our expeflmenlal
system. it is possible that the presence of nuoxetine In the
superfusion medium (which was DCc:essaf)' for u~ to
measure reliably released S-HT) may have potenualed
autoreceptor-mediated effects on S-HT release (see ref.
43). .

In summaT)'.this stud)' suggests that the final outru~ of
a serotoninergie neuron. reflected in the amounH of
S-HT released per unit lime. is determined b~ proce~-e~
occurin, both at the somatodentrilic re,ion and al n~
nerve terminals. Events at the somatodentritic re~lon
relulate the panern of neuronal firing. and thu~ innuen.e
the rate at which S-HT molecules residing in nef\ e
terminals are released. The amounts of S.HT a\'aila~le

for release from nerve terminals are regulated b~ the
acti\'ity of tryptophan hydrox)'lase. and thu~ b~ the
a\'ailabilit~, of tr)"ptophan, Action potentiah invading
serotoninergic nerve terminals at a cen.in frequenc~ are
likel~' to release amounts of S-HT proportionale to Ihe
le\'el~ of intracellular S-HT.

Thl~ study funher su"ests that serotoniner,lc neuron~
may release their transmitter by a nonquantal proce«
We have sho\lo'nthat the amount~ of S.HT relea~ed rer
unil time. at a given level of membrane depolarizallC'rJ.
are not constant. Rather. S-HT release is responsi\e 10
chan,e~ in intracellular S.HT level~. Thu~. the dynaml.~
of S-HT release from the hypothalamic nef\'e termmdl~
appear to differ from the classic quantal model of
neurotransmitter relea~e 12.

At'"owlrd,r...r"u. Th" IIud)' _u aupponed b~ Irlnl~ Irolr, Ih(
Nalional Aeronaulia and Spa" Admlni'tralion. Ihe.-lJnlle.-dSI~lr-
Air Force. lhe Cenler for Brain Science, and Mellt-ohsm Chanu",.
TN". NIMH Trainlnl Granl 1'32 MH 19761.()8~1.and Ihe.-Surd~,J
"eeloaoral FellO"'lhlp A_ard 10 J.O.S

of depolarizalion and in nle' of ICrolonin me.-llbohsm. J
Nt"'«lIr... , .. (198~ I 1116-1130.

. Baumann. P.A. and Waldmeier. P.C.. Funher evidence.-IC'!
Dela..ve feedbacL control of ICrolonin rekaK In thc "nll;o1
lItn-ou~ 'Yllem. NIJllft.,.ft.Stll...wdtbrr,', Art" Plulmtllrol. ~I-
(1981) 36-.3

5 8rodencL. P.A and Jacob). J.H.. OilbeleHelaled chlnle~ In
L.u)'plophan induced ululC of llrialal biOlenic amine'. Dw.
",rl, 37 (1988) 956-960 "

6 Carboni. E . Cadonl. C.. Tanda, G.L and 0, Chiara. G .
CaICIum.dependenl. IetrocloloZln'lCftli..",c IIlmulallon of coni'



c;ll '(,h'..,n,n r('lea.e ;l1I('ra IF\rlC1phanload. J .'""mrll"",. ~~
II"'~", .,,~..-II"~

"7("eno..,. F and R;lI1('rl.1\1. SerMOninrtlt4~e " madulaltd h~
rr,'.\n4r'I'( aUIC1rtctr'IC'r'.E", J Pllllr",,,r,,l. ~'7ClQ'!1I1~~'7_
.1'"

" ("h""ul..11. F. El,hl\1l. J l . Gutnztnntc Y and Laudt. D .
Ell,'", "' c,'ndlllon~d runnln!! ,'n pla\ma. h\tr and hram
If~ ph.ph..n 4nd on brain ~.h~'drol~"'YPlamlnt mtlaboh~m 01 Ihe
r"l0 B, J Pllllrrflilcul. lit!Cl911~)33-11

Y C,.1I4r". to;J. E\an~. TN \\'. SUltr. H A andWII"ln~n. L.S.
Tht Sllmulu"lnductd rtlta\t 01 ~.hydrolylI)'pllmlnt and tr~.p'
,,'phan Irom \uptrlu\td ral brain 'ynapIO\Omt.. J .'tir,,'1I1
T'II"'", . ~~ (l1I1i:) ::::~-:341.

III ("olmtnarC". J L. Wurlman. R.J and Ftrnmom. JD. EHtcn
,)1 InFt.llon 01 a carhoh~'dralt.lal mul on Iht It\.tl\ and
\\"nlhC'\I,..1~.h~drol~'lndolt~ In \'anou\ rt'lon~ 01Iht ral ctnlfal
ntl'\Ou, \~\Itm. J ."t"rCKlirm. :~ Cl9'7~1tI:~-1I:!9

II Dt Simlln,. \, G . So"ol... A . Fodrll1o. F. Dal TO\o. G and
"I~trl. S . Fun",onal mtanm, 01 1r~'ploph..n'lnductd Incrtl\t
," ~.HT mtlahoh\m u clalllltd b~ In \'1\0 \'olllmmtiry. Brll,"
R,""II,rh. .III t IY"":11C9-Q.I

I: Dd (""'1,11., J and K4IZ. B. Ouantal compontnl~ 01 Iht
tnJ.rl..I,' 1"'ltnl'41. J Phu,ol ILmld I. I~.I C19~~1~1-~'7~

P E,d,",,'n. D. ".h",'h G \I. and Cra..lord. T B B. ~.
H. .J1l\\\ ,nJ..k mttal-C'l..m In rail-rain a 'Iud~ or InltrmtdlalC
mtl..t>.Ih.m u"n~ Ihe I.:;hn,qut of If~plophan 10adlnF. 11. J
\r..mrlt"", . I: II""'~ 1.111; 11.'

;..1 Ell..,. \I.~ . 'h'"n~I-I,,,,d. \I. W and Kizer. J S . StrOIClnin
.\nlh.:", ;In.;! rtl':4" ,n "rain ~hcC\ Indtptndtnct or I"Ph"
rh..n B,,,,,, R""o'rh. I~: Cl9~"'1 .I':'I-.IIC/I

:' F.'rn.""m J D and \l.urlman. RJ . Brain \trOlonln COnltnl

r'""II,I"I!"al dtJ'C'ndtnct on pla.ma Iry'plophan It\tl.. Sot"r".
I-~ (III~II I.I"'-I~:

It> Ftrn~lIom. J D and WUl1man. R J . Brain \trOlonln conlC'nl

ont'rt4\t loll,".,n~ ,nF(,~lIon 01 cart>oh~dralt dltl. Sri,,",.,.. )'1..1
,IIJ-), I"~~-III:'
F~rn'II.'m. \I H ..nd Ftrn'lIom J D . Rap'd mtl\urtmtnl 01
Ir~(' ..m,n" aCid, In .('rum and CSF u"nF hlFh.ptrlorm4ncc
II~uld chll\m.llopaph,. Vf, Sri . ~II (111"11 :1111-:1341

I' G..114!('r. D \I. an.! AFha,an,an. G K . Ellt", 01 chlorlm,.
"ram,ne anJ "~rF" aCid d.tlh~lamldt on ('roUl 01 prtcur.or.
to.rmed 'H.~trOlonln contlallon, ",Ih .trolontr,,, Implll\t
n.,.. J Phll'",oral Ezp Th",. III.' (19':'..., '7H~-79...

!" Gohell. \1 . S('rolonln.rtCtpIOr mtd,altd modulallon 01 C.:'.
dtpC'ndtnl '.II\drOl~lI~plamlne rtlta\(' Irom nturons 01 Iht rOil
I>r...n COllt.. \Q"",".Srll""tdtb,,rgJ Arch Pllllr",lIcol. ~I.I
t 1'11\11'::~-:~CI

:., Grahamt.Smllh. D G and ParlIn. A G . TI)'plophan transporr
acro,s Ihe \\naplo,omal m('mbrant. J .'~urCKllr",. J7 (1970)
n~Y-13S3

= I Guan. X.M and McBlldt. W.J.. Efftcu of K - .,"mulalion and

prtcur\Or 10ldln, on Iht in vivo rclca\(' 01 dopamine. wrOlonln
and Ihell mtlabohltS In Iht nuclcu, aeC'Umbcn, of Iht ral. L,lr
Sr, . ~, (1987) :~79-25116
Holman. R Band VOII. M.. Rtlcaw of 5.hy'drolyuyplamlnt
from caudalt nucltu$ and wplum. J "".mol fLOIId.l. 223
1197:) :43-:54

_ Jacoby. J H . Colmtnart'. J.L. and Wunmln. R.J.. Failure.or
dtcrea~d wrOlonln UPI,,"t or monoamlnt OlldaW Inhlbllion 10
bloc" Iht acCtltrallon In brain 5.hydrc-~yindolt 'y"IM"$ Ihal
'0110"$ food eon,umplion. J Nrurlll rr.IIIIII.. 37 (19751 %5-32.

:.1 JO\tph. M Hand KtnnCII. O.A..ln VIVO"ollammtlry in 1M ral
hlppocampll\ a, an Indtl of dru, cffccu on Cltranturoul 5.HT.
\r"ropllllrlllilrolor.' :!O (191111 13fl1-1J6.&

~.; Jo.cph. M H ..nd K('nntl. O.A.. Strc$5-InduCtd rclea$(' 01 5.HT
In Iht hlppocampu, and IU dtptndtnCt on Incrcawd tr~'Plophan
I\'allabllll~ an In VIVOcltClroc:hcmlCal 'Iud)'. B'II," RrJrGrrll.
:711 1191131:51-2~7

~" Kania". K M . Htl'trand. l R . Whuman.J and E"htlman.
B . Ef'tCl, or dltlar~' ,uppltmtnl$ and a If)plophan.frct dltl on

209

IlIrt''''t bcha\'lor In rll$. Pllllrrrulcol B,CKllt", B"ho,. I:
111111I11 173-171,/

:7 Karobalh. M.. Serolonln 'ynlhc"s ,,'uh ral brain '~'naplO\Omt'
tfltCl. 01 \trOlonln and monoamlntoJada\t Inhlbllon. B,ocllt",
Pllllr"",col. 21 1197::1 1253-1263

:11 Ktnntn. OA. and JO\tph. M H . Tht funellonallmponanCt of
Incrca\td brain 1f)'Plophan In Iht wroloner,1C rC'POn\t 10
rfttralnl 'trcn. !\;r"'opllllr",,,rolo,.I'. JO (19111) 39-13.

29 Klcly. M. and Sourlr.e,. T.L.. Tran'POn of l-trYPlophan InlO
5Iicn of ral Ctrcbral COrltl. J "'r",ocll, 19 (1972) 286.>-
2872.

JO Knoll. PJ . JO\tph. M Hand Cunon. 0. Effceu or food
dcpri\'alion and Immobihullon on 1f)'Plophan and olhcr amino
ICId, In ral brain. J. "'rurocll, 20 (1973) 249-:S1.

31 Laftrrtrt. 8 and Wurlman. R.J.. Effte! of d.ftnnullmlnt on
wrOlonln rcltl\(' In braln\ 01 aM'lhtllZcd rau. B'II," RrJtllrrll.
~ (111111,/)2.~1C-:63

32 LO"'I). 0 H.. RO\tbrou,h. N.J.. Farr. A.L. and Randall. R J .
"Oltln mtl,urtmtnl ,,'nh Ihe Fohn phtnol rca,tnl. J B,ol
Orm. 193 (19511:fI~-:7~

)~ L~llt. L.D . Mtnln,. R 8. Fl\htr. Land Phtbu$. L . Efltm
01 10n,'ltrm corn con.llmp"on on bra.n \trOlonln and Ihe
r('~pon\t 10 tltclllc iIIoc". Sr,r"ct. 190 (19751fI9:-fl~

~ MarJd('n. CA. Conll. J.. Slropt. E . Cunon. G and Adam,.
R ~ . MonllollnF ~.hy'drolylf)'plamint rclu\e In Iht brain 01
Ihe Irttly mO\ln, unanatslhtllZtd ral u"nF In \'1\0 \ohammttry.
B'II," RtJtllrrll. 171 (1979) 115-99

:t~ McGalt. E H F. P~t. IF. Sionier. C . HUIChln\On.E C and
AhC'r.G M . Sludlt, or Iht Inltr-rtlallonshlp bcl..ttn ctrtbro.
,pinal nllid and plnma amino aCid eonCtntrallon, In normal
Indl\.dllal\. J .""t"rCKII"",. :9 (1977) :91-:97

~ M,nr. A T.Band Ecclcllon. D. Tht dltCl\ 01 prtcUf\or
IO;ldlni In Iht c('rchral mtl..t>oh\m or ~.hydrol~'lndolt,. J
"rii,orll"", . I~ lllIMl 1093-1101\

)'7 MorFan. \I. W . Sald4na. J J . Yndo. C A and Mor,an. J F.
C"ntlall,'n~ totI.. ctn cllc;ld,an ehan,ts In s('rum amino aCld\or
hr41n lI~ploph..n ..nd Iht conltnl\ 01 \('rolon.n and ~.h\droX\.
Ind"I.:aCtIlCaCiden rtF,"n~ 0>1Ihe rOilbrain. Brll'" R"Jfllrrh. ~
111I7~)7~-AA

~IC"aFal$u. T. Sa..ad... M and YamaFllchl. T. TrYPlophan
h~drol\ la.t ~\\Itm In "rain Il\'Ut .hct, a\\a~td b~ h1ih-
ptrrormanCt hQuld chromalo,raph\. ."r"rorll,,,, I",. ~ 1191\))
HI~-6I1Y

~9 Ol,on. R E (Ed I. DOt~ dltla" try'piophan Innutnct \trOlonln
rtlu.t hom brain ntllron\' .\"" R". . ~...(1987) 87-89

~. PardlldFe. W M . RtFulallon of amino aCid l'allablhlY 10 Iht
brain In R.J WUl1manand J.J Wunmln CEdsI. """,0" lI"d
rllt Brll'". \'01 I. Ra\tn Prtss. Nt... Yor". 197'7.pp 1~1-2o.a

41 ParlIn. A. and Grahamt.Smllh. D G . Tht trandtr 01 II)'PIO'
pIIan acron tht ly'naplO\Omalmembrant In G.E Wol$ltn.
holmt and D W. Fnulmon~ CEds). A'OIMIIC A",lno Ar,ds ,"
"'r Brll,". Elwvicr. Am51trdam. 1973. pp 175-196

42 Oua~. W 8.. Dlfltrcncc. in Circadian rhyihm$ in 5.hydrolyif)'P"
IImlnt accordlnllo brain re'lon. Am J PII.,'"ol.. 215 (1968)
1.&.18-1453.

43 SchacC'hltr. J.D. and Wunman. R.J.. Tryptophan availabilily'
modulalft wrOlonln rtleaw from tht III hypolhalamic 5IICt$.J
Nr"'CKlirm. 53 (19119)19:5-1933

404Sharp. T.. 8ram_tll. SR. and Grahamt.Smilh. D.G.. 5.HT.
..oni"$ reduee 5.hydrol~'lryplamlnt rclcaw In ral hippocampus
ill VIVO" delcrmlncd b)' bllin micTodlalyu'. .,. J. ""'mwrol..
96 (19891 283-290

45 Sharp. T. 811m_II. S.R.. Clarkc. D. and Orahamt.Sml1h.
D.O. In VIVOme"urtmtnt or ClIfKClluiar 5-hydrolytrypla.
mint In hippocampus or tht anac"htllZtd ral ""nl micro.
dlal)'''$ chan.ts In rclilion to 5.hydrolytryptamlntr,1C neuronal
ICIIVII)'.J. Nr"rCKII, . 53 (1989) 234-2.0

4fI Tcff. KL and Youn,. S.N . EfftCl'of carbohydllieandprOltln
admln"lfal,on on III Iryplophan and S.h~'d;OI)'tf)'Plamlnt
ddlertnllal dIce" on Iht brain. InIC'lInt. pineal. and pancreas.



--..-.....--

~lfI

(41/1 J Ph'J",1 PhQ Qc"l. fit>CIii"", M~"
~- T..rndU\. J P . BOlfc~u. A . Bnulln.n. S . Hamon. M . H",~ r

and GI"..,n,LI. J . In \1\0 r..lra,.. 0' ~.HT In 'h.. lal"'i81 'rnlllcic

o,.h,' 1i81rflrC!. 0' ~.h'dln""~1'lophan and ",""p,orhan. B'Q,"
f:r',-,,','/, 1111111I~", ~~.1_"'..

~.. 1,'rn~ U\ J P. H.'''. F. BnUlf",n. M. 80urlOin. Sand
Gln...n.L, J ~.Hl r...Ic~.,'trnm rrrnd~mal sur'ac.. 0' 'h.
C~Ud~I,' nucku. .n 'rncrrh~k 1.01.. cah. B'Q," R,JrQ,rh. I;\~
111/-'1 ~'~-~-y

.al/T,~n , . Goudlri8u. J L . LI>oI..nf!li8nd. K.L. Ind Moorr. K.E..

EII,'cl'''' "~rll'rh..n..n neuhteh.'m"..1 rSllma.r, 01 'hr aC1l\lI~
0' h\"".hi8l~mlc ~HT neurun. I..Un...nf ,lImulallon o"hr dona'
ri8rh,' nucku. cDNR. nl admlnlMri8l1on 0' Ih.. ~HT,.. 'rerp,ol
<If.'n''1 ".h'dl".\':!.'dl.n.pror\l.mlnollr"..hn II!.OH.DPAT I,
~... ''''''''lI .~"JIr, I~ IIYII'I, ~~.1

SUTrul,on. ME. D,r.ar~ ''''"p.ophan d~, nOI111..,.h.. 'Un"'(lf ,,~
braIn serolonln nruron,. Llf, Sr, . ;\~ 119"~, Hw--- 1('-:

~I Vah\'rlalnrn. M.L Ind 011. 5.5.. K,nr..c anll~", of rhcn,,~
lanlnr .nducrd Inh,b,llon In Ihe ...urabl.. Inn,,\ 0' 1\'''0...
tf)"plophln. leueln.. and hlSlld,nt InlO braIn eOllU shc... 11.'-
adull and '-dl~.old ,a... J /t;tll.och..m 201(!Q-~I &!'''-'-:

S:! Wallrl>. J.K . Da\'I~, Mind 5hurd. M H . Tr\'plorhar n.,
d't.. rflre.~ on Ihr leOUSIlC..anlr 'rnu In ral' PHe",';'"
_ro/ol'. 62 119791103- JlJ9.

S) Won.. D.T.. Hom.. J.5.. 8)'IIIISIrr. F.P.. Hau~r. to;L .no:
MoIlo~. 8.8.. A IClcalvr lllhibllor 01 ICro.onln Ur'd!." I,:',
J10140. 3-(p.lrinuorornelhylphenoll) ""'.rrtClh~I.3-ph...n\Ir"'r 'J'
mlnr. Llf, SrI , J~ 1J97.1.71~79

SolW"nman, R.J.. N"Irirn.~ Iha. modll~ bra.n luncu(ln .\
Am".. 246 1J98:!1~S9.


